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Abstract

The ancient continent of Sahul, encompassing Australia, New Guinea and Tasmania, contains
some of the earliest archaeological evidence for humans outside of Africa, dating back to at least
50 thousand years ago (kya). New Guinea was also one of the sites were humans developed
agriculture in the last 10 thousand years. Despite the importance of this part of the world to
the history of humanity outside Africa, little is known about the population history of the people
living here. In this thesis I present population-genetic studies using whole-genome sequencing
and genotype array datasets from more than 500 indigenous individuals from Australia and New
Guinea, as well as initial work on large-scale sequencing of other, worldwide, human populations

in the Human Genome Diversity Project panel.

Other than recent admixture after European colonization of Australia, and Southeast Asian ad-
mixture in the lowlands of New Guinea in the last few millennia, the populations of Sahul appear
to have been genetically independent from the rest of the world since their divergence ~50 kya.
There is no evidence for South Asian gene flow to Australia, as previously suggested, and the
highlands of Papua New Guinea (PNG) have remained unaffected by non-New Guinean gene flow
until the present day. Despite Sahul being a single connected landmass until ~8 kya, different
groups across Australia are nearly equally related to Papuans, and vice versa, and the two appear
to have separated genetically already ~30 kya. In PNG, all highlanders strikingly appear to form
a clade relative to lowlanders, and population structure seems to have been reshaped, with major
population size increases, on the same timescale as the spread of agriculture. However, present-
day genetic differentiation between groups is much stronger in PNG than in other parts of the
world that have also transitioned to agriculture, demonstrating that such a lifestyle change does not

necessarily lead to genetic homogenization.

The results presented here provide detailed insights into the population history of Sahul, and sug-
gests that its history can serve as an independent source of evidence for understanding human
evolutionary trajectories, including the relationships between genetics, lifestyle, languages and

culture.
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Chapter 1: Introduction

1.1 Outline of this thesis

This thesis begins with the current introductory chapter, which outlines some basic principles of
population genetics and experimental methodology, as well as the main features of human popula-
tion history as currently understood. The second and third chapters describe my work on Aborig-
inal Australian and Papua New Guinean population history respectively, while the forth describes
my initial work on the sequencing of a large set of diverse human genomes and associated tech-
nical aspects. Human population genetics is currently a rapidly moving field, and much progress
has been made while the work described in this thesis was being conducted. On those questions
that constitute the main focus of the thesis, I therefore try to present in the introduction the state
of knowledge as it was while this work begun (mid-2014), and cover later findings in the results
and discussion sections alongside my own work. On questions that fall outside that main focus, I

however try to present in the introduction the state of knowledge up until the writing of this thesis.

1.2 Basic principles of population genetics

Genomes are composed of DNA molecules and contain the information needed for the life of an
organism. They are shaped over time by evolutionary processes, some of which are driven by
the more successful spread of some genome variants than others, i.e. natural selection (Darwin
1859), and some of which are driven by biological and chemical properties inherent to DNA and
its transmission in populations (Lynch 2007). Evolutionary changes that are not influenced by
natural selection are referred to as neutral. The genome of an organism constitutes a record of
the processes that shaped it, both neutral and adaptive, and by studying genomes we can therefore

learn about evolutionary history.

The ultimate source of all evolutionary change is mutation. Different mutational processes, most of
which occur during the replication of DNA before cell division, lead to different types of changes in
the genome sequence. The most abundant type of mutation is the substitution of a single nucleotide
for another, which in a population become single-nucleotide polymorphisms (SNPs). Insertions
and deletions of short segments of sequence, collectively referred to as indels, occur at a rate of
about one order of magnitude lower than single-nucleotide substitutions. In the specific sequence
context of short tandem repeats (STRs), i.e. repeated units of sequence a few base pairs long,
slippage of the DNA polymerase enzyme during replication leads to mutation rates that can be
several orders of magnitude higher than other indel mutation rates. In addition to these small-
scale changes, genomes undergo larger-scale structural changes, where large parts of sequence are
duplicated, deleted, inverted or translocated to a different part of the genome. In cases where there
is a net change in the number of units of a given piece of the sequence in the genome, these are

often detected as and referred to as copy number variants (CNVs) in a population.



In sexually reproducing organisms, the process of recombination results in a shuffling of genetic
material between homologous chromosomes. Without recombination, sequences are passed on
over generations as unbroken units on which all mutations that have occurred in the ancestors of
that particular sequence accumulate. The mitochondrial genome and most of the mammalian Y
chromosome are non-recombining. With recombination, pieces of sequence with different histories
are joined together such that mutations that occurred in unrelated ancestors are brought together
into the same genome. Recombination occurs during meiosis such that the chromosome passed
on to the offspring is a recombined version of the two chromosomes carried by the parent, and the
probability by which recombination events occur in any given part of the genome varies. The closer
two variants are to each other along the chromosome, the less often a recombination event will
occur between them. The resulting co-segregation of such variants in a population at a frequency

greater than the random expectation is referred to as linkage disequilibrium (LD).

Basic principles underlie the fate of a mutation in a population. In the absence of natural selection,
the frequency of a mutation in the population is entirely governed by chance and fluctuates from
one generation to another due to the random sampling of alleles during meiosis. Under such condi-
tions, the probability that a mutation will eventually reach fixation, i.e. to spread to all individuals
in the population, is simply equal to its frequency in the population (Hartl and Clark 2007). This

random change in allele frequencies over time is referred to as genetic drift.

If a mutation has an influence on the number of future descendants its carrier will have, the so-
called fitness of its carrier, its frequency will also be affected by this selective process, in addition
to random genetic drift. The larger the effect on fitness, the more rapidly it will either increase
or decrease in frequency. Selection against mutations that decrease fitness is often referred to as
purifying selection. A key parameter determining the strength of natural selection relative to drift is
the effective population size (N;), which can be thought of as the size of the subset of the population
that is actually contributing genetic material to the next generation (Hartl and Clark 2007). When
effective population size is small, random changes in allele frequency has a greater impact such
that genetic drift occurs more rapidly, potentially overwhelming small fitness differences between

alleles.

Across the tree of life, there is great diversity in the size and organization of genomes as a conse-
quence of the varying importance of different evolutionary forces in the history of different types
of organisms. Bacteria often have extremely large effective population sizes in which natural se-
lection is very efficient relative to genetic drift, such that bacterial genomes are small (typically
3-10 Mb), have high protein coding content and little non-functional sequence (Lynch 2007). The
smaller population sizes of large mammals result in less efficient selection and a greater importance
of genetic drift and neutral processes. The large size of the human genome, at 3 Gb typical of large
mammals, is mainly due to the largely neutral accumulation of a variety of so-called transposable
elements, which are virus-like, self-replicating sequences present in hundreds of thousands to mil-

lions of copies throughout the genome. While much is still unknown about the approximately 98%



of the human genome that does not code for proteins, it appears that the majority of this sequence
has little if any functional importance and so is evolving neutrally (Ponting 2017). This is a good
thing from the point of view of the study of evolutionary history, as many analyses of this history
are simplified if the changes in frequency of variants are primarily governed by drift, without the
added complication of selection.

In humans, the rate of single-nucleotide mutation is approximately 1.25x10™8 per base pair per gen-
eration, though there is still considerable uncertainty about this number (Scally and Durbin 2012;
Moorjani, Gao, et al. 2016). Across the genome, this means every human is born with somewhere
between 10-100 new single-nucleotide mutations. The average inter-generational time has likely
varied across time and between different human cultures, but has been estimated to somewhere be-
tween 25 and 30 years (Fenner 2005; Moorjani, Sankararaman, et al. 2016). The genetic effective
size of human and ancestral hominin populations has likely also varied considerably throughout

time, but is thought to typically have been on the rough order of 10,000.

1.3 Technology for studying variation in genome sequences

A range of technologies for studying variation in the genome sequences of individuals have been
used throughout the history of genetics research. The earliest geneticists, going back to Gregor
Mendel and his studies in pea plants in the mid-19th century and taking off more substantially
through studies in fruit flies and other model organisms in the early 20th century, exploited the
effects that certain genetic variants had on readily visible traits to track inheritance patterns. Ex-
perimental genetics thus started long before the discovery that the DNA molecule was the carrier
of the genetic information, and the determination of its chemical structure. Later studies made use
of differences in biochemical or immunological properties of proteins. These were thus still only
assaying the genetic material indirectly, through the effects that variants might have on e.g. the
shape or chemical charge of a protein, but extended the reach of genetics beyond variants that have

large effects on the organism, even to variants that might be evolutionarily neutral.

The first experiments to assay variation in the DNA molecule directly made use of restriction
enzymes discovered in bacteria. These enzymes introduce double stranded breaks in the DNA at
specific target motifs typically around 4-8 base pairs long, which will occur every few thousand
base pairs in a genome just by chance. The mixture of small DNA fragments resulting from these
cuts can be separated by gel electrophoresis and hybridised to a sequence of interest to produce
a visible profile of fragment lengths. Variation in the genome sequence between individuals, e.g.
sequence differences within a potential enzyme target site, will sometimes lead to differences in the
cuts being made and thereby differences in the fragment profiles. These restriction fragment length
polymorphism (RFLP) studies enabled some early insights into the structure of genetic variation,
as well as disease mapping and other practical applications in humans. Later studies also started

making use of variation in the length of highly variable microsatellites, or short tandem repeats,



which are amplified through a polymerase chain reaction (PCR) and then similarly visualized on a

gel.

Direct sequencing of DNA molecules got started in the 1970’s. The method that became predom-
inant for the next several decades was the so-called chain termination method developed by Fred-
erick Sanger and colleagues. This method makes use of dideoxynucleotides, modified versions of
the standard deoxynucleotides that terminate elongation of the DNA molecule when incorporated
by a DNA polymerase. In its mature form, by labelling the four different dideoxynucleotides with
fluorescent dyes and separating the mixture of molecules terminated at different points by gel or
capillary electrophoresis, the sequence of the molecule can be read off. The reads, continuous
sections of sequence, are typically 400-800 base pairs long. This was the technology that was
used to sequence the first whole genomes of bacteria and eukaryotes, including the human genome
for which assemblies were published in 2001 (Lander, et al. 2001; Venter, et al. 2001). These
early genome sequencing projects would typically proceed by sub-cloning the genome into sec-
tions on the size scale of ~100 kb, sequencing and computationally assembling the reads into a
consensus sequence for each one of these independently. This hierarchical sequencing approach
reduces the complexity of the consensus sequence determination problem and the risk of sequence
assembly errors caused by different parts of the genome having similar sequence, resulting in
high quality assemblies. The sub-cloning process is labor-intensive and expensive, however, and
most whole-genome sequencing projects are therefore no longer done in this way. The Sanger
dideoxynucleotide method in itself, however, is still used, primarily for small-scale sequencing of

targeted regions.

Another technological development that has been and remains very important to the study of ge-
netic variation is the high-density microarray. These arrays can hold large numbers of short (~50-
100 base pairs (bp)) oligonucleotide probes that target specific parts of the genome where some
variant is known to segregate in the population. The relative intensity of DNA hybridization to
two paired probes that differ only by the sequence corresponding to the two different alleles of
a variant can then be used to determine the genotype at the variant site in a DNA sample. In
this manner, the genotypes of up to millions of variants can be determined in a single, relatively
cheap, experiment. These genotyping arrays enabled high-resolution studies of human genetic
variation and population structure. However, the fact that the variants being assayed have to be
known beforehand limits the scope of the technology, and the fact that for humans most variants
have traditionally been ascertained in populations of European ancestry means that a bias might be
introduced when studying more diverse populations. Nonetheless they remain an important tool in

the study of genetic variation.

A major breakthrough came with the development of so-called next-generation sequencing tech-
nologies in the first decade of the 21% century (Metzker 2010). These encompassed several dif-

ferent technologies that could produce sequence reads at a much higher throughput and lower cost



than the Sanger method. The Illumina technology emerged as the most cost-effective and is the
most widely used today. Illumina machines perform so-called sequencing-by-synthesis, where
DNA molecules are extended one fluorescently labelled, reversibly terminating, nucleotide at the
time by a DNA polymerase and a photograph is taken to capture the identity of the incorporated
nucleotide. The key to the high throughput of the technology is that this is done across billions
of molecules in parallel, spread out over a flow cell. The reads produced currently range in size
between 50 and 250 base pairs depending on the machine. The short read length, and the fact that
most sequencing is done not in a hierarchical but rather through a so called “whole-genome shot-
gun” approach, means that determining the consensus sequence of the sequenced genome from the
generated reads comes with greater computational challenges than the data generated by the early

genome sequencing projects.

There are limits to what a given technology can tell us about a genome. The read length of a
sequencing technology imposes an upper limit on the length of repetitive regions for which the
sequence can unambiguously determined, such that it’s not possible to say from which of two dif-
ferent but identical regions of the genome of length 100 base pairs an Illumina read of that length
derives. The situation is somewhat improved by the application of so-called paired-end sequenc-
ing, which allows the two ends of a typically 300-600 base pair molecule to be sequenced. If the
location of the first read in such a pair is unambiguously known, this can then help the determi-
nation of the second read’s location. Large genomes that are rich in repeats, such as the human
genome, will, however, still contain many complex and repetitive regions that are outside the reach
of short read technologies. Another limitation when sequencing diploid organisms such as hu-
mans involves the determination of haplotype phase. At pairs of adjacent heterozygous sites in the
genome, one of the alleles at each site will be physically located on the same chromosome, with
the two other alleles located on the homologous chromosome. If a read or read pair spans two
such adjacent heterozygote sites, this haplotype phase can be determined, but the physical scale at
which this is possible is thus limited by the read length and read pair insert size. The average dis-
tance between heterozygote sites in humans is approximately 1000 base pairs, such that 100 base
pair reads from the ends of 500 base pair molecules will provide only limited phase information.
This limitation is shared by genotyping arrays, which only provide unphased genotypes. Methods
based on sub-cloning single, long molecules into e.g. fosmids allow for longer-scale experimental

phasing, but these methods are not widely used due to their labour intensity and high cost.

An independent technological development that has come to play an increasingly important role
in the study of population history, particularly in humans in the 2010’s, is the ability to extract and
sequence DNA from ancient remains (Haber, et al. 2016; Slatkin and Racimo 2016). Sequence
reads have successfully been obtained from human remains that are thousands and even tens or
hundreds of thousands of years old. Data obtained in this way comes with a number of additional
technical challenges. Firstly, ancient DNA tends to be highly fragmented, such that most molecules

being sequenced are typically only 20-50 base pairs long. Secondly, the molecules suffer damage



over time, and this damage is highly non-random — in particular, there is a very high frequency of
Cto T (or G to A on the complementary strand) substitutions caused by deamination of cytosine
to uracil which is then read as thymine, particularly towards the ends of molecules (Orlando, et
al. 2015). Lastly, ancient DNA samples are often contaminated with microbial DNA from the
environment and/or human DNA from researchers or others that have handled the remains. The
former is a mainly a financial problem, as large amounts of microbial DNA in the sample means
that you need to sequence more in total to obtain a given amount of endogenous DNA, but the
contaminating reads will be very different from any human genomes and so will not interfere with
downstream analyses in any major way. The latter is potentially more problematic, as contaminant
human DNA will be difficult to distinguish from endogenous human DNA, potentially leading to
biased or artefactual interpretations. One way to get around this problem is to take advantage of
the damage patterns of the reads, as modern contaminant DNA will lack the patterns characteristic
of ancient DNA damage, and, if substantial contamination is detected, to restrict analyses to only

the subset of reads that display such patterns (Fu, et al. 2015).

1.4 Methods for processing short read sequencing data

There are two principal ways in which to process short read sequencing data. The first is de-
novo assembly, which is the assembly of the reads into a consensus sequence without the use of a
pre-existing reference genome or other information external to the sequenced genome itself. This
typically requires very high (>50x) [llumina read coverage for good results, and the computational
algorithms in use to perform the assembly require very large amounts of memory. While the
approach works very well for genomes less than 100 Mb in size (e.g. bacterial genomes), de-novo
assemblies of human genomes are still highly fragmented and with the sequence of many regions
incompletely determined. De-novo assembly of human genomes might be fruitful for particular

use-cases, but it is not a commonly used technique in current analysis of sequencing data.

The second and most commonly applied approach to the processing of short read sequencing
data is through the use of a reference genome sequence, to which the reads are mapped one-by-
one. The human reference assembly is of high quality, and as genetic diversity is relatively low
in humans, no sequenced genome will be very divergent from the reference genome. There are
highly efficient algorithms for mapping short reads to a reference assembly and then aligning them
against the reference sequence in the mapped location, allowing for some number of differences
such that variants can be discovered. The most widely used software for this task is BWA, based on
a string compression algorithm known as the Burrows-Wheeler transform (Li and Durbin 2009).
Given the alignments of reads against the reference, the genotypes of the sequenced sample can be
inferred from the reads covering a given position in the reference. Widely used software packages
for performing genotype calling include samtools (Li 2011), GATK (McKenna, et al. 2010) and
FreeBayes (Garrison and Marth 2012). A drawback of this approach is that it might introduce a

reference bias — firstly, only parts of the genome present and correctly assembled in the reference



sequence can be analysed, and secondly, if some individuals are more genetically divergent from
the reference sequence than others, their reads might have a lower probability of being mapped

successfully because they contain too many differences.

A key parameter determining the accuracy by which genotypes can be called against a reference
genome using short read data is the sequencing coverage, the average number of reads covering a
given site in the reference genome. With lower number of reads covering a site, genotype calling
becomes increasingly susceptible to sequencing errors in individual reads (occurring at a rate of
approximately 1% in Illumina reads) as well as sampling noise at heterozygous sites. A common
target coverage in population history studies is 30x, with which very high accuracy genotypes can
be obtained. Some study designs, particularly in medical genetics, favour lower coverage to instead
afford sequencing of a larger number of individuals, and combine information across individuals

to improve accuracy (Li, et al. 2011).

1.5 Methods for analysing population histories using genetic
data

There are a variety of computational methods for learning about population histories from genetic
data. They differ in what features of the genetic data they make use of, the amount of data they

need for reliable results and the type of information they provide.

A large set of methods make use of allele frequencies at variant sites, under the simple assumption
that populations or individuals that share ancestry will have similar allele frequencies. Principal
components analysis (PCA) is one such commonly used method, allowing unsupervised clustering
of individuals based on their ancestry (Patterson, et al. 2006; McVean 2009). The model-based
clustering methods implemented by the STRUCTURE (Hubisz, et al. 2009) and ADMIXTURE
(Alexander, et al. 2009) software are also commonly used, requiring the user to specify a number of
ancestral components for the software to assign the ancestry of individuals into. The fixation index
Fsr is a measure of the allele frequency differences between populations and thus is informative
about the degree of genetic differentiation. A more recent development is a family of so-called f-
statistics, comprising the f, f3 and f4 statistics and a variant of the latter known as the D-statistic
(Patterson, et al. 2012). These can be used to conduct simple tests on allele frequency correlations,
e.g. to test if allele frequencies are consistent with a simple tree topology or if there is admixture
in the history of populations, and can be applied to single genomes or population data. As these
methods make use only of allele frequencies, they can be applied to basically any type of genetic
data without any particular requirements on the number or density of markers (though power will
increase with the number of markers), except that markers are not in strong linkage disequilibrium
e.g. in the case of PCA and ADMIXTURE.

Other methods additionally make use of genetic linkage information: the fact that physically

nearby variants co-segregate on haplotypes in a population. The ChromoPainter and fineSTRUC-



TURE methods employ a framework where haplotypes are compared between individuals to assess
similarity in a more high-resolution fashion (Lawson, et al. 2012). A set of methods aim to infer
the local ancestry of haplotypes in admixed populations, by using reference panels related to the
sources of admixture. These include the RFmix (Maples, et al. 2013), HAPMIX (Price, et al.
2009) and PCAdmix (Brisbin, et al. 2012) software packages. A requirement for these haplotype-
based methods is that phase is inferred for the data, something which comes with some rate of error
depending on the method for doing so. The most commonly used approach to haplotype phasing is
to make use of a large reference panel of haplotypes, to which input genotypes are compared and
the most likely phase inferred (Howie, et al. 2009; Delaneau, et al. 2011). In order to gain from
the linkage information, haplotype-based inference methods also need a decent density of variants,
such as that offered by whole-genome sequencing or high-density (e.g. ~500,000 variants or more

across the genome) genotyping arrays.

A recent development is the inference of population history using the distribution of coalescence
times along a single genome, or between a small number of genomes, though the PSMC (Li and
Durbin 2011) and later the MSMC (Schiffels and Durbin 2014) methods. As the rate of coales-
cence between haplotypes depends on the effective population size, this methodology can infer
the history of effective population size of a population over time. Applied to multiple genomes
from different populations, the relative rate of within- versus between-population coalescence can
be used to infer the time scale of genetic divergence between two populations. These methods
require genotype information not just at variant sites, but also at non-variant sites, and so can only
be applied to whole-genome sequencing data. When applied to more than one genome, haplotype

phase information is also required.

There is a disparate set of inference methods that are based on fitting explicit population history
models to genetic data in one way or another. Such models might include a population topology,
admixture events and rates, and effective population sizes. The parameter values are fitted typi-
cally by calculating the likelihood of the observed data, systematically searching for values that
maximize this. Various features of the data can be used for such fitting, and a commonly used
feature is the site-frequency spectrum (SFS). A related methodology which can be applied when it
is not possible to calculate the likelihood of the data under a model is Approximate Bayesian Com-
putation (ABC), in which summary statistics calculated from simulated data are compared to the
observed data, in the search for simulation parameters that minimize the difference between these.
These model-fitting approaches have the potential to infer highly complex and detailed population
history models, but are often computationally very intensive, come with various technical issues
related to efficient parameter search and overfitting, and due to their complexity their results can

often seem opaque and difficult to evaluate.



1.6 A brief summary of current knowledge on human

evolutionary history

1.6.1 Our closest hominin relatives

Anatomically modern humans evolved in Africa. We separated from our closest living relatives,
the chimpanzees and bonobos, approximately 5-7 million years ago (Jobling, et al. 2004). Our
closest known extinct hominin species were the Neanderthals and the Denisovans, both of which
disappeared 40-50 thousand years ago (kya). Neanderthals inhabited large parts of Europe, the
Near East and western Asia and much is known about their morphology and lifestyle from fos-
sil remains. Additionally, genome sequencing data from Neanderthals, primarily a high-coverage
sequence from a bone found in a cave in the Altai Mountains in southern Siberia, have provided
insights into their genetic relationships to modern humans (Green, et al. 2010; Prufer, et al. 2014).
The Denisovans were a completely unknown hominin group, discovered directly though the DNA
sequencing of small bone fragments from the same cave in the Altai mountains, Denisova cave
(Reich, et al. 2010). Teeth are the only diagnostic bone parts currently known from Denisovans,
although it is possible that some bones previously thought to be from Neanderthals or other ho-
minins might actually be from Denisovans. The genome sequence data obtained from these archaic
hominins has revealed that the common ancestor of Neanderthals and Denisovans diverged geneti-
cally from modern humans approximately 600 kya (Prufer, et al. 2014), and thus likely left Africa
at around this time. Neanderthals and Denisovans then diverged from each other approximately
450 kya, perhaps inhabiting primarily western and eastern Eurasia respectively. Analyses also
indicated that both Neanderthals and Denisovan populations had very small effective population
sizes throughout their histories after the split from modern humans, resulting in very low levels of

genetic diversity.

1.6.2 Africa

There is no strong consensus on the time depth of the population structure of present-day modern
human populations, but genetic analyses indicate that the deepest splits are between 100 and 200
thousand years (ky) old (Veeramah, et al. 2012; Kim, et al. 2014; Mallick, et al. 2016). These
deep splits invariably involve the Khoe-San populations of southern Africa, which also appear to
have had the largest effective population size of any human population throughout most of history
(Kim, et al. 2014), though neither of these observations necessarily mean that southern Africa is
the geographic origin of modern humans. Second to the Khoe-San, the most divergent populations
appear to be certain rainforest hunter-gatherer groups of central Africa, with estimated split times
to other populations on the order of at least 100 ky (Hsieh, Veeramah, et al. 2016; Mallick, et
al. 2016). Population history within Africa appears complex, likely shaped by varying degrees
of differentiation and admixture between different lineages over many tens of thousands of years
(Gurdasani, et al. 2015). There have been suggestions that certain African populations might have

experienced admixture from unknown archaic groups (Hammer, et al. 2011; Hsieh, Woerner, et al.



2016), but in the absence of actual genomic sequences from those archaic groups, these analyses
are necessarily indirect and their conclusions are far from widely accepted. In the last few thousand
years, African population structure appears to have undergone a major reshaping following the so-
called Bantu expansion (Li, et al. 2014; Patin, et al. 2017). This was a major population expansion
of agriculturalists from western Africa speaking languages in the Bantu family, quickly spreading
to eastern and then southern Africa, likely leading to considerable genetic homogenization across
these regions and thereby likely obscuring much of the older population structure. The last few
thousand years has seen back-migrations of agriculturalist or pastoralist groups from the Near East
into eastern Africa and later southern Africa, thereby bringing Eurasian ancestry to many present-
day African populations in these regions (Pagani, et al. 2012; Pickrell, et al. 2014; Gallego
Llorente, et al. 2015). Northern Africa has also seen major population turnover in recent times,
such that a majority of the ancestry of present-day populations here can be traced to migrations

from the Near East in the last few thousand years (Henn, et al. 2012).

1.6.3 Out-of-Africa

At a point which most studies estimate to be between 50 and 100 kya, with many pointing to-
wards 60-80 kya, some humans diverged from their African relatives and migrated out of Africa
(Macaulay, et al. 2005; Gravel, et al. 2011; Fu, Mittnik, et al. 2013; Schiffels and Durbin 2014; Pa-
gani, et al. 2015). It should be noted that the date of genetic divergence from African populations
does not necessarily coincide with the migration out of the geographical continent of Africa, as the
migration could have been preceded by some period of genetic separation while still inside Africa.
Once outside of Africa, modern humans seem to have dispersed widely and rapidly, with archaeo-
logical evidence from ~50 kya appearing across Eurasia (Mellars 2006). There are some remains
and archaeological evidence of anatomically modern humans outside of Africa that are consider-
ably older than this, but their significance and in some cases their dating is disputed. It is widely
acknowledged that some of these remains could very well represent earlier out-of-Africa migra-
tions that had no discernible genetic impact on present-day non-African populations, e.g. because
they left no or very few living descendants. This includes ~100 ky old remains from the Levant
(McDermott, et al. 1993), and potentially at least 80 ky old teeth from China (Liu, et al. 2015),
though the latter date is controversial. It is important to be clear about what exactly is meant by
‘out-of-Africa’ in a given context, and in the context of the analysis of human genomes it typically
refers to the genetic separation between Africans and the ancestors of present-day non-Africans,

as such analysis necessarily cannot say anything about migrations that left no living descendants.

A key question is whether there was just a single group of humans (or in practice, perhaps a
small number of groups with very similar ancestry) that migrated out of Africa and gave rise
to all present-day non-Africans, or if there were multiple independent migrations. In the latter
case, different present-day non-African populations could be derived from different subsets, or
combinations of subsets, of African genetic diversity, and so have different genetic relationships

to present-day Africans. The big picture consensus that has emerged is that all non-Africans likely
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derive most of their ancestry from the same single non-African ancestral group. This is anyhow
the case for the uniparentally inherited mitochondrial genome and Y chromosome, the study of
which provided some of the earliest evidence for the recent African origin of all humans (Cann,
et al. 1987). However, these represent just two genetic lineages out of thousands in the genome,
which additionally experience a higher rate of genetic drift, and so it is highly possible that any
uniparental lineages deriving from earlier migrations could have been lost by chance during the
last 60 or so ky (Nordborg 1998). The possibility of autosomal contributions from other out-of-
Africa migrations has not been confidently excluded, and some non-genetic (Lahr and Foley 1994)
and genetic (Reyes-Centeno, et al. 2014; Tassi, et al. 2015) studies have reported support for this
scenario. In particular, it has long been hypothesized that certain populations in Southeast Asia
and Sahul, namely Aboriginal Australians, Papua New Guineans, the indigenous populations of
the Andaman Islands in the Indian Ocean, perhaps populations from southern India and Sri Lanka,
and certain so-called Negrito groups in the Philippines and Malaysia, might harbour ancestry from

such an earlier migration.

The migration of humans out of Africa was associated with a major bottleneck resulting in a
decrease in genetic diversity in all non-Africans compared to Africans. This is perhaps the most

striking feature of human population structure, and often has consequences for genetic analyses.

1.6.4 Archaic admixture

While little is known about the cause of extinction of our hominin relatives the Neanderthals and
Denisovans, the proximity in time between their disappearance and the arrival of modern humans
in their non-African habits raises competition with modern humans as at least a likely contributing
factor. It’s worth noting that a third hominin group, Homo floresiensis, likely much more distantly
related to modern humans (Argue, et al. 2017), also seems to have disappeared from its habitat
in island Southeast Asia within the same general timeframe, approximately 60 kya (Sutikna, et al.
2016).

A major finding from the analyses of the Neanderthal and Denisovan genome sequences, however,
was that the genomes of these groups did not completely disappear. Firstly, it is estimated that
all non-Africans carry approximately 2% Neanderthal ancestry (Prufer, et al. 2014), owing to
admixture that occurred approximately 50-60 kya (Sankararaman, et al. 2012; Fu, et al. 2014),
shortly after the migration of modern humans out of Africa. The largely uniform distribution of
this Neanderthal ancestry across all non-African populations (Sankararaman, et al. 2014; Vernot
and Akey 2014) suggests that the admixture occurred in a population that was ancestral to all of
these, which is evidence in favor of a single out-of-Africa event. East Asians have, however, been
found to harbour on the order of 10% more Neanderthal ancestry than Europeans (Wall, et al.
2013), reflecting either additional admixture events (Kim and Lohmueller 2015; Vernot and Akey
2015; Vernot, et al. 2016) or dilution in Europeans due to admixture with a lineage having less

Neanderthal ancestry (Lazaridis, et al. 2014; Lazaridis, et al. 2016). Secondly, it is estimated

11



that Aboriginal Australians, Papua New Guineans and some related populations in Melanesia and
island Southeast Asia carry 3-5% Denisovan admixture (Reich, et al. 2011; Meyer, et al. 2012).
East Eurasians and Native Americans seem to carry very low but non-zero (~0.1%) levels of this
ancestry (Skoglund and Jakobsson 2011; Qin and Stoneking 2015; Sankararaman, et al. 2016),

while west Eurasians seem to have none.

There have been a number of studies of the functional and population-genetic consequences of
archaic admixture. Analyses of ancient genomes from Europe have shown a gradual decrease
in Neanderthal ancestry over time, consistent with purifying selection against this ancestry (Fu,
et al. 2016). There is also less Neanderthal ancestry closer to functionally important elements
in the genome (Sankararaman, et al. 2014; Vernot and Akey 2014). This could in principle be
due to epistastic incompatibilities between Neanderthal variants and modern human genome back-
grounds. However, theoretical studies have suggested that Neanderthal variants would have tended
to be more deleterious in themselves, owing to the long period of less stringent purifying selec-
tion experienced by the very small Neanderthal populations, such that epistasis explanations might
not be necessary (Harris and Nielsen 2016; Juric, et al. 2016). Observations that might still sug-
gest some degree of genetic outbreeding depression are that Neanderthal ancestry is lower on the
X chromosome, and in genes expressed in testis, which are known indicators of hybrid incom-
patibility (Sankararaman, et al. 2014). Patterns of Denisovan ancestry in modern genomes are
largely similar to those of Neanderthal ancestry, implying they have been shaped by similar forces
(Sankararaman, et al. 2016; Vernot, et al. 2016). While archaic ancestry seems to have been over-
all slightly deleterious, there are a number of specific variants that appear to have been beneficial

and to have been positively selected in modern human populations (Gittelman, et al. 2016).

1.6.5 Europe
Europe was settled by modern humans approximately 45 kya (Mellars 2006; Higham, et al. 2011),

and is currently the part of the world with by far the best-understood genetic history, owing to the
large number of studies of both modern and ancient DNA from here. Some population changes
within Europe during the Pleistocene have been described (Fu, et al. 2016), though much is still
unknown about this period. Major changes to the genetic landscape of Europe occurred during the
Holocene. Following the Neolithic transition from a hunter-gatherer to an agriculturalist lifestyle in
the Near East, these early farmers expanded into Europe starting around 8 kya, partly replacing and
partly admixing with the local hunter-gatherers. A second major transformation came during the
Bronze Age starting around 5 kya, when pastoralists from the eastern European steppes migrated
into Europe and admixed with local populations to replace as much as half of the ancestry in
many regions (Allentoft, et al. 2015; Haak, et al. 2015; Lazaridis, et al. 2016). The result of
these processes is that all present-day European populations are a mixture of these three divergent
sources of ancestry, with different populations deriving different amounts of their ancestry from
each of them. For example, Sardinians have mostly early farmer ancestry, while north-eastern

European populations have high steppe components. The well-studied genetic history of Europe
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demonstrates that the expectation that patterns of genetic variation in present-day populations will
largely reflect the initial peopling of a continent can be naive, as the initial patterns are likely to
be overwritten by later events. Furthermore, as major features of European genetic history were
basically misunderstood or unknown until the advent of ancient DNA, it also serves as a cautionary

example against overconfident conclusions drawn from modern DNA only.

1.6.6 East Asia

The genetic divergence between western and eastern Eurasians seems to go back to approximately
40 kya (Fu, Meyer, et al. 2013; Schiffels and Durbin 2014). Very little is currently known about
the genetic history of East Asia after this point. Genetic differentiation between major East Asian
groups, e.g. Chinese, Japanese and Vietnamese is relatively low (1000 Genomes Project Consor-
tium 2015), which could reflect relatively recent shared ancestry between these groups, potentially
compatible with a recent expansion and replacement following for example an agricultural transi-
tion. More studies, particularly of ancient DNA, will be needed to elucidate the history of this part
of the world.

1.6.7 South Asia

The genetic history of South Asia is characterized by admixture between two very divergent
sources of ancestry (Reich, et al. 2009; Moorjani, et al. 2013). The first is a branch of east-
ern Eurasian ancestry, and while it no longer seems to exist in an un-admixed form, it seems to
be distantly related to the indigenous people of the Andaman Islands, who have been geographi-
cally isolated for perhaps 20 ky and so avoided later admixture (Mondal, et al. 2016). The second
source is a branch of western Eurasian ancestry, not too distant from present-day European ances-
try. While it still remains to be confirmed, it has been suggested that this ancestry made it into
South Asia during the Bronze Age, perhaps through a population related to the eastern European
steppe pastoralists who also migrated into Europe (Lazaridis, et al. 2016). The presence of Indo-
European languages in both South Asia and Europe also suggests connections in relatively recent
times. Present-day South Asian populations contain varying degrees of ancestry from these two
sources, with a gradient of increasing western and decreasing eastern Eurasian ancestry going from

south to north, and in some cases additionally some East Asian ancestry.

1.6.8 The Americas

The Americas were the last of the inhabited continents to be settled by humans, who reached
them only ~15-20 kya (Raghavan, et al. 2015; Skoglund and Reich 2016). The Siberian founder
population appears to have been a mixture of around two thirds East Asian ancestry and one third of
what has been referred to as “Ancient North Eurasian” ancestry (Patterson, et al. 2012; Raghavan,
et al. 2014). The latter also later contributed to present-day European populations, which means
that all Native Americans have a slightly closer affinity to Europeans than East Asians do. Once

it had expanded out of Beringia, the population seems to have spread rapidly and colonized most
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of both North and South America very quickly. The entry into the Americas was associated with
a bottleneck, such that Native American populations have the lowest levels of genetic diversity
of any continental group today. Following European colonization in the last 500 years, there has
been massive admixture from European and African sources, such that much of pre-Colombian
population structure is likely obscured (Moreno-Estrada, et al. 2013; Moreno-Estrada, et al. 2014;
Homburger, et al. 2015).

1.6.9 The Pacific

The last major part of the world, though not a continent, to be populated by humans was the large
number of islands in the Pacific Ocean. An expansion of seafaring agriculturalists from South-
east Asia led to the peopling of the more remote islands only in the last few thousand years. The
ancestry of these Polynesian peoples is thus largely East Asian. However, they also derive approx-
imately 20% of their ancestry from Papuan or Melanesian sources, likely picked up by admixture
during the expansion (Kayser, et al. 2008; Wollstein, et al. 2010; Skoglund, et al. 2016). It has still
not been conclusively determined if the Polynesians reached the Americas prior to the era of Euro-
pean colonization. There has at least been no evidence for any genetic contribution to present-day
Native American populations. However, the Polynesian population on Rapa Nui (Easter Island)
has been found to harbour Native American admixture (Moreno-Mayar, et al. 2014), thus at least

suggesting contact.

1.6.10 The effects of lifestyle on population history

Besides the basic questions of when and where different events in the population history of humans
occurred, another key set of questions relate to the forces that were driving these events. On a very
general level, it is clear that some parts of the world are more suitable for human occupation than
others due to differences in geography and climate, with e.g. the cold of eastern Siberia explaining
why the Americas remained unpopulated for so long. Some research utilizing data on past climate
changes has suggested that climate is even a primary determinant of human migration patterns and
timing (Eriksson, et al. 2012; Timmermann and Friedrich 2016). It is also worth noting however
that hunter-gatherer humans appear to have been highly mobile once inside new continents, e.g.
seemingly spreading across all of Australia in a timeframe too short to be tracked archeologically,
and likewise reaching the very south of the Americas within at most a few thousand years after

having entered this geographically and climatically very diverse region (Dillehay, et al. 2008).

Recent research, especially utilizing ancient DNA, is increasingly indicating that culture has also
been a primary force shaping human population history, at least during the Holocene (the last ~12
ky) (Gunther and Jakobsson 2016). The most well-studied examples of this come from Europe
where, as mentioned above, the genetic landscape was dramatically reshaped by two major, cul-
turally driven migration events, the first an expansion of agriculturalists and the second of Bronze
Age pastoralists. The genetic histories of South Asia and sub-Saharan Africa, also as mentioned

above, seem to have been massively affected by Holocene population movement and admixture as
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well. These studies are providing some answers to the long-standing question at the intersection
of population genetics, archaeology, anthropology and linguistics about whether cultural practices,
innovations as well as languages, particularly the transition from a hunter-gatherer to an agricul-
tural lifestyle, spread through the horizontal transmission of ideas or through the movement and
admixture of people: the “pots or people” debate. While these results are mainly favouring the
spread of people, or “demic diffusion” (Moorjani, et al. 2013; Pickrell, et al. 2014; Allentoft, et
al. 2015; Haak, et al. 2015; Patin, et al. 2017), some studies have also found evidence for lifestyle
change without major genetic change in certain parts of the world (Siska, et al. 2017).

1.6.11 Adaptation to local environments

The selective pressures acting on human populations have varied over space and time, as groups
in different parts of the world have settled in new environments or changed lifestyles. This has
led to positive selection for genetic variants that confer adaptive advantages (Fan, et al. 2016).
Variants conferring a lighter skin colour have been selected for in populations living at higher
latitudes, possibly due to the need for UV radiation in vitamin D biosynthesis (Jablonski and
Chaplin 2010). Populations living at high altitude in the Himalayas, Andes and the Ethiopian
highlands have adapted genetically to the low oxygen levels of these environments (Bigham 2016).
The short stature of certain central-African and Southeast Asian hunter-gatherer groups has been
hypothesized to be an adaptation to life in a rainforest environment (Migliano, et al. 2013; Perry,
et al. 2014). Pathogens appear to have constituted an important selective pressure during human
evolution (Karlsson, et al. 2014), perhaps due Red Queen co-evolution dynamics (Siddle and
Quintana-Murci 2014). Changes in diet also appear to have led to several instances of positive
selection (Luca, et al. 2010), including adaptation to high fat diets in arctic populations (Fumagalli,
et al. 2015) and to milk consumption in agriculturalist or pastoralists communities (Tishkoff,
et al. 2007). There is also evidence for potentially widespread polygenic adaptation in human
evolutionary history, in which large numbers of variants with small effects undergo small increases
in frequency (Berg and Coop 2014; Field, et al. 2016).
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Chapter 2: The genetic history of Australia

2.1 Introduction

The ancient continent of Sahul encompassed the present-day landmasses of Australia, New Guinea
and Tasmania, which were separated by rising sea levels only ~8 kya (Woodroffe, et al. 2000;
Lewis, et al. 2013). There is strong evidence of human occupation in Australia and elsewhere in
Sahul dating back to ~50 kya (Clarkson, et al. 2015; O’Connell and Allen 2015; Veth, et al. 2017)
implying humans arrived fairly soon after migrating out of Africa. While sea levels were lower
at this time, reaching Sahul through Island Southeast Asia would still have required several long
sea crossings. Key questions in the population history of this part of the world include: Are the
present-day indigenous populations the descendants of these first settlers of the continent? Have
there been additional migrations to the continent after that? What is the relationship, including ge-
netic divergence time, between the populations of Sahul and those in the rest of the world? What
is the relationship between Aboriginal Australians and Papua New Guineans? This chapter ad-
dresses these questions, many of which relate to the shared early history of Aboriginal Australians
and Papua New Guineans, or “Australo-Papuans”, as well as questions specific to the history of

Aboriginal Australians. The next chapter focuses on Papua New Guinea.

There are two key components to the question of the relationship between Australo-Papuans and
other human populations. The first is whether Australo-Papuans derive ancestry from a separate,
perhaps earlier, migration out of Africa than the one giving rise to Eurasians. The second is, given
at least some shared ancestry between Australo-Papuans and Eurasians, which lineage was the first
to branch off from the others: Europeans (such that Australo-Papuans and East Asians are sister
clades) or Australo-Papuans (such that Europeans and East Asians are sister clades)? Most genetic
studies have placed Australo-Papuan populations within non-African variation, and furthermore as
a sister group to East Asians, in clustering-type analyses (Li, et al. 2008; Hugo Pan-Asian SNP
Consortium, et al. 2009), although if only a small proportion of their ancestry is from an earlier
out-of-Africa event such analyses might not be sensitive to that. A study on the first Aboriginal
Australian whole-genome sequence suggested that Australo-Papuans were an outgroup to Euro-
peans and East Asians, diverging from them 62 to 75 kya, followed by some post-divergence gene
flow between East Asians and Australo-Papuans (Rasmussen, et al. 2011). While this study is
sometimes cited as also supporting an earlier exit from Africa for Australo-Papuan ancestors, it
does not actually make this claim. On the question of later migration and gene flow into Australia,
a number of hypotheses have been put forth. There are changes in the archaeological record of
Australia starting around 4-6 kya, with the appearance of certain stone tools as well as the dingo,
a wild dog (Brown 2013). While the dingo most certainly arrived with the help of humans, there
is debate about the origin of the cultural changes. An early study of mitochondrial genomes sug-

gested Aboriginal Australians had a closer relationships to southern Indian than to Papua New
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Guinean populations (Redd and Stoneking 1999). Another study reported that Aboriginal Aus-
tralian Y chromosomes in haplogroup C, which represents 44% of indigenous chromosomes in
Australia (Nagle, et al. 2016), shared a common ancestor with chromosomes in southern India and
Sri Lanka 195 generations ago (95% confidence interval = 49-532 generations), or 5,655 years
assuming a generation interval time of 29 years (the study itself used 25 years) (Redd, et al. 2002).
A later study based on genome-wide array genotyping of a population from northern Australia
reported autosomal evidence for South Asian gene flow, estimating that 11% of Aboriginal Aus-
tralian ancestry derives from sources related to present-day Dravidian speaking groups of Southern
India, and dating this admixture to 4,230 ya (Pugach, et al. 2013). These studies suggested that
this genetic ancestry arrived in Australia together with the cultural changes. Another study of uni-
parental markers however found no support for any South Asian gene flow to Australia (Hudjashov,
et al. 2007).

Another debated topic in the history of Australia concerns the spread of the dominant pre-colonial
language family of the continent, the Pama-Nyungan languages. These languages are spoken
across 90% of Australia, absent only from the very northern parts, and are estimated on the basis of
linguistic similarities to have spread during the Holocene, perhaps in the last ~4-7 ky (Mcconvell
1996; Malaspinas, et al. 2016). No present-day languages outside of Australia are related to them,
and while an internal expansion thus seems to be the most likely explanation for its spread, no
known major cultural or technological processes in the history of Australia, other than the spread
of small stone tools, correspond to this timeframe (Bowern 2010). It is therefore also not known
whether or not this language expansion was associated with a spread of people and therefore genes,

resulting in a reshaping of population structure in Australia.

In the last approximately 200 years following European colonization of Australia, large numbers
of migrants from Europe and other parts of the world have entered the continent, resulting in wide-
spread foreign admixture into the Aboriginal Australian population (McEvoy, et al. 2010) as well

as disruption of the pre-colonial population structure.

In this chapter I primarily make use of two different data sets to address these various questions.
The first is a dataset of Y chromosome sequences from 13 Aboriginal Australian and 12 Papua New
Guinean men, generated at the Wellcome Trust Sanger Institute and published in 2016 (Bergstrom,
et al. 2016). The second is a dataset of 83 Aboriginal Australian and 39 (inclusive of the afore-
mentioned 12) Papua New Guinean whole-genome sequences, the former generated by external
collaborators and the latter at the Wellcome Trust Sanger Institute, which were analysed in col-
laboration with a large consortium and published in 2016 (Malaspinas, et al. 2016). Many other
results were obtained by collaborators working on that project, and where relevant I refer to those

results in the text.
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2.2 Analysis of Aboriginal Australian Y chromosomes

The Y chromosome has long served as a particularly useful part of the genome for the analysis of
population relationships due the lack of recombination along most of its length. It is inherited in an
unbroken lineage from father to son, such that the identification of a similar Y chromosome in two
different men provides highly confident evidence for shared ancestry. With sequencing data from
the chromosome and a measure of the mutation rate, the time at which that ancestor lived can also
be estimated. Another advantage of the Y chromosome is that, in admixed populations such as
Aboriginal Australians, an indigenous chromosome remains fully indigenous along its length and
does not recombine and mix with foreign chromosomes. In Australia today, ~30% of Aboriginal

Australian males carry Y chromosomes of indigenous origin (Taylor, et al. 2012).

An earlier study genotyped a set of 144 self-reported Aboriginal Australian males at known Y
chromosome variants to assign them to major haplogroups (Nagle, et al. 2016). Out of these, 13
individuals with indigenous chromosomes were re-contacted and consented to further study. Five
of these were from haplogroup C, constituting 44% of indigenous chromosomes; six were from
haplogroup K*, constituting 56% of indigenous chromosomes; and two were from haplogroup M
(a branch of K*), constituting 2% of indigenous chromosomes (Nagle, et al. 2016). These samples
were whole-genome sequenced and the reads mapping to the Y chromosome were extracted. These
data were then analysed jointly with sequencing data from 12 Papua New Guinean males from the
HGDP-CEPH panel as well as all the 1244 males from 26 worldwide populations from the 1000
Genomes Project (1000 Genomes Project Consortium 2015), calling genotypes at approximately
10 million sites on the chromosome deemed to be suitable for short read sequencing (Poznik, et al.
2013).

A maximum likelihood phylogeny constructed from these 1269 Y chromosomes recapitulates the
known structure of human Y chromosome history, and reveals how Aboriginal Australian and
Papuan chromosomes fit into this (Figure 2.1). Within both the C and the K*/M clades of the
tree, the Aboriginal Australian and Papuan chromosomes form monophyletic clades with high
bootstrap support (100% for the C and 97% for the K*/M, respectively). This is consistent with a

shared origin of Aboriginal Australians and Papuans.

By counting the number of sites that have mutated between pairs of Y chromosomes, and the
number of sites that have not mutated, an estimate of their divergence time can be obtained. These
estimates were scaled to units of years by applying a mutation rate of 0.76 x 10~ per site per year,
inferred from the number of missing mutations on the Y chromosome of a ~45-ky-old modern
human (Fu, et al. 2014). This mutation rate is similar to that estimated from present-day Icelandic
patrilines (Helgason, et al. 2015). This analysis resulted in divergence estimates of 54.3 ky (95%
confidence interval (CI): 48.0-61.6 ky) between Sahul K«/M and their closest relatives in the R
and Q haplogroups, and a divergence time of 54.1 KY (95% CI: 47.8-61.4 ky) between Sahul C

chromosomes and their closest relatives in the C5 haplogroup. These dates are consistent with an
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early divergence of Australo-Papuan ancestors from populations in Eurasia, and with the generally-
accepted archaeological record in Sahul, and thereby with the hypothesis that present-day people

are the descendants of the first arrivals on the continent.

These results thus show no evidence for more recent arrival of Y chromosomes to Australia. In
particular, they confidently refute the previous claim that Australian haplogroup C chromosomes
arrived from South Asia in the Holocene (Redd, et al. 2002). A bootstrap analysis across the sites
used on the Y chromosome expanded the confidence intervals of the haplogroup C split date to
44.9-65.9 kya, showing that technical uncertainty arising from read mapping or variant calling is
not great enough to affect the conclusion of an old split. The greatly underestimated split date
reported by the earlier study can be understood in terms of the technology used at the time. It used
differences at short tandem repeats and a mutation rate at these repeats of 2.08 x 107> per genera-
tion to date the split, but it has later been shown that such analyses tend to massively underestimate
older divergence times, largely due to saturation of recurrent mutations (Wei, et al. 2013). The
results presented here thus represent a clear example of how the greater power and accuracy of
direct sequencing compared to earlier methods for studying genome variation can resolve uncer-
tainties about human population history. They do not by themselves definitely prove that there was
no gene flow from South Asia, as it’s still possible that the autosomal genome might harbour such

ancestry, but they exclude the Y chromosome piece of the puzzle.
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Figure 2.1: Phylogenetic History of Aboriginal Australian Y Chromosomes. A) A maximum likelihood phylogeny of 1269 human Y chromosomes,
including Aboriginal Australian and Papuan chromosomes highlighted in red, inferred using RAXML (Stamatakis 2014) from short-read sequencing
data mapped to the ~10 Mb of accessible sequence on the chromosome. High-level haplogroups are coloured and labelled along the tree. B)
Detailed view of haplogroups K* and M. C) Detailed view of haplogroup C. Sample names and population origins are displayed at branch tips
(AUS, Aboriginal Australian; PNG, Papua New Guinean; CHS, Southern Han Chinese in China; KHV, Kinh in Ho Chi Minh City, Vietnam; JPT,
Japanese in Tokyo, Japan; CDX, Chinese Dai in Xishuangbanna, China; CHB, Han Chinese in Bejing, China; BEB, Bengali in Bangladesh; PJL,
Punjabi in Lahore, Pakistan; GIH, Gujarati Indian in Houston, Texas; STU, Sri Lankan Tamil in the UK; ITU, Indian Telugu in the UK). Divergence

times in units of thousands of years are indicated on key nodes that correspond to divergences between groups of samples from different populations
or haplogroups.
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2.3 Foreign admixture in Australia

The dataset of 83 Aboriginal Australian whole-genome sequences from nine population samples
across the continent allows foreign admixture to be studied using the autosomal genomes. The
ADMIXTURE method (Alexander, et al. 2009) revealed widespread and variable non-indigenous
ancestry (Figure 2.2A). Most of this ancestry appears to be of European origin, but there are also
non-trivial amounts of East Asian ancestry, particularly in the north-eastern groups. The large
variation in the overall amount foreign ancestry across individuals implies that the admixture is
recent. Several individuals have no discernible foreign ancestry, especially those from the Western
Central Desert area where all but one individual appear to have entirely indigenous ancestry. These
differences between geographic regions likely reflect differences in the timing and impact of the

European colonization of Australia.
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Figure 2.2: Genome-wide ancestry of Aboriginal Australian individuals. Individuals are coloured according to their population origin, following
the map in middle of the figure. A). The ADMIXTURE software was run with k=5 on Aboriginal Australians together with a worldwide panel
including Europeans, East Asians, South Asians and Africans, which are not shown in the figure. At this k value, the ancestry components essentially
correspond exactly to the ancestries of each of these continental groups, and are therefore labelled after them. The very small amounts of ancestry
assigned to components other than the Aboriginal Australian, European and East Asian in a few individuals might just be noise in the estimation.
The coloured circle under each individual denotes its population of origin, the geographical locations of which are indicated on the map to the
right. B). Heterozygosity per individual versus the amount of non-indigenous ancestry. Population colours are as in A.

The observation that several individuals lack non-indigenous ancestry is potentially important, not
only because of what it says about the process of admixture since European colonization but also
because such un-admixed individuals would greatly aid various analyses, especially those compar-
ing Aboriginal Australians to worldwide populations. To further confirm the lack of admixture in
these individuals, I conducted f3 and D-statistic tests (Patterson, et al. 2012). Negative values in
tests of the form f3(Aboriginal Australian; Source A; Source B), where A and B were all possible
pairs from a set of worldwide representative populations, indicate admixture in the history of the
Aboriginal Australian sample from sources related to A and B. For 21 of the Aboriginal Australian
individuals, none of the tests produced a negative value. In D-statistic tests of the form D(Yoruba,
C; Aboriginal Australian, Papuan), where the west African Yoruba population serves as an out-
group and C was any of French, Han Chinese, Indian Gujarati, Indian Telugu, Sri Lankan Tamil,
Pakistani Punjabi or Bangladeshi Bengali, 23 individuals did not show any significantly negative
statistic (at Z < -3. At a threshold of Z < -2, the number was 18 individuals), meaning there is no

evidence for any of these populations for C being genetically closer to Aboriginal Australians than
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to Papuans. To test if the lack of evidence for admixture was due to low power in these single-
sample tests, the same tests were performed on the pool of all Aboriginal Australian individuals
who did not display any evidence of admixture, but there were still no negative f3 or D-statistics.
These results thus provide strong evidence that these individuals have not received any additional

gene flow from outside Sahul since their separation from Papuans.

The foreign, primarily European, admixture present in most Aboriginal Australians has a large
impact on the properties of their genomes and complicates many population-genetic analyses, but
knowing the amount of admixture in each individual can help. As an example, genome-wide
heterozygosity varies widely across these individuals, but most of this variation is driven by differ-
ences in the amount of non-indigenous ancestry (Figure 2.2B), as the pairing in a genome of two
chromosomes from divergent populations results in fewer segments that are identical by descent
from recent ancestors. Heterozygosity in un-admixed Aboriginal Australians tends to be about

0.007 per base pair, slightly lower than East Asians but higher than Native Americans.

2.4 Testing for South Asian gene flow to Australia

None of the above analyses give any evidence for South Asian admixture in Aboriginal Australian
genomes, unlike an earlier study based on genome-wide array genotypes (Pugach, et al. 2013).
In ADMIXTURE analyses performed in that study, 11% of Aboriginal Australian ancestry was
assigned to a component that was absent from Papua New Guineans and maximized in South
Asian populations, with very homogenous levels of this component across Aboriginal Australian
individuals. A single whole-genome sequenced Aboriginal Australian analysed with the same
method also received about the same level of a component not present in Papuans, which in runs
with different numbers of components corresponded to ancestry present in various combinations of
South Asian, East Asian, and Philippine Negrito populations (Rasmussen, et al. 2011). The latter
study, however, interpreted this as likely not reflecting actual South Asian admixture, but rather
an inability of the method to accurately assign the Aboriginal Australian ancestry to the available
components given only a single individual. A similar result was obtained in an ADMIXTURE
analysis in a separate study of worldwide human diversity that included two Aboriginal Australian
genomes (Mallick, et al. 2016), but was not commented on. An earlier array genotype study of
a northern Aboriginal Australian group obtained results consistent with foreign admixture being
only European in origin, using the conceptually similar methods of FRAPPE and STRUCTURE
(McEvoy, et al. 2010).

In order to try to understand the discrepancies in ADMIXTURE results between these various
studies, I performed a down-sampling analysis, running the software on an increasing number of

Aboriginal Australian individuals. These individuals were selected on the basis of not displaying
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any evidence from other analyses for European or other foreign admixture, and they were run in
the context of Papuans, Europeans, East Asians and South Asians. I also performed the analo-
gous analysis but instead varying the number of Papuan genomes, to see if a similar non-Sahul
component could appear in these too at small sample sizes. These analyses showed that when the
number of Aboriginal Australian individuals is low (1-3), they tend to be assigned 20% ancestry
from the South Asian and East Asian components, but this is no longer the case when a larger
number is included (Figure 2.3A). When down-sampling the number of Papuan individuals in-
stead, the behaviour is partly but not entirely the same: with only a single Papuan individual, 2-5%
of the East Asian component is sometimes assigned to it, but already with two individuals all of
the ancestry is assigned to the Sahul component. So, while the situation is not entirely symmetrical
between Aboriginal Australians and Papuans, these results still strongly suggest that the assign-
ment of South and/or East Asian components to Aboriginal Australian genomes is an artefact of
this type of method. While the array genotyping study (Pugach, et al. 2013) had a sample size
(12 individuals) which according to this down-sampling analysis would appear to be sufficient to
avoid this artefact, it is possible that other features of the data could also make it susceptible, i.e.
array marker density and/or marker ascertainment. Lastly, a reanalysis in (Malaspinas, et al. 2016)
of the same array data together with the whole-genome sequenced Aboriginal Australian genomes
found no South or East Asian component in similar analyses, although it did observe 20-25% of
components corresponding to ancestry present in New Guinean and Melanesian island populations
(Extended Data Figure 2 of that study). It is therefore possible that these 12 array genotyped in-
dividuals, who are from the northern part of Australia, might harbour admixture from such more
proximal sources, and that this ancestry is contributing to artefactual behaviour in model-based

ancestry assignments.

In PCA and similar analyses, Aboriginal Australians also sometimes behave in a manner that might
suggest higher similarity to South Asian populations. The array genotype study in (Pugach, et al.
2013) observed how Aboriginal Australians were shifted away from the ancestral pole defined
by Papua New Guinean highlanders and interpreted this as reflecting South Asian admixture. In
(Malaspinas, et al. 2016), all Aboriginal Australians, even those inferred to lack European or
other foreign admixture, are shifted away from New Guinean highlanders in a similar analysis
(Figure 2B of that study). However, caution is needed when interpreting this, as PCA and related
results are dependent in complex ways on the ancestry composition and the sample sizes of the
individuals analysed jointly. To address this in a way that should get around some of those potential
complications, I performed a PCA analysis where only European, East Asian and South Asian
individuals contribute to the calculation of the principal components, and Aboriginal Australian
and Papuans are then projected onto a position within this space that reflects their relative similarity
to these three. This reveals, in a manner highly consistent with the ADMIXTURE results, that
many Aboriginal Australian individuals are drawn towards the European and East Asian corners,

in some cases both, relative to the position of Papuans (Figure 2.3B). However, no individuals are
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pulled towards the South Asian corner.
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Figure 2.3: Testing for South Asian admixture in Aboriginal Australian genomes. A) A down-sampling analysis of the effect of sample size on
the assignment of non-Sahul ancestry components to Aboriginal Australian and Papuan genomes by the ADMIXTURE method. Down-sampling
of the number of individuals shown at the top of each column was performed separately for Aboriginal Australians and for Papuans, and run in
the context of 14 individuals from the other of these two populations, plus 30 individuals each from the British (GBR), Han Chinese (CHS) and
Telugu Indian (ITU) populations. Three replicates with different sampled individuals were run for each sample size. In every run, the 14 Aboriginal
Australian or Papuan individuals in the population not being down-sampled were assigned all of their ancestry to the Sahul component (not shown).
B) A principal components analysis where the components were calculated using only the genotypes of British (GBR), Han Chinese (CHS) and Sri
Lankan Tamil (STU) individuals, with Aboriginal Australians and Papuans then projected into the resulting space. Many Aboriginal Australian
individuals are drawn towards Europeans and East Asians, relative to the position of Papuans, but none are drawn towards South Asians. Aboriginal
Australians are coloured based on whether or not they have any negative values in admixture tests of the form f3(Aboriginal Australian; Source A;
Source B). C) D-statistics of the form D(Yoruba,C;Aboriginal Australian, Papuan) with C being French, Han Chinese or Telugu, displayed for each
Aboriginal Australian individual separately, coloured by population as in Figure 2.2. Vertical lines correspond to +3 standard errors.

Finally, the formal f3 and D-statistics tests reported in the previous section showed that there are
several Aboriginal Australian individuals who display no evidence of admixture from any source,
including South Asian populations. It would still possible that some of the individuals who carry
e.g. European admixture could carry South Asian admixture too, with the former masking the
effects of the latter on the test statistics. However, analysis of the patterns of D-statistics reveals
that this is not the case — even those individuals with strong signals for other foreign admixture do
not display signals for South Asian admixture (Figure 2.3C).

In summary, there does not appear to be any solid evidence for pre-historic South Asian gene flow

to Australia, and previous reports of autosomal admixture most likely reflect technical artefacts.

2.5 Archaic ancestry in Sahul

Previous studies have found high levels of Denisovan ancestry in both Aboriginal Australian and
Papuan individuals (Reich, et al. 2011; Prufer, et al. 2014), but these have been limited to small
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numbers of individuals that have served as representatives for the whole continent. Extending the
analysis to the more geographically diverse set of populations here, there is no detectable difference
in the overall amount of Denisovan affinity between different Aboriginal Australian and Papuan
subpopulations (D-statistic tests of the form D(Chimp, Denisovan; X,Y), largest |Z| across tests
= 2.3, excluding individuals with foreign admixture). The same result is obtained if testing for
Neanderthal affinity instead (D-statistic of the form D(Chimp, Altai Neanderthal; X,Y), largest |Z|
across tests = 2.52). The results are consistent with the archaic admixture occurring in the common
ancestor of all people in Sahul, and mirror the largely homogenous amount of Neanderthal ancestry
found in Eurasia. Although Europeans are estimated to have slightly less Neanderthal ancestry
than East Asians, this is likely due the effect of later dilution due to admixture with a proposed
basal Eurasian lineage lacking Neanderthal admixture (Lazaridis, et al. 2014) (though alternative
explanations suggesting additional admixture events in East Asian have also been proposed (Kim
and Lohmueller 2015; Vernot and Akey 2015; Vernot, et al. 2016)), as discussed in Chapter 1.
The same conclusion of a homogenous level of archaic ancestry across Sahul was reached using

analyses of local archaic haplotypes in (Malaspinas, et al. 2016).

2.6 Out of Africa

The Y chromosomes of Aboriginal Australians and Papuans clearly have a shared, single origin
with other non-African Y chromosomes, and the same is true of the mitochondrial genomes (Nagle,
et al. 2017). However, it is still very much possible that the autosomal genome contains ancestry,
perhaps just a very small amount, deriving from a separate out-of-Africa migration from the one

giving rise to Eurasian ancestry.

In a PCA where the components are constructed using only African genotypes, using genotype
array data from the HGDP-CEPH panel (Li, et al. 2008), all non-Africans, including Papuans,
project approximately into the same part of the plot (Figure 2.4). This suggests there are at least

no major differences in their relationships to present-day African populations.

D-statistics allow for more formal tests of the relationships between Africans and non-Africans.
Tests of the form D(Chimp,African;X,Y) take values that are not significantly different from 0
if X and Y are from e.g. one European and one East Asian population (Figure 2.5). There is a
slight trend towards higher African sharing with Europeans, though this might plausibly be due to
small amounts of backflow to Africa from populations closer to Europeans than to East Asians (or
alternatively, gene flow from Africa to Europe). Overall, these results are thus compatible with a
single, shared non-African origin for Eurasians. However, when performing the same test setting
one of X and Y as Eurasian and the other as Aboriginal Australian or Papuan, the results indicate
stronger African sharing with the former (Figure 2.5). Exchanging African for the 45,000-year-old
Ust’-Ishim individual (Fu, et al. 2014), who appears to be essentially an undifferentiated Eurasian,
gives the same result, e.g.: D(Chimp, Ust’-Ishim; Aboriginal Australian, Han Chinese) = 0.0323,

Z =5.12. These test results are compatible with Aboriginal Australians and Papuans carrying some
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Figure 2.4: Relationships of non-Africans to Africans. A PCA where the components were calculated only using African genotypes, and the non-
Africans were projected into the resulting space, using Illlumina 650K genotype array data from the HGDP-CEPH panel. Africans are displayed in
grey, with population labels indicated next to the ellipse surrounding all individuals in the given population, while non-Africans are displayed in
colour. The “Oceanian” label corresponds to individuals from Papua New Guinea and Bougainville Island. All non-Africans project into largely
the same part of African variation, implying a shared origin. A few Middle Eastern and South Asian individuals harbour recent African admixture
and depart from the main cluster of non-Africans.

ancestry that derives from an earlier migration out of Africa, with that ancestry having lost genetic
contact with Africans earlier and therefore sharing fewer African alleles relative to the ancestry

that later became Eurasians.

However, D-statistics of the above form will also be affected by the Denisovan ancestry that is
present in Aboriginal Australians and Papuans. Topologically, the Denisovan genome sits on the
same branch as Chimp in this test, such that increased sharing between Denisovan and the Aborigi-
nal Australian translates to a corresponding increased sharing between African and Eurasians. The
test results thus likely reflect this, rather than ancestry from an earlier exit of modern humans from
Africa (though it could theoretically reflect both of these simultaneously). This was demonstrated
quantitatively in (Malaspinas, et al. 2016) by the direct calculation of a Denisova-admixture-
corrected D-statistic, and in (Mallick, et al. 2016) by the use of admixture graphs. The uniform
behaviour of different African populations in these D-statistics is also consistent with archaic ad-
mixture in Aboriginal Australians, but less so with earlier out-of-Africa ancestry. For example,
unless the population leaving Africa earlier branched off from other Africans before the highly
divergent San population did, which seems unlikely, these D-statistics would be expected to reach
less positive values when involving the San than when involving other Africans. It thus appears
that the allele frequencies of Aboriginal Australians and Papuans can be explained as deriving
from the same out-of-Africa migration as Eurasians and subsequent admixture with Denisovans,
although these allele frequency correlation approaches do not have power to rule out very small
(e.g. a few percent or less) contributions to the ancestry of Aboriginal Australians and Papuans

from an earlier migration from Africa.
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Figure 2.5: D-statistic tests of the relationships between Africans and non-Africans. Tests of the form D(Chimp,African;X,Y), where African is
each of the populations indicated in the grey box, and X and Y are the populations indicated on the left and the right side, respectively. A negative
value indicates that the African population is more similar to X than to Y, and a positive value that it is more similar to Y than to X. Bars denote +
three standard deviations.

A separate study analysing diverse human genomes reported evidence for at least 2% of Papuan
ancestry deriving from an earlier out-of-Africa migration, in contrast to the above (Pagani, et
al. 2016). This was primarily based on analyses of haplotype matching patterns between non-
Africans, Africans and archaic genomes, as well as the observation that MSMC (Schiffels and
Durbin 2014) cross-coalescence curves between Papuans and Africans indicated an earlier sep-
aration than those between Eurasians and Africans. The latter observation (as well as the same
behaviour for Aboriginal Australian genomes) was also made in (Malaspinas, et al. 2016), but at-
tributed to some combination of back-flow into Africa from Eurasian sources, technical uncertainty
surrounding haplotype phasing and potentially effects of archaic admixture. Similar uncertainties
exist around the haplotype matching approach of (Pagani, et al. 2016), but at present a proposed
contribution of 2% from a population that left Africa earlier into Aboriginal Australian and Papuan

genomes cannot be ruled out.

In summary, however, while there is disagreement about this very small amount of ancestry, all
of these studies agree that the vast majority of Aboriginal Australian and Papuan ancestry derives
from the same, single migration out of Africa as Eurasian ancestry. Such a small contribution, if
real, is likely only detectable through sophisticated analysis of phased, whole-genome sequences,
and is unlikely to have been visible to earlier genetic studies. Such studies reporting evidence for
an earlier exit were likely instead confounded by the Denisovan admixture in Aboriginal Australian
and Papuan genomes, which make them appear more divergent from Africans than what Eurasians
do. The consensus agreement on the vast majority of non-African ancestry deriving from the same

African source thus arguably represents an important milestone in human population genetics.
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2.7 Relationship to Eurasians

Measuring genetic affinities to worldwide populations using the outgroup f3-statistic reveals that
the populations closest to Aboriginal Australians are Papua New Guineans and related populations
of Melanesia and Polynesia, as expected (Figure 2.6). After this, there is higher affinity for East
Asians and Native Americans than for Europeans. The gradient visible throughout island Southeast
Asia likely reflects admixture in varying degrees between one ancestral component related to the
populations of Sahul and one related to East Asians, as has been suggested by previous studies of
these regions (Reich, et al. 2011; Lipson, et al. 2014).

Figure 2.6: Genetic affinities of Aboriginal Australians to worldwide populations. The outgroup f3-statistic f3(Aboriginal Australian,X;San)
quantifies the amount of shared drift between Aboriginal Australians and worldwide populations X, relative to the southern African San population
(red indicates higher affinity). Only unadmixed Aboriginal Australians were used. The data on the populations in the figure come from a range
of genotyping array studies, compiled in (Malaspinas, et al. 2016). Note that as an African population is used as the outgroup, values for other
African populations that might be related to that outgroup will have their values distorted.

D-statistics confirm these general patterns more formally (Table 2.1). While I describe results
for Aboriginal Australians in what follows, they are fully interchangeable with Papuans. Abo-
riginal Australians share more with East Asians than with Europeans, and also more with Native
Americans than with Europeans. However, they share more with East Asians than with Native
Americans, implying either gene flow between Aboriginal Australians and East Asians or between
Native Americans and an outgroup, since the divergence between these lineages. Given that about
a third of Native American ancestry is known to derive from a source related to West Eurasians

rather than East Asians (Raghavan, et al. 2014), the latter scenario likely explains this statistic.

Both Europeans and the 45-ky-old Ust’-Ishim share more with East Asians than with Aboriginal
Australians, however this statistic, like the statistics involving African populations above, is af-
fected by Denisovan admixture. The strongly positive value of the statistic D(Chimp,Aboriginal
Australian;French,Han) demonstrates that Aboriginal Australians cannot be a strict outgroup to
Eurasians. This statistic will only be affected by the Denisovan ancestry in Aboriginal Australians

if Han have substantially more Denisovan, or Neanderthal, ancestry than French — while Han seem
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| Test | D | Z |

D(Chimp,French;Aboriginal Australian,Han Chinese) 0.0524 | 9.298
D(Chimp,Han;Aboriginal Australian,French) -0.0109 | -1.848
D(Chimp,Aboriginal Australian;French,Han) 0.0632 | 11.563

D(Chimp,Ust’-Ishim;Aboriginal Australian,Han Chinese) | 0.0323 | 5.185
D(Chimp,Aboriginal Australian;Han,Karitiana) -0.0165 | -3.271
D(Chimp,Aboriginal Australian;French,Karitiana) 0.0493 | 9.686

Table 2.1: D-statistic tests on the relationships between Aboriginal Australian and Eurasian populations. Karitiana is a Native American
population from the Amazonian region of Brazil. Ust’-Ishim is a 45,000-year-old modern human from Siberia, approximately equally related to all
present-day Eurasians (Fu, et al. 2014). Values are shown for Aboriginal Australians only, but they are very similar when using Papuans instead.

to have on the order of 0.1% Denisovan (Sankararaman, et al. 2016) and slightly higher Nean-
derthal ancestry than French (Wall, et al. 2013), these small differences will not explain the very
large value of the statistic. An earlier study proposed that Aboriginal Australians are in fact an
outgroup to Eurasians, but that there had been gene flow between them and East Asians, after
the latter separated from Europeans (Rasmussen, et al. 2011). However, this study did not take
into account the effect of Denisovan admixture on these statistics, in particular how it will make

Europeans share more with East Asians than with Aboriginal Australians.

A separate analysis of these data in (Malaspinas, et al. 2016), based on fitting models to the site fre-
quency spectrum (Excoffier and Foll 2011), also favoured a model where Aboriginal Australians
are the outgroup. The same conclusion, using Papuans in place of Aboriginal Australians, was
reached in (Pagani, et al. 2016). Meanwhile, admixture graphs in (Mallick, et al. 2016) and (Lip-
son and Reich 2017) have been used to show that, when accounting for the Denisovan admixture,
the allele frequencies of Aboriginal Australians and Papuans are consistent with being in a clade
with East Asians, and thus with Europeans as the outgroup. Some insight into the cause for these
opposing conclusions was provided in a recent study (Wall 2017), demonstrating that the model
providing the best fit to the site frequency spectrum in (Malaspinas, et al. 2016) had such high rates
of gene flow between Aboriginal Australians and the ancestors of Europeans and East Asians, until
the split between the latter two, that in practice it essentially behaves like a model in which Eu-
ropeans are the outgroup. The study also presented parsimony based allele sharing analyses that

favour Europeans as the outgroup.

A recent study of predicted archaic haplotypes present in modern human genomes suggested an
earlier split for the Aboriginal Australian (or Melanesian, in that study) lineage on the basis of the
degree of difference between the local landscapes of Neanderthal ancestry across the genomes of
different populations (Vernot, et al. 2016). However, the processes governing the loss of archaic
haplotypes over time are arguably not well enough understood to take this as strong evidence.
The overall balance of evidence at present, considering the results presented here and those in the
literature discussed above, thus arguably points in the direction of the scenario where Aboriginal

Australians and East Asians form a clade and Europeans were the first to branch off.

29



Application of the MSMC method to the question of the divergence time between Aboriginal
Australians and East Asians leads to estimates of ~45 kya, and a slightly older divergence to
Europeans (Figure 2.7A). There is considerable technical uncertainty surrounding this analysis,
in particular related to the likely poor phasing quality of Aboriginal Australian genomes. It has
been shown that with inadequate statistical phasing the method tends to underestimate the age
of population splits, perhaps due to reference bias arising from the haplotype panel used for the
phasing (Song, et al. 2017). In any case, these estimates are similar to those obtained from the Y
chromosome, and given the large uncertainty involved, compatible with the Sahul archaeological
record and the notion that present-day Aboriginal Australians are the descendants of the first people
to settle the continent ~50 kya. MSMC analyses in a separate study produced estimates of ~33 kya
for the split between Papuans and mainland East Asians (Pagani, et al. 2016), which likely is an
underestimate. Site frequency spectrum modelling analyses in (Malaspinas, et al. 2016) produced
an estimate of ~58 kya (95% confidence interval: 51-72 kya) for the age of the split under a model
where Australo-Papuans are an outgroup to Eurasians; however, it was later noted that this is likely
to be an over-estimate because the model contains high rates of gene flow to Eurasians after the
split (Wall 2017).
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Figure 2.7: Timing of divergence between Aboriginal Australians from other populations. A) Cross-coalescence curves between Aboriginal
Australians and Eurasians suggests a split time of ~45 kya from East Asians, and slightly older from Europeans. These were computed using
MSMC2 on two genomes per population. B) Cross-coalescence curves between Aboriginal Australians and Papuans, suggests a split time of
~30-35 kya. The autosomal curves were calculated using MSMC2 on two diploid genomes per population, while the X chromosome curves were
calculated using MSMC on four chromosomes per population. In each case there are two curves corresponding to analyses performed with different
sets of individuals. C) Cross-coalescence curves between different Aboriginal Australian sub-populations, calculated using MSMC on two male X
chromosomes per population, using individuals that have relatively little foreign admixture (there were not enough such male individuals in different
sub-populations to allow for these analyses to be run with four chromosomes). The curves displayed are those that go the deepest into the past, and
these involve populations from the northeast against populations from the southwest of Australia. As some of these individuals still carry some level
of foreign admixture, that might potentially push the curves towards artefactually older divergences.

2.8 Relationships to Papua New Guineans

No individual from the Aboriginal Australian whole-genome sequencing dataset has a di-
rectly visible higher affinity to Papuans than the largely unadmixed individuals from the

Western Central Desert do: 1i.e. there are no significantly negative values of the statistic
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D(Yoruba,Papuan;X,Western Central Desert) (with the exception of one individual with a known
parent from the Torres Strait islands). However, the effect of the widespread European and
other foreign admixture present in most Aboriginal Australian genomes is to decrease affinity to
Papuans, thereby counteracting the ability of a test like this to detect a higher affinity. I therefore
performed analyses aiming to assess affinity to Papuans while accounting for the foreign admix-

ture.

Similarly to the D-statistic above, an outgroup f3-statistic of the form f3(Mbuti; PNG highlander,
X), where Mbuti is an African outgroup, gives highly variable values across Aboriginal Australian
individuals (Figure 2.8A). However, there is a largely linear relationship between these values and
the amount of foreign, non-Sahul (meaning neither Aboriginal Australian nor Papuan) ancestry
estimated in each individual using ADMIXTURE, suggesting this is what drives the variation.
Thus, after estimating the effect of foreign ancestry on the f3-statistic by linear regression, the
admixture-adjusted f3-values are largely uniform across individuals (Figure 2.8B). This can also
be seen by applying the same adjustment to D-statistics of the above form (not shown). Three
individuals from the very north-east of Australia do show an increased affinity to Papuans even
after adjusting for non-Sahul ancestry; however, at least two of these are known to have one parent
from Papua New Guinea or the Torres Strait Islands, thereby representing admixture in very recent
times. There are still small but significant differences overall between the nine sampled Australian
populations in their adjusted f3 values (Kruskal-Wallis test, P=0.0002, after removing the three
outliers). This is likely in part to be driven by imperfect adjustment, as the highest average adjusted
f3 is found in the group with the least foreign admixture, but after that the highest values are
found in the two north-eastern groups. PCA analyses suggest there might be a slightly higher
affinity to Papuans in the indigenous ancestral component in these groups (Figure 2.8C). This
is further supported by other analyses in (Malaspinas, et al. 2016), which also suggest Papuan
admixture potentially predated European colonization. A uniparental study has also reported one
individual from northern Australia carrying a mitochondrial genome from haplogroup Q, otherwise
only occurring in New Guinea and Melanesia (Hudjashov, et al. 2007). But with the exception of
small amounts of admixture in the north-east, the big picture is that of a uniform relationship to
Papuans across Aboriginal Australians, and the absence of any major gradient of Papuan affinity
across Australia. The same conclusion was reached in an independent analysis of a smaller number
of Aboriginal Australians individuals (Mallick, et al. 2016).
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Figure 2.8: Aboriginal Australian genetic affinities to Papua New Guineans. Individuals are coloured according to their population origin,
following the map in the upper-left corner. A) Unadjusted outgroup f3-statistics measuring genetic affinities of Aboriginal Australians to the
arbitrarily chosen PNG highlander individual MAROI, using the African Mbuti as an outgroup. B) The same outgroup f3 values after adjusting
using the slope coefficient from a simple linear regression model of the form {3 ~ non-Sahul ancestry. Horizontal lines represent +1 standard error.
C) A principal components analysis with Aboriginal Australians, Papuans, Europeans and East Asians. PC1 separates Eurasians from populations
in Sahul, with the admixture present in most Aboriginal Australians causing a dispersal along this component. PC3 separates Aboriginal Australians
from Papuans. Some tendency for north-eastern groups to be shifted towards Papuans is visible, even ignoring the three outliers that are very clearly
shifted (and likely represent admixture in the last generation).

2.9 The time of separation between Aboriginal Australians and
Papuans

The above f-statistics analyses indicate strong separation between Aboriginal Australians and
Papuans, rather than a genetic continuum across Sahul. Fgt, a measure of allele frequency dif-
ferentiation, is also high between the unadmixed Western Central Desert population of Australia
and PNG groups, with values (0.11-0.13) as high or slightly higher than those between Europeans
and East Asians (though this might be inflated because of excessive drift in this particular Aus-
tralian group). However, these analyses are not directly informative about the timing of genetic

divergence.

The Y chromosome analyses described above also pertain to the question of the split time between
Aboriginal Australians and Papuans. Dating the most recent common ancestors between Aborig-
inal Australian and Papuan Y chromosomes (excluding the Australian individuals carrying hap-
logroup M chromosomes, likely reflecting recent admixture from the Torres Strait Islands) leads to
estimates of 48.4 kya (95% CI: 42.8-54.9 ky) in the K*/M haplogroup (Figure 2.1B) and 50.1 kya
(95% CI: 44.3-56.9 ky) in the C haplogroup (Figure 2.1C). Due to the limited number Y chromo-
somes sampled, it is, however, possible that there are other lineages which have not been sampled

but which would reveal more recently shared common ancestors. I addressed this by constructing a
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new phylogeny incorporating additional Y chromosomes from the novel whole-genome sequenc-
ing data from Papuans and Aboriginal Australians, as well as data from an early 20" century
Aboriginal Australian hair sample (Rasmussen, et al. 2011), thereby increasing the sample size to
37 Papuan and 37 Aboriginal Australian (again excluding the M haplogroup) Y chromosomes of
indigenous origin. The addition of these samples to the phylogeny did not lead to the appearance
of any new branches that would constitute more recent common ancestors between Aboriginal
Australians and Papuans. The results suggest that this sampling is comprehensive enough to have
most likely identified the most recently separated linages, and thus that Aboriginal Australian and

Papuan Y chromosomes really did separate from each other approximately 50 kya.

Application of the MSMC method (Schiffels and Durbin 2014) to two whole genome sequences
per population results in a split time inference of approximately 30 ky (Figure 2.7B), in line with
results obtained in (Malaspinas, et al. 2016). There is, however, uncertainty associated with these
results owing to the likely poor phasing quality of Aboriginal Australian and Papuan genomes, to
which MSMC is sensitive (Song, et al. 2017). The details of the statistical phasing strategy have
also been shown to have large effects on MSMC split time analyses of Aboriginal Australian and
Papuan genomes (Mallick, et al. 2016). One approach to get around the issue of phasing quality
is to make use of X chromosome sequences from male samples, which due to their haploid state
are necessarily perfectly phased. Population split times have previously been estimated indirectly
from pairs of male X chromosomes by inferring cross-population effective population size using
the PSMC method (Li and Durbin 2011), however this approach has limited resolution on the time-
scale of the last ~30 kya. Using multiple X chromosomes per population with the MSMC method
allows for the direct study of more recent splits. While many cross-coalescence curves computed
in this way between Aboriginal Australian and Papuan populations exhibit non-monotonic and
difficult-to-interpret behaviour, the curves that allow for more straightforward interpretation sug-
gest splits of ~30 kya, similar to the autosomal curves but perhaps slightly more recent (Figure
2.7B). An independent analysis based on the site frequency spectrum in (Malaspinas, et al. 2016),
estimated a split time of ~37 kya. A previous study also estimated a split time in the same date
range, at 36 kya, on the basis of LD correlations (Pugach, et al. 2013).

In summary, the data suggest a relatively old split time between Aboriginal Australians and
Papuans, on the order of 30 kya. This is approaching the age of the split between European and
East Asian populations, which is at least 40 ky old (Fu, Meyer, et al. 2013; Schiffels and Durbin
2014), though technical uncertainty still exists. In any case the split is likely substantially older
than the geographical separation of Australia and New Guinea following rising sea levels only in
the last 10 ky. The split times between the Y chromosomes of these populations are even older, at
approximately 50 kya, and methodologically much more reliable. However, it’s important to note
that uniparental chromosome splits do not necessarily correspond closely to population splits —it’s
possible that lineages that shared more recent common ancestors have been lost due to drift (ex-
amples of which have been demonstrated through ancient DNA in other parts of the world (Posth,
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et al. 2016)). The Y chromosome results still, however, reinforce the overall picture from the

autosomal data of a surprisingly early population separation in Sahul.

2.10 Population structure and its time depth within Australia

The widespread European and other foreign admixture in the Aboriginal Australian whole-genome
sequencing dataset unfortunately makes analysis of population structure within Australia challeng-
ing. However, some structure is still discernible, with the most notable aspect being differentiation
between southwest and northeast. Analyses in (Malaspinas, et al. 2016) using the MSMC method
for purposes of dating population splits within Australia found the results to be too unreliable,
likely as a consequence of poor haplotype phasing quality. Applying MSMC to pseudo-diploid
male X chromosomes, as described above, restricting to individuals that have relatively low levels
of foreign admixture, allows for at least some basic assessment of the time depth of population
structure. While the resulting curves are noisy and difficult to interpret, the oldest splits between
different Aboriginal Australian populations appear to date back to 20-25 kya, and involve groups
from the southwest and the northeast (Figure 2.7C). There is, however, substantial methodologi-
cal uncertainty surrounding these estimates, including how the foreign admixture that is present
in some of the individuals might make divergences appear older than they are. An independent
analysis in (Malaspinas, et al. 2016) based on fitting models to the site frequency spectrum, and
restricting only to the small number of individuals displaying very little or no foreign admixture at
all, obtained an estimate of ~31 kya (95% confidence interval: 10-32 kya) for the divergence be-
tween south-western and north-eastern groups, though with some gene flow after the split. Overall,
these results suggest that population structure within Australia might be relatively old, but more

data and further analyses is needed to obtain higher confidence results on this question.

2.11 Conclusions

In contrast to many other parts of the world where population histories are appearing fairly com-
plex, the broad outlines of Sahul history so far seem relatively simple: a single colonization event
~50 kya giving rise to all present-day inhabitants, no additional gene flow into the continent after
that until recent times, and an early (perhaps at 30 kya) divergence between Aboriginal Australians

and Papuans.

The long-standing debate regarding an earlier exit from Africa for the ancestors of Aboriginal
Australians and Papuans appears largely, though not completely, resolved in the light of recent
studies, which all at least agree that any ancestry contribution from such a migration must be very
limited. The Denisovan admixture is likely responsible for making these populations look more
divergent in some earlier studies. In line with this, recent studies of the Andamanese islanders,
distant relatives of populations in Sahul but lacking the large amounts of Denisovan ancestry,

and also previously hypothesized to carry ancestry from the same earlier migration from Africa,
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have found their ancestry to be fully compatible with coming from the same source as Eurasians
(Mallick, et al. 2016; Mondal, et al. 2016).

While uncertainties still exist regarding the timing of genetic divergence of populations in Sahul
from those in Eurasia, the estimates are compatible with the accepted archaeological record of the
earliest human activity in the continent, and with the notion that present-day Aboriginal Australians
and Papuans are the descendants of the first settlers. The Y chromosome analysis arguably provides
the methodologically most reliable estimates, indicating that the divergence from Eurasians can at
least not be older than 47.8-61.6 ky, or 44.9-65.9 ky if factoring in additional technical uncertainty.
The autosomal estimates are also compatible with a date of around ~50 kya, but are subject to more
methodological caveats. Another piece of evidence with relevance to the question of divergence
time is the Denisovan admixture, which, given the absence of any archaeological evidence for the
presence of archaic hominins in the continent, most likely predated the colonization of Sahul. This
has been dated to 44-54 kya on the basis of the length of Denisovan ancestry blocks (Sankararaman,
et al. 2016), calibrated assuming a Neanderthal admixture event in all non-Africans at 50-60
kya (Fu, et al. 2014). Similar results were reached independently in (Malaspinas, et al. 2016),
indicating that the Neanderthal admixture in the ancestors of Aboriginal Australians and Papuans

event occurred 11% earlier than the Denisovan admixture event.

Recently, new archaeological work from a site in northern Australia reported evidence of human
occupation at 65 kya (conservatively 59.3 kya), far earlier than previously thought (Clarkson, et
al. 2017). This date is only just compatible with the Y chromosome divergence estimates, but
cannot confidently be said to be incompatible with autosomal MSMC estimates, given the large
uncertainties in phasing, mutation rate and generation times. However, the date is arguably not
compatible with the Denisovan admixture date estimates: if Denisovan admixture occurred at
65 kya, then Neanderthal admixture would need to have occurred ~71.5 kya, which would be
too early according to current understanding. Importantly, the dating of archaic admixture is not
dependent on the autosomal mutation rate assumed (though does depend on generation times). It
therefore seems unlikely that any such early inhabitants of Australia are the ancestors of present-
day people. It is not impossible that earlier, small groups of humans made it to Australia without
leaving descendants (or so few that their ancestry is not detectable in present-day genomes) —
similar scenarios, though potentially also technical artefacts in dating, might explain very early
findings in China (Liu, et al. 2015) and North America (Holen, et al. 2017).

The absence of gene flow to Australia (until European colonization) makes it unusual in a world-
wide context, as most populations in other major parts of the world have come into genetic contact
with other populations particularly following the several large expansions of the last 10 ky. The
earlier reports of Indian gene flow to Australia appear to have been incorrect. While gene flow from
Southeast Asia affected the coastal areas of New Guinea, there is currently no evidence for this in
Australia. Given the size of the Australian landmass it seems unlikely that Southeast Asian seafar-

ers would have missed it, and there is evidence of pre-European colonization visits from Makassan
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sea cucumber collectors to northern Australia at least since the early 18" century (Macknight
1986). The most likely explanation for the arrival of the dingo is also arguably through Southeast
Asian seafarers, a suggestion supported by genetic analyses of uniparental dingo chromosomes
(Ardalan, et al. 2012; Oskarsson, et al. 2012). It thus seems likely that Southeast Asian people did
reach Australia, though without admixing with the local people. However, as current sampling of
Aboriginal Australians is geographically limited and analyses are complicated by recent colonial
admixture, it cannot be ruled out that future studies might uncover Southeast Asian admixture in

particular sub-populations in Australia.

2.12 Materials and methods

The Y chromosome phylogeny inference and dating are described in greater detail in (Bergstrom,
et al. 2016). Sequencing of Aboriginal Australian and Papua New Guinean whole-genomes was
carried out by the Wellcome Trust Sanger Institute sequencing facilities, and only reads mapping to
the Y chromosome were then analysed. The expanded phylogeny incorporating additional samples
was constructed using the same technical protocol. Briefly, variants were called from read align-
ments using FreeBayes v.0.9.18 (Garrison and Marth 2012) with the arguments “—ploidy 1” and
“—report-monomorphic”, jointly across samples, restricted to ~10 million sites on the Y chro-
mosome that are suitable for short read mapping (Poznik, et al. 2013). Sites were further filtered
on the basis of unusually high or low coverage across samples, an excess of reads with mapping
quality 0 (meaning another mapping location in the genome is equally good), an excess of missing
genotypes or an excess of samples having reads that do not agree with the called genotype. Addi-
tionally, genotypes were set to missing for a given sample that had less than two reads overall at a
given site, more than one allele supported by more than one read, or a fraction of reads supporting
the called genotype of less than 0.75. A maximum likelihood phylogeny was then constructed
using RAXML 8.1.15 (Stamatakis 2014). The age of a give node in the tree was estimated using
the o statistic (Forster, et al. 1996), i.e. averaging over all possible pairwise divergences between
the chromosomes in the two descendant branches (pooling data across low-coverage samples when
appropriate), each estimated as the number of derived mutations separating the two sequences di-
vided by the number of sites with an ancestral genotype called. Ancestral state was inferred by
aggregating genotype calls across the 12 samples in haplogroups A and B from the 1000 Genomes
Project. Divergence times were converted to units of years by applying a mutation rate of 0.76 x
10~ mutations per site per year (95% confidence interval: 0.67 x 107 to 0.86 x 10™), inferred
from the amounts of missing mutations relative to present-day individuals on the Y chromosome
of the 45,000-year-old Ust’-Ishim sample (Fu, et al. 2014).

The whole-genome sequencing dataset and analyses of it is described in greater detail in
(Malaspinas, et al. 2016). The sequencing of Papua New Guinean whole genomes was carried
out by the Wellcome Trust Sanger Institute sequencing facilities. A brief description of the meth-

ods used for the analyses described here follows. The data were merged with data from the 1000
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Genomes Project (1000 Genomes Project Consortium 2015) using the “merge” command from the
bcftools software (https://samtools.github.io/bcftools/) with the “-m” argument, excluding sites
that became multiallelic after merging. Genotypes for chimpanzee were extracted from the UCSC
hg19-panTro4 axtNet alignments and merged in the same way. PCA analyses were performed
using EIGENSTRAT 6.0.1 (Patterson, et al. 2006), using the “-w” flag to restrict the calculation
of principal components to a subset of individuals. ADMIXTURE 1.23 (Alexander, et al. 2009)
was used for model-based ancestry assignment. Per-individual heterozygosity was calculated di-
rectly from the number of heterozygous genotype calls and the number of homozygous genotype
calls. f3- and D-statistics were calculated using ADMIXTOOLS 3.0 (Patterson, et al. 2012).
MSMC (Schiffels and Durbin 2014) (as well as MSMC?2) was used to estimate the relative cross-
coalescence rate between populations, using the recommended mappability mask and applying the
“—skipAmbiguous” argument to exclude unphased segments and the “—fixedRecombination” ar-
gument. To run MSMC analyses on male X chromosomes, genotypes were first called per-sample
using FreeBayes v(0.9.18 (Garrison and Marth 2012), with the arguments “-- ploidy 1” and “--
report-monomorphic”. Positions were excluded if the read depth was below one third or above
double the average X chromosome read depth, if the log;y genotype likelihood of the second-best
genotype was higher than -30 or if an indel genotype was called. Haploid genotypes from dif-
ferent males were then combined into synthetic diploid chromosomes, which were used as input
for MSMC as above. All demographic results were scaled to units of years using a mutation rate
of 1.25 x 1078 per site per generation and a mean generation interval time of 29 years (Fenner
2005). For X chromosome results, this rate was scaled down by a factor of 0.75, inferred from the
relationship between the Y chromosome and the autosomal mutation rate estimates reported from
the depletion of mutations relative to modern genomes of a 45,000-year-old modern human (Fu, et
al. 2014). Statistical tests including linear regression were carried out in R. Data was plotted onto
maps using the R maps and mapdata packages.
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Chapter 3: The genetic history of Papua

New Guinea

3.1 Introduction

The island of New Guinea constitutes the northern part of the Sahul continent, just south of the
equator. Geographically and climatically it differs greatly from the very dry landscapes that make
up much of Australia, being mostly covered in tropical rainforest, wetlands and grasslands. A
mountain chain runs through the centre of the island, its highest peaks reaching over 4,000 meters
but most of it situated at 1,000-2,000 meters. The archaeological evidence for human occupation
in New Guinea is about as old as that for Australia, going back to ~50 kya (Summerhayes, et al.
2010; O’Connell and Allen 2015), consistent with deriving from the same colonization event of
the continent. Today, the island is politically split into two parts, the western half being part of In-
donesia while the eastern part, plus a number of nearby islands of Melanesia, constitute the nation
of Papua New Guinea (PNG). PNG is very culturally and linguistically diverse with approximately
850 different language groups, which is more than any other country and represents over 10% of
all languages in the world. It is not known if this diversity is reflected in strong population structure

on the genetic level.

New Guinea was one of the handful of places in the world where humans developed agriculture,
in all cases in the Holocene, i.e. approximately the last 12 ky. The timing of this development
in New Guinea is not very firmly established, but is estimated at approximately 10 kya (Denham
and Barton 2006). Little is known about where within New Guinea agriculture originated, but the
consensus is that it was somewhere in the highlands. Because of their elevation, the highlands
are relatively cool and with plenty of rain and fertile soils. It has been hypothesized that the
largest language family of New Guinea, the so called Trans-New Guinea (TNG) family, which is
spoken across all of the highlands and large parts of the lowlands, spread alongside the spread
of agriculture (Pawley 2005). While early influences from Southeast Asia cannot be completely
ruled out, and there have been later external influences e.g. in the introduction of pigs and the
sweet potato, it appears that the development of agriculture in New Guinea was indigenous and
independent from developments in the rest of the world. There is therefore an opportunity to
compare the population history of New Guinea with the histories of other parts of the world, in
particular with respect to how it was shaped by the development of agriculture. Such a comparative
view across independent histories might even allow us to say something about the “reproducibility”

of human evolutionary trajectories.

In the last few thousand years, New Guinea saw an influx of people from Southeast Asia, leading

to genetic admixture and the introduction of Austronesian languages. This is one of the world’s
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largest language families, spoken by many different groups across Southeast Asia and Oceania,
and was spread by massive seaborne migrations by Southeast Asian agriculturalists (Duggan and
Stoneking 2014; Skoglund, et al. 2016). In New Guinea, Austronesian languages are fairly re-
stricted to certain coastal areas. Genetic studies so far have documented Southeast Asian admix-
ture in the lowlands of New Guinea, but not in the highlands (Stoneking, et al. 1990). However,
most studies have been small both in terms of the number of samples and the number of markers
assayed, most being limited to the uniparental chromosomes, such that the extent of Southeast
Asian admixture is not understood in any greater detail. In particular, it has arguably not been
conclusively established if the highlands indeed have been isolated from non-New Guinean gene

flow.

In this chapter, I primarily make use of two different datasets to study the population history of
Papua New Guinea, both generated at the Wellcome Trust Sanger Institute. The first is a set of 39
high-coverage, whole genome sequences from Papua New Guinea, also used in Chapter 2. The
second is a dataset of genome-wide array genotypes from 381 individuals from Papua New Guinea,

generated specifically for this study and published in 2017 (Bergstrom, et al. 2017).

3.2 Array genotyping of Papua New Guineans

381 individuals were selected from a set of ~800 PNG DNA samples collected in the early 1980’s
and stored at the University of Oxford, and genotyped on the Illumina Infinium Multi-Ethnic
Global array. This array contains 1.78 million markers and its marker content has been ascertained
in a less European-centric manner than most arrays commonly used in the past; however, less than
600,000 of these were polymorphic in this set of PNG samples. This is, however, still sufficient for
high-resolution population genetic analyses. After quality control at the individual and site levels,
378 individuals and 529,137 variants remained for downstream analyses. The sample set is very
comprehensive, covering approximately 85 different and geographically diverse language groups
within PNG (Figure 3.1).
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Figure 3.1: Genotyped samples in Papua New Guinea. Each sampled language group is represented by a circle, the area of which indicates
the number of individuals sampled in the group and the colour of which represents the top-level language phylum/family. An additional 39
individuals are not included in this figure as their exact language group is not known or their parents are known to come from different lan-
guage groups. The base map was obtained from Stamen (http://maps.stamen.com/, under Creative Commons BY 3.0. Data by OpenStreetMap,
http://www.openstreetmap.org/, under Open Data Commons Open Database License (ODbL)).

3.3 Genetic identity of the HGDP-CEPH Papua New Guinean
individuals

The widely used HGDP-CEPH collection of DNA samples from diverse, worldwide populations
(Cann, et al. 2002) contains 17 individuals from Papua New Guinea. When analysed in the context
of the comprehensive set of array genotyped PNG samples, it is clear that these 17 individuals ac-
tually consist of two subsets with very different genetic affinities. One set has affinities to groups in
the East Sepik region of the northern PNG lowlands, consistent with the geographical coordinates
provided in the HGDP-CEPH metadata, and the other set has affinities to groups in the eastern
highlands. This finding has important implications for the use of these samples in analyses, partic-
ularly as I make use of whole-genome sequencing data from 14 of them. In what follows I refer to
the lowlander subset as “HGDP_L” and the highlander subset as “HGDP_H”.

3.4 Southeast Asian admixture in PNG

The array genotype dataset reveals a very variable impact of Southeast Asian, or other non-New

40



Guinean, gene flow in PNG. Firstly, only two individuals displayed evidence of European ances-
try, in sharp contrast with neighbouring Australia and consistent with the small impact of European
colonialism on PNG. Secondly, there is a lack of Southeast Asian admixture in the highlands, as de-
termined using ADMIXTURE as well as per-individual D-statistic tests of the form D(Yoruba, East
Asian; Aboriginal Australian, PNG individual). Only four highlanders display East Asian ancestry
in these analyses; however, principal component analyses of the relationships between highlanders
and lowlanders show that all four of these individuals have lowlander affinities in the Papuan com-
ponent of their genomes, such that they very likely reflect recent movement into the highlands from
lowland groups. Consistently, analysis of the mitochondrial and Y chromosome variants included
on the array showed that none of the sampled highlanders carried uniparental chromosomes of
recent non-New Guinean origin. In summary, there is thus no evidence for Southeast Asian gene
flow into the highlands, implying genetic independence of highlander ancestry from non-Sahul

sources from the initial peopling of the continent until the present day (Figure 3.2).

Lastly, Southeast Asian admixture is present in all parts of the lowlands but in highly variable
amounts across individuals and regions. Individuals speaking Austronesian languages have sub-
stantially higher amounts of Southeast Asian ancestry than those speaking non-Austronesian lan-
guages (mean of 38.7% vs 11.6%, p = 1.4x107!3, Wilcoxon rank sum test). Speakers of the Sepik-
Ramu language family, which is an indigenous language family unrelated to the larger Trans-New
Guinea family and spoken only in parts of the northern lowlands around the Sepik and Ramu rivers,
display the lowest amounts of admixture (average of 4.3%). These results thus demonstrate that,
while all coastal areas of New Guinea would have been accessible to the seafaring Southeast Asian

migrants, the genetic impact was very variable.
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Figure 3.2: Southeast Asian admixture in PNG. ADMIXTURE was run at K=2 together with the 504 East Asian individuals from the 1000
Genomes Project (not displayed) to estimate the Papuan and Southeast Asian ancestry proportions across sampled PNG individuals. Individuals
are grouped by language group, separated by vertical black lines, and then by province. The estimated ancestry proportions correlate strongly with
those estimated using f4-ratios.
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3.5 The relationship to Aboriginal Australians

As discussed in Chapter 2, the genetic separation between Aboriginal Australians and Papuans
appears to have occurred relatively early, long before the geographical separation of Australia
and New Guinea following rising sea levels. Furthermore, Aboriginal Australians across different
regions of Australia displayed a largely uniform relationship to Papuans, implying shared ancestry
across Australia after the separation from Papuans, and at most limited gene flow from New Guinea
after that point. However, it is not known what corresponding situation is on the other side of the
Torres Strait, i.e. if all Papuans are uniformly related to Aboriginal Australians, or if, for example,
groups on the southern coast have higher affinity, e.g. due to gene flow or ancestral population
structure. In the array genotype dataset, no individual has a directly visible higher affinity to
Aboriginal Australians than the highlanders do, i.e. there are no significantly negative values of
the statistic D(Yoruba,Aboriginal Australian;X,Highlander). However, the effect of the widespread
Southeast Asian admixture present in most lowlander genomes is to decrease affinity to Aboriginal
Australians, thereby counteracting the ability of a test like this to detect a higher affinity. I therefore
performed analyses aiming at assessing affinity to Aboriginal Australians while accounting for the

Southeast Asian admixture.

First, in a PCA constructed using only PNG highlanders, Aboriginal Australians and East Asians
(using 1000 Genomes Han Chinese as a proxy for the Southeast Asian ancestry present in New
Guinea), the position of a sample projected into the resulting space should be informative about
its relationship to these three ancestral poles. Most individuals line up along the arc between the
highlander and East Asian corners, suggesting that the Sahul component of their ancestry is not
any closer to Aboriginal Australians than highlander ancestry is (Figure 3.3C). Deviating from
this trend are the individuals from the large islands of New Britain and New Ireland, as well as
individuals from Western Province (the southernmost samples in our dataset). This could reflect a
closer relationship to Aboriginal Australians in these groups, and at least superficially appears to
mirror such a relationship reported for the island population of Tonga, further out into the Pacific
(Skoglund, et al. 2016).

Second, data from each sampled individual in turn was used to fit an admixture graph (Patterson,
et al. 2012) modelling their ancestry as a mixture of one source related to PNG Highlanders and
a second source related to East Asians (Figure 3.3A). The key aspect of this graph in the context
of the relationship to Aboriginal Australians is that it shows all the Sahul-related ancestry of the
modelled individual coming from the same lineage as PNG highlander ancestry, with Aboriginal
Australians being a strict outgroup to this lineage. Any extra affinity to Aboriginal Australians
would lead to a rejection of this simple model. This graph fit the data with no outlier (|Z|>3) f-
statistics for any except three individuals. Two of the individuals for which the model did not fit had
European admixture, and the last is a highlander who is an ancestry outlier relative to their language

group. A similar admixture graph was also tested using whole-genome sequencing data from the

42



Simons Genome Diversity Project (Mallick, et al. 2016), representing an independent dataset, with
the Bougainville Islanders (who are not present in the array dataset) as the test population (Figure
3.3B). The simple graph with Aboriginal Australians being an outgroup to the Sahul ancestry also

fits the data for Bougainville Islanders.

Last, D-statistics were directly plotted against each other to allow visual examination of how
East Asian admixture impacts affinity to Aboriginal Australians (Figure 3.3D). The statistic
D(Yoruba,Vietnamese;X,Chinese) measures the amount of Sahul ancestry, as opposed to East
Asian ancestry, and the statistic D(Yoruba,Aboriginal Australian;X,Highlander) measures the
affinity to Aboriginal Australians. If the Sahul component in some individuals has a stronger
affinity to Aboriginal Australians, we would expect them to depart from the trend line (i.e. a lower
value of the latter D-statistic than expected given their value of the former D-statistic). No individ-

uals departed from the trend line, suggesting a uniform relationship to Aboriginal Australians.

The lack of signal in the admixture graph and D-statistics analyses suggest that the pull of New
Ireland and New Britain groups towards Aboriginal Australians in PCA might be an artefact, per-
haps related to the likely fairly deep divergence of these populations from mainland populations.
The signal reported for Tongan islanders (Skoglund, et al. 2016) thus seems to be absent from the
populations sampled here, closer to the New Guinea mainland. The PCA position of the Western
Province Southern Kiwai individuals, while intriguing given their geographical proximity to Aus-
tralia, also has no support in the formal statistics. In summary, there is no strong evidence for any
of the sampled groups displaying a closer relationship to Aboriginal Australians than anyone else.
This mirrors the uniform relationship to Papuans found among Aboriginal Australians, and sets
Sahul apart from many other parts of the world where genetic gradients across geographical space

tends to be the norm.
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Figure 3.3: The relationship of PNG individuals to Aboriginal Australians. A) An admixture graph, modelling the ancestry of an individual as
a mixture of one source related to PNG highlanders and one source related to East Asians, fits the data for all except three outliers. B) A similar
admixture graph using data from the SGDP fits the Bougainville Island population. C) A principal components analysis where only two PNG
Highlanders, two Aboriginal Australians and two East Asian individuals are used to define the space, defining ancestral poles in the top-right,
bottom-right and left part of the plot, respectively (but not displayed on the plot themselves). The rest of the individuals are then projected into this
space. D) Two D-statistics plotted against each other, the one on the horizontal axis measuring the amount of Sahul, as opposed to East Asian,
ancestry, and the one on the vertical axis measuring affinity to Aboriginal Australians.
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3.6 Local ancestry inference in PNG

The widespread Southeast Asian admixture present in the lowlands of PNG would confound many
analyses, including comparisons between different groups within PNG. The local ancestry classi-
fication and subsequent masking of haplotypes has proven successful in recently admixed popula-
tions such as Latin- and African Americans where the ancestry blocks are still long (Brisbin, et al.
2012), but has not been widely applied in PNG or Melanesian populations where the admixture is
likely to be at least 3,000 years old. Furthermore, current reference panels for haplotype phasing,
which is a requirement for most local ancestry inference methods, do not include haplotypes from
this part of the world. However, phasing haplotypes against the very large HRC panel (McCarthy,
et al. 2016) and inferring local ancestry using REMix (Maples, et al. 2013), using unadmixed PNG
highlanders and the 1000 Genomes East Asians as the two reference populations, proved surpris-
ingly successful in the PNG array genotype dataset. Validation experiments in which highlanders
and East Asians were held out from the reference panels and then subjected to the same local
ancestry inference indicated an ancestry misclassification rate of less than 0.5%. Furthermore,
the overall ancestry proportions obtained by summing the lengths of all haplotypes of each an-
cestry correlated strongly with those obtained from global ancestry estimation methods (Pearson
correlation between RFMix and ADMIXTURE = 0.997, between RFMix and f4-ratio = 0.982).
The masked genotypes were therefore used in many downstream analyses, thereby avoiding the

confounding effects of Southeast Asian admixture to a large extent.

3.7 Population structure in PNG

The strongest genetic separation within PNG appears to be that between groups on the mainland
and those on the large islands of the Bismarck Archipelago, New Ireland and New Britain, consis-
tent with previous studies hinting at a potentially fairly old split between these (Friedlaender, et al.
2008). Within the highlands, there is very clear clustering into a western cluster, an eastern cluster
and one cluster corresponding to a small set of Angan language groups living in the south-eastern
highlands, the latter likely a case of genetic isolation. Within the lowlands, there is clear separation

between the south coast and north coast (Figure 3.4).

I performed various analyses to determine the nature of the relationship between highlanders and
lowlanders. When projected into a PCA space constructed using only highlander genotypes, all
lowlander individuals project into largely the same part of the plot (Figure 3.4A). It is not the
case that, for example, northern lowlanders project closer to northern highlanders, and southern
lowlanders closer to southern highlanders. In the inverse experiment, all highlanders similarly
project into largely the same part of the space constructed using only lowlander genotypes (Figure
3.4B). In both cases there are a handful of outlier individuals who are drawn towards particular
parts of the space, but these likely reflect very recent admixture between the highlands and the
lowlands (in some cases confirmed by the documentation on the sample origins). It thus appears

that population structure in the highlands is largely independent of that in the lowlands.
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Figure 3.4: Population structure of the highlands and the lowlands of PNG. A) A PCA constructed using only highlander genotypes reveals a
strong division between eastern and western groups (PC1), as well as separation of Angan speaking groups (PC2). When projected into this space,
all lowlanders group largely uniformly, except a few outliers. B) A PCA constructed using only lowlander genotypes reveals a strong separation
between groups on the mainland and those on the large islands of New Britain and New Ireland (PC2), as well as separation between the north and
the south coast (PC3). PCI corresponds to Southeast Asian admixture (not shown). When projected into this space, all highlanders group largely
together, except a few outliers.

To further study the relationships between highlanders and lowlanders, four sets of all-against-all
D-statistics were computed and visualized using Q-Q (quantile-quantile) plots, comparing the Z-
scores obtained to those expected by chance under a normal distribution with mean 0, given the
number of tests performed. These were calculated on data locally masked for East Asian ancestry
(and excluding the PCA outliers mentioned above), in all cases with the African Yoruba as an

outgroup:

* D(Yoruba,Lowlander;Highlander1,Highlander2) (Figure 3.5A): this statistic asks for each
lowlander group if it shares more with one highlander group than another. While some
values of this statistic reach the seemingly significant |Z|>4, the close fit to the diagonal
line in the Q-Q plot demonstrates that this is expected by chance given the large number of
tests performed. The results thus give no evidence for any lowlander group having a higher

affinity to one highlander group over another.

* D(Yoruba,Highlander;L.owlander1,Lowlander2) (Figure 3.5B): this statistic asks for each
highlander group if it shares more with one lowlander group than another. The deviation
from the diagonal in the Q-Q plot indicates that this is sometimes the case. Most of the
signal is driven by highlanders being closer to mainland lowland populations than to the
divergent New Ireland and New Britain island populations, but some signal remains even

when excluding these.

* D(Yoruba,Highlanderl;Highlander2,Lowlander) (Figure 3.5C): this statistic asks for each
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highlander group if it is closer to another highlander group than to a lowlander group. The
massive shift towards negative values indicates strong highlander genetic unity to the exclu-
sion of lowlanders, and despite the large numbers of tests performed there is not a single test
in which a highlander group is significantly closer to a lowlander than to another highlander
group (largest Z=2.69).

* D(Yoruba,Lowlanderl;Lowlander2,Highlander) (Figure 3.5D): this statistic asks for each
lowlander group if it is closer to another lowlander group than to a highlander group. The
deviation from the diagonal in the Q-Q plot indicates that this is not always the case. In other
words, while there is highlander genetic unity, there is no lowlander genetic unity. Much of
the signal is driven by most lowlanders being closer to highlanders than to the divergent New
Ireland and New Britain island populations, but considerable signal remains even when ex-
cluding these. This is driven mainly by northern lowland groups being closer to highlanders
than to southern lowland groups (example: D(Yoruba,Wagi Northern Lowlanders;Waima
Southern Lowlanders,Aiya Highlanders) = 0.0095, Z = 3.074), and southern lowland groups
being closer to highlanders than to northern lowland groups (example: D(Yoruba,Waima
Southern Lowlanders;Wagi Northern Lowlanders,Aiya Highlanders) = 0.0105, Z = 3.576).

Lastly, following up on the observation that highlanders are not equally similar to all lowlander
groups, outgroup f3-statistics demonstrate that the set of groups that highlanders are the most
similar to are those from the East Sepik area in the north-western lowlands (Figure 3.5F). This
is surprising from a linguistic point of view, as it is the only sampled area where the widespread
Trans-New Guinea language family is not spoken, instead being dominated by languages from the
independent Sepik-Ramu family. There is, however, archaeological evidence for the transfer of
items between the highlands and the Sepik region during the Holocene (Swadling, et al. 2008).

In summary, these results reveal a striking picture where all highlanders, regardless of geographic
location, can be described as being a clade to the exclusion of lowlanders. As a telling example
of this, Gende speakers who live on the very northern edge of the highlands are more similar to
all other highlander people than to Sop speakers living in the lowlands just 40 km to the northeast
(Figure 3.5E). This very sharp division between highland and lowland groups departs dramati-
cally from the gradual isolation-by-distance patterns that are typically seen in human populations
(Lao, et al. 2008; Novembre, et al. 2008). Possible explanations include a recent expansion-
and-replacement episode that homogenized the ancestry of all highlanders, or possibly a more
subtle, long-term process where gene-flow has remained high within the highlands but very lim-
ited between the highlands and the lowlands. Lastly, it can be noted that it’s possible that there
is a lack of statistical power with the current dataset to for example reject the clade-like status of
highlanders (e.g. in tests of the form D(Outgroup,Lowlander;Highander 1;Highlander 2)), and that

denser genotypes and larger population samples would potentially allow such rejections. However,
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Figure 3.5: The genetic relationships between highlanders and lowlanders. Lowlander genomes were locally masked for Southeast Asian ancestry.
A-C: Quantile-quantile plots comparing distributions of Z-scores from D-statistics relating highlanders and lowlanders to those expected under a
normal distribution. The African Yoruba population is used as an outgroup. A) Lowlanders are equally similar to different highlander groups. B)
Highlanders have stronger affinity to some lowlander groups than to others. C) Highlanders are more similar to each other than to lowlanders. D)
Lowlanders are not always more similar to each other than to highlanders. E) The Z-scores of two different D-statistics, the first measuring if the
highland Gende speakers are more similar to the lowland Sop speakers or to other highlanders (blue meaning more highlander similarity), and the
second if Sop speakers are more similar to Gende speakers or to other lowlanders (red meaning more lowlander similarity). Z-scores were capped
at 6. F) Genetic affinity of highlanders (treated as a single group, marked in grey) to different lowland groups measured by the outgroup {3 statistic
f3(Highlanders,X;Aboriginal Australian) (red meaning higher affinity).

even so, the overall picture and what it tells us about the relationships between highlanders and

lowlanders would still likely remain the same.

3.8 The time depth of population separation in PNG

While array genotypes allow for the similarity between individuals and groups to be assessed,
their use is limited when trying to measure the timing of events. Whole-genome sequencing is
better-suited for this purpose, and we have generated this for 7 different PNG groups; six in the
highlands and one in the lowlands (the “HGDP_L” East Sepik subset of the HGDP-CEPH PNG
samples). I applied the MSMC method (Schiffels and Durbin 2014) to these data in order to
estimate pairwise split times between groups, scaling results using a point mutation rate of 1.25 x

10°8 per site per generation and a generational interval time of 30.5 years (the latter deriving from
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an anthropological study of a PNG highlander group (Wood 1987)).

The MSMC method requires phased haplotypes, and it is becoming increasingly clear that insuf-
ficient phasing accuracy can have large impacts of inferences of split times (Song, et al. 2017).
This is of particular concern in populations like Papuans, the ancestry of which is not represented
at all in current haplotype reference panels used for statistical phasing. I took two approaches to
tackle this issue here. First, using 10x Genomics linked-read technology (Zheng, et al. 2016) to
physically infer phase for a subset of eight genomes from four groups. This is a library preparation
technology that links a small barcode sequence to all DNA fragments that derive from the same,
longer (~10-100 kb) molecule fragment, such that reads obtained from standard Illumina sequenc-
ing can then be computationally linked together and haplotype phase inferred. Second, using the

haploid and therefore necessarily perfectly phased X chromosomes of males, as in Chapter 2.

The separation between highlanders and the East Sepik lowlanders appears to have occurred be-
tween 10 and 20 kya, perhaps 15 kya, on the basis of the genomes phased using linked-read tech-
nology (Figure 3.6A). With statistically phased data, the curves are substantially shifted towards
older times and inferred splits would appear several thousand years older (and furthermore there
is quite a large difference between results obtained using 4 haplotypes versus using 8 haplotypes,
not shown), likely as a consequence of poor phasing. The X chromosome results generally suggest
more recent split times, but the variable and sometimes non-monotonic behaviour of the curves

makes these results more difficult to interpret.

Separations between groups within the highlands are more recent, with all appearing to have oc-
curred ~10 kya or more recently (3.6B). Similarly to above, physically phased genomes and X
chromosomes result in more recent splits relative to statistically phased genomes. The oldest splits
occur between groups in the eastern and western highland clusters, consistent with the population
structure inferred from the array genotype dataset. A split between two groups within the eastern
cluster (Gende and HGDP_H) appears to be less than 5 ky old.

In summary, the age of population structure in PNG does not date back to the initial peopling
of Sahul. While there is considerable technical uncertainty surrounding the estimated dates, both
methodological and related to mutation rate and generation time estimates, the overall picture is
one where the separation between highlands and lowland groups occurred 10-20 kya, and high-
land groups then separated from each other within the last 10 kya. The use of physical phasing
through the 10x Genomics linked-read technology greatly aided these analyses, providing one way

to overcome the problem of haplotype phasing in diverse human populations.
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Figure 3.6: The time depth of population separation and growth in PNG. (A) MSMC relative cross-coalescence curves between highland groups
and a northern lowland (East Sepik) group suggests a split time between 10 and 20 kya. (B) MSMC relative cross-coalescence curves between
highland groups suggest split times within the last ~10 ky (Huli representing the western cluster, Gende and HGDP_H the eastern). These curves
were inferred from genomes physically phased using linked-read sequencing. (C) Effective population size histories of different groups as inferred
using SMC++ on five high-coverage genomes per group.

3.9 Population size histories in PNG

The MSMC and the conceptually related SMC++ (Terhorst, et al. 2017) methods allow for effec-
tive population size histories to be inferred from whole genome sequences. The former requires
haplotype phasing when run on more than one genome, while the latter utilizes only allele fre-
quency information from additional genomes and therefore does not require phasing. Applied to
PNG groups, the two methods give qualitatively similar results, though MSMC gives very high es-
timates of effective population sizes in the very recent times, which might be an artefact of the poor
phasing quality of these genomes (not shown). The SMC++ results might thus be more reliable.
They show that most highlander groups have experienced major growth of effective population
sizes, especially in the last 10 kya (Figure 3.6C). Exceptions are the Angan-speaking Yipma, who
in other analyses show signs of genetic isolation and heavy drift, and the HGDP_H group (the
origin of which is not actually known, and also in contrast display a recent increase in the MSMC
analysis). The Sepik lowlanders do not display the same growth, instead retaining a more or less
constant effective population size. This is in line with anthropological records of lower population

densities in the lowlands, and might be linked to widespread malaria in these regions (Riley 1983).

3.10 Genetic differentiation in PNG

Genetic differentiation between pairs of populations as measured using the Fgr statistic typically
take values on the order of 1% or less between major, non-isolated populations within Europe,
East Asia or South Asia (1000 Genomes Project Consortium 2015; Pagani, et al. 2016). Between
European and East Asian populations, Fgt is approximately 10%.

Calculating F'st between language groups in the PNG array genotype dataset after locally masking
Southeast Asian ancestry (Figure 3.7), values between the western and eastern highlands clusters
reach 2-3%, with all values within each of these clusters being below 2% but some being above 1%.

Values between the Angan speaking groups in the south-eastern highlands and other highlander
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groups reach 4-5%, which is as high as between European and South Asian populations. This is all
within a sampled area within the highlands that is approximately the same size as Denmark, or the
Netherlands. Within both the southern and the northern lowland areas, levels of Fgr are as high as
those in the highlands. This suggests that the mountainous terrain of the highlands, often cited as
an explanation for the great cultural diversity of PNG, might not be what underlies differentiation
between groups, instead raising the likely importance of cultural and linguistic factors. Between
the highlands, southern lowlands and northern lowlands, Fst values are even higher, with many
over 5%. These results thus demonstrate that the great cultural and linguistic diversity of PNG is

reflected in strong genetic differentiation.
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Figure 3.7: Genetic differentiation in PNG. Geographic distance between groups is plotted against Fsr, a measure of allele frequency differenti-
ation. This was calculated after locally masking lowlander genomes for Southeast Asian ancestry, which otherwise has large effects on Fgsr. Grey
lines indicate a number of Fsr values between selected populations from the 1000 Genomes Project for comparison.

Population differentiation is slightly stronger for the Y chromosome than for the mitochondrial
genome (p = 0.0035, Wilcoxon signed rank test for difference in the mean of a Fgt metric for
haploid loci). This implies that there is more female than male movement between groups and/or
that male effective population sizes are smaller (e.g. due to larger variance in reproductive success),

and is consistent with previous studies of New Guinean populations (Kayser, et al. 2003).

3.11 Diversity and isolation in PNG

The high differentiation between groups, the high linguistic diversity and the small present-day
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size of many PNG language groups raise questions about lifestyles and interaction patterns in PNG.
While the coalescent-based approaches applied above (SMC++, MSMC) can reveal demographic
histories deep into the past, they have limited resolution in last few thousand years. Patterns of
runs of homozygosity (RoH) in a genome can inform on mating patterns in more recent history.
A RoH reflects a genomic segment inherited from the same ancestor, and its length the number of
generations that have passed since that ancestor lived. Recent small effective population sizes and
inbreeding will therefore lead to an increase in the number of long RoHs in a genome. Inference of
RoH in the genotype array dataset reveals levels that are generally higher than those of major pop-
ulations in East Asia and Europe (Figure 3.8A), likely reflecting generally lower recent effective
population sizes. There are also substantial differences between different groups within PNG (Fig-
ure 3.8B). The highest levels are found among the Angan-speaking groups from the south-eastern
highlands. These are the highland groups that display the highest Fgt values to other highland
groups (4-5%). The western highlands cluster has slightly lower amounts than the eastern high-
lands cluster. There is no overall difference between highlanders and lowlanders in their amount
of long RoH (Wilcoxon signed rank test, p = 0.227).

As the rate at which Fgt increases is dependent on effective population sizes, the small sizes of
PNG groups likely contribute to the high differentiation observed. F'gt to an outgroup can be taken
as a proxy for the amount of genetic drift experienced by a given group. While neither the negative
correlation between the estimated number of speakers in a language group and the Fgt to outgroup
(Figure 3.8B), nor that between the number of speakers and the amount of RoH (Figure 3.8C),
is significant, a handful of groups stand out in having small numbers of speakers, high Fst to an
outgroup and large amounts of RoH. These include the Angan speakers mentioned above as well
as the Grass Koairi and the Keapara speakers, both from Central Province. These likely represent
examples of recently culturally isolated groups that have experienced high levels of genetic drift
in relatively short periods of evolutionary time. There is a significant positive correlation between
the amount of RoH in a group and the Fgr to an outgroup (Figure 3.8D), consistent with small

effective population sizes driving the genetic drift and high differentiation in PNG.
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Figure 3.8: Patterns of runs of homozygosity and genetic drift. A) The sum of lengths of RoH longer than IMb in each individual genome, grouped
by major region. Horizontal lines indicate the mean per region. Four populations from the 1000 Genomes project are included for comparison:
GBR = British in England and Scotland; CDX = Chinese Dai in Xishuangbanna, China; CHS = Southern Han Chinese; KHV = Kinh in Ho Chi
Minh City, Vietnam. B) The estimated number of speakers in a group plotted against Fgr to an outgroup (KHV). Pearson correlation = -0.176,
p = 0.2967. C) The estimated number of speakers in a group plotted against the group mean sum of lengths of RoH longer than 1 Mb. Pearson
correlation = -0.233, p = 0.1656. D) Fgr to an outgroup (KHV) plotted against the group mean sum of lengths of RoH longer than 1 Mb. Pearson
correlation = 0.520, p = 0.0009662. In B-D, only groups with at least two individuals are included. Estimated speaker numbers for each language
group were obtained from Ethnologue (Lewis, et al. 2016). Fsr to KHV was calculated after locally masking lowlander genomes for Southeast
Asian ancestry, and restricted to groups with at least two sampled individuals. Results are very similar if using Aboriginal Australians as outgroup
instead of KHV.

3.12 A model for population history in Holocene PNG

Rather than supporting a naive view where population structure was established shortly after the
peopling of New Guinea and maintained since then, the results obtained here indicate that more
recent processes have overwritten earlier structure. Ultimately, ancient DNA will likely be needed
to determine with more certainty what exactly these processes were, but at present one can at least
speculate. One model which would be compatible with present-day patterns of genetic variation is
an expansion of a single agriculturalist group in the highlands, starting approximately 10 kya. If all
highlanders derive most of their ancestry from this same source population, this could explain their
clade-like relationship to lowlanders. It is also compatible with the split time estimates between
highlanders and lowlanders and those within the highlands, and the observation of major increases
in highlander effective population sizes within the same time period. This agriculturalist expansion

could also have spread the languages that have now developed into the Trans-New Guinea language
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family.

If this model is correct, then it means that, similarly to west Eurasia and sub-Saharan Africa, and
likely East Asia too, agriculture spread through the movement of people in PNG. Its indepen-
dent history would thereby provide another data point in favour of people in the “pots vs people”
debate. At present, a model where agriculture spread without genetic admixture or replacement
cannot be completely ruled out — perhaps the current divergences were established while groups
where still hunter-gatherers, reflecting either some pre-agricultural population transformation (the
likes of which have been described in Europe (Fu, et al. 2016)) or some kind of upper limit on
the divergence achievable between hunter-gatherer groups living in a fairly small geographical
area. However, the close correspondence between the genetic time estimates and the archaeolog-
ical evidence for the emergence of agriculture arguably lends support to an agriculturally-driven

restructuring.

A striking result which sets PNG apart from other regions of the world that have also undergone
agricultural transitions is the very strong present-day genetic differentiation. The high Fgt values
across all of PNG differ dramatically from the relatively homogenous genetic landscapes of Eu-
rope, East Asia, and most populations of sub-Saharan Africa. Areas of comparable size to PNG in
Europe have been found to have close to no population differentiation, e.g. Great Britain (Leslie,
et al. 2015), the Netherlands (Genome of the Netherlands 2014) and Denmark (Athanasiadis, et
al. 2016). An important insight into this comes from ancient DNA studies in Europe and the Near
East, which have documented a dramatic but gradual decline in Fgy values in this part of the world
over the last 10 ky (Lazaridis, et al. 2016), as well as higher differentiation between hunter-gatherer
groups than between farmer groups (Skoglund, et al. 2014). Before the agricultural transition in
west Eurasia, some hunter-gatherer groups were as different as present-day Europeans and East
Asians (Fst of ~10%). These studies show that the homogenous landscape of present-day Europe
actually only emerged in the last few thousand years. While an agricultural transition might be
necessary to achieve this high level of genetic homogenization, the history of PNG demonstrates
that it is not sufficient: PNG also went through an agricultural transition, but present-day genetic

differentiation is high.

This thus calls for another explanation for the dramatic differences in genetic structure between
PNG and west Eurasia or other genetically homogenous regions. A hypothesis is that the key dif-
ference is the absence in PNG of a Bronze age, Iron age or other similar post-agricultural, cultural
transformation. In west Eurasia, the Bronze Age started ~4.5 kya and was driven by an expansion
of herders from the Pontic—Caspian steppe who had domesticated horses, metal technology and
perhaps a different social structure. This expansion resulted in dramatic genetic admixture and
replacement across all of Europe, as well as replacement of the vast majority of the indigenous
languages with Indo-European languages (Allentoft, et al. 2015; Haak, et al. 2015). The presence

of Indo-European languages, and steppe-related ancestry (Lazaridis, et al. 2016), in South Asia
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suggest that a similar expansion shaped genetic structure here too. In sub-Saharan Africa, the ex-
pansion of Bantu-speaking farmers from west Africa was associated with an Iron Age (Huffman
1982), and resulted in genetic homogenization across a large geographical area (Li, et al. 2014;
Patin, et al. 2017). PNG might then be similar in genetic structure to pre-Bronze Age Europe, with
small, sedentary, agriculturalist groups and relatively little gene flow between them. The genetic
results also align with, and provide some insight into, the enormous linguistic diversity of PNG,
and perhaps suggest that many other parts of the world also harboured greater linguistic diversity

in the past, before being homogenized by large-scale cultural expansions.

These expansions have often been associated with the rapid proliferation of particular Y chromo-
some lineages, e.g. R1b with the steppe migration into Europe, E1b with the Bantu expansion in
sub-Saharan Africa, and likely R1a in South Asia (Karmin, et al. 2015; Poznik, et al. 2016), giving
rise to ‘star-like’ phylogenies as the rapid spread leaves little time for new mutations to accumu-
late on the basal branches. The explanation for this is likely a social structure with higher variance
in male reproductive success, where whatever Y chromosomes are carried by a small number of
high-status males expand dramatically. An extreme case of this from more recent times might be
the Y chromosome lineage thought to be carried by the central Asian ruler Genghis Khan, today
present in an estimated 8% of East Asian males (Zerjal, et al. 2003). Consistent with the genetic
landscape of PNG being unperturbed by large-scale, post-agricultural expansions, the phylogeny
of PNG Y chromosomes does not feature any star-like bursts of expansion (not shown). One strik-
ing case of Y chromosome structure can be noted, however: the Gende highland group carry a
Y chromosome from haplogroup C at a frequency of 86%, but this chromosome is absent from
the rest of the highland samples examined. Analysis of whole-genome sequencing data from five
randomly selected Gende males indicates a common ancestor for their Y chromosomes only ~1
kya. It thus seems likely that this chromosome has risen in frequency due to a recent, small-scale
instance of high male reproductive variance in the Gende speakers. However, consistent with the
high degree of population differentiation in PNG, this Y chromosome expansion appears to have

been contained to only this single language group, without spreading more widely.

The proposed model of an agriculturalist expansion in the highlands is simple, and therefore likely
to be inaccurate in the finer details. There are also aspects that it fails to explain, including the
fact that lowland groups also practice agriculture, and in many areas also speak languages from the
Trans-New Guinea language family. If this was the result of the same expansion of people spread-
ing down from the highlands, more recent divergences and greater genetic continuity between
highland and lowland groups would have been expected. More work is thus needed to further the

test the basic outline of the model and refine it with additional detail.

3.13 Conclusions

The people living in the highlands of PNG appear to have been unaffected by Southeast Asian

gene flow, thereby making them as genetically independent from Eurasian sources as Aboriginal
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Australians, i.e. for ~50 ky. While the notion that agriculture was an independent development
in the PNG highlands largely serves as a background assumption for genetic studies, derived from

archaeology, these genetic findings themselves also provide evidence for this notion.

The first detailed view of population structure in PNG, made possible by the comprehensive array
genotyping dataset in combination with whole-genome sequences, hints at a complex population
history. The age of present-day population structure in the highlands is not older than the devel-
opment of agriculture, suggesting a reshaping following this lifestyle transition. The highlands-
lowlands contrast constitutes a major barrier to gene flow, and all people across the highlands ap-
pear to form a clade relative to lowlanders. Population differentiation is high, despite divergences
not being particularly ancient, instead implying that relatively recent isolation between groups is
responsible. Population genetics theory also demonstrates that Fgt will increase more rapidly in
groups with smaller effective population size. A parallel can perhaps be drawn between PNG and
some communities in South Asia, where founder effects and cultural isolation between groups
even living in the same geographical areas has led to strong genetic differentiation (Reich, et al.
2009; Nakatsuka, et al. 2017). A hypothesis for why PNG has such strong population structure
while regions such as Europe, East Asia and parts of sub-Saharan Africa do not, is that the lat-
ter regions have been recently homogenized by large-scale, technology-driven expansions such as
Bronze and Iron ages. The history of PNG therefore demonstrates that human population histories

are not deterministic, but can take quite different trajectories in different parts of the world.

There is currently no consensus on where within the highlands agriculture was first developed.
The population-genetic analyses presented here provide little if any insight into the matter — re-
lationships between present-day groups tell us very little about the geographical origins of their
ancestors. However, the results can at least be superficially compared to predictions implied by
a hypothesis put forth on anthropological and archaeological grounds, and which states that agri-
culture likely started in the western parts of the PNG highlands and then spread from there to the
eastern parts (Feil 1987). The basis for this hypothesis is several observations suggesting higher
present-day agricultural productivity in the western parts, as well as larger group sizes. The genetic
results give some support for this. Firstly, the levels of runs of homozygosity are slightly lower in
the west (Figure 3.8A), suggesting slightly larger population sizes. Secondly, although this might
not be statistically significant given the resolution offered by the methods, inferred historical effec-
tive population sizes in the last few thousand years are also slightly higher in the western groups
(Figure 3.6C).

It is worth noting that, despite the strong differentiation and low gene flow between groups, Papua
New Guinea has undergone one quite substantial cultural transition in the last 500 years or so.
Before this, the prominent agricultural crops in PNG were taro and yams; however, today the
non-indigenous sweet potato dominates (Bourke, et al. 2009). It is not entirely clear how the

sweet potato, which originated in the Americas, reached New Guinea: whether it was brought by
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European explorers or by Polynesian seafarers shortly prior to the era of European colonialism.
Genetic analyses of sweet potato samples seem to favour the latter hypothesis (Roullier, et al.
2013). In any case, the use of the sweet potato seems to have spread rapidly across New Guinea
without signs of any substantial genetic restructuring, showing that such cultural innovations can

disseminate even through human societies that are highly genetically and linguistically fragmented.

3.14 Materials and Methods

Array genotyping and 10x Genomics linked-read sequencing was carried out by the Wellcome
Trust Sanger Institute sequencing and genotyping facilities. Analyses of these data and the 39
whole genome sequences are described in further detail in (Bergstrom, et al. 2017). A brief

description of the methods used for the analyses described here follows.

Array genotypes were filtered for markers with ambiguous chromosomal location, indel status,
high rate (>5%) of missing genotypes, low minor allele frequency (<1%), and for individuals
with high rate (>10%) of missing genotypes, to produce a final variant set consisting of 529,137
variants and 378 individuals. These genotypes were combined with those from previously whole-
genome sequenced PNG, Aboriginal Australian (Prufer, et al. 2014) and worldwide populations
(1000 Genomes Project Consortium 2015) using the “merge” command from the bcftools software
(https://samtools.github.io/bcftools/) with the “-m” argument, excluding sites that became multi-
allelic after merging. Data from the Simons Genome Diversity Project (Mallick, et al. 2016) was

downloaded and analysed in isolation.

Uniparental genotypes were handled separately to assign each individual to haplogroups. Array
genotypes were merged with whole-genome sequencing data using Y chromosome genotypes pre-
viously called, and mitochondrial genotypes called using FreeBayes v0.9.18 (Garrison and Marth
2012) with the arguments “--ploidy 1 and ““--report-monomorphic”. For the Y chromosome, the
patterns of genotypes across individuals were hierarchically clustered and variants defining hap-
logroups manually identified and checked against the ISOGG database (http://isogg.org/tree/, April
21 2016 release). Individuals were assigned to the C, M, S, O and K haplogroups. For the mito-
chondrial genome, the same approach was applied, using information in the PhyloTree database
(build 17) (van Oven and Kayser 2009), alongside an independent, higher-resolution haplogroup
prediction by the HaploGrep 2 software (Weissensteiner, et al. 2016). The two approaches agreed
on the (lower-resolution) haplogroup in all cases. Individuals were assigned to the P, M, E, B4,
B5b and N13 haplogroups. A uniparental Fst metric was calculated as (Ht — Hs) / Hy, where H
is haplotype diversity for the total (Ht) and the subpopulations (Hs), calculated as 1 - ¥'p?, where
p is allele frequency.

PCA analyses were performed using EIGENSTRAT 6.0.1 (Patterson, et al. 2006), using the “-w”
flag to restrict the calculation of principal components to a subset of individuals. ADMIXTURE

1.23 (Alexander, et al. 2009) was used for model-based ancestry assignment. f3- and D-statistics,
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f4-ratios and admixture graph fits were calculated using ADMIXTOOLS 4.1 (Patterson, et al.
2012). Fgt between pairs of language groups was calculated using EIGENSTRAT 6.0.1 (Patter-
son, et al. 20006), restricted to groups that have at least two sampled individuals. Local ancestry
assignment was performed using RFMix v.1.5.4 (Maples, et al. 2013), using PNG highlanders
and 1000 Genomes East Asians as reference panels, after phasing haplotypes on the Sanger Im-
putation Server (McCarthy, et al. 2016) using the EAGLE algorithm (Loh, et al. 2016) and the
Haplotype Reference Consortium (release 1.1) reference panel. Runs of homozygosity were in-
ferred using PLINK v1.07 (Purcell, et al. 2007) with the arguments “--homozyg-window-kb 1000
--homozyg-window-snp 50 --homozyg-density 50 --homozyg-window-het 0.

Effective population size histories were inferred on five genomes per population using SMC++
(Terhorst, et al. 2017) and on four genomes per population using MSMC (Schiffels and Durbin
2014) (as well as MSMC?2), in both cases using the mappability mask recommended for the latter.
MSMC was also used to estimate the relative cross-coalescence rate between populations, applying
the “—skipAmbiguous” argument to exclude unphased segments and the “—fixedRecombination”
argument. To make use of 10x Genomics experimental phasing data, phase information from the
LongRanger v2.1.2 VCFs was lifted into the existing VCFs, setting to unphased any position where
the genotypes disagreed between the two VCFs. Analyses on the X chromosome were performed
as described in Chapter 1. All demographic results were scaled to units of years using a mutation
rate of 1.25 x 1078 per site per generation and a mean generation interval time of 30.5 years (Wood
1987).

To infer the genetic identify of all the 17 Papua New Guinean individuals in the HGDP-CEPH
panel, array genotype data on these (Li, et al. 2008) was merged with the newly generated PNG
array genotypes, and their relationships to the latter was inferred using PCA and outgroup f3-

statistics.
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Chapter 4: Large-scale sequencing of

worldwide human populations

4.1 Introduction

Access to data from many different and diverse human populations is clearly key to efforts to un-
derstand human genetic diversity and population history. A number of different datasets have been
produced and served as useful resources for the human genetics research community. The HapMap
project was an early effort that provided array genotypes from populations of mainly European,
East Asian and African ancestry (International HapMap Consortium 2005). The Human Genome
Diversity Project (HGDP) and the CEPH foundation established a collection of cell lines from a
large number of diverse human populations (Cann, et al. 2002), and array genotyping of this col-
lection has resulted in widely used datasets (Jakobsson, et al. 2008; Li, et al. 2008; Patterson, et al.
2012). The POPRES resource released genotype array data on close to 6,000 individuals (Nelson,
et al. 2008), with particularly good geographical coverage of Europe; however, its wider usage has
been limited as the data are available only under managed access rather than open access. The 1000
Genomes Project released data based on a combination of low-coverage whole-genome and high-
coverage exome sequencing data from worldwide human populations, initially from seven pop-
ulations (1000 Genomes Project Consortium 2010), then 14 populations (1000 Genomes Project
Consortium 2012) and finally 26 populations (1000 Genomes Project Consortium 2015). The ag-
gregation of data generated in many different studies, particularly large medical genetics studies,
has led to the establishment of resources based on data from tens of thousands of individuals, such
as the Exome Aggregation Consortium (ExAC) (Lek, et al. 2016) and the Haplotype Reference
Consortium (McCarthy, et al. 2016). While the donor consents for the constituent studies typically
preclude open access to the individual genotypes, these resources enable accurate assessments of
allele frequencies and/or high-quality genotype phasing and imputation. Recently, projects with
sampling strategies focused explicitly on population history have provided high-coverage whole-
genome sequencing data from very large numbers of diverse populations, but limited to typically
2-4 individuals from each of them; the Simons Genome Diversity Project (SGDP) with 300 indi-
viduals from 142 populations (Mallick, et al. 2016), and the Estonian Biocentre Human Genome
Diversity Panel (EGDP) with 483 individuals from 148 populations (Pagani, et al. 2016).

A number of different factors influence the utility of a given dataset or resource to different areas
of study within human genetics. The primary utility of population-genetic datasets to medical
genetics studies is providing information on the frequency of particular alleles in populations of
broadly-defined ancestry and in constituting a resource for phasing and imputation, such that the
sample size of the dataset is key. For population history studies, the diversity of the sampled

population is very important, as different populations might provide different information into
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history.

The HGDP-CEPH collection, mentioned above, has several attractive features as a resource for
human population genetics. It contains individuals from about 52 different populations, with typ-
ically around 20 individuals from each of these. While projects such as HapMap and the 1000
Genomes Project sampled individuals mainly from major continental populations (sampling cri-
teria included being non-vulnerable and relevant to medical-genetic studies), the HGDP sampling
encompasses many smaller populations of particular anthropological, linguistic, historical or ge-
netic interest. As a few examples, from Africa, it contains the Khoe-San, believed to represent
the earliest branching modern human population, and central African rain forest hunter-gatherers.
From Europe, it contains the Basque population, one of the few European groups to speak a lan-
guage that is not part of the Indo-European family, and the isolated Orkney islanders. From the
Middle East and South Asia, it contains the Druze ethno-religious group and the isolated Kalash
group from the western Himalayas. From East Asia, it contains several minority ethnic groups
from China, including the Turkic speaking Uyghurs from western China. From Oceania, it im-
portantly contains Papua New Guineans. From the Americas, it contains several Native American
groups without European admixture, which otherwise is ubiquitous in the majority populations.
As the resource consists of cell lines, an unlimited amount of DNA can be obtained. Additionally,
while data obtained for population history studies sometimes has restrictions on how it can be used
or shared, the policies of the HGDP-CEPH resource is such that all data can be analysed without
restrictions and distributed openly. To date, array genotype and other data generated from this

collection have been used in hundreds of population genetics studies.

Whole-genome, high-coverage sequencing of most of this panel was undertaken at the Wellcome
Trust Sanger Institute. This project is still ongoing at the time of writing, but in this chapter I
describe some initial work on this sequencing data, focusing on the more technical aspects rather

than population genetics analyses.

4.2 Sequencing of the HGDP-CEPH panel

The full HGDP-CEPH panel contains over 1000 samples; however, some of these are close rel-
atives, duplicates, have ancestry deviations or other complications, such that a core set of 952
unrelated samples has been established (Rosenberg 2006). Out of these, approximately 135 had
been sequenced to high-coverage (here meaning at least approximately 30x) as part of another
project, the Simons Genome Diversity Project (Mallick, et al. 2016). These were sequenced
mostly as PCR-free libraries on the Illumina HiSeq2000 machines with paired-end 100bp reads.
In addition, 10 samples had been sequenced in an earlier study (Meyer, et al. 2012). The re-
maining samples were sequenced at the Wellcome Trust Sanger Institute (WTSI). An initial batch
of 178 samples was sequenced as PCR-based libraries (PCR-free libraries were not available for
large-scale production sequencing at WTSI at the time). The remaining approximately 650 sam-

ples were sequenced as PCR-free libraries. These were all sequenced on the Illumina HiSeqX
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machines with paired-end 150 bp reads. A number of samples were deliberately sequenced more
than once across technologies (SGDP versus WTSI versus Meyer, PCR libraries versus PCR-free
libraries), to allow for assessments of reproducibility and batch effects. All reads were mapped to

the GRCh38 reference genome.

4.3 Characterization of cell line chromosomal abnormalities

The HGDP-CEPH DNA samples derive from lymphoblastoid cell lines (LCLs) collected and es-
tablished by a number of different laboratories (Cann, et al. 2002). Culturing of cell lines always
comes with some risk of new mutations being introduced. In particular, large-scale chromosomal
changes, e.g. loss, gain or rearrangements of large segments or entire chromosomes can occur,
often without impact on the viability of the affected cells (Shirley, et al. 2012). As the lines are
maintained as populations of cells, a de-novo variant might be present in just some subset of the
cells in this population, or in all of them. When sequencing DNA from cell lines, these abnor-
malities could interfere with the accurate determination of the germ-line genome sequence of the

donor.

To determine the extent of chromosomal abnormalities in the HGDP-CEPH cell lines, I analysed
patterns in the depth of sequencing reads mapped against the reference genome. The excess, or
depletion, of reads relative to the genome-wide average should be proportional to the frequency
of the chromosomal abnormality variant in the cell population, reaching up to 1.5 in the case of
gains or down to 0.5 in the case of losses, if all cells carry the change. Measuring the total num-
ber of reads mapping to a chromosome overall will likely be enough to identify high-frequency,
whole-chromosome events, but to allow for lower-frequency and partial events I plotted coverage
along the length of each chromosome and manually inspected these for deviations (Figure 4.1).
This identified approximately 50 events across samples, though the majority constituted only very
slight deviations from the genome-wide average. Most events affect whole chromosomes or large
segments, e.g. half, of chromosomes, but there are also smaller events on the scales of tens of
megabases. Chromosomes 9 and 12 were subject to a larger number of whole-chromosome gains
than other chromosomes. There appeared to be no correlation between ancestry of the donor and

the rate of chromosomal abnormalities.
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Figure 4.1: Identification of chr l abnormalities in the HGDP-CEPH cell lines from high-coverage whole-genome sequencing data: an

example from chromosome 9. Each black line represents a single sequenced individual, displaying the average coverage relative to the genome-
wide median in a rolling window across the chromosome. The blue rectangle indicates the location of the centromere. Several samples containing
copy-number gains of the whole chromosome, in varying proportions of the cells in the sequenced cell population, are visible. Additionally, two
samples containing a ~10 Mb deletion at the beginning of the chromosome, seemingly carried by close to all cells in the populations, are visible.

Chromosomes X and Y have sex-dependent expectations for the sequencing coverage relative to
that of the autosomes. Furthermore, in contrast to the autosomes where any larger-scale chromo-
somal abnormalities in-vivo are invariable associated with developmental disorders, copy-number
deviations on the X and Y often do not have major phenotypic effects (other than affecting fer-
tility). A large population sample will therefore contain healthy individuals with such deviations
with a non-trivial probability; for example, a XXY configuration (diagnosed as Klinefelter syn-
drome) occurs at a rate of approximately 1 in 1000 males (and one example was detected in the
1000 Genomes Project (1000 Genomes Project Consortium 2015)). Analysing coverage on the X
and Y chromosomes in the HGDP samples revealed a number of individuals with deviating copy
numbers (Figure 4.2). Two males display substantially reduced coverage on the Y chromosome,
likely reflecting loss of Y in the cell line, but potentially also reflecting actual loss of Y in the
healthy donor, a phenomenon known to occur in certain tissues, particularly in older men (Fors-
berg 2017). 10 or so females display varying degrees of loss of X, likely on the cell line level.
One male displays coverage consistent with a XXY configuration, thereby likely representing a

naturally occurring example of this karyotype.

In addition to these copy number variations, one sample (HGDP01097, from the Chinese Tujia
population) was found to be completely homozygous across the entire length of chromosome 1
(confirmed using array genotype data from this sample (Li, et al. 2008)), but the copy number of
the chromosome is normal. This is likely a cell line artefact; however, the phenomenon does occur
at low frequencies in-vivo owing to a process known as uniparental disomy. While this is typically
associated with genetic disorders due to increased risk for a homozygous state at recessive disease
variants (King, et al. 2014), it has been described in healthy individuals as well (Field, et al. 1998).
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Figure 4.2: Sex chromosome sequencing coverage in the HGDP samples. Depth of coverage on the X and the Y chromosomes relative to the

genome-wide median are plotted against each other for each individual sample. In males, the X and Y chromosomes are haploid, and coverage is
therefore expected to be half of the genome-wide median.

4.4 Effects of chromosomal abnormalities on sequencing and

genotyping

The HGDP samples have been genotyped on arrays in the past (Jakobsson, et al. 2008; Li, et
al. 2008; Patterson, et al. 2012), data that have been used in hundreds of studies. An unequal
copy number of the two chromosomes could conceivably interfere with accurate array genotyping,
e.g. leading to some heterozygous genotypes incorrectly being called as homozygous for the allele
carried by the chromosome in higher abundance. The genotyping of homozygous sites should not
be affected. I investigated the effects in the most heavily used dataset, generated with the Illumina
650K array (Li, et al. 2008). Coverage per chromosome in the whole-genome sequencing data
for a given sample is associated with reduced heterozygosity in the array genotypes (Figure 4.3).
This thus shows that these cell line abnormalities have affected the array genotypes. It also shows
that the abnormalities themselves have been present in the cell lines for a long time, and have not
arisen recently or just locally in a subset of cells that was used to extract DNA for this particular

whole-genome sequencing project.

I next examined the effects that chromosomal copy number abnormalities might have on the call-
ing of variants from whole-genome sequencing data. While changes affecting large chromosomal
regions would have obvious confounding effects on the identification of germ line copy number
variation in the donors, it’s less clear how it might affect the identification and genotyping of small
nucleotide variants. To address this, I performed a down-sampling experiment using the neces-
sarily haploid X chromosomes in male samples. By pooling reads from two different male X
chromosomes at different relative abundance and calling variants across these reads, treating them
as coming from a single sample, the sensitivity in calling heterozygote variants can be assessed.
The calling of homozygous variants should not be affected by changes in chromosomal copy num-

bers. The results show that as the copy number of the second chromosome decreases, the ability
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Figure 4.3: The effects of cell line chromosomal copy number abnormalities on array genotyping in the HGDP panel. For each chromosome
separately, sequencing coverage in the whole-genome sequencing data (normalized by the genome-wide median) is plotted against the fraction of
heterozygous genotypes in the array data (normalized by chromosome and by population) for each individual sample. Deviations from a balanced
chromosomal copy number is associated with reductions in heterozygosity; see for example chromosomes 9 and 12.

to call heterozygote genotypes decreases quite rapidly (Figure 4.4). However, the effect is not as
strong with increases in the copy number of the second chromosome. This is expected, as a variant
caller is more likely to incorrectly call a heterozygous site as homozygous if the read count for the
less frequent allele is low. Also as expected, the negative effects were more pronounced with lower

levels of overall coverage.

In summary, the cell line artefacts affect genotypes called both from genotype arrays and from
whole-genome sequencing data. The latter are affected more by chromosomal losses than by
gains. On the basis of this, we decided to exclude nine samples that carried large, high frequency
losses (as well as one sample that had gains on four separate chromosomes, and the sample with a

homozygous chromosome 1) from most downstream analyses.
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Figure 4.4: The effects of chromosomal copy number abnormalities on the ability to call heterozygote genotypes in high-coverage whole-genome
sequencing data. Data from the X chromosome of two male samples (both from the South Asian Pathan population) were pooled together in different
relative abundance, and variants were called across these reads, treated as a single sample, using GATK HaplotypeCaller + GenotypeGVCFs.
The horizontal axis shows the copy number of the second chromosome relative to the first chromosome. The vertical axis shows the fraction of
heterozygote genotypes that were not called, relative to what was called with a balanced read count from the two chromosomes. The experiment
was performed at three different levels of background genome-wide coverage; 25x, 30x and 35x. Twenty replicate down-sampling experiments were
performed for the case with a balanced read count, the results of which are displayed with a boxplot.

4.5 Variant call properties and filtering strategies

There is a myriad of strategies for the calling and filtering of genotypes from whole-genome se-
quencing data, and strategies also depend on the objective of the given study. I performed various
analyses on a preliminary callset of the HGDP samples, produced at the Wellcome Trust Sanger
Institute using the GATK HaplotypeCaller software (McKenna, et al. 2010), to try to understand
the properties of the variant calls, discover technical issues that need to be addressed and identify

an appropriate filtering strategy for this data.

As the sequencing data for this project were produced by two different institutes using a com-
bination of PCR-based and PCR-free libraries, as well as different sequencing platforms, some
technical batch effects might be expected, and these might affect downstream ancestry analyses.
PCA analyses reveal that there are indeed batch effects, with the strongest one being between
WTSI and SGDP datasets, but also some between PCR-based and PCR-free libraries (Figure
4.5). This is also seen in direct D-statistic tests of allele frequency correlations between sin-
gle individuals, for which there is a very strong expectation of a value of zero; for example:
D(Chimp,BiakasGpp.pcRiree;Papuanwsi pcrree, PapuansGppperfree) = 0.0194, Z = 3.771. The ex-
tent of the batch effect revealed by PCA is reduced by applying increasingly stringent filter thresh-
olds as determined by the GATK VQSR (Variant Quality Score Recalibration) filtering engine,
as well as by restricting to regions of the genome with good mapping properties for short reads

(Figure 4.5). With the 1000 Genomes “strict mask”, which covers ~78% of the reference genome,
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the batch effect is not discernible. The same is true in D-statistic tests, e.g. the above test statistic
reduces to D = 0.0064, Z = 1.334 when applying the strict mask (though it cannot be ruled out that
there is still a subtle but non-significant effect remaining). These results imply that the batch effect
is not primarily driven by genotype differences at genuine and non-problematic sites, but rather by

sites in difficult parts of the genome.
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Figure 4.5: Technical batch effects in HGDP genotype calls and the effects of different filters. Principal component analyses were performed on
whole-genome SNP genotype calls, restricted to approximately 1 million variants with a minor allele frequency of at least 5% and pruned for LD.
Without filtering (the left-most panel), a clear batch effect is visible between the sets of libraries sequenced with different technologies. This effect is
reduced by increasingly stringent VOSR filtering thresholds, as well as by restricting to parts of the genome covered by mappability masks from the
1000 Genomes Project. With more stringent filters (i.e. VSQLOD > 0 and 1000G strict mask), in terms of ancestry, PCI separates Africans from
non-Africans, PC2 separates western non-Africans from eastern non-Africans, PC3 separates out Oceanians, PC4 separates out Native Americans,
PCS5 separates South Asians from Europeans and Middle Easterners and PC6 separates different African populations. With less stringent filtering,
PC5 corresponds to the WISI vs SGDP batch effect while PC6 separates South Asians from Europeans and Middle Easterners.

Properties of the subset of SNPs that strongly differentiate between the sample sets might provide
some insights into the causes of the batch effect. SNPs that are associated with higher alterna-
tive allele frequencies in the WTSI libraries also tend to have higher coverage and lower rates of
missing genotypes across individuals in these compared to SGDP libraries (Figure 4.6). Likewise,
SNPs that are associated with higher alternative allele frequencies in SGDP libraries tend to have
higher coverage in these compared to WTSI libraries (though no clear difference in rates of miss-
ing genotypes). The latter SNPs have slightly lower GC content in the 100bp windows surrounding
them, but this is not a large difference. Overall, these trends suggest that there are sets of sites in
the genome which are differentially accessible to reads from these two sources, in each case lead-
ing to reduced coverage and ability to call alternative alleles. One underlying reason for this might
be that the WTSI reads are 150 bp long, while the SGDP reads are only 100 bp, likely leading to

some difference in mappability in repetitive parts of the genome.

The patterns of missing genotypes across individuals are non-random. There are some differences

in the overall rate of missing genotypes across the called variants, with slightly lower rates in the
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Figure 4.6: Properties of SNPs that separate between WISI and SGDP sequenced libraries. In PCA analyses of unfiltered SNP calls, PC5
separates WTSI and SGDP sequenced libraries (see Figure 4.5). The weights of each SNP for this component were extracted and plotted against
various features of these SNPs.

WTSI PCR-free than in other libraries (Figure 4.7A). Principal component analyses of the patterns
of missing genotypes, rather than the genotypes themselves, also reveal a very strong clustering by
technology rather than by ancestry, for both SNPs (Figure 4.7B) and indels (Figure 4.7C). These
systematic differences in the ability to call genotypes might underlie some of the ancestry batch
effects. Further to this, patterns of depth of coverage are also non-random (Figure 4.6), and the
variant caller will output genotypes even at sites where there are just a few reads or an excessively
high number of reads, resulting in low-confidence genotype calls that might be more susceptible
to technical artefacts. Applying a site-level filter on the depth of sequencing coverage, setting any
genotype to missing if the number of reads covering the site is lower than one third or higher than
double the genome-wide average for the particular library (hereafter referred to as “DP3rd2x”),
leads to some reduction in the strength of the batch effect in PCA (not shown). Similarly, the
effect is partly reduced in D-statistic tests, i.e. the above test statistic reduces to D = 0.0141, Z =
2.271.
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Figure 4.7: Missing genotypes in the HGDP callset. A) Overall rates of missing genotypes at SNPS in the unfiltered callset for the different sets of
libraries. B) A PCA on the patterns of missing genotypes at SNPs reveals very strong clustering by technology. C) A PCA on the patterns of missing
genotypes at indels reveals very strong clustering by technology.

The duplicate sequencing of a number of individuals with more than one technology allows for
concordance assessments. Comparing WTSI PCR-free and SGDP PCR-free, representing the two
dominant technology sets, there are an average of 263,779 discordant SNP genotypes between
duplicate samples if no filtering is applied. This reduces to 133,225 ata VQSR LQSLOD threshold
of >-12.5894, 103,325 at VQSLOD >-8.3929, 13,239 at VQSLOD >0, 159,837 with the DP3rd2x
filter, 104,903 with the 1000 Genomes pilot mask, 6,669 with the 1000 Genomes strict mask
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and 6,280 with the combination of the DP3rd2x filter and the latter mask. If restricting to the
~650,000 sites that are present on the [llumina 650K array and therefore very likely to be real,
and easily accessible, variants, there are an average of 117 discordant genotypes, which compares
favourably to concordance observed between sequencing and array (which generally have very
high quality) genotypes. Concordance at indel genotypes is substantially lower, considering that
the total number of indel calls is approximately an order of magnitude lower than the number
of SNPs calls, with e.g. an average of 197,929 discordant genotypes without filtering and 7,448
with the 1000 Genomes strict mask. Comparisons between duplicate samples in which at least
one experiment was done with PCR-based libraries reveal substantially higher indel discordance
(e.g. 28,855 discordant genotypes in the strict mask between a WTSI and a SGDP PCR duplicate
sample), consistent with the notion that the PCR reaction introduces some level of indel error
into the libraries. Overall, the observation that restricting to the strict mask leads to substantial
reductions in duplicate discordance is consistent with the notion that most genotype errors are
driven by mapping, alignment, coverage or other issues at problematic sites, rather than random
sequencing errors or binomial sampling errors at well-behaved sites. Intuitively, the latter should

be very infrequent for sequencing experiments with on the order of 30x coverage.

In summary, even with high-coverage sequencing, technology differences lead to considerable
batch effects which impact ancestry analyses. However, the strength of these effects can be reduced
by filtering. Application of strict VQSR filtering removes most of the batch effects, however this
comes at a price of excluding a fairly large number of variants (e.g. at VQSLOD > 0, less than 80%
of variants are retained, though many of the excluded ones will not be real variants). There is also
a conceptual issue related to VQSR and similar filtering strategies, which is that they only apply
to polymorphic sites. Certain population-genetic methods, however, need genotype information
also at monomorphic sites, especially methods that in one way or another perform inference on the
process of mutation, e.g. the PSMC (Li and Durbin 2011), MSMC (Schiffels and Durbin 2014) and
SMC++ (Terhorst, et al. 2017) methods, as well as site-frequency spectrum modelling methods
such as fastsimcoal (Excoffier and Foll 2011) (or more generally, any divergence calculation, e.g.
the basic divergence between two genomes or the heterozygosity of a single genome). Making use
of filters that only apply to polymorphic sites would introduce a bias against such sites, potentially
confounding these methods. The above analyses, however, also show that by restricting to the
regions of the genome that are easily accessible to short read mapping and non-repetitive, most
if not all of the batch effects disappear. This kind of site-level, rather than variant-level filtering,
would not introduce a bias against polymorphic sites and the resulting data would therefore be
suitable for any kind of population-genetic analysis. It does, however, come at the cost of excluding
large parts of the genome — while 78% of the reference genome (which is what the 1000 Genomes
strict mask covers) is probably enough for most population-history and demographic analyses, an
ideal genomics resource should provide data on as large a fraction of the genome as possible, to

also maximally enable e.g. functional, medical and selection studies. There is thus, as always, a
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trade-off involved in these filtering decisions, and perhaps a sensible approach is to produce data
for the whole genome and then restrict to suitable subsets depending on the particular type of

analysis to be carried out.

4.6 Rare variant sharing patterns

One of the areas where sequencing of a large number of individuals per population has clear bene-
fits, compared to array genotyping or sequencing of small numbers of individuals per population,
is in the analysis of rare variants. There is an increasing interest in using rare variants to learn
about population history (1000 Genomes Project Consortium 2012; Mathieson and McVean 2014;
1000 Genomes Project Consortium 2015; Field, et al. 2016; Schiffels, et al. 2016). As they
typically result from recent mutations, their distribution across individuals might give insight into
more recent population history than do common variants. An analysis of the sharing of doubletons,
meaning variants that are observed exactly twice in this particular dataset, reveals an abundance
of structure among the HGDP samples (Figure 4.8). This holds promise for the application of e.g.
rare variant sharing asymmetry tests conceptually similar to the D-statistic, or more sophisticated,
model-based approaches (Schiffels, et al. 2016).

On a general level, the dependence of the non-normalized doubleton counts on the background
level of genetic diversity is evident in these results. Most strikingly, the number of variants shared
between any African populations is greater than between many populations within non-African
continental regions, even if the latter will typically be more closely related, reflecting the greater
genetic diversity and therefore larger number of rare variant sharing opportunities in Africa. Most
non-African populations share more doubletons with the San population than with other Africans,
despite likely being less closely related to them, probably similarly reflecting the great genetic
diversity of the San (Kim, et al. 2014). This demonstrates the need for appropriate normalization

when using rare variant sharing counts to infer shared ancestry.

On a more detailed level, several known features of the history of particular populations are visible
in the patterns of doubleton sharing. The South Asian Hazara population displays elevated sharing
with East Asians, reflecting East Asian admixture described in this group. Specific South Asian
and Middle Eastern individuals display elevated sharing with Africans, consistent with recent sub-
Saharan admixture in these. The Uygurs from western China display elevated sharing with South
Asians and Europeans, relative to other Chinese populations, reflecting known west Eurasian ad-
mixture in this group. The Melanesian population from Bougainville Island in Papua New Guinea
display elevated sharing with East Asians (particularly the south-eastern groups of Cambodian
and Dai) relative to the mainland Papuans, reflecting the ~20% of their ancestry deriving from
Southeast Asian admixture. The substructure within the mainland Papua New Guinean samples,

described in Chapter 3, is clearly visible.

69



Bantu [Sough Africa)
Biaka
Mandenka
Colombian

Cambodian
Han (North)

Miao

Naxi

She

Tujia
Palestinian
Melanesian

5]
-
|
| I <aritiana

Q
=
o
©
N
o
=

Sardinian

Orcadian
w—— TUscan

<7
- Russian

m— Mongola
—rogen

Japanese
Bedouin

S v e—
Bal

aur
Han

A Uygur
w—
- ezhen

Balochi
Brahui
Hazara
-Kalash
Makrani
Sindhi

: - Burusho

Surui

©
>
o
=

o
£
&

 \orth Italian

_— | ahu
s Orogen

- W Bantu (Kenya)

Bantu (Kenya) um
Bantu (South Afri)c,a;

Biaka

Mandenka
Mbuti u—

San

Yoruba

Colombian

Karitiana I

Maya N

x

Pima —
Surui
Balochi
Brahui
Burusho
Hazara

Kalash-

Makrani

Pathan-

Sindhi

Cambodianwp-

Han (North)
Hezhen

Japanese
Miao Lahu we—
‘Mongola —

Naxi—s———
Orogen w—"

She———=
- TU —

Tujla————
Xibo w—

Yakut

Yi
Adygei
Basque

French

North Italian mmm
Orcadian

Russian-

Sardinian
TuSCan w—

Bedouin

pruzg -

Mozabite

Palestinian

Melanesian

Papuan I

Figure 4.8: Doubleton variant sharing in the HGDP whole-genome sequencing data. The non-normalized counts of shared variants observed
exactly twice across the dataset, for each pair of individuals, displayed on a logarithmic colour scale. The boundaries between populations are
indicated with alternating black boxes and empty space on each side of the plot.

4.7 Conclusions

The high-coverage, whole-genome sequencing data generated from the HGDP-CEPH panel of
worldwide populations is likely to be of great use in the study of human population history, and
human genetics more generally. Compared to the 1000 Genomes Project (1000 Genomes Project
Consortium 2015), which is the most commonly used panel representing worldwide human di-
versity, this resource will have several advantages. The main one is the more diverse populations
represented in the HGDP panel, including many of particular historical interest and utility in analy-
ses. Another one is the high sequencing coverage, enabling unproblematic application of methods
that rely on high-quality genotype calls. Lower-coverage sequencing projects have typically relied
on genotype imputation to achieve high-quality genotypes; however, there is concern about impu-
tation in population history contexts as the ancestry composition of the panel used for imputation

might introduce biases. A disadvantage of the HGDP collection is the relatively small number of
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individuals in some populations, e.g. 6-10 for the smallest ones, relative to ~100 individuals for

all populations in 1000 Genomes.

High-coverage sequencing currently provides the highest accuracy genotypes, but this project
demonstrates that there are still technical issues that need consideration. The DNA for this se-
quencing project was extracted from cell lines and in some cases had chromosomal abnormalities,
leading to a decision to exclude a small number of individuals. The chromosomal copy number ab-
normalities have affected array genotypes from the same panel, used for a decade across hundreds
of studies; however, it appears that the negative effects are less pronounced for high-coverage se-
quencing data. Sequencing of individuals across different technologies, i.e. in different centres on
different types of Illumina machines, and with PCR-based or PCR-free libraries, results in batch
effects in the genotype calls with effects on ancestry analyses. These can be reduced through fil-
tering; however, overly aggressive filtering by necessity means less of the genome is available for

use in downstream analyses.

4.8 Materials and methods

Genotype array data from the HGDP-CEPH samples generated on the Illumina 650K
array were obtained from (Li, et al. 2008) and chromosomal coordinates were
lifted over from GRCh36 to GRCh38 using the NCBI Genome Remapping Service
(https://www.ncbi.nlm.nih.gov/genome/tools/remap), as well as using dbSNP rs IDs. Genotype
data on these samples generated on the Human Origins array were obtained from (Patterson, et
al. 2012) and lifted over from GRCh37 to GRCh38 using the NCBI Genome Remapping Service.
Genotypes for chimpanzee were extracted from the UCSC hg38-panTro4 axtNet alignments. Se-
quencing coverage along the reference genome was calculated for each sample using the “depth”
command from the samtools software (Li, et al. 2009), applying the “-aa” argument. Linkage
disequilibrium pruning and principal component analyses were performed using AKT (Arthur, et
al. 2017). In order to perform PCA on the patterns of missing genotypes rather than the genotypes
themselves, missing genotypes were recoded as 0 and non-missing as 1. The “pilot” and “strict”
accessibility masks for GRCh38 were obtained from the 1000 Genomes Project. The rare variant

sharing heatmap was made using the heatmap.2 function from the gplots R package.
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Chapter 5: Future directions

5.1 Future directions for the population history of Sahul

The broad outlines of the genetic history of Sahul are starting to become clear, and that history ap-
pears to be relatively simple at the coarsest level of resolution, with genetic isolation from the rest
of the world from the initial settlement ~50 kya until the period of Southeast Asian contact and
European colonization. However, much is still unknown about population history within Sahul,
especially Australia, and a simple relationship to worldwide populations does not mean that the
internal history was also simple. Indeed, using the well-studied history of Europe as an example,
much of the complex Holocene population changes and admixture there occurred between popula-
tions that were all different branches of the broad western Eurasian ancestry. It is entirely possible
that similarly dramatic processes have occurred within Sahul, involving differentiated branches of
the broad Sahul ancestry, while not altering the relationships to worldwide outgroups. The first in-
depth look at population structure in PNG, presented in chapter 3, hints at such complex processes,
at least here. Sahul represents an opportunity to study a part of the world in isolation, providing
independent insight into patterns of human evolution and the behaviour of populations, especially

as many of the major cultural changes in Eurasia and Africa appear to be connected to some extent.

One of the major events that we do currently have knowledge of is the seemingly deep split time
between Aboriginal Australians and Papuans. This establishes Sahul as a continent with a present-
day population structure almost as old as that between western and eastern Eurasia. A better
understanding of this split is therefore of great interest. Firstly, more confidence is needed in the
actual split time estimates, with e.g. current MSMC estimates being associated with technical un-
certainty surrounding haplotype phasing quality. Experimental phasing, e.g. with 10x Genomics as
described in Chapter 3 here, might be a promising approach to resolve this. Secondly, more com-
prehensive sampling of populations in northern Australia, as well the Torres Strait Islands between
Australia and New Guinea, is needed to better characterize the seemingly very sharp genetic di-
vide between the two. Current data, as described in Chapter 2, already gives some hints of a closer
relationship to New Guineans in some northern Australian individuals. Further work is needed
to determine if this just reflects admixture in relatively recent times, or if there have been more
long-standing contacts. The separation between Aboriginal Australian and New Guinean popula-
tions, long before rising sea levels, has no obvious geographical, climatic or cultural explanation.
It clearly predates the development of agriculture in PNG, excluding this as a cause of cultural
differentiation. In terms of geography and climate, northern Australia with its rain forests might in
some respects be more similar to New Guinea than to the rest of Australia. Further understanding

of the causes for this early split might need to come from fields other than population genetics.

Another question in the early history of Sahul relates to the peopling of the Melanesian islands,
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and the relationship of the populations here to those in the rest of continent. The more or less
implicit assumption in the literature so far, seemingly quite natural on geographical grounds, is
that Melanesian islanders are a sister group to Papua New Guineans, to the exclusion of Aboriginal
Australians. The analyses here of Bismarck Archipelago groups (New Ireland and New Britain) are
consistent with this; however, another study reported an increased Aboriginal Australian affinity
in certain groups further east in the Pacific (Skoglund, et al. 2016). In some explorative analyses
presented here, the Bismarck groups also displayed difficult-to-interpret behaviour in this direction.
Further analyses, and more comprehensive sampling across near and far Melanesia, are needed to
better understand these relationships. Another question is the time-scale of separation between
Melanesian islanders and New Guinea mainlanders. The array genotypes indicate strong allele
frequency differentiation, but whole-genome sequencing data will likely be needed to get at the
question of actual split time. Such analyses will also need to overcome the confounding effects of

the Southeast Asian admixture that is present in all island populations.

A question related to this, and one that will increase in relevance with an increasingly detailed
understanding of Sahul and Melanesian population structure, is that of the origin of the Sahul-
related ancestry of Polynesians. Seemingly all Polynesian groups, as far as Hawaii and Rapa Nui,
carry on the order of 20% Sahul-related ancestry. Little is known about where they picked this
up: whether it was from the mainland of New Guinea, the large Bismarck islands, smaller islands

further out, or some combination of these.

While the big picture of Sahul history is that of isolation from the rest of the world, it has not been
completely isolated. In New Guinea there has of course been Southeast Asian admixture in the
Holocene. While the dominant view is that of a relatively rapid expansion in the last few thousand
years originating in Taiwan, there are also suggestions of earlier migrations (Soares, et al. 2016).
There is also still uncertainty about the timing of arrival from Southeast Asia of certain domesti-
cated crops, as well as domesticated pigs. More genome-wide data from many different Southeast
Asian groups might be needed to better characterize the history of migration into New Guinea.
In Australia, the dingo is evidence of external contacts, and while no Southeast Asian or other
pre-European colonization admixture has been found in Aboriginal Australian genomes, more ge-
ographically comprehensive studies are needed before it can be ruled out completely. Further, in
particular genome-wide, studies of dingos, as well as the related New Guinean Singing dogs, and
Southeast Asian and perhaps Polynesian dogs might also provide answers as to who brought these

animals to Sahul.

Major questions remain on the population history within New Guinea and within Australia, histo-
ries we are now only beginning to scratch the surface of. In Australia, very little is known about
population structure, and studies are complicated by the widespread and extensive European ad-
mixture as well as the fact that many Aboriginal Australians are unaware of their deeper geograph-

ical origins because of forced movements during European colonial rule. Efforts to make use of
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well-documented museum collections of hair samples, many probably also predating much of the
European admixture, might be a promising way to overcome this issue (Tobler, et al. 2017). From
current data, population structure at least between western and eastern groups appears to be fairly
old, at least pre-Holocene. A study of mitochondrial genomes suggested that separation between
present-day Aboriginal Australian groups even dates back all the way to the initial peopling ~50
kya (Tobler, et al. 2017). However, the limited and stochastic information provided by uniparental
lineages, especially in the presence of potentially strong drift in small sub-populations, arguably
makes such a conclusion difficult to draw, and furthermore it is not compatible with current esti-
mates of the split time from Papua New Guineans. In any case, a major challenge is to explain how
potentially fairly deep genetic divergences within Australia relate to the fact that a single language
family, the Pama-Nyungan family, is spoken across 90% of the continent. The shared languages
imply contact on the timescale of the last few, perhaps at most 10, thousand years, and lessons from
the rest of the world suggest that languages typically spread with genes. There was no agricultural
or similar transition in Australia that could have driven this, but there was a change in stone tool
technology, and population expansions among hunter-gatherers cannot be ruled out. Indeed, such
expansions have been demonstrated from ancient DNA in Pleistocene Europe (Fu, et al. 2016).
Understanding population dynamics within Australia, including studying the non-Pama-Nyungan
speaking groups in the northern parts of the continent, should be a key focus of future studies.
Lastly, the genetic history of Tasmania remains virtually completely unknown, except for mito-
chondrial studies which at least have linked them to mainland Aboriginal Australians (Presser, et
al. 2002; McAllister, et al. 2013). No unadmixed Aboriginal Tasmanians remain today, meaning

that any insights would need to come from analyses of admixed genomes or ancient DNA.

In New Guinea, further work is needed to understand the population genetic consequences of the
agricultural transition, and the extent to which current population structure was shaped by this
as opposed to earlier, or later, processes. Whole-genome sequencing data from larger number of
lowland groups (only one, from the Sepik region, was available for the analyses presented here)
is needed to obtain a better understanding of the timing of separation between highlanders and
lowlanders, and the demographic histories of the latter. This might illuminate whether or not the
separation definitely occurred prior to the development of agriculture in the highlands, and thereby
how agriculture and Trans-New Guinea languages reached the lowlands. Additionally, data from
the Indonesian half of New Guinea island, so far very much underrepresented in genetic studies

relative to the PNG half, is needed to complete the picture of New Guinean population structure.

Very little is known about positive selection in the history of the populations of Sahul. An analy-
sis in (Malaspinas, et al. 2016) identified a number of candidate loci under selection in Aboriginal
Australians, with possible links to adaptation to desert cold and dehydration; however, these results
were tentative. Positive selection studies in other populations have uncovered several interesting
instances of adaptation to local environments and lifestyles, and given the long, independent his-

tory of Sahul there might be good opportunities to make more here. Such discoveries could provide
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general insights into human biology and physiology, as well as insights specifically into the popu-
lation and lifestyle histories of humans in Sahul. A question of particular interest is if any genetic
variants were exposed to positive selection during the agricultural transition in New Guinea, and if

so, how that process compares to agricultural adaptations in other parts of the world.

Ultimately, ancient DNA will be necessary to gain a truly in-depth understanding of Sahul popula-
tion history. Data from ancient individuals would illuminate every aspect of this history, including
the timing and nature of the Aboriginal Australian and Papuan split, positive selection, population
structure and dynamics within Australia and the agricultural transition in New Guinea. While e.g.
the first of these questions might require DNA from samples that are very old, perhaps on the
order of 30 ky or more, the latter two would be greatly informed by samples that are 10 ky old
or less. While successful DNA extraction has traditionally been mostly limited to samples from
colder environments, recent technological improvements have enabled analyses of samples from
e.g. eastern Africa (Gallego Llorente, et al. 2015), the Near East (Lazaridis, et al. 2016; Haber,
et al. 2017) and Pacific islands (Skoglund, et al. 2016). There are thus real prospects for ancient
DNA from Sahul, especially from the drier environments of Australia. The humid climate of PNG
will likely prove more challenging, but on the other hand, the highlands are relatively cool and even
feature snow-covered mountaintops. Ancient DNA is currently transforming our understanding of

human evolutionary history in many parts of the world, and will be essential in Sahul as well.

5.2 Future directions for human population history generally

While the genetic history of western Eurasian and Native American populations is now becoming
understood in some detail, much is still unclear about the history of eastern Eurasians. This in-
cludes the early events in the diversification between the ancestors of present-day East Asians, the

populations of Sahul and those of Island Southeast Asia, as well as the admixture with Denisovans.

A number of so-called Negrito populations in Southeast Asia appear to share some parts of their
early history with Aboriginal Australian and Papuans, after the separation from the ancestors of
East Asians. This includes certain populations in the Philippines and Malaysia, as well as the
Andaman islanders. However, the shape of the relationships of these various groups to each other
is not understood with high confidence. Many of these Southeast Asian groups display a higher
affinity to East Asians than Aboriginal Australian and Papuans do, likely due to East Asian-related
admixture. This admixture could be relatively recent, i.e. occurring in the last 10 ky following the
expansions of agriculturalists across Southeast Asia, and/or potentially more ancient, occurring
during the early diversification of these lineages ~50 kya. The observation that certain Philippine
groups harbour more Denisovan admixture than expected given their levels of East Asian versus
Sahul related ancestry suggests a more complex history than one of simple East Asian dilution
(Reich, et al. 2011). Some models of the population split and admixture topologies relating these
various lineages have been put forth (Reich, et al. 2011; Lipson and Reich 2017), but further work

is needed. Furthermore, it has arguably not been conclusively determined if the small amounts
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(on the order of 0.1%) of Denisovan ancestry that is present in South and East Asian populations
derives from the same admixture event as the material that is present in large amounts (~4%)
in Aboriginal Australians and Papuans. Analyses of predicted Denisovan haplotypes across these
groups, including the Philippine Negritos, might provide further insights into the details of Deniso-
van gene flow into modern humans, as well as into the relationships between the modern human

groups themselves.

The relationships between these populations also need to be placed onto a temporal axis — little is
known about e.g. the genetic split times between the various Negrito groups, Sahul populations and
East Asians. Current split time estimates between Sahul populations and East Asians are associated
with technical uncertainty and need to be made more confident, e.g. through application of MSMC
to experimentally phased genomes as well as independent dating methods. The determination of
split times between Southeast Asian groups will likely be complicated by complex histories of
admixture, such that simple pairwise split estimates might not be very meaningful. Decomposition
of such estimates given knowledge of overall ancestry proportions (Pagani, et al. 2016), or more
explicit temporal model fitting based on e.g. the site frequency spectrum (Excoffier and Foll 2011)
or rare variant sharing (Schiffels, et al. 2016), might be fruitful.

There are observations that hint at the possibility that populations with a Negrito-like ancestry
were once more widespread, not just across Island Southeast Asia, but perhaps even mainland
Asia. First, the genetic split time between Andamanese islanders, in the past sometimes infor-
mally hypothesized to have been isolated in the Indian Ocean since shortly after the migration of
humans out of Africa, and other Eurasian populations appears to have occurred closer to ~20 kya
(Mondal, et al. 2016). Second, a slightly higher affinity towards Negrito and Sahul populations
among some South American groups relative to other Native Americans (Skoglund, et al. 2015)
suggests structure in the Siberian source populations ~20 kya that was correlated to Negrito affin-
ity. Ancient DNA from East Asia might reveal populations with this kind of ancestry, that perhaps
have been replaced or absorbed by expanding groups harbouring the ancestry that today dominates

across mainland East Asia.

In mainland East Asia, very little is known about the processes underlying current population struc-
ture. One of the key aspects that needs an explanation is the genetic homogeneity of the region,
which overall is comparable to Europe, and strikingly different from Papua New Guinea. For ex-
ample, Fst between Japanese and Vietnamese is approximately 1%. It is tempting to speculate
that, similarly to Europe, this is the result of one or more recent expansions after the development
of agriculture. Studying the factors behind the genetic homogenization of East Asia, and compar-
ing them to what did or did not happen in Europe, Papua New Guinea and elsewhere, will provide
further fuel to this “‘comparative population genetics” approach to understanding the driving forces
in human history. Further work is needed in East Asia, and, as elsewhere, ancient DNA will be

required to achieve an in-depth understanding.
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In a global context, the biggest gaps in our understanding of human population history are arguably
in Africa. A few basic features seem to be firmly established, including the early divergence of the
Khoe-San people of southern Africa, the divergence of central African rainforest hunter-gatherers
after that, the diversification of what is largely the present-day western and eastern African ances-
tries after that, large-scale migration and admixture following the Bantu expansion in the last few
thousand years, and gene flow from non-African sources in the Middle East also in the last few
thousand years. Some of the earlier population structure has likely been obscured by the recent
expansions and admixture. There is still great uncertainty about the shape and timing of the early
diversification events within Africa, which likely occurred somewhere between 100-200 kya, but
potentially even earlier. Understanding the time depth of human population structure is of key
interest not least because it puts a lower bound on the emergence of anatomically modern human

traits.

An increased understanding of African population history might also aid the understanding of the
dispersal out of Africa. In principle, one kind of observation that would provide evidence that
different non-African populations derive ancestry from different migrations out of Africa would
be differences in their relationships to African population structure. For example, if Aboriginal
Australians and Papuan showed higher affinity to western Africans while Eurasian showed higher
affinity to eastern Africans, this would constitute such evidence. A major obstacle, however, is
the extensive backflow that has occurred into Africa from sources more closely related to Middle
Easterners and Europeans than to other worldwide populations, affecting especially eastern, but
also southern, Africa. Further to this, a key question is where in the African population history
topology the group that became non-Africans fits in, and the related question of which present-day
African populations are most closely related to non-Africans. Because of population dynamics
within Africa in the last 50 ky, it is, however, very unlikely that the direct sister group to non-
Africans will still exist in un-admixed form. Modelling approaches that incorporate past admixture

events will be required to elucidate the complex population history within Africa.

In recent years there have been a number of archaeological findings of human presence outside of
Africa at times earlier than predicted by current population genetic models, e.g. in China 100 kya
(Liu, et al. 2015), North America 120 kya (Holen, et al. 2017), Australia 65 kya (Clarkson, et al.
2017), as discussed in Chapter 2, and Sumatra (Westaway, et al. 2017) 63-73 kya, and a similar
suggestion from analyses of Neanderthal genomes (Kuhlwilm, et al. 2016). An important question
is if these are traces of people that are the ancestors of present-day non-Africans, and that we are
currently underestimating the time depth of human dispersal, or if they reflect earlier migrating
groups that died out and did not contribute detectable ancestry to present-day people. There are
observations that arguably provide reasonably firm upper bounds on the timing of certain events,
e.g. the timing of Neanderthal admixture (Fu, et al. 2014) or the divergence of non-African
uniparental chromosomes from African ones (Fu, Mittnik, et al. 2013; Poznik, et al. 2016), and

which therefore are incompatible with at least some of the earliest archaeological findings being
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associated with ancestors of present-day populations. However, recent findings from ancient DNA
are showing that humans have often been highly mobile in the past, and individuals from ancient
populations that do not seem to have contributed to present-day people have been discovered (Fu,
et al. 2014; Fu, et al. 2015), so the idea of small groups of humans moving large distances and

living in a new area for a while before dying out might now appear more plausible.

Another question that is still unresolved is that of whether or not there was admixture into modern
humans from any archaic human groups within Africa. In the absence of ancient DNA from
any such groups, studies analysing particularly divergent haplotypes have suggested evidence for
such “ghost admixture” in certain present-day African populations (Hammer, et al. 2011; Hsieh,
Woerner, et al. 2016). Such analyses are necessarily highly statistical and indirect, but perhaps
larger amounts of data from diverse African populations will allow these analyses to be more
conclusive. However, while conditions for ancient DNA preservation are poor in most of Africa,
ideally direct tests will be made possible at some point, with DNA isolated from human remains

or possibly even recovered from the environment (Willerslev, et al. 2003; Slon, et al. 2017).

5.3 Concluding remarks

It is truly an exciting time for the field of human population genetics. Many important findings
have been made even just while the work described in this thesis was carried out, and more will
undoubtedly come in the near future. It is becoming increasingly apparent that ancient DNA is
extremely valuable for understanding population histories. While inference from modern genomes
often requires highly sophisticated analyses to infer properties of past populations, the power of
ancient DNA is that it allows us to observe genomes from such populations directly. However,
there is still arguably value in generating data from modern genomes. The higher quality and
larger amounts of data typically obtained serve as useful reference points for ancient data, and also
more readily enable certain analyses that dependent on high data quality. For example, ancient
DNA studies have not provided much insight into changes in effective population sizes over time,
while analyses of modern genomes have. There might also be practical limits on how much ancient
DNA will be generated in certain parts of the world and from certain time periods. In particular, to
address the deep history of humanity in Africa on the order of ~200 kya, or maybe even earlier, we
might still have to rely on indirect inferences from combinations of modern and ancient genomes,
rather than just observations of ancient DNA directly from those periods. Nonetheless, ancient

DNA will likely drive most progress in the field from now onwards.

Over the next few years and onwards, very large numbers of human genomes will be sequenced,
mainly for biomedical purposes. There are potentially exciting prospects for gaining population-
genetic insights from such data. While simply having a very large number of genomes from a
given population is unlikely to provide any dramatic gains to the understanding of the history

of that population and its relationships to others, such datasets might greatly inform the more
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functional and mechanistic aspects of human genetics. This could include questions related to
the mechanisms and consequences of mutation and recombination, gene essentiality and disease
penetrance, positive and purifying selection and classical genetics concepts such as epistasis, dom-
inance and heritability. With a greater functional characterization of human biology, including an
ever-expanding list of variants that are associated with trait variation, will also come challenges

and opportunities to understand this biology in a population history framework.

Lastly, efforts need to be made to ensure that not only people in the more economically privileged
parts of the world benefit from the progress in human genomics. This argument is often made in
the context of medical genetics, where results from studies carried out in populations of European
ancestry might not translate well to other populations, but a version of the argument could also
be applied to the study of population history. Currently, the part of the world with by far the best
understood genetic history is Europe. There are practical and logistical reasons for this, including
good conditions for ancient DNA preservation in many parts of Europe and comprehensive previ-
ous archaeological work, but greater efforts need nonetheless be made to study other parts of the
world in greater detail as well. Such studies will be needed to gain a truly comprehensive picture

of human evolutionary history and diversity.
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