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The study of DNA variation is one of the most promising avenues for learning about
the evolutionary and historical past of humans and other species. However, the difficulty
associated with obtaining DNA directly from ancient remains have for long kept genomic
studies of population history trapped in time; confined to interpreting patterns of modern-day
variation without direct historical observations. In this thesis, I outline new approaches for
the retrieval, analysis and interpretation of large-scale genomic data from ancient populations,
including solutions to overcome problems associated with limited genome coverage, modern-
day contamination, temporal differences between samples, and post-mortem DNA damage.
I integrate large-scale genomic data sets from ancient remains with modern-day variation
to trace the human past; from traits targeted by natural selection in the early ancestors of
anatomically modern humans, to their descendants' interbreeding with archaic populations in
Eurasia and the spread of agriculture in Europe and Africa. By first reconstructing the earliest
population diversification events of early modern humans using a novel large-scale genomic
data set from Khoe-San populations in southern Africa, I devise a new approach to search for
genomic patterns of selective sweeps in ancestral populations and report evidence for skeletal
development as a major target of selection during the emergence of early modern humans.
Comparing publicly available genomes from archaic humans, I further find that the distribution
of archaic human ancestry in Eurasia is more complex than previously thought. In the first direct
genomic study of population structure in prehistoric populations, I demonstrate that individuals
associated with farming- and hunter-gatherer complexes in Neolithic Scandinavia were strongly
genetically differentiated, and direct comparisons with modern-day populations as well as
other prehistoric individuals from Southern Europe suggest that this structure originated
from Northward expansion of Neolithic farming populations. Finally, I develop a bioinformatic
approach for removing modern-day contamination from large-scale ancient DNA sequencing
data, and use this method to reconstruct the complete mitochondrial genome sequence of a
Siberian Neandertal that is affected by substantial modern-day contamination.
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Introduction

As late as 3 million years ago, it is believed that all ancestors of living hu-
mans were found in the African continent. Starting ca ~2.3 million years
ago, hominin migrations out of Africa resulted in the appearance of several
population lineages in all major continents except the New World and Ant-
arctica, succeeding in adapting to a vast diversity of environments from the
frigid Siberian tundra to the lush rainforests of Southeast Asia. Over the
course of 2 million years, they evolved into biologically diverse groups such
as the ~1 meter tall Homo floresiensis (Brown et al. 2004) to the remarkably
robust Neandertals (Hublin 2009), and gracile anatomically modern humans
(Trinkaus 2005), surviving several glacial periods and other climatic turno-
ver events, and giving rise to the cultural diversity and complex societies of
the past 10,000 years. However, there is today scientific consensus that most
of these ancient human populations did not give rise to the human popula-
tions living outside of Africa today. Instead, at least 90% of the ancestry of
all modern humans today can be traced to anatomically modern human
populations living in Africa about 100,000 years ago (Meyer et al. 2012).
Modern population genetics is becoming increasingly important in the scien-
tific endeavor of reconstructing how this process unfolded, and the docu-
mentation of the history of past and living human populations.

The appearance of anatomically modern humans in
Africa

The African continent hosts a complex fossil record documenting the genus
Homo, from its appearance around 2 million years ago to the large diversity
in present day Africa (Barham& Mitchell 2008). The history and possible
species distinction of various hominin populations documented by the fossil
record is highly contentious (Stringer 2002), but frequently cited scenarios
are roughly as follows; around 2 million years ago, populations attributed to
the taxon Homo erectus left Africa to colonize Eurasia. Later, between 800
and 300 thousand years, a second migration out of Africa is likely to have
given rise to populations attributed to both non-African Homo heidelbergen-
sis, Neandertals, and the group known only from DNA information that is
designated as Denisovans (Hublin 2009; Meyer et al. 2012; Reich et al.
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2010). However, western representatives of these populations were probably
connected to populations living in Africa, and the African fossil record has
been interpreted to include taxons such as Homo ergaster, Homo habilis and
Homo heidelbergensis (Barham& Mitchell 2008). Likewise, Homo erectus
populations in Eurasia overlapped in time with Neandertals and other de-
scendants of the putative second wave, and may have contributed to some of
the ancestry of Denisovans (Krause et al. 2010b; Reich et al. 2010). Fur-
thermore, possibly as recently as 10,000 years ago another hominin popula-
tion was present on the island of Flores in Southeast Asia (Brown et al.
2004), and it has been suggested that this population could trace its ancestry
either to Homo erectus-like populations, or perhaps an even earlier, previ-
ously unaccounted for, population related to Australopithecines (Jungers et
al. 2009; Tocheri et al. 2007).

Between 300 kya and 150 kya, the first evidence of what is referred to as
anatomical modernity began to appear in Africa (Barham& Mitchell 2008;
Stringer 2002; Tattersall 2009; Trinkaus 2005; White et al. 2003) (Figure 1).
Anatomical modernity refers to fossil morphology that is largely (but allow-
ing for possible exceptions) within the range of what is observed in living
human groups (Stringer 2002; Tattersall 2009). These skeletal remains are
found both in eastern and southern Africa, and their absence from other parts
of Africa could be attributed to less intense excavations or poor preservation
conditions. Thus the geographical point of origin of these anatomical fea-
tures in Africa is not known, but they markedly predate any such evidence
from outside of Africa. Instead, clearly anatomically modern features begin
to appear outside of Africa around 40,000-60,000 years ago (40-60 kya), in
Europe, Oceania and Asia (Mellars 2006; Trinkaus 2005). Interestingly, such
features appear in the Levant about 100 kya (for example in Skhul and
Qafzeh), but do not seem to expand further into Eurasia, and are later re-
placed by populations with clear Neandertal morphology (for example in the
Tabun Cave) (Trinkaus 2005). Also the earliest evidence of what is called
behavioral modernity is represented by what to present-day eyes may look
like a rather unremarkable criss-cross pattern on a rock from Blombos cave
in South Africa (Henshilwood et al. 2002). However, at 70,000 years ago,
this is the oldest securely dated evidence of symbolic culture. The definition
of behavioral modernity is contentious, but usually includes representative
symbolism and other more complex cultural expressions.
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Figure 1. Principal component analysis was performed on 44 skull morphology
traits from 23 ancient human remains collected by a previous study (Mounier ef al.
2011). The first principal component (x-axis) is contrasted with approximate age of
the remains (y-axis). The divergence of early modern humans from the putative
ancestral population becomes evident from approximately 300,000 years ago.

One of the most heavily debated topics in paleoanthropology was for long
the population history behind the appearance of anatomical modernity in
Africa and Eurasia (Stringer 2002). The extreme alternative scenarios are
sometimes referred to as the out-of-Africa model (or more precisely stated
the Recent African Origin model), and the model of multiregional evolution.
The out-of-Africa model posits that present-day human populations across
the world trace their ancestry to Africa within the past ~100 kya, and thus
that the populations with archaic morphology (such as Homo erectus and
Neandertals) would have been replaced by these newcomers without con-
tributing significantly to their ancestry (Stringer 2002; Stringer& Andrews
1988). The multiregional model however, suggests that present-day human
ancestry outside of Africa has its roots in the archaic Eurasian populations,
and that anatomical modernity spread as an effect of populations being con-



nected by gene flow, with natural selection acting to raise the frequency of
traits associated with anatomical modernity (Wolpoff ef al. 2000).

Tangled roots: genetic insights into human origins

The first genetic evidence that was taken to support the out-of-Africa hy-
pothesis was from sequencing of mitochondrial DNA variation from world-
wide populations (Cann et al. 1987). When a genealogical tree was recon-
structed from human mtDNA variation, non-African sequences represent a
subset of the variation found in Africa (Cann et al. 1987; Ingman et al.
2000). While this was consistent with the out-of-Africa hypothesis, it did not
exclude more complex hypotheses. As has been made apparent by advances
in population genetic theory such as Kingman’s coalescent (Kingman 1982a;
Kingman 1982b; Kingman 1982c), there is great variance in the time at
which a sample of genetic lineages find their common ancestor, and the hu-
man mitochondrial genealogy only represents a single realized outcome of
this highly stochastic process (Nielsen& Beaumont 2009; Rosenberg&
Nordborg 2002). However, the first mitochondrial DNA data from Neander-
tal individuals revealed that they carried lineages that were outside the varia-
tion of present-day populations (Green et al. 2008; Krings et al. 2000; Krings
et al. 1997; Ovchinnikov et al. 2000) as well as early modern humans (Fu et
al. 2013a; Fu et al. 2013b; Krause et al. 2010a; Serre et al. 2004b), which
was taken by many as supporting the view that they contributed little to pre-
sent-day ancestry, while others pointed out that even relatively large contri-
butions could not be excluded based on data from a single locus from a sin-
gle individual (Nordborg 1998).

The two first genomic studies of Neandertals arrived at different conclusions
regarding their genetic relationship between modern humans (Green et al.
2010; Green et al. 2006; Noonan et al. 2006; Wall& Kim 2007), but this was
later revealed to be due to contamination from present-day humans affecting
one of the two data sets (Green et al. 2009; Wall& Kim 2007). Thus the con-
clusion from the data that seemed unaffected by contamination was that Ne-
andertals were a distinct population from modern-humans, but that a minor
contribution to present-day ancestry could not be excluded (Noonan et al.
2006). Likewise, a remarkably strong correlation between geographic dis-
tance from Africa and measures of genetic diversity (Conrad et al. 2006;
Jakobsson et al. 2008; Li et al. 2008a; Prugnolle et al. 2005; Ramachandran
et al. 2005) seemed to be most parsimoniously explained by a "serial founder
model" where populations expanding out of Africa experienced successive
founder events and genetic drift (DeGiorgio et al. 2009; Ramachandran et al.
2005). However, decreasing genetic diversity with distance from Africa
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could not be taken as rejecting all models with contributions from archaic
populations, since it is possible that this pattern could be produced by isola-
tion-by-distance with successively lower effective population size with dis-
tance from Africa (Relethford& Harpending 1995).

The most powerful investigation into the question of the relationship be-
tween present-day non-Africans and archaic Eurasian populations so far was
the analyses of ~1-fold coverage draft genomes of Neandertals and an archa-
ic human individual from the Denisova cave (Green et al. 2010; Reich et al.
2010). Analyses of the Neandertal genome revealed that while present-day
individuals on the whole are substantially more related to each other than
Neandertals, the patterns of relatedness to Neandertals were not geograph-
ically homogenous. Instead, all non-Africans were significantly closer to
Neandertals than Africans, to a degree corresponding to 1-4% Neandertal-
related ancestry in all present-day non-African human populations (Green et
al. 2010). Subsequent analysis of the individual from Denisova cave (Krause
et al. 2010b) revealed that it was from a population lineage that shared origin
with Neandertals (about as distantly related from Neandertals as the most
distantly related human groups today), but that Oceanian populations ap-
peared to harbor as much as 5% of their ancestry from Denisovans or a Den-
isova-related population (Reich et al. 2010). Subsequent analyses of higher-
quality data from these individuals have refined estimates of total archaic
ancestry of ~1.0% in Western Eurasians, ~1.7% in Eastern Eurasians, and up
to ~4.7% in Oceanians (Meyer et al. 2012), and analyses are ongoing. Thus,
while the absolute majority of the ancestry of present-day people in Eurasia,
Oceania and the Americas appears to be derived from African populations in
the last ~100 kya, a small proportion of genetic material traces its ancestry to
the archaic populations that came to Eurasia much earlier. A recent study
(Sankararaman et al. 2012), used the length of Neandertal-related haplotypes
observed in modern-day populations to estimate that the influx of genetic
material from Neandertals occurred between 37,000 and 82,000 years ago,
possibly coinciding with the potential window of overlap between early
modern humans and Neandertals in the Levant.

These ancient DNA studies have also contributed to our view of archaic
human populations themselves. The genetic diversity of both Neandertals
(Dalén et al. 2012) and Denisovans (Meyer et al. 2012) appear to be signifi-
cantly lower than that of any continental human population alive today, sug-
gesting that they were subject to a high degree of genetic drift starting from
around half a million years ago (Meyer et al. 2012). The substantial genetic
divergence of Neandertals and Denisovans also suggest East-West substruc-
ture in Eurasia, but the appearance of a highly diverged mtDNA lineage in
Denisovans might point to contributions from a more basal archaic popula-
tion to their ancestry (Krause et al. 2010b; Reich et al. 2010). Investigations
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into the time of population divergence of Neandertals and Denisovan ances-
tors from present-day African ancestors are complicated by the wide uncer-
tainties surrounding the human autosomal mutation rate, which are necessary
to convert estimates of genetic divergence to chronological time. Recent
estimates on the mutation rate based on direct assessment of the number of
mutations observed between parents and offspring are about half as large as
those obtained when calibrating against the human fossil record (Altshuler et
al. 2010; Kong et al. 2012; Scally& Durbin 2012; Scally et al. 2012a; Sun et
al. 2012). These two high- and low estimates of the human mutation rate
together with the assumption of instant divergence between Neandertals and
present-day West Africans result in population divergence estimates of 170-
440 kya, and 410-700 kya, respectively (Meyer et al. 2012). The rate of
point mutations in the human genome is also central to inferring the history
of present-day populations, such as the mode and timing of migration waves
out of Africa, to the Americas, and to Oceania (Hawks 2012; Scally&
Durbin 2012).

Human genetic variation

At the individual base pair level, a modern human differs from a chimpanzee
at approximately 1.1-1.2% of all sites (Mikkelsen et al. 2005; Prado-
Martinez et al. 2013) and from a gorilla at about 1.4% of all positions
(Scally et al. 2012b). In comparison, a modern human differs from the Den-
isova or Neandertal genomes at about ~0.15% of all sites (Green et al. 2010;
Meyer et al. 2012; Reich et al. 2010), and two modern humans from differ-
ent populations differ from each other at about 0.08% to 0.12% of all sites
(Figure 2). Indeed, the variation in an individual modern human is on the
same order of magnitude, around 0.1%, which in this case represents the
number of differences between DNA segments inherited from the individu-
al’s mother and father. Thus, the variation within most humans is on the
same order of magnitude as the differences between two individuals from
different populations, but as we shall see this does not prevent statistically
powerful inferences about ancestry and population structure (Edwards 2003).
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Figure 2. Number of differences observed when comparing sequences from different
hominids (Meyer et al. 2012; Prado-Martinez et al. 2013). On the left side of the
histogram are comparisons of sequences from different populations, illustrating the
genetic proximity of archaic Denisovans to modern-day humans. On the right are
estimates of variation within single individuals from different populations, illustrat-
ing that humans are among the least genetically diverse of all hominids (Great apes),
and that variation within and between humans of the same population is about as
great as between populations.

It is important to distinguish these values of quantitative differences between
DNA sequences with commonly cited estimates of shared ancestry between
populations. For example, a commonly cited figure is the 1-4% of the ances-
try of non-Africans that can be traced to Neandertals (Green et al. 2010).
This can be thought of as a model where, as we trace the ancestry of differ-
ent genetic loci in the genome of a non-African individual backwards in time
towards the past, 1-4% of these lineages will at some point find themselves
in a Neandertal individual. The remaining loci may also coalesce with the
Neandertal genome at different time points, but it will always be prior to the
divergence of the two populations some 300-800 kya, in the ancestral popu-
lation of both anatomically modern humans and Neandertals. This value thus
conceptually corresponds to e.g. the average ~18% of European ancestry
found in African Americans (Bryc et al. 2010; Parra et al. 2001; Tishkoff et
al. 2009). However, in contrast to recently admixed populations such as Af-
rican Americans which show great variation in European ancestry (25th—
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75th percentiles in one study were 12-28%) (Bryc ef al. 2010), there is cur-
rently no evidence for within-population variation in Neandertal-related an-
cestry (Green et al. 2010), owing to the long time since admixture, which
has acted to break up and distribute Neandertal haplotypes evenly in the
modern population.

When the variation between humans is more closely investigated, approxi-
mately 80-95% of all genetic variation is found between individuals, with
the remaining variation being between different subpopulations (Barbujani&
Di Benedetto 2001; Lewontin 1972; Li et al. 2008b). This variance is repre-
sented mainly by small differences in allele frequencies, with some variants
being present in certain populations but not others, but so far not a single
genetic variant has been found to separate all members of a particular popu-
lation from any other population. When studying population structure and
population history of modern humans, it is thus the small allele frequency
differences between populations that make up these 5-20% of the total genet-
ic variance that allows us to make inferences, but it turns out that even just a
handful of randomly chosen loci of the large number of polymorphisms in
the human genome (estimated to 10-100 million) can provide a great deal of
statistical power to infer population structure in human populations
(Edwards 2003; Rosenberg ef al. 2002). Recent studies of large numbers of
human individuals are now demonstrating that the total number of human
genetic variants has previously been greatly underestimated (Gravel et al.
2011; Nelson et al. 2012; Tennessen et al. 2012). This is due to the recent
super-exponential growth of many human populations (Keinan& Clark
2012), which results in many mutations having arisen just within the past
5,000-10,000 years (Fu et al. 2013c¢). Projections suggest that perhaps almost
all non-lethal positions in the human genome have a variant present in at
least one individual on earth (Nelson et al. 2012).

The Neolithic transition in Europe

Managed cultivation of plants and animals arose about 10,000 years ago in
the Levant, when hunter-gatherer communities increasingly shifted their
lifestyle to a sedentary basis and used the favorable growing conditions in
the Fertile Crescent to initiate a transformation of human activities in West-
ern Eurasia from a foraging to food-producing economy (Childe 1925). This
historical process is known as the Neolithic transition (‘Neolithic’ is derived
from ‘New Stone Age’ in Greek). Meanwhile in Europe, the warming cli-
mate was also bringing in more suitable foraging conditions for human
populations, ushering in a transition from the Palaeolithic (‘Old Stone Age’)
to the Mesolithic (‘Middle Stone Age’). These populations could likely trace
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their ancestry to the first anatomically modern humans in Europe 45,000
years ago, and had survived the frigid winters of the Last Glacial Maximum
(LGM) between 25,000 and 19,000 years ago by retreating to ice-free refu-
gia in Iberia, the Balkans and the Ukrainian steppes, eventually recolonizing
the continent at the onset of the Holocene approximately 11,000 years ago
(Pinhasi et al. 2012). In addition to being one of the most widely studied
periods in archaeology, the central debate of human population genetics in
Europe since the inception of the field has circled around the relative impact
of the LGM and the Neolithic transition on European genetic variation
(Ammermané& Cavalli-Sforza 1984). Specifically, a central question during
the last near-century has been two contrasting models for the spread of the
Neolithic, via means of “demic diffusion”—where migration of people is the
main agent of propagating farming economy and associated material culture
expressions across the continent (Ammerman& Cavalli-Sforza 1984; Caval-
li-Sforza et al. 1994; Childe 1925; Menozzi et al. 1978) —and “cultural dif-
fusion”, which posits a model where non-Neolithic populations take up the
new lifestyle and associated practices from neighbors or trade networks
(Barker 1985; Champion et al. 2009). However, these two models should not
be viewed as mutually exclusive, but rather as two different modes of spread
that could have co-occurred. In genetic terms however, they provide testable
hypotheses about ancestry and possibly population continuity through time.

The earliest evidence of Neolithic communities in Europe is in Cyprus and
in Thessaly in mainland Greece by 8500 BP. The manner of this spread
seems to indicate a reliance on maritime transportation, and as the Neolithic
culture spread along the Mediterranean route into Western Europe and Ibe-
ria, a coastal route also appears to have been the main mode of movement. In
contrast, the Neolithic cultures that spread into Central Europe seems to have
followed the river valleys of the Danubian and Dnieper. These two paths
describe the two main routes of expansion and are associated with the Im-
pressed Ware and Cardial culture in the southwest and the Lineal Pottery
complex in Central Europe, and the manner by which their spread was facili-
tated in terms of population history may have differed considerably
(Deguilloux et al. 2012; Lacan et al. 2012; Lacan et al. 2011). After the es-
tablishment of Neolithic communities in central Europe, Scandinavia was
reached approximately 6,000 years ago. As in the region of origin of the
Neolithic in the Near East, the archaeological record documents highly in-
creased population numbers associated with the new food-producing econo-
mies in Europe, as well as the presence of ceramics, fortified settlements,
grains such as barley and lentils (originating from the Near East) and domes-
tic animals such as cattle, pigs, goats and sheep (Barker 1985; Scarre 2009).

In Scandinavia, the oldest Neolithic material culture expressions are as-
signed to the Funnel Beaker Culture (TRB; after the German term
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Trichtenbecher kultur) (Fischer 2002; Hallgren 2008), which shows clear
connection with contemporaneous Neolithic cultures in Central and Western
Europe (Malmer 2002; Midgley 2008). However, the foraging lifestyle
seems to either persist or reappear in the region, represented by the ceramic-
using Pitted Ware Culture (PWC) between 5,300 — 4,000 BP (Malmer 2002).
The PWC culture is thus the last hunter-gatherer culture in and around Scan-
dinavia (Malmer 2002), a region which had been inhabited by Mesolithic
groups since the ice sheets retreated from Fennoscandia approximately 9,000
years ago. However, further to the North foraging remained an important
part of subsistence for considerably longer. Osteological and genetic studies
have suggested that individuals associated with the Pitted Ware Culture
showed morphological evidence of cold-adaptation that is absent in individ-
uals associated with the TRB (Ahlstrom 1997a; Ahlstrdm 1997b), nearly
lacked the lactase persistence associated allele near the LCT gene
(Malmstrom et al. 2010) that is also absent in Central European Neolithic
farmers associated with the Linearbandkeramik culture (LBK) (Burger et al.
2007), and showed a high frequency of haplogroup U (Malmstrom et al.
2009)—potentially consistent with continuity from the Mesolithic (Pinhasi et
al. 2012). Several other DNA studies on genetic sex, contamination and
DNA preservation have also been performed on the PWC remains
(Gotherstrom et al. 2002; Gotherstrom et al. 1997; Linderholm et al. 2008;
Malmstrom et al. 2005; Skoglund et al. 2013), and isotopic evidence sug-
gests that individuals associated with TRB and PWC kept distinct dietary
patters (Lidén 1996; Lidén et al. 2004; Lindqvist& Possnert 1997), focusing
on terrestrial and marine resources respectively, even when present side by
side on the island of Oland in the Baltic Sea (Eriksson et al. 2008), despite
evidence of cultural contacts.

Whereas the pioneering analyses of autosomal classical genetic markers by
Cavalli-Sforza and colleagues (Ammerman& Cavalli-Sforza 1984; Cavalli-
Sforza et al. 1994; Menozzi et al. 1978) emphasized similarities between the
orientation of present-day European genetic differentiation, later studies
have demonstrated that these patterns can be caused by a variety of factors
(Arenas et al. 2013; DeGiorgio& Rosenberg 2013; Francois et al. 2010;
Novembre& Stephens 2008). Direct genetic evidence from ancient speci-
mens is almost exclusively from mitochondrial DNA, and indicates that pre-
agricultural populations in Europe carried lineages exclusively, or almost
exclusively, of a haplogroup (U) (Bramanti ef al. 2009; Der Sarkissian et al.
2013; Fu et al. 2013b; Hervella et al. 2012; Krause et al. 2010a; Malmstrém
et al. 2009; Sanchez-Quinto et al. 2012) that is present at much lower fre-
quency (<10%) in most European populations today but at higher frequen-
cies in the Baltic region and Northern Scandinavia (20-40%). In sharp con-
trast to this picture is the mtDNA of early Neolithic farmers in both Central
and Northern Europe (Bramanti et al. 2009; Deguilloux et al. 2011; Haak et
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al. 2005; Linderholm 2008) and Iberia (Gamba et al. 2012; Hervella et al.
2012), in which mtDNA haplogroup U lineage is at much lower frequency or
absent. In the later farmers and hunter-gatherer populations of the Neolithic
period, the difference in mtDNA haplogroup frequencies appears to attenu-
ate, possibly due to admixture (Pinhasi et al. 2012).

Holocene history of southern Africa

The warming climate of the Holocene marked a change in the trajectory of
human societies not only in Western Eurasia but across the world (Scarre
2009). In southern Africa, the other case of interactions between human
populations with different modes of subsistence that I consider here, the
onset of the Holocene coincides with the more marked appearance of both
cultural expressions and skeletal morphology that are within the range of the
modern-day indigenous populations of the region (Stynder et al. 2007a;
Stynder et al. 2007b). These populations are traditionally speakers of lan-
guages of the Khoisan family, which incorporates distinctive click conso-
nants, but many populations speak languages that are mutually unintelligible.
Despite their diverse cultures and identities, anthropologists many times
refer to these groups collectively as the Khoe-San (which is the preferred
term by the San Council) (Schlebusch 2010). San is usually used to refer to
the traditionally hunter-gatherer populations that formerly inhabited most of
the region but are now most numerous in Namibia and Botswana, and Khoe
refers to the speakers of the KhoeKhoe branch of the Khoe-Kwadi languages
who relied on pastoralist economies at the time of colonization. How long
the ancestors of the Khoe-San have been living in the region is unknown, but
evidence of material culture highly similar to that used by San hunter-
gatherers today and in historical times (e.g. digging sticks and ostrich shell
beads) has been dated to 44,000 years ago (d’Errico et al. 2012). The histori-
cal distribution of the ancestors of these populations is unclear (Scheinfeldt
et al. 2010). It has been suggested both on linguistic and genetic grounds that
they share a more recent genetic relationship with East African populations,
possibly related to the introduction of pastoralism (Giildemann 2008; Henn
et al. 2008; Pickrell et al. 2013), and it is possible that this connection ex-
tends further back in prehistory to the present-day Hadza and Sandawe
hunter-gatherer populations (Pickrell et al. 2012; Scheinfeldt et al. 2010).

Early evidence of pastoralism in southern Africa involving sheep and goats
date to about 2,000 years ago (Pleurdeau et al. 2012; Sadr 1998; Smith 1992)
and has been suggested to result from contact with Eastern Africa that may
have coincided with the appearance of the Khoe-Kwadi language family
(Giildemann 2008). The first adoption of pastoralist practices is thus likely to
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predate the arrival of the ancestors of present-day Bantu-speaking popula-
tions both in the western and eastern parts of southern Africa. The latter col-
onization also introduced iron-working societies, and had a tremendous im-
pact on the demographics on the region, with Khoe-San populations now
being absent from the eastern parts of south Africa, which both historical
sources and evidence such as rock art indicate as being once populated by
Khoe-San peoples. The final major event that has been documented for
southern African population history is the arrival of European colonists in
the 16™ century, which also marked the arrival of diseases that indigenous
populations had not been previously exposed to.

Early genetic studies identified the Khoe-San as carrying the deepest mito-
chondrial DNA lineages among all modern human populations (Barbieri et
al. 2013; Behar et al. 2008; Schlebusch et al. 2013). Also analyses of mi-
crosatellites and small indels (Tishkoff et al. 2009) reached similar conclu-
sions of the Khoe-San being relatively distantly related to other African and
non-African populations, as did analyses of genome sequence data from half
a dozen individuals (Green et al. 2010; Gronau et al. 2011; Schuster et al.
2010). Closer analyses have found support for a model where the Khoe-San
diverged from Western Africans at least 100,000 years ago (Green et al.
2010; Veeramah et al. 2012). However, the genome-wide studies have so far
been limited to a small set of populations, and the population history of
Khoe-San populations as well as their relationship to other populations re-
mains largely unknown. Central unresolved questions include whether all
Khoe-San groups share a common origin, the timing of the earliest diversifi-
cations between the Khoe-San populations, their relationship with Khoisan-
speakers of East Africa, the genetic impact of the introduction of pastoral-
ism, and the arrival of Bantu-speakers in southern Africa.
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Methods

Using DNA information to learn about population
history

Population genomic markers

The analysis of population genetic structure is made possible by the presence
of polymorphic loci in the genome, which arise by the process of genetic
mutation. A polymorphic locus that is used for genetic analysis is often re-
ferred to as a genetic marker. Different frequencies of alleles at polymorphic
loci provide information about population relationships, diversity, and histo-
ry. If there was no mutation and hence no genetic markers, there could very
well be population structure, but we would have no ability to infer it using
genomic data. As population geneticists, we also benefit from the process of
recombination, which creates statistical independence between markers. If
two loci are statistically independent, they can be seen as independent sto-
chastic outcomes of the same ancestral process, and it is for this reason that
our resolution of population genetic structure tends to be greater the more
genetic markers we analyze.

Single Nucleotide Polymorphisms

Single Nucleotide Polymorphisms (SNPs) are variants at a single base pair
position, and the only indivisible genetic marker. SNPs have been the work-
horse of human population structure studies since large-scale genotyping
arrays were made available based on the data generated in the HapMap pro-
ject (Novembre& Ramachandran 2011). Studies using a set of known SNPs
which are genotyped in additional individuals provide a powerful yet eco-
nomical way to obtain large numbers of reasonably independent markers
from across the genome, but are unable to discover previously undocument-
ed variants. Since mutations occur rarely in most organisms, it is usually
reasonable to assume that there are only two alleles at a single SNP locus
(i.e. in most cases, only two of the bases A, T, G or C exist at a certain posi-
tion in the genome).

One of the main ailments of studying known SNPs is what is known as as-
certainment bias (Clark et al. 2005). This phenomenon arises from the fact
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that the allele frequencies of the SNPs discovered in a panel of individuals
will tend to be of intermediate frequency in the population(s) to which the
individuals belong. Thus, there are two main general effects: we will tend to
miss SNPs of low minor allele frequency (low or high derived allele fre-
quency); and the SNPs obtained will be biased toward populations related to
the discovery panel (Albrechtsen et al. 2010). This leads to distorted allele-
frequency spectra, in particular for populations genetically close to the dis-
covery panel, which in turn can cause genetic diversity to be overestimated
in these populations. Many approaches have been suggested to correct for
ascertainment bias (Albrechtsen et al. 2010; Clark et al. 2005; Keinan et al.
2007; Ramirez-Soriano& Nielsen 2009; Wollstein et al. 2010), but this usu-
ally requires detailed knowledge of the process that was used to discover the
SNPs, a criterion that is not fulfilled for most commercially available SNP-
arrays. One clear advantage however, can be gained by analyzing SNPs that
have been ascertained (discovered) in a population that is symmetrically
related to all study populations, i.e. an historical outgroup, in which case no
bias is expected with regards to the allele frequency divergence between
populations (Patterson ef al. 2012; Wang& Nielsen 2012).

Haplotypes

Increased resolution for inferring population structure can many times be
gained by utilizing the variation created not just by mutation processes but
also by the process of recombination (Conrad et al. 2006; Gattepaille& Jak-
obsson 2012; Jakobsson et al. 2008; Lawson et al. 2012; Loh et al. 2012;
Moorjani et al. 2011; Patterson et al. 2012). This can be achieved by analyz-
ing allelic configurations on different locations on a chromosome and taking
their correlation structure into account. A prerequisite for these types of
analyses is in many cases, but not always (Loh et al. 2012; Moorjani et al.
2011; Patterson et al. 2012), that there is information on the phase of mark-
ers on the two chromosomes. This is usually achieved by leveraging popula-
tion information in a model-based approach (Browning& Browning 2007;
Li& Stephens 2003; Scheet& Stephens 2006) but can also be done more
directly, for instance by using genetic information from both parents of an
individual.

Complete genome sequences

The ongoing rapid advance in sequencing technology is catapulting genomic
studies of human population genetic variation to a stage where the near-
complete set of SNPs in an individual genome is possible to genotype. The
main problem for current high-throughput sequencing technologies—the
difficulty of distinguishing between rare biological variants and sequencing
error (Nielsen et al. 2011)—is perhaps of less concern for studies of popula-
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tion structure since the main source of information is the sharing of alleles
between individuals. However, it is likely that rare alleles that nevertheless
are shared between populations are particularly powerful for inferring fine-
scale population structure due to more recent history (Gravel et al. 2011;
Nelson et al. 2012; The 1000 genomes project consortium 2012). Approach-
es for utilizing this information will likely receive increased attention in the
future. Likewise, future methods for inferring population structure may ex-
plicitly incorporate data quality measures, for example by propagating map-
ping and sequencing errors in downstream analyses. Another rising problem
is that subtle differences between sequencing platforms and bioinformatic
pipelines may result in biases that while small, are on the same order of
magnitude as the fine-scale signatures that are being studied (The 1000
genomes project consortium 2012), such as admixture fractions around 1%
(Reich et al. 2010). In a PCA analysis of low-coverage sequence data by the
1000 genomes project, sequencing technology was found to contribute to a
greater proportion of genetic variation than geographical sampling groups
(The 1000 genomes project consortium 2012). One solution to standardizing
biases between samples is to sequence a pool of samples that have been
mixed at equimolar DNA concentrations (Meyer et al. 2012), but this would
mean that every new study would have to resequence genomes previously
analyzed. While higher-coverage data sets are likely to be less sensitive to
these issues, data merging biases may be one of the major obstacles in the
first generation of complete genome sequencing studies.

Describing population structure and relatedness
Principal component analysis and model-based clustering

Since the early work on theoretical models of population structure pioneered
by Sewall Wright in the early 20th century (Wright 1949), the data revolu-
tion in population genetics has caused a shift in focus from that of theory
towards developing inferential tools and studying empirical data. One of the
earliest approaches to analyzing multilocus genetic data, at the time from so-
called classical genetic markers such as allozyme variants and blood groups,
was principal component analysis (PCA). In a landmark study (Menozzi et
al. 1978), principal component analysis of genetic variation was used to
study European population structure, revealing that the major axis of genetic
differentiation between European populations was oriented from southeast to
northwest. PCA can be thought of as a way to distill the highly multidimen-
sional data represented by individuals and their genetic variants into major
components of variation, resulting in the identification of axes of variation
that reflect relatedness between individuals (Engelhardt& Stephens 2010;
McVean 2009; Novembre& Stephens 2008).
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Figure 3. PCA of a two dimensional stepping-stone model of migration where 100
subpopulations in a 10x10 habitat are connected to adjacent populations by migra-
tion with parameter 4N, m=1 (where N, is the effective population size and m is the
number of migrants per generation). We simulated 100,000 independent SNPs using
Hudson's ms (Hudson 2002) and sampled a single haploid individual from each
population.

PCA is attractive due to many features; it is used as a statistical tool in many
fields outside population genetics, it can be used to formally test for the
presence of population structure using the Tracy-Widom distribution
(Patterson et al. 2006), and it has been shown that expectations of PCA load-
ings can be viewed as corresponding to relative coalescent rates between
individuals (McVean 2009), much like Wright's commonly used parameter
of population structure Fsr (Slatkin 1991). If there are two continuous di-
mensions of population genetic differentiation, such as the two spatial di-
mensions of a geographic isolation-by-distance model (Figure 3), these will
be represented by the first two principal components (Engelhardt& Stephens
2010; McVean 2009; Novembre ef al. 2008; Novembre& Stephens 2008).
Another commonly used approach for studying population structure during
the past decade has been model-based clustering algorithms (Pritchard et al.
2000a). These methods (Alexander et al. 2009; Chen et al. 2007; Corander&
Marttinen 2006; Pritchard et al. 2000b) strive to fit multilocus genetic data
from multiple individuals to a model where some fraction of each individu-
al's ancestry is assigned to one of two or more hypothesized ancestral popu-
lations. These ancestral populations are in the model assumed to have di-
verged instantly, and are characterized by their predicted genotype frequen-
cies.
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The behavior and properties of these methods has been shown to share a
common conceptual framework (Engelhardt& Stephens 2010), with different
approaches having different properties and problems. For example, model-
based clustering approaches are well suited for studies of well-defined popu-
lations, but can over-discretize continuous genetic differentiation
(Engelhardt& Stephens 2010), and does presently not account for temporal
sampling schemes in ancient DNA studies. Likewise, principal component
analysis may be less interpretable due to the lack of an underlying model
(Engelhardt& Stephens 2010). In general, model based clustering approach-
es perform relatively well in situations where the historical scenario is simi-
lar to the underlying assumptions of well-defined populations, whereas prin-
cipal component analysis and related methods may be better suited for con-
tinuous genetic structure e.g. in isolation-by-distance models (Engelhardt&
Stephens 2010) (Figure 3). For both these approaches, it remains difficult to
account for the impact of sampling scheme (DeGiorgio& Rosenberg 2013;
Engelhardt& Stephens 2010), and to relate observed population genetic
structure directly to historical models, e.g. to distinguish equilibrium isola-
tion-by-distance migration models from models of spatial population expan-
sion (Francois ef al. 2010; Novembre& Stephens 2008).

Genome-local ancestry inference

At any given segment in the genome, every human individual has inherited
one chromosomal copy from each parent. If the two parents were from two
differentiated populations, this corresponds to an average genome-wide an-
cestry of 50% from each parental population. However, in the offspring of
admixed individuals, meiotic recombination breaks up the ancestral seg-
ments into successively smaller blocks, leading to an increasingly equal dis-
tribution of ancestral segments across any chromosome (except the mito-
chondrial genome and the non-recombining regions of the Y-chromosome).
The distribution and characteristics of this mosaic in living individuals has
seen a recent surge of interest, motivated by the advent of genome-wide
genetic data and the prospects of admixture mapping for medical genetics
(Patterson et al. 2004). Many methods have been developed for inferring and
delineating stretches of the genome which derive from one of a set of puta-
tive ancestral populations (Price et al. 2009; Reich et al. 2005; Sankararaman
et al. 2008; Tang et al. 2006). Note that this is relevant only in population
samples where there is admixture, since if we imagine a history of two popu-
lations that instantaneously diverged without any subsequent gene flow,
there may very well be incomplete lineage sorting due to processes in the
ancestral population (shared ancestral variation), but no chunks of the ge-
nome have at any point in time been found in a different population from
which they are now. The concepts underlying genome-local ancestry infer-
ence can for example be used to estimate the timing of recent admixture
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events (Price et al. 2009; Pugach et al. 2011), since recombination acts to
break down the length of contiguous ancestral segments over time. Moreo-
ver, this type of genome-local ancestry deconvolution can also be used to
reconstruct complete ‘virtual genomes’ representing the ancestral popula-
tions in cases where most living individuals have admixed ancestry (Johnson
et al. 2011), to mask segments of recent admixture e.g. from historical Euro-
pean colonization in order to be able to study more ancient gene flow events
(Reich et al. 2012), or to infer the rate of recombination by studying the fre-
quency of break points between blocks of distinct ancestry across the ge-
nome (Hinch et al. 2011; Wegmann et al. 2011). Knowing the distribution of
ancestry can also be used to assess whether assortative mating has caused a
deficiency in individuals with 'heterozygous' segments of different ancestry
(Wall et al. 2011), to assess whether gene flow has occurred in a continuous
or punctual manner through time (Gravel 2012; Pool& Nielsen 2009), and to
search for signs of adaptive- or maladaptive introgression (where a region
with a signature of selection in the admixed population coincides with an
atypical proportion of ancestry from one of the ancestral populations com-
pared to the genome-wide average [Paper I]).

Reconstructing models of population history

Formal tests of admixture and f-statistics

Approaches such as PCA and Structure-like clustering methods can in many
cases identify recent mixture between populations, but if mixture is more
ancient it can be hard to distinguish from other historical models. An alterna-
tive way to infer the presence of historical admixture in modern populations
(Keinan et al. 2007, Patterson et al. 2012; Reich et al. 2009), is an extension
of the f-statistics framework that forms the foundations of Fgr (Wright
1949). This framework relates the expected co-variances in allele frequen-
cies between not only 2, but also 3 and 4 populations. Reich and colleagues
(Reich et al. 2009) outlined two formal hypothesis tests of admixture: the 3-
population test and the 4-population test, which has since been used to iden-
tify several cases of admixture in the human past, for example; between Ne-
andertals and the ancestors of non-African human populations (Green et al.
2010), between an Eastern Eurasian archaic human population known as the
Denisovans and the ancestors of living humans in Oceania (Reich et al.
2010) as well as in the history of modern humans in India (Reich et al.
2009), the Americas (Reich ef al. 2012), and Europe (Patterson et al. 2012).

The 3-population test is the least model-based of the two and is based on a

proposed unrooted history between three populations 4, B and X, and rests
on the expectation that if group X instantaneously diverged from one of 4
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and B (or the ancestral population of both 4 and B) and has since been genet-
ically isolated, changes in allele frequency in the lineage of X due to genetic
drift should not be skewed towards the allele frequency changes in the line-
age of one of the other two populations (4, or B). Under this null model, the
product (px-pa) X (px-ps), Where px, pa, and pg are the frequencies of one of
the two alleles at each locus in each population, is always expected to be
positive averaged over all loci. However, if admixture has occurred and
caused a skew of the allele frequencies in X towards one of the other two
populations, the product can be negative. To test if the statistic is significant-
ly positive, standard errors can be estimated by dividing the genome into
large chunks in an approach known as the block jackknife (Kunsch 1989).
The reason why this procedure cannot be performed for each variable site in
the genome is the statistical non-independence between loci that are close
enough to each other to prevent free recombination.

While the 3-population test makes no assumptions about the historical order
of divergence between the three populations, it may lack statistical power if,
for example, genetic drift since divergence has been strong in the target pop-
ulation. The intuition behind this lack of power is the fact that the overall
difference in allele frequencies between population X and 4, and between X
and B is so large that it overwhelms any skew towards one of populations 4
or B that is due to admixture, leading to a positive test statistic despite of
admixture. A more powerful approach, requiring a priori assumptions on the
history of divergence between populations, is the 4-population test. Here, an
unrooted population topology describing the relationship between four popu-
lations A4, B, X and Y, such as (4,B),(X.Y), is proposed and the test statistic
will assess whether there are any violations to such a simple tree-like history.
The reasoning underlying the test is that if the population topology holds
(i.e. there was divergence without subsequent asymmetrical gene flow), then
allele frequency differences between A4 and B should be uncorrelated with
allele frequency differences between X and Y. Computing the statistic (pa-
pe)(px-py) averaged across all loci, we can interpret significant deviations
from 0 (assessed by block jackknife computation of the standard errors [SEs]
as above) as reflecting an asymmetry in allele frequency covariance that is
inconsistent with the proposed topology and can only be explained by gene
flow. Moreover, the sign of the statistic contains information about the pos-
sible directions this admixture could have taken. If gene flow occurred be-
tween 4 and X (or B and Y), the statistic is expected to be positive, whereas
if gene flow occurred between 4 and Y (or B and X) the statistic is expected
to be negative.

A version of the 4-population test that is largely analogous but uses a differ-
ent normalization is known as the D-test (Durand et al. 2011). Defined as
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Where p;, is the frequency of one allele (arbitrarily chosen from the two
alleles present) in population A at marker 7 and the statistic is summed for all
n markers. A specific case of this test is when one gene copy is sampled
from each of the populations 4, B, X and Y. Here, one of the populations is
usually a distant outgroup so the derived and ancestral states can be inferred.
Let the copy from population B provide the ancestral allele, then at SNPs in
the genome where X and Y differ, we expect them to be equally likely to
share the derived allele with A if the true history is (4,(X,Y)). In other words,
we expect to see the configurations (X,(4,Y)) and (Y,(4,X)) an equal number
of times, and significant deviations are only expected to arise from gene flow
(Green et al. 2010). This test is sometimes denoted an '"ABBA-BABA' test,
and the great advantage is that differences in genetic drift (for example
caused by population size differences) in the different populations can be
ignored owing to the fact that we are only using information from a single
genetic lineage from each population, and thus no coalescences with other
samples in the test can occur. However, a caveat is that for sequencing data,
different error rates for different individuals can greatly affect and bias the
D-test (Rasmussen et al. 2011; Reich et al. 2010), making it vital to assure
that no correlations in allele frequencies between samples have been pro-
duced in data generation, alignment and curation.

The 4-population test framework is also highly useful since it can provide a
framework to estimate admixture fractions. For example, if X in the example
above is believed to have received ancestry from population 4 (indicated by
a positive test statistic), taking the ratio of two f; statistics fi(po,ps:px.py) /
fa(po.p:paspy), where O is an outgroup population, can provide an estimate
of the A-related ancestry fraction in X. This can be thought of as an assess-
ment of how 'far away' from 100% admixture the allele frequency skew in X
is, with the expected skew for 100% admixture approximated by population
A.

The main caveat with the 3-population test, the D-test, and the f;-ancestry
estimation framework is that they require some prior information on which
individuals may constitute a population and about the general population
history of these populations. Also, while more long-standing gene flow (such
as in isolation-by-distance models) is certainly detectable using 3-population
tests and D-tests, these tests do not constitute a natural framework to investi-
gate the possible timing or historical frequency of gene flow.
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Model-based inference of population topology and admixture graphs

The f-statistic framework allows explicit hypothesis tests of population his-
tory, but how can we attempt to fit more complex models of population his-
tory to genetic data from a large number of populations? One approach to
this is model-based inference of population trees (without mixture) (Cavalli-
Sforza& Edwards 1967; Nielsen et al. 1998), which have the underlying
assumption that the history of the included populations conform to a simple
bifurcating model, where populations instantaneously become isolated and
genetic drift is the sole evolutionary force acting to increase differentiation
between them. A main problem here is of course that the population history
of humans and many other species involve widespread gene flow and admix-
ture after divergence, which if unaccounted for can significantly compromise
relationships inferred by tree-based approaches (Lipson et al. 2013).

For this reason, we can attempt to infer graphs instead of trees to represent
models of population history. One such approach, gpgraph (Reich et al.
2009), is based on the f-statistics framework (Reich et al. 2009) and uses the
4-population test in a more complex model-fitting framework where popula-
tion topology, admixture events, and genetic drift along lineages are fitted to
the observed f-statistics, and goodness of fit is assessed by investigating
whether f-statistics predicted by the model are significantly different from
those observed in empirical data. The software implementing this approach
has so far not been widely used, but one study applied it to reconstruct a
complex model of modern human history in Southeast Asia (Reich et al
2011). The authors found that the model with the fewest predicted 4-
population test statistics deviating by more than 3 SEs from the empirical
data included two expansions of modern humans into Southeast Asia from
an African source, with the first wave mixing with the archaic Denisovans.
The approach is hampered by difficulty to conduct formal model testing,
since it is hard to determine the number of degrees of freedom. More pro-
gress in the fitting of ancestry graphs to genetic data was recently attained in
the software TreeMix (Pickrell& Pritchard 2012). This method starts by in-
ferring a maximum-likelihood population tree without admixture based on
the allele frequency covariance between populations, similar to the methods
outlined above. However, the TreeMix approach proceeds beyond this by
looking at the residuals between the allele frequency covariances predicted
by the tree with that of the empirical data. Populations whose allele frequen-
cies significantly deviate from the expected are identified using a block
jackknife and "migration edges" (admixture) events are added to the model
to attempt to reduce the residual variance. An area of future research might
be to identify a number of admixture events beyond which the fit does not
improve significantly, for example using likelihood ratio tests, or inspecting
the residuals and the percentage of total covariance explained. However, a
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remaining topic is the extent to which continuous gene flow between popula-
tions affects these methods. The most recent addition to these methods—
MixMapper (Lipson et al. 2013)—rests on the f-statistics framework like
gpgraph, but takes a two-step approach where an unadmixed tree model is
first optimized using a fixed set of populations, after which additional popu-
lations can be fitted to the scaffold tree with- or without admixture. Future
challenges for these methods involve modeling the high dependence on an
accurate representation of reference populations, serial admixture events
(where the source of gene flow is itself admixed), and how to differentiate
and account for ongoing gene flow as opposed to punctual admixture.

Inferring explicit demographic models

Admixture graph approaches attempt to formulate a model that fits the data
to a graph of admixture and genetic drift, but how can we translate a certain
amount of genetic drift to investigate questions such as how long ago the
ancestors of Africans and non-Africans first separated, or how the population
size has fluctuated over the history of human populations? To do this, we
often need to simultaneously infer how much genetic drift occurs in popula-
tions per unit of time and how much genetic drift has occurred since the time
of first separation in the out-of-Africa example. Furthermore, in many cases
gene flow may have been ongoing for a long time so that a graph model is
not an accurate representation of history. In such a case, how can we then
estimate the rate of gene flow, and whether this rate has changed through
time? To achieve this, we need to have tools to infer more explicit and com-
plex demographic models. Advance in this area actually preceded that of the
more simplified (but computationally tractable) admixture graphs. From
early single population models, when the focus was often to infer the param-
eters for the effective population size at different time points (Kuhner et al.
1998), significant advance was made into fitting so called isolation-
migration models to genetic data using composite likelihood and Bayesian
approaches (Nielsen& Wakeley 2001; Wakeley 1996; Wakeley& Hey 1998).
In these models, two (or more) populations are assumed to have originally
diverged at some point in the past, after which there may have been continu-
al gene flow between them. Inference of demographic histories such as these
have recently been implemented in more generalized statistical frameworks
such as the composite likelihood inference using expectations on the site-
frequency spectrum obtained using the diffusion approximation to genetic
drift (Gutenkunst et al. 2009) and simulation-based approximate Bayesian
computation (Beaumont et al. 2002; Pritchard et al. 1999; Tavare et al.
1997), in the latter of which the complexity of the models that can be inves-
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tigated is only limited by our ability to simulate them, and identify summary
statistics that are informative on their plausibility.

Detecting natural selection in genomic data

One of the most promising avenues for using genomic data in evolutionary
research is for inferring the past action of natural selection using the foot-
prints in genetic variation that different types of natural selection tend to
leave behind. While many types of natural selection can be studied this way
(Nielsen 2005), one of the areas that receives the greatest attention in human
genetics is the study of local adaptation in human populations, such as the
ability to uptake oxygen in high-altitude populations in Tibet (Simonson et
al. 2010; Yi et al. 2010) and Ethiopia (Huerta-Sanchez et al. 2013), and the
lactase persistence trait that allows adult individuals in e.g. East Africa
(Tishkoff et al. 2007) and Europe (Ingram et al. 2009) to digest milk. These
traits have been hypothesized to have risen to high frequency due to the ac-
tion of natural selection, the process by which the genetic material in indi-
viduals that produce relatively more offspring tends to increase in frequency
in the population (Darwin 1859).

There are two main genetic signatures that allow geneticists to locate the
action of local adaptation in the genome (i) regions with unusually high dif-
ferentiation between populations, and (i7) regions with depauperate genetic
diversity and long monomorphic haplotypes (Sabeti et al. 2006). These are
both consequences of a phenomenon known as selective sweeps, when one
or more advantageous alleles pull along linked variants residing on the same
chromosome (Smith& Haigh 1974). This results in long segments of genetic
material being relatively monomorphic. At the same time, allele frequencies
in the population for which selection is ongoing are differentiating from
other populations at a rate that is faster than other parts of the genome
(which are mainly subject to genetic drift). One of the most difficult aspects
of these types of studies is how to distinguish between the action of natural
selection and other factors such as population history. The main approaches
taken so far include testing whether some loci show features too extreme to
be expected under some model of population history that can either be as-
sumed or fitted separately to genetic data, and/or taking an approach where
outlier loci are directly compared to the genomic background to assess
whether they show too extreme features to be accounted for by genome-wide
processes.

Most presently available methods are geared towards specifically detecting

very recent selection, since in this case the genetic signatures of selection
may not have had time to dissipate and are thus more readily detectable.

29



Relatively few population genetic methods have been developed specifically
for detecting signatures of selection that occurred at specific time points in
the more ancient past, such as during the emergence of the first anatomically
modern humans from earlier populations with archaic morphology, or during
the time of the first expansions of modern humans in Eurasia, Australia, and
the Americas. One approach to detect such selection was performed by the
Neandertal genome consortium (Green et al. 2010), where they searched for
regions in the genomes of 6 modern humans from different populations for
regions with unusually high differentiation from Neandertals. These regions
could provide clues into which genes underlie phenotypic traits that differen-
tiate modern humans from previous populations. Some of the more interest-
ing regions among the top candidates comprised genes involved in traits
such as cognition, but in the top 20 candidates was also a region that com-
prised the RUNX2 gene. This region garnered quite some interest since mu-
tations in this gene in modern individuals have been linked with several
skeletal traits that also separate modern-day humans from Neandertals such
as a supraorbital brow ridge, flaring breast cage, and short limbs. However,
most regions identified were not as easily interpreted in relation to the ar-
chaeological and fossil record, and thus which traits were targeted by selec-
tion and what genetic architecture was underlying them in early modern
evolution is still largely unknown.

Ancient genomics

Characteristic features of ancient DNA

DNA degradation commences quickly after the death of biological tissues
(Padbo 1989; Paibo et al. 2004; Willerslev& Cooper 2005), but intact DNA
molecules can be preserved in degraded form up to 100,000 years, with ex-
tremely favorable depositional conditions allowing survival upwards of a
million years (Orlando et al. 2013; Valdiosera et al. 2006; Willerslev et al.
2007). However, several features of ancient DNA complicate both retrieval
and downstream analyses. First, the absolute quantity of DNA in ancient
tissues and environments is lower than that of fresh tissues. Besides compli-
cating retrieval itself, the most significant consequence of this difference is
that small levels of ambient DNA from present-day laboratory environments
and reagents can rival the level of endogenous DNA in the fossil, thus con-
taminating DNA extracts and downstream genetic data. Furthermore, fossil
material is invaded by microbial communities post-mortem, usually resulting
in abundant presence of DNA sequences that are non-endogenous to the
fossil (Noonan et al. 2005). In addition, ancient DNA is without exception
severely fragmented, with mean fragment lengths generally below 100 base
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pairs even in specimens only a few decades old (Sawyer et al. 2012). This
fragmentation process may also show time-dependent biases towards occur-
ring adjacent to purines (Adenine and Guanine) rather than pyrimidines (Cy-
tosine and Thymine) (Briggs et al. 2007). Finally, ancient DNA sequences
are subject to post-mortem damage in the form of nucleotide misincorpora-
tions, mainly in the form of deamination of cytosine residues into uracils,
which is read as thymine during sequencing (Hansen et al. 2001; Hofreiter et
al. 2001). As we shall see, these features demand careful precautions to min-
imize potential contamination and modified laboratory approaches for re-
trieval, but also substantial modifications and authentication steps to compu-
tational and statistical methods used to analyze ancient genetic data.

High-throughput sequencing of ancient DNA

Retrieval of DNA sequences from fossil material has been revolutionized in
the past 7 years by the rapid surge of high-throughput sequencing technology
(Poinar et al. 2006; Stoneking& Krause 2011). Whereas the previous two
decades of ancient DNA research had relied on bacterial cloning or targeted
PCR-amplification (Higuchi et al. 1984; Padbo 1985), the new generation of
sequencing technologies now provides an increased throughput of several
orders of magnitude, as well allowing efficient sequencing of molecules
across their entire length in contrast to specific priming sites. The most
common approach so far is direct sequencing, in which case a sequencing
library is prepared by adding artificial adapter oligos to extracted DNA and
amplifying the ligated molecules without preference for specific loci (Poinar
et al. 2006; Stoneking& Krause 2011). Most steps for molecular preparation
of sequencing libraries are identical to those used for modern DNA, but
common modifications include omitting the DNA shearing step due to the
majority of ancient DNA already being fragmented to <200 bp, using poly-
merases able to amplify through Uracil residues, and a lower amount of am-
plification cycles to prevent high clonality of the resulting product. Today,
DNA extraction and library preparation of ancient material is conducted at
labs dedicated to sensitive material. The most important difference in the
laboratory is the clean conditions, which include laboratory personnel work-
ing in protective suits, positive air pressure, and frequent decontamination of
facilities and reagents using denaturing agents such as bleach and UV radia-
tion (Gilbert et al. 2005). These facilities should also be strictly separated
from those used for handling present-day DNA and PCR-amplification
products (Cooper& Poinar 2000). Since amplified ancient DNA libraries
must thus be taken out of the clean room for sequencing, it has also become
common practice to add specific indexing oligos ("barcodes") of a few base
pairs to each DNA fragment, to be able to identify and exclude contaminat-
ing sequences that may enter the sample after it is taken out of the clean
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room environment (Green et al. 2010). The direct sequencing approach is
now increasingly often being coupled with a pre-sequencing capture step, in
order to increase the ratio of endogenous to environmental DNA (Burbano et
al. 2010), and future technical developments refining genomic retrieval of
ancient DNA are likely to revolutionize the field further in the coming years.

Bioinformatic challenges

The challenges associated with analyzing ancient genetic data stem from the
short fragmentation of DNA templates, the increased rate of errors from
post-mortem damage, and the pervasive presence of non-endogenous DNA,
all complicating steps from initial processing and alignment to genotyping.
In addition to the sequence of nucleotides obtained from each DNA frag-
ment, the dominating sequencing technologies also provide a quality score
associated with each base on the sequence, which can be calibrated by the
inclusion of DNA from a microbial genome of known sequence (PhiX) on
each run. These represent the probability that the called base is different
from that of the DNA template used for sequencing, but in the case of an-
cient DNA the template molecule might contain post-mortem damage that
differs from the sequence that was present in the individual. Thus DNA
damage needs to be explicitly taken into account in downstream analyses. If
paired-end sequencing is employed, each DNA fragment is read once from
both ends. In applications on modern DNA, this facilitates e.g. identification
of structural variation since the size of the fragments is often restricted to a
certain size. In ancient DNA applications, this instead allows for merging
overlapping parts of the two sequence reads into a mini-contig with greater
base quality scores (Green et al. 2010). This property also facilitates se-
quencing the entirety of almost all ancient fragments even with e.g. 100 cy-
cles, whereas if single-end sequencing is performed for 100 cycles, frag-
ments with sizes > 100 bp will not be sequenced across their full length.

After sequencing, the characteristic features of ancient DNA require particu-
lar consideration in bioinformatic preparation of the sequencing data. Firstly,
the short fragment length results in most sequencing reads also including the
adapters that were ligated to the DNA template during library preparation. In
case of single-read sequencing, these are commonly identified by compari-
son to the expected adapter sequencing and deleted, sometimes allowing for
one or a few mismatches to the original sequence (Rasmussen et al. 2010).
In case of paired-end sequencing, the adapter sequences are removed by
aligning the two sequence-reads of opposite direction, in which case the
adapters are outside the overlapping sections. After base calling, merging of
paired-end reads and removal of adapters, each of the millions of obtained
sequence reads from a high-throughput sequencing run on e.g. the Illumina

32



platform (Bentley et al. 2008) must be analyzed to investigate whether they
are likely to be endogenous to the specimen (e.g. human) and if so, from
which genomic location they are from. This is achieved by utilizing align-
ment programs (or 'mappers') that attempt to balance accuracy with the com-
putational speed needed to keep up with the speed of data generation (Li&
Homer 2010). The short fragment length and presence of post-mortem dam-
age present significant challenges compared to sequence data from high-
quality DNA sources (Green ef al. 2010; Schubert ef al. 2012). Importantly,
the high rate of nucleotide misincorporations at the fragment termini would
lead to many sequence reads being discarded using standard alignment pa-
rameters adopted for modern DNA. To circumvent this, alignment needs to
be performed at great sensitivity and without a "seed region", a region in the
beginning of each sequence at which none or only a few mismatches are
allowed, and with lower penalties for mismatches across the entire sequence
than usual. In general, the range of endogenous DNA from fossil bones
ranges from <1% from temperate environments to around 1-5% from colder
environments and up to 80% in permafrost environments. While these are
typical numbers, preservation seems to be highly specific to depositional
conditions even within the same locality, best exemplified by the Denisova
Cave in Siberia, where samples from archaic Denisovans differ by two or-
ders of magnitude in their fraction of endogenous DNA (Reich et al. 2010).
A promising avenue for the future of ancient DNA is thus targeted capture,
which is possible to do on a large scale for shorter regions such as mtDNA
genomes (Briggs et al. 2009), but more difficult to implement for the large
amount of loci required to make worthwhile genomic studies (Burbano et al.
2010; Fu et al. 2013a).

Authenticating ancient genomic data

Despite extensive precautions during sample preparation for sequencing,
contamination is present in many archacological specimens (Malmstrom et
al. 2005; Green et al. 2006). Since contamination cannot be ruled out on the
basis of laboratory procedures alone, it is essential that authenticity is estab-
lished for the genetic data itself. For rare or extinct organisms, contamination
from present-day sources is implausible. For example, the first mtDNA se-
quence isolated from a Neandertal was different from any mtDNA sequence
obtained from modern humans, suggesting that it was unlikely to represent
contamination. However, this type of argument is not applicable for example
when studying ancient DNA from anatomically modern humans from Eu-
rope, or ancient DNA studies of the domesticated animals whose DNA fre-
quently contaminates common reagents (Leonard et al. 2007). In addition,
contamination of present-day nuclear DNA in e.g. Neandertals is much more
difficult to detect, and can be misidentified as representing gene flow
(Wall& Kim 2007). While fragmentation appears to occur also in contami-
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nating sequences of a few decades, substantial post-mortem nucleotide mis-
incorporations appear to be a distinguishing feature for ancient DNA, sug-
gesting that it can be used to establish that retrieved sequences are endoge-
nous (Krause et al. 2010a; Sawyer et al. 2012). However, present-day con-
tamination can still be substantial despite a clear signal of post-mortem dam-
age. For high-coverage data, a useful approach is to follow up the
observation of post-mortem damage by investigating whether there is evi-
dence of genetic material from more than one individual in the data (Green
et al. 2010; Krause et al. 2010a), but this is generally difficult for low-
coverage data sets. Also, this approach only allows investigation of whether
contamination is present, and cannot reduce the level of contamination. This
has restricted large-scale ancient DNA studies to specimens with very low
levels of contamination.

Challenges for population genetic analyses

The power of the direct sequencing approach is that it enables the quick gen-
eration of relatively large amounts of genomic data directly from fossils.
However, unless exceptionally well-preserved specimens are available
(Rasmussen et al. 2010), moderate sequencing efforts will only result in low
genomic coverage. This makes comparisons between individuals sequenced
in this way very difficult, as each individual will be represented by its own
random set of genomic loci. Therefore, ancient genomic studies have so far
focused on single individuals (Blow et al. 2008; Green et al. 2010; Keller et
al. 2012; Miller et al. 2008; Rasmussen et al. 2010; Reich et al. 2010;
Skoglund et al. 2011) or on a handful of individuals with highly similar an-
cestry (Green et al. 2010; Sanchez-Quinto et al. 2012). Another complication
arises from the high-frequency (up to 40% at sequence termini) of post-
mortem damage in ancient DNA sequences (Briggs et al. 2007). Experi-
mental solutions to this problem includes using uracil-DNA glycosylase to
repair most damaged residues (Briggs et al. 2010), but this also reduces the
use of damage for authentication purposes. In practice, transition SNPs (C/T
and G/A) are many times excluded from population genetic analyses, but a
venue for future research may be to deal with post-mortem damage probabil-
istically during genotyping (Jonsson et al. 2013; Rasmussen et al. 2010). For
low coverage studies, errors arising from the sequencing reaction itself are
also a concern, with the most common solution being to impose strict quality
filters, and to restrict population genetic analyses to loci that are already
known to be polymorphic. Finally, temporal differences between ancient
samples, and the ancient samples and modern-day populations complicate
interpretations of population genetic structure. Even in the absence of popu-
lation structure, genetic drift is expected to produce genetic differences be-
tween genetic data from different points in time (Depaulis et al. 2009; Nord-
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borg 1998; Nystrom et al. 2012), which in practice makes separating histori-
cal scenarios of replacement and genetic drift difficult (Castroviejo-Fisher et
al. 2011; Malmstrom et al. 2009; Nordborg 1998; Serre et al. 2004a). The
higher error rate resulting from postmortem damage can also bias population
genetic analyses by inflating the number of rare alleles, which in addition to
biasing estimates of genetic diversity and drift through time (Axelsson et al.
2008) can make ancient individuals appear more closely related to genetical-
ly distant individuals (Rasmussen et al. 2011).
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Research Aims

The main objective of this thesis was to use a wide array of genome-wide
data from understudied ancient and modern populations to improve our un-
derstanding of human population history and evolution. To do this, a central
goal was to develop new approaches for moving the field of ancient DNA
beyond single-locus markers into the era of genomics. Specific aims were to:
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Obtain a complete view of human genetic variation by the inclusion
and analysis of previously underrepresented southern African groups.

Reconstruct models of population history in Africa to learn about
early human prehistory.

Develop methods for identifying possible targets of adaptation in the
human genome during the emergence of early modern humans.

Investigate the distribution of archaic human ancestry in Eurasia,
Oceania and the Americas using previously published ancient ge-
nomes from Neandertals and Denisovans.

Directly test hypotheses about population structure during the Neo-
lithic transition in Europe using ancient genome sequencing, and in-
vestigate the impact on living populations.

Develop statistical methods of authentication and contamination
removal for large-scale sequencing studies using ancient DNA.

Investigate the theoretical properties of temporal sampling, and its
use for learning about population history.



Results and Discussion

The origin and spread of anatomically modern humans
(Papers I and 1)

One of the main arguments that have been taken as evidence for the out-of-
Africa model of human origins is an observed decline in allelic and haplo-
typic diversity with distance from Africa (Jakobsson et al. 2008; Ramachan-
dran et al. 2005). Based on similar patterns, it has also been suggested that
such a gradient exists in Africa (Henn et al. 2011), supporting an origin of
modern humans in southern Africa. This hypothesis has seemed attractive
since southern African hunter-gatherers, speakers of Khoisan click-
languages traditionally referred to as Khoe-San by outsiders, have appeared
in preliminary studies to represent the now-living human population that is
the most diverged from the others (Tishkoff et al. 2009). To address ques-
tions surrounding human origins in Africa and African population history,
we genotyped more than 2 million SNPs in 220 southern African individuals
from 7 Khoe-San groups, and combined this data with individuals from a
large set of other African populations (Paper I). Since more recent coloniza-
tion of southern Africa from Europe, Asia, and Central Africa has greatly
impacted the ancestry of the indigenous African populations, we first identi-
fied individuals of atypical ancestry compared to others of the same group,
and excluded these from many analyses in order to better capture more an-
cient population history.
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Figure 4. Haplotype heterozygosity in 20,000 bp windows in worldwide (left) and
African populations (right). Whereas there is a strong worldwide pattern of decreas-
ing heterozygosity with distance from Africa worldwide, no such clear pattern exists
within Africa.
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Analysing patterns of haplotype heterozygosity, haplotype richness, linkage
disequilibrium, and runs of homozygosity, we found no clear geographical
pattern or cline in genetic diversity within Africa (Figure 4). Instead, we
find that genetic diversity even within groups which self-identify as Khoe-
San range from among the lowest to among the greatest observed in Africa.
In contrast, these summary statistics of genetic diversity—of which genome-
wide estimates of haplotype heterozygosity and haplotype richness have not
previously been obtained for worldwide populations—all show a strong cor-
relation with distance from Africa in Eurasian, Oceanian and American pop-
ulations. Among some of the populations with the highest observed genetic
diversity are those with a high degree of admixture between divergent popu-
lations, such as the Khwe which have nearly equal amounts of Khoe-San and
Bantu-speaking ancestry. This suggests that current genetic diversity may be
more strongly shaped by recent genetic history than population dynamics
around the time of modern human origins.

However, patterns of genetic diversity can never provide strong evidence for
the origin of expansions. Better information on the origin of expansions
might instead be gained by analyzing the genetic relationships of popula-
tions. For example, if all African populations where found to share a more
recent genetic history with some Khoe-San groups than other Khoe-San
groups, that could be taken as evidence of an expansion out of southern Af-
rica. Analyses of population history such as this are problematic mainly be-
cause of post-divergence gene flow affecting the genetic affinities of differ-
ent populations. To circumvent this and investigate the relationship between
Khoe-San and other African populations such as Central African Pygmies,
West African speakers of Niger-Kordofanian languages, the widespread
speakers of Bantu-related languages, and click-speaking East African popu-
lations such as the Hadza and Sandawe, we used a new approach to recon-
struct tree-like models of population history based on sampling single gene
copies from quartets of populations (‘concordance tests'). We found that this
method is robust to substantial amounts of gene flow after divergence, which
makes it more suitable for investigating African population history than dis-
tance-based methods. We found that six out of seven Khoe-San populations
formed a separate lineage that appears to have been involved in the earliest
diversification of modern human populations (the remaining population, the
Khwe, trace more than half of their ancestry to Bantu-speaking populations),
which we estimate to at least 100 thousand years ago. Since the Khoe-San
share a common origin, this leaves the question of modern human origins in
Africa unanswered. However, several features of more recent African popu-
lation history can be discerned, such as pastoralist populations in Africa oth-
er than Khoe groups appearing to share a common origin to the exclusion of
diverse hunter-gatherer groups such as Mbuti and Biaka Pygmies of Central
Africa, as well as the Hadza and Sandawe of eastern Africa. We also used D-
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tests and admixture graph inference to test for admixture between these
hunter-gatherer groups, and found several cases of gene flow, most notably
between the ancestors of East African Hadza and southern African San
(Ju/'hoansi). Notably, we also detected significant population structure be-
tween Northern and Southern Khoe-San groups, and estimate that the popu-
lation divergence times between them might date back as far as 25,000-
43,000 years ago.

Since we find support for a model where all the ancestors of most Khoe-San
groups diverged from other human populations 100,000 years ago, we de-
vised an approach that utilizes this early divergence to search for signals of
selective sweeps, zooming in specifically on the period prior to the diver-
gence of human populations such as the Bantu-speakers from the Khoe-San.
To achieve this we designed a statistic, aPBS, that quantifies whether two
populations have a high and balanced frequency of derived alleles, and iden-
tified regions that had segments of consecutively high values for this statis-
tic. To estimate aPBS, we used the Fsr-based framework of Yi et al. (2010)
in the hypothesized history (chimpanzee, (Khoe-San, Bantu-speakers)).
More generally, we first estimated Fsr using a commonly applied estimator
(Weir 1996) between each pairwise combination of two populations (A and
B), and an outgroup (O), and transformed each value to a scale that is pro-
portional to genetic drift under neutrality 7=-log(1- Fsr). Then aPBS was
defined as

aPBS = (Ty-0 + Tp—0 — Ta-p)/2
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Figure 5. We found that all 7 Khoe-San groups investigated share a common origin,
with divergence from Bantu-speakers more than 100,000 years ago (left). This al-
lowed us to devise a statistic, aPBS, that is tuned to detect regions with high-
frequency derived alleles in both populations. The regions are candidates for being
under selection during the emergence of early modern humans (right).
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The reasoning behind looking for this pattern is that selective sweeps in the
ancestral population of the Khoe-San and Bantu-speakers are expected to
have dragged long segments of the genome to high- or fixed frequencies, and
this signal is not likely to be detected using more standard statistics aimed at
detecting recent selective sweeps. If we were to look for regions of high
derived allele frequencies only in a single population, the top candidates
would many times be more recent selective sweeps in that population, and
we would be prone to miss more ancient selection events. However, two
other processes that could produce high aPBS values in the genome could be
convergent selection or more recent selection in both populations where
variation is shared through gene flow.

The longest consecutive region we identified harbored the RUNX2 gene
(Figure 5), which was also identified as one of the top 20 candidates in a
similar study using the Neandertal genome (Green et al. 2010). RUNX2 mu-
tations cause cladiocranial dysplasia, resulting in morphological features
such as a supraorbital brow ridge, a flaring rib cage, and hypertelomeric
limbs, all features known to have changed rapidly during the emergence of
early modern humans. The region with the greatest observed aPBS value
comprised ROR2, a gene involved in bone and cartilage development, for
which mutations are known to cause e.g. shorter limb development. All in
all, three of the top five regions in our genome scan contained genes in-
volved in skeletal development. This is noteworthy since the present-day
gracile human morphology appeared relatively abruptly compared to previ-
ous rates of morphological evolution in the human lineage (Tattersall 2009).
This provides genetic evidence that natural selection targeting skeletal mor-
phology coincided with the emergence of anatomical modernity.

Some time after the emergence of early modern humans in Africa, their de-
scendants expanded into Eurasia, and it has been suggested that they ab-
sorbed gene flow from archaic humans on at least two occasions: from Ne-
andertals and from Denisovans further in the east (Green ef al. 2010; Reich
et al. 2010). However, the distribution and extent of this ancestry has not
been investigated in a large set of worldwide human populations. To address
this, we overlapped genomic data from the Neandertal and Denisovan draft
genomes with genotypes from more than a thousand individuals from across
the globe from which we had information on half a million genetic markers
in the genome (Altshuler et al. 2010; Li et al. 2008b; Surakka et al. 2010).
Previous analyses had suggested that Neandertal ancestry was uniformly
distributed in Eurasia and the Americas, whereas Denisova ancestry was
restricted to Oceania (Reich et al. 2010). In Paper II, we performed princi-
pal component analysis on the chimpanzee, Neandertal, and Denisova ge-
nomes, and projected the present-day human populations on the resulting
axes of variation. We found that genetic affinity to the two archaic humans
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increased from west to east in Eurasia, in contrast to previous suggestions.
However, using simulations we also showed that a serial founder model of
increasing genetic drift from west to east could produce a similar pattern in
data with ascertainment bias for common alleles (such as the empirical data
analyzed), but some southeast Asian populations affinities to archaic humans
(in particular Denisovans) were difficult to reconcile with this expectation
(see below). Recent analysis of the complete high-coverage Denisova ge-
nome have partly confirmed this view, arguing for a higher degree of archaic
Neandertal-related ancestry in East Eurasia (~1.7%) compared to West Eura-
sia (~1.0%) (Meyer et al. 2012). In our analysis we also found that on the
East Asian mainland, southern populations showed significantly higher de-
gree of genomic affinity to the Denisova genome compared to northern pop-
ulations. In the light of the Central Siberian location of Denisova cave, this
casts new light on the previously puzzling observations that Denisovan an-
cestry was completely restricted to the Oceanian islands, and absent from
mainland East Asia (Reich et al. 2010; Reich et al. 2011). Our study sug-
gests that the original admixture event could have taken place on the main-
land, but the genetic traces may have been subsequently diluted by later mi-
grations.

Denisovans share a common origin with Neandertals, but were genetically
differentiated from Neandertals in Europe and the Caucasus (Reich et al
2010). In Paper V, we obtained a complete mitochondrial genome sequence
from a Neandertal in Okladnikov cave, close to the Denisova cave, and show
that its mtDNA lineage is basal to all published complete Neandertal
mtDNA sequences from Central and Western Europe. However, robust con-
clusions about Neandertal population structure and their genetic history with
Denisovans will require more genomic information from both populations.
These studies will also provide more information on when and how admix-
ture with modern humans took place.
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Prehistoric interactions between hunter-gatherers and
agriculturalists (Papers I, 111, and I'V)

One of the most important events in human history is the transition from
foraging lifestyles to sedentary lifestyles that utilize the resources of domes-
ticated animals and/or plants. This process occurred independently in many
different parts of the world with the onset of warmer climate approximately
10,000 years ago. In Europe, it spread from the Near East, and one of the
most contentious issues surround whether it spread by means of migration or
as an idea that was taken up by resident populations (Ammerman& Cavalli-
Sforza 1984), or perhaps rather what the relative contributions of the two
processes were. Scandinavia was one of the last places in Europe to be
reached by agriculture, and for a period, populations living primarily as
hunter-gatherers and farmers were living in the same region at the same
time. A null hypothesis can thus be posited where under complete cultural
transmission of agriculture, individuals from farming and hunter-gatherer
groups are not expected to have different genetic ancestry.

To test this hypothesis directly, we used shotgun sequencing to generate
low-coverage genetic data from three Neolithic hunter-gatherers associated
with the Pitted Ware Culture (PWC) and one Neolithic farmer associated
with the Funnel Beaker culture (TRB), all from present-day Sweden and
dated to approximately 5,000 years ago, to a total amount of 249 million
base pairs (Paper III). We identified ancient DNA sequences in the data that
overlapped with genetic markers typed in individuals from modern-day pop-
ulations from across Europe and Western Eurasia, and compared the ancient
individuals to the genetic variation of modern-day humans. We found that all
three individuals associated with the foraging PWC were outside the popula-
tion structure of modern-day Europeans but most closely related to modern-
day Northern Europeans (Figure 6), whereas the individual associated with
TRB was most closely related to Southern Europeans. This suggests strong
population structure in Scandinavia 5,000 years ago, and is consistent with a
model where the spread of the Neolithic was facilitated by population migra-
tions from the south. We also observed evidence for admixture related to the
Neolithic farmer individual in modern-day populations, and found that an-
cestry related to the Neolithic individual increased from South to North in
Europe and in local Swedish populations when these populations are fitted as
two-way admixtures in a simplified model of population history where Finn-
ish populations are taken as most closely related to the alternative source of
ancestry.
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Figure 6. Neolithic hunter-gatherers are outside the population structure of modern-
day Europe. A principal component analysis was performed on 14,113 SNPs ob-
tained from pooled data from the 3 Neolithic hunter-gatherers in Paper III and pre-
sent-day European and Middle Eastern populations.

In a follow up study (Paper 1V), we obtained more sequence data from three
of the previous individuals, and also sequenced 3 additional individuals as-
sociated with the TRB and 3 additional individuals associated with the PWC.
Under the hypothesis that they represent different populations, we pooled the
data from each group, and found that the closest modern-day groups to the
TRB data and the PWC data are Sardinians, and Lithuanians, respectively.
We then tested for each separate individual if they were closer to either
northern Europeans (Lithuanians) or southern Europeans (Sardinians), or
none. We found that all TRB-associated individuals are significantly closer
to Sardinians, and all PWC-associated individuals are significantly closer to
Lithuanians. In addition, we performed the same test for the 5,300 year old
Tyrolean Iceman from the Italian Alps (Keller et al. 2012) and two Mesolith-
ic Iberian individuals from La Brafia, Spain (Sanchez-Quinto et al. 2012).
We find that the Tyrolean Iceman is significantly closer to Sardinians
whereas the Mesolithic Iberians are significantly closer to Lithuanians. This
demonstrates that hunter-gatherer and farmer individuals sampled so far
share genetic signatures with individuals with the same mode of subsistence
from other parts of Europe, and that the Neolithic PWC individuals trace
their ancestry to Mesolithic European populations. We also confirmed this
by reconstructing maximum likelihood trees (Pickrell& Pritchard 2012), and
by restricting the analysis to sequences with postmortem damage pattern
using the methods in Paper V.
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To investigate the shared signal of the Neolithic hunter-gatherers of the
PWC with Mesolithic individuals in further detail, we have also analyzed a
Mesolithic individual from Stora Forvar cave on the Stora Karlso Island in
the Baltic Sea (Gotherstrom A, Jakobsson M, Malmstrom H, Omrak A,
Skoglund P, Stora J, unpublished results), which is very close to the locality
where the PWC individuals in our studies were excavated. The individual
was directly radiocarbon dated to 7,952 + 53 BP (6,873 £ 119 cal BC). We
used the Illumina HiSeq platform to obtain a total of 2,250,928 sequences
that could be confidently aligned to the human genome, and found strongly
elevated levels of C—T and G—A mismatches indicative of post-mortem
nucleotide misincorporations (Briggs et al. 2007). To assess whether there in
addition to endogenous DNA was evidence of modern-day contamination,
we exploited the approximately 12-fold coverage of the mitochondrial ge-
nome to estimate contamination (Krause et al. 2010a), and found that all 61
informative sequences were consistent with the consensus, which yields a
point estimate of 0.0% modern contamination. We also found that the
mtDNA sequence belonged to haplogroup U4bl, consistent with the notion
that mitochondrial lineages belonging to hg U were fixed or nearly fixed in
pre-Neolithic Europe (Fu et al. 2013b; Pinhasi et al. 2012). To assess wheth-
er this individual showed a similar genetic signature to other ancient individ-
uals from the Neolithic period, we repeated the test for if the individual was
closer to Northern Europeans (Lithuanians), Southern Europeans (Sardini-
ans), or neither. We found that the Stora Forvar individual was significantly
closer to Lithuanians in this analysis (Figure 7), which is consistent with a
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high degree of continuity from the Mesolithic in the individuals associated
with the Pitted Ware culture.

In contrast to the apparently strong population structure observed between
ancient farmers and hunter-gatherers in Europe, Khoe pastoralists (the Na-
ma) in southern Africa were genetically closely related to the San hunter-
gatherers in our study of modern southern African genetic variation (Paper
I). However, we did observe a significant but minor affinity to East Africans
in the Nama pastoralists, which suggests that they may have absorbed gene
flow from incoming pastoralists that have been hypothesized to also have
sparked the appearance of Khoe-Kwadi languages in the region (Giildemann
2008). The relative minor fraction of this ancestry that we observed suggests
that part of this process involved cultural diffusion (in addition to demic
diffusion) of the practice of pastoralism, but more studies are needed to re-
solve this question further. Our analyses thus suggest that the genetic
makeup of modern-day southern Africa mainly stems from three major an-
cestral populations. The first of these were likely the ancestors of the Khoe-
San peoples, and our estimates of historical divergences between different
Khoe-San groups into the Pleistocene suggest some form of continuity in the
region from that time. The second major identified source of ancestry of the
present-day population is associated with the expansion of iron-working
Bantu-speaking agropastoralists from their equatorial homeland. This ances-
try is present in many Khoe-San populations, but it is noteworthy that Khoe-
San ancestry is also present in all southeastern Bantu-speakers in our study
(representing Zulu, Xhosa and Tswana). The third is the large-scale coloni-
zation of European and Asian migrants, the ancestry of which is present not
only in the Coloured populations, but which we also observed in many
Khoe-San groups (with a great degree of inter-individual variation).

To search for evidence of local adaptation between southern African popula-
tions using the more than 2 million SNPs in our data, we computed Fgr for
every SNP and between every pair of populations, and contrasted the highest
observed value in each comparison with the genome-wide average. We
found that the greatest differences between the genome-wide average Fsr
and the most divergent marker were all in comparisons between the Nama
and other Khoe-San, and all in a small region on chromosome 16. To further
scrutinize this interesting region, we performed genome-local ancestry de-
convolution, and found that the same region had a highly unusual degree of
Bantu-related ancestry. While no coding regions reside inside the identified
region, our results suggest that it could harbor adaptive variants in regulatory
elements, possibly associated with the pastoralist lifestyle of the Nama.
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New approaches for ancient genomics (Papers II
through VI)

Due to the susceptibility of DNA analysis of ancient human remains to pre-
sent-day contamination, the most important step for this type of studies is to
investigate the authenticity of the genetic data and the results derived from
them. While strict precautions during sample preparation for sequencing are
standard, including the addition of sample-specific DNA barcodes, we can
never exclude contamination fully using laboratory methods. This is espe-
cially the case for ancient material that has been handled in other osteologi-
cal analyses where no precautions against DNA contamination were taken.
The main feature distinguishing DNA from several thousand year old re-
mains from more recent DNA is the presence of nucleotide misincorpora-
tions arising from DNA damage (cytosine deamination) (Hansen et al. 2001;
Hofreiter et al. 2001), and a first step towards authentication of ancient ge-
nomic data is the observation of these damage patterns. However, if genomic
data is a mix of ancient DNA and more recent contamination, it could still
show a pattern of DNA damage, only diminished by the presence of mole-
cules with little damage. In Paper I1I, we first introduced a new approach to
authentication especially geared towards low-coverage genome sequencing.
We identified and isolated specific sequences with mismatches to the human
reference genome consistent with ancient DNA damage, and compared our
population genetic results for that set of sequences to the set that did not
display evidence of ancient DNA damage. We found that our conclusions
about population structure between Neolithic farmers and hunter-gatherers
were robust in both these subsections of the data. If our results were caused
by contamination we would have expected the sequences without evidence
of damage to be a mixture of endogenous and contaminating sequences,
whereas the sequences with damage would have consisted almost exclusive-
ly of endogenous sequences.

In Paper V we extend this approach significantly by developing a statistical
framework to compare the likelihood of a sequence being endogenous or
contaminant, resulting in a likelihood ratio of two different models that we
term a 'PMD score'. We show that this method is able to reduce even high
contamination fractions to negligible levels, and is more powerful than the
simple approach first used in Paper IIl. To validate the method, we use arti-
ficial contamination experiments of both high-coverage Neandertal mito-
chondrial data and low-coverage autosomal genomic data from Neolithic
humans. We also validate the efficiency of method on Neandertal DNA se-
quence data sets known to be affected by genuine contamination, since pre-
sent-day contamination can be identified by mitochondrial variants that are
fixed between Neandertals and modern humans. Finally, we use the method
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on a novel mtDNA data set generated from a Neandertal individual from
Okladnikov cave in Siberia that contains substantial amounts of present-day
human contamination, and use our method to reconstruct its mitochondrial
genome sequence.

Another main problem in this early generation of ancient genomic studies is
the difficulty associated with obtaining high-coverage data from ancient
remains. Indeed, most studies of ancient DNA still focus on single markers
such as mitochondrial DNA, but direct sequencing is able to obtain a much
larger set of loci without much increased laboratory effort per sample. The
challenge is that these sequences will be spread out in random locations of
the genome, making comparisons between ancient individuals difficult. In
Paper III, we addressed this by comparing each low-coverage ancient indi-
vidual to high-quality population data sets from modern groups separately
using principal component analysis. In order to facilitate interpretation of the
separate analyses, we then used Procrustes transformation, a statistical tech-
nique to compare multidimensional configurations (Wang et al. 2010), to
rotate the PC1-PC2 configuration of each individual to that of the reference
data set (Figure §). This results in a 'merged' comparison, revealing that
hunter-gatherer individuals are all closer to Northern Europeans than the
farmer individual.

Procrustes errors

Dimension 2

Dimension 1

Figure 8. Illustration of Procrustes transformation of one two-dimensional configu-
ration to another, with residuals indicated in blue.
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When one or a few ancient individuals from a particular geographic and
temporal context are analyzed, questions are often focused on their relation-
ships with modern-day populations. In Paper III, we computed a pairwise
allele sharing statistic, and showed that in European populations, a high de-
gree of allele sharing with hunter-gatherers predicted a lower degree of allele
sharing with farmers. In Paper VI, we used simulations to show that stand-
ard methods such as principal component analysis are sensitive to different
degrees of genetic drift in the time period that separates the ancient individu-
al(s) and the modern populations. To overcome this issue, we present an
approach in Paper IV where we compute an f; statistic (Patterson et al.
2012) not to detect admixture but using an outgroup, a focus population, and
a population for comparison. The approach is designed to reflect the shared
genetic history of the focus population and the population for comparison.
This is highly useful as conventional statistics measuring divergences be-
tween populations are heavily affected by post-divergence genetic drift. It
also allows different types of these tests to be contrasted, and we show that
shared genetic drift between modern populations and farmers and hunter-
gatherers, respectively, refines the remarkable pattern in Europe captured by
the allele sharing statistic.

In Paper III, we also introduced an alternative approach for inferring tree-
like population histories that is insensitive to lineage-specific genetic drift.
We sample a random gene copy from each of four populations. If a popula-
tion history that conforms to the tree (4,B),(X,Y) where 4,B,X, and Y are
different populations, is correct, we expect to observe more loci with allele
configurations concordant with the proposed topology than any other con-
figuration. We thus use the counts N, for the number of loci with a SNP
configuration where 4 and B have the same allele and X and Y have the same
allele. We use Ny for the number of loci that shows the second most fre-
quent tree-like topology. Then our statistic C is

C = (Neonc — Naisc1)/ (Neone + Naise1)

which we compute for all proposed topologies and assess which one is sup-
ported (if any) by the data. This approach has similarities to previous frame-
works for asking similar questions (Green et al. 2010; Reich et al. 2010),
and in Paper I we show that it is highly robust to recent admixture.
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The 4-population tests and D-tests have been found to be robust to ascer-
tainment bias, the bias that arises when discovering a set of genetic markers
in a limited panel, in the sense that it is not expected to create false positive
signals of admixture (Durand et al. 2011; Reich et al. 2009). However, in
Paper II we show that in the presence of admixture and ascertainment bias,
populations will display deviations in the 4-population test statistic which
are correlated to the amount of genetic drift in their history, perhaps due to
the process of filtering out rare alleles leading to false negatives. For exam-
ple, since a 1-4% admixture with Neandertals occurred in the ancestral popu-
lation of all non-Africans (potentially in the Middle East), subsequent found-
er effects during the expansion in FEurasia and the Americas could have re-
sulted in a gradient of apparent Neandertal ancestry, which increases with
distance from Africa in panels of common SNPs.

Another large difference between analyses of ancient DNA and that of only
present-day individuals is that individuals from different time points are
inescapably separated by genetic drift. This genetic drift makes it difficult to
interpret differences between ancient and modern individuals, or even an-
cient individuals from different time points, since the effects of genetic drift
and possible population replacement by migrants are confounded. In Paper
VI, we investigate the properties of Wright's Fgr in relation to samples from
different time points, and show that separation by time and population struc-
ture share mathematical properties in the genetic differentiation they predict.
In this paper, we also show that the best remedy for the analytical difficulty

49



of distinguishing between genetic drift caused by e.g. bottlenecks and popu-
lation replacements when comparing data from different time points is in
fact to incorporate a large set of samples from a range of time points. When
samples from such a study-design are analyzed, the observed trajectories in
genetic affinities in the putatively ancestral populations can be used to gauge
whether a population replacement is likely to have taken place (Figure 9).
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Conclusions and future prospects

In this thesis, I have shown that the integration of ancient and modern large-
scale genomic data can provide powerful means for learning about human
population history. Specifically, I have shown that direct sequencing of an-
cient human remains provides substantial power for population genetic anal-
yses despite challenges such as low genomic coverage, high rate of postmor-
tem DNA damage, present-day contamination and genetic differentiation
arising from temporal differences. 1 present several methodological ap-
proaches to alleviate the problems associated with these features, as well as
how to utilize the information they provide. First, I present solutions to com-
bine the analyses made from several low-coverage data sets from different
ancient remains to allow inferences about the differentiation and genetic
affinities of the ancient individuals. These approaches, such as Procrustes
transformation of principal components, concordance tests, outgroup f3 sta-
tistics, and allele sharing, are also robust to postmortem damage and se-
quence errors. Secondly, I show that post-mortem damage can be used to
remove present-day human contamination from ancient DNA data sets in
silico. Using a new probabilistic framework for this, we isolate endogenous
Neandertal DNA from a large-scale data set affected by substantial present-
day human contamination and reconstruct the near-complete mitochondrial
genome sequence of the Neandertal individual. I also explore the population
genetic properties of temporal genetic sampling schemes, and show that
temporal genetic differentiation shares many conceptual features with spatial
sampling, but that temporal sampling provides valuable information about
population history by tracing the trajectory of allele frequency changes
through time.

I use these approaches to analyze new genomic data from Neolithic farmers
and hunter-gatherer contexts in Scandinavia 5,000 years ago. I find that indi-
viduals from the two contexts show starkly different genetic signature, with
the Neolithic hunter-gatherers being outside the variation of modern-day
humans but most closely related to populations from the Baltic area today,
whereas Neolithic farming individuals where most closely related to South-
ern European populations such as Sardinians. Genomic data from hunter-
gatherers and farmers from Southern Europe show similar genetic signatures
associated with their mode of subsistence, which together with evidence for
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admixture in modern-day populations suggests major northward expansions
of agriculturalists during the Neolithic.

I also use a novel genome-wide SNP data set from southern African Khoe-
San populations to update our current view on genetic variation in living
human populations. Reconstructing the population history of present-day
African populations, I find that the ancestors of the Khoe-San were involved
in one of the earliest diversification events of modern humans 100,000 years
ago. | use this observation to search for evidence of selective sweeps in the
ancestral population of Khoe-San and Bantu-speaking populations, which
would have lived during the emergence of anatomical modernity between
100 and 300 thousand years ago. In remarkable agreement with the observa-
tion of an acceleration of human anatomical evolution in the African fossil
record during this period, I find that the major candidate regions for selective
sweeps overlap genes involved in skeletal development. In more recent Afri-
can history, we also find evidence of shared ancestry with East Africa and
local adaptions in the Nama, a Khoe-San population that practices a pastoral-
ist lifestyle.

Together these results show that the direct sequencing approach together
with the power of large genetic data sets from modern-day humans holds the
promise to revolutionize our understanding of the human past. Future devel-
opments in the field of statistical population genetic inference that specifical-
ly use the information provided by the age of multiple ancient individuals
should be especially promising. Since bioinformatic approaches are now in
place for dealing with present-day human contamination, technological ad-
vances that will allow retrieval of large-scale DNA sequence data from an-
cient remains also from environments with less favorable preservation condi-
tions will allow innumerable palaeoanthropological, archaeological, and
historical hypotheses to be tested using genetics.

52



Svensk sammanfattning

P4 samma sitt som att ménniskans rika historia har ldmnat spér i form av
arkeologiskt material och spraks utbredning over vérlden sd har historien
ocksa lamnat spar i DNA-variationen hos dagens individer. Trots att variat-
ionen mellan individer fran samma grupp &r néstan lika stor som variationen
mellan individer frdn olika grupper, s kan genomets miljontals variabla
positioner anvindas till att kartligga genetiska monster i tid och rum och
rekonstruera de historiska processer som har format deras variation. Svarig-
heterna med att analysera DNA direkt frén arkeologiskt skelettmaterial har
dock ldnge inneburit att genomiska studier av populationshistoria har varit
begriansade till att tolka monster av variation i nu levande ménniskor, utan
tillgéng till direkta historiska observationer. I den hér avhandlingen utarbetar
jag nya metoder for isolering, analys och tolkning av stora genomiska data
frén forntida populationer, inklusive metoder for att kunna analysera data
med begrdnsad genomtickning, DNA-kontamination frdn personer som ar-
betat med materialet, stora aldersskillnader mellan olika prover, och post-
mortem DNA-skador. Detta gor det mojligt att integrera storskaliga genom-
iska data fran arkeologiska lamningar med genetisk variation fran nu levande
méinniskor for att spara nutida och forntida méanniskopopulationers historia.

Genom att forst rekonstruera de tidigaste diversifieringarna av tidiga moder-
na ménniskor med hjilp av nutida variation fran Khoe-San populationer i
sodra Afrika utarbetades en ny metod for att soka efter gener som kan ha
varit viktiga for formandet av anatomiskt moderna ménniskor for nagra
hundra tusen ar sedan. De gener som identifieras i denna analys indikerar att
skelettets utveckling paverkades av naturligt urval under den tidsperiod da
de forsta anatomiskt modern ménniskorna levde. Genom att jamfora till-
gingliga genomdata fran arkaiska manniskor sdisom Neandertalare och Deni-
sova-ménniskor med nu levande méanniskor var det ocksd majligt att visa att
andelen genetiskt material som kommer frdn arkaiska ménniskor varierar
over Eurasien, i motsats till tidigare studier som foreslagit en homogen for-
delning i denna region.

I den forsta direkta genomiska studien av populationsstruktur i forntida po-
pulationer visar jag att ca. 5000 &r gamla individer associerade med jord-
bruk- och jdgar-samlar grupper i Skandinavien under yngre stenaldern var
starkt genetiskt differentierade. Direkta jamforelser med nutida populationer
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och andra forhistoriska individer fran sddra Europa visar att detta monster
aterkommer i andra delar av Europa och att den genetiska strukturen troligen
har sin grund i att jordbrukande populationer frdn sddra Europa migrerade
norrut. Slutligen utvecklar jag en bioinformatisk metod for att ta bort konta-
mination frén nutida personer fran DNA-sekvenser isolerade frdn antikt
ménskligt material, och anvidnder denna metoden att rekonstruera en kom-
plett mitokondrie-DNA-sekvens fran en sibirisk Neandertalare.
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