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1. INTRODUCTION

Though curiosity is an inherent feature of most animal species, it is often con-
sidered a characteristic feature of the great apes and humans. This thirst for knowl-
edge has been the driving force in our search for when, where, and how the human
species originated and evolved. Since the split from other great apes, humans
have gone through several evolutionary changes in their phenotypes and genomes.
Experts from different research fields have been studying the phenotypic, cultural,
and genetic variations to get an insightful inference of the human population
history, sparking the general public’s interest. The studies that attempt to trace
the demographic history of a population use several kinds of genetic data,
extending from the classical (i.e., polymorphic blood proteins) and haploid
markers — mitochondrial DNA (mtDNA) and Y chromosome (chrY) — to whole
genomes. The study of uniparentally inherited mtDNA and chrY variation offers
a limited evolutionary perspective on a population’s history, which, however, can
reveal sex-biased processes. While most of the nuclear genome is diploid and
recombinationally active, its study can provide a broad spectrum view on a
population/species’ evolutionary history. Thus, applying advanced statistical
tools on the genome-wide single nucleotide polymorphism (SNP) genotyping or
sequencing data, containing thousands of times more information from multiple
loci than the single locus mtDNA and chrY, is a widely preferred approach for
population genetic studies. Recent advances in the recovery and analyses of
ancient DNA (aDNA) have supplemented human demographic history studies to
the extent that seemed impossible only with modern genomes.

Irrespective of the consensus for an African origin of Anatomically Modern
Humans (AMH), i.e., Homo sapiens (H. sapiens), a specific population and/or
region of Africa could not be linked to the evolution of AMH. Instead, the
growing shreds of evidence suggest AMH evolved within a group of inter-
connected populations living across Africa (Scerri et al., 2018). Recently found
archaeological evidence indicates the origin of AMH in West Africa~315 thousand
years ago (KYA) (Hublin et al., 2017). However, the individual still has a few
primitive morphological features. The first established thoroughly modern human
fossil was discovered in Ethiopia dated ~195 KYA (McDougall et al., 2005). Some
earlier studies suggested the AMH emerged rapidly around 200 KYA among
early H. sapiens (Stringer, 2002), while others endorse a gradual evolution over
the last 400,000 years (Briuer, 2008). Recent studies analyzing whole human
genomes from across the world (Malaspinas et al., 2016; Mallick et al., 2016;
Mondal et al., 2016; Pagani et al., 2016) have verified numerous earlier archaeo-
logical and genetic studies about the departure of modern humans from Africa
around 70-52 KYA. Most of the contemporary peoples outside Africa descend
from this main Out of Africa (OoA) expansion; however, they conceivably
received some (though limited) genetic contribution from earlier Out of Africa
(xO0A) expansion(s) (e.g., Pagani et al., 2016). Genetic hints indicate modern
human admixture with Neanderthals earlier than the OoA expansion (Kuhlwilm
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et al., 2016; Priifer et al., 2017). Which, together with the fossil and archaeo-
logical evidence of H. sapiens colonizing Greece and Levant (200—185 KYA),
Arabia (~85 KYA), China (~80 KYA), Southeast Asia (73-63 KYA), and
Australia (~65 KYA) (Liu et al., 2015; Clarkson et al., 2017; Westaway et al.,
2017; Groucutt et al., 2018; Hershkovitz et al., 2018a; Harvati et al., 2019) are in
concordance with xOaA. The geographical location and archaeological relics of
Middle Paleolithic hominins, along with the robust genetic connection between
Australian Aborigines and modern South Asians, point to the likely significance
of South Asia in the early modern human dispersals (Rasmussen et al., 2011;
Reich et al., 2011; Mondal et al., 2018). The evidence of Archaic introgression
from Denisovans to South Asian populations also corroborates the claim men-
tioned above (Reich et al., 2011; Vernot and Piibo, 2018; Jacobs et al., 2019).
On the other hand, the advent of agriculture ~10 KYA introduced substantial
changes in economic and cultural practices — the transition from foraging prac-
tices to farming and the spread of languages, likely caused by the movement of
peoples related to Neolithic farmers and Bronze Age Steppe herders among
others (Haak et al., 2015; Lazaridis et al., 2016; Narasimhan et al., 2019). Such
movements also contributed significantly to the ancestry of contemporary South
Asians, probably through the early Indus Valley Civilization (IVC) peoples in the
northwest region of the Indian subcontinent (Majumder and Basu, 2015; Nara-
simhan et al., 2019). Serving as a gallery for human movements during pre- and
early historical times, South Asia warrants a greater insight into the genetic
architecture of inadequately represented regional groups to decipher its demo-
graphic history.

This thesis brings up additional knowledge about South Asia’s demographic
dynamics, analyzing different units of modern genomes, yet focused on the
genome-wide SNPs. The dissertation studies the genetic variation of contempo-
rary peoples in the historical Indus valley region of Northwest India (NWI),
historical immigrants from the Middle East, and a linguistically heterogeneous
tribe of the northern Indian Tarai region. First and foremost, the thesis aims to
refine the underrepresented genetic structure of modern Indus Valley people by
generating and analyzing new data from the northwest region’s contemporary
populations (Ref I). The study looks mainly into the genome-wide variation of
modern populations in the context of current global people and available ancient
individuals, revealing fine-scale population structure and genetic heterogeneity
among the modern Indus populations. The study also uncovered a population-
specific demographic processes for culturally distinct groups of the region.
Secondly, the thesis includes South Asian Parsi and Jewish communities — early
historic migrants from the Middle East — aiming to get insight into their genetic
structure in the context of modern and ancient individuals and how they assimi-
lated with local peoples (Ref II/III). Ref II analyzes uniparental and autosomal
data to pinpoint the genetic homogeneity between different groups of South Asian
Parsis, population inbreeding, and arrival time to South Asia. Ref III studies the
Parsi and Jewish groups in-depth by reconstructing the broader genetic profile of
both the ethnic groups, especially in the context of the available ancient genomes.

13



Finally, the dissertation focuses on the Tharu community, a linguistically diverse
tribal group from the Tarai region of northern India, to look into the origin and
intra-/inter-population genetic variation relative to their neighbors (Ref IV). The
genome-wide data discloses a genetic heterogeneity between Tharu groups fol-
lowed by a substantial variation in maternal and paternal lineages, suggesting
differences in the founding lineages and successive assimilation of Tharu groups.
Thus, the study supports a model of cultural rather than demic unity of Tharu
groups, and their likely origin in the northern region of the subcontinent.
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2. LITERATURE OVERVIEW

The literature overview firstly recapitulates the essential features of different
types of genomic data and the significance of ancient DNA (aDNA) in decoding
the population’s genetic history. Later chapters summarize the key methods
employed as tools in population genetic studies before outlining South Asia’s
social, linguistic, archaeological and genetic synopsis pertinent to the specific
questions addressed in this dissertation.

2.1. The perspective of genetic variation
in human evolutionary history

Populations are generally assumed to be the pool of homogeneous genes where
individuals mate randomly with each other. Nevertheless, natural populations are
spread over larger areas, separated by different geographical barriers and environ-
mental conditions, and have experienced several evolutionary changes through
time, resulting in variation between populations. Indeed, several demographic
factors, such as scarcity of natural resources due to the increasing population size,
instigate populations to migrate to new geographical regions for survival, forming
new subpopulations. Individuals of subpopulations may interact and mate with
those living in the same local habitat more often; such random fluctuation in
mating leads to changes in frequencies of different alleles (genetic drift). Genetic
drift makes individuals of a subpopulation genetically similar while causing the
difference among subpopulations.

Additionally, natural selection — the adaptation of an organism to the environ-
ment by inheriting the variation that increases the survival and reproduction of its
individuals- may also contribute to the genetic variation of populations. Despite
the differentiation of people caused by whatever demographic processes, they carry
a “universal” genomic feature that can be traced back to the common ancestor.
Overall, in the absence of consistent admixture, the genetic distance between any
two populations positively correlates with their split time from each other.

Thus, the study of the accumulation of genetic differences among populations
can reconstruct population histories. Genetic studies that attempt to trace the
population history use several kinds of data, ranging from classical protein markers
and uniparentally inherited parts of the genome to the sequences of whole genomes.
Here, I briefly summarize their use in population genetic studies.

2.1.1. Classical protein markers

The first set of the classical markers used to infer the human population histories
were ABO blood groups and different classes of proteins (Cavalli-Sforza et al.,
1994). The ABO blood group system was the first defined genetic variation
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(polymorphism) of humans (Landsteiner, 1900). The initial population genetic
studies leveraged the frequency difference of ABO blood groups in different
populations. The other blood groups (e.g., MN and Rh) independent of the ABO
system were defined and used for the same purposes later (Levine and Stetson,
1939; Landsteiner and Wiener, 1940). The introduction of protein separation
methods like electrophoresis enabled more classical markers — variants of
immunoglobulins and highly polymorphic leucocyte antigens (HLA), to study the
genetic diversity of human populations (Cavalli-Sforza et al., 1994). Some
highlights of that period include the observed pattern of reduced genetic diversity
in non-Africans and Near East to Northwest European genetic cline, correlating
well with the hypothesis of out-of-Africa migration and Neolithic dispersal of
agriculturists, respectively. In the case of South Asia too, the classical protein
markers have remarkably been used in the early and later population genetic
studies (Chahal and Papiha, 1981; Papiha et al., 1982; Mastana and Papiha, 1992;
Mohyuddin and Mehdi, 2005; Raza et al., 2013; Mohsenpour and Chandrasekar,
2019).

2.1.2. Haploid parts of genome

Haploid parts of the genome, often used in population genetic studies since the
early 1990-ies, are mitochondrial (mt) and Y chromosomal (chrY) DNA, also
known as uniparental loci. Unlike the rest of the genome, these markers are
unique in their mode of inheritance, which is beneficial in tracking the ancestral
lineages in a sex-specific manner; chrY for paternal lineages and mtDNA for
maternal lineages. A relatively high mutation rate is a force behind the rapid
changes in mtDNA and chrY sequences. These mutations characterize the dif-
ferences between individual lines, and the number of accumulated nucleotide
changes is suggestive of the time in the past when two lineages had a common
ancestor.

2.1.2.1. Mitochondrial DNA

The human genome has two sovereign genetic components, the complex nuclear
genome encompassing most (~99.999%) of the genetic information on an
individual. In contrast, the “secondary” genome or the cytoplasmic genome of
mitochondria accounts for an individual’s minor but vital genetic information.
The circular mtDNA is a double-stranded molecule of ca 16,5 kbp (Andrews et
al., 1999). The presence of mitochondria — the powerhouse of our cells that produce
energy — is a unique feature of eukaryotes and has been phenomenal in the evo-
lution of eukaryotic cells (Kurland et al., 2006; Kivisild, 2015). mtDNA has
several features, such as the lack of recombination (Merriwether et al., 1991;
Hagstrom et al., 2014), maternal inheritance (Hutchison et al., 1974), high copy
number per cell (Michaels et al., 1982), and fast mutation rate (Brown et al.,
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1979). Altogether, these features had attracted researchers to use it as a genetic
tool to study human evolutionary history, especially before human genome
sequencing was achieved. A few studies claimed a likely transmission of paternal
mtDNA to the next generation (Schwartz and Vissing, 2002; Luo et al., 2018).
Nonetheless, further investigations raised doubt and could not find adequate
evidence for the paternal inheritance of mtDNA (Filosto et al., 2003; Taylor et
al., 2003; Schwartz and Vissing, 2004; Luo et al., 2019; Lutz-Bonengel and Parson,
2019). Additional studies have refuted the occurrence of recombination between
maternal and paternal mtDNA because even if it is leaked, the paternal mtDNA
found in the zygote is eliminated by a mechanism functional at a molecular level
mostly (Carelli, 2015; Pyle et al., 2015).

The non-recombing mtDNA contains 37 genes, out of which 13 encode
proteins, while the rest 24 genes that comprise two ribosomal RNAs (rRNAs) and
22 transfer RNAs (tRNAs) assist in the translation of those 13 polypeptides
(Anderson et al., 1981). The primary function of most of these genes is to produce
energy and store it in the form of ATP, the cell’s principal source of energy.
mtDNA lacks the proofreading mechanism though they have a few prominent
DNA repair mechanisms (Pinz and Bogenhagen, 1998; Mason et al., 2003;
Szczesny et al., 2008; Rossi et al., 2009), these are inadequate to correct the over-
burden mtDNA damages caused by the oxidative stress (Tuppen et al., 2010).
Oxidative stress results from the surge in the production of reactive oxygen
species referred to as ROS (Mikhed et al., 2015), one of the leading sources for
mtDNA mutations that adds up with elderly and in disease conditions. ROS are
formed by the electron transport system (ETS) of mitochondria (Shokolenko et
al., 2009). mtDNA evolves faster than the nuclear DNA, as mutations are passed
on to the next generation in the absence of repair and recombination. The data
from coding and non-coding parts of mtDNA can be pooled to make a phylo-
genetic tree. The expanding branches of the phylogenetic tree might be charac-
terized by using a set of restriction fragment length polymorphisms (RFLPs)
specific to a particular branch, resulting in the mtDNA haplogroups, i.e., most
common branches assigned by alphabetical labels (Torroni et al., 1993). On
average, the mtDNA mutation rate in animals is an order of magnitude higher
than that of nuclear DNA (Brown et al., 1979). It is even higher in the non-coding
control region than the coding region. The non-coding region of mtDNA consists
of three hypervariable segments, HVSI, HVSII, and HVSIII. The higher nucleotide
polymorphisms in the three HV'S regions, especially HVSI and HVSII, accumulate
mutations almost ten folds faster than other mtDNA regions (Soares et al., 2009).
Despite the low resolution, the hypervariable control region was extensively used
in the early human population genetic studies (Torroni et al., 1993, 1998;
Richards et al., 1996). Later studies started using complete mtDNA sequences to
reconstruct the human mtDNA phylogeny (Torroni et al., 2006; Behar et al.,
2008b; Van Oven and Kayser, 2009). The whole-genome sequence of mtDNA can
be applied as a high molecular resolution tool to identify distinct genetic patterns
accumulated in the human population over thousands of years (Kivisild, 2015).
In one such attempt, Behar et al. (Behar et al., 2008b) applied whole mtDNA

17



sequences reporting the early human settlements in Africa displaying structured
mtDNA ancestries. The mtDNA lineage of South African KhoiSan people diverged
early (90-150 KYA) from the rest of the human mtDNA. A similar pattern was
replicated by a recent mitogenomes study (Chan et al., 2019).

However, the classification of human mtDNA phylogeny remained clumsy as
mutations are identified against the rCRS reference, the first wholly sequenced
mtDNA of a present-day European (Anderson et al., 1981; Andrews et al., 1999).
Nevertheless, a landmark study (Behar et al., 2012) presented the Reconstructed
Sapiens Reference Sequence (RSRS) as a reference with most parsimonious
updates to the previously proposed human mtDNA root by incorporating avail-
able mitogenomes of Homo neanderthalensis.

In brief, though the low effective population size (one quarter to that of any
autosome) makes mtDNA predisposed to genetic drift than autosomes, its attri-
butes in lacking the recombination and inheritance on maternal line render mtDNA
a fantastic tool to study the female aspect of population history.

2.1.2.2.Y chromosome

The nuclear genetic material of a human somatic cell consists of 46 separate
chromosomes, divided into 23 pairs; one of each pair is passed from both parents
to offspring. Twenty-two pairs (1-22) are identical in males and females and are
referred to as autosomes. At the same time, the remaining two chromosomes
differ between females (two copies of the X chromosome (chrX) and males
(having one chrY in addition to one chrX), therefore, termed as the sex chromo-
somes. ChrY chromosome is male-specific, haploid, and inherited only paternally
from father to son; it is the smallest one among all chromosomes that also carry
the smallest number of genes of a chromosome (Jobling and Tyler-Smith, 1995).

Most of ~60 Mb of the chrY does not recombine and is referred to as the non-
recombining portion (NRY) of the chrY, sometimes also called the male-specific
region (MSY) (Skaletsky et al., 2003; Jobling and Tyler-Smith, 2017). Never-
theless, the short-specialized portions of chrY do recombine with the chrX during
male meiosis due to their well-preserved identical sequences; such regions are
called the pseudo-autosomal regions (PAR) (Skaletsky et al., 2003). There are
two short pseudo-autosomal regions, PAR1 located on the tip of the short arm
(Yp), and PAR?2 is located on the tip of the long arm (Yq). PAR1 and PAR2 are
euchromatic (genetically active), while between the PAR1 and PAR?2 lies the
MSY region — comprising both heterochromatic (genetically inactive) and euchro-
matic region (Jobling and Tyler-Smith, 2003; Skaletsky et al., 2003). The euchro-
matic part of MSY has three main classes of sequence (Skaletsky et al., 2003;
Jobling and Tyler-Smith, 2017): (1) ~8.6 Mb long X-degenerate (XDG) region,
(2) X-transposed region (XTR) of ~3.4 Mb size, and (3) 10.2 Mb size ampliconic
regions. XDG region has diverged from the ancestral proto-X chromosome; XTR
is transferred from X-chromosome when human lineage diverges from human
and chimpanzee’s common ancestor (Page et al., 1984), while ampliconic regions
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are the duplicated sequences of a chromosome that are highly identical. The high
inter-chromosomal similarity of the XTR and intra-chromosomal similarity of
ampliconic regions pose challenges to interpreting the resequencing data. There-
fore, only a prospective, less complex region with explicitly callable variants that
extend around 10 Mb on average is used (Poznik et al., 2013; Karmin et al., 2015).
However, some scholars suggest that a significantly longer region of ~21 Mb can
be used for resequencing (Helgason et al., 2015).

Furthermore, several studies claimed that an alternative recombination process
known as the gene conversion happens on chrY (Rozen et al., 2003; Skaletsky et
al., 2003), yet, after considering all this, the fact remains that we can treat NRY
or MSY practically as a single locus. Male specificity of chrY is helpful to extract
the male side of diversity in populations. Besides, chrY plays a role in sex deter-
mination via the phenomenal sex-determining region of Y (SRY) that acts during
the early development of mammals and triggers a gonad precursor to turn out to
be a testis rather than an ovary (Sekido and Lovell-Badge, 2008; Kashimada and
Koopman, 2010). The somatic loss of chrY in older adults has also been linked
to the higher risk of Alzheimer’s (Dumanski et al., 2016) and cancer mortality
(Forsberg et al., 2014).

Population-specific diversity of chrY reveals the social structure characterized
by the dominance of men or women in marriage practices that affects the move-
ment of males and females between different groups of society (Heyer et al.,
2012). A patrilocal society is dominated by males, where married couples reside
with the husband’s family; thus, women move to husband’s residence; this is ref-
lected by genetically less diverse chrY than mtDNA. On the contrary, in a matrilo-
cal society, males move to live with their wife’s family; therefore, population-
specific diversity of chrY would be higher than that of mtDNA. Male-specific
heritage of chrY has been widely used for forensic DNA analysis and genetic
genealogy (Jobling et al., 1997; Calafell and Larmuseau, 2017).

The mutation rate of chrY, though slower than that of mtDNA, is, in general,
higher than that of autosomal chromosomes because transmission of chrY occurs
through male germline, and sperms undergo many-many more cell cycles than
oocytes (Jobling and Tyler-Smith, 2003). Different genetic markers of chrY
evolve at different rates; single nucleotide polymorphisms (SNPs) have a muta-
tion rate of 10® compared to the 10~ of short tandem repeats (STRs), and by
combining both, it is possible to scan several time points in past (de Knijff, 2000).
SNPs define haplogroups which can be applied to construct a phylogenetic tree
(Y Chromosome Consortium, 2002; Jobling and Tyler-Smith, 2017), while STRs,
whose number varies in different populations, can be applied to extract the
diversity within these haplogroups (de Knijff, 2000).

Though the smaller effective population sizes of both the mtDNA and chrY,
i.e., one-fourth, relative to autosomes, make them more prone to genetic drift, both
can identify the social structure and likely difference in behaviors of men and
women (Jobling and Tyler-Smith, 2017). For example, Bayesian Skyline Plots
(BSPs), an approach to get the overview of past population sizes, can be applied
to the genome sequences of mtDNA and chrY to compare how the female and
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male effective population sizes changed through time. The same approach was
applied to global genome data (Karmin et al., 2015), which provided a different
pattern for the effective population sizes (Ne) of males and females. The study
documents a noticeable drop in the Ne for chrY just around mid-Holocene
(84 KYA) followed by a subsequent expansion in Ne of males. The females
displayed a consistently high effective population size than males, whereas the
sharp increase of effective population size in women was well pronounced earlier,
between 20 and 10 KYA. The study also proposed that the inferred bottleneck of
chrY in the last 10 KYA is primarily the consequence of cultural changes that
affected male reproductive success.

2.1.3. Whole genomes

Even though mtDNA and chrY furnished us the initial portrait of human popu-
lation structure and remain crucial to the studies revealing sex-biased migratory
patterns, the single locus markers may ambiguously and too narrowly deduce the
underlying past of the population divergences (Wakeley, 1996; Irwin, 2002;
Rosenberg and Feldman, 2002). Indeed, they offer only two intriguing yet par-
ticular perspectives of the human population genetic history out of multiple
plausible demographic histories of a population (Veeramah and Hammer, 2014).
Henceforth, a collection of many supporting bits of evidence (from multiple loci)
is needed to reconstruct the evolutionary past with a reasonable degree of broad-
ness. Besides, the recombining quality of multi-locus markers makes them handy
in see-through the multifaceted genetic changes brought upon by admixture and
migration events. Technical advances, such as high-density genotyping arrays
and parallel next-generation sequencing, triggered the current surge in genetic data
from multiple genetic loci. Both provide massive new information by capturing
the variations of a significantly higher number of independent/non-independent
loci across the genome, which can be exploited with powerful statistical and
analytical tools to deduce complex population demographic histories. The DNA
hybridization and primer extension (microarray-based) high-density SNP geno-
typing generate a fraction of genetic data by sequencing a particular subsection
of the genome. In comparison, massive parallel next-generation sequencing (NGS)
facilitates the genetic data from the whole-genome sequence.

High-throughput SNP genotyping arrays were developed initially for genome-
wide association studies (GWAS) of the biomedical community, aimed to map
disease alleles by thoroughly searching for the genomic regions enriched in
complex trait-related loci (Novembre and Ramachandran, 2011). The International
HapMap project pioneered early genome-wide studies to show the genetic
variation and linkage disequilibrium (LD) patterns in the human genome. HapMap
phase I published data on 1 million SNPs by genotyping at least one common
(minor allele frequency, MAF > 0.05) SNP per 5 kb in each of 269 samples from
four diverse populations across the globe representing Africa, Europe, and Asia
(International Hap Map, 2005). The number of typed SNPs augmented to
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3.1 million during HapMap Phase II when SNPs with MAF < 0.05 were geno-
typed on the same samples (The International HapMap Consortium et al., 2007),
while Phase III added samples from seven more diverse populations (Inter-
national HapMap Consortium, 2010). Later, the HUGO Pan-Asian SNP con-
sortium added more SNP data of 1719 distinct individuals from 71 different popu-
lations of Asian origin (Consortium et al., 2009; Ngamphiw et al., 2011), sub-
stantially filling up the gap left by the HapMap project in population coverage
from Asia. The variability of genome-wide SNPs has been successfully applied
to reconstruct the genetic and demographic history of an ample number of popu-
lations from different corners of the globe, e.g., Europe (Novembre et al., 2008;
Auton et al., 2009; Nelis et al., 2009; Kushniarevich et al., 2015; Tambets et al.,
2018) and native Americans (Wang et al., 2007; Reich et al., 2012; Verdu et al.,
2014; Raghavan et al., 2015). Several such studies also included under-
represented ethnic groups of South Asia (Reich et al., 2009; Metspalu et al., 2011;
Moorjani et al., 2013; Basu et al., 2016), Africa and African-Americans (Tishkoff
et al., 2009; Bryc et al., 2010), and Near and Middle East (Fernandes et al., 2019;
Eaaswarkhanth et al., 2021; Mineta et al., 2021). Despite the advantages of SNP
arrays in affordability and being the fastest to decode human population structure
at higher resolution locally and globally, the intrinsic ascertainment bias arising
mainly due to the design of the microarrays curbs the capability of genotyping
arrays to infer evolutionary processes (Novembre and Ramachandran, 2011;
Lachance and Tishkoff, 2013; Veeramah and Hammer, 2014). Generally, SNP
arrays are used for genotyping a larger sample set using polymorphisms already
discovered in small panels of individuals from a limited number of population
groups. Consequently, they lack the genetic diversity extant in human populations
worldwide (Lachance and Tishkoff, 2013). It happens due to the unequal
distribution of genetic diversity across human population groups, and a small
number of individuals allow capturing of variance in common alleles (with higher
MAF) rather than rare ones (with low MAF) (Gravel et al., 2011). Typically,
SNPs identified in discovery panels are not random but ones with higher MAF,
i.e., common SNPs with intermediate occurrence (Novembre and Ramachandran,
2011). After the modern humans spread out of Africa, they have been exposed to
successive bottlenecks and founder effects, resulting in lower genetic diversity
among populations from Eurasia than Africa. Thus, it is highly possible to end up
with flawed inferences when SNPs determined in one population are directed to
genotype other populations (Rogers and Jorde, 1996; Eller, 2001). Enrichment of
SNPs in some stretches of the genome, but their scarcity in other genomic regions
of the genotyping array is another form of bias (Lachance and Tishkoff, 2013).
Interestingly, ascertainment bias is sturdier in indels (insertion or deletion of
nucleotides in the genome) but weaker in the case of microsatellites when
compared to that of SNPs (Romero et al., 2009). Thus, the development of the
next-generation sequencing (NGS) method, which has a great potential to get the
better of most limitations presented by genotyping array, excited the scholars.
NGS pools the contiguous DNA sequences from several or indeed all chromo-
somes and is supposed to be free of any ascertainment bias; nevertheless, various
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quality control-related filtering procedures might still encourage a finer ascertain-
ment bias (Novembre and Ramachandran, 2011; Veeramah and Hammer, 2014).
The NGS leverage a significant upsurge in the efficiency to infer processes shaping
the demography of human populations by exploiting either a full genome or a big
chunk of the genome. The feature above, coupled with a downward trend in costs
to get a high-quality full genome sequenced, is prompting more and more full
genome-based studies unveiling complex demography of modern humans
(Malaspinas et al., 2016; Mallick et al., 2016; Pagani et al., 2016; Chiang et al.,
2018). Specifically, the 1000 genomes project (1KGP) launched in 2008 has
added up almost 40 million novel variants (SNPs and indels), and almost 24% of
these novel variants belong to South Asia, expanding the catalog of South Asian
genetic variation tremendously (Auton et al., 2015). Phase I of 1KGP represented
1092 low coverage sequences and exome data mainly from sub-Saharan Africa,
Europe, East Asia, and America (McVean et al., 2012). The sample set was later
expanded up to around 1700 during phase II. Phase III of the 1KGP contributed
genomic sequences of 2504 individuals that included additional samples from
Africa and South Asia (Auton et al., 2015). Recently, the pilot phase of the
ambitious project, the GenomeAsial 00K Project, referred to as the GenomeAsia
Pilot (GAsP) project, sequenced whole genomes of 1739 individuals from 219
populations across Asia to bridge the gap of underrepresentation of non-European
individuals for genetic studies (Wall et al., 2019). Recognizing the importance of
reference genome datasets required to characterize population-specific variation,
the GAsP recruited samples across Asia. It included 724 individuals of South
Asia thus, expanding the representation of diminished South Asian genetic
variation beyond the sub-optimal level. However, the overall expenses, a cumu-
lative sum of the cost related to the generation of high-quality genomes for a huge
number of samples and the computational cost for several bioinformatics algo-
rithms essential to analyze data efficiently (Mardis, 2011), is still a limiting factor
to use NGS in regular studies based on large samples.

Nevertheless, the ever-growing multi-locus — autosomal and whole-genome —
data of South Asia has rendered studying the population histories of the Indian
subcontinent to an unprecedented level, identifying broader dimensions of the
present-day genetic diversities of the region.

2.2. The power of aDNA to decipher
the human demographic history

Availability of modern human genomes and different approaches analyzing them
enabled a better understanding of human origin and evolution; for example, a
study (Cann et al., 1987) postulated that modern humans originated in Africa.
Subsequent methodological advances enabled the extraction and sequencing of
aDNA from the relics of ancient humans (Rasmussen et al., 2010; Reich et al.,
2012) and hominins (Green et al., 2010; Reich et al., 2010). Consequently,
resolving the unsettled aspects of human history and evolution (Paébo, 2015;
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Llamas et al., 2017; Nielsen et al., 2017; Reich, 2018; Racimo et al., 2020). The
evolving bioinformatics’ and population genetic tools also enabled inferring the
genetic components of ancient migrants and ancient admixture events that
presumably shaped genetic variations and adaptations of the present-day human
populations (Slatkin and Racimo, 2016; Dannemann and Racimo, 2018; Skog-
lund and Mathieson, 2018).

Nevertheless, obtaining reliable sequence data from aDNA used to be an uphill
task until recently. The causal factors are post-mortem damage to DNA bases,
lower quantity of endogenous genetic material, and smaller DNA fragments — a
cumulative consequence of DNA degradation after the death of individuals
(Veeramah and Hammer, 2014; Orlando et al., 2015). Contamination by several
sources (including ancient and modern, humans and non-humans) is another vital
concern that likely affects the power of interpretations made by downstream
analyses of aDNA data (Kirsanow and Burger, 2012). However, technical
improvements overcame caveats above more or less, enabling the preparation of
aDNA sequencing libraries using double-stranded DNA (dsDNA) (Meyer and
Kircher, 2010) or single-stranded DNA(ssDNA) (Gansauge and Meyer, 2013).
Resulting aDNA libraries are then usually sequenced as it is via shotgun
sequencing approach, or can alternatively be enriched for specific sequences via
DNA capture — the enrichment of target aDNA sequences by hybridizing DNA
of interest to the target probes (Briggs et al., 2009; Maricic et al., 2010; Carpenter
etal., 2013; Fu et al., 2013). As a result, we see a surge in aDNA genome data not
only across Eurasia but lately even from other parts of the globe with harsh
climatic conditions for aDNA preservation, enhancing the perception of human
demographic history to a deeper scale (Haak et al., 2015; Mathieson et al., 2015;
Orlando et al., 2015; Fu et al., 2016; Lazaridis et al., 2016; Schlebusch et al., 2017;
Jarve et al., 2019; Narasimhan et al., 2019; Shinde et al., 2019; Lipson et al., 2020).

Unearthing aDNA from Africa has abetted to disentangle the distant past of
human populations. aDNA studies (Llorente et al., 2015; Skoglund et al., 2017)
discovered that mostly the Bantu speakers were responsible for the wide-spread
farming in Africa, apart from finding the traces of Holocene interactions between
Africa and Eurasia (Lazaridis et al., 2016; Skoglund et al., 2017; Fregel et al.,
2018). Additional aDNA studies inferred that the deepest branch of modern
humans lies in the southern African hunter-gatherers, who split from other
populations ~ 250 KYA (Gronau et al., 2011; Mallick et al., 2016; Schlebusch et
al., 2017). A recent study used aDNA from west African foragers, revealing ubi-
quitous admixture and three noticeable expansions; one such expansion mostly
gave rise to no less than four key descents in the distant history of modern humans
(Lipson et al., 2020). aDNA had significantly supported evidence of early diver-
gence between ancestral West Eurasians and East Asians when the first ancient
individual with a distinct genetic sharing to modern Europeans than East Asians
was recorded (Seguin-Orlando et al., 2014). aDNA helped in reconstructing the
complex history of Europeans. The AMH lived in Europe ~ 43 KYA, they had
contributed a little, if any, to modern European genomes (Benazzi et al., 2011;
Higham et al., 2011); a couple of recent studies also have added new insights
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(Hajdinjak et al., 2021; Priifer et al., 2021). The contemporary European genome
is mostly a combination of three genetic components related to Mesolithic hunter-
gatherers, Neolithic Anatolia, and Steppe peoples that arrived in Europe at
different times (Lazaridis et al., 2014; Allentoft et al., 2015; Haak et al., 2015).
The aDNA, furthermore, rendered the clue that farming in Europe was a con-
sequence of the expansion of peoples from Anatolia (Gamba et al., 2014; Lazaridis
et al., 2014, 2016; Sikora et al., 2014; Skoglund et al., 2014; Haak et al., 2015;
Mathieson et al., 2015, 2018; Broushaki et al., 2016; Hofmanova et al., 2016;
Lipson et al., 2017). East Asian aDNA revealed the ancient peoples of northeast
China and southeast China (Fujian people) were distinct during the early
Neolithic; however, the subsequent mixing during the late Neolithic spread of
agriculture shaped the genetics of present-day East Asians who have predominant
ancestry from the ancient northern group (Wang et al., 2020; Yang et al., 2020).
Studies comprising ancient and modern human genomes have revealed four
distinct ancestral components that arrived in the Americas in three assumed
waves. The most recent wave was from Thule-related neo-Eskimos (~ 2 KYA),
which followed the earlier Saqqag-related Palaco-Eskimo (~4.5 KYA), and the
dispersal of Native Americans (before ~13 KYA) that diversified into two
branches — the southern and northern branch (Reich et al., 2012; Raghavan et al.,
2015; Moreno-Mayar et al., 2018; Scheib et al., 2018).

The aDNA specimens from South Pacific revealed that the Papuan ancestry
observed in Remote Oceanians at present is plausibly the result of human inter-
actions after the initial population settlement in far-off Oceania, which caused the
spread of Papuans ancestry via the South Pacific (Skoglund et al., 2016).

Evolving aDNA technologies even allowed to sequence the first ancient indi-
vidual from Indus Valley Civilization (IVC), a Bronze Age (BA) settlement of
South Asia (Shinde et al., 2019). The study observed a lack of the Steppe ancestry
(prevalent in northern India) in the BA Indus people and the ancient Iranian
ancestry of IVC people deriving from a group that was ancestor to the Iranian
farmers and hunter-gatherers. Another study (Narasimhan et al., 2019) suggested
a plausible introduction of the Steppe ancestry into South Asia during the Middle
to Late Bronze Age that also brought Indo-European language (Narasimhan et
al., 2019). However, additional aDNA work with more and broader archaeo-
logical samples is now very much needed to substantiate further interesting con-
clusions drawn in these two studies.

2.2.1. aDNA revealing archaic admixture in modern humans

However, the most distinctively, aDNA sequencing is providing unprecedented
discoveries through archaic genomes. For instance, comparative analysis of
genetic material from both the modern humans and ancient archaic hominins
delivered the revelation that ancestors of all contemporary non-Africans interbred
with multiple archaic hominins, including Neanderthals and Denisovans (Green
et al., 2010; Reich et al., 2010; Meyer et al., 2012; Fu et al., 2014; Teixeira and
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Cooper, 2019). The first successfully sequenced archaic genome was that of
Neanderthals, suggesting interbreeding between the ancestors of all contemporary
non-Africans and Neanderthals at ~50-60 KYA (Green et al., 2010; Sanka-
raraman et al., 2012; Fu et al., 2014). Follow-up studies identified that ~2—4%
genome of all modern non-African humans come from Neanderthal genomes,
plausibly a result of introgression from European Neanderthals (Croatian Vindija
cave) rather than the Altaian one (Priifer et al., 2014, 2017). Lately, a sequence
of ~ 60—80 KYA old Neanderthal female from Chagyrskaya that lived near the
Denisova cave of Altai mountains (Mafessoni et al., 2020) revealed its higher
genetic intimacy to the Vindija cave Neanderthal than their Siberian counterparts,
suggesting a likely replacement of the Siberian Neanderthals by the Western
ones. Whereas the genome sequence of Denisovans — archaic hominin sister
group of Neanderthals — revealed the interbreeding of Denisovans with ancestral
people of Sahul around 45-49 KYA (Malaspinas et al., 2016). Different studies
observed ~3-6% genetic contribution of Denisovan genome to the present-day
Papuan New Guineans and Australian aboriginals, in addition to a lower yet
traceable ancestry to the East Asians and South Asians (Reich et al., 2010;
Skoglund and Jakobsson, 2011; Meyer et al., 2012; Qin and Stoneking, 2015;
Malaspinas et al., 2016; Sankararaman et al., 2016; Browning et al., 2018; Jacobs
et al., 2019). Surprisingly, a recent massive study of more than 27,000 genomes
of Icelanders revealed the presence of Denisovan genome fragments despite this
small northern Atlantic island population indeed very far away from Oceania
(Skov et al., 2020). However, the study remains undecided whether the attributed
Denisovan fragments in Icelanders’ DNA testifies about the direct admixture of
the remote ancestors of Icelanders with Denisovans or were carried by the Nean-
derthals that plausibly derived from earlier Neanderthal-Denisovan admixture
events.

Nevertheless, several studies anticipated additional interbreeding events; for
example, a plausible genetic contribution from eastern Neanderthals and morpho-
logically unknown-archaic group to Denisovans (Priifer et al., 2014), and from
early modern humans to Neanderthals (Kuhlwilm et al., 2016; Posth et al., 2017).
Studies also found now (a weak) signal of Neanderthal fragments even in Afri-
cans that might well be the consequence of well-known backflow of modern
humans who admixed with Neanderthals in Eurasia and carried this signal to
Africa (Hsieh et al., 2016; Xu et al., 2017; Durvasula and Sankararaman, 2019;
Chen et al., 2020).

Recent studies have also supported an intricate pattern of archaic introgression
in Asia (Mondal et al., 2019; Teixeira and Cooper, 2019). That, considering the
region’s evidence of occupation by numerous hominin groups (Détroit et al.,
2019), suggests likely interbreeding with unknown archaic hominins apart from
the known Neanderthal and Denisovan ones.
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2.3. Methods to detect genome-wide patterns
of population structure and demographic history

Genetic distances between modern populations are majorly shaped by genetic
drift, which is commonly stronger in small populations and, in the long term,
creates pronounced differences in the presence of natural or geographic barriers.
The differences among populations involve only a tiny percentage of the existing
genetic variation, with the most variation being within them (Lewontin, 1972).
An ever-growing body of genome-wide data across the globe and advances in
genetic analysis methods have empowered the studies to shed light on evolu-
tionary processes that shaped the demographic history of modern humans. Here,
I survey different approaches employed to analyze such genomic data to trace
population structure and its dynamics, identify and date admixture, and shared
haplotype-based models describing some aspects of human demographic history.

2.3.1. Mean pairwise genetic distance (Fsr)

Statistics measuring genetic distance among populations provide an insight into
the proportional relationship of populations — inferring greater genetic distance
correlates to a greater evolutionary distance between populations. Fsr or mean
pairwise distance (Weir and Cockerham, 1984; Holsinger and Weir, 2009) is a
statistic that measures the amount of genetic differentiation among a set of popu-
lations. Fgr utilizes the uneven distribution of allele frequencies among popu-
lations to compare the amount of extant genetic variation within pairs of subpopu-
lations corresponding to the entire population. The value of Fsrcan vary between
0 to 1, depending on how genetically differentiated populations are, with higher
values indicating higher differentiation.

2.3.2. Spatial techniques to infer ancestry at a global level

Principal Component Analysis (PCA) is an algebraic tool that, as applied to
genotype data, assigns an individual’s data onto a small set of dimensions. These
dimensions are characterized by maximal separation of the data reducing high
dimensional covariance matrix data to independent principal components (PCs)
or eigenvectors that comprise the majority of variation present in the complete
data. Generally, PCA is applied to many individuals’ genomic data, but only a few
top PCs are considered for visualization (Figure 1a). However, given the high
similarity characterizing our species, the number of variables, and the degree of
complexity of the underlying genetic structure, the variance explained by these
top components is meager (Novembre and Stephens, 2008). When a PCA is plotted
with the first few PCs, it displays clustering between genetically close individuals
and more separation between individuals that are genetically less similar, where
a group at an intermediate location might not necessarily be the result of genetic
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admixture (Novembre and Stephens, 2008; McVean, 2009; Schraiber and Akey,
2015; Wangkumhang and Hellenthal, 2018). In general, PCA may capture the
geographical pattern of migrations among populations, underlying the correlations
between PCs and geographical axes (Cavalli-Sforza et al., 1994; Reich et al., 2008).

Nevertheless, sample size can affect PCA, and care must be taken while inter-
preting PCA results since the gradient of PCs might result from mathematical
artifacts or recurrent bottlenecks caused by range expansions (Novembre and
Stephens, 2008; Francois et al., 2010; Klopfstein et al., 2006; McVean, 2009). A
few methods have been developed recently to address caveats in PCA interpre-
tations, exploiting the isolation by distance model (i.e., genetic similarities among
populations decrease with increasing geographic distance). SpaceMix (Bradburd
et al., 2016) is one such statistical approach to building a geogenetic map embed-
ding populations based on their genetic closeness rather than geographical
proximity. Thereby, the approach represents a pattern of long-term gene flow
among the populations, spotting groups with more highly correlated allelic
frequencies than expected under the isolation-by-distance model (Bradburd et al.,
2016; Novembre and Peter, 2016; Wangkumhang and Hellenthal, 2018). The
Estimated Effective Migration Surface or EEMS (Petkova et al., 2016) approach,
on the other hand, predicts the discrepancy in the effective migration across a
surface by relating the genetic variations among individuals to the geographical
distances of their sampling locations. The method assumes a stepping stone
model for migration between adjoining population groups (Novembre and Peter,
2016; Petkova et al., 2016; Wangkumhang and Hellenthal, 2018). Therefore, both
approaches can be helpful to infer unexpected genetic correlations among popu-
lations that arise either due to the admixture from a group farther apart or due to
migration barriers between populations.

2.3.3. Clustering algorithms-based methods

Although PCA-based approaches are a ubiquitous way to visualize genetic struc-
ture in genomic data sets, it is hard to retrieve estimates of global ancestries for
tested individuals from such statistical tools. Therefore, several clustering (struc-
ture-like) methods of population assignments have been developed. These methods
search for structure by grouping individuals with shared frequencies of common
alleles, mutually in Hardy Weinberg equilibrium (HWE) (Schraiber and Akey,
2015). Different clustering algorithms are analogous in their aim to group indi-
viduals into various distinct populations or clusters (K), where each cluster rep-
resents individuals sharing a typical genetic pattern (or allele frequencies). The
Bayesian-based approach, STRUCTURE (Pritchard et al., 2000), applies Markov
chain Monte Carlo (MCMC) on allele frequencies of populations allocating a
single individual to a cluster (or population) after the calculated percentage of
ancestry from each discrete population is averaged over the entire genome of the
individual. The method might be arbitrarily sluggish for larger data sets. There-
fore, to analyze more extensive genomic data sets efficiently, faster tools like
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ADMIXTURE (Alexander et al., 2009) and FRAPPE (Tang et al., 2005) were
developed using maximum likelihood methods rather than MCMC. Whereas,
fastSTRUCTURE (Raj et al., 2014) uses a variational approximation approach of
Bayesian that provides a fast and deterministic substitute to Monte Carlo methods.
All these techniques undertake unlinked or independent loci and serve as global
ancestry estimation methods. These algorithms generally require a pre-defined
number of anticipated populations or clusters K and subsequently assign a fraction
of each individual’s genome to the suggested number of clusters K (Figure 1b).
However, choosing the optimal number of source populations is challenging. In
this context, ADMIXTURE implements a cross-validation method to select the
number of populations (Alexander et al., 2009). On the contrary, fastSTRUC-
TURE uses heuristic scores to find sufficient population numbers (Raj et al., 2014).
It is also plausible to over-interpret STRUCTURE/ADMIXTURE results as many
different demographic settings might end up mainly yielding similar cluster dis-
tribution (Pritchard et al., 2000; Novembre, 2016; Lawson et al., 2018; Wangkum-
hang and Hellenthal, 2018). Therefore, a mixed pattern of clusters does not always
represent actual admixture, e.g., individuals with a history of admixture with an
unknown ghost population. Moreover, assigning a group of individuals to a single
cluster does not indicate that individuals have not undergone admixture, e.g., if a
sister population (Kalash) is way more privately drifted due to a recent substantial
population bottleneck (Ayub et al., 2015a). Consequently, STRUCTURE or
ADMIXTURE results must be corroborated by other methods that follow varied
modeling assumptions such as TreeMix (Pickrell and Pritchard, 2012), fine-
STRUCTURE (Lawson et al., 2012), f; and D statistics (Patterson et al., 2012),
etc., to conclude patterns of population mixing and demographic histories
decisively.
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Figure 1. PCA and STRUCTURE like analyses in simulated data.

(a) Principal component analysis (PCA) via EIGENSRTAT where each dot represents an
individual, (b) ADMIXTURE for cluster numbers K = 2—5 (columns = individuals, colors = clusters).
Adapted from Figure 1 in Wangkumhang and Hellenthal 2018 published in Curr Opinin Genet &
Develop, with permission from “Elsevier”.
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2.3.4. Inferring a fine-grained picture of admixture history
from haplotypes

In general, genomes of admixed individuals result from the blending of several
DNA segments inherited from individuals of diverse origins, that keep dividing
into smaller chunks with time due to recombination. Original admixing sources
for inherited DNA segments can be identified by comparing the genome of the
admixed individual to that of a given set of sources via chromosome painting or
identical-by-descent (IBD) tracts (Novembre and Stephens, 2008; McVean, 2009;
Schraiber and Akey, 2015; Wangkumhang and Hellenthal, 2018). Later, the sizes
and length distribution of these DNA tracts are compared to the ones expected
under different migration models, and the date of admixture event and ancestry
proportions are inferred, outlining the admixture history at a more fine-grained
level (Gravel, 2012; Churchhouse and Marchini, 2013; Novembre and Stephens,
2008; McVean, 2009; Schraiber and Akey, 2015; Wangkumhang and Hellenthal,
2018).

2.3.4.1. Approaches of local ancestry inference

Many different local ancestry (the genetic ancestry of an individual at a genomic
location) methods have been developed to model the ancestry distribution of
DNA tracts or haplotypes (Tang et al., 2006; Sankararaman et al., 2008; Price et
al., 2009; Baran et al., 2012; Omberg et al., 2012; Churchhouse and Marchini,
2013; Maples et al., 2013). These methods vary depending on whether they need
pre-phased data, the number of source populations allowed, and if they could
model the loci in high LD (i.e., closely associated haplotypes). Most of the methods
capture the ancestral haplotype structure within the generative framework of Li
and Stephen’s haplotype-copying model (Li and Stephens, 2003). Li and Stephen’s
model makes the fast approximation of the coalescence of DNA segments con-
sidering recombination events and estimates the target genome as a dense mixture
of predefined source genomes, applying the hidden Markov model (HMM)
(Schraiber and Akey, 2015). Such approaches can directly model LD for tightly
linked markers, therefore, are capable of distinguishing genetically close popu-
lations (Baran et al., 2012), e.g., HAPMIX (Price et al., 2009) and HAPAA (Sund-
quist et al., 2008). However, HAPMIX and HAPAA have limitations in that they
allow only two predefined source populations at a time and are computationally
intensive.

The presumption of a parametric population genetic model is a caveat for the
tools above, unlike several non-parametric local ancestry methods. Non-para-
metric local ancestry methods do not follow Li and Stephen’s generalized frame-
work and work on a window-based approach, although they, too, need a set of
reference populations (Schraiber and Akey, 2015). These methods are fast, allow
several source populations, and are capable of unraveling exceptionally complex
demographies (Churchhouse and Marchini, 2013; Schraiber and Akey, 2015).
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Such methods, e.g., LAMP (Sankararaman et al., 2008), PCAdmix (Brisbin et al.,
2012), Saber (Tang et al., 2006), SupportMix (Omberg et al., 2012), WINPOP
(Pasaniuc et al., 2009) vary in their approaches. Nevertheless, these approaches
mostly do not model background LD and break the individual genomes into win-
dows, grouping them according to each window’s assignment to a reference panel.
However, the window-based approaches LAMP-LD (Baran et al., 2012) and
MultiMix (Churchhouse and Marchini, 2013) can also model background LD.
Nonetheless, we need to be very careful in choosing the window size for such
methods as it can significantly affect the results.

Most local ancestry algorithms follow a generative approach that attempts to
find, indirectly, the hidden parameters from a joint distribution of data. It requires
a set of reference populations first to estimate the shared reliance of observed
(alleles) and unobserved (ancestries) variables in data and then assesses the
dependency of unobserved variables on observed variables using Bayes’ rule via
HMM (Maples et al., 2013; Padhukasahasram, 2014). Thus, restricting these
methods from exploiting the inherent ancestry of admixed samples. To overcome
these issues, a discriminative-approach (that finds boundary to distinguish the
data into different classes) based method RFMix (Maples et al., 2013) was
developed. RFMix models the probabilistic dependence of unobserved variables
(ancestry) directly on observed variables (alleles) and estimates the ancestry of
an admixed chromosome. Discriminative approaches are supposedly more accurate
and faster than the generative approaches when the data set is large (Ng and
Jordan, 2001). However, regardless of the approaches, local ancestry methods
have been found applicable to studies related to map disease genes via admixture
mapping (Hoggart et al., 2004; Reich et al., 2005), pharmacogenomics (Yang et
al., 2011), selection (Tang et al., 2007; Jin et al., 2012), and demographic in-
ferences (Bryc et al., 2010; Kidd et al., 2012).

2.3.4.2. Approaches that side-step local ancestry inference

Determining local ancestries when ancestral populations (sources) are poorly dif-
ferentiated remains a challenge. Thus, alternative approaches (e.g., fineSTRUC-
TURE, GLOBETROTTER) that can identify admixture events without requiring
source proxies to be defined are helpful (Lawson et al., 2012; Hellenthal et al.,
2014; Busby et al., 2015; Leslie et al., 2015). fineSTRUCTURE-ChromoPainter
framework (Lawson et al., 2012) uses Li and Stephen’s haplotype copying model
(Li and Stephens, 2003) to detect shared haplotypes, revealing fine-scale ancestral
relationships among individuals. The method can infer more than two sources
and may characterize population relationships at fine scales. fineSTRUCTURE
sums up the output of ChromoPainter (Lawson et al., 2012) that reconstructs
chromosomes of each individual as a combination of copying chunks received
from all other individuals in a co-ancestry matrix (Figure 2). This co-ancestry
matrix can be used for PCA to identify more discrete clustering of related indi-
viduals and reconstruct the tree-like hierarchical relationships among different
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population clusters using fineSTRUCTURE (Lawson et al., 2012; Busby et al.,
2015). fineSTRUCTURE can also infer distinct and hidden signals of population
structure by applying the mixture modeling of copying profiles on the detected
shared haplotypes using GLOBETROTTER (Hellenthal et al., 2014), and NNLS
approaches (Leslie et al., 2015; Montinaro et al., 2015).
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Figure 2. Inferring fine-scale ancestry from simulated data.

(a) Chromosomal painting shows the specific tracts of sequences inherited from ancestors
in each population, (b) Pairwise coincidence matrix output by fineSSTRUCTURE using
chunk counts calculated using (top right) the linked and (bottom left) unlinked model, for
the datasets from Lawson et al. 2012. The coloring represents the posterior coincidence
probability (which does not drop below 97%) and the dots represent the maximum a
posteriori (MAP) probability state, (c) Aggregated coancestry matrix (bottom left,
normalized to have row mean 1) for the linked model dataset (top right) from Lawson et
al. 2012 shown with the inferred MAP tree (top). Adapted with permission through
Copyright Clearance Centre, Inc. from "Springer Nature" with minor alterations in Figure
2e from Schraiber and Akey (2015) published in Nat Rev Genet, and from Figure 3 of
Lawson et al. (2012) published in PLOS Genet under terms of Creative Commons
Attribution License.
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GLOBETROTTER (Hellenthal et al., 2014) is an extension of the fine-
STRUCTURE algorithm to account for the genetic heritage from groups that are
not available in the data. GLOBETROTTER reconstructs each admixture source
as a combination of DNA segments from all donor individuals, therefore, in-
ferring the specific features of admixture (Busby et al., 2015; Leslie et al., 2015;
Montinaro et al., 2015; Schraiber and Akey, 2015; Wangkumhang and Hellenthal,
2018). While in the NNLS approach, a modified version of the non-negative least
square (NNLS) method is applied on the copying vectors obtained from Chromo-
Painter to reconstruct the ancestry profile of each cluster or individual (Leslie et
al., 2015; Montinaro et al., 2015).

2.3.4.3. Identical-by-descent (IBD) approach

IBD is another approach that characterizes fine-scale population structure appro-
priately using extended regions of identical sequences (haplotypes) shared bet-
ween pairs of genomes (Palamara et al., 2012). When a genomic region shared
between two or more individuals contains no mutation that distinguishes them, it
is called identical-by-state (IBS). If this identical region was inherited from a
common ancestor without recombination, it is known as IBD. All individuals of
a fixed population are related to a common ancestor going back in time, con-
sequently contain shared DNA segments that are IBD due to their inheritance
from a common ancestor assuming no breakage by recombination; thus, modeling
of recombination is mostly avoided giving it more power (Schraiber and Akey,
2015). However, during meiosis, recombination breaks these IBD segments into
smaller segments that decay exponentially with the number of past generations
from their most recent common ancestor (MRCA). Henceforth, the length of IBD
blocks can infer the time to MRCA, with longer IBD blocks associated with a
very recent common ancestor, and shorter IBD blocks represent the coancestry
due to ancient origin (Ringbauer et al., 2017). Establishing the shared segments
as IBD segments is a challenging task due to possible errors in assuming a seg-
ment as IBD when created by nucleotides that are identical by state; which might
happen when a region is conserved or in high LD, thus detecting false positive
IBD segments (Browning and Browning, 2010; Schraiber and Akey, 2015).
Nevertheless, technical advancements have enabled the detection of a range of
IBD tracts between pairs of genomes, evading the issue of detecting false posi-
tives and small segments related to ancient origin, by recommending to use the
IBD blocks no shorter than a certain map length (Browning and Browning, 2013;
Schraiber and Akey, 2015). Methods such as Beagle IBD (Browning and Brow-
ning, 2010) and RELATE (Albrechtsen et al., 2009) use a probabilistic approach
to determine IBD via HMM and are computationally extensive. Whereas, methods
to detect IBD in large data sets follow a non-probabilistic approach, with an effi-
ciency that increases proportionately with sample sizes, include fast IBD (Brow-
ning and Browning, 2011), Refined IBD (Browning and Browning, 2013), and
GERMLINE (Gusev et al., 2009). Refined IBD has higher accuracy due to its
advantages over the other two methods because; it uses the data more efficiently
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by integrating LD modeling (Browning and Browning, 2013). Additionally,
Refined IBD’s probabilistic approach-based fine-tuning can better deal with
ambiguity.

Long IBD blocks can be harnessed to describe a range of recent demographic
features, e.g., to extract information on recent population sizes by fitting different
migration models with IBD (Palamara et al., 2012; Browning and Browning, 2015),
and to infer the historical migration rates of populations (Palamara and Pe’er,
2013). Nevertheless, studies have also utilized shorter IBD tracts to infer demo-
graphic events of deeper timescales (Li and Durbin, 2011; Harris and Nielsen,
2013). Recently, a study developed a novel probabilistic approach based on IBD
sharing, detecting the introgressed sequences of Neanderthals into the modern Afri-
cans (Chen et al., 2020). Another study applied IBD and local ancestry approaches
to get insight into the overall and ancestry-specific Ne during the past hundred
generations for several admixed American populations (Browning et al., 2018a).

2.3.5. Dating admixture using pattern of LD decay

Most of the population genetic methods either use allele frequency variation among
individuals (e.g., PCA, ADMIXTURE, f-stats) or directly infer local ancestry
segments in chromosomes (e.g., PCAdmix, HAPMIX) to identify and reconstruct
historical admixture events that occurred between population groups. However,
inferring the date of the admixture event is tough from these methods, as PCA
and STRUCTURE-like analyses assume admixed populations are genetic inter-
mediates of plausible source groups (Loh et al., 2013). While f- and D- stats are
unable to infer the timing of an admixture event due to the dependency of genetic
drift on population size (Loh et al., 2013). Although local ancestry methods might
infer the admixture date by exploiting the distribution of DNA tracts, minuscule
tracts due to consecutive recombinations or in case populations in the reference
set are more diverged than original mixing sources, might undermine the possi-
bility to date the admixture event (Loh et al., 2013; Wangkumhang and Hellenthal,
2018). To solve the issue, researchers develop methods that apply an alternative
approach of using the extent of exponential decay in linkage disequilibrium
among loci (i.e., Admixture LD) (Moorjani et al., 2011; Loh et al., 2013). When
a population inherits a chromosomal chunk with correlated loci from one of the
source groups during the past admixture events, the association among loci might
be retained even after several recent mixings, resulting in admixture LD (Chakra-
borty and Weiss, 1988). Both ROLLOFF (Moorjani et al., 2011; Patterson et al.,
2012) and ALDER (Loh et al., 2013) compute the decay in admixture LD vis-a-
vis to the genetic distance between a pair of SNP markers, weighted by the
variation in allele frequency between source groups (Moorjani et al., 2011; Loh
et al., 2013; Wangkumhang and Hellenthal, 2018). Since recombination breaks
down the admixture induced associations among loci, the weighted LD between
two markers in an admixed population decays exponentially (i.e., weighted LD
curve) at a constant rate, providing the age of the admixture event as implemented
in ROLLOFF (Moorjani et al., 2011; Patterson et al., 2012).
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Figure 3. Dating admixture applying ROLLOFF and GLOBETROTTER to simulated data.

Coancestry curves for ROLLOFF (left) versus GLOBETROTTER (right) for the following
simulated admixture events: (a) 80% contribution from Brahui plus 20% contribution
from Yoruba,30 generations ago; (b) 50% French + 50% Brahui, 30 gen ago. Inferred
dates and standard errors are given at the top right in each plot. Green lines give exponential
decay curves with rates equal to inferred dates of admixture; red lines give exponential
decay curves with rates equal to actual admixture dates — the coancestry curve for the
surrogate group representing the minority admixing source. ROLLOFF standard errors
were calculated using the Weighted Block Jackknife procedure, while the GLOBET-
ROTTER method took the standard deviation across 100 bootstrap re-samples. Adapted
with minor modification from Figure S8 in Hellenthal et al. (2014) published in Science,
with permission from “AAAS”.

However, the requirement to pre-specify the donor for each admixing source in
ROLLOFF and ALDER is an issue when the source populations intermixed to
give the target admixed population are unknown or have no proper representative
among modern groups. Therefore, the haplotype-based approach GLOBETROT-
TER is advantageous, which assumes the admixing sources as a genetic mix of
all donor groups; thus, pre-defined donor per source might not be used in specific
scenarios (Hellenthal et al., 2014; Wangkumhang and Hellenthal, 2018). The
approach of estimating the association between haplotype segments gives GLO-
BETROTTER extra power (Figure 3), though it comes with a cost of com-
putational time. This haplotype-based method can detect if more than two sources
participated in the same admixture event, in addition to identifying multiple
admixture events (Hellenthal et al., 2014; Wangkumhang and Hellenthal, 2018).
However, the upper limit of admixture events that GLOBETROTTER can detect
is lower (~150 generations) than for ALDER (~250 generations) and ROLLOFF
(~300 generations). In general, most of the dating approaches assume the admixed
target population has undergone one massive pulse of mixing, followed by random
mating among individuals of the admixed group. However, if the admixed popu-
lation has a history of constant mixing at different time intervals, these methods
might detect only the most recent admixture event (Loh et al., 2013; Hellenthal
et al., 2014; Wangkumhang and Hellenthal, 2018).
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2.3.6. Identifying admixture using drift parameters

Patterns of common genetic variation between groups of populations can be
informative of admixture and human populations history (Pickrell and Reich,
2014; Schraiber and Akey, 2015). One approach to analyze the shared history of
populations is f-statistics (Patterson et al., 2012), pioneered by Reich et al. (Reich
et al., 2009) to establish the origin of highly structured Indian populations. Due
to its ability to study the widespread admixture events of human population history
(Novembre and Peter, 2016), f-statistics has become a prominent tool for modern
as well as ancient DNA studies (Green et al., 2010; Metspalu et al., 2011; Ras-
mussen et al., 2011; Reich et al., 2012; Allentoft et al., 2015; Haak et al., 2015;
Lazaridis et al., 2016). f-statistics is a methodological framework for fitting the
admixture events to the frequencies of genetic variants observed in several popu-
lations. Genetic drift shared between sets of two, three, or four populations can
be estimated as f, f3, and fa, under the assumption that populations that share a
similar level of genetic drift conceivably have a common evolutionary history
(Patterson et al., 2012; Peter, 2016; Harris and DeGiorgio, 2017).

The fo-statistic estimates the differentiation between two populations like
Wright’s Fsr, a long-term practice to explain the population relationships. The f,
value refers to the branch length between two populations, applied to fit the edges
(i.e., one population is a successor of another) in an admixture graph (Patterson
et al., 2012; Peter, 2016; Harris and DeGiorgio, 2017).

The fs-statistic or f3 admixture test is a three-population test to analyze the
genetic differentiation of a target population (A) from two other populations,
B and C, to test if population A is derived from the admixture event between B
and C (Figure 4A). If population A is the result of an admixture event between
two populations B and C, the population A’s allele frequency (pA) of an SNP
marker at a locus should be intermediate to the allelic frequencies (pB, pC) of
that marker in populations B and C (Patterson et al., 2012; Peter, 2016; Harris
and DeGiorgio, 2017; Wangkumhang and Hellenthal, 2018). Therefore, f3
(A; B, C) is defined as the product of frequency differences between population
A and B, and between population A and C, i.e., f3 (A; B, C) = (pA-pB) (pA-pC),
normalized and averaged over all SNPs. Since genetic drift between two popu-
lations is defined by the frequency difference between them, f3 (A; B, C) is
proportional to the relative genetic drift (or branch length) between populations
A and B, and A and C. When population A is not a descendant of the admixture
between groups (similar to) B and C, the genetic drift along the lineage that gave
rise to population A after divergence from the ancestor group must be more than
0, i.e., the value of f3 (A; B, C) > 0. If population A descends from admixture bet-
ween population B and C, its allele frequency will fall between pB and pC, re-
sulting in a significantly negative value for f3 (A; B, C). f3 (A; B, C) significance
is evaluated by applying a jack-knife resampling method of independent chromo-
somal blocks. Nevertheless, caution should be taken when a population is privately
drifted (due to genetic isolation) (Ayub et al., 2015), thus masking the admixture
signal, i.e., a non-negative f3 value (Patterson et al., 2012; Reich et al., 2012;
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Figure 4. Representation of f- and D-statistics.

(A) Phylogenetic tree of simple admixture where B’ and C’ split from a root population
R. Population A’s ancestral lineage G was formed by admixture (between B’ and C’) in
proportions a: B, (B = 1-a)). Contemporary populations A, B, C are formed by drift from
their ancestors (G, B’ and C’ respectively), thus f3(A; B, C) will give negative value;
(B) Outgroup statistic f3(Outgroup; A, B) measures the closeness between populations A
and B, as measured from the outgroup, the red color indicates the branch length from
outgroup to the common ancestor of A and B; (C) Unrooted four-population tree topology
showing the relationships between four populations wherein A, B and C, D are forming
two individual clades. The result f4 (A, B; C, D) = 0 indicate that the tree is consistent,
while a value beyond 0 indicates otherwise; (D) D-statistic representing a rooted four-
population asymmetric tree relationship between modern humans (Africans, non-Afri-
cans) and Archaic hominins (Neanderthal) using Chimpanzee as the outgroup, the same
can be applied for any four population combinations. abba configuration shows derived
allele sharing between non-Africans and Neanderthal, and baba configuration indicates
derived allele sharing between Africans and Neanderthal. Recreated based on the
“Genetics Society of America” publisher’s Patterson et al. 2012 in Genetics, and “AAAS”
publisher’s Green et al. 2010 in Science.
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Wangkumhang and Hellenthal, 2018; Pathak, 2020). A form of the fs-statistic, f3
(Outgroup; A, B), referred to as outgroup-f3 (Figure 4B), was developed by
Raghavan et al. (Raghavan et al., 2014) to find the genetic closeness between a
particular ancient group and each population from a referred list of modern
populations. Generally, the Yoruba or Mbuti-Pygmies are used as an outgroup
proxy for all non-African modern humans, assuming that the genetic drift in the
lineage related to the outgroup is constant for all non-Africans (e.g., A and B)
until there is some gene flow between A and B (shared genetic history). Thus, a
higher f3 (Outgroup; A, B) value infers relatively more common genetic history
between populations A and B. Despite being a distance-based method like Wright’s
Fsr, the outgroup-fsis less affected by the genetic drift in the test population.

Another method to validate a proposed tree topology by measuring the shared
drift among four populations is a test of treeness or the fs-statistic. Generally, in
an unrooted tree comprising four populations (A, B, C, D) with allele frequencies
pA, pB, pC, and pD, respectively, the fs-statistic formally evaluate whether popu-
lations (A, B) and (C, D) fit in two separate clades (Figure 4C). Indeed, the fs-
statistic use the allele frequency differences between all four populations (A-D)
(Reich et al., 2009) by calculating (pA-pB) and (pC-pD), averaged across all loci,
and validate if populations (A, B) and (C, D) form clades or not.

In case of correct ((A,B), (C,D)) topology, the fs-statistic should be zero
because the allelic frequency difference (pA-pB) is not affected by (pC-pD). A
significantly positive statistic f4(A,B; C,D) suggests a higher genetic relatedness
between populations A and C (or B and D), whereas a significantly negative fs
value infers more ancestral relation between B and C (or A and D). The resulting
incorrect tree topology indicates significant shared ancestry between clades due
to a plausible admixture scenario. Thus, the fs-statistic is an efficient tool to test
admixture, but with the inability to specify the direction of mixing. Another caveat
of statistic fs is that it might infer, wrongly, that admixture did not occur when
population D had received an equal amount of ancestry from both populations B
and C (considering population A is an outgroup); while the fs-statistic remains
unaffected and suggests admixture did happen (Patterson et al., 2012; Reich et
al., 2012; Harris and DeGiorgio, 2017; Pathak, 2020). The admixture proportion
(p) of a test population (A), derived from the source population (C), can be esti-
mated by f. ratio by dividing two fs-statistic values generated from five sources in
a form p = f4(B,0; A,D)/ f4B,0; C,D) (Reich et al., 2009, 2012; Patterson et al.,
2012; Harris and DeGiorgio, 2017).

The D-statistic is another four-population test that identifies the interbreeding
between three in-group populations, based on an outgroup-rooted tree of four
populations. D-statistic was initially presented (Green et al., 2010) to detect
Neanderthal introgression in modern humans using sequencing data. Whereas
extended D-statistic (Durand et al., 2011; Patterson et al., 2012) can be applied
on genotyping data to test admixture even in the absence of archaic specimens;
thus, it can be applied to any combination of four populations. The D-statistic is
also known as the abba/baba approach, where D = Nuaba— Navba / Noaba T Nabba. Noaba
represents the number of allelic sites shared between Africans and Neanderthal
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(Figure 4D), while N,pba represents allelic sites shared between non-Africans and
Neanderthal (Patterson et al., 2012; Harris and DeGiorgio, 2017). A significant
positive value of the D-statistic indicates excess allele sharing (or gene flow)
between Africans and Neanderthal. A significantly negative value suggests non-
Africans and Neanderthal share higher alleles. Unlike the fs-statistic, the value of
the D-statistic lies between —1 and 1 due to the underlying normalization process;
nonetheless, both D and fs-statistics are robust to ascertainment bias (Patterson et
al., 2012). However, the significance of the D value for a correct phylogeny is
conditional to the Z-score > 3 or < -3 obtained via a weighted-block jackknife
approach, like for f-statistics.

Subsequently, additional methods, gpWave, and gpAdm were developed
applying common ideas linked to the f4 statistic (Reich et al., 2012; Moorjani et
al., 2013; Lazaridis et al., 2014; Haak et al., 2015). gpWave identifies the mini-
mum number of reference populations possibly involved in the admixture history
of ancestors of a specific test population. At the same time, qpAdmM computes the
ancestry proportions contributed by these sources to the test population. gpAdm
framework requires a set of test and source populations — referred to as ‘left” popu-
lations in addition to a set of ‘right’ or reference populations that are differentially
related to populations in the ‘left’ list and calculates a matrix of f-statistic. If the
source populations derive from n different ancestral groups, the matrix of the
f-statistics will have a rank n-1 (Haak et al., 2015). An admixture model is deemed
credible if it is not rejected (p > 0.05), i.e., adding the test population to the ‘left’
list does not require additional ancestral sources; thus, matrix rank remains
unchanged. The calculated ancestry proportions should also fall within the range
of 0-1 (Haak et al., 2015; Harney et al., 2020). Though gpAdm is robust to low
sample size, missing data, and ascertainment bias; plausible rejection of true
admixture models when many populations are analyzed, and misleading inter-
pretation in case of continuous gene flow raise concerns (Harney et al., 2020).
Nevertheless, gpAdmhas been applied in several ancient DNA studies explaining
the ancient ancestral components for different populations living today (Reich et
al.,, 2012; Haak et al., 2015; Lazaridis et al., 2016; Damgaard et al., 2018;
Narasimhan et al., 2019).

2.3.7. Tree-based tools of population splits and admixture

Different graph construction tools that infer tree-based topologies by relating
several populations identifying population splits have also been developed. These
methods (e.g., qpGraph, MixMapper, TreeMix) retrieve allele frequency data of
several populations to efficiently build a comprehensive tree comprising the
complex evolutionary history of populations (Pickrell and Pritchard, 2012; Lipson
et al., 2013; Harris and DeGiorgio, 2017; Wangkumhang and Hellenthal, 2018;
Pathak, 2020). gpGraph (Patterson et al., 2012) utilizes the genotype data and
proposed tree topology of given mixed and non-mixed populations, adjusting the
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Figure 5. Inferred human phylogenetic tree fitting admixture events.

Graph fitting mixture parameters by MixMapper: (A) this two-phase method initially
builds a tree of unadmixed populations and then tries to fit the remaining populations as
admixtures. In the first phase, MixMapper yields a ranking of likely unadmixed trees in
order of deviation from f,-additivity, then this list is used to select a tree as a scaffold. In
the final phase, MixMapper attempts fitting remaining populations as two- or three-way
mixtures between branches of the unadmixed tree. In each case, MixMapper applies
bootstrap resampling to obtain collective predictions, thus enabling confidence estimation
for inferred results. TreeMiX plots comprise archaic hominins and modern human popu-
lation groups: (B) maximum likelihood tree relating all modern humans and archaic
hominins without considering any migration, (C) tree allowing for ten migration events
between different continental groups of modern humans. The color of migration edges
reflects the migration weight, while horizontal branch lengths correlate to the cor-
responding degree of genetic drifts each branch has faced. Adapted with permission from
figure 3, 4 of Pickrell JK, Pritchard JK (2012) published in PLOS Genet under terms of
Creative Commons Attribution License, and from the publisher “Oxford University
Press” for Figure 1 of Lipson et al. (2013) published in Mol Bio Evol.
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mixture events onto a given tree, computing branch lengths and mixture pro-
portions that best fit the distance metric (f-statistics). Though gpGraph can
integrate manifold admixture episodes, the precondition to specify the graph
connecting the populations beforehand is its limitation (Mathieson et al., 2018).
Resultantly, gpGraph is suggested to be applied with a small number of
populations. While MixMapper (Lipson et al., 2013), an extension of qpGraph,
can analyze a large number of populations. It works in two stages (Figure SA);
first, it applies fs-statistic to identify mixed and non-mixed populations building
a tree outline of non-mixed populations. Later, it adds one or two mixed popu-
lations onto this scaffold. MixMapper does not have the obligation of specifying
an anticipated tree topology and pre-defined population relationships, both
essential prerequisites for qpGraph (Lipson et al., 2013; Harris and DeGiorgio,
2017). However, the incapability to support large models with more episodes of
admixture is its limitation (Lipson, 2020). The most automated tree-based tool is
TreeMix (Pickrell and Pritchard, 2012) (Figure 5B/C) that needs a user-defined
set of populations and number of admixture events to provide a single best-fitting
model ((Pickrell and Pritchard, 2012; Lipson, 2020). TreeMix is based on a
maximum-likelihood framework wherein; first, a branching tree relating a large
set of populations is inferred, and later admixture events are added reflecting links
between branches (Pickrell and Pritchard, 2012; Harris and DeGiorgio, 2017). If
a branch has the support of weight (> 0.5), it is drawn as a tree branch, and in the
case of the weight < 0.5, it is migration edge. TreeMiX relates observed allele
frequencies amongst populations using a multivariate normal distribution. The
automated approach of building models makes TreeMix advantageous, primarily
when the prior history of populations is slightly known. However, choosing the
appropriate number of admixture events can be difficult in case of unknown
complex genetic relationships among a large set of populations (Wangkumhang
and Hellenthal, 2018; Lipson, 2020).

Therefore, choosing the best method to create a graph of populations of interest
relies mainly on the past knowledge and assumptions of those populations’ demo-
graphic complexities because each method might be more suitable to a specific
context (Lipson et al., 2013).

2.4. South Asia in general

South Asia, the part of the continent enclosed by West, Central, East, and Sout-
heast Asia, is the world’s most populous region. The Indian subcontinent (Greater
India or Southern Asia) is protected by different geographic barriers such as the
Himalayas in the north and east, the Indian Ocean in the south, and Iranian
Plateau in the west. The geographical region of South Asia comprises present-
day political entities of Sri Lanka, Maldives, Bangladesh, Bhutan, Nepal, Pakistan,
and India (UNSD 1999; Petraglia and Allchin, 2007). South Asia can be charac-
terized by three regional natural features — the Himalaya range, Indo-Gangetic
Plains, and Deccan plateau. The Himalaya range dominates the majority of North
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India, including Nepal and Bhutan. The Indo-Gangetic Plains comprising alluvial
plains of the Indus, Ganga, and Brahmaputra rivers, run parallel to the Himalayas
encompassing most of North and East India apart from Pakistan and Bangladesh.
While the Deccan plateau, located between the Western and Eastern Ghats
mountain ranges, runs through West, Central, and South India.

India plausibly served as a major pathway for human migrations consequently,
receiving one of the early migrant groups of anatomically modern humans (AMH),
when the AMH ventured out-of-Africa to populate the entire world (Figure 6)
(Kennedy et al., 1987; Cavalli-Sforza et al., 1994; Lahr and Foley, 1994; Quintana-
Murci et al., 1999; Misra, 2001a; Thangaraj et al., 2005; Petraglia and Allchin,
2007). This hypothesis has been strengthened by studies suggesting the presence
of deep autochthonous ancestries and archaeological artifacts in South Asia
(Kennedy et al., 1987; Kivisild et al., 1999, 2003; Basu et al., 2003; Metspalu et
al., 2004; Palanichamy et al., 2004; Mellars, 2006b; Thangaraj et al., 2006;
Petraglia and Allchin, 2007; Oppenheimer, 2012a, 2012b; Mellars et al., 2013).
Later, multiple episodes of people’s movements turned India into a blending pot
of different genetic components (Majumder and Basu, 2015). Different castes,
tribes, and religious societies of South Asia, which have been coexisting for hun-
dreds or thousands of years, differ in their cultural and subsistence practices and
even phenotypically and linguistically. In contrast, a fundamental similarity in
ritual customs of people from different regions can be a typical example of a rough
harmony of diverse religious views, evident in South Asia since long ago (Chaubey
et al.,, 2007). Henceforth, the South Asian region is worth serving as a classic
example to investigate the human diversity designed by genetic discrepancies.

Two alternative routes have been proposed for human migrations out of Africa,
the “southern route” and the “northern route”. The “southern route” proposes that
humans moved out of the African Horn crossing the Red Sea, and arrived in Sout-
heast Asia and Australia, traveling along the Indian coastline (Oppenheimer,
2012a). While the “northern route” advocates that humans left Africa through the
Nile Valley and kept moving into Central Asia and beyond, including India and
other geographical regions. Genetic studies have a perplexing view about the
southern and northern route dispersal hypotheses — although the studies on haploid
genetic data have been majorly supportive to the “southern route” (Mirazon Lahr
and Foley, 1998; Macaulay et al., 2005; Thangaraj et al., 2005; Richards et al.,
2006). The archaeological evidence has been meager, probably due to the sub-
merged coastal regions that could have been used for early dispersal by modern
humans. On the other hand, a whole genome-based study (Pagani et al., 2015)
showed the Northeast African indigenous haplotypes of Egyptians are closer to
non-African haplotypes, thus indicating a lesser genetic contribution to con-
temporary Eurasia via the southern route (Pagani et al., 2015; Molinaro and
Pagani, 2018). Nevertheless, the introgression of Neanderthals into genomes of
all people living out of Africa endorses the “northern route” dispersal, given the
current availability of Neanderthal remains mainly in the Levant region rather
than the southern Arabian Peninsula (Krause et al., 2007; Fu et al., 2014).
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Figure 6. Early and later modern human dispersal routes during Late Pleistocene.

Map of sites with ages, and early and later modern human dispersal routes across Asia.
Regions of assumed genetic admixture are also shown. Reprinted with permission from
“AAAS” from Figure 1 in Bae et al. 2017 published in Science.

Recent advances in computational, statistical, and molecular tools have allowed
scholars to establish the modern humans that expanded Out of Africa (OoA) around
50 KYA, as the founder of almost all present-day human populations living
outside Africa (Malaspinas et al., 2016; Mallick et al., 2016; Mondal et al., 2016;
Pagani et al., 2016). Nevertheless, a minor (~2%) but distinct genetic components
in Papuans suggest a possible ancestral contribution from the early dispersal
(100-120KYA) of modern humans (Figure 6) out of Africa (Pagani et al., 2016).
Interestingly, the archaeological traces of Middle Palaeolithic hominins from
South Asia gives scholars hope to find a trace of plausible archaic admixture by
exploring the massive and unique genetic landscape of the Indian subcontinent
(Petraglia and Allchin, 2007; Akhilesh et al., 2018; Clarkson et al., 2020).

2.4.1. Salient features of South Asia

South Asia is one of the most densely populated geographical regions, inhabited
by one-fourth of the world population, with more than 664 languages and dialects
(Eberhard et al., 2019). The tremendous amount of cultures and ecologies (or
natural resources) owned by contemporary India is characterized by its diverse
inhabitants, comprised of around 700 tribes (INDIA, 2011) and more than 4000
caste and sub-caste groups that belong to the four primary language families —
Indo-European (IE), Dravidian, Austroasiatic (AA) and Tibeto-Burman (TB)
(Petraglia and Allchin, 2007). Here, I briefly describe a few of the typical features
that plausibly have designed the genetic attributes and extant diversity of peoples
in the Indian subcontinent.
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2.4.1.1. Climate and Landscapes

The climate of densely populated South Asia generally varies from tropical in the
south to temperate in the north. Diverse landscapes range from low-lying regions
to high mountains, marshy lands to the estuary, fertile plains to dry plateaus,
enduring jungle to sand hills, arid lands, and coastal seashores (Field et al., 2007)
influence the climate greatly, giving refuse to diverse flora and fauna. Additionally,
plenty of widespread rivers all through South Asia play a crucial role in feeding
the people in fertile plains and serve as a vital factor for migration and bi-directional
dispersal of people between possible borders (Field et al., 2007). Such diverse eco-
logical conditions might have been crucial in designing the incomparable patterns
of migration and adaptation among South Asian populations. Which, conse-
quently, lead to an unparalleled genetic diversity (outside of Africa) in South Asia
(Basu et al., 2003; Kivisild et al., 2003; Petraglia and Allchin, 2007; Petraglia
et al., 2012; Sengupta et al., 2016; Bae et al., 2017; Wedage et al., 2019a, 2019b).

2.4.1.2. Languages

Amongst the four major language families — the IE, Dravidian, AA, and TB —
spoken by South Asian populations (Figure 7), the majority of people (~78% and
~20%, respectively) speak IE and Dravidian (Petraglia and Allchin, 2007).
Whereas the remaining ~2% of populations either speak AA, TB, or minor lan-
guage families like Tai-Kadai, etc. or fall in the category of linguistic isolates
(Moseley, 2008). Previously, the origin of the Dravidian language was linked to
proto-Elamo-Dravidian language, spoken by the presently non-existent Elamite
group of Southwest Iran, who presumably expanded to the Indus Valley of South
Asia with farmers, spreading the early form of Dravidian language (Cavalli-
Sforza et al., 1994; Cavalli-Sforza, 1996; Renfrew, 1996; Blazek, 1999).

Later, a pioneer study analyzed the agriculture dispersion and concomitant
vocabulary to propose the local origin for the Dravidian language (Fuller, 2003).
Whereas people with AA, TB, and IE linguistic affiliations probably derived
recently due to the introgression of populations who immigrated to the subcon-
tinent lately (Diamond and Bellwood, 2003). Indo-European speakers typically
dwell in North, Northwest, West, and Central India. Dravidian language speakers
are mostly limited to four states of South India, but a few populations are excep-
tionally expanded to other regions of South Asia. For example, Brahui resides in
Pakistan, while Gondi, Malto, and Kurukh branches of the Dravidian family
inhabit Central and East India and Nepal. Austroasiatic people are scattered
mainly in small pockets around people with different language affiliations in
India’s central and east parts. In comparison, Tibeto-Burman speakers are dis-
tributed all along the Himalayan foothills and deep into the northeast part of India.
Interestingly, a few tribes living in the Western Ghats and Andaman-Nicobar
Islands, referred to as linguistic isolates, do not speak any of the four major lan-
guage categories; instead, they speak isolated Nihali and Andamanese languages,
respectively (Abbi, 2006).
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Geographical distribution of language groups in India. Reprinted with permission of
“BioMed Central Ltd.” from Figure 1 of Tamang and Thangaraj (2012) in Investig Genet
under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0).

2.4.1.3. The Social and Caste system

South Asia’s extensive and well-structured society is shaped by different layers
of caste, tribal and religious groups, cherishing an outstanding level of genetic
diversity. The complex Indian social strata are comprised of over 4600 well-
described populations and ~700 tribal groups (INDIA, 2011), including several
ancestral tribes with an existing hunter-gatherer lifestyle (Tamang and Thangaraj,
2012). The strict endogamy practice is another factor prevalent across all social
levels that influences the social structure in South Asia. Endogamy confines the
gene flow within caste barriers to preserve their exclusive social/genetic unique-
ness, allowing the gene exchange only between population groups of the same
social status who share the traditional cultural and ritual customs. A large number
of populations follow strict endogamy, forcing several kinds of marriage restric-
tions across entire ranks of the society and thereby, give origin to diverse popu-
lation-specific societies who also develop different language dialects.

Although the caste system, an essential part of the Indian socio-cultural system,
is typically linked with the Hindu faith, most South Asian populace are either
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affiliated to caste groups or tribal groups. The caste system was first documented
in the Rig Veda (Rao et al., 2009) that was plausibly written during the Iron Age
(1700-1100 BC) (Rao et al., 2009; Griftith, 2017). However, the precise dating
when Rig Veda was written has remained contentious (Misra, 2004; Slavitt, 2015).
The Chaturvarna doctrine described during the Rig Vedic society categorizes
people into four different hierarchical castes underlying their occupational prac-
tices; Brahmins (priests and teachers), Kshatriya (warriors and rulers), Vaishyas
(Skilled workers and traders), and Shudra (laborers). Additionally, each caste is
divided into smaller units of sub-castes that are further split into several clans or
Gotras (uninterrupted lineage of the common male ancestor from the ancient
time), which are purely exogamous and evade consanguineous marriages. How-
ever, consanguineous marriages happen in a few South Indian caste populations
(Krishnamoorthy and Audinarayana, 2001; Bittles, 2002; Reich et al., 2009;
Nakatsuka et al., 2017). Such dissection of castes into smaller units of sub-castes
and clans is the causal factor for the existent diversity and complexity of Indian
society (Watkins et al., 2008). However, the ruling authorities of the recent past
have been changing the definition of caste/tribe groups consistently.

Such a structured and classified Indian society must have a considerable
impact on the extant genetic diversity of modern Indians by separating them into
numerous pouches of endogamous groups. Several genetic studies have explored
uniparental markers to investigate the caste system of the subcontinent (Kivisild
etal., 1999; Bamshad et al., 2001; Quintana-Murci et al., 2001; Wells et al., 2001;
Basu et al., 2003; Kivisild et al., 2003; Cordaux et al., 2004a, 2004b; Metspalu et
al., 2004; Sahoo et al., 2006; Sengupta et al., 2006; Thangaraj et al., 2006; Chaubey
et al., 2007, 2008b). Many of them instigated that a male-mediated voyage of
Indo-Aryans primarily created the Indian caste system, which invaded the Indian
subcontinent and pushed the native Dravidian speakers to Southern India and Sri
Lanka. They also suggested that Indo-Aryans later reputed themselves as the
upper caste. It was also added that caste populations vary considerably from tribal
groups, and the caste groups are closer to Central Asians and Europeans (Bamshad
etal., 1998, 2001; Cordaux et al., 2004a). Though these studies had shortcomings
of limited sampling and low-resolution data, they still managed to set the trend to
investigate the truth of the Indian caste system. However, a study later reviewed
various limitations of the research related to the Indian caste system (Boivin,
2007). Moreover, a study (Mondal et al., 2017) exploited the chrY sequences from
different tribal (including Andamanese Jarwa and Onge) and non-tribal groups
pointing the complex ancestry of Indian populations that is hard to explain with
a single expansion model. The study observed the close genetic affinity between
populations of India and southern Europe ans suggested it to be the result of a
shared ancient genetic heritage earlier than the Indo-European migration into India.

Later, a couple of studies based on high-resolution genome-wide data
revealed that gene flow from West Eurasia had happened before the invasion of
Indo-Aryans (Reich et al., 2009; Metspalu et al., 2011). Nevertheless, there is a
consensus over the sharing of common paternal and maternal ancestry from the
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Late Pleistocene for different castes and tribal groups (Kivisild et al., 2003; Mets-
palu et al., 2004; Sahoo et al., 2006; Thangaraj et al., 2006; Chaubey et al., 2007,
2008b, 2008a). Successively, additional gene flow occurred from East and West
Eurasia (Metspalu et al., 2004; Chaubey et al., 2007).

Observations of genetic studies presented a striking angle to the development
and maintenance of the Indian caste system (Thanseem et al., 2006; Chaubey et
al., 2007, 2008b). At present, four comprehensive caste groups divide Indian popu-
lations into “higher”, “middle”, and “lower” castes, based on the order of their
social ranking (Tamang and Thangaraj, 2012). Sub-tribes born during the uplift-
ment process of ancestral tribal communities might have moved and established
themselves among lower caste groups, which in turn may have moved to the next
rank and established themselves as a group of middle castes with further empower-
ments. With more technical and economic advancement over time, these middle
caste groups might have subsequently achieved the status of the upper castes.
Thus a complete caste system evolved, making the profession of a person symbolic
of his caste. Moreover, the caste system also engrossed different episodic migra-
tions from other regions to India into distinct hierarchical levels of the society,
sometimes referred to as religious groups (Tamang and Thangaraj, 2012).

2.4.2. Northwest India: the root of ancient Harappan Culture
and Vedic Kurukshetra

2.4.2.1. Ancient Harappa

The Indus Valley Civilization (IVC), often also called as Harappan Civilization
due to the finding of the first archaeological site at Harappa (Pakistan), is one of
the sophisticated societies of the Indian subcontinent that pushed back the out-
lying ancient times of South Asia by ~2000 years (Shinde et al., 2006; Gangal et
al., 2010). The IVC was one of the three supreme prehistoric civilizations of the
world that thrived during the early to mid-third millennium Before the Common
Era (BCE) (Kenoyer, 1998; Possehl, 2002; Wright, 2010). Emergent archaeo-
logical evidence put the IVC forward as the largest Bronze Age civilization,
plausibly encompassing an area of ~1 million square kilometers (Possehl, 2002;
Gangal et al., 2010). It is also proposed that at the height of the IVC, it had around
5 million inhabitants (McIntosh, 2008).

The IVC (Figure 8) that geographically mainly ranged from current Pakistan
to the northwest region of India flourished in the Indus River basin (Lawler, 2008;
Joseph, 2017). The basin runs across Pakistan and along with a group of perennial
rivers that was perhaps monsoon-fed and once flowed near the Ghaggar-Hakra
river — sometimes referred to as the mythical Saraswati river of the Rig Vedic era —
in Northwest India and East Pakistan (Ghose et al., 1979; Possehl, 1999; Wright,
2010; Giosan et al., 2012a, 2013; Valdiya, 2017). Owing to the similar topo-
graphical location to the Ghaggar river, the legendary Saraswati river has primarily
been posited as now dried up constant streams of the seasonal Ghaggar river that
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coursed through the middle of IVC in the northwest part of India (Ghose et al.,
1979; Possehl, 1999; Valdiya, 2017). The majority of IVC settlements were
traced to the vast plain, positioned between the Indus and Ganges rivers (the area
around the proposed waterways of the Saraswati), and only a minuscule of
settlements was located by the Indus river (Singh, 1971; Mughal, 1997; Kenoyer,
1998; Gaur and Vora, 1999; Radhakrishna, 1999; Misra, 2001a; Possehl, 2002;
Gangal et al., 2010). Later, a study suggests the geographical borders of IVC
covered a massive zone that ranged across southeastern Afghanistan and Pakistan
on the west side of the Indus river and northwestern and western states of India
on the east of Indus (Shinde, 2016). Since water accessibility is a substantial factor
for any urban society to flourish, the presence of a constantly flowing Ghaggar-
Hakra (or Saraswati) river at the time of thriving IVC is a general assumption
(Radhakrishna, 1999; Wright, 2010; Valdiya, 2017). This assumption is corrobo-
rated by the satellite images providing evidence of the Saraswati (or Ghaggar-
Hakra) paleo-channel and the unified drainage system in Northwestern India (Pal
et al., 1980; Kar and Ghose, 1984; Rajani and Rajawat, 2011; Mehdi et al., 2016).
Traces of many mature and late Harappan period settlements also endorse the
assumption (Wright, 2010; Petrie et al., 2017). Timing and cause of drying up of
Saraswati river have been debatable. A few studies posited the disengagement of
the Saraswati river from its enduring glacier sources in the Himalaya (Clift et al.,
2012; Giosan et al., 2012b; Singh et al., 2017; Khan and Sinha, 2019) conceivably
led to the drying of Northwestern Indian paleo-channels, likely before the
establishment of IVC. Whereas other studies proposed the steadying terrain,
caused by the absence of uninterrupted flowing river, supported the flourishing
of the IVC (Petrie et al., 2017; Singh et al., 2017). Lately, a study tried to resolve
the perplexing issues connected to the reality of the Saraswati river — they
examined the Holocene period nature of the Ghaggar-Hakra river system by
reviewing the temporal change in sediment sources along a particular stretch of
the river basin (Chatterjee et al., 2019). The study established the presence of an
uninterrupted flowing river that was getting sediments from the Himalayas during
80—20 KYA and 9-4.5 KYA (early phase of IVC), suggesting a significant role
of the Saraswati river in the early phase of Harappan establishments (Chatterjee
et al., 2019).

The IVC that prospered largely during ~2600-1900 BCE is sub-categorized
into three phases indicating start, expansion, and fall of the culture: Early
Harappan (3300-2600 BCE), Mature Harappan (2600-1900 BCE), and Late
Harappan (1900-1700 BCE) phase (Wright, 2010). The Early Harappan phase
had symbolic societies composed of early farmers and pastoralists. In contrast,
many planned cities with advanced craft and material culture and established
trans-Asiatic trade routes represent the flourishing industries in the urbanized
Mature Harappan phase. Nevertheless, by the Late Harappan phase, a foremost
deurbanization process brought along population dwindling, non-existent ele-
mentary facilities, abandoned settlements, and loss of Harappan scripts (Meadow,
1991; Kenoyer and Meadow, 2010; Wright, 2010). However, recent archaeo-
logical sites of Farmana, Bhirrana, Girawad, and Rakhigarhi in the Ghaggar basin
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suggest that IVC began at ~5500 BCE (8 KYA) (Sarkar et al., 2016; Shinde,
2016). Nevertheless, urbanization of the Indus Valley probably took place with
the development of five major regional centers and numerous minor settlements
with emblematic structures and material culture (Kenoyer, 1998; Wright, 2010;
Petrie, 2013). These main urban centers are Harappa, Mohenjo-Daro, Dholavira,
Ganeriwala, and Rakhigarhi (Figure 8) (Wright, 2010). Harappa and Mohenjo-
Daro are two early discovered Indus Valley settlements, while the Rakhigarhi is
the largest urban center of that period (Shinde et al., 2018). Archacologists have
also revealed numerous Harappan cemetery sites over the last century, including
Kalibangan (Sharma, 1999), Farmana (Shinde et al., 2011), Harappa (Hemphill,
1991; Kenoyer and Meadow, 2016), Rakhigarhi (Nath et al., 2015), and Sanauli
(Sharma et al., 2007). A recent study attempted to recreate the facial looks of ~
4.5 KY old individuals from Rakhigarhi cemetery, applying computed topo-
graphy for craniofacial rebuilding (Lee et al., 2019).
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Figure 8. Map of ancient Indus Valley settlements.

Geographical distribution of different ancient Indus valley centers across South Asia.
Adapted from “Wikipedia” under the terms of the Creative Commons Attribution License
(CCBY-SA 3.0).
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The neolithic site of Mehargarh (7000-2500 BCE), one of the earliest settlements
of IVC, is in Pakistan and reflects the sign of early farming and pastoralism in the
Indian subcontinent (Allchin and Allchin, 1997; Jarrige, 1986, 2006; Dixit et al.,
2014). Shreds of evidence for indigenous domestication of barley and frequent
depiction of Zebu cattle on Indus seals contradict the general consent that culti-
vation and maintaining livestock in Northwest India resulted from the Neolithic
expansion from Near East (Gangal et al., 2014). A recent genetic study that
explored the first ancient specimens from IVC sites of India corroborates the
indigenous development of agriculture in South Asia (Shinde et al., 2019).

Indus people used numerous hallmarks of advanced technologies like sophis-
ticated sewage and water systems, houses made of baked bricks, and clusters of
industrial buildings highlighting the uniqueness of IVC in eminent town planning.
Their technical innovation is also signposted in using copper-bronze metallur-
gical techniques, typical measurement system, finely shaped stone beads, glossy
ceramics, and written language (Shinde et al., 2018). Even the world’s oldest glass
dated ~1700 BCE is reported at Harappa (Kenoyer, 2008). IVC was plausibly a
hierarchical society, which is observed in the use of gold, silver, copper, and tin-
based ornaments by social elites; conversely, underprivileged people used low-
cost jewelry made from terracotta (Lawler, 2008). Nevertheless, the I[VC perhaps
had a prosperous and harmonious social order, reflected in finding only a few
warfare armaments and many childrens’ toys (Gupta et al., 2006). Archaeological
findings suggest that Indus merchants mastered the monsoon winds and estab-
lished a thriving trade network with distant Central Asia, Middle East, and Meso-
potamia (Possehl, 2002; Gupta et al., 2006; Lawler, 2008). Sumerians probably
defined the IVC as Meluhha and used to call Indus Valley people Meluhhaites,
as recorded in Mesopotamian texts (Beck and Beck, 2005; Lawler, 2013). The
language spoken by the Indus people is unknown, with scholars having different
opinions — different studies linked the Harappan language to Indo-Aryan (Parpola,
1988; Renfrew, 1991) and proto-Elamo-Dravidian (McAlpin, 1981; Renfrew,
1996). A few scholars (Rao et al., 2009) compared the patterns of symbols used in
Harappan scripts, suggesting they were closer to Sumerian and Old Tamil words.
The Harappan script, generally found on curved seals made of imprinted soap-
stones to stamp pottery and terracotta cakes, is unanimously said to be written
from right to left (Shinde, 2016). However, despite several efforts, the Indus script
could not be deciphered mainly because of too short writing, comprising roughly
five distinct symbols that lack bilingual text (Parpola, 1979, 1986).

The unexpected end of the Harappan Civilization is another enigma for
archaeologists. Generally, the fall of IVC is referred to as a sudden collapse; how-
ever, pieces of evidence suggest that even though the populations dispersed from
the Indus and Ghaggar-Hakra river valleys to the foothills of Himalaya and plains
between Ganga-Yamuna, smaller settlements sustained (Misra, 1993; Kenoyer,
1998; Robbins Schug et al., 2013). Nevertheless, what was the causal factor
behind the demise of this flourishing civilization, is debatable. Though different
theories have been proposed, including the incursion of Indo-Aryans, change in
sea-levels, the decline in rains and trade, and drying up of Ghaggar-Hakra a.k.a.
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Sarasvati river forcing Harappans to move eastwards to the Gangetic Plains
(Saraswat, 1993; Misra, 2001a; Possehl, 2002; Gupta et al., 2006; Lawler, 2008;
Gangal et al., 2010; MacDonald, 2011; Giosan et al., 2012a). Besides, another study
(Robbins Schug et al., 2013) proposed the spread of infectious diseases as a causal
factor to the demise of the Harappan Civilization. Furthermore, a recent study
postulates that the gradual drying up of the Indus Valley summer monsoon rain,
due to the change in temperature and weather patterns, made farming unbearable
near Harappan cities and, thus, forced the Harappans to move to Himalayan foot-
hills with winter monsoon rain and humid conditions (Giosan et al., 2018).

2.4.2.2. Vedic India and ancient Kurukshetra

The period between the end of urbanization of Harappan Culture (~1500-500
BCE) and the beginning of the second urbanization in the Indo-Gangetic Plain
region (~600 BCE) is highlighted as the Vedic period in history of the Indian
subcontinent (McClish and Olivelle, 2012). However, it was concentrated mainly
in the northern region. The name Vedic comes from the Vedas, the texts which
are the primary historic source elucidating the life of that period (McClish and
Olivelle, 2012). With the matching archaeological records, Vedas help tracing
how the Vedic Culture evolved (Stein and Arnold, 2010).

Eastern Indus basin part of early Vedic period extends along the northwest of
India, including historical Kurukshetra (Kenoyer, 2006; Benedetti, 2014).
Kurukshetra, a city located in the Haryana state of contemporary India, is supposed
to be as old as Indian history (Kurukshetra District, 2009) and well-known for
being the main center of the Vedic epic Mahabharata. Mahabharata describes
Kurukshetra as the land between the Saraswati and Drishadvati (Srinivasan, 2000;
Agarwal, 2003; Witzel, 2003). Kurukshetra is described as — “Dharmakshetra” —
the land of Dharma or righteousness in the Srimadbhagwad Gita. Even the Rigveda
mentions it, making evident that the name Kurukshetra was prevalent even before
the great war of Mahabharata (Roy, 2012). The Puranas suggest that the name
Kurukshetra for this Northwest Indian region comes after the King Kuru of the
Bharata dynasty (Kurukshetra District, 2009). According to historical texts, the
“Ten Kings Battle” took place during the Middle Vedic period between Bharata
and Puru tribes. The Bharata tribe won, but the tribes made an alliance and
merged into the Kuru tribe, who were dominant from around 1200-800 BCE and
formed the first political center of the Vedic period with Kurukshetra as the main
power center (Witzel, 2016). A few historians also suggest its existence as a center
of religion and culture of India from the pre-Aryan era (Muztar, 1978). Pottery,
excavated from Kurukshetra and adjoining areas, point to the pre-Harappans and
Harappans possibly being the first settlers of the Kurukshetra region (Bhan, 1972;
Kumar, 1978). Late Harappan material culture (c. 1700-1500 BC) is also found
in Kurukshetra, fortifying their connection with ancient Harappans (Kumar,
1978). Kurukshetra and adjoining Northwest India has been suggested as the home-
land of various ethnic groups like the Kamboj, Gujjar, Ror, and Jat, inhabiting the
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region since ancient time and noted in various Vedic and Hindu scriptures
(Chidbhavananda, 1965; Purana, 1971; Sitaramiah and Sitaramayya, 1972; Lal,
1980; O’Flaherty, 1981; Dange, 1984).

Early genetic studies of the Indian subcontinent based on uniparental makers
suggest that present-day people in India are mainly comprised of three different
genetic components — the West Eurasian, the South Asian, and the East Asian
(Quintana-Murci et al., 2004; McElreavey and Quintana-Murci, 2005). Studies
based on mtDNA and chrY suggest that Northwest Indian ethnic groups (east of
Indus) are genetically intermediate between Pakistani (west of Indus) and North
Indian groups (Quintana-Murci et al., 2004). Nonetheless, populations residing
west of the Indus region have prevalent West Eurasian maternal ancestry
compared to populations living east of Indus with predominantly South Asian
maternal lineages.

Therefore, Northwest India needs attention from multidisciplinary research to
shed light on the complex structuring of the Indus Valley and Kurukshetra region
of Vedic India. To this end, exploring the genetic perspective of various ethnic
groups with a long record of presence in the region may prove helpful (discussed
in Ref I). Though the Indus Valley region has been a point of attraction for
archaeologists, new evidence about this early civilization has emerged via multi-
disciplinary approaches. For example, exploring a few first aDNA samples from
Indus Valley and surrounding regions of South Asia (Narasimhan et al., 2019;
Shinde et al., 2019) has already rejected the Steppe-related genetic ancestry in
ancient IVC people. One of them (Shinde et al., 2019) even suggested that the
ancient Iranian-related ancestry of South Asians comes from a group that lived
before the Neolithic Iranian farmers split from Mesolithic Iranian hunter-
gatherers. However, the growing amount of high-coverage data of ancient and
modern populations of the region will surely give better insight into the ancient
Harappan culture and people in the future.

2.5. Archaeological attributes of South Asia

South Asia has long been a region of tremendous environmental, cultural and
human diversity. The genesis of this tremendous diversity has been a challenge
for various disciplines over a long time. Another major challenge in settling the
pre-history of South Asia is the scarce obtainability of fossils due to adverse
environmental conditions (James et al., 2005). Thus, much of the knowledge
comes from studying stone tools and other palacoarchaeological evidence of the
subcontinent’s early settlements. However, since stone tools were made over the
majority of the prehistorical period by the modern humans (H. sapiens) and Homo
erectus (H. erectus) like hominins as well, it is, in fact, hard to distinguish who
made which tool (Korisettar, 2017).
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2.5.1. Evidence from fossil records

How H. sapiens or AMH originated and spread across the globe is a popular
research subject, shaping a consensus that AMH evolved in Africa. Such a study
compared genomes of hominins and modern humans, suggesting a possible origin
for H. sapiens about 500 KYA in Africa (Meyer et al., 2016; Stringer, 2016).
Studies also observed the earliest existence of morphologically diverse fossils
representing H. sapiens across Africa, such as ~315 KY old one at Jebel Irhoud
in Morocco (Hublin et al., 2017), ~260 KY old Florisbad relic in South Africa,
~195 KY old Omo Kibish relic (McDougall et al., 2005) and ~165 KY Herto
fossil from Ethiopia (White et al. 2003). Since both the Jebel Irhoud and Florisbad
fossils fall out of the morphological variation of modern humans, they are called
early modern humans. Surprisingly, an early modern human relic was recently
found in Greece dated ~210 KYA (Harvati et al., 2019), the oldest recorded
modern human in Europe and Eurasia (Delson, 2019).

Nonetheless, genetic and palaecoarchaeological records indicate the first
appearance of AMH (Omo Kibish and Herto) in East Africa at around 195-160
KYA (White et al., 2003; McDougall et al., 2005; Tishkoff et al., 2009). The broad
consensus view suggests that around ~60 KY A, some moved out of Africa into
Asia (Mellars, 2006b; Stoneking and Krause, 2011; Kaifu et al., 2014). However,
their adventurous journey did not end there, and they kept moving further along
the coastal South and Southeast Asia rapidly, finally arriving in Australasia
(Macaulay et al., 2005; Mellars, 2006a; Oppenheimer, 2009). Nevertheless, new
paleoanthropological evidence indicates the presence of early H. sapiens at the
Misliya site of Levant by 190 KYA (Hershkovitz et al., 2018b) and in Skhul and
Qafzeh between ~130 and ~90 KYA (Griin et al., 2005), after their emergence in
Africa during late Middle Pleistocene (Stringer, 2016). Recently, H. sapiens
traces were also recovered in Arabia ~85 KYA (Groucutt et al., 2018) and Australia
by ~65 KY A (Clarkson et al., 2017), demonstrating their possible dispersal before
60 KYA. The archaeological and paleoanthropological findings suggest that AMH
plausibly migrated out of Africa several times at the beginning of the Late
Pleistocene. This is congruous to the recent genetic evidence that early humans
conceivably also expanded across Southern Asia before the migration that took
off at ~60 KYA (Pagani et al., 2016) and inscribed in our shared genome (Groucutt
et al., 2015; Bae et al., 2017). However, the dispersal route, taken by the earliest
modern humans to the Indian subcontinent, and time of arrival is a highly debated
topic (Mellars, 2006b, 2006a, 2006¢; Petraglia et al., 2007, 2009; Clarkson et al.,
2009, 2012; Mellars et al., 2013; Mishra et al., 2013), primarily due to scarce
relics of human fossils from the Indian subcontinent.

The growing recovery of fossils from sites in East and Southeast Asia, too,
supports the early influx of H. sapiens across Southern Asia during the early
phase of the Late Pleistocene. Several fossil teeth dated between ~130-70 KYA,
extracted from Fuyan Cave (Liu et al., 2015) and Luna cave in China (Bae et al.,
2014), probably represent early H. sapiens (Michel et al., 2016). 7046 KY old
H. sapiens fossils recovered from Laos (Demeter et al., 2017) and ~68 KY old
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teeth accompanied by ~75 KY old faunal evidence from the site of Lida Ajer cave
in Sumatra (Westaway et al., 2017) corroborate the presence of early H. sapiens
in Southern Asia. On the contrary, ancient humans of India are understudied due
to harsh environmental conditions. Only a couple of fossils related to hominins
are recovered in the Indian subcontinent. Even the archaeological proof sug-
gestive of the presence of modern humans in South Asia earlier than 50 KYA is
scarce (Haslam et al., 2010; deMenocal and Stringer, 2016; Korisettar, 2017). In
the Indian subcontinent, the earliest and most precise records of H. sapiens come
from Sri Lanka, where partial skeletons recovered from Fa-Hien cave and
Batadomba-lena Cave dated between ~31-28 KYA (Kennedy and Deraniyagala,
1989; Deraniyagala, 1992). In India, 17-10 KYA old H. sapiens skeletons were
recovered from Jwalapuram (JW 9) site in Jurreru Valley (Clarkson et al., 2009).
Though technological advances enabled the analysis of genetic materials from a
few Bronze Age to early historic period fossils in parts of South Asia (Nara-
simhan et al., 2018; Shinde et al., 2019), the temperate and dry environment of
the subcontinent has been a limiting factor to obtain fossil records of the pre-
Neolithic period.

The only known hominin fossil in South Asia that has disputed identity and
best described as the intermediate form of Homo named Homo spindet. (Athreya,
2007), was excavated from the Hathnora site in the Narmada river valley (Sonakia
and Kennedy, 1985). Few scholars (Kennedy, 2001; Cameron et al., 2004) suggest
Hathnora hominin remains are associated with late Middle Pleistocene
(~236 KYA), whereas others suggest (Patnaik et al., 2009) a recent date of 160—
85 KYA. Other fossils in the close-by sites are not clearly dated (Sankhyan,
1997a, 1997b, 2005; Sankhyan et al., 2012), but the recovery of Netankheri remains
from below the Youngest Toba ash suggests they existed earlier than 75 KYA.
Nevertheless, these fossils highlight the significance of the Narmada Valley in
the subcontinent’s early human settlements. Additionally, most rock paintings
and engraving records are located in Central Indian corridor between Narmada
and Son Valley, signifying the region’s importance in the context of early human
colonization (Misra, 2001a; Chakrabarty, 2009; Witzel, 2012; Cummings et al.,
2014). These rock paintings and engravings depict humans and animals on walls
of rock shelters and caves that were occupied mainly by Upper Paleolithic and
Mesolithic people, e.g., the Central Indian Bhimbetka rock-shelters house cave
paintings of the Mesolithic period (Misra, 2001a; ASI, 2003).

2.5.2. Evidence from Paleolithic and Microlithic tools

Early hominins (archaic hominins) who ventured out of Africa used bulky stone
hand-axes and hatchets, characterizing the Acheulian culture. However,
H. sapiens, who spread out later, were equipped with advanced stone tools com-
prising superior cutting tools (blade technology) and spearheads made of small
stone flakes during Middle Paleolithic culture. Therefore, the period between the
end of Lower Paleolithic Acheulian culture until the advent of Middle Paleolithic
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(or Middle Stone Age) ~300-200 KYA (Tryon, 2003, 2006; James et al., 2005;
Porat et al., 2010; Sahle et al., 2014; Alvarez-Alonso, 2014; Richter et al., 2017),
was a transition phase of noticeable changes in hominin behavior. Conceivably,
choosing the advanced stone flake-based tools over the inferior Acheulian culture
stone tools of early hominins was the primary reason for the quick expansion of
H. sapiens across Eurasia (Akhilesh et al., 2018). Researchers have been trying
to investigate this intriguing factor by dating the stone tools recovered around the
world and testing whether such a transition of tools did happen in different
geographical regions or not.

In India, the earliest Acheulian tools come from Attirapakkam in Tamilnadu
dated >1 MYA (Pappu etal., 2011). Later, during the 800—200 K'Y A period, stone
tools are abundant in the Siwaliks, Vindhyan basin, and Chhota Nagpur regions of
Central India, and the South Indian Bhima, Kaladgi, Cuddapah, and Kortallayar
basins as well. These stone tools believably were made by early hominins
(Korisettar, 2017). Middle Paleolithic tools were observed only after 140 KYA
(Pappu et al., 2011). However, a recent discovery of the sleek and younger stone
flakes at Attirapakkam pushed back the presence of Middle Paleolithic tools in
India that possibly started at ~385 K'Y A and continued until ~172 KYA (Akhilesh
et al., 2018). Strikingly, this suggests that Middle Paleolithic records in India
were contemporaneous to those of Africa and Europe (McBrearty, 2003; Tryon,
2003, 2006; James et al., 2005; Hovers and Kuhn, 2007; Sharon, 2007; Porat et
al., 2010; Armitage et al., 2011; Adler et al., 2014; Sahle et al., 2014; Alvarez-
Alonso, 2014; Richter et al., 2017). This fact put forward many unanswered
questions and skepticism over the earlier consensus view of local development of
Middle Paleolithic tools in India (James et al., 2005; Clarkson et al., 2009). Such
a severe and abrupt tool transition at Attirapakkam agrees with the debated
hypothesis of human migration out of Africa earlier than 60 KYA, too.

The excavations at Jwalapuram in the Jurreru River valley of Andhra Pradesh
revealed stone tools interlaced between volcanic ash layers produced by Toba
eruption (Youngest Toba Tuff-YTT) of Indonesia ~74 KYA (Petraglia and
Allchin, 2007; Petraglia et al., 2007). The Toba eruption (YTT) occurred in the
Indonesian Sumatra island (~74KYA) and likely caused a drastic reduction in
temperature and global human populations. A lately discovered stone tool
industry dated ~79—65 KY A at Dhaba site in the Son River Valley overlaps the
incident of Toba eruption (~74KYA). It bears a resemblance to that of Middle
Stone Age Africa and Arabia (Clarkson et al., 2020). Also, the study observed a
gradual transition from Levallois to microlithic technology ~48 KY A, therefore,
substantiating the human occupation of northern India ~74 KY A. Upper Paleolithic
tools, characterized by microliths, appeared first at the Mehtakheri site of Vindhya
basin dated 45 KYA. Later, more microliths were recovered from Jwalapuram
(JWP9) and Patne in Deccan Province, dating earlier than 34 KYA and 27 KYA.
Microliths were also found in Sri Lanka from ~38 KY A. Hence, the presence of
modern humans in the Indian subcontinent by 40-35 KYA is pretty convincing,
especially in the light of the evidence of the persistent occurrence of stone
microblades from around 38 KYA at Jwalapuram, which signifies a fast and
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systematically progressing microlithic technology throughout South Asia by
35-28 KYA (Clarkson et al., 2009; Petraglia et al., 2009).

Archaeological findings show that H. sapiens dispersed out of Africa with
Middle Paleolithic tools (Lahr and Foley, 1994; Foley and Lahr, 1997; LAHR and
FOLEY, 1998). These tools are technically quite similar to the Middle Paleolithic
assemblages of Arabia (85 KYA) and India (7874 KYA) (Petraglia et al., 2010;
Clarkson et al., 2020), suggesting an earlier presence of H. sapiensin both regions.
H. sapiens remains were recently found in Arabia from ~85 KYA (Groucutt et
al., 2018) but are missing in India. However, this chronometric age is beyond
70-50 KY A when modern human gene pools coalesce. Many scholars (Petraglia
et al., 2010) argue that the absence of H. sapiens remains in South Asia perhaps
is the consequence of an extensive arid phase across South Asia that might have
expanded to the Thar desert. Nevertheless, this aridity also created tropical forests
in Sri Lanka and Southwest Asia, which could have been used as a refuge by
forager groups. Some of these groups plausibly survived the Toba super-eruption,
though there was a population-level impact (Ambrose, 1998; Jones, 2007). Some
suggest that the extensive population growth and replacement after ~35 KYA,
driven by demographic dynamics during the Middle and Late Holocene period,
left the genetic signature of these populations out of the present-day human gene
pool (Petraglia and Allchin, 2007).

However, the present uncertainties regarding modern human arrival and
routes and many puzzling evolutionary questions suggest that examining the
Indian subcontinent via a multidisciplinary method could be significant to reveal
the truth behind the arrival events of modern humans in South Asia and further.

2.6. Genetic overview of South Asia
2.6.1. Demographic inferences from haploid data

The South Asian populations exhibit an extraordinary genetic diversity that is just
second to that of sub-Saharan Africans (Reich et al., 2009; Xing et al., 2010;
Mallick et al., 2016; Pagani et al., 2016). Such a striking genetic diversity is in
tandem with clear archaeological (Petraglia et al., 2007, 2010; Haslam et al.,
2010) and maternal genetic signals of AMH in South Asia by 50 KYA (Kivisild
et al., 1999; Thangaraj et al., 2005, 2006; Mellars et al., 2013). Together, these
pieces of evidence advise a likely use of the Indian subcontinent as the earliest
passageway for dispersal of AMH through West Asia when they exit out of Africa
(Kivisild et al., 1999; Macaulay et al., 2005; Majumder, 2010; Mellars et al., 2013).
Maternal (mtDNA) genetic studies mainly echo the earlier demographic processes
of the pre-Holocene, including the initial human occupation of the subcontinent
at around ~55—65 KY A and key population changes during the later Pleistocene
period. However, studies based on paternal Y-chromosome (NRY) tease out the
demographic dynamics of South Asia in the Holocene period of the last 10 KYA
(Kivisild et al., 2003; Chaubey et al., 2007; Silva et al., 2017). A significant
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number of uniparental genetic studies agree that the genetic components of South
Asian populations though primarily carry deep-rooted indigenous ancestries, yet
also harbor a genetic component shared with West Eurasians (Kivisild et al.,
1999, 2003; Basu et al., 2003; Metspalu et al., 2004; Sahoo et al., 2006; Sengupta
et al., 2006; Thanseem et al., 2006; Underhill et al., 2015; Mondal et al., 2017;
Sahakyan et al., 2017). The frequency of the genetic component shared with West
Eurasians demonstrates a gradient from North to South of India, encompassing
the highest maternal and paternal West Eurasian ancestries (~50%) in Northwest
India that declines toward the South and East of the continent, reaching to around
<10% (Metspalu et al., 2018). The low genetic variation observed in mtDNA
lines (Bamshad et al., 2001; Roychoudhury et al., 2001; Basu et al., 2003; Kivi-
sild et al., 2003; Metspalu et al., 2004; Chaubey et al., 2007) is contrary to the
reasonably high variation in chrY ancestries of Indian populations (Bamshad et al.,
2001; Basu et al., 2003; Kivisild et al., 2003; Sengupta et al., 2006; Chaubey et al.,
2007). Thus, suggesting a pattern of the higher number of male immigrants than
female counterparts (Bamshad et al., 1998) during early to prehistoric India
(Majumder and Basu, 2015).

2.6.2. Demographic inferences of South Asia from genome-wide data

The first diploid genome-based study, which included disease candidate genes and
single-nucleotide polymorphisms (SNP) assay, was conducted on 405 SNPs from
1871 individuals of 55 diverse Indian populations, revealing their genetic status
in-between the Caucasians and Asians (Indian Genome Variation Consortium,
2008). The study also discovered fuzzy geographic clustering amid population
groups and found that genetic kinships among Indian populations were deter-
mined mainly by their tribal/non-tribal status and language. Another study by the
HUGO Pan Asian SNP consortium put forward the genetic sharing of Indian
populations to Europeans (Consortium et al., 2009), mostly in line with the
expansion of Indo-European speakers.

However, the genome-wide survey of South Asia (Reich et al., 2009), by
scanning more than 500K SNPs, observed that the genetic closeness of Indian
populations to West Eurasians/Central Asians follows a north to south gradient
(or Indian Cline). Wherein the higher caste groups are genetically closer to West
Eurasians than the lower caste groups. Furthermore, the study projected most
contemporary South Asian populations as a mixture of two purported ancestral
populations — Western Eurasian-related Ancestral North Indian (ANI), and
Ancestral South Indian (ASI) which is equidistant to both West Eurasians and
East Asians. ANI component is higher among North Indians that drops from
Northwest India toward South, whereas ASI is higher among South Indians.
Another genome-wide study analyzed SNP data from 30 Indian populations and
observed a similar pattern; they even tried to date the admixture event between
ANI and ASI applying a haplotype diversity-based approach (Metspalu et al.,
2011). Moorjani et al. (Moorjani et al., 2013) applied an LD decay-based method
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to date the ANI-ASI admixture event aptly and discovered a mixture event nearly
1900 to 4200 years ago. Mainly, extensive admixture occurred among different
population groups of India during this period, followed by an apparent shift of
populations to endogamy (Moorjani et al., 2013; Basu et al., 2016). A study tried
(Nakatsuka et al., 2017) to look into the consequence of endogamy practices by
skimming through the genome of 250 diverse ethnic Indian populations. The
study anticipated that the endogamy-induced founder population effect is a causal
factor for recessive diseases specific to a particular population, making almost
one-third of the subcontinental populations prone to such diseases. Additional
genome-wide studies from South Asian geography have been added with time
(Chaubey et al., 2015, 2016, 2017; Mondal et al., 2016; Tamang et al., 2018;
Debortoli et al., 2020). One such study explored the Indian Jews population that
migrated to South Asia during historical period, establishing their genetic
heritage from West Eurasia and comprehensive intermixing with local Indians
(Chaubey et al., 2016). Mondal et al. (Mondal et al., 2016) compared whole-
genome sequences of Andamanese individuals with mainland India and other
global populations finding a common single origin for all Asian and Pacific
populations thus, supporting a single wave of human expansion out of Africa. In
another study, Yelmen et al. (Yelmen et al. 2019) applied the local ancestry
deconvolution method, revealing differential demographic antiquities and contrary
selective burdens in contemporary populations of the subcontinent. Whereas, Kai
et al. (Tétte et al., 2019) observed that although the Indian Austroasiatic (AA)
populations share higher IBD to the geographically far Malaysian peninsular
tribes than Southeast Asian neighbors, their genome is characterized mainly by
South Asian and Southeast Asian like components due to the admixture event
~2000-3800 KYA. A recent study (Wall et al., 2019) that attempted to bridge the
representation of non-Europeans in genetic studies included 598 sequences of
diverse Indian populations gathering new insights into archaic introgressions and
the correlation of genetic diversity to caste and language groups.

2.6.3. Demographic inferences of South Asia from aDNA

2.6.3.1. Pre- and early historical demography of South Asia

The ability to examine extinct populations made the aDNA studies a driving field
in determining ancient population movements that shaped the current global
human genetic variation and even furthering the insights of past human behavior
and socioeconomic processes at the local level (Slatkin and Racimo, 2016;
Nielsen et al., 2017; Skoglund and Mathieson, 2018; Callaway, 2020; Racimo
et al., 2020). A few such studies compared the genomes of ancient West Eurasian
specimens and modern South Asians to solve the puzzled demographic history of
South Asia (Broushaki et al., 2016; Gallego-Llorente et al., 2016; Lazaridis et al.,
2016). They reported that the agriculture in South Asia was spread by ancient
Neolithic farmers of Iranian Zagros mountains (Iran_N), unlike a genetically
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different Neolithic farmer group from Anatolia (Anatolia N) that triggered the
spread of agriculture in Europe. Lazaridis et al. (Lazaridis et al., 2016) also sug-
gested the ANI-ASI cline displayed by contemporary South Asian populations is
a result of admixture of three genetic components that relate to Neolithic Iranian
farmers, Yamnaya like Early and Middle Bronze Age Steppe populations (Steppe
EMBA), and South Asia specific Onge group. Despite an explosion in aDNA-
based studies from West Eurasia, ancient specimens are scarce in the subcontinent,
probably due to the harsh tropical climatic conditions. However, recent scientific
advances have ensured to retrieve the DNA material also from ancient specimens
in South Asian climatic conditions. A few of the early aDNA studies from South
Asia were limited to uniparental genomic data. One such study analyzed the
mtDNA markers on the bone relics of Queen Ketavan of Georgia from a Goan
church and established the authentic identity of the bones (Rai et al., 2014).
However, first genome-wide aDNA data from the Indian subcontinent, col-
lected from the prehistorical and historical period Swat Valley region of Northern
Pakistan (Narasimhan et al., 2018), articulated a considerably elaborate evo-
lutionary past of the Indian subcontinent and Central Asia (Figure 9). The study
analyzed 362 new aDNA data that further expanded to 523 (Narasimhan et al.,
2019) from the broader South and Central Asian region, indicating the connection
of Middle and Late Bronze Age Steppe (Steppe_ MLBA) pastoralists, rather than
the earlier proposed Yamnaya (Steppe EMBA), to the South Asian genetic pool
and spread of IE language during 2300-1500 BCE. The study redefined the
earlier proposed genetic composition of the present-day South Asian populations,
linking their genetic heritage to a complex set of geographically and temporally
close sources. The Indus Periphery (IP), proposed to be related to the ancestry of
ancient [VC people, contains varying proportions of ancestry from Iranian farmers
(Iran_N), Ancient Ancestral South Indians (AASI), and Western Siberian Hunter-
Gatherers (WS_HG) (Figure 9b), and is genetically a prime ancient source
population for modern South Asians. Post [IVC collapse, IP moved eastward and
admixed with AASI, forming ASI component; whereas, in northwestern region,
they encountered further incoming Steppe MLBA, thus by making ANI com-
ponent (Figure 9c¢). Nevertheless, a recent study (Shinde et al., 2019) success-
fully extracted a single Bronze Age period aDNA from the Indian side of IVC
settlement, Rakhigarhi, suggesting the Bronze Age Indus individual had pre-
dominant ancestry related to Iranian farmer and AASI (Onge) but lacked the Steppe
ancestry. Interestingly, the Iranian-related ancestry displayed by the [IVC individual
was a former group that existed earlier than 12KY A, before the split of Iranian
farmers and hunter-gatherers when farming did not begin in Fertile Crescent
(FC). Thus, they suggested that agriculture in South Asia is mostly indigenous
phenomena that developed through the exchange of ideas instead of migrations
of people from FC. The study observed IP individuals genetically identical to the
BA Indus Valley individual, clubbing them together for all analyses, and named
IVC Cline claimed as the single most source for all present-day Indians (Shinde
et al., 2019). Contemporary Indians are suggested to have genetic components
from IVC Cline, AASI ancestry, and Steppe MLBA (Narasimhan et al., 2019;
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Figure 9. A sketch of the peopling history of South Asia.

Depicting the full complexity of available reconstructions is not attempted. Placing of
population labels does not indicate precise geographic location or range of the population
in question. Rather the aim is to highlight the essentials of the recent advancements in the
field. The scenario is divided into three time horizons: Panels (a) before 10 000 BCE (pre
agriculture era.); (b) 10 000 BCE to 3000 BCE (agriculture era) and (¢) 3000 BCE to
prehistoric era/modern era. (iron age). The star* in Figure b isan attempt to modify graph
to match the latest finding by Shinde et al. 2019 that Iranian related ancestry in ancient
and modern South Asians comesfroman older (~12 KYA) Iranian hunter-gatherer group,
instead of the previously claimed Neolithic farmers of Iran. Adapted from Figure 1 of
Metspalu et al. 2018 published in Curr Opin in Genet & Develop, with permission from

“Elsevier” publishers.
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Shinde et al., 2019). Another study analyzed 38 genome-wide aDNAs and tried
to unravel the unknown origin of hundreds of skeletons scattered in the Roopkund
Lake of Himalayan mountains (Harney et al., 2019). The majority of skeletons
that comprised a genetic component related to contemporary South Asians were
dated to ~800 CE. In contrast, a few skeletons with eastern Mediterranean-like
genetic ancestry, including the only skeleton with Southeast Asian-related ancestry,
were dated to ~1800 CE.

2.6.3.2. Archaic admixture pattern of South Asia

Recent advances in studies on genomic data from worldwide populations conclude
that plausibly all non-Africans descend from AMH (Malaspinas et al., 2016;
Mallick et al., 2016; Mondal et al., 2016; Pagani et al., 2016) that spread out of
Africa to populate rest of the world. During the course, they encountered and
admixed several species of hominins that are extinct now (Skoglund and
Mathieson, 2018). aDNA has enabled the unprecedented teasing out of such
genetic traces left during past interactions between archaic hominins and ancestors
of modern humans across different continents, including South Asia. Comparative
analysis of Neanderthals’ genomes to that of present-day populations revealed
Neanderthals’ ancestry contribution to non-Africans falling in the range of 2-2.6%
(Priifer et al., 2014, 2017; Browning et al., 2018). In contrast, the genomic
analyses with Denisovans’ DNA discovered around 5% genetic contribution from
Denisovans to the contemporary Oceanians, and probably a little bit to even East
and South Asians (Reich et al., 2010; Skoglund and Jakobsson, 2011; Meyer et al.,
2012; Qin and Stoneking, 2015; Malaspinas et al., 2016; Browning et al., 2018).

The complex archaic introgression pattern in Asia (Mondal et al., 2019;
Teixeira and Cooper, 2019) and the earlier occupation of the region by various
hominin groups (Détroit et al., 2019) back the mating of Asian ancestors with
unknown archaic hominins. After the first encounter event with Neanderthals,
AMH split up into two branches; first populated the geographical region of
Europe as early Europeans. The second branch gives rise to a common ancestral
group that spread across the vast regions in South, Southeast, and East Asia and
Sahul. Recently, a study (Mondal et al., 2019) applied deep learning methods on
genetic data to model the demographic dynamics. The study observed a distinct
genetic signal of ~3% in Andaman Islanders and Australian Aboriginals, which
was contributed by a ghost hominid population separate from the earlier known
Neanderthals and Denisovans. The ghost hominid, which is genetically halfway
between Neanderthals and Denisovans, probably interbred with the second
branch of AMH somewhere in South Asia. Nevertheless, archaeological relics
(aforementioned) claim that Middle Paleolithic hominins were in South Asia earlier
than the leading expansion of modern humans out of Africa around 50-55 KYA.
Altogether, the facts discussed above make diverse genetic backgrounds of South
Asians a compelling case that could lead to traces of additional archaic admixture,
if any, or many other unknown stories of past interactions between archaic
hominins and modern humans.
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2.6.4. Languages and genetic correlation in South Asia

Genetically, IE and Dravidian speaking populations (see also ch 2.4.1.2) gene-
rally follow a reciprocal cline from north to south and south to north, respectively,
formed due to the admixture between two extremes: ANI and ASI (discussed
above). ANI is over-represented in IE speakers while ASI predominates in
Dravidians. Meanwhile, the geographical origin of AA language speakers, the
third-largest group in India, has been a point of numerous discussions among
researchers (see, e.g. (Fuller, 2007; Kumar et al., 2007; Chaubey et al., 2011a)).
Indian AA language has two main branches. The Munda branch is the most preva-
lent one; in contrast, the other one, Khasi-Aslian, spoken by a few Meghalaya
and Andaman Island groups, has higher local Indian genetic ancestry and is
relatively close to Indian TB speakers (Diffloth, 2009; Chaubey et al., 2011a).
Lately, it is posited that the Munda language arrived in India around 25001500
BCE, when a small group of Southeast Asian Mainland Austroasiatic speakers,
who knew rice farming and spoke pre-Proto-Munda language, arrived at the
Eastern Coast of India via route around the Bay of Bengal.

These rice farmers then intermixed with the inhabiting Indian populations,
resulting in proto-Munda and Munda languages (Rau and Sidwell, 2019). Genetic
studies agree that Indian AA speakers (Munda) originated from the westward
expanding Southeast Asians, followed by a male-mediated migration from South-
east Asia and interbreeding with local Indian groups later on (Chaubey et al.,
2011a; Arunkumar et al., 2015). Using genome data from South and Southeast
Asia, a more recent study refined the date of admixture events in different Munda
speakers to the range of 2000-3800 years ago (1800-0 BCE) (Titte et al., 2019).
Whereas previously, uniparental data-based admixture was suggested to occur at
a somewhat earlier period around 3000-2000 BCE (Arunkumar et al., 2015).
Tétte et al. also suggested that ~20% of Munda genetic ancestry comes from Lao
like Southeast Asian population; the genome of Munda people is comprised of
lesser West Eurasian related ancestry and are more similar to Onge — the South
Asian HG (AASI), rather than ASI representing Dravidians, such as Paniya.
Interestingly, populations that belong to the South Munda group contain higher
Southeast Asian genetic contributions than those of the North Munda group
(Tatte et al., 2019).

TB speakers, concentrated mainly in Northeast India and upper North India in
Himalayan foothills, indicate their strong genetic heritage from East Asia (Reich
et al., 2009; Metspalu et al., 2011; Tamang et al., 2018) rather than South Asia,
owing to admixture (in last 1000 years) with westward spreading people from the
east of Himalaya (Tamang et al., 2018). Interestingly, sources responsible for the
East Asian genetic legacy of TB groups vary among themselves. TB Populations
that live in the extreme north of India, near the Tibetan region, share a substantial
amount of ancestry to Tibetans than Han. In contrast, Northeast Indians and
Southeast Asians commonly display a higher genetic sharing with the East Asian
Han population (Tamang et al., 2018).
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In general, the genetic architecture of populations in South Asia is linked to
their linguistic affiliations. Thus, as a rule, individuals from the same language
group are genetically closer — an overwhelming but not at all universal observation
globally (Cavalli-Sforza et al., 1994). Consequently, one would expect that the
genome of a population that has gone through a recent language transition might
reveal this event. However, it is not always true for Indian populations. Indeed,
several populations adopt a new language with an almost invisible impact on their
genetic composition, thus contradicting the correlation of a population’s gene
pool to its linguistic affiliation. For example, Gond — the largest Indian tribal
group, and Bharia populations speak the Dravidian language; nonetheless, their
genetic composition endorses that they share higher ancestry with Indian AA
groups than with other linguistic Dravidians (Sharma et al., 2012; Chaubey et al.,
2017). Another example is the Musahar population, an IE (Hindi) speaking group
living in northern states of India that is genetically closer to Indian AA groups
than to their IE-speaking neighbors (Chaubey et al., 2008b). However, the
Pakistani Brahui group is a remarkable example of an opposite case; the Brahui
population is genetically similar to their geographic neighbors but is the only
group in the northwest of the subcontinent that retains the Dravidian language,
which is now limited to the southern region of India only (Pagani et al., 2017).

2.6.5. Sex-specific ancestry patterns

Analysis of genome-wide data that holds numerous pieces of genetic information
compared to mtDNA/chrY is the preferred approach to construe the human
admixture (Wangkumhang and Hellenthal, 2018). Nonetheless, the mtDNA and
chrY are tremendously treasured approaches to detect the sex-specific mixing in
the case of skewed maternal or paternal genetic contributions from one of the
admixing ancestral populations (Jobling et al., 2014). mtDNA and chrY provide
an opportunity to identify specific female and male lineage clades (or haplogroups),
respectively, and correlate them to a geographical region. This advantage gives
the liberty to compare the two systems and detect sex-specific dispersal patterns
that can be useful in disclosing a population’s remarkable social structure (Karmin
et al., 2015). The uniparental genetic data points out significant differences in the
heritage of the male and female lines of descent in the Indian Subcontinent
(Bamshad et al., 1998; Kivisild et al., 1999, 2003; Basu et al., 2003; Metspalu et
al., 2004; Chaubey et al., 2007; Majumder and Basu, 2015; Underhill et al., 2015;
Silva et al., 2017). Which is the result of sex-specific gene flows that probably
took place within the last 5 KY. The chrY shows a distinctly higher West Eurasian
related male lineages ranging from ~ 50-90% across South Asia, contrary to the
mtDNA that suggest a much higher presence of autochthonous lineages varying
from ~70-90% (Chaubey et al., 2007; Silva et al., 2017). Such a sex-specific
pattern is also visible in the East Asian ancestry component of TB and AA speakers;
however, it is somewhat less noticeable due to a much lower contribution to
respective genetic components (Chaubey et al., 2011a).
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2.6.6. Historical immigrants into South Asia and their genetic antiquity

South Asia has gone through a number of prehistorical and historical immigration
from various human populations, shaping its modern-day gene pool. Such ethnic
groups that arrived in the subcontinent recently, during the historical period, have
been a matter of scholarly interest, resulting in genetic studies of a few immi-
grants like Makranis (Laso-Jadart et al., 2017), Siddis (Shah et al., 2011), Jews
(Behar et al., 2010; Chaubey et al., 2016; Waldman et al., 2016a, 2016b), Parsis
(al-Maghtheh et al., 1993; Qamar et al., 2002; Mohyuddin and Mehdi, 2005; Lopez
et al., 2017), and Muslims (Eaaswarkhanth et al., 2010). Makranis and Siddis
communities are two genetically studied migrant groups of recent historical time,
which perhaps arrived here owing to the Indian Ocean Slave Trade. Makranis
orally suggested to have roots in Ethiopia were transported to Pakistan as part of
the Indian Ocean slave trade during the 8"-19" century. A genetic survey of
Makrani people revealed their origin ~300 years ago due to the amalgamation of
ancestral lines from two ethnic groups, the local Baluch tribes and Bantu-speakers
of East and Southeast Africa (Laso-Jadart et al., 2017). The majority of them also
found to carry the genetic variants common in African populations that protect
against malaria. The Siddis, too, are part of this slave trade, who were sold to
Sultans and Nawabs of the Indian subcontinent by Portuguese merchants during
the 17"-19" centuries. The genetic pattern of Siddis suggest that although one-
third of Siddi genetic ancestry is related to local South Asians, they retain around
two-third of their original African related ancestry; this fusion of ancestries is the
result of an admixture event during the last 200-300 years (Shah et al., 2011).
The extradition of African slaves to Arab and South Asia from East African
trading posts set by Arabic traders is widely suggested in several topical studies
(Blench, 2014; Hellenthal et al., 2014; Brucato et al., 2017). Indeed, it is posited
that the Indian ocean has been used for both ways movement, of people and
languages, between populations living in Eastern Indian Ocean rim (including
South and Southeast Asia) and Western Indian Ocean rim people (including East
Africa and Arabian Peninsula) from early historical time until 19" century
(Brucato et al., 2019). Muslim community of the Indian subcontinent, likely
descendants of Arabs during the 7™ century quest of Arabian empire followed by
multiple incursions from Turkish people (Schimmel, 1982), display a genetic
pattern differing from the above two African migrants. The genetic studies of
Indian Muslims, though observed a minor yet detectable level of genes coming
from Iran and Central Asia, did not reveal any significant Arab-related gene flow.
Nevertheless, the present-day Muslims across India share most of their genes with
their regional neighbors of non-Muslim communities, suggesting that the spread
of Islam in South Asia mostly transpired through cultural conversion (Eaas-
warkhanth et al., 2009, 2010; Mohsenpour and Chandrasekar, 2019). The other
two prominent historical immigrants to South Asia, the Parsi and Jews com-
munities, who migrated from the Middle East region, are discussed in further
detail in the coming section keeping their contextual relation to this thesis.
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2.7. Parsis and Jews: the case of two recent immigrants
from the Near and Middle East

Parsis and Jews are the Near East and Iran-related communities that migrated to
South Asia during the historical period, which have been studied genetically.

2.7.1. Parsis

The South Asian Parsi community belongs to the Zoroastrianism religion that
follows the Prophet Zarathustra (Zoroaster) and thrived in Persia (modern Iran)
from 600 BC to 650 AD (Mirza, 1974; Hinnells, 1994, 2007). The dwindling
number of Zoroastrians count around 140 thousand worldwide; majority of them
currently reside in India, and a tiny fraction lives in Pakistan, while the original
homeland — modern Iran — has a considerably smaller share of Zoroastrian
inhabitants relative to India (Shroff and Castro, 2011; UNESCOParzor, 2019).
The declining population size of the Parsis is linked to their relatively low birth
rates, followed by strict endogamy practices within the community members
(Shroff and Castro, 2011; UNESCOParzor, 2019). In the attempt to protect
themselves from the Islamic conquest of Arabia during the seventh century, they
arrived in the modern Indian state of Gujarat and got their name ‘Parsi’, referring
to their root from Persia that local Indians called Paras or Fars (Sekar, 1948;
Mirza, 1974; Roy et al., 2001; Hinnells, 2007). Linguistically, Parsis of the Indian
subcontinent are a group of Indo-European speakers. The South Asian Parsi com-
munity, though assimilated well with the local people linguistically and economi-
cally by embracing the local Gujarati and Sindhi languages and for their signi-
ficant contribution to the South Asian economy, yet maintained ethnic uniqueness
by marrying strictly within their community (Mirza, 1974; Karkal, 1975, 1984;
Palsetia, 2001; Hinnells, 2007; Jonnalagadda et al., 201 1; Shroff and Castro, 2011).

Early genetic studies of Parsis mostly used low-resolution markers, analyzing
individuals of the Parsi community mainly from Pakistan (Undevia, 1973; Qamar
et al., 2002; Quintana-Murci et al., 2004; Mohyuddin and Mehdi, 2005; Rosen-
berg et al., 2006). Indian Parsis were underrepresented in these studies despite
their predominant contribution (~98%) to the Parsi population worldwide. They
detected that the genetic variation of Parsis lies midway through the contempo-
rary South Asian and West Eurasian genetic variations (Qamar et al., 2002;
Quintana-Murci et al., 2004; Mohyuddin and Mehdi, 2005; Rosenberg et al.,
2006). Parsis’s male-biased assimilation pattern with local South Asian females
was also observed (Quintana-Murci et al., 2004). The study analyzed maternal
markers and found that 60% of the maternal lincages among Pakistani Parsis are
South Asia specific (Quintana-Murci et al., 2004). In contrast, paternal male
lineages prevalent in Parsis are almost entirely related to Iran (Qamar et al., 2002).

Parsis possibly endured broader genetic isolation to retain their root heritage,
which resulted in higher recessive disease carriers among the Parsi community.
Therefore, a genetic survey of the Parsi community applying high-resolution
markers and large sample sizes from their different habitats is a highly sought
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interest. Comparing the underrepresent Parsi individuals living in India, including
their ancient remains, to available modern and ancient specimens across Eurasia
is especially significant in this regard. To address this, two recent papers (Lopez
etal., 2017; Ref II) analyzed biparental and uniparental genetic data of Parsi indi-
viduals from South Asia and Iran, comparing them with modern individuals
worldwide. In another study (Ref III), we analyzed the Indian Parsi individuals
compared to the available aDNA data from West Eurasia and South Asia. The
details of our study (Ref III/IV) are discussed in the results & discussion section
of the thesis. Lopez et al. (Lopez et al., 2017), in a similar outcome to our study
(Ref III), observed a higher genetic similarity of South Asian Parsis to modern
Iranians than with any other sampled modern group and also indicated continuing
high endogamy among Parsis. The studies also traced the admixture between
Iranian and Indian Zoroastrians between 690—1390 CE.

2.7.2. Jews

The worldwide scattered Jewish populations are shown to be a genetic mosaic of
peoples of autosomally, patrilineally and matrilineally different origins, who
historically follow elements of Judaistic tradition (Atzmon et al., 2010; Behar et
al., 2010, 2013; Yardumian and Schurr, 2019). Jewish diaspora immigrated to the
Indian subcontinent in three known episodes of migrations at least, setting up the
stage for the rising of three distinct Jewish communities at three different coastal
areas of India; the Cochin Jews in Kerala port city Cochin, the Bene Israel Jews
in Mumbeai, and the Baghdadi Jews in Kolkata (Katz, 2000; Israel, 2002). The
community of Cochin Jews now comprises another Jews group, the fourth one —
the Pardesi Jews, who perhaps migrated to India from Spain and Portugal during
15-16™ centuries, followed by their assimilation into Cochin Jews (Katz, 2000).
The Cochin Jews were likely the early migrants, but with a smaller number of
individuals than the next incoming Bene Israels, who were tagged as the largest
Jewish community of India (Slapak and Yisra’el, 1995; Ehrlich, 2009; Roland,
2018). Several well-known narratives stated a range of time, from pre and early
historical to early middle period, for the entrance of Jewish communities into
India, but no clear cut clue was established regarding their origin and immi-
gration, mainly because of the lack of written records and engravings (Slapak and
Yisra'el, 1995; Katz, 2000; Israel, 2002; Fernandes, 2011). The exception is the
Baghdadi Jews, who migrated to the Kolkata port of East India recently, during
the 19™ Century British rule (Vail, 2002).

Despite the inadequate specimens and low resolution, early genetic studies
explored the Cochin Jews and Bene Israelis. They observed that Indian Jewish
communities share a varying degree of genes with both the neighboring Indian
groups and Middle Easterners, thereby indicating a pronounced admixture of Jews
with local Indians (Cohen et al., 1980; Metspalu et al., 2004; Behar et al., 2008a,
2010; Rootsi et al., 2013). Classical markers linked the Cochin Jews to Yemenite
Jews (Cohen et al., 1980), while chrY connected the Bene Israeli community to
the Levant (Rootsi et al., 2013), and mtDNA studies on Indian Jews detected
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predominant South Asia related maternal lineages among Indian Jews (Behar et
al., 2008a, 2010). Recently, a few studies analyzed Jews of Cochin and Bene Israeli
communities using larger sample sizes and high-resolution markers and obtained
more detailed information about their origin and migration, including the
admixture dates (Chaubey et al., 2016; Waldman et al., 2016a, 2016b). However,
the studies above commonly found a greater genetic sharing of both the com-
munities with local Indians and a minor but considerable contribution from Jews-
related ancestry, which plausibly reflects the consequence of predominantly
female-biased mixing from the Indian side. A few studies sampled individuals
from the Indian Jewish community, living in Israel now, showing that mostly
Yemenite, Sephardi, and the Middle East-related Jews admixed with South
Asians ~400-700 yrs ago and ~700—1100 yrs ago respectively, forming the Cochin
and Bene Isracli Jews (Waldman et al., 2016a, 2016b). Nevertheless, another
study that mostly used Indian Jewish individuals living in India perceived the
admixture events ~1500 yrs ago and ~1000 yrs ago responsible for forming the
Cochin and Bene Israeli Jews, respectively (Chaubey et al., 2016). Later
migration of Bene Israeli Jews (Mumbai Jews) to India is also reflected in their
higher genetic sharing with ancestry, related to the Middle East peoples, than that
of the Cochin (Kerala) Jews.

When compared to modern populations, genetic patterns displayed by dif-
ferent Jewish communities make them an interesting case to investigate whether
such patterns also remain when they are examined with available aDNA data
from West Eurasian individuals. Besides, seeing the prevailing local Indian-like
ancestries in both the Kerala and Mumbai Jews, modeling both the Jewish
communities with the same set of ancient sources that were used to model Indian
populations, can be another interesting aspect that is further discussed in the
results and discussion section (Ref III) of this thesis.

2.8. Particular case of linguistically diverse Tharu tribe
from Tarai region

Naturally diverse Tarai area, found in the northern section of the Indian subconti-
nent, connects North India and southern Nepal. Many ethnically different popu-
lations with diverse languages and cultures live in the Tarai region (Guneratne,
2002). Among them, one of the most prominent groups, the Tharu people, is plau-
sibly the most linguistically diverse and spread throughout the northern Indian
border areas (Uttarakhand, Uttar Pradesh, Bihar) and South Nepal. Tharu ethnic
name is comprised of many culturally diverse groups, speaking different dialects
and practicing inbreeding. Different groups of Tharu people use different kinds
of Indo-Aryan languages. They are recognized as scheduled tribes in the Indian
states of Uttarakhand and Uttar Pradesh, while those living in Nepal are official
nationals of Nepal. Though different Indo-Aryan dialects used by Tharu people
are grouped as Tharuvani, none is recorded, leaving no single existing language
of the Tharuvani group, thus complicating the reality of the Tharu language. In
general, Tharu people interact with their IE-speaking neighbors in their versions
of native IE varieties, such as Bhojpuri, Awadhi, Urdu, and Maithili.
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On the other hand, Tharu people also use a different sort of language that
appears to be close to TB when they speak to their inner circle people (Van
Driem, 2001). Tharu people mostly remained isolated in their own neighborhoods
for hundreds of years, developing a distinct culture unaffected by nearby people
from Nepal highlands and India (Guneratne, 2002) and claiming to be the folks
of the jungle. Tharu are spiritually connected to nature and pray to gods living in
forests before entering the forest (McLean, 1999). Vocal stories and folklores blur
the origin of the Tharu people; some of Tharu groups claim to be related to Rajput
immigrants from the Thar Desert, whereas other Tharu groups, living more east-
ward, claim their ancestry in Sakya and Kolia populations of Kaplivastu. How-
ever, several studies (Terrenato et al., 1988; Modiano et al., 1991; Passarino et al.,
1992) have suggested that Tharu people, despite their existing diverse speaking
pattern, are related to a common ethnic group with long term natural settlement
in the Tarai region (Chhetri, 2005).

Following a WHO-supported program to eradicate malaria in the Tarai region,
genetic studies helped to realize a shared connection among different ethnic
groups of Tharu. They are way less prone to malaria than their neighboring non-
Tharu populations. Specifically, the alpha thalassemia genetic variant that pro-
tects against malaria is predominant among all Tharu peoples (Terrenato et al.,
1988; Modiano et al., 1991). The finding suggests that the genetic variant,
enhancing the protection against malaria among Tharu groups, must have evolved
through natural selection due to their continued contact with the disease-favoring
environment full of swamps and forests, endorsing the likely origin of Tharu
people in vast Tarai jungles. The use of TB-related words by linguistically hetero-
geneous Tharu groups when they converse within close groups, agree with the
prevalence of East Asian-related genetic component among Tharu people, traced
by uniparental and anthropometric studies (Passarino et al., 1992, 1993; Koirala
et al., 2012). Another study that analyzed the mtDNA and chrY from a couple of
Tharu-populated locations in Nepal suggested that the ancestry of genetically
diverse Tharu groups contains West Eurasian and Indian-specific genetic contribu-
tions, in addition to the East Asian one (Fornarino et al., 2009). Most of the Tharu
maternal and paternal lineages share a deep ancestry with Indians; remarkably,
the Tharu people harbor local paternal ancestries present in South Indian tribes.
Whereas mtDNA reveals more diversity among Tharu groups, together with their
genetic sharing and ancient connection with populations from Malaysia, Japan,
and Andaman Islands (Fornarino et al., 2009).

The interesting location, blurry origin, and linguistic heterogeneity make
Tharu an exciting case population for a detailed study by taking advantage of
modern high-resolution experimental approaches. In particular, previous genetic
studies have analyzed only mtDNA and chrY data, which are more susceptible to
random genetic drift than genome-wide data. Though genome-wide data for the
Tharu people have been generated earlier (Reich et al., 2009; Metspalu et al.,
2011), questions like reconstruction of their genetic history and how they admixed
with different ancestral source populations have remained obscure, which we
tried to address in Ref IV of the thesis.
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3. OBJECTIVES OF THE STUDY

The broader aim of the current thesis was to study the demographic dynamics of
contemporary South Asian populations, more concisely, the existent settlers of
the modern Indus valley region of Northwest India, a few historical immigrants
from the Near and Middle East, and a linguistically diverse ethnic group of the
Tarai region. In general, the present study looked for genetic portraits of these
populations relative to neighboring population groups. Besides, it took advantage
of emerging aDNA studies that allowed the possibility to explore the relative
affinity of these contemporary peoples to the ancient inhabitants of West Eurasia
and South Asia. Specifically, the objectives of the studies were as follows;

1. Ref I), to learn the genetic architecture of populations from underrepresented
Northwest India, and present-day genetic variation in the historical Indus

Valley region.

»  To sample blood or saliva from recruited healthy donors who volunteered
to participate in the study, and extract DNA.

» To generate uniparental and genome-wide SNP data from four popu-
lations of Northwest India, and analyze the uniparental genetic patterns.

»  To analyze and compare the new genome-wide data with that of available

modern and ancient genomic data of neighboring regions and West
Eurasia, and get insight into the understated genetic structure of the
present-day Indus Valley region.

2. (Ref II & III), to reveal the admixture dynamics of a few historical Near and
Middle Eastern migrants to South Asia in the last two millennia.

>

To generate the genome-wide array data and high-resolution uniparental
data from Parsi populations in South Asia, in addition to mtDNA
genotyping data from ancient Parsis.

To characterize the population structure of current Parsi peoples living in
South Asia, underlying newly generated autosomal and uniparental data
compared to previously published global population genomic data.

To reconstruct the admixture and integration pattern of Parsis and Jewish
populations by analyzing the available genomic data and relating them to
that of ancient individuals from the neighboring regions.

3. (Ref IV), to decode the distinct strains of genetic ancestry in Tharu tribe from
the northern Tarai region of the Indian subcontinent.

>

Reconstruction of genetic history of Tharu group by estimating the
ancestry proportion of different ancestry components, using earlier pub-
lished autosomal data of Tharu and comparing them with Eurasian popu-
lation genetic data.

To evaluate different Tharu people’s intra and inter-group relationships
with neighboring populations, comparing both the uniparental and the
autosomal genetic data.
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4. MATERIALS AND METHODS

The subjects investigated in four individual publications of the current study are
described in respective research articles and their supporting materials.

The DNA samples were obtained from blood or saliva of unrelated healthy
adults, who volunteered to participate in the study after receiving informed
consent, in accordance with the guidelines approved by the Ethical Committees
of the institutions involved.

The methods applied in the present study, including the experimental and the
computational, are described in detail in the corresponding publications and
supporting materials thereof.
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5. RESULTS AND DISCUSSION

The results of four articles published in peer-reviewed journals are discussed and
presented here as a summary of the novel outcomes of the current study. This
section aims to offer an outline of the main results of the published articles;
however, it does not recollect the contents of the articles word by word; additional
details can be found in the respective publications and their supporting materials.

5.1. Genetic variability among modern Indus Valley
populations suggest a population-specific
demographic history and ancient links (Ref I)

In this study, we generated and analyzed 45 new genome-wide genotype data
(Supplemental data — Table S1 in Ref I) and uniparental markers data for ~200
individuals of four populations from the eastern Indus Valley region of Northwest
India (NWI), which otherwise was poorly covered so far from diploid genome
aspect. We pooled this data with previously published 20 genome-wide data from
the Punjabi Khatri population (Basu et al., 2016) of NWI and compared them
with that of hitherto published modern and ancient samples across the globe.

5.1.1. Genetic ancestry composition of populations
from east and west Indus basin

We analyzed our pool of 65 genome-wide data from NWI, comparing them with
available modern samples (Li et al., 2008; Behar et al., 2010, 2013; International
HapMap Consortium, 2010; Chaubey et al., 2011b; Metspalu et al., 2011;
Rasmussen et al., 2011; Yunusbayev et al., 2012, 2015; Cristofaro et al., 2013;
Fedorova et al., 2013; Raghavan et al., 2014; Kushniarevich et al., 2015; Basu
et al., 2016) (Supplemental data — Table S1 in Ref I). Our allele frequency-based
ADMIXTURE, PCA, and Fsr analyses (Figure 1B, Supplemental data — Figure
S2, Table S5 in RefI) found that, in general, NWI individuals at the eastern Indus
basin are genetically close to their neighbors living on either side of them. In
short, NWI populations are a genetic intermediate of population groups that reside
in the western Indus region of Pakistan and eastward lower region of the Gangetic
Plain. These results were further endorsed by our haplotype-based identity by
descent (IBD) (Browning and Browning, 2007, 2013) and CHROMOPAINTER
(Lawson et al., 2012) (Figure 10; Supplemental data — Figure S13 in Ref I)
analyses. This apparent closeness of NWI to Pakistanis (west of Indus) and North
Indian Indo-Europeans (NI_IE) living in lower Gangetic Plain, contrast to former
uniparental data-based studies (Quintana-Murci et al., 2004; McElreavey and
Quintana-Murci, 2005). Comprehensively, such a pattern might agree with the
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archacological suggestions of high mobility of Indus Valley people, including
their likely migration toward the eastward Gangetic Plain after the Indus Valley
Civilization collapsed (Misra, 2001b; Tripathi et al., 2004; Gupta et al., 2006;
Madella and Fuller, 2006; Brooke, 2014).

A

| |
H‘r { e | %

Number of IBD segments (>1cM)

Ho g
e @
lash
rani
n
hi

Birhor | @@
Bonda ‘@B®—w—
Santhal

i
veimas

Brahmin_Gu
Muslim
Chamar
Oharkars
Maratha
Balochi
Branoi
Burusho
I-I%aza ra

Mpaﬂ‘h
=
Sinj

Kshatriya

Brahmins U
UP_Low_Caste

@ Kamboj e Khatri @ Ror @ Gujjar e Pathan

B Eur 0 MEast O CAsia E IN_DRA
B Cau @ Iran O IN_IE
1.0—_———- = =
0.8 —
0.6 —
0.4 —
0.2 —
0.0 - . . ==
. 5 = = . L o © c
& 2 s = :% s > =) £
5 < ] S, %3 © ©
p°2 = £ o a
O E P4
4
o0

Figure 10. IBD Sharing and Ancestry Profile of modern Indus Valley Populations.

(A) Average number of IBD segments per pair of individuals for each Northwest Indian
and Pathan ethnic group from Pakistan. Error bars represent 95% confidence intervals.
(B) Population-based ancestry estimates for PNWI and neighboring groups from the
North Indian Gangetic Plain were inferred by CHROMOPAINTER via an NNLS-based
analysis. NWI and Pakistani populations (PNWI) were excluded from the donor groups.
Abbreviations are as follows: IN_IE, Indian Indo-Europeans; Pak, Pakistan; Eur, Europe;
M East, Middle East; Cau, Caucasus; and IN_DRA, Indian Dravidians. Reprinted from
Figure 2 of Ref I, with permission from “Elsevier” under the Creative Commons CC-BY-
NC-ND license.
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We also detected a considerable genetic variability among the contemporary
populations of the Indus region (Figure 10; Supplemental data — Figure S13 in
Ref I) that fits well with the isolation by distance model. Ancestry profiling-
NNLS results later confirmed the same pattern (Figure 10B; Supplemental data —
Figure S13 in RefI). A few Northwest Indian groups like Ror (and Jat) are geneti-
cally more attracted to modern Europeans and Central Asians (Figure 10; Figure
1B-D, Supplemental data — Figure S5/S13 in Ref ), compared to other Northwest
Indian counterparts. This higher European/Central Asian affinity, together with
the high relatedness of Ror (and Jat) to Pathan and Kalash groups in PCA, Fsr,
and D-statistics results (Supplemental data — Figure S2, Table S5/S7/S8 in Ref 1),
point a joint Central Asian/European connection of these groups. However, the
ALDER result did not find any evidence of recent admixture, of these or any
other groups, with Ror for the last ~1500 years (Supplemental data — Table S18
in Ref ). In contrast, other NWI groups, such as Gujjar, are genetically close to
local Indians. Collectively, these outcomes signify unrelated ancestral compo-
nents and long-term population structure in the Indus region, which is later sup-
ported by their distinct allele sharing pattern with ancient individual sources
(Supplemental data — Figure S6-S9, Table S9/S10 in Ref I).

This unique visible pattern of genetic heterogeneity among modern Indus
populations, rarely seen among other regional Indian populations, probably con-
nects them to the ancient Indus Valley people, who believably were quite hetero-
geneous. We also used Runs of Homozygosity (RoH) (Supplemental data — Figure
S12 in Ref I) and clarified that the close affinity of Ror to the Europeans is not
contributed by inbreeding.

5.1.2. Modern Indus Valley populations in terms
of ancient West Eurasian ancestries

In addition to the previously published global modern data, we also compared our
new autosomal data from NWI to that of available West Eurasian ancient DNA
data (Supplemental data Table S1, S2 in RefI) (Allentoft et al., 2015; Haak et al.,
2015; Mathieson et al., 2015; Lazaridis et al., 2016; Damgaard et al., 2018; Nara-
simhan et al., 2018). We analyzed the merged data applying f3, D statistics, and
gprAdm (Figure 3, Supplemental data — Figure S6-S9, Table S9-S16 in Ref ). Our
results agree with previous claims that the extensively dispersed ancient West
Eurasian component among South Asian populations was contributed by a
combination of ancient sources (Broushaki et al., 2016; Lazaridis et al., 2016;
Damgaard et al., 2018; Narasimhan et al., 2018). These ancient sources were
related, either distantly (Iran_N and Steppe EMBA) or closely (Namazga CA/
Indus_Periphery and Steppe MLBA), to South Asians in space and time. We
detected that relative to contemporary South Asian groups, modern Indus Valley
people showed a higher affinity with ancient Mesolithic to Iron Age West
Eurasian individuals (Supplemental data Figure S7-S9, Table S9/S10 in Ref I).
This trend signifies the geographic location of the Indus Valley that have been
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used as a gallery to South Asia for all sort of influx from western regions
(Majumder and Basu, 2015).

The modern Indus Valley people display greater genetic closeness to the
Neolithic farmers of Iran and Anatolia (Supplemental data — Figure S6C/S7B/
S8B, Table S9/S10 in Ref I) than other Indian counterparts. They also show a
higher Middle Eastern component (Figure 1B in Ref I) and prevalence of chrY
hg J2-M172 (Supplemental data — Table S4 in Ref I). Y chromosomal hg J2-
M172 has been linked to the substantial incursion of Middle Eastern male lineage
through the northwest route (Singh et al., 2016). Taken together, these patterns
lend credence to former archaeological suggestions of a potential impact from the
Zagros or Levant region over the development of agriculture and settled life in
South Asia (Jarrige, 1995; Gangal et al., 2010).

5.1.3. Unique genetic structure of Ror population

Importantly, our study reports Ror as the only South Asian group with significant
allele sharing to Neolithic farmers of Anatolia than that of Iran (Figure S6B/S8B,
Table S9 in Ref I), including their higher genetic intimacy to Caucasus hunter-
gatherers (CHQG) relative to other subcontinental populations. These observations
probably simplify interpretation of the previously reported extra prevalence of
the light skin color variant (S.C24A5 allele rs1426654) in the Ror population
(Gallego Romero et al., 2012; Mallick et al., 2013), since this allele has been
highly frequent in both the ancient individuals (Jones et al., 2015; Mathieson et
al., 2015). Additionally, we found that Ror (and Jat) also displayed higher genetic
closeness to EHG, Bronze Age Steppe herders (Steppe EMBA and Steppe
MLBA), and modern Europeans than that among other South Asian groups. This
pattern also syncs well with the earlier reported high prevalence of lactase
persistence gene variant (LCT-13910T) in Ror (and Jat) (Gallego Romero et al.,
2012; Mallick et al., 2013). Overall, this suggests two potential causal scenarios;
either a recent Europe-mediated gene flow or an interaction with ancient West
Eurasian individuals. Strikingly, we observed that higher IBD sharing between
Ror and Europeans positively correlates to the increasing Steppe ancestry in
Europeans (Supplemental data — Figure S15 in Ref I). Older admixture date and
higher affinity to Pathan and Central Asians, coupled with the declining genetic
affinity of ancient individuals of Steppe, Anatolia N, CHG, and EHG from
modern Centrals Asians to Ror, suggest a Central Asian/Steppe connection for
the higher modern European and ancient West Eurasian related affinity of Ror.
Furthermore, the highest ancestry proportions of both the Early and Middle
Bronze Age Steppe herders in Ror (Figure 3, Supplemental data — Table S11/S12
in Ref ) indicate multiple Steppe-like inflows in the Ror. The Steppe ancestry is
the likely key for the greater genetic intimacy of the Ror group to the pre- and
early historical ancient South Asians from Swat Valley (Figure S6A-B/S7/S8A/
S8D/S9, Table S9/S16 in RefI).
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Furthermore, we compared the results of uniparental data to that of autosomal
data for the Ror group. We found that the apparent West Eurasian ancestry con-
nection of Ror, displayed by genome-wide SNP data, is not braced by maternal
mtDNA data. In comparison, paternal Y chromosome data show a higher fre-
quency of West Eurasia-related haplogroups (Supplemental data — Table S3/S4
in Ref I) henceforth, suggesting a plausible male-dominated admixing from the
West to Ror.

5.1.3.1. Alternate ANI representative

Ror and Kalash groups display a distinctly close genetic relation and equally higher
proportions of ANI component compared to other South Asians. That, alongside
the advantage of Ror in having diverse Steppe ancestries, points out the Ror as a
potential alternative to Kalash in the representation of the ANI component. There-
fore, Ror can plausibly be used as an ANI proxy in the demographic modeling of
modern Indians than the earlier proposed Kalash, which is extensively privately
drifted (Ayub et al., 2015b).

To summarize, our study revealed a substantial higher genetic variability
among present-day populations living in the Indus Valley region, which possibly
is linked to the long-term population structure from the prehistorical period. We
noticed a distinct and positively correlated genetic affinity of Ror to modern
Europeans and ancient Steppe individuals. Additionally, we recognized a popu-
lation-specific demographic process in the culturally distinct groups of Northwest
India. Interestingly, the study reported Ror as the so far only Indian group that
harbors a higher Anatolian farmer ancestry than the Iranian farmers.

5.1.4. Recent updates from the first aDNA
of Indus Valley compared to our study

The first successfully sequenced single Bronze Age aDNA from Rakhigarhi, the
Indian side settlement of the Indus Valley civilization, has modified the anti-
cipated population history of prehistorical South Asia (Shinde et al., 2019). The
study found that the Bronze Age IVC individual comprised the genetic ancestries
related to the ancient Iran and Southeast Asian hunter-gatherers, the two groups
that contributed to modern South Asians’ genetic ancestries, too. Thus, the study
settles the Bronze Age IVC individual as the probable primary source of ancestry
to all contemporary South Asians. However, the study suggested that ancient
Iran-related ancestry, observed in the IVC individual, was related to an ancestor
group that survived before the separation between ancient Iranian hunter-gatherers
and agro-pastoralists. Thus, the Iranian ancestry of South Asians comes from an
ancient Iranian group that was perhaps living before the farming in the Fertile
Crescent (FC) started. Therefore, the new findings attempted to amend the earlier
beliefs that FC-related agriculturalists likely initiated agriculture in South Asia
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(Jarrige, 1995; Gangal et al., 2010). The study claimed that farming in the sub-
continent plausibly developed either independently or as a consequence of the
exchange of skills through cultural contacts. Another notable update to the popu-
lation history of South Asians comes through the absence of Steppe ancestry in
this Bronze Age IVC individual.

Interestingly, the new aDNA of Indus Valley is genetically identical to the
Indus_Periphery group, which we have also used in our study’s modelings (Ref I).
The new study suggests that contemporary Indians comprise ancestry from
Steppe people topped on the Indus Valley individual ancestry, which is similar to
what we have done. Nevertheless, since the new study claimed an altered source
for Iranian ancestry, the foremost model we used in our study (Steppe + Iranian
Neolithic farmers + Onge) might not have been that appropriate. Additionally,
the investigation of IVC aDNA by Shinde et al. (Shinde et al., 2019) denies the
Fertile Crescent connection to the development of agriculture in South Asia that
we discussed in our results. However, one must bear in mind that the aDNA data
available on this topic is thus far absolutely minimal for any final generalizations.

5.2. Genetic outline of historical migrants to South Asia:
The case of Parsi and Jewish populations (Ref 11/ Ref IlI)

The majority of the South Asian populace have been following endogamy and
restricted marriage practices for several thousands of years (Chaubey et al., 2007;
Basu et al., 2016b; Nakatsuka et al., 2017; Narasimhan et al., 2019). Such an old
existing endogamous social structure probably must have influenced the com-
mixture and absorption drive of foreign migrant groups robustly (Behar et al.,
2010; Shah et al., 2011; Chaubey et al., 2016; Lopez et al., 2017) (Ref II/IIT). To
understand this impact, we used high-resolution data from two populations with
the record of historical migrations to South Asia. We generated 43 new genome-
wide genotyping array and high-resolution uniparental genotyping data from 174
Indian and Pakistani Parsis, in addition to 21 ancient Parsi mtDNA genotyped
data from Gujarat. Later, we compared them with worldwide population genetic
data from modern and ancient individuals. In the case of Jews, we used previously
published Jews genome-wide data (Atzmon et al., 2010; Behar et al., 2010) and
analyzed them in the context of available modern and ancient data published
previously.

5.2.1. Population structure and demographic history of Parsis

Previous efforts (Undevia, 1973; Qamar et al., 2002; Quintana-Murci et al., 2004;
Mohyuddin and Mehdi, 2005; Rosenberg et al., 2006) to study the genetic history
of the Parsi population had limited analysis power. It was mainly due to two factors:
a) the use of low-resolution uniparental markers and b) lacking the representation
of Parsis from India, where now the majority of Parsis (>98%) live. Here, we
analyzed new autosomal SNP data from both the Indian and Pakistani Parsis, with
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that of global populations, to answer questions like; how much genetically related
both Parsis groups are, mutually, and to the modern Iranians (considering their
origin). Besides, we looked at the extent of their blood kinship and their genetic
relation to available ancient West Eurasians. We also tried to get insight into how
efficiently Parsis integrated with local females and sex-dependent demographic
processes, if any, by exploring mtDNA and Y chromosome genotyping.

5.2.1.1. Genome-wide ancestry of Indian and Pakistani Parsis
In the context of modern populations

Our PCA, ADMIXTURE, and Fsr results (Figure 11A; Fig. 2/3, Additional files —
Fig. S1/S2a, Table S3/S4 in Ref II) disclose that the Indian and Pakistani Parsi
groups are genetically closest to each other than any of their South Asian neigh-
bors. Their closeness to modern Iranians was boosted by their intermediate posi-
tioning between Pakistani and Iranian groups when the population-wise mean of
eigenvalues was plotted in PCA (Fig. 2 in Ref II). Both results, collectively, direct
a common genetic heritage of Indian and Pakistani Parsis from their presumed
birthplace in Iran. This might also be a valid explanation for their apparent and
significantly higher affinity to West Eurasian populations than the South Asian
ones in Fsr result, which was re-captured by ADMIXTURE analysis as well.
Altogether, it specifies a likely major West Eurasians (Iranians) ancestry contri-
bution to the Parsis genome and a lesser South Asian contribution. Which,
bolstered by further results of fs ancestry estimates, outgroup f3, and TreeMix
(Additional files — Fig. S2b/S4-S7 in Ref II), backs the historical understanding
that Parsis share most recent common ancestry with Iranians.

We observed a highly significant level of gene flow among Indian and Pakistani
Parsis, akin to their immediate South Asian neighbors (Gujarati and Sindhi) has
with each other, in D statistics (Additional file — Table 2 in Ref II). However, South
Asian Gujarati and Sindhi groups also have higher gene flow with Parsi groups
relative to contemporary Iranians. They also donate considerably higher chunks
to the Parsi genomes than they have received back. These results, in addition to
the lower chunk counts sharing of both groups with Parsis than between any
South Asian groups in fineSSTRUCTURE (Additional file — Fig. S9 in Ref II),
mostly articulate a slight and one-way gene flow from South Asians to Parsis.

Furthermore, we used ALDER and MALDER to estimate, when Parsis
admixed with their neighboring South Asian Gujarati or Sindhi groups and
whether they went through multiple admixture events. We found the evidence of
a single admixture event that took place ~1200 years, thereby, agreeing well with
the historical records of Parsi migration to South Asia (Additional file — Table 3
in Ref II). We also detected a unique demographic history of both the Parsi
groups, characterized by a greater number of long runs of homozygosity (RoH)
segments in Parsis (Additional file — Fig. S10 in Ref II) than their current
neighbors and alleged parental population. This indicates a possible sign of lesser
population mass and higher level of inbreeding or consanguinity in Parsis.
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Figure 11. Population structure and ancient ancestry profile of Parsi and Jews.

(A) PCA of Eurasian populations showing the placement of Indian Jewish and Parsi
groups along with the South Asian cline. It is noteworthy that they were attracted towards
West Eurasian populations, suggesting a higher level of ancestry related to West
Eurasians complying with their neighboring local South Asian populations. The bar plot
shows ADMIXTURE proportions of both of the studied populations. (B) Plot of ancestry
proportions modeled in the studied populations. Adapted from Figure 1 and 5 from Ref
III, with permission from “Springer Nature”.

Later, we used PBS analysis to examine the effect of genetic drift on functional
genetic variation in Parsis after the occurrence of admixture events. We found a
group of associated SNPs in the HLA region and a CD86 related missense SNP
(rs1129055) with a more frequent ancestral G allele in Parsis than Iranians, South
Asians, and East Asians (Additional files — Fig. S11, Table S8 in Ref II). The
SNP (rs1129055) is linked with sepsis prompted by pneumonia, and its G variant
has been related to the reduced threat of active brucellosis in Iranians (Eskandari-
Nasab et al., 2014). It has a potential role in minimizing the B lymphocytes
infection from the Epstein-Barr virus (GTEx Consortium, 2015).

In the context of ancient individuals

Parsis display higher genetic affinity to modern Iranians (discussed above),
accompanied by significantly higher Near East blue ancestry than South Asians.
Remarkably, they also have a lesser European light blue ancestry and a noticeable
higher South Asian dark green ancestry compared to modern Iranians (Fig. 3,
Additional files — Fig. S2a, Table S4 in Ref II). This prompted us to apply f3 and
D statistics to analyze the combined genomic data of Parsis and ancient Neolithic
Iranian farmers since early Neolithic farmers from Zagros have reportedly been
found genetically closer to Zoroastrians of Iran (Broushaki et al., 2016). The
resulting outcomes (Table 2, Additional Files — Figure S3, Tables S5/S6 in Ref
IT) suggest a considerably higher genetic affinity between Parsis and Neolithic
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farmers when compared to the modern people of Iran. Modern Iranians likely
originated from an ancestral lineage that was a product of interbreeding between
Neolithic Iranians and Arabian Peninsula populations whereas Parsis did not.
Accordingly, our results support a likelihood that extra light blue ancestry present
in modern Iranians (Fig. 3 in Ref II) was introduced later, as a result of the mixing
with Arabic peninsular groups during the Islamic conquest after the Parsis had
left Iran (Grugni et al., 2012; Derenko et al., 2013; Haber et al., 2013).

Our study also reveals a higher affinity of Parsis to most ancient West
Eurasian individuals (Table 1 in Ref III), similar to the pattern they showed with
modern West Eurasians, thereby confirming a likely West Eurasian related origin
for Parsis. Additionally, Parsis harbor the highest West Eurasian ancestry pro-
portion (~85%) in South Asia and the lowest South Asian-related ancestry pro-
portion (~15%), when we applied gpAdm (Figure 11B) using Neolithic Iranians,
Steppe MLBA, and Onge as three ancient sources to model modern South
Asians. Somewhat expectantly, the highest West Eurasian ancestry proportion
observed in Parsis comprises equal amounts of both the Neolithic Iranian farmers
and Steppe people, unlike the contemporary South Asians (Ref I). Altogether,
these results again endorse the West Eurasian link of Parsis and their subsequent
minor intermixing with the contemporary South Asian neighbors as suggested
earlier. However, the higher affinity of Parsis to East Asian related Ust’-Ishim
than modern Iranians is expected, considering the surplus South Asian ancestry
in Parsis compared to Iranians.

5.2.1.2. Maternal and paternal lineage of Parsis

To understand how the Parsis are affected by male or female genetic components
of South Asia and Iran, we examined mtDNA and chrY genotyping markers for
a higher number of Indian and Pakistani Parsis (Fig. 4, Additional files — Fig.
S12, Table S9/S10 in Ref II). We, too, compared our results to the mtDNA of 21
ancient Parsi individuals (Additional file — S11 in Ref II) from Sanjan (Jonna-
lagadda et al., 2011), identifying the founding maternal lineages and also lincages
that integrated later. Our study found ancient Parsis having 48% maternal lineages
related to South Asians, which indicate either these haplogroups have been carried
by the Zoroastrian migrants from Fars (Iran), owing to their considerable presence
(~10%) in contemporary Persians reported earlier (Derenko et al., 2013). Alter-
natively, it might also reflect an earlier settlement of Parsis, followed by their
mixing with the local South Asian females. In sum, we observed a greater
prevalence of Middle-Eastern haplogroups in the chrY pool of Parsis (Additional
file — S12, Table S10 in Ref II) compared to their mtDNA pool.
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5.2.2. Jews in the context of ancient West Eurasian individuals

The Indian Jews, apparently the old offsprings of the exclusive Jews diaspora of
the world (Ehrlich, 2009), are categorized into three groups based on their in-
habitation: Kerala Jews living in Cochin, Bene Israel Jews of Mumbai, and
Baghdadi Jews residing in Kolkata (Katz, 2000). Among all Jewish diaspora, the
Indian Jews have been one of the least studied such ethnic groups (Slapak and
Yisra’el, 1995; Katz, 2000; Israel, 2002). However, three recent studies attempted
to survey their genome-wide data more thoroughly (Chaubey et al., 2016;
Waldman et al.,, 2016a, 2016b). These studies followed a different sampling
approach wherein, Chaubey et al. used samples from Indian Jews living in India.
The other two studies by Waldman et al. sampled Indian Jews individuals who
had returned to Israel.

Collectively, these studies established a distinctive genetic sketch of Indian
Jews. Though closely related to local South Asians yet, Indian Jews have hetero-
geneous genetic character agreeing to the earlier claimed idea that Jews popu-
lations were established by the union of peoples with different ancestries (Yardu-
mian and Schurr, 2019). Mumbai Jews and Kerala Jews show a sort of hetero-
geneity, corroborated by the extra Middle East-related genetic component in
Mumbai Jews than in Kerala Jews (Figure 11; Figure 2 in Ref III). This can be
explained through isolation by distance model and even fits well with the record
of the earlier settlement of Kerala Jews in India than the Mumbai Jews (Chaubey
etal., 2016). The study had also observed a higher genetic sharing of Indian Jews
to the populations living in the Middle East and Jews, relative to their neighboring
populations of India, reflecting their deep connection to the Near East and histori-
cal Jewish populations. This relationship explains the impact of the admixture
event between 1100-1600 CE when a population ancestral to Indians intermixed
with the ancestral group of Jews from the Near East (Chaubey et al., 2016). Uni-
parental markers had revealed the higher prevalence of South Asian related
maternal lineages coupled with pervasive Near/Middle East-specific lineages,
therefore, suggesting a male-mediated admixture from Jewish migrants in South
Asia (Chaubey et al., 2016).

However, considering the growing number of ancient samples, it is imperative
to understand the genetic relation of Indian Jews in the context of ancient
individuals from West Eurasia and South Asia (Allentoft et al., 2015; Haak et al.,
2015; Mathieson et al., 2015; Lazaridis et al., 2016; Damgaard et al., 2018;
Mittnik et al., 2018; Narasimhan et al., 2018). We studied the earlier published
genome-wide SNP data of Indian Jews (Atzmon et al., 2010; Behar et al., 2010),
applying f3, D statistics, and gpAdm to fulfill this objective. We observed a sub-
stantially higher affinity between Mumbai Jews and ancient Steppe people in both
the f3 and D statistics analyses compared to South Asian Dravidians (Figure 4,
Table 1 in Ref III). Subsequently, the result was also validated by gpAdm in
Mumbai Jews having higher ancient Steppe-like ancestry proportions than seen
in Kerala Jews (Figure 11B; Table 2 in Ref III). In contrast, Kerala Jews are
genetically related to ancient individuals of West Eurasia (including Steppe) and
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South Asia as equally as their geographical neighbors (Dravidians) are. This
pattern was even reflected by lesser ancient West Eurasian and higher South Asian
genetic component in Kerala Jews than in Mumbai Jews (Figure 11B; Figure 4,
Table 2 in Ref III). Additionally, the greater affinity of Indian Jews to Neolithic
Iranian farmers than most Indian sub-continental populations (Figure 6, Ref III)
links their migration from West Eurasia. Simultaneously, the higher ancestry of
Neolithic Iranians in Mumbai Jews than in Kerala Jews is again suggestive of a
more recent movement of Mumbai Jews to India than Kerala Jews.

Collectively, these results replicate the earlier discussed genetic variability
between Mumbai Jews and Kerala Jews in the context of modern genomes and
considerable mixing of Indian Jews with local South Asians successive to their
migration from the Near East. Parsis’ genetic analysis outcomes suggest a shared
genetic pool for both the Indian and Pakistani Parsis, with the closest affinity to
modern and ancient Middle Eastern populations and an evident one-way admixture
from South Asia characterized by the gene flow from the South Asian females.

5.3. Reconstructing the genetic history of Tharu people:
a linguistically diverse tribal group of Tarai region (Ref V)

Tharu group is among the most prominent and linguistically diverse group that
probably is indigenous to the Tarai region of southern Nepal and northern India.
Tharu people are characterized by their higher affinity within themselves and to
other local populations, which coexist with a substantial amount of East/Southeast
Asian ancestry shown in earlier cultural and genetic studies (Crooke, 1896;
Terrenato et al., 1988; Modiano et al., 1991; Passarino et al., 1992; Guneratne,
2002; Chhetri, 2005; Fornarino et al., 2009). To find the explanation for the
tremendous genetic diversity shown by Tharus and if they have any common
genetic heritage, we analyzed formerly published autosomal SNP data from Tharu
groups of northern India (Consortium et al., 2009; Reich et al., 2009) and new
high resolution uniparental genetic marker data of Tharus from Tarai region of
Nepal and northern India.

5.3.1. Genome-wide variation of the Tharu groups

We examined the joint data of autosomal SNPs of Tharus from Uttar Pradesh and
Uttarakhand, published earlier (Reich et al., 2009; Metspalu et al., 2011), relative
to the broader data set across Eurasia (Supplementary Table 1 in Ref IV). We
observed that although both groups of Tharus display the same level of genome-
wide variability (Supplementary Table 1 in Ref IV), the genetic outline of Uttar
Pradesh Tharu is distinct from their Uttarakhand counterpart. This was estab-
lished by a greater intimacy with their corresponding nearby populations than
they mutually are (Figure 2a/b, Supplementary Table 2 in Ref IV); and a pretty
high Fsr differentiation between both groups that is two times higher than the
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average mean pairwise distance between Pakistanis and Indian Dravidians. Ana-
logous to these results, we observed a considerable difference regarding the East
Asian ancestry component of both Tharu groups in ADMIXTURE analysis
(Figure 2¢ in Ref IV). Such a superseding East Asian component among Uttarak-
hand Tharu individuals, unlike Uttar Pradesh Tharus, was also observed in the f4
ancestry ratio (Table 1 in Ref V), making them outliers like Kusunda, Spiti,
Khasi, and Indian Austroasiatic people.

Consequently, we infer a recent admixture from East/Southeast Asia, rather
than a deep sharing before the ancestral South Asians split from ancestral East
Asians, which otherwise would have resulted in a uniformly distributed East Asian
component among all contemporary populations of the region. In agreement with
allele frequency-based analyses, Haplotype-based results also show a lesser
chunk sharing between Tharu groups than their nearby ethnic groups and a similar
mean chunk length sharing pattern for Uttar Pradesh Tharus as their nearby Indo-
Europeans and Dravidians do. On the contrary, Tharus from Uttarakhand receives
longer East/Southeast Asian chunks (Figure 12a). Thus, supporting a hypothesis
that instead of a common genetic heritage, Tharu is an ethnolinguistic entity
formed by assimilation of several tribes with different origins of substantial
East/Southeast Asian ancestry.

5.3.2. Maternal and paternal lineage diversity in the Tharu

Uniparental results of the study found Tharu groups, in general, close to northern
Indian groups with a slight shift towards populations from Southeast Asia and
Tibet in PCA plots (Figure 12b/c). It suggests that the East Asian-related ancestry,
present among people of Nepal and Tharu, most likely arrived from the north
over the Himalayas, thus agreeing with the perception of earlier studies (Gayden
et al., 2007; Fornarino et al., 2009; Wang et al., 2012). Interestingly, we observed
a substantial variation in maternal and paternal lineages among Tharu groups,
harmonious with the autosomal results. However, in contrast to the autosomal data
analyses, we established a nominal amount of shared ancestry among Tharus,
reflected by a more common East and Southeast Asian-related lineage sharing
between Tharu groups (Figure 12d/e). The common East and Southeast Asian-
related lineages display a Tharu group-specific cline from east to west, almost
negligible among other resident groups of local Uttar Pradesh state (Table 2,
Supplementary Table 5/6, in Ref IV). Nevertheless, we observed a higher diver-
sity in South Asian-specific lineages among Tharus and other Nepali people,
compared to that of East Asian-specific lineages, in the context of both uniparental
loci (Supplementary Table 7 in Ref IV), supporting likely extensive interbreeding
of Tharu people with local residents (Wang et al., 2012).

We unveiled a deeply rooted coalescent time of the rare M43 lineage, akin to
other South Asian M hg subclans, coupled with the presence of highly variant
M43 lineage among populations of Nepal and North India that is absent among
South Indians and people of East/Southeast Asia (Supplementary Figure 5, Table 5
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in Ref1V). Accordingly, we propose the origin of M43 lineage in the North Indian
region, representing a current common maternal descent between all Tharu
groups. The observed sharing of paternal East Asia derived O3a2c1-M134 hg
between both Tharu groups could be a result of dispersal from Tibet and Southeast
Asia to northern Indian states via Tarai of Nepal (Gayden et al., 2007; Thangaraj
et al., 2008; Wang et al., 2012). It is mainly due to the widespread presence of the
ancestral lineage of this hg among East and Southeast Asians (He et al., 2012). Y-
STR results (Supplementary Figure 6, Table 4 in Ref IV) claim the involvement of
several lineages in the migration, rather than a simple founder effect, that possibly
happened due to a wide-ranging movement of people in the Holocene period.

= Tharul = Tharu2 = INIE ® Dravidian = INAA = Spiti = INTB SETB mSEAA mTai-Kadai = Hmong

MY

75
INIE INAA INTB

east India ®

PC2 11.1%
g2g8
EEELE

EEFFEEE 5
E
PC2 10%
o]
>
>

aru-Uttarakhand

PC1 14.5% PC1 13.9%

Figure 12. Haplotype sharing and haploid genetic diversity among Tharu and neigh-
boring groups.

(a) The mean sharing of various chunk lengths among different ethnolinguistic South and
East/Southeast Asian groups. Principal component analysis (PCA) based on mtDNA
(b) and Y-chromosome (c) relative frequencies of haplogroups within populations. The
mtDNA (d) and Y-chromosomal (e) haplogroup sharing among the different Tharu
groups. INAA, Indian Austroasiatic; INIE, Indian Indo-European; INTB, Indian Tibeto-
Burman; SEAA, Southeast Asian Austroasiatic; SETB, Southeast Asian Tibeto-Burman.
Reprinted from Figure 3 of Ref IV, with permission from “Springer Nature”.
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Our study also detected declining frequency of the East/Southeast Asian related
c.1540T>C allele of Ectodysplasin A receptor (EDAR) gene among Tharu
groups, from Nepal to Uttar Pradesh (Supplementary Table 11, Ref IV). EDAR
is a cell-surface receptor for ectodysplasin, a protein involved significantly in the
development of ectodermal tissues (e.g., skin) and encoded by the EDAR gene
humans (Aswegan et al., 1997; Monreal et al., 1999). Such a declining pattern
combined with significant East Asian maternal and paternal lineages indicates a
later spread of Tharus from the Tarai region after the episode of invasion from
East Asia (Tables 2, 3; Supplementary Tables 8, 9, 11, Ref IV).

In summary, the higher genome-wide variability among Tharus from Uttar
Pradesh and Uttarakhand supports the unification of Tharu as a cultural pheno-
menon rather than the demic. The East to the west decline of East Asian ancestry
component of Tharu groups, together with a minor level of unique sharing in
uniparental lineages, suggest a later spread of Tharus from the Tarai region, after
the invasion from East Asia, which probably was followed by extensive mixing
and integration with local populations.
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6. CONCLUSIONS

Substantial intra-regional genetic heterogeneity among contemporary popu-
lations of Indus Valley suggests a long-term population structure within the
region that plausibly have persisted over thousands of years from the time
of ancient Indus Civilization.

We characterized population-specific demographic processes for culturally
distinct groups of Northwest India such as Ror and Jat.

The higher affinity of Ror to modern and ancient people living west of India,
including in the ancient Swat Valley, most probably reflects the effect of
their genetic continuum since the Bronze Age movement of northern Steppe
herders.

We identified a common genetic stock for both the Indian and Pakistan
Parsis that has a close genetic affinity to modern and ancient West Eurasians,
including Iranians.

We revealed a male-biased migration of Parsis and initial admixture with
local South Asian females before they turned into partial isolation and
inbreeding.

We detected a genetic variability between Jew groups of India in the context
of both ancient and modern genomes and a pattern of considerable admixture
of Indian Jews with local South Asian populations.

We showed that the autosomal genetic analysis of different Tharu groups
agrees largely with the model of predominantly cultural rather than demic
unity of the Tharu.

We revealed a substantial amount of East Asian genetic ancestry among
Tharu peoples and a pattern of shared uniparental lineages that suggest the
spread of the Tharu from Tarai region after the influx of East Asian genetic
component.

We detected a likely northern Indian subcontinental origin for some genetic
ancestry shared amongst the Tharu — revealed by exclusive sharing of the
South Asia specific mtDNA hg M43.
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SUMMARY IN ESTONIAN

Induse joe oru inimeste, parside, India juutide ja Tharu héimu
geneetilise pélvnemise piiritlemine

Lduna-Aasia, esmajoones India rahvaste geneetiline varieeruvus, sh selle kujune-
mine, on olnud ja on Tartu geneetikute tddmaaks alates mdodunud sajandi viima-
sest kiimnendist. Koostdos kolleegidega Indiast ja teistes riikidest, on ilmunud
ligikaudu 40 teaduslikku artiklit, sealjuures kaitstud neli doktoriviitekirja, toetudes
esmajoones just Tartus ldbiviidud uuringute tulemustele. On eraldi mérkimist-
védriv, et neist dissertatsioonidest kahe autoriteks on olnud eestlased ja kahe puhul
on olnud tegu Tartu Ulikoolis doktorantuuri l&binud noore India teadlasega. Kies-
olev dissertatsioon samal teemal on seega viiendaks. Millest niisugune tdhelepanu?
Esmajoones pdhjusel, et Louna-Aasia oli tdenéoliselt {iks tdnapdeva inimese esi-
mesi elupaiku pérast meie liigi ulatuslikku véljardnnet Aafrikast 50-70 tuhande
aasta eest, kus tdnapéeval elab enam kui viiendik inimkonnast. Seega pole meie
liigi geneetilise varieeruvuse kujunemise moistmine, ammugi siis Euraasias, voi-
malik ilma piilideta mdista Louna-Aasia rahvaste geneetilist ajalugu. Nii ongi
eelnevad Tartu Ulikoolis lidbiviidud uuringud haaranud Louna-Aasia ja lihipiir-
kondade geneetilise varieeruvuse kujunemist alates kiimnete tuhandete aastate
stigavusest kuni viimase monetuhande aasta taguste siindmusteni.

Kéesolevasse viitekirja on koondatud valik dissertandi kaasautorlusel ilmunud
artiklitest, mille véga {ildise iseloomustusena vdiks nimetada piiliet paremini
moista India rahvaste geneetilist ajalugu alates asustuse suhteliselt hilisest, kuid
seda enam ponevast perioodist — nn. Induse tsvilisatsioonist.

Pronksiaegne Induse oru tsivilisatsioon (I0T). IOT (3300-1300 eKr) oli iiks
antilkmaailma kolmest suurimast tsivilisatsioonist, Mesopotaamia ja Egiptuse
kaasaegne, ja selle juured olid Louna-Aasia loodeosas. IOT moistatusliku héébu-
mise pohjustasid kdige toendolisemalt kuivad klimaatilised tingimused, mille
tottu IOT inimesed liikusid itta India Gangese tasandiku poole. Pakistan paikneb
Induse jOe lddnekaldal, samas kui Induse idakallas, tuntud kui varase veedade
India (~2000—600 eKr) idapoolse Induse oru osa, holmab ajaloolise Kurukshetra
ja korval paikneva Loode-India, kus elab mitmeid pikka aega piisinud etnilisi
riihmi. India loode- ja pdhjaosa on olnud kui inimeste liikkumiste galerii eclajaloo-
lisest ajast hiljutise minevikuni, mis tdi Indiasse Euraasia teistest osadest sisse-
rindajaid, kes segunesid kohalikega ja jitsid endast jiljed tdnapdeva India
inimestesse.

Lisaks teevad kasti/hdimupohine sotsiaalne struktuur ja grupisisese abiellu-
mise tava Louna-Aasia praegused elanikud populatsioonigeneetiliste uuringute
jaoks ainulaadseks. See erandlikkus on suur eelis, mis on piirkonna demograafi-
lise ajaloo ja toimunud populatsioonidevaheliste kokkupuudete mdoju selgitamisel
tohutult abiks. Kuna Louna-Aasia on osutunud inimeste segamisnduks, on parem
arusaamine alaesindatud regionaalsete populatsioonide geneetilisest arhitek-
tuurist vajalik selleks, et moista tdnast rahvastikku kujundanud demograafilist
diinaamikat.
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Tehnilised edusammud DNA eraldamisel iidsetest proovidest ning uued
statistilised tooriistad tdnapédeva ja vanade genoomsete andmete analiilisimiseks
teevad populatsioonigeneetikast olulise vahendi inimese populatsiooni ajaloo
senindgematul tasemel lahti mdtestamisel. Selliseid statistilisi tooriistu saab
kasutada kindlate populatsioonide kogu genoomi kiibiandmete analiilisimiseks,
koos nende mitokondriaalse DNA (mtDNA) ja Y-kromosoomi (chrY) andmetega,
et teha kindlaks just selle populatsiooni ajalugu. Selliste populatsioonigeneetika
tooriistade rakendamine paljude 1duna-aasialaste genoomsete andmete analiiiisiks
varem avaldatud globaalsete genoomsete andmete kontekstis voib lahti harutada
segaseid arusaamu tdnapéeva Induse oru, PGhja-India ja ka ajaloolisel ajal Louna-
Aasiasse sisse rannanute mineviku populatsioonidiinaamikast.

Et saada paremat ettekujutust Louna-Aasia ajaloolisest populatsioonidiinaa-
mikast, uurisime monda ténapdeva populatsiooni varasemates uuringutes ala-
esindatud piirkondadest, peamiselt Loode- ja Pohja-Indiast.

Liihidalt suurendab doktorit66 oluliselt varasemaid teadmisi Lduna-Aasia
rahvastiku diinaamikast, toetudes erinevate haploidsete ja diploidsete genoomsete
markerite analiiiisidele, kuid peamiselt iilegenoomsetele SNP-dele.

Suuremalt jaolt uurib doktoritdod tdnapédeva rahvaste geneetilist varieeruvust
Loode-India ajaloolises Induse oru piirkonnas, monda ajaloolisel ajal Léhis-Idast
sisse rannanud gruppi, ja tiht PGhja-India Tarai piirkonna hdimu, mis on geneeti-
line isolaat. Esiteks on doktorit66 eesmairk tdiendada tdnapdeva Induse oru ini-
meste alaesindatud geneetilist struktuuri, saades ja analiiiisides uusi andmeid
praegustelt populatsioonidelt, mille kohalolu Loode-Indias on pikalt dokumen-
teeritud (Ref I). Uuring késitles tdnapieva populatsioonide lilegenoomset varieeru-
vust maailma tdnapédeva populatsioonide ja ka kédttesaadavate iidsete indiviidide
geneetilise varieeruvuse kontekstis. Sellest selgus tdnapédeva Induse oru populat-
sioonide peen struktureeritus ja geneetiline heterogeensus. Seejirel keskendub
doktoritoo Lduna-Aasia parsi ja juudi rahvusrithmadele, kes randasid ajaloolisel
ajal Lahis-Idast Indiasse, peamiselt, kuid mitte ainult pohjaossa. Uuringute
eesmirk oli moista parside ja juutide geneetilist struktuuri tdnapdeva ja iidsete
indiviidide kontekstis ning seda, kuidas nad pérast rinnet segunesid kohalike ini-
mestega (Ref II/I1I). Ref II analiiiisis uniparentaalseid ja autosomaalseid andmeid,
leides Louna-Aasia parsidel tihise geneetilise tausta, mis on ldhedane iraanlastega,
ning isolatsiooni ja sugulusristumise mustri. Samas analiilisis Ref III parside ja
India juutide geneetilist varieeruvust vorreldes kéttesaadavate iidsete genoomidega
Léaéne-Euraasiast, leides tinapdeva genoomidest ilmnevate mustrite kordumise.
Viimaks késitleb doktorit6é Tharu rahvusrithma, vana etnilist isolaati PGhja-India
Tarai piirkonnast, uurimaks selle paritolu ning riithmasisest ja rithmadevahelist
geneetilist varieeruvust vorreldes nende naabritega (Ref IV). Uuring avastas iile-
genoomsetes analiilisides Tharu riihmade vahelise geneetilise erinevuse ning
Tharu rithmade teataval mééral {ihise pdlvnemise uniparentaalsetes andmetes,
viidates nii sellele, et Tharud on kujunenud kultuurilise, mitte geneetilise iihte-
sulamise tagajérjel.
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Kokkuvdéttes rohutab kidesolev doktoritdo jargmisi punkte, tdiendades oluliselt
arusaamist Louna-Aasia populatsioonidiinaamikast, keskendudes peamiselt, kuid
mitte ainult India pdhja- ja loodeosale.

e Mirkimisvédrne regioonisisene geneetiline heterogeensus Induse oru kaas-
aegsete populatsioonide seas viitab pikaaegsele populatsiooni struktureeri-
tusele piirkonnas, mis voib olla pilisinud tuhandeid aastaid, iidse Induse tsivi-
lisatsiooni ajast saadik.

e Iseloomustasime Loode-India kultuuriliselt eristuvate riihmade nagu Ror ja
Jat populatsioonispetsiifilisi demograafilisi protsesse.

¢ Rori suurem sarnasus tidnapdeva ja iidsete inimestega, kes elavad/elasid Indiast
ladne pool, sh iidses Swati orus, peegeldab kdige tdendolisemalt nende genee-
tilist jatkuvust pdhjapoolse stepi karjakasvatajate pronksiaegsest litkumisest
saadik.

e Tegime kindlaks India ja Pakistani parside tihise geneetilise liini ning nende
lahedase geneetilise sarnasuse tidnapédeva ja iidsete lddine-euraaslastega, sh
tdnapdeva ja neoliitiliste iraanlastega, mis on seotud nende juurtega Parsias —
tdnapdeva Iraanis.

e Niitasime parside rande kallutatust meeste poole, millele jargnes algne tihe-
suunaline segenemine kohalike Louna-Aasia naistega enne nende osalisse iso-
latsiooni ja sugulusristumise juurde jadmist

e Tuvastasime India juutide seas geneetilise varieeruvuse vorreldes iidsete
genoomidega, mis oli mérgatav ka tdnapdeva genoomide kontekstis ning
millele jargnes India juutide mérkimisvdirne segunemine neid timbritsevate
kohalike Lduna-Aasia populatsioonidega.

e Niitasime, et erinevate Tharu rithmade autosomaalne geneetiline analiiiis
toetab iildiselt Tharude peamiselt kultuurilise, mitte geneetilise iihtsuse mudelit.

e Avastasime ka jélgi Tharu rahvaste jagatud iihisest pdlvnemisest, eriti nende
uniparentaalsetes lookustes, ning néitasime, et nende Ida-Aasia geneetiline
komponent on vanem kui Tharude levik Indias.

e Leidsime koigil Tharu riihmadel iidse haruldase mtDNA liini M43 ning paigu-
tasime M43 tdendolise péritolupiirkonna PShja-Indiasse, kuna M43 leidub
suure varieeruvusega nepaallaste ja pohja-indialaste hulgas, kuid see puudub
Ida-Aasia, Kagu-Aasia ja teiste Louna-Aasia populatsioonide seas.

Harappa (Induse oru) ja naaberpopulatsioonide ulatuslikud uuringud on héida-
vajalikud Euraasia inimevolutsiooni ja etnolingvistilise ajaloo tédielikuks rekonst-
ruktsiooniks. Meie t66 on pealegi osutanud, et monel Harappa piirkonna popu-
latsioonil on ootamatult hiljutisem ithine pdlvnemine Euroopa (Eesti) populat-
sioonidega, mis tdendoliselt parineb iihisest allikast stepivoondis. Need téhele-
panekud vodivad olla olulised uurijaile, ndgemaks geene, mis mééravad erinevaid
Euroopa (Eesti) ja India populatsioonidele iihiseid fenotiilibilisi tunnuseid. Léhis-
Idast périnevate ajaloolise aja migrantide, juutide ja parside detailne geneetiline
analiiiis parandab oluliselt arusaamist populatsiooni taseme interaktsioonidest,
mis kujundasid nii migrantide (parsid, India juudid) kui ka Iduna-aasialaste
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genoome. Parside populatsiooni isolatsiooni ja sugulusristumise muster vdib
leida rakendust haruldaste haiguste meditsiinigeneetilistes uuringutes. Tharu
etnilise isolaadi teke on olnud segadusttekitav kiisimus, mis kiesolevas doktoritods
lahendatakse, nédidates erinevate Tharu rithmade vahel méirkimisvéérset geneetilist
erinevust.

Kokkuvdéttes toovad need tulemused mdnevorra suuremat selgust erinevate
Lduna-Aasia rahvaste evolutsioonilisse ajalukku, sealjuures konteksts, mis seob
Louna-Aasiat Euraasia kui tevikuga ja samas illustreerib monede valitud represen-
tatiivsete ndidete kujul maailma rahvaste demograafilisele ajaloole iseloomulikke
iildiseid protsesse, mis on seotud ridnnetega.
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