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Abstract

Mixture between populations is an evolutionary process that shapes genetic variation.
Intermixing between groups of distinct ancestries creates mosaics of chromosomal segments
inherited from multiple ancestral populations. Studying populations of mixed ancestry (admixed
populations) is of special interest in population genetics as it not only provides insights into the
history of admixed groups but also affords an opportunity to reconstruct the history of the
ancestral populations, some of whom may no longer exist in unmixed form. Furthermore, it
improves our understanding of the impact of population migrations and helps us discover links
between genetic and phenotypic variation in structured populations.
The majority of research on admixed populations has focused on African Americans and
Latinos where the mixture is recent, having occurred within the past 500 years. In this
dissertation, I describe several studies that I have led that expand the scope of admixed studies to
West Eurasians and South Asians where the mixture is older, and data from ancestral groups is
mostly unavailable. First, I introduce a novel method that studies admixture linkage
disequilibrium (LD) to infer the time of mixture. I analyze genomewide data from 40 West
Eurasian populations and show that all Southern European, Levantine and Jewish groups have
inherited sub-Saharan African ancestry in the past 100 generations, likely reflecting events
during the Roman Empire and subsequent Arab migrations.
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Next, I apply a range of methods to study the history of Siddi groups that harbor African,
Indian and Portuguese ancestry, and to infer the history of Roma gypsies from Europe.
Finally, I develop a novel approach that combines the insights of frequency and LDbased statistics to infer the underlying model of mixture. I apply this method to 73 South Asian
groups and infer that major mixture occurred ~2,000-4,000 years ago. In a subset of populations,
all the mixture occurred during this period, a time of major change in India marked by the deurbanization of the Indus valley civilization and recolonization of the Gangetic plateau.
Inferences from our analyses provide novel insights into the history of these populations
as well as about the broad impact of human migrations.
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Chapter 1
Introduction*

*Some of the material was originally published as: Patterson N, Moorjani P, Luo Y, Mallick S,
Rohland N, Zhan Y, Genschoreck T, Webster T, Reich D. (2013) Ancient admixture in human
history. Genetics. 2012 Nov;192(3):1065-93. doi: 10.1534/genetics.112.145037. Epub 2012 Sep
7. It has been modified to fit the style of the thesis.
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The fields of archaeology, anthropology, linguistics, and the study of written texts have,
until recently, provided the main sources of information about inferences of human population
history. In the past few decades, however, population genetics – the study of inherited genetic
variation among populations – has established itself as a powerful new tool in this
armamentarium. The main kinds of genetic variation observed in humans are – changes in single
nucleotides (single nucleotide polymorphism (SNP)), changes in the number of copies of the
sequence (copy number variation (CNV)), and insertions or deletions of the genomic sequence
(InDels). These are primarily caused by evolutionary processes such as mutation, recombination,
and gene flow. Changes in the genome can affect the phenotype (such as skin color, disease
traits, height etc) in an individual. The first few population genetics studies utilized this insight
and indirectly investigated genetic variation by examining the distribution of phenotypes such as
blood groups and observed that different human populations have different proportions of blood
groups1. However, with the advent of electrophoresis, it became possible to directly characterize
genetic markers into different forms or alleles2; 3. By studying the distribution of these alleles
across different populations, for the first time, one could infer the history of populations directly
using genetic data1.
These studies were soon followed by sequencing of haploid, uniparentally-inherited
markers, e.g. Y-chromosome and mitochondria, that can be used to trace an individual’s
ancestral (paternal or maternal) lineages back in time4-6. These studies not only provided new
insights about the settlement of the world, for example by showing that the main history of
human populations is a story of migration and dispersal out of Africa ~45,000-60,000 years ago79

, but also provided a novel way of investigating the evolutionary history of our species.8; 10; 11 A

limitation, however, was that these inferences were often based on a handful of markers, and so
2

had limited resolution. For example, recent studies examining hundreds of thousands of markers
on autosomal DNA (chromosome 1-22) have shown that most non-Africans have ~1-4%
Neandertal ancestry12; a signal previously missed by studies of mitochondrial markers13.
Technological and scientific advances that followed made large-scale, genome-wide
investigations feasible and cost-effective. This enabled studies of fine-scale population
structure14; 15, estimation of basic parameters like mutation rate16; 17 and recombination rate18; 19,
impact of human adaptation to new environments20, as well as identification of disease risk
variants21. Another important observation from these studies was that populations did not simply
separate once and occupy different geographic locations; they had many secondary contacts
(after the initial migration out of Africa) and there was often mixture between individuals of
different groups, such that most populations around the globe today trace their ancestry to more
than one distinct ancestral group1;

22

. These populations of mixed ancestry are referred to as

admixed populations. For example, African Americans have on average about 80% African
ancestry and 20% European ancestry because of mixture that occurred in the past 500 years23,
and most Latinos harbor Native American, European and African ancestry24. There are only a
handful of human populations today that do not show any evidence of genetic admixture, and in
these populations, it is possible that the only reason there is no evidence of genetic admixture is
simply because it has not been detected so far.

1.1 Characterization of genomes of admixed individuals
The genome of an individual with mixed ancestry (admixed individual) represents a
mixture of alleles inherited from multiple ancestral (or parental) populations. Consider two
3

ancestral populations (shown in blue and orange in Figure 1.1) that diverged from each other a
long time ago, such that they have very distinct ancestry along their chromosomes. When these
populations mix with each other, the first generation offspring inherits one blue and one orange
chromosome. Recombination or crossovers in admixed individuals breaks down these
contiguous ancestry blocks, and leads to the creation of mosaic of chromosomal segments of
distinct (blue or orange) ancestry. The time and amount of gene flow between ancestral
populations influences the genetic variation (through the distribution of blue and orange ancestry
blocks) in the admixed population25; 26. In admixed individuals, markers show extended allelic
correlation or linkage disequilibrium (LD) relative to the ancestral populations and rate of decay
of the LD is related to the proportion of mixture, recombination rate and the time since
admixture27. These parameters (the time and amount of admixture) are not directly observed but
can be inferred from genetic data. Thus, studying the patterns of genetic variation and extended
LD in admixed populations can be useful for learning about human history.

1.2 Methods for analyzing population mixture
Over the past few decades, many methods have been developed for the identification of
the source of the admixing populations, estimation of the proportion of ancestry derived from
each ancestral group, and inferring signatures of admixture linkage disequilibrium and the time
of the admixture event(s). These methods broadly fall into two categories: (a) Descriptive
methods, and (b) Inference methods.

4

Figure 1.1 Schematic of genomic ancestry resulting from admixture between two ancestral
groups (shown in blue and orange). Each chromosome is represented by a vertical line. Gene
flow between the ancestral groups creates mosaic chromosomes containing blocks of ancestry
(either blue or orange) that vary in length depending on recombination rate and the time since
mixture. This figure was adapted from references [22] and [25].

Descriptive methods
Clustering methods such as Principal Component analysis (PCA)28; 29, STRUCTURE30
and ADMIXTURE31 have become indispensible tools for investigating population structure in
genomic data. These methods are based on identifying the most significant components of
variation in the data and highlighting the patterns of similarities and differences between
5

samples. Using STRUCTURE, Rosenberg et al. (2002) showed there is continental and regional
level clustering in genetic data, and by applying PCA32, Novembre et al. (2010) showed that one
can re-create the geographical map of Europe by studying the genetic variation in European
populations33. While these methods are powerful for detecting population substructure, they do
not provide any formal tests (the patterns in data can be generated by multiple population
histories). For instance, Novembre and Stephens (2010) showed that isolation-by-distance – in
which nearby populations exchange more genes with each other than with populations located
farther away – could generate gradients of genetic variation that look similar to long-distance
historical migrations34. STRUCTURE/ADMIXTURE results are also difficult to interpret
historically. These methods either work without explicitly fitting a historical model or by fitting
a model that is (usually) unrealistic as it assumes that all the populations have radiated from a
single ancestral group.

Inference methods
Inference methods broadly fall into two classes: local ancestry-based and global ancestrybased methods, based on the kind of information – allele frequency, LD or haplotype – they use
for making inferences. Local ancestry-based methods such as LAMP35, HAPMIX36,
FineSTRUCTURE37 and PCADMIX38 deconvolve ancestry at each locus in the genome and
provide individual-level information about ancestry. Recent methods by Pool and Nielson
(2011), Pugach et al. (2011) and Gravel et al. (2012) study the ancestry tract lengths distributions
to estimate a date of mixture39-41. These methods rely on accurate local ancestry information,
which becomes harder when the reference populations are highly divergent from the true mixing
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populations or the ancestry tracts are short (as in the case for ancient admixtures). These methods
can provide valuable insights into the recent history of populations, but they have reduced power
to study older events such as the ones I investigate in this dissertation (~30-300 generations).
Another approach for studying individual level variation is to study the distribution of
Identity-by-descent (IBD) sharing among individuals. Methods such as GERMLINE42, PLINK43
and BEAGLE FastIBD44 compare pairs of individuals to find shared tracts of chromosomal
segments that are inherited identical by descent due to recent common ancestry. Inferred IBD
segments provide information about the relationships between individuals – individuals that
share many long IBD segments, most likely have common ancestry within the past few
generations. This insight was used by Atzmon et al. (2011) to show that diverse Jewish groups
trace some of their ancestry to a recent common ancestor45. My study on the Roma gypsies
examines the distribution of IBD sharing between the Roma and non-Roma populations in India
to infer that the Roma are most closely related to Northwest Indian populations (Chapter 4). A
limitation of IBD methods is that they require large datasets (with many samples and high
density of SNPs) for accurate detection of IBD segments. In addition, current methods can only
reliably detect IBD segments that are > 2cM, which limits the utility of these methods to studies
of recent events (that occurred within the past 50 generations)46.
Global ancestry-based methods fit demographic models or phylogenetic trees to
population level data. One approach is to explicitly fit a model of demography to genetic data
that captures changes in population sizes, times of population mixtures and splits, and other
relevant parameters. The values of these parameters can be estimated from the data, often
involving simulations. Approximate Bayesian clustering methods47-49, Isolation Migration
models50-52 and more recently methods by Gutenkunst et al. (2009) and Gronau et al. (2011) are
7

based on this approach53; 54. While these methods provide valuable information about a range of
parameters, they can be computationally intractable for large datasets containing many
populations.
Another class of global ancestry-based methods uses allele frequency correlations across
populations to build phylogenetic trees of population relationships. These methods are inspired
by the ideas from Cavalli-Sforza and Edwards (1967), who fit phylogenetic trees of population
relationships to the Fst values measuring allele frequency differentiation between pairs of
populations55. These methods do not explicitly model each demographic parameter (the details
get absorbed into the branch lengths of the phylogenetic trees), and are thus feasible for
examining many populations simultaneously. A limitation of this approach, however, is that
mixture between populations violates the tree assumption. Later studies by Thompson (1975);
Lathrop (1982); Waddell and Penny (1996); Beerli and Felsenstein (2001); Pickrell and Pritchard
(2012), and Patterson et al. (2012) use phylogenetic graphs (phylogenetic trees that allow for
admixture) to model allele frequencies observed in multiple populations and provide formal tests
to examine the violation of the tree model56-61. However, to be computationally tractable, these
methods ignore allelic correlation across markers.
Chakraborty and Weiss (1988) introduced an approach that uses associations between
pairs of markers to infer demographic parameters related to admixture, such as the proportion
and time of admixture62. This approach is similar in spirit to estimating dates of admixture based
on local ancestry; however, it does not require explicit identification of each ancestry track and is
mathematically more tractable. My recent work further develops these ideas and shows that the
inferences based on admixture LD can provide unbiased estimates of the dates of mixture up to
500 generations in simulations (Chapter 2, 4)63; 64. In addition, recent work by Loh et al. (2013)
8

provides a framework for using the amplitude of the decay of admixture LD to learn about
various demographic parameters such as proportion of mixture from the ancestral population64,
source of the ancestral populations (unpublished data), and underlying model of admixture
(Chapter 5).

1.3 Applications of studying admixed populations
Studies of admixed populations can provide invaluable insights about the impact of
population migrations. Recent studies have shown that there were three streams of Asian gene
flow into Native Americans65 and that aboriginal Australians are descendants of an early
migration out of Africa that possibly dates back to 62,000 to 75,000 years before present66. By
tracing the source of the ancestry in an admixed population, one can not only understand the
history of the admixed population, but also infer the history of the ancestral groups, some of
which may no longer be extant. For example, one can rebuild the genomes of Native American
populations that have contributed ancestry to the genomes of present day Latinos and Mexicans,
but are no longer extant in unadmixed form24. In addition, by studying the extent of linkage
disequilibrium in admixed groups, one can estimate the time of the admixture event.
Sankararaman et al. (2012) apply LD-based methods similar to ROLLOFF (Chapter 2) and
estimate that the Neandertal admixture occurred in Europeans between 37,000–86,000 years
before present67. This is roughly consistent with the archaeological evidence for the presence of
Neandertal material in West Eurasia during this period67.
Studying admixed genomes can also be useful in identifying genes related to diseases.
Rife (1954) first proposed the use of admixture LD to characterize the genetic basis of traits in
9

admixed groups68. Later work by Chakraborty and Weiss (1988), Stephens (1994), McKeigue
(1997), Patterson et al. (2004) and Montana and Pritchard (2004) laid out the foundation of
admixture mapping that examines the variation of ancestry along the genome and its correlation
with disease risk25; 62; 69-72. This approach takes advantage of the fact that near a disease-causing
locus there will be enhanced ancestry of the population that has greater risk of causing the
disease. Admixture mapping has been very successful in identifying risk variants related to a
range of diseases in African Americans and Latinos25; 73; 74. However, this technology is currently
limited to recently admixed populations only (where the mixture occurred within the past 500
years). New genetic variants introduced through admixture, from one population into another,
can have an impact on phenotypic traits. For example, a recent study in Latinos has shown that
some of the risk variants associated to diabetes trace their origin to Neandertal admixture in this
population (unpublished work)75. Also a study of inheritable cardiomyopathies in India has
discovered a strong association of this disease to a 25 base pairs (bp) deletion that is common in
South Asia, present in Southeast Asia but absent everywhere else in the world76. The deletion is
likely related to Ancestral South Indian ancestry in Indians. Thus, studying ancestry and its
association to disease risk in admixed populations can be very informative for identifying disease
variants.

1.4 Summary of Thesis
The majority of research on admixed populations has focused on recently admixed
groups such as Africans Americans and Latinos (where the mixture between the ancestral groups
has occurred within the past 20 generations). Limited work has been done for making these
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methods accessible to other admixed groups, where the admixture is older and/or data from the
ancestral population is not available. In this dissertation, I develop and apply novel methods to
expand the scope of admixed studies to West Eurasians and South Asians.
First, I present a novel method called ROLLOFF that uses admixture LD to infer the date
of the admixture event. I perform extensive simulations to show that ROLLOFF produces
unbiased estimates of the dates of admixture as well as accurate standard errors up to 500
generations and is robust to substantially inaccurate ancestral populations as well as errors in the
genetic map at these time scales. I examine allele frequency correlations across populations (fstatistics) to understand population relationships of the admixed groups with other worldwide
populations. Finally, I develop a novel approach that combines the inferences from both
frequency-based and LD-based methods to infer the underlying model of admixture. This
approach compares the amount of LD observed in the target population to the amount expected
under a model of single pulse of mixture. This enables me to disentangle models of single vs
multiple gene exchanges, while leveraging information from multiple sources of data.
I apply these methods to study the history of sub-Saharan African ancestry in Europeans,
Levantines and Jews (Chapter 2); to infer the history of Siddis living in India, who have African,
Indian and Portuguese ancestry (Chapter 3); to understand the history of European Roma gypsy
populations (Chapter 4); and finally to reconstruct the history of South Asian populations who
descend from a mixture of two highly divergent ancestral populations: Ancestral North Indians
(ANI) related to West Eurasians, and Ancestral South Indians (ASI) not closely related to groups
outside the subcontinent (Chapter 5).

11

In all four cases, I record strong evidence of admixture using f-statistics and perform
analyses to characterize the admixture by inferring the contribution of ancestry from each
ancestral population, identifying the populations that are most closely related to the source of the
admixture, and estimating the timing of the admixture event. Inferences from these analyses can
be used to improve the understanding of population relationships and expand techniques such as
admixture mapping to South Asians and West Eurasians.
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2.1 Abstract
Previous genetic studies have suggested a history of sub-Saharan African gene flow into
some West Eurasian populations after the initial dispersal out of Africa that occurred at least
45,000 years ago. However, there has been no accurate characterization of the proportion of
mixture, or of its date. We analyze genome-wide polymorphism data from about 40 West
Eurasian groups to show that almost all Southern Europeans have inherited 1-3% African
ancestry with an average mixture date of around 55 generations ago, consistent with North
African gene flow at the end of the Roman Empire and subsequent Arab migrations. Levantine
groups harbor 4-15% African ancestry with an average mixture date of about 32 generations ago,
consistent with close political, economic and cultural links with Egypt in the late middle ages.
We also detect 3-5% sub-Saharan African ancestry in all eight of the diverse Jewish populations
that we analyzed. For the Jewish admixture, we obtain an average estimated date of about 72
generations. We hypothesize that this may reflect descent of these groups from a common
ancestral population that already had some African ancestry prior to the Jewish Diasporas.

2.2 Author Summary
Southern Europeans and Middle Eastern populations are known to have inherited a small
percentage of their genetic material from recent sub-Saharan African migrations, but there has
been no estimate of the exact proportion of this gene flow, or of its date. Here, we apply genomic
methods to show that the proportion of African ancestry in many Southern European groups is 13%, in Middle Eastern groups is 4-15% and in Jewish groups is 3-5%. To estimate the dates
when the mixture occurred, we develop a novel method that estimates the size of chromosomal
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segments of distinct ancestry in individuals of mixed ancestry. We verify using computer
simulations that the method produces useful estimates of population mixture dates up to 300
generations in the past. By applying the method to West Eurasians, we show that the dates in
Southern Europeans are consistent with events during the Roman Empire and subsequent Arab
migrations. The dates in the Jewish groups are older, consistent with events in classical or
biblical times that may have occurred in the shared history of Jewish populations.

2.3 Introduction
The history of human migrations from Africa into West Eurasia is only partially
understood. Archaeological and genetic evidence indicate that anatomically modern humans
arrived in Europe from an African source at least 45,000 years ago, following the initial dispersal
out of Africa1; 2. However, it is known that Southern Europeans and Levantines (people from
modern day Palestine, Israel, Syria and Jordan) have also inherited genetic material of African
origin due to subsequent migrations. One line of evidence comes from Y-chromosome3 and
mitochondrial DNA analyses4-6. These have identified haplogroups that are characteristic of subSaharan Africans in Southern Europeans and Levantines but not in Northern Europeans7. Auton
et al.8 presented nuclear genome-based evidence for sharing of sub-Saharan African ancestry in
some West Eurasians, by identifying a North-South gradient of haplotype sharing between
Europeans and sub-Saharan Africans, with the highest proportion of haplotype sharing observed
in south/southwestern Europe. However, none of these studies used genome-wide data to
estimate the proportion of African ancestry in West Eurasians, or the date(s) of mixture.
Throughout this report, we use “African mixture” to refer to gene flow into West Eurasians since
the divergence of the latter from East Asians; thus, we are not referring to the much older
22

dispersal out of Africa ~45,000 years ago but instead to migrations that have occurred since that
time.

2.4 Results
We assembled data on 6,529 individuals drawn from 107 populations genotyped at
hundreds of thousands of single nucleotide polymorphisms (SNPs). This included 3,845
individuals from 37 European populations in the Population Reference Sample (POPRES)9; 10,
940 individuals from 51 populations in the Human Genome Diversity Cell Line Panel (HGDPCEPH)11;
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, 1,115 individuals from 11 populations in the third phase of the International

Haplotype Map Project (HapMap3)13, 392 individuals who self reported as having Ashkenazi
Jewish ancestry from InTraGen Population Genetics Database (IBD)14 and 237 individuals from
7 populations in the Jewish HapMap Project15. For most analyses, we used HapMap3 Utah
European Americans (CEU) to represent Northern Europeans and HapMap3 Yoruba Nigerians
(YRI) to represent sub-Saharan Africans, although we also verified the robustness of our
inferences using alternative populations.
We curated these data using Principal Components Analysis (PCA)16, with the most
important steps being: (i) Removal of 140 individuals as outliers who did not cluster with the
bulk of samples of the same group, (ii) Removal of all 8 Greek samples who separated into subclusters in PCA so that it was not clear which of these clusters was most representative, (iii)
Splitting the Bedouins into two genetically discontinuous groups, and (iv) Reclassifying the 5
Italian groups into three ancestry clusters (Sardinian, Northern-Italy, and Southern-Italy) (see
details in Text A.1, Figure A.1). A comparison of results before and after this curation is
23

presented in Table A.3, where we show that this data curation does not affect our qualitative
inferences.
To study the signal of African gene flow into West Eurasian populations, we began by
computing principal components (PCs) using South Africans (HGDP-CEPH- San) and East
Eurasians (HapMap3 Han Chinese- CHB), and plotted the mean values of the samples from each
West Eurasian population onto the first PC, a procedure that has been called “PCA projection”17;
18

. The choice of San and CHB, which are both diverged from the West Eurasian ancestral

populations19;
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, ensures that the patterns in PCA are not affected by genetic drift in West

Eurasians that has occurred since their common divergence from East Eurasians and South
Africans. We observe that many Levantine, Southern European and Jewish populations are
shifted towards San compared to Northern Europeans, consistent with African mixture, and
motivating formal testing for the presence of African ancestry (Figure 2.1, Figure A.2).
To formally test for the presence of African mixture, we first performed the 4 Population
Test. This test is based on the insight that if populations A and B form sister groups relative to C
and D, the allele frequency differences (pA-pB) and (pC-pD) should be uncorrelated as they
represent independent periods of random genetic drift21. Applying the 4 Population Test to the
proposed relationship (YRI,(Papuan,(CEU,X))) where X is a range of West Eurasian populations,
we find significant violations for all Southern European, Jewish and Levantine populations but
not for Northern Europeans (Table 2.1). The results remain unchanged even when we use
alternate topologies replacing YRI with other African populations (Text A.2, Table A.4). We
further verified these inferences with the 3 Population Test21, which capitalizes on the insight
that for any 3 populations (X; A, B), the product of the allele frequency differences (pX-pA) and
(pX-pB) is expected to be negative only if population X descends from a mixture of populations
24

Table 2.1. Formal Tests for population mixture

Population (X)

African Americans
Palestine
Turkey
Bedouin-g1
Bedouin-g2
Druze
Spain
Portugal
Romania
Croatia
Bosnia-Herzegovina
Sardinia
Southern-Italy
Northern-Italy
Austria
Poland
Hungary
Czech Republic
Adygei
Russia
Russia
Swiss-French
France
France
Basque
Belgium
Orkney
United Kingdom
Ireland
Scotland
Netherlands
Swiss-German
Germany
Sweden
Ashkenazi Jews
Ashkenazi Jews
Syrian Jews
Iranian Jews
Iraqi Jews
Sephardic Greek Jews
Sephardic Turkey Jews
Italian Jews

Samples

Region

49
43
6
15
30
41
137
134
14
6
9
27
121
90
14
22
19
11
17
6
25
759
92
28
24
43
15
388
62
5
17
84
74
11
323
34
25
24
36
39
27
27

n/a
L
L
L
L
L
SE
SE
SE
SE
SE
SE
SE
SE
ECE
ECE
ECE
ECE
ECE
ECE
ECE
I
I
I
I
I
I
I
I
I
I
I
I
I
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Dataset
HapMap3
HGDP-CEPH
POPRES
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
POPRES
POPRES
POPRES
POPRES
POPRES
HGDP-CEPH
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
HGDP-CEPH
POPRES
HGDP-CEPH
POPRES
POPRES
HGDP-CEPH
HGDP-CEPH
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
IBD
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap

Z-score for 4 Pop. Test
((Px-PCEU),(PPapuan-PYRI))

Z-score for 3 Pop.
Test
((Px-PCEU),(Px-PYRI))

-85.1
-27.9
-1
-36
-25.8
-14.6
-12.3
-14.9
-0.5
0.7
-0.6
-9.3
-10.7
-5.7
-0.2
1.3
0.4
0.5
2.9
0.6
11.4
-3.2
-1.9
-1.9
-1.2
-0.9
3.2
1.5
1.7
3.3
1.0
-1
-0.9
1.6
-11.6
-9.5
-10.1
-5.9
-8.5
-13.7
-13.6
-11.4

-108.9
-24.7
-3.4
-40.7
>0
>0
-21.1
-29
-5.1
>0
-1.5
>0
-14.2
-5.7
-2.4
>0
-5.6
>0
>0
-0.2
>0
-6.1
-3.7
-2.9
>0
-2.2
>0
>0
>0
>0
>0
-2.6
-2.8
0
>0
-2.2
-2.3
>0
>0
-15.2
-17.1
>0

Notes: We analyzed data from all West Eurasian populations with ≥5 samples. Regions are abbreviated: I – Northwest Europe, ECE –
East-Central Europe, SE – Southern Europe and L – Levant. We used a Block Jackknife (block size of 5cM) to correct for LD among
SNPs and to estimate a Z-score that reports the number of approximately normally distributed standard deviations that the correlation
coefficient differs from 0. For the 4 Population Test, we interpret |Z|>3 as significant evidence for mixture (we test the tree ((PxPCEU)(PPapuan-PYRI), and do not show the tests of the two alternative trees, although all |Z|-scores are >16). For the 3 Population Test, we
interpret Z<-3 as significant evidence for mixture; a positive score for the 3 Population Test is possible even in the presence of
population mixture, since genetic drift after mixture can mask the signal (for example, Bedouin-g2). Scores that are significant are
highlighted in bold. For further study of sub-Saharan African mixture, we chose populations with a significantly negative score by the 4
Population Test (bold).
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Figure 2.1 PCA Projection. PCA was performed using genome-wide SNP data from East
Asians (HapMap3- CHB) and South Africans (HGDP-CEPH- San). All West Eurasians
populations with samples sizes of n ≥ 5 were then projected onto these PCs. (a) The first panel
presents data for all populations and (b) the second panel provides a higher resolution view of
West Eurasians after removing sub-Saharan Africans. Each point on this graph indicates the
mean value of the first PC for a projected population. West Eurasians populations are colored by
5 regional groupings—“Northwest Europe”, “East-Central Europe”, “Southern Europe”,
“Levant”, “Jewish Groups” (the assignments of populations to groups is shown in Table 2.1).
The grouping “Sub-Saharan Africa” refers to six populations from the HGDP-CEPH panel:
Kenyan Bantu, South African Bantu, Mandenka, Mbuti Pygmy, Biaka Pygmy and Yoruba.

related to populations A and B21. We verified that this method is robust to SNP ascertainment
bias by carrying out simulations showing that the 3 Population Test detects real admixture even
if all SNPs used in the analysis are discovered in population A, population B, or in both
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populations A and B (Text A.3). Application of the test to each West Eurasian population (using
A=YRI and B=CEU) finds little or no evidence of mixture in North Europeans but highly
significant evidence in many Southern European, Levantine and Jewish groups (Table 2.1).
To estimate the proportion of sub-Saharan African ancestry in the various West Eurasian
populations that showed significant evidence of mixture, we used f4 Ancestry Estimation21, a
method which produces accurate estimates of ancestry proportions, even in the absence of data
from the true ancestral populations. This method estimates mixture proportions by fitting a
model of mixture between two ancestral populations, followed by (possibly large) populationspecific genetic drift. Briefly, we calculate a statistic that is proportional to the correlation in the
allele frequency difference between West Eurasians and sub-Saharan Africans, and divide it by
the same statistic for a population of sub-Saharan African ancestry, like YRI (Figure 2.2). This
method has been shown through simulation to be robust to ascertainment bias on the SNP arrays
and deviations from the assumed model of mixture (e.g. date and number of mixture events)21.
Application of f4 Ancestry Estimation suggests that the highest proportion of African
ancestry in Europe is in Iberia (Portugal 3.2 ± 0.3% and Spain 2.4 ± 0.3%), consistent with
inferences based on mitochondrial DNA6 and Y chromosomes7 and the observation by Auton et
al.8 that within Europe, the Southwestern Europeans have the highest haplotype-sharing with
Africans. The proportion decreases to the north and we find no evidence for mixture in Russia,
Sweden and Scotland (Table 2.2, Figure A.6). We also detect about 3-5% sub-African ancestry
in all the Jewish populations, a finding that is novel as far as we are aware, and certainly has not
been unambiguously demonstrated or quantified. For Levantines, the proportions are often
higher: 9.3% ± 0.4% in Palestinians and >10% in the Bedouins (Standard errors were calculated
using a Block Jackknife as described in Materials and Methods). Table 2.2 presents the ancestry
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estimates that we obtain for all West Eurasian populations with significant evidence of mixture
by the 4 Population Test (Z-score < -3).

Figure 2.2 Estimation of African ancestry using f4 Ancestry Estimation.

f4 Ancestry

Estimation computes the quantity [(San-Papuan).(X–CEU)/ [(San-Papuan).(YRI-CEU)]; where X
= any West Eurasian population. The denominator is proportional to the genetic drift m that
occurred in the ancestors of West or East Africans since their divergence from San but prior to
their divergence from West Eurasians (intersection of red and orange lines). The numerator is
proportion to p*(Ancestral Africans-YRI) + (1-p)*(Ancestral Europeans-CEU). Since the
branches connecting (San, Papuan) and (CEU, X) do not overlap each other, the quantity (1p)*(X-CEU) = 0 and hence the numerator is expected to equal pm. Thus, the ratio of the
numerator and denominator is expected to equal p (Ancestral African mixture proportion). This
figure is adapted from reference21, where we first developed f4 Ancestry Estimation, and where
we reported computer simulations demonstrating its robustness.
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HapMap3
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
POPRES
POPRES
HGDP-CEPH
POPRES
POPRES
POPRES
IBD
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap

African Americans
Palestinian
Bedouin-g1
Bedouin-g2
Druze
Spain
Portugal
Sardinian
Southern-Italy
Northern-Italy
Swiss-French
Ashkenazi Jews
Ashkenazi Jews
Syrian Jews
Iranian Jews
Iraqi Jews
Sephardic Greek Jews
Sephardic Turkey Jews
Italian Jews

n/a
L
L
L
L
SE
SE
SE
SE
SE
I
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Region

49
43
15
30
41
137
134
27
121
90
759
323
34
25
24
36
39
27
27

Sam
-ples

79.4% ± 0.3%
9.3% ± 0.4%
14.5% ± 0.4%
10.1% ± 0.4%
4.4% ± 0.4%
2.4% ± 0.3%
3.2% ± 0.3%
2.9% ± 0.5%
2.7% ± 0.3%
1.1% ± 0.3%
0.5% ± 0.2%
2.8% ± 0.3%
3.2% ± 0.4%
3.9% ± 0.5%
2.6% ± 0.6%
3.8% ± 0.5%
4.8% ± 0.4%
4.5% ± 0.4%
4.9% ± 0.5%

77.2%
11.0%
15.6%
11.6%
5.6%
1.1%
2.1%
0.2%
1.7%
0.2%
0.1%
2.6%
2.6%
4.1%
4.6%
4.5%
3.7%
4.3%
4.0%

West African
ancestry
proportion
using
STRUCTURE

6±1
34 ± 2
34 ± 3
33 ± 2
54 ± 7
55 ± 3
45 ± 5
96 ± 28
62 ± 6
154 ± 27
71 ± 6
91 ± 11
76 ± 13
99 ± 23
129 ± 34
153 ± 22
82 ± 8
89 ± 11
88 ± 19

Estimated date
of admixture
(generations ±
standard error)

0
1
2
2
10
0
0
25
0
-26
n/a
n/a
23
27
59
38
20
16
15

Bias from
simulations
(generations)*

6±1
33 ± 2
32 ± 3
31 ± 2
44 ± 7
55 ± 3
45 ± 5
71 ± 28
62 ± 6
180 ± 27
n/a
n/a
53 ± 13
72 ± 23
70 ± 34
115 ± 22
62 ± 8
73 ± 11
73 ± 19

Estimated date
of admixture
after bias
correction

* Our simulations show that ROLLOFF produces a bias in the date estimates for small sample sizes, small mixture proportions, and old mixture dates. For each row of this
table, we carried out a simulation to assess the expected bias for the inferred parameters (Table A.12) and we computed the bias as (average - true date) in generations.
Based on the simulation results, we have corrected the estimate in the last column as (estimated date - bias). We do not report a correction for the two rows marked “n/a”
because our simulator cannot accommodate this large sample size.

Note: Estimates of the proportions and dates of mixture for all populations that give statistically significant evidence of mixture in Table 2.1 (4 Population Test Z<-3).
Regions are abbreviated as: I – Northwest Europe, SE – Southern Europe and L – Levant. Mixture proportion estimates are based on f4 Ancestry Estimation using San,
Yoruba, CEU and Papuan as the reference populations. The ROLLOFF estimated date of mixture uses CEU and YRI as the proposed ancestral populations (in the
supplementary materials, we show that very similar inferences are obtained when the analysis is repeated with other ancestral populations, such as East Africans Luhya
instead of Yoruba). Standard errors are computed using a Block Jackknife.

Dataset

Population (X)

West African
ancestry
proportion ±
standard error

Table 2.2. Estimates of mixture proportions and date of mixture

To test if our inferences are dependent on the sub-Saharan African population that
was used as the reference group, we also repeated analyses with other sub-Saharan
African populations replacing YRI. This analysis shows that our estimates of mixture
proportions do not change significantly based on the ancestral population used (Text
A.2c, Table A.5). We obtained similar estimates when we applied STRUCTURE 2.222 to
estimate the mixture proportions using ~13,900 independent markers (that were not in
linkage disequilibrium (LD) with each other) (Table 2.2, Figure A.5).

Figure 2.3 Testing for LD due to African admixture in West Eurasians. To generate
these plots, we used the ROLLOFF software to calculate the LD between all pairs of
markers in each population, weighted by their frequency difference between YRI and
CEU to make the statistic sensitive to admixture LD. We plot the correlation as a function
of genetic distance for Portuguese, Russians, Sephardic Greek Jews and Palestinians. We
do not show inter-SNP intervals of <0.5cM since we have found that at this distance
admixture LD begins to be confounded by background LD, and so inferences are not
reliable (exponential curve fitting does not include inter-SNP intervals at this scale).
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The finding of sub-Saharan African ancestry in West Eurasians predicts that there
will be a signature of admixture LD in the populations that experienced this mixture. That
is, there will be LD between all markers that are highly differentiated between the two
ancestral populations and the allele will be strongly correlated to the local ancestry23.
Hence, there will be chromosomal segments of African ancestry with lengths that reflect
the number of recombination events that have occurred since mixture, and thus can be
used to estimate an admixture date. Figure 2.3 shows that this expected pattern is
observed empirically in the decay of LD in four example West Eurasian populations,
where we enhance the effects of admixture LD by weighting the SNP comparisons by
frequency difference between the ancestral Africans (YRI) and ancestral West Eurasians
(CEU). In the Southern European, Jewish and Levantine populations, this procedure
produces clear evidence of admixture LD (Figure 2.3). However, Northern Europeans
(Russians in Figure 2.3) do not show any evidence of African gene flow, consistent with
the 4 Population and 3 Population Test results and Figure 2.1. Similar results are seen
for other West Eurasian and Jewish populations that show evidence of mixture in the 4
Population Test (Figure A.10).
To estimate a date for the mixture event, we developed a novel method
ROLLOFF that computes the time since mixture using the rate of exponential decline of
admixture LD in plots such as Figure 2.3. ROLLOFF computes the correlation between a
(signed) statistic for LD between a pair of markers and a weight that reflects their allele
frequency differentiation in the ancestral populations. By examining the correlation
between pairs of markers as they become separated by increasing genetic distance and
fitting an exponential distribution to this rolloff by least squares, we obtain an estimate of
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the date (see Materials and Methods and Text A.4). ROLLOFF also computes an
approximately normally distributed standard error by carrying out Weighted Jackknife
analysis 24, where we drop one chromosome in each run and study the fluctuation of the
statistic in order to assess the stability of the estimate.

Figure 2.4 ROLLOFF simulation results. We constructed 10 individuals of mixed
African and European ancestry (where individuals had 20% European ancestry) for
various time depths ranging from 10-300 generations (with intervals of 10 generations).
We performed ROLLOFF analysis using another independent dataset of European
Americans and Nigerian Yoruba individuals as reference populations. We plot the true
time depth (that was used for the simulations) against the estimated time depth computed
by ROLLOFF. The expected time depth is shown as a dotted grey line. Standard errors
were calculated using the Weighted Block Jackknife described in the Materials and
Methods.
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To verify the accuracy and sensitivity of ROLLOFF, we carried out extensive
simulations by constructing the genomes of individuals of mixed ancestry by sampling
haplotypes from North Europeans (CEU) and West Africans (YRI) (see Materials and
Methods). We verified that ROLLOFF produces accurate estimates of the date of
mixture, even in the case of old admixture (up to 300 generations – Figure 2.4) and is
robust to substantially inaccurate ancestral populations as well as fine scale errors in the
genetic map (Text A.4). In addition, to test the robustness of our inferences, we applied
all the methods to African Americans and obtained consistent results for the proportion of
mixture (79.4 ± 0.3%) and date of mixture (6 ± 1), which is in agreement with previous
reports25; 26. However, in the case of low mixture proportion and old admixture dates, we
observed that there is a slight bias in the estimated date (Text A.4d, Table A.9). This
effect is related to the weakness of the signal: it attenuates as the sample size or
admixture proportion becomes larger (Text A.4d, Table A.10, Table A.11).
An important concern was how ROLLOFF would perform when the true history
of admixture involved multiple pulses of gene exchange, rather than the single pulse of
gene exchange that we modeled. To explore this, we first simulated two distinct gene
flow events, and then estimated the date using a single exponential distribution. The
simulations show that ROLLOFF’s estimate of the date tends to correspond reasonably
well to the more recent admixture event, with a slight upward bias towards the older date.
Second, we performed simulations under a continuous gene flow model and found that
the estimated dates are intermediate between the start and end of the gene flow, as
expected. To see if we could obtain a better inference of the range of dates, we tried
fitting sum of multiple exponential distributions, but this did not work reliably, which
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may be related to the well-known difficulty of fitting a sum of exponentials to data with
even a small amount of noise27 (Text A.4). Pool and Nielsen recently showed that multimarker haplotype data could be useful for distinguishing a single pulse of gene exchange
from changing migration rates over time28. However, a complication with applying this
approach to relatively old dates is that haplotype-based methods need to model
background LD. In the case of old mixture events (dozens or hundreds of generations),
inaccurate modeling of background LD can bias estimates26; 29. We are not aware of any
published method that can produce accurate date estimates while modeling background
LD correctly for mixture dates as old as those that have been explored by ROLLOFF in
Figure 2.4.
We applied ROLLOFF to all the West Eurasian populations that gave significant
signals of mixture by the 4 Population Test, fitting a single exponential decay in each
case. We estimate that the date of sub-Saharan African mixture in Portugal is 45 ± 5
generations and in Spain is 55 ± 3 generations. We estimate a more recent date of 34 ± 3
for Bedouin-g1, 33 ± 2 for Bedouin-g2, and 34 ± 2 generations for Palestinians. We
estimate older dates of ~70-150 generations in the various Jewish populations, with wide
and in most cases overlapping confidence intervals (Table 2.2, Figure A.10). Averaging
the mixture dates over all populations from each region (weighted by the inverse of the
squared standard error), we obtain an average of 55 generations for Southern Europeans,
34 for Levantines and 89 for Jews.
As described above, in our simulations to explore the behavior of ROLLOFF we
detected an upward bias in the date estimates that grew worse with older mixture dates,
small mixture proportions, and small sample sizes (but does not appear to be affected by
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use of inaccurate ancestral populations). To assess the degree to which this bias might be
affecting our date estimates, we performed simulations for each population in Table 2.2
separately, in which we set the number of samples, mixture proportion and time since
mixture to match the parameters estimated from the real data. We repeated our
simulations 100 times for each parameter setting and estimated the bias of our estimated
date from the true (simulated) date. The bias is very small for the most of the Southern
European and Levantine samples, which generally had large sample sizes, recent dates,
and high mixture proportions. However, the bias is larger for the Jewish groups (Table
2.2, Table A.12). Correcting for the bias inferred in our simulation of Table A.12, we
obtain corrected estimates of the average date of 55 generations for Southern Europeans,
32 for Levantines, and 72 for Jews. A caveat about these regional date estimates is that
they reflect weighted averages across the populations in each region. However, it is
important to recognize that the admixture events detected within each region may not
reflect the same historical events; for example, it is plausible that the sub-Saharan African
admixture in Spain and Italy have different historical origins.

2.5 Discussion
The finding of African ancestry in Southern Europe dating to ~55 generations
ago, or ~1,600 years ago assuming 29 years per generation30, needs to be placed in
historical context. The historical record documents multiple interactions of African and
European populations over this period. One potential opportunity was during the period
of Roman occupation of North Africa that lasted until the early 5th century AD, and
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indeed tomb inscriptions and literary references suggest that trade relations continued
even after that time31; 32. North Africa was also a supplier of goods and products such as
wine and olive oil to Italy, Spain and Gaul from 200-600 AD, and Morocco was a major
manufacturer of the processed fish sauce condiment, garum, which was imported by
Romans33. In addition, there was slave trading across the western Sahara during Roman
times7; 34. Another potential source of some of the African ancestry, especially in Spain
and Portugal, is the invasion of Iberia by Moorish armies after 711 AD35; 36. If the Moors
already had some African ancestry when they arrived in Southern Europe, and then
admixed with Iberians, we would expect the admixture date to be older than the date of
the invasion, as we in fact observe.
The signal of African mixture that we detect in Levantines (Bedouins,
Palestinians and Druze) – an average of 32 generations or ~1000 years ago – is more
recent than the signal in Europeans, which might be related to the migrations between
North Africa and Middle East that have occurred over the last thousand years, and the
proximity of Levantine groups geographically to Africa. Syria and Palestine were under
Egyptian political control until the 16th century AD when they were conquered by the
Ottoman Empire. This is in concordance with our proposed dates. In addition, the Arab
slave trade is responsible for the movement of large numbers of people from Africa
across the Red Sea to Arabia from 650 to 1900 AD and probably even prior to the Islamic
times7; 37. We caution that our sampling of the Middle East is sparse, and it will be of
interest to study African ancestry in additional groups from this region.
A striking finding from our study is the consistent detection of 3-5% sub-Saharan
African ancestry in the 8 diverse Jewish groups we studied, Ashkenazis (from northern
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Europe), Sephardis (from Italy, Turkey and Greece), and Mizrahis (from Syria, Iran and
Iraq). This pattern has not been detected in previous analyses of mitochondrial DNA and
Y chromosome data7, and although it can be seen when re-examining published results of
STRUCTURE-like analyses of autosomal data, it was not highlighted in those studies, or
shown to unambiguously reflect sub-Saharan African admixture15; 38. We estimate that
the average date of the mixture of 72 generations (~2,000 years assuming 29 years per
generation30) is older than that in Southern Europeans or other Levantines. The point
estimates over all 8 populations are between 1,600-3,400 years ago, but with largely
overlapping confidence intervals. It is intriguing that the Mizrahi Irani and Iraqi Jews—
who are thought to descend at least in part from Jews who were exiled to Babylon about
2,600 years ago39; 40 —share the signal of African admixture (An important caveat is that
there is significant heterogeneity in the dates of African mixture in various Jewish
populations). A parsimonious hypothesis for these observations is that they reflect a
history in which many of the Jewish groups descend from a common ancestral population
which was itself admixed with Africans, prior to the beginning of the Jewish diaspora
that occurred in 8th to 6th century BC41. The dates that emerge from our ROLLOFF
analysis in the non-Mizrahi Jews could also reflect events in the Greek and Roman
periods, when there were large communities of Jews in North Africa, particularly
Alexandria34; 42. We note that we detect a similar African mixture proportion in the nonJewish Druze (4.4 ± 0.4%) although the date is more recent (54 ± 7 generations; 44 ± 7
after the bias correction). Algorithms such as PCA and STRUCTURE show that various
Jewish populations cluster with Druze15, which coupled with the similarity in mixture
proportions, is consistent with descent from a common ancestral population. Importantly,
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the other Levantine populations (Bedouins and Palestinians) do not share this similarity
in the African mixture pattern with Jews and Druze, making them distinct in their
admixture history.
A caveat to these results is that we estimated dates assuming instantaneous
mixture, but in fact we have not distinguished between the patterns expected for
instantaneous admixture and continuous gene flow over a long period. In Text A.4f, we
report simulations showing that for continuous gene flow, the dates from ROLLOFF
reflect the average of mixture dates over a range of times, and so the date should be
interpreted only as an average number.
A potential issue that could in theory influence our findings is that the exact
population contributing to African ancestry in West Eurasians is unknown. To gain
insight into the African source populations, we carried out PCA analyses, which
suggested that the African ancestry in West Eurasians is at least as closely related to East
Africans (e.g. Hapmap3 Luhya (LWK)) as to West Africans (e.g. Nigerian Yoruba
(YRI)) (the same analyses show that there is no evidence of relatedness to Chadic
populations like Bulala) (Text A.5). We also used the 4 Population Test to assess whether
the tree ((LWK, YRI),(West Eurasian, CEU)) is consistent with the data, and found no
evidence for a violation, which is consistent with a mixture of either West African or East
African ancestors or both contributing to the African ancestry in West Eurasians (Table
A.14). Historically, a mixture of West and East African ancestry is plausible, since
African gene flow into West Eurasia is documented from both West Africa during
Roman times34 and from East Africa during migrations from Egypt7. It is important to
point out, however, that the difficulty of pinpointing the exact African source population
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is not expected to bias our inferences about the total proportion and date of mixture. The
f4 Ancestry Estimation method is unbiased even when we use a poor surrogates for the
true ancestral African population (as long as the phylogeny is correct), as we confirmed
by repeating analyses replacing YRI with LWK, and obtaining similar results (Table
A.15). Our ROLLOFF admixture date estimates are also similar whether we use LWK or
YRI to represent ancestral African population (Table A.15), as predicted by the theory.
In summary, we have documented a contribution of sub-Saharan African genetic
material to many West Eurasian populations in the last few thousand years. A key area
for future work should be to identify the source populations for this admixture, which
should provide new insights about West Eurasian history.

2.6 Materials and Methods
Datasets
We analyzed individuals of West Eurasian ancestry from several sources: The Population
Reference Sample (POPRES)9; 10 (n=3,845 samples from 37 populations genotyped on an
Affymetrix 500K array), the Human Genome Diversity Cell Line Panel (HGDP-CEPH)12
(n=940 samples from 51 populations genotyped on an Illumina 650K array), The
International Haplotype Map (HapMap) Phase 313 (n=1,115 samples from 11 populations
genotyped on an Illumina 1M array), the InTraGen Population Genetics Database (IBD)14
(n=392 Ashkenazi Jews genotyped on an Illumina 300K array) and the Jewish HapMap
Project15 (n=232 from 7 Jewish populations genotyped on an Affymetrix 6.0 array). We
created a merged dataset containing 6,529 individuals -out of which 3,614 individuals of
West Eurasian, African and Eastern Eurasian ancestry were used for the final analysis.
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Detailed information about the number of individuals and markers included in each
analysis is provided in Table A.1. We used NCBI Build 35 genetic map to determine
physical position and the Oxford LD-based map to determine genetic positions of all
SNPs43.

Methods for characterizing mixture
Principal Component analysis (PCA): PCA was performed using smartpca, part
of the EIGENSOFT 3.0 package16. For the PCA Projection analysis, the poplistname flag
was used to compute Principal Components (PCs) on only a subset of populations from
the dataset17;
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. The merged dataset M with 36,175 SNPs was used for this analysis

(Table A.1).
4 Population Test: For any 4 populations (A, B, C, D), there are three possible
unrooted phylogenetic trees. If the tree ((A, B), (C, D)) is correct, then the genetic drift
separating A and B should not be correlated to the drift separating C and D. However, if
mixture occurred, then the correlation might be non-zero (Figure A.3). We compute the
correlation as in reference21, and use a Block Jackknife

24; 44

that drops 5 centimorgan

(cM) blocks of the genome in each run, to compute a standard error of the statistic. We
convert the correlation into a Z-score and test for mixture by assessing whether the Zscore is more than 3 standard deviations different from 0. To test for sub-Saharan African
mixture

in

West

Eurasians,

we

tested

the

unrooted

phylogenetic

tree

((YRI,Papuan),(CEU,X)) where X is a range of West Eurasian populations. For this
analysis, we intersected the HGDP-CEPH and HapMap3 data with all other datasets
(POPRES, IBD, Jewish HapMap) to preserve the maximum number of SNPs. The
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merged datasets G, J, K and L with ~606K, ~85K, ~284K and ~118K SNPs respectively
were used for these analyses (Table A.1).
3 Population Test: The 3 Population Test can verify if population X is related to
populations A and B through a simple tree or has arisen due to mixture. For a simple tree,
the product of the frequencies differences between A and X, and B and X, is expected to
be positive21. We compute a Z-score reporting the number of standard deviations that the
statistic differs from 0, using the same Block Jackknife procedure as described above. A
significantly negative value provides an unambiguous signal for mixture in X related to
populations A and B21 (also see Figure A.3). For this analysis, we intersected HapMap3
dataset individually with all other datasets (HGDP-CEPH, POPRES, IBD, Jewish
HapMap). The merged datasets F, G, H, I containing ~347K, ~606K, ~284K and ~466K
SNPs respectively were used for the analysis (Table A.1).
f4 Ancestry Estimation: We assume the population relationships shown in Figure
2.2 and denote the allele frequency of SNP i in each population as pSani, pPapuani pYRIi pCEUi
and pXi (X = any West Eurasian population). To estimate the proportion of sub-Saharan
African ancestry in population X, we compute the ratio of two 4 Population Test
statistics:
n

∑( p

San

f 4 (San,YRI;CEU,Papuan) =

i − pPapuan i)( pX i − pCEU i)

i=1
n

∑( p

San

i − pPapuan i)( pYRI i − pCEU i)

i=1

This quantity is summed over all markers and the standard errors are computed using the
€
Block Jackknife24; 44 (block size of 5cM). The numerator is proportional to the amount of
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sub-Saharan African-related ancestry in population X, while the denominator is the same
quantity for a population of entirely sub-Saharan African ancestry (YRI). Thus, the ratio
estimates the mixture proportion21 (Figure 2.2). The merged datasets G, J, K and L with
~606K, ~85K, ~284K and ~118K SNPs respectively were used for this analysis (Table
A.1).
STRUCTURE 2.2: To obtain an independent estimate of mixture proportions, we
applied the model based clustering algorithm implemented in STRUCTURE 2.2
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to all

populations that showed evidence of admixture using 4 Population Test (Table 2.1). As a
control, we also added HapMap3 African Americans (ASW) and two Northern European
populations, Russia and Sweden. To make the run tractable, we reduced the number of
markers to 13,877 SNPs. We excluded all the SNPs that were in LD with other SNPs in a
window of 0.1cM. We ran STRUCTURE without any prior population assignment
(unsupervised mode), with K = 2 and with 10,000 iterations for burn-in and 10,000
follow-on iterations. We used the INFERALPHA option under the admixture model.

Estimating the date of admixture
Overview of ROLLOFF: To estimate dates of ancient admixture, we have
developed a method, ROLLOFF, which examines pairs of SNPs and assesses how
admixture related LD decreases with genetic distance. The method is based on a novel
LD statistic that weights SNPs according to their allele frequency differentiation between
two populations that are genetically ‘close’ to the ancestral mixing populations.
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Suppose that we have an admixed population and for simplicity assume that the
population is homogeneous and that the mixture occurred over a short time span, ideally
only a few generations. Call the two admixing populations A, B, and suppose that the
admixture event occurred n generations before the present. If we consider two SNPs that
are at a distance d Morgans apart on a chromosome in an admixed individual, then with
probability e-nd the alleles at these SNPs derived from a single admixing individual. If the
mixing proportions are pA and pB respectively (pA + pB = 1), then we see that:
1. With probability e-ndpA, both alleles belong to population A.
2. With probability e-ndpB both alleles belong to population B.
3. With probability (1-e-nd) the alleles belong to populations A or B independently.
We next suppose that we have a weight function at each SNP that is positive when the
variant allele is more likely to be in population A than B and negative in the reverse
situation. If w(s) is the weight of SNP s, then for any pair of SNPs s1, s2, we aim to
compute an LD-based score z(s1,s2) that is asymptotically standard normal and positive if
the two variant alleles are in admixture LD. As we explain below, the score z(s1,s2) and
the product of the weight functions w(s1)·w(s2) are expected to be correlated, and to have
a correlation coefficient exactly proportional to e-nd.
To convert the z-scores between all possible pairs of SNPs into an estimate of
mixture age, we bin the z-scores based on the distance separations d, and compute the
correlation coefficient between z(s1,s2) and w(s1)·w(s2) in each bin. Fitting an exponential
distribution to the fall-off of the correlation coefficient with distance, we compute the
admixture date from the fitted exponent. Our simulations show that the optimal bin size is
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at least 0.05cM; smaller bins result in very short inter-SNP intervals so that analysis
becomes confounded by background LD. In practice, we use a bin size of 0.1cM.
Mathematical details of the ROLLOFF weight function: If we have data from two
populations A’ and B’ that are genetically close to the admixing populations, then if a, b
are the empirical allele frequencies at an allele for a SNP s in the two populations, we
propose the weight function

where p = (a+b)/2. A valuable

feature of our ROLLOFF method is that we can also calculate useful weights even when
no suiTable A.urrogate parental populations are available (making it impossible to obtain
direct estimates of the ancestral allele frequencies), by simply choosing a weight function
that is proportional to the allele frequency difference, even if the absolute values cannot
be computed directly.
Mathematical details of the ROLLOFF LD score
score

: To compute an LD

for two SNPs s1 and s2 we use the following procedure:

1. We compute the Pearson correlation coefficient

for the diploid genotypes at s1 and

s2. Samples with missing data at either marker are ignored. Let N be the number of
samples with non-missing data. Setting

would probably be satisfactory but we

slightly refine this. We insist that N ≥ 4.
2. We ‘clip’

to fall within the interval [-0.9, 0.9].

3. We set

, which is Fisher’s -transformation.

4. We finally set
If the 2 markers

are unlinked, then

is roughly standard normal because of

Fisher’s z-transformation. Note that if the markers are unlinked, no matter how
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is

defined, our weight function will be uncorrelated. This suggests that our method is robust
to any reasonable definition of .
Estimation of Standard Errors: We implemented a Weighted Block Jackknife Test
[24,44] where we drop one chromosome in each run and study the fluctuation of the
statistic in the 22 runs. The statistic estimated in each run is weighted by the number of
SNPs excluded in that run. By studying the variability of the estimated date, we compute
the uncertainty in the inferred quantity via the theory of the jackknife 24. These standard
errors should be viewed with some caution as they reflect only 22 independent outcomes.
The reason we have chosen to carry out the jackknife on the scale of an entire
chromosome is that we are concerned that LD due to admixture may extend sufficiently
far for some populations that jackknifing by much smaller blocks (e.g. 10 Mb) may not
completely remove the correlation among segments. We have therefore taken a
conservative approach and set the block sizes to be equal to a chromosome. However, for
a key West Eurasian population (Spain), we repeated the analysis with block sizes of
5cM, 10cM and 20cM, as well as whole chromosomes and observed that the standard
errors are similar (Table A.16).
Simulation framework to test ROLLOFF: We simulated individuals of mixed
European and African ancestry such that the genome of each individual is a mosaic of
haplotypes from both the ancestral populations. The method we used is adapted from the
simulation method that we previously described in reference26. Briefly, our simulations
are based on two parameters: (a) the mixture proportion (θ) that gives the probability that
a particular sampled haplotype comes from European or African gene pool, and (b) the
time of mixture (λ) which can be viewed as the number of generations since mixture. We
45

jointly phased data for 113 CEU individuals and 107 YRI individuals using fastPHASE45
to create an ancestral haplotype pool of 226 haploid CEU and 214 haploid YRI genomes,
which served as the source data for our simulations.
To simulate the genome of an admixed individual, we start at the beginning of
each chromosome and sample European haplotypes with probability (θ) and African
haplotypes with probability (1-θ). At each marker, we resample ancestry with probability
of 1-e-λg where g is the genetic distance in Morgans to determine if an event has occurred
and then resample ancestry based on θ. Once the ancestry is chosen, a chromosomal
segment of a randomly picked individual of that ancestry is then copied to the genome of
the admixed individual and the process is continued until the end of chromosome is
reached. This procedure is repeated to create the genomes of 20 admixed individuals,
taking care that no chromosomal segment is reused (sampling without replacement). We
combined pairs of haploid individuals to construct 10 diploid admixed individuals. This
algorithm has one limitation that it requires more than 2n ancestral haplotypes for
generating data for n diploid admixed individuals. Hence, in cases when we needed to
simulate data for n ≥ 50, we made a slight modification to the algorithm such that each
admixed haploid genome is constructed from one haploid CEU and one haploid YRI
genome, without reusing any chromosomal segments.
In order to test the performances for ROLLOFF at varying time depths, we
performed 30 simulations. In each simulation, we constructed 10 diploid genomes of
individuals of mixed European and African ancestry where we set λ = 10, 20...300
(interval = 10 generations) and θ = 20%. We performed ROLLOFF analysis (for each of
the simulations) using a non-overlapping dataset of 1,107 European American and 737
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Nigerian Yoruba individuals as reference samples to compute the allele frequency in the
ancestral populations. All analyses were restricted to 339,171 SNPs and the fine scale
recombination map by Myers et al.43 was used for mapping the genetic distance.
ROLLOFF analysis of West Eurasian populations: We ran ROLLOFF for various
West Eurasian populations using the HapMap3 CEU and YRI as reference populations.
The correlation between SNPs was plotted as a function of genetic distance. To estimate
a date, we fitted an exponential distribution to the decay of the correlation coefficients.
The merged datasets F, G, H, I with ~347K, ~606K, ~284K and ~466K SNPs
respectively were used for this analysis (Table A.1).
Software: ROLLOFF software can be downloaded as part of ADMIXTOOLS
package from http://genetics.med.harvard.edu/reich/Reich_Lab/Software.html
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3.1 Abstract
The Siddis (Afro-Indians) are a tribal population who live in coastal Karnataka, Gujarat and in
some parts of Andhra Pradesh. Historical records indicate that the Portuguese brought the Siddis
to India from Africa about 300-500 years ago; however, there is little information about their
more precise ancestral origins. Here, we perform a genome-wide survey to understand the
population history of the Siddis. Using hundreds of thousands of autosomal markers, we show
that they have inherited ancestry from Africans, Indians and possibly Europeans (Portuguese).
Additionally, analyses of the uniparental (Y-chromosome and mitochondrial DNA) markers
indicate that the Siddis trace their ancestry to Bantu speakers from sub-Saharan Africa. We
estimate that the admixture between the Africans ancestors of the Siddis and neighboring South
Asian groups likely occurred in the past 8 generations (~200 years ago), consistent with
historical records.

3.2 Introduction
Siddis or Habshis are a unique tribe with African ancestry who live in South Asia. They
are mainly found in three Indian states- Gujarat, Karnataka and Andhra Pradesh – and according
to the latest census their total population size is about 0.25 million.1 The first documented record
of Siddis in India goes back to 1100 AD, when the Siddis settled in Western India.2,3 By the
thirteenth century, substantial numbers of Siddis were being imported by the Nawabs and the
Sultans of India to serve as soldiers and slaves. The major influx of Siddis occurred during the
17th to 19th centuries when the Portuguese brought them as slaves to India.2 Previous genetic
studies have shown that the Siddis have ancestry from up to three continental groups: Africans,
Europeans and South Asians.2,4,5 Some genetic studies have suggested that they are most closely
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related to Africans.3,6 However, the specific African group that the Siddis trace their ancestry to
remains unknown. To obtain a high-resolution genome-wide perspective of ancestry, we
analyzed data from three Siddi groups (from Karnataka and Gujarat) by genotyping them with
~850,000 autosomal and sex-linked markers. Applying statistical methods, we have estimated
the contributions of various continental ancestries to the Siddis genome, and investigated the
likely source of the ancestral populations and the timing of the admixture events.
Blood samples (about 10ml from each individual) were collected from Gujarat and
Karnataka states in India. Specifically, we collected samples from 59 Siddis (unrelated and
healthy males) and 90 individuals belonging to the nearby tribal populations (Charan and
Bharwad) of the Junagarh district of Gujarat state and from 94 Siddis (65 males and 29 females)
and 178 individuals belonging to neighboring tribal populations (Medar, Gram Vokkal, Kare
Vokkal and Korova) from the Uttara Kannad district of Karnataka state. Informed written
consent was obtained from all the donors. This project was approved by the Institutional Ethical
Committee (EIC) of the Centre for Cellular and Molecular Biology (CCMB), Hyderabad, India.
We genotyped 16 Siddi samples on Affymetrix (SNP 6.0) arrays using standard protocols. We
removed four duplicate samples and restricted the analysis to all the SNPs that have < 5%
missing data (846,418 SNPs). We removed 4 duplicate samples and restricted the analysis to all
the SNPs that have < 5% missing data (846,418 SNPs). There were two merged datasets created
for further analysis: Dataset-I: Siddi data was merged with data from: The International
Haplotype Map (HapMap) Phase 37 (n=1,115 samples from 11 populations genotyped on
Illumina 1M array) and India Project (n = 132 individuals from 25 groups genotyped on an
Affymetrix 6.0 array). The merged dataset contained 574,197 SNPs. Dataset-I was used for the
Principal component analysis reported in Figure 3.1. Dataset-II: The Siddi data was merged with
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three other datasets: The Population Reference Sample (POPRES)8 (n=3,845 samples from 37
populations genotyped on an Affymetrix 500K array), The International Haplotype Map
(HapMap) Phase 37 (n=1,115 samples from 11 populations genotyped on Illumina 1M array) and
India Project (n = 132 individuals from 25 groups genotyped on an Affymetrix 6.0 array). The
merged dataset contained 257,840 SNPs. Dataset-II was using for the estimating admixture
proportions and dates of admixture.

3.3 Results
To explore patterns of population structure in the Siddis and to test their genetic affinity
to other groups worldwide, we analyzed autosomal data from 12 individuals from three Siddi
groups (6 individuals from Karnataka and 6 individuals from Gujarat), 128 individuals from 16
Indian groups (Mala, Madiga, Kurumba, Bhil, Kamsali, Satnami, Vysya, Naidu, Lodi, Tharu,
Velama, Srivastava, Meghaval, Vaish, Kashmiri Pandit and Hallaki) and 300 individuals from
three HapMap populations (Yoruba from Ibadan, Nigeria (YRI), Utah residents with Northern
and Western European ancestry (CEU) and Han Chinese from Beijing, China (CHB)).7,8 The 16
Indian groups were chosen to span a high degree of diversity within India. It had been previously
shown that most Indian populations have ancestry from two highly divergent groups: an
Ancestral North Indian (ANI) population which is closely related to West Eurasians and an
Ancestral South Indian (ASI) population, which is not related to any population outside India.
The ANI ancestry proportion lies within the range of 39-71% across the 16 groups chosen.7 The
ANI and ASI have been inferred to be highly differentiated at the time that they mixed and in
Reich et al (2009)7, it was estimated that the average allele frequency differentiation FST(ANI,
ASI) is ~0.09.
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We performed Principal Component Analysis (PCA) using the EIGENSOFT software10
on the autosomal SNP data. A plot of the first and second Principal Components (PCs) suggests
that the Siddis have ancestry from Africans as well as Eurasians (Figure 3.1a). Like other Indian
populations, Siddis have both ANI and ASI ancestry but they lie off the main cline of ANI-ASI
admixture and are closely related to African individuals (Figure 3.1a). The average allele
frequency differentiation between the two Siddi groups (Karnataka and Gujarat) is relatively
high: FST (Siddi_Karnataka-1, Siddi_Gujarat) = 0.02 (Table B.1), suggesting that the populations
differ substantially, possibly due to endogamy or different ancestral origins or admixture with
different local South Asian groups. However, the diversity in the Siddis is not correlated with
geography in our small sample, as the individuals from the Karnataka2 group are genetically
closer to the Gujarat Siddis (FST (Siddi_Karnataka-2, Siddi_Gujarat) = 0.002) than to the other
group from Karnataka (FST (Siddi_Karnataka-1, Siddi_Karnataka2) = 0.026) (Table B.1). This
suggests that the Karnataka2 samples may be recent migrants from Gujarat, or that the ancestors
of one of the Karnataka samples may have experienced a very strong recent founder event.
Previous genetic studies using traditional biochemical and autosomal markers have
suggested that the Siddis have ancestry from up to three distinct ancestral groups- Africans,
Indians and European3,6. To formally test if the Siddis have ancestry from each of three ancestral
populations (Africans, Indians and Europeans), we used a regression method by Patterson et al.
(2010)11 that models the allele frequency of the admixed Siddis as a linear combination of the
allele frequencies in the ancestral populations. This method allows us to build optimal models
with and without each ancestral population and then compute the error between our model and
the data. For example, to test if the Siddis contain genetic admixture from Africans, we built two
models using the data - one that included Africans as the ancestral population and another
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excluded Africans from the model. Applying this method to the Siddi Gujarat samples, we
observed that there is strong evidence that the Siddis have African ancestry (Z-score >> 27) but
the genetic variation in Africans does not fully explain the underlying genetic data in the Siddis
(Table B.2). Next, we compared if a two-way model or three-way mixture model provides a
good fit to the data.

Figure 3.1 African ancestries in Siddis. a. Principal Component analysis of three Siddi groups,
HapMap Phase 3 populations (CEU, YRI, CHB) and 16 Indian groups; b. Schematic
representation of the proportions of African and ICP ancestry in Siddis. ICP (combined 16 Indian
groups and Portuguese), which represents the ancestral non-African population.
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Figure 3.2 ROLLOFF analysis of Siddis. We analyzed 12 Siddi samples from Karnataka and
Gujarat and estimated admixture linkage disequilibrium by computing the LD between all pairs
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Figure 3.2 (Continued) of markers and weighting it by the frequency differentiation between
the ancestral populations (YRI and ICP). We observed an approximately exponential decay of
LD with distance with an average estimated date of admixture of 8 ± 1 generations. This
corresponds to a time of around 200 years (assuming a generation interval of 25 years). The
estimated dates of admixture for Siddi_Karnataka-1 and Siddi_Gujarat are 6 ± 1 and 8 ± 1
generations, respectively. Standard errors were computed using a Weighted Block Jackknife as
described in reference [13].

Table B.3 shows that a two-way model of African and Portuguese or African + Mala (or
any other group that has high ASI ancestry) provides a poor fit to the data. However, the model
of African + Vaish (or any other group that has high ANI ancestry) provides just as good fit to
the data as a three-way model of African + any Indian population + Portuguese. This suggests
that the Siddis have some West Eurasian related (ANI or Portuguese) ancestry, in addition to
their African and ASI ancestry. In addition, our methods are not sensitive enough to differentiate
between ANI and Portuguese ancestry given our data set size. To represent the ancestral nonAfrican population of the Siddis, we combined the data from 16 Indian groups and Portuguese
(“ICP”). To test the robustness of our models, we analyzed Siddi Karnataka samples with the
models built from the Siddi Gujarat samples and showed that the models provided a good fit to
the data (Table B.4).
Applying the regression style method to all three Siddi groups with YRI and ICP as the
ancestral populations, we estimated that the Siddis have on average ~67% African ancestry
(Table 3.1). We obtained qualitatively similar results when we use East Africans (HapMap
Luhya (LWK)) in place of YRI (Table 3.1 & Table B.4).
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Table 3.1. Estimation of ancestry proportions in the Siddis

NOTE: Admixture proportion estimates are based on Regression style method11 using the ancestral populations
shown in the table. ICP - combined data from 16 Indian groups and Portuguese- represents the ancestral non-African
population.

To characterize the temporal impact of admixture and to develop a historical
interpretation of the results, it is important not only to qualitatively demonstrate a history of
admixture, but also to quantitatively estimate a date for the admixture event. We applied the
ROLLOFF method12, which utilizes information related to admixture linkage disequilibrium
(LD) to estimate the time since admixture. This method capitalizes on the insight that the
genome of an admixed population contains chromosomal segments from ancestral populations,
whose length is inversely proportional to the date of admixture. By modeling the decay of the
LD in the admixed individuals and weighting it by the allele frequency differentiation in the
ancestral populations (such that the statistic is only sensitive to admixture LD), we can precisely
estimate the time since the admixture event. Simulations have suggested that this method is
robust to data from poor surrogates of ancestral populations and can estimate the date of
admixture up to 300 generations ago.12
Applying ROLLOFF to the Siddis (data from all three groups- Siddi_Karnataka-1,
Siddi_Karnataka-2 and Siddi_Gujarat were combined to increase power), we observed an
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approximately exponential decay of the weighted correlation with distance, which provides
strong evidence of admixture (Figure 3.2). By fitting an exponential distribution to this pattern
using least squares, we estimated an average date of ~8 generations or 200 years (assuming a
generation size of 25 years13). This approximately coincides with the historical date of arrival of
most African ancestors of the Siddis to India. To show that combining the data from the admixed
group does not substantially change the results, we ran ROLLOFF separately for each admixed
group and obtained qualitatively similar results (within two standard errors) for Siddi_Gujarat
and Siddi_Karnataka-1. Due to limited number of samples, we were not able to perform analysis
for the Siddi_Karnataka-2 group (ROLLOFF analysis requires at least 4 samples). In addition,
changing the Africans ancestral group to East African Luhya did not change the estimated date
of admixture (Figure B.1).
To gain insight into the most likely source of the African ancestry in Siddis, we examined
paternally inherited Y-chromosomal biallelic markers as well as maternally inherited mtDNA
markers. Analysis of data from uniparentally-inherited markers can provide information about
population genetic relatedness, including probable ancestral source populations and information
related to admixture events. We genotyped 32 Y-chromosomal biallelic markers (viz. M94, M60,
M182, M168, M130, M145, M96, M75, M2, M89, M82, M304, M172, M9, M70, M11, M45,
M207, M173, M17, M124, M201, M170, M70, M147, M189, M214, M52, M33, M356, P36 and
P2) in 125 Siddis and 268 individuals (all males) from nearby Indian groups. We combined our
data with published data from 2,301 individuals belonging to 56 different groups from the
African subcontinent and 667 individuals from 16 populations from Gujarat, Karnataka,
Maharashtra and Andhra-Pradesh states of India (Supporting Dataset S1).14-26
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We observed that the Y-chromosomal haplogroups B2-M182 and E1b1a-M2 which are
characteristic of African ancestry were present at high frequencies in the Siddis but not in other
Indians. Moreover, about 70% of the Siddi male lineages fall into haplogroups generally
characteristic of African populations (Figure 3.3a), thus confirming the results from the
autosomal DNA markers (Figure 3.1e). The remaining 30% were C*-M130_ and M89-derived
Indian or Near-Eastern lineages (H1a-M82, H2-Apt-H2, J2-M172, L-M11 and P*-M45). The
populations neighboring the Siddis were found to harbor only these Asian-specific haplogroups.
It is interesting to note that while none of the African paternal lineages were observed among the
neighboring Indian groups, while Indian-specific lineages were detected in Siddi individuals.
This suggests primarily unidirectional paternal gene flow from Indian populations to the Siddis
(Figure 3.2b).

Figure 3.3 Y-chromosomal and mtDNA haplogroups in Siddis. a. Y-chromosomal
haplogroup frequencies in the populations analyzed. SG; Siddis from Gujarat, CH; Charan, BH;
Bharwad, SK; Siddis from Karnataka, MD; Medar, GV; Gram Vokkal, KR; Korova and KV;
Kare Vokkal. The African-specific B; and E1b1a haplogroups were found in India exclusively
among the Siddi population. b. Distribution of mtDNA haplogroups in Siddis. Details of
diagnostic mutations which define haplogroups are shown in Supplementary Figure B.5, which
define the haplogroups.
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To learn more about the source of the African paternal lineages, we performed PCA with
a merge of our Y-chromosomal dataset (Siddis and neighboring Indian groups) with data from
2,301individuals from 56 African populations (Supporting Dataset S1). A plot of the first and
second PCs showed that the Siddis cluster with Bantu-speaking populations of sub-Saharan
Africa (Figure B2a). Previous studies have proposed that the E3a (currently known as E1b1a),
E2 and B2 haplogroups are associated with the Bantu expansions within Africa.21,22,27 The
presence of these haplogroups in the Siddis suggests that their ancestors may have been part of
this expansion. To investigate this possibility, We typed 17 Y-STR using multiplex PCR using
Y-filer® kit (Applied Biosystems, Foster City, USA) in reaction volumes of 10µl with 1U of
AmpliTaq Gold® DNA polymerase (Applied Biosystems, Foster City, USA), 10mM Tris-HCl
(pH 8.3), 50mM KCl, 1.5 mM MgCl2, 250µM dNTPs, 3.0µM of each primer (forward primers
are fluorescent labeled) and 1ng of DNA template. Thermal cycling conditions were as follows:
(1) 95°C for 11 min, (2) 30 cycles: 94°C for 1 min, 61°C for 1 min, 72°C for 1 min, (3) 60°C for
80 min, and (4) 25°C hold. The PCR amplicons along with GS500 LIZ (as size standard) were
run in the ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, USA). The raw data was
analyzed using the GeneMapper v4.0 software program (Applied Biosystems, Foster City, US).
Two DYS385 loci were excluded from the current analyses because they could not be
distinguished using the typing method employed and locus DYS389I was renamed as DYS389b,
while DY389a was calculated by subtracting DYS389I from DYS389II.We constructed medianjoining networks with 10 common loci (Figure B3) for the two major African haplogroups
(E1b1a-M2 and B2-M182) that are present at high frequencies in Siddis. We supplemented our
dataset with other published data that included African samples. 28,29 The TMRCA (time to most
recent common ancestor) was estimated using the ρ statistic (the mean number of mutations from
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the assumed root), using a 25-year generation time, and the TD statistic (both assuming a
mutation rate of 6.9 x 10-4per STR per generation),30 The majority of the Siddis haplotypes were
found shared on otherwise Bantu-specific branches and were present all over the tree (Figure
B3). In addition, the Gujarat and Karnataka Siddis were highly diverged and did not share any
haplotypes. These results support the autosomal observation of high Fst differentiation among
Siddis from Gujarat and Karnataka. Although the majority of the Siddis haplotypes were
scattered in the network, we found that all haplogroup B2 Gujarat Siddis formed a cluster and
coalesced to their most recent common ancestor 2.4±1 Kya (thousand years ago). The sharing of
haplotypes suggests relatedness among the samples. This is similar to the results seen in the
autosomal analyses of the Siddi_Gujarat and Siddi_Karnataka-2 samples. The male effective
population size was estimated using BATWING31,32, with a demographic model that assumes a
period of constant size followed by exponential growth (the prior probabilities for the other
parameters used in the model were set as previously described).26 A random subset of 40
samples was analyzed using 106 to 108 MCMC cycles and we obtained the same posterior
probability for effective population size (N) as that obtained for 107 cycles. The effective
population size of the African ancestors of Siddis brought to India during the slave trade was
estimated as ~1,400 individuals (Table B.3 & Figure B4).
To gain insight into the maternal lineages and to test the directionality of maternal gene
flow in the Siddis, we assayed the hypervariable region I (HVRI) of mtDNA in 153 Siddis and
269 individuals from the nearby Indian populations (accession numbers JN022021–JN022442).
This data was compared with revised Cambridge Reference Sequence (rCRS)33 for scoring the
variations. Haplogroups were assigned based on HVR1 variations and they were further
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confirmed by genotyping the coding regions mutations published till date (www.phylotree.org).
The mtDNA haplogroup distributions in the Siddis are shown in Supporting Dataset 2.
Haplogroups were assigned using HVR-I (hypervariable region-I) variations, and were
further confirmed with coding region variants (Figure 3.3b & Figure B5) (www.phylotree.org.).34
PCA plots of the combined dataset (Supporting Dataset S2) showed that the African-specific
mtDNA haplogroups were present at high frequency in the Siddis, similar to the observations
from the autosomal and paternal lineages (Figure B2b). The African-specific haplogroup L was
present at a frequency of 53% and 24% in Siddis from Gujarat and Karnataka, respectively.
Previous studies have suggested that the L0a, L2a, L3b and L3e haplogroups are associated with
the Bantu expansion.35-39 Haplogroup L2a (including L2a1) was observed in the Siddis along
with rare sublineages of L2, which further supports the conclusion that the ancestors of the
Siddis were most likely African Bantus (Figure B5). The L0d lineage now largely confined to the
Khoisan-speaking South Africans populations, but possibly more widespread in the past40, was
also observed in two Siddis individuals from Gujarat state. The presence of Indian-specific sublineages of M and N (R and U) (that include M2, M3, M5, M6, M33, M35, M39, M57, R8, R30
and U2 haplogroups) is indicative of recent admixture with indigenous Indian populations
(Figure B5).26 In addition, haplogroup T which is widespread in southern and Western Europe41
and also present at low frequency in some South Asian groups42 was present among four Siddi
individuals (Figure B5). This may suggest maternal gene flow from a West Eurasian ancestral
source - perhaps Portuguese or ANI. Consistent with the Y-chromosomal results, there is no
evidence of African haplogroups in the neighboring Indian populations, thus, confirming the
hypothesis of unidirectional gene flow to Siddi individuals from contemporary Indian
populations (Figure 3.1b).
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In order to further explore the evidence of sub-Saharan ancestry, we analyzed data for the
G6PD (MIM 305900) variants in Siddis along with 26 ethnic populations from India. The Avariant, which provides protection against malarial infection and is estimated to have a subSaharan African origin between 3,840 to 11,760 YBP,43 was observed only in Siddis (10%) and
not in any other Indian populations (Table B.4). This further strengthens the evidence for the
sub-Saharan ancestry of the Siddis.

3.4 Discussion
In conclusion, our combined analysis of genetic variation in the Siddis, using highresolution sex-linked and autosomal markers, provides strong evidence of African ancestry
together with unidirectional gene flow from local Indian groups to the Siddis. The directionality
of gene flow supports the complex genetic structuring among Indian populations, which are
highly influenced by social norms. We have traced the likely ancestry of Indian Siddis to subSaharan African Bantus. The ancestry proportions based on the analysis of autosomal and Ychromosomal markers are similar while mtDNA markers reveal more South Asian lineages
among Siddi individuals. The model that emerges from our results is as follows: During the
course of the Bantu expansion, African farmers settled in East Africa. Later, during the 15th to
17th centuries, this region was predominantly ruled by the Portuguese. They brought some
Africans to India as slaves and sold them to local Nawabs and Sultans, whose descendents,
admixed with neighboring populations, comprise the present-day Siddi population of India
(Figure 3.4).
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Figure 3.4 Migration history of the Siddis. Dotted arrows represent the expansion of Bantuspeakers with agriculture within Africa, which started from central western Africa and proceeded
towards the east and south of the African subcontinent. The shaded grey area represents the
Portuguese territory and the lines between Africa and India represent the possible path used by
Portuguese during the 15th – 19th centuries to supply African slaves to Indian rulers on the
western coast of India.

3.5 Web Resources
Programs:
The URLs for data presented herein are as follows:
Online Mendelian Inheritance in Man (OMIM), http://www.omim.org
Phylotree, http://www.phylotree.org/
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ROLLOFF software can be downloaded as part of ADMIXTOOLS package from:
http://genetics.med.harvard.edu/reich/Reich_Lab/Software.html
Supporting Dataset S1 & S2: http://www.cell.com/AJHG/supplemental/S0002-9297(11)00223-0

Accession Numbers:
The sequences of the mtDNA hypervariable region I (HVRI) from 153 Siddis and 269
indivdiuals from the nearby Indian populations were deposited in the GenBank database under
accession numbers JN022021–JN022442.
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4.1 Abstract
The Roma people, living throughout Europe and West Asia, are a diverse population linked by
the Romani language and culture. Previous linguistic and genetic studies have suggested that the
Roma migrated into Europe from South Asia about 1,000-1,500 years ago. Genetic inferences
about Roma history have mostly focused on the Y chromosome and mitochondrial DNA. To
explore what additional information can be learned from genome-wide data, we analyzed data
from six Roma groups that we genotyped at hundreds of thousands of single nucleotide
polymorphisms (SNPs). We estimate that the Roma harbor about 80% West Eurasian ancestry—
derived from a combination of European and South Asian sources—and that the date of
admixture of South Asian and European ancestry was about 850 years before present. We
provide evidence for Eastern Europe being a major source of European ancestry, and North-west
India being a major source of the South Asian ancestry in the Roma. By computing allele sharing
as a measure of linkage disequilibrium, we estimate that the migration of Roma out of the Indian
subcontinent was accompanied by a severe founder event, which appears to have been followed
by a major demographic expansion after the arrival in Europe.

4.2 Introduction
The Roma (also called Romani) are a unique and diverse population that live in Europe,
Near East, Caucasus, and the Americas. They speak more than 60 dialects of a rapidly evolving
language called Romani and belong to various social and religious groups across Europe. Their
census size has been estimated to be in the range of 10-15 million1, with the largest populations
in Eastern Europe2. They do not have written history or genealogy (as Romani does not have a
single convention for writing) and thus most of the information about their history has been
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inferred based on linguistics, genetics and historical records of the countries where they have
resided.
Historical studies have suggested that the Roma are originally from India, and that they
migrated to Europe between the 5th and 10th century3. It has been argued that their migration
route included Persia, Armenia, Anatolia, and Greece3; 4. The Roma then settled in multiple
locations within Europe and were widespread in Europe by the 15th century; descendents of these
migrants currently live primarily in the Balkans, Spain, and Portugal5.
Anthropological and linguistic studies have documented striking similarities between the
cultures and languages of various Indian groups and Roma. Social structure in Roma groups is
similar to the castes of India, where the groups are often defined by profession2; 3. Like many
Indian populations, the Roma practice endogamy and individuals of one Roma clan (sub-ethnic
group) preferentially marry within the same group, and marriages across clans are proscribed3.
Anthropological studies have also suggested a link between the Roma and Banjara (nomadic
gypsy groups) residing in India3 (even though linguistic analysis of the Banjari or Lamani,
languages spoken by the Indian nomadic groups, have little similarity to Romani6). Comparative
linguistics have further suggested that Northwestern Indian languages like Punjabi or Kashmiri
or Central Indian languages like Hindi are most closely related to Romani7; 8.
Genetics provides a complementary source of information to data from history,
archaeology and linguistics. Y-chromosome marker H1a-M82 and mitochondrial haplogroups
M5a1, M18 and M35b that are thought to be characteristic of South Asian ancestry, are present
at high frequency in Roma populations9; 10. However, there is no consensus about the specific
ancestral group/ geographic region within South Asia that is most closely related to the ancestral
population of the Roma. A recent study based on Y-chromosome markers showed that the Roma
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descended from southern Indian groups11, which contradicts previous reports based on mtDNA
haplogroups that have placed the origin of Roma in Northwest India. While mtDNA and Y
chromosome analyses provide valuable information about the maternal and paternal lineages, a
limitation of these studies is that they represent only one instantiation of the genealogical
process. Autosomal data permits simultaneous analysis of multiple lineages, which can provide
novel information about population history.
Here we analyze whole genome SNP array data from 27 Roma samples belonging to six
groups sampled from 4 countries in Europe (three separate ethnic groups from Hungary, and one
group each from Romania, Spain and Slovakia). Our aim was to address the following questions:
(1) What is the source of the European ancestry in the Roma? (2) What is the relationship of the
Roma to the present-day South Asian populations? (3) What is the proportion and timing of
major gene flow into this population? (4) Can we characterize the founder events that have
occurred in the history of this population?

4.3 Results
Genome-wide ancestry analysis of the Roma
We applied Principal Component Analysis (PCA) using the SMARTPCA software12 and
the clustering algorithm ADMIXTURE13 to study the relationship of Roma to other worldwide
populations in a merged dataset of Roma and HapMap populations. In PCA, the Roma fall
between the South Asians (Gujaratis) and Europeans, consistent with Roma deriving ancestry
both South Asians and Europeans and in line with previous mtDNA and Y chromosome
analyses9; 10 (Figure 4.1). The ADMIXTURE software, which implements a maximum likelihood
method to infer the genetic ancestry of each individual modeled as a mixture of K ancestral
groups, produces very similar inferences13. At K=6 (which has the lowest cross-validation error),
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we observe clustering based on major continental ancestry. Similar to the PCA results, the Roma
individuals cluster with South Asians and Europeans (Figure 4.1, Figure C.1). We also examined
pairwise average allele frequency differentiation (Fst) between Roma and major continental
groups (see Table C.1) and observed that they have the lowest Fst with other European groups.

Figure 4.1 Relationship of Roma with other worldwide populations
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Figure 4.1 (Continued). We applied PCA and ADMIXTURE to study the relationship of Roma
with the HapMap and South Asian populations. In PCA, each point represents an individual, and
in ADMIXTURE, each line represents an individual. (a) shows the PCA and ADMIXTURE
results for clustering of Roma and HapMap populations. The populations codes are as follows:
Yoruba in Ibadan, Nigeria (YRI), Luhya in Webuye, Kenya (LWK), Maasai in Kinyawa, Kenya
(MKK), Utah residents with Northern and Western European ancestry (CEU), Toscani in Italia
(TSI), Han Chinese in Beijing, China (CHB), Japanese in Tokyo, Japan (JPT), Chinese in
Metropolitan Denver, Colorado (CHD), Gujarati Indians in Houston, Texas (GIH), African
ancestry in Southwest USA (ASW) and Mexican ancestry in Los Angeles, California (MEX),
and (b) shows the PCA and ADMIXTURE results for clustering of Roma and South Asian
groups. We limit the sample size of all groups (except Roma) to 20 individuals.

Previous studies have shown that the HapMap Gujarati population is not an ideal
surrogate for the variation in India, as this group is heterogeneous and has recent West Eurasian
ancestry14. To study the relationship of Roma to South Asians, we repeated the clustering
analysis with Roma, Europeans and 28 South Asian groups (24 Indian groups from the India
Project (we remove Siddis as they have recent African ancestry), Pathan and Sindhi from HGDP
and Punjabi and Gujarati from POPRES). As previously seen in PCA, we observed that all
Indians fall on a cline of variable relatedness to Europeans and indigenous Andamanese
population (Onge)14. The Roma also fall on this cline but they appear to be closest to the
European cluster compared to any other South Asian group included (Figure 4.1b). Similar
results were observed in our ADMIXTURE analysis (Figure 4.1b, Figure C.1). Based on the
PCA and ADMIXTURE analysis, we excluded three Roma outlier samples from further
analyses, as they appeared to have very recent admixture from neighboring non-Roma European
populations (likely in the past few generations).
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We applied the 4 Population Test14 to formally examine if the Roma have evidence of a
mixture of European and South Asian ancestry. We used individuals of Northern European
ancestry (CEU) and Andamanese (Onge) as surrogates for the European and South Asian
ancestral populations respectively. We tested whether the phylogenetic tree (Africans,
Europeans, South Asians, Roma) is consistent with the data. We choose Onge for this analysis,
since, unlike their distant relatives on the Indian mainland, they do not have any evidence of
West Eurasian related admixture14. Applying the 4 Population Test, we observed highly
significant violations of the expected phylogenetic tree topology, confirming that the Roma are
admixed; that is, they have ancestry from both South Asians and Europeans (Table C.2). We note
that this test does not distinguish between European and West Asian ancestry and qualitatively
similar results would be observed if we replace CEU with any other West Eurasian population
(other groups from Europe, Middle East, Central Asia or Caucasus), hence we refer to this
ancestry component as “Ancestral West Eurasian (AWE)”.
To quantify the magnitude of the South Asian and West Eurasian ancestry in the Roma,
we applied F4 Ratio Estimation15 using the model shown in Figure C.2, which can estimate
admixture proportions in the absence of data from good surrogates of the ancestral populations.
Here, we used CEU and Adygei (a population from the Caucasus) represent the West Eurasian
component and Onge to represent the ancestral South Asian component (referred to as Ancestral
South Indian (ASI)) as they do not have any West Eurasian ancestry 14. The F4 Ratio Estimation
is known to work only if we have access to data from populations that form a clade with the
unadmixed ancestral populations. Since all populations in mainland India are admixed none are
appropriate for this test14. To further evaluate our model of population relationships in Figure
C.2, we used admixture graph15 and found that this model provides a good fit to the data.
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Applying the F4 Ratio Estimation to Roma (pooling all samples together), we estimate
that the Roma have on average 77.5 ± 1.8% West Eurasian related ancestry (standard errors were
computed using a Block Jackknife with a block size of 5cM) (Table C.2). As all Indian groups
harbor ancestry from a West Eurasian related populations (previously referred to as Ancestral
North Indian (ANI) ancestry14), we note that some of West Eurasian related ancestry we detect in
Roma likely derives from India itself—from the ANI—while other parts may be from European
or Middle Eastern admixture (post exodus from India).

Estimating a date of European admixture in the Roma
To infer the date of the gene flow, we applied a modified version of ROLLOFF16, which
uses the decay of admixture linkage disequilibrium (LD) to estimate the time of admixture.
ROLLOFF computes SNP correlations in the admixed population and weights the correlations by
the allele frequency difference in the ancestral populations such that the signal is sensitive to
admixture LD. While this method estimates accurate dates of admixture in most cases, we
observed that it is noticeably biased in case of strong founder events post admixture (Table C.3).
The bias is related to a normalization term that exhibits an exponential decay behavior in the
presence of a strong founder event, thus confounding the admixture date (see details in Note C.1,
Figure C.3). We propose a modification to the ROLLOFF statistic that removes the bias (Note
C.1, Table C.3). In addition, the new statistic computes covariance instead of correlation between
SNPs; this does not affect the performance of the method but makes it mathematically more
tractable. Throughout the manuscript, we use the modified ROLLOFF statistic (R(d)) unless
specified otherwise. Simulations show that this statistic gives accurate and unbiased results up to
300 generations (Note C.2, Figure C.4).
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A feature of ROLLOFF is that it uses allele frequency information in the ancestral
populations to amplify the admixture signal relative to background LD. While data from the
ancestral populations is not available for Roma, this information can be obtained by performing
PCA using present day Europeans and South Asians. Simulations show that using PCA-based
SNP loading effectively captures the allele frequency differentiation between the ancestral
populations and can be used for estimating dates of mixture (Note C.2, Figure C.5).
Applying the ROLLOFF (using R(d)) to the Roma samples with the SNP loading
estimated using PCA of Europeans (CEU) and 16 Indian groups (limited to groups that fall on
the main cline of West Eurasian relatedness in PCA so that the signal is not confounded by other
ancestry components), we estimate that the West Eurasian admixture in Roma occurred 29 ± 2
generations or about 780-900 years ago, assuming one generation = 29 years17 (Figure 4.2). This
is consistent with mixture having occurred only after the historically recorded arrival of the
Roma in Europe between 1,000-1,500 years ago3.
A potential complication is that the date we are estimating may also be reflecting earlier
admixture with ANI in India and any gene flow from Middle Eastern populations that occurred
after the Roma exodus from India. The allele frequency of ANI and Middle Eastern populations
are correlated to the allele frequencies of the Europeans used in the analysis, and hence the date
of admixture inferred using a single exponential function should be interpreted as an average
date of all West Eurasian related gene flow events. When we consider a two-pulse model of
admixture (by fitting a sum of two exponential functions to infer the dates), we obtain dates of 37
and 4 generations. The older date corresponds to about 1,000 years before present – again
consistent with the historical record – and both dates are much more recent than any estimates
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obtained by applying ROLLOFF in India. This suggests that the admixture we are detecting is
genuinely related to events that occurred after the exodus from India.

Figure 4.2 Admixture date estimation. We performed ROLLOFF (using R(d)) on the Roma
samples (n = 24). We plot the weighted covariance as a function of genetic distance, and obtain a
date by fitting an exponential function with an affine term: y = Ae−nd + c , where d is the genetic
distance in Morgans and n is the number of generations since mixture. We do not show interSNP intervals of <0.5cM since we have found that at this distance admixture LD begins to be
€
confounded by background LD.
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Source of the European ancestry in Roma
To learn about the relationship of the Roma to European populations, we estimated the
pairwise Identity-by-descent (IBD) sharing between each Roma individual and non-Roma
European individual. We grouped the European samples from POPRES, HapMap and HGDP
into four major regional groups: Northern (n = 595), Southern (n = 649), Eastern (n = 82), and
Western Europe (n = 241). IBD segments (>3 centimorgans (cM)) were detected using
GERMLINE18. Next, we computed an average pairwise sharing distance between Roma and the
European groups in each region (see Methods). We observed that Roma exhibit the highest IBD
sharing with individuals from Eastern Europe (Figure 4.3a). When we perform stratified analysis
(where Roma individuals from each country were considered separately), we observed that the
highest sharing for each Roma group is still with Eastern Europeans (even for Roma individuals
from Spain) (Figure C.6).

Source of the South Asian ancestry in Roma
To learn about the source of the South Asian ancestry in Roma, we inferred the pairwise
IBD sharing distance between Roma and various South Asian groups. Again, we performed
GERMLINE analysis to compute the average pairwise sharing distance between Roma and 28
South Asian populations (from India Project, HGDP and POPRES). To simplify the analysis, we
classified the samples into 8 groups based on geographical region within India: North (n = 38),
Northwest (n = 225), Northeast (n = 8), Southwest (n = 16), Southeast (n = 29), East (n = 11),
West (n = 32), and Andamanese (n = 16). We observe that the Roma share the highest proportion
of IBD segments with groups from the Northwest of India (Figure 4.3b). Interestingly, the two
Northwest Indian groups that show the highest relatedness to Roma (Punjabi, Kashmiri Pandit)
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Figure 4.3 The European and South Asian sources of Roma ancestry. We computed a
genome-wide average IBD sharing distance between Roma (all samples combined in one group)
and other regional groups. Details of the regional grouping are described in Methods. (a) shows
the average pairwise IBD sharing between Roma and Europeans (grouped into four regional
categories), (b) shows IBD sharing average pairwise IBD sharing between Roma and South
Asians (grouped into 8 regional categories).
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are also the populations that have highest proportion of West Eurasian-related (ANI) ancestry in
our sample. To control for the possibility that the high IBD sharing could be an artifact related to
high ANI ancestry, we recalculated the IBD sharing regressing out the ANI ancestry proportion
and observed that the Roma continue to share the highest IBD segments with the Northwest
Indian groups (Note C.3). These findings are consistent with analyses of mtDNA that also place
the most likely South Asian source of the Roma in Northwest India10.
An important caveat is that we have large variation in the number of samples from each regional
group, with some groups containing only a handful of samples. In order to control for the sample
sizes, we performed bootstrap analysis drawing a random sample of up to 30 individuals from
each regional group and recomputed the IBD statistics. We repeated the process 100 times and
estimated the mean and standard error (Note C.3). We observed that Roma continue to share the
highest IBD segments with Northwest Indian groups. There is very little variability across the
100 runs, suggesting that this analysis may also be picking up founder events shared between
Roma and Indian groups (Note C.3, Figure C.7).

Characterizing the founder events
Previous genetic and social studies have shown that the present day Roma population has
descended from a small number of ancestors with subsequent genetic and cultural isolation10; 19.
A history of founder events in a population can lead to an increase in homozygosity and large
stretches of allele sharing across individuals within the same population. This can be measured
by estimating the proportion of the autosomal genome that has homozygous genotypes. We
applied PLINK v1.0720 to compute a genomic measure of individual autozygosity for all Roma
individuals and 30 random individuals from each of the 11 HapMap populations. PLINK uses a
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sliding window approach to find regions of the genome that are at least 1MB in length and
contain 100 contiguous homozygous SNPs. For each individual, we computed the number and
overall length of the autozygous segments and observed that the Roma have very high levels of
autozygosity compared to other HapMap populations (Figure 4.4a). This suggests that inbreeding
(or consanguineous marriages) might be common in Roma.
To infer the date of the founder event in Roma, we studied the relationship of allele
sharing with increasing distance as reported in Reich et al (2009)21. This statistic is based on
examining the autocorrelation of allele sharing between pairs of individuals within a population,
and then subtracting the cross-population autocorrelation to remove the effects of ancestral allele
sharing inherited from the common ancestor. By measuring the exponential decay of autocorrelation with genetic distance, we obtained an estimate of the age of the founder event.
Simulations have shown that this method can accurately estimate the dates of recent founder
events, even in admixed populations (Note C.4, Table C.5).
Applying this method to Roma and subtracting the shared Roma and European (CEU)
autocorrelation, we estimate that a Roma founder event occurred 27 generations or ~800 years
ago (assuming one generation = 29 years17) (Figure 4.4b). This is consistent with reports that the
Roma exodus from India occurred 1,000 years ago3, and suggests that the migration out of the
Indian sub-continent may have been associated with a significant founder event in which a small
number of ancestral individuals gave rise to the present-day Roma population.
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Figure 4.4 Founder events in the Roma. (a) shows estimates of genomewide autozygosity in
Roma and individuals from HapMap (n = 30 from each of the 11 HapMap populations). Each
point represents an individual with the color-coding described in the legend. (b) shows the decay
of autocorrelation with genetic distance. We fit an exponential function: y = Ae−2tD + c where D
= distance in Morgans and t = time of founder event. We thus infer a founder event date of 27
generations.

€
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4.4 Discussion
Using genome-wide SNP data from Roma individuals, we have provided (1)
confirmation of previous mtDNA and Y chromosome results with autosomal data, and (2) some
new insights that take special advantage of autosomal data.
We have performed formal tests to confirm that Roma are admixed and have ancestry
from two highly divergent populations: a West Eurasian population and a South Asian
population. We estimate that the Roma have 77.5% West Eurasian ancestry, reflecting a
combined estimate of the ANI ancestry that the Roma derive from their South Asian ancestors
(pre-exodus) and the European ancestry related to the admixture in Europe (post-exodus from
India). Our estimate of West Eurasian ancestry is broadly consistent with admixture proportions
estimated using autosomal short tandem repeats (66-100%)22. Our estimates of non-West
Eurasian ancestry (ASI = 22.5 ± 1.8%) are also consistent with the estimates from mitochondrial
DNA (26.5%) and Y-chromosome (16.7%) markers23; 24.
Our identity-by-descent analysis provides novel insights related to the source of the
ancestral populations of Roma. We provide evidence for Eastern Europe being a major source of
the European ancestry, and Northwest India being a major source of the South Asian ancestry in
Roma. Our inferences about the geographic origin within South Asia help resolve a longstanding debate related to the origin of the Romani people. Our results are consistent with reports
from linguistics7 and mtDNA studies10, which have shown that present day Northwest Indian
populations (from Kashmir and Punjab), are candidates for being the source of the Indian
ancestry in Roma10; 23. However, we caution that IBD based methods require large sample sizes
to be well powered to detect subtle differences between geographic regions.
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A historically informative insight from our analysis is the date of the West Eurasian gene
flow into Roma. Using a statistic that captures the pattern of admixture related linkage
disequilibrium; we estimate that the admixture between Roma and West Eurasians occurred 29 ±
2 generations or about 780-900 years ago. The earliest records of the arrival of Roma in the
Balkans dates back to the 11th-12th century3, which is concordant with our estimated date of
mixture3. It is important to note that the Roma have ancestry from both ANI and Europeans and
thus the estimated date of admixture with Europeans (post exodus) is slightly downward biased
(older). Simulations have shown in the case of two gene flow events, the date of admixture
estimated by ROLLOFF tends to reflect the date of the more recent gene flow event as the
interval between the dates of two gene flow events increases (Table C.4, Note C.2).
Disease mutation screening in the Roma has shown that they have an increased
proportion of private mutations19. For example, deletion 1267delG is known to cause a
neuromuscular disorder, congenital myasthenia, and has a high carrier frequency in many Roma
groups that reside in different parts of Europe. This mutation has only been observed in South
Asian populations previously19; 25. This provides evidence that the different Roma groups have a
history of a shared founder events with South Asians. In order to obtain temporal information of
the founder event that has likely increased the frequency of such disease causing mutations in
Roma, we studied LD based allele sharing statistics and estimated that the founder event in
Roma occurred about 27 generations, or 800 years, ago. This agrees with previous reports from
Morar et al. (2004)25 who hypothesize that the entire Roma population was founded about 32-40
generations ago.
After this manuscript was submitted, two other studies characterizing the population
history of Roma were published. First, a study based on Y-chromosome haplogroups showed
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that on the paternal lineage, Roma haplotypes cluster predominantly with the Northwestern
Indian haplotypes26, consistent with our findings based on autosomal IBD sharing. The second
study was based on whole genome SNP genotype data like ours

27

. Our findings are broadly

consistent with the results from that paper, although with some notable differences. For inferring
the date of the founder event, the other study uses a two-pulse model (an out-of-India founder
event, followed by a second founder event that affects only the western Roma groups). We
instead estimate the date of a single shared founder event; with our limited sample size (we have
only 2 samples from western Roma groups), we cannot recover the entire distribution of founder
events and so the date of the founder event in our study should be interpreted as an average date
of multiple founder events. Similarly, the other study, using a continuous admixture model,
estimates that the admixture in Roma occurred over a period of 38 generations27. Assuming a
single admixture model, we estimate that the average date of admixture is 29 ± 2 generations.
However, when we consider a two-pulse model of admixture, we infer the dates of 37 and 4
generations, consistent with the results of the other study.
In conclusion, our study has confirmed that the Roma have ancestry from South Asians
(likely Northwest Indians) and West Eurasians (likely Eastern Europeans), with mixture
occurring around 30 generations ago and major founder events shortly afterward. An important
opportunity for future work is to perform homozygosity mapping in Roma that can aid in finding
disease-causing mutations related to the founder events.

4.5 Materials and Methods
Datasets
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We collected 27 Roma samples belonging to six groups that were sampled from four
countries in Europe from Hungary (3 linguistically and culturally separated sub-groups: 7
samples from Olah (Vlah), 4 samples from Beas (Boyash) and 4 samples from Romungro), 4
samples from Romania, 4 samples from Spain and 4 samples from Slovakia (Slovakian speaking
Roma). All research involving human participants was approved by the Regional Ethics
Committee Board (REKEB) and the Hungarian National Ethics Committee (ETT TUKEB). Each
study participant attended a 45-60mins verbal orientation session about the study design and
goals and then provided written informed consent. All the research was conducted according to
the principles expressed in the Declaration of Helsinki. Roma individuals self-reported as being
descendants of the same tribe for at least three generations. The samples were genotyped using
an Affymetrix 1M SNP chip. We required <5% missing genotypes per sample per SNP to be
included in the analysis (27 individuals, 726,404 SNPs passed this threshold). These data were
merged with data from four other sources, including the International Haplotype Map Phase 3
(HapMap) (n = 1,115 samples from 11 populations genotyped on Affymetrix 1M array)28, the
CEPH-Human Genome Diversity Panel (HGDP) (n = 257 individuals from 51 populations
genotyped on Affymetrix 500K SNP array)29; 30, our previous study of Indian genetic variation
which we call the “India Project” in this paper (n = 132 individuals from 25 groups genotyped on
an Affymetrix 1M SNP array)14 and the Population Reference Sample (POPRES) (n = 3,845
individuals from 37 European populations genotyped on an Affymetrix 500K SNP array)31.
Depending on the analyses, we included different number of reference populations from these
sources.

Population Structure Analysis and Fst calculation
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To study the relationship of Roma with HapMap populations, we created a merged
dataset of Roma and HapMap populations (n = 1,142 and 726,404 SNPs). As background LD
can affect both PCA and ADMIXTURE analysis, we thinned the marker set using PLINK v1.07
[20] by excluding SNPs in strong LD (pairwise genotypic correlation r2 > 0.1) in a window of 50
SNPs (sliding the window by 5 SNPs at a time). The thinned dataset contained 61,052 SNPs. We
used SMARTPCA12 to perform PCA and to compute FST values. Clustering analysis was
performed using ADMIXTURE13.
To study the relationship of Roma with South Asians, we created a merged dataset of
Roma, HapMap, POPRES and HGDP (n = 1,966 and 205,710 SNPs) and performed PCA and
ADMIXTURE using the LD thinned dataset containing 55,303 SNPs.

Formal tests of population mixture
To test if Roma have West Eurasian and Indian ancestry, we used the unrooted
phylogenetic tree ((YRI, CEU), (Onge, Roma)) and computed the 4-population test statistic for
all three phylogenetic trees that can possibly relate these populations. For this analysis, we
created a merged dataset of Roma, India project and HapMap populations (n = 1,274 and
524,053 SNPs). Let YRIi, CEUi, Ongei and Romai be the allele frequencies for SNP i in the
populations YRI, CEU, Onge and Roma respectively. Specifically, we compute the correlation:
ρ(YRIi-CEUi, Ongei-Romai) for all SNPs across the genome. In the absence of mixture, the
expected correlation would be 0. Standard errors were computed using Block Jackknife32;
where a block of 5cM was dropped in each run.
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Estimating genome-wide ancestry proportion
We estimate the genome-wide proportion of ancestry using F4 Ratio Estimation15 which
estimates the excess of West Eurasian ancestry compared to Onge. We use the model of
population relationships shown in the Figure C.2. We test this model using admixture graph15
and find that the model is a good fit to the data (meaning that none of the f-statistics are greater
than three standard errors from expectation). F4 Ratio Estimation computes the ratio of f4(YRIi,
Adygeii; Romai-Ongei)/ f4(YRIi, Adygeii; CEUi-Ongei). This quantity is summed over all sites
(262,558 SNPs) and the standard errors are computed using the Block Jackknife (block size of
5cM). To represent all the populations needed for this analysis, we created a merged dataset that
included data from the Roma, the India project, HGDP and HapMap (n = 1,531 and 262,558
SNPs).

GERMLINE analysis
IBD segments were detected using GERMLINE18. For this analysis, we phased the data
from all relevant populations using Beagle34 and then ran GERMLINE in genotype extension
mode on a combined dataset of Roma, HapMap, India Project, POPRES and HGDP (n = 1,966
and 205,710 SNPs). We applied the following parameters for calculating IBD segments: seed
size = 75, minimum IBD segments length = 3cM, and the number of heterozygous or
homozygous errors = 0. The output of GERMLINE was used to compute an average pairwise
sharing between populations I and J as previously reported in reference35.
n

m

∑ ∑ IBD

ij

Average sharing =

i=1 j=1

n×m

€
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where IBDij = the length of IBD segment shared between individual i and j and n, m are the
number of individuals in population I and J respectively.

€

For identifying the source of the European ancestry, we computed the average sharing
between Roma and each of the four geographic regions in Europe. Each group contained the
following samples: Northern-Europe (n = 595) included CEU from HapMap, Orcadian from
HGDP, and Latvia, United Kingdom, Ireland, Sweden, Scotland, Norway, Denmark, and Finland
from POPRES, Southern-Europe (n = 649) included TSI from HapMap, Italian, Basque,
Sardinian, and Tuscan from HGDP, and Spain, Croatia, Bosnia-Herzegovina, Albania,
Macedonia, Slovenia, Kosovo, Italy, Cyprus, Portugal, Greece, and Serbia from POPRES,
Eastern-Europe (n = 82) included Russian from HGDP and Romania, Hungary, Slovakia, Czech
Republic, Bulgaria, Ukraine, Poland, and Russia from POPRES, and Western-Europe (n = 241)
included French from HGDP and Germany, Belgium, France, Austria, and Netherlands from
POPRES.
Similarly, for identifying the source of the South Asian ancestry we computed average
IBD distance between Roma and South Asians. We grouped the South Asian samples in seven
regional categories as follows: North (n = 38) included Tharu, Kharia, Vaish, Srivastava,
Sahariya, Lodi, HGDP Pathan and Sindhi, Northwest (n = 225) included Kashmiri Pandit and
POPRES Punjabi, Northeast (n = 8) included Nyshi and Ao Naga, Southwest (n = 16) included
Kurumba and Hallaki, Southeast (n = 29) includes Madiga, Mala, Vysya, Chenchu, Naidu,
Velama and Kamsali, West (n = 32) included Bhil, Meghawal and POPRES Gujarati, East
included Santhal and Satnami, and Andamanese (n = 16) included Great Andamanese and Onge.

Estimation of a date of mixture
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We applied modified ROLLOFF16 to estimate the date of mixture in a combined dataset
containing 1,274 individuals and 524,053 SNPs. For each pair of SNPs (x,y) separated by a
distance d Morgans, we compute covariance between (x,y). Specifically, we use the following
statistic -

∑ z(x, y)w(x, y)
R(d) = |x−y|≈d

∑ w(x, y)

2

|x−y|≈d

where z(x, y) = covariance between SNPs (x, y) and weight function w(x, y) = a weight function

€ allele frequency difference between the ancestral populations or the PCA based
that can be the
€ loadings for SNPs (x, y). We study the relationship of the
€ weighted covariance with genetic

distance, and obtain a date by fitting an exponential function with an affine term y = Ae−nd + c ,
where n is the number of generations since admixture, d is the distance in Morgans, c is the
affine term (non-zero asymptote of the fitted curve) and A is amplitude of€the weighted LD curve
(LD at short distances). Standard errors were computed using a weighted Block Jackknife32; 33
where one chromosome was dropped in each run. We fit a sum of exponentials to estimate the
dates of admixture under a two-pulse model of admixture using the exponential function:

y = Ae−n1 d + Be−n 2 d + c , where n1 , n2 are the admixture dates in generations.

€

Estimating individual autozygosity
We used PLINK v1.0720 to identify autozygous segments in the genome in a combined
dataset of 1,274 individuals and 524,053 SNPs. PLINK uses a sliding window approach to find
regions of the genome that are at least 1MB in length and contains 100 contiguous homozygous
SNPs. We allowed one heterozygous and five missing calls per segment. Autozygous segments
were identified separately for each individual. We applied this method to compute genomic
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autozygosity (overall length of autozygous segments) for each Roma and 30 random individuals
from each HapMap population.

Estimating a date for the founder event
To infer the date of the founder event, we compute the correlation of allele sharing as a
measure of LD as described in reference14 using a dataset containing Roma and HapMap
populations (n = 1,142 and 726,404 SNPs). Specifically, we compute the autocorrelation of allele
sharing between pairs Roma individuals, and then subtract the (Roma, CEU) cross-population
autocorrelation to remove the effects of ancestral allele sharing. We thus get a measure for the
Roma-specific LD related to the excess of allele sharing in this group. We plot the autocorrelation against genetic distance to infer the time of founder event. Specifically, we fit the
exponential function: y = Ae−2tD + c , where D = distance in Morgans and t = time of founder
event.

€
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5.1 Abstract

Most Indian groups descend from a mixture of two highly divergent populations: Ancestral
North Indians (ANI) related to Central Asians, Middle Easterners, Caucasians and Europeans,
and Ancestral South Indians (ASI) not closely related to groups outside the subcontinent. The
date of mixture is unknown but is central for understanding Indian history. We report genomewide data from 73 groups from the Indian subcontinent and analyze linkage disequilibrium to
estimate ANI-ASI mixture dates of 1,900-4,200 years ago. In at least a subset of groups 100% of
the mixture is consistent with having occurred during this period. These results show that India
experienced a demographic and cultural transformation several thousand years ago, from a
region in which major population mixture was common, to one in which mixture even between
closely related groups became rare because of a shift to endogamy.

5.2 Introduction
Nearly every group in India today descends from a mixture of two genetically divergent
ancestral populations, Ancestral North Indians (ANI) related to West Eurasians (Central Asians,
Middle Easterners, Caucasians and Europeans), and Ancestral South Indians (ASI) related
(distantly) to indigenous Andaman Islanders1. Multiple lines of evidence from linguistics2, and
genetics1; 3 have documented that West Eurasian admixture is pervasive in India and signatures
of the mixture are present in all traditional caste and tribal groups, and in speakers of different
language families.
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Archaeological and linguistic studies in India support the presence of two distinct groups
in South Asia-- one related to West Eurasians and another group that is native to India.
Archaeological studies highlight that agriculture on the subcontinent developed at different time
periods in the north and south of India. The earliest record of agriculture dates back to about
9000-8000 years before present from Mehrgarh in Pakistan, which included crops such as wheat
and barley that were similar to the crops found in Near East during this time period4; 5. In
contrast, agriculture developed much later in southern India around 4,600 years and
predominantly included native pulses such as mungbean and horsegram6. Comparative linguistic
studies also provide support for this dichotomy. There are about 1600 languages spoken in India.
A vast majority of these, however, belong to Indo-European and Dravidian language families2.
These languages are very distinct and appear to have very independent histories- Indo-European
languages such as Sanskrit and Hindi are part of a large language family that includes Latin,
English and many European and West Asian languages. On the other hand, Dravidian languages
such as Tamil and Telugu are spoken by 200 million people and have been hypothesized to be
native to India. In addition, the presence of loanwords (borrowed vocabulary) that trace their
origin to Munda or Dravidians languages has been identified in Sanskrit and not in any other
Indo-European language spoken outside India, suggestive of mixing of cultures and peoples7; 8.
In addition, genetic studies based on Y-chromosome9;
recently autosomal DNA3;

13

10

, mitochondrial DNA11;

12

and more

have shown beyond doubt that Indians harbor West Eurasian

ancestry and individuals cluster based on ethnicity, language geography.
All of these studies have provided strong evidence for the admixture in India; however,
the dates of mixture remain unknown. There are three main demographic events that could be
related to the presence of West Eurasian ancestry in India: (1) Individuals of West Eurasian

103

ancestry could have arrived in India as part of post ice-age migrations. The earliest civilization in
India, the Indus Valley civilization, dates back to 3300 BC14. Trade connections between Indus
and Mesopotamia are well recognized15, providing opportunity for contact between the West
Eurasians and the indigenous people of India; (2) Individuals of West Eurasian ancestry could
have immigrated to India with the spread of agriculture which would imply dates of either 9000
or 5000 years before present4; 6; (3) Finally, the appearance of Indo-Europeans languages and
Vedic religion in India by 1500 BC16; 17 could have provided an opportunity for the mixture of
individuals of ANI ancestry and the then inhabitants of India (ASI).
Inferring the date can shed light on these demographic movements and improve our
understanding of the formative period of Indian history.

5.3 Materials and Methods
Datasets
To learn about population history in India at higher resolution than was previously
possible we assembled data for 571 South Asian individuals from 73 well-defined ethnolinguistic groups (including two Pakistani groups). For samples genotyped on Affymetrix 6.0
arrays we required at least 99% completeness for all single nucleotide polymorphisms (SNPs)
and samples; this resulted in 383 individuals from 52 groups (27 groups newly genotyped for this
study)1 typed at 494,863 SNPs. For samples genotyped on Illumina 650K arrays we required at
least 95% completeness yielding 188 individuals from 21 groups3; 18 typed at 543,980 SNPs.
We initially filtered out 49 samples based on three criteria: (a) We removed one sample
from each pair of duplicates (individuals that match at least 90% of genotypes); (b) we removed
related individuals (for mother-father-child trios we exclude the child, and for other relative pairs
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we remove one of the two individuals); (c) we removed all samples previously excluded by
Metspalu et al (2011); and (d) we removed six Pakistani groups (Hazara, Kalash, Burusho,
Makrani, Balochi and Brahui) as it has been previously shown that these groups have a more
complex history than simple mixture of two ancestral groups1 (Table D.1).
We next excluded an additional 194 samples based on patterns of relatedness observed in
Principal Component Analysis (PCA): (1) We removed samples and groups that have evidence
of recent ancestry from groups other than ANI and ASI based on previous documentation1; 19 and
PCA of Figure 5.1 which removed all Austro-Asiatic and Tibeto-Burman speakers; (2) We
removed groups that were not homogenous in PCA; and (3) We removed individuals who do not
cluster with the majority of samples from their own group (Table D.1).
We merged the data with Human Genome Diversity Panel (HGDP) data from 51 groups
(257 individuals genotyped on Affymetrix 500K SNP array20, and 940 on Illumina 650K
array18); International Haplotype Map Phase 3 (HapMap3) data from 11 groups (1,158
individuals genotyped on Affymetrix 6.0 array and Illumina 1M array21); Behar et al. (2010) data
from 41 groups (466 individuals genotyped on Illumina 610K array22); and Yunusbayev et al.
(2011) data from 13 groups (214 individuals genotyped on Illumina 610K array23).
We created an “Affymetrix” dataset of 210,482 SNPs by merging data on 211 Indians (30
groups) with data from non-Indians typed on Affymetrix arrays (HapMap3 and Affymetrix
HGDP). We created an “Illumina” dataset of 500,703 SNPs by merging data on 117 South
Asians (15 groups) with data from non-Indians typed on Illumina arrays (HapMap3, Illumina
HGDP, Behar et al (2010) and Yunusbayev et al. (2011)). We intersected these data to create an
“Illumina-Affymetrix” dataset of 328 South Asians (45 groups) genotyped at 86,213 SNPs.
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F4 Ratio Estimation
We use F4 Ratio Estimation as implemented in ADMIXTOOLS24 to estimate the
proportion of ANI ancestry in Indian groups. Specifically, we use the statistic:

ANI% =

f 4 (YRI,Basque;India,Onge)
f 4 (YRI,Basque;Georgians,Onge)

[1]

This assumes the model of Figure D.1 with Pop1 = Georgians, Pop2 = Basque.

!

This is different from the model used previously in Reich et al (2009) which uses
Papuans, CEU and Adygei as outgroups1. Since the publication of Reich et al. (2009), we have
observed that some of the groups used in the statistic have a more complex history than is
captured by the model25. Hence for this study, we replace Papuans with Yoruba (YRI) and use
new West Eurasian outgroups that provide a better fit to the proposed model of historical
relationships.
For F4 Ratio Estimation to provide unbiased results, it requires access to four outgroup
populations that branch off at four distinct positions on the ancestral lineage relating ANI and
ASI24. We choose to work with Yoruba (YRI), Andamanese (Onge)26 and two West Eurasian
populations (Pop1 and Pop2) that are at successively increasing phylogenetic distance from the
ANI (that is, the tree for West Eurasian populations is (Pop2, (Pop1, ANI))) (Figure D.1). We
first fixed Pop1. For each Indian group (X), we compute D(Onge, X; YRI, Y) where Y = any West
Eurasian population from a panel of 42 groups including Europeans, Central Asians, Middle
Easterners, and Caucasian populations. For all 45 Indian groups on the cline, we find that
Georgians are consistent with being a clade with ANI (Table D.2, Table D.3). Thus we use
Georgians as Pop 1 (Figure D.1). We next fixed Pop2. We examine all possible West Eurasian
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populations to find groups that provide a good fit to the proposed phylogeny (YRI, (Pop2,
(Georgians, ANI)), (ASI, Onge)) using our admixture graph phylogeny testing software24.
Within the limits of our resolution, we find 5 groups (Pop2 = Italian, Tuscan, Basque, Kurd,
Abhkasian) that are consistent with this model in the sense that none of the f-statistics relating
the groups are greater than three standard errors from expectation. To obtain a sense of the
uncertainty in the ANI ancestry proportions ranging over these five candidates for Pop2, we ran
F4 Ratio Estimation with two choices of Pop2 representing different geographic extremes (Pop2
= Abhkasian, and Pop2 = Basque). We obtain similar ANI ancestry estimates (Table D.4). Our
estimates are also consistent (within 2 standard errors) to those in Reich et al. 2009 (Table D.4).

Estimating admixture dates using rolloff
For each pair of SNPs (x,y) separated by a distance d Morgans, we compute the
covariance between (x,y), which we used to measure the linkage disequilibrium (LD) due to
population mixture. Specifically, we use the rolloff24; 27; 28 statistic:

R(d) =

∑
∑

|x−y|≈d

z(x, y)w(x, y)

|x−y|≈d

w(x, y) 2

[2]

€ is the covariance between SNPs x and y, and w(x, y) is a weight function. The
where z(x, y)
weight can be either: (a) the allele frequency difference between two groups we use as surrogates
frequency difference between a tested Indian
! for the ancestors (Europeans, Onge); (b) the allele !
group and one reference (Europeans); or (c) the PCA-based SNP loadings for SNPs (x, y)
computed by performing PCA with Europeans and various Indian cline groups. We plot the
weighted covariance with distance and obtain a date by fitting an exponential with an affine
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term: y = Ae−nd + c , where d is the distance in Morgans and we interpret n as the number of
generations since admixture. We compute standard errors with a weighted Block Jackknife29,
€ with one chromosome dropped per run.

Indo-European and Dravidian admixture dates and their difference
For our date estimates reported in Figure 5.2, we applied rolloff to the merged IlluminaAffymetrix dataset of 86,213 SNPs, using weights from PCA-based SNP loadings computed
using Basque and all samples on the Indian cline speaking the language group other than the one
being analyzed. To compute the significance of the difference in the date estimates, we leave out
each of the 22 chromosomes in turn, and use a weighted Block Jackknife procedure to convert
the variability in the difference into a standard error. As a robustness check, we repeated this
analysis using the Affymetrix dataset of 210,482 SNPs for the 4 Indo-European groups and 5
Dravidian groups that we found were consistent with a simple ANI-ASI mixture (using Basque
and all the other Indian cline groups for computing SNP loadings). We confirm a significantly
younger date in Indo-European than in Dravidian speakers, with the difference of 44 ± 18
generations being significant at Z = 2.4.

Identifying groups consistent with simple ANI-ASI admixture
For each of 37 Indian groups including Onge (less than the total number of groups we
had after curation because we applied a minimum sample size requirement of 5), we tested if
they are consistent with deriving all their ancestry from the same ANI-ASI ancestral populations
by studying the matrix of all possible statistics of the form f4(Indiabase, Indiaother; NonIndianbase,
NonIndianother) comparing to a panel of 38 non-Indian populations. Many f4 statistics can be
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written as linear combinations of each other, and thus we need to pick a basis for the space of f4
statistics. In practice, we pick one Indian group as “Indiabase” and any other Indian group (from
the remaining 36 groups) as Indiaother. We pick an African group (YRI) as “NonIndianbase” and
the NonIndianother groups include Dai, Papuans, Karitiana, and diverse West Eurasian groups
including Europeans, Middle Easterners and Caucasians (The choice of base has no
mathematical impact on the test). To identify sets of Indian groups consistent with having the
same relationship to the panel of Eurasians, we use a Hotelling T-test to evaluate if the matrix of
all f4 statistics has exactly one linearly independent component (rank 1)30. For sets of Indian
groups that are consistent with being rank 1, we also run the admixture graph software to
evaluate if the relationships in Figure D.1 (where Pop 1 = Georgians, Pop 2 = Basque) are
consistent with the data. We began by applying this procedure to all possible sets of three Indian
groups. For the sets that passed, we added each possible fourth Indian group in turn and tested
the consistency with a simple ANI-ASI mixture. We applied this process iteratively until no
additional Indian groups could be added to the rank 1 set (see Note D.3 for details).

Admixture graph analysis
We applied the admixture graph24 software to study if the model of simple ANI-ASI
admixture in rank 1 Indo-European and Dravidian groups provides a fit to the data. Admixture
graph studies the correlations in allele frequency differentiation statistics (f2, f3 and f4)24 among
groups, comparing the observed values to those specified by the model (with a standard error
from a block jackknife) to test hypotheses about population relationships. To test if the model
provides a fit to the data, the software examines individual f-statistics and considers statistics
more than three standard errors from expectation to be indicative of a poor fit. We also used this
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method to estimate the internal drift lengths [Figure D.2, genetic drift separating (X”, ANI) and
drift separating (X”, ASI)] that are required by ALDER for estimating admixture proportions.

Estimating the date and proportion of recent admixture using ALDER
We run ALDER31 with one reference population (we quote results from Basque, but
obtain similar results with 8 other reference West Eurasian groups). The ALDER statistic for
measuring admixture LD is similar to the rolloff statistic:

" z(x, y)w(x, y)
a(d) =

S(d )

[3]

| S(d) |

z(x, y) is the covariance between SNPs x and y. Here w(x, y) is the product of the
As before, !
allele frequency differences at x and y between the two reference groups (in this case, Basque
and
! the admixed group itself), and S(d) = {(x, y): |x - y|! < d - ε/2} (where ε is a discretization
parameter).
We plot the weighted covariance against genetic distance and perform a least-squares fit
using y = Ae−nd + c , where n is the number of generations since admixture and d the distance in
Morgans. Under a single-wave mixture model, the amplitude of admixture LD decay, defined as
€

ao = A + c /2 , is analytically predicted by the ANI ancestry proportion ( ) using the
relationship:

ao = 2α (1− α )(αf 2 (ANI, X") − (1− α ) f 2 (ASI, X")) 2

!

[4]

Here, X’’ is €the common ancestor of Basque (X) and the ANI-ASI lineage (Figure D.2). We
estimate f 2 (ANI, X") and f 2 (ASI, X") using our admixture graph software with one West

€

€
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Eurasian outgroup (as we do not have access to Georgians in the 210,482 SNP Affymetrix
dataset). Having only a single West Eurasian outgroup in the admixture graph makes the model
poorly constrained, but we can compensate by fixing the value of the admixture proportion to be
equal to the ANI ancestry inferred from F4 Ratio Estimation. We compare the expected
amplitude a0 (from the formula above) and the observed amplitude â0 (from the weighted LD
curve) to test if the model of a single wave of mixture between ANI and ASI provides a good fit
to the data (see Note D.4 for details). The entire procedure is repeated dropping out each
chromosome in turn to generate block jackknife standard errors on the quantities of interest.

95% confidence interval on the ANI ancestry proportion prior to mixture
Consider the model that an Indian group derives its ancestry from two waves of
admixture involving ANI-related populations (that have the same allele frequencies) and an older
wave that is old enough that its contribution to the measured LD is negligible. Thus the group
would have ancestry from three sources: old ANI ancestry (αold), recent ANI ancestry (αnew) and
ASI ancestry (1-αtotal). The expected one-reference ALDER amplitude is then:

ao =

2α new (1− α total )
(α total f 2 (ANI, X") − (1− α total ) f 2 (ASI, X")) 2
α old + (1− α total )

[5]

€ Again, we can estimate the internal drift lengths using admixture graph and estimate α

total

using F4 Ratio Estimation. Plugging in â0 (from the weighted LD curve) and solving the above
equation for each jackknife run, we can estimate the range of αold. We compute a one-sided 95%
confidence interval of 0% to mean + 1.65 times the standard error.
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5.4 Results
Data from 73 South Asian groups
We assembled the most comprehensive study of Indian genetic variation to date: genomewide single nucleotide polymorphism (SNP) data on 571 individuals from 73 well-defined ethnolinguistic groups, including 383 individuals from 52 groups genotyped on Affymetrix SNP
arrays 6.0 (27 groups newly genotyped for this study)1 (Figure 5.1) and 188 individuals from 21
groups (including two from Pakistan) genotyped on Illumina 650K SNP arrays3; 18. We curated
these data using Principal Component Analysis (PCA), removing individuals who did not cluster
with others from the same group (Table D.1) (Methods).

Mixture proportions
Almost all groups speaking Indo-European or Dravidian languages lie along a gradient of
varying relatedness to West Eurasians, as can be seen in PCA (Figure 5.1), which we have
previously shown reflects variable proportions of ANI-ASI ancestry1. Groups speaking
Austroasiatic and Tibeto-Burman languages fall away from this “Indian cline” (Figure 5.1),
consistent with ancestry from distinct populations; the history of these groups is important but is
not our focus here. We restricted our analysis to 45 groups that fall on the Indian cline, all of
which speak Indo-European or Dravidian languages. Using F4 Ratio Estimation24 which analyzes
allele frequency correlation patterns to infer mixture proportions, we estimate that the ANI
ancestry ranges from as low as 17% (Paniya) to as high as 71% (Pathan) (Table D.4).
Traditionally lower caste, Dravidian-speaking, and tribal groups tend to have lower proportions
of ANI ancestry than traditionally upper caste and Indo-European speaking groups (P<0.001)1.
Our estimates of ANI ancestry are lower than we previously reported (although within two
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Figure 5.1. Principal Component Analysis (PCA).

Figure 5.1. (Continued) (A) Map showing the sampling locations for all Indian groups in our
study (except the group labeled as “central_mix1_nihali” in [3]). (B) PCA of 70 of the 73 groups
in this study along with non-Indians [European Americans (CEU), Georgian, Iranian, Basque,
and Han Chinese (CHB)] highlights the “Indian cline,” a gradient of ancestry in which northern
groups (Sindhi, Pathan, and Kashmiri Pandit) show the closest relatedness to West Eurasians. To
aid visualization, we represent each group by the average PCA coordinates of all the individuals
in it. a indicates groups from Metspalu et al (2011) and b indicates the groups from HGDP. Great
Andamanese and Siddi are not included because of their evidence of relatively recent admixture
with non-South Asian groups. Also central_mix1_nihali from ref. [3] has not been included
because it contains data from multiple ethno-linguistic groups combined under one label.

standard errors)1, due to the fact that we previously used Papuans, Adygei, and Northwest
Europeans (CEU) as outgroups for ancestry estimation, whereas here we use Yoruba, Basque
and Georgians (Figure D.1, Table D.4). The reason for replacing the Papuans with YRI is that
Papuans harbor gene flow from archaic humans (Denisovans)25, which could bias ancestry
estimates. We also use different West Eurasians because the Adygei derive a small proportion of
their ancestry from an East Asian related source which could again bias estimates, and because a
model in which Georgians are the most closely related West Eurasian group to the ANI provides
a good fit to the data for many models we tested, whereas models with Europeans in their place
are not as good fits. While we believe that the Onge is only distinctly related to ASI, we do not
replace Onge here as they are the best surrogate population we have for ASI as most of the
Indian groups on the mainland are admixed and would not be appropriate for this analysis. In
addition, if the Onge harbor ancestry from groups other than ASI (although our formal tests
provide evidence to the contrary) then this puts a lower bound on the estimates of admixture
proportions reported here.
Admixture dates
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To date ANI-ASI mixture, we capitalized on the fact that admixture between two
differentiated populations generates allelic association [linkage disequilibrium (LD)] between
pair of SNPs32. The LD decays at a constant rate as recombination breaks down the contiguous
chromosomal blocks inherited from the ancestral mixing populations. The expected value of the
admixture LD is related to the genetic distance between SNPs (the probability of recombination
per generation between them) and the time that has elapsed since admixture32. We previously
reported simulations showing that dating population mixture based on the scale of admixture LD
is robust to the use of imperfect surrogates for the ancestral populations, fine-scale errors in the
genetic map, and a history of founder event in the admixed population, and is able to provide
unbiased date estimates for events up to 500 generations ago24; 27; 28; 31 (we confirmed this using
new simulations with demographic parameters relevant to India; Note D.1).
We estimated admixture dates for all the groups on the Indian cline with more than 5
samples (a minimum sample size is important for measuring LD with precision). We observe a
decay of LD with genetic distance for the great majority of groups (Figure 5.2, Figure D.3). By
fitting an exponential function using least squares (using rolloff24; 27; 28), our point estimates for
the dates range from 64-144 generations ago, or 1,856-4,176 years assuming 29 years per
generation33,12.
We highlight two implications of these dates. First, nearly all groups experienced major
mixture in the last few thousand years, including tribal groups like the Bhil, Tharu, and Paniya
who might be expected to be more isolated. Second, the date estimates are typically more recent
in groups speaking Indo-European languages (average of 72 generations) compared with groups
speaking Dravidian languages (108 generations). A jackknife estimate of the difference is highly
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Figure 5.2. Dates of mixture. We pool samples based on linguistic affiliation (Indo-European
(n=175) and Dravidian (n=144)) and run rolloff (using the merged Illumina-Affymetrix dataset
of 86,213 SNPs) to measure the LD due to mixture between ANI and ASI. To obtain weights
proportional to the allele frequency differences between ANI and ASI at each SNP (needed to
run rolloff), we use SNP loadings obtained from a PCA of Basque and a pool of groups from the
linguistic cluster whose admixture is not being dated (e.g. Indo-European when we are dating
Dravidian admixture). We infer a date by fitting an exponential with a constant term,
y = Ae"nd + c , where d is the genetic distance in Morgans and where we interpret n as the number

of generations since mixture. The non-zero constant (c in the fitted equation) allows for
!

variability in the mixture proportion among the groups we pooled.
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Kashmir

Pakistan

Uttar Pradesh

Uttar Pradesh

Uttar Pradesh

Uttar Pradesh

Uttar Pradesh

Uttar Pradesh

Andhra Pradesh

Uttar Pradesh

Tamil Nadu

Gujarat

Uttar Pradesh

Andhra Pradesh

Tamil Nadu

Andhra Pradesh

Andhra Pradesh

State/ territory

32-35'N/69-72'E

34°22'N/75°50'N

24-27'N/68-70'E

25°45'N/82°41'E

26°06'N /83°18'E

25°45'N/82°41'E

27°56'N /78°65'E

26°45'N /80°32'E

25°44'N /83°1'E

17°05'N /79°27'E

25°44'N /84°56'E

21°46'N /86°78'E

23°02'N/72°40'N

25°37'N /83°04'E

14°41'N/77°39'N

10°99'N /78°22'E

17°22'N/78°29'N

17°58'N/79°35'N

Latitude/
Longitude

70.4 ± 1.2

65.2 ± 1.3

64.3 ± 1.3

62.8 ± 1.4

61.2 ± 1.4

60.9 ± 1.3

54.6 ± 1.6

48.2 ± 1.7

47.8 ± 1.5

43.4 ± 1.7

41.0 ± 1.8

40.5 ± 1.9

38.9 ± 1.6

38.7 ± 1.7

37.9 ± 1.8

37.7 ± 1.8

34.3 ± 1.7

32.0 ± 1.7

ANI%

73 ± 9

103 ± 17

67 ± 8

65 ± 9

86 ± 7

76 ± 10

78 ± 9

75 ± 10

64 ± 11

85 ± 15

107 ± 13

83 ± 21

78 ± 7

113 ± 13

144 ± 27

113 ± 15

96 ± 16

120 ± 21

Date of
admixture
(gens)

2,117

2,987

1,943

1,885

2,494

2,204

2,262

2,175

1,856

2,465

3,103

2,407

2,262

3,277

4,176

3,277

2,784

3,480

Date of
admixture
(years)

we indicate the number of newly genotyped. a indicates samples from Metspalu et al (2011) and b indicates samples from HGDP.

with either the full Affymetrix (494,863 SNPs) or full Illumina (500,714 SNPs) datasets, restricting to samples typed on the relevant SNP array. For the five instances marked Reich 2009 & this study,

a minimum sample size is important for measuring LD with precision). Because inferences of dates based on admixture LD are greatly improved by higher SNP density, we performed the date analysis

We estimate the ANI ancestry proportion and date of admixture using F4 Ratio Estimation and rolloff respectively, for all the groups on the Indian cline that have at least six samples (the requirement of

Pathan

b

Kashmiri Pandit

Sindhi

Li 2008

This study

Kshatriya

b

Metspalu 2011

Kshatriyaa

Kanjar

a

Metspalu 2011

6

Metspalu 2011

Dharkar

17 (10)

Reich 2009 & this study

Bhil
Scheduled
caste/ tribea
Dushadha

10

Metspalu 2011

14 (10)

Reich 2009 & this study

Chamara

8

13 (10)

13 (9)

N

Vysya

Kallar

Metspalu 2011

Reich 2009 & this study

Madiga

a

Dataset

Pop

Table 5.1: Characterization of population admixture along the Indian cline

statistically significant at 35 ± 8 (Z = 4.5 standard errors from zero) (Table 5.1). A possible
explanation is a secondary wave of mixture in the history of many Indo-European speaking
groups, which would decrease the estimated admixture date.

Table 5.2: Tests for consistency with a single pulse admixture model
Group

Language-family

Social Group

n

P-value

Kashmiri Pandit

Indo-European

Upper caste

15

0.0191

Brahmin

Indo-European

Upper caste

10

< 0.0001

Kshatriya

Indo-European

Middle caste

15

0.0035

Bhil

Indo-European

Tribal

17

0.0010

Vysya

Dravidian

Middle caste

14

0.0936

Madiga

Dravidian

Lower caste

13

0.0980

Mala

Dravidian

Lower caste

13

< 0.0001

a

Indo-European

Tribal

10

0.1883

Dharkar

Indo-European

Nomadic group

11

< 0.0001

Sindhi

b

Indo-European

Urban group

10

0.0001

Pathan

Indo-European

Urban group

15

< 0.0001

Chamar

a

b

Note: P<0.05 (rejection of the null model of single pulse of admixture) are highlighted in bold.
a

indicates samples from Metspalu et al (2011) and b indicates samples from HGDP.

Testing for multiple layers of admixture in the history of Indian groups
A caveat for these dating analyses is that they assume that the entire admixture occurred
over a short period. However, population mixture can be non-instantaneous, such that the date
we obtain from our method may actually be an average of multiple dates spread out over a
substantial period. One way to detect a history of non-instantaneous gene flow is to fit a sum of
exponential functions to the decay of admixture LD and to show that it provides a better fit to the
data than a single exponential function, as we in fact find for the Kashmiri Pandit, Kshatriya,
Sindhi and Pathan (Note D.2, Table 5.2). However, even if we fail to detect a non-exponential
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decay, we cannot rule out non-instantaneous gene flow, both because the decay can be noisy and
because statistical detection of a mixture of exponential functions can be difficult34. A
particularly important scenario we could not rule out using this method is that several thousand
years ago, Indian groups were already admixed, and thus the LD decay we detect is the result of
mixture of already admixed ancestral groups with different proportions of ANI ancestry. If the
initial admixture was more than ten thousand years old, the related admixture LD would have
decayed so completely as to be nearly invisible to our method. The LD we are measuring could
in this case reflect only the most recent events.
To assess whether the admixture LD we are detecting could plausibly account for all the
ANI-ASI mixture in an Indian group’s history, we developed a novel approach: comparing the
observed amplitude of the LD curves (the amount observed at short genetic distances) to what
would be expected if the dated LD accounts for the entire ANI-ASI admixture. To implement
this approach, we took advantage of our recently developed ALDER method, which computes
weighted LD statistics and also provides a theoretical expectation for the amplitude under the
model of a single wave of mixture, even in cases where the populations used as surrogates for the
ancestral admixing populations are highly genetically drifted from the true ancestral
populations31; 35. The ALDER expected amplitude formula requires estimates of the admixture
proportion (which we have from F4 Ratio Estimation) as well as the drift separating the true
ancestral populations and our surrogates for them, which we obtain by using admixture graph24
to fit a model of population relationships to the data (Methods). By comparing the observed and
the expected values of the amplitude, we can evaluate whether the admixture LD we are dating
can account for the entire ANI-ASI admixture in the group’s history. Our simulations show that
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for a single-wave admixture history, the weighted LD amplitude measured by ALDER is
consistent with the expectation (Note D.4).
To make this analysis maximally robust, we restricted it to sets of Indian groups that are
consistent with a model of mixture between the same ANI and ASI ancestral populations to
within the limits of our resolution. To evaluate formally whether a model of simple ANI-ASI
admixture fits the data for a proposed set of Indian groups, we compared the allele frequency
differences among the Indian groups to the allele frequency differences among a set of 38 nonIndian groups including many West Eurasians, searching for differences that would be expected
if the Indian groups did not derive all their ancestry from the same two ancestral populations.
Specifically, we computed f4 statistics measuring the correlation in allele frequencies between
each possible pair of Indian groups in the set and diverse pairs of non-Indian groups. If the ANI
ancestry in all the Indian groups in the tested set derives from the same ancestral population(s),
the f4 statistics measuring the correlations are expected to be proportional, and thus the matrix of
all f4 statistics is expected to have one linearly independent component (rank 1) (Note D.3). We
can test this null hypothesis using a Hotelling T-test30. Our simulations show that this test has the
power to detect a history of multiple ancestral ANI populations even when they are closely
related; genetic drift in the admixed groups alone cannot increase the rank (Note D.3). For all the
sets that pass as rank 1, we performed a further level of testing, running admixture graph24 to
evaluate if the relationships in Figure D.1 (with Georgians forming a clade with ANI and Basque
as a second West Eurasian outgroup) are supported by the data in the sense that no f-statistic
measuring allele frequency correlation is more than three standard errors from model expectation
(Note D.3).
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In some groups the ANI-ASI admixture is multi-layered
Applying this procedure to all possible sets of three Indian groups, and adding in
additional Indian groups until we could add no more (without increasing the rank), we identified
previously undetected complexity in Indian history, with many sets of Indian groups not
consistent with a simple ANI-ASI admixture. This analysis produces two notable findings. First,
while aboriginal Andaman Islanders (Onge) are consistent with being a sister group of ASI for
many sets of Indian groups1, the Onge cannot be added in to the model for other sets of Indian
groups. Such a pattern would be expected if there was an ancient second wave of migration into
the Andaman Islands from a population more closely related to the ASI ancestors of some
present-day Indian groups than others; this would also be consistent with the finding that the
closest matches to Andamanese mitochondrial DNA haplotypes in Eurasia are rare haplotypes
found in India36. Second, we find that the Indian groups consistent with simple ANI-ASI mixture
are most often from tribal and traditionally lower caste groups. Middle and upper caste groups
tend to have evidence of more complex histories, with signals of multiple layers of ANI ancestry
from slightly different ANI ancestral populations. Further evidence for multiple waves of
admixture in the history of many traditionally middle and upper caste groups (as well as IndoEuropean speaking and northern groups) comes from the more recent admixture dates we
observe in these groups (Table 5.1), and the fact that a sum of two exponential functions often
produces a better fit to the decay of admixture LD than a single exponential (as noted above for
some northern groups; Note D.2). This is also in agreement with the signal observed in the
ADMIXTURE analysis reported in Metspalu et al (2011).
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In some groups the ANI admixture is consistent with being simple and all due to events in
the last few thousand years
Focusing on the largest set of Indo-European speaking groups (4 groups) and the largest
set of Dravidian speaking groups (5 groups) consistent with mixture of the same ANI and ASI
ancestral populations, we find that the expected and observed admixture LD amplitudes are
equivalent to within the limits of our resolution. We restricted this analysis to Indian groups
genotyped on Affymetrix arrays because this allowed us to analyze about 2.5 times more SNPs
(n=210,482), which improves the accuracy of inferences based on admixture LD. Restricting to
samples genotyped on Affymetrix arrays raised the challenge that we could not use Georgians as
part of our admixture graph fitting (we need a second outgroup like Georgians to obtain tight
constraints on the absolute estimates of ANI-ASI admixture), but in Note D.4 we show that we
can accurately infer the difference between the two amplitude values (observed - expected) even
without access to Georgians by constraining the admixture proportions estimated using F4 Ratio
Estimation. For both the Indo-European and Dravidian sets, the observed amplitudes are
statistically consistent with the expected values (Table 5.3). Thus, our data are consistent with all
of the ANI ancestry in selected sets of Indian groups speaking both Indo-European and
Dravidian languages being due to admixture events that we can date to within the past few
thousand years. Accounting for statistical uncertainty, we estimate that the ANI ancestry that
cannot be explained by a single wave of admixture in the last few thousand years has a 95%
confidence interval (truncated to 0) of 0-19% for the Indo-European speakers and 0-16% for the
Dravidian speakers. Thus all the ANI ancestry in some groups is consistent with deriving from
admixture events that have occurred in the past few thousand years.
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Table 5.3. Consistent estimates of the amplitude of admixture LD for the Indo-European
and Dravidian speaking rank 1 groups
Indo-European speaking rank 1 groups:
Reference West
Eurasian (X)

Expected amplitude
x 10000

Observed amplitude
x 10000

Z-score for
difference

Basque

0.7 ± 0.2

0.6 ± 0.1

-0.5

CEU

0.6 ± 0.2

0.5 ± 0.1

-0.8

French

0.9 ± 0.2

0.8 ± 0.1

-0.6

Italian

0.5 ± 0.2

0.6 ± 0.1

0.1

Orcadian

0.8 ± 0.2

0.7 ± 0.1

-0.5

Sardinian

0.7 ± 0.2

0.7 ± 0.1

0.4

Tuscan

0.7 ± 0.2

0.7 ± 0.1

-0.2

Dravidian speaking rank 1 groups:
Basque

1.1 ± 0.2

0.8 ± 0.1

-1.7

CEU

0.9 ± 0.1

0.5 ± 0.1

-2.7

French

1.1 ± 0.2

0.6 ± 0.1

-2.4

Italian

0.8 ± 0.1

0.8 ± 0.2

-0.1

Orcadian

0.9 ± 0.1

0.3 ± 0.4

-1.6

Sardinian

0.9 ± 0.2

0.9 ± 0.2

0.0

Tuscan

1.0 ± 0.2

1.0 ± 0.1

0.2

Note: We use equation [4] to compute the expected amplitude of admixture LD. The observed amplitude is
based on ALDER analysis using X as the reference population. We ignore inter-SNP distances less than
threshold chosen by ALDER after comparing shared LD between the reference and the admixed group. To
estimate the error, we perform a weighted block jackknife, removing one chromosome in each run.
The admixture graph ANI admixture proportion is the inferred ANI proportion averaged over all admixed
individuals in the group. The estimates for each group are weighted by their sample size.

5.5 Discussion
Our analysis provides evidence for major mixture between populations with very
different ancestries in India ~1,900-4,200 years ago, well after the establishment of agriculture.
We have further shown that groups with unmixed ANI and ASI ancestry were plausibly living in
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India until this time. This contrasts with the situation today in which all groups in India are
admixed. The major mixture we have dated is striking in light of the endogamy that has
characterized many groups in India since the time of mixture. For example, the Vysya from
Andhra Pradesh have experienced negligible gene flow from neighboring groups in India for an
estimated three thousand years1. Thus, we have shown that India experienced a demographic and
cultural transformation, shifting from a region where major mixture between groups was
common and affected even isolated tribes such as Palliyar and Bhil, to a region in which mixture
was rare.
The archaeological and historical correlates of the time of mixture are important and
interesting. The period of around 1,900-4,200 years ago was a time of major change in the
subcontinent, characterized by the deurbanization of the Indus valley civilization40, repopulation
of the Gangetic plateau41, dramatic shifts in burial practices42, and likely appearance of IndoEuropean languages and Vedic religion in India16;

17

. Hints of the cultural shift towards

endogamy can be observed in the evolution of ancient Indian texts. The bulk of the Rig Veda, the
oldest texts composed in India, had no mention of the class or caste system, and indeed there is
linguistic and philological evidence from the older part of the Rig Veda that there was
acceptance of some of the pre-Indo-Aryan population as kings (or chieftains) and poets38. The
traditional four class (varna) system, made up of Brahmanas, Ksatriyas, Vaisyas and Sudras, was
first mentioned in the appendix (book 10) and was merely described as a means of social
organization37; 38. However, assigning caste (jati) related to an individuals traditional hereditary
occupation appeared only some centuries later, such as in the law code of Manu (Manusmriti),
which redefined the system by forbidding intermarriage between groups and preventing the
movement of individuals across caste groups39. Thus, over the course of the composition of the
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Vedas, there is supporting evidence for India transforming from a region where mixture between
divergent groups was accepted to one in which endogamy was advocated.
It is equally important to point out what our study has not shown. It is important to
recognize that our results provide no direct evidence at all for people of ANI or ASI ancestry
migrating to India from outside the subcontinent ~1,900-4,200 years ago. Indeed, studies that
have tried to identify the West Eurasian populations that are most closely related to the main
ANI ancestry component in India (as many upper and middle caste groups have multiple layers
of ANI ancestry) have failed to find any population that has evidence for shared ancestry within
the past 12,500 years3, although it is possible that by surveying additional populations or
deploying new methods such relatedness could be uncovered. An alternative scenario that is
consistent with our results is that the ANI and ASI coexisted in India for thousands of years prior
to mixing. While this hypothesis might seem unlikely at first, ancient DNA studies from Europe
suggest that such scenarios are plausible and in fact directly supported by the data. In Germany
and Sweden, there is converging evidence from archeology and genetics that Neolithic farming
populations arrived in northern Europe around 5,000-7,500 years ago but did not admix with the
local hunter gatherer groups until about 4,500 years before present. The present day genetic
structure in Europe thus represents a mixture of Neolithic and Mesolithic ancestries43-46.
In conclusion, we have documented a major cultural and demographic event that
occurred in India in the period 1,900-4,200 years ago, which profoundly affected the genetic
ancestry of essentially every Indo-European and Dravidian speaking population in India. An
open question is the historical origin of ANI and ASI ancestry that is present not just in
traditionally upper caste groups, but also in traditionally lower caste and tribal groups, all of
whom are united in their history of mixture within the past few thousand years. A priority of
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future studies should be to investigate ancient human remains from India, as this may make it
possible to disentangle the two hypotheses consistent with our data and provide novel insights
about the history of South Asia.
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Chapter 6
Conclusions and Perspectives

131

6.1 Contribution of this thesis
In this dissertation, I have presented a range of methods that study the distributions of
allele frequency, linkage disequilibrium, and identity-by-descent sharing among individuals, for
learning about history from genetic data. I have applied these methods to reconstruct several
episodes of South Asian and West Eurasian history. The insights from these analyses are
complementary to the inferences from other disciplines such as linguistics, archaeology and
history.
In the first study (Chapter 2), I introduced a novel method for inferring the time of
population admixture, and through simulations verified that this method is applicable for dating
admixture events that occurred up to 300 generations (~9,000 years) before present. I analyzed
genomewide single nucleotide polymorphism (SNP) data from 40 West Eurasian groups and
showed that Southern European, Levantine and Jewish groups have inherited ~1-15% subSaharan African ancestry within the past 100 generations. The dates of admixture in Southern
European and Levantine populations are consistent with events during the Roman Empire and
subsequent Arab migrations. The dates in the Jewish populations are older (~72 generations
ago), but have overlapping intervals in 8 diverse Jewish groups, potentially reflecting descent
from a common ancestral population that already had some African ancestry prior to the Jewish
Diasporas. The signal of sub-Saharan African ancestry in these West Eurasian groups in the last
few thousand years confirms that there were continued contacts between Mediterranean
civilizations and Africa through trade and slave expeditions, after the initial migration out of
Africa.
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In the second study (Chapter 3), I investigated the genomewide ancestry of Siddi groups
and showed that these populations trace their ancestry to African, Indian and Portuguese
ancestral groups within the past 200 years. As this mixture had occurred in the recent past, I was
able to verify the consistency of the genetic inferences with the results from other disciplines,
namely historical records documenting the arrival of Siddis in India. The study on Indian Siddi
groups illuminates the history of the African Diaspora across the Indian Ocean, and confirms that
the African slave trade extended beyond Europe, Middle East and the Americas.
In the third study (Chapter 4), I investigated the ancestry of European Roma gypsies who
have been suggested to have migrated to Europe from South Asia. I performed formal tests to
confirm that Roma have both West Eurasian and South Asian ancestry, and estimate that they
harbor 80% West Eurasian ancestry deriving from a combination of European and South Asian
sources. The examination of the patterns of identify-by-descent sharing between the Roma and
non-Roma groups showed that the West Eurasian and South Asian ancestry in Roma likely traces
its origin to Eastern Europeans and Northwest Indians respectively. Finally, I estimated that the
major West Eurasian gene flow in to Roma occurred about 850 years ago, soon after the exodus
of Roma out of the Indian sub-continent. The migration out of India was accompanied by a
severe founder event, signatures of which have been preserved for hundreds of years because of
the endogamy that is prevalent in Roma communities.
Finally, in Chapter 5, I investigated the history of South Asian populations that have
ancestry from two highly divergent ancestral groups, Ancestral North Indians (ANI) related to
West Eurasians and Ancestral South Indians (ASI) not closely related to groups outside the
subcontinent. By studying admixture linkage disequilibrium (LD) in 73 South Asian groups, I
estimated that major gene exchange occurred ~2,000-4,000 years before present. I developed a
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novel approach that combines the insights of allele frequency and LD-based statistics to infer the
underlying model of population mixture that differentiates between models of single and
multiple pulses of gene exchange. I showed that almost all upper and middle caste groups have a
history of multiple episodes of ANI-related gene exchanges. Thus, the date of mixture in these
groups should be interpreted as the weighted average of the date of the multiple events. In a
subset of tribal and lower caste groups, the formal tests indicated that all the mixture occurred
during this period. However, this result was striking in the light of the endogamy that has
characterized most Indian groups since the mixture. This study has shown that India experienced
a major cultural transformation, changing from a region where mixture was pervasive to a region
where mixture even among populations located geographically close to each other was rare.
Historical and archaeological records have suggested that this was a period of major
changes in the subcontinent characterized by the downfall of the Indus civilization and the likely
appearance of Indo-European languages in India. However, I caution that population mixture
dates should not be interpreted as migration dates without supporting evidence from other
disciplines such as linguistics and archaeology. The alternate hypothesis that the ANI and ASI
populations coexisted in India long before mixing is also entirely consistent with the results of
this study. One of the most important questions in Indian history is to understand the nature of
events that led to the spread of Indo-European languages and Vedic culture to India, and this
study has provided new insights for understanding this formative period of Indian history.
In conclusion, this thesis provides valuable insights into the history of West Eurasian and
South Asian populations and helps address important open questions related to the history and
ancestry of these groups.
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6.2 A limitation in the precision of the dates
In this study, the time of mixture (in generations) was inferred by studying the decay of
admixture linkage disequilibrium in the target population. To understand the demographic
movements related to the mixture and to compare the estimates across disciplines like linguistics
and archaeology, the date in years is more useful. I computed the date estimate in years by
multiplying the date estimate in generations and the generation interval (average number of years
per generation). The generation interval has been estimated to be 29 years in diverse populations
including hunter-gatherer, developing, and industrialized nations1; 2. It depends on a range of
factors such as gender, culture, geography and time; and the point estimate is likely not capturing
all the uncertainty in this parameter1. However, the effect of each of these factors is not well
characterized. As more information related to the human reproductive behaviors becomes
available, it may become possible to estimate the changes in generation interval related to each
of these factors, and compute more precise estimates of the dates of mixture in years.

6.3 Future directions
In this section, I outline three main directions of investigation that I believe will be
important to pursue in terms of using genetic data to provide new insights about the history of
groups investigated in this study. Because a discussion about the future directions has been
included at the end of each chapter, this section is relatively broad, as it is applicable to most
studies of human population history.
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Broadening sample coverage
A key area for future work should be to identify the exact (or the closest) population that
has contributed to the admixture (often referred to as the source of the admixture) as this can
provide important insights about the evolutionary history of populations. Such studies would
greatly benefit from improving the spatial coverage of samples across the world, in particular
Africa and East Asia, where the current sampling is sparse. Comprehensive coverage of samples
from Africa will help identify the source of the sub-Saharan ancestry in South Europeans,
Middle Easterners and Jewish groups.
Recent work in extracting and sequencing of ancient human remains has provided, for the
first time, an opportunity to directly sample human variation from the past. Most ancient DNA
studies have so far focused on Europe, as the climate preserves samples relatively well there, but
it would be very exciting to sequence samples from South Asia and Africa, even if these studies
are limited to sampling genetic variation from the past few thousand years. In order to trace the
historical origin of the ANI-ASI populations, it would be of particular significance to sequence
ancient human remains from Bronze-age sites in South Asia, such as Harappa and Mohenjo-daro
(in Pakistan)3; 4. The ancestry of the occupants of these sites remains unclear, but uncovering this
information provides an opportunity to improve our understanding of the history of South Asia;
and also the origin and spread of Indo-European languages across the world.

Power of sequence data
Technological and scientific advances have made sequencing the entire genomes of large
numbers of individuals feasible and cost-effective. This provides an exciting opportunity to
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analyze ascertainment-bias free data that samples all the variation in the genome, including
mutations that are only found in the person being sequenced (private alleles). This provides an
opportunity to make inferences of demographic parameters based on the allele frequency
spectrum, without modeling or correcting for complicated ascertainment schemes. In addition,
examining the distribution of rare alleles can provide information about recent population
structure. The identification of shared haplotype segments containing rare or private alleles can
serve as a signature of ancestry in admixed populations and studying the geographic sharing can
help uncover the source of the admixture. Furthermore, the distribution of the length of the
haplotypes can provide important information about the timing of demographic events such as
population mixtures and divergences.

Developing new statistical methods
A particularly exciting area of method development involves combining inferences from
modern and ancient DNA samples. Integrating the patterns of spatial and temporal distributions
can provide new insights about the evolutionary history of populations. For example, current
studies investigating spatial relationships of European populations have been unable to resolve if
the clinal structure observed in principal component analysis of Europeans is driven by isolationby-distance or by historical migrations or both. Methods that can characterize the evolution of
spatial population relationships over time would, however, be able to disentangle the signals of
genetic drift and migrations, thus providing a way to differentiate between these two hypotheses
and characterize the contribution of each.
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Another important topic to investigate is “branch shortening” on the archaic lineage.
Depending on the samples age, the archaic sample could lack several thousands of years of
molecular evolution compared to a modern sample. Thus by measuring the divergence of archaic
and modern samples from a shared common ancestor such as chimpanzee, one can estimate the
age of the archaic fossil. This insight was used by Meyer et al. (2012) to estimate the date of the
Denisova fossil5. However, this requires calibration to human-chimpanzee divergence time that
is not very accurately determined. An alternate approach would be to study patterns of shared LD
between ancient and modern samples, perhaps related to a shared gene flow or founder event, to
characterize the relative dates of the two samples. The LD based approach does not require
calibration and can thus provide unbiased estimates. Inferences of branch shortening can have a
wide range of applications from estimating the age of fossils to understanding population
divergence times to calculating the mutation rate in humans.
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Text A.1: PCA-based search for outliers and sub-structure
We performed Principal Component analysis (PCA) analysis with the unmixed ancestral
West Eurasians (CEU) and ancestral Africans (YRI) and each West Eurasian population (X) to
study the relationship of individuals within population X to sub-Saharan Africans. A plot of the
first and second PCs separates the YRI from CEU and West Eurasians fall between these two
populations, depending on their genetic proximity to Africans (Figure A.1). We observe that
most populations are homogenous in their relationship to sub-Saharan Africans, with a few
outliers. In order to obtain sample estimates that are more representative of the bulk of the
populations, a total of 140 outliers were removed based on PCA (Table A.2). Here are a few
notes related to the PCA.
1. We removed all samples from the POPRES Greece population from our analysis, as PCA
showed that the 8 Greek individuals formed 3 separate clusters, with evidently different
proportions of African relatedness. It was not clear which cluster was most characteristic of the
larger Greek population, and hence we excluded the population altogether.
2. Combined PCA of CEU, YRI and all Italian populations shows that there are three significant
clusters among the Italian populations: Sardinian, Northern-Italy and Southern-Italy. The
“Southern-Italy” group mainly consists of individuals from the POPRES Italy population that
appear to be sampled from the south of Italy based on the clustering seen in PCA. The
“Northern-Italians” group contains data from POPRES Italy and Swiss-Italians and HGDPCEPH Bergamo and Tuscany and “Sardinians” include individuals from HGDP-CEPH Sardinia
and POPRES Italy population, which appear to be closely related to this group (Figure A.1C).
Individuals that did not fall into these three main clusters were excluded from all further analysis.
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3. The HGDP-CEPH Bedouin population was divided into 2 groups – Bedouin-g1 and Bedouing2. The Bedouin-g1 population is more similar to the HGDP-CEPH Palestinian population
(Figure A.1D) compared to the other Bedouin group (Bedouin-g2).
4. PCA analysis of YRI, CEU and 389 IBD Ashkenazi Jews shows that a large number of
Ashkenazi Jews cluster together forming a main groups of ~320 individuals. The rest of the
individuals are very heterogeneous and we hypothesize that they have experienced recent
admixture with non-Ashkenazi groups (Figure A.1E). We excluded 69 individuals that do not
fall in the main cluster.
5. In the case of the Jewish samples from the Jewish HapMap project, we applied a slightly
different algorithm to search for outliers. In addition to performing PCA for each Jewish
population X and CEU and YRI, we performed a combined PCA of all Jewish populations. This
was done to confirm that the self-reported ancestry of the Jewish individuals correlates with the
ancestry based on genetic data. In some cases, we found that there was significant heterogeneity
in the population (for example: Italian Jews). Hence, we removed all individuals that did not
cluster with the bulk of individuals of that group. We also identified some individuals that
clustered with groups other than their own, and these individuals were also excluded from further
analysis (Figure A.1E).
Comparison of results before and after curation shows that the data curation does not
affect the qualitative inferences (Table A.3).
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Text A.2: Robustness of inferences to the choice of ancestral populations
To test whether our inferences are sensitively dependent on the ancestral populations
used as reference populations, we performed all the tests substituting YRI and CEU with other
related populations.
(a) We computed principal components (PCs) with EIGENSOFT 2 using the Kenyan Bantu and
Adygei (a population from the Northern Caucasus) and projected various West Eurasian and
African populations onto the PCs. A plot of the first and second PCs shows that West Eurasian
populations form a gradient of relatedness to Kenyan Bantu, with other African populations
having frequencies that are most correlated to Kenyan Bantu and the Northern European
populations having frequencies that are least correlated. We observe that Southern European,
Jewish and Levantine populations are close to Adygei but are slightly shifted towards Kenyan
Bantu compared to Northern European populations, just as in Figure 2.1 (Figure A.2).
(b) To assess the robustness of our inferences from Table 2.1, we repeated the 4 Population Test
with alternate tree topologies where we replaced the ancestral West Eurasian and ancestral subSaharan African populations. Alternate topologies tested were as follows:
(i) ((YRI, Papuan), (Adygei, X)) (X is a range of West Eurasian populations tested)
(ii) ((Mandenka, Papuan), (CEU, X))
(iii) ((Kenyan Bantu, Papuan), (CEU, X))
In all three cases, we observed significant violations of the expected tree topology for Southern
European, Jewish groups and Levantine populations (Table A.4). The Northern European
populations showed no evidence of admixture (Table A.4).
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(c) To demonstrate that our estimates of African mixture proportions are not sensitive to the subSaharan African group we compared to, we use f4 Ancestry Estimation

3

with the alternate

phylogenetic tree (San,(Y,(Papuan,(CEU,X)))), where X = range of West Eurasian populations
that show violations of the 4 Population Test

3

and Y= Mandenka or Kenyan Bantu. We also

replaced the outgroup Papuan with the HapMap3 Han Chinese (CHB). Our analyses show that
the tests are robust to the ancestral populations or the outgroup chosen, as the results are
qualitatively similar.

Text A.3: Effect of SNP ascertainment bias on results of 3 Population Test
To investigate if SNP ascertainment bias can affect the results of the 3 Population Test,
we performed coalescent simulation using Hudson’s ms4 to generate data for two ancestral
populations, Population A (Pop A) and Population B (Pop B). For the simulation, we use a twopopulation demography similar to one used in reference1 where the effective population size of
Pop A is N0 = 10,000 and effective population size of Pop B varies from 0.25N0 to 0.85N0 such
that the frequency differentiation FST(A,B)=0.15 and the divergence time varies from 45,000 100,000 years. These simulated populations can be roughly considered as Africans and
Europeans. Details of the demographic model are presented in Figure A.4. In order to generate
SNPs affected by ascertainment bias, we select two chromosomes and examine the alleles. If the
two alleles are different, we record the data for the SNP. There are three ascertainment schemes:
(1) One chromosome is selected from each of Pop A and Pop B
(2) Both the chromosomes are selected from Pop A
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(3) Both the chromosomes are selected from Pop B
We construct the genomes of individuals of Pop C who have mixed Pop A and Pop B
ancestry by using the simulator described in the Materials and Methods section. We choose a
20%/80% mixing proportion and set the time since mixture to be 10 generations. We then
perform the 3 Population Test3 (C; A, B). We observe that regardless of the ascertainment
scheme or the demographic model chosen, there is clear evidence of mixture in Pop C (Table
A.6) and our results are not affected by ascertainment bias.

Text A.4: Robustness of the ROLLOFF method for estimating mixture dates
(a) ROLLOFF simulations for a scenario similar to African Americans
We simulated genomes of 10 individuals of mixed European and African ancestry using
the simulation framework described in the Materials and Methods. We set the time since mixture
(λ) at 6 generations and the European ancestry proportion (θ) was sampled from a beta
distribution with mean 20% and standard deviation 10%. These parameters were chosen to be
within the ranges of values that are typical for African Americans5. ROLLOFF analysis was
performed using a non-overlapping dataset of 1,107 European American and 737 Yoruba
Nigerian individuals as reference populations. The analysis was restricted to 339,171 SNPs and
the fine scale recombination map of Myers et al.6 was used for specifying the genetic distance.
A plot of the admixture LD shows an approximately exponential decay of LD with
genetic distance. The half-life suggests a mixture date of 6 ± 1 generation (Figure A.7). The
standard error was calculated using the Weighted Block Jackknife where we remove one
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chromosome in each run and measure the variance in the date to assess the stability of the
inference (see Materials and Methods).

(b) ROLLOFF analysis to test the effect of errors in the genetic map
To test the dependence of the ROLLOFF estimates on the precision of the genetic map,
we systematically change the genetic map by modeling the change based on the convolution
property of a gamma distribution with rate parameter φ. A low value of φ implies significant
changes to the map and a high value allows for fine scale changes.
Suppose we model the genetic distance (di) between any pair of SNPs (s1 and s2) as a gamma
distribution with two parameters such that k is the shape parameter and µ is scale parameter that
is the reciprocal of the rate parameter (µ = 1/φ), then the probability distribution of distance di is
given by

for x, µ ≥ 0

(1)

Just by changing the rate parameter (φ), one can make fine scale changes to the map without
changing the overall mean of the distribution. Using this method, we created different genetic
maps by setting φ to range of values varying from 0.001 to 10 (multiples of 10). We simulated
10 individuals of mixed European and African ancestry that had 20% European and 80% African
ancestry with the mixture occurring 10 and 100 generations ago. We used a non-overlapping
dataset of European Americans and Nigerians as the reference populations and the inaccurate
genetic map for modeling in ROLLOFF.
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We observe that ROLLOFF is robust to errors in the genetic map and the estimated date
falls within two standard deviations of the truth for the different maps (Table A.7).

(c) ROLLOFF analysis to test the effect of different bin sizes
To be computationally efficient, we divide the genome into bins separated by distance d
and estimate the correlation between all possible pairs of SNPs in each bin. To test if the bin size
has an effect on the results of ROLLOFF, we performed simulations with variable bin sizes and
estimated the date of admixture. We simulated individuals of mixed European and African
ancestry that had 20% European and 80% African ancestry with the mixture occurring 10
generations ago (10 individuals) and mixture occurring 100 generations ago (10 individuals). We
performed four separate ROLLOFF analyses using a non-overlapping dataset of European
American and Nigerians as reference populations with the bin size within the range of 0.001 1cM (we picked 5 values in this range).
For mixture occurring 10 generations ago, we observe that all the estimated dates fall
within two standard deviations of the true (simulated) time depth. However, bin sizes of 0.5cM
and greater contain very few points within each bin and thus the results should be considered
with caution. We repeated the analysis for mixture occurring 100 generations ago and observed
similar results. Based on these results, we conclude that the optimal bin size should be within the
range 0.001 – 0.5 cM. For all our analyses, we use a bin size of 0.1cM (Table A.7).
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(d) Simulation searching for bias in ROLLOFF
In many cases, genetic data for the true ancestral populations for a particular admixture
event is not available either because the populations involved in the mixture are no longer extant
(as the modern day population is very diverged from the ancestral population) or they have not
been genotyped. In such cases, to the best that we can do is to use present-day populations that
most closely resemble the true ancestral populations. To test the effect of using an inaccurate
reference population on the estimation of a date by ROLLOFF, we constructed 10 diploid
genomes of individuals of mixed ancestry with 20% European and 80% African ancestry that
were simulated using CEU and YRI individuals but modeled using other reference populations.
We performed these simulations for mixture occurring 10 generations ago as well as 100
generations ago. We performed ROLLOFF analysis with 4 sets of reference populations. These
were:
(i) French Basque and Senegal Mandenka
(ii) Druze and Kenyan Bantu
(iii) HapMap3 Gujarati (GIH) and Kenyan Maasai (MKK)
(iv) Druze and Yoruba
In all cases, we observe that ROLLOFF can accurately estimate the date of mixture for
the recent admixture date of 10 generations, even though inaccurate reference populations are
used. Even at more ancient dates, the results are within two standard deviations of the true
simulated date (Table A.8).

This shows that ROLLOFF is robust to somewhat inaccurate

parental populations and should be useful even in cases where it is difficult to obtain genetic data
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from the true ancestral populations. In particular, it suggests that our method is likely to give
unbiased results for West Eurasians regardless of the sub-Saharan African ancestral population
chosen.
To assess if inaccurate ancestral populations give unbiased results for a real admixed
population, we applied ROLLOFF to data from African Americans (HapMap3 ASW), using
Senegal Mandenka and Basque as reference population. We estimated that the date of admixture
for ASW is 6 ± 1 generation, which is consistent with previously published reports 5; 7 and with
the date estimated if YRI and CEU (which are likely close to the true ancestral populations) are
used as reference populations. The date remains unchanged even if Druze and YRI are used as
reference populations.
In addition, we carried out simulations to test the performance of ROLLOFF in situations
of very low mixture proportions and old mixture dates as seen in Southern Europeans and Jewish
groups. We simulated data for 20 individuals of mixed YRI and CEU ancestry with the mixture
proportion and date of mixture selected to match Southern Europeans (1-3% mixture proportion,
55 generations ago) and Jewish groups (3-5% mixture proportion, 89 generations ago). We then
ran ROLLOFF with the same set of inaccurate reference populations as shown above. We
repeated each simulation 100 times and then computed the average date and bias (here, bias is
defined as (average-truth)/(truth)).
We observed that in the case of low mixture proportions and old mixture dates, there is
an upward bias in the estimated dates (Table A.9). This effect is attenuated as the number of
admixed samples increases (Table A.10) and as the mixture proportion increases (Table A.11)
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but does not seem to be significantly affected by the ancestral populations used as reference in
the ROLLOFF analysis (Table A.9).
To test how much this effect is biasing our estimated dates for West Eurasians, we
performed simulations to generate data for individuals of mixed European and African ancestry
where we set the mixture proportion (θ), time since mixture (λ) and number of samples to match
the parameters estimated for each West Eurasian group individually. We then performed
ROLLOFF analysis using HapMap3 Italian Toscanis (TSI) and Kenyan Luhya (LWK) as
reference populations. We repeated each simulation 100 times and computed the average and
bias. The bias is in general very small except in the case where the mixture dates are old and
sample sizes are small, which is the case for the Druze and most of the Jewish groups, where the
bias is typically at least 20% (Table 2.2 and Table A.12). We discuss this bias and report a bias
correction in the main text.

(e) ROLLOFF analysis for double admixture scenarios
A potential pitfall in estimating dates of admixture is that the historical mixture event
may not have occurred all at once, but instead may have taken place over multiple different times
(pulse migration model) so that the pattern in the data in fact reflects a range of mixture times.
To explore this, we ran ROLLOFF to infer the date of admixture on data simulated under a
double admixture scenario (where there were two distinct events of gene flow between the
populations). We simulated double admixture scenarios in which a 90%/10% admixture of CEU
and YRI occurred at λ= 30, followed by a 60%/40% mixture of that admixed population and
YRI at λ= 6. We also simulated data for a 50%/50% admixture of CEU and YRI that occurred at
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λ= 30, followed by a 50%/50% mixture of that admixed population and YRI at λ= 10 and
80%/20% admixture of CEU and YRI at λ= 40, followed by a 20%/80% mixture of that admixed
population and YRI at λ= 20. For each simulation, genomes of 20 admixed individuals were
constructed and ROLLOFF analyses were performed using a non-overlapping dataset of
European Americans and Nigerians as reference populations.
Applying ROLLOFF to the simulated data, we observed that for case 1 where the mixture
occurred at λ = 30 generations followed by λ= 6 generations, the date of admixture was
estimated at 34 and 5 generations, when we fitted a sum of two exponentials and 6 generations
when we fitted a single exponential distribution to the decay of the correlation coefficients.
Similarly, ROLLOFF was able to estimate the date of admixture for the simulations for double
admixture of 50%/50% mixture of CEU and YRI that occurred at λ= 30, followed by a 50%/50%
mixture of that admixed population and YRI at λ= 10 accurately (35 and 9 generations when
output was fitted with a sum of two exponentials and 11 generations when fitted with a single
exponential) (Figure A.8). However, for simulations of more ancient mixture dates of 80%/20%
admixture of CEU and YRI that occurred at λ = 40, followed by a 20%/80% mixture of that
admixed population and YRI at λ = 20, we could only reliably estimate the date for the more
recent admixture event (24 and 2 generations when output was fitted with a sum of two
exponentials and 22 generations when fitted with a single exponential). Standard errors were not
computed for this analysis, as it is not clear how to apply the standard Jackknife theory for
analysis with a sum of exponentials.
The dates for the recent admixture event were qualitatively similar to the true time depth,
when the data was fitted with a single exponential or sum of two exponentials. A caveat is that
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we have only simulated a limited number of double mixture scenarios. In principle, further
exploration of different values of (θ, λ) might identify situations in which we could estimate the
date of the older mixture event using ROLLOFF.

(f) Simulations of continuous admixture
To model continuous gene flow, we simulated recurrent mixture over a specified number
of discrete generations- varying between 1 to 100 generations (graduation mixture model). In
each simulation, we generated data for individuals of mixed ancestry using two ancestral
populations (CEU and YRI), where the gene flow occurred in an interval I = [a,b] where 0 ≤ a ≤
b. In each generation during I, we allow a proportion m (computed based on mixture proportion
(θ)) of YRI lineages to migrate, yielding a total of 20% average African ancestry in the resulting
admixed samples (Figure A.9). At generation 1, we sample African haplotypes with probability
(θ) and European haplotypes with probability (1-θ). We resample ancestry at each marker with
probability 1-e-g, where g is the genetic distance between markers (in Morgans). Once the
ancestry is sampled, a haplotype is copied from an individual of the chosen population (YRI or
CEU) and copied to the genome of the admixed individual and the process is continued until the
end of chromosome is reached. After the first generation, we allow there to be uni-directional
migration from YRI into the admixed individuals. The pool of ancestral haplotypes is updated in
each generation with haplotypes from the previous generation and this procedure is repeated
until the end of the interval I. Next, if parameter a ≠ 0, then following YRI mixture, there are a
generations of random mixture between the admixed individuals only. This can roughly be
thought of as simulating genetic drift, since admixture. This procedure is repeated to create the
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genomes of 20 admixed individuals and pairs of haploid individuals are combined to construct
10 diploid admixed individuals.
In order to test the performance of ROLLOFF, we performed 30 simulations. In each
simulation, we varied the values of the length of the interval I = b-a and the time since mixture
(a). We performed ROLLOFF analysis using a non-overlapping dataset of 1,107 European
American and 737 Nigerian Yoruba individuals as reference samples. All analyses were
restricted to 339,171 SNPs and the fine scale recombination map by Myers et al. 6 was used for
mapping the genetic distance.
We applied ROLLOFF to the simulated data, fitting a single exponential decay in each
case. We observe that when the interval I is very small, the ROLLOFF result correlates to the
time since the last mixture event. However, as length of the interval I increases, the estimated
dates reflect averages of mixture dates over a range of the interval (Table A.13).

(g) ROLLOFF analysis in cases of no mixture related to the reference populations
We performed ROLLOFF analysis to estimate the date of admixture in the East Asian
Uygur (HGDP-CEPH- Uygur) population who are known to have both West Eurasian and East
Asian ancestries 8; 9. We used extremely inaccurate and unrelated populations— African Pygmies
(HGDP-CEPH- Mbuti and Biaka Pygmies) and Nigerian YRI—as reference populations to test
the performance of the ROLLOFF in cases when there is no admixture related to the reference
populations. To contrast the situation of no mixture and to ensure that there are no technical
issues with the dataset, we simulated 20 individuals of mixed Pygmy and Yoruba ancestry as
positive control. These samples were simulated using HGDP-CEPH Biaka and Mbuti Pygmies
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and HGDP-CEPH Yoruba individuals as ancestral populations with 20% Pygmy ancestry and
80% Yoruba ancestry with the mixture occurring 10 generations (10 individuals) and 100
generations ago (10 individuals). We used a dataset containing 591,320 SNPs and used Pygmies
and YRI as reference populations for ROLLOFF.
We observed clear evidence of admixture in the simulated individuals as we see an
approximately exponential decay of LD with distance in the simulated individuals, with
estimated dates of mixture as 10 and 90 generations. However, we observe that the correlation is
almost zero in the Uygur population (Figure A.11). This is consistent with expectation as these
populations do not have Pygmy and YRI ancestry or ancestry from populations closely related to
Pygmy or YRI.

Text A.5: Searching for the source of African ancestry in West Eurasians
In order to identify the source of the African ancestry in Levantine, Southern Europeans
and Jewish groups, we performed Principal Component Analysis (PCA) and 4 Population Test3.
We first started by establishing axes of variation in Africa by performing - (a) PCA with 15 subSaharan African populations and (b) PCA with sub-Saharan Africans, South Africans (HGDPCEPH- San) and European Americans (HapMap3- CEU). The goal of these analysis was to
investigate if we can reliably distinguish ancestry from various parts of Africa and to ensure that
none of the African populations have any West Eurasian ancestry. If we include samples that
have West Eurasian ancestry, the PCA will be biased toward the population more closely
matching the West Eurasian group related to the mixture, which would confound our results. For
these analysis, we used the dataset of 10 West and South African populations from Bryc et al. 10,
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three sub-Saharan African populations from HGDP-CEPH

9

and five populations from

HapMap311.
The PCA in Figure A.12 shows that most of our samples fall along two main axes of
variation, which we call Chadic (e.g. Bulala, Mada and Kaba) vs Non- Chadic and East Africans
(e.g. Kenyan Luhya- LWK) vs West Africans (e.g. Nigerian Yoruba - YRI). This pattern is
similar to one previously observed by Bryc et al.

10

. In addition, we identified that the East

African Maasai have some West Eurasian ancestry as samples vary in their proximity to CEU in
the PCA, and hence we did not include them in subsequent PCA explorations.
To make a qualitative inference about the source of the African ancestry in West
Eurasians—relative to the Chadic and East-West axes of variation in Africa defined in the PCA
analyses—we performed PCA Projection. Specifically, we carried out PCA Projection analysis
with three sub-Saharan African populations that are at the extremes of the PCA in Figure A.12:
Bulala, Yoruba, Luhya that we take to represent Chadic, Niger-Kordofanian, and Nilo-Saharan
related ancestry respectively. We also used Asians (HapMap3- CHB) to represent non-African
variation. The value of using the CHB rather than a West Eurasian population here is that the
CHB are likely to be symmetrically related to all West Eurasians. Hence, including them in the
analysis will not bias the results toward matching one West Eurasian group more than another.
We performed projection PCA with all three possible pairs of African populations along
with CHB, and then plotted the mean values of all the samples from each West Eurasian
population onto the first and second PCs. As a reference, we also project African Americans
(HapMap3 ASW) and North Africans (HGDP-CEPH- Mozabite) that have inherited a mixture of
both sub-Saharan African and West Eurasian ancestry, as well as Northern Europeans (CEU).
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Figure A.13 shows that West Eurasians without any evidence of sub-Saharan African
ancestry (like CEU) all fall on a single point on the plot, as expected. However, the West
Eurasians with sub-Saharan African ancestry fall along a gradient pointing toward some subSaharan African populations more than others. The Figure A.13A and Figure A.13B show that
the African ancestry in West Eurasians is likely not related to Chadic Bulala population as in
both cases the West Eurasians are pointing away from Bulala. However, when we perform the
analysis using Luhya, Yoruba and CHB to construct the PCs, we observe that the West Eurasians
are pointing to a population that is intermediate between Kenyans and Yorubans, but somewhat
more closely related to the East Africans.
In order to formally test if Levantine, Southern Europeans and Jews are more closely
related to Luhya (compared to Yoruba), we perform the 4 Population Test with the tree ((LWK,
YRI),(X, CEU) that is consistent with the data, where X is a West Eurasian populations (Table
A.14). We are not able to reject this tree when X is any of the Southern European or Jewish
groups, and hence we cannot formally reject the hypothesis of at least some West African
ancestry in these groups. However, we are able to show that the African ancestry in a couple of
Levantine populations is more closely related to East Africans than West Africans. It is
historically plausible that gene flow occurred from both West Africa (there were slave caravans
across the western Sahara in Roman times12) and from East Africa, via the Egypt and Middle
East13.
It is important to note that the methods used in our study for inferring ancestry proportion
as well as the date of admixture are carefully designed so that they are not sensitive to which
African population is used, as long as the phylogeny is correct. Thus, our inability to pinpoint the
African source population for the sub-Saharan African ancestry in West Eurasians is not
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expected to bias these inferences. To confirm this expectation, we performed our analysis with
LWK (instead of YRI) to represent the sub-Saharan African source population and show that our
results remain qualitatively similar. Results for f4 Ancestry Estimation and ROLLOFF using East
Africans and CEU as ancestral populations are shown in Table A.15.
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A. Northwest Europe

Figure A.1: PCA-based search for outliers and substructure in West Eurasians.
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Figure A.1 (Continued)
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Figure A.1 (Continued)
B. East-Central Europe
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Figure A.1 (Continued)
C. Southern Europe
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Figure A.1 (Continued)
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Figure A.1 (Continued) Combined PCA analysis for all Italian populations:
a. Before outlier removal

b. After outlier removal and relabeling

D. Levant
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Figure A.1 (Continued)
Bedouin
a. Before outlier removal

b. PCA-based classification

E. Jewish Groups
IBD.Ashkenazi Jews
a. Before outlier removal

b. PCA-based classification
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Figure A.1 (Continued)
Jewish HapMap Project
Combined PCA analysis for all Jewish groups:
a. Before outlier removal

b. After outlier removal

Figure A.1 (Continued) PCA was performed using YRI, CEU and X (where X = any West
Eurasian population). A plot of the first and second PCs is shown all West Eurasian populations.
Outliers (if any) are shown in pink boxes and labeled as X.Outlier. In three populations –
Bedouins, Italians and Ashkenazi Jews, we observe significant population structure. The
populations have been divided into multiple groups and PCA results both before outlier removal
and reclassification are shown below.
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Figure A.2: PCA Projection with Adygei and Kenyan Bantu. PCA was performed using
genome-wide SNP data from Adygei and Kenyan Bantu. All West Eurasians populations with
samples sizes of ≥5 were then projected onto these PCs. (a) The first panel presents data for all
populations, (b) while the second provides a higher resolution view of West Eurasians after
removing Sub-Saharan Africans. Each point on this graph indicates the mean value of the first
PC for a projected population and West Eurasians populations are colored by 5 regional
groupings—“Northwest Europe”, “East-Central Europe”, “Southern Europe”, “Levant”, “Jewish
Groups”—with the assignments of populations to groups as shown in Table 2.1. The grouping
“Sub-Saharan Africa” refers to six populations from the HGDP-CEPH panel: Kenyan Bantu,
South African Bantu, Mandenka, Mbuti Pygmy, Biaka Pygmy and Yoruba. A qualitatively
similar pattern is seen as in Figure 2.1.
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(A)

4 Population Test

(B)

Figure A.3: Formal Tests of admixture.
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3 Population Test

Figure A.4: Demographic model to test the effect of ascertainment bias on 3 Population
Test. Simulation framework was adapted from reference [1] where the authors were simulating
data to test effect of SNP ascertainment bias on calculation of F-statistics similar to 3 Population
Test statistics.
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single line with the length of the different colors reflecting the individual ancestry proportions.

proportions using ~13,900 markers (selected to not be in LD with each other) and K=2. Each individual is represented by a

Figure A.5: Estimation of African ancestry using STRUCTURE. We applied STRUCTURE 2.2 to estimate the mixture

Figure A.6: Geographic gradient of African ancestry in Europeans. Sub-Saharan African
ancestry proportions were estimated using f4 Ancestry Estimation. Populations in grey are
estimated to have sub-Saharan African ancestry between 1-4%. The * in Switzerland indicates
that the three populations available from this country have variable estimates: Swiss-Germans
show no evidence of African mixture, Swiss-French 0.5 ± 0.2% and Swiss-Italians 1.6 ± 0.2%.
The ‘+’ sign in Italy indicates that multiple samples were available but all show evidence of
African mixture. No data are available from countries filled with diagonal lines. The map was
downloaded from- http://www.ecozon.com/images/europe_map.jpg
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Figure A.7: ROLLOFF simulation for a scenario similar to African Americans.

We

constructed genomes of 10 individuals with mixed European and African ancestry. We set the
time since mixture (λ) at 6 generations and the European ancestry proportion (θ) was sampled
from a beta distribution with mean 20% and standard deviation 10%. We performed ROLLOFF
analysis with a non-overlapping dataset of European Americans and Yoruba Nigerians as
reference populations. We plot the decay of admixture LD as a function of genetic distance and
estimate the date of admixture as 6 ± 1 generations, by fitting an exponential distribution to the
data.
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as 35 and 9 generations. In both cases, we accurately estimate the date of the most recent mixture event.

admixture event as 11 generations. In the right panel, we fit a sum of two exponentials to the data and estimate the dates of admixture

Americans as reference populations. In the left panel, we fit a single exponential distribution to the data and estimate the date of the

and YRI at λ= 10 generations. We performed ROLLOFF analysis using a non-overlapping set of Yoruba Nigerians and European

in which a 50%/50% mixture of CEU and YRI that occurred at λ= 30, followed by a 50%/50% mixture of that admixed population

Figure A.8: ROLLOFF analysis for double admixture event. We simulated double admixture scenarios (two events of gene flow)

Figure A.9: A demographic model for continuous admixture scenarios. In order to test the
performance of ROLLOFF under continuous admixture scenarios, we simulate data for
individuals with mixed ancestry using data for two ancestral populations CEU and YRI, where
the gene flow occurs in an interval I = [a,b] where 0 ≤ a ≤ b and the time is in generations. In
each generation, a proportion m of the population is replaced by migrants from the other. Based
on this model, we simulate data for Population X where we set the overall ancestry of YRI =
20% and vary the values of a and b.
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A. Northwest Europe

B. Southern Europe

Figure A.10: ROLLOFF analysis for West Eurasians.
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Figure A.10 (Continued)
C. Levantine Populations

D. Jewish Groups
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Figure A.10 (Continued)

Figure A.10 (Continued) We performed ROLLOFF analysis for each West Eurasian population
X that showed significant evidence of admixture in the 4 Population Test using YRI and CEU as
reference populations. We plot the decay of admixture LD as a function of genetic distance and
estimate the date of admixture by fitting an exponential distribution to the data. Standard errors
were calculated using a Weighted Block Jackknife as described in the Materials and Methods.
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Figure A.11: ROLLOFF analysis in cases of no gene flow related to the tested ancestral
populations. We performed ROLLOFF analysis for East Asian Uygurs, who have West
Eurasians and Han Chinese ancestries. We used YRI and Pygmies (Mbuti and Biaka Pygmies) as
the reference populations in ROLLOFF and saw no evidence of mixture. To show that this is not
because of an inability to detect mixture when YRI and Pygmy-related groups are the true
ancestral populations, we simulated 10 individuals of mixed Pygmy and Yoruba ancestry, with
Yoruba mixture proportion (θ) = 80% and time since mixture (λ) = 10 generations (10
individuals) and θ = 80% and λ= 100 generations (10 individuals). We plot the ROLLOFF
weighted correlation coefficient against genetic distance and observe clear evidence of mixture
in these samples, with fairly accurately estimated dates of 10 and 90 generations respectively.
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Figure A.12: Establishment of the axes of variation within Africa using PCA. To study the
relationship of sub-Saharan African populations to each other and filter out populations with
West Eurasian ancestry, we performed the following three PCA: (A) PCA of 15 sub-Saharan
African groups using EIGENSOFT (B) PCA of 15 sub-Saharan African groups along with
HapMap Chinese (CHB) and South African San, and (C) We PCA of 14 sub-Saharan African
groups (excluding Kenyan Maasai).
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Figure A.13: Source of African ancestry in West Eurasians is likely to include some East
African ancestors. In order to identify the source of the African ancestry in Levantines,
Southern Europeans and Jews, we performed PCA Projection with all three possible pairs of
African populations (Bulala, Kenyan Luhya (LWK) and Yoruba (YRI)) along with HapMap
Chinese (CHB), and then plotted the mean values of all the samples from each West Eurasian
population, African Americans (ASW) and North African (Mozabites) onto the first PC and
second PC. These admixed West Eurasian populations align along a gradient that points more at
(a) YRI than Bulala, and (b) LWK than Bulala suggesting little evidence for Chadic ancestry in
West Eurasians. (c) Interesting, the PCA detects more relatedness to LWK than to YRI,
suggesting that there may be some East African related ancestry in these West Eurasian
populations.
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Table A.1: Summary of Datasets
Merged

Dataset included

#Inds

#SNPs

Dataset

Analyses in which this data
set is used

A

POPRES

B

HGDP-CEPH

C

HapMap 3

D

IBD

E

Jewish HapMap

F

POPRES + HapMap3

3,845

~500,000

940

~650,000

1,115

>1M

392

~300,000

232

~1M

4,960

347,315

3 Population Test
ROLLOFF Analysis
PCA Analysis

G

HGDP-CEPH + HapMap3

2,055

606,071

3 Population Test
ROLLOFF Analysis
PCA Analysis

H

IBD + HapMap3

1,507

284,951

3 Population Test
ROLLOFF analysis
PCA Analysis

I

Jewish HapMap +HapMap3

1,347

466,580

3 Population Test
ROLLOFF analysis
PCA Analysis

POPRES + HGDP-CEPH +
HapMap3

5,900

85,628

J
K

IBD + HGDP-CEPH + HapMap3

2,447

284262

4 Population Test
f4 Ancestry Estimation
4 Population Test
f4 Ancestry Estimation

L

Jewish HapMap +HapMap3 +
HGDP-CEPH

2,287

118,364

f4 Ancestry Estimation
4 Population Test

M

Jewish HapMap +HapMap3 +
HGDP-CEPH + IBD + POPRES

3,614
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36,175

PCA Projection

Table A.2: Outlier samples removed based on PCA curation

Population (X)

Dataset

Number of outliers
removed

Bedouin
Swiss-Italian

HGDP-CEPH
POPRES

1
3

Swiss-French
Palestine
Druze
Germany
Croatia
Greece
Italy*
Sardinia
Tuscany
Ashkenazi Jews*
Iraqi Jews
Iranian Jews
Italian Jews
Sephardic Greek Jews
Sephardic Turkey Jews

POPRES
HGDP-CEPH
HGDP-CEPH
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
IBD
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap

1
3
1
1
2
8
24
1
1
69
1
4
10
7
3

* Due to evidence of population sub-structure, many individuals were excluded from these
populations so that we were left with populations that were homogeneous in PCA.
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HapMap3
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
POPRES
POPRES
POPRES
POPRES
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
POPRES
POPRES
POPRES
IBD
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap

African American
Palestinian
Bedouin
Bedouin-g1*
Bedouin-g2*
Druze
Spain
Portugal
Italy
Swiss-Italian
Sardinian
Bergamo
Tuscan
Southern-Italy*
Northern-Italy*
Swiss-French
Ashkenazi Jews
Ashkenazi Jews
Syrian Jews
Iranian Jews
Iraqi Jews
Sephardic Greek Jews
Sephardic Turkey Jews
Italian Jews

49
46
46
--41
137
134
225
13
28
12
8
--760
392
34
25
28
37
39
32
37

79.4% ± 0.3%
10.1% ± 0.4%
13.0% ± 0.4%
--4.2% ± 0.4%
2.4% ± 0.3%
3.2% ± 0.3%
2.2% ± 0.3%
1.6% ± 0.5%
2.9% ± 0.4%
1.6% ± 0.4%
1.3% ± 0.4%
--0.5% ± 0.2%
2.8% ± 0.3%
3.2% ± 0.4%
3.9% ± 0.5%
2.4% ± 0.6%
3.8% ± 0.5%
4.8% ± 0.4%
4.1% ± 0.4%
4.7% ± 0.5%

West African
ancestry proportion
± standard error

6±1
29 ± 2
33 ± 4
--53 ± 6
55 ± 3
45 ± 5
68 ± 7
117 ± 41
95 ± 26
214 ± 58
81 ± 62
--71 ± 5
54 ± 8
76 ± 13
99 ± 23
127 ± 44
155 ± 20
82 ± 8
84 ± 11
92 ± 18

Estimated date
of admixture
(generations) ±
standard error

49
43
-15
30
40
137
134
--27
--121
90
759
323
34
25
24
36
39
27
27

Samples
(n)

79.4% ± 0.3%
9.3% ± 0.4%
-14.5% ± 0.4%
10.1% ± 0.4%
4.4% ± 0.4%
2.4% ± 0.3%
3.2% ± 0.3%
--2.9% ± 0.4%
--2.7% ± 0.3%
1.1% ± 0.3%
0.5% ± 0.2%
2.8% ± 0.3%
3.2% ± 0.4%
3.9% ± 0.5%
2.6% ± 0.6%
3.8% ± 0.5%
4.8% ± 0.4%
4.5% ± 0.4%
4.9% ± 0.5%

West African
ancestry proportion
± standard error

After data cleaning

6±1
34 ± 2
-34 ± 3
33 ± 3
54 ± 7
55 ± 3
45 ± 5
--96 ± 28
--62 ± 6
154 ± 27
71 ± 6
91 ± 11
76 ± 13
99 ± 23
129 ± 34
153 ± 22
82 ± 8
89 ± 11
88 ± 19

Estimated date
of admixture
(generations) ±
standard error

Note: * indicates that new population label based on PCA curation. Mixture proportion estimates are based on f4 Ancestry Estimation using San, Yoruba, CEU and Papuan as
the reference populations. The ROLLOFF estimated date of mixture uses CEU and YRI as the proposed ancestral populations

Dataset

Population (X)

Samples
(N)

Before data cleaning

Table A.3: Comparison of test statistics before and after PCA-based curation

Table A.4: 4 Pop Test using different ancestral pops. compared to Table 2.1

Population (X)
African American
Palestine
Turkey
Bedouin-g1
Bedouin-g2
Druze
Spain
Portugal
Romania
Croatia
Bosnia-Herzegovina
Sardinia
Southern-Italy
Northern-Italy
Austria
Poland
Hungary
Czech Republic
Adygei
Russia
Russia
Swiss-French
France
France
Basque
Belgium
Orkney
United Kingdom
Ireland
Scotland
Netherlands
Swiss-German
Germany
Sweden
Ashkenazi Jews
Ashkenazi Jews
Syrian Jews
Iranian Jews
Iraqi Jews
Sephardic Greek Jews
Sephardic Turkey Jews
Italian Jews

Region
n/a
L
L
L
L
L
SE
SE
SE
SE
SE
SE
SE
SE
ECE
ECE
ECE
ECE
ECE
ECE
ECE
I
I
I
I
I
I
I
I
I
I
I
I
I
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Dataset
HapMap3
HGDP-CEPH
POPRES
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
POPRES
POPRES
POPRES
POPRES
POPRES
HGDP-CEPH
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
HGDP-CEPH
POPRES
HGDP-CEPH
POPRES
POPRES
HGDP-CEPH
HGDP-CEPH
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
POPRES
IBD
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap

(PPapuan-PYRI)
× (PAdygei-PX)
-85.6
-28.1
-2.2
-37.3
-25.7
-16.1
-8
-10
-2
-0.6
-1.8
-9.3
-9.2
-5
-1.7
-0.7
-1.5
-1.1
--0.7
-0.7
-3.3
-2.8
-2.8
-3
-2.3
-0.2
-1.4
-0.9
1.6
-0.9
-2.5
-2.3
-0.2
-11.4
-8.8
-10.1
-6.6
-9.4
-12.4
-11.9
-10.8

Z-score for 4 Population test
(PPapuan-PMandenka) (PPapuan-PBantuKenya)
× (PCEU-PX)
× (PCEU-PX)
-85.1
-77.7
-27.3
-27.8
-1.4
-1.4
-35.6
-35.4
-25.7
-26
-14.5
-14.8
-12.4
-11.7
-14.6
-14.4
-1
-0.9
0.7
0.9
-0.5
-0.5
-9.5
-10
-11.2
-10.9
-6
-5.8
-0.5
-0.4
1.4
1.2
0.1
0.4
-0.3
0.6
3.1
2.7
0.7
0.5
0.7
0.5
-3.6
-3.5
-2.2
-2.4
-2.2
-2.4
-1.5
-1.5
-1
-1
3.2
2.9
1.1
1.1
2
1.9
3
2.9
1
0.8
-1.5
-1.3
-1
-0.8
1.9
1.7
-11.7
-11.4
-9.6
-9.5
-10.2
-10
-5.9
-5.7
-8.8
-8.8
-13.8
-13.8
-13.6
-13.5
-11.3
-11.6

Note: We analyzed data from all West Eurasian populations with at least 5 samples. Regions are abbreviated as: I – Northwest
Europe, ECE – East-Central Europe, SE – Southern Europe and L – Levant. For the 4 Population Test, we report only results for
the tree shown in the table. Results for all alternate topologies show even higher violations of the tree (|Z| >> 15). Scores that are
significant are highlighted in bold.
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Dataset
HapMap3
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
POPRES
POPRES
HGDP-CEPH
POPRES
POPRES
POPRES
IBD
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap

Region
n/a
L
L
L
SE
SE
SE
SE
SE
SE
I
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

(San, (Mandenka,
(Papuan, (CEU,X))))
81.0% ± 0.3%
9.5% ± 0.4%
14.8% ± 0.4%
10.3% ± 0.5%
4.5% ± 0.4%
2.5% ± 0.3%
3.2% ± 0.3%
3.0% ± 0.4%
2.8% ± 0.3%
1.2% ± 0.3%
0.5% ± 0.2%
3.3% ± 0.3%
3.2% ± 0.4%
3.9% ± 0.5%
2.6% ± 0.6%
3.8% ± 0.6%
4.9% ± 0.4%
4.6% ± 0.4%
5.0% ± 0.5%

(San,(BantuKenya,
(Papuan,(CEU,X))))
82.3% ± 0.4%
9.6% ± 0.4%
15.1% ± 0.4%
10.4% ± 0.5%
4.5% ± 0.4%
3.3% ± 0.3%
2.5% ± 0.3%
3.0% ± 0.4%
2.8% ± 0.3%
1.2% ± 0.3%
0.5% ± 0.2%
2.9% ± 0.3%
2.9% ± 0.5%
4.0% ± 0.5%
2.7% ± 0.7%
3.9% ± 0.6%
4.9% ± 0.4%
4.6% ± 0.4%
5.0% ± 0.5%

(San,(YRI, (CHB,
(CEU,X))))
79.0% ± 0.2%
10.3% ± 0.3%
15.1% ± 0.3%
11.0% ± 0.4%
5.2% ± 0.3%
3.5% ± 0.2%
2.8% ± 0.2%
3.4% ± 0.3%
3.2% ± 0.3%
1.3% ± 0.3%
0.5% ± 0.2%
2.9% ± 0.3%
3.0% ± 0.4%
4.6% ± 0.4%
2.9% ± 0.5%
4.5% ± 0.4%
5.3% ± 0.4%
5.5% ± 0.4%
5.2% ± 0.4%

Note: Estimates of proportions of mixture for all West Eurasians that give statistically signal evidence of mixture in Table 2.1. Regions are abbreviated as: I –
Northwest Europe, SE – Southern Europe and L – Levant. Mixture proportions are based on f4 Ancestry Estimation method using the phylogenetic trees specified
in columns 4, 5 and 6.

Population (X)
African Americans
Palestinian
Bedouin-g1
Bedouin-g2
Druze
Spain
Portugal
Sardinian
Southern-Italy
Northern-Italy
Swiss-French
Ashkenazi Jews
Ashkenazi Jews
Syrian
Iranian
Iraqi
Sephardic Greek Jews
Sephardic Turkey Jews
Italian Jews

Table A.5: f4 Ancestry Estimation using different ancestral populations compared to Table 2.2

Table A.6: Simulation to test the effect of ascertainment bias on 3 Pop. Test Results

Model
1: One chromosome
from each Pop A and
Pop B
2: Both chromosomes
from Pop A
3: Both chromosomes
from Pop B

Divergence time
(tAB)
45,000

Effective pop. size of Pop A
(NA) and Pop B (NB)
NA = No, NB = 0.25No

3 Pop. Test
(PC-PA)(PC-PB)
-48.8

60,000
100,000
45,000

NA = No, NB = 0.4No
NA = No, NB = 0.85No
NA = No, NB = 0.25No

-54.7
-37.3
-68.6

60,000

NA = No, NB = 0.4No

-90.8

100,000

NA = No, NB = 0.85No

-45.1

45,000

NA = No, NB = 0.25No

-40.8

60,000

NA = No, NB = 0.4No

-20.4

100,000

NA = No, NB = 0.85No

-40.6

NOTE: Details of the demographic model used for the simulation are shown in Figure A.4. Effective population size of
Pop B (NB) is set such that the FST(A,B) = 0.15
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Table A.7: ROLLOFF Simulations: Effect of variations in bin sizes and genetic map

Category
Genetic Map
Rate parameter (Φ)

Bin Size (cM)

0.00001
0.0001
0.001
0.1
10
0.01
0.025
0.1
0.4
1

Simulation at time depth
(λ) = 10 generations
11 ± 1
11 ± 1
11 ± 1
11 ± 1
11 ± 1
11 ± 1
11 ± 1
11 ± 1
11 ± 1
13 ± 1

Simulation at time depth
(λ) = 100 generations
113 ± 5
113 ± 5
114 ± 5
113 ± 5
113 ± 5
114 ± 6
114 ± 5
113 ± 5
115 ± 6
145 ± 4

Note: We simulated 10 individuals using YRI and CEU as the ancestral populations where we set the mixture
proportion to be θ = 20% and the time since mixture to be λ= 10 or 100 generations. We then performed ROLLOFF
analysis with an independent dataset of European Americans and Nigerian Yorubans as reference population. To test
the effect of inaccuracies in the genetic map, we systematically change the genetic map by modeling the change
based on the convolution property of a gamma distribution with rate parameter φ. A low value of φ implies
significant changes to the map and a high value allows for fine scale changes. To test the effect of the bin size, we
vary the bin size within the range of 0.01 - 1cM and test the effect on the estimated dates.
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Table A.8: ROLLOFF simulations: Effect of inaccurate ancestral populations

Reference Populations
European American
Yoruba

FSTwith ancestral
pops. CEU and YRI
0.00
0.00

Estimated date for time
depth λ =10 generations
11 ± 1

Estimated date for
time depth λ = 100
generations
113 ± 5

Basque
Mandenka

0.01
0.01

11 ± 1

125 ± 8

Druze
Yoruba

0.02
0.00

11 ± 1

124 ± 12

Druze
Kenyan Bantu

0.02
0.01

11 ± 1

119 ± 12

Gujarati
Maasai

0.03
0.03

11 ± 1

112 ± 6

Note: We simulated 10 individuals using YRI and CEU as the ancestral populations where we set the mixture proportion
to be θ = 20% and the time since mixture to be λ= 10 or 100 generations. We then performed ROLLOFF analysis with the
reference populations shown in column 1. Average allele frequency difference (FST) between the true ancestral population
(CEU and YRI) and the reference population used for ROLLOFF analysis is shown in column 2
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0.02
0.00
0.02
0.01
0.03
0.03

Druze (n=42)
Yoruba (n=21)

Druze (n=42)
Kenyan Bantu (n=11)

Gujarati (n=88)
Maasai (n=143)

75 (36%)

75 (36%)

74 (35%)

71 (29%)

θ= 1%
68 (24%)

66 (20%)

63 (14%)

63 (14%)

63 (15%)

θ= 2%
62 (13%)

61 (12%)

61 (11%)

61 (10%)

60 (10%)

θ= 3%
59 (8%)

Simulated date given a truth of l=55
generations (bias in parentheses)

103 (16%)

103 (16%)

102 (15%)

101 (13%)

θ= 3%
98 (10%)

102 (15%)

100 (13%)

100 (12%)

100 (15%)

θ= 4%
98 (10%)

97 (9%)

97 (9%)

96 (8%)

95 (7%)

θ= 5%
95 (6%)

Simulated date given a truth of l=89
generations (bias in parentheses)

Note: We simulated 20 individuals with CEU and YRI as the ancestral populations where we set the mixture proportion (θ), time since mixture (λ) and the reference
populations used for the ROLLOFF analysis as shown above. We repeated each simulation 100 times and estimated the average and bias for each run. The values
shown in the rows are the average for the 100 simulations and bias, defined as (average-truth)/(truth).

0.01
0.01

FST with true
ancestral
populations
0.00
0.00

Basque (n=24)
Mandenka (n=22)

European American (n=100)
Yoruba (n=100)

Reference Populations used
in ROLLOFF

and old mixture dates.

Table A.9: ROLLOFF simulations: Effect of inaccurate ancestral populations in the case of low mixture proportions

Table A.10: ROLLOFF simulations: Effect of number of admixed samples

# of admixed samples

Average estimated date
(bias in simulations)

n=10

66 (22%)

n=20

56 (4%)

n=30

56 (4%)

n=40

57 (6%)

n=50

55 (2%)

n=80
n=100

54 (0%)
54 (0%)

Note: We simulated n individuals using European Americans and
Nigerians as the ancestral populations where we set the mixture
proportion to be θ=2% and the time since mixture to be λ= 54
generations, and then performed ROLLOFF analysis with HapMap3
CEU and YRI as the reference populations. We repeated each
simulation 100 times and estimated the average and bias. The values
shown in the cells are the average over the 100 simulations and the
bias, defined as (average-truth)/(truth).

189

Table A.11: ROLLOFF simulations: Effect of mixture proportions
Mixture
proportion
θ=1%
θ=2%
θ=3%
θ=5%
θ=10%
θ=20%
θ=30%
θ=50%

Average Estimated date (bias in
simulations)
62 (15%)
58 (7%)
57 (6%)
55 (2%)
54 (0%)
53 (2%)
53 (2%)
53 (2%)

Note: We simulated 50 individuals using YRI and CEU as the
ancestral populations where we set the mixture proportion to be θ
(shown in the table) and the time since mixture to be λ= 54
generations. We then performed ROLLOFF analysis with an
independent dataset of 100 European Americans and 100 Nigerian
Yorubans as reference population. We repeated each simulation 100
times and estimated the average and bias. The bias is defined as
(average-truth)/(truth).
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Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap

Ashkenazi Jews

Syrian Jews

Iranian Jews

Iraqi Jews

Sephardic Greek Jews

Sephardic Turkey Jews

Italian Jews

27

27

39

36

24

25

34

323

759

90

121

27

134

137

41

30

15

43

49

Samples

4.9% ± 0.5%

4.5% ± 0.4%

4.8% ± 0.4%

3.8% ± 0.5%

2.6% ± 0.6%

3.9% ± 0.5%

3.2% ± 0.4%

2.8% ± 0.3%

0.5% ± 0.2%

1.1% ± 0.3%

2.7% ± 0.3%

2.9% ± 0.5%

3.2% ± 0.3%

2.4% ± 0.3%

4.4% ± 0.4%

10.1% ± 0.4%

14.5% ± 0.4%

9.3% ± 0.4%

79.4% ± 0.3%

88 ± 19

89 ± 11

82 ± 8

153 ± 22

129 ± 34

99 ± 23

76 ± 13

91 ± 11

71 ± 6

154 ± 27

62 ± 6

96 ± 28

45 ± 5

55 ± 3

54 ± 7

33 ± 2

34 ± 3

34 ± 2

6±1

103 (17%)

105 (18%)

102 (24%)

191 (25%)

188 (46%)

126 (27%)

99 (31%)

n/a

n/a

128 (-17%)

62 (0%)

121 (26%)

45 (0%)

55 (0%)

64 (19%)

35 (6%)

36 (6%)

35 (3%)

6 (0%)

Simulation Results
Average (bias in
simulations)

Note: We simulated individuals of mixed European and African ancestry where we set the sample size, mixture proportion (θ) and time since mixture (λ) to match the parameters
estimated for West Eurasians. We then performed ROLLOFF analysis using HapMap3 Italian Toscanis (TSI) and Kenyan Luhya (LWK) as reference populations (as data for the
true ancestral populations might not always be available for real samples). We repeated each simulation 100 times and estimated the average and bias. Average = mean of the
estimated date for 100 simulations and Bias = (average-truth)/(truth). We were not able to perform simulations for Swiss-French and IBD Ashkenazi Jews because we did not have a
sufficiently large pool of ancestral haplotypes to accommodate the large sample sizes in these groups.

IBD

Ashkenazi Jews

HGDP-CEPH

Sardinian

POPRES

POPRES

Portugal

Swiss-French

POPRES

Spain

POPRES

HGDP-CEPH

Druze

Northern-Italy

HGDP-CEPH

Bedouin-g2

POPRES

HGDP-CEPH

Bedouin-g1

Southern-Italy

HGDP-CEPH

HapMap3

Dataset

Palestinian

African American

Population (X)

West African ancestry proportion
± standard error

Estimated date of
admixture
(generations) +/standard error

Table A.12: ROLLOFF analysis of West Eurasians: bias in the estimated date for empirically estimated parameters
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Δ =5
4±0
25 ± 2
56 ± 3
117 ± 7
188 ± 19

Δ =10
4±1
30 ± 3
52 ± 3
109 ± 7
202 ± 17

Δ =20
6±1
33 ± 2
59 ± 5
102 ± 8
253 ± 27

Δ =30
11 ± 2
41 ± 2
60 ± 5
118 ± 5
198 ± 19

Δ =100
30 ± 6
63 ± 6
77 ± 6
142 ± 13
268 ± 25

Note: We performed 30 simulations with CEU and YRI as the ancestral populations using the simulation method described in Note S3f. In each
simulation, we varied the length of the interval I (Δ = b-a) during which YRI lineages migrate to the CEU population (creating an admixed
population). Following the YRI mixture, there are ‘a’ generations of random mixture between the admixed individuals. This can roughly be
thought of as simulating genetic drift, since admixture. We performed ROLLOFF analysis using a non-overlapping dataset of 1,107 European
American and 737 Nigerian Yoruba individuals as reference samples.

a =1
a =25
a =50
a =100
a =200

Δ =1
1±0
26 ± 2
55 ± 3
100 ± 6
204 ± 18

Table A.13: ROLLOFF Simulations: Continuous admixture scenarios

Table A.14: 4 Population Test to distinguish between East & West African ancestry
Pop X
African Americans
Mozabite
Palestinian
Bedouin-g1
Bedouin-g2
Druze
Spain
Portugal
Northern Italy
Southern Italy
Sardinian
Swiss-French
Ashkenazi Jews
Ashkenazi Jews
Iranian Jews
Iraqi Jews
Italian Jews
Sephardic Greek Jews
Sephardic Turkey Jews
Syrian Jews

Dataset
HapMap3
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
HGDP-CEPH
POPRES
POPRES
POPRES
POPRES
HGDP-CEPH
POPRES
IBD
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap

Region
n/a
n/a
L
L
L
L
SE
SE
SE
SE
SE
I
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

(PCEU-PX)
(PYRI-PLWK)
-46.8
-24.5
-5.1
-7.2
-1.9
0.4
-2.5
-2.9
0.9
1.3
1.9
1.0
0.0
0.8
1.0
2.1
1.1
1.0
0.6
0.9

Note: We analyzed data from all West Eurasian populations that showed evidence of African ancestry
in Table 2.1. Regions are abbreviated as: I – Northwest Europe, SE – Southern Europe and L –
Levant. For the 4 Population Test, we report only results for the tree shown in the table. Results for all
alternate topologies show even higher violations of the tree (|Z| >> 15). Scores that are significant are
highlighted in bold.
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HGDP-CEPH

Sardinian

Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap
Jewish HapMap

Ashkenazi Jews

Syrian Jews

Iranian Jews

Iraqi Jews

Sephardic Greek Jews

Sephardic Turkey Jews

Italian Jews

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

I

SE

SE

SE

SE

SE

L

L

L

n/a
L

Region

27

27

39

36

24

25

34

323

759

90

121

27

134

137

41

30

15

49
43

Samples

5.0% ± 0.5%

4.6% ± 0.4%

4.9% ± 0.4%

3.9% ± 0.6%

2.7% ± 0.7%

4.0% ± 0.5%

3.3% ± 0.5%

3.0% ± 0.3%

0.5% ± 0.2%

1.3% ± 0.3%

3.3% ± 0.3%

3.5% ± 0.3%

3.6% ± 0.2%

2.9% ± 0.2%

5.4% ± 0.3%

11.3% ± 0.4%

15.5% ± 0.4%

81.1% ± 0.3%
10.6% ± 0.3%

89 ± 18

91 ± 11

80 ± 7

149 ± 23

114 ± 30

103 ± 23

77 ± 14

89 ± 12

74 ± 6

158 ± 31

62 ± 6

93 ± 30

46 ± 5

57 ± 3

56 ± 7

34 ± 3

34 ± 3

6±1
33 ± 2

Estimated date
of admixture
(generations) +/standard error

Note: Regions are abbreviated as: I – Northwest Europe, SE – Southern Europe and L – Levant. Mixture proportion estimates are based on f4 Ancestry
Estimation using San, LWK, CEU and Papuan as the reference populations. The ROLLOFF estimated date of mixture uses CEU and LWK as the
reference populations.

IBD
Jewish HapMap

Ashkenazi Jews

POPRES

POPRES

Portugal

Swiss-French

POPRES

Spain

POPRES

HGDP-CEPH

Druze

Northern-Italy

HGDP-CEPH

Bedouin-g2

POPRES

HGDP-CEPH

Bedouin-g1

Southern-Italy

HapMap3
HGDP-CEPH

Dataset

African Americans
Palestinian

Population (X)

East African
ancestry proportion
± standard error

Table A.15: Estimated mixture proportion and date using East Africans as reference population

Table A.16: ROLLOFF Analysis for different jackknife block sizes: example Spain

Jackknife Block size

Estimated date ±
standard error

1 chromosome

55 ± 3

5cM

55 ± 3

10cM

55 ± 3

20cM

55 ± 3

NOTE: The ROLLOFF estimated date of mixture uses CEU and
YRI as the reference populations.
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Figure B.1: ROLLOFF Analysis using East Africans as the ancestral population. We
performed the ROLLOFF analysis to estimate the date of admixture in Siddis, using East
Africans (LWK) and ICP samples as the reference populations. The estimated dates of mixture
are as following: Siddi-Karnataka-1 = 6 ± 1 generation, Siddi-Gujarat = 8 ± 1 generation and the
result for the combined data set (n = 12) is 8 ± 1 generation or ~200 years. Due to limited
number of samples, we were not able to perform separate analysis of the Siddi_Karnataka-2
group.
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Figure B.2: Principal Component Analysis (PCA) using data for uniparentally transmitted
markers. PCA was performed using Y-chromosome and mitochondrial DNA haplogroups
frequencies among Siddis, Indian and African populations. (a) PCA based on Y-chromosome
haplogroup frequencies (Supporting Dataset S1) shows that the Siddis from Gujarat and
Karnataka are related to African populations and nearby Indian populations. The Siddis also
appear to be most closely related to the Bantu speaking populations from West and Central West
Africa. (b) PCA based on mitochondrial DNA (mtDNA) haplogroup frequencies (Supporting
Dataset S2) shows the Siddi falling between the two major clusters on PC1 of Indians and
Africans. The Siddis from Karnataka state appear to be closer to the Indians than Africans, likely
because of high level of admixture with the nearby Indian groups.
200
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populations.

samples. Published data from Berniell-Lee et al. 2009 and Tofanelli et al. 2009 was used for Bantu, Pygmy and Madagascar

data were post-processed using the MP calculation option in Network 4.6. The size of the circles is proportional to the number of

algorithm of Network 4.6 (http://www.fluxus-engineering.com). Because of the high level of reticulation in the E1b1a-M2 samples,

tandem repeats (Y-STRs). (a) Haplotype networks were generated for haplogroups B2 and (b) E1b1 by using the median-joining

Figure B.3: Phylogenetic Network analysis. Phylogenetic networks were constructed based on ten common Y-chromosomal short

Figure B.4: Optimization of parameters for BATWING analysis. We performed BATWING
analysis with a demographic model that assumes a period of constant size followed by
exponential growth. To find the optimal number of MCMC cycles at which the method
converges, we varied the MCMC cycles between 106 - 108 cycles and compared the results based
on full dataset and a random subset of 40 samples. The number of MCMC cycles performed is
shown on the X-axis and the posterior value of the effective population size (N) is shown on the
Y-axis.
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Figure B.5: Phylogenetic tree based on mitochondrial DNA markers. We performed mtDNA
markers analysis for 153 Siddis and 269 individuals from the nearby Indian populations
(Supporting Dataset S2). The following maternal lineages – African-specific L haplogroups,
Indian-specific M, R and U lineages, East Asian branch of M and the Eurasian specific branches
of R- were seen in the Siddi samples.
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Note: Fst values were computed using EIGENSOFT

Table B.1: Fst distribution in the present study

Table B.2: Formal test to confirm if Siddis have ancestry from Africans, Europeans and
Indians

NOTE: The Z-scores evaluates the significance of incorporating Ancestral pop2 in model - that is compares the model with
ancestral pop2 against a null model with Ancestral pop2 excluded. Z-scores > |3| are statistically significant and implies that
ancestral pop1 alone does not provide a good fit to the data. ICP - combined data from 16 Indian groups and Portugueserepresents the ancestral non-African population.
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Table B.3: Identify the models that provide a good fit to the Siddi data

NOTE: The Z-scores evaluates the significance of incorporating Ancestral pop3 in model - that is compares
the model with ancestral pop3 against a null model with Ancestral pop3 excluded. Highlighted in bold
implies that the model of Ancestral Pop1 + Ancestral Pop2 provides a good fit to the data. “Indian cline” combined data from 16 Indian groups- represents the ancestral Indian group. ICP - combined data from 16
Indian groups and Portuguese- represents the ancestral non-African population. HapMap3 Mexican ancestry
in Los Angeles, California (MEX) are used to test if the YRI + ICP provides a good fit to the Siddi data as
the variation in the Mexicans is unrelated to the genetics of Siddis.
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Table B.4: Testing the robustness of the models that emerges from Table B.3

NOTE: ICP - combined data from 16 Indian groups and Portuguese- represents the ancestral non-African
population and Indian cline - represents combined data for 16 Indian groups.
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Table B.5: Testing the robustness of the models to the African population chosen for the
analysis
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Table B.6: Result observed with the Batwing Analysis for determining the effective male
population
MCMC cycles

N posterior
97.50%
Plus error

2.50%

Median

1,675
689
699

2,794
1,729
1,666

5,964
3,683
3,721

3,169
1,955
2,055

1,120
1,039
967

Subset of 40 random chromosomes
10^6
966
10^7
697
10^8
588
10^9

1,881
1,704
1,463

4,164
4,360
3,996

2,283
2,656
2,533

915
1,007
876

Biased subset lacking haplogroup B
10^6
10^7
604
10^8
10^9

1,392

2,385

Full dataset
10^6
10^7
10^8
10^9

Minus error

NOTE: A random subset of 40 samples was analyzed using 106 to 108 MCMC cycles and we obtained the same posterior
probability for effective population size (N) as that obtained for 107 cycles. We estimated the effective male population
size of the African ancestors of Siddis brought to India as ~1,400 individuals.
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Table B.7. G6PD variants observed in the Siddis and other Indian populations
Location

Andhra
Pradesh

Population
Dudekula
Erukala
Patkar
Thalari
Vysya

Chattisgarh

Sindhi

(State)

Bhil
Jat
Gujarat

Kerala

Siddi
Kurumba
Muduga
Muduvar
Rajgond

Madhya
Pradesh

Sonr
Ao Naga

Nagaland

Nagasema
Chakhesang
Naga
Yadav

Uttar Pradesh

Lodhi
Bisth

Uttaranchal

Karnataka
Tamil Nadu
Total

Uniyal
Siddi
Kare Vokkal
GramVokkal
Korava
Medar
Khani
Badaga

Linguistic
Family
Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
IndoEuropean
IndoEuropean
IndoEuropean
IndoEuropean
Dravidian
Dravidian
Dravidian
IndoEuropean
IndoEuropean
TibetoBurman
TibetoBurman
TibetoBurman
IndoEuropean
IndoEuropean
IndoEuropean
IndoEuropean
Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
Dravidian

N
18
39
11
12
25

G6PD variant
A - variant
rs1050828
Med variant
rs1050829
rs5030868
-

91

-

5

24

-

-

8

-

-

60
9
25
62

6
-

1
-

24

-

-

72

-

-

35

-

-

38

-

-

16

-

-

22

-

-

47

-

-

36

-

-

34
67
30
54
38
56
46
57
1056

7
-

-
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Note C.1: New ROLLOFF statistic.
In this note, we consider alternative forms of the ROLLOFF linkage disequilibrium (LD)
statistic1 for dating population admixture events. We show that the original ROLLOFF statistic
is susceptible to downward bias in the event of a recent population bottleneck, and we propose a
modification of the statistic that is robust against such an effect (Table C.3).
The ROLLOFF technique applies two key insights: first, that admixture creates LD that
decays exponentially as recombination occurs – explicitly, as e-nd where n is the number of
generations since admixture and d is the genetic distance between SNPs – and second, that the
amount of admixture LD between each pair of SNPs is proportional to the product of the allele
frequency divergences between the ancestral populations at those sites. The latter observation
allows the e-nd admixture LD decay signal to be detected (via a SNP-pair weighting scheme) and
harnessed to infer the mixture date n.
The original ROLLOFF statistic captures admixture LD in the form of SNP
autocorrelation. Defining z(x,y) to be the (Fisher z-transformed) correlation coefficient between
SNP genotypes at sites x and y, ROLLOFF computes the correlation coefficient between values
of z(x,y) and weights w(x,y) over pairs of SNPs binned by genetic distance:

A(d) :=

∑

|x−y|≈d

∑

|x−y|≈d

z(x, y)w(x, y)

z(x, y)

2

∑

€
the idea being that A(d) ∝ e−nd .

€
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|x−y|≈d

w(x, y)

2

(1)

While this setup estimates accurate dates for typical admixture scenarios, it turns out to
be noticeably biased in the case of a recent bottleneck.

However, we will show that the

following modified statistic does not suffer from the bias:

R(d) :=

∑
∑

|x−y|≈d

z(x, y)w(x, y)

|x−y|≈d

w(x, y) 2

(2)

(Note that R(d) €amounts to taking the regression coefficient of z(x,y) against the weights w(x,y)
for SNP pairs within each bin).
An additional detail of our modified ROLLOFF statistic is that we change z(x,y) to
measure admixture LD as the covariance between SNPs x and y rather than the correlation (i.e., it
equals the classical LD statistic D rather than the correlation r).

We believe the use of

covariance rather than correlation for z(x,y) has little impact on the performance and properties
of the statistic (as it roughly amounts to multiplying by a constant factor) but makes the statistic
more amenable to mathematical analysis.

Explanation of bias from recent bottlenecks
The bias in the original formulation of ROLLOFF (1) introduced by a recent bottleneck
can be readily explained at an intuitive level: the problem is that while the numerator of the
correlation coefficient,

∑

|x−y|≈d

z(x, y)w(x, y) , decays as e-nd as intended, the normalization term:

∑ z(x, y)

€

2

(3)

|x−y|≈d

€
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Also exhibits a decay behavior that confounds the e-nd signal (Figure C.3). The reason is
that a strong bottleneck introduces a very large amount of LD, effectively giving z(x,y) a random
large magnitude immediately post-bottleneck that is independent of the distance between x and y.
This LD subsequently decays as e-nd until the magnitude of z(x,y) reaches the level of random
sampling noise (arising from the finite sample of admixed individuals being used to calculate z).
In non-bottlenecked cases, the square-norm of z(x,y) is usually dominated by sampling noise, so
the normalization term (3) effectively amounts to a constant, and dividing by (3) has no effect on
the decay rate of A(d).
The “regression coefficient” version of the ROLLOFF statistic (2) does not contain the
normalization term (3) and thus does not incur bias from bottlenecks.

Precise effect of genetic drift on the ROLLOFF statistics
We now rigorously derive the above intuition.

We will assume in the following

calculations that the ROLLOFF weights are taken as the product of allele frequency divergences
δ(x) and δ(y) in the ancestral mixing populations:

w(x, y) := δ (x)δ (y)

Our reasoning€below applies whether we have the true values of δ(x) and δ(y) or computed
weights based on related reference populations or PCA loadings. We also assume that all SNPs
are polymorphic ancestrally---i.e., we ignore mutations that have arisen in the admixed
population---and that the SNP ascertainment is unbiased with respect to the populations under
consideration.
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For a diploid population of size N with chromosomes indexed by i = 1, …, 2N, we set

1 2N
z(x, y) :=
∑ (X i − µx )(Yi − µy )
2N i=1

to be the covariance€between binary alleles Xi and Yi at sites x and y, respectively. We assume
for ease of discussion that the data are phased; for unphased data, z(x,y) is essentially a noisier
version of the above because of cross terms.
We are primarily interested in the behavior of z(x,y) from one generation to the next. Fix
a pair of SNPs x and y at distance d and let z0 denote the value of z(x,y) at a certain point in time.
After one generation, due to finite population size and recombination, the covariance becomes2

z1 = z0e−d (1−1/2N) +ε,

(4)

where N is the €
population size, e-d is the probability of no recombination, (1-1/2N) is a Bessel
correction, and ε is a noise term with mean 0 and variance on the order of 1/N.
Iterating this equation over n generations, the final covariance is

zn = z0e−nd e−n / 2Ne +εagg

where Ne is the effective population size over the interval and εagg is a sum of n partially decayed

€

noise terms.

€
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Now let time 0 denote the time of admixture between two ancestral populations mixing in
proportions α and β := 1-α. (The bottleneck may have occurred either before or after this point,
as long as it does not influence the calculation of the weights). Then E[z0] is:

E[z0 ] = 2αβδ (x)δ (y)

Assuming the
€ mixture is homogeneous and the distance d is large enough that background LD
can be ignored. (In practice, heterogeneity in the admixed population changes the above form
and results in the addition of an affine term to the ROLLOFF curve, which we explicitly fit. We
also typically fit only data from SNP pairs at distance d > 0.5 cM to avoid background LD).
We can now compute the modified ROLLOFF statistic:

∑
z(x, y)δ (x)δ (y) 
|x−y|≈d


E[R(d)] = E
2
2
 ∑
δ (x) δ (y) 

|x−y|≈d
≈

€

∑

|x−y|≈d

[2αβδ (x)δ (y)e−nd e−n / 2Ne + εagg ]δ (x)δ (y)

∑

|x−y|≈d

δ (x) 2 δ (y) 2

≈ 2αβe−nd e−n / 2Ne
€
Importantly,
in the last step we use the fact that the combined noise term εagg is
€
uncorrelated with δ(x)δ(y). Thus, even a strong bottleneck with a low value of Ne only scales
R(d) by the constant factor e-n/2Ne, and the e-nd scaling of the ROLLOFF curve as€a function of d
is unaffected.
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On the other hand, if we use the original correlation form (1) of the ROLLOFF statistic
A(d), then the numerator still has the form of an exponential decay Ae-nd, but now we divide this
by the norm

∑

|x−y|≈d

z(x, y) 2 . In the case of a strong bottleneck, z(x, y) = z0e−nd e−n / 2Ne + εagg can

be dominated by the aggregate noise term εagg . Indeed, if the bottleneck occurred k generations
€
€
ago, then the noise terms εi from the time of reduced population size will have decayed by e-kd

€ large variance if the population size N was very small at
since the bottleneck but can still have
bot
the time.

€ case, at lower values of d, E[z(x, y) 2 ] = E[(z e−nd e−n / 2Ne +ε ) 2 ] will be
In this
0
agg

2
dominated by E[εagg
] which will scale approximately as e−2kd /N bot . Hence, the denominator of

€
A(d) will be significantly larger at low d than at high d, causing a partial cancellation of the

€
€
exponential
decay of the ROLLOFF curve and thus a downward bias in the estimated date of
admixture.

Note C.2: Simulations for estimating dates of admixture events.
Simulation 1: To test the effect of founder events post admixture
In order to test the effect of founder events post admixture, we performed simulations
using MaCS3 coalescent simulator. We simulated data for three populations (say, A, B and C).
We set the effective population size (Ne) for all populations to 12,500 (at all times except during
the founder event), mutation and recombination rate were set 2x10-8 and to 1x10-8 per base pair
per generation respectively. C can be considered as an admixed population that has 60%/40%
ancestry from A’ and B’ (admixture time (t) was set to 30/ 100 generations before present). A’
and A diverged 120 generations ago, B’ and B diverged 200 generations ago and A and B
diverged 1800 generations ago. At generation x (x < t), C undergoes a severe founder event
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where the effective population size (Ne) reduces to 5 individuals for one generation. At
generation (x+1), the Ne = 12,500. We simulated data for 5 replicates for each parameter. We
performed ROLLOFF analysis (using the original and modified statistic) with C as the target and
A and B as the reference populations. When we use the original ROLLOFF statistic (A(d)), we
observe that the dates are biased downward in cases of founder events post admixture. However,
when we use the modified statistic (R(d)), the bias is removed (Table C.3). Details of the bias
correction are shown in Note C1. Throughout the manuscript, we use the modified ROLLOFF
statistic (R(d)) unless specified otherwise.

Simulation 2: To test the accuracy of the modified ROLLOFF statistic (R(d))
We perform simulations using the same simulation framework as in reference 1 to test the
accuracy of the estimated dates using the modified ROLLOFF statistic. We simulated data for 25
admixed individuals using Europeans (HapMap CEU) and HGDP East Asians (Han) as ancestral
populations, where mixture occurred between 10-300 generations ago and European ancestry
proportion was set to 20%. These ancestral populations were chosen as Fst(CEU, Han) = 0.09 is
similar to the Fst between the ancestral populations of the Roma (Europeans and ASI). Figure C.4
shows that we get accurate estimates for the dates of mixture up to 300 generations.

Simulation 3: To test the effect of using PCA loadings instead of allele frequencies as
weights in ROLLOFF
In the case of Roma admixture, data from unadmixed South Asian populations is not
available and so it is not possible to compute the allele frequencies of SNPs for one of ancestral
populations (ASI). However, data from many South Asian populations (which are admixed with
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ANI and ASI ancestry) are available and can be used for estimating the PCA-based SNP
loadings. We performed simulations to mimic this scenario.
We simulated data for 60 admixed individuals using Europeans (HapMap CEU) and
HGDP East Asians (Han) as ancestral populations, where mixture occurred 100 generations ago
and European ancestry proportion was set to 30% (group 1: n = 20), 50% (group 2: n = 20) and
70% (group 3: n = 20). These three groups of simulated samples can be roughly considered as
three South Asian populations. We performed PCA analysis with CEU and Groups 1-3 of
simulated samples to estimate the SNP loadings that can be used in ROLLOFF.
Next, we simulated data for 54 individuals that can be used as the target in the ROLLOFF
analysis. These individuals have 80%/20% European and East Asian ancestry respectively
(similar to Roma) and the date of mixture is set to 30 (n = 27) and 100 (n = 27) generations
before present. We ran ROLLOFF (using R(d)) to estimate the date of mixture in this panel of
individuals using the PCA-based loadings computed above. We estimated that the dates of
mixture were 33 ± 1 and 99 ± 1 generation for mixture that occurred 30 and 100 generations ago
respectively (Figure C.5). This shows that we can effectively estimate the date of mixture even in
the absence of data from unadmixed ancestral populations, as long as data from other admixed
individuals (involving the relevant ancestral populations) is available.

Simulation 4: To test the model of two waves of admixture
In order to obtain an interpretation of the ROLLOFF estimated date of mixture when the
assumption of single wave of mixture is incorrect, we ran ROLLOFF (using R(d)) to infer the
date of admixture for data simulated under a two pulse admixture scenario. We simulated data
using Europeans (HapMap CEU) and HGDP East Asians (Han) as the ancestral populations
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using the simulation framework described in reference 1. We simulated two pulse admixture
scenarios in which a 50%/50% admixture of CEU and Han occurred at λ1, followed by a
60%/40% mixture of that admixed population and CEU at λ2 (Table C.4). The mixture
proportions were chosen so that the final European ancestry proportion is ~80% (similar to
Roma). We ran ROLLOFF (using R(d)) with a non-overlapping set of Europeans and Han as the
reference population. Table C.4 shows that as the interval between the time of the gene flow
events (λ2-λ1) increases, the estimated dates of mixture reflects the date of the more recent gene
flow event.

Note C.3: Computing corrected IBD sharing distance between Roma and
South Asian groups.
To find the source of the South Asian ancestry in Roma, we inferred the pairwise IBD
sharing distance between Roma and various South Asian groups using GERMLINE4. We
observed that the Roma share the highest proportion of IBD sharing with groups from the
northwest of India (Figure 4.3b). We were concerned that high IBD sharing could be an artifact
related to the high proportion of ANI ancestry in the North-western Indian groups. Hence, we
performed a regression analysis to correct for the effect of the ANI ancestry proportion on IBD
sharing distance. The model that provided the best fit was IBD sharing = 0.35 + 0.81*ANI
ancestry proportion (P-value < 0.05). Each South Asian group was considered as a single data
point for this analysis. Next, we computed an average corrected IBD sharing measure for each
region by regression out the effect of ANI ancestry and computing an average of the residuals for
each region in India. Note: For this analysis, we did not include the Eastern Indian populations
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(Nysha and Ao Naga) and Andamanese populations (Onge and Great Andamanese) as these
populations are not simple admixtures of ANI and ASI groups.
In order to control for the effect of the sample size on the IBD computation, we
performed bootstrap analysis such that for each run, we randomly sampled up to 30 individuals
(some groups had < 30 samples) from each of the 8 regional groups and estimated the IBD
sharing statistics between Roma and the regional group. We performed a total of 100 runs and
obtained the mean and standard error of the IBD statistic (Figure C.7). We observed that Roma
still share the highest proportion of IBD segments with groups from Northwest of India.

Note C.4: Simulations for estimating date of founder event.
We used MaCS3 coalescent simulator to perform simulations to test the robustness of our
allele sharing statistic that we use for estimating the dates of the founder event. We simulate data
for two populations (say, A and B) that diverged 1800 generations ago. We set the effective
population size for both populations as Ne = 12,500, mutation rate = 2x10-8 and recombination
rate = 1x10-8 per base pair per generation respectively. For each simulation, we compute the
autocorrelation of allele sharing within individuals of B, and then subtract the cross-population
autocorrelation between A and B to remove the effects of ancestral allele sharing (see Methods).

Simulation 1: Founder event only
B undergoes a severe founder event x generations ago where the effective population size
reduces to 5 individuals for one generation. At generation (x+1), the population size = Ne again.
Table C.5 shows that in such cases we can accurately estimate the date of the founder event
using our statistic.
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Simulation 2: Founder event and admixture
We simulate data for a more complex demography where B is admixed and has 40% ancestry
from A’ which is closely related to A. The admixture occurred at time t and at time x = 10, 30 or
100 generations, B undergoes a severe founder event where the effective population size of B
reduces to 5 individuals for one generation. Table C.5 shows that for a recent founder event (10
and 30 generations ago), we accurately estimate the date of the founder event. However, for
older founder events (100 generations), we are unable to accurately estimate the date of the
founder event, if it occurred pre-admixture. However, this is expected as we are only sampling
the admixed population (today) and not the ancestral population that underwent the founder
event.

Simulation 3: No Founder event
We simulate data for a complex demography where B is admixed and has 40% ancestry from A’
which is closely related to A. The admixture occurred 10, 30, 50 or 70 generations ago. In all
cases, we observe that the allele-sharing statistic is not associated to distance. We test if the
model of a straight line ( y ~ c ) or exponential decay ( y ~ c + Ae

−tD

), where D = genetic

distance and t = time of founder event) provides a better fit to the output. In all four cases, we fail
to reject the null€model ( y ~ c) (P > 0.05).

€
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Figure C.1: ADMIXTURE Analysis.
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Figure C.1 (Continued) To study the relationship of Roma with worldwide populations, we
performed ADMIXTURE analysis. Each vertical line represents an individual colored based on
the proportion of estimated ancestry for each cluster. (a) ADMIXTURE Analysis (K=2 to K=7)
of Roma and HapMap populations. Lowest cross validation error was observed for K=6; (b)
ADMIXTURE Analysis of Roma, Europeans (CEU) and South Asians. Lowest cross validation
error was observed for K=3. We limit the sample size of all groups (except Roma) to 20
individuals.

Figure C.2: Estimating the proportion of West Eurasian and South Asian ancestry in
Roma. In order to estimate the proportion of West Eurasian ancestry in Roma, we use the
phylogenetic tree shown below. The different colored lines show drift that has occurred between
the populations connected by the line. The orange line shows the drift between YRI and Adygei
and the red and green lines shows the drift separating Roma and Onge. m denotes the shared drift
between Roma and Onge. See methods for details for estimating the West Eurasian ancestry
proportion (p) in Roma that derives from India (ANI) and Europe (post exodus from India). This
figure is adapted from Reich et al (2009).
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(a) Using z(x,y) = correlation(x,y)

(b) Using z(x,y) = covariance(x,y)

Figure C.3: Normalization term from original ROLLOFF correlation coefficient
formulation. We plot the squared normalization term

2

∑ z(x, y) as a function of genetic distance

d between SNPs for the admixture plus bottleneck scenarios described in Table C.3, using either
the correlation (a) or covariance (b) versions of z(x, y) . In the case of no bottleneck, the
€
normalization term is dominated by finite sampling noise and exhibits no dependence on d. For
the cases of a strong bottleneck post-admixture,
however,
€

∑ z(x, y)

2

exhibits an exponential

decay Ae−2kd + c with rate constant approximately equal to twice the age of the bottleneck ((a)
best-fit k = 15, 25, 46, 65, 83 and (b) k = 12, 20, 41, 60, 78 shown as solid lines).
€
€
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Figure C.4: ROLLOFF Simulation Results: Variable age of mixture. We simulated data for
25 admixed individuals with mixed European and East Asian ancestry where the proportion of
European ancestry was set to 20% and the admixture date was set between 10-300 generations
(as shown below). We ran the ROLLOFF (using R(d)) to estimate the date of mixture using allele
frequencies in an independent dataset of French and East Asians. Standard errors were computed
using weighted block jackknife as described in the Methods.
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right panel (true date = 100 gens).

estimated that the dates of mixture were 33 ± 1 generation for the left panel (true date = 30 gens), and 99 ± 4 generations for

independent dataset containing simulated data for 3 admixed groups with European ancestry equal to 30%, 50% and 70%. We

estimate the date of mixture in this panel of individuals using the PCA-based loadings computed using an CEU and an

30 generations ago (left panel: n = 27) and 100 generations ago (right panel: n = 27). We ran ROLLOFF (using R(d)) to

and East Asian ancestry where the proportion of European ancestry was set to 80% (similar to Roma) and the mixture occurred

Figure C.5: ROLLOFF Simulation using PCA-loadings. We simulated data for admixed individuals with mixed European

Figure C.6: IBD Sharing of Roma with European populations. We computed average
pairwise IBD sharing between Roma from European samples (from POPRES, HapMap
and HGDP datasets) clustered based on geography.
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Figure C.7: Bootstrap analysis to compute error in IBD statistics. We performed
bootstrap analysis where we randomly sample up to 30 individuals from each of the 8
South Asian regional groups and compute average pairwise IBD between Roma and
South Asians. We performed a total of 100 runs and obtained the mean and standard error
for the IBD statistic (vertical bars shown). For regional groups, which had less than 30
samples (such as Northeast, Southwest, East, and Andamanese), all samples were
included in each run and so no standard errors are shown.
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Table C.1: Average frequency differentiation (Fst) for Roma and HapMap populations
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Table C.2: Formal tests of admixture
Z-score for 4 Population test
(Px-PYRI)
(PCEU-PYRI)
(PYRI-POnge)
× (POnge- PX) × (PCEU-PX)
× (PCEU-POnge)

Estimated West
Eurasian Ancestry
%

Population
(X)

Samples

Region

Roma

18

Hungary

-33

4.8

-29.3

78.3 ± 1.9%

Roma*

3

Slovakia

-26.6

3.5

-22.8

71.5 ± 3.1%

Roma**

1

Romania

-20.2

0.7

-19.2

79.4 ± 4.7%

Roma
Roma

2
24

Spain
Combined

-25.3
-33

0.9
4.8

-24
-29.5

75.6 ± 4.0%
77.5 ± 1.8%

NOTE: * indicates that some samples from the group appear to have recent European gene flow. These samples were excluded
from the analysis (the number of * indicates the number of samples excluded). Ancestry proportions were estimates based on f4
Ratio Estimation using Yoruba, Adygei, Europeans (CEU) and Onge as the reference populations.

231

232

N/A
5
10
20
25
N/A
10
20
40
60
100

30
30
30
30
30
100
100
100
100
100
100

31.3
24.6
27.7
23.3
23.4
94.1
93.9
87.1
75.3
83.9
81.6

Date based on original
ROLLOFF statistic (a)
32.0
30.1
34.1
32.7
30.8
96.8
106.1
102.7
95.6
106.3
101.1

Date based on modified
ROLLOFF statistic (b)
32.1
29.0
32.3
31.0
29.5
97.0
102.9
97.3
92.2
102.8
99.0

Date based on modified
ROLLOFF statistic (c)

€

€

(b) Modified Statistic: R(d)=

w(x, y) 2

w(x, y) 2

;

where z(x,y) = correlation between x and y.

where z(x,y) = correlation between x and y.

w(x, y) 2

where z(x,y) = covariance between x and y.
;

;

|x− y|≈ d

∑

z(x, y)w(x, y)

z(x, y) 2

z(x, y)w(x, y)

|x−y|≈d

|x−y|≈d

|x− y|≈ d

∑

|x− y|≈ d

∑

z(x, y)w(x, y)

|x−y|≈d

|x−y|≈d

∑
∑
€
∑
(c) Modified Statistic: R(d)=
∑

(a) Original ROLLOFF Statistic: A(d)=

Note: We simulated data from three populations Pop A (n = 20), Pop B (n = 20) and Pop C (n = 30) using MaCS coalescent simulator. Populations A and B diverged
1800 generations ago. The effective population size for all populations was set 12,500 at all times (except during the founder event). The mutation and recombination
rates were set to 2x10-8 and 1x10-8 per base pair per generation. Pop C can be considered as an admixed population that has ancestry 60%/40% ancestry from A’ and B’
(admixture time (t) is set to 30/ 100 generations). Pop A’ and A diverged 120 generations and B’ and B diverged 200 generations ago. At generation x (shown in table
above), Pop C undergoes a severe founder event where the effective population size reduces to 5 individuals for one generation. When x = N/A, there was no founder
event. We performed ROLLOFF (using original and modified statistic) with Pop C as the target and Pop A and B as the reference populations. We performed 5
replicates for each parameter and report the average estimated date of mixture. The statistics used were -

True date of
founder event
(x)

True date of
admixture

Table C.3: Simulations for estimating dates of admixture events: Founder events post admixture model

Table C.4: Simulations for estimating dates of admixture events: Model with two gene flow
events

Date of first wave of
mixture (λ1)

Date of second wave of
mixture (λ2)

Estimated date in
generations
(±
standard error)

120
170
220
270
320
370
420

20
20
20
20
20
20
20

36 ± 3
28 ± 2
23 ± 2
24 ± 2
25 ± 1
25 ± 1
22 ± 1

130
180
230
280
330
380
430

30
30
30
30
30
30
30

46 ± 3
47 ± 3
41 ± 2
39 ± 2
39 ± 3
35 ± 2
32 ± 3

Note: We simulated 27 individuals using CEU and Han Chinese as the ancestral populations where
we set the overall European ancestry proportion to be 80%. We then performed ROLLOFF (using
R(d)) with an independent dataset of Europeans (HGDP French) and East Asians (HapMap CHB) as
reference populations.
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Table C.5: Simulations for estimating dates of founder events

Simulation
scenario

True date of founder
event

True date of admixture

Estimated date of
founder event
(in generations)

10
20
40
60
80
100

-------

11.2
20.8
39.3
52.7
74.9
95.7

10
10
10
10
10
10
30
30
30
30
30
30
30
100
100
100
100
100
100
100

10
20
40
60
80
100
10
20
30
40
60
80
100
10
20
40
60
80
100
150

8.2
8.4
8.3
9.2
11.8
9.9
24.4
29.9
30.1
26.5
26.2
27.9
27.6
50
60.9
67.4
81.5
113.3
92.7
85.3

Founder event only

Founder event + Admixture

Note: We simulated 20 individuals from Pop A and 25 individuals from Pop B using MaCS coalescent simulator. The two
populations diverged 1800 generations ago. The effective population size for both populations was set 12,500 at all times
(except during the founder event). The mutation and recombination rates were set to 2x10-8 and 1x10-8 per base pair per
generation. During the founder event, the effective population size reduced to 5 individuals for one generation at the date
specified in the table above. For each simulation we generated data for ~450,000 polymorphic sites. SNPs with minor
allele frequencies of <1% were discarded.
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Note D.1: Statistics used for estimating dates of admixture
Here we describe the rolloff and ALDER linkage disequilibrium (LD) statistics that we
use for dating admixture events in India.
These related methods apply two key insights. The first is that mixture between two
highly diverged populations creates LD that decays exponentially as recombination occurs:
explicitly, as e−nd, where n is the number of generations since admixture and d is the genetic
distance between SNPs. The second insight is that the amount of admixture LD between each
pair of SNPs is proportional to the product of the allele frequency differences between the
ancestral populations.
The rolloff statistic introduced in Moorjani et al. (2011) estimates admixture LD by
computing pairwise correlation between SNPs and weighting them by the differences in allele
frequencies in reference populations1; 2:

∑ z(x, y)w(x, y)
A(d) =

|x−y|≈d

∑ z(x, y)

2

|x−y|≈d

∑ w(x, y)

2

[6]

|x−y|≈d

Here, x, y are SNPs€separated by a distance d Morgans; z(x,y) = the correlation between SNPs x
and y; and the weight function w(x,y) is the product of the allele frequency differences between
the reference populations at x and y. We plot the weighted correlation with genetic distance and
obtain a date by fitting an exponential function with a constant offset (affine)
term: y = Ae

−nd

+ c , where n is the number of generations since admixture and d is the distance

€
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in Morgans. Standard errors are computed using weighted block jackknife3, with one
chromosome dropped per run.
While this statistic provides accurate results under most scenarios, Moorjani et al. (2013)
found that for groups that have a history of a very strong bottleneck after admixture, the
normalization term z(x,y)2 exhibits an exponential decay, thus biasing the estimated dates of
admixture4. While this does not affect the estimates in outbred groups such as Europeans and
Africans, it could cause a bias in the case of Indian groups such as Vysya and Chenchu that have
a history of strong founder events in the past 100 generations.
Following the same correction as Moorjani et al. 2013, we apply two modifications to the
rolloff statistic in equation [6]:
(a) z(x,y) = the covariance between SNPs x and y. This makes the statistic more mathematically
tractable, thus allowing us to use the amplitude of the exponential decay to estimate
admixture proportions as in ALDER.
(b) Remove the normalization term z(x,y)2 to remove the bias in the estimated dates of
admixture.
The final statistic used is as shown in equation [2]. Simulations show that these changes
provide accurate estimates of dates of admixture even in groups with a history of founder
events4.
The rolloff statistic requires access to estimates of the allele frequency differences
between the reference groups to weight the SNPs and to make the statistic sensitive to admixture
related LD. This means that we need data from reference groups that are related to the true
ancestral populations. A challenge is that Ancestral South Indians (ASI) are not closely related to
any extant group and are only anciently related to indigenous Andaman Islanders (Onge), who
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provide poor estimates of ASI allele frequencies as their population size has been small for the
tens of thousands of years since separation from the ASI. To overcome these limitations, we
further modified the implementation of rolloff:
(a) Use of SNP loadings estimated based on PCA as the weights in rolloff: For India, we do not
have access to samples of unadmixed ASI but we have access to multiple admixed groups
differing in their mixture proportions. Thus, we can use SNP loadings from PCA of multiple
admixed groups and a surrogate for ANI (say, Europeans) in place of the frequencies in
equation [2]. This idea was first introduced in Moorjani et al. (2013), where simulations
showed that PCA-based SNP loadings can be used to accurately infer dates4.

(b) Using the admixed group as one reference population: Loh et al. (2013) recently extended
ideas from rolloff in the ALDER method5. ALDER can infer admixture dates with just one
reference population, and can also relate the amplitude of the fitted exponential to admixture
proportions (see also Note D.4). Specifically, we compute the following statistic shown in
equation [3]. Simulations show that this method provides accurate estimates for the date
even when highly diverged ancestral groups are used as reference populations5.
We applied both rolloff and ALDER to infer the dates of admixture using PCA-based
loadings and single reference populations and show that we obtain qualitatively similar results
from both methods (Table D.5).

Simulations using demographic parameters relevant to Indian groups:
Moorjani et al. (2011) reported that rolloff estimates can be upwardly biased in the cases
of low admixture proportion and small sample sizes1. To evaluate how this might affect our
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results in India, we created simulated chromosomes of mixed European and Asian ancestry for
demographic parameters relevant to Indian groups. The choice of Europeans and East Asians as
the ancestral populations for these simulations was motivated by the fact the Fst(ANI, ASI) is
approximately equivalent to Fst(CEU, CHB) = 0.096.
We simulated data based on the framework described in ref. [1]. For each Indian group
(Brahmins, Mala, Pathan, Dravidian rank 1 and Indo-European rank 1), we ran 100 simulations
where we set the mixture proportion, time since mixture, and number of samples to match the
parameters estimated for the specific group. Table D.6 shows that the estimated dates are within
one standard error of the average of 100 simulations.

Note D.2: Test for multiple waves of admixture
Here we describe a method for identifying groups that have evidence for more than one
wave of gene flow.
The method is based on a Likelihood Ratio Test (LRT) for whether the admixture LD
decay curves fit the simple exponential decay expected for a single wave of admixture. For this
purpose we use the output obtained from rolloff using PCA-based SNP loadings as the weights
(Note D.1).
The null hypothesis is that there has been a single pulse of admixture. We use least
squares to estimate the parameters of the null model by fitting y = Ae−nd + c where n = the date
of admixture and d = genetic distance.

€ been two pulses of admixture. We fit
The alternative hypothesis is that there have
y = Ae−n1 d + Be−n 2 d + c , where n1 = date of the first pulse of admixture and n2 = date of the
second pulse of admixture. The log likelihood of each model is

€
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n

−N
(log e (2π ) + 1− log e (N) + log e (∑εi2 ))
2
i=1

[7]

€ N = the number of data points in each simulation and εi = the residuals of the fitted model
where,
(true(y) - fitted(y)).
The difference between the log likelihood of the null vs. the alternative hypothesis (2*loge(likelihood of null model) + 2*loge(likelihood of the alternate model)) is expected to be
chi-square distributed with 2 degrees of freedom.
To test if the

approximation holds true in our case, we performed 100,000 numerical

simulations of data under the null model of a single pulse of mixture (date range of 1-300
generations) with normal noise (mean = 0, standard deviation = 0.02, similar to the noise
observed in real data). We then use least squares to estimate the parameters of the null
( y = Ae−nd + c ) and alternative models ( y = Ae−n1 d + Be−n 2 d + c ) and record the p-value of the
likelihood ratio test assuming a

€

distribution with 2 d.f. We reject the null hypothesis in 5.7%

of the simulations (Figure D.4). €
We applied the LRT method to all groups with ≥10 samples (the requirement of a
minimum sample size is motivated by the sensitivity of the test to noise in the case of few
samples). For most Indo-European speaking groups, there is evidence to reject the null
hypothesis (Table 5.2). In contrast, other groups can be reasonably well fit by the null model to
within the limits of our resolution.

We conclude by highlighting three caveats of this LRT:
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(1) Without comparing the model of two pulses of admixture with models of multiple pulses (>2)
or gradual admixture, we cannot conclude that a group has a history of exactly two waves of
admixture. In general, the true histories of the groups consistent with the null model almost
certainly involved some amount of non-instantaneous gene flow, so with sufficiently high
sample size, our test for a non-exponential decay would be almost guaranteed to reject the null
model.

(2) A second caveat is that our method might reject the null due to sources of LD other than
admixture such as LD due to founder events or ancestral LD. In theory, however, this problem is
mitigated by using PCA loadings as weights.

(3) A third caveat is that autocorrelation across distant bins in rolloff will make our likelihood
scores anti-conservative; we do not currently know how to correct for this autocorrelation. Thus,
we treat the evidence of multiple-waves of admixture as suggestive only, and apply other formal
methods to identify groups that are consistent with a single wave of ANI-ASI admixture.

Note D.3: Inferring the number of admixture events
Here we describe how we identified sets of Indian groups consistent with mixture of the
same two ancestral populations within the limits of our resolution.
Our approach was first introduced in Reich et al. (2012) where it was applied to estimate
the number of migrations from Siberia into the Americas7. Here, we co-analyze a panel of Indian
groups (m) along with a panel of non-Indian groups (n). The idea is to compute f4 statistics
measuring the correlation in allele frequencies between each possible pair of Indian groups
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(m(m-1)/2 comparisons), and each possible pair of non-Indian groups (n(n-1)/2 comparisons).
Specifically, we compute statistics like f4(Indiah, Indiai; NonIndianj, NonIndiank). If the analyzed
Indian groups harbor ancestry from exactly the same pair of ancestral populations ANI and ASI
(but in different proportions), then the f4 statistics should be proportional up to a scaling factor,
and we can test this null hypothesis.
To implement this, we need to address the fact that many of the f4 statistics can be written
as linear combinations of each other, and thus we need to pick a basis for the space of f4
statistics. In practice, we pick one Indian group as “Indiabase”, and an African group (YRI) as
“NonIndianbase” (the choice of base has no impact on the statistical findings). We then compute
all possible f4 statistics:

f4(Indiabase, Indiaother; NonIndianbase, NonIndianother)

This yields a matrix of m-1 x n-1 dimensions. Using Singular Value Decomposition (SVD), we
estimate the number of independent components or rank of the expected values of the f4
relationship matrix7. If the ANI and ASI ancestry in all the tested Indian groups derives from the
same ancestral populations, the f4 statistics measuring these correlations are expected to all be
proportional, and thus the matrix will have one independent component or rank = 1. However, if
a tested Indian group has a history of multiple gene flow events, the rank can be greater than 1,
and we can test this null hypothesis using a Hotelling T-test. Our previously described methods
also allow us to extend this to compute the minimum rank of the f4 matrix needed to explain the
data7. Assuming no back-migration from India into the panel of non-Indian groups, we can
interpret a rank of r as implying at least r+1 ancestral populations.
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Simulations
To test the method for demographic parameters relevant to Indian groups, we performed
coalescent simulations using Hudson’s ms8. For each simulation, we generated data for ~250K
independent SNPs for 15 groups (Pop 1-15, 10 samples for each group). We set the effective
population size (Ne) for all groups to be 12,500, and the mutation and recombination rates at
2x10-8 and 1x10-8 per base pair per generation respectively. Pop 1 is the outgroup that diverged
from Pops 2 and 3 about 1,800 generations ago. Pop 2 and 3 diverged from each other 900
generations ago. The relationship of Pop 1, 2, and 3 can be considered analogous to the
relationship of Yoruba, Onge, and CEU respectively. Pop 4-9 are related to Pop 3 analogously to
the relationship of West Eurasians to ANI, and diverged from Pop 3 between 200 - 450
generations before the present.

Simulation 1: Single gene flow event with the same admixing populations
Consider the model in Figure D.5. Pops 10-15 are admixed and have ancestry from populations
2’ and 3’, which are closely related to Pop 2 and 3 respectively, with the admixed populations
deriving between 20-80% ancestry from Pop 3. The date of admixture for all groups (Pop 10-15)
is 100 generations before present. These groups are analogous to the groups on the “Indian cline”
with the range of admixture proportions and dates set to be similar to those observed in real data
(Figure D.5).
We estimate the rank of the f4 relationship matrix f4 (Pop 10-15; Pop 1-9). Here, Pop 10 is
equivalent to Indiabase and Pop 1 (an outgroup to Pop 2-15) is equivalent to NonIndianbase. We
infer the number of independent components as 1 (rank 1 at P>0.05).
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Simulation 2: Two gene flow events involving different ancestral populations
Pop 10-15 are admixed and Pop 10-14 have ancestry from populations 2’ and 3’ with Pop 3’
ancestry varying between 20-80%. However, Pop 15 has 35%/65% ancestry from Pop 4 / Pop 2.
All admixture events occurred 100 generations ago. We estimate the rank of the f4 relationship
matrix as f4(Pop 10-15; Pop 1-9) and infer number of independent components is 2. However, if
we remove Pop 15 from the analysis, that is, f4(Pop 10-14; Pop 1-9), the inferred rank is 1, as
expected.

Simulation 3: Three independent gene flows with different mixing populations
Pop 10-15 are admixed and Pop 10-13 have ancestry from populations 2’ and 3’, with Pop 3’
ancestry varying between 20-80%. However, Pop 14 has 70%/30% Pop 5 / Pop 2 ancestry, and
Pop 15 has 35%/65% Pop 4 / Pop 2 ancestry. All admixture events occurred 100 generations ago.
We estimate the rank of the f4 relationship matrix f4(Pop10-15; Pop1-9) and infer the number of
independent components is 3.

Simulation 4: Two independent gene flow events at different time periods
Pop 10-15 are admixed and have ancestry from populations 2’ and 3’, with Pop 3’ ancestry
varying between 20-80%. Admixture occurred 100 generations ago. However, Pop 15 also has
ancestry from an older gene flow event that occurred 150 generations ago with 50% Pop2’ / 50%
Pop3’ ancestry. Thus overall, Pop 15 has 70%/30% ancestry from Pop 2’ / Pop 3’. We estimate
the rank of the f4 relationship matrix f4(Pop 10-15; Pop 1-9) and infer the number of independent
components is 2.
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Simulation 5: Multiple independent gene flow events at different time periods
Pop 10-15 are admixed and have ancestry from populations 2’ and 3’, with Pop 3’ ancestry
varying between 20-80%. Admixture occurred 50-300 (intervals of 50) generations ago (such
that Pop 10 was admixed 50 generations ago, Pop 11 was admixed 100 generations ago, etc.).
The f4 relationship matrix is f4(Pop 10-15; Pop 1-9) and we infer the number of independent
components is 3.

In conclusion, our simulations demonstrate that we can accurately estimate the minimum number
of gene flow events, and post-admixture drift alone does not change the rank of the f4
relationship matrix.

Results
We performed a systematic analysis to identify groups that have a similar history of ANIASI mixture, meaning that all their ancestry is consistent with being derived from exactly the
same ANI and ASI ancestral populations to within the limits of our resolution. We restrict this
analysis to all Indian groups that have at least 5 samples and all non-Indian groups that have at
least 10 samples, including groups from East Asia, Europe, the Middle East, the Caucasus, and
Africa. We remove all Central Asian and South Asian populations from the list of Non-Indian
groups as these have an increased likelihood of back-migration from India in the recent past that
can complicate interpretation. We include Vedda (4 samples), an aboriginal population from Sri
Lanka, as this population appeared to have a relatively simple history of ANI-ASI mixture in a
preliminary analysis. The analyzed data thus consists of m=37 Indian groups (including Onge)
and n=38 non-Indian groups.
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To identify sets of Indian populations that are consistent with deriving all their ancestry
from exactly the same ANI-ASI ancestral populations, we systematically explored sets of these
Indian groups. We used an iterative procedure, as follows:
(1) Testing all possible sets of three Indian groups
We start by computing:

f4(Indiaset of three groups; Yoruba, NonIndianother)

and estimate the ranks of the resulting 2 x n-1 matrix using a likelihood ratio test. We repeat this
for all (37)(36)(35)/6 possible triples of Indian groups.
For each triple of Indian groups that is consistent with a simple mixture of ANI and ASI
(rank 1 at P > 0.05), we performed a further level of stringent testing for whether the proposed
model is consistent with our data. Specifically, for triples of Indian groups that are consistent
with being rank 1, we also run the admixture graph phylogeny-testing software2; 6 to test if the
set of population relationships shown in Figure D.1 with Pop 1 = Georgians and Pop 2 = Basque
are consistent with the data to within the limits of our resolution (this is the same set of groups
we use for estimating ancestry proportions in F4 Ratio Estimation and thus here we are formally
testing whether the model of history underlying the F4 Ratio Estimates is valid). To evaluate
significance, we use the criterion than none of the f2, f3 and f4-statistics relating the 5 analyzed
groups in the admixture graph is more than three standard errors from expectation.

(2) Testing sets of 4 Indian groups
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For all triples of India groups that pass these two tests, we advanced to the next round, testing
sets of four Indian groups for consistency with being a simple mixture of exactly the same ANI
and ASI ancestral populations. Specifically, we took each of the passing triples and added in
turn each of the remaining groups that were part of at least one triple that was rank 1. We applied
the same two tests for consistency with a simple ANI-ASI mixture, leading to passing
quadruples.

(3) Testing sets of 5, 6, and 7 Indian groups
We applied the same procedure to test higher numbers of groups. The results of each round are
recorded in Table D.7 and Table D.8. We stopped finding sets of groups that pass the test after
m=6.

We highlight two qualitative results that emerge from this analysis:
• Onge is often included among the sets of groups that are consistent with being rank 1,
suggesting that it is consistent with being an ancient sister group for ASI as we previously
suggested ref. [9]. However, for some sets of Indian groups qualifying as rank 1, we cannot
add in Onge, suggesting that there also might be differences in ASI ancestry within India.
• A higher proportion of sets including lower caste and tribal populations have rank 1 than sets
including upper caste groups.
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Note D.4: Test for a single wave of admixture: comparison of predicted and
observed ALDER amplitudes
To evaluate whether the admixture LD we are detecting in India could plausibly reflect a
single wave of gene flow accounting for all the ANI-ASI mixture, we compared the observed
amplitude of LD decay and the ALDER theoretical expectation for a model of single wave of
mixture5.
We run ALDER with one reference population (X or Y) and plot the weighted covariance
against genetic distance and perform a least-squares fit using y = Ae

−nd

+ c , where n is the

number of generations since admixture and d the genetic distance in Morgans. Under a singlewave mixture model, the amplitude of admixture €
LD decay, defined as

ao = A + c /2 , is

analytically predicted by the ANI ancestry proportion ( ) using the relationship shown in
equation [4] (See population relationships in Figure D.2).

€

The genetic drift ( f 2 (ANI, X") and f 2 (ASI, X")) (Figure D.2) can be obtained by fitting a
model of population relationships using admixture graph to the data for an analyzed set of

€
populations. By€ comparing the observed
amplitude inferred from LD (measured with ALDER)
and the expected amplitude from frequency correlations (using admixture graph or F4 Ratio
Estimation, which use similar information), we can infer how much of the total ANI ancestry in
each Indian group is due to mixture in the last few thousand years.
We applied this analysis to two sets of Indian groups, an Indo-European rank 1 set
consisting of 4 groups and a Dravidian rank 1 set consisting of 5 groups. We chose these from
all the sets identified in Note D.3 based on two criteria:
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(a) All groups are genotyped on the Affymetrix 6.0 array. This allows us to use more SNPs
(n=210,482 SNPs) thus improving the accuracy of ALDER, and to include Onge, an essential
population for our admixture graph analysis.
(b) The groups in the sets span as large a range as possible of ANI ancestry, which is valuable for
constraining internal branch lengths in admixture graph.

Based on these criteria, we chose the following two sets:
Indo-European rank 1 set (n=4 groups; 32 samples):
Bhil, Jain, Lodi, Tharu
Dravidian rank 1 set (n=5 groups, 33 samples):
Adi-Dravidar, Kuruchiyan, Madiga, Malai Kuravar, Narikkuravar

We used the population relationships shown in Figure D.1, but now with only one West
Eurasian outgroup (because we do not have access to Georgians on the Affymetrix array), as
input to admixture graph. We confirmed that the Indo-European (n=32) and Dravidian (n=33)
rank 1 sets are still good fits to the proposed model using the larger number of SNPs (n=210,482
rather than n=86,213 used in Note D.3). Specifically, none of the f2, f3 and f4-statistics comparing
all possible sets of groups are more than three standard errors from the model-based expectation.
The fit generated by admixture graph allows us to estimate the genetic drift that has
occurred between: (1) ANI and the population X” that was ancestral to ANI and the sister group
(X) we use in our admixture graph analysis (we tried a range of West Eurasian groups X), and
(2) ASI and the population that was ancestral to ASI and the sister group we use for them (Onge)
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(Figure D.2). We are able to estimate these branch lengths as we have access to several admixed
populations that we hypothesize descend from the same admixture event.
We apply this method to compare the predicted amplitude of the admixture LD from
admixture graph (based on allele frequency correlation information and the expectation shown in
equation [4]) to the observations from ALDER, for a variety of proposed West Eurasian
outgroups X, and for the Indo-European speaking set of rank 1 and Dravidian rank 1 groups
(Table 5.3).
A complication of having only a single West Eurasian outgroup in the admixture graph is
that it causes the model to be poorly constrained, but we can compensate for this by fixing the
value of the admixture proportion (α) to be equal to the ANI ancestry inferred from F4 Ratio
Estimation using the merged Illumina-Affymetrix dataset. In this merged dataset, we have access
to two West Eurasian outgroups which allows us to obtain precise ancestry estimates. We use
Georgians and Basque, based on the admixture graph testing of Note D.3, and observe that this
model provides a good fit to the data for many Indian groups.
To test if the expected amplitude based on the model of single admixture is consistent
with the observed amplitude of admixture LD, for a tested set of Indian groups we measure the
difference between two quantities:
Expected amplitude: We use F4 Ratio Estimation on the set of Indian groups to obtain a point
estimate of the admixture proportion, and we use admixture graph analysis on the same
set of Indian groups (using the constrained model described above) to infer the genetic
drift lengths f 2 (ANI, X") and f 2 (ASI, X") . Plugging these numbers into the ALDER
amplitude formula (equation [4]) provides a precise mathematical expectation for the

€

€
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amplitude of admixture LD for the scenario that all the ANI-ASI admixture is due to a
single admixture event.
Observed amplitude: We obtain this by performing ALDER analysis for the same pool of Indian
groups using Basque as the reference population.
(Observed - Expected) amplitude: We compute the difference in amplitudes.

To infer statistical uncertainty, we use a weighted block jackknife dropping each
chromosome in turn and repeating the entire procedure. This produces a standard error and
allows us to test whether the difference between the expected and observed amplitude is
consistent with zero (consistent with the null model of single wave of ANI-ASI admixture).
Since the difference is consistent with zero and negative values are not genetically relevant, we
can also compute a one-sided 95% confidence interval of 0% to mean + 1.65 times the standard
error.
In practice, we did not find significant evidence for a difference between the observed
and expected amplitudes in India. However, it is also interesting to place an upper bound on the
proportion of ANI ancestry that could possibly derive from an earlier wave of admixture. To do
this, we consider the alternative hypothesis that there were two waves of admixture and infer the
maximum proportion of ANI ancestry that could possibly be unexplained by the dated ANI-ASI
admixture.
Specifically, the model we are considering here is two waves of admixture from ANIrelated ancestral populations that can be assumed to have the same allele frequencies, such that
the older wave of mixture is old enough that its contribution to the measured LD is negligible. In
this model, present-day Indian groups derive their ancestry from three sources: old ANI (αold),
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recent ANI (αnew), and ASI (1-αtotal). Hence, the second wave of ANI ancestry (proportion αnew)
enters an admixed population (proportion 1-αnew) whose allele frequencies can be written as a
linear combination from the first wave:

α old /(1− α new ) * A + (1− α old /(1− α new )) * B

[8]

The expected€one-reference-population ALDER amplitude shown in equation [4] then becomes:

ao =

€

2α new (1− α new )(1− α total ) 2
(α total f 2 (ANI, X") − (1− α total ) f 2 (ASI, X")) 2
(1− α new ) 2

[9]

This reduces to the form shown in equation [5] shown earlier.

2α new (1− α total ) 2
a0 =
(α total f 2 (ANI, X") − (1− α total ) f 2 (ASI, X")) 2
α old + (1− α total )

[10]

€ The last squared factor remains the same as in the single-wave case because we have assumed
that the two ANI populations have the same allele frequencies. Note that replacing αold = 0 (so
that αnew = αtotal) reduces equation [5] to equation [4]. This amplitude is lower than the
corresponding value for a single wave of admixture, since the admixture LD due to the older
wave is no longer detectable beyond the shortest genetic distances. Thus, if the observed
amplitude is lower than the expected (single-wave) amplitude, we can find the value of αold that
would explain the difference under a two-wave model.
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Simulations
We now demonstrate the accuracy of the above line of reasoning in scenarios simulated
to resemble hypothetical admixture histories of India. To capture some of the complexities of
real human populations, we built our simulated data sets using phased data from the real groups
from HGDP and HapMap using the method described in ref. [1]. Specifically, we simulated two
sets of admixed groups as follows:
• Set 1: Three groups with [30%, 50%, 70%] ancestry from Europe (HapMap CEU) and the
remaining ancestry from East Asia (HGDP Han).
• Set 2: Three groups with [20%, 30%, 40%] ancestry from Europe and the remaining
ancestry from East Asia.

For each group, we generated 14 diploid individuals under two alternative admixture histories:
• A single CEU–Han admixture event 100 generations ago.
• Two waves of CEU admixture into Han, 300 and 75 generations ago, that together produce
the same total fraction of CEU ancestry as shown above.
To perform the admixture graph analysis, we require additional outgroups. For this we
use real data from HGDP French, Basque, Yoruba, and Dai and use the model shown in Figure
D.6. We use the drift lengths and admixture proportions estimated by admixture graph to
compute the expected amplitude (Note: The constrain of fixing the admixture proportion from F4
Ratio Estimation is not required as we have two West Eurasian outgroups here). We performed
ALDER single-reference analysis for each set of admixed groups with Basque and Dai reference
populations (independently). We note that we do not reuse the CEU or Han populations (which
were used to generate the simulated data) in our inference procedure, to account for the fact that
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we do not have access to the true ancestral populations (ANI and ASI) for India. We created
simulated populations in groups of three to allow us to infer the necessary f2 values in the
amplitude formula, as these are otherwise confounded.
We designed our simulations to match the parameters observed in India. In Figure D.6,
the four outgroups (French, Basque, Yoruba, and Dai) take the place of Georgians, Basque,
Yoruba, and Onge in Figure D.1. For the simulated histories, we chose a date of 100 generations
before the present to be similar to the observed average age of ANI–ASI admixture in India. The
two-wave dates of 300 and 75 generations ago provides a plausible alternative scenario yielding
a ALDER curve similar to that of 100 generations. Finally, the two simulated population sets
covered distinct ranges of the admixture proportion space, one with larger CEU ancestry
components and higher ancestry proportion variation than the other. For both the sets, our
inference methods provide reliable results.
Our simulation results demonstrate that for a single-wave admixture history, the weighted
LD amplitude measured by ALDER is consistent with the expectation of our formula, whereas in
the case of two-wave admixture, the measured ALDER amplitude is smaller than the expectation,
as claimed in equation [4] (Table D.9). Out of the 12 population-reference pairs, the difference in
the amplitudes is statistically consistent with zero (|Z|<3) for all single-wave simulations, while
the difference is significantly different from zero in 8 of the 12 two-wave simulations, including
all 6 with Basque as the reference population. Correspondingly, the estimates of the mixture
proportion αold required to explain the amplitude discrepancy under the alternate model are
considerably smaller for the single-wave simulated data, with zero always included in the
confidence interval (Table D.9).
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Results
(a) Indo-European rank 1 groups
For all West Eurasian groups, the model of population relationships provides a good fit to the
Indo-European rank 1 data as assessed by admixture graph (such that none of the f-statistics are
greater than three standard errors from expectation). Thus we plug in the admixture proportions
and the drift lengths ( f 2 (ANI, X") and f 2 (ASI, X")) computed using admixture graph in equation
[4] to estimate the expected amplitude. We observe that the expected amplitude is consistent

€
with the observed
amplitude€in ALDER (|Z| < 3 for a difference between the two estimates over
all 7 West Eurasian groups we tested) (Table 5.3).
For subsequent analyses we focused on Basque as the reference population and fixed the
ANI ancestry proportion from F4 Ratio Estimation as described above. We compute the
difference in amplitude (observed - expected) and find that the two estimates are statistically
consistent (Z = -0.35), suggesting that the model of single wave of ANI-ASI admixture is
consistent with our data.
Applying the alternate two-wave amplitude formula (equation [5]), we estimate the range
of possible αold as 4.5 ± 8.5%, with a 95% confidence interval of 0-18.6% (truncated at 0). Thus
we find no evidence to reject a single-wave model with all ancestry contributing to the measured
admixture LD.

(b) Dravidian rank 1 groups
Similar to the Indo-Europeans rank 1 groups, we applied admixture graph and ALDER to
the Dravidian rank 1 data using various West Eurasian groups as references and found that the

256

expected and observed amplitudes are consistent (|Z| < 3 for all reference populations tested)
(Table 5.3).
We focused next on Basque as the reference population and used the ANI ancestry
proportion estimated from F4 Ratio Estimation. We observe that the expected amplitude is
consistent with the observed amplitude in ALDER (Z= -1.06), suggesting that the model of single
wave of ANI-ASI ancestry provides a fit to the data. The proportion of ANI ancestry
unexplained by our model (αold) is 7.1 ± 5.5%, with a 95% confidence interval of 0-16.2%
(truncated at 0).

In conclusion, our data are consistent with the null model of a single wave of ANI-ASI
admixture in the history of selected Indo-European and Dravidian speaking groups in India.
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YRI

Onge

ANI

ASI

Pop1

India
Figure D.1. Historical relationships assumed for F4 Ratio Estimation
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Pop2

(a) Indo-European rank 1 set

(b) Dravidian rank 1 set

Figure D.2. admixture graph fitted models of Indian history.
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(a) Full dataset

Figure D.3. rolloff curves specific to each Indian group.
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Figure D.3. (Continued)

(b) Rank 1 groups with a simple history of ANI-ASI admixture

Figure D.3. (a) We use the full Affymetrix (494,863 SNPs) or Illumina (500,703 SNPs) dataset
to increase precision. We run rolloff with weights computed by performing Principal Component
Analysis (PCA) on data from all populations on the Indian-cline and CEU (excluding the test
population). Samples are colored by linguistic affiliation. (b) We also performed rolloff analysis
for rank 1 groups, computing PCA based SNP loadings for Basque and Indian cline groups (not
including the target admixed groups for computing the weights) with data for 210,482 SNPs. We
ignore inter-SNP distances less than 0.5 cM to avoid confounding by background LD.
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Figure D.4. Distribution of nominal p-values in simulations for likelihood ratio test. We
performed 100,000 simulations based on the null model of a single pulse of mixture with noise.
We use least squares to fit a null model of a single pulse of mixture (
alternative model of two pulses of admixture (

) and an

), where n, n1, n2 are

parameters capturing the times since mixture, and d is the genetic distance. We performed a
likelihood ratio test with 2 degrees of freedom and plotted the distribution of the nominal pvalues. We computed the observed tail (y) as the proportion of observed p-values that are less
than or equal to the theoretical p-values (x), normalized by the total number of simulations.
Values below -log10(0.05) are not shown. The dotted line indicates the regression line for the
linear model between log10(y) and log10(x).
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(a)

(b)

Figure D.5 Phylogenetic relationships of simulated populations Pops 1-15. Panel (a) shows
the phylogenetic relationships of Pops 1-15, and (b) shows PCA of Pops 2-15. SNPs were
ascertained in Pop 1 and hence this population is not included in the PCA.
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Figure D.6. Admixture graph for simulated data used in ALDER
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Table D.1: Data curation

Pop
Adi-Dravidar
Bhil
Bhumij
Birhor
Brahmin
Changpa
Gond
Ho
Irula
Jain
Jews
Kallar
Kattunayakan
Korku
Kshatriya
Kuruchiyan
Gounder
Madiga
Malai Kuravar
Mala
Mali
Minicoy
Munda
Narikkuravar
Palliyar
Kashmiri Pandit
Paniya
Sherpa
Siddi
Subba
Tibet-refugees
Vedda
Vysya
Tharu
Meghawal
Chenchu
Kurumba
Hallaki
Santhal
Kharia
Vaish
Srivastava
Naidu
Velama
Sahariya
Lodi
Satnami
Kamsali
Onge
Great_Andamanese
Nyshi
Ao Naga
Brahmina
Kanjara
Chamara

Dataset
This study
Reich 2009 & this
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Reich 2009 & this
This study
Reich 2009 & this
This study
This study
This study
This study
This study
Reich 2009 & this
This study
This study
Reich 2009 & this
This study
This study
This study
Reich 2009 & this
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Reich 2009
Metspalu 2011
Metspalu 2011
Metspalu 2011

Samples removed
pre-PCA curation

Samples removed
post-PCA curation

5
4

1
5

5
14
5
5

1

5

1
5

4

5

1

5
1
5

5
5
14
5
5

2

5

1
4

9
7
7
6

4
1

7
4
4
1
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Total count
(Post curation)
5
17
0
0
10
0
0
0
0
5
0
5
5
0
15
5
5
13
5
13
5
4
0
5
5
15
5
0
0
0
0
4
14
5
5
6
0
0
0
0
4
2
4
4
0
5
3
4
9
0
0
0
8
8
10

Exclusion
Criterialc

(1)
(a); (1)
(b)
(1)
(a); (1)
(1)
(2)
(2)

(a); (1)
(b)

(b); (3)
(b)
(3)
(1)

(b)
(1)
(a); (1)6; 10
(1)
(1)
(b); (3)
(3)

(2)
(2)
(1)
(1)

(1)
(3)
(1)6
(1)
(1)
(b)

Table D.1 (Continued)

Pop
Dushadha
Kshatriyaa
Kola
Dharkara
Muslima
Scheduled castea
central_mix1_nihali
Gonda
Mundaa
Scheduled caste/
tribea
Hakkipikkia
Ao Nagaa
Chenchua
Kallara
Velamaa
Palliyara
Sindhib
Pathanb

Dataset
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Metspalu 2011
Li 2008
Li 2008

Samples removed
pre-PCA curation
3

Samples removed
post-PCA curation

16
1
6
5
4
1

4

1
14
7

Total count
(Post curation)
7
7
0
11
5
0
0
0
0
6
4
0
4
8
9
5
10
15

Exclusion
Criterialc
(b)
(1)
(b)
(2)
(2)
(2)
(1)

(1)

(a)
(1)6
(1)6

c

Samples were removed based on the following exclusion criteria:
Pre-PCA curation:
(a) Remove all duplicate samples based on >90% matching with another sample in the dataset.
(b) Remove all related samples: In case of trios, child was excluded and in case of first-degree relative, one sample from the
pair was excluded.
(c) Removed all samples previously excluded in Metspalu et al (2011): 8 samples excluded (not shown in table above)11.
Post-PCA curation (Figure 5.1):
(1) Remove samples and groups that have evidence of recent ancestry from groups other than ANI and ASI based on PCA.
(2) Remove groups that are not homogenous in PCA.
(3) Remove samples that do not cluster with the majority of samples from their group.
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Table D.2: Summary of D-statistics

Population (X)

n

Language
Group

Paniya
Palliyar
Kattunayakan
Palliyara
Madiga
Mala
Adi-Dravidar
Hakkipikkia
Vedda
Kamsali
Chenchua
Chamara
Chenchu
Bhil
Kallar
Kallara
Vysya
Malai Kuravar
Satnami
Kuruchiyan
Dushadha
Sch.caste/ tribea
Mali
Minicoy
Gounder
Lodi
Naidu
Velama
Velamaa
Narikkuravar
Tharu
Dharkara
Kanjara
Muslima
Srivastava
Jain
Meghawal
Kshatriyaa
Vaish
Brahmina
Kshatriya
Brahmin
Sindhib
Kashmiri Pandit
Pathanb

5
5
5
5
13
13
5
4
4
4
4
10
6
17
5
8
14
5
3
5
7
6
5
4
5
5
4
4
9
5
5
11
8
5
2
5
5
7
4
8
15
10
10
15
15

Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
Indo-European
Dravidian
Dravidian
Indo-European
Dravidian
Indo-European
Dravidian
Dravidian
Dravidian
Dravidian
Indo-European
Dravidian
Indo-European
Dravidian
Dravidian
Indo-European
Dravidian
Indo-European
Dravidian
Dravidian
Dravidian
Dravidian
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European

Social/ caste group

Pop with
highest Dstatistic mean

Pop with 2nd
Highest D-statistic

Pop with 3nd
Highest D-statistic

Tribal
Tribal
Tribal
Lower caste
Lower caste
Lower caste
Lower caste
Tribal
Tribal
Lower caste
Tribal
Tribal
Tribal
Tribal
Lower caste
Tribal
Middle caste
Tribal
Lower caste
Tribal
Lower caste
Lower caste
Lower caste
Lower caste
Middle caste
Lower caste
Upper caste
Upper caste
Upper caste
Tribal
Tribal
Nomadic group
Nomadic group
Religious group
Upper caste
Religious group
Lower caste
Upper caste
Upper caste
Upper caste
Upper caste
Upper caste
Urban group
Upper caste
Urban group

Georgian
Georgian
Georgian
Cypriot
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Georgian
Tuscan
Georgian
Georgian
Georgian
Georgian
Georgian

Armenian (0.1)
Kurd (0.1)
Kurd (0.2)
Abhkasian (0.4)
Lezgin (1.1)
Abhkasian (0.5)
Abhkasian (1.1)
Armenian (1.2)
Abhkasian (0.1)
Armenian (0.8)
Abhkasian (1.4)
Abhkasian (0.6)
Abhkasian (0.7)
Abhkasian (0.4)
Armenian (0.9)
Abhkasian (1.2)
Abhkasian (1.1)
Abhkasian (0.4)
Abhkasian (0.2)
Abhkasian (1.1)
Abhkasian (0.2)
Kurd (0.6)
Armenian (1.3)
Abhkasian (2.3)
Kurd (0.6)
Armenian (2)
Armenian (1.3)
Abhkasian (1.3)
Armenian (1)
Abhkasian (0.5)
Lezgin (0.8)
Tuscan (1)
Abhkasian (1.2)
Abhkasian (1.2)
Abhkasian (-0.3)
Abhkasian (0.8)
Abhkasian (0.8)
Abhkasian (1.4)
Lezgin (1)
Lezgin (0)
Abhkasian (0.9)
Tuscan (1.1)
Armenian (2.6)
Abhkasian (2)
Armenian (2.1)

Cypriot (0.3)
Abhkasian (0.2)
Armenian (0.4)
Georgian (0.5)
Abhkasian (1.2)
Armenian (1.2)
Armenian (1.5)
Abhkasian (1.3)
Kurd (0.4)
Lezgin (0.6)
Armenian (2)
Lezgin (1.1)
Armenian (1.2)
Armenian (1)
Cypriot (1)
Lezgin (2)
Armenian (1.7)
Armenian (1.5)
Tuscan (0.8)
Armenian (1.7)
Lezgin (1.1)
Abhkasian (0.8)
Abhkasian (1.4)
Cypriot (2.3)
Abhkasian (0.9)
Abhkasian (2)
Abhkasian (1.1)
Armenian (2.8)
Abhkasian (0.9)
Cypriot (1.3)
Abhkasian (1.1)
Armenian (2)
Tuscan (0.8)
Armenian (1.9)
Cypriot (0.1)
Lezgin (1.2)
Cypriot (1.3)
Lezgin (1.9)
Armenian (2.2)
Georgian (0.1)
Tuscan (0.8)
Lezgin (1.6)
Abhkasian (2.4)
Armenian (2.6)
Abhkasian (1.6)

We compute D(Onge, X; YRI, Y) where X is an Indian group shown above and Y is a West Eurasian group chosen from a panel of 42 groups including
Europeans, Central Asians, Middle Easterners and Caucasian populations. We display the group with the highest D-statistic mean, 2nd highest D-statistic mean
(Z-score for the difference between highest and 2nd highest group), and 3nd highest D-statistic mean (Z-score for the difference between the highest and 3nd
highest). We consider |Z| > 3 to be statistically significant. a indicates samples from Metspalu et al (2011) and b indicates samples from HGDP.
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Table D.3 (A): D-statistics differences: Madiga

Population (Y)

Lezgin
Abhkasian
Armenian
Kurd
Chechen
Cypriot
Iranian
Druze
Syrian
Adygei
Tuscan
North Ossetian
TSI
Lebanese
Turk
Basque
Kumyk
CEU
Orcadian
Italian
Jordanian
Hungarian
French
Lithuanian
Spaniard
Bulgarian
Balkar
Ukranian
Palestinian
Romanian
Sardinian
Saudi
Bedouin
Belorussian
Mordovian
Russian
Tajik
Yemenese
Turkmen
Nogai
Chuvash
Uzbek

n

18
20
35
6
20
12
20
42
16
17
7
15
87
7
19
24
14
110
15
12
19
20
28
10
12
13
19
20
46
16
28
19
45
9
15
27
15
10
15
16
17
15

Country sampled
from

Geographic
Group

Caucasus
Caucasus
Armenia
Kazakhstan
Caucasus
Cyprus
Iran
Israel
Syria
Caucasus
Italy
Russia
Italy
Lebanon
Turkey
France
Russia
United States
United Kingdom
Italy
Jordania
Hungary
France
Lithuania
Spain
Bulgaria
Caucasus
Ukraine
Israel
Romania
Italy
Saudi Arabia
Israel
Belorussia
Russia
Russia
Tajikstan
Yemen
Turkmenistan
Russia
Russia
Uzbekstan

Caucasus
Caucasus
Caucasus
Central Asia
Caucasus
Europe
Central Asia
Near East
Near East
Caucasus
Europe
Caucasus
Europe
Near East
Near East
Europe
Caucasus
Europe
Europe
Europe
Near East
Europe
Europe
Europe
Europe
Europe
Caucasus
Europe
Near East
Europe
Europe
Near East
Near East
Europe
Europe
Europe
Central Asia
Near East
Central Asia
Caucasus
Europe
Central Asia

Mean
difference

0.0001
0.0001
0.0002
0.0002
0.0002
0.0003
0.0003
0.0004
0.0004
0.0004
0.0004
0.0004
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0006
0.0007
0.0007
0.0007
0.0007
0.0008
0.0008
0.0010
0.0011
0.0011
0.0013
0.0016
0.0017
0.0020
0.0032

Z-score of
difference

1.1
1.2
2.0
1.3
2.1
2.2
2.8
3.4
3.3
3.4
3.0
3.5
4.6
3.1
4.7
3.9
4.5
5.0
3.9
4.1
4.9
4.5
5.0
3.9
4.6
5.0
5.8
5.3
6.1
5.6
5.4
5.2
6.2
5.5
7.7
9.0
8.5
8.3
11.3
13.3
13.1
19.7

We compare D(Onge, Madiga; YRI, Georgian) = 0.0335 (Z = 16.7) with D(Onge, Madiga; YRI, Y) where
Y is any West Eurasian group chosen from a panel of 42 groups including Europeans, Central Asians,
Middle Easterners and Caucasian populations. For each Y, we display the mean and Z-score of the
difference with D(Onge, Madiga; YRI, Georgian).
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Table D.3 (Continued) (B): D-statistics differences: Kashmiri Pandit
Population (X)

Abhkasian
Lezgin
Armenian
Cypriot
Tuscan
Chechen
TSI
Kurd
Orcadian
CEU
Basque
Italian
Lithuanian
French
Druze
Hungarian
Spaniard
Bulgarian
Sardinian
Adygei
Ukranian
Belorussian
North Ossetian
Syrian
Romanian
Turk
Iranian
Balkar
Lebanese
Kumyk
Jordanian
Palestinian
Bedouin
Mordovian
Saudi
Russian
Tajik
Yemenese
Nogai
Turkmen
Chuvash
Uzbek

n

20
18
35
12
7
20
87
6
15
110
24
12
10
28
42
20
12
13
28
17
20
9
15
16
16
19
20
19
7
14
19
46
45
15
19
27
15
10
16
15
17
15

Country sampled
from

Geographic
Group

Caucasus
Caucasus
Armenia
Cyprus
Italy
Caucasus
Italy
Kazakhstan
United Kingdom
United States
France
Italy
Lithuania
France
Israel
Hungary
Spain
Bulgaria
Italy
Caucasus
Ukraine
Belorussia
Russia
Syria
Romania
Turkey
Iran
Caucasus
Lebanon
Russia
Jordania
Israel
Israel
Russia
Saudi Arabia
Russia
Tajikstan
Yemen
Russia
Turkmenistan
Russia
Uzbekstan

Caucasus
Caucasus
Caucasus
Europe
Europe
Caucasus
Europe
Central Asia
Europe
Europe
Europe
Europe
Europe
Europe
Near East
Europe
Europe
Europe
Europe
Caucasus
Europe
Europe
Caucasus
Near East
Europe
Near East
Central Asia
Caucasus
Near East
Caucasus
Near East
Near East
Near East
Europe
Near East
Europe
Central Asia
Near East
Caucasus
Central Asia
Europe
Central Asia

Mean difference

0.0002
0.0003
0.0003
0.0004
0.0004
0.0004
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0006
0.0006
0.0006
0.0007
0.0008
0.0008
0.0008
0.0008
0.0009
0.0009
0.0009
0.0010
0.0010
0.0010
0.0010
0.0010
0.0011
0.0012
0.0013
0.0014
0.0014
0.0014
0.0015
0.0026
0.0030
0.0031
0.0031
0.0032
0.0057

Z-score of
difference

2.0
2.2
2.6
2.8
2.4
3.6
4.9
3.0
3.6
4.8
4.0
3.8
3.5
4.8
5.4
5.0
5.2
5.8
5.8
6.4
6.3
5.4
7.0
7.5
7.4
8.6
8.4
9.2
6.4
8.8
10.1
11.1
11.2
10.6
10.6
12.2
18.5
17.3
22.1
20.2
20.7
31.6

We compare D(Onge, Kashmiri Pandit; YRI, Georgian) = 0.0627 (Z = 29.7) with D(Onge, Kashmiri Pandit;
YRI, Y) where Y is any West Eurasian group chosen from a panel of 42 groups including Europeans, Central
Asians, Middle Easterners and Caucasian groups. For each Y, we display mean and Z-score of the difference
with D(Onge, Kashmiri Pandit; YRI, Georgian).
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Table D.4: Ancestry estimates from F4 Ratio Estimation
§

Language Group

Social/ caste group

ANI Ancestry
(Pop2=Abhkasian)

§

n

ANI Ancestry
(Pop2 = Basque)

§

Population (X)

Paniya
Palliyar
Kattunayakan
Palliyara
Madiga
Mala
Adi-Dravidar
Hakkipikkia
Vedda
Kamsali
Chenchua
Chamara
Chenchu
Bhil
Kallar
Kallara
Vysya
Malai Kuravar
Satnami
Kuruchiyan
Dushadha
Sch caste/ tribea
Mali
Minicoy
Gounder
Lodi
Naidu
Velama
Velamaa
Narikkuravar
Tharu
Dharkara
Kanjara
Muslima
Srivastava
Jain
Meghawal
Kshatriyaa
Vaish
Brahmina
Kshatriya
Brahmin
Sindhib
Kashmiri Pandit
Pathanb

5
5
5
5
13
13
5
4
4
4
4
10
6
17
5
8
14
5
3
5
7
6
5
4
5
5
4
4
9
5
5
11
8
5
2
5
5
7
4
8
15
10
10
15
15

Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
Dravidian
Indo-European
Dravidian
Dravidian
Indo-European
Dravidian
Indo-European
Dravidian
Dravidian
Dravidian
Dravidian
Indo-European
Dravidian
Indo-European
Dravidian
Dravidian
Indo-European
Dravidian
Indo-European
Dravidian
Dravidian
Dravidian
Dravidian
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European
Indo-European

Tribal
Tribal
Tribal
Lower caste
Lower caste
Lower caste
Lower caste
Tribal
Tribal
Lower caste
Tribal
Tribal
Tribal
Tribal
Lower caste
Tribal
Middle caste
Tribal
Lower caste
Tribal
Lower caste
Lower caste
Lower caste
Lower caste
Middle caste
Lower caste
Upper caste
Upper caste
Upper caste
Tribal
Tribal
Nomadic group
Nomadic group
Religious group
Upper caste
Religious group
Lower caste
Upper caste
Upper caste
Upper caste
Upper caste
Upper caste
Urban group
Upper caste
Urban group

16.7 ± 2.4
21.2 ± 2.3
24.6 ± 2.1
24.2 ± 2.4
32 ± 1.7
34.3 ± 1.7
34.7 ± 2
36.2 ± 2
36 ± 2.5
36.5 ± 2.1
37.2 ± 2.1
38.7 ± 1.7
39 ± 2.2
38.9 ± 1.6
37.3 ± 2.1
37.7 ± 1.8
37.9 ± 1.8
38.8 ± 2.1
40.7 ± 2.1
41.9 ± 1.9
41 ± 1.8
40.5 ± 1.9
44 ± 2
42.9 ± 2
42.9 ± 1.9
43.1 ± 1.9
43.2 ± 2
42.7 ± 2
43.4 ± 1.7
45 ± 2.2
43.6 ± 1.9
47.8 ± 1.5
48.2 ± 1.7
49.4 ± 1.8
52.3 ± 2.5
51.6 ± 1.9
53.6 ± 1.8
54.6 ± 1.6
56.5 ± 1.7
61.2 ± 1.4
60.9 ± 1.3
62.8 ± 1.4
64.3 ± 1.3
65.2 ± 1.3
70.4 ± 1.2

16.8 ± 2.1
22.8 ± 2
25.1 ± 1.9
25.6 ± 2.1
33.1 ± 1.5
35.8 ± 1.5
35.7 ± 1.7
35.4 ± 1.8
38 ± 2.2
38 ± 1.8
38.1 ± 1.9
38.5 ± 1.5
38.4 ± 2
39.3 ± 1.4
39.4 ± 1.8
40.4 ± 1.5
41.2 ± 1.5
41.2 ± 1.9
40.8 ± 1.9
43.2 ± 1.7
42.8 ± 1.6
43.5 ± 1.6
43.3 ± 1.8
43.1 ± 1.7
45.8 ± 1.7
43.4 ± 1.7
44.3 ± 1.8
46.3 ± 1.7
45.3 ± 1.5
46.1 ± 1.9
43.3 ± 1.7
47.3 ± 1.3
47.1 ± 1.5
49.4 ± 1.5
51.6 ± 2.2
52.1 ± 1.7
53.2 ± 1.6
53 ± 1.4
54.5 ± 1.5
57.8 ± 1.3
58.4 ± 1.2
59.2 ± 1.3
62.7 ± 1.2
63.8 ± 1.1
67.9 ± 1

22.5 ± 1.6
29.1 ± 1.4
30.8 ± 1.5
31.4 ± 1.5
40.6 ± 1.1
39.9 ± 1.1
40.9 ± 1.3
40.8 ± 1.4
41.3 ± 1.6
43.1 ± 1.4
43.4 ± 1.4
43.1 ± 1.1
41.7 ± 1.4
45.8 ± 1
44.5 ± 1.3
47.1 ± 1.1
47.2 ± 1.1
46.8 ± 1.3
43.4 ± 1.4
48.6 ± 1.2
48.2 ± 1.2
48.8 ± 1.2
53.1 ± 1.2
48.9 ± 1.3
51.8 ± 1.2
49.4 ± 1.2
48.5 ± 1.3
53.9 ± 1.3
51.1 ± 1.1
50.5 ± 1.5
50.5 ± 1.2
54.6 ± 1
53.5 ± 1.1
55.1 ± 1.2
56.4 ± 1.5
58 ± 1.2
58.2 ± 1.1
60.7 ± 0.9
60.1 ± 1.2
63.9 ± 0.9
63.6 ± 0.8
64.5 ± 0.9
71.8 ± 0.8
68.6 ± 0.8
74.8 ± 0.7

ANI ancestry
(Reich 09)

We performed F4 Ratio Estimation to estimate the proportion of ANI ancestry in Indians. Specifically, we use the following statistics: §ANI ancestry (Pop2 =
Basque) = f4(YRI, Basque; X, Onge)/ f4(YRI, Basque; Georgians, Onge); §ANI ancestry (Pop2 = Abhkasian) = f4(YRI, Abhkasian; X, Onge)/ f4(YRI,
Abhkasian; Georgians, Onge); §ANI ancestry (Reich et al., 09) = f4(Adygei, Papuan; X, Onge)/ f4(Adygei, Papuan; CEU, Onge). We computed standard
errors using a Block Jackknife with a block size of 5cM. a indicates samples from Metspalu et al (2011) and b indicates samples from HGDP.
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Table D.5. Dates of admixture using PCA loadings and one reference group

n

PCA based
weights (rolloff)

PCA based weights
(ALDER)

One reference
(ALDER)

Indo-European rank 1

32

77 ± 6

70 ± 7

68 ± 12

Dravidian rank 1

33

121 ± 17

101 ± 17

105 ± 14

Pop

We performed rolloff and ALDER analysis using SNP loadings computed based on a PCA of Basque and all Indian cline
groups (except the test groups). We also performed ALDER analysis using Basque as one reference group. To remove the
effects of LD in the ancestral populations, we ignore bins corresponding to distance separation less than 0.5 cM: this
threshold is set by ALDER after comparison of shared LD between Basque and the admixed groups.
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Table D.6. Simulations to test bias in estimated dates of admixture for demographic
parameters relevant to Indian groups

Samples

ANI
ancestry%

Simulated date based on
point estimate from real
data (gens)

Mean date
estimate over 100
simulations

Brahmin

10

62.8 ± 1.4

65 ± 9

66

Mala

13

34.3 ± 1.7

96 ± 16

99

Pathanb

15

70.4 ± 1.2

73 ± 9

76

Dravidian rank 1

33

36.9 ± 1.5

121 ± 17

123

Indo-European rank 1

32

42.3 ± 1.4

77 ± 6

79

Group (X)

We simulated individuals of mixed European (CEU) and Asian (CHB) ancestry where we set sample size, ANI ancestry
proportion, and the date of admixture to match the parameters in the real data for each Indian group (X). We performed
rolloff using French and Han as the reference groups and computed the average admixture date (in generations) for 100
simulations.
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Table D.7. Record of testing for consistency with simple ANI-ASI mixture.

Set size
3
4
5
6

Sets tested
7,770
25,425
19,239
1,852

Sets that are
rank 1
3,692
5,152
1,293
30
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Sets also passing
admixture graph
1,152
860
90
1
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Population (X)
Vysya
Sindhib
Brahmina
Chenchu
Brahmin
Pathanb
Kshatriya
Mali
Kashmiri Pandit
Kshatriyaa
Kanjara
Kallara
Scheduled caste/ tribea
Gounder
Velamaa
Chamara
Dharkara
Kallar
Narikkuravar
Paniya
Tharu
Meghawal
Bhil
Madiga
Kattunayakan
Mala
Muslima
Palliyar
Palliyara
Adi-Dravidar
Dushadha
Lodi
Malai Kuravar
Jain
Kuruchiyan
Onge
Vedda

Linguistic
affiliation
Dravidian
Indo-European
Indo-European
Dravidian
Indo-European
Indo-European
Indo-European
Dravidian
Indo-European
Indo-European
Indo-European
Dravidian
Dravidian
Dravidian
Dravidian
Indo-European
Indo-European
Dravidian
Dravidian
Dravidian
Indo-European
Indo-European
Indo-European
Dravidian
Dravidian
Dravidian
Indo-European
Dravidian
Dravidian
Dravidian
Indo-European
Indo-European
Dravidian
Indo-European
Dravidian
Jarawa-Onge
Indo-European

Traditional
social status
Middle caste
Urban groups
Upper caste
Tribal
Upper caste
Urban groups
Upper caste
Lower caste
Upper caste
Upper caste
Nomadic group
Tribal
Lower caste
Middle caste
Upper caste
Tribal
Nomadic group
Lower caste
Nomadic group
Tribal
Tribal
Lower caste
Tribal
Lower caste
Tribal
Lower caste
Religious Group
Tribal
Lower caste
Lower caste
Lower caste
Lower caste
Tribal
Religious Group
Tribal
Hunter-gatherer
Tribal
Sampling Location
Andhra Pradesh
Pakistan
Uttar Pradesh
Andhra Pradesh
Uttar Pradesh
Pakistan
Uttar Pradesh
Lakshadweep
Kashmir
Uttar Pradesh
Uttar Pradesh
Tamil Nadu
Tamil Nadu
Tamil Nadu
Andhra Pradesh
Uttar Pradesh
Uttar Pradesh
Tamil Nadu
Tamil Nadu
Kerela
Uttarkhand
Rajasthan
Gujarat
Andhra Pradesh
Kerela
Andhra Pradesh
Uttar Pradesh
Tamil Nadu
Tamil Nadu
Tamil Nadu
Uttar Pradesh
Uttar Pradesh
Tamil Nadu
Gujarat
Kerela
Andaman & Nicobar
Sri Lanka

Set size
=3
0
2
4
8
15
19
22
24
33
40
48
50
52
54
62
80
85
93
106
107
118
118
119
123
123
123
124
124
128
143
158
162
164
169
213
215
227

Set size
=4
0
0
0
0
0
2
1
9
10
13
23
81
47
59
71
83
53
84
53
81
91
107
89
112
82
167
87
99
81
175
169
212
195
193
322
311
278

Set size
=5
0
0
0
0
0
0
0
1
0
0
0
20
11
12
11
14
5
14
4
3
10
11
5
8
10
24
5
15
8
19
15
18
29
32
49
53
44

Table D.8. Number of times each of 37 Indian groups is included in a passing set of groups
Set size
=6
0
0
0
0
0
0
0
0
0
0
0
1
1
0
0
0
0
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
1
0
0

Set size
=7
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Table D.9. Comparison of expected and observed weighted LD amplitudes for
simulated data.

Europe
%

Ref. in
ALDER

Single wave
Expected
Amplitude
x 10,000

Observed
Amplitude
x 10,000

Z

αold

Two waves
Expected
Amplitude
x 10,000

Observed
Amplitude
x 10,000

αold

Z

Simulation Set 1:
30%

Basque

3.18 ± 0.13

3.30 ± 0.27

0.4

-0.8 ± 1.8

3.16 ± 0.15

1.76 ± 0.37

-3.7

11.3 ± 3.6

50%

Basque

1.83 ± 0.07

1.79 ± 0.23

-0.2

0.5 ± 3.1

1.81 ± 0.09

1.28 ± 0.12

-4.2

8.7 ± 2.3

70%

Basque

0.54 ± 0.03

0.56 ± 0.13

0.1

-0.6 ± 4.3

0.52 ± 0.04

0.11 ± 0.03

-14.2

36.6 ± 4.2

30%

Dai

0.60 ± 0.04

0.64 ± 0.14

0.3

-1.5 ± 4.5

0.58 ± 0.05

0.43 ± 0.12

-1.1

6.1 ± 5.6

50%

Dai

1.88 ± 0.09

1.70 ± 0.24

-0.8

2.6 ± 3.5

1.88 ± 0.10

1.16 ± 0.11

-4.1

11.9 ± 3.0

70%

Dai

3.04 ± 0.11

3.31 ± 0.31

0.8

-1.7 ± 2.0

3.07 ± 0.14

1.78 ± 0.23

-6.8

12.4 ± 2.7

Simulation Set 2:
20%

Basque

3.36 ± 0.20

3.28 ± 0.23

-0.3

0.4 ± 1.5

3.45 ± 0.24

1.81 ± 0.23

-6.4

9.4 ± 1.5

30%

Basque

3.13 ± 0.18

3.37 ± 0.31

0.7

-1.7 ± 2.6

3.32 ± 0.25

1.88 ± 0.28

-3.6

10.9 ± 3.1

40%

Basque

2.55 ± 0.16

2.85 ± 0.31

0.9

-2.8 ± 3.2

2.68 ± 0.25

1.50 ± 0.24

-4.0

13.2 ± 3.4

20%

Dai

0.22 ± 0.03

0.10 ± 0.07

-1.7

10.8 ± 6.8

0.18 ± 0.04

0.22 ± 0.44

0.1

-3.3 ± 31.7

30%

Dai

0.63 ± 0.05

0.59 ± 0.09

-0.4

1.4 ± 3.5

0.51 ± 0.08

0.29 ± 0.09

-2.1

11.1 ± 5.2

40%

Dai

1.21 ± 0.09

1.29 ± 0.19

0.4

-1.5 ± 3.4

1.11 ± 0.16

0.92 ± 0.12

-1.2

4.5 ± 3.7

Standard errors shown are based on jackknife estimates from a single simulation (not standard errors from averaging over
multiple simulations). To infer the statistical uncertainty of (Observed - Expected) amplitude, we use a weighted block jackknife
dropping each chromosome in turn and repeating the entire procedure. This produces a standard error and allows us to test
whether the difference is consistent with zero (|Z| < 3).
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