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Chair: Connie J. Mulligan
Major: Anthropology
In this dissertation, I study genetic variation in Levantine and southern Arabian
populations in order to understand human evolutionary history in these regions. The
Levant and southern Arabia are the proposed starting points of the successful dispersal
out of Africa, along the hypothesized North Dispersal Route (NDR) and Southern
Dispersal Route (SDR), respectively.
In my first study, I test whether contemporary Yemeni mitogenomic diversity is
the product of recent or ancient migrations. I generate 113 novel Yemeni mitogenome
sequences, which were primarily selected from haplogroups capable of detecting more
ancient migrations. Using Bayesian phylogenetic analyses, I find that Yemeni variation
is largely the product of recent migrations from different regions and recent in situ
evolution. In my second study, I test support for the NDR and SDR by analyzing
genotyping data from single nucleotide polymorphisms (SNPs) from Levantine and
southern Arabian populations. I generate novel genotyping data from >600,000 SNPs
from 90 Yemeni selected from all across Yemen, which I analyze alongside published
data from >160 populations. Using measures of shared genetic drift, I find that
Levantine and southern Arabian populations are similarly related to test African and
11

non-African populations. I conclude that neither route can be supported or rejected due
to extensive gene flow between the Levant and southern Arabia. In my third study, I
compare Neanderthal introgression in Levantine and southern Arabia populations to
infer where introgression first occurred. Using statistical measures of introgression, I
find that Levantine and southern Arabian populations have similar levels of introgression
to each other but lower levels than other non-Africans. I also find that introgressed
SNPs have similar frequencies in the Levant and southern Arabia, indicating that
introgression is similarly distributed in Levantine and southern Arabian genomes. I infer
that Levantine and southern Arabian populations received introgression before
separating from each other and that there has been extensive gene flow between these
regions.
From these three studies, I find that gene flow between the Levantine and
southern Arabian populations has shaped these regions’ genetic diversity. This
dissertation highlights the value of using genetic variation to make inferences about
populations’ evolutionary histories.
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CHAPTER 1
INTRODUCTION
Genetic data have been vital to the study of modern human origins and have
contributed to anthropology’s collective understanding of this topic. It is should also be
recognized that genetic data’s impacts on anthropology have often been in conjunction
with paleoanthropological and archaeological data. The findings of anthropological
geneticists (and their collaborations) have greatly contributed toward understanding the
origins of modern humans and relationships of modern human populations.
Before I discuss the work that has been done by anthropological geneticists, it
should be duly noted that many of the anthropological hypotheses that have been
tested using genetic data would not exist without paleoanthropological and
archaeological data. From the fossil record, it is known that humans (i.e., members of
the genus Homo) have had a long history of dispersing out of Africa. By 1.8 mya (million
years ago), Homo erectus (sensu lato) had spread out of Africa and reached sites as far
as Dmanisi, Georgia and Modjokerto and Sangiran, Indonesia (Feibel et al. 1989;
Swisher et al. 1994; Ferring et al. 2011; Jurmain et al. 2013). In a later dispersal,
another archaic species known as Homo heidelbergensis secondarily dispersed out of
Africa and was present in Europe by around 609 kya (thousand years ago)
(Schoetensack 1908; Wagner et al. 2010). Both morphological and genetic analyses of
fossils from Spain suggest H. heidelbergensis is an early form of Neanderthal (Homo
neanderthalensis) (Arsuaga et al. 2014; Arsuaga et al. 2015; Meyer et al. 2016).
Neanderthals spread all over Europe and other parts of western Eurasia as far east as
the Altai Mountains of Siberia (reviewed by Klein 2003; Prüfer et al. 2014). Confounding
matters, at the same time archaic humans were also present and evolving in Africa.
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Another archaic species known as Homo rhodesiensis has been found at sites such as
Bodo D’ar in Ethiopia and Kabwe in Zambia, which range from 500 kya to 125 kya in
age (Woodward 1921; Klein 1973; White 1986; White et al. 2003).
The presence of archaic humans across Africa and Eurasia led to the question of
where anatomically modern humans (AMH) first originated. Two main models emerged
known as the out of Africa model (a.k.a., replacement model) and multiregionalism (i.e.,
the regional continuity model). The out of Africa model (as the name suggests) states
that early modern humans dispersed out of Africa and replaced all the archaic humans
they came across; alternatively, the multiregionalism model posits that modern humans
evolved in unison across all of Africa and Eurasia through long-range gene flow
(reviewed by Stringer 2002).
Molecular anthropology, and more specifically anthropological genetics, have
been profoundly useful for validating the dispersal out of Africa model as well as
investigating many different dispersals and migrations of modern humans. One of the
first pioneering studies in anthropological genetics was conducted by Cann et al. (1987);
these authors found that non-African mitochondrial DNA (mtDNA) variation is a subset
of African mtDNA variation and that all modern human mitochondrial variation coalesces
around 200 kya. These findings provided the first genetic support of the out of Africa
model of modern human origins. It should also be noted that these early datasets are
minute compared to today’s genomic datasets. For example, Cann et al. (1987) studied
147 mtDNA samples and used restriction digest mappings from twelve restriction
enzymes to infer mutations to construct their mitochondrial phylogeny. Over time,
datasets grew to sequence data from parts of the mitochondrial genome (mitogenome)
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(e.g., Côrte-Real et al. 1996; Watson et al. 1997). In some cases, anthropological
geneticists also started studying short nuclear loci; for example, Tishkoff et al. (1996)
studied variation around the minimally-recombining CD4 gene and found that nonAfricans have high linkage disequilibrium between single nucleotide polymorphisms
(SNPs) and limited variation relative to Africans. Krings et al. (1997, 1999) sequenced
small portions of the Neanderthal mitogenome and found there were far too many
pairwise differences between modern and Neanderthal sequences for Neanderthals to
have been ancestors of modern humans. Green et al. (2008) and Briggs et al. (2009)
later sequenced whole Neanderthal mitogenomes and found that the Neanderthal
mitogenomic diversity formed a clade distinct from modern human diversity. These
results further supported the out of Africa model.
Mitogenomic data have been used to make inferences about the successful
dispersal out of Africa (i.e., the dispersal from which the overwhelming majority of nonAfrican diversity is derived) as well as other human dispersals and migrations. As the
mitogenome does not recombine and is maternally inherited, it is particularly useful for
phylogenetic analyses (reviewed by Underhill and Kivisild 2007). Based on
mitochondrial DNA data, all living modern humans share a maternal most recent
common ancestor (i.e., maternal MRCA) around 150-200 kya (Cann et al. 1987;
Underhill and Kivisild 2007; Behar et al. 2012). All mtDNA are classified into
haplogroups (i.e., groups of haplotypes that share mutations) based on a scheme
known as PhyloTree (van Oven and Kayser 2009). The major haplogroups that evolved
in Africa are all named with the letter L (i.e., L0 through L6) (van Oven and Kayser
2009). One major African group is macrohaplogroup L3. Macrohaplogroup L3 is thought
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to have evolved in eastern Africa, and the two groups most closely related to it (i.e., L4
and L6) are also strongly localized to eastern African (Tishkoff et al. 2007; Soares et al.
2012; Fernandes et al. 2015). The base of L3 is a large, hard polytomy (i.e., a clade
with more than two lineages deriving from the same common ancestor); this polytomy
gives rise to seven lineages (i.e., L3a, L3b’f, L3c’d, L3e’i’k’x, L3h, M, and N) (van Oven
and Kayser 2009). As L3 is a polytomy, no two of these seven lineages are more
closely related to each other than any other two. Two of these lineages form the very
large macrohaplogroups M and N, and haplogroups labeled with the remaining 23
letters of the alphabet are nested within these two groups. Macrohaplogroups M and N
are of particular interest because they either evolved in Africa immediately prior to the
dispersal out of Africa or in the Near East immediately after; additionally, all nonAfricans (without African admixture) have mitogenomes that fit within macrohaplogroups
M or N (reviewed by Forster 2004; reviewed by Underhill and Kivisild 2007).
Based on archaeological evidence placing modern humans in Australia around
50 kya, it was first hypothesized that the dispersal out of Africa occurred around 60 kya
(Mirazón Lahr and Foley 1994). Mirazón Lahr and Foley (1994) first prominently
described the two routes that could have been used for the dispersal out of Africa,
which can be referred to as the Northern Dispersal Route (NDR) and the Southern
Dispersal Route (SDR). The NDR hypothesis predicts an inland dispersal from what is
now Egypt into the Levant, whereas the SDR hypothesis predicts a dispersal across the
Bab el-Mandeb from the Horn of Africa into southern Arabia (specifically, into what is
now Yemen) (Mirazón Lahr and Foley 1994; Quintana-Murci et al. 1999; Endicott et al.
2003; Metspalu et al. 2004; Macaulay et al. 2005; Thangaraj et al. 2005; Rowold et al.
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2007). Consistent with the hypothesized time of dispersal, the non-African
macrohaplogroups M and N have been consistently dated to around 60 kya (e.g.
Atkinson et al. 2008; Behar et al. 2008; Soares et al. 2012). Mirazón Lahr and Foley
(1994) also first argued the SDR to be the more viable route for a dispersal around 5060 kya given concerns about the aridity (and thus habitability) of the Levant at that time.
The earliest mtDNA analyses often used basic ρ (Rho)-based dating methods, which
involved counting mutations on branches and applying a strict molecular clock (Forster
et al. 1996; Saillard et al. 2000). For example, Macaulay et al. (2005) and Thangaraj et
al. (2005) used these methods to identify ancient, autochthonous mitochondrial lineages
dating to around 50 kya in certain isolated South and Southeast Asian populations; they
argued that these populations’ locations along the SDR and the ages of the clades
strongly supported the SDR. Soares et al. (2009) designed a modified version of ρbased dating, which tried to vary mutation rates in order to account for purifying
selection acting to reduce substitution rates. This methodology by Soares et al. (2009)
has been used for many studies studying other migrations as well. For example, Černý
et al. (2011) used this method to date the diversification of R0a within Yemen and found
that certain expansions within haplogroup R0a coincided with wet climatic periods.
Additionally, Soares et al. (2012) found that the African L3 lineages spread throughout
Africa around the same time that macrohaplogroups M and N evolved and dispersed
out of Africa.
While ρ-based methods of dating are very popular, questions have arisen about
the statistical rigor of these methods. Cox (2008) calculated ρ-based dates on data from
simulated populations with changing population sizes; he found that when population
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sizes change, the ρ statistic would often produce wildly inaccurate estimates.
Furthermore, larger scale mitogenomic studies, such as those used to generate the
maternal MRCA’s mitogenome sequence (i.e., the Reconstructed Sapiens Reference
Sequence), have shown that variation is not governed by a strict molecular clock (Behar
et al. 2012). For example, it was found that some lineages within macrohaplogroup M
were as few as four mutational steps away root of M, whereas others were as great as
32 steps away (Behar et al. 2012).
While ρ-based dates are still very common and are still regularly found in
published studies (e.g., Sahakyan et al. 2017; Olivieri et al. 2017; Pereira et al. 2017),
more statistically robust Bayesian phylogenetic analyses have been gaining traction.
Unlike other forms of phylogenetic analyses, Bayesian phylogenetic analyses generate
millions of trees with variation in different parameters (such as mutation rate or
population size); from these trees, the tree that best fits the data is chosen (reviewed by
Huelsenbeck 2002). Furthermore, variation of these parameters can be controlled using
priors, which allow the trees to incorporate existing knowledge (reviewed by
Huelsenbeck 2002). The program BEAST (Bayesian Evolutionary Analysis Sampling
Trees) is commonly used for phylogenetic analyses of small loci such as the
mitogenome (Drummond et al. 2002; Drummond et al. 2012). For example, if the
effective population size of the analyzed dataset is known to be around 10,000, a prior
could be set to limit the population size parameter within a set of bounds centered on
10,000 (Drummond et al. 2002). Additionally, BEAST includes a relaxed molecular clock
model (which allows the mutation rate to vary across different parts of the tree); ancient
DNA and the ages of the remains they come from can also be used to further calibrate
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the molecular clock (Drummond et al. 2002; Drummond et al. 2006). Bayesian analyses
of mitogenomes have been used by Gunnarsdóttir et al. (2011) to identify and date
basal lineages within macrohaplogroups M and N from the Philippines. Fu et al. (2013)
conducted Bayesian analyses of contemporary and ancient modern human mitogenome
sequences and found that the maximum age of the dispersal out of Africa ranged from
62-95 kya based on the age of macrohaplogroup L3.
In recent years, studies of human dispersals and migrations have recently shifted
towards genome-wide analyses using genotyping data from loci across the entire
genome. Some of the earliest human population genetic analyses of genome-wide loci
consisted of a relatively few loci, such as 100 Alu insertion polymorphisms or a few
thousand SNPs; these early studies found that relationships of modern human
populations are structured based on geography and that non-African diversity is a
subset of African diversity, consistent with the out of Africa model and conclusions
based on mtDNA data (e.g., Rosenberg et al. 2002; Bamshad et al. 2003; Shriver et al.
2005). Datasets continue to get larger. For example, based on analyses of >550,000
SNPs of 25 populations from across India, Reich et al. (2009) inferred that these Indian
populations have complicated mixtures of western and eastern Eurasian ancestries.
Using a similarly-sized dataset, Henn et al. (2012) found that contemporary indigenous
North African populations originate from a back-migration of Eurasians into North
African around 12-40 kya. Similarly, Hodgson et al. (2014) also studied SNP genotypes
from eastern African populations and found evidence that back-migrations from Eurasia
into the Horn of Africa began at least 23 kya based of detection of ancient non-African
ancestry in these populations.
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After the Neanderthal and Denisovan genomes were first published in 2010,
many more studies began to focus on genome-wide analyses (Green et al. 2010; Reich
et al. 2010). Additionally, studies of archaic introgression have become a prominent
subject in anthropological genetics. Analyses of Neanderthal genomes have shown that
all non-Africans have some level of Neanderthal introgression, generally ranging from
1.5-2.1% (Prüfer et al. 2014). As an aside, it is important to note that these low levels of
introgression cannot be taken as a rejection of the out of Africa model; Stringer (2014)
noted that the original out of Africa models described by Aiello (1993), Stringer (2002),
and others allowed for some introgression by archaic humans. Multiple studies have
dated Neanderthal introgression to around 50-60 kya, which means that the first
introgression events occurred soon after the dispersal out of Africa (Sankararaman et
al. 2012; Seguin-Orlando et al. 2014; Fu et al. 2014). Studies have also found that
introgression in coding DNA is generally deleterious and that introgression has been
decreasing over time (Sankararaman et al. 2014; Fu et al. 2016). However, in certain
cases, introgressed Neanderthal haplotypes have been instead found to be
advantageous. For example, some Neanderthal alleles that confer lightened skin color
have been selected for in European and East Asian populations (Jacobs et al. 2013;
Ding et al. 2014). Furthermore, the Neanderthal allele for STAT2 (which is a gene
involved in innate immunity) has been strongly selected for in Papuans (Mendez et al.
2012). Researchers have also found that different Neanderthal haplotypes are present
in different regions of the world and that levels of introgression vary between different
regions of the world (Vernot and Akey 2014; Sankararaman et al. 2014; Sankararaman
et al. 2016; Vernot et al. 2016). East Asians (and related populations) have the highest
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levels of Neanderthal introgression, while Oceanians and Near Eastern populations
have the lowest levels of all non-Africans (Wall et al. 2013; Vernot and Akey 2014;
Lazaridis et al. 2016; Rodriguez-Flores et al. 2016; Vernot et al. 2016). Additionally,
some eastern African populations have also received low levels of Neanderthal
introgression due to back-migrations from introgressed Eurasian populations (Wang et
al. 2013; Wall et al. 2013). Studies of introgression have also shaped anthropological
genetics (and anthropology as whole) at a more basic level. Since the first publications
of the Neanderthal and Denisovan genomes by Green et al. (2010) and Reich et al.
(2010), there has been a surge in the sequencing of ancient modern human genomes
and analyses of these ancient genomes have contributed greatly to understanding of
other, more recent migrations (reviewed by Slatkin and Racimo 2016; reviewed by
Nielsen et al. 2017).
As these genome-wide datasets grew larger and the types of questions
expanded, new types of methods were needed to study population histories. Three
statistics that are of great relevance to my research are the f 3, f4, and D statistics. In my
second study (Chapter 3), I use outgroup f3 statistics to test support for the NDR and
SDR. Additionally, I use f4 and D statistics in my third study (Chapter 4) to estimate and
compare levels of Neanderthal introgression in Levantine and southern Arabian
populations.
Reich et al. (2009) first designed the f3 statistic to study the mixtures of western
Eurasian and eastern Eurasian ancestries found in Indian populations. The f 3 statistic
tests if one population (Z) derives from the mixture of two other populations (X and Y);
these statistics take the form f3(Z; X, Y) to compare SNP allele frequencies between
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population Z and X or Y (Reich et al. 2009). They were later more formally described
Patterson et al. (2012). These original f3 statistics are now commonly referred to as
“admixture f3 statistics” (e.g., Allentoft et al. 2015). An alternately constructed (albeit
mathematically identical) form known as the outgroup f3 statistic has since emerged
(Raghavan et al. 2014). Here, population Z is not an admixed population nor a
population of interest but instead is an outgroup to populations X and Y. The value of
statistic f3(Z; X, Y) estimates the amount of shared genetic drift between populations X
and Y relative to the outgroup (population Z); these estimates of shared genetic drift
measure how closely related populations X and Y are to each other (Raghavan et al.
2014). Unlike the long-used FST statistic, which estimates differentiation of populations
based on genetic distance, the outgroup f 3 statistic estimates only shared genetic drift
and is robust to lineage-specific drift and thus has become the favored statistic for
studying population differentiation (Raghavan et al. 2014). The outgroup f3 statistic’s
robustness to lineage-specific drift is of particular value when studying extinct
populations, which have stopped evolving and have less lineage-specific drift than
contemporary (or more recently extinct) populations (Raghavan et al. 2014). Outgroup f3
statistics have been used by a plethora of groups to study the relationships of ancient
modern humans to each other and to modern humans (e.g., Lazaridis et al. 2014;
Raghavan et al. 2014; Rasmussen et al. 2014; Allentoft et al. 2015; Haak et al. 2015;
Llorente et al. 2015). While outgroup f3 statistics were originally described for use with
ancient populations, they can also be used on datasets of entirely extant populations.
For example, outgroup f3 statistics have been used by Chaubey et al. (2016) to study
the relationships of Indian Jewish populations to each other and other Jewish

22

populations and by Chiang et al. (2016) to compare relatedness of Sardinians to
different mainland Europeans.
The f4 ratio is another commonly used statistic used to estimate proportions of
admixture/introgression in analyzed populations. It consists of a ratio of two f 4 statistics,
which are mathematically similar to the f3 statistics but focus on allele frequencies in
four populations instead of three. The f4 ratio was also first published by Reich et al.
(2009) and formally described by Patterson et al. (2012). The f 4 ratio can be used to
estimate admixture/introgression proportions found in a test population (Reich et al.
2009; Patterson et al. 2012). In order to estimate proportions of admixture/introgression,
f4 ratios compare the rate at which the test population shares alleles with an
admixing/introgressing population relative to the rate at which a non-admixed population
does. It is important to note that f 4 ratios generally very large standard errors; this
means that it is often very difficult to determine if point estimates from different test
populations are statistically different (e.g., Sánchez-Quinto et al. 2012; Fu et al. 2014;
Prüfer et al. 2014). Unlike the admixture f3 statistic (which is used to test for the
presence of admixture), the f4 ratio can be used to estimate proportions of admixture of
introgression. The f4 ratio has often been used to calculate proportions of Neanderthal
introgression, particularly with ratios of the form f4(Altai Neanderthal, Denisovan; X,
Mbuti)/ f4(Altai Neanderthal, Denisovan; Vindija Neanderthal, Mbuti) where X is the test
population (Lazaridis et al. 2014; Prüfer et al. 2014). However, f4 ratios also have many
other uses. For example, Pickrell et al. (2012) used f 4 ratios to estimate non-KhoeSan
gene flow into southern African populations; likewise, Jinam et al. (2015) used f 4 ratios
to estimate proportions of gene flow between different Japanese populations.

23

The D statistic is another statistic that can be used to study admixture or
introgression. Unlike the f4 ratio (which estimates proportions of
admixture/introgression), the D statistic directly tests whether two populations of interest
have the same or differing levels of admixture/introgression without estimating
numerical proportions. The D statistic was first used by Green et al. (2010) to test for
Neanderthal introgression in modern human populations. It was further described in
greater detail by Durand et al. (2011) and Patterson et al. (2012). A D statistic includes
four populations in an ordered set; these populations are usually ordered as outgroup,
admixing/introgressing population, and then the two populations of interest (Green et al.
2010; Durand et al. 2011; Patterson et al. 2012). For example, the statistic D(Ancestral,
Altai Neanderthal; Y, X) compares the number of derived SNPs that the Altai
Neanderthal shares with population X versus the number the Altai Neanderthal shares
with population Y; if populations X and Y have different levels of introgression, one of
these numbers will be larger (Green et al. 2010; Durand et al. 2011; Patterson et al.
2012). The D statistic has been used in other contexts such as testing for relationships
between different populations. Fu et al. (2014) used D statistics to test if the Ust’-Ishim
man from Siberia who lived around 45 kya shared more ancestry with eastern or
western Eurasian populations. Lu et al. (2016) tested if Paleolithic/Neolithic populations
in Tibet were ancestral to contemporary Tibetans.
It also important to note that while the f3, f4, and D statistics were all first
described as a means to study histories of human populations, these statistics can be
used for non-human studies and have already been used to analyze gene flow and
introgression in many different taxa including cattle, cichlid fish, coyotes, Heliconius
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butterflies, and numerous other groups (e.g., The Heliconius Genome Consortium 2012;
Flori et al. 2014; Martin et al. 2015; Rutledge et al. 2015).
As discussed above, anthropological genetic research has provided many
insights to the dispersal of modern humans out of Africa as well as to subsequent
migrations of modern humans throughout many different parts of the world. While much
is known about modern human origins and population histories, there are still many
unanswered questions. One particular question is whether early modern humans
followed the NDR or the SDR during the dispersal out of Africa. In this dissertation, I
study genetic variation of contemporary populations of the Levant and southern Arabia
to analyze their population histories and use these histories to infer support for the NDR
and SDR. For my three projects, I study whether Yemeni mitogenomic variation is the
product of more recent or ancient migrations, whether Levantine and southern Arabian
populations are similarly related to other comparative populations, as well as whether
these regions’ populations have similar Neanderthal introgression. For these projects, I
used many of the most recent analytical techniques to study these questions.
For my first study (Chapter 2), I analyze Yemeni mitogenomic diversity to test
whether this diversity is influenced primarily by more recent (i.e., Holocene) or more
ancient migrations (Vyas et al. 2016). I generate 113 novel Yemeni mitogenome
sequences from more ancient non-African haplogroups. Using Bayesian phylogenetics,
I analyze these mitogenomes along with up to 310 comparative modern and seven
archaic human mitogenome sequences to generate divergence dates for the Yemeni
sequences. For these analyses, I developed a novel methodology to incorporate both
the mitochondrial coding and control regions under the same analyses using the same
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relaxed molecular clock model. Based on the phylogeny’s topology, I identify whether
Yemeni sequences form monophyletic clades (among themselves or with sequences
from the larger Horn of Africa/southern Arabia region) or whether the Yemeni
sequences are instead intermingled with sequences from more distant regions. Using
these patterns, I identify evidence for in situ evolution or recent migrations
(respectively). I use age estimates of monophyletic clades to determine how recent or
ancient Yemeni in situ evolution is. Overall, I find that Yemeni mitogenomic diversity is
largely the product of recent migrations from Africa and other parts of western Eurasia;
furthermore, I find that in situ evolution in Yemen is largely restricted to the Holocene.
In my second study (Chapter 3), I test support for the NDR and SDR in tandem
using genome-wide SNP data from Levantine and southern Arabian populations and
comparative populations from around the world. I generate novel SNP genotyping data
from 90 Yemeni individuals (divided into three populations) for >600,000 SNPs. Along
with published data, I compile a large dataset of >2000 samples from >160 populations
for >550,000 SNPs, which include seven Levantine and five southern Arabian
populations. I analyze this overall dataset to rigorously test support for the NDR and
SDR. I use outgroup f3 statistics to test if populations living along NDR (i.e., Levantine
and Northeast African populations) or populations living along the SDR (i.e., southern
Arabian and Horn of Africa populations) are more closely related. As one would expect
populations living on the preferred route would have diverged from other non-Africans
earlier, I also test if Levantine and southern Arabian populations are similarly related to
all other non-Africans in my dataset. I then compare my results with findings from other
studies to compare overall support for the NDR and SDR. In total, I find that Levantine
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and southern Arabian populations bear similar relationships to all compared
populations, suggesting that genetic data do not favor or reject either route; however,
when I review other data types, I find that the SDR is favored.
For my third study (Chapter 4), I estimate and compare Neanderthal
introgression in the Levant and southern Arabia to make inferences about the site(s) of
Neanderthal introgression and how introgression spread throughout the Near East.
Using genome-wide SNP data, I estimate levels of introgression in Levantine and
southern Arabian populations and compare how introgression is distributed throughout
the genome. I use f4 and D statistics to estimate and compare the levels of introgression
in Levantine and southern Arabian populations to each other as well as to comparative
populations from around the world. In order to determine how introgression is distributed
throughout the genome using SNP data, I also design a novel protocol to identify
Neanderthal-introgressed SNPs within my existing dataset. I calculate and compare
allele frequencies in the Levant and southern Arabia as well as in other regions of the
world to test whether introgression is similarly distributed throughout the genome. I
interpret results in the context of current introgression models to make inferences about
how introgression spread through the Near East. I find that Levantine and southern
Arabian populations have very similar levels of Neanderthal introgression; however,
they have less Neanderthal introgression than other non-Africans. I also find that
Levantine and southern Arabian populations have very similar Neanderthal allele
frequencies to each other and have relatively similar Neanderthal allele frequencies to
neighboring geographic regions. Based on these findings, I hypothesize that Levantine
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and southern Arabian populations may have derived from a common ancestral
population that peopled both regions.
This dissertation demonstrates the importance of examining contemporary
genetic variation when studying ancient events in human history. For this dissertation, I
generate novel mitochondrial and nuclear genetic data from Yemen and analyze these
data alongside large comparative datasets from populations from around the world.
Throughout my projects, I employ novel research methods to study the genetic variation
of Levantine and southern Arabian populations. For example, I employ novel Bayesian
phylogenetic methodologies to analyze whole mitogenome sequences, I apply
measures of shared genetic drift as a means to test support for the NDR and SDR, and
I design a novel protocol to identify Neanderthal-introgressed SNPs from existing
genotyping data. From these approaches, I am able to make inferences about how
Levantine and southern Arabian populations are related to each other and to
populations from other parts of the world. These findings are important to the studies of
Near Eastern population histories as well as other studies of the dispersal out of Africa.
Furthermore, the new approaches employed in this dissertation can also be used to
study genetic variation in other modern human populations from other parts of the world
as well as to study other modern human migrations or dispersals.
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CHAPTER 2
BAYESIAN ANALYSES OF YEMENI MITOCHONDRIAL GENOMES SUGGEST
MULTIPLE MIGRATION EVENTS WITH AFRICA AND WESTERN EURASIAa
Mitochondrial DNA (mtDNA) has been widely used to expand our understanding
of the temporal and geographic structure of global human migrations from the time of
our most recent maternal common ancestor, roughly 150 to 200 thousand years ago
(kya) (Cann et al. 1987; Underhill and Kivisild 2007) to the present. Unlike the nuclear
genome, the mitochondrial genome (henceforth referred to as mitogenome) is haploid
and free from recombination making it ideal for tree-based phylogenetic and coalescent
analyses, which are powerful tools for reconstructing human population history (e.g.,
Cavalli-Sforza and Feldman 2003; Drummond et al. 2005; Underhill and Kivisild 2007).
Furthermore, the mitogenome is sufficiently small (16.5 kilobases) that it is possible to
generate dozens of mitogenome sequences within a single study, which further
empowers a phylogenetic analysis.
Critically, phylogenetic analyses of mitogenome data allow us to estimate the
order and timing of newly evolved mitochondrial lineages and attempt to correlate their
evolution with population movements. Notably, the most basal branches of the modern
human mitochondrial tree (e.g., lineages L0 and L1) are entirely of African origin,
suggesting that the most recent common ancestor (MRCA) of all human mitochondrial
lineages lived in Africa and that the first successful migrations out of Africa (i.e., those
leaving modern descendants outside of Africa) occurred around 60 kya. Evidence for
the antiquity of the first, successful out of Africa (OOA) migrations come from the
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estimated time to the MRCA (TMRCA) of mitochondrial macrohaplogroups M and N,
which are thought to have evolved soon after migration out of Africa (Quintana-Murci et
al. 1999; Kivisild et al. 2004; Underhill and Kivisild 2007). Importantly, all non-African
populations without recent African admixture carry sub-lineages of only groups M and N
and both groups are present in the Yemeni population and, thus, are part of Yemeni
evolutionary history. The mtDNA-based timing for the first migration out of Africa is also
supported by analyses of nuclear DNA data that suggest the initial divergence of African
and non-African populations occurred around 55-65 kya (Pagani et al. 2015) as well as
estimates that the introgression of Neanderthal alleles into ancestors of all non-Africans
occurred around 50-60 kya (Fu et al. 2014).
Much more recent demographic events have also marked the mitogenomic
diversity of southern Arabia and the Horn of Africa, which are regions important to
understanding OOA. Richards et al. (2003) and others (e.g., Kivisild et al. 2004; Černý
et al. 2008; Badro et al. 2013; Fernandes et al. 2015) suggest that Arab slave trade over
the last ~2,500 years resulted in significant female-mediated migration from subSaharan Africa to Yemen as evidenced by a high frequency (relative to other Near
Eastern regions) of African L haplogroups. Specifically, analyses of mitochondrial
hypervariable region (HVR) sequences suggest there has been ongoing migration
between Yemen and the Horn-of-Africa over the last 3,000-4,000 years as well as
broader migration into Yemen from sub-Saharan Africa, South Asia, and western
Eurasia (Kivisild et al. 2004; Černý et al. 2008). Furthermore, analyses using whole
mitogenome sequences from haplogroups frequently found in Yemen (e.g., HV1, R0a,
and R2) indicate Yemeni mitogenome variation may be the product of multiple
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population expansions within the last 10-15 kya (Černý et al. 2011; Musilová et al. 2011;
Al-Abri et al. 2012). Additionally, Fernandes et al. (2015) argue based on founder
analyses that Arabia mitogenomic diversity was influenced by multiple stages of
migrations from the Levant, sub-Saharan Africa, and South Asia over the last 16 kya.
Interestingly, there is a noticeable gap between these largely Holocene (11.7 kya to
present) migration events involving Yemen and the ancient OOA migration. Fernandes
et al. (2012) note that basal lineages of macrohaplogroup N (e.g., N1, N2, and X) are
present throughout the Near East and neighboring portions of Africa but appear
concentrated specifically within Arabia. These lineages have been dated to around 60
kya, and it has been suggested that they are related to the OOA migration; however,
these clades are spread over much of the Near East and are not specific to Yemen or
the Horn of Africa/southern Arabia region (Fernandes et al. 2012). Also, an analysis of
nuclear SNP data suggested there were older migrations back into the Horn of Africa
that date to at least 23 kya; however, these migrations could not be dated due to the
limitations of nuclear data (Hodgson et al. 2014). We use Bayesian phylogenetics to
analyze the largest set of southern Arabian mitogenomes to date in order to provide the
most accurate date estimates of migration into and throughout the greater Horn of
Africa/southern Arabia region. Additionally, we use these phylogenies to date in situ
evolution in the form of monophyletic clades in Yemen as well as in the surrounding
Horn of Africa/southern Arabia region
In this study, we sequenced 113 Yemeni whole mitogenomes from a set of 550
samples collected across Yemen in 2007. Our strategy was to sequence all Yemeni
samples that carry ancient mitochondrial haplogroups to investigate in situ evolution and
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migration based on the patterning (i.e., monophyly or lack thereof) and evolution (i.e.,
ages of clade) of the haplogroups in Yemen. Thus, samples from macrohaplogroups M,
N, and L3(xM,N) (i.e., lineages from L3 excluding M and N) were chosen for whole
mitogenome sequencing based on initial hypervariable region I (HVR I) classification.
We combine our 113 mitogenomes with 338 previously published mitogenomes from
neighboring regions and beyond to investigate migrations from Africa and western
Eurasia. Specifically, we test if subsets of Yemeni, Horn of Africa, and Arabian
mitogenomes cluster in monophyletic clades and estimate ages for these clades.
Ancient divergence dates are predicted for a southern dispersal route (SDR) out of
Africa through Yemen along the coast of the Indian Ocean, whereas recent divergence
dates indicate that more recent demographic processes have impacted Yemeni
mitogenome diversity (Endicott et al. 2003; Macaulay et al. 2005; Thangaraj et al. 2005;
Oppenheimer 2012). Critically, we use a Bayesian coalescent framework with a relaxed
clock and data partitioning (Drummond et al. 2006; Drummond et al. 2012) as opposed
to the more commonly used ρ statistic (Forster et al. 1996; Soares et al. 2009), which
may produce inaccurate age estimates (Cox 2008). We use mitogenomes from
Neanderthal and Denisovan remains to provide a more informative temporal calibration
for our molecular clock (Green et al. 2008; Briggs et al. 2009; Krause et al. 2010; Reich
et al. 2010). Furthermore, unlike many Bayesian coalescent studies of human
mitochondrial data, we utilize all of the information contained in the mitogenome
sequences, not just the coding region (Atkinson et al. 2008; Gunnarsdóttir et al. 2011).
Finally, we use these Bayesian age estimates, along with the phylogenetic distribution
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of Yemen mitogenome lineages, to infer and date migrations throughout Yemen and
surrounding regions.
Materials and Methods
Ethics Statement
This study was approved by the Western Institutional Review Board Olympia,
Washington (WIRB project #20070219).
Sample Mitogenome Sequencing
For this study, 113 Yemeni samples collected by C.J.M. were sequenced
(GenBank accession KM986515 – KM986627). Using previously generated HVR I
sequences, a basic maximum likelihood (ML) tree of the 550 samples in the collection
was generated using PhyML (Guindon et al. 2010), from which an initial set of 23
diverse sequences representative of the breadth of mitogenomic diversity in Yemen was
chosen for whole mitogenome sequencing. Mitogenomes from these 23 individuals
were amplified per Gonder et al. (2007) and sequenced by means of Sanger
sequencing at the University of Florida’s Interdisciplinary Center for Biotechnology
Research (ICBR). Sequences were assembled with the revised Cambridge Reference
Sequence (rCRS) (Andrews et al. 1999) using Sequencher v5.0
(http://genecodes.com/).
An additional set of 90 mitogenomes was generated using indexed, pooled
library construction and Illumina HiSeq 2000 sequencing. This set focused on samples
classified to haplogroups L3(xM,N) (n=39), M (n=29), N (n=13) and L0a2 (n=9) based
on HaploGrep classification (Kloss-Brandstätter et al. 2011). During sample selection,
some subgroups of M and N, such as D, I, J, and R0a, were excluded since they are
more derived (and thus younger) lineages and are incapable of capturing more ancient
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movements (van Oven and Kayser 2009). All 90 Yemeni samples (as well as four
contamination control samples) were sheared to 200bp fragments using the Covaris
DNA shearing system E210 (http://covarisinc.com) following the manufacturer’s
specifications. Following shearing, DNA was purified using SPRI beads, which we
generated in our lab following the protocol set forth by Rohland and Reich (2012).
Sheared samples underwent indexed library preparations, using an approximately
200bp PCR product for the positive control, following Meyer and Kircher (2010). All
libraries were pooled in equimolar ratios with 200 ng of DNA per library. Per Meyer et al.
(2007) and Maricic et al. (2010), mitochondrial bait was generated using two long-range
PCR amplifications using two primer pairs designed to yield minimum overlap; the bait
was amplified from a salivary DNA sample not used for mitochondrial sequencing. The
long-range PCR products were purified, quantified, equimolarly pooled, and sheared
using the Covaris E210 to 400 bp following the manufacturer’s specifications.
Biotinylated adapters were ligated to the bait and then bonded to streptavidin beads.
The pooled, indexed libraries were hybridized with the bait at 65°C for 48 hours, as in
Maricic et al. (2010). Enriched libraries were eluted, quantified using qPCR, and
amplified and purified. These enriched libraries were sequenced at the Illumina core lab
at the University of Miami, Miller School of Medicine on an Illumina HiSeq 2000 with
100bp pair-end read sequencing. A total of 2 μg of library DNA was used for
sequencing. Sequence data were separated by index by the sequencing lab. Following
index separation, the program FastQC (available at
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to assess the
quality of each fastq file. Adapter sequences and primer sequences were trimmed from
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reads using fastq-mcf, and paired-end reads were joined using the program fastq-join
(http://code.google.com/p/ea-utils).
For each sample, the program Bowtie 2 (Langmead and Salzberg 2012) was
used to align reads to the rCRS; reads that did not align to the rCRS were judged as
non-mitochondrial in origin and excluded from assembly. Using only the reads aligning
to the rCRS, mitogenomes were assembled using the program Mapping Iterative
Assembler (MIA) previously described by Briggs et al. (2009). All modern human
mitogenomes (including comparative mitogenomes described below) were assigned to
haplogroups according to PhyloTree mtDNA tree Build 15 (rCRS version) using
MitoTool (van Oven and Kayser 2009; Fan and Yao 2013). In cases where more than
one haplogroup could be assigned, PhyloTree was consulted on a case by case basis.
In all other cases, the MitoTool haplogroup assignment was accepted. All samples
(including comparative mitogenomes; see below) were aligned to each other for further
analysis using MAFFT v7.050 (Katoh and Standley 2013) and curated by hand to
ensure proper alignment.
Bayesian Evolutionary Analysis
The set of 113 mitogenomes were subjected to Bayesian evolutionary analysis
using BEAST v1.7.2 (Drummond et al. 2012). Additional, previously published Yemeni
mitogenomes from the collection of C.J.M. were included as well: 9 were included in all
analyses, and another 12 were included in the analyses with additional non-M1/N1
samples (further described below) (Musilová et al. 2011; Černý et al. 2011; Al-Abri et al.
2012) (see Object 2-1 for all Yemeni samples). A set of 310 previously published,
comparative modern human mitogenomes from around the world (which are nearly all
non-Yemeni), as well as seven Neanderthal and Denisovan mitogenomes, were
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included in the Bayesian analyses (see Object 2-2 for all modern comparative samples).
The majority of comparative sequences (Object 2-2) come from haplogroups M1 , N1,
L0a2, and L3(xM,N) and were chosen to represent subhaplogroups for which we have
three or more Yemeni mitogenomes in order to rigorously test the monophyly of Yemeni
mitochondrial haplogroups. Sequences from other major haplogroups within
macrohaplogroups M and N (e.g., CZ, M29’Q, R) were included to help define the roots
of macrohaplogroups M and N. Five Neanderthal mitogenomes from dated remains
from Vindija (NC_011137), Feldhofer (FM865407, FM865408), El Sidron (FM865409),
and Mezmaiskaya (FM865411) and two Denisovan mitogenomes (FN673705,
FR695060) were included in all analyses as outgroup clades (Green et al. 2008; Briggs
et al. 2009; Krause et al. 2010; Reich et al. 2010).
Phylogenetic analyses were run using BEAST v1.7.2 (Drummond et al. 2012) on
the University of Florida High Performance Computing Center’s HiPerGator cluster. A
coalescent tree prior with constant population size was used in our analyses consistent
with previous practice by Gunnarsdóttir et al. (2011)(Kingman 1982; Drummond et al.
2002). The coding and control regions were partitioned for these analyses. The General
Time Reversible (GTR) model (Tavaré 1986) with invariant sites and gamma distributed
rate variation (GTR+I+G) was used for the coding region partition, while the Tamura and
Nei (1993) (TN93) model with invariant sites and gamma distributed rate variation
(TN93+I+G) was used for the control region partition (initial analyses with the GTR
model applied to the control region partition failed to converge). A normal distribution
with a mean of 1.691×10-8 substitutions per site per year (Atkinson et al. 2008) and a
standard deviation of 2.5×10-9 substitutions per site per year was used as the prior
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probability distribution for the substitution rate for the entire mitogenome while a
scaleless, uninformative prior was placed on the mean of the uncorrelated lognormallydistributed relaxed clock model (Drummond et al. 2006) from which branch rates were
drawn. Additionally, a prior distribution was set on the base of the modern human clade
(i.e., maternal MRCA), which had a normal distribution centered around 150,000 years
with a standard deviation of 50,000 years, to provide additional calibration and better
inform the molecular clock. Based on the topologies of preliminary analyses, some
haplogroups were constrained to be monophyletic (van Oven and Kayser 2009).
Analyses were run for 200,000,000 Markov chain Monte Carlo (MCMC) generations,
sampled every 10,000 generations, and replicated at least once, while all log files were
analyzed in Tracer v1.5 (http://tree.bio.ed.ac.uk/software/tracer/) to ensure Markov
chain convergence. All tree files were analyzed using TreeAnnotator v1.7.2 with settings
to use median node heights (i.e., ages) with a posterior probability limit of 0.5 and to
discard the first 40,000,000 MCMC generations (20%) as burn-in. Consensus trees (i.e.,
maximum clade credibility trees) were visualized using FigTree v1.4.2
(http://tree.bio.ed.ac.uk/software/figtree/).
Considering that the main set of 344 samples was biased towards M1 and N1
(relative to other branches of macrohaplogroups M and N), analyses were also
performed with 107 additional samples (12 Yemeni samples – Object 2-1, 95
comparative samples – Object 2-2). These sequences were specifically chosen to not
belong to M1 or N1 but instead to represent other branches of M and N in order to test
whether variation in sample sizes of sequences from different branches affected node
heights. In order to complete these comparisons, all maximum clade credibility tree files
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were first loaded in R v.3.0.1 (R Core Team 2014) using the ape (Paradis et al. 2004)
and Phyloch (http://www.christophheibl.de/Rpackages.html) packages, so that all node
information could be extracted. For comparisons of analyses with and without additional
samples from non-M1/N1 branches, we compared mean width of all the height 95%
highest probability density (95% HPD) intervals (Table A-1). We found that the analysis
including additional samples from non-M1/N1 branches of macrohaplogroups M and N
yielded comparable dating results to the analysis lacking these extra sequences,
indicating that our largely M1/N1 data sets did not bias our age estimates, although it
was noted that the datasets with the additional sequences generated slightly wider 95%
HPD intervals, indicating more uncertainty in the date estimate since a wider span of
time is included (Table A-1). Thus, we determined that our focus on M1/N1 sequences
did not bias our age estimates. Consequently, all results reported in this study are from
the analysis that excluded the additional non-M1/N1 sequences.
Results
Sequencing Results
Sanger sequencing of the initial 23 Yemeni samples yielded 14 complete
mitogenome sequences, 8 nearly complete mitogenome sequences with an average of
25 un-sequenced base pairs, and one mostly complete mitogenome missing ~ 350 bps
of sequence (Y502). For the indexed library sequencing, a single flow cell yielded a total
of 165,740,000 reads of which 161,400,000 were correctly tagged and 4,340,000 reads
were untagged. After trimming adapter sequences and joining paired-ends, each of the
90 Yemeni samples had on average about 2.3 million reads. For each sample, an
average of 55.57% of reads (with a minimum of 40.65% and a maximum of 73.06%)
were successfully aligned to the rCRS, indicating a successful enrichment procedure of
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approximately one order of magnitude, as the mtDNA to nDNA ratio in normal human
saliva is thought to be around 0.0537:1 (Kim et al. 2004). The number of reads aligned
per sample is depicted in Figure A-1. The mean coverage for each sample was between
1,204× and 21,253×. The lowest coverage at any given base was 253×. Minimum,
maximum and mean coverage per sample is listed in Object 2-3.
Haplogroup Frequencies
The 113 sequenced samples yielded 106 different mitogenomes, which were
classified into 57 specific haplogroups (Object 2-1) based on PhyloTree Build 15 (van
Oven and Kayser 2009). From the 113 samples, 100 yielded haplogroups consistent
with classifications from HaploGrep (Kloss-Brandstätter et al. 2011) based on the
existing HVR I sequence, and thirteen yielded haplogroups that were significantly
different (e.g., the HVR I sequence indicated haplogroup M43b for sample Y247, but the
mitogenome sequence indicated H15). Discordant classifications persisted even when
the original HVR I sequences were re-classified using MitoTool (Fan and Yao 2013).
For eleven of these thirteen mitogenomes, the HVR I sequences that we generated
were completely identical to the existing sequences at all positions (with the exception
of the phylogenetically uninformative site 16182) (van Oven and Kayser 2009). Thus,
our data suggest that HVR I sequences may be insufficient for accurate mitochondrial
haplogroup classification in more than 10% of cases.
From the 113 sequences, a total of 106 different haplotypes were generated in
this study; 11 haplotypes (n=12 sequences) were classified as haplogroup L0, 37
haplotypes (n=39) as L3(xM,N), 20 haplotypes (n=21) as M1, 14 haplotypes (n=16) as
N1, and 24 haplotypes (n=25) were classified to other haplogroups. A total of thirteen
subhaplogroups were identified three or more times: M1a1 (n=8 sequences), L0a2a2a
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(n=7), N1a1a3 (n=6), L3b1a1a (n=5), L3d1a1a (n=5), L3x1 (n=5), M1a1b (n=5), L3h2
(n=4), L3i2 (n=4), M1a5 (n=4), L0a2c (n=3), N1a3 (n=3), and N1b1a (n=3). A total of 44
haplogroups were represented by only one or two samples; these samples come from a
wide array of haplogroups, but due to their status as singletons and doubletons, they
were minimally informative in our analyses since our goal was to look for monophyly of
Yemeni sequences. It is important to note that 20 of the singleton/doubleton samples
came from haplogroups not targeted in this study, and thus may not be
singletons/doubletons in our overall Yemeni sample set. Seven pairs of Yemeni
sequences were identical to each other, classified to L0a2a2a, L3b1a1a, L3d1a1a,
M1a1b, M52b, N1a3, and N1b1a. In four cases the pairs were from the same sampling
sites, in one case the pair was from the same Yemeni governate but different sampling
sites, and in two cases the pairs were from different governates. Additionally, four of our
Yemeni sequences were found to be identical to previously published sequences from
the United States, Somalia, and Yemen (Socotra) in haplogroups L3b1a, L3d1a1a, and
L3h2 (n=2) (Just et al. 2008; Soares et al. 2012). Consistent with previous findings by
Černý et al. (2008) who also used this collection of samples, five haplotypes (n=6
sequences) were classified to South Asian haplogroups M3a2, M5a2a2, M5a5, M44a1,
and M52b (n=2).
Analysis of Methodology
In our comparisons of different tree datasets, we found that addition of nonM1/N1 sequences to our analysis slightly widened our height 95% HPDs, indicating
increased uncertainty in the date estimates (Table A-1; see Materials and Methods)
and, consequently, all results reported below derive from the analysis that excluded the
additional non-M1/N1 sequences. Our analysis produced median date estimates largely
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consistent with previous studies, indicating that our phylogeny was robust and a good
framework from which to estimate haplogroup ages. For example, we estimated the age
of M1a to 28.3 kya (95% HPD: 20.0-37.6 kya; Table A-2), which is similar to the
coalescent estimate of 28.8 kya (±4.9 kya) by Olivieri et al. (2006). Our median
estimates for the origin of macrohaplogroups M and N are 61.2 kya (95% HPD: 46.379.2 kya; Table A-2) and 62.9 kya (95% HPD: 48.3-79.9 kya; Table A-2), respectively,
which are consistent with other estimates that they arose around 60 kya (Atkinson et al.
2008; Behar et al. 2008; Soares et al. 2012).
Bayesian Evolutionary Analysis of Yemeni Sequences
A major goal in this study was to test Yemeni sequences for Yemeni monophyly,
i.e. a clade composed exclusively of Yemeni sequences, implying in situ evolution, or
more general Horn of Africa/southern Arabia monophyly implying in situ evolution in the
larger region. Sequences that were not monophyletic, but instead were intermingled
with sequences from other geographic regions were candidates for migration into
Yemen that was presumably recent since there was no evidence of in situ evolution.
The full phylogeny is shown in Figure A-2 and detailed phylogenies of haplogroups L0,
L3(xM,N), M1, and N1 are shown in Figure A-3a-d, respectively. Color blocks are used
to delineate the featured subhaplogroups and are the same in all figures. An annotated
phylogeny with dates and posterior probabilities for all nodes is shown in Object 2-4,
and an annotated phylogeny with height 95% HPD bars for all nodes is shown in Object
2-5 (Objects 2-4 and 2-5 also have sample IDs and countries listed for each branch tip).
Haplogroup L0
Six haplotypes (n=7 sequences) were classified as subhaplogroup L0a2a2a.
Bayesian evolutionary analysis indicated that the Yemeni L0a2a2a sequences were not
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monophyletic; rather they were spread across the subhaplogroup and were interspersed
with sequences of non-Yemeni origin including Arabia and Africa (Figure A-3a).
Additionally, most nodes in this group had low posterior probabilities such that the
apparent Arabian clade, with Yemeni, Omani, and Saudi Arabian sequences, did not
meet our posterior probability cutoff criteria of 0.8 (Object 2-4). This subhaplogroup is a
candidate for recent migration into Yemen.
Haplogroup L3(xM,N)
Four haplotypes (n=5) were classified as subhaplogroup L3b1a1a. Two
haplotypes (n=3) formed a sister clade to the rest of L3b1a1a, while the remaining two
were intermixed with sub-Saharan African and Near Eastern sequences (Figure A-3b).
Our phylogenetic analysis estimated the age of the Yemeni clade in this subhaplogroup
to be 2.0 kya (95% HPD: 0.2-4.4 kya; Table A-2). Four haplotypes (n=5) were classified
as subhaplogroup L3d1a1a and these Yemeni were found to be polyphyletic across the
subhaplogroup and intermingled with sub-Saharan African sequences as well as a
Pakistani sequence (Figure A-3b). Additionally, many nodes in this subhaplogroup had
posterior probabilities of <0.1, precluding any topological inferences (Object 2-4).
Four sequences were classified as subhaplogroup L3h2 (Figure A-3b).
Interestingly, these four Yemeni samples formed a clade with one Somali and two
Yemeni samples gathered from GenBank (posterior probability = 0.99). Notably, two
sequences previously published by Soares et al. (2012) (one Yemeni and one Somali)
were identical to two of our sequences. Our phylogenetic analysis produced date
estimates of the Yemeni clade of 6.9 kya (95% HPD: 2.9-11.7 kya; Table A-2), while the
subhaplogroup, as a whole, contained sequences from Yemen and the Horn of Africa
that dated to 17.9 kya (95% HPD: 9.9-26.9 kya; Table A-2).
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Four sequences were classified as subhaplogroup L3i2, and these sequences
formed a clade with Ethiopian, Somali, and Omani sequences (Figure A-3b). Our
phylogenetic analysis produced an estimated age for this subhaplogroup of 21.6 kya
(95% HPD: 12.9-31.4 kya; Table A-2).
A total of six sequences were classified as subhaplogroup L3x1, from which one
was further classified as L3x1b. These sequences formed a clade with sequences from
the Horn of Africa (with Israeli sample EU092666 identified by Behar et al. (2008) as an
Ethiopian Jew) (Figure A-3b). This subhaplogroup also contained a monophyletic clade
of three Yemeni sequences dating to 13.7 kya (95% HPD: 7.3-20.5 kya; Table A-2). The
estimated age for the whole subhaplogroup was dated to 28.9 kya (95% HPD: 19.0-39.5
kya; Table A-2).
Overall, L3b1a1a shows Yemeni monophyly and is a candidate for Yemeni in situ
evolution, and L3h2 and L3x1 are candidates for Yemeni in situ evolution within broader
Horn of Africa/southern Arabia in situ evolution. L3i2 shows monophyly/in situ evolution
only within Horn of Africa/southern Arabia and is a candidate for recent migration into
Yemen from the Horn of Africa/southern Arabia, and L3d1a1a is a candidate for recent
migration into Yemen from a broader geographic region.
Haplogroup M1
A total of 20 haplotypes (n=21) were classified as haplogroup M1a and no
sequences from sister-group M1b were found (Figure A-3c). Thirteen haplotypes (n=14)
were classified as M1a1 with four haplotypes further classified to M1a1b (n=5), and one
haplotype further classified to M1a1d. Interestingly, five of the eight M1a1 sequences
that did not belong to an established subhaplogroup formed a monophyletic clade
(posterior probability = 0.95) with one Ethiopian and one Saudi Arabian sequence with a
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median age estimate of 8.8 kya (95% HPD: 4.4-13.7 kya, Table A-2; Figure A-3c).
These sequences possess a derived T6378C substitution not present in the other M1a1
sequences, and Pennarun et al. (2012) have suggested this lineage be named
subhaplogroup M1a1f; we will henceforth use this notation for this clade and the
samples within it. As many of the nodes within this clade have posterior probability
values less than our cutoff (0.8), the topology cannot be inferred and evidence of
Yemeni monophyly is unclear. The remaining three M1a1 sequences were spread
across the subhaplogroup (Figure A-3c). Within M1a1b, Yemeni samples were
intermixed with sequences from both nearby (e.g., Saudi Arabia) and distant regions
(e.g., the Russian Caucasus) of western Eurasia; however, due to low posterior
probability values, exact relationships within the group cannot be inferred (Figure A-3c,
Object 2-4).
Four sequences belonged to subhaplogroup M1a5 (Figure A-3c). Three
sequences formed a Yemeni clade that dated to 2.2 kya (95% HPD: 0.3-4.6 kya; Table
A-2) and a larger clade (i.e., the whole subhaplogroup) included sequences from
Somalia and Ethiopia and was dated to 7.1 kya (95% HPD: 3.1-11.6 kya; Table A-2).
Given the monophyly found in M1a5, this subhaplogroup is a candidate for in situ
evolution in Yemen as well as the Horn of Africa/southern Arabia while M1a1f shows
monophyly/in situ evolution only within Horn of Africa/southern Arabia. M1a1b is a
candidate for recent migration into Yemen from a broad geographic region.
Haplogroup N1
Fourteen haplotypes (n=16) were classified as haplogroup N1 (including
haplogroup I, which is nested within N1a1b), with 10 haplotypes (n=11) belonging to
subhaplogroup N1a (including haplogroup I) and four haplotypes (n=5) belonging to
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subhaplogroup N1b. Amongst the N1a haplotypes, six sequences were classified
subhaplogroup N1a1a3. Sequences from this subhaplogroup were intermingled with
three Ethiopian and two Somalia samples (Figure A-3d). The oldest Yemeni clade was
dated to 9.3 kya (95% HPD: 4.1-15 kya; Table A-2), whereas the oldest Horn of
Africa/southern Arabia regional clade was dated to 16 kya (95% HPD: 10.5-21.9 kya;
Table A-2). Two Yemeni haplotypes (n=3) were classified as subhaplogroup N1a3 and
formed a monophyletic group with a median age of 6.4 kya (95% HPD: 1.7-12.6 kya;
Table A-2) and are closely related to sequences from both the Near East and Europe
(Figure A-3d). The remaining two N1a sequences belonged to haplogroup I, which is
nested within N1a1b and sister to N1a1b1.
Within subhaplogroup N1b, three haplotypes (n=4) belonged to subhaplogroup
N1b1a (of which one was further classified as N1b1a2) and were not monophyletic but
intermingled with other western Eurasian and North African sequences (Figure A-3d).
The remaining N1b sequence belonged to N1b2.
Given the monophyly found in subhaplogroup N1a1a3, this subhaplogroup is a
candidate for in situ evolution in Yemen as well as in the Horn of Africa/southern Arabia.
N1a3 shows Yemeni monophyly within a framework of Eurasian sequences and is a
candidate for Yemeni in situ evolution. Alternatively, due to the intermingled relationship
of N1b1a sequences, this group is a candidate for recent migration into Yemen from a
broader geographic region.
Discussion
We generated 113 mitogenomes from a diverse set of Yemeni samples and
performed Bayesian evolutionary analyses of these mitogenomes and 338 previously
published mitogenomes in order to investigate the evolutionary history of Yemeni
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mitogenome variation. We were particularly interested in identifying instances of in situ
evolution in Yemen, or the broader region of Horn of Africa/southern Arabia, and dating
such events, as well as identifying more recent episodes of migration into Yemen.
Phylogenetic monophyly was used to identify in situ evolution whereas intermingled,
non-monophyletic sequences were indicative of more recent migration in which in situ
evolution had not yet occurred.
In our study, L3x1 is the oldest monophyletic clade in Yemen as well as in the
Horn of Africa/southern Arabia with ages of 13.7 kya and 28.9 kya, respectively (Table
A-2). Both of these ages are too young to reflect the initial migration out of Africa and it
is more likely that this lineage arrived in Yemen via a subsequent migration into the
Arabian Peninsula. The absence of ancient monophyletic, Yemeni clades is good
evidence that the contemporary Yemeni mitochondrial gene pool reflects more recent
dispersal events than the original expansion of anatomically modern humans (AMHs)
out of Africa. Specifically, ten of the twelve subhaplogroups that we studied and that
were well-represented in Yemen (i.e., n≥3) had median ages younger than 20 kya
(Table A-2, shown in grey) and all but one of the Yemeni clades found within these
subhaplogroups had median ages younger than 10 kya (Table A-2 shown in grey).
Although other researchers, such as Thangaraj et al. (2005) and Macaulay et al. (2005),
have detected mitochondrial signals of ancient migrations along the southern dispersal
route (SDR) in regions such as the Andaman Islands or the Malay Peninsula, it is
possible that multiple migrations and back-migrations through Yemen, in concert with
genetic drift, have obscured any clear genetic signal of an early migration along the
SDR.
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Thus, our Yemeni data are relevant for discussions of more recent dispersals
between the Arabian Peninsula, Africa, and other parts of Eurasia as well as in situ
evolution in Yemen and the surrounding Horn of Africa/southern Arabia region. Our
results suggest that different types of migration and subsequent in situ evolution have
impacted modern Yemeni mitogenome diversity, and we have grouped these dispersals
into four types that are distinguished by geographic origin and timing (Table A-3).
Briefly, the first type is migration into Yemen from sub-Saharan Africa that occurred
recently, i.e. during the Holocene. The second type is Holocene migration into Yemen
from the Horn of Africa, while the third type of migration is older, Pleistocene migration
from the Horn of Africa. The fourth type of migration is Holocene migration into Yemen
from western Eurasia.
The first type of migration is represented by two subhaplogroups that lack
monophyly and one subhaplogroup that carries one very young monophyletic, Yemeni
clade (Table A-3). Specifically, L0a2a2a and L3d1a1a sequences did not cluster with
each other but were dispersed with sequences throughout Africa and L3b1a1a had a
very young monophyletic, Yemeni clade (~2 kya) suggesting very recent in situ
evolution. This evidence of recent migration likely reflects female-mediated migration
from sub-Saharan Africa over the last ~2,500 years as first suggested by Richards et al.
(2003). Richards et al. (2003) reasoned that the high frequency of African mitochondrial
L lineages in Yemen was the product of female-mediated migration from sub-Saharan
Africa via the Arab slave trade.
The second type of migration reflects Holocene migration into Yemen from the
Horn of Africa and is represented by the most subhaplogroups in our analysis (Table A-
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3). This is consistent with previous findings of multiple migration events between the
Horn of Africa and the Near East (Pagani et al. 2012; Boattini et al. 2013; Hodgson et al.
2014; Fernandes et al. 2015). Of the twelve subhaplogroups that we studied because
they are well-represented in Yemen, five of them reflect Type 2 migration. In three of
these subhaplogroups, we find clear monophyletic, Yemeni clades ranging in age from
2.1-9.3 kya and suggesting Yemeni in situ evolution within the Holocene. Additionally, in
all five of these subhaplogroups, Yemeni sequences cluster exclusively with sequences
from the Horn of Africa/southern Arabia implying broader in situ evolution within the
Horn of Africa/southern Arabia region. Finally, as macrohaplogroup L3 is thought to
have evolved in Africa, the presence of 16 singleton/doubleton sequences from
L3(xM,N) distributed throughout the phylogeny is strongly suggestive of additional
African migration into Yemen.
Only one subhaplogroup (L3x1) is reflective of the third type of Pleistocene
migration from the Horn of Africa (Table A-3). Notably, this subhaplogroup is thought to
be East African in origin (Kivisild et al. 2004). L3x1 is the oldest subhaplogroup in our
dataset both in Yemen and the Horn of Africa/southern Arabia; furthermore, the
monophyletic, Yemeni clade in L3x1 crosses into the latest Pleistocene (13.7 kya; Table
A-3). Thus, the age and distribution of sequences in the Yemeni L3x1 clade indicates
Yemeni in situ evolution and migration going back to the latest Pleistocene. This result
is consistent with the mitochondrial founder analyses of Fernandes et al. (2015), which
also detected migrations from Africa to Arabia dating to ~13 kya.
Finally, in three subhaplogroups (M1a1b, N1a3, and N1b1a), Yemeni sequences
are closely related to Near Eastern, European, and Caucasian sequences indicating the
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fourth type of migration, i.e., Holocene migration from western Eurasia into Yemen
(Table A-3). In these subhaplogroups, it seems both short-range and long-range
migration has occurred. Notably, within N1b1a, individual Yemeni sequences were
closely related to sequences from all three regions of the Near East, Europe and the
Caucasus. Similar to migration types 1 and 2, the Eurasian migrations occurred during
the Holocene as Yemeni samples are scattered throughout M1a1b and N1b1a and the
only monophyletic, Yemeni clade (in N1a3) is young, dating to 6.4 kya.
Testing Support for the Southern Dispersal Route
While we did not find affirmative evidence for the SDR hypothesis, our data do
not preclude or disprove the hypothesis as the genetic signal of this ancient event may
have been overwritten by subsequent migrations (in both directions) or other
demographic phenomena, such as genetic drift. Fernandes et al. (2012) have argued
that the Near Eastern radiations of basal N lineages (e.g., N1, N2, X) may be the
product of the SDR. However, these radiations are spread broadly throughout the Near
East, and when we focus on Yemen and the Horn of Africa/southern Arabia region, we
do not find any ancient clades specifically isolated to Yemen or this smaller region. An
alternate hypothesis to the SDR is the northern dispersal route (NDR), which posits that
AMHs followed the Nile into Egypt and entered the Levant near the northern extent of
the Red Sea (Quintana-Murci et al. 1999; Metspalu et al. 2004; Macaulay et al. 2005;
Thangaraj et al. 2005; Rowold et al. 2007). In a recent analysis of Egyptian and
Ethiopian nuclear genomes, Pagani et al. (2015) found that modern Egyptians are more
closely related to non-Africans than modern Ethiopians are and they argued that the
NDR is the more likely route for OOA. However, their analyses may artificially inflate the
relatedness of Egyptians and non-Africans since they do not specifically account for
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findings that a large portion of autochthonous North African ancestry derives from a
back-migration into Africa dating to 12-40 kya (Sánchez-Quinto et al. 2012; Henn et al.
2012; Hodgson et al. 2014; Pagani et al. 2015). Furthermore, use of the program
ALDER does not properly identify older admixture events since the program is biased
towards more recent events (Hodgson et al. 2014). Additionally, Fernandes et al. (2015)
note their autosomal admixture dating analyses (using a similar program, ROLLOFF)
could not detect the Pleistocene back-migrations into Africa that their mitochondrial
founder analyses had detected. Notably, nuclear genome sequence data from Yemen
could prove informative for investigating the question of the SDR vs. NDR. Ancient
haplotypes may remain in modern Yemeni nuclear genomes, despite their absence in
the mitogenome, in a manner similar to the preservation of introgressing Neanderthal
haplotypes in modern non-African nuclear genomes but not in mitogenomes (Green et
al. 2008; Briggs et al. 2009; Green et al. 2010).
Eurasian Origin of Haplogroup M1
The presence of haplogroup M1a in Yemen is of particular interest as M1 is
found at high frequency in East Africa and is thought to have either evolved in East
Africa, or evolved in the Near East and been brought into Africa by back-migration
(Olivieri et al. 2006). Olivieri et al. (2006) have argued for the latter explanation, and
more specifically posit that M1 evolved in the Levant and was brought to Africa via
migration, as opposed to being a marker of a back-migration along the SDR. Our
findings are consistent with the explanation of Olivieri et al. (2006) as we found no M1b
sequences in our Yemeni samples and if M1 was carried by an SDR back-migration
through Yemen into Africa, then both M1a and M1b should be found in descendent
populations along this route. In a SDR back-migration scenario, one would also expect
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Yemeni sequences to be basal to other M1a sequences, instead of being mixed within
them as we found. These factors suggest that the presence of M1a in Yemen is the
result of multiple migration events, rather than a Yemeni evolution of M1a followed by
emigration.
Conclusion
Our Bayesian evolutionary analyses of Yemeni mitogenomes suggest that
mitogenomic variation in Yemen can largely be attributed to recent, Holocene
migrations. Based on the ages and geographic distribution of Yemeni sequences within
L3(xM,N)/M/N subhaplogroups, we argue that migrations into Yemen and Yemeni in situ
evolution are largely limited to the Holocene, with some evidence of older migrations
(i.e., L3x1). Furthermore, these migrations originate from the Horn of Africa and western
Eurasia as well as from slave trade from sub-Saharan Africa. While we do not find
ancient mitogenome lineages in Yemen, we hypothesize that evidence of ancient
migrations may have been overwritten by more recent migrations as well as genetic
drift. We conclude that more research, particularly on Yemeni nuclear genomes, is
needed in order to better reconstruct the complex population and migration histories
associated with the Horn of Africa and Arabia.
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Object 2-1. List of Yemeni samples analyzed, with haplogroup classification (based on
HVR I data and whole mitogenome data), GenBank accession number,
Yemeni governate, and sequencing method listed
Object 2-2. List of comparative modern human mitogenome sequences analyzed, with
haplogroup classification, GenBank accession number, country/region, and
source listed
Object 2-3. List of 90 Yemeni samples sequenced using Illumina HiSeq 2000 with
number of reads (after joining paired ends), the percent of reads aligning to
the rCRS using Bowtie2, and the mean, minimum, and maximum sequence
coverage for each of the sample
Object 2-4. Entire phylogeny with dates and posterior probabilities for all nodes is
depicted. All lines depicting branches of macrohaplogroup M are colored dark
green and all lines depicting branches of macrohaplogroup N are colored dark
blue. Subhaplogroups are colored as in Figures A-2 and A-3. Tip labels have
been colored as such: Red = Yemeni samples from the sample set of C.J.M.;
Orange = Yemen samples from GenBank; Blue = samples from the Horn of
Africa (defined here broadly as Djibouti, Eritrea, Ethiopia, Kenya, Somalia,
and the Sudan); Green = samples from the Near East (i.e., samples from the
Arabian Peninsula, the Levant, and Turkey); and Black = all other regions.
The depicted divergence dates of identical sequences are estimated in
BEAST and are conditional on the population size, substitution model, and
molecular clock.
Object 2-5. Entire phylogeny with height 95% HPD bars for all nodes is depicted. All
lines depicting branches of macrohaplogroup M are colored dark green and
all lines depicting branches of macrohaplogroup N are colored dark blue.
Subhaplogroups are colored as in Figures A-2 and A-3. Tip labels have been
colored as such: Red = Yemeni samples from the sample set of C.J.M.;
Orange = Yemen samples from GenBank; Blue = samples from the Horn of
Africa (defined here broadly as the Djibouti, Eritrea, Ethiopia, Kenya, Somalia,
and the Sudan); Green = samples from the Near East (i.e., samples from the
Arabian Peninsula, the Levant, and Turkey); and Black = all other regions.
The depicted divergence dates of identical sequences are estimated in
BEAST and are conditional on the population size, substitution model, and
molecular clock.
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CHAPTER 3
TESTING SUPPORT FOR THE NORTHERN AND SOUTHERN DISPERSAL ROUTES
OUT OF AFRICA: AN ANALYSIS OF LEVANTINE AND SOUTHERN ARABIAN
POPULATIONSb
Anatomically modern humans first evolved in Africa before crossing the Red Sea
into the Near East and eventually peopling the rest of the world (e.g., Cann et al. 1987;
Stringer and Andrews 1988; Stringer 2002; White et al. 2003; McDougall et al. 2005).
The genetic variation and differentiation of contemporary non-African populations can
be used to better understand when and how this global dispersal occurred. Analyses of
nuclear genome sequence data from populations around the world consistently indicate
that non-African genetic variation derives primarily from a single dispersal dated to ~5075 thousand years ago (kya) (Malaspinas et al. 2016; Mallick et al. 2016; Mondal et al.
2016; Pagani et al. 2016). Mitochondrial lineages associated with non-African
populations (i.e., macrohaplogroups M and N) also indicate a single dispersal and are
generally dated to ~60 kya (Kivisild et al. 2004; Underhill and Kivisild 2007; Atkinson et
al. 2008; Behar et al. 2008; Soares et al. 2012; Posth et al. 2016).
There is debate concerning the specific route taken out of Africa with two main
contenders known as the northern dispersal route (NDR) and the southern dispersal
route (SDR). These two routes were proposed by Mirazón Lahr and Foley (1994) as
part of a multiple dispersal model, but they are also studied as part of a single dispersal
out of Africa. The NDR hypothesis states that early modern humans followed the Nile
into what is now Egypt and then entered the Levant and followed an inland route

b
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an analysis of Levantine and southern Arabian populations.
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eastward into Eurasia (Mirazón Lahr and Foley 1994; Quintana-Murci et al. 1999;
Metspalu et al. 2004; Macaulay et al. 2005; Thangaraj et al. 2005; Rowold et al. 2007;
Pagani et al. 2015). Alternatively, the SDR hypothesis states that early modern humans
crossed the Bab el-Mandeb from the Horn of Africa into southern Arabia (and more
specifically into what is now Yemen) and followed the coast of the Indian Ocean
eastward towards Southeast Asia (Mirazón Lahr and Foley 1994; Quintana-Murci et al.
1999; Endicott et al. 2003; Metspalu et al. 2004; Macaulay et al. 2005; Thangaraj et al.
2005; Oppenheimer 2012).
Originally, based on the archaeological record and morphological and genetic
variation of modern humans, Mirazón Lahr and Foley (1994) argued that both the NDR
and SDR were used for multiple dispersals out of Africa. Notably, these authors argued
that a SDR was used first ~50-100 kya because archaeological evidence placed
modern humans in Australia as early as ~50kya and because the aridity of the Levant
~50-60 kya would have precluded an early dispersal along the NDR (Mirazón Lahr and
Foley 1994). Mirazón Lahr and Foley (1994) also argued that a second dispersal along
the NDR <50 kya was necessary in order to explain the rapid morphological and
archaeological differentiation of early western Eurasian and Australian populations from
each other. It is important to note that these authors’ arguments in favor of the SDR
remain valid (Mirazón Lahr and Foley 1994). Archaeological estimates, as well as
mitochondrial and nuclear genetic analyses, continue to indicate that modern humans
were present in Australia ~50 kya (Bowler et al. 2003; Rasmussen et al. 2011;
Malaspinas et al. 2016; Tobler et al. 2017) and studies of non-African genetic variation
still date the dispersal out of Africa ~50-75 kya (e.g., Malaspinas et al. 2016; Mallick et
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al. 2016; Mondal et al. 2016; Posth et al. 2016). More recently, Mirazón Lahr (2016) has
argued in favor of only a single dispersal out of Africa that occurred ~50-70 kya. She
noted that new analyses of ancient genomes from early modern humans suggest the
rapid differentiation of a single dispersing group and that morphological and
archaeological differences between Eurasian and Australian populations may have
been augmented by differing levels of archaic introgression between these populations
(Mirazón Lahr 2016). It is important to note that several recent studies have found
evidence of low levels of introgression between archaic and modern populations, with
genetic variation flowing in both directions (e.g., Green et al. 2010; Prüfer et al. 2014;
Kuhlwilm et al. 2016; Posth et al. 2017).
Overall, genetic studies favor a single dispersal out of Africa to account for the
majority of genetic variation present in modern humans, but there is an ongoing debate
whether this dispersal occurred along the NDR or SDR. In support of the NDR, Pagani
et al. (2015) argued that Eurasians share more nuclear haplotypes with Egyptians than
with Ethiopians, suggesting that the NDR was likely the primary route used by the first
migrants. However, Vyas et al. (2016) noted that Pagani et al. (2015) failed to properly
account for the fact that a sizeable portion of North African ancestry originates from a
Eurasian back-migration dating to 12-40 kya, thus increasing the similarity between
Egyptians and Eurasians (Henn et al. 2012; Sánchez-Quinto et al. 2012; Hodgson et al.
2014). In support of the SDR, many endemic, deep-branching mitochondrial lineages
dating to ~50 kya have been found in South and Southeast Asia and many scholars
have argued that the SDR must have been used in order for modern humans to have
traveled so far south and east by 50 kya (e.g., Quintana-Murci et al. 1999; Metspalu et

55

al. 2004; Macaulay et al. 2005; Thangaraj et al. 2005). However, none of the deepbranching mitochondrial lineages in South and Southeast Asia are found in regions near
the start of the SDR. For example, Vyas et al. (2016) used Bayesian phylogenetic
methods to analyze mitochondrial diversity in Yemen, which would have been groundzero for the SDR, but did not find any deep-branching mitochondrial lineages; instead
they found that Yemeni mitochondrial diversity primarily reflects recent migrations.
In order to test the competing hypotheses concerning dispersal routes out of
Africa, both routes should be analyzed and compared as part of a unified research
strategy, as we do in the current study. We predict that contemporary African and nonAfrican populations living along the primary route taken out of Africa (NDR or SDR) will
be more closely related to each other than populations living along the route that was
not used. Furthermore, we predict that non-African populations living along the primary
route will diverge from other non-African populations around the world earlier than nonAfrican population not living along the primary route. In our study, we used Northeast
Africa (NEA) and the Levant as our African and non-African points, respectively, on the
NDR, and the Horn of Africa (HOA) and southern Arabia, respectively, as the African
and non-African points on the SDR (Figure 3-1). We assayed 629,433 single nucleotide
polymorphisms (SNPs) in 90 samples from across Yemen using the Affymetrix Axiom
Human Origins array to represent the non-African position on the SDR. We analyzed
the Yemeni data with previously published data from other SDR and NDR populations,
as well as from comparative populations from around the world (Patterson et al. 2012;
Lazaridis et al. 2014) to test the two predictions outlined above. We used ADMIXTURE
ancestry estimates to confirm that Levantine and southern Arabian populations are
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genetically differentiated from each other, thus allowing us to compare the relatedness
of populations living along the NDR and SDR. We calculated pairwise outgroup f 3
statistics to test whether NDR populations (Levantine and NEA) or SDR populations
(southern Arabia and HOA) were more closely related to each other (Reich et al. 2009;
Patterson et al. 2012; Raghavan et al. 2014). We also used outgroup f3 statistics to test
whether Levantine or southern Arabian populations were less closely related to other
non-African populations from around the world, suggesting an earlier divergence from
the rest of non-African diversity (Reich et al. 2009; Patterson et al. 2012; Raghavan et
al. 2014).
Materials and Methods
Ethics Statement
Collection and analysis of the Yemeni samples were approved by the Western
Institutional Review Board Olympia, Washington (WIRB project #20070219). Collection
and analysis of the Eritrean samples were approved by the University of Florida Health
Science Center Institutional Review Board (IRB # 228-2003, IRB201200059)
Sample Selection and Genotyping
For this study, 90 Yemeni samples collected by C.J.M. were genotyped. These
samples are part of a set of 550 saliva samples collected from sites across Yemen.
Study participants provided birthplace information for themselves, their parents, and
their grandparents. To ensure proper sampling of Yemen, any individuals with nonYemeni or unknown birthplaces for the study participant, their parents or grandparents
were excluded. As the Red Sea has historically been a major region of trade (and thus
also migration), individuals born in governates along the coast of or near the Red Sea
(i.e., Abyan, Aden, Al Hudaydah, Hajjah, Lahij, and Taizz) were excluded to reduce the
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number of individuals with recent non-Yemeni ancestry; the remaining coastal
governates (i.e., Hadramout, Mahra, and Shabwah) were retained due to their greater
distance from the Red Sea. The tested governates were merged into three regions:
“Yemen Desert” (n = 31; Hadramout, Mahra, and Shabwah governates), “Yemen
Highlands” (n = 30; Ad Dali, Al Bayda, Al Mahwit, Amanat Al Asimah, Dhamar, Ibb,
Raymah, and Sana’a governates), and “Yemen Northwest” (n = 29; Al Jawf, Amran,
Ma'rib, and Sa’dah governates). Sample selection was based primarily on the study
participant’s birthplace governate in order to ensure diverse sampling from many parts
of the country and roughly equal representation of the three regions. Additionally, three
de-identified Eritrean whole blood samples, collected at the University of Florida from
Eritrean international students, were genotyped. These Eritrean samples were only
used in ADMIXTURE analyses and not included within any other analyses.
Yemeni and Eritrean samples were submitted to the UNC Chapel Hill Functional
Genomics core lab for single nucleotide polymorphism (SNP) genotyping on the
Affymetrix Axiom Human Origins array (Patterson et al. 2012). Genotyping data were
processed using Affymetrix Genotyping Console 4.2.0.26. All samples had Dish QC
values >.887 and genotyping call rates of >95% for all SNPs. After excluding SNPs that
were suspected by Patterson et al. (2012) to be triallelic, a total of 607,938 autosomal
SNPs with ≥95% SNP call rates were exported and converted into Plink files. The
software package KING was used to test for first or second degree relationships among
the genotyped individuals (--kinship --related --degree 2) and none were found
(Manichaikul et al. 2010).
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Datasets Analyzed
Our SNP data (93 individuals) were analyzed alongside data from the Human
Origins curated, “fully public” dataset (1,928 individuals from 160 populations) from
Lazaridis et al. (2014), as well as the eastern African (50 individuals; Dinka, Hadza,
Oromo, and Sandawe) and Onge (11 individuals) data from their curated, “restrictive”
dataset. These published data were converted from PACKEDANCESTRYMAP format
to Plink format using the EIGENSOFT software package (Patterson et al. 2006; Price et
al. 2006) and subsequently merged with our data using Plink (Purcell et al. 2007). A
total of 585,413 SNPs overlapped between our data and the additional two datasets.
This combined set of 2,082 samples formed our primary dataset. All previously
published data were assigned population identifiers entirely based on those assigned by
Lazaridis et al. (2014). A full list of samples with their populations and region identifiers
and associated analyses is provided in Object 3-1. For f3 statistic calculations, SNP data
from the Mota ancient DNA genome from Mota Cave in Ethiopia were added to the
primary dataset (Llorente et al. 2015). SNPs were extracted from the Mota genome VCF
file using a custom Python script provided by University of Florida Research Computing
support; sites with quality (Qual) values less than 50 and sites reporting multiple
alternate (non-reference) alleles were removed; genotypes for 509,215 of the 585,413
SNPs were recovered and were converted to Plink format using VCFtools (Danecek et
al. 2011).
As non-African representatives of the NDR and SDR, we consider the BedouinA,
BedouinB, Druze, Jordanians, Lebanese, Palestinians, and Syrians (from the curated,
“fully public” dataset from Lazaridis et al. 2014) as representative Levantine populations,
and our three Yemeni populations and the Yemenite Jews and Saudis (from the
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curated, “fully public” dataset from Lazaridis et al. 2014) as representative southern
Arabian populations. The Yemeni individuals genotyped by Lazaridis et al. (2014) have
been previously described by Kivisild et al. (2004) as Kuwaitis of Yemeni matrilineal
descent, so we relabeled them “Kuwaiti Yemeni” and did not consider them a southern
Arabian population.
Calculation of Near Eastern Ancestry Proportions
The program ADMIXTURE was used to infer ancestral components of the
Levantine, southern Arabian, and other Near Eastern populations (Alexander et al.
2009). To avoid spurious results and in order to maximize our ability to resolve the
inferred ancestral components (IACs) found in Near Eastern populations, we focused
the ADMIXTURE analyses on populations from regions that are thought to have had
gene flow with Near Eastern populations or are geographically contiguous with the Near
East. Thus, we included 101 populations (including our newly genotyped populations)
from the Near East, the Caucasus, Europe, North Africa, sub-Saharan Africa, and South
Asia (Object 3-1). SNPs in linkage disequilibrium were identified and removed using
Plink and 200 SNP windows advanced by 25 SNPs at a time with an r 2 threshold of 0.4
(--indep-pairwise 200 25 0.4) (Purcell et al. 2007; Lazaridis et al. 2014). The analyses
were run with cross-validation (CV) for values of K from 2 to 20 with 10 sets of
replicates (yielding a total of 190 ADMIXTURE analyses); consistent with Lazaridis et al.
(2014), a different randomly chosen seed was used for each analysis. For each value of
K, the replicate analysis with the lowest CV error was chosen to be analyzed and
presented. The optimal value of K was determined based on the absolute lowest CV
error. All plots of ADMIXTURE results were generated using R v. 3.3.2 (R Core Team
2016) using an R script provided by Ryan L. Raaum.
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Calculation of Outgroup f3 Statistics
Using the program qp3pop from the software package ADMIXTOOLS, we
calculated pairwise outgroup f3 statistics [f3(Mbuti; X, Y)] to estimate the shared genetic
drift between individual African populations living near the starting points of the NDR
and SDR (X) and individual Levantine and southern Arabian populations (Y) relative to
an outgroup (i.e., the Mbuti); greater values indicate that X and Y have more shared
genetic drift and thus are more closely related (Reich et al. 2009; Patterson et al. 2012;
Raghavan et al. 2014). Based on the populations available in our primary dataset, we
chose the Egyptians as a representative Northeast Africa (NEA) population (on the
African side of the NDR) and the Oromo from Ethiopia as a representative Horn of
Africa (HOA) population (on the African side of the SDR). Since both of these
populations are known to have significant non-African ancestry, we also conducted a
set of f3 statistics comparisons using the Mota man genome from Mota Cave in Ethiopia
as an HOA individual with minimal or no non-African ancestry (Henn et al. 2012;
Hodgson et al. 2014; Llorente et al. 2015). Additionally, we conducted comparisons
using the Dinka from South Sudan to serve as a negative control as they are an East
African population geographically between NEA and HOA with minimal non-African
ancestry (Pagani et al. 2012; Hodgson et al. 2014). A map of the populations used in
these calculations is provided in Figure 3-1.
In order to determine how the Levantine and southern Arabian populations relate
to the 124 other non-African populations in our dataset, we calculated pairwise outgroup
f3 statistics [f3(Mbuti; X, Y)] to estimate the shared genetic drift between the other nonAfrican populations (X) and Levantine and southern Arabian populations (Y) relative to
an outgroup (i.e., the Mbuti) (Object 3-1); greater values indicate that X and Y have
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more shared genetic drift and thus are more closely related (Reich et al. 2009;
Patterson et al. 2012; Raghavan et al. 2014). Based on our ADMIXTURE results, we
chose 10 minimally or non-admixed individuals (i.e., individuals whose ancestry derives
primarily from one inferred ancestral component) from the Yemeni Mahra governate as
a southern Arabian population (Mahra10) to represent a non-admixed proxy for the
Yemen Desert population in our pairwise outgroup f 3 statistic calculations All plots of f3
statistic values were generated using R v. 3.3.2 using the ggplot2 package (Wickham
2009; R Core Team 2016)
Results
Analysis of Near East Ancestry Proportions
In order to determine whether the Levantine and southern Arabian populations
had different levels of relatedness with other populations from around the world, we first
needed to ensure that the Levantine and southern Arabian populations were distinct
from each other. We used the program ADMIXTURE to estimate the ancestry
components of Levantine, southern Arabian populations and other comparative
populations (Alexander et al. 2009). In order to determine the most appropriate number
of inferred ancestry components (IACs), we ran analyses for K=2 through K=20 (see
Figure 3-2). We found that K=9 yielded the replicate analysis with the absolute lowest
overall cross-validation (CV) values as well as the lowest median CV value amongst all
levels of K, and thus we focus on results obtained with K=9; CV values for all analyses
are provided Table 3-1. The population mean ancestry proportions for all 101 analyzed
populations for K=9 are depicted in Figure 3-3. Additionally, ancestry proportions for our
90 Yemeni individuals (broken down by populations and governates) are depicted in
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Figure 3-4 and ancestry proportions for all Levantine and southern Arabian individuals
(broken down by populations) are depicted in Figure 3-5.
We find that two major IACs dominate the Near East (Figure 3-3). One IAC (teal)
is prominent in southern Arabia with highest proportions in the BedouinB from Israel,
Yemenis (especially those from the Mahra governate in the Yemen Desert population;
Figure 3-4), and Saudis; based on its geography, we refer to the teal IAC as the
“Arabian” IAC (Figures 3-3, 3-4, 3-5). Another IAC (peach) is prominent in the Levant as
well as in populations from neighboring regions (e.g., Turkish, Iraqi Jews) (Figure 3-3).
This IAC reaches its greatest proportions in the Caucasus, and thus we refer to it as the
“Caucasian” IAC. We also find that these two IACs are closely related based on their
pairwise FST of 0.028 (Table 3-2). Overall, we find a general trend where populations
from the more northern regions of the Near East (e.g., the Levant) have a higher
proportion of the Caucasian IAC (47-70% Caucasian IAC among the Levantine
populations excluding the Bedouins) whereas populations from the more southern
regions of the Near East (e.g., southern Arabia) have a higher proportion of the Arabian
IAC (67-71% Arabian IAC among southern Arabians) (Figure 3-3). An exception to this
trend are the nomadic Bedouin populations who were sampled in Israel; the BedouinA
have roughly similar mean proportions for both IACs (44% Arabian vs. 37% Caucasian),
and the BedouinB have a very high proportion of the Arabian IAC (94% Arabian vs. 3%
Caucasian) (Figure 3-5).
The Levantine and southern Arabian populations also have small amounts of
admixture from other sources as indicated by IACs. We find that most of the Levantine
and southern Arabian populations have low levels of the four sub-Saharan African IACs
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(1-6% total); the sub-Saharan African ancestry primarily originates from the West
African (bright green) and East African (dark green) IACs, but very low levels of the
South African (brown) and Hadza (yellow) IACs are also present in some individuals
(Figures 3-3, 3-5). The BedouinA and Yemen Desert populations have the most subSaharan ancestry of all the Levantine and southern Arabian populations (8% and 13%,
respectively) (Figures 3-3, 3-5). It is also notable that the Yemen Desert population has
more West African ancestry than East African ancestry, unlike most of the Levantine
and other southern Arabian populations (Figures 3-3, 3-5). We also find low levels of
South Asian ancestry (maroon) in most Levantine and southern Arabian populations
ranging from <1% in the Druze to 6% and 7% in the Syrians and Yemen Desert,
respectively (Figure 3-3). European (lilac) ancestry is present in most Levantine
populations at low levels (4-11%) but is absent or minimal (<2%) in the BedouinB and
the southern Arabian populations (Figures 3-3, 3-5).
Out of all the southern Arabian populations, we find that the Yemen Desert
populations appear to be the most distinct as they have large amounts of West African
(bright green) and East African (dark green) ancestry and reduced amounts of
Caucasian (peach) ancestry (Figures 3-4, 3-5). This difference is borne out at the
individual level, where most individuals from Shabwah and Hadramout as well as four
individuals from Mahra generally exhibit the higher proportions of West African, East
African, and South Asian IACs than most Yemenis (Figures 3-4, 3-5). Interestingly, the
ten remaining Mahra individuals bear some of the highest proportions of the Arabian
IAC in the world (along with most of the BedouinB and four other southern Arabian

64

individuals), ranging from 85.9% to 99.9%, suggesting they may have been isolated and
not admixed to the same degree as other Yemeni (Figures 3-4, 3-5).
Analysis of Outgroup f3 Statistics
In order to test how closely related NDR (Levant and NEA) and SDR (southern
Arabia and HOA) populations are, we compared individual African populations to
individual Levantine and southern Arabian populations and graphed the pairwise
outgroup f3 statistics (Figure 3-6). For African populations, we used Egyptians as a NEA
representative, the Oromo and Mota man as HOA representatives, and the Dinka as a
non-admixed African population that does not live on either route as a control (Figure 31). All possible pairwise comparisons were made between these four African
populations and the seven Levantine or five southern Arabian populations (Figure 3-6)
(all numerical values are provided in Object 3-2). Most f3 values fall near the Y=X line
meaning that Levantine and southern Arabian populations are equally related to the
African populations. One exception is the Yemen Desert population (shown in light
green) that has lower f3 values (less shared genetic drift) than the Levantine populations
when compared to the Oromo and the Egyptians, who have substantial non-African
ancestry (Figure 3-3) (Henn et al. 2012; Hodgson et al. 2014). These findings are
consistent with our ADMIXTURE analyses that indicate the Yemen Desert population
has more West African ancestry than the other southern Arabian populations, which
would reduce their relatedness to African populations that have significant non-African
ancestry. Overall, the f3 values indicate that populations living along the NDR (i.e.,
Levant and NEA) are not more closely related to each other than are populations living
along the SDR (i.e., southern Arabia and HOA).
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We also used pairwise outgroup f3 statistics to test if Levantine or southern
Arabian populations are more closely related to 124 other non-African populations from
around the world (Figure 3-7) (all numerical values are provided in Object 3-3). We find
that most Levantine and south Arabian populations are similarly related to all 124 other
non-African populations (again, with the exception of the Yemen Desert population in
light green), as most values fall on or close to the Y=X line indicating identical
relationships. If populations from one region (i.e., the Levant or southern Arabia)
consistently yielded lower f3 statistic values than the other, then that region could be
interpreted as having diverged earlier from other non-African populations and possibly
indicating which route was used by early modern humans.
Some deviations from the Y=X line can be correlated to the Levantine population
having more sub-Saharan African ancestry than the southern Arabian population or vice
versa. For example, the BedouinA have the most sub-Saharan ancestry of the
Levantine populations (see Figures 3-3 and 3-5, bright green and dark green bars), and
comparisons to southern Arabian populations consistently plot above the Y=X lines
indicating that the BedouinA are less closely related to the 124 other non-African
populations (Figure 3-7). We also find that the Yemen Desert comparisons fall below
the Y=X line indicating they are less closely related to the 124 other non-African
populations relative to the Levantine and other southern Arabian populations (Figure 37; Object 3-3). As explained in the section above, these findings are consistent with our
ADMIXTURE analyses, which indicate that the Yemen Desert population has more subSaharan African ancestry than the Levantine and other southern Arabian populations
making them less closely related to the other non-African populations (Figures 3-4, 3-5).
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To confirm that our results reflect increased sub-Saharan African ancestry in the Yemen
Desert population and do not indicate that the Yemen Desert population diverged earlier
from other non-Africans than the Levantine and other southern Arabian populations, we
repeated the comparisons using 10 minimally or non-admixed individuals from Mahra
governate (Mahra10) instead of all 31 Yemen Desert individuals. We find that the
Mahra10 comparisons (Figure 3-8; Object 3-3) differ from the Yemen Desert results and
resemble the results for the other four southern Arabian populations (Figure 3-7). These
findings confirm that the lower f3 statistic values for the Yemen Desert population are
attributable to increased sub-Saharan ancestry and not to earlier divergence from other
non-African populations.
Discussion
In this study, we test support for the NDR and SDR hypotheses by comparing the
relatedness of populations living along each route. We use more than 550,000 SNPs in
over 2000 individuals from 169 populations around the world to test if Levantine or
southern Arabian populations are more closely related to African populations on the
NDR or SDR, respectively, or are less closely related to other non-African populations,
either of which would represent support for the NDR or SDR, respectively.
Inferences of Population Genetic Structure from Ancestry Proportions
We first conducted ADMIXTURE analyses in order to establish that Levantine
and southern Arabian populations are distinct from each other, allowing us to test
support for NDR and SDR hypotheses. We find that Levantine and southern Arabian
populations bear striking differences in ancestry with Levantine populations exhibiting
high levels of Caucasian IAC (inferred ancestry component) and southern Arabians
exhibiting high levels of Arabian IAC. With the exception of the two Bedouin populations
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(who are of nomadic origins), we found that Levantine and southern Arabian
populations were largely similar within their two regions (Figures 3-3, 3-5).
We also found variable levels of European, South Asian, and sub-Saharan
African ancestry throughout the Levant and southern Arabia. One notable population is
the Yemen Desert population. We found that most individuals from the Hadramout and
Shabwah governates as well as some from the Mahra governate have very high levels
of South Asian and sub-Saharan ancestry (Figure 3-4). These results are strongly
consistent with existing historical and archaeological evidence that the Hadramout
region was on a major incense trade route connecting South Asia and Africa as well as
consistent with mitochondrial evidence suggesting increased South Asian and African
migration into the Hadramout region (Figures 3-3, 3-4) (van Beek 1958; Hardy-Guilbert
et al. 2002; Černý et al. 2008; Regert et al. 2008). We also find that 10 of the Yemen
Desert individuals from Mahra are minimally or non-admixed as they have >85.9%
Arabian ancestry proportions (which exceed most other southern Arabians) despite the
fact that they are from the most admixed region of Yemen (Figure 3-4).
Relatedness of Populations along the NDR and SDR
We next tested whether populations living along the NDR (i.e., the Levant and
NEA) or populations living along the SDR (i.e., southern Arabian and HOA) were more
closely related to each other using f3 statistics to estimate shared genetic drift. We
calculated pairwise outgroup f3 statistics for every pair of African vs Levantine and
African vs southern Arabian populations, and we plotted the shared genetic drift of each
African population with each Levantine or southern Arabian population (Figure 3-6). If
Levantine populations were more closely related to NEA populations (supporting the
NDR), greater Levantine f3 statistics (indicating more shared genetic drift with the
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African population) would cause the data point to fall beneath the Y=X line. In contrast,
if southern Arabian populations were more closely related to HOA African populations
(supporting the SDR), greater southern Arabian f 3 statistics would cause the data point
to fall above the Y=X line. Our results suggest that neither populations living along the
NDR nor along the SDR are more closely related to each other, providing no support for
the use of one over the other as the primary route of out Africa. The Yemen Desert
population is an exception to this synopsis, but represents increased sub-Saharan
ancestry that reflects recent admixture (not indicative of ancient migration events) and
lowers the Yemen Desert f3 statistic relative to Levantine and other southern Arabian
populations.
Relatedness of Levantine and Southern Arabian Populations to Non-Africans
from Around the World
We next investigated the relatedness of Levantine and southern Arabian with
other non-African populations from around the world. We predicted that Levantine or
southern Arabian populations that were less closely related to other non-Africans would
represent an early divergence from other non-Africans, consistent with being the first
out of Africa and suggestive of the route that was used. We calculated pairwise
outgroup f3 statistics to compare shared drift between the Levantine or southern Arabian
populations and 124 other non-African populations. Our results indicated that both the
Levantine and southern Arabian populations have roughly equal amounts of shared
genetic drift with the other non-African populations (Figure 3-7).
We did find cases where certain populations were less closely related to other
non-African populations (i.e., lower f3 statistics values); however, these differences can
be attributed to admixture. The BedouinA and Yemen Desert populations have the
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highest amounts of sub-Saharan African ancestry according to our ADMIXTURE results
(Figure 3-3) and the f3 statistics indicate they are the least closely related to other nonAfricans (Figure 3-7).
Based on our findings, we can conclude that none of the Levantine and southern
Arabian populations diverged from other non-Africans earlier than one another, and thus
neither route can be supported nor rejected.
Relatedness of Levantine and Southern Arabian populations to Each Other
ADMIXTURE results demonstrate that populations from the Levant and southern
Arabia are genetically differentiated, but f3 statistics demonstrate that they are similarly
related to all of the African and other non-African populations we tested. Levantine and
southern Arabian populations are differentiated primarily based on different proportions
of Caucasian and Arabian IACs. However, these two IACs are closely related based on
their low pairwise FST value of 0.028 (Table 3-2). ADMIXTURE is useful for testing
substructure within populations or regions of interest but is better able to detect recent
admixture events or population structure (Alexander et al. 2009). Alternatively, outgroup
f3 statistics estimate shared genetic drift between two populations based on
phylogenetic models that are less affected by recent, lineage-specific drift (Reich et al.
2009; Patterson et al. 2012; Raghavan et al. 2014). These results demonstrate the
ability of different methods and measures to identify both genetic similarity and
differentiation in the same set of populations. Overall, while we find a low level of
differentiation in ADMIXTURE, we find that both of the major components (i.e., the
Caucasian and Arabian IACs) are still present in both regions and that both regions are
closely related to each other. Our results are thus consistent with previous studies that
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suggest a long (and continuing) history of gene flow between these regions (e.g., AlAbri et al. 2012; Fernandes et al. 2012; Fernandes et al. 2015; Vyas et al. 2016).
Conclusions on the Dispersal Out of Africa Based on Multiple Data Types
Additional types of genetic and non-genetic data may be helpful in providing a
larger context in which to discuss modern human dispersal out of Africa. While some
have argued in favor of multiple dispersals out of Africa (e.g., Reyes-Centeno et al.
2014; Reyes-Centeno et al. 2015), analyses of both nuclear and mitochondrial genome
sequence data support a single dispersal out of Africa based on a variety of methods
including multiple sequence Markov coalescent analyses, analyses of site frequency
spectra, and genetic simulations (Malaspinas et al. 2016; Mallick et al. 2016; Mondal et
al. 2016; Posth et al. 2016). Some archaeological studies have found evidence of earlier
modern human dispersals out of Africa >110 kya (e.g., Armitage et al. 2011; Groucutt et
al. 2015; Liu et al. 2015). Recent analyses of ancient DNA have found evidence of
introgression from these earlier modern human dispersals into Neanderthal nuclear and
mitochondrial genomes (Kuhlwilm et al. 2016; Posth et al. 2017). However, these
dispersals are generally thought to have made little or no contribution to contemporary
human genetic variation (e.g., Kuhlwilm et al. 2016; Mallick et al. 2016; Malaspinas et
al. 2016; Reyes-Centeno 2016; Posth et al. 2017; Wall 2017). Furthermore, although
Pagani et al. (2016) argue that certain Papuan populations received small (~2%)
genetic contributions from an earlier dispersal, Malaspinas et al. (2016) and Mallick et
al. (2016) were not able to detect contributions from earlier dispersals in their genomic
analyses. Thus, more data are needed to validate whether these earlier dispersals did
indeed make genetic contributions to contemporary populations.
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Authors such as Xing et al. (2010) and Reyes-Centeno (2016) have argued in
favor of a “delayed expansion model.” Xing et al. (2010) first proposed that dispersals
into the Near East occurred 90-110 kya and that multiple waves of dispersal into the
rest of Eurasia did not begin until ~50-70 kya. Reyes-Centeno (2016) further proposed
that the dispersal out of Africa could have used both the NDR and SDR and that
dispersal could have begun as early as 145 kya. However, based on coalescent
analyses of whole genome sequences, Mallick et al. (2016) found that non-Africans only
began to diverge from each other ~50 kya. Based on similar coalescent analyses,
Pagani et al. (2016) also found that population split times between the individual East
African (i.e., Luhya, Sandawe, Hadza, Maasai) and Eurasian populations in their
dataset range from ~50-75 kya. These findings contradict the delayed expansion model,
which would predict more ancient divergences closer to at least 90 kya. Furthermore,
genomic analyses suggest that there was a single wave of dispersal, which is also
inconsistent with this model. While Rasmussen et al. (2011) previously argued in favor
of multiple waves of dispersal based on their analysis of an Aboriginal Australian
genome, more recent analyses (which have included more genome sequences from
wider arrays of populations) have strongly favored a single wave of dispersal (Mallick et
al. 2016; Mondal et al. 2016; Malaspinas et al. 2016; Wall 2017). Some of these more
recent analyses also accounted for the significant amounts of Denisovan introgression
found in Oceanian populations, which otherwise made these populations appear to
diverge earlier (e.g., Malaspinas et al. 2016; Mallick et al. 2016).
An alternative to the delayed expansion model would be a model where
contemporaneous dispersals occurred along both routes ~50-75 kya. Given that
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analyses of both genetic and cranial phenotypic variation suggest that African
populations were differentiated prior to the dispersal out of Africa, it would be expected
that ancestral NEA and HOA populations would be differentiated from each other (Gunz
et al. 2009; Campbell and Tishkoff 2010). Thus, genomic analyses would likely detect
contemporaneous dispersals as multiple waves of dispersal, which (as noted above) are
inconsistent with current genomic data. On the other hand, if the ancestral NEA and
HOA populations were undifferentiated from each other, other factors could still
complicate a model of contemporaneous dispersals. Given that modern humans are
present in more distant regions (such as Australia and Siberia) by around 45-50 kya, it
is likely that some populations would have quickly dispersed from the Near East before
the NDR and SDR waves could join together (Bowler et al. 2003; Fu et al. 2014; Tobler
et al. 2017). If the NDR and SDR waves did not join together within the Near East,
separate but contemporaneous dispersals would also be incompatible with findings that
all non-Africans share a population bottleneck soon after leaving Africa (e.g.,
Malaspinas et al. 2016; Mallick et al. 2016; Mondal et al. 2016) and that all non-Africans
share an initial interbreeding event with Neanderthals in the Near East (e.g., Green et
al. 2010; Prüfer et al. 2014; Lazaridis et al. 2016). Thus, taken together, the genetic and
archaeological data indicate that non-Africans derive primarily from a single dispersal
out of Africa ~50-75 kya with the possibility that earlier dispersals could have made
small contributions to certain populations.
Scholars frame the argument around NDR vs SDR, while an intermediate route
across the Red Sea between the Isthmus of Suez and the Bab el-Mandeb cannot be
ruled out. There is no research directly assessing such an intermediate route, but it is
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not thought that early modern humans would have had the seafaring technologies
necessary to make such a crossing. For comparison, while the SDR also involves
crossing the Red Sea, shoreline reconstructions suggest that the Bab el-Mandeb would
have been narrow enough to be traversable without seafaring technologies but regions
farther north would not have been (Lambeck et al. 2011). Additionally, genetic
simulations suggest continued gene flow after the initial dispersal (e.g., Deshpande et
al. 2009; Keinan and Reich 2010; Miró-Herrans and Mulligan 2013), which would favor
a route with continued access and that was easily crossed such as the NDR or SDR
rather than intermediate routes across the Red Sea.
Analyses of Near Eastern whole genomic sequences may aid in testing support
for the NDR and SDR as sequence data are not subject to SNP ascertainment biases.
Lazaridis et al. (2016) sequenced ancient DNA from 44 individuals dating from ~14 to
~3.4 kya from the Levant and neighboring regions. These authors found that indigenous
Near Eastern populations have elevated amounts of Basal Eurasian ancestry, which
derives from a population that diverged from other non-Africans prior to the
differentiation of Europeans from eastern Eurasians and Oceanians (Lazaridis et al.
2016). Analyses of Qatari genomes have indicated that the Qatari Bedouins (a
southeastern Arabian population) are phylogenetically basal to all other non-Africans in
the 1000 Genomes Project dataset; however, these analyses do not compare the Qatari
genomes to other Near Eastern genomes (Rodriguez-Flores et al. 2016). Furthermore,
similar analyses of whole genome sequences from the Simons Genome Diversity
Project (SGDP) have indicated that Levantine and southern Arabian populations are
basal non-African populations with the BedouinB and the Yemenite Jewish populations
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as the most basal (Mallick et al. 2016). However, the BedouinB are known to be of
nomadic origins and are thought to have migrated to the Levant around 700 CE from
the Arabian Peninsula (though not necessarily from southern Arabia); as a result, they
may not be properly representative of the Levant (Marx 1967; Marx 1977; Bailey 1985;
Abu-Rabia 1994; Markus et al. 2014). Additionally, the Yemenite Jews are the only
southern Arabian population in the SGDP dataset used by Mallick et al. (2016), which
limits the ability to infer if southern Arabian populations are indeed most basal. Future
studies should include whole genome analyses of both Levantine and southern Arabian
populations in order to more clearly infer the relationships of these populations to each
other and to other non-Africans.
It should be noted that analyses of primarily contemporary genetic variation can
be limited because certain demographic phenomena such as population replacements,
gene flow with now-extinct population, and loss of genetic variation due to bottlenecks
may be not be easily detected. Studies of ancient DNA have helped mitigate these
limitations in studies of population histories and ancient migrations (e.g., Lazaridis et al.
2014; Llorente et al. 2015; Lazaridis et al. 2016; Posth et al. 2016). However, given that
the oldest ancient DNA from the Levant is ~14 kya and that no Pleistocene human
fossils (modern or archaic) have been recovered from the Arabian Peninsula, the
prospects for ancient DNA analyses of early modern human populations from the
Levant or southern Arabia are extremely dim (Delagnes et al. 2013; Lazaridis et al.
2016). Thus, we believe studies of contemporary Levantine and southern Arabian
populations (such as our own) may provide the best means to make genetic inferences
about which dispersal route was used. Additionally, recent genomic analyses (e.g.,
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Tassi et al. 2015; Pagani et al. 2016; Malaspinas et al. 2016) have found that
introgression from Neanderthals and Denisovans can affect estimates of population
divergences (such as our outgroup f3 statistics), so we suggest that future studies
analyze and compare levels of archaic introgression within contemporary Levantine and
southern Arabian populations.
Archaeological data exist in the Levant but are scant in southern Arabia making it
difficult to compare archaeological evidence for an NDR vs SDR. Given the scale of the
dispersal out of Africa, it would be expected that early modern humans left behind
remains along the route taken. In the Levant, a modern human cranium has been found
in Manot Cave, Israel and has been dated to ~55 kya and Upper Paleolithic stone tools
are known from as early as 50-55 kya (Mellars 2006; Bar-Yosef and Belfer-Cohen 2013;
Bosch et al. 2015; Hershkovitz et al. 2015). However, in southern Arabia there is a
paucity of remains in part due to a lack of Pleistocene stratified localities in the region;
as a result, most available archaeological finding are undated and without context
(Delagnes et al. 2013). Additionally, the few dated sites from southern Arabia are often
thought to be made by Neanderthals (or other archaic humans) or an earlier dispersal of
modern humans (e.g., Armitage et al. 2011; Rose et al. 2011; Delagnes et al. 2012;
Oppenheimer 2012; Delagnes et al. 2013). Furthermore, it is important to note that the
coastline followed by any possible SDR migrants is now submerged due to higher sea
levels (e.g., Bailey et al. 2007; Delagnes et al. 2012; Oppenheimer 2012; Delagnes et
al. 2013). Given the lack of stratified sites from southern Arabia and the submersion of
possible coastal sites, more data are needed to compare archaeological support for
either route.
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Paleoclimate models can also be used to compare the NDR and SDR. Eriksson
et al. (2012) generated a demographic model, which used microsatellite data from 51
populations from the Human Genome Diversity Project and a global climate model for
the last 120 ka; these authors found that climatic conditions in southern Arabia were
preferable for human habitation, and thus the SDR was more likely. Timmerman and
Friedrich (2016) generated a climate-based dispersal model to test support for different
dispersal routes over the past 125,000 years. While they found opportunities for multiple
dispersals during different glacial periods based on the climate models, when they
accounted for existing genetic data, they found an SDR dispersal around 59-47 kya to
be most likely (Timmermann and Friedrich 2016). They also noted that climatic
fluctuations in the Levant would have limited the ability of early modern humans to settle
in the area (Timmermann and Friedrich 2016). Furthermore, these climatic results from
the Levant would also contradict any suggestions that both the NDR and SDR could
have both been used (nearly) contemporaneously. From these studies, it appears that
the climate-based models slightly favor the SDR; however, as we do not completely
understand the technological and behavioral capabilities of early modern humans in
dealing with harsh or variable climates, more work is needed to support or reject either
route on the basis of climate models.
Overall, the evidence points towards non-Africans deriving primarily from one
dispersal out of Africa ~50-75 kya. Based solely on our analyses of outgroup f3 statistics
from populations along each hypothesized route, we cannot distinguish between use of
the NDR or SDR. Consideration of genetic, archaeological, and paleoclimate data
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provide a slight edge for the SDR but, ultimately, more data are needed to definitively
identify which route was used.
Summary
We provide a test of dispersal of modern humans out of Africa along the NDR or
SDR based a dataset of >550,000 SNPs in 169 human populations. We test the
relatedness of populations living along the NDR (i.e., the Levant and NEA) and along
the SDR (i.e., southern Arabian and HOA). We find that neither Levantine nor southern
Arabian populations are more closely related to African populations living near the
starting points of the NDR and SDR nor to other non-African populations from around
the world, thus providing no support for the use of one route over the other. We
speculate that these similarities reflect long-term gene flow between Levantine and
southern Arabian populations. As it is believed that non-African genetic variation derived
primarily from a single ancient dispersal out of Africa, only one route could have been
used and consideration of all available data provide a slight preference for the SDR.
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Figure 3-1. Map showing the tested populations along the NDR and SDR. NDR and
SDR populations are depicted in green and blue ovals, respectively. NDR
populations include Levantine populations in light green and the Northeast
African population in dark green. SDR populations include southern Arabian
populations in light blue and Horn of Africa populations in dark blue. The
Dinka, who serve as a control population not on either dispersal route, are
colored in black. The map was generated using using R v. 3.3.2 with the
ggmap package (Kahle and Wickham 2013; R Core Team 2016). The latitude
and longitude coordinates were provided by Lazaridis et al. (2014) and
GeoNames (http://www.geonames.org/).
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Figure 3-2. Ancestry proportions for 101 African and non-African populations.
ADMIXTURE results are depicted for K=2 through K=20. Populations are
organized by geographic region, and the Levantine and southern Arabian
populations are specifically labeled (smaller font). Each colored segment
represents the proportion of the corresponding inferred ancestral component
(IAC) in the labeled population.
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Figure 3-3. Ancestry proportions for 101 African and non-African populations.
ADMIXTURE results are depicted for K=9. Populations are organized by
geographic region, and the Levantine and southern Arabian populations are
specifically labeled (smaller font). Each colored segment represents the
proportion of the corresponding inferred ancestral component (IAC) in the
labeled population. The Arabian IAC is represented by teal, Caucasian IAC by
peach, European IAC by lilac, East African IAC by dark green, West African
IAC by bright green, South African IAC by brown, Hadza IAC by yellow, South
Asian IAC by maroon, and Onge IAC by orange.
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Figure 3-4. Ancestry proportions for 90 Yemeni individuals (K=9). Individuals are
ordered by population (Yemen Highlands, Yemen Northwest, and Yemen
Desert) and governate. Each colored segment represents the proportion of
the corresponding inferred ancestral component (IAC) in the labeled
individual. The Arabian IAC is represented by teal, Caucasian IAC by peach,
European IAC by lilac, East African IAC by dark green, West African IAC by
bright green, South African IAC by brown, Hadza IAC by yellow, South Asian
IAC by maroon, and Onge IAC by orange.
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Figure 3-5. Ancestry proportions for all Levantine and southern Arabian individuals
(K=9). Individuals are ordered by region (southern Arabia and Levant) and
population. Each bar represents the ancestry for a single individual, and the
proportion of the bar made up by a single color represents the ancestry
proportion of the corresponding IAC. The Arabian IAC is represented by teal,
Caucasian IAC by peach, European IAC by lilac, East African IAC by dark
green, West African IAC by bright green, South African IAC by brown, Hadza
IAC by yellow, South Asian IAC by maroon, and Onge IAC by orange.
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Figure 3-6. Pairwise outgroup f3 statistics estimating shared genetic between all pairs of
African NDR/SDR populations and Levantine or southern Arabian
populations. Plot of pairwise outgroup f 3 statistics in the form f3(Mbuti; X, Y)
where X is an individual African population (Egyptians, Oromo, Dinka and
Mota man, indicated on the graph) representing the starting point of the NDR
and SDR and Y is an individual Levantine and southern Arabian population
(listed to the right of the graph) representing the end point of the NDR and
SDR, respectively. Specifically, Egyptians and Levantine populations
represent the NDR and the Oromo, Mota man and southern Arabian
populations represent the SDR. The Dinka are a control that does not fall on
either route. Each point depicts the f3 statistic for a single African population
relative to a single Levantine population (on the X axis) and a single southern
Arabian population (on the Y axis). Each point is shape-coded by Levantine
population and color-coded by southern Arabian population. A point near the
Y=X line indicates that the tested African population is equally close to the
indicated Levantine and southern Arabian populations. Error bars for each
axis indicate ± 1 standard error.
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Figure 3-7. Pairwise outgroup f3 statistics estimating shared genetic between all pairs of
non-African populations and Levantine or southern Arabian populations. Plot
of pairwise outgroup f3 statistics in the form f3(Mbuti; X, Y) where X represents
124 non-African populations from around the world (Object 3-1) and Y
represents individual Levantine and southern Arabian populations (listed to
the right of the graph). Each point depicts the f 3 statistic for a single nonAfrican population relative to a single Levantine population (on the X axis)
and a single southern Arabian population (on the Y axis). Each point is
shape-coded by Levantine population and color-coded based by southern
Arabian population. A point near the Y=X line indicates that that the tested
non-African population is equally close to the indicated Levantine and
southern Arabian populations.
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Figure 3-8. Pairwise outgroup f3 statistics estimating shared genetic between all pairs of
other non-African populations and Levantine populations or the Mahra10
population. Plot of pairwise outgroup f 3 statistics in the form f3(Mbuti; X, Y)
where X represents 124 other non-African populations from around the world
(Object 3-1) and Y represents individual Levantine populations and the
Mahra10 population. Values comparing these non-African and Levantine
populations are shown on the X axis, while values comparing these nonAfrican populations and the Mahra10 population are shown on the Y axis.
Each point is shape-coded by Levantine population. A point near the Y=X line
indicates that that the other non-African population is equally close to the
indicated Levantine and southern Arabian populations.
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Table 3-1. Cross Validation (CV) values for all ADMIXTURE replicate analyses
K

Rep 1

Rep 2

Rep 3

Rep 4

Rep 5

Rep 6

Rep 7

Rep 8

Rep 9

Rep 10

Median CV

Minimum CV

K=2

0.37114

0.37115

0.37115

0.37115

0.37115

0.37115

0.37115

0.37114

0.37115

0.37114

0.37115

0.37114

K=3

0.36844

0.36843

0.36845

0.36843

0.36843

0.36845

0.36843

0.36844

0.36844

0.36844

0.36844

0.36843

K=4

0.36687

0.36690

0.36689

0.36689

0.36699

0.36688

0.36698

0.36698

0.36702

0.36698

0.36694

0.36687

K=5

0.36544

0.36546

0.36640

0.36644

0.36639

0.36547

0.36546

0.36545

0.36642

0.36543

0.36547

0.36543

K=6

0.36486

0.36484

0.36486

0.36469

0.36471

0.36485

0.36482

0.36470

0.36486

0.36483

0.36484

0.36469

K=7

0.36406

0.36404

0.36405

0.36403

0.36404

0.36404

0.36405

0.36402

0.36405

0.36402

0.36404

0.36402

K=8

0.36392

0.36395

0.36390

0.36393

0.36392

0.36389

0.36391

0.36394

0.36392

0.36394

0.36392

0.36389

K=9

0.36383

0.36388

0.36426

0.36386

0.36390

0.36392

0.36387

0.36385

0.36388

0.36384

0.36388

0.36383

K=10

0.36415

0.36412

0.36418

0.36417

0.36407

0.36410

0.36420

0.36410

0.36422

0.36411

0.36414

0.36407

K=11

0.36444

0.36450

0.36445

0.36464

0.36462

0.36448

0.36442

0.36446

0.36437

0.36447

0.36447

0.36437

K=12

0.36476

0.36466

0.36483

0.36469

0.36497

0.36484

0.36476

0.36468

0.36467

0.36471

0.36474

0.36466

K=13

0.36520

0.36508

0.36507

0.36512

0.36523

0.36511

0.36532

0.36520

0.36509

0.36521

0.36516

0.36507

K=14

0.36560

0.36558

0.36559

0.36595

0.36565

0.36563

0.36558

0.36587

0.36555

0.36562

0.36561

0.36555

K=15

0.36676

0.36590

0.36590

0.36590

0.36585

0.36587

0.36603

0.36619

0.36582

0.36588

0.36590

0.36582

K=16

0.36633

0.36630

0.36671

0.36677

0.36710

0.36638

0.36631

0.36633

0.36680

0.36672

0.36655

0.36630

K=17

0.36709

0.36701

0.36675

0.36700

0.36679

0.36713

0.36704

0.36676

0.36708

0.36752

0.36703

0.36675

K=18

0.36867

0.36760

0.36838

0.36796

0.36786

0.36827

0.36729

0.36850

0.36729

0.36734

0.36791

0.36729

K=19

0.36803

0.36859

0.36873

0.36853

0.36820

0.36851

0.36850

0.36839

0.36815

0.36804

0.36845

0.36803

K=20

0.36910

0.36948

0.36920

0.36912

0.36859

0.36949

0.36922

0.36954

0.36944

0.36911

0.36921

0.36859

88

Table 3-2. Pairwise FST values for inferred ancestral components from ADMIXTURE (K=9)
South Asian West African Hadza Onge

Arabian Caucasian European East African

South Asian
West African

0.126

Hadza

0.171

0.105

Onge

0.148

0.210

0.256

Arabian

0.050

0.125

0.170 0.176

Caucasian

0.035

0.133

0.177 0.170

0.028

European

0.041

0.139

0.183 0.173

0.033

0.020

East African

0.113

0.037

0.102 0.201

0.112

0.118

0.125

South African

0.182

0.088

0.135 0.258

0.183

0.189

0.194

0.097

Object 3-1. List of samples with region and population identifiers, analyses performed, and sources
Object 3-2. Values of f3 statistics estimating shared drift between Levantine and southern Arabian populations with African
populations living near the starting points of the NDR and SDR (i.e., NEA and HOA, respectively)
Object 3-3. Values of f3 statistics estimating shared drift between Levantine and southern Arabian populations with 124
other non-African populations from around the world
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CHAPTER 4
ANALYSES OF NEANDERTHAL INTROGRESSION SUGGEST THAT LEVANTINE
AND SOUTHERN ARABIAN POPULATIONS HAVE A SHARED HISTORY OF
INTROGRESSION
Anatomically modern humans first evolved in Africa around 200 thousand years
ago (kya), and they later dispersed out of Africa (OOA) to people the rest of the world
(e.g., Cann et al. 1987; Stringer and Andrews 1988; Stringer 2002; White et al. 2003;
McDougall et al. 2005). Analyses of both mitochondrial and nuclear genomes suggest
that the successful OOA dispersal (i.e., the dispersal from which the overwhelming bulk
of non-African genetic diversity derives) occurred around 50-70 kya (e.g., Malaspinas et
al. 2016; Mallick et al. 2016; Mondal et al. 2016; Pagani et al. 2016; Posth et al. 2016).
Analyses of Neanderthals genomes have suggested that living people of non-African
ancestry have some low levels of Neanderthal introgression in their genomes, generally
ranging from 1.5-2.1%; this introgression has been associated with contact between
early modern humans and Neanderthals following the OOA dispersal (Green et al.
2010; Prüfer et al. 2014). Introgression has been dated to around 50-60 kya, which is
remarkably consistent with the timing of the OOA dispersal (Sankararaman et al. 2012;
Seguin-Orlando et al. 2014; Fu et al. 2014). Given the consistence of the dating of the
OOA dispersal and Neanderthal introgression as well as that introgression is present in
all non-Africans, it has been proposed that the introgression event occurred very soon
after the OOA dispersal and thus most likely somewhere in the Near East (e.g., Green
et al. 2010; Currat and Excoffier 2011; Alves et al. 2012; Wall et al. 2013; Prüfer et al.
2014; Lazaridis et al. 2016).
It is also known that populations from different regions of the world have different
levels of introgression, with East Asians being particularly known for having the most
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introgression (e.g., Wall et al. 2013; Sankararaman et al. 2014; Vernot et al. 2016).
There have been different hypotheses as to how these differences in levels came about.
It is thought that introgression was around 10% within the first few generations after
interbreeding, and over time introgression dropped to the current 1.5-2.1% (Prüfer et al.
2014; Harris and Nielsen 2016). Gradually over time natural selection removed
deleterious Neanderthal alleles from the gene pool, while genetic drift could have
randomly altered Neanderthal allele frequencies and in certain cases weaken the
effects of natural selection (Sankararaman et al. 2014). Thus, Sankararaman et al.
(2014) argued that differences in selection and drift resulted in East Asians retaining
higher levels of introgression. However, based on simulations analyses of whole
genome sequence and genome-wide SNP data, Vernot and Akey (2014, 2015) and Kim
and Lohmueller (2015) argued that differences in levels of introgression could not be
realistically attributed to differences in selection and drift could not be explained by one
introgression event in the Near East; these authors thus instead argued that differences
in levels of introgression are due to due to multiple pulses (i.e., brief periods where a
substantial number of interbreeding events occurred). They also presented an alternate
model that differences in levels of introgression could be due to dilution events (i.e., the
mixture of introgressed and un-introgressed populations resulting in populations with
proportionally reduced levels of introgression) (Vernot and Akey 2014; Vernot and Akey
2015; Kim and Lohmueller 2015).
Additional genomic data from Oceania and the Near East have also complicated
these two-pulse models. Based on comparisons of whole genome sequences, it has
been found that Oceanian populations have less Neanderthal introgression than
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Europeans, South Asians, and East Asians (Malaspinas et al. 2016; Vernot et al. 2016).
Additionally, Near Eastern populations also have less Neanderthal introgression than
other Eurasians (Rodriguez-Flores et al. 2016; Lazaridis et al. 2016). Given these data,
Vernot et al. (2016) have argued that three or more pulses are needed to explain the
differences in introgression between different regions; alternatively, Lazaridis et al.
(2016) have argued that only pulse is necessary as the differences in levels of
introgression can be explained by different levels of dilution by a non-introgressed
populations (known as “Basal Eurasians”). These two models are two of the most
current interpretations of the history of Neanderthal introgression; however, given that
these models so strongly differ on the number of pulses and dilutions, it is clear that
much about where and how many times introgression occurred is still largely unknown.
As noted above, models of Neanderthal introgression hypothesize that
introgression first occurred in the Near East (Green et al. 2010; Currat and Excoffier
2011; Alves et al. 2012; Wall et al. 2013; Prüfer et al. 2014; Lazaridis et al. 2016). Thus,
studies of introgression should focus on populations from the Near East to better
understand the origin of introgression. Two particular regions of interest are the Levant
and southern Arabia. As noted in Chapters 2 and 3, the Levant and southern Arabia are
respectively the ground-zero regions of the Northern Dispersal Route (NDR) and the
Southern Dispersal Route (SDR) for the OOA dispersal (Vyas et al. 2016; Vyas et al. in
review). Thus, given that introgression is thought to have occurred very soon after the
OOA dispersal, it is a good assumption that introgression occurred within either the
Levant or southern Arabia (Sankararaman et al. 2012; Seguin-Orlando et al. 2014; Fu et
al. 2014).
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While Neanderthals are primarily known from Europe, they also lived in other
parts of the Near East (reviewed by Klein 2003; Krause et al. 2007; Jurmain et al.
2013). Some of earliest known Neanderthals outside of Europe were found in Tabun
Cave in what is now Israel and date back to around 100 kya (Jurmain et al. 2013). They
are also known from Mezmaiskaya in the Caucasus around 40 kya and as far east as
the Altai Mountains of Siberia >50 kya (Golovanova et al. 1999; Pinhasi et al. 2011;
Prüfer et al. 2014). Around the time of the OOA dispersal, Neanderthals are welldocumented in the Levant, as Neanderthal fossils have been recovered from sites such
as Amud and Kebara in what is Israel, which date to around 50-70 kya and 48-60 kya,
respectively (Valladas et al. 1987; Valladas et al. 1999). An early modern human
calvaria was recovered from Manot Cave (also in what is now Israel) dating to around
55 kya, which suggests that modern humans and Neanderthals overlapped in the
Levant (providing an opportunity for introgression to occur) (Hershkovitz et al. 2015).
However, it is not as clear whether Neanderthals were present in the Arabian
Peninsula. Due to lack of stratified sediments and other taphonomic biases, there have
not been any Pleistocene human fossils (both modern or archaic) found anywhere in the
Arabian Peninsula; however, there have been many sites where stone artifacts have
been recovered (Delagnes et al. 2013). In the Nefud Desert (in what is now Saudi
Arabia) at the northern extents of the Arabian Peninsula, there are multiple sites with
Mode 3 (i.e., Middle Stone Age or Middle Paleolithic) stone artifacts, which were dated
from 120 to 75 kya using OSL (Optically Stimulated Luminescence) methodologies;
notably, these sites are suspected to have been made by either Neanderthals or
anatomically modern humans from an earlier OOA dispersal (Petraglia et al. 2011;
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Scerri et al. 2014; Scerri et al. 2015). There also have been a variety of Mode 3 sites
ranging from around 120 to 55 kya (also based on OSL dating) from sites in what are
now the United Arab Emirates, Oman, and Yemen; similar to the northern Arabian sites,
it is unknown if these tools were made by Neanderthals or anatomically modern humans
from an earlier OOA dispersal (Armitage et al. 2011; Rose et al. 2011; Delagnes et al.
2012; Oppenheimer 2012; Delagnes et al. 2013). The sites from Jebel Faya (what is
now the United Arab Emirates) and Dhofar (what is now Oman) are older than the
successful OOA dispersal and dated to around 120 kya and 106 kya, respectively
(Armitage et al. 2011; Rose et al. 2011). On the other hand, the most recent of these
sites are from Wadi Surdud in what is now Yemen and has been dated to around 55
kya, which is consistent with the dating of introgression and the successful OOA
dispersal (Delagnes et al. 2012). Delagnes et al. (2012) have argued on technological
grounds that these tools could not have been made by modern humans from the
successful OOA dispersal and have hypothesized that these tools could have been
made by Neanderthals. Given these archaeological findings, the idea that introgression
first occurred in southern Arabia remains a valid hypothesis.
Analyses of Neanderthal introgression in the Levant and southern Arabia can be
used to make inferences about where introgression first occurred as well as to test how
introgression may have spread from/between the Levant and southern Arabia.
Additionally, as introgression is a relatively old event (in the context of OOA), analyses
of Neanderthal introgression can also be used to investigate other events that have
occurred since the initial introgression events. In Chapters 2 and 3, I found that
Levantine and southern Arabia populations are closely related and have had gene flow
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with one another and neighboring geographic regions (Vyas et al. 2016; Vyas et al. in
review). Studying the variation of Neanderthal introgression can also provide another
lens to investigate gene flow between the Levantine and southern Arabia populations.
In this study, I compare levels of Neanderthal introgression in populations from
the Levant and southern Arabia in order to investigate the first Neanderthal
introgression event and to better understand human evolutionary history in the Near
East since the time of Neanderthal introgression. I conduct these analyses using
genotyping data for >400,000 single nucleotide polymorphisms (SNPs) from two
Neanderthal genomes, Levantine and southern Arabian populations, and comparative
populations from around the world; I use up-to-date statistics to studying the level of
Neanderthal introgression in order to compare all of these of populations. I calculate f 4
ratios, which provide estimated proportions of Neanderthal introgression in tested
population. In order to test if populations have statistically different levels of
introgression, I calculate D statistics to test if Levantine and southern Arabian
populations have significantly different amounts of introgression from populations from
other regions of the world as well as to test if Levantine and southern Arabian
populations differ from each other. In the second stage of this project, I identify 1,581
putative Neanderthal-introgressed SNPs in my dataset. From these 1,581 SNPs, I
compare the frequencies of the Neanderthal allele in the Levant and southern Arabia
and other regions of the world to determine if introgression is spread similarly or
differently throughout the genome. Based on levels of Neanderthal introgression and
the distribution of introgression throughout the genome, I make inferences about where
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the first introgression events occurred and how introgression spread throughout the
Levant and southern Arabia.
Materials and Methods
Datasets Analyzed
In this study, I compared Neanderthal introgression in the Levant and southern
Arabia to each other and to other regions of the world. I constructed a dataset using
existing SNP genotyping data from the Affymetrix Human Origins array (Patterson et al.
2012). I analyzed genotyping data from 90 Yemeni (which form three populations) and
three Eritreans generated in Chapter 3 (Vyas et al. in review) along with modern
populations from around the world from the “fully public” and “restrictive” datasets from
Lazaridis et al. (2014) generating a total modern human dataset of 2058 individuals
from 165 populations. To avoid the effects of sex-biased demographic events, I only
analyzed data from autosomal SNPs for this study. Furthermore, none of the southern
African populations from Lazaridis et al. (2014) (e.g., Ju_hoan_North, Khomani, and
BantuSA) were included in this study because ascertainment biases from the Affymetrix
Human Origins array’s Denisova-San panel of SNPs confound the f4 and D statistics,
which I used. Data from the Altai Neanderthal, Vindija Neanderthal, and Denisovan
genomes were also obtained from the “fully public” dataset from Lazaridis et al. (2014)
(Green et al. 2010; Reich et al. 2010; Meyer et al. 2012; Prüfer et al. 2014). Data from
Lazaridis et al. (2014) were converted to Plink format using EIGENSOFT and then
merged with the data from the Vyas et al. (in review) using Plink v1.07 (Patterson et al.
2006; Price et al. 2006; Purcell et al. 2007). This dataset had overlapping data for
462,712 SNPs, which were used for f4 ratio calculations.
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For D statistic calculation and identification of putative Neanderthal-introgressed
SNPs, I needed data for the inferred Human-Chimp ancestral alleles. I extracted these
ancestral alleles from the 1000 Genomes Project VCF files using bcftools; output was
filtered and then converted to Plink format using Python scripts (Li 2011; The 1000
Genomes Project Consortium 2015). High confidence ancestral allele data were
recovered for 419,102 of the 462,712 SNPs. These 419,102 SNPs were used for D
statistic calculations and filtration and identification of putative Neanderthal-introgressed
SNPs.
Throughout this study, the BedouinA, BedouinB, Druze, Jordanian, Lebanese,
Palestinian, and Syrian populations were considered as representative Levantine
populations, and the Saudi, Yemen Desert, Yemen Highlands, Yemen Northwest, and
Yemenite Jewish populations were considered as representative southern Arabian
populations; a map of these populations is depicted in Figure 4-1. All samples used in
this study are listed in Object 4-1 along with their population and geographic region
identifiers and the analyses they were used in. Populations were grouped into regions
based on geography (e.g., Oceania, Siberia, West Africa), and some regions were also
grouped into larger regions (e.g., eastern Europe, western Europe, northern Europe,
and southern Europe were grouped into Europe); groupings were assigned based on
groupings from Vyas et al. (in review), which were derived from groupings from
Lazaridis et al. (2014). Additionally, in many analyses, populations were pooled into
based on regions or larger regions (e.g., Europe, South Asia, Oceania) in order to
provider clearer comparisons between different parts of the world; these pooled
populations are listed in Object 4-1 along with the samples that make them up.
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Calculation of f4 and D Statistics
I used the software package Admixtools to calculate f 4 ratios and D statistics to
estimate Neanderthal introgression (Patterson et al. 2012). In order to estimate
proportions of Neanderthal introgression, I calculated f4 ratios of the form of f4(Altai
Neanderthal, Denisovan; X, Mbuti)/ f4(Altai Neanderthal, Denisovan; Vindija
Neanderthal, Mbuti), which estimate the excess frequency at which X (i.e. a test
population) shares alleles with the Altai Neanderthal relative to the frequency at which
the non-admixed Mbuti share alleles with the Altai Neanderthal (Patterson et al. 2012;
Prüfer et al. 2014). The value of this ratio is the estimated proportion of introgression
into population X. In addition to testing individual populations, ratios were also
calculated for the regionally-defined pooled populations due to the fact that there is
variability in levels of Neanderthal introgression within geographic regions (e.g., not all
East Asian populations have similarly elevated levels of introgression) (Vernot et al.
2016). By comparing proportions of Neanderthal introgression in the Levantine and
southern Arabian populations to the pooled populations, cleaner, more generalizable
comparisons that summarize regional variations can be made. The f 4 ratio values for the
Levantine and southern Arabia populations were then compared to each other and to
values for other individual and pooled populations in the dataset.
Due to the large standard errors associated with f 4 ratios, D statistics of the form
of D(Ancestral, Altai Neanderthal; Y, X) were also used to compare the amounts of
Neanderthal introgression in populations X and Y (Green et al. 2010; Prüfer et al. 2014).
Unlike f4 ratios, D statistics provide a direct comparison of the level of introgression
between populations X and Y to test if there is a difference; mathematically, these D
statistics compare the number of derived SNPs shared between the Altai Neanderthal
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and population X to the number of derived alleles shared between the Altai Neanderthal
and population Y (Green et al. 2010; Durand et al. 2011; Patterson et al. 2012). I
calculated D statistics of this form to compare the amounts of introgression in the
Levantine and southern Arabian pooled populations (Y) to other pooled populations (X)
in the dataset to test for differences in levels of introgression; for example, D(Ancestral,
Altai Neanderthal; Levant, Europe) compared levels of introgression in the Levant and
Europe, while D(Ancestral, Altai Neanderthal; southern Arabia, Horn of Africa)
compared levels of introgression in southern Arabia and the Horn of Africa. D statistics
of this form were also calculated for all 66 combinations of pairs of Levantine and
southern Arabian populations in order to compare levels of Neanderthal introgression
between each pair of Levantine and southern Arabian populations [e.g., D(Ancestral,
Altai Neanderthal; Druze, Palestinian), D(Ancestral, Altai Neanderthal; Druze, Yemen
Desert), D(Ancestral, Altai Neanderthal; Saudi, Yemen Desert)].
The standard error of a D statistic follows an approximately normal distribution
(Durand et al. 2011). Thus for this study, I used a cut-off of |Z| > 2 to determine whether
a D statistic was significant or non-significant as this corresponded to an approximately
95% confidence interval. If Z < -2, the D statistic was significantly negative and
Population X had less introgression than Population Y. Alternatively, if Z > 2, the D
statistic was significantly positive and Population X had more introgression than
Population Y.
It is important to point out that Oceanian populations (i.e., Australian,
Bougainville, and Papuan) were excluded from all f 4 and D statistic calculations
described above due to their significant Denisovan introgression (Reich et al. 2011).
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The f4 ratio used above [f4(Altai Neanderthal, Denisovan; Oceanian, Mbuti)/ f4(Altai
Neanderthal, Denisovan; Vindija Neanderthal, Mbuti)] would be confounded by the
significant amounts of Denisovan introgression found in these populations, which would
make it appear as if they have minimal or no archaic introgression. Additionally, D
statistics would exaggerate the amount of Neanderthal introgression found in these
populations due to the similarity of Neanderthal and Denisovan introgression. To
confirm that other populations did not have significant Denisovan introgression, I
calculated D statistics of the form of D(Ancestral, Denisovan; Mbuti, X) where X
represents each of the populations in the dataset (Reich et al. 2010; Meyer et al. 2012).
These statistics tested for the presence of Denisovan introgression; values that were
significantly positive (Z > 2) would indicate that Denisovan introgression was present.
Identification of Neanderthal-Introgressed SNPs
All previously published analyses that compare the distribution of Neanderthal
introgression in the genome were done using data from whole genome sequences and
infer introgressed Neanderthal haplotypes (e.g., Vernot and Akey 2014; Sankararaman
et al. 2014; Vernot et al. 2016; Sankararaman et al. 2016). As I did not have access to
whole genome sequence data, I needed to create a novel method to compare how
Neanderthal introgression is distributed throughout Levant and southern Arabian
genomes. Using the existing SNP genotyping data from the Affymetrix Human Origins
array, I designed a protocol to identify introgressed SNPs from the SNPs that were
already in this dataset. Using maps of putative Neanderthal haplotypes from Vernot and
Akey (2014) or Vernot et al. (2016), I filtered down the 419,102 SNPs (where I have
genotyping data for both Neanderthal genomes and the inferred Human-Chimp
ancestral alleles) down to only SNPs occurring on the introgressed haplotypes. Filtration
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was run in parallel based on both haplotypes maps. In order to filter out SNPs that were
polymorphic within the Neanderthals (and thus remove any ambiguity of which allele is
representative of Neanderthals), I only included sites where both the Altai Neanderthal
and Vindija Neanderthal genomes were homozygous for the same allele. Next, in order
to only retain SNPs where Neanderthals have the derived allele, SNPs where the
Neanderthal allele matched the ancestral allele (i.e., the allele of the common ancestor
of modern humans and common chimpanzees) were further filtered out. A total of
18,082 SNPs from the Vernot and Akey (2014) map and 11,192 SNPs from the Vernot
et al. (2016) map remained.
Finally, to confirm that a SNP was due to Neanderthal introgression and not due
an ancient polymorphism shared between Neanderthals and modern humans, SNPs
were removed if the Neanderthal alleles were present in sub-Saharan African
populations (since Neanderthal introgression is not thought to have occurred in Africa).
Since many sub-Saharan African populations have low levels of Neanderthal
introgression due to admixture from back-migrations and gene flow with Eurasia, I only
filtered using African populations that were non-admixed per the ADMIXTURE results
from Vyas et al. (in review) (i.e., BantuKenya, Biaka, Dinka, Esan, Hadza, Luhya, Luo,
Mende, Mbuti, and Yoruba) (e.g., Pagani et al. 2012; Wang et al. 2013; Hodgson et al.
2014; Llorente et al. 2015; Pagani et al. 2015). These ten sub-Saharan African
populations have a total of 167 genotyped individuals and all of the SNPs with a nonzero frequency in this set of individuals were removed (i.e., if even one of these
individuals had one allele matching the Neanderthal, the SNP was removed). Ultimately,
I retained 1,388 SNPs from the Vernot and Akey (2014) map and 627 SNPs from the
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Vernot et al. (2016) map, which totaled 1,581 putative Neanderthal-introgressed SNPs.
The program ANNOVAR was used to identify the types of genomic regions in which the
SNPs occurred (e.g., introns, exons, intergenic regions, UTRs) (Wang et al. 2010).
ANNOVAR was run on these 1,581 SNPs as well as the 419,102 SNPs from which they
were filtered (to provide a comparison).
I calculated the frequencies of the Neanderthal alleles in eight of the pooled
populations (specifically, the Levant, southern Arabia, the Caucasus, East Asia, Europe,
Siberia, Oceania, and South Asia). Furthermore, I conducted an association test to test
if the Neanderthal allele frequencies significantly differed between the Levant or
southern Arabia.
Introgressed SNP filtration, allele frequency calculations, and the frequency
association test described above were all completed using Plink v1.90b3.39
(https://www.cog-genomics.org/plink2) (Purcell et al. 2007). Additionally, all figures in
this Chapter were generated using R v3.3.2 and a variety of packages including
ggplot2, ggmap, and cowplot (https://github.com/wilkelab/cowplot) (Wickham 2009;
Kahle and Wickham 2013; R Core Team 2016).
Results
Neanderthal Introgression Estimates using f4 and D Statistics
Estimates of proportions of Neanderthal introgression were calculated using f 4
ratios of the form of f4(Altai Neanderthal, Denisovan; X, Mbuti)/ f4(Altai Neanderthal,
Denisovan; Vindija Neanderthal, Mbuti), where X represents the test populations.
Proportions of introgression for all individual Levantine and southern Arabian
populations and pooled populations from other regions are presented in Table 4-1 and
Figure 4-2; introgression proportion estimates for all populations in the dataset are
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presented in Object 4-2. The Levantine and southern Arabian populations cluster
closely together indicating that they have similar levels of Neanderthal introgression as
depicted in Figure 4-2.
Since f4 ratios have very large standard errors (i.e., large bars in Figure 4-2), D
statistics were used as an additional measure to compare levels of introgression in
different population and test if the differences are statistically significant. I calculated D
statistics of the form D(Ancestral, Altai Neanderthal; Y, X) to compare the Levantine and
southern Arabian populations (Y) to other populations (X). I compared the levels of
Neanderthal introgression in Levantine and southern Arabian pooled populations to all
other pooled populations (see Object 4-1), and these values are presented in Figure 4-3
and Table 4-2. In Figure 4-3, it is notable that few of the D statistics have error bars
overlapping with 0, which means that most differences are statistically significant. I find
that the Levantine and southern Arabian pooled populations have significantly more
introgression than all sub-Saharan African pooled populations (i.e., East Africa, West
Africa, and Horn of Africa) as the D statistics are significantly negative (Z < -2).
Furthermore, the Levantine and southern Arabian pooled populations have significantly
less than most other non-African pooled populations as most of the D statistics are
significantly positive (Z > 2).
I also calculated similarly formed D statistics to compare the levels of
Neanderthal introgression between individual Levantine and southern Arabian
populations. Values for all 66 combinations are presented in Table 4-3. From the 66
population combinations, 63 are found to have non-significant values (-2 < Z < 2), which
indicates that both regions have similar levels of introgression. From the three
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significant values, I find that that the Yemenite Jews have more Neanderthal ancestry
than the Yemen Highlands and the BedouinA and that the Palestinians have more
introgression than the BedouinA. Values for the 35 combinations that compare a
Levantine vs. southern Arabian population are depicted in Figure 4-4.
As the presence of Denisovan introgression can confound the previous
measures of Neanderthal introgression, all populations were tested for detectable levels
of Denisovan introgression (relative to the un-introgressed Mbuti) using D statistics of
the form D(Ancestral, Denisovan; Mbuti, X) where X is the test population; these results
are presented in Object 4-3. No populations outside of Oceania have significant
amounts of Denisovan introgression (Z > 2), which is consistent with previous findings
(Reich et al. 2011). Seven sub-Saharan African populations have significantly negative
values (Z < -2), which indicate that they had more ancestral alleles (not present in the
Denisovan) than derived alleles (shared with the Denisovans). This may be the result of
ascertainment biases from the Affymetrix Human Origin array. The Denisova-San panel
of SNPs on this array are SNPs that are ancestral in the San from southern Africa and
derived in the Denisovan; these SNPs may artificially increase the number of ancestral
sites and lower the value of these D statistics (Patterson et al. 2012).
Analysis of Neanderthal Allele Frequencies
From my dataset of 419,102 SNPs where I have data for both Neanderthal
genomes, the inferred human-chimp ancestral allele, and 2,058 modern humans from
165 populations, I identified 1,581 putative Neanderthal-introgressed SNPs. These are
SNPs where the derived allele both matches the Neanderthal allele and is not present in
non-admixed Africans, which in total strongly suggests that these SNPs originate from
Neanderthal introgression. I analyzed these SNPs to understand how they are
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distributed throughout the genome using the program ANNOVAR (Wang et al. 2010).
The introgressed SNPs are spread across all 22 autosomes and across different types
of functional regions (Table 4-4). The numbers of SNPs from different types of
functional regions are presented in Table 4-4; these numbers are also provided for the
set of 419,102 SNPs (from which the introgressed SNPs were filtered) as a comparison.
A majority of these SNPs are classified as intergenic (793/1581), which means they
means they are greater than 1000 base pairs (bp) from the nearest gene; 29 are
classified as upstream or downstream meaning they are within 1000 bp of a gene but
not within the gene body. An additional 642 are intronic (i.e., within noncoding regions
within genes). In terms of variation in protein-coding regions (exons), there are 28
SNPs, and of which only 16 are nonsynonymous (i.e., result in an amino acid
substitution). Based on the SIFT scores (which identify if an amino acid substitutions are
tolerable or deleterious), only for one of the nonsynonymous SNPs is the Neanderthal
allele deleterious (specifically, rs142330429 in the MGP gene) (Ng and Henikoff 2003;
Wang et al. 2010).
I calculated allele frequencies for the putative Neanderthal-introgressed SNPs in
eight pooled populations (the Levant, southern Arabia, the Caucasus, East Asia,
Europe, Siberia, Oceania, and South Asia). It is important to note that not all of the
Neanderthal alleles are present in every part of the world; this is to say for any given
introgressed SNP, the ancestral allele may be at 100% frequency (and thus the
Neanderthal allele at 0%) in some regions but not in others. The number of Neanderthal
alleles present in each pooled population are listed presented in Table 4-5; as many of
the Neanderthals alleles are present at very low frequencies, numbers of alleles present
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at different frequency thresholds are provided. Allele frequency variations comparing
different parts of the world are depicted in Figures 4-5 through 4-7. Figure 4-5 depicts
the Neanderthal allele frequencies in southern Arabia versus in the Levant. Figures 4-6
and 4-7 depict the Neanderthal allele frequencies in Levantine and southern Arabian
populations, respectively, versus those in the Caucasus, Europe, South Asia, East Asia,
Siberia and Oceania. The Neanderthal allele frequencies are very similar between the
Levant and southern Arabia as many of the points plot close the Y=X line, indicating
identical frequencies in both regions (Figure 4-5). Frequencies are still fairly similar
when comparing the Levant or southern Arabia to the Caucasus, Europe, and South
Asia (as points still plot close to the Y=X line); however, this is not the case when
comparing the Levant or southern Arabia to East Asia, Siberia, and Oceania where very
few points plot along the Y=X line (Figures 4-6 and 4-7).
I performed an association test to test whether any of the Neanderthal allele
frequencies are significantly different between the Levant and southern Arabia. The
association test p-values for each SNP along with the allele frequencies in the Levant
and southern Arabia and genomic information from ANNOVAR are presented in Object
4-4. Out of the 1581 SNPs, 309 are fixed for the ancestral allele (i.e., the Neanderthal
allele is absent) in both regions meaning there are no testable differences. Of the
remaining testable 1272 SNPs, only two SNPs had significant differences after
Bonferroni correction (p < 0.05/1272 = 3.93 × 10-5). These two SNPs (rs13091098 and
rs4128294) are intronic and intergenic, respectively, meaning they are non-coding
SNPs and the differences are likely due to genetic drift or gene flow as opposed to
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selection (Object 4-4). Overall, these results indicate that Neanderthal alleles have very
similar frequencies in the Levant and southern Arabia.
Discussion
In this study, I analyze Neanderthal introgression in the Levant and southern
Arabia in order to make inferences about where introgression may have first occurred
and how it may have spread throughout the Near East. Using >400,000 SNPs, I
estimate the amounts of introgression in these two regions and compare levels of
introgression within these two regions and to other parts of the world. From this dataset
of >400,000 SNPs, I identify and analyze 1,581 putative Neanderthal-introgressed
SNPs to compare how introgression is distributed throughout the genome in different
regions of the world.
Comparing Levels of Neanderthal Introgression
In order to estimate and compare levels of Neanderthal introgression in the
Levant and southern Arabia to other regions of the world, I calculated f 4 ratios to
estimate proportions of introgression in the genome and D statistics to test if levels of
introgression in two compared populations are statistically significantly different. Based
on f4 ratios, I find that proportions of introgression are very similar among the Levantine
and southern Arabian populations (Figure 4-2; Table 4-1). These findings are consistent
with previous findings that Near Eastern populations have lower levels of introgression
than other non-Africans (Lazaridis et al. 2016; Rodriguez-Flores et al. 2016).
Furthermore, the lower levels of introgression in these population cannot be attributed to
gene flow from sub-Saharan Africa as these results are also found in specific Levantine
and southern Arabian populations that I previously found to have minimal sub-Saharan
African ancestry (such as the Druze and Saudis) (Figure 4-2; Table 4-1) (Vyas et al. in
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review). However, one caveat of the f4 ratio is that values always have very large
standard errors (i.e. see the large error bars on Figure 4-2) (e.g., Sánchez-Quinto et al.
2012; Fu et al. 2014; Prüfer et al. 2014), which makes it difficult to identify statistically
significant differences. My results also consistently have very wide error bars
(regardless of how large some of the sample sizes are) (Figure 4-2; Table 4-1; Object 42).
In order to test for statistically significant differences, I calculated D statistics of
the form D(Ancestral, Altai Neanderthal; Y, X) to compare the level of Neanderthal
introgression in Levantine and southern Arabian pooled populations (Y) to other pooled
populations (X) (Table 4-2). The Levant and southern Arabia have significantly more
introgression than sub-Saharan Africans as depicted by significantly negative D
statistics in Figure 4-3. Furthermore, the Levant and southern Arabia have significantly
less introgression than most other non-Africans as depicted by the mostly significantly
positive D statistics in Figure 4-3; these findings are consistent with previous studies of
Near Eastern populations (Lazaridis et al. 2016; Rodriguez-Flores et al. 2016). The
Levantine and southern Arabian pooled populations also have very similar D statistic
values to each other for all of the compared pooled populations (Figure 4-3; Table 4-2).
One caveat is that comparisons with the East Asian, Southeast Asian, Siberian, and
New World pooled populations have very positive D statistics but wide standard errors
that make it difficult to identify statistically significant differences. These results are
consistent with the findings of Prüfer et al. (2014) that real excesses of introgression in
eastern Eurasian and Native American populations cannot be readily detected by
standard D statistics. Comparisons of individual Levantine/southern Arabian populations
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to each other indicate that these populations have statistically indistinguishable amounts
of introgression. From 66 combinations of Levantine/southern Arabian population pairs,
63 of the comparisons are non-significant (Figure 4-4; Table 4-3). Furthermore, the
three significant differences have marginally significant Z-scores (ranging from 2.08 to
2.16), and only one demonstrates a difference between the Levant and southern Arabia
(i.e., the Yemenite Jews have more introgression than the BedouinA). All of this
evidence firmly indicates that the Levant and southern Arabia do not have detectable
differences in amounts of introgression. From these findings, the question then arises of
whether this introgression is from similar or different parts of the genome in these two
regions.
Comparing Frequencies of Neanderthal Alleles
It is known that different regions of the world have different Neanderthal
haplotypes at different frequencies despite similarities in amounts or pulses of
introgression. For example, Vernot et al. (2016) found that Europeans and South Asians
have similar amounts of Neanderthal introgression from the same pulses although there
also different Neanderthal haplotypes found across these regions (Vernot et al. 2016;
Sankararaman et al. 2016). In order to test whether introgression is similarly or
differently distributed throughout Levantine and southern Arabian genomes, I generated
a protocol to identify Neanderthal-introgressed SNPs in the Affymetrix Human Origins
dataset.
I ultimately identified a set of 1,581 putative Neanderthal-introgressed SNPs,
which are spread across all 22 autosomes. They are almost exclusively noncoding with
a majority occurring in intergenic regions (50.16%) and a similar proportion occurring in
introns (40.61%) with less than 2% of the SNPs occurring in exons (Table 4-4). The
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unfiltered dataset of 419,102 SNPs also has similar proportions of noncoding SNPs
(Table 4-4). When designing the Human Origins array (from which all of these data
were generated), Patterson et al. (2012) chose SNPs without respect to functional
elements and did not emphasize genes or regions around them, which resulted in the
excess of noncoding SNPs described above. Furthermore, Patterson et al. (2012)
expressly note that the array was not designed for gene mapping. As a result, many of
the genes associated with well-understood cases of adaptive introgression (e.g.,
Mendez et al. 2012; Ding et al. 2014; Huerta-Sanchez et al. 2014; Vernot and Akey
2014) are not present in this dataset. While a small subset of these 1,581 introgressed
SNPs are associated with Neanderthal selective sweeps found by Sankararaman et al.
(2014), the SNPs are often in the flanking regions instead of the gene body (e.g., BNC2)
(Object 4-4). One notable exception is AKAP13 (i.e., a gene involved in the regulation of
immunity genes) where there are multiple introgressed SNPs within both exons and
introns and the Neanderthal alleles are all in relatively high frequencies in the Levant
and southern Arabia (38-48%) (Object 4-4) (Shibolet et al. 2007; Sankararaman et al.
2014). The presence of multiple introgressed SNPs (with high Neanderthal allele
frequencies) suggest that the Neanderthal allele around AKAP13 has been selected,
but the precise reason why it has been selected is unknown (Sankararaman et al.
2014).
While I cannot exclude the possibility that some of the 1,581 introgressed SNPs
may be influenced by hitch-hiking with un-genotyped selected SNPs, I expect that
genetic drift and gene flow are the primary forces controlling these 1,581 SNPs. This
expectation is also consistent with the fact that most of these SNPs are non-coding and
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that there is minimal Neanderthal introgression into coding regions due to Neanderthal
coding DNA generally being strongly selected against (Table 4-4) (Sankararaman et al.
2014).
To test if these 1,581 introgressed SNPs also have similar allele frequencies in
different parts of the world, I analyzed the Neanderthal allele frequencies in the Levant
and southern Arabia to six other parts of the world. The Neanderthal alleles have very
similar frequencies in the Levant and southern Arabia, which indicates that introgression
is spread similarly through the genome in these geographic regions (Figure 4-5). This is
further supported by association test results, which indicate that only two SNPs have
significant differences in allele frequencies (Object 4-4). I also find that their frequencies
in other regions also vary in relation to their geographic distances from the
Levant/southern Arabia. In regions closer to the Near East, such as the Caucasus,
Europe, and South Asia, Neanderthal frequencies remain relatively similar between
both the Levant and southern Arabia (as points cluster along the Y=X line) (Figures 46A-C, 4-7A-C). However, in more distant regions (i.e., East Asia, Siberia, and Oceania),
SNPs instead are present at very different frequencies from the Levant or southern
Arabia; for example, in East Asia, Siberia, and Oceania there are many SNPs where the
Neanderthal allele is at high frequency yet is at low (or even 0%) frequency in the
Levant and southern Arabian (Figure 4-6D-F, 4-7D-F). These results are consistent with
an isolation-by-distance pattern, whereby gene flow with neighboring regions keeps
frequencies similar and isolation from more distant regions allows frequencies to drift
independently. This supports the view that these Neanderthal allele frequencies are
largely controlled by genetic drift and gene flow.
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Inferences about the History of Introgression in the Levant and Southern Arabia
My findings suggest that Neanderthal introgression is strikingly similar and
indistinguishable between populations in the Levant and southern Arabia, both in that
the two regions have statistically indistinguishable levels of introgression and that they
have equally similar Neanderthal allele frequencies. Furthermore, consistent with
previous studies of Near Eastern populations, I also find that the Levantine and
southern Arabian populations have less introgression than most other non-Africans. In
order to make inferences about where introgression first occurred or how it spread
across the Near East, I need to interpret my overall findings within the context of
different models of introgression.
Description of introgression models
There are multiple models to explain why certain populations have more or less
Neanderthal introgression than other populations. These models can invoke pulses,
which are short periods of time where interbreeding events occur (and thus
introgression increases); alternatively, they can invoke dilution events where admixture
between introgressed and non-introgressed populations results in a population with less
introgression (Vernot and Akey 2014; Vernot and Akey 2015; Kim and Lohmueller
2015). There are two current iterations of these models, which I will refer to as the
“multiple pulses” and “dilution” models. The “multiple pulses” model was described by
Vernot et al. (2016); these authors analyze whole genome sequences from the 1000
Genomes Project as well as novel genome Oceanian genome sequences. Vernot et al.
(2016) analyzed these sequences to test if Neanderthal sequences were shared
between different regions to determine if regions have shared histories of introgression.
Vernot et al. (2016) found that Oceanians have less Neanderthal introgression that all
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other non-Africans in their dataset; furthermore, they found that Europeans, South
Asians, and East Asians share a second pulse of introgression to the exclusion of
Oceanians. Finally, consistent with previous findings, these authors found that East
Asians exclusively received a third pulse, which was not found in the other studied
regions (Vernot et al. 2016). It is also important to note that the 1000 Genomes-based
dataset that Vernot et al. (2016) analyzed only included genomes from Africa, Europe,
South Asia, East Asia, and Oceania, meaning that less introgression in the Near
Eastern populations does not factor into their model. Another important caveat for this
model is that while additional pulses in other regions can explain the lower levels of
introgression in the Near East and Oceania, the question specifically has been raised as
to whether Neanderthals were present in or near East Asia for the East Asian-exclusive
pulse to have occurred (Slatkin and Racimo 2016).
The alternative, “dilution” model was put forth by Lazaridis et al. (2016) based on
analyzes of SNP genotypes from populations sampled across the globe as well as
genomic sequence data from archaeological populations from the Levant and nearby
regions dating to ~14 to ~3.4 kya. They posited that there was single pulse from which
virtually all Neanderthal introgression is derived. Instead of invoking multiple pulses,
they argued that variations in levels of introgression can be largely attributed to different
levels of ancestry from the “Basal Eurasian” population (Lazaridis et al. 2016). The
Basal Eurasians are a population that diverged from all other non-Africans prior to the
separation of western Eurasians from eastern non-Africans (i.e., eastern Eurasians,
Native Americans, and Oceanians) and prior to Neanderthal introgression (Lazaridis et
al. 2014; Lazaridis et al. 2016). Lazaridis et al. (2016) found that the amount of Basal
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Eurasian ancestry in ancient western Eurasians is strongly negatively correlated with
Neanderthal introgression such that an individual with 100% Basal Eurasian ancestry
would have little to no introgression. Basal Eurasian ancestry is found at higher
proportions in the Near East, lower proportions in the rest of western Eurasia and South
Asia, and is absent elsewhere. Not much else is known about the Basal Eurasian
population, but it has been argued that they represent one or more populations
indigenous to the Near East that somehow avoided introgression (Rodriguez-Flores et
al. 2016; Lazaridis et al. 2016). Alternatively, Lazaridis et al. (2016) have also
speculated that Basal Eurasians may be of ancient North African origin; however, as
contemporary North Africans largely descend from a back-migration of introgressed
Eurasians and no ancient North African genomic sequence data are available, there is
no way to test this hypothesis (Henn et al. 2012; Sánchez-Quinto et al. 2012; Lazaridis
et al. 2016).
Assessment of introgression models
Of the two models, it is much simpler to contextualize my results within the
“multiple pulses” model. Within this model, Levantine and southern Arabian populations
have only one pulse of introgression. Scenarios can be constructed with early modern
humans using either the NDR or SDR and then receiving a single pulse of introgression
in the Levant or southern Arabia (respectively). The dispersing wave front would then
continue to people the rest of the world (including the remainder of the Near East) and
interbreed with Neanderthals again as Europe, South Asia, and East Asia were
peopled. The additional pulses in Europe, South Asia, and East Asia would thus explain
why Levantine and southern Arabian (and other Near Eastern) populations have less
Neanderthal introgression than most other non-Africans. Furthermore, as Levantine and
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southern Arabian populations would both have only received one pulse, it would explain
why they both have the same levels of introgression. Under this model, my results are
consistent with introgression first occurring either in the Levant along an NDR dispersal
or in southern Arabia along an SDR dispersal. It is difficult to argue in favor of
introgression occurring in one region over the other in part due to the overall similarity of
introgression in the Levant and southern Arabia.
In terms of the “dilution” model, the means by which the Levantine and southern
Arabian populations have less introgression than other non-Africans yet maintain the
same level of Neanderthal introgression as each other is far more complex. For this
scenario, I will presume that the non-introgressed Basal Eurasians are indigenous to the
Near East; there are different hypotheses to explain how introgression spread. If an
introgressed population (either from within the Near East or from elsewhere) admixed
with a Basal Eurasian population, the resulting admixed population would have diluted
introgression. If this diluted population then further admixed with non-introgressed Basal
Eurasians in other parts of the Near East, the resultant populations would have even
further diluted Neanderthal introgression. This type of serial dilution scenario (i.e.,
diluted populations becoming further diluted) is refuted my findings that the Levantine
and southern Arabian populations have the same levels of introgression as each other.
Instead, the overall similarity of introgression between Levantine and southern
Arabian populations and the presence of non-introgressed Basal Eurasian ancestry in
the Near East suggests that the history of introgression is far more complex. I
hypothesize that that contemporary Levantine and southern Arabian populations
derived from a common ancestral population, which peopled/re-peopled the Levant and

115

southern Arabia (and other parts of the Near East). The ancestral population would
have derived from a Basal Eurasian population that admixed with an introgressed
population (and thus have less introgression than other non-Africans). This ancestral
population would have spread from one region to the other (i.e., from southern Arabia to
the Levant or vice versa) and replaced any non-introgressed populations in these
regions. Significant amounts of admixture with non-introgressed populations would
create differences in Neanderthal introgression in contemporary populations, which are
not present in my results. Under this hypothesis, it would also not be clear where
introgression occurred in part due to the similar levels of introgression in contemporary
Levantine and southern Arabian populations. Additionally, an alternate hypothesis is
that non-introgressed Basal Eurasian populations and other introgressed Eurasian
populations admixed independently in both the Levant and southern Arabia (resulting in
dilution of Neanderthal introgression in both regions). I cannot refute this hypothesis;
however, it is less parsimonious, as it requires multiple admixture events between
introgressed and non-introgressed population. Furthermore, admixture proportions
would need to be similar in both the Levant and southern Arabia to account for
contemporary populations having similar levels of introgression.
Due to the overall similarity of introgression in the Levant and southern Arabia,
different models of introgression do no provide a clear answer to where introgression
first occurred. Since levels of introgression and Neanderthal allele frequencies are so
similar between the two regions, it is not possible to pin introgression to the Levant or to
southern Arabia. However, from these findings, I can make inferences about the history
of Levantine and southern Arabian populations. Given these results and the hypotheses
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that can be constructed under these two models, I hypothesize that introgression is
similar in the Levant and southern Arabia due to contemporary Levantine and southern
Arabian populations having a shared origin. While it is not clear whether the “multiple
pulses” model of the “dilution” model is a more accurate reconstruction of the history of
introgression, under either model, I would posit that contemporary Levantine and
southern Arabian populations derive from a common ancestral population. This
common ancestral population could represent a newly introgressed population from the
initial introgression event that spread from the Levant to southern Arabian or vice-versa.
Alternatively, this common ancestral population could represent a population with
diluted introgression that spread across and peopled the Near East. This hypothesis for
a common origin of the contemporary Levantine and southern Arabian populations is
also consistent with my conclusions from Chapter 3 that contemporary Levantine and
southern Arabian populations are closely related to each other (Vyas et al. in review).
My results also further indicate that gene flow must have been occurring between
the Levantine and southern Arabian populations. Regardless of the origin of
introgression in the Levant and southern Arabia or the populations of these regions are
related to each other, it would not be expected that selectively-neutral SNPs to maintain
so similar frequencies in both regions (Table 4-4; Object 4-4). Gene flow between the
Levantine and southern Arabian populations is necessary in order to explain how similar
the frequencies are. Such gene flow is also consistent previous genetic findings from
the Levant and southern Arabia (e.g., Al-Abri et al. 2012; Fernandes et al. 2012;
Fernandes et al. 2015; Vyas et al. 2016; Vyas et al. in review). The overall similarity of
Neanderthal introgression between the Levant and southern Arabia can be most
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adequately explained by contemporary Levantine and southern Arabia populations
descending from the same ancestral population with ongoing gene flow between two
regions to maintain similarities in levels of introgression and frequencies of introgressed
SNPs.
Summary
In this study, I analyzed Neanderthal introgression in Levantine and southern
Arabian populations using genotyping data from a collection of >400,000 SNPs typed in
>2000 individuals. I used f4 and D statistics to compare amounts of introgression in
different geographic regions. Next, I identified and analyzed putative Neanderthalintrogressed SNPs in order to compare how introgression is spread throughout the
genome based on frequencies of Neanderthal alleles at these SNPs. From these
analyses, I find that the Levantine and southern Arabian populations have extremely
similar levels of Neanderthal introgression. Additionally, I find that these same
population also have very similar Neanderthal allele frequencies. These results are
consistent with contemporary Levantine and southern Arabian populations deriving from
a common, introgressed ancestral population as opposed to introgression flowing from
one region to the other. Furthermore, the extreme similarity of Neanderthal allele
frequencies in both regions provides additional evidence of significant gene flow
between these two regions.
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Figure 4-1. Map showing the tested populations from the Levant and southern Arabia.
Levantine populations are labeled in red, and the southern Arabian
populations are labeled in blue. The latitude and longitude coordinates were
provided by Lazaridis et al. (2014) and GeoNames
(http://www.geonames.org/).
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Figure 4-2. Estimated proportions of Neanderthal introgression based on f 4 ratios. Plot
of f4 ratios of the form of f4(Altai Neanderthal, Denisovan; X, Mbuti)/ f4(Altai,
Denisovan; Vindija Neanderthal, Mbuti) for all individual Levantine and
southern Arabian populations and pooled populations from other regions.
Levantine populations are colored in red, southern Arabians in blue, and
pooled populations in black. Error bars represent ±1 SE.
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Figure 4-3. Comparisons of the level of Neanderthal introgression in the Levant and
southern Arabia and other regions. Plot of D statistics of the form of
D(Ancestral, Altai Neanderthal; Y, X) where X is one of twelve pooled
populations and Y is either the Levantine or southern Arabian pooled
population. All comparisons with the Levant are colored in red and with
southern Arabia in blue. Positive D statistics indicate X has more
introgression, while negative D statistics indicate Y has more introgression. D
statistics that are greater than two standard errors from 0 are considered
statistically significant. Error bars represent ±2 SE.

121

Figure 4-4. Comparisons of the level of Neanderthal introgression in individual
Levantine and southern Arabian populations. Plot of D statistics of the form of
D(Ancestral, Altai Neanderthal; Levant, southern Arabia) for all 35 possible
combinations of Levant and southern Arabian populations. Positive D
statistics indicate the southern Arabian population has more introgression,
while negative D statistics indicate the Levantine population has more
introgression. D statistics that are greater than two standard errors from 0 are
considered statistically significant. Error bars represent ±2 SE.
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Figure 4-5. Comparisons of Neanderthal allele frequencies in the Levant and southern
Arabia. Plot of Neanderthal allele frequencies in the Levant and southern
Arabia. Each point represents one of the SNPs with the Neanderthal allele
frequency in the Levant on the X-axis and its frequency in southern Arabia on
the Y-axis. A point near the Y=X line indicates that the represented SNP has
similar frequencies in the Levant and southern Arabia.
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Figure 4-6. Comparisons of Neanderthal allele frequencies in the Levant to other
regions of the world. Plot of Neanderthal allele frequencies in the Levant and
six comparative regions of the world. Each point represents one of the SNPs
with the Neanderthal allele frequency in the comparative region on the X-axis
and the frequency in the Levant on the Y-axis. A point near the Y=X line
indicates that the represented SNP has similar frequencies in the Levant and
the other region. A) the Caucasus, B) Europe, C) South Asia, D) East Asia, E)
Siberia, and F) Oceania
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Figure 4-7. Comparisons of Neanderthal allele frequencies in southern Arabia to other
regions of the world. Plot of Neanderthal allele frequencies in the southern
Arabia and six comparative regions of the world. Each point represents one of
the SNPs with the Neanderthal allele frequency in the comparative region on
the X-axis and the frequency in the Levant on the Y-axis. A point near the
Y=X line indicates that the represented SNP has similar frequencies in
southern Arabia and the other region. A) the Caucasus, B) Europe, C) South
Asia, D) East Asia, E) Siberia, and F) Oceania
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Table 4-1. Values of f4 ratios estimating proportions of Neanderthal introgression in the
Levant and southern Arabia and other regions of the world
Population X
Southeast Asia

Sample size (X) f4 ratio

Standard Error Z score

26

0.0392

4.95E-03

7.93

East Asia

217

0.0388

4.86E-03

7.97

Siberia

222

0.0384

4.66E-03

8.22

Europe

407

0.0364

4.42E-03

8.24

34

0.0364

4.48E-03

8.14

Caucasus

118

0.0362

4.32E-03

8.38

Jordanian

9

0.0359

4.34E-03

8.27

South Asia

214

0.0356

4.27E-03

8.34

NewWorld

98

0.0351

5.00E-03

7.02

8

0.0344

4.51E-03

7.63

BedouinB

19

0.0341

4.42E-03

7.72

Palestinian

38

0.0333

4.21E-03

7.92

Druze

39

0.0330

4.35E-03

7.58

Syrian

8

0.0326

4.37E-03

7.46

Yemen Northwest

29

0.0325

4.19E-03

7.74

Yemen Desert

31

0.0320

3.96E-03

8.08

Yemen Highlands

30

0.0319

4.13E-03

7.71

BedouinA

25

0.0317

4.09E-03

7.75

North Africa

84

0.0314

4.04E-03

7.76

Saudi

8

0.0312

4.39E-03

7.10

Lebanese

8

0.0305

4.45E-03

6.85

Horn of Africa

27

0.0183

3.27E-03

5.61

East Africa

92

0.0095

2.76E-03

3.45

West Africa

109

0.0050

2.81E-03

1.77

Central Asia

Yemenite Jew
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Table 4-2. D statistics comparing the level of Neanderthal introgression in the Levant
and southern Arabia to other regions
Pooled population X

Sample size (X)

Pooled-population Y

D

Standard Error

Z score

West Africa

109

Levant

-0.0270

3.14E-03

-8.60

East Africa

92

Levant

-0.0234

2.82E-03

-8.30

Horn of Africa

27

Levant

-0.0172

2.18E-03

-7.88

North Africa

84

Levant

-0.0021

1.02E-03

-2.06

South Asia

214

Levant

0.0048

1.68E-03

2.86

Caucasus

118

Levant

0.0052

1.17E-03

4.43

New World

98

Levant

0.0056

3.92E-03

1.43

Siberia

222

Levant

0.0058

3.22E-03

1.80

Europe

407

Levant

0.0062

1.28E-03

4.83

34

Levant

0.0065

2.06E-03

3.15

217

Levant

0.0067

3.58E-03

1.87

26

Levant

0.0072

3.53E-03

2.04

Central Asia
East Asia
Southeast Asia
West Africa
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Southern Arabia

-0.0265

3.06E-03

-8.67

East Africa

92

Southern Arabia

-0.0228

2.71E-03

-8.41

Horn of Africa

27

Southern Arabia

-0.0166

2.02E-03

-8.20

North Africa

84

Southern Arabia

-0.0014

1.10E-03

-1.28

South Asia

214

Southern Arabia

0.0055

1.88E-03

2.92

Caucasus

118

Southern Arabia

0.0058

1.49E-03

3.89

New World

98

Southern Arabia

0.0062

3.86E-03

1.61

Siberia

222

Southern Arabia

0.0064

3.23E-03

1.98

Europe

407

Southern Arabia

0.0068

1.57E-03

4.33

34

Southern Arabia

0.0071

2.14E-03

3.32

217

Southern Arabia

0.0073

3.55E-03

2.06

26

Southern Arabia

0.0078

3.49E-03

2.24

Central Asia
East Asia
Southeast Asia
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Table 4-3. D statistics comparing the level of Neanderthal introgression between
individual Levantine and southern Arabian populations
Population Y

Population X

BedouinA

BedouinB

BedouinA

D

Standard Error

Z score

0.0027

2.04E-03

1.32

Druze

0.0014

1.70E-03

0.82

BedouinA

Jordanian

0.0017

1.96E-03

0.87

BedouinA

Lebanese

0.0011

2.10E-03

0.52

BedouinA

Palestinian

0.0030

1.39E-03

2.16

BedouinA

Saudi

0.0028

2.09E-03

1.34

BedouinA

Syrian

0.0027

2.18E-03

1.24

BedouinA

YemenDesert

0.0007

1.56E-03

0.45

BedouinA

YemenHighlands

0.0003

1.59E-03

0.19

BedouinA

Yemenite_Jew

0.0046

2.21E-03

2.08

BedouinA

YemenNorthwest

0.0010

1.55E-03

0.64

BedouinB

Druze

-0.0013

2.02E-03

-0.65

BedouinB

Jordanian

-0.0009

2.28E-03

-0.39

BedouinB

Lebanese

-0.0016

2.66E-03

-0.60

BedouinB

Palestinian

0.0003

1.69E-03

0.18

BedouinB

Saudi

0.0001

1.79E-03

0.06

BedouinB

Syrian

0.0001

4.35E-03

0.02

BedouinB

YemenDesert

-0.0020

1.97E-03

-1.02

BedouinB

YemenHighlands

-0.0024

1.86E-03

-1.29

BedouinB

Yemenite_Jew

0.0019

2.45E-03

0.78

BedouinB

YemenNorthwest

-0.0017

1.91E-03

-0.89

Druze

Jordanian

0.0004

1.99E-03

0.20

Druze

Lebanese

-0.0002

1.96E-03

-0.10

Druze

Palestinian

0.0017

1.42E-03

1.20

Druze

Saudi

0.0015

2.05E-03

0.73

Druze

Syrian

0.0014

2.15E-03

0.65

Druze

YemenDesert

-0.0006

1.57E-03

-0.38

Druze

YemenHighlands

-0.0011

1.59E-03

-0.69

Druze

Yemenite_Jew

0.0033

2.24E-03

1.47

Druze

YemenNorthwest

-0.0003

1.50E-03

-0.20

Jordanian

Lebanese

-0.0006

2.38E-03

-0.25

Jordanian

Palestinian

0.0013

1.82E-03

0.71

Jordanian

Saudi

0.0011

2.49E-03

0.44
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Table 4-3. Continued
Population Y

Population X

D

Standard Error

Z score

Jordanian

Syrian

0.0010

2.40E-03

0.42

Jordanian

YemenDesert

-0.0010

1.85E-03

-0.54

Jordanian

YemenHighlands

-0.0015

2.03E-03

-0.74

Jordanian

Yemenite_Jew

0.0029

2.49E-03

1.17

Jordanian

YemenNorthwest

-0.0007

1.90E-03

-0.37

Lebanese

Palestinian

0.0019

2.08E-03

0.91

Lebanese

Saudi

0.0017

2.49E-03

0.68

Lebanese

Syrian

0.0016

2.59E-03

0.62

Lebanese

YemenDesert

-0.0004

2.01E-03

-0.20

Lebanese

YemenHighlands

-0.0009

2.25E-03

-0.40

Lebanese

Yemenite_Jew

0.0035

2.72E-03

1.29

Lebanese

YemenNorthwest

-0.0001

1.89E-03

-0.05

Palestinian

Saudi

-0.0002

1.87E-03

-0.11

Palestinian

Syrian

-0.0003

2.19E-03

-0.14

Palestinian

YemenDesert

-0.0023

1.47E-03

-1.56

Palestinian

YemenHighlands

-0.0027

1.43E-03

-1.89

Palestinian

Yemenite_Jew

0.0016

2.14E-03

0.75

Palestinian

YemenNorthwest

-0.0020

1.47E-03

-1.36

Saudi

Syrian

-0.0001

3.33E-03

-0.03

Saudi

YemenDesert

-0.0021

2.01E-03

-1.04

Saudi

YemenHighlands

-0.0026

2.01E-03

-1.30

Saudi

Yemenite_Jew

0.0018

2.55E-03

0.71

Saudi

YemenNorthwest

-0.0018

2.02E-03

-0.89

Syrian

YemenDesert

-0.0020

2.23E-03

-0.90

Syrian

YemenHighlands

-0.0025

2.25E-03

-1.11

Syrian

Yemenite_Jew

0.0019

2.62E-03

0.73

Syrian

YemenNorthwest

-0.0017

2.13E-03

-0.80

YemenDesert

YemenHighlands

-0.0004

1.36E-03

-0.30

YemenDesert

Yemenite_Jew

0.0039

2.16E-03

1.81

YemenDesert

YemenNorthwest

0.0003

1.32E-03

0.23

YemenHighlands

Yemenite_Jew

0.0044

2.12E-03

2.08

YemenHighlands

YemenNorthwest

0.0007

1.29E-03

0.54

Yemenite_Jew

YemenNorthwest

-0.0036

2.07E-03

-1.74
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Table 4-4. The numbers of SNPs found in different types of functional regions
Putative Neanderthal SNPs
Type of functional region

Unfiltered set of SNPs

Number of

Percentage of

Number of

Percentage of

SNPs

Total

SNPs

Total

downstream of a gene

18

1.14%

2808

0.67%

upstream of a gene

11

0.70%

2265

0.54%

—

—

85

0.02%

793

50.16%

213872

51.03%

splicing

—

—

15

0.00%

UTR3

19

1.20%

3978

0.95%

UTR5

3

0.19%

529

0.13%

—

—

3

0.00%

642

40.61%

165806

39.56%

exonic (nonsynonymous)

16

1.01%

1605

0.38%

exonic (synonymous)

12

0.76%

3173

0.76%

exonic (unknown)

—

—

41

0.01%

exonic (stop codon gained)

—

—

11

0.00%

exonic (stop codon lost)

—

—

1

0.00%

ncRNA (exonic)

6

0.38%

1610

0.38%

ncRNA (intronic)

61

3.86%

23290

5.56%

ncRNA (splicing)

—

—

10

0.00%

1581

100.00%

419102

100.00%

upstream and downstream
of genes
intergenic

UTR3 and UTR5
intronic

Total
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Table 4-5. The numbers of Neanderthal alleles present in the pooled populations
Pooled population

Number of Neanderthal alleles at frequency:
Frequency > 0 Frequency > 0.05 Frequency > 0.1

Levant

1177

438

199

Southern Arabia

1109

421

169

Caucasus

1418

624

238

Europe

1393

609

308

South Asia

1521

658

289

East Asia

1437

841

515

Siberia

1487

753

452

Oceania

1013

735

535

Object 4-1. List of samples analyzed in this study with population and regional
identifiers, associated analyses, and sources
Object 4-2. Values of f4 ratios estimating proportions of Neanderthal introgression in 161
analyzed populations
Object 4-3. D statistics testing for detectable amounts of Denisovan introgression in 164
analyzed populations
Object 4-4. Genomic information for all Neanderthal-introgressed SNPs along with allele
frequencies in the Levant and southern Arabia and association test p-values
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CHAPTER 5
CONCLUSION
For my dissertation research, I studied modern human genetic variation in
populations from the Levant and southern Arabia in order to better reconstruct human
evolutionary history in these two regions. The Levant and southern Arabia are
geographically significant regions as they are the starting points for the two
hypothesized routes for the dispersal out of Africa. Under the Northern Dispersal Route
(NDR) it is hypothesized that early modern human living in Northeast Africa crossed the
Sinai Peninsula into the Levant; however, under the Southern Dispersal Route (SDR), it
is hypothesized that populations living in the Horn of Africa crossed the Bab el-Mandeb
into southern Arabia (e.g., Mirazón Lahr and Foley 1994; Quintana-Murci et al. 1999;
Endicott et al. 2003; Metspalu et al. 2004; Macaulay et al. 2005; Thangaraj et al. 2005;
Rowold et al. 2007). For my research projects, I used three different approaches to
study the genetic variation of Levantine and southern Arabian populations in order to
better understand their relationships to each other and to populations from other parts of
the world.
In my first study, I focused on Yemen, as it is the never-studied ground-zero of
the non-African side of the SDR. I studied Yemeni mitochondrial variation to investigate
if any ancient, autochthonous lineages are present. I conducted Bayesian phylogenetic
analyses of Yemeni mitogenomes to test whether Yemeni mitochondrial diversity was
the product of more ancient or more recent migrations (Vyas et al. 2016). I generated
113 novel Yemeni mitogenomes and analyzed these sequences alongside a large
comparative dataset. I found strong evidence for recent (Holocene) gene flow into
Yemen along with evidence for mostly Holocene in situ evolution. I detected gene flow
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from different parts of western Eurasia (specifically, Europe, the Caucasus, and other
parts of the Near East) as well as from South Asia and all over sub-Saharan Africa.
While I did not find any evidence of ancient, autochthonous lineages in Yemen (which
would have been indicative of the SDR), I could not reject the possibility that any such
lineages may have not been overwritten by gene flow or genetic drift.
Based on the results from my first study suggesting that recent gene flow and
genetic drift might have erased signatures of ancient migration in Yemen and the
assumption that similar demographic events might have also occurred along the NDR, I
decided to directly compare the relationships of populations living along each route.
Thus, in my second study, I analyzed genome-wide SNP genotyping data from the
Levant and southern Arabia to test support for the NDR and SDR (Vyas et al. in review).
I generated novel SNP genotyping data from 90 Yemeni for >600,000 SNPs. I found
minor differentiation between Levantine and southern Arabian populations centering
around their proportions of the Arabian and Caucasian inferred ancestry components
(IACs). I also found that Levantine and southern Arabian populations had very similar
relationships to African populations living along each route and to all other non-African
populations. From these findings, I inferred that the Levantine and southern Arabian
populations are closely related to each other and that there has been extensive gene
flow between the regions. I ultimately concluded that genetic data do not provide
stronger support for one route over the other. However, when I included other forms of
evidence (e.g., the archaeological record, paleoclimate models), the SDR had more
overall support.
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In my third study, I analyzed Neanderthal introgression in the Levant and
southern Arabia to make inferences about where Neanderthal introgression first
occurred. I found that both the Levantine and southern Arabians had very similar levels
of introgression. Through the identification and analysis of Neanderthal-introgressed
SNPs, I found that introgression was also distributed similarly throughout the genome in
both the Levant and southern Arabia. Furthermore, I found that Neanderthal alleles
were commonly shared with neighboring regions (i.e., Europe, Caucasus, and South
Asia) but not more distant ones (i.e., East Asia, Siberia, and Oceania), which indicated
that gene flow and isolation-by-distance were influencing introgression. Based on the
overall lack of differentiation of introgression between the Levant and southern Arabia, I
concluded that contemporary Levantine and southern Arabian populations may have
both derived from a common ancestral population that settled both regions.
My results from all of these three studies suggest that there has been extensive
gene flow in the Levant and the southern Arabia. I found evidence of gene flow from
regions outside the Near East. In my mitogenomic analyses, I found gene flow coming
into Yemen from sub-Saharan Africa, the Caucasus, Europe, South Asia, and other
regions. Correspondingly, I found evidence of similar gene flow into the Levant and
southern Arabia from the same geographic regions in my ADMIXTURE analyses.
Additionally, 18 of the Yemeni that had mtDNA sequenced in my first study were
genotyped during my second study. Many of these 18 individuals’ mitogenome
sequences were identified as evidence of recent migrations from sub-Saharan Africa;
correspondingly, these individuals also had higher proportions of the East African and
West African IACs. In my third study, I also found that the Levantine and southern
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Arabian populations had similar Neanderthal allele frequencies relative to populations
from the Caucasus, Europe, and South Asia, which were three regions where I
previously detected gene flow.
However, I also found evidence of extensive gene flow between the Levant and
southern Arabia. Many of the Yemeni mitogenomes that I analyzed were closely related
to mitogenomes from the Levant as well as other parts of the Near East. Furthermore,
the fact that Levantine and southern Arabian populations bore exceedingly similar
amounts of shared genetic drift with all other non-African populations was highly
suggestive of gene flow between the two regions. This idea was also reinforced by the
extremely similar Neanderthal allele frequencies between the Levant and southern
Arabia. While originating from a shared ancestral population could explain the
similarities in levels of introgression, only gene flow between these two regions could
explain why these Neanderthal allele frequencies remained so similar.
This extensive gene flow has clouded inferences of whether early modern
humans used the NDR or the SDR. However, alternative approaches using different
types of datasets and different sets of populations could be used to determine which
route was used. While admixture and gene flow generally characterize the Levantine
and southern Arabian populations in my studies, some groups have been found to be
minimally admixed. When I studied the ancestral components present in Levantine and
southern Arabian populations, I found that many of the Yemeni from the Mahra
governate were largely non-admixed and (almost) all of their ancestry derived from the
Arabian IAC. All the sample donors from the Mahra governate reported Mehri (i.e., a
Modern South Arabian language spoken in parts of Yemen and Oman) as their primary
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language; the people of Mahra are thus linguistically isolated from the neighboring
Arabic-speaking groups (Rubin 2008; Rubin 2010). However, when Kitchen et al. (2009)
conducted a linguistic phylogenetic analysis of the Semitic languages, they found that
Mehri (and other South Semitic languages) shared a common ancestor with Arabic only
~5,400 years ago, which is inconsistent with deep isolation. Rodriguez-Flores et al.
(2016) also found similarly non-admixed individuals among their Qatari Bedouin
population. Additionally, multiple analyses (including my own) have found that the
BedouinB population, who were originally sampled by Cann et al. (2002) from Negev,
Israel, also are non-admixed (Lazaridis et al. 2016; Rodriguez-Flores et al. 2016). This
population is thought have migrated to the Levant from the Arabian Peninsula around
700 CE, but their exact origins are not known (i.e., were they from southern Arabia or
another part of the Arabian Peninsula?) (Marx 1967; Marx 1977; Bailey 1985; AbuRabia 1994; Markus et al. 2014). Interestingly, unlike the Mahra, the Qatari Bedouin and
the Negev Bedouins (i.e., BedouinB) both speak Arabic dialects and thus do not have
the same levels of linguistic isolation (Holes 2006; de Jong 2011). Further analyses of
these non-admixed groups (i.e., Mahra, Qatari Bedouins, BedouinB) are needed.
Studying the relationships of these groups to each other and other Near Eastern
populations can help reconstruct the population history of this region and in turn help
distinguish which route may have been used during the dispersal out of Africa.
Understanding the history of Near Eastern populations can also be used to
distinguish which route was used. Lazaridis et al. (2014, 2016) have argued that a Basal
Eurasian population may have once lived in the Near East. The Basal Eurasians
consisted of one or more populations that diverged from all other non-Africans prior to
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the separation of the western Eurasian from eastern non-Africans (i.e., eastern
Eurasians, Native Americans, and Oceanians) (Lazaridis et al. 2014; Lazaridis et al.
2016). There are no contemporary populations of completely Basal Eurasian ancestry,
but Basal Eurasian ancestry is found in the populations of western Eurasia and South
Asia (Lazaridis et al. 2014; Lazaridis et al. 2016). One interpretation of the Basal
Eurasians is that they were indigenous to the Near East and somehow avoided
Neanderthal introgression in contrast to all other non-Africans (Lazaridis et al. 2016).
Consistent with the idea that contemporary populations living along the dispersal routes
may have basal mitochondrial lineages (e.g., Macaulay et al. 2005; Thangaraj et al.
2005), it could be inferred that populations living at the start of the primary dispersal
route may have more Basal Eurasian ancestry. Contemporary Near Eastern populations
have ancestry deriving from both the non-introgressed Basal Eurasians and from other
non-Africans (with introgression) (Lazaridis et al. 2016; Rodriguez-Flores et al. 2016). In
Chapter 4, I studied Neanderthal introgression and thus indirectly focused on the
ancestry from introgressed sources. I ultimately argued that contemporary Levantine
and southern Arabian populations derived from a common ancestral population based
on the fact that their overall Neanderthal introgression was so similar. Future studies
should also investigate Near Eastern populations by comparing levels of Basal Eurasian
ancestry as well. It is possible to estimate what proportion of Basal Eurasian ancestry a
populations has using f4 ratios (Lazaridis et al. 2016). As Basal Eurasians diverged from
other non-Africans first, it would be valuable to know if Basal Eurasian ancestry is
higher in the Levant or southern Arabia (despite the fact that both regions have virtually
identical levels of Neanderthal introgression).
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Phylogenetic analyses of sequence data can also provide a context of who are
(in a more literal sense) the most basal Eurasians. Phylogenetic analyses of whole
genome sequence data have shown that Near Eastern populations phylogenetically
form the most basal branches of non-African genetic diversity (Mallick et al. 2016;
Rodriguez-Flores et al. 2016). Greater analyses of Near Eastern genome sequences
can help tease apart who is most basal; however, these genome sequences are
relatively limited. While Rodriguez-Flores et al. (2016) did sequence 104 Qatari
genomes, other than this dataset, there are very Near Eastern genomes. For example,
the 1000 Genomes Project dataset (which includes >2000 genomes) does not include
any data from the Near East (The 1000 Genomes Project Consortium 2015). In the
Simons Genome Diversity Project (which consists of 300 genomes from around the
world), there are eleven Levantine genomes, two southern Arabian genomes (from two
Yemenite Jews), and six genomes from other parts of the Near East (Mallick et al.
2016). The Estonian Biocentre Human Genome Diversity Panel (consisting of >400
genomes) also includes 20 Near Eastern genomes, which are primarily from the Levant
(Pagani et al. 2016). Other groups have also generated genome sequences as well
from Turkey and Kuwait (Alkan et al. 2014; John et al. 2015). A remaining issue is that
these different datasets have not been phylogenetically analyzed together; thus, while it
is generally known Near Eastern genomes are basal to other non-African genomes, it is
not known how the Near Eastern genomes compare to each other (Mallick et al. 2016;
Rodriguez-Flores et al. 2016). As genome sequencing costs continue to drop, the idea
of a ~30× coverage genome for $1000 is becoming more and more feasible (Hayden

138

2014). Thus, it is possible that the limited number of Near Eastern genomes is a shortterm issue.
Additionally, while extensive gene flow in the Levant and southern Arabia (as well
as the rest of the Near East) can interfere with phylogenetic analyses, there are
methods to account for gene flow and admixture. Software packages such as HAPMIX
and RFMix can be used on a per-individual basis to identify admixture in different
segments of the genome to different continental groups (Price et al. 2009; Maples et al.
2013). Using these types of analyses, chromosomal segments from recent gene flow
and admixture could be masked from analyses. For example, when Reich et al. (2012)
studied whether Native Americans descended from one or more dispersals into the
Americas, they masked genomic segments originating from recent admixture. Xue et al.
(2017) also used this type of analysis to separate Ashkenazi Jewish genomic data into
European and Middle Eastern segments in their study of the origins of European
Ashkenazi populations. Alternatively, the phylogenetic focus could be shifted from a
genome-wide approach to studying different nuclear loci and constructing trees of
individual nuclear haplotypes. As demonstrated in Chapter 2, phylogenetic analyses can
be conducted using mitochondrial DNA or the non-recombining portion of the Y
chromosome (reviewed by Underhill and Kivisild 2007). However, this approach can
also be applied to nuclear haplotypes. For example, Ding et al. (2014) constructed
phylogenies of nonrecombinant haplotypes surrounding the MC1R gene to identify
which haplotypes were introgressed from Neanderthals. These types of approaches can
be used to identify which non-African populations are the most basal. In these kinds of
analyses, haplotypes deriving from admixture would be easily identifiable based on
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where they cluster. If the non-admixed Levantine haplotypes are consistently more
basal that would favor the NDR. On the other hand, if the non-admixed southern
Arabian haplotypes are consistently more basal that would favor the SDR.
Studying data from Africa may also be helpful for testing the NDR and SDR.
Contemporary North African populations descend from back-migrating Eurasian
populations, and thus they are of minimal use to studies of the NDR (Henn et al. 2012;
Sánchez-Quinto et al. 2012). Populations from the Horn of Africa (so far sampled) also
share some ancestry from Eurasian back-migrations; however, none of the Horn of
Africa populations descend entirely from back-migrations and some populations have
minimal admixture (Hodgson et al. 2014; Llorente et al. 2015). As noted in Chapter 2,
Pagani et al. (2015) attempted to test support for the NDR by comparing the number of
haplotypes shared by Ethiopians and Egyptians with non-Africans. They argued that the
NDR was favored since Egyptians shared more haplotypes with non-Africans, but their
analytical methods did not properly mask the more ancient admixture in these regions
(Hodgson et al. 2014; Pagani et al. 2015; Vyas et al. 2016). Recent advances in
sequencing of ancient DNA may be helpful to study the NDR and SDR. With the shift
towards extracting ancient DNA from the petrous portion of the temporal bone, DNA is
recoverable from a wider ranges of ages and climates (Llorente et al. 2015; Pinhasi et
al. 2015). Given that no Pleistocene human fossils have been recovered from southern
Arabia (or any other part of the Arabian Peninsula) and that the oldest ancient DNAbearing sites from the Levant date back to 14 kya, ancient DNA from Northeast Africa or
the Horn of Africa could be of greater value (Delagnes et al. 2013; Lazaridis et al. 2016).
If ancient genomes can be recovered from Northeast Africa and the Horn of Africa from
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>40 kya (which would pre-date all of the known back-migrations in Africa), the
methodology employed by Pagani et al. (2015) could be used to test support for each
route (Henn et al. 2012; Hodgson et al. 2014). If non-Africans share more haplotypes
with ancient Northeast African populations, the NDR would be supported; alternatively,
if non-Africans share more haplotypes with ancient Horn of Africa populations, the SDR
would be supported.
These types of approaches to studying modern human genetic data discussed
above can be used to help further improve understandings of the dispersal out of Africa.
In total, this dissertation shows how studies of human genetic variation in the Levant
and southern Arabian can be used to enrich understandings of human evolutionary
history in the Near East. Studies of modern human genetic variation, such as the three
presented in this dissertation, can be employed to investigate population histories of
many different regions as well as to test different hypotheses of migration or dispersal.
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APPENDIX
FIGURES AND TABLES FOR CHAPTER 2c

c

These figures and tables have been published: Vyas DN, et al. 2016. Bayesian analyses of Yemeni
mitochondrial genomes suggest multiple migration events with Africa and Western Eurasia. Am J Phys
Anthropol. 159:382-393.
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Figure A-1. Results of 90 sequenced Yemeni samples depicting the number of reads that do and do not align to the rCRS.
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Figure A-2. The entire phylogeny from the Bayesian analysis is depicted. All node
numbers correspond to the numbers listed in Table A-2. The time scale and
branches greater than 150kya are compressed relative to the rest of the
phylogeny and are represented with dashed lines. All lines depicting branches
of macrohaplogroup M are colored dark green and all lines depicting
branches of macrohaplogroup N are colored dark blue. Blocks of color are
used to highlight the twelve well-represented (n≥3) subhaplogroups that are
analyzed in this study and shown in detail in Figure A-3a-d; shades of green
highlight closely related M1 groups, shades of blue highlight closely related
N1 groups, and different colors highlight the distantly-related L0 and L3(xM,N)
groups. Branch tips are colored to indicate the source of each sequence as
follows: Red = Yemeni samples from the sample set of C.J.M.; Orange =
Yemeni samples from GenBank; Blue = samples from the Horn of Africa
(defined here broadly as Djibouti, Eritrea, Ethiopia, Kenya, Somalia, and the
Sudan); Green = samples from the Near East (i.e., samples from the Arabian
Peninsula, the Levant, and Turkey); and Black = all other regions. The
depicted divergence dates of identical sequences are estimated in BEAST
and are conditional on the population size, substitution model, and molecular
clock.
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Figure A-3. Detailed phylogenies of (a) L0a’b’f, (b) L3(xM,N), (c) M1, and (d) N1 are
depicted. Subhaplogroups are colored as in Figure A-2. Height 95% HPD
bars are depicted only for nodes that are older than 6 kya and are listed in
Table A-2. Dates and posterior probabilities are provided for nodes listed in
Table A-2 (bolded) plus all nodes with ages older than 6 kya and posterior
probabilities greater than 0.75. Tips are colored as follows: Red = Yemeni
samples from the sample set of C.J.M.; Orange = Yemen samples from
GenBank; Blue = samples from the Horn of Africa (defined here broadly as
Djibouti, Eritrea, Ethiopia, Kenya, Somalia, and the Sudan); Green = samples
from the Near East (i.e., samples from the Arabian Peninsula, the Levant, and
Turkey); and Black = all other regions. The depicted divergence dates of
identical sequences are estimated in BEAST and are conditional on the
population size, substitution model, and molecular clock.
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Table A-1. Comparison of phylogenetic analyses that include additional non-M1/N1
sequences
Number of Samples

344

451

Includes additional non-M1/N1 sequences?

No

Mean Height 95% HPD width (all intervals)

1.83E+04 1.84E+04

154.61

Mean Height 95% HPD width (width <20ka)* 9.74E+03 1.11E+04

1,369.80

Mean Height 95% HPD width (width >50ka)* 8.24E+04 8.94E+04

6,988.04

Yes

Width Increase

*These rows depict mean widths for only intervals that are less than 20,000 years in width or
greater than 50,000 years in width as opposed to the mean width for all intervals.
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Table A-2. List of key nodes from the complete phylogeny. Median ages, height 95%
HPD intervals, and posterior probabilities of key nodes are listed and
numbered as they appear in Figure A-2. The twelve well-represented (n≥3)
subhaplogroups analyzed in the current study have been shaded grey, and
the quadrant of Figure A-3 in which they are depicted has been indicated.
Node

1

Modern Human-Denisovan

Median Age

95% HPD Interval

(ybp)

(ybp)

Posterior

757,358

(553,902 – 978,874)

1.00

389,303

(287,858 – 499,301)

1.00

121,547

(94,916 – 149,202)

1.00

CA
2

Modern Human-Neanderthal
CA

3

Neanderthal Common
Ancestor

4

Maternal MRCA

165,808

(124,181 – 208,432)

1.00

5

L0a'b'f

102,006

(70,768 – 135,818)

1.00

6

L0a2a2a (Figure A-3a)

12,794

(7,742 – 18,480)

1.00

7

L3

77,380

(58,369 – 97,489)

1.00

8

M

61,228

(46,292 – 79,265)

1.00

9

N

62,922

(48,309 – 79,871)

1.00

10

R

55,424

(41,996 – 70,821)

0.99

11

L3e'I'k'x

56,795

(40,395 – 73,728)

0.98

12

L3b1a1a (Figure A-3b)

6,884

(3,570 – 10,479)

0.99

13

Yemeni clade within L3b1a1a

2,045

(231 – 4,351)

1.00

7,400

(3,685 – 11,665)

1.00

(Figure A-3b)
14

L3d1a1a (Figure A-3b)

15

L3h

66,186

(48,690 – 85,323)

0.83

16

L3h2 (Figure A-3b)

17,929

(9,945 – 26,916)

1.00

17

Yemeni clade within L3h2

6,917

(2,929 – 11,690)

0.99

(Figure A-3b)
18

L3i2 (Figure A-3b)

21,600

(12,916 – 31,372)

1.00

19

L3x1 (Figure A-3b)

28,873

(18,995 – 39,538)

0.99

20

Yemeni clade within L3x1

13,693

(7,335 – 20,548)

0.82

(Figure A-3b)
21

M1

32,740

(22,953 – 43,254)

1.00

22

M1a

28,313

(19,995 – 37,636)

1.00

23

M1a1

19,940

(14,032 – 26,709)

1.00

24

M1a1b (Figure A-3c)

12,666

(8,166 – 17,434)

1.00
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Table A-2. Continued
Node

Median Age

95% HPD Interval

(ybp)

(ybp)

Posterior

25

M1a1f (Figure A-3c)

8,828

(4,403 – 13,715)

0.98

26

M1a5 (Figure A-3c)

7,106

(3,126 – 11,631)

1.00

27

Yemeni clade within M1a5

2,167

(261 – 4,613)

0.99

(Figure A-3c)
28

N1

50,733

(37,640 – 65,557)

1.00

29

N1a

45,192

(32,419 – 59,191)

0.98

30

N1a1a3 (Figure A-3d)

16,001

(10,513 – 21,895)

0.93

31

Oldest Yemeni clade within

9,346

(4,147 – 15,006)

0.92

16,697

(8,636 – 25,159)

1.00

6,410

(1,742 – 12,570)

0.85

N1a1a3 (Figure A-3d)
32

N1a3 (Figure A-3d)

33

Yemeni clade within N1a3
(Figure A-3d)

34

N1b

33,670

(22,856 – 44,931)

1.00

35

N1b1a (Figure A-3d)

17,830

(12,476 – 24,210)

1.00

36

N1b2

9,512

(3,537 – 16,729)

1.00
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Table A-3. Four types of migration and instances of inferred in situ evolution are presented by subhaplogroup. Ages of
Yemeni and Horn of Africa/southern Arabia clades are presented.
Type

1

2

3

4

Geography and Time
Period

Sub-Saharan Africa,
Holocene

Horn of Africa,
Holocene

Horn of Africa,
Pleistocene

Western Eurasia,
Holocene

Oldest Horn of Africa/southern Arabia

Oldest Yemeni clade a
Subhaplogroups
Median Age

95% Height
HPD

clade a
Posterior

Median

95% Height

Age

HPD

Posterior

L0a2a2a (Figure A-3a)b

No monophyly

L3b1a1a (Figure A-3b)

2,045

L3d1a1a (Figure A-3b)

No monophyly

L3h2 (Figure A-3b)

6,917c

L3i2 (Figure A-3b)

No monophyly

21,600

M1a1f (Figure A-3c)

No monophyly

8,828

4,403 – 13,715

0.98

M1a5 (Figure A-3c)

2,167

0.99

7,106

3,126 – 11,631

1.00

N1a1a3 (Figure A-3d)

9,346

0.92

16,001

L3x1 (Figure A-3b)

13,693

0.82

28,873

M1a1b (Figure A-3c)

No monophyly

N1a3 (Figure A-3d)

6,410

N1b1a (Figure A-3d)

No monophyly

No monophyly
231 – 4,351

1.00

No monophyly
No monophyly

2,929 –
11,690

261 – 4,613
4,147 –
15,006
7,335 –
20,548

0.99

17,929

9,945 – 26,916
12,916 –
31,372

10,513 –
21,895
18,995 –
39,538

1.00

1.00

0.93

0.99

No monophyly
1,742 –
12,570

a

0.85

No monophyly
No monophyly

This table excludes clades formed by two identical sequences as well as clades with posterior probability values less than 0.80. Presence of
monophyly suggests in situ evolution in the respective subhaplogroup, whereas lack of monophyly suggests lack of in situ evolution and recent
migration into the region.
b The Figure A-3 quadrant in which each subhaplogroup is depicted.
c The Yemeni clade found in L3h2 contains one Somali sample whose sequence is identical to a Yemeni’s.
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