DIGITAL ACCESS 10 -
SCHOLARSHIP sr HARVARD T e i Schotaty Communicatin

DASH.HARVARD.EDU

Integrating Ancient and Modern DNA To Study
Human History in South Asia and the Americas

Citation

Nakatsuka, Nathan Joel. 2020. Integrating Ancient and Modern DNA To Study Human History in
South Asia and the Americas. Doctoral dissertation, Harvard University Graduate School of Arts
and Sciences.

Permanent link
https://nrs.harvard.edu/URN-3:HUL.INSTREP0S:37368882

Terms of Use

This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .

Accessibility


https://nrs.harvard.edu/URN-3:HUL.INSTREPOS:37368882
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Integrating%20Ancient%20and%20Modern%20DNA%20To%20Study%20Human%20History%20in%20South%20Asia%20and%20the%20Americas&community=1/1&collection=1/4927603&owningCollection1/4927603&harvardAuthors=693c6381effb54f98e4346708a0a67e0&department
https://dash.harvard.edu/pages/accessibility

HARVARD UNIVERSITY
Graduate School of Arts and Sciences

DISSERTATION ACCEPTANCE CERTIFICATE

The undersigned, appointed by the
Committee on Higher Degrees in Systems, Synthetic, and Quantitative Biology

have examined a dissertation entitled

Integrating Ancient and Modern DNA To Study Human History in South Asia and the Americas

presented by Nathan Nakatsuka

candidate for the degree of Doctor of Philosophy and hereby
certify that it is worthy of acceptance.

|| Ve O (9

Typed name: Prof. Alkes Price

Michael Desar

Slgnature Michael Desai (May 13, 2020)

Typed name: Prof. Michael Desai
k' %QM"/L'/L
Signature ‘/WA

Typed name: Prof. Sohini Ramachandran

Date: May 13, 2020


https://na2.documents.adobe.com/verifier?tx=CBJCHBCAABAAizMJw_i2px4n-t6ZOjBAD1GpE14LZnEA
https://na2.documents.adobe.com/verifier?tx=CBJCHBCAABAAizMJw_i2px4n-t6ZOjBAD1GpE14LZnEA
https://na2.documents.adobe.com/verifier?tx=CBJCHBCAABAAizMJw_i2px4n-t6ZOjBAD1GpE14LZnEA

Integrating Ancient and Modern DNA To Study
Human History in South Asia and the Americas

A dissertation presented
by

Nathan Nakatsuka

to

The Committee on Higher Degrees in Systems, Synthetic, and Quantitative Biology

in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
in the subject of

Systems, Synthetic, and Quantitative Biology

Harvard University
Cambridge, Massachusetts

May 2020



© 2020 Nathan Nakatsuka

All rights reserved.



Dissertation Advisor: David Reich Nathan Nakatsuka

Integrating Ancient and Modern DNA To Study Human History in South Asia and the Americas

Abstract

In the last two decades, advances in next-generation sequencing, genome-wide genotyping
arrays, and methods to obtain DNA from ancient individuals have propelled the field of population
genetics such that it is now an extraordinarily powerful tool for inferring human history. This thesis
focuses on the study of DNA from both present-day and ancient individuals who existed between
50 to over 10,000 years ago. The analyses focus on South Asian, African-American, and Native
American history and some applications of these historical insights for improving human health.

Chapter 1.1 provides a background to the field, including a survey of the current methods
for obtaining DNA from ancient individuals, the major statistical techniques for using genetics to
infer human history, and past ways that archaeological and linguistic information have been
integrated with genetics to arrive at more robust, contextualized models of the past. Chapter 1.2
provides a philosophical framework for conducting ethically-responsible genetics research in non-
Western cultural contexts with a focus on South Asian and Native American groups. This ethical
framework forms the groundwork for the studies in this thesis, and each subsequent section is
introduced with a statement on how the study’s approach fits into this framework.

Chapter 2 details a study on over 260 distinct present-day South Asian groups,
demonstrating that 81 of these groups, including 14 with estimated census sizes over one million,
descend from founder events more extreme than those in Ashkenazi Jews and Finns, both of which
have high rates of recessive disease due to founder events. These founder events are population
bottlenecks that can be detected on the basis of identity-by-descent (IBD) segments shared within
the last 100 generations from a common founder, and they highlight an underappreciated
opportunity for recessive disease-associated gene mapping in South Asia. Chapter 3 is an admixture
mapping study that examines the increased European ancestry at chromosome 1 of African-
Americans with Multiple Sclerosis (MS) relative to those without the disease and determines that
the signal is due to two genetic variants within the CD58 and FCRL3 genes that together predict a
1.44-fold greater risk for MS in European-Americans compared to African-Africans. Chapter 4
introduces a new software, ContamLD, for estimating contamination in autosomal ancient DNA
(aDNA) by measuring the breakdown of linkage disequilibrium in a sequenced individual due to the
contaminant DNA.

Chapter 5 primarily focuses on three aDNA studies of Central and South America. The first
study explores the earliest migrations into Central and South America from 11,000 to 4,000 years
ago, while the next two studies focus on the changes in genetic structure over time in the Andes
and Patagonia, including genetic analysis of individuals from major Andean cultures, such as the
Wari, Tiwanaku, and Inca, as well as ancient individuals from the regions associated with the major
Patagonian groups found at the time of European contact with representation of both maritime and
terrestrial diet groups. Chapter 6 ties together the insights learned in these studies and compares
them to findings of other world regions, highlighting surprising similarities and differences. Overall,
this thesis presents just a small snapshot of the power of population genetics for inferring human
history and how these insights can sometimes be used in unique ways to advance human health.
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Chapter 1: Background

Chapter 1.1: Background to the Field of Population Genetics

Over the past 70 years, the field of genetics has expanded in scope a remarkable
extent. Fueled by revolutions in molecular biology and DNA sequencing, genetics has
been able to pervade all fields of medicine and even address many questions in the
social sciences. Much of the recent success of this field has been due to the
development of next generation sequencing, which has made it possible to determine
the genetic code of almost any species of interest very quickly and at low cost. The
relative ease of sequencing has facilitated studies of broader scope and deeper
resolution, which has led to improved insight about many different organisms, especially
humans.

One of the biggest applications of human genetics has been to biomedicine
where essentially all organ systems can be studied with standard genetic tools. Some
key aims in medical genetics are to find genetic variants and biological pathways
underlying phenotypic traits, including disease, response to drugs, or the effect of the
environment on different individuals. One goal of these studies is to improve our
understanding of the biology underlying disease to facilitate the discovery of potential
drug targets. Another goal is to elucidate the allelic architecture of different diseases,
meaning the determination of whether particular diseases are due primarily to many
common variants of small effect size, fewer rare variants of larger effect size, or other
possible combinations. Common ways to achieve these goals are to perform large scale
association studies where thousands to millions of individuals with and without the trait
of interest have their genomes assessed with either genotyping chips, whole-exome
sequencing, or whole-genome sequencing, to find genetic variants associated with the
trait. Genotyping chips (SNP arrays) generally cover between 300,000-1.5 million single
nucleotide polymorphisms (SNPs) spread throughout the genome and usually facilitate
the discovery of variants more common in the population (>1% frequency) that lead to
small differences in predisposition to the disease, while whole-exome and whole-
genome sequencing usually is focused on the discovery of variants less common in the
population which might have larger effect size on the trait of interest. Whole-exome and
whole-genome sequencing have led to the successful identification of hundreds of cases
where a single genetic variant causes a disease (these diseases are known as Mendelian
genetic disorders) [1-3]. On the other side of the spectrum, chip-based genome wide
association studies (GWAS) have led to the discovery of thousands of common SNPs
associated with different traits [4]. The associations discovered with all of these
methods have led to novel biological insights, therapeutic development, drug
repurposing, and improved clinical care [5].

A more surprising area where genetics has made major inroads is in the fields of
archaeology and history. In the past 20 years, the DNA (and sometimes amino acids [6])
of present-day and ancient species have been studied to answer questions about the



migrations (who, when, and to what extent), admixtures, and population sizes of a wide
range of organisms, especially humans [7]. Human history in particular can be
determined by integrating information from archaeological studies of material remains
with linguistic analyses of human languages and genetic analyses of human DNA. The
field of population genetics has been revolutionized in the past ten years by the new
technology of ancient DNA sequencing, which allows geneticists to study the DNA of
individuals who lived up to hundreds of thousands of years ago. At the beginning of this
field, ancient DNA was limited to mitochondria (for which there are often thousands of
copies per cell) and then PCR analyses of small fractions of the nuclear genome [8].
However, the advent of next generation sequencing finally allowed efficient sequencing
of the entire genome, causing a rapid advance in the field of paleo-genomics. With this
technology geneticists can now determine the genetic differences across space and
time, meaning they can compare individuals and groups from different geographical
regions or the same region over time to look for potential changes due to mixtures from
external groups, genetic drift (random genetic changes over time), or natural selection.

Methods for Obtaining DNA from Ancient Individuals

DNA can be obtained from ancient human skeletal material by taking a small
sample from a bone and creating a powder by drilling (Figure 1). The petrous bone,
which is part of the temporal bone, has the highest DNA content, likely due to the fact
that it is the hardest and most dense bone in the mammalian body [9, 10]. Tooth
cementum are the second most widely used material, followed by long bone. After
powder is obtained, the DNA is extracted from the bone by lysing the cells and binding
the DNA to silicon dioxide (silica) particles (either spin columns or silica-coated magnetic
beads), which is optimized to isolate highly degraded DNA in the form of very short
molecules (~25-40 base pairs, bp) [11, 12]. Lysis buffers are used that have proteinase K
to digest bone and tooth collagen and ethylenediaminetetraacetate (EDTA) to decalcify
the bone and tooth matrix and release DNA. This process has been automated in
protocols that use silica-coated magnetic beads [11]. The DNA is often then treated with
the enzyme Uracil-DNA Glycosylase (UDG) to remove the vast majority of artifacts from
cytosine-to-thymine mutations characteristic of ancient DNA [13]. Following this, DNA
libraries are made from the purified DNA, which involves the ligation of adaptor
oligonucleotides to the ends of the DNA fragments to facilitate unique identification of
the DNA fragments and subsequent sequencing. The libraries are made using either
double-stranded or single-stranded library preparation protocols; the single-stranded
protocol has the advantage of higher DNA yield but is more expensive and time
intensive [14]. After libraries are made, the DNA sequences are often enriched for those
that overlap mitochondrial DNA [15] and about 1.24 million nuclear targets chosen to
cover SNPs of interest for population genetic analyses [16-18]. The enriched products
are then sequenced on a next-generation machine, such as the lllumina NextSeq500.
The enrichment is useful to keep costs low and to improve DNA yield from samples with
a low percentage of human DNA. However, whole-genome shotgun sequencing allows
one to obtain more power for many analyses as will be described below. The sequencing
data usually have their ends trimmed to remove the adaptors and residual mutations



from DNA damage, and the resulting data is aligned to the human genome using custom
parameters that account for the smaller fragments of ancient DNA. Since ancient DNA
data is often of relatively low coverage (~1x), it is not possible to have reliable
heterozygous calls, so a random allele is taken at each SNP position to represent the
genotype of the individual at that position (“pseudo-haploid” genotypes).

Bones Clean room Prepare

N

Sequencing Purification Powder

Figure 1. Ancient DNA processing. A summary of steps taken to obtain DNA sequencing
data from skeletal bone.

Statistical Methods for Inferring Human History Using Genetics
Analyses of Uni-Parental DNA

As the molecular biology methods for generating ancient DNA data advanced, so
did the computational and statistical methods for analyzing the new data. Population
genetics can be divided into methods based on analysis of uni-parental data and
methods based on analysis of autosomal data. Uni-parental data are mitochondria,
which are inherited essentially only from one’s mother, and Y-chromosomes, which are
inherited only from one’s father. Both mitochondria and most of the Y-chromosome are
non-recombining, meaning they are passed down each generation without mixing with
the material inherited from the individual’s other parent. Thus, the only change that
occurs over generations is due to random mutations. Uni-parental DNA is usually
analyzed based on haplotypes of the mitochondria or Y-chromosomes, which are more
generally defined to be groups of genetic variants that are often inherited together. In
these analyses, uni-parental DNA haplotypes can be arranged into hierarchical clusters
with groupings that reflect temporal relationships (i.e. groups more similar to each
other share more genetic history) (Figure 2). These hierarchical relationships can reveal
history, because they can show how different groups are related to each other and
potential mixtures between groups (e.g. if one group has two different sets of uni-
parental haplotypes, it could be a mixture of genetic ancestry related to two groups that
only have one of the sets of haplotypes) [19]. They also can show evidence for



population bottlenecks, if the diversity of haplotypes drops markedly [20], or population
expansions, if the diversity suddenly increases [21, 22], and this has been systematized
for mitochondria in the software BEAST [23, 24], which provides Bayesian estimates of
population size over time. In addition, the sex-specific nature of uni-parental DNA
means that they can provide insight into sex-specific differences in demographic history.
For example, if migration occurred primarily via males, then the Y-chromosome
haplotypes might change in the population that received the male influx, while its
mitochondrial haplotypes would stay the same [25].
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Figure 2. An example of a mitochondrial-based phylogenetic tree. As published in
Malyarchuk et al. [26].

Analyses of Autosomal DNA

Population genetic methods for analyzing autosomal DNA in principle should be
more powerful than the analysis of uni-parental DNA, because the number of
independent markers is many fold higher in the autosomes. A large number of methods
have been developed to study this data, exploiting various features that provide
information about demographic history. Below | will briefly summarize the main
methods that are currently in use in the field.

Determination of Kinship

One important analysis in archaeology is the determination of kinship. This can
be determined with a variety of methods. One method uses mismatch rates, where
more closely related individuals have lower mismatch rates. This was used, for example,



to uncover the existence of a matrilineal dynasty ~1,000 years ago in the Chaco Canyon
of Southwestern United States [27]. The software PLINK [28, 29] infers the amount of
the genome between pairs of individuals that are identical-by-state (IBS), meaning they
happen to be genetically the same at those SNPs. This is then used to determine the
amount of the genome that is identical-by-descent (IBD), meaning they are identical due
to common ancestry. Closely related individuals will share a large amount of their
genome IBD. For example, children will share 50% of their genome IBD with their
biological parents. In most genetic analyses, closely related individuals are removed
from further analyses due to their potential to bias the statistics, since the related
individuals are not independent. However, the presence of close relatives can point to
interesting insights into the cultures being studied (e.g. burial patterns of relatives). This
is thus an important complement to other genetic analyses that assess population
structure on a broader scale.

Dimensionality Reduction

One set of methods that allow qualitative analysis of the data for population
structure are dimensionality reduction techniques. These methods show the most
important aspects of variation in the data, which can point to past mixtures between
different groups. The most widely used method is Principal Components Analysis (PCA),
which is a transformation of a matrix to create a set of vectors that are linearly
uncorrelated with each other and ordered by the amount of variance they explain in the
data [30]. This can be done directly on the genotype matrix or on another matrix that
shows genetic distance between the individuals. In addition, one set of individuals can
be projected onto the principal components inferred by another set of individuals to see
how the genetic variation in the second set of individuals is present (or not) in the
projected set of individuals. Often ancient individuals are projected onto the principal
components inferred by present-day individuals, in part because of the missing data in
most ancient individuals (since they are usually sequenced to much lower coverage than
the present-day individuals) and also because this can more clearly show past
admixtures (if the ancient individuals are more “extreme” than the present-day
individuals, this is often due to the present-day individuals being a mixture of genetic
ancestry related to the ancient individuals) (Figure 3A). This process requires proper
normalization of the principal components, because due to the missing data and the
lack of shared genetic drift with more recent individuals, ancient individuals can be
biased to appear closer to the origin than they should be [31]. The linear nature of PCA
is a positive for population genetics, because it means that the distances in each
dimension are usually more directly correlated with genetic distance and can sometimes
point to past admixture [32]. One example of this is the presence of admixture clines in
PCA produced when groups on the cline are variable proportions of ancestry from two
different groups. An example of this is the “Indian cline” produced because many groups
in India have variable proportions of mixture between a group related to present-day
Europeans, called Ancestral North Indian, and a group distinct from both East Asians and
Europeans, called Ancestral South Indian [30] (Figure 3B).
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Figure 3. Two different examples of PCAs from previously published papers. (A) The
principal components (PCs) for this PCA were built from present-day European and Near
East individuals (gray dots), and the ancient individuals were projected onto these PCs
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(called Ancestral North Indian) and a group diverged from both Europeans and East
Asians (called Ancestral South Indian). Adapted from Reich et al., 2009 [33].

The linear nature of PCA also leads to visualization difficulties, however. For
example, if there are groups with large genetic divergence with other groups in the
dataset, then this signal can sometimes mask the smaller genetic differences between
the other groups in the dataset. Other dimensionality reduction techniques that get
around this difficulty are t-SNE (t-distributed stochastic neighbor embedding) [34],
which has primarily been used in single-cell RNA analyses, and UMAP (Uniform Manifold
Approximation and Projection) [35], which has been used in some ancient DNA studies
[36]. These techniques adapt distances so that both global and local population
structure can be visualized well. Lastly, multi-dimensional scaling (MDS) is another form
of non-linear dimensionality reduction that can be used for data visualization. This
method reduces the data to a number of dimensions specified by the user in a way that
preserves between-individual distances (PCA, by contrast, is preserving the covariance
of the data) usually by minimizing a metric called “stress”, which is the difference
between the actual distances of the individuals and their predicted values based on the
MDS model [37].

Global Ancestry Clustering

Related to dimensionality reduction techniques are general clustering techniques
that can also provide qualitative overviews of the data. One common technique is to fit
the genetic data in a maximum likelihood model such that each individual gets assigned
a certain proportion of ancestry from a number of populations specified by the user.
Algorithms for this include STRUCTURE [38] and ADMIXTURE [39], which iteratively
place proportions of ancestries into the different populations until the best fit is found.
Users usually run the algorithm and specify increasing numbers of populations starting
from K=2 until the global likelihood of the data starts to decrease, and the smallest
value of K that maximizes the global likelihood of the data is thought to be a more likely
representative of the underlying population history. These methods can lead to false
inferences of population history, however, because high genetic drift in a group can
cause it to be modeled as its own population even if that is not the best model of history
[40].

Local Ancestry Inference

These global ancestry techniques measure overall proportion of ancestry in
individuals, but it is also sometimes possible to do local ancestry measurements where
the genome is partitioned into different segments with ancestry from each specific
population (Figure 4). This can be done in either a supervised or unsupervised manner,
where the supervised case uses training data, which in this case is genetic data of
individuals from the populations of interest, to obtain the genetic distributions that can
then be used to label the genomes of the test individuals with these populations. In the
unsupervised case, the genetic distributions of the background populations are learned
directly from the test individuals. Many different statistical/computational tools exist to



perform these tests (reviewed here [41]) and often rely on either Hidden Markov
Models or directly maximizing the likelihood of the data given the proposed model.
Local ancestry estimation can be useful for admixture mapping (Chapter 3), where
admixed groups are used to localize genomic regions underlying diseases with very
different prevalence between the two different populations that admixed to form the
admixed group (e.g. studying African-Americans, who are admixed between European
and West African ancestry, to determine the genetic basis for the higher rates of
Multiple Sclerosis in Europeans relative to West Africans) [42].
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Figure 4. Schematic of the genetic basis for local ancestry mapping. The genomes of
admixed individuals will have genetic segments from each of the parental populations,
and different algorithms can be used to determine what population each part of the
admixed individual came from. Image reproduced from Baye and Wilke, 2010 [43].
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Phylogenetic Trees

Another set of methods for obtaining qualitative overviews of population
structure are phylogenetic trees. These trees show the genetic relationships between
different groups and can be obtained through a variety of methods. One popular
method is neighbor-joining, which takes a distance matrix between the groups of
interest and does an iterative procedure in which each group is joined to the group with
smallest distance from it and then the procedure is repeated, comparing the previously
joined groups with each other with repetition of this process until the tree is completely
resolved [44]. Other methods for tree creation are maximum parsimony based trees,
which create trees that minimize the total number of changes needed between the
different groups [45], or UPGMA (unweighted pair group method with arithmetic
mean), which is similar to neighbor-joining except that it does the group joining by
measuring the average distance between the elements in each group with the elements
of the other groups (relative to neighbor-joining, which creates a new node from the
joined groups at each step rather than continuing to use the information from the
original groups each time) [46]. Importantly, UPGMA assumes that all lineages are
evolving at the same rate, while neighbor-joining trees do not make this assumption.



Some other methods for creating phylogenetic trees account for multiple sources of
data in a Bayesian framework to find the most likely model [24].

In all of these phylogenetic trees, it is often useful to do bootstrapping to
determine the strength of evidence for each node. Bootstrapping usually involves
randomly re-sampling different subsets of the data and re-creating the trees with this
data. Nodes are then labeled by the percentage of times they held up in all attempts at
re-creating the trees. Nodes with higher values have more support for them
representing the accurate relationships between the different groups in that particular
dataset [47].

The f-Statistic Framework

One toolbox that has had remarkable success in population genetics is the f-
statistic framework based on allele frequency correlations [48]. Unlike many of the
methods described above, these methods allow formal testing for a history of
population mixture rather than qualitative inference. These methods were inspired by
Fsr (fixation index) values, which were developed by Cavalli-Sforza and Edwards [49] to
measure allele frequency differentiation between pairs of populations. Fsr can be
defined in different ways, but one way to define it is the variance in allele frequencies
between pairs of populations divided by the total variance in the population [50]. If
genetic differentiation is high between the two populations, then a large proportion of
the total variance in allele frequencies will be between the populations, and Fsr between
the two groups will be high. Another way to define it is the value such that the allele
frequency difference between the two populations has mean 0 and variance 2* Fsr *p *
(1-p), where p is the allele frequency in the population ancestral to the two populations.
Fsrvalues between different human populations range from ~0.20 between West
African and non-African groups to ~0.002 between different European groups [50]. Fsr
can be corrected for inbreeding based on heterozygosity in the group (inbreeding will
lead to very low heterozygosity), which is helpful because the Fsr will be biased upward
in these cases due to the artificial drift in the inbred group.

The f-statistics that form the core of a large number of modern population
genetic tools are f, f3, and f4 (these are empirically determined from the data, while F,,
F3, and F4 are the underlying theoretical values of the assumed phylogeny corresponding
to these statistics) [48]. An f>-statistic of the form f>(A,B) is the expectation value of the
squared difference in allele frequencies of one population (A) with another population
(B), which is the branch length between the two populations that is used for fitting
edges in admixture graphs (described below). An f3-statistic of the form f3(C; A,B) is the
expectation value of the product of the differences between the target population (C)
and the other populations (A and B). In other words it is E[(c-a)*(c-b)], where c, a, and b
are the frequencies of an allele at a particular SNP (the values are summed across all
SNPs). A negative f3-statistic can only occur if population C has ancestry from
populations related to both A and B. Intuitively, it is because C has “intermediate” allele
frequencies between A and B. Thus, the f3-statistic can be used as a rigorous test for
admixture. However, there are often false negatives with this test, because a large
amount of genetic drift can cause a f3-statistic to be positive even if Cis in reality



admixed between groups related to A and B. If population C is an outgroup to A and B
(often the Central African pygmy population, Mbuti, is used), then this outgroup-fs-
statistic can be used to measure shared genetic drift between A and B (with larger
values indicating more shared drift), allowing comparison between different populations
for genetic similarity.

A fs-statistic is of the form f4(A,B; C,D) = E[(a-b)*(c-d)] where a, b, c, and d are the
allele frequencies of the respective populations (A, B, C, and D) at a particular SNP and
the statistic is summed across all SNPs. Often an outgroup to B, C, and D (e.g. Mbuti) is
placed in position A, so the statistic shows whether C and D are a clade with respect to B
(if the statistic is consistent with 0). On the other hand, If B has more shared history with
C, then the statistic will be significantly negative (B would have significantly more shared
alleles with C than with D), and if B has more shared history with D, then the statistic
will be significantly positive. These statistics are not biased by more recent genetic drift
in the test groups, because the extra drift would be uncorrelated to the ancestry of the
other groups. If Cand D are groups from the same physical location at different time
periods, then if B has significant allele sharing with the more recent group, this would
indicate that B shares more history with the more recent group, which could be due to
admixture between the groups or that a group mixed into both B and the recent group.
The D-statistic is the same as the fs-statistic, except it is normalized to be between -1
and 1. The D-statistic is better for testing whether a particular phylogeny is accurate, so
it was used to determine that modern humans have some Neanderthal ancestry [51].
Usually for f3- and fs-statistics, significance is declared at |Z|>3, which corresponds to
p<0.0013 [48]. Ancestry proportions can be estimated with fs-ratios. For example, with
the phylogeny of Figure 5, an estimate of the proportion of ancestry related to group B
that is in group X can be estimated as a=(fs(A, O; X, C)/f4(A,0O; B, C)). The intuition
behind this is that if X has ancestry related to B, then the ancestry causes X to become
more like B (and therefore more like A), which would cause the statistic f4(A, O; X, C) to
become positive (due to X and A attracting). The fraction by which it is positive relative
to f4(A, O; B, C) is the fraction of B-related ancestry that X has.

/ \
/\ N\

A - LT > <« =
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X

Figure 5. An example phylogeny to explain fs;-ratio estimation. From Patterson et al.,
2012 [48].

10



The f>-, f3- and fs-statistics can be used for several different population genetic
analyses besides being used alone. For example, TreeMix uses f>-statistics to fit a tree
where admixture edges are allowed, which represent gene flow between different
groups. The number of admixture edges are specified by the user and genetic drift
approximated by Gaussian noise over time [52]. Similar to ADMIXTURE and STRUCTURE,
the user will usually continue to add admixture edges until the addition of such an edge
leads to limited change in likelihood of the model, meaning the edge is not necessary for
the model. Similarly, gpgraph is a software that assesses user-specified admixture
graphs and fits the f>-, f3- and fs-statistics that correspond to the graph [48]. The
resulting fit can be assessed by the largest Z-score (with large Z-scores corresponding to
a poor fit), the total log-likelihood of the graph, or AIC (Akaike Information Criterion,
which maximizes the likelihood while also penalizing additional parameters to prevent
over-fitting). In this way a user can determine which population models are unlikely
compared to models that fit the data well.

Another method based on f-statistics is gpWave, which assesses the number of
“waves” of ancestry in a test set of groups relative to a set of outgroups [53]. For
example, if admixed African-Americans, a West African group, and a Northern European
group were in the test set, and the outgroup set were groups that could differentiate
West Africans from Northern Europeans but could not differentiate within different
West African or European groups (e.g. using East Asians as the outgroup set), then
gpWave would show only two waves of ancestry for the 3 groups, since African-
Americans generally can be modeled a linear combination of West Africans and
Northern Europeans and thus would not show up as a distinct genetic population.
gpWave does this by finding the rank of the matrix of fs-statistics of the form fa(T1,T2;
01,02) where T1 and T; are all possible combinations of test populations, and O; and O,
are all possible combinations of outgroup populations. The rank shows only the number
of distinct ancestry sources, because groups that are admixtures of ancestry related to
other groups in the test set will be a linear combination of those sources and thus will
be eliminated from the matrix in the decomposition to reduced row-echelon form.

The last method based on f-statistics is gpAdm, which has the same set up as
gpWave, but it calculates admixture proportions of a group based on potential source
populations by fitting the proportions to weights of all relevant fs-statistics of the same
form as in gpWave [54]. The intuition behind this software is that the test set of
populations have various relationships to the outgroups (note: they are not strict
outgroups in the traditional sense of the definition, because they have differential
relationships to the test populations, but they are called outgroups because they cannot
have ancestry that admixed into the target group except for ancestry that came from
the source groups). The relationships will be captured in fs-statistics, and the target
group can be modeled as a mixture of the source groups by fitting the fs-statistics in a
similar way to the fs-ratio described above except weighted based on their values. If the
proposed model is a good fit to the data, then the target group will have admixture
proportions between 0 and 1, and the number of waves of ancestry will be consistent
with n-1, where n is the total number of test groups, including the target group (because
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the test groups will all be of distinct ancestry and the target group will be a linear
combination of ancestries related to the test groups). If groups on a cline are modeled,
it is possible for the admixture proportion to be negative if a more extreme group on
the cline is modeled as a mixture of groups more intermediate on the cline. This method
can also be used to assess potential sex-biased mixture by examining the differences in
admixture proportions based on the autosomes relative to the proportions based on the
X-chromosome. For example, if there were primarily male-mediated gene flow, then the
proportions would be significantly higher on the autosomes than on the X chromosome,
because males only transmit one X-chromosome [55].

Linkage Disequilibrium

Allele frequency correlation methods have the advantage that they are unbiased
by population-specific drift and can use pseudo-haploid data with variable coverage,
which is helpful for ancient DNA analyses [48]. On the other hand, they are missing
potential power for measuring admixture as well as information about dates of the
events, because they do not account for information from linkage disequilibrium (LD),
which is the correlations between different SNPs near each other on a chromosome.
These correlations can be induced by admixture between two populations previously
separated for a long time, because an admixture event will cause the genetic variants
from each ancestry to be correlated with those variants of the same ancestry in the
admixed individual. LD breaks down over genetic distance due to recombination that
occurs over generations, so after the initial admixture event, admixed individuals of
later generations will have chromosomes that are mosaics of fragments of DNA from
each ancestry. Hence, the correlations will be found only at closer and closer genetic
distances with each passing generation (Figure 4).

The number of generations since an admixture event can be estimated by
modeling the breakdown in LD in these admixed individuals. This is the basis for ALDER
(Admixture-Induced Linkage Disequilibrium for Evolutionary Relationships), which uses
an exponential curve to model the admixture LD breakdown and obtain estimates for
the dates of the admixture event [56]. The amplitude of the curve allows one to
estimate admixture proportions (larger proportions will lead to a larger amplitude).
MALDER extends ALDER to situations where the admixed population had multiple
admixture events in their history by fitting a sum of exponential curves rather than only
one curve. This was used to determine that Khoisan groups (Southern African hunter-
gatherers and pastoralists) have mixture related to Niger-Congo-speaking populations
and west Eurasian ancestry indirectly through eastern Africa [57]. Other methods date
admixture events by analyzing the tract length distribution after performing local
ancestry inference [58, 59], but this can be difficult if there are poor reference
populations or the admixing sources are very genetically similar to each other. A
recently developed method, DATES [60], estimates the dates of admixture events by
modeling ancestry covariance over genetic distance rather than admixture LD. By not
directly using admixture LD, DATES has the advantage of not requiring high quality data
(since ancestry covariance is computed separately for each individual and does not need
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to be limited to the markers with complete data across all individuals as ALDER does)
and even being able to work in a single individual.

Haplotype Based Methods

ALDER can be used to identify the most likely source for an admixture (it will give
the strongest admixture LD signal). Similarly, the software ChromoPainter finds
haplotypes in sequence data and models each group as a combination of the haplotypes
of all potential groups. This information can then be inputted to GLOBETROTTER, which
can identify all potential admixture events and date them using the same ideas as for
ALDER [61]. The haplotype sharing amongst the groups can also be used for clustering as
in the program fineSTRUCTURE [62], which in principle has more power than the
previously described clustering algorithms, because they do not take haplotype
information into account. Alternatively, the program diCal2 uses haplotypes to
determine different models of history by assessing their fit with specified phylogenetic
models with admixture, because these models each have unique haplotype distributions
that can be determined, for example, by using the conditional sampling distribution,
which is the conditional probability of observing a new haplotype given a set of already
observed haplotypes [63].

Identical-by-Descent (IBD) DNA Fragments

Related to haplotype analyses are analyses of IBD fragments. These were
mentioned previously as useful for determining kinship, but they also are useful for
inferring other aspects of population history, particularly more recent history (the past
100 generations). IBD segments can be inferred based on being unlikely to have arisen
by chance and thus being likely to have been inherited by both individuals from a recent
shared ancestor. One method to infer IBD segments is to search for long segments (> 2-
3 centiMorgans, cM) essentially identical (with allowance for recent mutations or
sequencing error) between pairs of individuals as in the software GERMLINE [64].
Another method is to model the haplotype frequencies and select haplotypes that are
low in likelihood as in the software Fast/BD or RefinedIBD [65, 66]. IBD can be used to
infer history, because the shared ancestry amongst a set of groups can only fit certain
historical models [67]. In addition, the mutations on the IBD segments and the
breakdown of IBD over time (via recombination) can be used to measure the amount of
time since populations split or mixed and the direction of admixture, which is whether
the ancestry primarily went from one group into the other or vice versa. Lastly, IBD can
be used to infer population sizes over time, because smaller population sizes will lead to
higher IBD shared within the group. If there was a population bottleneck (a large
decrease in population size) or founder event (when a small group of a population
separates and founds a new population) within the past 100 generations, this would
lead the group to have a high amount of shared within-group IBD even if the group is
now large [68, 69]. The resolution of the inferences will vary based on if there is high
coverage whole-genome sequencing data or SNP array data [70]. Populations with high
within-group IBD, such as South Asians, Finns, and Ashkenazi Jews, often have higher
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rates of certain recessive genetic diseases, because it is more likely for the recessive
mutations to appear in homozygous form in these groups [71, 72] (Chapter 2). This is a
related, but different phenomenon than recent inbreeding, where closely related
individuals mate and their children have a high rate of homozygosity (though with much
larger DNA segments than in the founder event case), such as in areas like Pakistan [73].

Rare Variant and Site Frequency Spectrum (SFS)-Based Methods

Another method with significant power for inferring population history makes
use of the joint site frequency spectrum (SFS), which is the frequency of each allele at a
particular site in the set of individuals being examined (the histogram of number of
alleles at each site). The observed SFS from the data can be fit to the expected SFS from
different models of human history, and the models with the highest likelihood can be
chosen. This will allow one to determine not only the phylogenetic admixture graph but
also the dates of the admixture events and split times as well as population size changes
(e.g. exponential growth). It has been claimed that the SFS lacks identifiability (i.e. there
is no injectivity; one SFS can fit multiple models of history) [74], but it has been counter-
argued that under reasonable conditions and large enough sample size, the SFS can
indeed be injective [75]. The mapping from demographic model to expected SFS can be
calculated forward in time using Wright-Fisher diffusion equations [76, 77] or a Moran
model [78], or backwards in time using the coalescent [79]. The coalescent can also be
used to infer the history of population size, such as in PSMC (Pairwise Sequentially
Markovian Coalescent), which uses a Hidden Markov Model on the distribution of
heterozygous sites in the genome to reconstruct population size histories back to
120,000 BP (years before present, where present is defined as 1950, following standard
practice) [80]. MSMC (Multiple Sequentially Markovian Coalescent) and smc++ [81]
extend this and use multiple individuals to obtain both population size histories and split
times.

Another SFS method, RareCoal [82, 83], restricts analysis to only rare variants
(those very infrequent in the population). This software analyzes genetic variants with
less than 1% allele frequency (in a relevant reference panel) that are shared between
the different groups. The allele sharing is then fit to admixture graphs in a maximum
likelihood model.

Assorted Other Methods

Approximate Bayesian Computation (ABC) is a general method that can be used
for many purposes. This method obtains Bayesian probability distributions of different
parameters by performing many simulations of different models of population history,
analyzing the resulting summary statistics that would result from such models, and
rejecting the models if they are too far off from the summary statistics of the actual data
[84]. In population genetics, ABC can be used with a variety of different summary
statistics including versions of the methods mentioned previously (e.g. IBD) [85]. Deep
learning can be used in a similar manner, with the summary statistics fed into neural
networks to learn different demographic parameters of interest, including natural
selection [86].
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Integrating Archaeological and Linguistic Information to Determine History

The analytical methods presented above are not comprehensive, but they
summarize many of the major methods used by population geneticists to infer
demographic history. However, this information must be integrated with archaeological
context and linguistic data where possible. Genetic studies can provide clear evidence
for migration, which can provide complementary data to archaeological evidence for the
movement of material or cultural goods. For example, several studies documented the
genetic history of Europe as beginning with early hunter-gatherers, some of whom
replaced prior groups [87], followed by ancestry from Anatolian farmers, followed by
the spread of ancestry related to Yamnaya pastoralists from the Pontic-Caspian Steppe
(who themselves were a mixture of Eastern European hunter-gatherers and Near
Eastern ancestry) [17, 88]. These insights were obtained by studying DNA of individuals
from different archaeological cultures and modeling their ancestry, if possible, as a
mixture of ancestry of ancient individuals from prior cultures. Moreover, their ancestry
can be used to model the ancestry of individuals more recent in time. By doing this
procedure and comparing to the spread of archaeological material, one can determine
whether the spread of different cultural or technological traits might have been due to
the spread of people themselves or just the ideas. For example, the spread of farming
from Iran to the Levant has been shown to have occurred independent of the spread of
people [54]. In contrast, the Bell Beaker phenomenon in Europe was accompanied by a
large migration of Steppe-related ancestry [89]. Linguistic information is generally only
available for cultures more recent than 5,000 BP, but the spread of different language
families can be correlated to genetics, as for example in the Austronesian expansion,
where groups that speak Austronesian languages all have ancestry related to aboriginal
Taiwanese [90]. Similarly, the speakers of Indo-lranian and Balto-Slavic languages both
share the same ancestry from the Steppe, providing evidence that people with Steppe
ancestry spread these related languages [60]. On the other hand, Melanesian ancestry
mostly replaced the Austronesian ancestry of Solomon Islanders even though this group
still speaks an Austronesian language [91, 92], showing the need for care in interpreting
the relationships between genetics and language family. In addition, archaeological
cultures are often not genetically homogeneous, so they should only be grouped
together if their genetic homogeneity can be shown. Indeed, migrants with ancestral
ancient South Indian ancestry, likely from the Indus Valley civilization, were found in
Iran as outliers to the genetic profile in that region, showing cultural contact between
the two regions [60]. Similarly, migrations can occur within an individual’s lifetime, and
strontium isotope data can be used to provide evidence of this if the individual’s
strontium profile differs from that of the region they were found in (the strontium
would have been integrated into their body during their lifetimes, so if the profile
matches that of another area, it would provide evidence that the individual migrated
from that region) [93, 94]. Such migrations could be indicative of particular cultural
practices, thus providing relevant anthropological insight into the culture. For example
in Bronze Age Europe, it was shown via genetics and isotopic analyses that high-status
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households (determined archaeologically by burials) stayed in the same region, while
low-status, genetically unrelated individuals came into the area over time [95].

These examples mentioned all show how genetics can be integrated with

archaeology and linguistics to make inferences about human history. The work in this
thesis related to inference of demographic history focuses on South Asia and the
Americas (particularly South America). Many of the methods described above were
used, including data from archaeology and linguistics, to provide new insights into
human history in these regions.
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Chapter 1.2: The Ethics of Genetics Research on Ancient and
Present-Day Non-Western Individuals

This section is based on the following papers | contributed to during my PhD:

Nakatsuka, N. “The Ethics of Genetics Research on Ancient and Present-Day Non-Western
Individuals.” In review at Current Anthropology.

Claw, K.; Anderson, M.; Begay, R.; Tsosie, K.; Fox, K.; Garrison, N.; the Summer Internship
for INdigenous peoples in Genomics (SING) Consortium. “A framework for enhancing ethical
genomic research with indigenous communities.” Nature Communications. 27 July 2018. 9(1):
2957.

Bardill, J.; Bader, A.; Garrison, N.; Bolnick, D.; Raff, J.; Walker, A.; Malhi, R .; the Summer
Internship for INdigenous peoples in Genomics (SING) Consortium. “Advancing the ethics of
paleogenomics.” Science: Policy Forum. 27 Apr. 2018. 360(6387): 384-385.

Overview

This section will focus on attempting to provide a framework for conducting
ethically-responsible genetics research of ancient and present-day individuals with a
particular emphasis on non-Western contexts and a focus on South Asian and Native
American groups. The term “Western” here refers generally to European and European-
American cultural groups, but it is left purposely imprecise due to the variation in these
groups and because the ethical framework developed here is applicable to all groups as
will be shown later. After providing a background of some past negative interactions of
non-Western groups with human genetics researchers, | will attempt to summarize the
main issues at play and then outline some principles undergirding the ethics of genetics
research in non-Western communities. | will use these principles to show why there
might be potential similarities and differences with ethical obligations for genetic
research in Europe or European-Americans. The ethical framework detailed here will
form the groundwork for the different research procedures used in the studies of this
thesis where these principles were applied to the genetic study of ancient and present-
day DNA from African-Americans and groups in South Asia, the South American Andes,
Patagonia, and other regions in South America.

Past Negative Experiences of Human Genetics Research in Non-Western Groups
Genetics research in non-Western contexts (as well as in some Western ones)
has a long history of ethical transgressions that have made many non-Western
communities distrustful of the field. For example, in 1989, scientists began a partnership
initiated by the Havasupai tribe with the hopes of discovering some of the etiology
underlying their very high prevalence of diabetes. The scientists from Arizona State
University collected their blood and sought to find genetic markers correlated with
diabetes, but they were unsuccessful. For many years the Havasupai tribe did not hear
back from the scientists regarding the results. In 2003, a member of the Havasupai tribe
happened to go to a lecture by a graduate student talking about Havasupai genetics. She
realized that the student and her professor had used their DNA to study schizophrenia
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and the migratory history of the Havasupai without the permission of the tribe. She was
devastated to hear this information discussed in public, because she thought the studies
about mental disease brought shame to their tribe, and the human origins research
negated their traditional origin stories. The tribe filed a lawsuit against ASU, and
eventually they were compensated $700,000, but the damage was already done, and
the tribe remains wary of scientists to this day [1, 2].

In a similar way, blood samples from the Nuu-chah-nulth were taken to study
potential genetic links to arthritis, but when no link was found, the samples were
instead used for studies of human origins without the permission of the tribe [3]. The
samples were eventually returned, but only after the tribe inquired about the results
and realized what happened to their blood samples. In another case, several indigenous
groups in South America, such as the Karitiana, accused the Human Genome Diversity
Project (HGDP) of biopiracy due to the scientists taking their blood for the benefit of the
scientists and not coming back to inform the group about the results or help the group
in any way [4-6]. (The current HGDP samples in use, however, were not from the
collection that was obtained via criticized methods; see the end of this essay for more
details.) Similar concerns were raised after attempts to patent and commercialize the
Native Hawaiian genome [7]. In all of these cases, the scientists were either attempting
to use the genetic material for purposes not originally consented to by the communities
or conducting the research in a way inconsistent with the cultural preferences of the
group whose DNA was being studied.

In ancient DNA (aDNA) research, remains of ancient individuals is often housed
in museums away from their original locations, sometimes due to past exploitation (e.g.
being taken in the past from groups without permission). In some of these cases, the
human remains are affiliated to known cultures and can be traced to living descendants,
and in the case of Native American remains in the United States, the Native American
Graves Protection and Repatriation Act (NAGPRA), first enacted in 1990, requires that
research done on these remains involve the relevant tribes, potentially with the goal of
repatriating the remains to the most closely affiliated group when one can be identified
[8-10]. In other cases, the remains might be labeled “culturally unaffiliated” in which
case no existing tribe is legally associated with them. For some of these “culturally
unaffiliated” remains, however, Native American tribes currently live on or near the land
where the remains were found, and in some cases, these tribes feel culturally connected
to the remains or ancient individual. There is currently no consensus on protocol for
research on culturally unaffiliated ancient individuals, though there was recently critique
of a study on culturally unaffiliated remains from the Chaco Canyon in New Mexico held
at the American Museum of Natural History in New York. Several tribes felt connected
to the human remains and responded negatively when they were not consulted about
the study. In addition, some took issue with the way it was presented [11]. On the other
hand, the very large number of tribes that claimed cultural connection to the remains
potentially presented a large practical barrier for consultation.

There have been fewer high-profile examples of ethically problematic genetic
studies in South Asia, but there are also many areas that must be thought through when
performing genetic studies in this cultural setting. For example, there are very few
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ethical committees in India [12], so it is difficult to make standardized regulations and
translate material into the proper language for each relevant group. Given the history of
the caste system and population bottlenecks in India, there is substantial genetic
homogeneity within many of the ethnic groups [13, 14], so potential discrimination and
stigma can occur with genetic results specific to certain groups, similar to in Native
American communities. In addition, due to the poverty in many parts of India, many
individuals are not able to act on genetic studies (e.g. prenatal counseling or medical
treatment for genetic diseases), which could lead to increased anxiety arising from
knowledge gained about increased risk in medical genetics studies [15]. Low
socioeconomic status can also contribute to lower education levels, making informed
consent more difficult, and there is potential danger for coercion if the study involves
access to healthcare the individuals otherwise could not afford. Lastly, if genetic studies
lead to information relevant for prenatal testing (e.g. recessive monogenic genetic
variants at high rates in particular groups), there are potential concerns with selective
abortion, particularly with female abortions [16] but also for birth defects given the
current law that bans termination of pregnancy after 20 weeks of gestation except on
grounds of maternal health [17]. The genetic information also has the potential in some
groups to lead to mistreatment of individuals, and particularly females, found to be a
carrier of certain genetic traits (including the possibility of abandonment, divorce, or
ostracization from a marriage) [18].

The myriad factors involved with this topic make it difficult to come up with a
clear set of guidelines and standards for genetic research, but the principles presented
in this essay will hopefully be useful for thinking through approaching genetic research
of ancient and present-day individuals, particularly from non-Western contexts.

Some Major Issues Relevant to Genetics Research in Non-Western Contexts

There have been many positive cases of genetics research in non-Western
groups, but these negative examples were chosen to highlight potential special
considerations when performing genetics research in non-Western contexts compared
to Western cultural contexts (though these sometimes still apply in Western contexts as
well, as will be described below). Below | will present a non-comprehensive list
describing some of these issues.

The first relates to group consent compared to individual consent. In this essay,
individual consent is defined as an individual’s permission for something to occur, while
group consent is defined as the group providing permission for something, with the
group also choosing the decision-making process governing the decision about that
permission. In a strict sense, if there is not a system designated by the group for making
decisions for its members, then the term group “consent” is not valid [19]. In this case,
consultation can still occur [19], but there are more complexities in decision making, as
will be described later in the essay. Group consent will often look different for different
cultural groups. In most studies of Western cultural groups, group consent means
permission given by different governmental or other institutional regulatory bodies
whose representatives have been chosen by the people. However, Western cultures
generally place very significant value on individual autonomy, so it is often the case that
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these groups consider it only important to obtain the informed consent of the individual
participating in the study (i.e. they believe the individual’s wishes should not be
constrained by the wishes of others in the group [20-22]). In contrast, for many non-
Western cultural groups (in particular, including many Native American tribes/nations),
group consent is considered more important due to the more communal culture, where
decision making is often made by group consensus, and individualism is valued to a
lesser extent (i.e. the individual’s identity is more tied to the group than to her/himself
as an individual [23-25]). In these cases, a representative body of leaders (such as a
tribal council) often makes decisions for the whole group. Group consent is important in
these settings, because the implications of the research can affect the group as a whole
to a greater extent than for other communities (particularly in small groups like many
Native American tribes). In addition, group consent can be said to have occurred in
many cases if the group’s views are adequately represented by the government as is the
case in many Western cultural contexts. In contrast, there are some groups whose views
are not adequately represented in the government often due to the histories of the
region (e.g. colonialism, slavery, or oppressive practices against particular groups
leading to power inequalities), so the current laws might not reflect the group’s
perspectives.

As a related issue, consent in many non-Western cultural contexts might require
additional genetics education and/or cultural translation to truly be considered
informed consent. For example, Foster et al., when working with Apache, proposed
“communal discourses” before the study begins to ensure both that the study aims are
communicated in a culturally relevant way and that the community’s method of consent
is also honored with the potential for the community to be able to integrate their
cultural preferences in how the study will be conducted and results reported [26, 27].
There is the potential, however, that this will involve large costs of time and money in
attempting to culturally translate the study aims to the community, so discussion and
thought should occur early on to ensure that this can be done in a feasible way.

In addition, there is a danger of potential stigmatization and racism that can
often be higher in non-Western groups relative to most European-ancestry ones. For
example, some groups, particularly very small ones, have a higher chance of being
stigmatized based on genetic research (e.g. “that’s the schizophrenic tribe”). Certain
colonial and imperialistic notions of identity can also be perpetuated by genetic studies
that contribute to beliefs about “disappearing cultures” doomed to vanish through
genetic admixture. Moreover, for many indigenous groups, kinship can involve social,
political, and even spiritual relationships rather than only biological/genetic connections
[28, 29]. Sometimes new individuals could even be accepted as part of many indigenous
groups without any biological relation to the group. However, blood quanta rules were
developed by European-Americans originally to limit tribal enrollment often with the
eventual goal of eliminating Native American tribes when they were no longer able to
meet the threshold [30-32]. Thus, genetic studies could further perpetuate the ability of
outsiders to define belonging in particular groups. Furthermore, the potential for stigma
and racism can be particularly high given new advances in population genetics of social
behavior, which could be applied with negative consequences, as is the risk with new
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genome-wide association studies (GWAS) of traits like educational attainment (including
even when done solely within Western cultural contexts [33]).

Another issue that is often more relevant in non-Western contexts than in
Western contexts is the potential danger for commodification of the body, culture and
sacred traditions. In many non-Western groups, particularly indigenous communities,
blood and biological samples can be deeply meaningful due to different cultural
understandings of the body and self. Frank Dukepoo, a Hopi and Laguna geneticist,
remarked, “To us, any part of ourselves is sacred. Scientists say it’s just DNA. For an
Indian [Native American], it is not just DNA, it’s part of a person, it is sacred, with deep
religious significance. It is part of the essence of a person” [34]. Similarly, in Native
Hawaiian culture, there is the belief that all things possess mana, a life force that makes
all bodily samples sacred [35]. Due to these beliefs, proper care and respect for the
biological samples from present-day or ancient humans is necessary to accord with the
cultural values of the relevant groups. This will likely be different in different cases, so it
is important to work on a case-by-case basis with each group (including even Western
groups where this might be an issue). Sometimes this might bring up irreconcilable
differences as Dukepoo points out with the HGDP’s process of immortalizing cell lines,
saying, “The idea that some of the tissue, part of that person may be immortalized in
these cell lines upsets many people because many Indian tribes hold a strong belief that
you can’t be buried with a portion of you wandering around the earth; you must be
buried whole” [36]. In addition, many indigenous groups might want the samples or
human remains returned to them after the study (e.g. to be buried in a culturally
appropriate way) and these requests should be honored as much as possible [37]. As an
example of sensitivities in this area, the Chaco Canyon paper mentioned previously was
criticized for the “culturally-insensitive descriptions” of the ancient individuals and
“objectifying” terminology (e.g. “cranium 14” and “burial 14”) [11].

One issue that is shared between many Western and non-Western groups is the
potential conflicts of the results of genetic studies with different worldviews. In
Western cultures this can take the form of revealing different family histories than
expected or conflicts with origin stories (e.g. literalist biblical views of the book of
Genesis). Similarly, in non-Western contexts genetic studies can yield conclusions that
conflict with origin stories of different cultures, which could harm their self-identity or
even potential claims to their land [38]. On the other hand, it is important for the
science not to be biased or presented in inaccurate ways to fit a particular pre-
conceived narrative — a repeated theme in aDNA studies is that they have revealed
features of the past that conflicted with prior expectations both of present-day groups
in the area and of scholars. Balancing scientific models with indigenous knowledge can
be difficult, but it is vitally important, particularly for groups that have experienced
significant past and present oppression.

One key issue underlying many of the other issues is the concept of sovereignty
and who gets to decide what type of genetic studies are conducted (including what
questions are being asked) and how they are conducted. Many non-Western groups (as
well as Western ones) believe that they should have more of a say in the studies of not
only present-day DNA from their group but also genetic studies of ancient remains in
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their historical lands. On the other hand, depending on how old the ancient individuals
are, some argue that the human remains belong, in a certain sense, to the world as a
whole rather than to the particular community that happens to have lived in the area
most recently. Related to this issue is the method by which such a question might be
answered. Many indigenous groups believe they are spiritual care-takers of the land
they are living on, so even if they might not have originated from a particular area that
they live in now and only happened to have moved into that area more recently (e.g.
500 years ago) or if they are not directly genetically related to a particular ancient
individual on their land (e.g. due to past population replacement), they still should have
sovereignty over any material from that land. On the other hand, what should happen if
there are competing claims to ownership of a particular ancient individual? If claims to
ownership are based on factors that are not easily measurable (e.g. spiritual
connections), how are such claims to be evaluated and adjudicated? Due to these
difficulties, it might not be possible to develop standards that are universally applicable,
but the different competing interests must be carefully balanced for each case.

Principles for Ethically Responsible Genetics Research in Non-Western Groups

Given the issues highlighted above, several principles can be put forth to
undergird ethically-responsible genetics research in non-Western contexts. For the
purposes of this essay, we can start with four principles widely agreed upon in Western
biomedical ethics: non-maleficence, justice, beneficence, and autonomy [39] (where
these principles themselves come from is outside the scope of this section). These
principles have correlates in many other cultures and can be explained using culturally
specific terms, but for the purposes of this section, they will be explained from a
Western cultural viewpoint to show that even within this lens, conclusions can be
reached that account for the issues described above. At the same time, even within
Western culture some of the principles are interpreted in different ways by different
people, and this essay will engage to some degree with this diversity of interpretation
both within Western culture and in non-Western cultures (particularly for the principles
of autonomy and justice).

The principle of non-maleficence is often framed in the Hippocratic phrase: “Do
no harm.” The difficulty with this principle is that it can be difficult to define harm,
particularly if the claims of harm are psychological or cultural in nature. Nevertheless,
the wide body of literature on historical trauma and its relation to public health [40, 41]
should indicate that one of the ethical responsibilities (balanced amongst the others) of
teams carrying out genetic research is to attempt to avoid contributing to the harm of
individuals or groups as the groups themselves perceive it. An important mechanism for
preventing potential harm is considering the concerns of the communities most
impacted by the research. One way to ensure that this occurs is to engage with the
relevant communities throughout the process of the research to get their feedback on
as much of the study as possible. This potentially could include the choice of which
ancient individuals are to be studied, the process by which the DNA is extracted, which
scientific questions are asked, and how the results are interpreted and communicated
(e.g. the terms used to describe particular communities or ancient individuals) [42, 43].
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This of course needs to be balanced with practical concerns about time and resources as
well as scientific accuracy, but providing the communities some seat at the table to
voice their views is a significant step towards non-maleficence. If a member of the
relevant community were leading the study this likely would improve this situation even
more. Some examples of this are research on the Pima Indians in Arizona via the
Translational Genomics Research Institute [44], research in Alaska Native communities
with the SouthCentral Foundation [45], and studies with the Tlingit peoples and the
ancient Shukd Kaa individual [46].

At the same time, this principle should have a long-term vision such that the
integrity of the scientific enterprise is maintained. Results must not be biased such that
incorrect information is disseminated for the sake of fitting a particular narrative (this is
non-maleficence towards society as a whole and even the group long-term, since there
is a reasonable likelihood that the authentic scientific result will be discovered
eventually). On the flip side, there are a multitude of implicit and explicit biases that all
scientists can have that might skew their work, and sometimes the community’s
perspective could correct or counterbalance these biases.

The particular way in which the scientific results and cultural interpretation are
balanced will likely need to be determined on a case-by-case basis, but it could
potentially involve writing the scientific paper and a cultural contextualization as a
separate document. An extreme example of this might be a case in which a particular
genetic discovery could help to foster a civil war between two groups (e.g. showing one
of the groups to be more closely related to a particular revered ancient individual or
group). On the one hand, hiding the finding would lead to a bias in the science and an
obscuring of the truth, but on the other hand, it would seem that withholding the
publication of a particular result is less of an evil than putting forth something that
would knowingly contribute to great harm. In this particular case, it might be possible to
have the true result present somewhere in the paper while attempting to find a way to
present the results publicly in a way that would not contribute to the civil war. In a more
common example, a group might have a different origin story than is suggested by a
genetic study. In these cases, it might be possible, particularly with the help of the
community, to write the paper in such a way that the scientific result is clear while still
allowing the group to interpret it in a way that can be reconciled with their particular
cultural narrative (though, admittedly, this might be difficult in many situations and in
some cases not possible at all, but this principle should be adapted to each individual
case).

The principle of justice can be interpreted in many different ways, but in a
restorative justice lens, this principle should concern the restoration and repair of past
wrongs. This is relevant in the cases of human remains that might currently be deemed
“culturally unaffiliated” but is known to have been taken from graveyards (e.g. Native
American cultural sites) without local community permission, frequently after violent
expropriation. In these cases, it can be argued that justice should involve some
commitment to repairing the damages done and contributing to the betterment of the
groups harmed in this process. This could involve working with the groups during the
study of the human remains so they benefit and potentially returning the remains if
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there is a clear group or set of groups to which the ancient individuals can be returned.
One might think it is unfair to expect scientists today to make up for the wrong doings of
prior groups and individuals. A detailed treatment of this complex topic is beyond the
scope of this essay, but one important consideration is that if a research group is
benefitting from past wrongs (e.g. studying human remains previously stolen from
particular groups) without any attempt of repairing the situation, it can be argued that
they are perpetuating the past wrongs and thus performing a wrong themselves.
Another possible claim is that keeping the remains in a university or government
museum would help society as a whole (especially compared to burying the material).
However, if there are clear groups that should have say over the remains, then justice
might mean their views should take precedence as some restitution for past wrongs.
Another type of justice, participatory justice, advocates for direct participation of the
individuals/groups most impacted by particular decisions [47, 48], a concept which will
be discussed in the section on autonomy. Other views of justice, such as retribution for
wrong deeds, distribution of goods, or general fairness and equity, will not be discussed
here but intersect with many of the other principles.

The principle of beneficence can be applied in many different ways. One clear
application is the benefit to society of the scientific discoveries derived from this
research. The increase in human knowledge is a tangible, public good that, in theory, is
accessible for all after publication of the study. Understanding human history is relevant
to all people groups, and sometimes the results are eventually applicable towards
improving human health (e.g. gene mapping or precision medicine), which could benefit
people in additional ways. However, the benefit should ideally be distributed in such a
way that it is not biased towards only those with particular education levels or in
particular spheres of society. Thus, if possible, it would be helpful to create
opportunities for the distribution of the results of the study in a culturally appropriate
way (e.g. language translation, education about basic genetics concepts, and
communication of the results in an understandable, culturally relevant manner). It can
be argued that groups with greater relation to the DNA should have a greater share of
the benefits due to the greater amount of shared history, culture, and connection with
the individuals whose DNA is being studied. This is often accounted for in Western
groups as the knowledge gained from the study is more often accessible (including via
media outlets) and potential medical benefits more readily benefit these groups, but for
groups that are more isolated from academia and biomedical advances, additional effort
should be made to ensure the benefit adequately reaches them.

The principle of autonomy is usually interpreted in Western culture on an
individual basis to mean that the subjects involved in the study should have freedom
and should not be compelled to act in particular ways. This can be applied more easily in
cases of DNA from present-day individuals and communities in which they can have say
over how their DNA is being used and can choose to no longer allow their DNA to be
used in particular ways at any point (similar to a clinical study) [37]. However, even in
Western culture there is a concept of autonomy on a group level, such as the rights of
different nations to govern themselves, including the people and material within their
borders (for a related discussion on group rights in contrast with individual rights see
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[49]. Similarly, groups that are more communitarian might choose to make more of their
decisions on a group rather than individual level, and in general the group should be
given the autonomy to govern themselves in this manner. In addition, if the group is not
adequately represented in the government or agencies that made the laws governing
the process of DNA collection, then proper group consent should be obtained. This is
admittedly difficult, because there are many cases where sub-groups of the larger group
are not well represented in the government (e.g. certain groups that are traditionally
lower caste in India or African-Americans in the US), and if these groups do not have
clear structures for decision-making regarding issues specifically affecting them on a
group level, then “group consent”, in a strict sense, is not possible, and it will have to be
modified, such as perhaps to approval by many community members after consultation
and absence of wide-spread disagreement. In these cases, though, it seems reasonable
that, at the very least, the researchers should consider not continuing the study if it goes
against the wishes of a large fraction of the group. This might be analogous to an
advertisement or movie where some individuals of the group might be willing to
participate in the ad (e.g. to earn money), but it is perceived negatively by the majority
of the group.

In the case of ancient individuals, autonomy could be conceptualized as a basic
respect for the skeletal remains as human individuals (though deceased) [42]. Similar to
the case of a deceased individual whose will must be determined by her or his closest
relatives, the treatment of an ancient individual (and her/his DNA), it could be argued,
should be determined at least in part by the closest relatives (if they can be identified).
One might claim that after several hundreds or thousands of years, assuming a linear
sense of time, communities should no longer be able to exercise claim to particular
ancient individuals. However, the strong cultural connection many groups feel towards
ancient individuals should be considered given these groups often are, in fact,
genetically more closely related to the ancient individuals than other groups might be.
Even in cases where this is not true (e.g. a ~12,800 year old individual from Montana
was found to be more closely related to present-day indigenous South Americans rather
than to all indigenous North Americans [50] studied up until the time of publication), it
could be argued that the indigenous groups in the area still should have some proxy
decision making power due to their cultural connection and physical proximity (similar
to an individual who chooses another person to be their proxy decision maker even if
she/he is not a biological relative). This is admittedly vague, since many groups might
feel connections to different ancient individuals despite variable levels of evidence to
substantiate those claims. However, there are a variety of ways one might assess such
claims (detailed more in the Practical Applications section), and if many external sets of
people accept the connection as valid, the research group should take the input of the
relevant group seriously.

But what about the autonomy of scientists? Should not scientists, even if they
are not from the regions of the world they are studying, have full autonomy to study
anything and report whatever they discover? In ethical decision making, the various
principles must be balanced properly. It is true that scientific autonomy is extremely
important for the advancement of human knowledge, but on the other hand, this
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autonomy is not an absolute principle that overrides the others. The other principles
should provide guidance and sometimes boundaries for the sampling of remains and the
framing and distribution of results, particularly in cases of highly uneven power
dynamics. Sometimes these principles might slow the scientific process, but oftentimes
they might enrich the study, for example by providing previously un-considered
questions to a study or a different cultural lens for interpreting the results. The four
fields of genetics, archaeology, linguistics, and anthropology must be synthesized, and
involving the communities more closely in the work can help to bring the
anthropological lens that is often missing from these syntheses (even if it is from the
view of a present-day group that might have variable degrees of cultural connectivity to
the ancient groups). It is true that due to practical concerns, papers often might be
written with a particular focus (e.g. a genetics focused paper might have less synthesis
with material from the other disciplines if the connections are less clear or for the sake
of brevity, but attempts at syntheses should be made when possible, and adding a
different cultural lens to the results could enrich many studies).

Comparisons to Genetic Studies in Western Contexts

The four principles of bioethics can help illuminate some of the potential
differences between genetic research done in many Western contexts relative to non-
Western ones. They can help to answer common questions like: Why is “special”
consultation required when studying many Native American groups but not when
studying Europeans or European-ancestry Americans? What is the difference between
this situation and, for example, a Swedish person studying ancient Spanish individuals or
a Chinese-American studying ancient Hungarians? The differences might become clearer
in looking at the application of the principles to the particular historical and cultural
contexts of these cases. First the case of present-day DNA will be examined, focusing
primarily on de-identified DNA, and then the case of aDNA will be explored.

In the case of present-day DNA, most studies involve de-identified DNA, where
the individual’s identity is not available to the researchers. Even in these cases,
individual informed consent is almost always required to obtain the DNA for both
Western and non-Western individuals. The individual is informed for what use the DNA
is being collected, including potentially more broad consent to allow the DNA to be used
for alternative studies later in the future (e.g. even if it was collected originally for one
disease, it could be used as a control for another study or for broader population
genetics studies). In addition to individual consent, group consent is arguably still
important, because a genetic study of one individual can allow geneticists to make
claims about the entire group that the individual comes from. However, it can be argued
that even in Western cultural contexts a form of group consent (as defined above)
occurs, because usually the communities in particular Western countries are
represented by their governments (with proper qualifications), so that, for example, a
French individual has some say in French governmental policies. The governmental
policies regulate the genetic studies, or even if there are no explicit policies, the
government at least has the power to make such policies if the people desired them.
Thus, the principle of autonomy, both on an individual and group level is more often
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fulfilled. The principle of non-maleficence is more often fulfilled, because the
government could produce new policies if damage were being done (and often less
damage is done, because the cultural assumptions of DNA use are more concordant
with the researchers’ assumptions about the world). The principle of justice in terms of
restorative and reparative practices are less often at play if Europeans are studying their
own ancestors (rather than remains sometimes taken without consent from another
group, for example under colonial conditions). Lastly, the principle of beneficence often
is fulfilled in Europe and European-Americans, because the results of the study are often
communicated to the groups most related to the remains (through scientific journals
and news outlets), and the biomedical implications more often reach these
communities.

Some of these principles may not be fulfilled in the same way for some non-
Western groups. For example, North American Native American tribes and indigenous
groups in some parts of South America are not adequately represented by the federal
government due to the past and continual effects of colonial history [51]. Moreover,
many of these groups also place a higher value on group consent. Thus, the principle of
autonomy on a group level is not completely fulfilled in these cases (as described in the
autonomy section above). The principle of non-maleficence should consider the fact
that the cultural assumptions of many non-Western groups often differ to a greater
extent from those of many Western scientists, so the studies could potentially harm
them (in ways described above). The principle of justice should take into account the
past negative experiences of many groups with Western scientists and seek some
restoration and reconciliation. Lastly, the principle of beneficence is frequently less
fulfilled for non-Western groups because the results are often not communicated to
them, and the biomedical implications also often do not reach these communities to the
same extent as they do for many Western groups.

In the case of aDNA, individual consent usually does not apply because the
deceased individual cannot provide consent. However, should group consent apply
here? If so, what should this look like? The case of post-mortem DNA studies is arguably
on the spectrum between present-day and ancient DNA and thus might be instructive.
Already there is some sense of group consent in many Western contexts, because the
countries have the ability to provide policies on the issue. Most European countries
have some data protection policies for deceased patients (reviewed here [52]), and in
the countries with explicit policies on the issue, typically the relatives have post-mortem
control of the individual unless expressly permitted by the person while alive. It can be
argued that ethical principles for aDNA research should be similar to these policies,
except perhaps with control spread among more people due to the greater age of the
ancient individual (sometimes thousands of years old). For this to be parallel, the
policies governing the study of the ancient individual would be determined by the group
most related to the individual (even while acknowledging the difficulties in deciding
what “related” means with the need to balance cultural and biological relationships, as
well as whose land the individual was from).

In archaeology and aDNA research, this framework is not usually followed
exactly in this way in Europe, because the governmental permissions required for
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archaeologists to excavate and transfer the human remains out of each country vary
between countries (or do not exist), and studies of ancient individuals generally do not
require consultation with present-day groups most related to the ancient individuals.
One could argue that this means the current status quo in European archaeology should
change to provide more guidelines or regulations. Alternatively, one could argue that in
most Western contexts it is clear to many in the government and the general public that
such activities are taking place, and it would be possible for such activities to be more
regulated if they desired. There is currently no widespread negative response to such
activities (e.g. negative responses are not widespread after media coverage of the
studies), and present-day European communities generally have their voices heard
through their government (though not in all cases), so their lack of regulations on the
studies could be argued to be one form of group consent for the process. In Western
contexts, the fact that the communities have governmental representation and the
potential ability to regulate such studies (as well as the involvement, in many cases, of
local archaeologists and sometimes geneticists of the communities in the area) make it
such that the principle of autonomy (including weak forms of group consent) are not
strongly violated. In addition, the principle of non-maleficence is more often fulfilled,
because the cultural assumptions are more concordant with the study of the past
through the sampling of the human remains. Furthermore, the principle of justice in
terms of restorative and reparative practices are often less at play in many parts of
Europe, because the human remains often were not taken from one area to another
place without permission. Lastly, the principle of beneficence is frequently fulfilled in
Europe and European-Americans, because the results of the study are often
communicated to the groups most related to the remains (through scientific journals
and news outlets).

Similar to the case with present-day DNA, the four principles are often not
fulfilled to the same extent for non-Western groups in aDNA research. The principle of
autonomy on a group level might not be completely fulfilled due to the lack of
governmental representation to make policies specifically designed for the at-risk group,
as noted previously. Even in cases where the group has governmental representation, it
can be difficult in some areas of the world where the absence of governmental policies
or regulations on the issue might be due to lack of knowledge about the research or lack
of infrastructure to regulate such activities. In these cases, one could potentially work
with local museums or other organizations as a representative for local views and
participation in the project. Connected to this, the principle of non-maleficence might
not be fulfilled if the study does harm to the group due to their cultural beliefs (as
outlined previously). The principle of justice might be unfulfilled, especially in cases
where the bones were taken without permission from certain areas and put in museums
or other locations (e.g. amateur excavation of Native American sites to provide
materials to sell to museums and private collections). In such cases, restorative justice
would suggest the groups related to the ancient individual should have some control
over the human remains, including returning it if desired. This has difficulties due to
complex histories in many parts of the world where human remains might have been
obtained through means considered to be legal at the time though with laws that were
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unjust to certain people groups. Each scenario should be taken on a case-by-case basis
to pursue justice in the proper way for each context. Lastly, the principle of beneficence
is often not fulfilled fully unless extra effort is taken to ensure the results reach the
communities most related to the ancient individual.

It must be noted here that it is not always true that all of these four principles
are fulfilled even in Europe or European-Americans. For example, if injustices were done
in modern history in the collection of the human remains (e.g. remains taken from one
country under military occupation and placed in museums of other countries), it might
be incumbent upon researchers to help correct this in the process of the study. In
addition, if the results of the study are not easily accessible to the communities where
the remains are from, then it might be helpful to find ways to disperse the results as a
way of benefitting the communities in some way. Lastly, the researchers should be
cognizant of potential harms of the results (e.g. political discord) and should find ways
to mitigate such damage if possible, while at the same time fulfilling their obligation to
faithfully report what the data show and to highlight aspects of the findings that are
surprising relative to previous understandings.

Practical Applications for the Four Principles to Genetic Research

The principles explained above must be balanced and applied on a case-by-case
basis for each genetic study. Below | will attempt to provide some practical suggestions
for how these principles might be applied to studies of ancient and present-day DNA. In
each study of this thesis, | will show in its respective section how we attempted
(sometimes imperfectly) to apply these principles to each situation. The suggestions will
be framed chronologically:

Before the study is conducted, the research team should consider: Where are
the human remains coming from? Which are the groups most closely related to the
individuals whose DNA is being studied? If it is present-day DNA, then it is the groups of
the individuals whose DNA is being collected. If it is aDNA, what is the origin of the
DNA? Are there groups that exist now that are closely related to the DNA and/or who
live on the land where the ancient individuals were found? Relationship to the DNA can
be defined culturally and/or biologically, which could be difficult if the present-day
individuals in the region are not sequenced or if the ancient individual is equally
genetically related to many groups (and, unfortunately, it will intrinsically be difficult
because the genetic ancestry of the ancient individual will not be known before the
study), so discussions should occur to properly balance the geographic, cultural, and
biological relationships. The Northern Native American context should not be forced
upon different contexts in other parts of the world, but nevertheless, the NAGPRA
procedure for determining cultural affiliation could be instructive and helpful in some
cases. The NAGPRA affiliation criteria weigh factors such as oral traditions, geographic
proximity, linguistics, ethnographic documentation, historical evidence, material cultural
similarities, or other information (including expert opinion) [53, 54]. The research team
could potentially use similar criteria to determine the relevant communities, seeking
advice from the relevant sources (e.g. archaeologists, anthropologists, linguists, local
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museums, or cultural organizations) as needed. Some of the same sources could
sometimes also provide contacts for the relevant communities to engage.

Once the relevant group(s) are found, are the views of these groups with regards
to DNA sampling adequately expressed in the current policies governing the collection
process? If not, these groups should be consulted if possible, and ideally the mechanism
of group consent specific to that culture should be followed. If this is not feasible, it
should at least be ensured that the group has general agreement with the study
(autonomy). As noted previously, there might be difficult cases such as countries where
the people related to the ancient individuals are generally well-represented by their
government and other institutions but the potential policy makers have little knowledge
that such research is taking place so no policies have been made. In these cases, the
research team could potentially try to work with representative organizations, such as
local museums or cultural organizations, and follow their cultural protocol after
explaining the study to them.

As the study is being planned, the research team should think through potential
ways the study could produce harm and try to prevent this if possible (non-
maleficence). They should also think of potential ways to benefit groups most closely
related to the DNA, including distribution of results to the groups (potentially entailing
language and cultural translation) or possibly even restoring remains to where they
originally belonged (beneficence and justice).

On a practical level, this should entail that at least one individual from the
research team act as the connection between the cultural group(s) and the scientific
team (ideally, individuals from the groups themselves would be part of the research
team). The connecting individual(s) can communicate the aims of the study before it is
conducted and then share the group’s thoughts with the research team. The groups of
interest should be considered as partial stake-holders in the work, somewhat similar to
the collaborators on the research team. Just as archaeologists (and sometimes linguists)
help frame the research questions for geneticist analysts and then assist in the
interpretation of results throughout the study, the relevant present-day groups should
have some input into the study if possible, or at least have a chance to give feedback
about the study in a way that has a chance to ultimately be taken on board before
publication (the amount of input they provide might vary based on their interest, similar
to the variable input of different collaborators, some of whom decide to approve
publication with no suggested changes to the manuscript).

As the study is underway, the main individuals performing genetic analyses could
work directly with the connecting individual(s) to communicate with the groups (sharing
results and getting feedback on the study from the groups). If feasible, the analyst(s)
could also meet with the groups to communicate with them directly. This is similar to
the communication between genetic analysts and the archaeologists that occurs during
the studies where genetic results are shared and the archaeologists share their
perspectives and help devise potential new analyses based on the archaeological
context. As the manuscript is being written and particularly before publication, the
perspectives of groups should be incorporated in a similar way to those of other
collaborators. This can be done with the recognition that the focus of the paper might
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be predominantly oriented on the storyline of the genetics, and separate material can
be created that more fully emphasize the cultural perspective (similar to how separate
papers are written from a primarily archaeology-driven perspective that use the genetic
results to argue for particular historical models). After the study is finished, the research
team should ensure that the results are available to the relevant groups. Ideally this
could be done through exhibits or public presentations in museums, local schools,
cultural organizations, or other culturally appropriate venues. At a minimum researchers
should ensure that the scientific findings are accessible to the relevant communities
through a publication that is freely and publicly available (not inaccessible behind a
journal paywall), and if possible through a translation of the key findings into the
languages commonly spoken by the community so that they are benefitting from the
study in an equal way.

Addressing Potential Difficulties
Below | will attempt to address potential difficulties with this approach by
responding to realistic questions.

1) Will this add substantially more time and money required for each study?

This is an understandable concern given the need to publish papers in
reasonable time frames and meet grant deadlines. At the same time, the effort invested
in outreach could yield new insights that would otherwise not be possible without the
engagement of groups related to the DNA. The amount of time, effort, and money for
the consultation with the relevant groups will depend on each study and the research
group. In the case of DNA from present-day individuals, the group consultation would in
some cases be expected to be obtained in the first place to get permission from a large
number of individuals for the study. If the group is well-represented in their
government, then some form of group consent already occurs if there are policies
designated by the relevant governing authorities. If there are no policies in place or if
the group is not well-represented in the government and do not have a governing body
designated by the people for making decisions about these issues, obtaining consent
from large numbers of individuals in the population could be considered a form of group
consent (assuming a large proportion of the group knows what is happening and is not
against the process). The follow-up reporting of results to the relevant groups could be a
natural corollary if the initial relationship is strong.

In the case of DNA from ancient individuals, it seems possible that this will not
add a substantial amount of extra resources required for the study if there are local
archaeologists and anthropologists who can work with the relevant groups, particularly
if the ancient individuals were excavated from sites near those groups (i.e. the
archaeologists would have already needed to be in that area to excavate the ancient
individuals, so working with the present-day group(s) in the area would seem to be a
natural fit). If the ancient individuals were obtained from areas far away from the areas
they originally came from (e.g. museum collections), then the extra effort should
improve the study as it will embed the research in the original location where the
ancient individuals lived. For example, several of the ancient Cusco individuals in this
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thesis were obtained from museum collections in the US, and they were repatriated to
the Cusco region during the study. Lastly, it should be noted that if it is believed that a
particular study would cost too much time or money to be done in an ethically proper
way, perhaps the team should consider modifications to make the study both feasible
and ethical. For example, it seems reasonable to suggest that a similar amount of effort
taken to obtain human remains (i.e. finding and “engaging” ancient individuals) should
also be used to find and engage with living communities related to those ancient
individuals.

2) What if there are too many groups to consult (in aDNA studies)?

If a large number of groups exist in a region and all claim connection to particular
ancient individuals, it might be difficult on a practical level to consult with all of the
groups. The approach will vary depending on the particular case. It is possible that there
could be meetings with multiple groups at once (though this might be logistically very
challenging), or the priority could potentially be given based on a decision weighing
factors such as oral traditions, geographic proximity, linguistics, ethnographic
documentation, material cultural similarities, or other factors as is done in NAGPRA [53,
54]. If the groups do not agree with each other, the research team will have to
determine how to proceed based on the particular situation. Nevertheless, the difficulty
of some of these situations should not be a reason to abandon the ethical framework
here any more than conflicts between different archaeologist and geneticist teams
should be a reason to abandon aDNA research in any area.

3) What if the group(s) consulted do not want the study to be conducted?

In the case of present-day DNA, the answer to this is fairly clear, because it
would not be possible to obtain DNA from the living individuals if they did not consent
to the study. However, the case for aDNA is less clear given the ancient individuals are
sometimes thousands of years removed from the groups most closely related to them,
so many argue that these groups should not have veto power over the study of the
ancient individuals. However, this section so far has argued that on the basis of the
principles of non-maleficence, justice, beneficence, and autonomy, the groups most
closely related to the DNA should be contributing members with input in the study in a
similar way that archaeologists and/or museum curators contribute to genetic studies,
with these individuals representative of the sometimes wide variety of stakeholders in
aDNA research that have different goals and occasionally different perspectives on the
work.

In the current structure for many archaeologist-geneticist collaborations, it is
usually understood that the archaeologists or the curators, in a broad sense, have
overall custodianship of the ancient individuals they provide for the study in the sense
that the geneticists would not be allowed to pursue the study if the archaeologists did
not agree to it, and the archaeologists could in theory decide to withdraw the
individuals they provide at any moment (though once the archaeologists agree to
pursue a study with the geneticists and the geneticists have invested effort, it is
generally considered unprofessional for either side to back out after the study has
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begun and more appropriate to work together to find an acceptable common ground on
which to publish).

The communities related to the aDNA should be added to this structure in a role
analogous to the archaeologist. In the ethical framework presented here, it would seem
then that the groups most closely related to the DNA should have authority over the
ancient individuals and thus be able to choose which research teams to work with or
whether to conduct the study at all (similar to archaeologists choosing which geneticist
teams to work with). This produces a shared custodianship of the ancient individuals
rather than having it only with the archaeologists [55, 56]. It must be noted that this
structure is not always possible, for example if the community would not like to engage
due to lack of capacity or interest, but at very least attempts should be made to involve
them in this manner.

Both sides should have a balanced perspective, however. If the ancient
individuals are many thousands of years old, it is not necessarily clear that a single
present-day group should have authority over them (e.g. to prevent a study), because
the individuals and the cultural group they were part of could potentially have had
different views than the existing present-day group(s) living in the region today (what if
they would have wanted the study to have been conducted?). Moreover, due to the age
of the individuals, it might be true that they belong in some sense, to the entire world
rather than to a particular group. On the other hand, the study has greatest impact on
these present-day groups, and doing the study against their wishes might have
significant psychological and cultural harm on the group. In addition, why should the
archaeologists have sole management control over the ancient individuals that they
excavated, especially if it is not their land? The philosophy of “finders, keepers” was
often used in the Western colonization of many lands with devastating consequences;
the aDNA field should be cognizant of past mistakes and avoid the perpetuation of a
colonial mindset. Thus, at very least it would seem reasonable to give the groups most
closely related to the DNA (potentially via their representatives) some management
control over the ancient individuals if they choose to become engaged as partners in the
work (similar to the oversight archaeologists often currently have over many of the
ancient individuals they excavate). In both cases, though, the groups and the
archaeologist do not “own” the individuals; they are simply temporary stewards caring
for them.

4) What if the group(s) consulted have differing opinions either within their own group or
between different groups?

Most groups are not homogeneous, so even within a single group there might be
differing opinions about a particular study. If multiple groups need to be consulted there
might also be differing opinions between the different groups. In these cases, the
balance of individual vs. group autonomy should be done by the group(s) themselves, so
they can come to a decision in their culturally specific way. This is analogous to
governmental permissions for studies where the policies are determined based on
discussions between many individuals and the final decision might not match everyone’s
preferences but everyone still needs to follow the final guidelines. This will admittedly
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be difficult for the cases of multiple groups that might not have a previously established
mechanism to come to conclusions among the group members, but in these cases the
research team should still do their best to allow the groups themselves to come to a
decision through their own culturally appropriate mechanisms with enough time for the
discussions.

But what if you are an individual inside or outside of the group that disagrees
with the group’s final decision? Do you have to follow it? One could argue this is
analogous to situations where a citizen or external individual might disagree with
particular policies of a government (e.g. tax law, social policies, foreign affairs). There
are particular times when it might be considered ethical to violate a policy in the name
of a higher principle(s). However, the principles of non-maleficence and group
autonomy are such that it is usually better to follow the decision made by the group’s
designated decision-making process, since side-stepping this could de-legitimize that
group’s governing process. At the same time, individuals, especially those within the
group but also those external to the group, could seek to persuade the group to change
a particular policy.

It must be noted, however, that there are many ethical and philosophical
complications of this framework for both present-day and ancient DNA studies. For
example, in present-day DNA studies, what if one individual from the group wants
her/his genome studied, but the group as a whole does not want the study? In the
analogous example where an individual disagrees with his/her group’s policies, the
individual is often free to leave the group and revoke his/her group identity (e.g.
citizenship). However, in the case of genetics, it is often not possible for individuals to
escape the fact that their genomes still have information relevant for their group. These
cases are complex, but at the moment the framework presented here would seem to
imply that the research team has an ethical responsibility at least to withhold the group
identity of the individual in the study.

In the case of aDNA, the possibility of differences in opinion between the
individual and group is not present, but in this case, the age of the individuals
(sometimes thousands of years old) presents another philosophical complication. The
temporal gap is such that some might argue the decision-making power should be
shared more broadly (including potentially to people less related to the ancient
individuals). On the other hand, | have argued above that some priority in the decision-
making should still be given to the groups most related to the ancient individual due to
the principles of non-maleficence, autonomy, and participatory justice.

5) What if the results of the study contradict the cultural narrative of the present-day
groups?

One of the major fears of many present-day indigenous groups is that the
genetic studies will contradict their cultural narrative, such as their origin stories or
other traditional knowledge. There is fear that this will diminish their traditional ways of
knowing and thus harm the cultural identity of the group. Related to this are often fears
that such studies will harm their claims to land ownership, because the studies might
show that their ancestors did not originate from the place the group is residing now
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(e.g. Out of Africa narrative for non-Africans today, Bering Land Bridge narrative for
people living in the Americas today, or archaeology of Europe for Brexit arguments
[57]). It is important for these issues to be communicated up front with the group early
on as potential implications of the study.

At the same time, these discussions should promote ways for the group to
consider how they might be able to integrate Western science with their cultural
practices and traditional ways of knowing. If the discussions are framed properly
without denigrating the group’s traditional beliefs, they could lead to productive ways
to promote cultural pride, traditional practices, and science education amongst their
group as well as potentially sharing how their cultural perspectives should influence
others, including the beliefs and practices of those in Western cultures. It is very
important for the scientific findings not to be biased to produce a particular narrative,
because this will produce long-term harm to the scientific enterprise, which is based on
reproducibility and consistency of results. The most plausible scientific model will
usually be discovered eventually, so trying to force the scientific results to say
something the data do not support can be counter-productive in the long-term. On the
other hand, the present-day groups do not need to view the world primarily through the
lens of the scientific narrative. There might be ways for them to integrate the scientific
results into their cultural perspective while still promoting their traditional ways of
knowing and their cultural outlook. The discussions with the group could promote this
as a possibility and allow the group to determine how they might want to integrate the
genetic study with their particular culture.

During the discussions, it should also be communicated that a global perspective
on population genetics should not provide grounds against claims to land ownership,
because such a global perspective would reveal that ultimately all groups are
immigrants to all lands. Individuals of French ancestry might be genetically related in
part to early hunter-gatherers from the region, but even these individuals migrated
from elsewhere (and the same can even be said of all groups in Africa based on past
migrations within Africa). This “immigration” status of all people is clearly not grounds
for anyone to then take away land. It is only a deceptive, selective use of population
genetics that could lead to such conclusions.

6) What about the potential for increased bias if members study DNA related to their
own communities?

Some argue that to prevent biases genetic studies should be done by “third-
parties” who have more cultural and genetic distance from the group they are studying
(e.g. having a Gambian scientist study ancient Swedish genomes or a Japanese scientist
study West African genetic variation rather than having French individuals study French
or Spanish genetics). Proponents of this would argue that although scientists with
greater cultural proximity to the group they are studying have more background
knowledge of that group, they also have more biases (e.g. from potentially
unsubstantiated history they have learned when growing up). In response to this it
should be noted that all people have some biases, but the peer review process and the
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scientific community as a whole should hopefully be able to correct possible errors or
claims in publications that are not substantiated with the data.

7) What if the community is unable to understand the goals, methods, or results of the
study?

In cases where there are difficulties with language or cultural translation,
particularly with groups with very limited formal Western education (e.g. Onge) where
explaining concepts of genetics and DNA might be difficult, there might be other ways to
communicate in terms the group can understand (for example, art, songs, or
genealogies connecting people). The approach will need to be specific for each case, but
adequate cultural and language translation is necessary for proper informed consent to
ensure that the group has true autonomy in their decision of whether or not to
participate in the study, and if truly informed consent is not possible, the study should
not proceed.

8) Should studies be conducted with previously published data derived from samples that
were already collected in what some might consider to be unethical ways?

This is a complex issue, which should be taken on a case by case basis.
Researchers should recognize that the use of such data could sometimes be further
damaging to those who were negatively impacted. In an extreme case, data and results
from old Nazi studies are rarely ever used due their potential to elicit trauma from
memories of past evil [58-60]. In a case more similar to the ones described in this essay,
the continual use of Hela cells without the permission of the Lacks family has been
criticized even with the acknowledgment that the cell lines have produced enormous
benefit for the world (see context here [61]). Nevertheless, there are many complex
cases, because in some past studies the investigators might have been following the
expectations and guidelines of their time, yet at the present their approach might be
viewed as having not fulfilled all ethical principles in the most ideal way possible. In
addition, many investigators have different views on the ethics of past studies and
whether (and to what extent) some studies were ethically problematic.

There are a variety of different approaches to these cases. If an individual or
group considers a past study fully consistent with their ethical principles (e.g. the view
of some with regards to the Chaco Canyon study [62]), they often will make full use of
the data even if others believe the study was unethical. In some cases, however, they
might choose to not use the data purely for the sake of not offending those who view
the study as unethical. Along the spectrum, some might have different degrees of
reservations with various studies conducted in the past. In these cases, some decide not
to cite or mention any studies they believe were done unethically, while others decide
to cite the studies if their existence is relevant but not use the data for primary analyses
(the studies in this thesis usually followed this approach).

Even with the principles and ethical framework presented in this section, there
likely will be many gray areas due to the need to balance the different principles and the
different ethical standards at different times in the past. For example, in the case of the
Karitiana and Surui DNA sample collection, some of the contacts were more negative

42



with promises unfulfilled and no further communication, while others contacts
(including the ones that led to the actual samples that turned into immortalized cell
lines) were done with full informed consent with no evidence for a deviation from
ethical standards. In this case, the first collection occurred in 1987 by geneticist Francis
Black with full informed consent and were stocked and sold by the Coriell Cell
Repositories [63]. In contrast, a second set in 1996 was collected from the Karitiana with
the accompaniment of a British television crew along with promises of significant health
benefits. The Karitiana denounced the second team and requested compensation due to
their failed promises. Much of the data from the set with full informed consent were
unified in a sample panel that is widely used by researchers across the world today [64].
The data currently being used in this thesis are only from this panel, meaning they are
being used in a manner fully consistent with the original intent of the agreement of the
researchers and the different groups. In all cases, though, the investigators should be
careful about how the data was originally generated and whether their proposed study
is using the data in a manner consistent with the original intent of the data collection.
They should also consider whether, as in the case of the Karitiana, perspectives of the
group involved may have changed over time and differed from original views.

9) How should this ethical framework be regulated (for aDNA studies)?

Governmental regulations like IRBs have been useful in guiding biomedical
research, particularly for human studies. They provide constraints on studies to prevent
research deemed to be unethical, and they often help to guide scientists in how they
should think about the ethical underpinnings of their work. On the other hand, they add
a significant amount of time and effort to studies. More importantly, it can be argued
that they are not flexible enough to guide population genetics research through the
widely varied contexts of the many cultures in this world. This is a crucial point, because
the enormous differences in cultural contexts are such that it would be very difficult to
create (and enforce) governmental policies that fit all cases. In addition, it could even
potentially cause harm if the IRB committee does not understand the particular culture
and they attempt to impose their own standards to the group in a way that does not fit
its unique historical-cultural situation.

There are other potential ways to create accountability for aDNA studies. For
example, journals could require investigators to fill out a form detailing their ethical
framework in the study, including to what extent local communities were involved. This
could also include a statement about permissions and consent and a rationale for how
individual and group consent and consultation was conceived and whether (and how)
either of them should apply to the study. This statement could potentially be published
with the manuscript so that the broader community, including geneticists and
archaeologists, could comment on the approach of the investigators. Many recent
publications on ancient Native Americans (including the 3 in this thesis) opted to include
an ethics statement in the manuscript [46, 50, 65-68].
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Concluding Thoughts

The framework presented here is only one voice amongst many who have studied and
thought about these issues in depth. Nevertheless, it is hopefully still a useful
contribution in producing research that is ethically robust and beneficial towards all.
Even if there are disagreements with my particular application of the ethical principles,
this section was written to advance the dialogue so that all sides can work together
towards common goals. As the field changes, the dialogue will likely also advance and
change, but this section reflects my current thinking and that of potentially many
others, and it forms the basis for the studies that will be presented in the rest of this
thesis. At the beginning of each section of this thesis, | will highlight how our studies
hopefully are consistent with the framework outlined here (albeit imperfectly in some
cases).
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Chapter 2: Using modern DNA to explore
the history of South Asia with relevance
for gene mapping

This section is based on the following papers | contributed to during my PhD:
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Mallory, J.; Moiseyev, V.; Kitov, E.; Monge, J.; Adamski, N.; Neel, A.; Broomandkhoshbacht, N.;
Candilio, F.; Callan, K.; Cheronet, O.; Culleton, B.; Ferry, M.; Fernandes, D.; Gamarra, B.;
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Overview:

The primary study in this chapter concerns the history of South Asia within the
past ~2,000 years (~70 generations). The history of South Asia prior to this period was
elucidated in Narasimhan et al. [1] and Shinde et al. [2], who demonstrated that an
individual from the Indus Valley Civilization, as well as individuals with similar ancestry
found in Central Asia, had Iranian-related ancestry that split from other Iranian plateau
lineages over 12,000 years ago (thus, prior to the advent of farming in Iran). This
suggests that farming in South Asia was developed by local South Asian hunter-

49



gatherers rather than coming in accompanied by major gene flow from Iranian farmers
(in contrast to Europe, where farming was introduced via a large-scale immigration of
Anatolian farmers [3]). The first mixture of Iranian-related ancestry with ancestral
ancient South Indian ancestry was estimated to have occurred ~7400-5700 BP [1].
Around 4,000 BP, ancestry from Steppe pastoralists arrived and mixed into South Asia,
though there are still some South Asian groups today that lack this ancestry in Southern
India. Approximately 2,000 BP, groups in South Asia began to undergo strong founder
events [4] that are the primary topic of this thesis chapter.

Ethics:

The ethics section in Chapter 1.2 primarily focused on aDNA, but it is equally
important to follow proper ethical protocol in studies of present-day people. The large
majority of the newly collected samples in this study were from India, so group consent
was primarily conceived as following the governing structures present there. In India,
the guidelines for good clinical practice in 2001 from the Indian Council of Medical
Research emphasized the following principles: non-maleficence, beneficence,
institutional arrangement, risk minimization, ethical review, voluntariness, and
compliance [5]. We followed these principles in our study. For example, for institutional
arrangement and ethical review, all samples were collected under the supervision of
ethical review boards in India, namely, the approval of the Institutional Ethical
Committees (IEC) of the CSIR-Centre for Cellular and Molecular Biology, Hyderabad,
India; Kasturba Hospital, Manipal, India; the Centre for Human Genetics, Banagalore,
India; and the Fetal Care Research Foundation, Chennai, India. For voluntariness and
compliance, on an individual consent level, informed consent was obtained from all
subjects participating in the study for broad use of the material in medical and
population genetics studies.

As with many countries, however, there is a high variance in the amount of
representation that different groups have in their local and national governments (often
for a variety of historical reasons), so it is possible that the regulations governing the
genetic studies did not fully represent the wishes of all of the groups. Nevertheless, the
sample collection and study design were led by Indians following the principles above
such that if the groups had widespread objection to the study, their group would not
have been included. The study was conducted to improve clinical genetics particularly in
founder groups, but it will also have implications for improved health throughout India,
in line with the beneficence principle. The potential follow-up to this study in terms of
prenatal screening has the biggest potential risk for harm, but with proper care and
precautions, these future studies could be conducted in an ethically responsible way
that is sensitive to the complex cultural and socioeconomic environment of the local
groups throughout South Asia.
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Abstract

The more than 1.5 billion people who live in South Asia are correctly viewed not as a
single large population, but as many small endogamous groups. We assembled genome-
wide data from over 2,800 individuals from over 260 distinct South Asian groups. We
identified 81 unique groups, 14 of which had estimated census sizes of more than 1
million, that descend from founder events more extreme than those in Ashkenazi Jews
and Finns, both of which have high rates of recessive disease due to founder events. We
identified multiple examples of recessive diseases in South Asia that are the result of
such founder events. This study highlights an underappreciated opportunity for
decreasing disease burden among South Asians through discovery of and testing for
recessive disease-associated genes.

Body

South Asia is a region of extraordinary diversity, containing over 5,000
anthropologically well-defined groups, many of which are endogamous communities
with substantial barriers to gene flow, owing to cultural practices that restrict marriage
between groups [6]. Of the tiny fraction of South Asian groups that have been
characterized with genome-wide data, many exhibit large allele-frequency differences
from their close neighbors [4, 7, 8], reflecting strong founder events whereby a small
number of ancestors gave rise to many descendants [4]. The pervasive founder events in
South Asia present a potential opportunity for decreasing disease burden in South Asia,
as highlighted by studies of founder groups of European ancestry —including Ashkenazi
Jews, Finns, Amish, Hutterites, Sardinians, and French Canadians — which have resulted
in the discovery of dozens of recessive disease-causing mutations in each group.
Prenatal testing for these mutations has substantially reduced recessive disease burden
in all of these communities [9, 10].

Here, we carried out new genotyping of 1,663 samples from 230 endogamous
groups in South Asia by using the Affymetrix Human Origins single nucleotide
polymorphism (SNP) array [11]. We combined the newly collected data with previously
reported data, thus yielding four data sets (Figure 1A). The Affymetrix Human Origins
SNP array data comprised 1,955 individuals from 249 groups in South Asia, to which we
added data for 7 Ashkenazi Jews. The Affymetrix 6.0 SNP array data comprised 383
individuals from 52 groups in South Asia [4, 12]. The lllumina SNP array data comprised
188 individuals from 21 groups in South Asia [13] and 21 Ashkenazi Jews [13, 14]. The
[llumina Omni SNP array data comprised 367 individuals from 20 groups in South Asia
[15]. We merged 1000 Genomes Phase 3 data [16] (2,504 individuals, including 99 Finns,
from 26 different groups) with each of these data sets. We removed SNPs and
individuals that had a high proportion of missing genotypes or were outliers in Principal
Components Analysis (PCA) (Figure 1B; Supplementary Note of Nakatsuka et al. [17]).
The total number of unique groups analyzed in this study was 263, after accounting for
groups represented in multiple data sets. To our knowledge, this work provides the
richest set of genome-wide data from anthropologically well-documented groups from
any region in the world.

52



We devised an algorithm to quantify the strength of the founder events in each
group on the basis of identity by descent (IBD) segments, large stretches of DNA shared
from a common founder in the last approximately 100 generations (Figure 2). We
computed an IBD score (the average length of IBD segments between 3 and 20
centimorgans (cM) detected between two genomes, normalized to sample size) as a
measure of the strength of the founder event in each group’s history. Because we were
interested in characterizing the effects of recessive diseases that did not originate from
consanguineous marriages of close relatives, we ignored self-matches (internal
homozygosity) in IBD calculations. We removed all individuals with evidence of recent
relatedness (within several generations) to others in the data set by computing the IBD
between all pairs of individuals in each group and removing one individual from each
pair with an outlying number of IBD segments. (Our focus on founder events rather than
recent relatedness also explains our choice to exclude IBD segments >20 cM in size.) We
validated the effectiveness of this procedure by simulation (Supplementary Table 1 of
Nakatsuka et al. [17] and Methods).

We expressed IBD scores for each group as a fraction of the IBD scores of the
1000 Genomes Project Finns merged into each respective data set. Because all the SNP
arrays analyzed included more SNPs ascertained in Europeans than in South Asians, the
sensitivity of our methods to founder events was greater in Europeans than in South
Asians, and thus our estimates of founder event strengths in South Asian groups are
conservative underestimates relative to those in Europeans. (Supplementary Figure 1 of
Nakatsuka et al. [17] demonstrates this effect empirically and shows that it results in
less bias for the strong founder events that were the focus of this study.) We computed
standard errors for these ratios by using a weighted block jackknife across
chromosomes and concluded significance when the 95% confidence intervals did not
overlap 1. We further carried out computer simulations to validate our procedure. The
simulations suggested that we did not substantially overestimate the magnitudes of
modest founder events, because for a simulated founder event with half the magnitude
of that in Finns, we never inferred the score to be significantly greater than that in Finns.
The simulations also suggested that our procedure was highly sensitive to detecting
strong founder events, because for sample sizes of at least 5, the algorithm’s sensitivity
was >95% for determining that a group with twice the bottleneck strength as that of
Finns has an IBD score significantly greater than that of Finns (Supplementary Figure 2
and Supplementary Table 2 of Nakatsuka et al. [17]). We also used two additional non-
IBD based methods to measure the strength of founder events and, in cases in which a
comparison was possible, found that these results were highly correlated with our IBD
scores (Supplementary Text and Supplementary Table 3 of Nakatsuka et al. [17]).

We inferred that 81 out of 263 unique groups (96 out of 327 groups if not
considering the overlap of groups among data sets) had an IBD score greater than those
of both Finns and Ashkenazi Jews (Figure 3). These results did not change when we
added back the outlier samples that we removed in quality control. A total of 14 of
these groups have estimated census sizes of over 1 million (Figure 3; Table 1). However,
the groups with smaller census sizes are also important: outside of South Asia, groups
with small census sizes and extremely strong founder events, such as Amish, Hutterites,
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and people of the Saguenay-Lac Saint-Jean region have led to the discovery of dozens of
novel disease-causing variants. We also searched for IBD across groups — screening for
cases in which the across-group IBD score was at least one-third of the within-group IBD
score of Ashkenazi Jews —and found 77 cases of clear IBD sharing, which typically
followed geography, religious affiliation, or linguistic grouping (particularly for
Austroasiatic speakers) (Supplementary Table 4 of Nakatsuka et al. [17]). Pairs of groups
with high shared IBD and descent from a common founder event probably share risk for
the same recessive diseases. However, these cross-group IBD sharing patterns did not
drive our observations, because we identified 68 unique sets of groups without high IBD
to other groups with significantly higher estimated IBD scores than both Finns and
Ashkenazi Jews.

Our evidence that very strong founder events affect a large fraction of South
Asian groups presents an opportunity to decrease disease burden in South Asia. This
source of risk for recessive diseases is very different from risk due to marriages among
close relatives, which is also a major cause of recessive disease in South Asia. To
determine the relative impact of these factors, we computed Fsr, a measurement of
allele-frequency differentiation, between each group in the data set and a pool of other
South Asian groups chosen to be closest in terms of ancestry proportions. We found
that inbreeding was not driving many of these signals, because 89 unique groups had
higher Fst scores than those of Ashkenazi Jews and Finns, even after the Fsr score was
decreased by the proportion of allele-frequency differentiation due to inbreeding. These
results show that although most studies mapping recessive disease-associated genes in
South Asia have focused on families that are the products of marriages between close
relatives, recessive diseases are also likely to occur at an elevated rate, even in
nonconsanguineous cases, because of recent shared ancestors.

As an example of the promise of founder-event disease mapping of disease-
associated genes in South Asia, we highlight the case of the Vysya, who have a census
size of more than 3 million and an estimated IBD score approximately 1.2-fold higher
than that of Finns (Figure 3). The Vysya have an approximately 100-fold higher rate of
butyrylcholinesterase deficiency than other groups, and Vysya ancestry is a known
counterindication for the use of muscle relaxants, such as succinylcholine or
mivacurium, that are given before surgery [18]. Butyrylcholinesterase deficiency is likely
to occur at an elevated rate, owing to the founder event in the Vysya’s history, and we
expect that, like Finns, the Vysya probably exhibit a higher rate of many other diseases
than do other groups. Other examples of recessive disease-associated genes with a
likely origin in founder events are known anecdotally in South Asia, thus highlighting the
importance of systematic studies to identify these genes [19].

To demonstrate how a new recessive disease in a founder-event group can be
mapped, we carried out genome-wide SNP genotyping in 12 patients from southern
India who had progressive pseudorheumatoid dysplasia (PPD), a disease known to be
caused by mutations in WISP3 [20, 21]. Of the six individuals with the WISP3 p.Cys78Tyr
substitution [20, 21], five were from nonconsanguineous marriages, and we found a
much higher fraction of IBD at the disease-mutation site than in the rest of the genome
in these individuals (Supplementary Figure 3A; Supplementary Figure 4A of Nakatsuka et
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al. [17]), in agreement with the WISP3 p.Cys78Tyr substitution originating from a
founder event and causing PPD in these patients. This pattern contrasted with those in
the six patients with different disease variants as well as those in six patients who
carried a mutation in GALNS causing a different disease (mucopolysaccharidosis IVA
(MPS IVA)), who were from primarily consanguineous marriages and who lacked
substantial IBD across their disease mutation sites. Thus, these results suggested that in
these groups, the driver of the recessive diseases was marriage between close relatives
(Supplementary Note of Nakatsuka et al. [17]). This example highlights how not only
marriages of close relatives but also founder events are substantial causes of rare
recessive disease in South Asia.

The evidence of widespread strong founder events presents a major opportunity
for discovering disease-associated genes and implementing public-health interventions
in South Asia that is not widely appreciated (Supplementary Table 5 of Nakatsuka et al.
[17]). The current paradigm for mapping recessive disease-associated genes in South
Asia is to collect cases in tertiary medical centers and map diseases in individuals with
the same phenotype, a procedure often carried out by experimenters blinded to
information about group affiliation, as was the case in our PPD study, in which we did
not have access to the identity of the ancestral groups. However, our results suggested
that collecting information on group affiliation may greatly strengthen the power of
these studies. A fruitful way to approach gene mapping would be to proactively survey
communities known to have strong founder events, searching for congenital diseases
that occur at high rates in these communities. This approach was pioneered in the 1950s
in studies of the Old Order Amish in the U.S., a founder population of approximately
100,000 individuals in whom many dozens of recessive diseases were mapped. That
research program was crucial to founding modern medical genetics and provided
extraordinary health benefits. Our results suggest that the potential for disease gene
mapping in South Asia would be orders of magnitude greater.

Mapping of recessive diseases may be particularly important in communities
practicing arranged marriages, which are common in South Asia. An example of the
power of this approach can be found in Dor Yeshorim, a community genetic testing
program among religious Ashkenazi Jews [22], which visits schools, screens students for
common recessive disease-causing mutations previously identified to segregate at a
higher frequency in the target group, and enters the results into a confidential database.
Matchmakers query the database before making suggestions to the families and receive
feedback about whether the potential couple is “incompatible” in the sense of both
being carriers for a recessive mutation at the same gene. Because approximately 95% of
community members whose marriages are arranged participate in this program,
recessive diseases like Tay-Sachs have virtually disappeared in these communities. A
similar approach should work as well in South Asian communities. Given the potential
for saving lives, this or similar types of research could be a valuable investment for
future generations [23].

55



Supplementary Data:

The supplement of this study includes an Excel spreadsheet detailing all groups and their
scores on the IBD, Fsr, and group-specific drift analyses. Also included are 7
supplementary figures and 5 supplementary tables.
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Group

Gujjar

Baniyas
Pattapu_Kapu
Vadde

Yadav
Kshatriya_Aqnikula
Naga

Kumhar

Reddy
Brahmin_Nepal
Kallar
Brahmin_Manipuri
Arunthathiyar
\Vysya

Sample Size
5
7
4
3
12
4
4
27
7
4
27
17
18
39

IBD Score
11.6
9.6
9.5
9.2
4.4
2.4
2.3
2.3
2.0
1.9
1.7
1.6
1.3
1.2

IBD Rank
19
24
25
26
48
75
76
77
84
86
94
99
108
110

FST Rank
33
22
24
30
87

109
NA
35

129
63
87
NA

109
46

Drift Rank
46
18
21
26
67
NA
NA
197
106
141
73
NA
81
35

Census Size
1,078,719
4,200,000
13,697,000
3,695,000
1,124,864
12,809,000
1,834,483
3,144,000
22,500,000
4,206,235
2,426,929
1,544,296
1,192,578
3,200,000

Location
Jammu and Kashmir
Uttar Pradesh
Andhra Pradesh
Andhra Pradesh
Puducherry
Andhra Pradesh
Nagaland
Uttar Pradesh
Telangana
Nepal
Tamil Nadu
Manipur
Tamil Nadu
Telangana

Table 1. South Asian groups with estimated census sizes over 1 million and IBD scores significantly greater than those of
Ashkenazi Jews and Finns. 14 South Asian groups with IBD scores significantly higher than that of Finns, census sizes over 1
million, and sample sizes of at least 3 that are of particularly high interest for founder event disease gene mapping studies. For
reference, Finns and Ashkenazi Jews (on the Human Origins array) would have IBD scores of 1.0 and 0.9, IBD ranks of 121 and
135, and Fst ranks of 109 and 129, respectively (the group-specific drift is difficult to compare for groups with significantly

different histories, so they were not calculated for Finns or Ashkenazi Jews). NA, not available.
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Figure 1. Dataset overview. (A) Sampling locations for all analyzed groups. Each point
indicates a distinct group (random jitter was added to help in visualization at locations
where there are many groups). (B) PCA of Human Origins dataset along with European
Americans (CEU) and Han Chinese (CHB). There is a large cluster (blue) of IndoEuropean
and Dravidian speaking groups that stretch out along a line in the plot and that are well-
modeled as a mixture of two highly divergent ancestral populations (the “Indian Cline”).
There is another larger cluster of Austroasiatic speakers (light red) and groups that
cluster with them genetically (dark red). Finally, there are groups with genetic affinity to
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East Asians that include Tibeto-Burman speakers (orange) and those that speak other
languages (yellow).
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Figure 2. Example histograms of IBD segments to illustrate the differences between
groups with founder events of different magnitudes: These histograms provide visual
illustrations of differences between groups with different IBD scores. As a ratio relative
to Finns (FIN; black), these groups (red) have IBD scores of: (A) ~26 in Ulladan, (B) ~3 in
Birhor, (C) ~0.9 in Ashkenazi Jews, and (D) ~0.1 in Mahadeo_Koli. In each plot, we also
show European Americans (CEU) with a negligible founder event in blue. Quantification
of these founder events is shown in Figure 3 and Supplementary Table 5. The IBD
histograms were normalized for sample size by dividing their frequency by {(Zzn) - n},
where n is the number of individuals in the sample. All data for the figure are based on
the Human Origins dataset.
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IBD Scores in All Datasets
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Figure 3. IBD scores relative to Finns (FIN). Histogram ordered by IBD score, roughly
proportional to the per-individual risk for recessive disease due to the founder event.
(These results are also given quantitatively for each group in Online Table 1 of
Nakatsuka et al. [17].) We restrict to groups with at least two samples, combining data
from all four genotyping platforms onto one plot. Data from Ashkenazi Jews and Finns
are highlighted in red, and from South Asian groups with significantly higher IBD scores
than that of Finns and census sizes of more than a million in brown. Error bars for each
IBD score are standard errors calculated by weighted block jackknife over each
chromosome. YRI=Yoruba (West African); CEU=European American.
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Materials and Methods:

Data Sets:

We assembled a dataset of 1,955 individuals from 249 groups genotyped on the
Affymetrix Human Origins array, of which data from 1,663 individuals from 230 groups
are newly reported here (Figure 1A). We merged these data with the dataset published
in Moorjani et al. [12], which consisted of 332 individuals from 52 groups genotyped on
the Affymetrix 6.0 array. We also merged it with two additional datasets published in
Metspalu et al. [13], consisting of 151 individuals from 21 groups genotyped on lllumina
650K arrays as well as a dataset published in Basu et al. [15], consisting of 367
individuals from 20 groups generated on lllumina Omni 1-Quad arrays. All the samples
were collected with the approval of the Institutional Ethical Committees (IEC) of the
CSIR-Centre for Cellular and Molecular Biology, Hyderabad, India; Kasturba Hospital,
Manipal, India; the Centre for Human Genetics, Banagalore, India; and the Fetal Care
Research Foundation, Chennai, India.

These groups come from India, Pakistan, Nepal, Sri Lanka, and Bangladesh. All samples
were collected under the supervision of ethical review boards in India with informed
consent obtained from all subjects.

We analyzed two different Ashkenazi Jewish datasets, one consisting of 21 individuals
genotyped on lllumina 610K and 660K bead arrays [14] and one consisting of 7
individuals genotyped on Affymetrix Human Origins arrays.

Our “Affymetrix 6.0” dataset consists of 332 individuals genotyped on 329,261 SNPs,
and our “lllumina_Omni” dataset consists of 367 individuals genotyped on 750,919
SNPs. We merged the South Asian and Ashkenazi Jewish data generated by the other
[llumina arrays to create an “lllumina” dataset consisting of 172 individuals genotyped
on 500,640 SNPs. We merged the data from the Affymetrix Human Origins arrays with
the Ashkenazi Jewish data and data from the Simons Genome Diversity Project [24, 25]
to create a dataset with 4,402 individuals genotyped on 512,615 SNPs. We analyzed the
four datasets separately due to the small intersection of SNPs between them. We
merged in the 1000 Genomes Phase 3 data [26] (2,504 individuals from 26 different
groups; notably, including 99 Finnish individuals) into all of the datasets. We used
genome reference sequence coordinates (hg19) for analyses.

Quality Control:

We filtered the data at both the SNP and individual level. On the SNP level, we required
at least 95% genotyping completeness for each SNP (across all individuals). On the
individual level, we required at least 95% genotyping completeness for each individual
(across all SNPs).
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To test for batch effects due to samples from the same group being genotyped on
different array plates, we studied instances where samples from the same group A were
genotyped on both plates 1 and 2 and computed an allele frequency difference at each
SNP, Diff} = (Freqhopapiater — FT€qbopapiatez)- We then computed the product of
these allele frequencies averaged over all SNPs for two groups A and B genotyped on

the same pIates,% ?=1(Diffj)(DiffBi), as well as a standard error from a weighted

Block Jackknife across chromosomes. This quantity should be consistent with zero
within a few standard errors if there are no batch effects that cause systematic
differences across the plates, as allele frequency differences between two samples of
the same group should be random fluctuations that have nothing to do with the array
plates on which they are genotyped. This analysis found strong batch effects associated
with one array plate, and we removed these samples from further analysis.

We used EIGENSOFT 5.0.1 smartpca [27] on each group to detect PCA outliers and
removed 51 samples. We also developed a procedure to distinguish recent relatedness
from founder events so that we could remove recently related individuals. We first
identified all duplicates or obvious close relatives by using PLINK [28] “genome” and
GERMLINE [29] to compute IBD (described in more detail below) and removed one
individual from all pairs with a PI_HAT score greater than 0.45 and the presence of at
least 1 IBD fragment greater than 30cM. We then used an iterative procedure to identify
additional recently related individuals. For sample sizes above 5, we identified any pairs
within each group that had both total IBD and total long IBD (>20cM) that were greater
than 2.5 SDs and 1 SD, respectively, from the group mean. For sample sizes 5 or below,
we used modified Z scores of 0.6745*(IBD_score - median(score))/MAD, where MAD is
the median absolute deviation, and identified all pairs with modified Z scores greater
than 3.5 for both total IBD and total long IBD as suggested by Iglewicz and Hoaglin [30].
After each round, we repeated the process if the new IBD score was at least 30% lower
than the prior IBD score. Simulations showed that we were always able to remove a first
or second cousin in the dataset using this method (Supplementary Table 1 of Nakatsuka
et al. [17]). Together these analyses removed 53 individuals from the Affymetrix 6.0
dataset, 21 individuals from the lllumina dataset, 43 individuals from the [llumina Omni
dataset, and 225 individuals from the Human Origins dataset.

After data quality control and merging with the 1000 Genomes Project data, the
Affymetrix 6.0 dataset included 2,842 individuals genotyped on 326,181 SNPs, the
[llumina dataset included 2,662 individuals genotyped on 484,293 SNPs, the lllumina
Omni dataset included 2,828 individuals genotyped on 750,919 SNPs, and the Human
Origins dataset included 4,177 individuals genotyped at 499,158 SNPs.

Simulations to Test Relatedness Filtering and IBD Analyses

We used ARGON [31] to simulate groups with different bottleneck strengths to test the
IBD analyses and relatedness filtering. We used ARGON’s default settings, including a
mutation rate of 1.65*10® per base pair (bp) per generation and a recombination rate
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of 1*10°2 per bp per generation and simulated 22 chromosomes of size 130 Mb each.
We pruned the output by randomly removing SNPs until there were 22,730 SNPs per
chromosome to simulate the approximate number of positions in the Affymetrix Human
Origins array. For the IBD analyses, we simulated groups to have descended from an
ancestral group 1,800 years ago with Ne=50,000 and to have formed two groups with
Ne=25,000. These groups continued separately until 100 generations ago when they
combined in equal proportions to form a group with Ne=50,000. The group then split
into 3 separate groups 72 generations ago that have bottlenecks leading to Ne of either
400, 800, or 1600. The 3 groups then exponentially expanded to a present size of
Ne=50,000. We designed these simulations to capture important features of
demographic history typical of Indian groups [4, 12]. We chose the bottleneck sizes
because they represent founder events with approximately the strength of Finns (the
bottleneck to 800), and twice as strong (400) and half as strong (1600) as that group. We
then performed the IBD analyses described below with 99 individuals from the group
with bottleneck strength similar to that of Finns (198 haploid individuals were simulated
and merged to produce 99 diploid individuals) and different numbers of individuals from
the other groups. These analyses demonstrate that with only 4-5 individuals we can
accurately assess the strength of founder events in groups with strong founder events
(Supplementary Figure 2 and Supplementary Table 2 of Nakatsuka et al. [17]). Weaker
founder events are more difficult to assess, but these groups are of less interest for
founder event disease mapping, so we aimed to sample ~5 individuals per group.

We wrote custom R scripts to simulate first and second cousin pairs. We took individuals
from the bottleneck of size 800 and performed “matings” by taking 2 individuals and
recombining their haploid chromosomes assuming a rate of 1*10® per bp per
generation across the chromosome and combining one chromosome from each of these
individuals to form a new diploid offspring. The matings were performed to achieve first
and second cousins. We then placed these back into the group with group of size 800,
and ran the relatedness filtering algorithms to evaluate whether they would identify
these individuals.

Phasing, IBD Detection, and IBD Score Algorithm:

We phased all datasets using Beagle 3.3.2 with the settings missing=0; lowmem=true;
gprobs=false; verbose=true [32]. We left all other settings at default. We determined
IBD segments using GERMLINE [29] with the parameters -bits 75 -err_hom 0 -err_het O -
min_m 3. We used the genotype extension mode to minimize the effect of any possible
phasing heterogeneity amongst the different groups and used the HaploScore algorithm
to remove false positive IBD fragments with the recommended genotype error and
switch error parameters of 0.0075 and 0.003 [33]. We chose a HaploScore threshold
matrix based on calculations from Durand et al. [33] for a “mean overlap” of 0.8, which
corresponds to a precision of approximately 0.9 for all genetic lengths from 2-10cM. It
can sometimes be difficult to measure IBD in admixed populations due to differential
proportions of the divergent ancestries amongst different individuals in the same group,
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but we found that in both the simulated and real data we were able to detect IBD at the
expected amounts.

In addition to the procedure we developed to remove close relatives (Quality Control
section), we also removed segments longer than 20cM as simulations showed that this
increased sensitivity of the analyses (Supplementary Table 2 of Nakatsuka et al. [17]).
We computed “IBD score” as the total length of IBD segments between 3-20cM divided
by {(Zzn) - n} where n is the number of individuals in each group to normalize for
sample size. We then expressed each group’s score as a ratio of their IBD score to that
of Finns and calculated standard errors for this score using a weighted Block Jackknife
over each chromosome with 95% confidence intervals defined as IBD score +1.96*s.e.

We repeated these analyses with Fast/BD [34] for the Affymetrix 6.0 and Illumina
datasets and observed that the results were highly correlated (r>0.96) (data not shown).
We chose GERMLINE for our main analyses, however, because the Fast/BD algorithm
required us to split the datasets into different groups, since it adapts to the relationships
between LD and genetic distance in the data, and these relationships differ across
groups. We used data from several different Jewish groups and all twenty-six 1000
Genomes groups to improve phasing, but of these groups we only included results for
Ashkenazi Jews and two outbred groups (CEU and YRI) in the final IBD score ranking.

Disease patient analyses:

We use Affymetrix Human Origins arrays to successfully genotype 12 patients with
progressive pseudorheumatoid dysplasia (PPD) and six patients with
mucopolysaccharidosis (MPS) type IVA, all of whom had disease mutations previously
determined [20, 21, 35] (3 of the surveyed MPS patients are newly reported here). A
total of six of the PPD patients had p.Cys78Tyr substitutions, six had p.Cys337Tyr
substitutions (all six of the MPS patients had Cys78Arg mutations). We measured IBD as
described above and also detected homozygous segments within each individual by
using GERMLINE with the parameters -bits 75 -err_hom 2 -err_het 0 -min_m 0.5 -homoz-
only.

Haplotype sharing was assessed by analyzing phased genotypes for each mutation
group. At each SNP, we counted the number of identical genotypes for each allele and
computed the fraction by dividing by the total number of possible haplotypes (2 times
the number of individuals). We took the larger value of the two possible alleles (thus the
fraction range was 0.5-1). We averaged these values over blocks of 10 or 25 SNPs and
plotted the averages around the relevant mutation site.

Between-Group IBD Calculations:

We determined IBD using GERMLINE as above. We collapsed individuals into respective
groups and normalized for between-group IBD by dividing all IBD from each group by
{(Zzn)} where n is the number of individuals in each group. We normalized for within-
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group IBD as described above. We defined groups with high shared IBD as those with an
IBD score greater than three times the founder event strength of CEU (and ~1/3 the
event strength of Ashkenazi Jews).

[3-statistics:

We used the f3-statistic [11] f3(Test; Ref1, Ref2) to determine if there was evidence that
the Test group was derived from admixture of groups related to Ref: and Ref,. A
significantly negative statistic provides unambiguous evidence of mixture in the Test
group. We determined the significance of the f3-statistic using a Block Jackknife and a
block size of 5 cM. We considered statistics over 3 standard errors below zero to be
significant.

Computing Group Specific Drift:

We used gpGraph [11] to model each Indian group on the cline as a mixture of ANI and
ASl| ancestry, using the model (YRI, (Indian group, (Georgians, ANI)), [(ASI, Onge]))
proposed by Moorjani et al. [12] This approach provides estimates for post-admixture
drift in each group (Supplementary Figure 5 of Nakatsuka et al. [17]), which is reflective
of the strength of the founder event (high drift values imply stronger founder events).
We only included groups on the Indian cline in this analysis, and we removed all groups
with evidence of East Asian related admixture (Figure 1B and Supplementary Table 6 of
Nakatsuka et al. [17]), because this admixture is not accommodated within the above
model.

PCA-Normalized Fsr Calculations:

As a third method to measure strength of founder events, we estimated the minimum
Fst between each South Asian group (Supplementary Figure 6) and their closest clusters
based on PCA (Supplementary Note of Nakatsuka et al. [17]) (the clusters were used to
account for intermarriage across groups that would otherwise produce a downward bias
in the minimum Fsr). For the Affymetrix 6.0, lllumina, and lllumina_Omni datasets, we
split the Indian cline into two different clusters and combined the Austroasiatic speakers
and those with ancestry related to Austroasiatic speakers (according to the PCA of
Figure 1b) into one cluster for a total of three clusters (all other groups were ignored for
this analysis). For the Human Origins data set we split the Indian cline into three
different clusters and combined the groups with ancestry related to the main cluster of
Austroasiatic speakers into one cluster for a total of four clusters (Khasi and Nicobarese
were ignored in this analysis, because they do not cluster with the other Austroasiatic
speaking groups). We then computed the Fst between each group and the rest of the
individuals in their respective cluster based on EIGENSOFT smartpca with Inbreed set to
YES to correct for inbreeding. For Ashkenazi Jews and Finns, we used the minimum Fsr
to other European groups.
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Fst Calculations to Determine Overlapping Groups:

Overlapping groups between the datasets were determined in the first place based on
anthropological information (Online Table 1 of Nakatsuka et al. [17]). We further tested
empirically for overlap by computing Fst between different groups across all datasets for
groups with significantly stronger IBD scores than those of Finns (we could not perform
this analysis for groups with less strong founder events, because they would have low
Fst to each other even if they were truly distinct groups). We considered pairs with Fsr
less than 0.004 to be overlapping. These included all groups known to be overlapping
based on anthropological information as well as 3 additional pairs of groups that might
be genetically similar due to recent mixing (e.g. Kanjars and Dharkar are distinct
nomadic groups that live near each other but intermarry, leading to low Fsr between
them).

Code Availability:

Code for all calculations available upon request.
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Chapter 3: Using modern DNA to perform
admixture mapping in African-Americans
with and without Multiple Sclerosis

This section is based on the following paper | contributed to during my PhD:

Nakatsuka, N.; Patterson, N.; Patsopoulos, N.; Altemose, N.; Tandon, A.; Beecham, A ;
McCauley, N.; Isobe, N.; Hauser, S.; De Jager, P.; Hafler, D.; Oksenberg, J.; Reich, D. “Two
Genetic Variants Explain the Association of European Ancestry to Multiple Sclerosis Risk in
African Americans.” In review at Scientific Reports.

Overview:

In Chapter 2, human history in the form of large founder events was examined in
the DNA of present-day people for the purpose of disease gene mapping to improve
human health. In this chapter, human history in the form of historical admixture
between individuals of West African ancestry and individuals of European ancestry was
examined for the purpose of mapping genetic variants underlying Multiple Sclerosis. The
admixture in African-Americans was inferred to have occurred an average of
approximately six generations ago, and the European ancestry was male-biased [1]. It is
likely that a substantial proportion of this mixture occurred due to abusive power
dynamics in the context of plantation slavery, leaving a large moral stain ingrained in
genetic legacy. However, one hope of this study is to use this genetic history to improve
health, particularly for African-Americans with Multiple Sclerosis.

Ethics:

This study was conducted solely in the United States, so the governmental
regulations in the US were followed. In particular, institutional review board (IRB)
approval was performed by the UCSF Human Research Protection Program Institutional
Review Board (IRB) (10-05039), and full informed consent was obtained for each study
subject. It is true that oftentimes African-Americans are under-represented in the local
and federal government, as well as on institutional review board committees, and that
this study could be sensitive due to it potentially evoking memories of past (and
present) oppression and abuse. Thus, we needed to be respectful to principles of
autonomy and non-maleficence. There is no institutional system clearly designated by
African-Americans to represent them specifically as a group for these issues, so in this
case we proceeded based on the permissions we obtained, recognizing that at least this
shows that a significant fraction of the relevant group (1,305 African-Americans with
Multiple Sclerosis) approved of the study. In addition, the principles of beneficence and
restorative justice hopefully will be fulfilled as this study has potential implications for
improving the health of Multiple Sclerosis patients, and particularly African-American
patients who were the subject of this study. In addition, many have recognized the
potential power of population genetics for healing in African-American communities [2].
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Abstract:

Epidemiological studies have suggested differences in the rate of multiple sclerosis (MS)
in individuals of European ancestry compared to African ancestry, motivating genetic
scans to identify genetic factors that could contribute to such patterns. In a whole-
genome scan in 899 African-American cases and 1,155 African-American controls, we
confirm that African-Americans who inherit segments of the genome of European
ancestry at a chromosome 1 locus are at increased risk for MS [logarithm of odds (LOD)
=9.8], although the signal weakens when adding an additional 406 cases, reflecting
heterogeneity in the two sets of cases [logarithm of odds (LOD) = 2.7]. The association in
the 899 individuals can be fully explained by two variants previously associated with MS
in European ancestry individuals. These variants tag a MS susceptibility haplotype
associated with decreased CD58 gene expression (odds ratio of 1.37; frequency of 84%
in Europeans and 22% in West Africans for the tagging variant) as well as another
haplotype near the FCRL3 gene (odds ratio of 1.07; frequency of 49% in Europeans and
8% in West Africans). Controlling for all other genetic and environmental factors, the
two variants predict a 1.44-fold higher rate of MS in European-Americans compared to
African-Americans.

Background:

Admixed populations are formed when two populations with divergent ancestries have
offspring. Admixture mapping is a method to screen through the genome, searching for
loci where individuals with a disease from an admixed population tend to have a
significantly different proportion of one ancestry than their population’s genome-wide
average. For example, admixture mapping in African-Americans involves searching
genomes for areas where European ancestry deviates from the average, which is
roughly 20% in African-Americans albeit with substantial variation across the United
States [3]. These genomic loci of high deviation in local ancestry indicate the presence of
disease risk variants that differ in frequency between the ancestral populations, which
can then be followed up using fine-mapping approaches. To date, admixture mapping
has successfully identified genomic loci that were then fine-mapped to identify genetic
risk variants for several diseases, notably prostate cancer and end-stage renal disease
[4-7].

The first successful admixture mapping study was for multiple sclerosis (MS) in African-
Americans, a good candidate disease for this method because early prevalence studies
suggested that individuals of European ancestry have significantly higher rates of MS
than African-Americans (1.49- to 2.27-fold) [8-10]. However, more recent studies have
disputed the epidemiological observation, with one showing African-American women
having a 1.59-fold higher risk than European-American women and African-American
men having the same risk as European-American men [11]. Another study suggested
that African-Americans of both sexes have a 1.27-fold higher risk of MS than European-
Americans [12]. In 2005, admixture mapping analysis led to the discovery of a genetic

72



risk factor for MS near the centromere of chromosome 1 estimated to lead to an
approximately 1.44-fold increase in MS risk per allele of European ancestry relative to
African ancestry [13]. Since the publication of that study, joint analyses of genome-wide
association studies (GWAS) and targeted SNP genotyping, largely focused on people of
European ancestry, have discovered 201 genetic risk variants for MS outside of the MHC
(Major Histocompatibility Complex) region and 32 variants within the MHC region [14-
19]. However, there is evidence for incomplete overlap between African-American and
European MS risk variants [20], and the specific variants responsible for the 2005
admixture association in African-Americans have to date been unresolved.

We analyzed 1,305 African-American MS cases and 1,155 African-American controls and
found that the 2005 admixture mapping signal could be fully explained by two variants
that are strongly correlated with haplotypes previously linked to MS in people of
European ancestry: one in the CD58 gene located on the p-arm near the centromere
and one in the FCRL3 gene on the g-arm near the centromere. We suggest that the
localization of the admixture association signal over the centromere of chromosome 1 is
due to a combined association of risk factors straddling the centromere.

Results:

Replication of Chromosome 1 Signal:

As part of a large replication study of multiple sclerosis risk variants, a custom
genotyping array (MS Chip) was designed using the Illumina platform that included
321,105 single nucleotide polymorphisms (SNPs) across the genome that were
genotyped in 24,770 cases with multiple sclerosis (of which 1,305 were African-
American) and 23,193 controls without multiple sclerosis (of which 1,155 were African-
American) [17]. A total of 9,014 SNPs were incorporated into the array specifically to
study the chromosome 1 admixture mapping result published in 2005, including 4,014
Ancestry Informative Markers (AlMs, known to be highly differentiated between people
of West-African and European ancestry) spread genome-wide, and 5,000 SNPs within
the chromosome 1 admixture mapping peak, which we designed to provide dense
coverage in both European and African haplotype backgrounds and to include SNPs in
non-repetitive regions within the chromosome 1 centromere. Detailed design
specifications of the SNP array are given elsewhere [17].

We initially analyzed all 1,305 African-American MS cases and 1,155 African-American
controls together (see Supplementary Online Table 1 for sample details) using the
ANCESTRYMAP software [3], which calculates LOD scores across the genome as a
Bayesian likelihood ratio of the genetic site’s likelihood of the data under the specified
disease model divided by the likelihood of the data under no disease model. We found a
signal near the centromere of chromosome 1 (maximum LOD score of 2.7) that was
significantly weaker than the result of the 2005 scan that had obtained a score of 5.2 in
605 cases [13] (which met the published threshold for genome-wide significance of 5)
(Table 1 and Supplementary Figure 1). We were perplexed by this result, as the
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maximum LOD score at chromosome 1 had increased to 9.3 in a follow-up study in 2007
where the sample size was increased to 1,044 cases albeit using a less dense set of AIMs
than in the study reported here and using a mixture of genotyping methods [21]. When
we restricted the analysis of our new data to the 899 MS subjects that overlapped the
2007 study, the maximum LOD on chromosome 1 went up to 9.8 (Supplementary Figure
2) in a region overlapping the centromere (physical position 116 Mb-164 Mb in hg19
genomic coordinates). In addition, when we used a permutation test to determine an
empirical p-value, this was significant at P<<0.001 (Table 1). This provided a technical
validation of the 2007 result using a different genotyping platform on the same samples.

We separately analyzed the 406 new MS cases that did not overlap with the 2007 cases
and found no significant signal at the chromosome 1 locus. Indeed, the 95% confidence
interval for risk for MS per copy of European ancestry is significantly below that of
African ancestry for the post-2007 cases (0.59-0.91-fold per copy of European ancestry),
compared to a non-overlapping 95% confidence interval of 1.37-1.76-fold for the 2007
cases. This suggests an opposite effect of increased risk due to African ancestry at this
locus, not increased risk due to European ancestry (Table 1, Supplementary Figure 3).
Comparing the cases with data available to us in 2007 and the 406 post-2007 cases, we
could not detect any difference in genome-wide ancestry proportions, sex proportions
(ratio of females to males), quality control measures (genotyping error rate or PCA
clustering, including after restricting to the region around the centromere of
chromosome 1) (Supplementary Figure 4), origin of DNA (cell line vs. genomic DNA or
location of sample collection), or Native American ancestral contribution
(Supplementary Online Table 1). Study inclusion/exclusion criteria remained the same
and were strictly implemented for all datasets. When we removed all samples known to
be of Afro-Caribbean origin, the results did not change significantly. When we analyzed
the HLA-DRB1 status (known to be associated strongly with MS [22]), the 2007 cases
and the new cases did not show any significant difference in association to MS
(Supplementary Online Table 1). The cases genotyped after 2007 had a lower average
copy number for the HLA-DRB1*15:01/15:03 haplogroup (38%) relative to the cases
available as of 2007 (42%), which meant that the elevation of the frequency of this
haplogroup relative to the controls (34%) was significant for the cases available as of
2007 but not for the ones added afterward. Along with the attenuation of the admixture
mapping signal, this result suggests that the cases collected up until 2007 may have
been more enriched for people with genetic susceptibility to MS than the controls. We
have no evidence that a sample mix-up occurred, and overall we could not find any
significant difference between the 2007 cases and the new cases beyond the
inhomogeneity in their contribution to the chromosome 1 admixture mapping peak.
Nevertheless, motivated by the validation of the admixture signal in 2007 and access to
high-density new genotyping data, we proceeded to use these data to understand the
basis of this signal, restricting to the 899 cases that overlapped between the 2007 and
2016 studies as it was in this subset of cases that we had a strong ancestry association
that we could parse in terms of specific variants contributing to it.
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Highest LOD | Highest LOD | Highest case- | Empirical p-value | 95% ClI for risk

score on chr. | score on chr. 1 control Z-score| for admixture per European
Study Cases Controls| 1 case-only |cases+controls| onchr.1 association chromosome
2005 study 605 1043 5.2 5.2 3.3 N/A 1.27-1.70
2007 follow-up 1044 1161 9.2 9.3 4.2 <<0.001 1.32-1.62
Full new cohort 1305 1155 3.9 2.7 3.4 <<0.001 1.16-1.43
2007 subset of new 899 1155 9.8 9.3 4.5 0.114 1.37-1.76
cohort
Samples added after 2007 | 406 1155 -3.6 -3.0 0.9 1 0.59-0.91

Table 1. Admixture association scores on chromosome 1 in different sample sets. The highest LOD score
results are computed by ANCESTRYMAP based on a prior on relative risk per European ancestry allele of 1.5.
The 95% confidence intervals for risk per European allele are obtained by running on a uniformly spaced grid of
models from 0.5-2.0-fold per European allele, assuming an equal prior probability of risk for each, and then
taking the LOD score to the power of 10 and normalizing to obtain a posterior. The LOD scores for the grid of
models for the 2005 study are from the original publication [13]; all LOD scores are given in Supplementary
Online Table 3. Empirical p-values were found through permutation analysis; see Methods (2005 study could
not be done due to lack of the original data). P-values were listed as <<0.001 when 0 of the 1,000 permutations
had a score at least as large as that of the LOD score of that data subset.

Determining the Basis of the Chromosome 1 Signal:

We searched for potential causal variants in the chromosome 1 admixture mapping
peak, which we defined for this analysis as 114-162 Mb on chromosome 1 in hg19
genome coordinates (that is, the area with LOD score>5 in the admixture analysis adding
2 Mb on either side; Figure 1). The African-American sample size was insufficient to
obtain any genome-wide significant associations (Supplementary Figure 5) as suggested
by power estimates (Supplementary Table 1). We thus began by narrowing our search
to variants with some evidence for association with MS from a study of a much larger
sample size of people of European ancestry who were genotyped on a custom SNP array
designed to test for association to MS [17] (Supplementary Online Table 2;
Supplementary Figure 6), making the plausible assumption that the variants associated
with disease risk in European-Americans are also risk factors in African-Americans [20].
Seventy-nine variants in the region had a p-value <107 in the European ancestry
association study, and we focused our analysis on these 79 variants in all subsequent
analyses. Within the admixture mapping peak, the European ancestry association study
had identified seven independent genetic tag variants that together were sufficient to
account for all the genome-wide significant association to MS detected in that study
(that is, controlling for the allelic status of these variants, there was no additional
genome-wide evidence of association to MS in the genomic region) [17]. However, we
found that these seven tag SNPs were not sufficient to account for the association to MS
detected in African-Americans, as if we condition on the allelic status of all seven
following the procedure discussed in what follows, there is still a residual ancestry
association signal in African-Americans with LOD=3.6.

In light of the fact that the tag SNPs from the European genetic map were insufficient to

explain the admixture association signal in African-Americans, we turned to studying the
79 variants significant at p<10 in the European ancestry association study and
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evaluating their contribution to MS in African-Americans. Specifically, we used these
variants to perform a logistic regression in the African-American data of SNP genotype
association on case-control status while controlling for genome-wide and local European
ancestry as covariates (Figure 1, Supplementary Online Table 3). Because we controlled
for ancestry in this analysis, this procedure treated the SNP association signals
completely independently from the ancestry association signals, allowing us to drive the
analysis entirely by SNP association results and only afterward to determine whether
the chosen SNPs explained the admixture mapping peak.

The SNP with the strongest association to MS in the African-American data was
rs12025416 in the vicinity of the CD58 gene. After using this SNP as a covariate in a
logistic regression of European ancestry on case-control status with global ancestry also
as a covariate, the significant ancestry association signal disappeared on the p-arm
(p>0.01 for the ancestry association and p>0.05 for the genotype associations at all
SNPs). However, an ancestry association signal on the g-arm remained (p<0.01). When
we instead used the CD58 SNP with the strongest signal in the European MS Chip
association analysis (rs1335532) [17], the ancestry association signal on the p-arm was
still present (p<0.005), confirming the value of guiding our analysis using the SNP
associations measured directly in African-Americans; that is, on focusing on the most
strongly associated SNP from the African-American scan rather than the most strongly
associated SNP from the European scan (Supplementary Online Table 3). In the ancestry
association tests controlling for SNP association here and in what follows, we also
carried out follow-up analyses re-inferring ancestry after masking all positions within 1
centi-Morgan (cM) of the variants whose SNP associations we were using as covariates
to address the potential pitfall that SNPs used in the admixture analysis might be in tight
LD with these SNPs. These sub-analyses did not lead to any significant change in our
results.

We next took the most highly associated variant after conditioning on allelic status of
rs12025416, which was rs6681271 in the vicinity of the FCRL3 gene (Figure 1). After
using rs6681271 jointly with rs12025416 as covariates, there was no residual association
in African-Americans across the entire admixture mapping peak (p>0.05 for both
ancestry association and genotype association). When any significant variants (from the
79 above) on the g-arm were used as covariates instead of rs6681271, only one,
rs7528684 also in the FCRL3 gene, produced more of a decrease in the ancestry
association signal. However, we cannot statistically distinguish between the signals and
hence we have chosen to tag the FCRL3 association using rs6681271, which we obtained
through a formal procedure of using SNP associations entirely independently of ancestry
associations (Supplementary Online Table 3). Similar to the CD58 variant, when we
instead conditioned on the strongest associated FCRL3 variant from the European MS
Chip association analysis (rs3761959) [17], some ancestry association signal on the g-
arm remained (p<0.005) (Supplementary Online Table 3), reaffirming how the European
MS Chip association cannot by itself identify variants that explain the signal of
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admixture association in African-Americans. Thus, the African-American data adds
additional valuable information about MS risk even with its much smaller sample size.

After controlling for the top two variants associated to MS risk in African-Americans,
there is no significant MS risk at CD58 (residual association of p=0.50 at the European
study tag SNP rs1335532) or FCRL3 (residual association of p=0.22 at the European
study tag SNP rs3761959). In contrast, as discussed above, controlling for those top two
variants from the European study and indeed all seven across the MS peak does not
account for all evidence of association in African-Americans (after conditioning on all
seven SNPs, there is a residual SNP association at rs12025416 in CD58 of p=0.039 and at
rs6681271 in FCRL3 of p=0.0082; the residual admixture association has LOD=3.6).

Why is it that the seven variants that were the best tag SNPs in the region from the
European genetic map cannot explain the admixture association in African-Americans,
whereas the top two SNPs identified in an African-American association scan are able to
explain it? A possible explanation is that shorter average linkage disequilibrium (LD) in
genomic segments of African ancestry compared to European ancestry allow us to more
finely map the true causal variants, which by implication would be different from the tag
SNPs that emerged from the European ancestry association study. The variants we
identify as associated to MS are in high LD with the SNPs in the same gene identified in
the association study in people of European ancestry (r? = 0.73 between rs12025416
and rs1335532, and r? = 0.89 between rs6681271 and rs3761959, Supplementary Online
Table 4; they are on the same risk haplotype) but less so in people of African ancestry (r?
=0.23 between rs12025416 and rs1335532, and r? = 0.20 between rs6681271 and
rs3761959). While the higher frequencies of the risk alleles in people of European
ancestry than of African ancestry for both tag SNPs means that the LD structure in
Europeans is more relevant for these SNPs in African-Americans than might be expected
from the overall proportion of European ancestry in the population, a substantial
fraction of the risk alleles in African Americans are still coming from an African ancestry
background given the overall very high proportion of African ancestry in African-
Americans, and this decreases the relevance of the European tag SNPs.

In the 1000 Genomes Phase 3 data, the allele tagging the CD58 risk haplotype
(rs12025416) has a frequency of 83.8% in CEU (European-Americans of Northern
European ancestry), 21.8% in YRI (Yoruba of Nigeria), and 31.9% in CHB (Han Chinese)
and JPT (Japanese). In the European MS Chip association, it had a p-value of 3.32*%1032
and an effect size (odds ratio) of 1.37 (Table 2), one of the strongest risk alleles for MS
outside of the MHC. The FCRL3 risk variant (rs6681271) has a frequency of 49.0% in CEU,
7.9% in YRI, and 56.5% in CHB and JPT. In the European MS Chip association study, it had
a p-value of 3.24*10%and odds ratio of 1.07. If one makes the simplifying assumption of
a constant (fixed) effect size in all populations, the population attributable risk (PAR—
the expected reduction in MS incidence if the risk alleles did not exist in the population)
for both variants together was 45% for European-Americans, 15% for West Africans, and
21% for African-Americans. (For just the CD58 variant, the PAR is 41% for European-
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Americans, 14% for West Africans, and 20% for African-Americans. For just the FCRL3
variant the numbers are 7% for people of European ancestry, 1% for West Africans, and
2% for African-Americans.) This implies a 1.44-fold higher risk for MS in Europeans
Americans than in African-Americans, after controlling for all other genetic and
environmental factors (1.44=(100%-21%)/(100%-45%)).

Another way to assess the epidemiological effect on relative risk for MS in European-
Americans compared to African-Americans is to directly use the ancestry association.
Focusing on the estimated risk per copy of European ancestry in the 899 cases available
up until 2007 and included in most of the analyses in this study, we infer the increased
risk per copy of European ancestry to be 1.54 per copy of European ancestry at the
chromosome 1 locus (95% confidence interval of 1.37-1.76; Table 1). This implies that
African-Americans with two copies of European ancestry at the locus (corresponding to
roughly 4%=(20%)*(20%) of African-Americans) have 1.93-fold higher risk for MS than
the average African-American (95% confidence interval of 1.67-2.33). This is higher than
the increased risk in European-Americans of 1.44 computed just based on the two
variants (above), and suggests the possibility that their effect size estimates in
European-Americans may be underestimates of those in African-Americans, perhaps
reflecting different gene-environment interactions. Alternatively, using the estimates of
ancestry association in the full cohort of 1305 individuals (Table 1), we obtain an
estimate of 1.47 increased risk in African-Americans carrying two European copies at the
site relative to African-Americans (95% confidence interval 1.26-1.73), which is more in
line with the SNP association results.

78



OCoOoONOOTULLPE, WN -

NNNNNRRBRRRRRRRBR R
B WNRPROWOLONOOOULDAWNIERERO

>

-logyo(p-value)

.
110 120 130 140 1%
Physical Position on Chromosome 1 (Mb)

°

o

-logyolp-value)

A |
.
| ?

Physical Position on Chromosome 1 (Mb)

Z evme o

-log,e(p-value)

A\

A
w—\/'\/: M/ - \ng: ’/\‘\m -

0

100
Physical Position on Chromosome 1 (Mb)

wmsNo Conditioning
—CD58
CDS8+FCRL3

Figure 1. Two variants are sufficient to explain the admixture association signal. (A-B) Top GWAS variants in the region of the
admixture association signal (red box) were taken and used in a logistic regression for genotype association on MS case-control
status in African-American data after conditioning on global and local European ancestry. Y-axis is -logio(p-value) of association with
MS case status. Shown in red are the most highly associated variants, rs12025416 in the CD58 gene for panel A and rs6681271 in the
FCRL3 gene in panel B (after conditioning on the top variant in panel A). (C) Logistic regression of local European ancestry on case-
control status in African-American data after controlling for global ancestry as a covariate as well as the top variants from panels A
and B. No conditioning indicates only controlling for global ancestry. The dotted line indicates threshold for significance (this p-value
threshold represents a lower bound on significance due to the fact that the peak can shift after conditioning). The African-American
data used for all analyses was the 2007 subset of the new cohort.
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p-value for association

with MS status at top  p-value for association with MS
Dataset CD58 variant status at top FCRL3 variant
Europeans 3.32 %1032 3.24 *10°
African-Americans before conditioning 2.51 *103 1.80 * 102
African-Americans after conditioning on top CD58 variant 1.10 * 101 1.97 * 102
African-Americans after conditioning on top CD58 and FCRL3 variants 1.24 * 101 5.83 * 1072

Table 2. p-values for association with MS status in different datasets. European dataset is the MS Chip association signal [17]. African-American
dataset is the 2007 subset of the new cohort. The CD58 variant is rs12025416, and the FCRL3 variant is rs6681271.

Discussion:

We sought to determine the specific genetic variants contributing to difference in risk for MS
between Africans and Europeans attributable to the chromosome 1 centromere region. Using
data from a custom-built genotyping platform designed specifically for studying multiple
sclerosis risk including the chromosome 1 admixture association, we replicated the original
admixture mapping signal on the centromere of chromosome 1 in the 899 cases that
overlapped with a 2007 follow-up of the 2005 study. This demonstrates that the association
found in 2005 was not likely to be due to an artifact of genotyping or a technical error in the
admixture mapping software. We have not been able to provide an explanation for the post-
2007 cases lacking the signal, as the signal in the post-2007 cases is significantly different from
the signal in the cases available until 2007.

Nevertheless, we identified two variants that are sufficient to explain the ancestry association
signal in the 899 case group, which are associated on a per-allele level to MS in a high-powered
study of people of European ancestry. The variants are associated with the CD58 and FCRL3
genes [15]. The two variants together would be expected to lead to a 1.44-fold higher rate of
MS in European-Americans compared to African-Americans, with the increase primarily driven
by the CD58 variant. The variants found in this study were not the most statistically significant
effects found in the most recent genetic map of MS in Europeans [17], but they do reside in the
same haplotype in European ancestry reference populations. In African ancestry reference
data, the respective LD is notably smaller, driven by allele frequency differences, suggesting
that the variants identified in the European admixture scan are tags and not the true variants,
and demonstrating the added value for fine-mapping provided by data from people of African
ancestry.

Given the current epidemiological uncertainty and disagreement in various studies over the
prevalence of MS in European-Americans compared to African-Americans, our findings cannot
fully account for reported epidemiological differences in prevalence between individuals of
European compared to African ancestry, and indeed it is certainly the case that there are other
important genetic and environmental effects that modulate MS prevalence and incidence rates
across populations and in changing environments. Nevertheless, it is remarkable that these two
genetic variants by themselves, irrespective of other factors, would be sufficient to predict an
increased risk in Europeans above that of Africans approximating the range that has been
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documented in some epidemiological studies (~1.49-2.27 fold). An admixture mapping study of
individuals with MS [23] that used a subset of the samples in this study did not find any signal
outside of the MHC region, except a minor one on chromosome 8 in Hispanic individuals.
However, most of those data were genotyped without dense coverage near chromosome 1, so
it is possible that this study lacked power to find the signal that we have reported here.

Additional fine-mapping of the regions identified in this study will be necessary to determine
the true causal SNPs driving the association to MS. This ultimately will require experimental
manipulation of candidate SNPs (after narrowing down to a smaller set of candidates in silico
[24]) in relevant cell lines to determine whether they affect expression of the associated genes
(or ones nearby, perhaps through affecting enhancer or transcription factor binding [25]).
However, previously published experimental work has already begun to provide insight into the
mechanism by which the CD58 gene variant contributes risk for MS. CD58, the protein coded
for by the CD58 gene, is a cell adhesion molecule present on antigen presenting cells (APCs)
that binds to CD2 on T cells to both strengthen the adhesion between T cells and APCs and to
enhance T cell activation [26]. CD58 is also expressed in B cells, a key player in MS pathology,
with higher levels of expression linked both to enhanced migration to inflammatory sites (for
anti-inflammatory activity) and to CD2 ligation [27]. A past study showed that the protective
allele of the rs2300474 variant, in strong LD with the protective allele of the rs12025416
variant, increases CD58 levels [19] (in contrast, the MS susceptibility haplotype, which harbors
the risk allele of this variant, decreases CD58 expression). This protective effect is supported by
finding that CD58 mRNA is higher in MS subjects during clinical remission [19]. Engagement of
the CD58 receptor, CD2, up-regulates the expression of transcription factor FoxP3 leading to
the enhanced function of CD4*CD25"¢" regulatory T cells [19] that are defective in subjects with
MS [28]. In this regard, a CD58:1gG1 fusion protein (Alefacept) approved for the treatment of
psoriasis has been shown to have agonistic properties [29] that might be useful for MS
treatment. Moreover, the rs2300474 variant and rs1335532, both in high LD with rs12025416,
have been associated with the autoimmune diseases neuromyelitis optica [30, 31] and primary
biliary cholangitis [32]. Lastly, the rs12025416 risk allele found in this study (A/T allele) was
found to have higher IL-6 and TNF-alpha macrophage response to Candida exposure [33],
suggesting that another possible mechanism for increased MS risk may be related to a pro-
inflammatory state induced by a stronger TNF-alpha response, possibly through decreased
CD58 stimulation on macrophages leading them to take on a pro-inflammatory state, consistent
with other MS susceptibility variants showing an enrichment in the TNF-alpha pathway [17, 18].

Surface expression of FCRL3, an immunoglobulin receptor, on B cells has been associated with
increased risk for several autoimmune diseases, including systemic lupus erythematosus,
autoimmune thyroid disease, Graves’ disease and rheumatoid arthritis [34-41], though
incongruously, the same allele (which is in high LD with the risk allele of the rs6681271 variant)
associated with increased FCRL3 expression and risk for these diseases was found to be
associated with protection from MS [42, 43], and the association with SLE was not present in
African-American, Korean or European American groups [38, 44-46]. Nevertheless, FCRL3
stimulation via secretory IgA has recently been shown to promote a pro-inflammatory
phenotype, in part by inhibiting the suppressive effects of regulatory T cells [47], as previously
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shown [48], and the risk allele of the rs6681271 variant has been shown to increase FCRL3
expression [41, 49], consistent with an increased MS risk (assuming the increased expression
promotes increased total FCRL3 stimulation on regulatory T cells). Similarly, expression of its
homolog FCRL1 was higher in patients with MS [50]. Thus, FCRL3 (or secretory IgA) inhibition
represents one potential strategy for an MS therapeutic.

In summary, two variants involved in regulation of immune responses predict a 1.44-fold
increased risk of MS in African-Americans with two copies of European ancestry compared to
baseline-risk African-Americans. It is likely that other genetic and environmental effects have
major impacts on incidence in people of both ancestries, and future work is necessary to
determine how these numerous factors interact to lead to the variable prevalence rates of MS
observed in different populations today.
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Materials and Methods:

Data Sets:

All individuals participating in the study provided full informed consent, and all experimental
assays were performed in accordance with the relevant guidelines and regulations as
determined by ethical review from the UCSF Human Research Protection Program Institutional
Review Board (IRB) (10-05039) Protocol Title: Genetic and non-genetic risk factors for MS. We
used data from samples genotyped on a specially designed Multiple Sclerosis SNP array (MS
Chip), which included SNPs from the lllumina HumanExome BeadChip [51], ancestry informative
markers (AIMS), GWAS catalog SNPs for MS, and additional SNPs near and on the centromere
of chromosome 1. We excluded individuals based on low call rate (average of <98%),
discrepancies between reported sex and genetically inferred sex, high autosomal
heterozygosity (>3.5 standard deviations above the mean), principal components analysis (PCA)
outliers, and high relatedness with other samples (PLINK PI_HAT>0.2) [52, 53]. We excluded
SNPs based on low call rate (<98%), discordance with plate controls, Hardy-Weinberg
disequilibrium (p<0.00001), and differential missingness between cases and controls (p<0.001).
After QC exclusions, there was a total of 2,460 individuals genotyped at 300,287 SNPs (from a
start of 2,630 individuals and 321,105 SNPs) available for analysis (1,305 cases and 1,155
controls). We also used summary statistics from MS Chip data [17] in a set of 39,238 European
samples from 7 different European populations (European ancestry individuals in Australia,
Denmark, Italy, Greece, Sweden, UK, and US for a total of 20,282 cases and 18,956 controls).

Admixture Mapping:

An AIM panel was constructed based on information from Tandon et al. [54] as well as
additional SNPs near the centromere of chromosome 1 with high allele frequency
differentiation (>50% difference in minor allele frequency) between YRl and CEU populations in
the 1000 Genomes Phase 3 data [55]. SNPs were LD-pruned by removing one SNP per pair with
r2>0.2 in the CEU and YRI populations and one SNP per pair with genetic distance<0.005
Morgans. SNPs with estimated frequencies that do not match the parental frequencies were
removed as suggested by Patterson et al. [3] ANCESTRYMAP was used to analyze the data with
LOD score for association defined as the ratio of the likelihood of the data under a disease
model divided by the likelihood of the data under no disease model. Local and global estimates
of ancestry were also obtained with the ANCESTRYMAP software. For most runs,
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ANCESTRYMAP was set to have risk = 1.5 and the following parameters: splittau: YES, numburn:
100, numiters: 200, emitter: 30, cleaninit: YES, resitter: 5, with the rest of the parameters set to
default. The risk was set to different numbers in the calculation of a 95% confidence interval as
described below. Empirical p-values were determined by permuting Case and Control status
and running ANCESTRYMAP for each different subset (all cases and all controls, 2007 cases and
all controls, non-2007 cases and all controls, and old 2007 cases and controls from the previous
genotyping platform) 1,000 times and determining the maximum LOD score across all
chromosomes, then comparing these scores with the maximum LOD score of the different data
subsets. P-values were calculated as the proportion of times (out of 1,000) that the permuted
run produced a maximum LOD score greater than the maximum LOD score of that data subset.
In these analyses there is no multiple hypothesis testing so a statistical significance of p<0.05
can be used.

Tests for statistical significance of alleles:

We ran logistic regressions in R of genotype on case-control status as the main tests of
association while controlling for local and genome-wide estimates of European ancestry
(calculated within the ANCESTRYMAP software during the admixture mapping runs for these
samples) as covariates. For these analyses we used the command
glm(CaseControl~Genotype+GlobalEuropeanAncestry+LocalEuropeanAncestry,
family=binomial(logit)). We also ran the reverse test regressing local European ancestry onto
case-control status and controlling for the genotypes of the top variants from the above
association as a covariate (glm(CaseControl™
LocalEuropeanAncestry+GlobalEuropeanAncestry+TopVariant, family=binomial(logit))). For this
second analysis we calculated local European ancestry using ANCESTRYMAP using interpolated
scores at 1 cM intervals across the admixture association peak. To calculate the 95% confidence
intervals, we ran ANCESTRYMAP with the different data subsets of Table 1 at risk models from
0.50to 2.0 in intervals of 0.01 and found the top LOD score on Chromosome 1 for each model.
We then obtained the raw scores as 10 to the power of the (LOD score), normalized the scores
to sum to 1 within each data subset, and calculated the confidence intervals as the intervals
that contain 95% of the normalized score, with the outer edges each summing to 2.5% (this
assumes a prior with equal weight on each of the risk models). LD between different variants
(r?) was calculated using PLINK version 1.90 [52, 53] using the --ld command. Power analyses of
SNP association in the African-American data were calculated using the calculator provided at:
https://github.com/kaustubhad/gwas-power (accessed July 26, 2020) derived from Appendix 1
of Visscher et al., 2017 [56]. The power_beta_maf function was used with beta values varying
from 0.1 to 0.4, maf (minor allele frequency) varying from 0.05 to 0.5, n=899, and pval=5E-8.
The power for the rs12025416 and rs6681271 variants were calculated using odds ratios of 1.37
and 1.07, minor allele frequencies of 0.162 and 0.490, n=899, and pval=5E-8.

Population Attributable Risk:

The population attributable risk (PAR) was calculated as 1-1/(total reduced risk), where the
total reduced risk was: a?*p? + 2*a*(p)*(q) + g%, where p is the frequency of the variant, g=1-p,
and a is the odds ratio of the variant’s effect in the population. For two variants, the total
reduced risk was calculated as:
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(alz*plz*azz*p22)+(2*a12*p12*az*pz*qz)+(a12*p12*q22)+(2*a1*pl*ql*azup22)+(4*a1*p1*q1*az*p
2*Q2)+(2*¥ ¥ pr* g * 022) (g2 * 022 * p22)+(2*q12* o2 *p2*a2)+(q12*g22), where the subscripts
indicate the variant. The risk for African-Americans was calculated assuming a model with 20%
European ancestry and 80% African ancestry (global ancestry proportions estimated in
ANCESTRMAP for each individual are provided in Supplementary Online Table 1).
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Chapter 4: Estimating contamination in
ancient nuclear DNA using linkage
disequilibrium

This section is based on the following paper | contributed to during my PhD:

Nakatsuka, N.*; Harney, E.*; Mallick, S..; Mah, M.; Patterson, N.; Reich, D. “Estimation
of Ancient Nuclear DNA Contamination Using Breakdown of Linkage Disequilibrium.”
Genome Biology (Software). 2020 Aug. 10; 21:199. https://doi.org/10.1186/s13059-020-
02111-2.

Overview:

Chapters 2 and 3 focused on analyses of present-day DNA, while the rest of this thesis
focuses on ancient DNA (aDNA) analyses. One important aspect of aDNA studies is proper
quality control, especially to determine if the DNA is truly from the ancient individual of interest
rather than from contamination. Apart from in silico tools, it is usually easier to determine if a
sample of present-day DNA has been contaminated, because one can go back to the original
individual (or to the immortalized cell lines) and compare with a new analysis. In contrast, there
is usually a more limited supply of the ancient skeletal material, and this material itself might
already be contaminated. This chapter focuses on an in silico tool we developed to estimate the
level of contamination in aDNA samples.

Ethics:

All samples used in this study were previously published data, and the statements made
in this study were almost solely based on the level of contamination in the sample rather than
anything in particular about the ancient individuals themselves. One could argue that some of
the samples might have come from studies that did not fully follow the ethical framework of
Chapter 1.2, but in these past studies there did not appear to be a breach of any previously
established guidelines and there was not (to our knowledge) any widespread opposition by the
relevant communities to the use of the skeletal material in the past studies of the samples used
in this work. Thus, this study’s use of the previously published samples is in line with the
general framework of Chapter 1.2, especially with regards to non-maleficence (due to its focus
on the sample characteristics rather than statements about the ancient individuals themselves)
and beneficence (by providing a tool that can aid the field in preventing inaccurate population
genetic inferences).
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Abstract

We report a method, ContamLD, for estimating autosomal ancient DNA (aDNA) contamination
by measuring the breakdown of linkage disequilibrium in a sequenced individual due to the
introduction of contaminant DNA, leveraging the idea that contaminants should have
haplotypes uncorrelated to those of the studied individual. Using simulated data, we confirm
that ContamLD accurately infers contamination rates with low standard errors (e.g. less than
1.5% standard error in cases with <10% contamination and data from at least 500,000
sequences covering SNPs). This method is optimized for application to aDNA, leveraging
characteristic aDNA damage patterns to provide calibrated contamination estimates.
Availability: https://github.com/nathan-nakatsuka/ContamLD.

Background

Ancient DNA (aDNA) data has emerged as a powerful tool for learning about ancient
population history, allowing direct study of the genomes of individuals who lived thousands of
years in the past [1-3]. Unfortunately, these inferences can be distorted by contamination
during the excavation and storage of skeletal material, as well as the intensive processing
required to extract the DNA and convert it into a form that can be sequenced.

Accurate measurement of the proportion of contamination in ancient DNA data is
important, because it can provide guidance about whether analysis should be restricted to
sequences that show the characteristic pattern of C-to-T mismatch to the reference genome of
authentic aDNA (if contamination is high) [4], or carried out at all. When analysis is restricted to
focus only on sequences showing evidence of characteristic ancient DNA damage, the
substantial majority of authentic sequences are usually removed from the analysis dataset, as
only a fraction of genuinely ancient sequences typically carry characteristic damage. In addition,
if a sample is contaminated by another individual with damaged DNA—which can arise for
example as a result of cross-contamination from other specimens handled in the same ancient
DNA laboratory—it is impossible to distinguish authentic sequences from contaminating ones
based on the presence or absence of characteristic ancient DNA damage.

Current methods for estimating contamination have significant limitations. Methods
based on testing for heterogeneity in mitochondrial DNA sequences (which are almost always
homogeneous in an uncontaminated individual) can be biased, because there are several
orders of magnitude of variation in the ratio of the mitochondrial to nuclear DNA copy number
across samples. Thus, samples that have evidence of mitochondrial contamination can be
nearly uncontaminated in their nuclear DNA, while samples that have no evidence of
mitochondrial contamination can have high nuclear contamination [5]. Another reliable set of
methods for estimating rates of contamination in ancient DNA leverage polymorphism on the X
chromosome in males, including the popular ANGSD method [6-9] and an improved
methodology that enhances power for low-coverage samples [10]. However, these methods do
not work in females.

Several methods for estimating contamination rates in nuclear DNA from modern
genomes have been published, including ContEst [11] and ContaminationDetection [12].
However, these methods generally rely on access to uncontaminated genotype data from the
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individual of interest or access to all possible contaminating individuals, neither of which is
typically available for aDNA. Another method estimated modern human autosomal
contamination in aDNA from archaic Denisovans [13] and Neanderthals [14] by producing
maximum likelihood co-estimation of sequence error, contamination, and parameters
correlated with divergence and heterozygosity. However, this method heavily relies on the
significant divergence between archaic and modern humans. A similar method, DICE, expanded
on this method and jointly estimates contamination rate and error rate along with demographic
history based on allele frequency correlation patterns [15]. However, this method requires both
explicit demographic modeling and high genome coverage. While this may be effective for
estimation of contamination in archaic genomes like Neanderthals and Denisovans that are
highly genetically diverged from likely contaminant individuals, it is not optimized for study of
contamination among closely related present-day human groups with complex demographic
relationships relative to each other, or contamination from individuals of the same population.
In Racimo et al. 2016 [15], DICE required over 3x genome sequence coverage and solved the
distinctive problem of measuring contamination of present-day humans in a Neanderthal
genome.

We report a method for estimating autosomal aDNA contamination using patterns of
linkage disequilibrium (LD) within a sample. This approach, implemented in our software
ContamLD, is based on the idea that when sequences from one or more contaminating
individuals are present in a sample, LD among sequences derived from that sample is expected
to be diminished, because the contaminant DNA derives from different haplotypes and
therefore should have no LD with the authentic DNA of the ancient individual of interest. Thus,
the goal of the algorithm is to determine the LD pattern the ancient individual would have had
without contamination and compare it to the LD pattern found in the sample. The LD patterns
of ancient individuals are determined using reference panels from 1000 Genomes Project
populations to compute approximate background haplotype frequencies, where haplotypes are
defined as pairs of SNPs with high correlation to each other. Contamination is then estimated
by fitting a maximum likelihood model of a mixture of haplotypes from an uncontaminated
individual and a proportion of contamination (to be estimated from the data) from an
unrelated individual. ContamLD corrects for mismatch of the ancestry of the ancient individual
with the reference panels using two different user-specified options. In the first option,
mismatch is corrected using estimates from damaged sequences (which, ideally, lack present-
day contaminants). In the second option, ContamLD performs an “external” correction by
subtracting the sample’s contamination estimate from estimates for individuals of the same
population believed to have negligible contamination (the user could obtain this value from a
ContamLD calculation on a male individual with a very low estimate of contamination based on
ANGSD). The second option has more power than the first option and allows detection of cross-
contamination by other ancient samples, but it could be biased if a reliable estimate from an
un-contaminated individual from the same population is not available for the external
correction.

We show that ContamLD accurately infers contamination in both ancient and present-
day individuals of widely divergent ancestries with simulated contamination coming from
individuals of different ancestries. The contamination estimates are highly correlated with
estimates based on X chromosome analysis in ancient samples that are male, as assessed using
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ANGSD [16]. ContamLD run with the first option has standard errors less than 1.5% in samples
with at least 500,000 sequences covering SNPs (~0.5x coverage for data produced by in-solution
enrichment for ~1.2 million SNPs [2, 17], or ~0.1x coverage for data produced using whole-
genome shotgun sequences). With the second option, ContamLD has standard errors less than
0.5% in these situations, allowing users to detect samples with 5% or more contamination with
high confidence so they can be removed from subsequent analyses.

Results

Simulations of Contamination in Present-Day Individuals:

To test the performance of ContamLD, we simulated sequence level genetic data. For
our first simulations, each uncontaminated individual was simulated based on genotype calls
from a present-day individual from the 1000 Genomes Project dataset. To determine the
sequence coverage at each site, we used data from an ancient individual for which we had data
at 1.02x coverage and in each case generated the same number of simulated sequences at each
site, with the allele drawn from the present-day individual e.g. if the present day individual is
homozygous for the reference allele at a site, all simulated alleles are of the reference type,
while if the present day individual is heterozygous, simulated alleles are either of the reference
or alternative variant, with 50% probability of each). The damage status (i.e. whether it carries
the characteristic C-to-T damage often observed in ancient DNA sequences) of each sequence
was also determined based on the status of the ancient reference individual. Contaminating
sequences were then “spiked-in” at varying proportions (0 to 40%), using an additional present-
day individual from the 1000 Genomes Project to determine the contaminating allele type (see
Methods). All contaminating sequences were defined to be undamaged, as would be expected
if the contamination came from a non-ancient source.

For most of the analyses reported in this study, we simulate data for SNP sites targeted
in the 1.24 million SNP capture reagent [2, 17] that intersect with 1000 Genomes sites, after
removing sites on the X and Y chromosomes (this leaves ~1.1 million SNPs). The ContamLD
software also allows users to make panels based on their own SNP sets, and in a later section
we report results from a larger panel (~5.6 million SNPs) provided with the software that we
recommend for shotgun sequenced samples, and which provides more power to measure
contamination.

We first analyzed data generated using a reference individual from the 1000 Genomes
CEU population (Utah Residents (CEPH) with Northern and Western European Ancestry) and
the SNP coverage profile of a 1.02x coverage ancient individual of West Eurasian ancestry
(Iberian Bronze individual 13756 who lived 2014-1781 calBCE; see Methods). Supplementary
Figure 1illustrates the distribution of LOD (logarithm of the odds) scores generated when
ContamLD is run on samples with 0%, 7% and 15% simulated contamination. Supplementary
Figure 2 shows the contamination rate estimates generated for data with simulated
contamination rates between 0 to 40%. At very high contamination (above 15%) ContamLD
often overestimates contamination, but in practice samples with above 10% contamination are
generally removed from population genetic analyses, so inaccuracies in the estimates at these
levels are not a concern in our view (the importance of a contamination estimate in many cases
is to flag problematic samples, not to accurately estimate the contamination proportion).
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ContamLD assumes that the individual making up the majority of the sequences is the base
individual, so we do not explore contamination rates greater than 50% in these simulation
studies.

We observe a linear shift in the contamination estimates such that most estimates are
biased to be slightly higher than the actual value, with even greater overestimates occurring at
higher contamination rates (Supplementary Figure 2). This is likely due to the difference
between the haplotype distribution of the test individual and that of the haplotype panel, since
the magnitude of this shift increases as the test individual increases in genetic distance from
the haplotype panel. Even in cases where the test individual is of the same ancestry as the
haplotype panel (as in Supplementary Figure 2) there is expected to be a shift, because the test
individual’s haplotypes are a particular sampling of the population’s haplotypes, and the
difference between having only frequencies of the haplotype panel and a particular
instantiation of those frequencies in the test individual will lead to the artificial need for an
external source (“contaminant”) to fit the model properly.

In contrast to the upward bias in contamination estimates due to mismatch of the
individual’s haplotypes with the reference panel haplotype frequencies, we observe negative
shifts for inbred individuals, as expected because ContamLD assumes the paternal and maternal
copy of a chromosome are unrelated. In contrast, if the two chromosomes are related, extra LD
will be induced and more contamination will be necessary to produce the expected LD pattern.
In principle, this inbreeding effect could be corrected explicitly by estimating the total amount
of ROH in each individual and applying this as a correction, although we do not provide such
functionality as part of our software. If a reliable methodology for quantifying the proportion of
the genome that is affected by inbreeding in ancient individuals becomes available, ContamLD
could be further improved by using this information as an input parameter.

A final type of bias could be expected to arise if the contamination comes from an
individual related to the target individual. In this case the true contamination rate is expected
to be under-estimated, because ContamLD only detects contamination where the contaminant
sequence differs from the target individual’s sequence. If the contaminant carries the same
haplotypes as the target individual, in the most extreme case as expected for an identical twin,
then the existence of contamination will be missed altogether. In general, contamination from
closely related individuals is unlikely to be a concern for many population genetic analyses, as
close relatives usually (but with important exceptions) have very similar ancestry.

In our implementation, we correct for these systematic biases in two ways,
implemented as different options in ContamLD.

The first option leverages information from sequences that contain evidence of the C-
to-T damage that is characteristic of ancient sequences. This option assumes these sequences
are authentically ancient and not derived from a contaminating source (assumed to be from
present-day individuals), so the ContamLD estimate based on undamaged sequences is
corrected by estimates based on the damaged sequences (see Methods for more details). In the
second option, we allow the user to subtract the contamination estimate from the estimate of
an individual of the same ancestry assumed to be uncontaminated. An advantage of the second
option compared to the first is that it has smaller standard errors (Figure 1), reflecting the fact
that it does not rely on estimates from damaged sequences (reliance on damaged sequences
reduces power since it often reflects a very small subset of the data). A second advantage of
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the second option is that it allows estimation of contamination in cases where the source of
contamination is also ancient in origin, as would be expected if the contamination occurred
anciently or due to cross contamination with other ancient samples (the first option would be
expected to produce an underestimate of contamination in such cases, since it assumes that
sequences that contain C-to-T damage are not contaminated). On the other hand, a drawback
of the second option is that it requires users to identify a relatively high coverage,
uncontaminated, ancestry-matched sampled for benchmarking purposes; the method is also
only expected to work if there is minimal inbreeding in either the sample of interest or the
matched sample. Identifying such benchmarking samples may be impossible when analyzing
samples from previously unsampled contexts (e.g. early modern humans), and indeed verifying
that a benchmarking sample is uncontaminated is very difficult if it is female (if it is male a
method like ANGSD can be used).

In what follows, we report results of analyses based on the first option, but ContamLD
includes both methods as options. The uncorrected score also forms the basis for warning
output by the software, namely high contamination or possible contamination with another
ancient sample leading to an inaccurate damage correction estimate.
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Figure 1. ContamLD estimates when the target individual, contaminant, and haplotype panel are from the CEU
population. Contamination estimates when the simulated contamination rate is between 0.00-0.15. A) Estimates
with damage restricted correction (option 1). B) Estimates with external correction from an uncontaminated
sample (option 2). The black dotted line is y=x, which would correspond to a perfect estimate of contamination.
Error bars are 1.96*standard error (95% confidence interval determined via jackknife resampling across
chromosomes).

Simulated Contamination of Ancient Samples with Present-Day Samples:

ContamLD is designed to work on ancient individuals, so we simulated contamination of
real ancient individuals with present-day individuals from the 1000 Genomes Project, a scenario
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that would occur when skeletal material from ancient individuals is contaminated by present-
day individuals during excavation or at some point during the processing of the material. We
used data from male individuals selected due to very low X chromosome contamination
estimates (less than 1%) based on ANGSD [16] (developed first in Rasmussen et al. [9]; we used
method 1 of that software). (We subtracted the ANGSD estimates from the ContamLD
estimates to correct for any residual contamination.) Figure 2A shows results from the Iberian
Bronze Age sample [18] (13756) with 1.02x coverage at the targeted ~1.24 million SNP positions,
demonstrating that ContamLD produces highly accurate contamination estimates for this
simulation.

Effect of Different Haplotype Panels

There are many potential cases in which ancient individuals can come from populations
with very different genetic profiles compared to present-day 1000 Genomes populations,
leading to an ancestry mismatch to the haplotype reference panels. ContamLD provides panels
from all 1000 Genomes populations as well as tools to identify the panel most closely matching
to the ancestry of their ancient individual (based on outgroup-f; statistics [19] to determine the
most shared genetic drift), which they can then select for the analysis. However, due to the
potential for ancestry mismatch to still occur, we tested the effect of choosing haplotype panels
that are genetically diverged from the individual of interest (Figure 2A). For the ancient Iberian
sample, the CEU and TSI (Toscani in Italia) panels—representing northern and southern
European ancestry, respectively—yielded contamination estimates that are close to the true
contamination rate, especially for rates below 5%. However, ContamLD underestimates
contamination by ~2% when the CHB (Han Chinese in Beijing, China) and YRI (Yoruba in Ibadan,
Nigeria) panels were used instead (though we view these as very pessimistic cases, because the
user should usually be able to choose a panel more closely related to their ancient individual
than these scenarios). We thus recommend that users take care to choose an appropriate panel
that is within the same continental ancestry as their ancient individual. Nevertheless, we note
that we were able to obtain reasonably accurate estimates for Upper Paleolithic European
hunter-gatherers, such as the Kostenkil4 individual [20], who is ~37,470 years old, even when
using present-day European panels that have significantly different ancestry from the hunter-
gatherers (Supplementary Figure 3).
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Figure 2. Genetic divergence between uncontaminated individual and contamination sources or haplotype
panels impacts ContamLD estimates. A) Ancient Iberian (13756, 1.02x coverage) contaminated with CEU with
haplotype panels generated from CEU, TSI, CHB, and YRI populations. B) Contamination estimates from the same
ancient Iberian contaminated with TSI, CHB, or YRI and analyzed with a CEU panel; from an ancient East Asian
(DA362.SG, 1.10x coverage) contaminated with CEU and analyzed with a CHB panel; and from an ancient South
African (19028.5G, 1.21x coverage) contaminated with CEU and analyzed with a YRI panel. The black dotted line is
y=X, corresponding to a perfect estimate of contamination. All estimates use the damage restricted correction
(option 1).

Effect of Mismatch Between the Ancestry of the True Sample and Contaminating Individual
Contamination can come from a wide variety of sources, including, but not limited to,
members of the archaeological excavation team, the aDNA laboratory, or residual human DNA
on the plastic and glassware or in laboratory reagents. Thus, we sought to understand the
effect of mismatch in the ancestry of the true sample and the contaminating individual in our
contamination estimates. We found that as the ancestry of the two diverged, ContamLD over-
estimated contamination (Figure 2B and Supplementary Figure 4). This occurred when we
tested an ancient European with different contaminant ancestries and when we tested ancient
East Asian [21] and ancient South African [22] samples contaminated with European DNA.
Nevertheless, the over-estimation was not severe at contamination levels below 5 percent, and
samples above this proportion would likely be flagged as problematic. We also explored
scenarios where the ancestry of the panel matches the contaminant rather than the true
sample (Supplementary Figure 4) and found a ~2% under-estimate at low levels of
contamination and an over-estimate at high levels of contamination; these are modest effects
and are unlikely to change our qualitative assessment. When we tested the effect of having
multiple contaminant individuals (Supplementary Figure 5), we found only a slight over-
estimate at higher levels of contamination, as expected given ContamLD normally assumes
contamination from a single individual where the haplotypes are re-formed if they are created
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from two contaminant reads (which will happen at lower rates with more contaminant
individuals).

Estimating Contamination in Admixed Individuals

ContamLD relies on measuring the difference between the LD pattern of the sample and
that expected from an uncontaminated individual. However, individuals from groups recently
admixed between two highly divergent ancestral groups have LD patterns that are similar in
some ways to that of an unadmixed individual with contamination from a group with ancestry
diverged from that of the individual of interest. To understand how this would impact
ContamLD, we ran the software on an ASW (Americans of African Ancestry in Southwest USA)
individual with different levels of added CEU contamination. When we ran ContamLD with a YRI
panel and no correction on an individual with no contamination, the individual was inferred to
have a contamination of ~20% (likely because the individual had ~15% European ancestry, and
this was interpreted by the software as contamination). Using an ASW panel did not perform
any better. However, the concerns were mostly addressed by the damage-restricted correction
(option 1) at low contamination levels (Supplementary Figure 6). The simulation with African-
Americans represents an extreme of difficulty, because the individual is from a group with very
recent admixture (~6 generations [23]) of ancestries highly divergent from each other with one
of the ancestries very genetically similar to the reference panel. It highlights how the damage-
restricted correction is still able to produce accurate estimates in these difficult cases.

Effect of Coverage:

We tested the power of our procedure at different coverages with simulations of
ancient West Eurasian ancestry individuals contaminated with CEU on the 1240K SNP set
(Figure 3). We found that while our estimates were not biased to produce estimates
consistently above or below the true value, the standard errors increased significantly at lower
coverages, as expected for the decreased power for accurate estimation in these scenarios. We
provide a much larger panel with ~5.6 million SNPs (vs. ~1.1 million for the 1240K panel) that
usually decreases standard errors for samples that are shotgun sequenced (Supplementary
Figure 7). This panel increases ContamLD’s compute time and memory requirements, so we
recommend that it only be used for individuals with lower than 0.5x coverage. As an additional
feature, we provide users tools to create their own panels to meet their specific needs.
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Figure 3. ContamLD estimates for ancient European samples of different coverages after damage restricted
correction (option 1). An ancient Iberian of 0.46x coverage, an ancient Hungarian of 0.27x coverage, and an
ancient Ukranian of 0.015x coverage (~16,000 snps) were contaminated with CEU and analyzed using a CEU panel
with ContamLD option 1 (damage restricted correction). The black dotted line is y=x. Error shading is
1.96*standard error (95% confidence interval).

Simulations to Compare ContamLD to ANGSD X Chromosome Estimates

We performed simulations where we randomly added sequences at increasing levels
from 0 to 15% from an ancient West Eurasian individual (110895) into the BAM files of 65
ancient male individuals of variable ancestries and ages (we set the damaged sequences to be
only from the non-contaminant individual; see Methods). We chose ancient male individuals
that had average coverage over 0.5X and X chromosome contamination estimates under 2%
(using method 1 of ANGSD) when no artificial contamination was added (and also corrected
even for this baseline contamination by setting damaged reads to be a 5% down-sampling of
the files that had no artificial contamination; see Methods). We then analyzed the individuals
with ContamLD and ANGSD and found that compared to ANGSD, ContamLD consistently had
similar errors relative to the true contamination level (Figure 4, Supplementary Online Table 2).
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Figure 4. Contamination estimates with ContamLD and ANGSD for ancient individuals with different levels of
contamination added. 65 ancient individuals with average coverage over 0.5X had increasing levels of artificial
contamination added in (from 110895, an ~1200BP ancient West Eurasian individual) and were then analyzed with
ContamLD (with panels most genetically similar to the ancient individual and using damage restricted correction,
option 1) and ANGSD. Details of all estimates (including standard errors) are provided in Supplementary Online
Table 2. The black dotted line is y=x, which would correspond to a perfect estimate of the contamination.

Comparing ContamLD, ANGSD, and Mitochondrial Estimates (ContamMix) in Ancient Individuals
without Added Contamination

We tested 439 ancient males with ContamLD, ANGSD (X chromosome contamination
estimates), and ContamMix (mitochondrial contamination estimates) without adding additional
contamination. For this analysis, we included published data generated with the ~1.24 million
SNP enrichment reagent, as well as data from libraries that failed quality control due to
evidence of contamination (Supplementary Online Table 3). Similar to prior studies [5], the
mitochondrial estimates often differed from the nuclear (ANGSD and ContamLD) estimates,
showing high contamination in some libraries with low nuclear contamination, and low
mitochondrial contamination in some libraries with high nuclear contamination (Figure 5A). In
contrast, ANGSD and ContamLD had better concordance. However, we observed that some of
the samples with high contamination estimates based on ANGSD had much lower ContamLD
estimates, reflecting over-correction from analyzing the damaged sequences, perhaps because
the contamination was actually cross-contamination from other ancient individuals, violating
the assumptions of our damage-correction (Figure 5B). This problem was mitigated in part,
however, because ContamLD produces a warning of “Very_High_Contamination” if the
uncorrected estimate is above 15% (even in cases where the corrected estimate is very low),
and all samples with X chromosome estimates over 5% were flagged with this warning and/or
had estimates of over 5% contamination with ContamLD (all samples with less than 5%
contamination in ANGSD had lower than 5% contamination with ContamLD). It is unfortunately
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not possible to know the true contamination of the samples we tested in Figure 5, but the fact
that our software produced results with good correlation to X chromosome estimates shows
that it works well in real ancient data.

It is possible for there to be samples with moderately high contamination from another
ancient individual but both a low damage restricted correction estimate and no warning
generated, because these would have high uncorrected estimates, yet not high enough to reach
the threshold required for the warning. These samples would have to be identified with an
external correction. Lowering the threshold for the “Very_High_Contamination” warning would
produce too many false positives, because there are many cases with high uncorrected
estimates that have low corrected estimates that are likely not contaminated (e.g. due to
ancestry mismatches of the panel and the test individual). To understand these issues better,
we performed a simulation in which an ancient Iberian (I13756) was contaminated with another
ancient West Eurasian individual (110895) and the damaged sequences were set to be a 5%
down-sampling of the set of contaminated sequences (thus simulating a case in which all of the
contamination is from another ancient individual who has the same damage proportion as the
ancient individual of interest). We found that, as expected, the contamination from the ancient
individual was not detected (the contamination estimates were always near 0%) by the damage
restricted correction version of ContamLD until the contamination reached 15% at which point
the “Very_High_Contamination” flag came up (Supplementary Figure 9). The contamination
would have been detected with the external correction version of ContamLD (since the damage
restricted correction continued to go up with increasing contamination; see Supplementary
Online Table 4), but without an uncontaminated ancient individual of the same group as the
target individual, this would be difficult to do without bias in the contamination estimate.
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Figure 5. Contamination estimates from ContamLD, ANGSD, and ContamMi ix in 439 ancient individuals of
variable ancestry. ANGSD estimates (method 1) are plotted on the X-axis, and on the Y-axis are either (A)
ContamMiix or (B) ContamLD estimates. In red are samples that were flagged in ContamLD as
“Very_High_Contamination” based on having uncorrected estimates over 15%. All ContamLD estimates below 0
were set to 0.
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Discussion and Conclusion

We have presented a tool, ContamLD, for estimating rates of autosomal DNA
contamination in aDNA samples. ContamLD is able to measure contamination accurately in
both male and female individuals, with standard errors less than 1.5% for individuals with
coverage above 0.5X on the 1240K SNP set (for contamination levels less than 10%) for the
damage restricted correction method (option 1). On the shotgun panel we provide, standard
errors are less than 1.5% for coverages above 0.1x. ContamLD is best suited to scenarios in
which the contaminant and the ancient individual of interest are similar ancestry, which is
useful, because DICE [15] and many population genetic tools (e.g. PCA or ADMIXTURE [24]) are
better suited for detecting cases where the contaminant is of very different ancestry from the
ancient individual of interest. ContamLD works even for recently admixed individuals. Lastly,
ContamLD can detect cases of contamination from other ancient individuals, though this works
best if it is large amounts of contamination that can reach the threshold required for the
“Very_High_Contamination” flag.

We tested ContamLD in multiple simulation scenarios to determine when bias or less
reliable results could be expected. When applied to the situation with a test individual (ancient
or present-day), contaminant, and haplotype reference panel all from the same continental
ancestry, ContamLD provides an accurate, unbiased estimate of contamination. When the
contaminant comes from a population that is of a different continental ancestry from the
population used for the base and haplotype panel, the contamination appears to be slightly
overestimated, particularly for higher contamination. This should not be a large problem in
analyses of real (i.e. non-simulated) data, because the effect is small at the contamination
levels of interest (<5%). When we varied haplotype panels, we found that the estimator is
robust when applied to simulated datasets using haplotype panels that are moderately
divergent from the base sample (within-continent levels of variation). We provide users tools
for automatically determining the panel that shared the most genetic drift with the sample so
that the user can select the panel most closely related to the sample. In other simulations, we
found that the performance of the algorithm declines as the coverage of the sample decreases.
The estimates are not biased, the standard errors substantially increase when fewer than
300,000 sequences are available. In these cases, if the individual was shotgun sequenced, we
recommend that users choose the shotgun panel, which will substantially increase power for
the analyses.

We applied the algorithm to estimate contamination levels in dozens of ancient samples
and compared them to X chromosome-based contamination estimates. There was generally
good correlation with the X chromosome estimates, except that when the true contamination
was very high, the LD based estimates were sometimes estimated incorrectly, likely because
the contamination was due to cross-contamination from another ancient individual and there
was over-correction from the damage estimates. This problem is mitigated, however, because
the software indicates if the uncorrected estimate is very high so users can identify highly
contaminated samples and remove them from further analyses. A difficult case for the software
is if there is contamination in part from another ancient sample. This can cause an over-
correction and lead to an under-estimate of the contamination. The
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“Very_High_Contamination” warning catches very high contamination from other ancient
samples, but it will miss cases of moderate levels of contamination from other ancient samples,
because it will not reach the threshold required for the warning. In theory, the user can
determine the true contamination in these cases using the external correction, but the external
correction can be difficult if the user does not have an adequate sample to correct the estimate
of the sample of interest. The damage correction of the software also does not work if the
samples have undergone full UDG treatment (no damaged sequences), and for this case, the
external correction is the only option.

The software run-time is dependent on SNP coverage. If ~1,000,000 SNPs are covered
(the depth of the coverage on each SNP does not affect run-time), the analysis takes
approximately 2 hours if 3 cores are available on CentQS 7.2.15 Linux machines (~25 GB of
memory). The software is designed for samples to be run in parallel, so the total time for
analysis even for large numbers of samples is often not much greater than the time for a single
sample.

In summary, ContamLD is able to estimate autosomal nuclear contamination in ancient
DNA accurately with standard errors that depend on the coverage of the sample. This will be
particularly useful for female samples where X chromosome estimates are not possible. As a
general recommendation for users, we believe in most cases all samples with a contamination
estimate that is greater than 0.05 (5%) should be removed from further analyses, or the
contamination should be explicitly modeled in population genetic analyses.
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Supplementary Data:

The supplement of this study includes 4 Excel spreadsheets detailing all ancient samples used
and the contamination estimates for this algorithm. Also included are 10 supplementary
figures.

Materials and Methods

Datasets:

Present-day samples:

Genome wide datasets from individuals that were part of the 1000 Genomes Project [25] were
used as present-day reference samples. We restricted to autosomal sites included in the aDNA
~1.24 million SNP capture reagent [2, 17] and to SNPs at greater than 10% minor allele
frequency in the pooled 1000 Genomes Project dataset [25]. However, the software allows
users to make panels based on their own SNP set. In the analyses presented here, we filtered
for SNPs that were present in the 1000 Genomes dataset and also removed all sex chromosome
SNPs leading to 1,085,678 SNPs in the final 1240K dataset and 5,633,773 SNPs in the final
shotgun dataset.

Ancient data set:

We analyzed mitochondrial and X chromosome contamination estimates [16, 26] from ancient
individuals from previous studies generated by shotgun sequencing or targeted enrichment
with 1.24 million SNP enrichment, including many samples that failed quality control due to
contamination but were from the same archaeological sites [2, 22, 27-33]. Information about
the ancient individual data are detailed in Supplementary Online Table 1 and below.

Obtaining sequence information:

For each ancient individual, we generated the sequence-depth data from the sample bam file,
counting the number of reference and alternative alleles at each SNP site in the analysis
dataset. Damage-restricted data was generated by restricting to sequences with PMD scores
greater than or equal to 3 [4]. Our software can accommodate both genotype call data as well
as sequence data (the sequence data adds additional power to the analyses), but all analyses
were performed using the sequence-based method. We provide users with tools to pull down
read count data from BAM files in the format required for ContamLD.

Haplotype Calculation

To create haplotype panels, we obtained all SNP pairs in high LD for each 1000 Genomes
population using PLINK version 1.9 [34] with r? cut-off of 0.2. (Users can increase power slightly
at the expense of increased computational time by creating their own haplotype panel with a
lower r? cutoff.) We then calculated the frequencies of each SNP in all of these pairs as well as
the haplotype frequencies at each of these pairs while holding out the present-day individuals
used for contamination simulation.
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Algorithm to Estimate Contamination

Overview:

Our goal is to estimate a, the level of contamination, by examining the frequencies of allele
pairs that should be in LD (we term this two-allele pair a haplotype) and determining how much
their frequencies differ from what would be expected under no contamination. To estimate
this, we need both the distribution underlying the haplotypes (g) that an uncontaminated test
sample should have as well as the distribution of “unrelated haplotypes” (k) that would form by
chance from background allele frequencies. Here and below, “distribution” refers to the set of
frequencies of the different possible haplotypes (all possible combinations of ancestral and
derived alleles at the SNP pair) across all haplotypes in the genome. Supplementary Figure 10 is
a schematic of the algorithm.

Determining Haplotype Distributions Based on Reference Panels:

To determine g we must account for the fact that the test individual’s genotypes do not have
diploid calls and are not phased. Due to the low sequence depths at each SNP in many ancient
DNA datasets, it is difficult to make confident heterozygous calls, so instead we create pseudo-
haploid calls by randomly choosing a sequence to represent the genotype at that position (this
holds when we are using genotype calls or the sequence information directly, and when
multiple sequences cover the same SNP, we use all of them and treat them as independent).
Thus, for this analysis, when examining a pair of SNPs, it is equally likely for the SNP pair to have
been formed from the true haplotype (if the same parental chromosome is sampled from in
both SNPs of the haplotype) or the background distribution (if the opposite parental
chromosome is sampled from). We therefore can estimate q as:

q="h/2+h/2
where h is the distribution of true haplotypes and h is the distribution of unrelated haplotypes
that would form by chance from background allele frequencies. For inbred samples, the weight

on h is more than 1/2, because the two parental chromosomes are more related, but this can
generally be corrected (see below).

h can be determined by multiplying the SNP frequencies to obtain the haplotype frequencies
that would form after randomly pairing SNPs of unrelated individuals. h can be estimated from
an external reference panel using a maximum likelihood estimator (MLE) to obtain haplotypes

frequencies in the population from the counts (necessary because the panels are not phased).
The MLE set-up is:

log(L(hle)) = 7y 3oiy cijlog(P(i, j|h))

with:

P(i, jlh) = Zal,a2,b1,b2:0,1;a,b—>(i,j) h(aubl) * h(az,bQ)
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where P(i, j|h) is the (unknown) diploid count distribution of the haplotypes of the population
the test individual is from (approximated by the external panel), n is the number of SNP pairs, ¢
is the vector of observed haplotypes in the diploid count panel (from 1000 Genomes), i sums
over all 4 haplotype possibilities, h(,p) are the (also unknown) haplotype distributions of the
parents of the test individual (the haploid chromosomes they pass on to their child), and a, b -
(i, j) implies that a; + a2 =i and b; + bz = j, meaning that one adds up all cases where the
haplotype combination would lead to a particular diploid count (e.g. in the notation, for
example, 01,11 means the first parent contributes a haplotype that has 0 alternative alleles at
the first SNP and 1 alternative allele at the second SNP, and the second parent contributes a
haplotype where both SNPs have the alternative allele. The test individual with these parents
would then have a 12 diploid count, which means at the first SNP the individual has 1
alternative allele and at the second SNP the individual has 2 alternative alleles. Since our
observed data are not phased, both 01,11 and 11,01 would lead to a 12 diploid count). This
assumes independence of SNP pairs, which is not true, but because our standard errors are
based on jackknife resampling across chromosomes, correlation among SNP pairs is corrected
for in our error estimates.

The MLE would be computationally intractable to solve due to our lack of knowledge of which
parent contributed to each count, so we instead used an EM algorithm to obtain h, where
knowledge of the parents’ contribution is the unobserved latent variable. The algorithm
involves an expectation step of:

o Cli) * Daps(ig) MH(ab) * Pias,b)
1 P(i, j|h)

where n; is the expected number of times that the (a, b) configuration of the father’s
chromosome contributed to a particular diploid count (this is the same value for the mother, n,
because they are assumed to be from the same haplotype distribution). In other words, given
the observed haplotype counts in the reference panel, how many times would it be expected
that a particular haplotype configuration (e.g. ancestral at SNP1, derived at SNP2) in one of the
parents contributed to those counts?

Once the counts (n: and ny) of the haploid parents are obtained, they are added together to
produce the diploid individual (i.e. the expected number of all possible haplotype
configurations). Then the expected value of the haplotype distribution can be maximized by
averaging over the possible haplotype distributions. Thus, the maximization step is:

D@apy = (.5 Clig) * [m1 + nol
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where D(a,b) is the sum of the probabilities of a particular haplotype configuration over all
diploid count configurations.

We initially set all h(a,b) to be 0.25 and then iterated through the algorithm until convergence
(using a squared distance summed over all SNPs and a threshold of 0.001). We then used this
estimate of h to get an estimate of g (based on the first equation above).

Estimating Contamination Based on Haplotype Distributions and Test Individual’s Haplotypes:
To estimate a, we used the equation:

T=(1-2a'+2a'%)g+2a’(1-a')h

Here T is the expected distribution underlying the observed haplotypes of the sample, which is
a mix of the test individual and contaminant. This means that assuming the test individual
comes from a population with a haplotype distribution (frequency of the different haplotype
possibilities at each SNP pair throughout the genome) that can be approximated by the chosen
reference panel (and estimated as above), T is the haplotype distribution expected for the
sample given a particular amount of contamination (o, where ' is used to indicate that this is an
estimate of the real a). g is the haplotype distribution for an uncontaminated sample. A fraction

(1 = a’)? + a’? of the distribution should look like this, where (1 — &’)? is the probability that

two uncontaminated sequences form the SNP pair and o2 is the probability that two
contaminated sequences form the SNP pair, assuming the contaminating sequences are from a
single individual, which would “re-form” a SNP pair with LD (note: this also makes the
simplifying assumption that the contaminant and the test individual have the same background
haplotype and SNP distribution). & is the distribution of unrelated “haplotypes” that would
form by chance from background allele frequencies in the population. Contamination would

form these unrelated haplotypes by breaking up LD, so a fraction 2a’(1 — o) of the distribution

should look like this (the probability that the SNP pair is formed from a contaminated sequence
and an uncontaminated sequence).

This expression can be used to solve for a’ by maximizing the LOD (log of the odds) scores
under the null hypothesis that a’ = 0 and the alternative hypotheses of different a’. A LOD score
is assigned to each estimate of the contamination rate (a) between -0.1 to 0.5 (negative scores
are included to allow correction for inbreeding). The grid of o is scaled by intervals of 0.0001.
The a’ with the highest LOD score is the best estimate of a, and is returned. When we have
multiple sequences on the same SNP we assume independence of the sequences, which
provides additional power. The assumption of independence does not bias the error estimation
for the same reason as explained above for independence of SNP pairs.

Correcting for Bias in Contamination Estimates:

In practice, the @’ we obtain is not equal to the true a, because the reference panel does not
perfectly capture the SNP and haplotype frequencies of the test sample. We found that this
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difference causes a linear shift in contamination estimate where the mismatch between the
sample individual and the reference panel leads to a positive shift while inbreeding leads to a
negative shift. These biases can be addressed in either of two ways.

First, for the “damage correction” approach, we performed an a’ estimate only on alleles from
sequences with evidence of damage characteristic of ancient samples. Under the assumption
that these sequences are not affected by present-day contamination, the inferred a’ would be
an estimate of the bias, which can be subtracted out from the estimate based on all sites. We
separately analyzed the following pairs of SNPs: UU (both SNPs at undamaged sequences), DU
(one site damaged and the other undamaged), and DD (both SNPs at damaged sequences). For
the UU pairs, the value we calculate would be a + k, where k is the linear shift. For DU pairs the
value calculated would be a/2 + k, and for DD pairs the value calculated would be k. We added
the likelihoods for these pairs and maximized the likelihood to solve for a and k. After solving
for a, we multiply by (1-damage rate) to obtain the contamination level across all sequences,
because a is the contamination rate at undamaged sequences.

Second, for the “external correction” approach, we took individuals from the test individual’s
population that were high coverage and samples we believed had very low contamination
(based on X chromosome estimates with ANGSD using method 1 as developed first by
Rasmussen et al. [9]) and measured a’. We assumed a true contamination of O for these
samples and thus subtracted this o’ from all other contamination estimates. We caution that
this method does not correct for uncertainty in the contamination estimate in the external
sample used for benchmarking.

Comparison to a Similar Method:

The approach of ContamLD is similar to that of Vohr et al. [35] except the two have the
opposite goals. Vohr et al. searches for LD in reads from two different samples in an attempt to
determine whether the two samples are from the same individual (or closely related
individuals), using a reference panel to determine LD patterns. In contrast, ContamLD searches
for breaks in LD in the sequences of a single sample to determine if sequences from other
individuals are present in the sample.

Data simulation:

To test the accuracy of the algorithm, we applied it to a variety of scenarios with both present-
day DNA as well as real aDNA samples that had simulated present-day DNA contamination. In
all our simulations with 1000 Genomes individuals, we removed the individual being used from
our haplotype panel before performing the analyses.

Simulating Contamination of Present-day Individuals:

We first simulated contamination of present-day individuals with other present-day individuals
as contaminants (this allowed us to be sure that there was no baseline contamination). In order
to best approximate the distribution of both the damaged and undamaged sequences that is
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characteristic of aDNA data, we used sequence-depth information from an ancient individual as
a reference. At each SNP, the total number of simulated “damaged” and “undamaged”
sequences was determined based on the number of damaged and undamaged sequences at
the SNP in the reference ancient individual. The identity of each allele for the present-day
“base” sample was randomly chosen based on the genotype of the “base” present-day 1000
Genomes individual at each SNP, as described above for the contamination. The addition of
contaminant sequences to the dataset was performed using the method described above. In
order to reduce bias caused by the damage correction procedure, the damage restricted
dataset was generated only once for each simulation type (which included multiple simulations
across varying contamination rates) and combined with the undamaged dataset to produce the
overall dataset. This method was used to generate a simulated individual using present-day
CEU (NA06985) or ASW (NA19625) from the 1000 Genomes dataset as the “base” sample from
the sequence distributions of a 1.02x coverage ancient Iberian individual (13756) (the
“reference”) [18]. The CEU (NA06984) individual was used as “contaminant” in each case.

We generated simulated data with contamination from multiple sources by adjusting the
present-day contamination simulation method to randomly sample from two or more present-
day source contaminant genomes with equal probability. In each case, a 1000 Genomes Project
CEU individual (NA06985) was used as a “base” genome with the sequence distribution of 13756
(the “reference”). In the case of 2 sources of contamination (Supplementary Figure 5), two CEU
individuals from the 1000 Genomes Project dataset (NA06984 and NA06986) were used as
contamination sources, and in the case of three contamination sources, an additional CEU
individual was used (NA06989). Data was generated for all combinations of undamaged
contamination rates, a, from 0-15%.

Simulated contamination of ancient individuals:

We performed two sets of simulations contaminating different ancient individuals. In both
cases we selected ancient male individuals with minimal contamination (as assessed by X
chromosome contamination levels from ANGSD [16]) to act as the “base” uncontaminated
genome. In the first simulation set, we tested ContamLD’s performance with different ancient
individuals and different present-day contaminant individuals from the 1000 Genomes dataset
[25] to assess the impact of contaminant ancestry and coverage of the ancient individual. In this
case we were only using ContamLD and thus we performed the simulated contamination on the
genotype level. In the second simulation set, we compared ContamLD to ANGSD and used a
~1200BP ancient West Eurasian individual (110895) to contaminate the BAM files directly.

In the first simulation set, we assumed that sequences with C-to-T damage are highly unlikely to
be the product of contamination (this assumption would be falsified in the context of cross-
contamination by another ancient DNA sample). Thus, we exclusively added contamination to
the “undamaged” fraction of sequences. At each SNP site, we classified sequences present in
the damage-restricted dataset as “damaged” and added to the simulated data. We classified all
other sequences as “undamaged” and also added them to the simulated data, but for each
“undamaged sequence” we added a contaminant sequence to the simulated SNP data with
probability a/(1-a), where a is equal to the contamination rate (since the added sequences
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contribute to the total number of sequences, we needed to add a higher proportion than the
contamination rate to obtain our desired contamination rate). The identity of the added
contaminant allele was randomly chosen based on the genotype of the chosen “contaminant”
present-day genome at the site (i.e. if the contaminant individual was homozygous at the site,
the allele it possesses would be added to the simulated individual, while if it were heterozygous
at the site, either the reference or alternative allele would be selected randomly and added to
the simulated individual). This method maintains the underlying distribution of
“uncontaminated” reference and alternative alleles at each SNP site, while adding additional
“contaminant” alleles to each site, producing an overall contamination rate of a in the
undamaged sequences.

For each simulation, we generated two output files: (1) a file reporting the total number of
sequences carrying reference and alternative alleles at each SNP and (2) a damage restricted
file reporting the total number of damaged sequences carrying reference and alternative alleles
at each SNP. We used a 1.02x coverage ancient Iberian individual (13756) (Supplementary
Online Table 1) with contamination from either the 1000 Genomes CEU individual NA06984,
the TSI individual NA20502, the CHB individual NA18525, or the YRI individual NA18486. We
also used 5 other ancient individuals: 11845 (an ancient Iberian sample of 0.46x coverage) [18],
12743 (an ancient Hungarian of 0.27x coverage) [30], 15891 (a Neolithic Ukrainian individual of
0.016x coverage) [36], DA362.SG (a Russian early Neolithic Shamanka East Asian individual of
1.10x coverage) [21], and 19028.5G (a South African individual of 1.21x coverage) [22]. In each
case, we simulated individuals with 0-15% contamination.

For the second simulation set, we analyzed 65 ancient individuals of average coverage over
0.5X and baseline ANGSD estimates under 2% (Supplementary Online Table 2). In these cases,
we added artificial contamination with sequences from a ~1200BP ancient West Eurasian
individual (110895) into the BAM files at the amounts: (0.000, 0.005, 0.010, 0.020, 0.025, 0.030,
0.040, 0.050, 0.060, 0.070, 0.080, 0.090, 0.100, 0.150). We removed two base pairs from the
end of each sequence of partial UDG treated samples and ten nucleotides for non-UDG treated
samples and pulled down the genotypes by randomly selecting a single sequence at each site
covered by at least one sequence in each individual to represent the individual’s genotype at
that position (“pseudo-haploid” genotyping). To ensure that the damage sequences were only
from the non-contaminant individual (so that we could use the damage restricted correction
mode, option 1, of ContamLD without bias), we created the “damaged” sequence set as a
randomly chosen 5% of the sequences from the non-contaminant individual. We then analyzed
the data with ContamLD (damage restricted correction version, option 1) and ANGSD using
default settings (Method 1). We also performed simulations with a 1.0x coverage ancient West
Eurasian ancestry individual (DA57.SG, an ancient Krgyzstanian individual) [37] down-sampled
to 0.5x coverage and contaminated with 110895. To simulate different damage rates, we varied
the damage rate to the proportions (0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.075) by setting the
amount of “damaged” sequences to be those proportions.

As a last simulation, we examined the case of an ancient individual contaminating another

ancient individual where some of the damaged sequences would also come from the
contaminating individual. In this simulation, we analyzed a 1.02x coverage ancient Iberian

111



individual (I13756) and contaminated the BAM with sequences from a ~1200BP ancient West
Eurasian individual (110895) in the proportions (0.000, 0.005, 0.010, 0.020, 0.025, 0.030, 0.040,
0.050, 0.060, 0.070, 0.080, 0.090, 0.100, 0.150, 0.200, 0.300). We then down-sampled the BAM,
taking a random 5% of the sequences of these contaminated BAM files to act as the “damaged”
sequences, because this would correct for any baseline contamination in the 13756 individual
yet would simulate additional contamination of 13756 by an ancient individual with the same
damage rate as 13756 (i.e. if there is 5% contamination, then also 5% of the damaged sequences
would be from the contaminant individual in this simulation). We then performed the standard
processing of both the full contaminated BAMs and the 5% down-sampled BAMs (simulated to
be “damaged” sequences), removing two base pairs from the end of each sequence and
carrying out a “pseudo-haploid” genotype pulldown. We ran ContamLD on the resulting data
with damage restricted correction, option 1.

Direct Analyses of Contamination Levels in Ancient Individuals:

As our last set of analyses, we directly measured contamination levels in ancient individuals
without simulated contamination. We used ContamLD to examine shotgun sequenced
individuals analyzed at the1240K SNP set and the large 5.6 million SNP shotgun panel. The
ancient shotgun sequenced individuals were of 0.1-0.5x coverage from Allentoft et al., 2015
[31], Damgaard et al., Nature 2018 [37], and Damgaard et al., Science 2018 [21]. In addition, we
analyzed 439 individuals from a variety of ancestries with ContamLD (damage corrected
version), ANGSD [16, 38] using default settings (we report the results from Method 1), and
contamMiix [39] with the settings: down-sampling to 50X for samples above that coverage, --
trimBases X (2 bases for UDG-half samples and 10 bases for UDG-minus samples), 8 threads, 4
chains, and 2 copies, taking the first one that finishes. Supplementary Online Table 1 includes
all information from these individuals.
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Chapter 5: Using ancient and modern DNA to
infer the history of Central and South America

This section is based on the following papers | contributed to during my PhD:

Bongers, J.L.; Nakatsuka, N.; O’Shea, C.; Harper, T.; Tantalean Inga, H.; Stanish, C.; Fehren-Schmitz, L.
“Integration of ancient DNA with transdisciplinary dataset finds strong support for Inca state-sponsored
resettlement along the Peruvian Coast.” PNAS. 2020 July 13; 202005965.

Nakatsuka, N.*; Luisi, P.*; Motti, J.; Salemme, M.; Santiago, F.; del Campo, M.; Vecchi, R.; Espinosa-
Parrilla, Y .; Prieto, A.; Adamski, N.; Lawson, A.M.; Harper, T.; Culleton, B.; Kennett, D.; Lalueza-Fox,
C.; Mallick, S.; Rohland, N.; Guichon, R.; Cabana, G.; Nores, R.*; Reich, D.* “Ancient genomes in South
Patagonia reveal population movements associated with technological shifts and geography.” Nature
Communications. 2020 Aug. 3; 11(1): 3867.

Nakatsuka, N.; Lazaridis, 1., Barbieri, C.; Skoglund, P.; Rohland, N.; Mallick, S.; Harkins-Kinkaid, K.;
Ferry, M.; Harney, E.; Michel, M.; Stewardson, K.; Novak-Forst, J.; Posth, C.; Durruty, M.; Alvarez, K,
Beresford-Jones, D.; Burger, R.; Cadwallader, L.; Capriles, J.; Fujita, R.; Isla, J.; Lau, G.; Aguirre, C.;
LeBlanc, S.; Maldonado, S.; Meddens, F.; Messineo, P.; Culleton, B.; Harper, T.; Quilter, J.; Politis, G.;
Reindel, M.; Rivera, M.; Salazar, L.; Sandoval, J.; Santoro, C.; Scheifler, N.; Standen, V.; Barreto, M.;
Espinoza, I.; Tomasto-Cagigao, E.; Valverde, G.; Kennett, D.; Cooper, A.; Krause, J.; Haak, W.; Llamas,
B.; Reich, D.*; Fehren-Schmitz, L.*. “A Paleogenomic Reconstruction of the Deep Population History of
the Andes. Cell. 28 May 2020. 181(5): 1131-1145.¢21.

Posth, C.*; Nakatsuka, N.*; Lazaridis, I.; Skoglund, P.; Mallick, S.; Lamnidis, T.; Rohland, N.; Nagele,
K.; Adamski, N.; Bertolini, E.; Broomandkhoshbacht, N.; Cooper, A.; Culleton, B.; Ferraz, T.; Ferry, M.;
Furtwangler, A.; Haak, W.; Harkins, K.; Harper, T.; Hunemeier, T.; Lawson, A.; Llamas, B.; Michel, M ;
Nelson, E.; Oppenhemier, J.; Patterson, N.; Schiffels, S.; Sedig, J.; Stewardson, K.; Talamo, S.; Wang, C.;
Hublin, J.; Hubbe, M.; Havarti, K.; Nuevo Delaunay, A.; Beier, J.; Francken, M.; Kaulicke, P.; Reyes-
Centeno, H.; Rademaker, K.; Trask, W .; Robinson, M.; Gutierrez, S.; Prufer, K.; Salazar-Garcia, D.; Chim,
D.; Muller Plumm Gomes, L; Alves, M.; Liryo, A.; Inglez, M.; Oliveira, R.; Bernardo, D.; Barioni, A.;
Wesolowski, V.; Scheifler, N.; Rivera, M.; Plens, C.; Messineo, P.; Figuti, L.; Corach, D.; Scabuzzo, C.;
Eggers, S.; DeBlasis, P.; Reindel, M.; Mendez, C.; Politis, G.; Tomasto-Cagigao, E.; Kennett, D.*; Strauss,
A.*¥; Fehren-Schmitz, L.*; Krause, J.*; Reich, D.*. “Reconstructing the Deep Population History of
Central and South America.” Cell. 15 Nov. 2018. 175(5):1185-1197.

Overview:

These four studies show the use of aDNA to infer human history as well as the
integration of genetics with archaeology and linguistics (particularly, in the case of the
Patagonia study) to obtain novel insights about the past. The Chincha valley Peruvian coast
study also integrated strontium isotope and historical records. The first study (Posth*,
Nakatsuka* et al., 2018) in Chapter 5.1 focused on the earliest history of Central and South
America (~11,000 BP to 4,000 BP). The next three studies were more regionally focused.
Nakatsuka et al., Cell 2020 in Chapter 5.2 focused on the changes in genetic structure in the
Andes from 9,000 BP to the present, including an examination of the genetics of individuals
from the major Andean cultures, such as the Moche, Wari, Tiwanaku, and Inca. Bongers et al.,
2020 is briefly summarized in Chapter 5.2; it focused in individuals from the Inca time period in
Chincha Valley and showed that they had the same genetic profile as some Inca period
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individuals from Torontoy, Cusco and an Inca sacrificial victim in Argentina, pointing to Inca
state sponsored movement of people away from their original home locations. Nakatsuka et al.,
Nature Communications 2020 in Chapter 5.3 focused on Southern Patagonia and the migrations
and admixtures that led to the genetic structure of the groups along the coast, in particular
differentiating the maritime diet groups from the terrestrial diet groups.

Ethics:

The ethical approaches to these studies were specific for each region. The specific
governmental and institutional permits for exportation and study of the skeletal material were
followed in all cases, but additional measures were taken depending on the particular context.
For example, in Belize the relevant permits were obtained, but in line with the principles of
beneficence, non-maleficence, and autonomy, the research was done with prior review by the
administration and scientific staff of the Ya’axché Conservation Trust (YCT), a local NGO that co-
manages the Bladen Nature Reserve with the government of Belize. In addition, multiple public
consultation presentations were done with YCT and other interested community members
where the results of this study were presented and the public could give feedback. Similarly, in
Argentina, the Communidad Mapuche-Tehuelche Cacique Pincen were consulted throughout
the project with regards to the ancient individuals from near their land, and they participated in
the rescue excavation. In addition, the results were communicated to the group through the
leader of the community (Beatriz Araujo Pincen), who also co-authored the presentation about
the site delivered in the Congreso de Arquelogia Pampeana.

In Patagonia, numerous meetings were held with different members of the local
indigenous groups with regards to the work, and educational activities were done in local
schools as well. The work followed the interest of some members of the native communities in
establishing the relationship of the ancient humans to present-day Indigenous people, and the
findings were distributed after translation to Spanish. The work also had elements of
restorative justice as it helped to improve the conditions of the Museo del Fin del Mundo and
preserve the skeletal material from being lost due to environmental disturbance.

In the Central Andes, particularly Peru, the cultural and historical context is different
due to the strong history of indigenism, especially in the Peruvian government. Thus, in this
case we did our primary consultation with the provincial and state-based offices of the
responsible institutions, and in particular had the study approved by the Ministry of Culture of
Peru, which was originally created to revalue indigenous culture. At the same time, however,
there is a complex relationship between the mestizo individuals, who have high governmental
representation, and the comunidades campesinas (peasant communities), many of whom are
groups perceived as having greater ties to their indigenous culture (e.g. primarily speaking
Quechua, Aymara, or other indigenous languages) but have less governmental representation
[1-3]. Thus, in addition to the governmental permissions, substantial engagement with local
communities was performed in Peru and Bolivia both before and throughout the study. In Chile,
the local heritage institutions gave permission, but there were no local indigenous communities
living near the site who were available to consult. The findings were translated to Spanish to
increase accessibility in line with the principle of beneficence. Lastly, the study of the San
Sebastian samples were from a US collection as part of a repatriation effort, and they are now
curated in Cusco, in line with the principle of restorative justice.
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Abstract

We report genome-wide ancient DNA from 49 individuals forming four parallel time transects in
Belize, Brazil, the Central Andes, and the Southern Cone, each dating to at least ~9,000 years.
The common ancestral population radiated rapidly from just one of the two early branches that
contributed to Native Americans today. We document two previously unappreciated streams of
gene flow between North and South America. One affected the Central Andes by ~4,200 years
ago, while the other explains an affinity between the oldest North American genome associated
with the Clovis culture and the oldest Central and South Americans from Chile, Brazil and Belize.
However, this was not the primary source for later South Americans, as the other ancient
individuals derive from lineages without specific affinity to the Clovis associated genome,
suggesting a population replacement that began at least 9000 years ago and was followed by
substantial population continuity in multiple regions.

Introduction

Genetic studies of present-day and ancient Native Americans have revealed that the great
majority of ancestry in indigenous people in non-Arctic America derives from a homogeneous
ancestral population. This population was inferred to have diversified 17500-14600 calendar
years before present (BP) [4] into two branches that have been called “Southern Native
American” or “Ancestral A” (ANC-A) and “Northern Native American” or “Ancestral B” (ANC-B)
[4-8]. An individual dating to ~12900-12700 BP from the Anzick site in Montana and associated
with the Clovis culture was on the ANC-A lineage, which is also heavily represented in present-
day Central and South Americans and in ancient Californians. In contrast, ANC-B ancestry is
heavily represented in eastern North Americans and in ancient people from southwest Ontario
[8]. The original studies that documented these two deep lineages fit models in which Central
and South Americans were of entirely ANC-A ancestry [6, 7]. However, Scheib et al. 2018
suggested that all Central and South Americans harbor substantial proportions of both ancestries
(at least ~30% of each).

Recent analyses have also shown that some groups in Brazil share more alleles with
Australasians (indigenous New Guineans, Australians and Andaman Islanders) [5, 9] and a ~40000
BP individual from northern China [10] than do other Central and South Americans. Such patterns
suggest that these groups do not entirely descend from a single homogeneous population and
instead derive from a mixture of populations, one of which, Population Y, bore a distinctive
affinity to Australasians.

Prior to this study, published data from Central and South America older than the last
millennium was limited to two low coverage genomes [5]. Here we report genome-wide data
from 49 individuals from Belize, Brazil, Peru, and the Southern Cone (Chile and Argentina), 41
older than 1000 years, with each time transect starting between 10900-8600 BP (Figure 1 and
Online Table 1). To obtain these data, we worked with government agencies and indigenous
peoples to identify samples, prepared powder for skeletal material, extracted DNA [11], and
generated single and double stranded DNA libraries most of which we treated with the enzyme
uracil-DNA glycosylase (UDG) to reduce characteristic errors of ancient DNA [12, 13]. We
enriched for mitochondrial DNA (mtDNA) and ~1.2 million single nucleotide polymorphisms
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(SNPs) [14], and sequenced the enriched libraries on Illumina instruments (Methods and Online
Table 1). We combined ancient and present-day data to study genetic changes over the last
11000 years.

Ethics Statement

Genetic studies of human history shed light on how ancient and present-day people are
biologically related, and it is therefore important to be attentive not just to scientific issues but
also to perspectives of indigenous communities when carrying out this work [15]. We took a case-
by-case approach in each region we studied. In Peru and in some other countries in Central and
South America, there is a strong tradition of indigenism in state policy, and governmental officials
are recognized as representatives of indigenous perspectives [[16, 17]; Ley General
del Patrimonio Cultural de la Nacién (Law No. 28296).] We therefore consulted with provincial
and state-based offices of the Ministry of Culture to obtain permission for analysis, and also
incorporated feedback from local community archaeologists to represent indigenous
perspectives; permission for sampling was obtained under Resolucion Directoral Nacional No.
1346, 545-2011, and RDN No. 092-2016. In Brazil, we obtained research permits from IPHAN (the
National Institute of Historical and Artistic Heritage). In Chile and Argentina, in addition to
obtaining permits from the local heritage institutions, we sought to determine if any local
indigenous group considered the skeletons we analyzed to be ancestors. For most samples, no
indigenous community lived near the sites or indicated a connection to the analyzed skeletons,
with the exception of a community living near the site of Laguna Chica in Argentina, which
approved the study after consultation and participated in the rescue excavation. In Belize, we
obtained permission from the National Institute of Culture and History and the Institute of
Archaeology, the legal entities responsible for issuing research permits, and we carried out public
consultation with local collaborators and communities (see the archaeological site information
section in the Supplemental Information for additional details).

Results and Discussion

Authenticity of Ancient DNA

We evaluated the authenticity of the isolated DNA based on its harboring: 1)
characteristic cytosine-to-thymine mismatches to the reference genome at the ends of the
sequenced fragments, 2) point estimates of contamination in mtDNA below 5% [18], 3) point
estimates of X chromosome contamination in males below 3% [19], and 4) point estimates of
genome-wide contamination below 5% (Nakatsuka, Harney et al., in preparation). We removed
from analysis two individuals that we genetically determined to be first degree relatives of other
individuals with higher DNA yields within the dataset but fully report the data for both here
(Methods and Online Table 1).

Long-Standing Population Continuity in Multiple Regions of South America
We grouped ancient individuals by location, date range, and genetic similarity, for the
most part using italicized labels like Argentina_ArroyoSeco2 7700BP (“country” followed by
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“site” followed by a “date” which for us is the average of the midpoint of the date ranges for the
individuals in the grouping rounded to the nearest hundred) [20]. These groupings sometimes
span an extensive period of time; for example, the eight Arroyo Seco 2 date estimates range from
8570 to 7160 BP. For some analyses we also lumped individuals into larger clusters, for example
grouping individuals from the Andes before and after ~4200 BP into “Early Andes” and “Late
Central Andes” based on qualitatively different affinities to other individuals in the dataset
(Methods).

To obtain an understanding of how the ancient individuals relate to present-day ones, we
computed f3- and fs-statistics, which estimate allele sharing between samples in a way that is
unbiased by population-specific drift [21].

The oldest individuals in the data set show little specific allele sharing with present-day
people. For example, a ~10900 BP individual from Chile (from the site of Los Rieles) shows only
slight excess affinity to later Southern Cone individuals. In Belize, individuals from two sites dating
to ~9300 and ~7400 BP (Mayahak Cab Pek and Saki Tzul) do not share significantly more alleles
with present-day people from the region near Belize than they do with present-day groups
elsewhere in Central and South America. In Brazil, genetic data from sites dating to ~9600 BP
(Lapa do Santo) and ~6700 BP (Laranjal) show no distinctive shared ancestry with present-day
Brazilians (Figure 2, Figure S1, Table S1), although the Laranjal individuals do show evidence of
shared ancestry with a ~5800 BP individual from Moraes (Online Table 2), confirmed by the
statistic fa(Mbuti, Brazil_Laranjal_6700BP; Brazil_LapaDoSanto_9600BP,
Brazil_Moraes_5800BP), which is Z=7.7 standard errors from zero.

We detect long-standing continuity between ancient and present-day Native Americans
in each of the regions of South America we analyzed beginning at least ~5800 BP, a pattern that
is evident in heatmaps, trees, and multi-dimensional scaling plots computed on outgroup-f3
statistics (Figure 2, Table S1, Figure S1, Figure S2). In Peru, the most ancient individuals dating up
to ~9000 BP from Cuncaicha and Lauricocha share alleles at the highest rate with present-day
indigenous groups living in the Central Andes [22, 23]. Individuals dating up to ~8600 BP from
Arroyo Seco 2 and Laguna Chica also show the strongest allele sharing with some present-day
indigenous people in the Southern Cone. In Brazil the evidence of continuity with present-day
indigenous people begins with the Moraes individual at ~5800 BP. A striking pattern of continuity
with present-day people is also observed in the ~2000 BP Jabuticabeira 2 individuals who were
part of the Sambaqui shell-mound building tradition that was spread along the south Brazilian
coast from around 8000-1000 BP. The Jabuticabeira 2 individuals share significantly more alleles
with some Ge-speaking groups than they do with some Tupi-Guarani speaking groups who have
been predominant on the coast during the post-Colonial period (Figure S3, Table S1). This
supports the theory of shared ancestry between the makers of the Sambaqui culture and the
speakers of proto-Ge who are hypothesized to have arrived ~2000 BP [24]. These findings also
support the theory of coastal replacement of Ge speakers by Tupi-Guarani speakers after ~1000
BP [25] (Methods).

In Belize, none of the samples shows evidence of specific affinity to present-day people.
A time transect study from after ~7400 BP would reveal how the types of ancestry in diverse
present-day Maya language speakers began to be established in the region.
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Evidence for at Least Four Genetic Exchanges Between North and South America

Figure 1 plots the excess rate of allele sharing of ancient Central and South Americans
with the ~12800 BP Anzick-1 individual from Montana compared to the ~11500 BP USRI
individual from Alaska, an Ancient Beringian who derives from a lineage that split from the one
leading to all other known Native Americans before they separated from each other [4] (Online
Table 2). The distribution of this statistic fsa(Mbuti, Test; USR1, Anzick-1) confirms previous
findings that Anzick-1 relatedness is greatest in Central and South Americans and lowest in North
American groups (Online Table 2) [6], with the exception of the California Channel Islands, where
the earliest individuals from San Nicolas Island around 4900 BP show some of the highest Anzick-
1 relatedness, consistent with an early spread of Anzick-1-related people to these islands
followed by local isolation [8] (Figure S2D).

More careful examination reveals significant ancestry variability in the ancient South
Americans. The ~10900BP Los Rieles individual from Chile, the ~9600 BP individuals from Lapa do
Santo in Brazil, and individuals from southern Peru and northern Chile dating to ~4200 BP and
later (“Late Central Andes” from Cuncaicha, Laramate and Pica Ocho), share more alleles with
Anzick-1 than do other South Americans (Figure 1, Online Table 2). Many of these signals of
asymmetrical relationship to Anzick-1 are significant as assessed by statistics of the form
fa(Mbuti, Anzick-1; Testi, Testy): Z-score for deviation from zero as high as 3.4 for the (Test;, Testy)
pair (Early Andes, Chile_LosRieles_10900BP), 3.1 for the pair (Early Andes,
Brazil_LapaDoSanto_9600BP) and 3.0 for the pair (Early Andes, Late Central Andes) (Table S2).
We confirmed these findings using gpWave [7], which evaluates the minimum number of sources
of ancestry that must have contributed to a test set of groups relative to a set of outgroups
(Methods). We tested all possible pairs of populations and found that none of the three
combinations are consistent with being derived from a homogeneous ancestral population:
P=0.0023 for (Early Andes, Brazil_LapaDoSanto_9600BP), P=0.0007 for (Early Andes, Late Central
Andes), and P=0.0000004 for (Brazil_LapaDoSanto_9600BP, Late Central Andes). We obtained
qualitatively similar results replacing Brazil_LapaDoSanto_9600BP with Chile_LosRieles_10900BP
(Figure S4 and Online Table 3). We also obtained similar results for subsets of individuals in each
group. Our power to reject models of just two sources of ancestry for the ancient South American
individuals depends critically on the use of Anzick-1 as an outgroup, as when we remove this
individual from the outgroup set there is no evidence of a third source of ancestry contributing
to Brazil_LapaDoSanto_9600BP (P=0.11) or Chile_LosRieles_10900BP (P=0.35). It also depends
critically on the use of California Channel Islands individuals, as when we remove them as
outgroups there is no evidence for a third source of ancestry contributing to Late Central Andes
groups (P=0.12).

The fact that the three pairs each require two different sources of ancestry in order to
produce a model fit could mean that they descend from a total of three (or more) distinct sources
of ancestry differentially related to groups outside South America or alternatively that they are
mixtures in different proportions of only two sources. To distinguish these possibilities, we used
gpWave's ability to test for consistency with the hypothesis that sets of three populations (Test;,
Test,, Tests) derive from just two populations relative to the same set of outgroups. gpWave
rejects the hypothesis of two sources (P=0.0022), a result that is unlikely to be due to backflow
from South America into Central America as the signal persists when we remove present-day
Mexicans from the outgroup set (P=0.001) (Online Table 3). Further evidence for the robustness

124



of the finding of three source populations comes from the fact that the signal remains significant
when we restrict to transversion polymorphisms that are not affected by cytosine-to-thymine
errors (P=0.01). We caution that we did not find significant signals of ancestry heterogeneity
relative to North American outgroups when repeating the gpWave tests on pairs of present-day
populations. We speculate that this may reflect more recent homogenization leading to variation
in ancestry proportions too subtle for our methods to detect.

When we add present-day Suruiindividuals into the analysis, there is evidence for a fourth
source of ancestry (P=0.03) (Online Table 3), likely reflecting the same signal that led to finding
“Population Y” ancestry in this group [5, 9].

Modeling the Deep History of Central and South America

We modeled the relationships among diverse ancient Americans using gpGraph, which
evaluates whether a model of population splitting and admixture is consistent with all f-statistics
relating pairs, triples and quadruples of groups [21].

We were able to fit genome-wide data from nine ancient North, Central and South
American groups (not including Anzick-1) as a star-like radiation from a single source population
with negligible admixture between the ANC-A and ANC-B lineages after their initial bifurcation
(maximum |Z]|-score for a difference between the observed and expected statistics of 2.9 (Figure
3) and 3.2 (Figure S5A); we represent ANC-B by the Ancient Southern Ontario population
Canada_Lucier_4800BP-500BP). This model is not what would be expected based on the claim of
a recent study [8] that major ANC-A / ANC-B admixture (at least ¥30% of each) is necessary to
model Central and South Americans. While we confirmed that the model proposed in [8] fits the
data when restricting to a subset of the populations they analyzed, when we added into the
model non-American populations with previously established relationships to Native Americans,
the model failed (Methods). To more directly explore whether there is evidence of widespread
ANC-B ancestry in South America, we tested whether Canada_Lucier_4800BP-500BP shares more
alleles with a range of Central and South American Test populations than with Anzick-1, but find
no evidence for a statistically significant skew (Online Table 2). Indeed, the supplementary
materials of the previously reported study (Figure S13 of [8]) show that a model such as the one
we favor—without widespread ANC-B admixture in South America—fits the data with no
differences between observed and expected f-statistics greater than Z>2. We also find that when
we explicitly model ANC-B admixture into the ancestors of South Americans, the inferred genetic
drift specific to Canada_Lucier_4800BP-5008BP is not significantly different from 0, providing
evidence against specific affinity to ANC-B in South Americans (Figure S6, Methods).

To fit the Anzick-1 genome associated with the Clovis culture into the admixture graph,
we needed to specify additional admixture events. We identified a range of fits for the data. In
Figure 4 we show a model obtained by manually exploring models guided by common sense
principles (geography, time, and archaeology) as well as the genetic data. In Figure 5 we show a
model obtained by a semi-automated procedure constrained only by the fit to the genetic data
[26]. The most important difference between the two models concerns the question of how the
Clovis culture associated Anzick-1 genome relates to ancient Central and South Americans. Figure
4, which models the lineage leading to Anzick-1 as unadmixed, seems most plausible because it
is natural to expect that the oldest individuals will be least admixed, and because it is simple to
explain this model via North-to-South spreads. Figure 5 models some of the ancestry of the Clovis
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associated genome as deriving from within the radiation of lineages represented in South
America, which if true would require a more complex history.

We highlight four points of agreement between the two admixture graphs.

First, both graphs imply a minimum of four genetic exchanges between South Americans
and non-South Americans consistent with the gpWave results in the previous section. This
includes: (a) a primary source of ANC-A ancestry in all South Americans; (b) an ANC-A lineage
with distinct affinity to Anzick-1 in Chile_LosRieles_10900BP, Brazil_LapaDoSanto_9600BP, and
some early Southern Cone populations; and (c) ANC-A ancestry with a distinctive affinity to
ancient individuals from the California Channel Islands (USA_SanNicolas_4900BP) present in the
Central Andes by ~4200 BP (Figures S5B and S5C). In Figures 4 and 5 we do not include the Surui
but do show such models in Figures S5G-I where Surui can only be fit by proposing some ancestry
differently related to Eurasians than is the case for other Native Americans (as expected if there
is Population Y ancestry in the Surui).

Second, both graphs specify minimal ANC-B ancestry in South Americans. While we do
find significant allele sharing with a representative ANC-B population (Canada_Lucier_4800BP-
500BP) in people from the Central Andes after ~4200 years ago—as reflected in significantly
positive  (2<Z<4) statistics of the form fs(Mbuti, Canada_Lucier_4800BP-5008P;
Brazil_LapaDoSanto_9600BP or Brazil_Laranjal_6700BP, Late Central Andes or present-day
Aymara and Quechua from Peru) (Table S2, Online Table 2)—when we fit admixture graph
models specifying an ANC-B contribution to Late Central Andes groups, the ANC-B proportion is
never more than 2% (Figure S5D-F).

Third, both graphs infer little genetic drift separating the lineages leading to the different
ancient groups in each major region of South America. This can be seen in our inferred five-way
split whose order we cannot resolve involving lineages leading to: (a) the early Belizeans, (b) early
Peruvians, (c) early Southern Cone populations, (d) the main lineage leading to the Brazilian
LapaDoSanto_9600BP, and (e) the lineage leading to Chile_LosRieles_10900BP (Figure S5A). This
suggests rapid human radiation upon reaching South America [5, 7].

Fourth, both graphs agree that there is distinctive shared ancestry between the Clovis
culture associated Anzick-1 and the earliest South America individuals from Lapa do Santo in
Brazil and Los Rieles in Chile. We also detect evidence of ancestry related to Anzick-1 in the oldest
Central American genome, as the most ancient individual from Belize has evidence of more
Anzick-1 relatedness than later Belize individuals as reflected in the weakly significant statistic
fa(Mbuti, Anzick-1; Belize_SakiTzul_7400BP, Belize_MayahakCabPek _9300BP) (Z=2.1). Taken
together, these results support the hypothesis that an expansion of a group associated with the
Clovis culture left an impact far beyond the geographic region in which this culture was spread
[27]. At the same time, both classes of models provide evidence against a stronger version of this
hypothesis, which is that an expansion of a homogeneous population associated with the Clovis
culture was the primary source of the ancestry of later Central and South Americans. Specifically,
both models find that the overwhelming majority of the ancestry of most Central and South
Americans derives from one or more lineages without the Anzick-1 affinities present at Lapa do
Santo. Thus, a different ANC-A lineage from the one represented in Anzick-1 made the most
important contribution to South Americans, and there must have been a population turnover in
the mid-Holocene that largely replaced groups such as the ones represented by the ~10900 BP
individual at Los Rieles in Chile and the ~9600 BP individuals at Lapa do Santo in Brazil. This
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genetic evidence of a major population turnover correlates with the findings from morphological
studies of a population in Brazil around this time [28].

It is tempting to hypothesize that the early branching ANC-A lineages that we have shown
contributed most of the ancestry of Central and South Americans today—and that harbor no
specific Anzick-1 association—contributed to the people who lived at the site of Monte Verde in
southern Chile and whose material artifacts have been dated to a pre-Clovis period at least
~14500 BP [29]. However, since all the earliest Central and South American individuals show
affinities to Anzick-1, our results could also be consistent with a scenario in which nearly all the
ancestry of the South Americans genomes derives from population movements from North
America that began no earlier than the Clovis period. In either case, we demonstrate that the
non-Anzick-1 associated ancestry type began to spread in South America by at least 9000 BP, the
date of the oldest genomes that have no specific Anzick-1 affinity (from Cuncaicha and Lauricocha
in the Central Andes).

All the Ancient South Americans Descend from the Same Eurasian Source Population

Previous studies have suggested that the present-day groups like Surui from Amazonia
harbor ancestry from a source termed “Population Y” [5, 9], which shared alleles at an elevated
rate with Australasian groups (Onge, Papuan, and Australians) as well as the ~40000 BP Tianyuan
individual from China [10]. We tested for this signal in the ancient South American individuals
with statistics of the form fs(Mbuti, Australasian; X, Mixe or ancient South American), and while
we replicated the originally reported signal when X was present-day Karitiana or Surui, we could
not detect a signal when X was any of the ancient South Americans (Online Table 4). We also
studied the statistic fa(Mbuti, Tianyuan,; Ancient;, Ancient;) to test if any ancient individual is
differentially related to Tianyuan [10], but no statistic was significant (Online Table 4). We finally
applied gpWave to all pairs of South American groups, testing whether they were
homogeneously related to a set of diverse non-Native American outgroups (Mbuti, Han, Onge,
French, and Papuan) and found no pair of ancient South Americans that consistently gave
significant signals (p<0.01), as expected if all the ancient South Americans we analyzed derived
from the same stem Native American population (Online Table 4). Our failure to find significant
evidence of Australasian or Paleolithic East Asian affinities in any of the ancient Central and South
American individuals raises the question of what ancient populations could have contributed the
Population Y signal in Surui and other Amazonian groups and increases the previously small
chance that this signal—despite the strong statistical evidence for it—was a false positive. A
priority is to search for the Population Y signal in additional ancient genomes.

Our finding of no excess allele sharing with non-Native American populations in the
ancient samples is also striking as many of these individuals—including those at Lapa do Santo—
have a “Paleoamerican” cranial morphology that has been suggested to be evidence of the
spread of a substructured population of at least two different Native American source
populations from Asia to the Americas [30]. Our finding that early Holocene individuals with such
a morphology are consistent with deriving all their ancestry from the same homogeneous
ancestral population as other Native Americans extends the finding of Raghavan et al. 2015 who
came to a similar conclusion after analyzing Native Americans inferred to have Paleoamerican
morphology who lived within the last millennium.
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Single Locus Analysis

The D4h3a mtDNA haplogroup has been hypothesized to be a marker for an early
expansion into the Americas along the Pacific coast [31]. However, its presence in two Lapa do
Santo individuals and Anzick-1 [6] makes this hypothesis highly unlikely (Figure S7, Methods,
Online Table 1).

The patterns we observe on the Y chromosome also force us to revise our understanding
of the origins of present-day variation. Our ancient DNA analysis shows that the Qla2alb-
CTS1780 haplogroup, which is currently rare, was present in a third of the ancient South
Americas. In addition, our observation of the currently extremely rare C2b haplogroup at Lapa
do Santo disproves the suggestion that it was introduced after 6000 BP [32].

The patterns of variation at phenotypically significant variants are also notable. Our data
show that a variant in EDAR that affects tooth shape, hair follicles and thickness, sweat, and
mammary gland ductal branching and that occurs at nearly 100% frequency in present day Native
Americans and East Asians [33] was not fixed in USR1, Anzick-1, a Brazil LapaDoSanto_9600BP
individual and a Brazil_Laranjal_6700BP individual, all of whom carry the ancestral allele (Online
Table 5). Thus, the derived allele rose in frequency in parallel in both East Asians and in Native
Americans. In contrast at FADS2, one of the variants at a polymorphism (rs174570) associated
with fatty acid desaturase 2 levels is derived in all the ancient individuals, supporting the
hypothesis that the selective sweep that drove it to near fixation was complete prior to the
peopling of the Americas [34].

Discussion

Our finding of two previously undocumented genetic exchanges between North and
South America has significant implications for models of the peopling of the Americas.

Most important, our discovery that the Clovis-associated Anzick-1 genome at ~12800 BP
shares distinctive ancestry with the oldest Chilean, Brazilian and Belizean individuals supports
the hypothesis that the expansion of people who spread the Clovis culture in North America also
affected Central and South America, as expected if the spread of the Fishtail Complex in Central
and South America and the Clovis Complex in North America were part of the same early
Paleoindian phenomenon (direct confirmation would require ancient DNA from a Fishtail-
context) [35]. However, the fact that the great majority of ancestry of later South Americans lacks
specific affinity to Anzick-1 rules out the hypothesis of a homogeneous founding population.
Thus, if Clovis-related expansions were responsible for the peopling of South America, it must
have been a complex scenario involving arrival in the Americas of sub-structured lineages with
and without specific Anzick-1 affinity, with the one with Anzick-1 affinity making a minimal long-
term contribution. While we cannot at present determine when the non-Anzick-1 associated
lineages first arrived in South America, we can place an upper bound on the date of the spread
to South America of all the lineages represented in our sampled ancient genomes as all are ANC-
A and thus must have diversified after the ANC-A / ANC-B split estimated to have occurred
~17500-14600 BP [4].

A second notable finding of this study is our evidence that the ancient individuals from
the California Channel Islands have distinctive and significant allele sharing with groups that
became widespread over the Central Andes after ~4200 BP. There is no archaeological evidence
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of large-scale cultural exchange between North and South America around this time, but it is
important to recognize that ~4200 BP is a minimum date for the exchange between North and
South American that drove this pattern; the gene flow itself could have occurred thousands of
years before and the ancestry deriving from it could have persisted in a region of South America
not yet sampled with ancient DNA. The evidence of an expansion of this ancestry type in the
Central Andes by ~4200 BP is notable in light of the increasing density of sites in this region at
approximately this time, a pattern that is consistent with a demographic expansion of a
previously more restricted population [36].

We conclude by highlighting several limitations of this study. First, all the individuals we
newly report have a date <11000 BP and thus we could not directly probe the initial movements
of people into Central and South America. Second, from the period between 11000-3000 BP that
includes most of our individuals, we lacked ancient data from Amazonia, northern South America,
and the Caribbean and thus cannot determine how individuals from these regions relate to the
ones we analyzed. Third, because we reported few individuals from after 3000 BP, this study
provides just a glimpse of the power of this type of analysis to reveal more recent events.
Regionally focused studies with large sample sizes are needed to realize the potential of ancient
DNA to reveal how the human diversity of this region came to be the way it is today.
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Figure 1. Geographic locations and time ranges. A) Color coding is based on the value of fs(Mbuti, Test; USR1, Anzick-
1), which measures the degree of allele sharing of each “Test” population with Anzick-1 compared to the Ancient
Beringian USR1 (the latter two plotted as green triangles). All values and standard errors are listed in Online Table
2. Present-day individuals are circles and ancient individuals are squares (the newly reported individuals are
indicated with a thick black outline). B) We show previously published (gray) and newly reported ancient data:
magenta = Brazil; brown = Belize; green = Peru/northern Chile; blue = Southern Cone. The numbers give sample size

in each grouping.
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1, (Mbuti; Test, Chile Los Rieles ~10900BP) f, (Mbuti; Test, Brazil Lapa do Santo ~9600 BP) f, (Mbuti; Test, Belize Saki Tzul ~7400 BP)

Figure 2. Relatedness of ancient to present-day people. Allele sharing statistics of the form f3(Mbuti; Test, Ancient),
where the “Ancient” individuals represented by a green triangle are Chile_LosRieles_10900BP,
Brazil_LapaDoSanto_9600BP, Belize_SakiTzul_7400BP, Peru_Lauricocha_8600BP, Argentina_ArroyoSeco2_77008BP,
and Brazil_Moraes_5800BP.
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Figure 3. Skeleton model that fits the data with minimal admixture. This graph models nine of the ancient North,
Central and South American groups without admixture (branch lengths are in units of Fsr x 1000). The maximum
deviation between observed and expected f-statistics is Z=2.9 (Z=3.1 when restricting to transversions). Drift lengths
in the terminal edges are unlabeled as randomly sampling an allele to represent each individual makes them
artifactually long.
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Figure 4. Adding in the ~12800 BP Anzick-1 and ~10900 BP Los Rieles. We used Figure 3 that models all analyzed
Native Americans as unadmixed as a framework graph (excluding Belize_MayahakCabPek _9300BP because of
relatively low coverage). We then added in Anzick-1 and Chile_LosRieles_10900BP. This model specifies three
sources of North American related ancestry in South America, indicated by color-coding (Population Y ancestry is
not included but Figures S5B-1 show related fits some of which do include it). The maximum deviation between
observed and expected f-statistics is Z=3.4 (Z=3.0 when restricting to transversions). The inferred 2% West Eurasian
admixture into Canada Lucier 4800-500BP is most likely explained by contamination in these samples by people of
European ancestry.
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Figure 5. An alternative fitting admixture graph obtained by a semi-automated method. We also applied a semi-
automated approach that aims to fit population relationships while minimizing the number of admixture events
(Methods) [26]. This is less plausible than Figure 4 on archaeological grounds, but it has a lower maximum Z-score
for the same number of admixture edges (Z=2.9 for all sites, Z=2.9 when restricting to transversions). Like Figure 4,
this model specifies a minimum of three genetic exchanges between North and South America, indicated here by
color-coding.
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Materials and Methods:

CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, David Reich (reich@genetics.med.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Archaeological site information

We generated new genome-wide data from skeletal remains of 49 ancient individuals: 15 from
Peru, 3 from Belize, 5 from Chile, 11 from Argentina, and 15 from Brazil.

Arroyo Seco 2, Argentina (n=8)
Laguna Chica, Argentina (n=3)
Mayahak Cab Pek, Belize (n=1)
Saki Tzul, Belize (n=2)
Jabuticabeira 2, Brazil (n=5)

Lapa do Santo, Brazil (n=7)
Laranjal, Brazil (n=2)

Moraes, Brazil (n=1)

Los Rieles, Central Chile (n=2)
Conchali, Santiago, Central Chile (n=2)
Pica Ocho, Northern Chile (n=1)
Cuncaicha, Highlands, Peru (n=3)
La Galgada, Highlands, Peru (n=1)
Laramate, Highlands, Peru (n=6)
Lauricocha, Highlands, Peru (n=5)

Details of the ancient individuals and their archaeological contexts can be found in Posth*,
Nakatsuka* et al., 2018 [37].

Method Details:

Direct AMS %C bone dates:

We report 31 new direct AMS 4C bone dates from eleven radiocarbon laboratories (Arizona [AA]
—1; Mannheim [MAMS] — 18; Poznan [Poz] — 1; Pennsylvania State University [PSUAMS] — 6; UC
Irvine [UCIAMS] - 4; University of Georgia [UGAMS] — 1) and recalibrate 23 previously published
radiocarbon dates (Online Table 1 of Posth*, Nakatsuka* et al., 2018 [37]). Bone preparation and
guality control methods for most of these samples are described elsewhere and the details can
be found on laboratory-specific websites. Detailed methods are provided below for PSUAMS,
UCIAMS and MAMS.
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PSUAMS and UCIAMS Protocols and Pretreatment

Ultrafiltration: At PSUAMS and UCIAMS, bone collagen for *4C and stable isotope analyses was
extracted and purified using a modified Longin method with ultrafiltration [38]. Bones were
initially cleaned of adhering sediment and the exposed surfaces were removed with an X-acto
blade. Samples (200—400 mg) were demineralized for 24—36 h in 0.5N HCl at 5 °C followed by a
brief (<1 h) alkali bath in 0.1N NaOH at room temperature to remove humates. The residue was
rinsed to neutrality in multiple changes of Nanopure H,0, and then gelatinized for 12 h at 60 °C
in 0.01N HCI. The resulting gelatin was lyophilized and weighed to determine percent yield as a
first evaluation of the degree of bone collagen preservation. Rehydrated gelatin solution was
pipetted into pre-cleaned Centriprep ultrafilters (retaining 430 kDa molecular weight gelatin) and
centrifuged 3 times for 20 min, diluted with Nanopure H,0O, and centrifuged 3 more times for 20
min to desalt the solution.

XAD Amino Acids: In some instances, collagen samples were too poorly preserved and were pre-
treated at Penn State using a modified XAD process [39]. Samples were physically cleaned using
hand tools and sectioned with disposable Dremel cut-off wheels and then demineralized in 0.5 N
HCI for 2-3 days at 5°C. The demineralized collagen pseudomorph was gelatinized at 60°C in 1-2
mL 0.01 N HCI for eight to ten hours. Sample gelatin was pipetted into a pre-cleaned 10 mL
disposable syringe with an attached 0.45 mm Millex Durapore PVDF filter (precleaned with
methanol and Nanopure H20) and driven into a thick-walled culture tube. The filtered solution
was lyophilized and percent gelatinization and yield determined by weight. The sample gelatin
was then hydrolyzed in 2 mL 6 N HCI for 22 h at 110°C. Supelco ENVI-Chrom® SPE (Solid Phase
Extraction; Sigma-Aldrich) columns were prepped with 2 washes of HCI (2 mL) and rinsed with 10
mL DI H20. With a 0.45 mm Millex Durapore filter attached, the SPE Column was equilibrated
with 50 mL 6 N HCl and the washings discarded. 2 mL collagen hydrolyzate as HCl was pipetted
onto the SPE column and driven with an additional 10 mL 6 N HCI dropwise with the syringe into
a 20 mm culture tube. The hydrolyzate was finally dried into a viscous syrup by passing UHP N3
gas over the sample heated at 50°C for ~12 h.

PSUAMS and UCIAMS Quality Control and Measurement

Carbon and nitrogen concentrations and stable isotope ratios of the XAD amino acid samples
were measured at the Yale Analytical and Stable Isotope Center with a Costech elemental
analyzer (ECS 4010) and Thermo DeltaPlus analyzer [38]. Sample quality was evaluated by %
crude gelatin yield, %C, %N and C/N ratios before AMS *4C dating. C/N ratios for all samples fell
between 2.9 and 3.6, indicating good collagen preservation. Samples (~¥2.1 mg) were then
combusted for 3 h at 900°C in vacuum-sealed quartz tubes with CuO and Ag wires. Sample CO;
was reduced to graphite at 550°C using Hz and a Fe catalyst, with reaction water drawn off with
Mg(ClOa4)2. Graphite samples were pressed into targets in Al boats and loaded on a target wheel
with OX-1 (oxalic acid) standards, known-age bone secondaries, and a *C-free Pleistocene whale
blank. *C measurements were at UCIAMS on a modified National Electronics Corporation
compact spectrometer with a 0.5 MV accelerator (NEC 1.5SDH-1). The *C ages were corrected
for mass-dependent fractionation with measured 83C values and calibrated with samples of
Pleistocene whale bone (backgrounds, 48000 4C BP), late Holocene bison bone (~1,850 4C BP),
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late AD 1800s cow bone and OX-2 oxalic acid standards.

PSUAMS Acid Etch/Hydrolysis

Enamel bioapatite splits from two samples from Saki Tzul, Belize (15456 and 15457) were
processed at the Pennsylvania State University for AMS 4C dating by acid hydrolysis. Samples
were cleaned with dental tools to remove adhering residues, and then acid-etched to removed
secondary carbonate prior to hydrolysis. After rinsing in Nanopure H,O and drying at 50°C,
samples were evaluated for the integrity of their enamel using FTIR analysis. Samples and
standards were placed then in BD Vacutainer septum-stopper vials, and digested with 85%
orthophosphoric acid. The evolved CO, was graphitized as above and the *C measurement made
on a modified National Electronics Corporation compact spectrometer with a 0.5 MV accelerator
(NEC 1.55DH-1) at Penn State University.

MAMS Protocols and Pretreatment

The samples from Lapa do Santo MAMS-28703, -28706, and -17190 were pretreated at the
Department of Human Evolution at the Max Planck Institute for Evolutionary Anthropology (MPI-
EVA), Leipzig, Germany, using the method described in [40]. The outer surface of the bone
samples was first cleaned by a shot blaster and then 500 mg of the whole bone was taken. The
samples were then decalcified in 0.5M HCl at room temperature until no CO, effervescence was
observed, usually for about 4 hours. 0.1M NaOH was added for 30 minutes to remove humic
acids. The NaOH step was followed by a final 0.5M HCI step for 15 minutes. The resulting solid
was gelatinized at pH3 in a heater block at 75°C for 20h. The gelatine was then filtered in an Eeze-
Filter™ (Elkay Laboratory Products (UK) Ltd.) to remove small (>80um) particles. The gelatine was
then ultrafiltered with Sartorius “VivaspinTurbo” 30 KDa ultrafilters. Prior to use, the filter was
used to remove carbon containing humectants. The samples were lyophilized for 48 hours. All
dates were corrected for a residual preparation background estimated from %C free bone
samples. These bones were kindly provided by the Mannheim laboratory and pretreated in the
same way as the archaeological samples [41]. To assess the preservation of the collagen, C:N
ratios together with isotopic values need to be evaluated. The C:N ratio should be between 2.9
and 3.6 and the collagen yield not less than 1% of the weight. Stable isotopic analysis is evaluated
at MPI-EVA, Leipzig (Lab Code R-EVA), using a ThermoFinnigan Flash EA coupled to a Delta V
isotope ratio mass spectrometer. All the samples fall within the acceptable range of the
evaluation criteria mentioned above.

Calibration of radiocarbon dates

All calibrated *C ages were calculated using OxCal version 4.3 [42]. The IntCal13 northern
hemisphere curve [43] was used for four samples from Belize, while the remainder were
calibrated using the SHCal13 curve [44]. Dates from two coastal sites—Los Rieles in Chile and
Jabuticabeira Il in Brazil—were calibrated according to a mixture with the Marinel3 curve [43]
based on an estimate of a 40% marine dietary component. For each site, AR values were
calculated based on the most proximate sample locations in the 14CHRONO Marine Reservoir
Database [45] (see Online Table 1 for details).
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To define genetic group labels we in general used the following nomenclature:
“Country_SiteName_AgeBP” [20]. “AgeBP” of a genetic group comprised of more than one
individual is calculated by averaging the mean calibrated date in years before present (BP) of the
directly dated samples that provided nuclear DNA data. For samples that were not directly dated
we considered the averaged value of the corresponding genetic group.

Ancient DNA sample processing:

We screened skeletal samples for DNA preservation in dedicated clean rooms at Harvard Medical
School in Boston (USA), UCSC Paleogenomics in Santa Cruz (USA), the Max Plank Institute for
Science of Human History in Jena (Germany), University of Tibingen in Tiibingen (Germany) and
the Australian Centre for Ancient DNA in Adelaide (Australia) (Online Table 1). Powder was
prepared from the skeletal samples and DNA extraction [11] and library preparation [13] were
performed using previously established protocols. Except for samples processed with the single-
stranded library protocol (Brazil_Jabuticabeira2_2000BP) [12], all other samples were treated
with uracil-DNA glycosylase (UDG) to greatly reduce the presence of errors characteristic of
ancient DNA at all sites except for the terminal nucleotides [13], or including at the terminal
nucleotides (UDGplus) [46]. We enriched for sequences overlapping 1,233,013 SNPs (‘1240k SNP
capture’) [14] and sequenced the DNA on Illumina NextSeq500 or HiSeq 4000 instruments. We
removed adapters from the sequences using SeqPrep [47] or AdapterRemoval v2 [48], mapped
the data to hgl9 with BWA [49], removed duplicates with bamrmdup [50] or Dedup [51] and
merged data from different libraries of the same individual using SeqPrep. The damage patterns
were quantified using mapDamage2.0 [52]. We extracted genotypes from the ancient genomes
by drawing a random sequence at each position, ignoring the first and last 2 bp of every read as
well as any read containing insertions or deletions in their alignment to the human reference
genome. For samples not treated with UDG (UDGminus) (e.g. USA_Anzickl 11400BP and
Brazil_Jabuticabeira2_2000BP), we also clipped 10bp and created a second dataset to represent
the sample following this processing. If the randomly drawn haploid genotype of an ancient
individual did not match either of the alleles of the biallelic SNP in the reference panel, we set
the genotype of the ancient individual as missing. For the great majority of analyses we analyzed
all autosomal SNPs from the 1.24 million SNP enrichment reagents. For a subset of analyses we
restricted to transversion SNPs which are unaffected by the characteristic ancient DNA errors
that occur at transition SNPs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Contamination estimation in mitochondrial DNA, the X chromosome, and the autosomes:

We tested for contamination in mtDNA using schmutzi (parameters: --notusepredC --uselength)
[18], which iteratively determines the endogenous mitochondrial genome while also estimating
human mitochondrial contamination given a database of potential contaminant mitochondrial
genomes. For males we estimated contamination on the X-chromosome with ANGSD [19], which
creates an estimate based on the rate of heterozygosity observed on the X-chromosome. We
used the parameters minimum base quality=20, minimum mapping quality=30, bases to clip for
damage=2, and set all other parameters to the default. Finally, we measured autosomal
contamination using a recently developed tool based on breakdown of linkage disequilibrium
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that works for both males and females (Nakatsuka, Harney et al., in preparation). We report but
do not include in our main analyses samples with evidence of contamination greater than 5% by
any of the contamination estimation methods (only sample CP26 was excluded). Due to high
contamination levels (the non-damage restricted samples skewed towards West Eurasians on
global PCA (not shown), sequences of all Brazil _Jabuticabeira2_2000BP samples were filtered
with PMDtools [53] to retain only fragments with a typical ancient DNA signature and then
trimmed 10bp on either end before analysis. All contamination estimates are reported in Online
Table 1.

Present-day human data:

We used present-day human data from the Simons Genome Diversity Project [54], which
included 26 Native American individuals from 13 groups with high coverage full genome
sequencing. We also included data from 48 Native American individuals from 9 different
populations genotyped on the Affymetrix Human Origins array [9, 55] as well as 493 Native
American individuals genotyped on Illumina arrays either unmasked or masked to remove
segments of possible European and African ancestry [7].

Y chromosome and mitochondrial DNA analyses:

For Y chromosome haplogroup calling, we used the original BAM files and performed an
independent processing procedure. We filtered reads with mapping quality < 30 and bases with
base quality < 30, and for UDGhalf treated libraries we trimmed the first and last 2-3bp of each
sequence to remove potential damage induced mutations. We determined the most derived
mutation for each sample using the tree of the International Society of Genetic Genealogy
(ISOGG) and confirmed the presence of upstream mutations consistent with the assigned Y
chromosome haplogroup using Yfitter [56]. For mtDNA haplogroup assignment, we used
Haplofind [57] on the consensus sequences reconstructed with schmutzi (parameters: --
notusepredC --uselength) [18] after applying a quality filter of > 10 (or = 11 for
LapaDoSanto_Burial28, LapaDoSanto_Buriall7 and ArroyoSeco2_AS6) for a total of 48 newly
reported sequences, including samples for which no nuclear data was obtained (Online Table 1).
We produced a multiple genome alignment of our newly reconstructed sequences (excluding
LagunaChica_SC50_L763 because of low coverage) along with 17 previously published ancient
sequences older than ~4000 BP (Online Table 1) and 230 present-day sequences [22] using
MUSCLE (parameter: -maxiters 2) [58]. We thus analyzed a total of 295 mtDNAs and used an
African sequence as outgroup. We used the program MEAGA6 [59] to build a Maximum
Parsimony tree with 98% partial deletion (16518 positions) and 500 bootstrap iterations, and
visualized it in FigTree (http://tree.bio.ed.ac.uk/software/) (Figure S7).

We used the newly reconstructed mtDNA combined with previously published present-
day and ancient sequences (Online Table 1) to generate a maximum parsimony tree (Figures S7A
and S7B). This tree recapitulates the star-like phylogeny of the founding Southern Native
American mtDNA haplogroups A2, B2, Clb, Clc, C1d, D1 and D4h3a reported previously [60]. We
report five new Central and South American individuals belonging to the rare haplogroup D4h3a
(3 Brazil, 1 Chile, 1 Belize), which among ancient individuals has been identified so far only in two
individuals from the North American Northwest Coast [61] and in the Anzick-1 individual [6] but
not in Southern Ontario, ancient Californians (Scheib et al. 2018), or Western South America [22]
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where it has the highest frequency today [31]. Previously this haplogroup was hypothesized to
be a possible marker of human dispersal along the Pacific coast, but its presence in early
individuals from Belize and Brazil (as well as in the inland Anzick-1 genome from Montana in the
U.S.A.) suggests an ancient spread toward the Atlantic coast as well with its lower frequency
there today being due to population replacement or to genetic drift.

The maximum parsimony tree is also striking in showing that the lineage leading to
haplogroup D4h3a has a much longer branch than all other Native American-specific mtDNA
haplogroups. The diversification of haplogroup D4h3a dates to ~16000 BP which temporally
overlaps with the coalescence time of A2, B2, C1, and D1 haplogroups [22]. This suggests that a
rate acceleration took place on the lineage leading to the radiation of D4h3a, similar to what has
been observed among African L2 lineages [62].

Principal component analysis:

We used smartpca from EIGENSOFT and default settings [63] to compute principal components
using present-day populations. We projected ancient individuals with at least ~10,000
overlapping SNPs using the option Isqproject: YES, on eigenvectors computed using the present-
day populations genotyped on the Illumina array (we restricted our analysis to the subset of
Native Americans without evidence of post-colonial mixture [7]).

Symmetry statistics and admixture tests (f-statistics):

We computed D-statistics, fs-statistics and f3-statistics with ADMIXTOOLS [21] using the programs
gp3Pop and gpDstat with default parameters and “f4mode: YES”. We computed standard errors
with a weighted block jackknife over 5-Mb blocks. For f3-statistics we set the “inbreed: YES”
parameter to account for the fact that we are representing the ancient samples by a randomly
chosen allele at each position rather than using their full diploid genotype which we do not have
enough data to discern. The details of the inbreeding correction, which computes the expected
value of statistics taking into account this random sampling, are presented in the section 1.1 of
the Appendix of [64]. We computed “outgroup” fs-statistics of the form f3(Mbuti; Popi, Pop.),
which measures the shared genetic drift between population 1 and population 2. Where relevant
we plot the statistics on a heatmap using R[65][64][63][79]
(https://github.com/pontussk/point heatmap/blob/master/heatmap Pontus colors.R). We
also created a matrix of the outgroup f; values between all pairs of populations. We converted
these values to proxies for distances by subtracting the values from 1 and generating a multi
dimensional scaling (MDS) plot with a custom-made R script. We converted the original values to
distances by taking the inverse of the values and generating a Neighbor joining tree using PHYLIP
version 3.696’s [66] “neighbor” function and setting USA_USR1_11400BP as the outgroup
(default settings were used for the rest of the analysis). We displayed the tree using Itol [67].

gpWave analyses:

To determine the minimum number of streams of ancestry contributing to Central and South
American populations, we used the software gpWave [7] which assesses whether the set of fs-
statistics of the form fs(A=South American 1, B=South American 2; X=outgroup 1, Y=outgroup 2),
which is proportional to the product of allele frequencies summed over all SNPs (pa-ps)(px-pv),
forms a matrix that is consistent with different ranks (rank 0 would mean consistency with a
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single stream of ancestry relative to the outgroups; rank 1 would mean 2 streams of ancestry,
and so on). The significance of the statistic is assessed using a Hotelling T2 test that appropriately
corrects for the correlation structure of fs-statistics (and thus multiple hypothesis testing). For
most analyses, we used ancient California individuals from [8] (USA_MainlandChumash_14008BP,
USA_SanFranciscoBay_300BP, USA_SanNicolas_49008BP, and USA_SanClemente-
SantaCatalina_800BP), Chipewyan, Russia_MA1_24000BP (MA1), Anzick-1, Han, Papuan, Karelia
Hunter Gatherer, and modern Mexican groups (Zapotec, Mixtec, Mixe, and Mayan) as outgroups.
We also performed the analyses with different outgroups to determine the effect of outgroups
on the results (for a detailed list, see Online Table 3). We used all possible pairs, triplets, and
guadruplets of South American groups as test populations. We also tried different combinations
of South American groups—up to 15 different groups together—as test populations. For gpWave
analyses we used the default settings except for the change that we set allsnps: YES.

Admixture graph modeling:

We used gpGraph [21] to model the relationships between diverse samples. This software
assesses the fit of admixture graph models to allele frequency correlation patterns as measured
by f2, f3, and fs-statistics. We started with a skeleton phylogenetic tree consisting of Mbuti,
Russia_MA1_24000BP (MA1), Onge, and Han from prior publications [9, 68]. We added the
ancient South American populations in different combinations and retained only the graph
solutions that provided no individual fs-statistics with |Z|>3.5 between empirical and predicted
statistics (except for the case of adding Surui due to the difficulties of modeling in the Population
Y signal). We created the graphs with all overlapping SNPs among the included groups. We used
the default settings of gpGraph for all runs exept for the options “outpop: NULL” instead of
setting an outgroup population and “allsnps: YES” to compute each f-statistic on the common
SNPs present in the populations involved in the statistic, rather than the intersection of all SNPs
present in the dataset. To reduce the impact of damage-induced substitutions in UDGminus data
of the Anzick-1 individual we restricted the analysis to a version of this sample where sequences
were 10bp trimmed on both sides before genotyping. In addition, we performed all analyses with
the transitions at CpG sites removed, and we also report the maximum Z-scores of many of the
analyses with all transition sites removed. Lastly, for the graphs in Figures S6A-D we computed
standard errors for the lengths of different graph edges by performing a block jackknife by
dropping each of 100 contiguous blocks (with an equal number of SNPs) in turn [69].

Scheib et al. analyzed data from diverse Native American populations—ancient and
modern—and proposed that in Central and South Americans today there is a history of
widespread admixture between the two deepest branches of Native American genetic variation
(ANC-A and ANC-B), with a minimum of ~30% of each branch admixed into all populations [8].
They write "The summary of evidence presented here allows us to reject models of a panmictic
“first wave” population from which the ASO [the Ancient South Ontario population] diverged
after the population of South America or in which solely the ANC-A population contributed to
modern southern branch populations.”

The evidence for the claim that Central and South Americans do not have entirely ANC-A
ancestry is based on fitting the admixture graph model of Figure 2A in Scheib et al. 2018, which
the authors show is a fit to the data jointly for Han, Anzick-1, USA_SanNicolas_4900BP (ESN),
USA_SanNicolas_1400BP (LSN), Pima, Surui, and Canada_Lucier_4800BP-500BP (ASO). They then
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added a diverse set of other Native American populations into the graph as mixtures of the same
two lineages, and report the mixture proportions in Table S8 of their study.

We began by replicating the finding of Scheib et al. 2018 that their proposed admixture
graph was a fit to the data (maximum mismatch between observed and expected f-statistics of
|Z]=1.1) (Figure S6A). However, when we added to the admixture graph additional non-American
populations whose phylogenetic relationship to Native American populations has been well
worked out (Russia_MA1_24000BP, Onge, and Mbuti), the model is a poor fit (maximum
mismatch of observed and expected f-statistics of |Z|=4.8) (Figure S6B). This implies that the
model of Scheib et al. 2018 does not capture some important features of the history relating
these populations, and suggests that we may not be able to rely on the inferred proportions of
ancestry.

If Scheib et al. 2018 were correct that there was widespread ANC-B ancestry in Central
and South America, then Canada_Lucier_4800BP-500BP would not be an outgroup to Anzick-1
and all Central and South Americans; that is, statistics of the form fs(USRI,
Canada_Lucier_4800BP-500BP; Anzick-1, Test Central or South America) would often be positive.
In fact, Canada_Lucier_4800BP-500BP is consistent with being an outgroup to all Central and
South America in our analysis, as statistics of the form fs(USR1, Canada_Lucier_4800BP-500BP;
Anzick-1, Test Central or South America) are all consistent with zero except for the special Late
Central Andes individuals (as we describe elsewhere, this signal could be explained either by less
than 2% Canada_Lucier_4800BP-500BP admixture into Late Central Andes groups, or
alternatively USA_SanNicolas_1400BP-related admixture into Canada_Lucier_4800BP-500BP)
(modern South Americans such as Piapoco and Quechua had statistics consistent with zero as
well) (Online Table 2). This is in line with Figure S13 of Scheib et al. 2018, where
Canada_Lucier_4800BP-5008P is also fit as an outgroup to Central and South Americans; the fit
of Figure S13 of their study is reasonable, with the maximum mismatch between observed and
expected f-statistics being |Z]|=2.0, which is not surprising after correcting for the number of
hypotheses tested.

To obtain some insight into why models such as Figure 2A of [8] could fit the data even
while statistics like f4(USR1, Canada_Lucier_4800BP-500BP; Anzick-1, Test Central or South
America) are for the most part consistent with being zero, we estimated the genetic drift along
the edge leading to Canada_Lucier_4800BP-500BP that mixed into South Americans in Figure 2A.
We found that it is not significantly different from zero in any of the graphs that we analyzed
(Figures S6A-D, Methods), meaning the ancestry on the Canada_Lucier_4800BP-500BP branch
that mixes into the South American groups does not share a significant amount of genetic drift
with Canada_Lucier_4800BP-500BP and there is no need to propose widespread mixing between
ANC-A and ANC-B.

A supporting piece of evidence cited by Scheib et al. 2018 in favor of mixture between
ANC-A and ANC-B lineages in Central and South Americans is that they identify present-day Pima
and Surui haplotypes that match Anzick-1 haplotypes (as a representative of ANC-A) more closely
than CK-13 (as a representative of Canada_Lucier_4800BP-500BP), and vice versa. However,
Native American populations (like all human populations) have a large proportion of shared
ancestral haplotypes, and incomplete lineage sorting means that even if two populations are not
most closely related, in some sections of the genome they will be most closely related on a
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haplotypic basis. Thus, it is not clear to us that this analysis demonstrates that Pima and Surui
derive from ANC-A/ANC-B mixtures

In conclusion, given that Canada_Lucier_4800BP-500BP is consistent with being an
outgroup to nearly all Central and South Americans based on f-statistic analysis (with the
exception of the special Late Central Andes populations), and that there is no compelling
haplotype-based evidence for ANC-A and ANC-B admixture in the history of Central and South
Americans, the genetic data are in fact consistent with the scenario in which an ANC-A population
was the sole contributor to southern branch (Central and South American populations). Thus, our
results are consistent with the originally suggested null hypothesis of entirely ANC-A ancestry
leading to Central and South Americans [5-7].

To build the admixture graph shown in Figure 3, we used a skeleton graph from previous
publications [9, 68]. We added in groups based on previous findings (e.g. the Ancient Beringian
USR1 as an outgroup [4] and the split between ANC-A and ANC-B [7, 8]). We then added
additional groups new to this study using guidance from other results such as the outgroup-f3
matrix-based neighbor-joining tree. We stopped building the admixture graph once we had fit as
many representative ancient individuals as possible that could fit without strong evidence of
mixture (worst Z-score outlier fa (Han, USA_SanNicolas_4900BP;
Argentina_ArroyoSeco2 7700BP, Canada_Lucier_4800BP-500BP) 7=2.9).

To build the complex admixture graphs shown in Figures 4 and 5, we used two
approaches. For Figure 4, we started with the admixture graph of Figure 3, and then grafted onto
it admixture events motivated by our gpWave results, namely mixture from an Anzick-1-related
lineage into the earliest Chilean individual and some of the Brazil and Argentina groups, and
mixture of USA _SanNicolas 4900BP-related ancestry into Late Central Andes groups. We
compared models with and without admixture edges and used the model with an extra
admixture edge if it decreased the maximum Z score by over 0.3.

For Figure 5 we carried out a semi-automated search in which we began with a skeleton
model including all non-Native Americans and USA_USR1_11400BP, and then iteratively added
as many other populations as we could in a greedy approach, first as simple clades in order to
minimize graph complexity, and then as 2-way mixtures if the sample clade approach did not fit.
Thus, for N populations, we first fit graphs of m populations and then considered all remaining
N-m populations as candidates to be grafted in all fitting models with m populations. Each grafted
population was either placed anywhere on the graph (or its two components in case of mixture
were placed anywhere on the graph). This approach is described in more detail in [26].

The two admixture graphs shown in Figures 4 and 5 have many qualitative points of
agreement including: i) USA_USR1_11400BP as an outgroup to all other Native Americans, ii) a
split of ANC-A and ANC-B such that ANC-B had minimal genetic influence on all South Americans,
iii) A rapid radiation of the earliest South Americans, with the earliest South Americans having
very little drift on the lineages separating them, iv) distinctive shared ancestry between
Brazil_LapaDoSanto_9600BP and Chile_LosRieles_10900BP on the one hand and USA_Anzick-
1_12800BP on the other, v) distinctive shared ancestry between USA_Anzick-1_12800BP and
USA_SanNicolas_4900BP, and vi) mixture of a source of ancestry with distinct relatedness to
North Americans into Late Central Andes groups.

The primary disagreement between the admixture graphs concerns the question of
whether or not USA_Anzick_12800BP is admixed.
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In Figure 4 USA_Anzick_12800BP is modeled as unadmixed, and ancestry related to this
group mixes into some of the Brazil, Chile, and Argentina groups as well as into
USA_SanNicolas_4900BP. The ancestry sources can be interpreted as resulting from North to
South America migrations in successive streams. There are an initial two streams from an Anzick-
I-related group retained in Chile_LosRieles_10900BP, Brazil_LapaDoSanto_9600BP, and
Argentina_ArroyoSeco2 _7700BP and another ancestry stream that is pervasive throughout
ancient South America (we cannot resolve the order of these two streams). There is a third
ancestry source contributing to Late Central Andes groups, and a fourth ancestry source that
corresponds to the Population Y signal in Karitiana and Surui but that we do not specifically model
in the graph.

In Figure 5, most South Americans can be modeled as a mixture of a lineage that split into
regional branches in Peru (Lauricocha_8600BP and Cuncaicha_9000BP), the Southern Cone
(Argentina_ArroyoSeco2_7700BP and Chile_LosRieles_5100BP), and
Brazil_LapaDoSanto_9600BP, with the lineage more closely related to
Brazil_LapaDoSanto_9600BP then mixing into the shared ancestors of USA_Anzick_12800BP and
USA_SanNicolas_4900BP (possibly reflecting a back-flow from South to North America, although,
alternatively, all the splits could have occurred in North America). The model also specifies more
recent admixture into Late Central Andes population of a lineage with a distinctive relatedness
to North Americans (this model also included West Eurasian related admixture in
Canada_Lucier_4800BP-500BP that likely reflects a low level of contamination in these samples).

Both models shown in Figures 4 and 5 are reasonable statistical fits (maximum Z-scores
of 3.4 and 2.9 with only transitions in CpG sites removed, and 3.0 and 2.9 when all transitions are
removed), and we were unable to resolve which was better. Additional sampling of early North
and South Americans could help to resolve the true model.

In Figure S5, we present various modifications of these models, including some that add
Surui which has evidence of a fourth source of “Population Y’ ancestry that bears a different
relationship to Asians.

Analyses of phenotypically relevant SNPs:

We analyzed sequences at SNPs previously known to be relevant to interesting phenotypic traits
(Supplemental Note 1). We used samtools version 1.3.1 [70, 71] mpileup with the settings -d 8000
-B -930 -Q30 to obtain information about each read from the bam files of our samples. We used
the fasta file from human genome GRCh37 (hg19) for the pileup. We counted the number of
derived and ancestral variants at each analyzed position using a custom Python script.

Besides EDAR we analyzed several other phenotypically relevant variants including one
variant TBX15 which affects body fat distribution [72], a variant in SLC16A11, which predisposes
individuals to diabetes [73], 2 variants in NOS3 and EGLN1 believed to facilitate life at high
altitudes [74], top 10 variants from a recent study on natural selection in Andeans [75], and a
variant at the fatty acid desaturase gene FADS2 with evidence of natural selection [34].

We observed that the SLC16A11 variant rs13342232 is homozygous ancestral (A) in USR1
and Anzick-1, but the derived allele is present in 17/32 of the individuals that had coverage at the
variant, which is approximately the frequency observed in present day Native Americans (we
observe no significant correlation with time or location).
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The TBX15 allele is heterozygous in USRI but homozygous derived (A) in Anzick-1 and all
other individuals with at least one sequence covering the SNP (39) except 2
Belize_SakiTzul_7400BP and a present-day Mayan individual that were heterozygous, and 1
Argentina-Chile_FuegoPatagonian_100BP that had a single sequence supporting the ancestral
position. This reflects the approximate allele frequency present in present day Native Americans
[72], meaning that selection, if it occurred, likely did so prior to the diversification of Native
Americans.

The NOS3 and EGLN1 derived and ancestral alleles were present in appreciable
frequencies in all time periods and locations, and we lacked enough samples to assess whether
a prior report of selection on these variants [74] was consistent with our data.

As expected, all individuals were homozygous for the ancestral allele at SLC45A2 (C) and
LCT (G), and SLC24A5 (G), indicating darker skin color and lack of lactase persistence.

In the Greenland Inuit FADS2 has been shown to have experienced selection related to
cold adaptation and to a diet rich of proteins [76]. Selection scans in non-Arctic Native American
groups who share a substantial proportion of their ancestry with the Inuit also identified the
FADS2 locus as being under positive selection, and it has been proposed that the adaptation took
place in a common ancestral group before their entrance in the Americas [34]. All our ancient
individuals harbor the derived variant of a FADS2 SNP (chr11:p0s61597212, rs174570) supporting
the view that the selection could have taken place in the ancestral population of Native
Americans (Online Table 4).

Insights into more recent history of Brazil based on Jabuticabeira 2 individuals:

Maritime societies are documented on the coast of southern and southeastern Brazil
since about 8000 BP. Even without agriculture and pottery, these groups achieved impressive
demographic densities. Their most outstanding cultural practice was the building of hundreds of
shell-mounds, some of monumental magnitude, that were used as a funerary ground (up to one
thousand skeletons are estimated to be included in mounds that could be 50 meters high and
200 meters in diameter). Analysis of sex-biased morphological variation suggest these groups
were matrilocal [25]. It is still not clear whether shell-mound builders constituted a pan-regional
society with a single origin sharing ancestry and language, or if they were groups of independent
origins who adopted a similar subsistence strategy focused on a maritime economy and the
construction of shell mounds. Nevertheless, around 2000-1000 BP there is a clear decline and
eventually cessation of shell-mound construction. A highly debated question in South American
pre-colonial history concerns the nature of the disappearance of the Sambaqui archaeological
tradition and the role in this process of two main population movements in the region — arrival
of Ge speakers and arrival of Tupi speakers, hypothesized to have occurred at ~2000 BP and
~1000 BP, respectively.

While it has been proposed that Sambaqui shell mound builders and proto-Ge speakers
probably interacted, the arrival of Tupi-Guarani speakers (such as present-day Parakana and
Guarani) is hypothesized to have involved a rather abrupt population replacement leading to the
complete disappearance of the Sambaqui culture — represented in the current study by
Jabuticabeira 2 [24, 25].

Our analyses of the genetic affinities of the Brazil_Jabuticabeira2_2000BP individuals to
modern groups provides the first genetic evidence to test this model. In Figure S3 it appears that
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the Kaingang (a Ge speaking group from southern Brazil) and the Arara (a Carib speaking group
part of the Ge-Pano-Carib family from northern Brazil) have a greater genetic affinity with
Brazil_Jabuticabeira2_2000BP than do groups that speak Tupi-Guarani languages. This pattern is
confirmed with statistics of the form fs(Mbuti, Brazil_Jabuticabeira2_2000BP; Guarani,
Kaingang) and fs(Mbuti, Brazil_Jabuticabeira2_2000BP; Parakana, Arara) that are significantly
positive (Z scores of 2.7 and 3.2, respectively, despite fewer than 50,000 SNPs being available for
analysis) (Table S1), suggesting that present-day Ge speakers across a wide geographic region
harbor specific affinities to Sambaqui shell mound builders, consistent with some elements of
shared ancestry in Ge speakers. This pattern holds even when we remove the most recent
Jabuticabeira 2 individual dated to ~1200BP (Table S1).

Within Jabuticabeira 2, there are two distinct periods of occupation. The earliest is dated
to 2500-2200 BP and can be considered a late expression of the classic Sambaqui phenomenon
that first appears in the region around 8000 BP. The later occupation event is dated to around
1500 BP and archaeologically is expressed by the formation of layers of dark earth on top of the
shell-mounds. This transformation is not restricted to Jabuticabeira 2 as it has been documented
at several other locations along the Atlantic coast. Possible factors to explain this transformation
range from environmental changes (e.g. total depletion of mollusk banks) to the arrival of new
people or simply the implementation of new practices. In the present study the only individual
of Jabuticabeira 2 coming from the second event of occupation is Burial 102 - all others are from
the classic Sambaqui phase of occupation. Our genome-wide data is thin for this individual and
lack the resolution to test for differences in ancestry between the groups. However, mtDNA of
all seven individuals from the classic Sambaqui horizon share the same haplogroup Clcindicating
low mtDNA diversity, while Burial 102 carries mtDNA haplogroup B2. More individuals from the
later period of occupation of the site should be able to reveal if Burial 102 is representative of a
population shift.

Data Availability

Raw sequences (bam files) from the 49 newly reported ancient individual with genome-wide
data and 48 newly reported individuals with mtDNA data are available from the European
Nucleotide Archive. The accession number for the sequence data reported in this paper is ENA:
(PRJEB28961).
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Abstract

There are many unanswered questions about the population history of the Central
and South Central Andes, particularly regarding the impact of large-scale societies,
such as the Moche, Wari, Tiwanaku, and Inca. We assembled genome-wide data on
89 individuals dating from ~9000-500 years ago (BP), with a particular focus on the
period of the rise and fall of state societies. Today’s genetic structure began to
develop by 5800 BP, followed by bi-directional gene flow between the North and
South Highlands, and between the Highlands and Coast. We detect minimal
admixture among neighboring groups between ~2000-500 BP, although we do
detect cosmopolitanism (people of diverse ancestries living side-by-side) in the
heartlands of the Tiwanaku and Inca polities. We also reveal cases of long-range
mobility connecting the Andes to Argentina, and the Northwest Andes to the
Amazon Basin.

Introduction

The South American Andean regions have a long and dynamic history
beginning with the arrival of the first hunter-gatherers at least ~14500 BP. In the
Central and South-Central Andean regions (present-day Peru, Bolivia, and North
Chile), early settlements in both the Coast and the Highlands [1-5] were followed by
the development of sedentary lifestyles, complex societies, and eventually
archaeological cultures with wide spheres of influence, such as the Wari (~1400-950
BP), Tiwanaku (~1400-950 BP), and Inca (~510-420 BP) (BP: before present, defined
as years before 1950 CE; in what follows, all radiocarbon dates are corrected with
appropriate calibration curves as justified in STAR Methods and summarized by the
midpoint of their estimated date ranges rounded to the closest century; Table S1).

Archaeological research in the Central Andes is extraordinarily rich [6], but
ancient DNA studies to date have been limited, so there has been little information
about demographic change over time. Studies of uniparental DNA indicated
evidence for a degree of genetic homogeneity of the Central and Southern
Highlands, especially for the Y chromosome [7-11], while studies with aDNA
suggested substantial continuity as well as gene flow between the Coast and the
Highlands [12-17]. High coverage genome-wide ancient DNA data from South
America from the time before European contact began to be published in 2018, with
most data from mid- to early-Holocene hunter-gatherers (in the Central and South-
Central Andes 23 individuals were reported) [18-20]. Although these studies had
large geographic and temporal gaps, they were critical in showing that individuals
from the Central and South-Central Andes up to at least ~9000 BP are more closely
related to modern Andean highland, rather than coastal or Amazonian populations
[18, 19]. An additional lineage was found to have begun spreading in this region by
at least ~4200 BP [18] and had a significant genetic affinity (excess allele sharing)
with groups in Mexico and the California Channel Islands.

We assembled genome-wide data from 89 individuals from the Central and
South-Central Andes over the past ~9000 years, including 65 newly reported
individuals, and added data from a ~1600 BP individual from the Argentine Pampas
region (Figure 1A-B, Figure S1, and Table S1). We also report 39 direct radiocarbon
dates (Table S1). The dataset includes individuals associated with a wide range of
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archaeological cultures from the Highlands and Coast of three geographic regions
within present-day Peru: a northern zone we call “North Peru” (including sites in the
Departments La Libertad and Ancash), a central zone we call “Central Peru"
(Department of Lima), and a southern zone we call "South Peru” (including sites in
the Departments of Ica, Ayacucho, Arequipa, Apurimac) spanning thousands of years
through each of the regions. We also assembled data from Cusco in Peru, the South-
Central Andean "Titicaca Basin" Highlands (spanning an ecologically and culturally
unique region of southernmost Peru as well as western Bolivia), and "North Chile"
(see Figure 1). Here we use the term “archaeological cultures” as a proxy for the
particular material cultures and site contexts from which our ancient individuals are
derived, acknowledging that the actual human societies that produced the artifacts
representing these material cultures often had substantially different social
organizations, and our data is not sufficient to capture the full breadth and internal
dynamics of each of them.

We combined the new data with previously published ancient DNA data from
[18-26] and compared it with the genetic diversity of different present-day peoples
[27-29]. We determined when the genetic structure observed today in the Central
Andes first began to develop and assessed the degree to which gene flows over time
have modulated this structure. Further, we investigated how changes in the
population structure might correlate to archaeologically documented episodes of
cultural, political, and socioeconomic change (summary of findings in Data S1).

Ethics and Community Engagement

We acknowledge the Indigenous Peoples of Peru, Bolivia, Chile, and
Argentina who supported this study as well as the ancient and present-day
individuals whose samples we analyzed. The analysis of DNA from ancient individuals
can have significant implications for present-day communities both because the
studies can reveal how ancient people relate to present-day groups and also because
the physical handling of the skeletal materials might be sensitive to the groups
involved. Thus, it is important to engage with local communities and with scholars
who work closely with these communities to incorporate these perspectives [30, 31],
and to do so in a way appropriate for the particular Indigenous communities and
political and social history in each region.

This study is the result of an international and inter-institutional collaborative
effort that includes scientists from the countries where the ancient individuals
originated. In all cases the interest in genetic investigation of human remains
centrally involved local co-authors, in most cases the archaeologists that excavated
the sites. In many of these countries, archaeological investigations, as well as the
permission to conduct biomolecular research on archaeological skeletal remains, is
governed by national regulations. In Peru, for example, this is addressed in Ley
General del Patrimonio Cultural de la Nacion (Law No. 28296) (see also [32, 33]). Our
primary approach was thereby by necessity to consult with the provincial and state-
based offices of the responsible institutions to obtain permission for analysis. In
addition to this, however, we engaged with local communities throughout the study
as detailed below.
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All but one of the sample sets presented here were exported from their
country of origin for this analysis and studied with direct permission of the local
government. For example, the great majority of the samples newly reported in this
study come from Peru, where this study was approved by the Ministry of Culture of
Peru, which was originally created to revalue indigenous culture, past and present,
to promote interculturality, and to fight against racism. The only exception is the San
Sebastian samples (Cusco, Peru) that were part of a US collection and were studied
there as part of a repatriation effort with permission of Peruvian institutions, and are
now curated in Cusco. Some of the samples, especially from coastal Peru, come from
looted cemetery contexts, and the genomic data and direct radiocarbon dates
generated here help to confirm their assignation to cultural epochs. Thus, this work
helps to re-contextualize the individuals and has the potential to provide local
communities with new ways to engage the past at disturbed sites.

For the individual from Argentina, in addition to obtaining permits from the
provincial heritage institutions, the Indigenous community living near the site
(Comunidad Indigena Mapuche-Tehuelche Cacique Pincen) approved the study after
consultation and participation in the rescue excavation (the skeletal remains will be
re-buried). The results of this and prior studies and their implications have been
discussed with the community, and they have indicated support for this research in
discussion with co-authors of the study. The regulations in Bolivia require
archaeologists to consult with local communities before field research and turn in
their research field reports to these communities. For the individuals from Chile, we
obtained permits from the local heritage institutions, but no local Indigenous
community lived near the site or indicated a connection to the analyzed skeletons.

Both before and during this study, there was substantial engagement with
local communities by co-authors JS, RF, CB, and GP, who have a long-term presence
in each region and years of experience collecting data and returning results to the
communities. Several of the co-authors presented the outcomes of this study and
related archaeological and paleogenetic studies in the form of publicly accessible
talks.

Data S1is a translation of the Summary and Key Findings sections into
Spanish to increase accessibility for non-English speakers, following the precedent
established and used by the journal Latin American Antiquity.
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Results and Discussion

Authenticity of Ancient DNA and Single Locus Patterns

We evaluated the authenticity of the data based on: 1) characteristic cytosine-to-thymine
substitution rate at the ends of the sequenced fragments over 3% [34]; 2) point estimates of
contamination in mitochondrial DNA (mtDNA) below 5% [35, 36]; 3) point estimates of X
chromosome contamination below 3% (only possible in males) [37]; and 4) point estimates of
genome-wide contamination below 5% based on a method that leverages breakdown in linkage
disequilibrium due to contamination [38]. Individuals 11400, 101, and MIS6 were removed based
on these analyses (full metrics are in Table S1). All common South American mtDNA haplogroups
A2, B2a, B2b, Clb, Cic, D1, and D4h3a were represented (Figure S2), likely reflecting persistently
large population sizes in the Central Andes [9, 17].

Population Structure Has Early Holocene Roots

Restricting to autosomal data, we performed a qualitative assessment of the population
structure using unsupervised ADMIXTURE (Figure S3) and PCA (Figure 2 and Figure S4). We also
generated a neighbor-joining tree and multi-dimensional scaling (MDS) plots of the matrix of
“outgroup-f3” statistics of the form f3(Mbuti; Pop1, Pop2), which measure shared genetic drift
between population pairs (Figure 3, Figure S5). Genetic structure strongly correlates with
geography since at least ~2000 BP, with the first eigenvector in PCA corresponding to a north-
to-south cline and the second separating Northwest Amazon groups from Central and South-
Central Andean groups (Figure 2). The genetic structure is consistent with patterns expected
from isolation-by-distance or gene flow among neighbors, with geographically closer
individuals sharing more alleles than people separated by long distances (Figure 3). The oldest
individuals (Peru_NorthHighlands_Lauricocha_8600BP and
Peru_SouthHighlands_Cuncaicha_9000BP) did not plot in a position corresponding to their
location, as expected since these individuals were not affected by the shared drift and gene
flow among geographic neighbors that shaped the population structure of much more recent
individuals (Figure S4).

We examined how genetic structure evolved over time using statistics of the form
fa(Mbuti, Test; Pop1, Pop2) where Pop1 and Pop2 were groups of similar time period, iterating
over all other populations in our dataset as Test. We created analysis clusters for the regions
labeled in Figure 1 (NorthPeruHighlands, NorthPeruCoast, CentralPeruCoast,
SouthPeruHighlands, SouthPeruCoast, and NorthChile) where all ancient individuals younger
than ~2000 BP were grouped (the Cusco individuals were excluded from SouthPeruHighlands
for reasons discussed below) based on our empirical finding of a high degree of genetic
homogeneity in each region since ~2000BP (see below).

We first computed statistics of the form fs(Mbuti, Test; Coast, Highlands), declaring
significance if the statistics were more than 3 standard errors from zero. Test individuals that
share significantly more alleles with either Coast or Highlands groups must have lived when
population structure existed that distinguished the Highlands regions of the Central and South-
Central Andes from other parts of South America, and thus provide a minimum on the date of
the structure.

The North Peru Highlands reveal substantial continuity over seven millennia as shown
by excess allele sharing of Peru_NorthHighlands_Lauricocha_8600BP to NorthPeruHighlands
relative to NorthPeruCoast (Table S2A). Similarly, in the South Peru Highlands,
Peru_SouthHighlands_Cuncaicha_4200BP shares more alleles with SouthPeruHighlands than
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with SouthPeruCoast. Thus, the oldest Highlands individuals were from populations that
contributed more to later Highlands than to Coast groups, suggesting that the distinctive
ancestry of late Highlands groups was already beginning to be established in the Highlands
many thousands of years before. The long-standing genetic distinctiveness of the Highlands
and Coast peoples is consistent with archaeological evidence that inhabitants of the Coast and
the Highlands often relied on different subsistence strategies and had very different mobility
patterns for millennia [39-41]. A better understanding of the distinctive ancient lineages that
we detect in the Coast groups will require older genomes from the Coast.

A minimum date of development of North-South substructure can be inferred from the
age of the earliest pair of North vs. South groups that show asymmetric relationships with later
individuals from the North and South. The earliest Peruvian Highlands individuals were
symmetrically related to post-2000 BP individuals (except for a degree of local continuity over
~5,000 years in the Lauricocha site), but structure is evident by ~4200 BP, because
NorthPeruCoast, CentralPeruCoast, and NorthPeruHighlands had significant affinity for
Peru_NorthHighlands_Lauricocha_5800BP or Peru_NorthHighlands_LaGalgada_4100BP
relative to Peru_SouthHighlands_Cuncaicha_4200BP, which instead had significant affinity for
NorthChile and Titicaca Basin groups (Table S2B). The northern and southern lineages must
have split at least ~5800 BP (the date of Peru_NorthHighlands_Lauricocha_5800BP), although
we can only be confident that a north/south structure that correlates with the post-2000 BP
structure was established by the date of Peru_SouthHighlands_Cuncaicha_4200BP. This
roughly corresponds to the onset of the Late Preceramic Period (~5000 BP), when increasing
economic, political, and religious differentiation between Central Andean regions becomes
evident archaeologically, and when levels of mobility decreased at the Coast and slightly later
in the Highlands and Altiplano [40, 42, 43]. This occurred in tandem with increasing reliance on
plant cultivation [42, 44-48], which has been hypothesized to have contributed to rapid
population growth in some regions [8, 49, 50]. A greater reliance on plant cultivation
documented in the archaeological record from this period could plausibly contribute to
increased sedentism and reduced gene flow, potentially contributing to the North-South
substructure we observe beginning to develop by this period. However, it is important to note
that demographic changes in the Andes most likely had various tempos and sequences in
different regions; thus, data from larger samples sizes from this region around this time is
necessary to gain greater clarity on this development of substructure.

Gene Flow After the Establishment of Population Structure

We document gene flow between the North and South Peru Highlands after the
establishment of initial population structure through significantly more allele sharing of
SouthPeruHighlands with NorthPeruHighlands than with
Peru_NorthHighlands_Lauricocha_5800BP (Table S3A). We fit an admixture graph [51] (Figure
S6A) by systematically searching through all graphs with three or fewer admixture events
among ancient Native Americans. SouthPeruHighlands could only fit as a mixture between
groups related to Peru_SouthHighlands_Cuncaicha_4200BP and
Peru_NorthHighlands_Lauricocha_5800BP. This could reflect gene flow between the regions
and/or a mixture from a third unsampled population that affected both regions. We could not
determine the directionality of gene flow due to a lack of very ancient South Peru Highlands
individuals (Cuncaicha is further south than our later South Peru Highlands series and has
ancestry more consistent with later Titicaca Basin individuals). A speculative possibility is that
this admixture relates to the archaeologically documented Chavin sphere of influence [52] that
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involved cultural interaction between the North Peru Highlands (Ancash) to at least the
Ayacucho region (“SouthPeruHighlands” in this study) ~2900-2350 BP as reflected in the
exchange of goods like cinnabar and obsidian, and by a widespread shared material culture
style manifest across the Central Andes between Jaen in the north and Ayacucho in the south
and along the north-central Pacific coast [52-54]. This scenario does not imply that the gene
flow must have originated from Chavin, but that increased cultural and material exchange
between the regions was accompanied by gene flow in one or both directions, though future
work is necessary to test this hypothesis.

We also document gene flow between the Highlands and the Coast in North Peru based
on significantly more allele sharing of NorthPeruHighlands with NorthPeruCoast than to
Peru_NorthHighlands_Lauricocha_5800BP and of CentralPeruCoast with
Peru_NorthHighlands_Lauricocha_5800BP relative to
Peru_NorthHighlands_Lauricocha_8600BP [16] (Table S4, Table S3A). We detect gene flow
connecting the Titicaca Basin to the South Peru Highlands and North Chile prior to ~2000 BP
through significant allele sharing of SouthPeruHighlands and NorthChile with
Peru_TiticacaBasin_RioUncallane_1700BP relative to
Peru_TiticacaBasin_SoroMikayaPatjxa_6800BP and Peru_TiticacaBasin_RioUncallane_1700BP
and NorthChile with Peru_Cuncaicha_4200BP relative to Peru_Cuncaicha_9000BP. This accords
with archaeological evidence of cultural exchange prior to ~2000 BP between these regions
[55, 56] as well as observations of gene flow between the regions based on mtDNA, though our
date estimates precede the estimated dates from the mtDNA studies by ~1000 years [57-60].

Continuity in Most Regions After ~2000 BP

After ~2000 BP, we observe genetic homogeneity within most regions to the limits of
our statistical resolution. This is evident when we group individuals by geography, time period,
and archaeological cultural context and compute statistics of the form fs(Mbuti, Test; Pop1,
Pop2), where Popl and Pop2 are two groups within the same
geographical/temporal/archaeological category, and Test is a range of other groups outside the
region. Statistics in almost all regions were consistent with zero (Table S3B), indicating that the
Test population shares alleles at about an equal rate with Pop1 or Pop2. We also used gpWave
[29] to agglomerate the fs-statistics for each (Pop1, Pop2) pair, computing a single p-value that
takes into account the correlation in ancestry among the Test populations used as outgroups
(Table S5). The only exceptions to the evidence of homogeneity are in Cusco and the Titicaca
Basin (see below); hence, we split post ~2000 BP individuals in these two regions into
homogeneous analysis subgroups.

The persistent regional substructure we detect over the last two millennia is notable
given the dynamic changes of archaeological cultures, territorial expansions, and ever-changing
intercultural interactions. Within the span of the NorthPeruCoast time series at the site of El
Brujo from ~1750-560 BP, the Moche (~1850-1250 BP) developed and were succeeded by the
Lambayeque (~1250-575 BP) [61], yet we detect no significant difference in ancestry relative to
individuals from outside the region. In the NorthPeruHighlands we find continuity in the
Ancash region at Chinchawas and LaGalgada (~1200-550 BP). In the CentralPeruCoast time
series we find continuity in the Lima region from ~1850-480 BP through the period of cultural
influence of the Highland Wari polity (~1350-950 BP) [62]. In the SouthPeruCoast we find
continuity at Ica and Palpa from (~1480-515 BP), spanning the demise of the Nasca culture
(~2050-1200 BP). In the SouthPeruHighlands time series we find continuity in the region
including the Laramate Highlands, Mesayocpata, Charangochayoc, and Campanayuq (~1150-

160



390 BP) despite Wari influence. Thus, the peoples of each region in each period are consistent
with having become the primary demographic substrate for those in the next, suggesting that
cultural changes were largely driven by political/territorial restructuring with little evidence of
large-scale mass migrations such as those that have been documented in some other regions
of the world through ancient DNA [15]. This of course does not exclude the possibility of
smaller scale movements of people, Elite-Dominance scenarios, or other dynamic demographic
processes that left genetic signatures not detectable by our analysis; it is possible that
phenomena of this type could be detected with large sample sizes which could reveal outlier
individuals from some regions with different ancestries. However, our results add to the body
of evidence consistent with conflict not having had a strong influence on demography over this
period, most notably showing that the cultural impact of the Wari on coastal regions previously
dominated by the Moche and Nasca was not mediated by large-scale population replacement
or admixture [63].

The genetic structure established in each region from ~2000-500 BP is strongly echoed
in the genetic structure of present-day Indigenous peoples. This is evident in the outgroup-f;
based tree and MDS plots where ancient individuals cluster with modern individuals from the
same region (Figure 3, Figure S5). In addition, when we computed statistics of the form
f3(Mbuti; Ancient Andean, Present-Day South American) [27], we observe qualitatively that the
present-day individuals are most closely related to the ancient individuals from their region
(Figure S7), a finding that is significant as measured by fs-statistics (Table S6). For example, we
observe excess allele sharing of the NorthPeruCoast individuals with Sechura (a present-day
North Peru Coast group) compared to Puno (a present-day Titicaca Basin group). Thus, the
forced migrations imposed by the Inca and Spanish in these regions did not completely disrupt
the genetic population structure that existed prior to these events [64]. Another example is
significantly more allele sharing of CentralPeruCoast with Quechua speakers relative to Aymara
speakers from the same region [29], and, conversely, significantly more allele sharing of
NorthChile and Titicaca Basin groups with Aymara speakers relative to Quechua speakers. This
correlates to the geographic range of speakers of these two languages found today, with
Aymara more circumscribed to the shores of the Titicaca Basin and southern territories, and
Quechua in the north [65] (Table S6). We emphasize that this is a statement about genetic
continuity, not a connection to speakers of specific languages: due to our lack of data from
ancient individuals known to speak Quechua or Aymara, we cannot determine whether the
language distribution followed the same pattern of geographic continuity, especially because
the modern distribution of Quechua and Aymara is strongly influenced by Spanish colonial
politics, as well as post-colonial state marginalization of those languages.

Cosmopolitanism During the Tiwanaku and Inca Periods

We document long-range mobility and genetic heterogeneity at the sites of Tiwanaku in
the Titicaca Basin and Cusco associated with the administrative centers of the Tiwanaku polity
(1400-950 BP) and Inca Empire (~550-420 BP), respectively and successively. At Tiwanaku, this
is evident in significantly more allele sharing of SouthPeruHighlands with
Bolivia_Tiwanaku_1000BP (individuals from Tiwanaku’s administrative center) than with all
other Titicaca Basin groups from this period in the Tiwanaku sphere of influence (spanning
North Chile, Western Bolivia, and South Peru) (Table S4, Table S7A). This could potentially be
explained by the pull-factor that a major administrative, religious and urban center like
Tiwanaku [62] had on individuals from surrounding groups. While what we call
SouthPeruHighlands broadly falls into the sphere of influence of the Wari polity at the time of
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Tiwanaku, this does not seem to restrict such movement, which could be a sign of the limited
impact the Wari polity had on some regions in their sphere of influence as suggested by some
scholars (e.g. [66]). After the Tiwanaku disintegration but before the expansion of the Inca
Empire, we observe two ~700 BP individuals from close to the border of present-day Chile,
Peru, and Bolivia that shared more alleles with SouthPeruHighlands than with Titicaca Basin
groups, including even Tiwanaku (Figures 2-3, Table S4, Table S7A). These individuals were
from a cemetery of herders and their ancestry could be reflective of migrants from the South
Peru Highlands. The archaeological record indicates that the end of both Wari and Tiwanku led
to a spread of camelid pastoralism, which involved increased regional mobility and could have
led to the observed migration [67, 68].

During the Inca Empire we detect significant heterogeneity in individuals within the
Cusco region (San Sebastian) and the Sacred Valley (Torontoy). This is seen in Figures 3, S3 and
S4 where the individuals cluster with NorthPeruCoast, SouthPeruHighlands, and Titicaca Basin
groups (Table S4, Figure 4 and Table S7B). The pre-Hispanic Cusco samples are less related to
present-day Cusco individuals [27] than to groups outside the region (Table S4 and Table S7B).
Specifically, we find that relative to the ancient Cusco individuals from the San Sebastian or
Torontoy sites, SouthPeruHighlands always shows significantly more allele sharing with
present-day Cusco, with the signal maximized by the Peru_Chanka_Charangochayoc_700BP
group, which originates from the site of the same name in the Lucanas province, Ayacucho
Region, about 300 km to the west of Cusco. The process that led to present-day peoples of
Cusco harboring ancestry distinctive from the ancient Cusco individuals is an important topic
for future research. Possible scenarios include policies by the Inca or Spanish to move groups
into or out of that region (mitma forced relocation) or recent economic diasporas into the
region [69] (a large-scale rural exodus into urban areas was documented in the 19t and 20"
century). These patterns could also be explained if the ancient Cusco individuals were
immigrants or recent descendants of immigrants, as has been shown for burials at Machu
Picchu employing morphological and isotopic data [70-72].

The dataset also highlights a case of extreme mobility during the Inca period. Published
data from an Inca culture-associated boy found in the Southern Andes [20]
(Argentina_Aconcagua_500BP) is most closely related to NorthPeruCoast (Figure 3, Table S3C),
reflecting long-distance movement of the child for his sacrifice [17, 73, 74], likely from the
same region as the two Inca period NorthPeruCoast-related Cusco_Torontoy individuals, as
they form a clade with each other in gpWave analyses (Table S7B). This suggests that a
particular site in the North Peru coastal region was likely important for the Inca (differing from
prior reports that suggested the Inca sacrifice was from the Central Coast [17, 73, 74]).

Genetic Exchange between the Northwest Amazon and North Peru

We tested for gene flows between the Central Andes and other regions. We observe
excess allele sharing between the Northwest Amazon and North Peru as shown by significantly
more affinity of Indigenous peoples from the western Amazon (SanMartin, Ticuna, Wayku, and
Surui) to NorthPeruCoast, NorthPeruHighlands, or CentralPeruCoast than to SouthPeruCoast or
the earlier Lauricocha_5800BP individual (Table S7C). We used gpAdm to model
Peru_Amazon_SanMartin_Modern as a mixture of 29% ancient North Highlands ancestry
(related to Peru_NorthHighlands_LaGalgada_4100BP) and 71% Amazonian ancestry (related to
Brazil_Amazon_Karitiana_Modern) (+11%, quoting one standard error), suggesting that at least
some modern Northwest Amazonian groups harbor Andean-related ancestry. When we
modeled Peruvian groups as a mixture of Peru_WestAmazon_SanMartin_Modern and
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Peru_NorthHighlands_LaGalgada_4100BP, we also identified coastal individuals with
significantly non-zero Amazonian-related ancestry (e.g. 39+14% in CentralPeruCoast) (Table
S7C and Figure S6B), suggesting bi-directional gene flow with Amazonian-related ancestry
affecting the Peruvian North and Central Coast more than the Highlands [7, 9, 29, 75-77]. We
detect no gene flow between the North Coast and Amazonian groups to the North, as we
found no significant affinity of any modern Amazonian groups from Ecuador or Colombia to
NorthPeruCoast relative to Lauricocha_5800BP.

The stronger signal of Amazonian-related ancestry in the North and Central Coast
relative to the North Highlands suggests that gene flow could have occurred over the low
mountain ranges of North Peru (Huancabamba deflection), rather than across the high-altitude
mountain ranges that dominate the Andes further south and potentially are a larger barrier to
gene flow, or if Highlands groups maintained high social barriers to admixture from the
Amazonian groups. We used the software DATES [78], which models allele covariance over
genetic distance to measure admixture dates, and found that the admixtures occurred
~1478+252 years ago in NorthPeruCoast and ~1153+90 years ago in CentralPeruCoast (Table
S7C), consistent with the hypothesis of a southward migration pattern.

We do not observe tropical lowlands-derived gene-flow into the Titicaca Basin or
Northern Chile as reported in studies based on mitochondrial DNA [77, 79]. There is strong
archaeological evidence for the exchange of food crops and other goods between the lowlands
east of the Andes and the Chilean North coast (e.g. [79, 80]), but it is possible this did not lead
to gene flow detectable in the NorthChile individuals tested here, which post-date the
postulated exchange by 2000-3000 years [79]. Since we do not have any DNA from ancient
Amazonians, we cannot exclude gene flow from past groups exhibiting so far undetected
linages.

Gene Flow Between the Argentine Pampas and South-Central Andes

We detect significantly more allele sharing of SouthPeruHighlands, SouthPeruCoast,
CentralPeruCoast, and Titicaca Basin groups to Argentina_LagunaChica_1600BP relative to
Argentina_LagunaChica_6800BP. This likely reflects gene flow between the Pampas and the
Central Andes, consistent with previous claims [8, 81]. Using gpAdm, we fit
Argentina_LagunaChica_1600BP as a mixture of 80£12% ancestry related to
Argentina_LagunaChica_6800BP and 20+12% ancestry related to a representative Andes group
giving the lowest standard error (CentralPeruCoast). We also fit CentralPeruCoast as 77+17%
related to Peru_Cuncaicha_4200BP and 23+17% related to Argentina_LagunaChica_1600BP
(Figure S6C, Table S7D). Pottery and metal objects of South Andean origin are found in the
Araucania region in the western Pampas dating to at least ~1000 BP [82], and skeletons from
Chenque 1 in the Pampas have been suggested to have South Andean isotopic signatures [83].
Taken together, there is thus compelling evidence for human movements as well as cultural
interactions between these regions at least ~1600 BP.

Distinctive Ancestry Profile that Arrived by ~4200 BP Fully Integrated by ~2000 BP

A previous study [18] detected a signal of differential North American-relatedness in
groups from Southern Peru and North Chile after ~4200 BP relative to earlier groups. We used
our data to explore the timing and geographic extent of the spread of this ancestry, using the
same approach as the previous work on this topic [18]. All of the groups after ~4200 BP except
for the Lauricocha individuals, Chile_CaletaHuelen_1100BP, and Bolivia_lroco_1050BP were
significant for two sources of ancestry (p<0.05) (Table S8 and Figure S8), suggesting that the
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California Channel Island-related ancestry spread throughout all of the Andes by at least ~2000
BP. With the software DATES we measured the admixture time to be ~5000£1500 years ago
(Table S8).

Summary Model and Conclusion

We used a semi-automated procedure to build an admixture graph to model
representative ancient Central and South-Central Andeans [51] (Figures 4-5). Our best fit
recapitulates key findings from this study. The earliest Peruvians do not share genetic drift with
the later groups in our dataset, except for local continuity at the Lauricocha site. The
differentiation between North and South Peru Highlands correlating to later structure is only
evident by 5800-4100 BP. Post ~2000 BP South Peru Highlands individuals are modeled as a
mixture of earlier South Highlands and North Highlands-related ancestry. Deep ancestry is
inferred in Coast individuals, while North Chile individuals can only be fit with ancestry from a
different basal lineage. Post ~2000 BP individuals from the socio-political center of Tiwanaku
exhibit mixtures of ancestry related to contemporary people from the Central Peru Coast and
South Peru Highlands. An important direction for future work is to obtain ancient DNA from
the Coast prior to ~1600 BP, as well as equally rich ancient DNA data from regions to the north,
west, and south of the Central Andes, which will provide further important insights.
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Figure 1. Distribution of Pre-Hispanic Individuals Over Space and Time. (A) Map with the
locations of 86 ancient individuals (3 from our study are not included here due to very low
coverage). Dotted lines represent regions defined for this study. Highland individuals are
triangles and Coast individuals are circles. Coloring corresponds to genetic profiles, which in
most cases match the geographic regions. (B) Groupings of ancient individuals based on
geography and archaeological period (Table S1). Italics indicate previously published
individuals, and sample sizes are in parentheses (yellow indicates shotgun sequences). Map
was made with Natural Earth.

174



0.050 North Peru Coast:
Tumbes, Sechura, Eten, Tallan,
Olmos, Narihuala, Chotuna

Northwest Amazon:
Wayku and SanMartin

ve
o
—~ 0.0254 % -7.9°: El Brujo
X ® .
7o)
© °
N .
~ ® -12.1°: Lima
- °
S o o LT
°© ®eo
o o % ° :
é -8.5°% LaGalgada -9.6°: Chinchawas
[0} e 4
ey -10.3°: Lauricocha_3600BP °
LII.I 0.0004 o

° -13.9°%: Ullujaya
-10.3° Lauricocha_5800BP ¢ L

-14.5°: Palpa o ®-14.3° Laramate
Central Peru Coastand ¢ °

South Peru Highlands: .-1 5.4°: Cuncaicha_3300$P )
® -16.2°: SoroMikayaPatjxa
Paran, Quechua, ® ® .13.7°: Mesayocpata
Cusco -13.7°: Campanayuq e
-15.4°: Cuncaicha_4200BPg . ° .-16.5°: Tnfvanaku, Kaillachuro
-14.6°: Charrangochayo:. . ,-1 6.2" RloUnc.aIIane
~0.025- [ Y X @ -16.5% MiraFlores
-17.8% Pukara ¢
y ‘-18.0": Iroco

Titicaca Basin
Quechua, Puno,
Bolivian, Aymara

~0.025 0.000 0.025 0.050
Eigenvector 2 (2.12%)

Figure 2. Principal Components Analysis (PCA) of ancient individuals projected onto modern
variation from labeled groups. Modern individuals are in gray, and ancient individuals form a

gradient that correlates to latitude (coloring is directly based on latitude with blue most north
and red most south; numbers are latitude degrees). We removed 16 outliers from North Chile,
Cusco, and Argentina that have evidence of ancestry from gene flows outside each region, and
Peru_Lauricocha_8600BP and Peru_Cuncaicha_9000BP, which were too old to share the

latitudinal cline (Figure S4 includes them). The percentage of total variation explained by each
PCis shown in parentheses on each axis.
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% L
Figure 5. Map summarizing genetic exchanges in the Central Andes. (1) Bi-directional mixture
between the North and Central Coasts and the Northwest Amazon. (2) Genetic exchange
between NorthPeruCoast and NorthPeruHighlands. (3) Genetic interaction between
CentralPeruCoast and NorthPeruHighlands_Lauricocha before ~5800 BP. (4) Genetic exchange
between NorthPeruHighlands and SouthPeruHighlands. (5) Individuals of NorthPeruCoast and
Titicaca Basin-related ancestry found in Cusco (Torontoy) during the Inca Empire (~450 BP). (6)
Spread of SouthPeruHighlands-related ancestry into the Cusco region 450 BP-present. (7)
Genetic exchange between SouthPeruHighlands and Titicaca Basin before 1700 BP. (8) Greater
allele sharing between Tiwanaku and SouthPeruHighlands relative to other individuals in
Titicaca Basin during the Tiwanaku period (~1000 BP). (9) SouthPeruHighlands-related ancestry
found in Pukara in Northern Chile ~700 BP. (10) Genetic exchange between NorthChile and
Titicaca Basin before ~1700 BP. (11) NorthPeruCoast-related ancestry found in an Inca sacrifice
victim in Argentina. (12) Gene flow between NorthChile or SouthPeruHighlands and the
Pampas region of Argentina.
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Materials and Methods:
LEAD CONTACT AND MATERIALS AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Lars Fehren-Schmitz (Ifehrens@ucsc.edu).

Materials Availability Statement
This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Archaeological site information:
We generated new genome-wide data from skeletal remains of 66 ancient individuals:

Caleta Huelen 12, Chile:
Pukara, Chile:

Iroco, Oruro, Bolivia:
Miraflores, La Paz, Bolivia:
Tiwanaku, La Paz, Bolivia:
Monte Grande, Peru:

Los Molinos, Palpa, Peru:
Laramate, Peru:
Charangochayoc, Peru:
Ullujaya, lower Ica Valley, Peru:
Mesayocpata, Peru:
Torontoy, Cusco, Peru:
Campanayuq Rumi, Peru:
San Sebastian, Cusco, Peru:
Huaca Pucllana, Lima:
Chinchawas, Peru:

El Brujo, Peru:

La Galgada, Peru:

Pampas, Laguna Chica, Argentina:
Paracas, Peru

Huaca Prieta

W wweEk wekpPpNEPEPENMNMNDNW
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Details of the ancient individuals and their archaeological contexts can be found in Nakatsuka et al.,
2020 Cell.
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Method Details:

Direct AMS %C bone dates: We report 39 new direct AMS *C bone dates from 5 radiocarbon
laboratories (Arizona [AA] — 2; Mannheim [MAMS] — 5; Oxford Radiocarbon Accelerator Unit
[ORAU] —11; Pennsylvania State University [PSUAMS] — 17; UC Irvine [UCIAMS] - 4) (Table S1). Bone
preparation and quality control methods for most of these samples are described elsewhere.
Methods for each lab are described in the following: Arizona: [104]; Mannheim: [18]; Oxford: [15,
112]; PSUAMS: [121]; UCIAMS: [122].

Calibration of radiocarbon dates: All calibrated *C ages were calculated using OxCal version 4.3
[123]. Northern or southern hemisphere calibration curves used were based generally on the
position of the summer Intertropical Convergence Zone (ITCZ) rather than the geographic
hemisphere following recent archaeological studies in this region [124]. The IntCall3 northern
hemisphere curve [125] was used for samples within the Amazon Basin and Altiplano, while the
remainder were calibrated using the SHCal13 curve [126]. Dates from coastal sites were calibrated
using a mixture of SHCal13 with the Marinel3 curve [125] based on an estimate of a 40% marine
dietary component. For each site, AR values were calculated based on the most proximate sample
locations in the 14CHRONO Marine Reservoir Database [127] (see Table S1 for details). We
recognize that there might still exist potential uncorrected biases due to the uncertainty in past
carbon 14 variation in this region. However, in studies by others [124] and our own tests with
different calibrations, maximum differences between different calibration choices amount to four
decades at 3400BP or a maximum of a couple of decades during the brief Inca Late Horizon. All
details and error ranges for the dates and calibrations are found in Table S1.

Grouping of Individuals: To define genetic group labels we generally used the following
nomenclature: “Country_SiteName_AgeBP” [128]. “AgeBP” of a genetic group comprised of more
than one individual is calculated by averaging the mean calibrated date in years before present (BP)
of the directly dated samples that provided nuclear DNA data. For samples that were not directly
dated we considered the averaged value of the corresponding genetic group.

Ancient DNA Laboratory Work: All samples in this study were processed in the dedicated clean
rooms at UCSC Paleogenomics in Santa Cruz (USA), Harvard Medical School in Boston (USA), or
the Australian Centre for Ancient DNA in Adelaide in Australia (ACAD), following strict procedures
to minimize contamination [129]. In all three labs, DNA was extracted from bone or tooth powder
using a method that is optimized to retain small DNA fragments [130, 131]. Double-stranded
sequencing libraries were prepared for most samples using previously established protocols (UCSC
& Harvard [34]; ACAD [17]). The sequencing libraries for Iroco, Miraflores and Torontoy were built
using a single-stranded library preparation method described by Troll et al. [132]. All samples
were treated with uracil-DNA glycosylase (UDG) to greatly reduce the presence of errors
characteristic of ancient DNA at all sites except for the terminal nucleotides [34], or including at
the terminal nucleotides (UDGplus) [133].

We enriched the libraries both for sequences overlapping mitochondrial DNA [134], and
for sequences overlapping about 1.24 million nuclear targets after two rounds of enrichment
[135-137]. We sequenced the enriched products on an lllumina NextSeq500 using v.2 150 cycle
kits for 2x76 cycles and 2x7 cycles, and sequenced up to the point so that the expected number of
new SNPs covered per 100 additional read pairs sequenced was approximately less than 1.
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Enrichment was performed either at Harvard Medical School (USA), or the Max Plank Institute for
Science of Human History in Jena (Germany).

To analyze the data computationally, we merged paired reads that overlapped by at least
15 nucleotides using SeqPrep (https://github.com/jstjohn/SeqPrep) taking the highest quality
base to represent each nucleotide, and then mapped the sequences to the human genome
reference sequence (GRCh37 from the 1000 Genomes project) using the samse command of the
Burrows-Wheeler Aligner (BWA) (version 0.6.1) [138]. We trimmed two nucleotides from the end
of each sequence, and then randomly selected a single sequence at each site covered by at least
one sequence in each individual to represent their genotype at that position (“pseudo-haploid”
genotyping).

We assessed evidence for ancient DNA authenticity by measuring the rate of damage in
the first nucleotide (flagging individuals as potentially contaminated if they had a less than 3%
cytosine-to-thymine substitution rate in the first nucleotide for a UDG-treated library and less
than 10% substitution rate for a non-UDG-treated library). To determine kinship we computed
pairwise mismatch rates between the different individuals following the same approached used in
[139].

QUANTIFICATION AND STATISTICAL ANALYSIS

Contamination estimation in mitochondrial DNA, the X chromosome, and the autosomes: We
estimated mtDNA contamination using contamMix version 1.0-12 [95], which creates a Bayesian
estimate of a consensus sequence composed of the true ancient DNA, error and contamination,
which could come from any of a set of current human full-length mitochondrial genomes that span
all plausible contaminating sequences. The software was ran with down-sampling to 50x for
samples above that coverage, --trimBases X (2 bases for UDG-half samples and 10 bases for UDG-
minus samples), 8 threads, 4 chains, and 2 copies, taking the first one that finished. For males we
estimated X-chromosome contamination with ANGSD [37], which is based on the rate of
heterozygosity observed on the X-chromosome. We used the parameters minimum base
quality=20, minimum mapping quality=30, bases to clip for damage=2, and set all other parameters
to the default. Lastly, we measured contamination in the autosomes using ContamLD, a tool based
on breakdown of linkage disequilibrium that works for both males and females [38]. We report but
do not include in our main analyses samples with evidence of contamination greater than 5% by
any of the contamination estimation methods (samples 11400, 101, and MIS6 were excluded). All
contamination estimates are reported in Table S1.

Present-day human data: We used present-day human data from the Simons Genome Diversity
Project [28], which included 26 Native American individuals from 13 groups with high coverage full
genome sequencing. We also included data from 224 Native American individuals from 34 different
populations genotyped on the Affymetrix Human Origins array [27, 140, 141] as well as 493 Native
American individuals genotyped on lllumina arrays either unmasked or masked to remove segments
of possible European and African ancestry [29].

Y chromosome and mitochondrial DNA analyses: For Y chromosome haplogroup calling, we used
the original BAM files and performed an independent processing procedure. We filtered out reads
with mapping quality <30 and bases with base quality <30, and for UDGhalf treated libraries we
trimmed the first and last 2 bp of each sequence to remove potential damage induced substitutions.
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We determined the most derived mutation for each sample using the tree of the International
Society of Genetic Genealogy (ISOGG) version 11.110 (accessed 21 April 2016) and confirmed the
presence of upstream mutations consistent with the assigned Y chromosome haplogroup, manually
checking each of the haplogroups.

To identify the mitochondrial haplotypes of the individuals, we manually analyzed each
variant as described in [17] rather than relying on automated procedures. All mitochondrial reads
mapped to the rCRS or RSRS using BWA were visualized in Geneious v7.1.3 (Biomatters; available
from https://www.geneious.com/) for each sample. Initially, SNPs were called in Geneious for all
polymorphisms with minimum coverage 5 and a minimum variant frequency 0.8. The assembly and
the resulting list of SNPs were verified manually and compared to SNPs reported at phylotree.org
(mtDNA tree Build 17 [18 Feb 2016]) [142]. Following recommendations in van Oven and Kayser
2009 [143], we excluded common indels and mutation hotspots at nucleotide positions 309.1C(C),
315.1C,AC indels at 515-522, 16182C, 16183C, 16193.1C(C), and C16519T. We embedded the
consensus mitochondrial genomes in the existing mitochondrial tree (mtDNA tree Build 17 [18 Feb
2016]) using the online tool HaploGrep?2 [94] to determine the haplotypes.

We generated a multiple genome alignment of 45 newly reported mtDNA sequences
(excluding sample 101 because of low coverage) together with 91 previously published ancient
mtDNAs from western South America [17, 18, 144] and 196 modern-day sequences [17] using
MUSCLE (parameter: -maxiters 2) [98]. The complete aligment cosists of 333 mtDNA sequences
belonging to haplogroups A, B, Cand D, plus an haplogroup L3 sequence as outgroup. The program
MEGAG6 [96] was used to construct a Maximum Parsimony tree with 99% partial deletion (16543
positions) and 500 bootstrap iterations that was visualized with  FigTree
(http://tree.bio.ed.ac.uk/software/) (Figure S2). This tree recapitulates the star-like phylogeny of
the founding Southern Native American mtDNA haplogroups reported previously [145].

ADMIXTURE clustering analysis: Using PLINK2 [99], we first pruned our dataset using the --geno
0.7 option to ensure that we only performed our analysis on sites that had at least 70% of samples
with a called genotype. We then ran ADMIXTURE [90] with 100 replicates for each K value,
reporting the replicate with the highest likelihood. We show results for K=2 to 18 in Figure S3.
Replications and automated filtering were performed using the UCSC-PL wrapper script adpipe.py
(https://github.com/mjobin/UPA/blob/master/adpipe.py).

Principal Components Analysis: We performed principal components analysis (PCA) using the
smartpca version 16680 in EIGENSOFT [89]. We used the default parameters and the Isqproject:
YES, and newshrink: YES options and performed PCA on the Human Origins dataset of present-day
un-admixed Andean individuals [27]. We projected the ancient individuals onto the principal
components determined from the present-day individuals. When plotting the principal components
we reversed the eigenvector 1 values so that the strong correspondence to the geography of Peru
would be more apparent.

Symmetry statistics and admixture tests (f-statistics): We used the gp3pop and gpDstat packages
in ADMIXTOOLS [51] to compute f3-statistics and fs-statistics (using the f4Mode: YES parameter in
gpDstat) with standard errors computed with a weighted block jackknife over 5-Mb blocks. We
used the inbreed: YES parameter to compute f3-statistics to account for our random allele choice
at each position (due to having too little data to determine the full diploid genotype). We
computed “outgroup f3”-statistics of the form f3(Mbuti; Pop1, Pop2), which measure the shared
genetic drift between population 1 and population 2. We created a matrix of the outgroup-f3
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values between all pairs of populations. We converted these values to distances by subtracting
the values from 1 and generating a multi-dimensional scaling (MDS) plot with a custom R script.
We converted the original values to distances by taking the inverse of the values and generating a
neighbor joining tree using PHYLIP version 3.696’s [146] neighbor function and setting USA-
MT_Anzick1_12800BP as the outgroup (default settings were used for the rest of the analysis).
We displayed the tree using Itol and set all of the tree lengths to “ignore” [147]. In some of our
analyses we plot the f-statistics on a heatmap using R
(https://github.com/pontussk/point_heatmap/blob/master/heatmap_Pontus_colors.R).

Grouping ancient samples into analysis clusters: The ancient individuals were first grouped by
archaeological site and time period based on archaeological designations (EIP=Early Intermediate
Period, MH=Middle Horizon, LIP=Late Intermediate Period, LH=Late Holocene) (Figure 1B). We ran
gpWave and computed statistics of the form fs(Mbuti, Test, Individual 1, Individual 2) iterating over
all possible pairs of individuals in each group. For the fs-statistics we looked for asymmetries with
any external group as Test. For gpWave analyses, we tested for evidence of two sources of ancestry
relative to outgroups, which were one randomly chosen group from each geographic region outside
of the region where the group was from (Table S5). We did not find evidence for more than one
source of ancestry in any of the pairs except in Cusco unless a group from that geographic region
(Figure 1B) was added to the outgroup set. We then performed the same procedure for pairs of
groups in the same geographic region and found that we could not detect significant heterogeneity
within a geographic region except in Cusco and the Titicaca Basin. Beyond the regions in Figure 1B,
we could not cluster the groups further, because the gpWave analyses showed evidence for
heterogeneity when comparing groups from different regions. For Cusco (Torontoy and
SanSebastian), we kept the individuals as separate except where indicated in the text.

gpWave analyses: To determine the minimum number of sources of ancestry contributing to
Central Andes groups, we used gpWave [29], which assesses whether the set of fs-statistics of the
form f4(A=South American 1, B=South American 2; X=outgroup 1, Y=outgroup 2), which is
proportional to the product of allele frequencies summed over all SNPs (pa-ps)(px-py), forms a
matrix that is consistent with different ranks (rank 0 would mean consistency with a single stream
of ancestry relative to the outgroups; rank 1 would mean 2 streams of ancestry, etc.). The
significance of the statistic is assessed using a Hotelling T? test that corrects for the correlation
structure of fs-statistics (and thus multiple hypothesis testing). For all gpWave analyses, we used
the default settings except for the change that we set allsnps: YES. For analyses to determine the
number of waves of ancestry from North America, we used ancient California individuals from [24]
(USA_MainlandChumash_1400BP and USA_SanClemente-SantaCatalina_800BP),
Russia_MA1_24000BP (MA1), USA-MT_Anzickl_12800BP, Papuan, Karelia Hunter Gatherer, and
modern Mexican groups (Zapotec, Mixtec, and Mayan) as outgroups.

Admixture Graph analyses: We used gpGraph [148] in ADMIXTOOLS to model the relationships
between the different groups. For all analyses we removed transition SNPs at CpG sites and used
default settings with outpop: Mbuti.DG and useallsnps: YES. We removed individuals 10044 and
10042 from these analyses due to their different processing in the laboratory (shotgun
sequencing), which created artificial evidence of shared ancestry with similarly processed
shotgun-sequenced outgroup populations. We used a previously published skeleton graph for
Native Americans [140, 149] and successively added in additional populations in all combinations,
allowing up to one admixture from the existing groups. We took the graph with the lowest
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maximum Z-score and then repeated the process, adding another population until all populations
of interest were added. For the main graph (Figure 4) we used the 1240K SNP set and first started
with the two oldest individuals (Peru_Lauricocha_8600BP and Peru_Cuncaicha_9000BP) and then
added on the individuals Peru_Lauricocha_5800BP, Peru_Cuncaicha_4200BP, and
Peru_LaGalgada_4100BP. We then added the groups in order: NorthPeruHighlands,
SouthPeruHighlands, SouthPeruCoast, CentralPeruCoast, NorthPeruCoast,
Bolivia_Tiwanaku_1000BP, NorthChile. For the local graph (Figure S6A) to test the interactions
between NorthPeruHighlands and SouthPeruHighlands, we first started with the individuals
Peru_Lauricocha_5800BP and Peru_Cuncaicha_4200BP. We then added in
Peru_LaGalgada_4100BP, then NorthPeruHighlands and SouthPeruHighlands in either order.

For the graph co-analyzing the Amazonians (Figure S6B), we used the Human Origins SNP
set and first started with the structure from all individuals over 4,000 years old. We then added on
Peru_SanMartin_modern, then SouthPeruCoast, and NorthPeruCoast. For the Argentina graph
(Figure S6C) we began with Argentina_LagunaChica_6800BP and NorthPeruHighlands. We then
added on Bolivia_Tiwanaku_1000BP and NorthChile, so that we had a mix of groups with
differential affinity to Argentina_LagunaChica_1600BP. Lastly, we added in
Argentina_LagunaChica_1600BP.

Formal modeling of admixture history: We used gpAdm [137] in the ADMIXTOOLS package to
estimate the proportions of ancestry in a Test population deriving from a mixture of N ‘reference’
populations by taking advantage of the fact that they have shared genetic drift with a set of
‘Outgroup’ populations. We set the details: YES parameter, which reports a normally distributed
Z-score for the fit (estimated with a block jackknife).

To model the genetic admixture between people related to those of the Amazon and
Northwest Peru, we first modeled each of the Amazonian groups as a mixture of groups related to
Peru_LaGalgada_4100BP and Brazil_Karitiana_modern with the following outgroups:
Argentina_ArroyoSeco2 _7700BP, USA-MT_Anzickl_12800BP, Peru_Cuncaicha_42008P,
Chile_Conchali_700BP, Mexico_Mixe_modern, USA-CA_SanNicolas_4000BP,
Chile_CaletaHuelen_1100BP, and Brazil_Moraes_5800BP.

We then modeled each of the Andean groups as a mixture of Peru_LaGalgada_4100BP
and Peru_SanMartin_modern with the following outgroups: Argentina_ArroyoSeco2_77008P,
USA-MT_Anzick1_12800BP, Peru_Cuncaicha_4200BP, Chile_Conchali_700BP,
Mexico_Mixe_modern, USA-CA_SanNicolas_4000BP, Chile_CaletaHuelen_1100BP,

Brazil Moraes _5800BP, Bahamas_Taino_1000BP.

To study the admixture between groups related to those in the Argentine Pampas and the
Andes, we modeled Argentina_LagunaChica_1600BP as a mix of Argentina_LagunaChica_8600BP
and, in series, one of the following groups (Peru_Laramate_900BP, Chile_CaletaHuelen_1100BP,
SouthPeruHighlands, NorthChile, or CentralPeruCoast) with the following outgroups
(Peru_Lauricocha_5800BP, USA-MT _Anzickl_12800BP, Mexico_Mixe_modern, USA-
CA_SanNicolas_4000BP, Brazil_LapaDoSanto_9600BP, Bahamas_Taino_1000BP, and
Peru_LaGalgada_4100BP).

To study the ancestries of Aymara and Quechua, we modeled Peru_Aymaralllumina and
Peru_Quechualllumina [29] as a mixture of Bolivia_MiraFlores_1100BP and CentralPeruCoast with
the following outgroups (Argentina_ArroyoSeco2 7700BP, USA-MT_Anzick1l_128008BP,
Peru_Cuncaicha_4200BP, Chile_Conchali_700BP, Mexico_Mixe_modern, USA-
CA_SanNicolas_4000BP, Brazil_Moraes_5800BP, Bahamas_Taino_1000BP,
Peru_Lauricocha_5800BP).
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DATES (Distribution of Ancestry Tracts of Evolutionary Signals): The DATES software [78]
measures admixture dates in DNA samples by modeling the decrease in allele covariance over
genetic distance in a group relative to the allele frequencies of the two source groups. This
software does not require diploid information or high coverage data and can thus work well with
ancient DNA samples (unlike ALDER [150], which measures admixture linkage disequilibrium
directly and thus requires diploid information or multiple individuals, which is the equivalent). We
used the default settings with jackknife: YES and used the software to analyze all potential
admixtures we report in this study assuming 28.5 years per generation.

Data and Code Availability: All sequencing data are available from the European Nucleotide
Archive, accession number: PRIEB37446. Genotype data obtained by random sampling of
sequences at approximately 1.24 million analyzed positions are available at the Reich lab website:
https://reich.hms.harvard.edu/datasets.
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Abstract

At least since European contact, five ethnic groups have been living in southern Patagonia:
Kawéskar in the Western Archipelagos and Yamana in the south with primarily marine-based
economies; Adnikenk and Selk’nam in the north and east with primarily terrestrially-based
economies; and Haush in the extreme east with a mosaic of cultural traits shared with maritime
and terrestrial groups. We generated genome-wide data from 20 ancient individuals and
document how genetic lineages already present in South Patagonia from the Middle Holocene
(~6600-5800 BP individuals) contributed a large fraction of the ancestry of Late Holocene groups
(<2000 BP individuals), except in the Western Archipelagos. Gene flow from the north by ~4700
BP added additional ancestry to groups practicing marine economies, and a later gene flow event
had impact in all Late Holocene South Patagonians. From ~2200-1200 BP, mixture between
neighbors resulted in a cline correlated to geographic ordering along the coast.

Introduction

South Patagonia, defined here as the region south of 49" parallel in South America (Figure
1), has been occupied by humans since at least the time of the ~12600 BP Tres Arroyos
rockshelter on Isla Grande de Tierra del Fuego (calendar years before present; all dates calibrated
with marine reservoir effect correction in what follows) [1-5]. A handful of sites date to the Early
(~13000-8500 BP) and Middle (~8500-3500 BP) Holocene, and site density increased considerably
in the Late Holocene (<3500 BP) [1, 2, 6]. During this span, archaeological research has provided
evidence of multiple material culture shifts that could potentially have been associated with
movements of people [3].

The earliest shift relates to seafaring technology including adoption by at least ~6700 BP of
canoes and harpoons which made possible the hunting of sea lions and other pinnipeds even in
seasons when they were not available on the shore, allowing the settlement of nomadic hunter-
gathering populations in the archipelagos [4, 5, 7]. The development of this technology has been
hypothesized to reflect either in situ origin from land hunter-gatherers, or spread of techniques
from the north via copying of ideas [6] or movement of people [8, 9].

The second shift occurred in the Western Archipelagos and involved changes in raw
material and shape of tools, with green obsidian (probably sourced from the Otway Sound in the
South of the Western Archipelago) as a characteristic marker of the first period [10] (~6700-6300
BP), and large bifacial lithic projectile points of different materials in the later period (~5500-3100
BP) [7, 11]. The disruption in green obsidian use has been hypothesized to reflect a loss of cultural
knowledge about location of the source of this raw material, potentially due to arrival of new
people unfamiliar with the landscape [12].

The third shift occurred in the northern part of Tierra del Fuego, involving technological
innovations such as the use of boleadoras (stone spheres bound with rope used as throwing
weapons) during the Middle Holocene, followed by their abandonment by ~1500 BP [13]. In
addition, a new type of pedunculated lithic projectile point appeared by ~2000 BP and its size
reduction around ~900 BP was associated with the appearance of bow and arrow technology [14,
15]. The similarity of these Late Holocene projectile points with those from historical times
documents an element of cultural continuity at least from ~2000 BP [3], although this does not
prove genetic continuity as techniques can be copied, and similar environments can lead to
parallel innovations.
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By the time Europeans arrived in the 16th century, five Native groups were recorded in
South Patagonia (Figure 1) with two broad subsistence strategies optimized for different terrains:
the plateaus and lowlands of the east and north vs. the irregular coast with islands and
archipelagos in the west and south. Terrestrial hunter-gatherers included the Adnikenk (or
Southern Tehuelche), who extended along the eastern slope of the mainland, and the Selk’nam
(or Ona), who occupied the north of the island of Tierra del Fuego. These two groups relied
primarily on hunting guanaco and birds, and gathering shellfish from the seashore [16]. The
Yamana (or Yaghan) in the Beagle Channel region and the Kawéskar (or Kawésqgar or Alacalufe) in
the Western Archipelago (including the Otway Sound and Strait of Magellan shores) had a high
reliance on marine resources that could easily be accessed by sea canoes. Finally, the Haush (or
Mdnekenk) of the southeastern tip of the island of Tierra del Fuego on the Mitre Peninsula did not
have navigation technology, but archaeological evidence indicates that they hunted both
terrestrial and marine prey [16-19]. The relationships between the five groups has been the
subject of debate, with some arguing that mating among different groups was common in
boundary areas [20], and others suggesting that such unions were rare [21] (see Supplementary
Material for more details).

Genome-wide studies can provide direct information about whether or not movements of
people accompanied changes evident in the archaeological record. Uniparental markers analysis
showed that South Patagonians have only C and D mitochondrial haplogroups and low Y-
chromosome diversity, consistent with a bottleneck in the founding groups followed by strong
genetic drift and isolation [22-25]. de la Fuente et al. (2018) published the first genome-wide data
from 4 individuals dated to around 1000 BP along with data from 61 modern Patagonians. The
authors demonstrated a substantial degree of continuity from the archaeological individuals to
present-day ones. The terrestrial Selk’'nam shared alleles at an equal rate with the maritime
Kawéskar and Yamana to the limit of the statistical resolution of that study [22]. Another study
published two individuals of ~6600 and ~4700 BP, and showed they were more closely related to
1000 BP individuals and to historical groups than to any ancient or modern groups in other parts
of South America, documenting more than 7000 years of detectable shared ancestry in the region
[26].

We generated genome-wide data of 19 individuals in South Patagonia from ~5800-100 BP,
including the first data of this kind from the Mitre Peninsula and inland at the south of the
continent (Figure 1); we also report a ~2400 BP individual from the Pampas in Argentina.
Compared with previous ancient DNA data from the region (6 pre-European contact [22, 26] and
11 post-contact [27]), our data fill in spatio-temporal gaps, particularly in the east and north of
Tierra del Fuego. We combined this with previously reported data to address the following
questions (referenced throughout the manuscript): Was there genetic continuity across time in
the region or is there any detectable population change correlating with 1) marine diet
specialization at ~6700 BP, 2) technological shifts such as the abandonment of green obsidian use
between ~5500-3100 BP, and/or 3) the transition from the use of boleadoras to the use of
pedunculated points ~2000 BP? 4) What was the extent of gene flow among neighboring South
Patagonian groups? 5) Were the inhabitants of Mitre Peninsula genetically more similar to
maritime or terrestrial groups? 6) How do the ancient groups relate to the ones after European
contact?
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Figure 1. Geographic and temporal distribution. Newly reported data are in bold; color coding is
in the legend. (A) Geography. We used site coordinates or reported location, except for Raghavan
et al., 2015 [27] samples that were geographically reassigned according to historical evidence. The
dashed lines represent routes of movement used to calculate plausible migration distances. The
continuous line marks the border between Argentina in the east and Chile in the west. Inset:
location of South Patagonia (rectangle) and the broader Patagonia region (following McCulloch et
al.’s [28] definition; gray), along with the locations of ancient individuals mentioned in the main
text but falling outside the range of the main map. The historical ranges of groups were adapted
from Borrero et al., 1997 [29]. (B) Time ranges (number of individuals per site in parentheses).
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Sites for which radiocarbon dates were not available are labeled with an asterisk. Dates were
calibrated for the Southern hemisphere and corrected for maritime reservoir effect (see
Methods).

Ethics Statement

During more than 30 years of archaeological work in the region, one of the authors (RAG)
held numerous meetings with different members of present-day Patagonian communities living in
the same geographic areas where the ancient samples were located. Reaching spaces for dialogue
and joint learning between members of the Native and scientific communities has been a central
theme since the beginning of his research and allowed exchanging perspectives on the objectives
of bioanthropological studies. In addition, on several occasions, RAG organized and carried out
educational activities in schools at different educational levels in the cities of Rio Grande and
Ushuaia, Tierra del Fuego (Argentina). Some members of Native communities expressed interest
in establishing through genetic analyses how the ancient humans found by chance and conserved
in the museums relate to present-day people. This study followed that interest, and to facilitate
the distribution and understanding of our findings, we translated the abstract and the main
conclusions into Spanish (File S1) and shared them with members of the Native communities.

We performed this study following ethical guidelines for working with human remains,
treating them with due respect as deceased humans [30]. The ancient skeletal samples we
analyzed were all curated at the Museo del Fin del Mundo (Ushuaia, Argentina), the Centro
Austral de Investigaciones Cientificas (Ushuaia, Argentina), the Universidad Nacional del Sur
(Bahia Blanca, Argentina), or the Universidad de Magallanes (Punta Arenas, Chile). Samples of the
skeletal material were exported with full Argentinean and Chilean governmental permissions (see
Supplement for details).

Results and Discussion

Authenticity of Ancient DNA

We verified the authenticity of the analyzed data based on all samples meeting the
following criteria: 1) a rate of cytosine-to-thymine changes at the ends of the aligned fragments of
>3% [31], 2) mitochondrial DNA (mtDNA) contamination point estimates below 5% [32], 3) X-
chromosome contamination point estimates in males below 3% [33], and 4) genome-wide
contamination [34] point estimates below 5%. No individuals were removed based on these
analyses. We report but do not analyze one individual (112365) who was found to be the brother
of 112367. Supplementary Online Table 1 includes details on all the ancient individuals we
analyzed.

Uniparental Markers, Population Size Estimates, and Variants of Phenotypic Relevance

All mitochondrial haplotypes of the South Patagonians were C or D, reflecting the only
haplogroups found in the Fuegian archipelago to date, with higher rates of D1g5 and Clc in
Northern Tierra del Fuego, Clb in the Beagle Channel, and co-occurrence of C1b and D1g5 in the
Mitre Peninsula (Supplementary Online Table 1). D1g5 is a widespread clade in ancient and
modern samples from Argentina and Chile [35, 36], and probably differentiated in the early stages
of the Southern Cone colonization, since it has geographically structured internal clades [36]. We
also observed one individual who was D4h3a, which today is concentrated along the Pacific coast
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of both South and North America [37]. All Y-chromosomes fall into the Qla2ala haplogroup
except for one (Qla2alb), a similar skew to that seen across South America today.

We performed conditional heterozygosity analyses and found that ancient Patagonian
groups had rates of variation at polymorphic sites [38] (Supplementary Figure S1) as low as the
groups in the world with the lowest variation today, suggesting persistent low population size,
consistent with previous inferences based on uniparental marker analyses [22-25]. We were not
able to determine the date of the population bottlenecks that produced this low variation,
because the three Middle Holocene Patagonians were from different sites, so there might be an
upward bias when we grouped them. Moreover, higher resolution reconstruction of population
size change over time requires high coverage whole genome sequencing data [39], which we do
not have.

We examined the status of the analyzed individuals for several previously reported
variants associated with cold tolerance [40-43]. However, the small sample sizes were insufficient
to allow us to document significant allele frequency change over time and thus we were not able
to carry out formal tests for natural selection (Supplementary Online Table 2).

Correlation of Genetic Ancestry with Geography and Language

We detect significant genetic continuity in South Patagonia since 6600 BP, as symmetry fs-
statistics show that the earliest Patagonians share more alleles with later Patagonians relative to
Pampas, Argentina (Argentina_ArroyoSeco2_7700BP or Argentina_LagunaChica_6800BP) or
Central Chile (Chile_LosRieles_5100BP) [44] (Supplementary Online Table 3A). We also analyzed all
individuals with unsupervised ADMIXTURE (Supplementary Figure S2), Principal Components
Analysis (PCA) (Supplementary Figure S3), an Fsr-based heatmap (Supplementary Figure S4), and
measurements of shared genetic drift between pairs of individuals using statistics of the form
f3(Mbuti; Ind1, Ind2) (Figure 2). A Multidimensional Scaling (MDS) plot of f;-statistics-based matrix
shows that Middle Holocene individuals over ~5000 BP are distinct from the Late Holocene
individuals (Figure 2B), with the important exception of Chile_Ayeyama_4700BP, which shows a
slight shift toward later Western Archipelago individuals, a signal that reflects an important
genetic event that we discuss in detail in what follows.

In the Late Holocene, the genetic structure of South Patagonia correlated with geography,
diet/technology, and linguistic group, with largely separated clusters in the Beagle Channel region,
Western Archipelago, and Southern Continent/North Tierra del Fuego. However, there are also
gradients, with individuals from the Mitre Peninsula forming a cline between the North Tierra del
Fuego/Southern Continent and Beagle Channel individuals; and the modern Yamana individual
lying between ancient individuals from the Western Archipelago and Beagle Channel (Figure 2).

We correlated pairwise genetic drift distances to geographical, temporal, and linguistic
distances (based on historically attested languages), as well as distances based on differences in
subsistence resources (Table 1; Online Methods and Supplementary Online Table 4). Mantel tests
were significant for distances based on all four variables (P-values based on 10,000 permutations
<0.0002). When performing partial Mantel tests controlling for the other variables to determine if
each variable had additional explanatory power beyond the others, the association remained
significant for language (P=0.0004) and geography (P=0.0183); we observed qualitatively similar
findings when performing these analyses in other ways (Supplementary Online Table 5).

Table 1. Correlation of Genetics with Geography, Diet/Technology, Language and Time. P-values
are based on 10,000 permutations. Multiple R? for Partial Mantel Test: R?=0.30931
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Simple Mantel Test Partial Mantel Test

Explanatory Variable R P P
Distance
Geography 1.90E-01 2.00E-04 1.83E-02
Diet/Technology 6.62E-02 4.00E-04 9.75E-01
Language 2.32E-01 <le4 4.00E-04
Time 2.31E-02 <le-4 2.58E-01

Based on the clear evidence for correlation of genetics with geography and post-European
contact language family, we named the Late Holocene groups in each region according to the
ethnic groups recognized at the time of European contact. Thus, we refer to individuals from the
Western Archipelago as Kawéskar, the Beagle Channel area as Yamana, the Mitre Peninsula as
Haush, the North Tierra del Fuego island as Selk’'nam, and the South Continent as Adnikenk. We
recognize that this is an over-simplification, because we cannot know how the individuals from
~1000-500 BP self-identified, if language differentiation reflected the languages in historical
periods, if the cultures of the past were similar enough to those of historical periods to be
considered continuous [45], or if there were further meaningful subdivisions beyond the
groupings used at the time of European contact. Categorization into five discrete groups also
masks substructure and differentiation within groups (for example, the cline in ancestry we
observe in the Haush of differential relatedness to the Yamana on the one hand and the Selk’nam
on the other). However, we use these names because the genetic data do not contradict the
traditional terms and indeed correlate it to them strongly.

Genetic Differentiation Between Maritime and Terrestrial Regions Apparent by ~4700 BP

When we computed fs-statistics comparing the oldest individuals, we observed that
Chile_PuntaSantaAna_6600BP and Argentina_LaArcillosa2_5800BP were equally distant
genetically to later groups. However, the Late Holocene Kawéskar and Yamana groups are
significantly more related (|Z|>3) to Chile_Ayayema_4700BP than to
Chile_PuntaSantaAna_6600BP or Argentina_LaArcillosa2_5800BP (Supplementary Online Table
3B), consistent with the pattern evident in Figure 2B. The fact that the ancient Selk’nam,
Adnikenk, or Haush did not show significant (|Z|<1.5) affinity for Chile_Ayayema_4700BP
suggests that the ancestry present in Chile_Ayayema_4700BP made a larger contribution to
western groups that later relied mainly on marine resources accessible from sea canoes than to
eastern groups like Selk’nam and likely Adnikenk that relied mainly on terrestrial resources. This
persisted to historical times as Chile_Ayayema_4700BP shares more alleles (Z=3.5) with
Yamana_CapeHorneMission_Grouped_100BP than with
Selknam_RoussonandWillemsMission_100BP (Supplementary Online Table 3C).

Based on isotope data [46] (Supplementary Figure S5), the Western Archipelago
Chile_PuntaSantaAna_6600BP individual is one of the first known South Patagonians with a
primarily marine-based diet; while the North Tierra del Fuego Argentina_LaArcillosa2_5800BP
individual had a primarily terrestrial diet [47, 48]. This addresses our first question: the fact that
there is no significant genetic affinity of Late Holocene Western Archipelago individuals to
Chile_PuntaSantaAna_6600BP relative to Argentina_LaArcillosa2_5800BP suggests that the
spread of marine specialists like Chile_PuntaSantaAna_6600BP was not responsible for a large
part of the genetic ancestry of marine specialists in the same region in the Late Holocene.

In contrast to the archaeological evidence for a shift to marine specialization, the shift
away from green obsidian use in the Western Archipelagos between ~5500-3100 BP does have a
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correlate in our genetic findings (our second question), as it occurred during the time of the
marine-adapted Chile_Ayayema_4700BP individual who bears significant additional affinity to
Late Holocene people from this region [26]. The fact that this individual, who is from the most
northern part of South Patagonia, shows specific genetic affinity to later marine-adapted groups
in South Patagonia is consistent with population change during this time frame. Specifically, it
suggests gene flows connecting marine-adapted groups throughout South Patagonia (although we
are not able to determine the direction of such gene flows from our genetic analysis).

All groups outside of Patagonia were symmetrically related to these earliest Patagonian
groups to the limits of our resolution (Supplementary Online Table 3B), consistent with all these
changes being due to local developments in the southern tip of South America, albeit with
important movements within this broad region.
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Figure 2. Population structure in South Patagonia inferred from pairwise genetic drift. (A)
Neighbor-joining tree created using the matrix of inverted statistics 1/fs(Mbuti; Ind1, Ind2), with
an ancient Beringian [49] as an outgroup [50, 51]; branch lengths are not meaningful but topology
is. Only individuals with >100,000 SNPs were included; newly reported data are in bold; and color
coding is in the legend as in Figure 1. (B) Multi-dimensional scaling (MDS) plot of the matrix of
statistics 1-f3(Mbuti; Ind1, Ind2). The matrix of the first two dimensions of MDS was rotated 30
degrees to emphasize the striking geographic correlation of the genetic cline of Late Holocene
samples to the coastline.

Gene Flow from North Patagonia into South Patagonia in the Middle to Late Holocene

To test for genetic interaction between Patagonia and other regions in America after
~4700 BP (question 3), we tested for asymmetry between Late Holocene (~1500-100 BP) vs.
Middle Holocene (over ~4700 BP) Patagonian groups compared to other Native Americans,
assessing if statistics of the form fs(Mbuti, OtherSouthAmericans; MiddleHolocenePatagonians,
LateHolocenePatagonians) were significantly different from zero. The only consistently significant
signal was an excess allele sharing of Chile_Conchali_700BP from Central Chile far to the north
with some of the later groups (Adnikenk, Haush, Yamana, and Selk’nam) relative to the Middle
Holocene individuals (Supplementary Online Table 3D). There is no evidence this is due to South
Patagonian gene flow into Central Chile, as statistics like f4(Outgroup,
SouthPatagoniaAfter4700BP; Chile_LosRieles_5100BP_MA, Chile_Conchali_700BP) were all
consistent with zero (Supplementary Online Table 3E). We obtained further support for this
direction of gene flow when we used gpAdm to attempt to model Chile_Conchali_700BP as a
mixture of Chile_LosRieles_5100BP and any Late Holocene Patagonian group; in all cases,
Chile_Conchali_700BP is modeled as consistent with having no Late Holocene Patagonian ancestry
(Supplementary Online Table 6A), providing little scope for a scenario of large-scale South
Patagonian ancestry moving northward into Central Chile.

Using gpAdm [52] to model the Late Holocene South Patagonian groups, we found that the
maritime Kawéskar and Yamana could be modeled as 45-65% (+4-7%; we use 1 standard error in
what follows) Chile_Conchali_700BP-related ancestry and the rest Chile_Ayayema_4700BP-
related (Supplementary Online Table 6A, all models pass at p>0.02). These models work with
Chile_PuntaSantaAna_6600BP and Argentina_LaArcillosa2_5800BP among the outgroups in
gpAdm:; in contrast, when Chile_PuntaSantaAna_6600BP or Argentina_LaArcillosa2_5800BP were
used as the second source instead of Chile_Ayayema_4700BP (used as an outgroup), the models
do not fit (p<0.005). These results suggest little if any direct continuity from 6600-5800 BP groups
to Late Holocene maritime groups in South Patagonia, consistent with substantial re-peopling of
western South Patagonia by North Patagonians (the location of Chile_Ayayema_4700BP) in the
Middle Holocene. In contrast, the eastern Selk’nam could not be modeled with
Chile_Ayayema_4700BP-related ancestry (p<0.005) and instead only fit (p>0.02) as a mixture of
~50-60% Chile_Conchali_700BP-related and the rest Argentina_LaArcillosa2_5800BP or
Chile_PuntaSantaAna_6600BP-related ancestry. The Haush fit as ~50-60% Chile_Conchali_700BP-
related and the rest as any Middle Holocene groups (we do not have resolution to resolve the
source). The Adnikenk had a borderline fit (0.005<p<0.015) with ~50-60% (+6-7%)
Chile_Conchali_700BP and either Chile_PuntaSantaAna_6600BP or Chile_Ayayema_4700BP
(Argentina_LaArcillosa2_5800BP did not fit). Additional analyses (below) suggest Adnikenk has an
ancestry most similar to that of Selk’'nam, and so we favor the model of Chile_Conchali_700BP
and Chile_PuntaSantaAna_6600BP which works for both groups.

194



In summary, all our working gpAdm models for the Late Holocene South Patagonians
involve a mixture of about half ancestry from a group related to Chile_Conchali_700BP, and about
half ancestry from one of the two Mid-Holocene South Patagonian lineages
(Chile_PuntaSantaAna_6600BP or Chile_Ayayema_4700BP) that we have sampled in the studied
dataset and that diverged from each other at least by ~6600 BP (the date of
Chile_PuntaSantaAna_6600BP). This could be explained by north-to-south gene flow of
Chile_Conchali_700BP-related ancestry into South Patagonia admixing into each of the divergent
groups across the region, but cannot be explained by gene flow in the reverse direction, which
would be expected to cause Chile_Conchali_700BP to be modeled as having ancestry from either
the Chile_PuntaSantaAna_6600BP-related or Chile_Ayayema_4700BP-related lineage, which is
not supported by fs-statistics or gpGraph modeling (Supplementary Online Table 3E, Figure 3).

Taken together, our analyses thus suggest at least three major north-to-south gene flows
affecting South Patagonia: the first bringing Chile_PuntaSantaAna_6600BP ancestry by at least the
date of this individual, the second bringing Chile_Ayayema_4700BP ancestry into the western part
of South Patagonia at least by ~2000 BP (the average date of formation-by-admixture of the Late
Holocene ancestry cline), and the third bringing Chile_Conchali_700BP ancestry into all of South
Patagonia again by at least ~2000 BP.

We did not detect excess allele sharing of genetic affinity of groups outside Patagonia
(such as the Argentina_LagunaToro_2400BP or present-day Chane individuals) with the Selk’nam
or Adnikenk relative to Kawéskar or Yamana (Supplementary Online Table 3F). However, our
reference data are sparse, and a particular weakness is that we lack data from individuals from
further south that could plausibly have interacted genetically with the Adnikenk and Selk’nam.
Future ancient DNA sampling could allow to test if such groups exchanged genes in the Mid-to-
Late Holocene with people in South Patagonia. We did not find ancestry from groups differentially
related to non-Americans in any of the individuals (“Population Y” ancestry, Supplementary
Online Table 3G), consistent with previous analyses of individuals from South Patagonia [26].

Genetic Mixtures between Geographically Neighboring South Patagonian Groups

To obtain insight into the extent of genetic isolation amongst the Late Holocene
Patagonian groups (question 4), we computed symmetry fs-statistics.

The Selk’nam were genetically intermediate between their neighbors (Figure 1A), as the
Aonikenk to their north shared more alleles with them than with the Haush and Yamana to their
south and west; similarly, the Haush and Yamana shared more alleles with the Selk’nam than with
the Adnikenk (Supplementary Online Table 3H). Accordingly, we used gpAdm to model the
Selk’nam as be 63.8+9.2% Adnikenk-related and 36.2% Yamana-related (Supplementary Online
Table 6B). Using DATES (54), which studies the breakdown of allele covariance in a target group
relative to two source populations, we infer an average admixture date of 190241282 years ago,
assuming a generation time of 28.5 years (Supplementary Online Table 6C).

The Haush too were genetically intermediate between their neighbors, with Ydmana
attracting Haush relative to Selk’nam and Selk’nam attracting Haush relative to Yamana
(Supplementary Online Table 3H). We confirmed directly that the Haush are admixed (question 5)
through a significantly negative (Z=-6.6) statistics of the form f3;(Haush; Yamana, Selk’nam)
(Supplementary Online Table 31). The MDS plot suggests a cline of Selk’'nam- and Yamana-related
ancestry in the different Haush individuals, so we used gpAdm to model the ancestry of each
individual separately. We estimated that they vary from 10.2 to 44.8% Yamana-related
(Supplementary Online Table 6C). The fact that there are substantial ancestry differences amongst
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the Haush indicates that mixing between the groups may have been actively occurring in the
period we sampled. We estimate an average admixture date of 1334+171 years ago.

The Yamana were also genetically intermediate among their neighbors, with the Selk’nam
attracting the Yamana relative to the Kawéskar and the Kawéskar attracting the Yamana relative
to the Selk’nam (Supplementary Online Table 3H). This signal was not detected in a past study
[22] which reported Selk’nam as consistent with being equally related to Kawéskar and Yamana.
However, that study relied on a single ~100 BP Selk’nam individual (which we confirm has
symmetric relationship to Kawéskar and Yamana to the limits of the resolution of the statistics),
while our additional data analyzes many Selk’nam individuals and leverages this larger dataset to
successfully detect asymmetry. No significant f3-statistic unambiguously demonstrated admixture
(Supplementary Online Table 3I), but this could be due to lack of power or, alternatively, genetic
drift in the ancestors of the Yamana since admixture, which can mask an admixture signal. We
could model Yamana as 54.2+14.4% Kawéskar-related and 44.2% Selk’nam-related (one individual
had 83.3+16.7% Kawéskar-related ancestry, but the others were between 51-56%). With DATES
we determined the admixture date to be 1627+313 years ago (the absolute inferred dates in the
past are similar even when the older Ydmana individuals are used).

Taken together, these results show that there was active mixture between South
Patagonian groups ~2200-1200 years ago with a cline ranging from the Adnikenk on one end to
the Kawéskar on the other, and that gene flow slowed since that time (if it had continued at that
rate we would not see an older date for the more recent individuals). The recent reduction of
gene flow suggests the possibility that cultural differentiation became greater in the more recent
period.

Admixture Graph Model

We used gpGraph to fit an admixture graph to the data and to model the relationships of
the different South Patagonian groups to each other and to selected other South American groups
(Figure 3). The model fit captures many of the individual findings of this study. The Pampas group
Argentina_LagunaToro_2400BP is equally related to all South Patagonians. The lineage of
Chile_Ayayema_4700BP is modeled as contributing to the maritime groups Yamana_1500-100BP
and Kaweskar_800BP but not to other South Patagonians, reflecting the fact that genetic variation
specific to later maritime groups had developed by ~4700 BP. Since Chile_Ayayema_4700BP is
from western South Patagonia but the other earlier Middle Holocene Patagonians are not, this
implies a migration related to Chile_Ayayema_4700BP displacing the earlier lineages. The model
captures our inferences that South Patagonians after ~4700 BP have additional ancestry from a
source related to the Central Chilean Chile_Conchali_700BP reflecting Late Holocene major north-
to-south gene flow (question 3). The model also reflects the cline of ancestry as mixtures of each
other with Kawéskar at one extreme and Adnikenk at the other extreme (question 4). Finally, the
model confirms that Haush_400BP, the group with a mosaic of cultural traits shared with
terrestrial and maritime groups, can be modeled as a mixture between Selknam_500BP
(terrestrial adaptation) and Yamana_1500-100BP (maritime adaptation) (question 5). Without
these key admixture events in the model, we could not find a graph that fit (the maximum |Z|-
score between observed and expected statistics in the fitting graph is over 3.5).

Modern Individuals are Most Related to Ancient Individuals from the Same Region

We compared modern Yamana and Kawéskar [22, 53, 54] to ancient Patagonians (question
6), and found significant excess allele sharing of modern individuals from each regional grouping
with the members of the ancient group from the same region (Supplementary Online Table 3J),
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consistent with previous findings [22]. We extended these findings to the Chono, Chilote, and
Huilliche, who live just north of Kawéskar, with whom they are genetically most similar. We also
co-analyzed an additional dataset of modern Patagonian groups [22, 54] with the ancient groups
in an admixture graph [22]. We could model the modern Yamana, Kawéskar, Huilliche, and
Pehuenche (a group just north of Huilliche) as a mixture of European ancestry (reflecting post-
colonial admixture), local pre-contact Native American ancestry, and Central Chile
(Chile_Conchali_700BP)-related ancestry (Supplementary Figure S6), with a decreasing gradient of
Central Chile-related ancestry from Pehuenche, Huilliche, Kawéskar, to Yamana (ordered in line
with their decreasing geographic distances from Chile_Conchali_700BP). Thus, the ancient DNA
data are capturing only the southern part of a geographic cline in Chile_Conchali_700BP-related
ancestry in Patagonia; future ancient DNA sampling could provide additional details on the origin
and timing of the development of this cline.
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Figure 3. Admixture graph model summarizing key findings (maximum |Z-score| = 2.6 for a
difference between observed and expected f-statistics) (|Z| = 2.7 restricting to transversions). The
model presented fits only after adding small proportions of deeply diverging ancestry into
PuntaSantaAna_6600BP and Kawéskar_800BP (splitting before the radiation of Native
Americans), which we hypothesize reflects not real ancestry but rather technical artifacts due to
these samples being shotgun sequenced and not UDG-treated, causing them to be attracted to
the outgroup (without modeling these edges, shown in Supplementary Figure S6, the maximum

| Z-score| is 5.1, but this drops to 3.3 with only transversions). Dashed lines indicate admixture
between two different lineages with percentages being the admixture proportions. Numbers on

solid lines are genetic drift with units of Fsr*1,000.
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Conclusion:

Our results falsify the hypothesis that the earliest marine adaptation in South Patagonia
was due to a large-scale immigration into South Patagonia of people from the north who were
already using this economic strategy (question 1 in the introduction). Instead, local people
adopted the technology or invented it independently. However, our results indicate the arrival of
a later stream of people from the northwest (following the stream that brought the mid-Holocene
individuals, potentially the initial colonization event), which brought ancestry from a lineage
related to the maritime-associated Ayayema (~4700BP) individual, replacing the lineages related
to Punta Santa Ana (~6600BP) and La Arcillosa2 (~5800BP) that were previously established in
South Patagonia itself. The arrival of this new stream of people could be related to the change in
lithic technology around ~5500 BP, characterized by the interruption of green obsidian use and
the introduction of large biface projectile points in the Western Archipelago and Beagle Channel
regions [3, 12] (question 2). In addition, a third source of ancestry from Central Chile spread
between ~4700-2000 BP. This could be related to different processes that occurred in the Late
Holocene in Northern Tierra del Fuego, such as the increase in site density as a sign of population
growth, and the cessation of use of boleadoras replaced by new hunting technologies
(pedunculated lithic projectile points associated with the beginning of bow and arrow use by 900
BP) [3] (question 3). The shared linguistic family between North, Central, and South Patagonia
groups in historical and modern times [55] could be related to this signal.

In the Late Holocene, we detect gene flow among neighbors especially from 2200-1200
years ago and attenuating afterward (question 4). A plausible scenario is that the Haush adopted
some of their maritime and terrestrial adaptations from the people with whom they exchanged
genes (question 5), as the genetic data demonstrates that they were socially connected through
exchange of mates in this time. The Haush spoke a language in the same family (Chon) as the
Selk’nam and Adnikenk, while the Yamana language is an isolate or related to Kawéskar [56], but
there was nevertheless gene flow across these linguistic boundaries. Finally, population continuity
in South Patagonia after European contact (question 6) is supported by the genetic affinity of
modern Yamana and Kawéskar with ancient individuals from their respective regions.

We did not find evidence of genetic exchange with Argentinian groups outside Patagonia
(based on lack of affinity to the Pampas individual Argentina_LagunaToro_2400 BP or present-day
Chane). However, we do find evidence of large-scale movements of people from Chile and within
Patagonia over thousands of years. An important goal for further research should be to carry out
additional ancient DNA sampling not only in South (especially on the western coast) but also in
Central and North Patagonia where our analysis of modern populations detects a cline of Central
Chilean-related ancestry reflecting north-south gene flow, to provide higher resolution and
additional insights into the interactions among people that shaped the Native cultures of this
unique region of the world.
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Data availability

All sequencing data are available from the European Nucleotide Archive, accession
number found at Nakatsuka*, Luisi*, et al. 2020 Nature Communications. Genotype
data obtained by random sampling of sequences at approximately 1.24 million
analyzed positions are available from

https://reich.hms.harvard.edu/datasets.

Code availability
All code available upon request.
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Online Methods

Direct AMS %C bone dates:

We report 15 new direct AMS C dates on bone and teeth for 14 ancient individuals
(Supplementary Online Table 1); we refer to previous publications for the sample
processing methodology [57, 58].
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Calibration of radiocarbon dates:

All calibrated *C ages were calculated using OxCal version 4.3 [59], using differing
mixtures of the southern hemisphere terrestrial (SHCal13 [60]) and the marine
(Marinel3 [61]) calibration curves. Marine dietary contribution was estimated using
stable carbon and nitrogen isotope measurements from collagen (Supplementary
Online Table 1). Nitrogen provides a benchmark for the relative importance of
marine dietary resources, with 8§°N values of ~11.5%o. indicating a wholly terrestrial
diet and ~22.0%. indicating a predominately (~90%) marine diet. We delineated five
categories of calibration curve mixing, assuming marine-derived diets of 0%, 20%,
40%, 60%, and 80%, respectively (Figure S5A), assuming an uncertainty value of
110%. Probability distributions are shown in Figure S5B. Observed stable isotope
distributions group by region and agree with the known subsistence strategies of the
Kawéskar, Yamana, Haush, Selk’'nam, and Adnikenk. We used a marine reservoir
correction (AR value) of 221440 from Puerto Natales, Chile [62].

Ancient DNA Work:

Tooth powder was obtained in dedicated clean rooms at the University of
Tennessee, Knoxville using a freezer mill for 18 individuals and at Harvard Medical
School by drilling for 2 individuals. DNA extraction for all samples was performed
using a method optimized to retain small DNA fragments either manually [63, 64] or
with an automated liquid handler using silica-coated magnetic beads [65]. We
prepared double-stranded Illumina sequencing libraries, pre-treating with the
enzyme Uracil-DNA Glycosylase (UDG) to minimize analytical artifacts due to the
characteristic cytosine-to-thymine errors in ancient DNA [31], using an automated
liquid handler and substituting the MinElute columns used for cleaning up reactions
with silica-coated magnetic beads and buffer PB (Qiagen), and the MinElute column-
based PCR cleanup at the end of library preparation with SPRI beads [66, 67]. We
enriched the libraries for sequences that overlapped both mitochondrial DNA [68]
and about 1.24 million nuclear targets for two rounds of enrichment [52, 69, 70],
either independently (1240k and MT separately) or together (1240kplus). We
sequenced the enriched products on an Illumina NextSeg500 using v.2 150 cycle kits
for 2x76 cycles and 2x7 cycles to read the indices. Skeletal material from all 20
ancient individuals screened for this project yielded usable DNA data.

Computational Processing of Initial Sequence Data:

We used two different data processing methods, which have been shown to
produce negligible differences in inferences about population history [71].
Supplementary Online Table 1 specifies which individuals were processed using each
method.

For method 1, we merged paired forward and reverse reads that overlapped
by at least 15 nucleotides using SeqPrep (https://github.com/jstjohn/SeqPrep), and
used the highest quality base to represent each nucleotide. We aligned the
sequences to the human genome reference sequence (GRCh37, hg19) and the
reference sequence (MT RSRS) using the samse command of BWA (version 0.6.1)
[72] with parameters: n=0.01, 0=2, I=16500. We removed duplicates using Picard
MarkDuplicates (http://broadinstitute.github.io/picard/), requiring matching indices
and barcodes to declare duplicates.
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For method 2, we merged paired forward and reverse reads that overlapped
by at least 15 nucleotides using custom software
(https://github.com/DReichLab/ADNA-Tools). We allowed one base mismatch when
the forward and reverse bases both had quality at least 20 and up to three
mismatches when the base read quality was less than 20, and retained the higher
quality base in the case of a conflict. We restricted to merged reads of at least 30
base pairs. We aligned FASTQ files using the BWA (version 0.7.15-r1140) samse
command [72] with parameters: n=0.01, 0=2, I=16500 to the hg19 human reference
and the MT RSRS. We removed duplicates with Picard.

For both methods, we removed two nucleotides from the end of each
sequence for partial UDG treated samples and ten nucleotides for untreated
samples. We selected a single sequence at each site covered by at least one
sequence to represent the individual’s genotype.

Contamination estimation:

We determined whether the data were consistent with authentic ancient
DNA by measuring the damage rate in the first nucleotide, flagging individuals as
potentially contaminated if they have a less than 3% cytosine to thymine
substitution rate in the first nucleotide for a UDG-treated library and less than 10%
substitution rate for a non-UDG-treated library as assessed using PMD tools [73]. To
estimate mitochondrial contamination, we used contamMix version 1.0-12 [32],
running the software with down-sampling to 50X for samples above that coverage.
We used ANGSD to determine evidence of contamination on the X chromosome in
males based on polymorphisms on the X chromosome [33] with the parameters
minimum base quality=20, minimum mapping quality=30, bases to clip for
damage=2, and all other parameters set to default. We also measured
contamination in the autosomal DNA (chromosomes 1-22) of both males and
females using a tool based on breakdown of linkage disequilibrium [34]. All samples
passed quality control (individual 112941 had a 1.8% deamination rate, but we did
not remove this individual because all other estimates showed negligible
contamination, and low deamination is not so surprising for relatively recent
samples (this individual dates to ~200 calBP).

Kinship analyses:

We analyzed all pairs of individuals for mismatch rates following the same
approach used in Kennett, et al., 2017 [74]. We removed 112365 from the main
analysis dataset as we genetically detected him to be a brother of 112367 (higher
coverage), but we report the data fully.

Present-day human data:

We used present-day human data from the Simons Genome Diversity Project [75], as
well as data from 78 Native Americans genotyped on the Axiom LAT1 array [22, 76],
and a whole-genome shotgun sequence of a present-day Yamana (yam013) [22].

Y chromosome and mitochondrial DNA analyses:
For Y chromosome haplogroup determination, we used a modified version of
yHaplo (https://github.com/23andMe/yhaplo) designed to work with ancient DNA,
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determining the most derived mutation for each individual using the tree of the
International Society of Genetic Genealogy (ISOGG) and confirming the presence of
upstream mutations consistent with the assigned Y-chromosome haplogroup using
Yfitter [77].

For mtDNA haplogroup determination, we generated VCFs using Samtools
[78] version 1.10 with the parameters (minimum mapping quality 30, minimum base
quality 20). We ran Haplogrep [79] phylotree version 17 to attain a haplogroup
assignment (Supplementary Online Table 1).

Calculation of Distances for Different Explanatory Variables:

We calculated distance metrics for a variety of variables.

For temporal distances between two samples, we calculated the absolute
difference between the average of the 95.4% date range in calBP, defining modern
samples as a date of 0.

For subsistence resources we assumed that the distance between individuals
who based their subsistence primarily on terrestrial resources (Northern Tierra del
Fuego and Southern Continent) and individuals for which maritime resources were
most important (Western Archipelago and Beagle Channel) was 2. For individuals for
whom both resources were common (Mitre Peninsula), the distance to individuals
with unique primary resources was set to 1. The distance between individuals who
used similar food procurement strategies was set to 0.

For linguistic group, we took into account the fact that Selk’nam/Ona, Haush,
and Tehuelche/Adnikenk are Chonan languages and that the former are more similar
to one another than to the latter. Accordingly, the distance between an individual
belonging either to Mitre Peninsula or Northern Tierra del Fuego was set to 1, while
the distance for individuals from one of these two regions to individuals from the
Southern Continent was set to 2. Considering that Yamana/Yaghan and Kdweskar are
language isolates, we set to 4 the distance from individuals from either the Western
Archipelago or the Beagle Channel to individuals from the three remaining regions.
However, these two languages may be more similar to each other than to Chonan
languages [55, 56, 80]; therefore, we set to 3 the distance between individuals from
the Western Archipelago and individuals from the Beagle Channel. The distance
between individuals from the same geographic region was set to 0.

For geographic distance, we had to contend with the complexity of the
potential routes for movement of people in the area. We conjectured that a coastal
route between the Mitre Peninsula and the Beagle Channel or North Tierra del
Fuego was the most probable. We also considered the possibility that moving from
North Tierra del Fuego to the Beagle Channel might have followed an interior route
that roughly corresponds to the present-day National Road 3 (dashed line in Main
Figure 1A). The routes connecting the Cerro Johnny site located at the South of the
Continent to Tierra del Fuego sites were computed as described for Northern Tierra
del Fuego, adding the distance between each site and its closest projection on the
Northern Tierra del Fuego coast. The distance between the Cerro Johnny site and the
southernmost Western Archipelago sites was calculated following the continental
coast. Yamana and Kdweskar people used canoes; therefore, we considered the
shortest maritime routes connecting the southern part of the Western Archipelago
to the Beagle Channel. The distances between the southernmost Western
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Archipelago and North Tierra del Fuego and Mitre Peninsula were calculated as the
sum of the length of the shortest maritime path between continental and Tierra del
Fuego coasts with the length of the shortest terrestrial path in Tierra del Fuego. We
also hypothesized that moving south in the Western Archipelago could be simplified
by following a direct route (see dashed line in Main Figure 1A). We thus computed
the distance from the Yekchal site to the others by the sum of this route to the coast
close to the Punta Santa Ana site, and then by the paths described for southwestern
Archipelago sites. The distance between individuals from the same site was set to O,
while the length of a straight line connecting two sites was used for any pair of sites
from the same geographical region. The estimates were performed using the geor
package in R [81] and the map from the maps package with resolution parameter 0
(as shown in Figure 1).

All the estimated distances are available in Supplementary Online Table 4.

Testing Association of Genetic Distances with Variables of Interest:

We tested if genetic distance between pairs of individuals was associated with
Linguistic, Temporal, Geographical and/or Subsistence distances. Pairwise genetic
distances were set to either 1-fs(Mbuti; Ind1, Ind2) or 1/f3(Mbuti; Ind1, Ind2). We
performed simple Spearman correlation and linear regression analyses. To correct
for relationships among the explanatory variables, we also performed partial
Spearman correlation and partial linear regression analyses, first correcting the
genetic distances for the three other explanatory variables through a multivariate
linear regression. For each coefficient estimate in the multivariate regression
including the four explanatory variables, we computed a 95% confidence interval
(£1.96 standard error) with a weighted block jackknife over 5-Mb blocks [82]. Finally,
we performed simple (including the matrix for only one explanatory variable) and
partial Mantel tests (including the distance matrices for the four explanatory
variables) using the multi.Mantel function in R with 10,000 permutations of the
genetic distance matrix. In all of these analyses, we assumed that each individual
was independent even though this is not strictly true due to shared genetic drift
within groups [82].

Grouping of Individuals:

All individuals were first analyzed separately for the outgroup-f; based MDS and
neighbor-joining tree. For some gpAdm and DATES analyses, the individuals were
then grouped by region (Western Archipelago, Beagle Channel, Mitre Peninsula,
North of Tierra del Fuego island, and South Continent), sequencing method (capture
or shotgun) and age as in the Figure 1A color coding scheme. In general, we name
groups using the following nomenclature: “Region_SiteName_Age BP” [83]. “Age
BP” of a group comprised of more than one individual is computed by averaging the
mean of the estimated date range.

Conditional Heterozygosity Analyses:

Conditional heterozygosity is an estimate of genetic diversity in a group obtained by
sampling a random allele from each of two randomly chosen individuals at a known
panel of polymorphisms [38]. We performed these analyses for transversion variants
on all South American groups with at least two individuals per site using POPSTATS
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(https://github.com/pontussk/popstats) with the September 26, 2018 version with
default settings. We computed this on samples from this study, ancient South
Americans from Brazil [84], Central Chile [84], the Andes [26, 54, 84], the Pampas
region in Argentina [84], and Patagonia [22, 26, 27], and on present-day Native
American human sequencing data [54]. We restricted to individuals without
substantial European admixture (inferred from the ADMIXTURE analyses below).

ADMIXTURE Analysis:

We merged the genotype data used for Condition Heterozygosity Analyses (but
including transition sites) with Axiom LAT1 genotyping data for present-day Native
Americans [22, 76], as well as 2x15 randomly sampled individuals from Italy and
Spain from the Phase 3 of 1000 Genomes Project [85]. We removed ambiguous
genotypes (A/T, C/G), and SNPs and individuals with more than 50% and 90% of
missing genotypes. We filtered out variants with minor allele frequency <1% and
pruned to remove linkage disequilibrium (--indep pairwise flag with 50 SNP windows,
5 SNP steps and 0.5 r? threshold in PLINK2). We ended with 106,285 SNPs for 116
modern Native South American individuals, 72 ancient individuals, and 30 South
European reference individuals. We ran unsupervised ADMIXTURE [86] version 1.3.0
with 10 replicates for each K, reporting the replicate with the highest likelihood. We
show results for K=2 to 7 in Supplementary Figure S2.

Masking Out Regions of Non-Native Ancestry in Admixed Individuals:

We merged the 116 modern Native South American individuals with 503 European,
504African, and 347 American individuals from 1000 Genomes Project Phase 3 [85].
After removing SNPs with more than 2% of missing genotypes and minor allele
frequency below 1% and individuals with more than 10% missing genotypes, we
ended with 129,269 SNPs and 1,462 individuals. After LD-pruning (--indep pairwise
flag with 50 SNP windows, 5 SNP steps and 0.5 r? threshold in PLINK2), we ran
unsupervised ADMIXTURE with K=3 to estimate European, African and Native
American ancestry. Individuals with <99% Native American ancestry were considered
as admixed, while the others were set as Native American reference. We ran RFMIX
v2 [87] with 503, 504, and 69 European, African, and Native American reference
samples, respectively, to identify the genomic regions with Native American ancestry
in the remaining 387 admixed individuals. REMIX was run with a setting similar to
the one used for RFMIX v1 in [88], using the —n 5 flag to reduce bias. We increased
the number of Expectation-Minimization (EM) iterations to 2 (--em 2 flag) instead of
1 (asin [87]) to improve the local ancestry calls and set the --reanalyze-reference flag
to leverage the Native American haplotypes segregating in admixed individuals. We
set both —c and —s flags to 0.2 corresponding to the -w 0.2 flag in RFMIXv1 [87].
RFMIX requires the genotype data to be pre-phased, and this was done using
shapelT2 [89] with default parameters and using the reference haplotypes for 2,504
worldwide individuals from the 1000 Genomes Project. We also used the average
genetic map provided by the 1000 Genomes Project. For a given allele at a given SNP
for a given individual, if the maximum posterior probability of a given ancestry was
>0.9, the allele was assigned to that ancestry, otherwise it remained with unknown
ancestry. We checked that the local ancestry inference procedure was consistent
with global ancestry analyses and observed that the Native ancestry proportions
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estimated globally (through ADMIXTURE) or locally (through RFMIXv2) have a
Spearman correlation coefficient of 0.9988, with a maximum difference of 0.04. For
each South American individual, we performed masking to only keep the regions
that are inferred to be Native American on both chromosomes.

Principal Components Analysis and Fsr Analyses:

We merged the masked genotype data for the 108 modern Native South American
individuals to the South American ancient samples described above. We removed
SNPs and individuals with more than 50% and 90% of missing genotypes in the
compiled genotype data, respectively, obtaining genotype data for 106,981 SNPs,
and 101 and 72 modern and ancient individuals, respectively. We performed PCA
with smartpca [90], and used the default parameters except inbreed: YES, Isgproject:
YES, and turning off outlier removal. We show results for PC2 vs PC1 in
Supplementary Figure S3. We also used smartpca to compute Fsr values between all
groups that had at least 2 individuals. For this analysis we used fstonly: YES and
inbreed: YES with all the other settings left at default. We show results within a
heatmap for pairwise Fsr used as a similarity index with hierarchical clustering-based
dendrogram re-ordering in Supplementary Figure S4.

Symmetry Statistics and Admixture Tests (f-statistics):

We used the gp3pop and gpDstat packages in ADMIXTOOLS [44] version 6.0 to
compute f3-statistics and fs-statistics (using the f4Mode: YES parameter in gpDstat)
with standard errors computed with a weighted block jackknife over 5-Mb blocks.
We used the inbreed: YES parameter to compute f3-statistics to account for our
random allele choice at each position. We computed “outgroup” fs;-statistics of the
form f3(Mbuti; Pop1, Pop2), which measures the shared genetic drift between
population 1 and population 2. We created a matrix of the outgroup-f; values
between all pairs of populations. We converted these values to distances by
subtracting the values from 1 and generating a multi-dimensional scaling (MDS) plot
with a custom-made R script. We converted the original values to distances by taking
the inverse of the values and generating a neighbor-joining tree using PHYLIP version
3.696’s [51] neighbor function and setting USA-AK_USR1_11400BP as the outgroup.
We displayed the tree using Itol and set all of the tree lengths to ignore [91].

Admixture Graph Modeling:

We used gpGraph [92], removing transition SNPs at CpG sites and using default
settings with outpop: Mbuti.DG and useallsnps: YES. We used the 1240k dataset and
created a modified graph of Mbuti.DG, USA-AK_USR1_114008P,
Chile_Conchali_700BP, and Argentina_LagunaToro_2400BP, and then successively
added in additional populations in all combinations allowing up to 1 admixture from
the existing groups in the graph. We took the graph with the lowest maximum Z-
score and then repeated the process, adding another population until all populations
of interest were added. We first started with the two oldest individuals
(Chile_PuntaSantaAna_6600BP and Argentina_LaArcillosa2_5800BP). We then
added the groups in order: Chile_Ayeyama_4700BP,
Kaweskar_WesternArchipelago_Grouped_800BP,
Selknam_NorthTierradelFuego_Grouped 500BP,
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Yamana_BeagleChannel_Grouped_1500-100BP, Aonikenk_CerroJohnny_400BP, and
Haush_MitrePeninsula_Grouped_400BP. We added additional deep-rooting
admixture edges for Kaweskar_WesternArchipelago_Grouped_800BP and
Chile_PuntaSantaAna_6600BP, because they were shotgun sequenced and
processed differently which plausibly explains their (likely artifactual) attraction to
Mbuti. We merged the data with the Axiom LAT1 genotype set of modern
Patagonian individuals [22, 76] and added in the present-day Yamana, Kawéskar,
Huilliche, and Pehuenche from that dataset, manually attempting to find the best fit
with an extra admixture edge added to account for recent European admixture.

Modeling of Ancestry Proportions:

We used gpAdm [52] to estimate the proportions of ancestry in the different Late
Holocene individuals. We analyzed each group as a mixture of the two groups
geographically closest to them (except we never used Haush as a source population
due to their genetic heterogeneity). We also used gpAdm to formally model the Late
Holocene individuals as mixes of the Early and Middle Holocene individuals and
Chile_Conchali_700BP. For these analyses we modeled each of the Late Holocene
individuals as a mix of one of the Early or Middle Holocene individuals
(Chile_PuntaSantaAna_6600BP, Chile_Ayayema_4700BP, or
Argentina_LaArcillosa2_5800BP) and Chile_Conchali_700BP with the outgroups
Chane_modern, Peru_Cuncaicha_900BP, Argentina_LagunaToro_2400BP,
Chile_LosRieles_10900BP, Chile_LosRieles_5100BP, Argentina_ArroyoSeco2_77008P,
Argentina_LagunaChica_6800BP, and the other two Early and Middle Holocene
Patagonia individuals. We considered models to fit if p>0.02; p<0.005 failed; and
models with 0.005<p<0.02 borderline (Supplementary Online Table 6).

Admixture Dating Analyses:

We used DATES version 1510 [93], which estimates the age of admixture in ancient
DNA samples based on breakdown of allelic covariance over genetic distance in the
target group relative to two source populations. We used the default settings with
jackknife: YES and analyzed each group as a mixture of the two groups adjacent to
them (except for Yamana, which we analyzed as a mixture of Kawéskar and Selk’nam
rather than Haush due to the genetic heterogeneity in Haush).

Analyses of Phenotypically Relevant SNPs:

We examined the same set of SNPs as in [84] as well as additional ones with
evidence of modulating cold tolerance in humans [41-43]. We used samtools version
1.3.1[78, 94] mpileup with the settings -d 8000 -B -q30 -Q30 to obtain information
about each read from the bam files of our samples. We used the fasta file from
human genome GRCh37 (hg19) for the pileup. We counted the number of derived
and ancestral variants at each analyzed position using a custom Python script.
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Chapter 6: Conclusion

This thesis has focused on the use of population genetics techniques to learn
about history in South Asians, African-Americans, and Native Americans, with
implications for disease gene mapping. A wide array of standard tools were used in
the analyses, but some new technology was developed as well, including a novel
method for estimating contamination in ancient DNA samples.

In Chapter 2, within-group IBD was used to demonstrate that many South
Asian groups have founder events at least as large as those in Finns and Ashkenazi
Jews, representing an enormous opportunity for disease gene mapping in these
groups. In addition, some insights into recent population history were inferred, such
as shared IBD across groups that correlated with religious affiliation, geography, or
linguistic grouping, and East Asian ancestry in some South Asian groups.

In Chapter 3, admixture mapping in African-Americans was used to
determine the genetic basis for the greater MS susceptibility in Europeans above
that of West Africans. The previously discovered signal on Chromosome 1 was fine-
mapped to discover two genetic variants in the CD58 and FCRL3 genes that fully
explain the association and together predict a 1.44-fold greater risk for MS in
European-Americans compared to African-Americans.

In Chapter 4, we report new software we developed, called ContamLD, to
estimate contamination in aDNA by assessing patterns of LD in samples in
comparison to external haplotype panels. Contamination was estimated based on
the decay of LD due to the contaminant sequences that break down the haplotypes
in the sequences of the individual of interest.

In Chapter 5, three different genetic studies of ancient and present-day
Central and South Americans were reported. The first study primarily focused on the
population structure from 11,000 BP to 4,000 BP and found that rapid radiation
occurred in the first migrations into South America. In addition, two previously
unknown migrations into South America were discovered, one related to a Clovis-
culture associated individual from Montana and one related to ancient California
Channel Island individuals.

The second study focused on the changes in genetic structure in the Andes
from 9,000 BP to the present. In this study, we found that the genetic structure
differentiating the highlands from other areas was present at least by 8,600 BP, and
the structure differentiating north vs. south Peru was present by at least 5,800 BP.
This was then followed by gene flow between these regions and between Northwest
Amazon and North Peru as well as between the Argentina Pampas and South-Central
Andes. Subsequently, there was marked continuity through the rise and fall of major
cultures but cosmopolitanism during the Tiwanaku State and Inca Empire, with
individuals of highly differing ancestry living side by side.

The third study focused on the population genetic history of Southern
Patagonia. In this study, we found that the earliest maritime diet individual did not
have ancestry differentially related to the earliest terrestrial diet individual relative
to later Patagonians, suggesting the innovations associated with a maritime diet
were not associated with gene flow from elsewhere. In contrast, a 4,700 BP
maritime diet individual had ancestry only found later in western Patagonian groups
practicing marine economies, suggesting gene flow in this individual associated with
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the abandonment of green obsidian use. A second stream of gene flow occurred
after 4,700 BP from Central Chile associated with the transition from boleadora use
to pedunculated points. Gene flow between neighboring groups occurred at an
average date of ~2,200-1,200BP, leading to a genetic cline along the coast with more
recent mixing found in the individuals of Mitre Peninsula, who had a mixture of
maritime and terrestrial diets. Lastly, present-day indigenous Patagonians were
found to be a mixture of European ancestry, ancestry related to ancient individuals
closest to their geographic region, and Central Chile ancestry, with a cline of the
Central Chile ancestry increasing from south to north.

These studies have revealed several common themes as well as key
differences between the populations examined in this thesis relative to others in the
world. For example, this work has pointed towards complexities in the common
statement that admixture or population replacement between geographically
neighboring groups is the rule rather than the exception [1, 2]. In the case of both
South Asia within the last 1,500 years and the Middle to Late Holocene Andes
(~2,000-550 BP), it appears that there was more limited mixture and no major
population replacement, likely due to cultural/religious barriers to intermarriage
between groups in South Asia and lack of large-scale military invasions in the Andes.
This is in stark contrast to the near replacement that occurred in areas like Spain and
Great Britain ~4,000 BP [3, 4], West Africa ~5,000 BP [5], Vanuatu ~2,500 BP [6, 7],
the Eurasian Steppe ~2,000-3,000 BP [8], northeastern Siberia ~10,000 BP [9], or the
Arctic ~700 BP [10]. On the other hand, it is clear that significant mixture occurred
within the Andes and between the Andes and other regions prior to 2,000 BP, and
both within Patagonia and between Patagonia and Chile. In addition, the Clovis-
related ancestry found in the earliest individuals from Brazil, Chile, Belize (Chapter
5.1), and Nevada [11] was mostly replaced, paralleling the situation in Ice Age
Europe [12], followed by long-term continuity of the hunter-gatherer ancestry to
present day people in the same region, which is also similar in Europe (though
potentially with much less hunter-gatherer ancestry remaining in present-day
Europeans) [13]. More recently (~500 BP), the Inca contributed to major movement
of people as seen in the North Peruvian coastal ancestry of the Chincha Valley
individuals, some of the Torontoy individuals in Cusco, and the Argentina sacrificial
victim (Chapter 5.2), the so called “push” factor in archaeology [14], as was also
shown in DNA from 17th century enslaved Africans from the Caribbean [15]. The
“pull” factor of individuals towards urban areas due to, for example, increased work
opportunities, was potentially the driving force behind the ancestry diversity found
in Titicaca Basin during the Tiwanaku period and the population displacement in
Cusco at the Inca period or later (both discussed in Chapter 5.2). These factors have
been seen in aDNA studies of Rome [16], Central Asia [17], and Bronze Age Europe
[18], where cosmopolitanism was observed in the genetics of different sites.
However, population transfers, known to have occurred for example in the
Byzantine empire [19] and the Roman empire [20, 21], have not yet been shown in
aDNA studies outside of the Americas.

Due to some potential differences in agricultural and pastoral development
in the Americas, such as more in situ changes, there are possible differences relative
to Europe where the expansion of Anatolian farmers made clear genetic impact [13,
22, 23], similar to the situation in Southeast Asia [24, 25] and East Africa [26]. In
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South Asia, farming in the Indus Valley Civilization appears to have been adopted
without gene flow [27], similar to the first Anatolian farmers who attained farming
from the spread of ideas from Iran rather than primarily new people coming in [23].
It is at this point not clear how agricultural and pastoral changes affected migrations
in the Americas, though we hypothesized that the Chavin cultural complex, which
included camelid pastoralism, might have contributed to the gene flow observed
between the north and south Peruvian highlands in Chapter 5.2. It is also currently
unclear what cultural beliefs influenced the founder events in South Asia or the
increased inbreeding we observed in the Andes after 900 BP, though it is likely that
recessive disease gene mapping would be fruitful in both South Asians and Native
Americans (however, the smaller population size of Native American groups likely
will make it harder to identify recurrent mutations). As more work is done on these
areas, we will be able to see more clearly the commonalities and differences
amongst the histories of different populations of the world.

In particular relation to the work in this thesis, there are many other areas
where this work can be extended. For the South Asia project, there is substantial
medical genetics work to be done in identifying recessive diseases in the groups with
large founder events and mapping the genetic variants underlying these diseases.
Rare variant association studies can also be done for more common diseases. These
insights can then be used to determine the pathways underlying the diseases, and
for the case of recessive, monogenic diseases, panels can be developed that can be
used for pre-natal diagnosis. On a population genetics level, one key area to study is
the dynamics of the population bottlenecks in South Asia, including their exact
timing and how they changed over time (e.g. whether they were short and intense
or more prolonged). This likely will require a combination of more samples, higher
coverage data (whole-genome sequencing data), and new statistical tools, though
there are tools such as IBDNe [28] that can determine population size dynamics with
either a high number of individuals genotyped or lower numbers of whole-genome
sequenced individuals. Comparing the population size dynamics of groups with
shared IBD should then also allow one to determine more fine-scale history, such as
whether the bottlenecks occurred at the same time, and if so, whether this occurred
before or after the groups split, and whether the groups admixed more recently.

For the African-American admixture mapping project, much of the relevant
experimental work has already been done in prior studies. For example, the primary
associated SNP in the CD58 gene has already been shown to be associated with
cytokine response [29], CD58 expression has been shown to be protective against
MS [30, 31], and clinical studies of CD58 have shown that this protein can be
protective against psoriasis, including in the discontinued drug Alefacept [32]. Thus,
a key area of future research is to determine if CD58 manipulation, including
Alefacept use, could be used in MS treatment. In addition, it will be potentially
possible to do admixture mapping in South Asians in the future, but it will be difficult
due to the multi-layered ancestries (Iranian, Steppe, ancestral ancient South Indian)
and the difficulties of local ancestry mapping due to the lack of good reference
populations for each ancestry source. Nevertheless, this could prove fruitful in the
future, as the ancestral South Indian ancestry is known to be associated with
increased risk for dilated cardiomyopathy, for example [33].
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For the ContamLD project, the biggest area of future improvement to the
software would be the ability to calibrate the estimates properly without needing
damaged reads. This would substantially improve the algorithm’s power and ability
to uncover contamination from other ancient individuals. However, several avenues
were attempted without success, including modeling inbreeding and genetic
distance from the haplotype panel. Nevertheless, as new algorithms for modeling
inbreeding are developed and additional insight is obtained for the relationship
between the genetic distance and the calibration score, it might be possible to
determine a non-damage read based correction that will significantly improve the
software.

The aDNA analyses performed to uncover Central and South American
history only scratched the surface of the power of this technology for advancing our
understanding of this region. The three studies were by far the largest aDNA studies
in these regions, providing over 70% of now available aDNA for South America. They
provided necessary baselines of the genetic structure of Central and South America
and how this structure changed over time due to migrations or stayed markedly
constant during the rise and fall of major cultures. At the same time, there is a
substantial amount still to be discovered. First, there are several major areas of
South America we did not profile, such as the majority of Brazil (particularly the
Central and Northeast regions), the Caribbean, the Amazon, the northern regions
(e.g. Ecuador, Colombia, Venezuela), as well as large portions of Argentina,
Paraguay, and Uruguay. Studies of aDNA from these regions will reveal a fuller
picture of the genetic structure of South America and questions about migrations
both within these regions as well as between the different regions. In addition, there
are a plethora of questions that could be answered with more dense sampling in the
Andes and Patagonia, including more details about the cultural contexts of the
migrations (e.g. whether the Chavin cultural complex was the underlying force for
the migrations we observed between the north and south Peruvian highlands
between 5,800 to 2,000 BP and whether changes in hunting material were driven by
individuals of Central Chile ancestry coming into Patagonia between 4,700 to 2,000
BP). The Population “Y” signal found in present-day Amazonians [34, 35] and
potentially a 10,000 BP Brazilian group [36] but not in any of our studies of ancient
South Americans, including a ~9,600 BP Brazilian group [37], leaves an additional
mystery to be solved of where this group originated from or whether the original
signal was an artifact. Perhaps even more importantly, with dense enough sampling
of present-day Quechua and Aymara speakers, it might be possible to eventually
gain greater insight into the origins of these languages [38]. Similarly, questions
about the origins of the Arawakan, Tupi-Guarani, and Ge-Carib languages could be
addressed with more DNA from ancient and present-day individuals from Brazil and
northern South America.

In addition to more data, other types of analyses could be done, especially
with higher quality data, such as whole-genome shotgun sequencing data. For
example, the site frequency spectrum (SFS)-based analyses described in the
introduction, such as Momi2, were attempted for the Andean data but left as future
work due to time constraints. These analyses would provide independent tests of
the demographic history inferred using f-statistics and allow dating of many of the
admixture events as well as relative population size estimates in some cases. In
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particular, the timing of the California Channel island mixture could be estimated
independently of the ~5,000 BP estimate attained using DATES in Chapter 5.2.
Similarly, the dating could be used for the Central Chile mixture into Patagonia after
4,700 BP. Rare variant methods such as RareCoal could also be used to attain greater
resolution into the mixture dates. Moreover, if higher coverage data and larger
sample sizes were available, one could impute the missing sites and then begin to
use haplotype-based methods such as fineSTRUCTURE or even |IBD-based methods,
which can provide greater power for detecting admixture, dating admixture events,
determining split times, and even obtaining population size estimates. Most of the
dating of demographic events in this thesis relied on the allele covariance-based
DATES software or radiocarbon dating, so these additional methods would provide
useful, independent estimates that in principle could have greater statistical power.

One major area that was not substantially explored in this thesis is the study
of natural selection. This is difficult in Native Americans due to their significant
genetic drift that makes it difficult to rigorously demonstrate conclusive evidence of
selection. In addition, data from many (>100) individuals is often required, and the
use of GWAS summary statistics as previously used for ancient Europeans [39] can
be hampered by lack of transferability [40-42]. However, several recent papers of
present-day Native Americans have shown natural selection in the Andes and
elsewhere [43-46] primarily using the Population Branch Statistic, which looks for
greater genetic divergence in particular loci relative to the rest of the genome [47]. It
is unclear whether the signals found in a recently published study using ancient
Andeans [48] represent genuine natural selection or simply stochastic genetic drift.
However, with larger datasets it should be easier to have more closely related
outgroups that can be used as better null distributions against which to compare
allele frequency changes. A few studies of natural selection in South Asia have been
done [49, 50], but additional, more detailed studies could be conducted with
potentially more power now that larger sample sizes are available [51] and a more
detailed history of South Asia [17, 27] is known.

The potential future directions as well as the work detailed in this thesis all
demonstrate the power of population genetics in the analysis of ancient and
present-day DNA to uncover novel insights about human history with relevance for
health. The integration of these analyses with archaeology and linguistics was also
demonstrated, showing how these disciplines can be brought together to present
more rich pictures of the past. At the same time, the work was done with
sensitivities to the local indigenous communities, with engagement of indigenous
groups from Argentina, Patagonia, the Andes, Belize, and South Asia, throughout the
research process, including reporting of the results back to the groups. As the field
advances, it will be critical to do even more in-depth integration of insights from
archaeology, linguistics, and even anthropology, including perspectives from local
communities. The integration does not all have to be in the same papers; indeed,
separate discipline-focused manuscripts can be produced, and these approaches are
all already being done, particularly for West Eurasian history. This is analogous to
outreach material that also should be created in a manner accessible and culturally
specific to the relevant groups. In this way it is a central benefit of this work that we
might all be able to engage our past and see both the things that unite us as well as
the events that make each of us unique; both unity and diversity on full display.
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