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Evidence from paleontology, archaeology and population genetics support that modern humans
originated in Africa. While the out-of-Africa event and subsequent colonization of all continents
are well documented, human history in Africa at that time and before is less studied. Some
current-day hunter-gatherer populations trace most of their genetic lineages to populations who
inhabited Sub-Saharan Africa until the arrival of farming. They are informative about human
history before and after the arrival of farming.

I studied high-coverage genomes from two such groups, the Khoe-San from Southern Africa
and the rainforest hunter-gatherers from Central Africa. I generated a total of 74 genomes,
significantly increasing the number of genomes from Sub-Saharan African hunter-gatherers. I
compared several versions of a commonly used pipeline for high-coverage genomes and showed
that using standard ascertained reference datasets has no significant impact on variant calling
in populations from Sub-Saharan Africa. Using the full genome information, I described the
genetic diversity in the Khoe-San and in the rainforest hunter-gatherers and showed that gene
flow from agropastoralist groups increased the Khoe-San genetic diversity. I also detected a
signal of population size decline in the Khoe-San around the time of the out-of-Africa event,
and I evaluated the power of the method to detect bottlenecks by applying it to simulated data.
I investigated the history of modern humans in Africa by estimating divergence times between
populations and applying an Approximate Bayesian Computation analysis. We confirmed that
the earliest divergence event was between the Khoe-San ancestral lineage and the rest of
modern humans, ~250-350 kya. I also showed that the possibility of high gene flow should be
incorporated in models of human evolution.

I furthermore examined SNP array data for two BaTwa populations from Zambia and showed
that 20-30% of their autosomal diversity is hunter-gatherer-like. The estimated times for the
admixture between a presumably local hunter-gatherer population and incoming agropastoralist
groups are consistent with archaeological records.

In this thesis, I investigated questions related to human history in Sub-Saharan Africa, from
the emergence of modern humans ~300 kya to recent events related to the expansion of farming.
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1. Research aims

The aim of my thesis is to describe human genetic diversity with a focus on
Sub-Saharan African populations and to use it to decipher the population his-
tory of modern humans. More specifically the aims were to:

II

III

v

Prepare high-coverage genome data to answer questions of relevance
in populations underrepresented in genetic databases, by surveying the
literature and developing and testing a pipeline. This was done for the
autosomes (Paper II) and for the sex chromosomes and mitochondrial
DNA (Paper III).

Obtain estimates of genetic diversity measures and describe relation-
ships between populations using non-ascertained markers (Papers I
and III).

Investigate the deep population history in Sub-Saharan Africa, in par-
ticular the topology of the tree of modern humans, with high-coverage
genomes from southern and central Africa (Papers I and III).

Describe genetic diversity in key populations that have not been se-
quenced earlier and explore their relationships with other populations
and their history (Papers III and 1V).

Perform an Approximate Bayesian Computation analysis on entire
genomes to infer the population history of sub-Saharan groups (Paper
110).

To put these research aims into context, I first present different notions that
are necessary to understand the general workflow of evolutionary genetics
studies. I then highlight some of the aspects which are specific to working
with human data, as compared to working with population genetic data in other
organisms. Finally, I summarise the current state of knowledge about human
diversity and demographic history, with a focus on Sub-Saharan Africa, and
introduce the populations and questions that are investigated in this thesis. This
is followed by the summary of my papers and concluding remarks.
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2. Background on genetics and population
genetics

Central to understanding biology and evolution is the propagation of heritable
material from one generation to the next and the impact of heritable material on
the individual. Population genetics and quantitative genetics are two research
fields concerned with these questions. The focus of population genetics is to
understand how genetic variation appears, is lost or becomes fixed in popula-
tions, and to use that knowledge to make inferences about the processes which
have shaped, and continue to shape, populations. When one is concerned with
humans, genetic diversity is not the only interesting aspect; a myriad of studies
describe human diversity across the world, today and in the past, in terms of
culture, language, or phenotype (any observable trait), to name a few. Describ-
ing and understanding this diversity is and has been the focus of much effort in
various fields, including but not limited to anthropology, archaeology, ethnol-
ogy, evolutionary genetics, linguistics and musicology; and it is particularly
interesting to combine hypotheses and evidence from different fields to infer
our past.

In this thesis, I investigate various aspects of human demography. I use
here a population genetics definition of demography, understood as neutral
processes that can affect the genetic diversity of a population, such as changes
in population size, drift, and population structure. This is different but related
to the more standard definition of demography as the study of populations’ life
history traits, via statistics such as birth and death rates. Natural selection is a
non-neutral process which also affects genetic diversity: individuals’ ability to
survive and reproduce - and thus to contribute genetically to the next genera-
tion - depend on their phenotype. Demography and selection can both increase
or decrease the genetic similarities between populations. In humans, culture in
a broad sense, for example subsistence patterns or dominance relationships be-
tween human groups, also influences the patterns of genetic diversity (through
natural selection for subsistence patterns, and mate choice i.e. demography for
dominance relationships). These and other forces affect genomes in popula-
tions in different ways. By comparing genomic variation between different
populations, we can learn about the past events that shaped it. The different
steps in such a project are summarised in Figure 2.1; I will refer back to the
different parts of the figure throughout this chapter.

Here I start with an introduction to genetics and population genetics. I then
present different methods to generate genetic data, as well as tools and methods
to describe genetic diversity and to infer demographic history (second, third
and fourth boxes in Figure 2.1).

12
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Figure 2.1. (Human) population genetics studies: a graphical abstract.

2.1 The bases of genetics, genome organization and
population genetics

2.1.1 Historical vignettes

Two seminal works for understanding evolutionary biology were published in
the 19" century: Charles Darwin’s “The Origin of Species” in 1859 (Darwin,
1859) and Gregor Mendel’s “Experiments in Plant Hybrids” in 1866 (Mendel,
1866). The first focused on selective forces shaping diversity while the second
established the laws of Mendelian inheritance.

Darwin described many examples of variation within and between species
to support the fact of evolution, and proposed a theory to explain it: natural
selection, i.e. the idea that individuals with advantageous features have more
offspring than other individuals and thus that the population changes from gen-
eration to generation (given some conditions: variation in the population and
limited resources). His work has been refined, but many of the original ideas
remain in modern theory. The accepted mechanism for heredity at that time
was that parental traits were mixed and “diluted” in offspring (“blending hered-
ity”); this represented a difficulty for Darwin, as it did not fit with his obser-

13



vations. This was to be solved with Mendel’s work, that showed that heredity
was based on discrete units that do not blend.

In modern terms, these units can be called genes or loci (singular locus).
Different versions of a gene or a locus are called alleles. The genotype is the
assortment of alleles at a locus, while the phenotype is an observable physical
trait — such as eye color. One focus of genetics is to identify the genotypes
underlying a specific phenotype.

Mendel formulated three laws, which describe Mendelian traits — that is,
phenotypic traits that are dependent on a single gene (for example, lactase
persistence, the ability to digest lactose as an adult). The “Law of Segrega-
tion” states that each (diploid) individual has two genetic copies of each locus
and that these copies segregate during meiosis (cell divisions that result in ga-
metes, i.e. sperm and egg cells). Gametes have only one genetic copy of each
locus and the offspring receives one copy from each of its parents. The “Law
of Independent Assortment” states that alleles for different traits are inherited
independently. That is only partially true (as some alleles are “linked” to oth-
ers). The “Law of Dominance” has to do with the dominance of one allele over
the other — for example in the case of lactase persistence, the allele “digester”
is dominant compared to the “non-digester” allele and an individual with a
single “digester” allele will express the phenotype “digester”. However, not
all traits show this type of dominance. Many traits are not Mendelian and are
called “complex traits”. Height (or stature) is such a trait. It was shown that
thousands of variants explain a little bit of the variation in adult height, which
is also influenced by the environment, such as diet (Yengo et al., 2018).

2.1.2 An introduction to the (human) genome

Deoxyribonucleic acid, or DNA, was shown to be the heritable material in
1944 (Avery et al., 1944) and its double-helical structure was described less
than ten years later (Watson and Crick, 1953). DNA consists of a sequence of
molecules called “nucleotides” (often designated as one of four letters: A, T,
C or G). DNA exists mostly as a paired double strand, hence the unit base pair
or “bp” (a base pair is either “A-T”, “T-A”, “C-G” or “G-C”).

In eukaryotes — organisms whose cells contain a nucleus -, DNA is organ-
ised in chromosomal units, which are more or less condensed during the cell
cycle and are located in the nucleus. How exactly the genetic information is
organised varies across eukaryotic species. In humans, there are 23 pairs of
chromosomes in almost all cells; 22 of these pairs are two versions of highly
similar chromosomes. Humans are diploid (two copies of the chromosomes)
and chromosomes 1 to 22 are the autosomes. The 23" pair of chromosomes
corresponds to the sex chromosomes; females have two X chromosomes while
males have one X and one Y chromosome. Additionally, the mitochondria,
which is involved in essential metabolic activities and is present in many copies
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in human cells, also contains DNA (the mitochondrial DNA, mtDNA). To-
gether, the autosomes, the sex chromosomes and the (very short) mtDNA form
the “human genome”. The total length of a single set of autosomes is about 3
billion base pairs. Chromosomes vary in size and composition; chromosomes
1 and 2 are about five times larger than the shortest chromosomes, 21 and 22.
While a child receives one copy of each of the 23 chromosomes from her/his
biological mother and one from her/his biological father, the mtDNA is inher-
ited from the maternal side. Moreover, a Y chromosome can only be inherited
from the biological father. These monoparental loci are called haploid (a sin-
gle variant is inherited from the parents). One characteristic of the uniparental
loci is that they do not recombine (apart from the pseudoautosomal regions
on the Y chromosome). Recombination is a process in which the two chro-
mosomes of a pair exchange fragments; it results in reshuffling of the genetic
information. Because of the differences in transmission and the presence or ab-
sence of recombination, the autosomes, the sex chromosomes, and the mtDNA
carry information across generations in a different way: Y chromosomes rep-
resent the male lineage, mtDNA the female lineage. The X chromosome is
not exclusive to one of the sexes, but it retains different information than the
autosomes: two-thirds of the X chromosomes are in females and thus the X
chromosomes spend two-thirds of their evolutionary time in females.

2.1.3 Genetic variation

The DNA contains genes, most of which code for proteins, as well as non-
coding regions, some of which are important for the regulation of gene ex-
pression. In humans, ~2% of the genome is occupied by protein-coding genes
(Jobling et al., 2013). Variation in protein-coding genes, but also in other ge-
netic regions, impacts the phenotype of an individual. While a gene generally
corresponds to several hundreds of bases, a locus can correspond to a single
base.

When, at a given position, a chromosome has an “A” while another has a
“C”, we call it a SNP: “single nucleotide polymorphism”. A genetic poly-
morphism is a locus for which there are at least two variants. It is biallelic if
there are two alleles and multiallelic if there are more than two. Insertions and
deletions - together called indels - are another type of variant in which an allele
has one or several base pairs inserted or deleted compared to another allele at
the same locus. Microsatellites are short sequences of nucleotides which are
repeated in a row; the exact number of repeats differ between alleles. Struc-
tural variation designates large scale (larger than 1,000 base pairs) genome
rearrangements, such as inversions or copy-number variation (CNV). CNVs
are regions of the genome which are repeated and the number of repeats varies
between individuals. An example is the amylase gene (4MY1) in humans; the
amylase is an enzyme present in the saliva and involved in the degradation of
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starch, and it has been shown that the number of copies of the amylase gene
varies between populations and that it is higher in populations who tradition-
ally had a starch-rich diet (Perry et al., 2007).

New variants appear by processes such as mutation, recombination or du-
plication, for example during DNA replication (when DNA is copied). In the
infinite sites model, a commonly used model in the population genetic field,
a new mutation produces a new allele: the assumption is that there are enough
mutable sites that two mutations will not occur at the same locus.

2.1.4 The fate of a mutation

A new mutation (a change in the DNA sequence) is at first present in a single
copy in a population. If this new mutation is neutral, i.e. if it does not impact
the fitness of its carrier (it has no effect on the number of fertile offspring
of the carrier), the probability of the mutation to be transmitted to the next
generation is equal to the probability of it not being transmitted (i.e. lost). If
it is not neutral, i.e. it impacts the carrier’s fitness, the chances of it being
transmitted or lost are not equal anymore. If the mutation is transmitted, the
same happens at the next generation. Depending on the number of offspring
carrying the mutation, the number of copies of the new mutation increases or
decreases in the population. Eventually, it can become fixed (all individuals
have this specific mutation -or allele- at the locus) or lost.

New mutations are the prerequisite for genetic variation and genetic varia-
tion is the prerequisite for evolution. I will now present how population genet-
ics can help us to understand genetic variation and evolution.

2.1.5 Population genetics in a nutshell

Population genetics studies how mutations appear, spread and go to fixation, or
are lost in populations. Given a number of alleles at a generation, what will be
the number at the next generation? And ultimately, will a new allele become
fixed, or lost, or will it stay at intermediate frequencies in the population? Pop-
ulation genetics can be predictive: it makes predictions regarding the future of
alleles. It can also be retrospective: which past processes could explain what
we observe today? In this thesis, I focus on the retrospective aspect: I use
methods based on population genetic principles to infer past histories.

The relationship between genotype frequencies and allele frequencies is a
central concept in population genetics. At equilibrium, the Hardy-Weinberg
principle describes this relationship. If we consider a biallelic locus with alleles
“A” and “a”, there are three possibly genotypes: an individual can have two
“A” alleles (genotype AA), two “a” alleles (aa), or one of each (Aa). Genotypes
AA and aa are homozygous while genotype Aa is heterozygous. We define
p as the frequency of allele “A” in the population; because there are only two
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alleles, the frequency of “a” is ¢ = 1 — p. At Hardy-Weinberg equilibrium
(HWE), the expected frequency of the genotype AA is pxp = p?; the expected
frequency of the genotype aa is ¢> = (1 — p)?; and the expected frequency of
the genotype Aa is 2pg = 2p(1 — p). A common procedure is to compare the
observed and the expected genotype frequencies at a locus; if they differ, it
means that the population is not at equilibrium at this locus, which can be due
to different reasons such as demographic or adaptive processes.

The field of population genetics started in the 1920s as a theoretical field,
since no appropriate data was available at the time to test the formulated hy-
potheses. Consequently, population genetic models are often developed for
“ideal” (in a mathematical sense) populations. The Wright-Fisher model (WF
model) (Fisher, 1923; Wright, 1931), is an example of such a model. It is
widely used to describe how allele frequencies change from generation to gen-
eration; in particular, it describes genetic drift. 1 mentioned earlier that Dar-
win’s theory of evolution had been refined; in fact, it became clear that natural
selection is not the only force shaping (genetic) diversity; there are other forces
as well, such as mutation, recombination, migration and genetic drift. Genetic
drift is the “random change of allele frequencies in populations of finite size”
(Nielsen and Slatkin, 2013). The relative importance of selection and drift in
shaping genetic diversity within and between species has been the subject of
much debate. According to the neutral theory of molecular evolution (Kimura,
1968), selection alone is not sufficient to explain the patterns of genetic varia-
tion; in fact the majority of mutations are neutral or slightly deleterious.

In this thesis, I focus mostly on neutral variation, though selection provides
important insights into the history of populations and species, including hu-
mans (Fan et al., 2016). By describing how allele frequencies change over
time in a WF population, properties of genetic drift are exemplified; for exam-
ple, given the same initial frequency, it takes less time for an allele to become
fixed or lost in a population with a small number of individuals than in a larger
population. The exact probabilities of, for example, the time to fixation, can be
calculated. This is possible because the WF model makes simplifying assump-
tions about the population: haploid; constant and finite population size; ran-
dom mating; no selection or no mutation; non-overlapping generations. Note
that the model can be modified for diploid species with sexual reproduction.
No natural population fulfills these assumptions. However, predictions based
on the WF model are very useful for understanding natural populations. It is
nevertheless important, now that data is available to test population genetic
predictions, to keep in mind the assumptions and limitations of the different
models and methods. For example, several models (not including the WF
model) consider infinite population sizes and/or make predictions for an en-
tire population. In reality, natural populations are not infinite in size, and it is
very unlikely to sample all individuals of a natural population. It is common
to use a sample, whose size is a tiny fraction of the actual population size.
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An important way in which the WF model is used, is to define the effective
population size (N.). Given a natural population with a certain census size
(number of individuals), the effective population size is the (census) size of
a WF population with the same amount of genetic variation given the same
mutation rate. (For Wright-Fisher populations, census and effective popula-
tion size are identical.) In general, the census size is larger than the effective
population size, as processes such as non-random mating reduce the number
of individuals who effectively contribute to the next generation.

The coalescent (Kingman, 1982) is another key concept in population ge-
netics. It quickly became central because it efficiently relates theory and data,
which is more and more abundant (see Section 2.2 about obtaining genetic
data). The concept of the coalescent is powerful because it functions back-
ward in time; given two lineages observed at present, it gives the probability
that these two lineages coalesce — i.e. have a common ancestor — a given num-
ber of generations ago. It is very convenient because, contrary to forward-in-
time approaches, one does not have to consider an entire population to make
predictions; one can derive results from a sample of a few individuals. Conse-
quently, the coalescent leads to very efficient algorithms for simulating genetic
data. The simulation softwares used in Papers I and III are based on such al-
gorithms. By looking at the coalescent tree of populations undergoing events
such as reduction or expansion of the population size, one can more easily
understand how some quantities of interest vary.

Genetic diversity is often described by summary statistics, quantities which
have been defined in a theoretical framework (such as the WF model) and
which are informative about different aspects of a population. In order to test,
for example, whether a population had a constant population size in the past,
the values of summary statistics calculated in a natural population can be com-
pared to the expected values obtained in ideal populations under different mod-
els of evolution. Standardised summary statistics can also be used to compare
natural populations or species. Depending on the questions addressed and the
type of data available, different statistics are more or less relevant. Some sum-
mary statistics that [ used in my thesis are described in Section 2.3.

2.1.6 Telling things apart in population genetics

A recurring difficulty in population genetic analyses is that demographic pro-
cesses (e.g. population declines, expansions, or founder effects) and selective
processes (e.g. an advantageous derived allele rising in frequency) have similar
effects on the genome, e.g. a loss or a gain of genetic diversity (Li et al., 2012).
Thus, the same deviation of summary statistics from expectations under a spe-
cific model can be due to different processes. One way around this issue is to
combine summary statistics that differ in sensitivity to demographic and selec-
tive processes. Another way is to consider the scale of the effect: signatures
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of selection are local (around the locus under selection) while demography im-
pacts the genome more generally. In the past, much effort has been put into
selecting neutral regions for demographic inferences (Rosenberg et al., 2002;
Verdu et al., 2009). Today we have easier access to genome-wide data, and
thus the issue might seem less relevant. However many recent studies have
shown that the situation is not solved, with i) increasing evidence that most of
the selection processes do not occur as “strong sweeps” (where a single, new
advantageous allele rises to high frequency) but rather from standing variation
(where one or several alleles rise in frequency from a pool of existing alleles)
and ii) evidence of “long-range” effects of selection (i.e. it is difficult to find
regions of the genome which are truly neutral) (Hernandez et al., 2011; Torres
etal., 2018).

Another difficulty is to untangle parameters. One example is given by the
parameters “divergence time” and “gene flow”. We can consider the simple
case of two populations that have diverged some time in the past, at 7};, and
that have a given amount of genetic differentiation today. If the two popula-
tions did not exchange any migrants since they diverged, all the generations
since divergence have contributed to their differentiation. But if they have
exchanged migrants, this has made the two populations more similar again.
Consequently, for a given amount of genetic differentiation, 7, will be most
recent in the absence of gene flow, and will increase with the amount of gene
flow. If we do not consider gene flow (and it has, in fact, happened), we will
underestimate the divergence time.

2.2 How to read genetic information

This is the step in a population genetic study where a dataset of genome-wide
variation is built from DNA samples (Figure 2.1). This can be done in several
ways.

2.2.1 Some history

The ABO blood group system is the first described example of a human phe-
notypic variation directly linked to an underlying genetic polymorphism. It
was discovered in 1900 based on precipitation of serum and blood samples
(Landsteiner, 1900). Numerous other polymorphisms were described after-
wards, in particular using protein electrophoresis (different proteins migrating
at different speed in an electric field) or restriction enzymes (enzymes cut-
ting the DNA at a particular sequence of nucleotides). Other major advances
were the invention of Sanger sequencing in 1977 (Sanger et al., 1977), which
allowed to decipher the sequence of nucleotides, and the polymerase chain re-
action (PCR), a method to amplify DNA, in 1985 (Mullis et al., 1986). The
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first genome to be sequenced, in 1980, was that of a virus, the X174 bacte-
riophage. A combination of different techniques culminated in the publication
of two draft human genomes in 2001, the publicly founded “mosaic” reference
genome (Lander et al., 2001), and a private initiative led by J. Craig Venter
(Venter et al., 2001). Since then, whole genomes have been sequenced from a
large number of organisms.

Once a reference sequence is available for one individual of a species, it is
possible to describe the diversity of the species by comparing other individuals
(of the same species) to the reference. By counting reference and alternative
alleles one can quantify how different a given sample is from the reference.
An alternative allele is a position of the genome where the new sample is dif-
ferent from the reference. This is different from the ancestral / derived duality,
which has an evolutionary dimension and requires knowledge of the ancestral
state of each position, i.e. which nucleotide was present in the ancestor of the
species. For a diploid variant, the minor allele frequency is the frequency of
the rarer of the two alleles. Interestingly, once more polymorphisms became
available for humans, it was shown that some of the first polymorphisms ever
described, like the ABO system, allowed for an accurate description of human
worldwide diversity (Lewontin, 1972). It is worth noting that differences to a
reference genome are relative, as reference genomes are not equally related to
all representatives of a species.

2.2.2 SNP arrays

Following the HapMap Project (Gibbs et al., 2003), whole-genome SNP ar-
rays (or chips) were developed by various companies. Based on the human
reference and on known polymorphisms, markers are chosen along the genome
and chips are constructed with specific primers for each marker. After bind-
ing to the right primer, the fragment containing the position of interest is se-
quenced. SNP arrays represent an affordable way to describe diversity in a
dataset and are widely used. However they have limitations. First, the specific
marker that you are interested in is often not on the array (but it can be inferred
ifitis in linkage with a marker on the array, i.e. it is generally inherited together
with a marker on the array). Second, SNP arrays suffer from ascertainment
bias: the polymorphisms are a priori chosen based on a predefined and lim-
ited set of individuals (often, but not always individuals of European descent),
leading to an over-representation of the genetic variation from the population
used as a reference, and therefore under-representing variation from other pop-
ulations. It is a problem for African populations in particular as a lot of their
variation is missed, and thus variation is underestimated in Africa (Lachance
and Tishkoft, 2013). This in turn reduces the power of analyses (Bergstrom
et al., 2020). Third, SNP arrays are mostly meant, as their name suggest, to
study SNPs; but as we have seen earlier, there are many other types of ge-
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netic variation. The first limitation can be partially overcome with a technique
called “imputation” (described later in this subsection). The development of
SNP arrays that target variation in populations of diverse ethnic background,
such as the Human Origin (Patterson et al., 2012) or the H3Africa (Ramsay
et al., 2016) arrays (the latter used in Paper V), address the second issue and
allow for better estimates of genetic diversity. Nevertheless, some regions,
such as the mitochondria, remain poorly described by SNP arrays (Paper 1V,
Lankheet et al. in prep.). While SNP arrays remain popular in population ge-
netics because of their low cost, which allows for generation of information
for sample sizes of tens or hundreds of individuals in a population, as well as
the availability of many comparative datasets, other techniques are becoming
increasingly popular and are described in the next paragraphs.

2.2.3 High-throughput sequencing methods

From 2004 onward, several new sequencing technologies, here referred to as
high-throughput sequencing methods (HTS) (but often called “next-generation
sequencing”’, NGS) were developed (reviewed in (Morey et al., 2013; Reuter
etal.,2015; Goodwin et al., 2016)). These techniques rely on the fragmentation
of the genome into short fragments (often in the order of a hundred base pairs)
and on the fixation of these fragments to a support before parallel sequenc-
ing using different methods. They permit an enormous increase of genome
sequencing and a steep decline of the cost of sequencing. Moreover, because
(almost) the entire genome is sequenced, these methods alleviate the issue of
ascertainment bias. Parts of the human genome that remain difficult to access
are the highly repetitive regions, such as the centromeres and the telomeres
(middle and extremities of chromosomes). Other regions prove hard to as-
semble once sequenced such as Y-chromosme palyndromic regions or HLA
regions.

[llumina technology (Illumina/Solexa company) is one of the most widely
used techniques. It is based on ligation of short fragments to a glass slide, fol-
lowed by amplification and sequencing with fluorescent nucleotides (which
allows to determine the sequence) (Reuter et al., 2015). It outputs billions of
reads, i.e. short strings (usually of one or a few hundred base pairs) of nu-
cleotides. The HiSeq X Ten system, which was used for most sequencing in
this thesis, is specifically tuned for sequencing human genomes at a coverage
- or depth - of 30 X (i.e. each position of the autosomal genome is covered
by an average of 30 reads). A sample sequenced at 30 X or more is consid-
ered a “high-coverage” genome; coverages around 4-8 X (or less) are “low-
coverage”. While the latest [llumina machine, the NovaSeq Series, can se-
quence a human genome in an hour, the raw data needs processing before it
can be used for analyses.
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Ongoing technological challenges focus on sequencing from single DNA
molecules or on sequencing longer fragments (Reuter et al., 2015), which would
allow for better calling of insertions, deletions and structural variants and al-
leviate the issue of phasing (discussed below). Moreover, while the cost of
sequencing a human genome has decreased tremendously, associated costs
such as data processing and storage, are often overlooked (Lightbody et al.,
2019). Another practical issue is the standardization of processing pipelines
and merging data generated with different sequencing platforms and process-
ing pipelines (Baichoo et al., 2018; Regier et al., 2018).

2.2.4 An introduction to processing HTS data

A FASTAQ file - the common format for raw sequencing data — contains several
lines for each read, including a sequence of nucleotides and a quality line,
where each position from the sequence has a base quality score which gives
an indication on how certain it is that a specific nucleotide has been sequenced
correctly (Cock et al., 2010). In this section, I will describe the main steps and
file formats used for discovery of SNPs and indels in HTS data from human
individuals. While a similar pipeline can be applied to other well characterised
species (model organisms), specific steps require reference datasets that are
not available for most species (see Section 3.2). Other features of the genomes,
such as large structural variants or CNVs, require specific procedures which |
will not discuss.

The processing pipeline generally begins with aligning the reads stored in
the FASTQ to a reference genome, for example with the software bwa (Li and
Durbin, 2009). This is the “mapping step”: the reads are attributed a position
in the reference genome. Optional steps such as adapter removal (adapters
are short sequences added to the DNA fragments prior to sequencing) can be
performed prior to mapping. After mapping, instead of many short reads, one
obtains longer stretches of sequence. bwa outputs files in SAM (Sequence
Alignment/Map) format (typically compressed in the binary format BAM) (Li
et al., 2009). A SAM file consists of a header section containing various in-
formation and an alignment section containing the reads’ sequences together
with, among other information, the coordinates where they map in the refer-
ence genome, a mapping quality for each read, and a string describing how
each position of each read aligns to the reference.

Before variants can be identified (“variant calling”), several steps have to
be performed on BAM files. The Genome Analysis Toolkit (GATK) (DePristo
et al., 2011) is a collection of tools and guidelines developed at the Data Sci-
ences Platform at the Broad Institute which enable the processing of BAM files
and calling of variants. In particular, the GATK Best Practices (DePristo et al.,
2011; Van der Auwera et al., 2013) are standard workflows in the analyses
of HTS data. Paper II focuses on applying the “Germline short variant dis-
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covery (SNPs + Indels)” workflow to populations underrepresented in genetic
datasets, while data prepared following different versions of this workflow is
analysed in Papers [ and III. Some steps commonly included are marking of du-
plicate reads (i.e. reads which correspond to the sequencing of the same DNA
fragment and thus carry redundant information); realignment around indels
(the mapping of reads close to common indels is improved); and a recalibra-
tion of the base quality score (“BQSR”).

Variant calling is performed on fully processed BAM files. In this thesis,
variant calling was performed with two different GATK variant calling tools,
“UnifiedGenotyper” for Paper I and “HaplotypeCaller” for Papers II and III.
An advantage of HaplotypeCaller is that it calls SNPs and indels simultane-
ously and performs local realignment in regions of the genome that seem to
contain variants. It is also built to facilitate the addition of new samples. Other
variant callers exist such as FreeBayes (Garrison and Marth, 2012) and SAM-
tools mpileup (Li et al., 2009). For a review of alignment and variant calling
algorithms, see (Mielczarek and Szyda, 2016).

The output format of variant callers is a VCF file (Variant Call Format)
(Danecek et al., 2011). VCEF files, like SAM files, consists of a header and a
data section. The data section can contain records for i) each position in the
genome, an “all sites VCF”’; or ii) only for variant positions. Besides the posi-
tion and alleles, each record line contains a quality score and a filtering field,
as well as various annotations. Often, variant callsets have to be filtered be-
fore they are analysed. Indeed, variant callers are very sensitive and some of
the variants are false positives. Filtering can be done with GATK tools. Com-
mon filtering steps include filtering based on: variant annotations (there are
two main approaches described in the papers of this thesis, hard filtering and
a GATK’s specific approach, Variant Quality Score Recalibration - “VQSR”);
genotyping missingness; minor allele frequency; departure from HWE. Entire
regions which are known to be difficult to sequence can also be filtered out.
The choice of filtering steps depends on the purpose of the project; for ex-
ample, medical studies are often concerned about false positives and filter the
callsets heavily, while studies aiming at describing human diversity avoid a too
stringent filtering since it would typically bias diversity estimates downwards.

2.2.5 Further processing of genome-wide variant data

I have focused on (pre-)processing of HTS data, as it is a more complex process
than processing SNP array data. This section presents some processing steps
which can be applied to variant data, whether it comes from a HTS or a SNP
array study. Note that pre-processing steps are necessary for SNP array data as
well; Paper IV gives a pipeline example. The callset filtering steps described
in the preceding section resemble the filtering steps applied to SNP array data.
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In humans, each autosomal position is present in two copies, one from each
parent. Variants at different genomic positions that are inherited together repre-
sent a haplotype. In the absence of recombination -that breaks down haplotypes-
and mutations -that create new haplotypes-, each chromosome would represent
a haplotype. In humans, there is about one recombination event by chromo-
somal arm per generation (Dumont and Payseur, 2008). Consequently, haplo-
types are shorter than (autosomal) chromosomes. Moreover selection forces
affect haplotypes. For instance, in the case of strong positive selection (se-
lective sweep), markers close to the variant under selection will tend to be
inherited together with the selected variant (hitchhiking process), which leads
to a local loss of diversity and a long haplotype (Wollstein and Stephan, 2015).
Markers that are inherited together are in linkage disequilibrium (LD).

Knowing the phase of a variant — i.e. which haplotype it occurs on — is
important for a number of analyses. Unfortunately, the most commonly used
HTS technologies do not provide that information: reads are too short to con-
tain several variants (except for regions with high variant density). This infor-
mation is not available from SNP array data either. As a result, variant data has
to be phased. There are two main categories of phasing approaches. The first
category is experimental phasing (reviewed in (Huang etal., 2017)). For exam-
ple, some HTS technologies, such as PacBio (Rhoads and Au, 2015), output
long reads encompassing several variants; haplotypes can be constructed by
overlapping such reads. The drawbacks of these approaches are their cost and
their higher sequencing error rate (compared to short read sequencing). How-
ever, it is likely that as technologies improve they will become more and more
popular. Sperm-typing is another experimental alternative that produces phase
directly as the germ cells are haploid. The second category is statistical phasing
- some softwares are reviewed in (Miar et al., 2017). In this case, phasing oc-
curs after the sequencing. It is based on the idea that within a population, there
are clusters of linked variants. When choosing a phasing approach, several as-
pects have to be considered, such as computing time, accuracy of phasing and
availability of appropriate reference datasets (if a reference dataset is needed).
The latter aspect is particularly relevant for HTS data, as variants that are not
present in the reference dataset will be more difficult to phase (see (Bergstrom
et al., 2020) for an approach to circumvent that issue). In general, the quality
of the inferences increases with the sample size (Porcu et al., 2013).

Statistical phasing is often performed together with imputation — that is,
inferring variants which were not called (for example due to low coverage,
or because the variants are absent from the SNP array). Again, the quality
of the reference dataset (phased individuals with high density of markers) is
instrumental in obtaining a good imputation. Consequently, it is easier to im-
pute data in populations of European ancestry than of Sub-Saharan African
ancestry. Imputation is particularly useful when combining samples from dif-
ferent datasets: comparisons are often restricted to the overlapping positions
when merging with SNP arrays or even low-coverage genomes. If the non-
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overlapping positions are imputed, it is possible to perform the analyses on a
larger number of markers.

2.2.6 DNA from extant and ancient populations

Because genetic material is transmitted from parent to offspring, the genome
of a given individual is informative about its ancestors. This is why genomes
from extant individuals can be used to investigate past population history. Ad-
ditionally, the last few decades have seen the development of ancient DNA
(aDNA) sequencing techniques to investigate past populations history. aDNA
designates DNA isolated from “ancient” specimens, who died in a more or
less recent past. It provides a window into specific times (ranging from a cou-
ple of generations to hundred of thousands of years ago). It allows, for ex-
ample, to describe the genetic diversity prior to a population migration event
which might have partially or totally replaced local populations. aDNA is also
very valuable in learning about species that are not extant today. A fascinat-
ing example is the aDNA obtained from an extinct human subspecies, named
“Denisovan” after the cave where its remains were first found (Reich et al.,
2010). In that case, aDNA was extremely valuable as the few remains (a pha-
lanx, some teeth) were not sufficient to distinguish it from other human re-
mains. It was later shown that modern humans, in particular in Oceania and
Island South East Asia, have substantial (a few percent) Denisovan-like ances-
try.

A number of challenges characterise aDNA studies. First, it is difficult to
find good samples: both environmental conditions favoring the preservation
of DNA and excavation efforts are necessary. Second, it is difficult and costly
to sequence: i) the samples are often contaminated with extrageneous DNA,
ii) the DNA is degraded into short fragments, and iii) physical, chemical and
biological processes can have modified the sequence. Third, it is not entirely
clear how the typical features of aDNA, such as short fragments, low cover-
age, sequencing errors and difficulty of obtaining diploid sequences impact the
population genetic frameworks that are commonly used and have been devel-
oped for modern DNA. Moreover, it is rare that more than a few samples are
obtained for a given site at a given time. This makes it difficult to apply popula-
tion based analyses and to know whether the samples are representative of the
population (but this is changing rapidly, with increasing number of genomes
sequenced for a given time period and/or location, allowing for longitudinal
studies, e.g. (Antonio et al., 2019)).

For these different reasons, studies based on modern DNA remain (and
probably will remain) essential to our understanding of the past. This is par-
ticularly true with studies of human history in Sub-Saharan Africa, as human
remains are relatively rare in Sub-Saharan Africa and successful aDNA studies
even rarer (Vicente and Schlebusch, 2020).

25



2.3 Describing genetic diversity

Once in possession of a well-filtered set of variants, possibly phased and im-
puted, researchers want to extract information from it (third row in Figure 2.1).
As a first step we want to find ways to “summarise” the data, to identify its most
salient features. In this section, I present several ways to do that.

2.3.1 Summary statistics

Summary statistics can be used to capture different aspects of genetic diver-
sity. They can be computed at many different levels: for an individual or a
population sample; for the entire genome, for specific regions or by scanning
the genome using sliding windows; or for specific functional categories, for
example exons, introns or intergenic regions (as in Paper I). I will present ex-
amples of statistics that are calculated on independent SNPs and that I used in
my thesis.

Heterozygosity measures the probability for a sample of two gene copies to
have two different variants at a site. This probability is higher in populations
with high genetic diversity (if the populations are in HWE). One way to esti-
mate heterozygosity is to divide the number of heterozygous sites by the total
number of sites. This is called observed heterozygosity (see examples in Paper
I). Another measure of heterozygosity is expected heterozygosity. It is based
on the Hardy-Weinberg equilibrium (Section 2.1), according to which the pro-
portion of heterozygous individuals is 2p(1 — p) where p is the frequency of
an allele at a diploid locus. This quantity can be calculated locus by locus and
averaged. Itis possible to correct for sample size by multiplying the statistic by
— where n is the number of gene copies in the sample. This is the unbiased
estimator of heterozygosity (Nei and Roychoudhury, 1974) and it is used for
example in Paper II1.

In the infinite sites model and for a population at equilibrium, expected het-
erozygosity is equal to © (theta), the “population mutation parameter”. © rep-
resents the diversity in a population at mutation-drift equilibrium; it is a func-
tion of the effective population size N, and of the mutation rate p (© = 4N
for diploid loci). Expected heterozygosity is an estimator of ©, i.e. a quantity
measured from a sample to estimate a parameter that cannot be measured di-
rectly. If we have an estimate of the mutation rate and of O, it is possible to
estimate the effective population size.

m, or the mean number of pairwise differences, or the nucleotide diver-
sity, is another estimator of ©. To calculate m in a sample, one has to compare
sequences pairwise and count the number of differences between the sequences
in each pair.

The site frequency spectrum (SFS) (or allele frequency spectrum) is a se-
ries of summary statistics (n — 1 summary statistics for the unfolded SFS and
approximately 5 for the folded SFS, where n is the number of gene copies in
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the sample). In the unfolded SFS (which requires knowledge of the ancestral
state of the variants), each statistic is the count (or the proportion) of loci that
have ¢ derived alleles (and n — ancestral alleles). The folded SFS can be calcu-
lated on data for which the ancestral state is not known; in that case, each class
represents the count or proportion of loci with a given minor allele frequency
(from % to %). The expected SFS under the ideal Wright-Fisher population for
a given value of n is known and deviations from it can be used to formulate
hypotheses regarding demographic or selective processes. The joint SFS can
be calculated for two populations and used to infer demographic parameters
(Excoffier et al., 2013). The conditional SFS is another derivative of the SFS
where the SFS is calculated based on only some variants of a population, for
example the variants that have the derived allele in another population (Dur-
vasula and Sankararaman, 2020).

Tajima’s D (D) is a summary of the SFS and an indicator of neutrality. Its

formula is:

S
Dp= ————t @.1)
Var(m — 2)

An

where 7 is the statistics described previously; S is the number of segregating
1

sites; and a,, is the sum of the sequence 1 + % + % + ... + =7 with n the
number of gene copies in the sample. %, or Watterson’s O, is yet another
estimator of © (Watterson, 1975). In an ideal (e.g. a WF) population under
the infinite sites model, the two estimators are equal and the value of Dy is
zero. Deviations from zero suggest non neutral processes or a demographic
history that is not well approximated by an ideal population model. A positive
value of D7 indicates an excess of intermediate frequency variants (which
contribute more to 7 than to 5), that can be due to a population size contraction,
population structure, or balancing selection. A negative value of D indicates
an excess of rare variants (which contribute more to .S) and can be due to a
population size expansion, or positive selection.

Fgr is, in contrast to the statistics described so far, an inter-population sum-
mary statistic; it is an index of genetic differentiation between populations. Its
most extreme values correspond to panmixia (Fsr = 0, the populations are
mating randomly) and to complete genetic isolation (Fs7 = 1). Itis calculated
between two or more populations by comparing the expected heterozygosity
for the populations taken separately to the expected heterozygosity assuming
that these two populations were in fact a single (well-mixed or “panmictic”)
population. It is based on allele frequencies in the populations; a practically
speaking unobservable quantity but that can be estimated from a population
sample. Larger sample sizes will give more accurate results.

I discuss one more category of summary statistics which is based on stretches
of variants but do not require knowledge of the phase: runs of homozygosity
(ROH) (Broman and Weber, 1999; Kirin et al., 2010). ROH analysis builds on
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identifying stretches in the genome of an individual where all positions are ho-
mozygous. While short ROH can be due to chance, longer stretches are more
likely to reflect phenomena such as inbreeding and/or small population size.
The definition of ROH — for example the minimal length of a stretch to qualify
as ROH, or the number of “mistakes” that one allows — depends on the type
of data used. In Papers I, Ill and IV, I used different parameters depending on
the type of data.

While each summary statistics has a precise definition, there may be various
ways and formula to estimate each of them from real data, and it is important to
keep track of the methods used in a given study. In this thesis, summary statis-
tics have been computed with custom scripts, with the software plink (Purcell
et al., 2007), or with Python scripts following (Jay et al., 2019) and references
therein.

2.3.2 Visual exploration of genetic data

Another set of common approaches derives from multivariate statistics and aim
at identifying the independent axes maximizing variation in a dataset (and to
visualise it). Principal Component Analysis, or PCA (Pearson, 1901; Menozzi
et al., 1978) is particularly popular in population genetics. Given a set of in-
dividuals and markers, running a PCA corresponds to finding the axes which
maximise the variance of the sample. There are as many axes as there are mark-
ers (minus one); the first axis (PC1) explains the largest percentage of the total
variance, PC2 is orthogonal to PC1 and explains the next largest percentage of
total variance and so on. One advantage of PCA is that it does not need fil-
tering of the callset besides basic quality filters (the variants do not need to be
filtered for LD or minor allele frequency for example). PCA were popularised
in the 90’s by Luigi Luca Cavalli-Sforza in his book “The history and geogra-
phy of human genes” (Cavalli-Sforza et al., 1994). More recently, Novembre
et al. (2008) showed that the projections of the main axes of variation in a set
of genetic markers correlated with geography for European populations. An-
cient samples can be added to PC analyses; the common procedure in that case
is to use reference modern samples to define the PC axis, and to “project” the
ancient samples into the modern diversity.

An alternative approach to PCA is to do a Multidimensional Scaling Plot
(MDS) based on a quantity of interest, for example pairwise allele sharing
distances or Fs7. Depending on the chosen quantity, this method can be very
fast. Moreover, once an interesting pattern is observed, it is possible to go back
to the biologically meaningful statistics (which is not as straightforward for the
vectors underlying PCA axes).
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2.3.3 Clustering methods

Model-based clustering methods that infer clusters maximizing allele frequen-
cies differences, like ADMIXTURE (Alexander et al., 2009) and STRUC-
TURE (Pritchard et al., 2000), are also very popular in human population ge-
netics. Both infer genetic memberships for individuals to predefined numbers
of virtual clusters (referred to as “K”) based on genetic similarity. Based on
the genetic membership proportions of individuals in different populations, it
is possible to make hypotheses about the ancestry of the clusters. The results
can be plotted in visually attractive plots that illustrate population relationships
effectively, however these plots are often over-interpreted (Novembre, 2016;
Lawson et al., 2018). Thus, when using such methods one has to: i) Use them
correctly: run a sufficient number of repeats for each value of K, stop when
new clusters are uninformative, for example when each modern population
gets its own cluster, and ii) Be cautious with over-interpretation. Like PCA
or MDS plots, these methods are merely a way to describe the data and for-
mulate hypotheses, which next need to be formally tested. Alone, they should
not be used to make inferences, for example about admixture events. Specific
hypotheses about admixture can be further investigated with more direct tests
of admixture, e.g. f-statistics (Weir and Cockerham, 1984; Wright, 1950).

2.4 Inferring demographic history

Various processes shape the demographic history of populations and species.
Some demographic processes, like population splits and isolation-by-distance,
contribute to separate lineages; others bring them together, for example through
admixture events or repeated migrations. Another aspect of demography are
changes in population size.

By combining descriptors of genetic diversity such as those described in
Section 2.3 and knowledge of the population, it is possible to formulate hy-
potheses as to what demographic processes might be relevant for understand-
ing a given observed pattern. Then one can apply methods to test these hy-
potheses and infer the value of parameters (for example, the past size of a
population). Methods in population genetics are based on expectations of the
genetic diversity (or on summary statistics of the diversity) under different
models. Given observed data D, and a parameter of interest ©, we are inter-
ested in the likelihood function, which gives the probability of the observed
data given the parameter value. The higher the likelihood, the more likely it
is that the parameter value is correct; thus, the goal of many methods is to
find the maximum likelihood (ML). The limitation of such approaches is that
one needs to explore the entire parameter space, i.e. compute, for each possi-
ble value of the parameter, the probability of the data. This is often done via
simulations. It becomes very time-consuming for complex models (with large
numbers of parameters), even if techniques such as Markov Chain Monte Carlo
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allow efficient exploration of the parameter space. Bayesian approaches take
a different angle with parameters having a probability distribution (in ML ap-
proaches parameters have a finite value). Based on prior knowledge, one de-
fines a prior distribution for the parameter (for example, for population sizes,
the prior distribution could be the range of sizes observed in natural popula-
tions). Then, one gathers data, or performs an experiment, and based on that
obtains the posterior distribution of the parameter (i.e. for a range of values,
the probability that the parameter takes a value given the data).

The following sections present different demographic processes and meth-
ods that aim to characterise them. Most of these methods are based on ML
or on Bayesian approaches. In the end I introduce a flexible framework, Ap-
proximate Bayesian Computation, that can be applied to test any demographic
process against a set of observed data by generating simulated data under pos-
sible scenarios. This can then be used to choose between scenarios and to
estimate parameters (see Paper I1I).

2.4.1 Divergence

“Divergence” or “split” is the process in which an ancestral population gives
birth to two or more populations which are subsequently genetically isolated
from each other (they no longer reproduce together after the split). Ultimately,
it can lead to speciation, i.e. to distinct species (with enough time and degree of
isolation). Populations can diverge for various reasons: e.g. because they are
on either side of geographical barriers (mountains, sea); because of changes
in lifestyle resulting in groups occupying different niches; in humans, because
of cultural rules defining groups of individuals allowed to reproduce together
excluding other groups. It is rare that a population splits “clean” into two or
more groups from one generation to the next without any subsequent contact
between the populations, even if that is often assumed in models. Often, di-
vergence is progressive; it might start with population structure, i.e. within a
population, individuals reproduce preferably with some individuals. It is also
common that diverging populations continue to exchange migrants after the
split.

One way to characterise divergence is to estimate the time to the most re-
cent common ancestor (TMRCA), i.e. the youngest individual who is an an-
cestor for all individuals in two (or more) populations. Note that estimating the
TMRCA is an upper bound of the divergence time (i.e. the divergence time will
in general be younger that the TMRCA) (Jobling et al., 2013). (Zhou and Teo,
2016) compared several methods which estimate the divergence time, such as
MSMC (Schiffels and Durbin, 2014) and G-PhoCS (Gronau et al., 2011), by
running them on simulated data for classical demographic models (such as di-
vergence with and without migration). These methods differ in the type of data
they use, how they summarise that data, and the underlying statistical frame-
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work. One of the method giving the most accurate results was MSMC. Here [
highlight two methods used in this thesis.

G-PhoCS (Gronau et al., 2011) (used in Paper 1) is a coalescent-based ap-
proach that estimates ancestral population size and divergence times (migra-
tion rate estimates are also possible) by examining many (~30,000) relatively
short sequences (~1,000 bp) in a sample. Each sequence is assumed to be suf-
ficiently short to be in complete linkage (no recombination between sites in the
sequence) and has some information about the genealogy, and G-PhoCS inte-
grates that information across loci to estimate the parameters. One advantage
of G-PhoCS is that is does not require the genomes to be phased.

The Two-two or TT method (Schlebusch et al., 2017; Sjodin et al., 2020)
(used in Papers I and III) uses two diploid genomes, one from each of two pop-
ulations. It makes the assumption that sites are independent (no linkage), and
derives equations that relate observed variables (the counts of different config-
urations of ancestral and derived alleles in the two genomes) to parameters of
interest: divergence time, ancestral population size and drift. Like G-PhoCS,
it does not require phased data, but the knowledge of the ancestral state is re-
quired. It runs very fast, but how is it affected by migration is not trivial.

2.4.2 Migration

Migration is a process in which (sub-)populations exchange migrants; it is
common in humans (Busby et al., 2016; Schlebusch and Jakobsson, 2018).
Two important aspects of migration are its frequency (e.g. whether it happened
once or at every generation) and its rate (which is proportional to the proportion
of migrants in the population at a given generation). Admixture is a common
consequence of migration where some offspring have parents from different
sub-populations. Gene flow often designates the combination of migration
and admixture. Gene flow can be the result of a single admixture event, at
a given generation; or of a recurring process at every generation; it can be
symmetrical or asymmetrical; it can be sex-biased (e.g. the migrants are only
females). Depending on the relative size of populations and the migration and
admixture rates, gene flow can even be similar to population replacement (for
example if a population of small size receives a lot of migrants from a large
population).

Hypotheses of gene flow can be made based on some of the descriptive
approaches discussed previously, such as PCA or clustering analyses. The f-
tests address different questions related to admixture and population structure
(Patterson et al., 2012; Peter, 2016; Reich et al., 2009). They are based on
allele frequencies, which are expected to differ between populations. The f;
test, e.g., is a formal test of admixture while the f4 ratio (Green et al., 2010)
estimates admixture fractions under a given population topology (i.e. the user
has to make a hypothesis as to how the populations are related). More complex
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methods can be applied to estimate parameters such as the time of the admix-
ture event; whether there was one or several admixture event(s); and the ad-
mixture rates. MOSAIC (Salter-Townshend and Myers, 2019), used in Paper
IV, is such an approach; it uses haplotype information to identify and char-
acterise admixture events in a “target” population, by estimating the time of
admixture, the fraction of the genome coming from each of the ancestries, and
the populations that are the closest to the admixing populations. Compared to
other methods, it does not require the user to specify sources for the admixture,
sometimes called “parental populations”. Moreover, it can estimate admixture
coming from more than two sources. MOSAIC uses an approach called “chro-
mosome painting”, which assign local ancestries on chromosomes based on
haplotype information and in particular patterns of LD. In dating admixture,
the method uses how fast coancestry decays across the genome, building on
the fact that recombination breaks down LD over time.

Another application of chromosome painting is “admixture masking”, for
example with RFMix (Maples et al., 2013). By selecting only the regions of
the genome coming from a specific parental source and performing analyses
on these regions, it is possible to recover patterns such as isolation by distance
which are otherwise masked by recent admixture from immigrant groups (Vi-
cente et al., 2019). We used this approach in Paper 1.

2.4.3 Effective population size

In conservation genetics, the effective population size (defined in Section 2.1)
of endangered species is closely monitored, as populations (or species) with
small [N, may be more at risk of extinction when facing ecological, climatic,
or anthropological threats. For humans, estimating past population sizes con-
tributes to obtain a better picture of the past. Population size can be studied
over time; some typical population size changes are contractions and expan-
sions. A bottleneck is a population size trajectory in which the population size
substantially decreased for a number of generations before it increased again.
The “founder effect” is a consequence of an abrupt decrease of population size;
only a fraction of the ancestral population — and thus of the ancestral genetic
diversity - contributes to found the new population at some point in time. This
is likely what happened for the humans expanding out of Africa throughout
the world: a series of founding events (Ramachandran et al., 2005). Today,
most human populations are growing exponentially in census size; however,
since population sizes have been small for many generations, the N, of human
populations is still quite small (Jay et al., 2019).

A series of methods estimating N, over time were published in the last
decade; these methods are based on the coalescent, and in particular in esti-
mating coalescent trees along the genome, and relating these patterns to pop-
ulation size. They estimate /N, in windows of time, and the succession of the
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windows gives an indication of how the effective population size has varied
over time. The first of these methods, PSMC (Li and Durbin, 2011), takes
two haploid genomes as input. Due to the properties of the coalescent of two
sequences, PSMC is not appropriate for studying recent times; a generaliza-
tion of the method to more than two haploid genomes, MSMC (Schiffels and
Durbin, 2014), solved this issue, with the drawback that it requires the data to
be phased prior to the analysis, and that suboptimal phasing biases the results
(Bergstrom et al., 2020). PSMC and MSMC are also used to estimate diver-
gence times (Section 4.5). Other methods efficiently allow for incorporation
of more genomes (Terhorst et al., 2017), or use SNP array instead of genomes
(Browning and Browning, 2015). Nevertheless these methods suffer from not
considering migration a priori, despite the fact that effective population size,
divergence time and migration can be deeply intertwined and difficult to isolate
(Section 2.1).

2.4.4 Approximate Bayesian Computation — a versatile
framework

Approximate Bayesian Computation (ABC) is increasingly used in genetics
over the last 20 years (Tavaré et al., 1997; Pritchard et al., 1999; Beaumont
et al., 2002). It allows the researchers to compare the fit of complex models
to observed data, and to estimate parameters of the model. Taking a simple
example, imagine that we have sequences from a population and that we are
interested in reconstructing the past changes in population size of that popu-
lation. We can imagine several scenarios that produced the observed genetic
variation, for example a population expansion, contraction, or a constant pop-
ulation size. We need to define the parameters underlying the models (for
example, the population size at various times) and decide on prior distribu-
tion for the parameters (e.g. we may think that the current effective population
size is between 100 and 1000 individuals, and that each size in that range is
equally likely — uniform distribution). We then generate (a lot of) simulated
datasets for each model, drawing parameter values from the prior distributions.
It is important to use prior information to ensure that the simulated datasets are
similar to the observed dataset (for example, use a realistic mutation rate). We
then calculate summary statistics on the observed and simulated datasets — we
approximate the data. Based on these summary statistics, we can first select
the model that has the highest posterior probability — it is more likely than
the other models to have generated the observed genetic patterns. This step is
called model selection. Under that model, we can calculate posterior distribu-
tions for the parameters (parameter estimation), by selecting the simulations
that produce the closest summary statistics to the observed values.

ABC can be used to address any question for which we can formulate models
and simulate data resembling the observations; however, generating simulated
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datasets and calculating summary statistics represent a computational burden,
in particular if one wants to simulate entire genomes. A recent methodologi-
cal advance based on machine learning, Random-Forest ABC (Pudlo et al.,
2016), alleviates part of this issue for the model selection step, as it drastically
diminishes the number of simulations one needs to perform equally well if not
better.
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3. A study species: Homo sapiens

The tremendous advances in genomics in the last half century have demon-
strated that all living beings share the same material of genetic information in
the form of DNA (and in some cases, RNA) and that some genes are found in
all life forms (in particular, genes involved in the copy and transfer of genetic
information, as discussed in (Weiss et al., 2018)). Moreover, the population
genetic models, often defined in ideal, haploid populations, can be adapted to
account for other cases — for example, diploid species like mammals, or poly-
ploid species like many plants. In short, human genetic diversity can be studied
by applying the same principles that would be used to study other organisms.
Nevertheless, Homo sapiens is a special case for several reasons; first, culture
affects genetic diversity, and evidence from research fields such as linguistics
and ethnology informs studies. Second, as a consequence of the central posi-
tion of everything “human” in our societies, there is an abundance of resources
for studies relating to humans, and consequently human geneticists have ac-
cess to a wealth of data, reference datasets and analysis tools. Finally, studying
human populations implies specific ethical considerations.

3.1 An interdisciplinary approach

3.1.1 Diversity of processes impacting the genome

Selection, migration, drift, mutation and recombination affect the human genome
like the genome of any other species. However, culture is embedded in some
of these processes — it is part of the environment of human populations. I use
“culture” in a broad sense here, including language, techniques, structure of
the society and diet. Selective events can be directly related to cultural factors;
and cultural processes may also affect the entire genome, similar to demogra-
phy. I will highlight some examples, generally relevant in the context of my
thesis or particularly telling, to illustrate the interaction of culture and genet-
ics. These examples concern relatively recent times (a few thousand years), as
interpolating cultural processes in the more distant past is difficult.

I mentioned two examples of how genetic diversity can be impacted by cul-
ture in Section 2.1: the lactase persistence trait (the ability to digest the milk
sugar, lactose, into adulthood) and the number of repeats of the amylase gene
(related to the digestion of starch by salivary enzymes). The lactase persistence
trait has been measured in many populations across the globe; it has a patchy
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distribution, with particularly high frequencies in (northern) Europe (contrary
to what the abundance of lactose-free products in Sweden suggests!) and in
pastoralist populations in, for instance, eastern Africa. Several genetic variants
associated with the lactase persistence trait were identified, and different hy-
potheses have been proposed to explain their distribution. Concerning Europe,
strong positive selection for one specific variant, likely explained by a selective
advantage associated with the adulthood consumption of milk and the cultural
transmission of milk drinking practice, is the accepted model (though demo-
graphic processes might have intensified the effect). Lactase persistence is
the textbook example of gene-culture coevolution, where genetic and cultural
processes reinforce each other (Ségurel and Bon, 2017). Indeed, widespread
adulthood consumption of fresh milk can only be achieved via herding in the
first place. In Africa, there are several variants associated with lactase persis-
tence; I explain later how this can inform us about the relationships between
populations and the diffusion of cultural practices. The amylase gene is also
related to diet; the number of copies of the gene varies in populations, and
higher numbers of copies were found in populations with a starch-rich diet,
such as Chinese and Japanese (Perry et al., 2007). Being able to efficiently
break down starch must have been advantageous in these populations. The
study of amylase CNVs has been refined in further studies, for example see
(Carpenter et al., 2015).

Culture can also impact genetic diversity in less direct ways, for example
by determining or regulating who reproduces with whom. This can result in
barriers to reproduction; or increase the variance of reproductive success, if
some individuals have more offspring than others. One example is the effect
of patri- and matrilocality (Heyer et al., 2012). In matrilocal societies, it is
the husband who moves to his wife’s place of origin after marriage, and the
children are raised there. Matrilocality is the exception rather than the rule in
human populations today. It has been shown that patri- and matrilocality in-
fluence genetic diversity; in particular, it affects the diversity of the maternal
lineage (the mtDNA) and of the paternal lineage (the Y chromosome, and in
particular its non-recombining parts) (Seielstad et al., 1998; Oota et al., 2001;
Marchi et al., 2017). In matrilocal societies, the within population mtDNA
diversity is lower, because there is no income of new mtDNA lineages; the
effective population size of the mtDNA is small and more prone to genetic
drift; and the differentiation between populations is high for this genetic com-
partment. The reverse is true for the Y chromosome diversity (high diversity
within population, low differentiation between populations).

A related phenomenon is sex-biased admixture. At a local scale, sex-
biased admixture has been reported repeatedly in pairs of populations from
central Africa, between rainforest hunter-gatherers (RHG) and neighbouring
populations (Verdu et al., 2009, 2013; Patin et al., 2009). Ethnographic obser-
vations of such population pairs had shown that marriages occurred between
hunter-gatherer females and neighbouring males, but rarely or never between
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hunter-gatherer males and neighbouring females. Such patterns should result
in hunter-gatherer female gene flow into neighbouring populations. Genetic
evidence however was compatible with a different pattern: male gene flow
from neighbouring populations into the hunter-gatherers. The two observa-
tions were reconciled in the following scenario: the neighbours’ social dis-
crimination against the hunter-gatherers often (if not always) results in hunter-
gatherer females married to neighbouring males to divorce and eventually re-
turn to their birth family, with their children, who are then raised in the hunter-
gatherer population, thus creating the observed pattern of gene flow. Another
reason for the females to move back to the hunter-gatherer population is when
their husbands from the neighbouring populations die. Sex-biased gene flow
has also been suggested for larger scale migrations. For example during the
Bantu expansion, discussed at more length in Section 4.3, local females were
incorporated into incoming Bantu-speaking populations (and males to a lesser
extent). This had consequences on the diversity of maternal and paternal lin-
eages in sub-equatorial Africa (Wood et al., 2005; Schlebusch et al., 2011;
Barbieri et al., 2014; Baji¢ et al., 2018).

Another illustration of the interplay between genetics and culture is pro-
vided by the study of agriculture-related expansions. Agriculture emerged in
several regions of the world starting ~10 kya and eventually became the sub-
sistence pattern of most human populations today. How agricultural practices
(and associated crop and animals) diffused is an important question. Two major
hypotheses have been proposed: according to the demic diffusion hypothesis,
the practices came along with a group of people who admixed or replaced local
inhabitants; the cultural diffusion hypothesis (popular among archaeologists),
on the other hand, implies that agricultural practices were learned by local in-
habitants who changed their subsistence pattern. Provided that the incoming
population (in the case of demic diffusion) is sufficiently different from local
inhabitants, genetics can help to distinguish between the two hypothesis. In the
case of demic diffusion, we expect genetic differences between the migrating
agricultural populations and the local forager populations. In fact, it appears
that in most cases, agriculture spread via demic diffusion (Stoneking, 2016).
This brings us back to lactase persistence. A lactase persistence genetic vari-
ant typical from eastern Africa was found in a pastoralist Khoekhoe popula-
tion from southern Africa, the Nama; furthermore, it was shown that the Nama
have up to 20% ancestry from an eastern-African like population (including in
the region surrounding the lactase persistence variant). This, associated with
evidence from other fields, such as the date of the first evidence of sheep in
southern Africa, or the type of sheep found in southern Africa, suggests that the
spread of pastoralism from eastern to southern Africa was accompanied with
a diffusion of genes (Breton et al., 2014; Macholdt et al., 2014; Schlebusch
etal., 2017).

To conclude this section, I would like to note that I do not suggest that “cul-
ture” is unique to humans; other species use tools, or have complex social
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structures impacting their genetic diversity, and several species of ants show
remarkable examples of complex agricultural systems. Moreover, human cul-
ture impacts many other organisms; an obvious illustration is the domestica-
tion of plant and animal species. But I hope to have conveyed how applying
population genetics to human populations can be exciting on various levels!

3.1.2 Evidence from other fields

Human population genetics is one of many sciences interested in understand-
ing the human past and present. There is much to be gained from an interdis-
ciplinary approach. The emergence and diffusion of agriculture, for example,
had repercussions on the material culture, on languages and on genetic diver-
sity. These different lines of evidence can be studied and e.g. used to date the
arrival of a material culture in an area, or the linguistic divergence time. Com-
bining these different views results in a more nuanced picture of population
history.

Different lines of evidence have different time depth (Jobling et al., 2013).
Anthropology, the study of humans, human behavior, and societies, is the
science concerned with the most recent times. Like we have seen in the pre-
vious section, anthropological research is informative about patterns such as
marriage rules, and can shed light on complex patterns such as the sex-biased
admixture between RHG and their neighbours. By studying oral history, for
example myths of origins, anthropology contributes to formulate hypotheses
concerning the relationships between populations which can later be tested.
Anthropology is also informative about generation time, which is an impor-
tant parameter in all population genetic analyses estimating the timing of an
event. (Fenner, 2005) estimated the generation interval for nation states and
hunter-gatherer societies, and found an estimate of 28.6 to 30.1 years (aver-
aged over the two sexes, as generation time is longer in males than in females
for a majority of populations). When using these estimates to scale times of
interest, we assume that generation time did not change too much over time.

History and linguistics have intermediate time depths. The earliest histori-
cal records date to ~4 kya, and some linguists argue that historical linguistics
can go back to ~10 kya (Jobling et al., 2013). By studying shared features
between languages, it is possible to formulate hypotheses about population re-
latedness and past contact. For example, the presence of clicks -sounds that
are characteristic of languages collectively designated “Khoisan” and common
among others in Southern Africa- in Bantu languages from Zambia suggests
a link with Khoisan-speaking populations (Barbieri et al., 2013). Hypotheses
concerning a group of populations’ past interactions and possible common ori-
gin can be made based on sharing of specific vocabulary, for example concern-
ing food, the environment, or social practices (for example the Baka and Aka
RHG, and their interactions with farmers (Bahuchet, 2012)); and the patterns of
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language sharing between RHG and neighbouring populations suggest migra-
tion networks (Paper 11l and (Bahuchet, 2012)). Although genes and languages
are not transmitted over generations in the same way, they both tell the story of
the same group of individuals. Therefore, combining the two lines of evidence
for the same populations allows to better understand, for each population of in-
terest, whether reproductive isolation may precede linguistic differentiation or
the opposite (Thouzeau et al., 2017). Another interesting example is given by
populations whose genetics and languages do not correspond to the common
pattern, e.g. the Damara, who have a typical Bantu-speaker farmer genetics
makeup but speak a Khoisan language (Pickrell et al., 2012).

Archaeology is the study of material remains that have been modified by
humans, including tools and burials, but also less direct evidence such as soils
or waste deposits. It goes back ~2.5 million years, which makes it a precious
tool for the more ancient human history. Archaeology can inform us about the
diffusion of cultural practices such as agriculture, or give indication about how
long populations with different cultures have interacted (e.g. hunter-gatherers
and agriculturalists in Zambia — Paper V). Physical remains can be dated, ei-
ther in relation to each other or directly in years. For example, the estimates for
the first remains of milk proteins in potteries can be compared to genetic based
estimates of the arrival of pastoralism to different places (Lander and Russell,
2020). More recently, archaeology has become the provider of samples for
ancient DNA studies.

The study of fossilised remains is called paleontology; it goes back even
further than archaeology. Human fossils contribute essential evidence about
the history of Homo sapiens (see Section 4.1), including the modalities and
timing of the diversification of modern humans; migration; and interaction
with other hominin species. Fossils of animals and plants are informative about
human diet and interactions with the environment.

To sum up, the evidence from the fields that I described briefly is extremely
helpful both to formulate hypotheses to be tested with genetic data or to put
results into perspective; even if it is sometimes difficult to reconcile the dif-
ferent views. This is illustrated by how our object of interest is designated
in different disciplines ((Henn et al., 2018)). The term anatomically mod-
ern humans (AMH) stems from paleontology. Membership to this category
is decided based on two cranial features that distinguish AMH and “archaic”
crania (Jobling et al., 2013). When a new human cranium is discovered, re-
searchers look for these typical features to classify it as AMH or archaic. At the
moment, the earliest remain with fully modern features is the ~195,000 years
old cranium from Omo Kibish in Ethiopia (McDougall et al., 2005). Homo
sapiens is another term, stemming from biology and the concept of species —
which in itself is the subject of much discussion. In this thesis, unless spec-
ified otherwise, I am concerned with current-day humans and their ancestors
(excluding Neanderthal and Denisovan, as these represent a small fraction of
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Sub-Saharan African genomes); and I usually designate them with the term
“modern humans”.

3.2 Abundance of resources

Medicine and health sciences and natural sciences are the two higher educa-
tion sectors receiving the most research and development (R&D) funding in
Sweden (in 2013-2017, (Hansson et al., 2019)). It is similar in the US. Human
population genetics benefits from advances in both medical sciences and nat-
ural sciences and conversely, advances in human population genetics inform
medical research. For example, genome-wide association studies, which are
widely used to identify the genetic basis of phenotypic traits, are based on the
property of LD and use SNP array data (Visscher et al., 2017). Moreover, it
has been shown that taking into account population structure is important in
genome-wide association studies (Price et al., 2006), as is taking into account
the genetic makeup of an individual to adapt medical treatment. In this con-
text, human population geneticists and molecular anthropologists benefit from
unique resources, such as an exceptional knowledge of the human genome; an
abundance of reference datasets; the access to many published datasets; and
technologies and inference tools tailored to the human genome.

3.2.1 Some aspects of the human reference genome

Identifying similarities and differences between the genomes of different indi-
viduals is an essential step for many population genetic analyses, which makes
an accurate reference genome invaluable. Here I discuss some aspects of the
human reference genome. The first versions of the human reference genome,
mentioned in Section 2.2, were “linear”: the reference is a set of strings con-
stituted of the four nucleotides. In fact, most reference genomes are linear.
Optimally, we want as few strings as there are chromosomes (the longest ge-
netic unit). In practice, it is often difficult to assemble strings into larger units;
some reasons are mentioned in the next paragraph. One of the issues about
the concept of a reference genome is to decide what it should be; for exam-
ple, should it be the genome of a single individual (and in that case, which
allele should be chosen at polymorphic sites?); or should it be a combination
of different individuals? An important thing to keep in mind is that the hu-
man reference genome is not an absolute reference; this would be achieved
if one could construct a genome that is equally related to all modern humans
living today. Rather, the human reference genome allows researchers to make
relative comparisons between individual genomes (for example, counting how
many differences they have compared to the reference). In that sense, the main
ancestry of the human reference genome matters; with a main Eurasian ances-
tral background, Eurasian genomes will on average have less differences than
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e.g. African genomes. For the work in this thesis, the chosen approach for
the human reference was the mosaic human reference genome (Lander et al.,
2001), a “pan-genome” including fragments from different anonymous donors;
a donor of presumably African-European ancestry represents ~70% of the
genome (Schneider et al., 2017). This is the approach used in most human
studies at the moment. Another aspect is that sequences not found in the refer-
ence genomes will not map and thus cannot be assembled and analysed using
default processing pipelines (Eisfeldt et al., 2020).

Some of the features that are hard to access in the human genome are the
telomeres and the centromeres; they are essential to the duplication of the
genome but are characterised by repetitive sequences (i.e. “words” of vary-
ing length which are present in many copies), which are hard to sequence.
Similarly, some parts of the Y chromosome are difficult to sequence. Other
genomic regions are particularly hard to represent with a linear genome, for
example the major histocompatibility complex region, which is essential in
understanding immunity; and insertions and deletions (in particular the large
ones).

The different versions of the human reference genome address these issues;
each version has less gaps than the previous one. The latest version of the hu-
man reference genome, GRChg38/hg38 (patch 13), has 3,272,116,950 bp of
which 3,110,748,599 (95.1%) are not “N” (i.e. we know which nucleotide is
at the position). (GRCh38 stands for “Genome Reference Consortium Human
Reference Version 38”; hg38 is an alternative name.) It is a more complete as-
sembly than the preceding version, GRChg37/hg19. GRChg38/hg38 includes
“alternate loci”, in particular in the major histocompatibility complex region;
this means that instead of a single string of nucleotides for the region, there are
several possible strings. However, most processing and analysis tools are not
able to handle this information properly. For example in this thesis (Papers II
and IIT) I used bwakit, an extension of bwa (Li and Durbin, 2009) to ensure
that the mapping would not be adversely affected by these alternate loci; but
I did not take advantage of the extra information. Although GRChg38/hg38
was published in December 2013 (and is continuously being updated with the
release of new patches) (Schneider et al., 2017), it has not replaced the pre-
ceding version yet, though increasingly many recent papers use it (Bergstrom
et al., 2020) and large datasets are re-mapped to it (1000 Genomes Project
Consortium, 2015). It is thus sometimes necessary to proceed to a “lift-over”
to convert the positions in a dataset from a reference to another; this is done
with the help of a “lift-over chain” which contains the correspondence between
the two genomes. This is not ideal as some positions are lost in the process,
but it allows scientists to take advantage of data generated with different refer-
ence genomes. Some reference datasets such as the ones discussed in the next
section are not as readily available for GRChg38/hg38.

An alternative to linear genomes are genome graphs, that include alternative
paths in regions where a single linear sequence does not appropriately repre-
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sent the diversity (Paten et al., 2017). Such approaches alleviate the issue of
reference bias, in which the reference allele is more likely to be called than
the alternate (Degner et al., 2009; Brandt et al., 2015), thus biasing the diver-
sity towards the reference. Another approach also reducing reference bias is to
construct “local” reference genomes, with de novo assemblies or other means.
This was done in a study of Qatari genetic variation, for which a Qatari refer-
ence genome was built (by flipping the alleles in the human reference genome
to match the major allele in the Qatari sample) (Fakhro et al., 2016).

3.2.2 Reference files and datasets

Depending on the type of questions addressed, different reference files and
datasets are useful. In this section I present two of many examples: dbSNP
and genetic maps.

dbSNP (Sherry et al., 2001) is a record of reported variants (SNPs, mi-
crosatellites and short insertions and deletions), for humans and other species.
Any study identifying variants can report them to dbSNP, thereby increasing
the size of the database; however, only a part of the reported variants are vali-
dated. Variants in dbSNP are given a “rs number” which can serve to identify
them. The latest dbSNP release for Homo sapiens, build 154 (June 2020) com-
prises 729,491,867 variants. One common use of this database is to calculate
the proportion of novel variants (i.e. variants not reported previously) in a new
sequencing study; it is important to specify the dbSNP version this proportion
refers to, as the number of variants increases with each version. The GATK
Best Practices use dbSNP as a repertoire of known variation, and for variant
annotation (Section 2.2 and Paper II).

Recombination is not uniform across the genome. Genetic maps (also
called recombination, linkage or haplotype maps) record the physical location
(in bp) as well as the genetic location (in centiMorgans, cM) of positions of the
genome. The genetic distance between two locations is related to the frequency
of recombination; the larger the distance the higher the chance that a recombi-
nation event will happen between two locations. 1 ¢M between two positions
corresponds to a frequency of 1% of recombination per generation. By com-
bining genetic and physical distance between two positions, it is possible to
calculate the recombination rate (expressed in cM/Mb). The recombination
rate varies between and within chromosomes (larger in shorter chromosomes;
larger towards the telomeres than towards the centromeres); between males
and females (larger in females); and between populations (Jobling et al., 2013).
The most commonly used genetic maps are those of the HapMap Consortium
(International HapMap Consortium and others, 2005, 2007) and the Icelandic
recombination map (Kong et al., 2010). The first maps identified haplotypes
in four populations and thus focused on long-term patterns of recombination;
while the Icelandic map is based on a large number of families and incorpo-
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rates information about short-term recombination events (happening between
parent and child). HapMap maps for specific populations show similarities
and differences between populations; thus, it is preferable to choose the ge-
netic map most similar to the population of interest, or a map averaged across
different populations.

3.2.3 Availability of data

In most cases, it is mandatory to make the genetic data underlying studies of
human diversity available (World Medical Association and others, 2013). This
can be done in specific repositories (such as the European Genome-Phenome
Archive, EGA) or directly on research group websites. Accessing the data
might require permission (sometimes including an application reviewed by an
ethics committee) and entail specific instructions (for example, not to be used
for selection scans); or it might be used without restrictions. The data might be
available as raw or processed; raw data is often preferable, in particular when
working with high-coverage genomes, where the sequence processing might
introduce biases. The availability of datasets enables researchers to perform
analyses without producing any new data, provided that they have access to
sufficient storage and computing power. When assembling a dataset of SNP
array data, one key aspect is the overlap of different arrays; because SNP arrays
contain a limited number of variants (typically from 0.5 to 5 million), it is
preferable to combine samples typed on the same array to maximise the number
of sites in common; when this is not possible, approaches such as phasing and
imputation (Section 2.2) help to obtain a denser set of variants. Note, though,
that only known variation can be imputed (i.e. variants are added to a callset
based on known associations of variants), which biases downstream analyses
towards known variation. As a result, imputation should be avoided for some
analyses.

There are different strategies when generating new genetic data; it is often a
trade-off between number of variants and number of individuals, or number of
populations and number of individuals. In studies of molecular anthropology,
less dense datasets, such as those based on SNP arrays, tend to have larger
sample sizes while studies based on denser datasets, such as high-coverage
genomes or exomes, tend to sample fewer individuals. However, there are
larger genome datasets generated by national consortia, generally focusing on
the ancestry in a specific country (UK10K Consortium et al., 2015; Ameur
et al., 2017; Nagasaki et al., 2015; Choudhury et al., 2017; Okada et al., 2018;
Telenti et al., 2016).

A few historical collections of samples have a sampling scheme more rep-
resentative of worldwide diversity, and were created with the specific aim to
be of aid to the scientific community in general; consequently, the samples in-
cluded in these datasets are frequently used in studies. The Human Genome
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Diversity Project (HGDP) and the 1000 Genomes project are two iconic ex-
amples. HapMap, mentioned above, is another one.

Almost thirty years ago, a group of scientists published a short article pre-
senting the idea of the HGDP project (Cavalli-Sforza et al., 1991). At that
time, the project for the sequencing of the human genome had been started,
and these scientists were calling attention on the information entailed in the
DNA of modern human, in particular from “[the populations] that have been
isolated for some time, [that] are likely to be linguistically and culturally dis-
tinct, and [that] are often surrounded by geographic barriers” (Cavalli-Sforza
et al., 1991). The authors were trying to fund their project of obtaining DNA
from ~25 individuals from ~500 populations representing worldwide ethnic
and geographic diversity. This goal was not reached due to lack of funding
and ethical concerns (among other things); nevertheless, 1064 cell lines rep-
resenting 51 populations were established and kept at the Centre d’Etude du
Polymorphisme Humain (CEPH), allowing for virtually infinite preservation
of DNA. Populations from Africa, Asia, Europe, Oceania and the Americas
are represented. Numerous studies have generated data for these samples or
included them (Cann, 2002; Rosenberg et al., 2002); in 2020, high-coverage
genomes for 929 of the individuals were published (Bergstrom et al., 2020).
Prior to this, high-coverage genomes had been obtained for 142 of the individ-
uals in other studies, including the Simon’s Genome Diversity Project (SGDP);
these genomes represent the majority of the comparative datasets in Papers I,
IT and III (Meyer et al., 2012; Rasmussen et al., 2014; Mallick et al., 2016).
Of particular interest in my thesis are the Ju|’hoansi (a San population from
southern Africa), two Bantu-speaker populations from southern Africa, and
the Mbuti and Biaka (RHGs from central Africa).

The primary aim of the 1000 Genomes project was to discover all variants
present at 1% frequency or more in order to facilitate identification of disease-
associated variants (Jobling et al., 2013). Investigating questions of evolution-
ary relevance was a secondary aim. The 1000 Genomes project started in 2008
and like the HGDP, lead to many major publications; the third and last phase
of the project presented the genomes of 2,504 individuals from 26 populations,
sequenced using different technologies and at various depths (1000 Genomes
Project Consortium, 2015). It includes populations originally sampled for the
pilot phase of the HapMap project (International HapMap Consortium and oth-
ers, 2005) (CEU, CHB, JPT and YRI, see Table 3.1 for explanation of the ab-
breviations) and, in turn, some individuals from the 1000 Genomes collection
were included in other studies (Mallick et al., 2016). Samples from the 1000
Genomes project have IDs starting with “NA” or “HG”. In Papers 1l and 11l we
include some of the high-coverage genomes from the 1000 Genomes project,
while in Paper IV we include individuals typed on the Illumina 2.5M array
(1000 Genomes Project Consortium, 2015). The three letter population codes
for the 1000 Genomes populations often confuse researchers from other fields;
the ones most used in my thesis are listed in the Table 3.1.
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Code | Full name In paper
CEU | Utah residents (CEPH) with Northern and Western European ancestry | I, II, 1L, IV
CHB | Han Chinese in Beijing, China v

LWK | Luhya in Webuye, Kenya L 1L IV
YRI Yoruba from Ibadan (Nigeria) I 1L, IV
MKK | Maasai from Kinshasa (Kenya) v

ESN | Esan in Nigeria 1

MSL | Mende in Sierra Leone 1

Table 3.1. Some populations from the 1000 Genomes project.

It is worth mentioning that although most of the larger human genetic di-
versity studies are based in Eurasia and North America, there is an increase
of studies funded and conducted in Africa; in particular, in Paper III I use
the high-coverage genomes generated by the Southern African Genome Pro-
gramme (SAHGP) (Choudhury et al., 2017), and in Paper IV we generated
genome-wide data for Zambian populations using the H3Africa SNP array,
specifically designed to better capture African diversity and developed by the
African Genome Variation Project (AGVP) and the Human Health and Hered-
ity in Africa (H3Africa) consortium (Rotimi et al., 2014; Gurdasani etal., 2015;
Ramsay et al., 2016).

3.3 Ethical aspects

It should now be apparent that humans are a special case in population genetics
studies; on top of the evolutionary forces common to all living organisms, spe-
cial attention should be given to cultural processes when formulating hypothe-
ses, designing studies and contextualizing the results. Moreover, molecular
anthropologists benefit from incomparable resources, including rich reference
datasets and access to complex analysis tools. Studies concerning humans are
also special in terms of ethical considerations, and are strictly regulated (as
are studies of other species, in particular mammals, though not to the same
extent nor for the same reasons). Here I give an overview of some ethical con-
cerns raised by human evolutionary genetic studies; I then follow the different
steps of a typical study and present the important ethical moments; and finally
I discuss issues related to naming and categorizing.

3.3.1 Ethical concerns in evolutionary genetics

The outcome of evolutionary genetic studies has the potential, as any study
of human diversity, to be used to discriminate individuals or populations. We
generally study individuals in categories defined by different factors (examples
are given later in this section), which is one of the basic elements of racism. |
introduce some ideas about why we do this in evolutionary genetics and why
I believe that, provided that care is taken to consider the implications of one’s
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work and to try to prevent any adverse effect, our work should be performed
(even if there is a potential for misuse of the results).

Three elements are necessary to define racism: distinct categories based on
observed differences (e.g. based on skin colors), that are heritable and are given
a value (Heyer, 2017). The object of genetics is observed and heritable differ-
ences; and some concepts can easily be (mis)interpreted in terms of values,
such as positive or purifying selection, genetic burden or fitness. In human
population genetics, we use categories to make sense of what we observe. For
example, we might observe that individuals in a village self-assign themselves
to one of two groups; we can then test whether grouping the individuals into
these two self-assigned groups explains more of the variance of the observed
diversity than considering all individuals as a single group. If we do not ex-
plain more of the variance by using the two groups, we discard these categories
(for genetic studies). We can then try different categories.

Are human “races” useful categories to make sense of the diversity observed
in current-day populations? (I am not considering that races are given differ-
ent values here.) We (human geneticists) rarely if ever directly address this
question (which in itself suggests that the answer is no). I will present some
elements of answers. First, the definition and usage of the term “race” is fluc-
tuating. In English, historically, it was applied to humans and animals — in
the latter case, it is what we today call “breed”. In French among other lan-
guages, there is still a single word for race and breed. Breeds are the product
of artificial selection: humans have selected animals for specific features and,
over time, created different breeds. This has obviously not happened in hu-
man history. Race might also be used as a synonym of “subspecies” - another
term that is not easily defined. While it is quite clear whether a domestic ani-
mal belongs to one breed or to another, it is much more difficult (and, in fact,
impossible) to classify humans in a single way (see e.g. the classifications of
Linnaeus and Galton in (Jobling et al., 2013)). As an example, we can take
the four categories defined by Linneaus based on different criteria, including
skin color; they correspond broadly to continents: Europeans, Asians, native
Americans and Africans. We can ask whether using these categories explain a
significant part of human diversity, for example by identifying mutations that
differ between the four groups. Most likely, we will find some mutations, for
example involved in the genetic determination of skin color, which is not sur-
prising since skin color is one of the criteria used to define the categories. The
mutations will represent a small fraction of the genome, and therefore will not
be useful to explain diversity unless one is interested in the genetics of skin
color (or other specific traits). Even then, the identified mutations will not ex-
plain all the variation in skin color. In fact, skin color is a complex trait with
continuous variation; when trying to elucidate the genetic bases of skin color,
scientists measure the degree of melanin on a continuous scale instead of using
discrete categories. This was done by e.g. (Crawford et al., 2017), who iden-
tified loci associated with skin pigmentation in African populations; among
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other things, they noted that this trait is highly variable within Africa. Because
the categories are not informative about human diversity in general, they will
be discarded and we will look for other categories.

Researchers have estimated (for example with Fgr) the amount of vari-
ation explained by differences between groups (e.g. continents), among the
groups within a continent, and within a group. In a study of 52 populations
from the HGDP project and using 377 autosomal microsatellites, (Rosenberg
et al., 2002) calculated that the variance explained by variation within pop-
ulations was ~94.6%, and among populations ~5.4%. Similar findings, i.e.
that the majority of the variation is within groups (or populations depending
on the chosen grouping), and not between continents, have been made in other
studies, though the exact values differ, depending among other on the type of
variants (Holsinger and Weir, 2009).

Another thing to keep in mind is that fixed polymorphisms — i.e., variants
where one population has allele “A” exclusively and another population has
allele “a” exclusively - are very rare in humans. Using 929 high-coverage
genomes, Bergstrom et al. (2020) identified such private variants for the con-
tinents or major regions defined as: Central & South Asia, Middle East, East
Asia, America, Oceania, Europe and Africa. From the 67.3 million SNPs in
the dataset, none was private to a continent or major region. Moreover, only a
few tens of variants were present at a frequency of >70% in one of the regions.

Much of the debate around races happens in the US, where “race” is also the
product of social history. Censuses are organised every ten years since 1790,
encouraging categorization; note that the number of categories changes from
census to census, which illustrates that the categories are constructs. Moreover,
many regions prohibited “inter-racial” marriages, starting during the 16" cen-
tury in Maryland. It is therefore not surprising that it is possible to find some
genetic differentiation between communities: barriers to gene flow have been
introduced and strongly enforced socially for centuries before the abolition
of segregation. Indeed, the last law forbidding “inter-racial” marriages was
definitively abrogated in the state of Alabama in 2000, 33 years after the Lov-
ing v. Virginia Supreme Court ruling repelling inter-racial marriage bans at
the federal level in the US.

To sum up - it is essential to remember that “races”, as other categories
(based on e.g. language or lifestyle) are constructs; they do not exist by them-
selves. If'such a construct is useful to answer questions of evolutionary interest,
it will be used. If not, it will be discarded. This does not relieve scientists from
all responsibilities on how their research can be used. Often, the key aspect is
to be explicit, e.g. about the categories we use and why we use them, or the
models we use. This is illustrated in (Lieberman and Jackson, 1995), where
three models for the origins of modern humans are presented together with
their implications for race (from an anthropological point of view).

Another general concern is related to the fact that much of the work of evo-
lutionary geneticists focuses on small, often marginalised populations, some-
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times living in remote areas, and with a nomadic lifestyle (Bankoff and Perry,
2016). While these populations are of great evolutionary interest to researchers,
we have to be careful of our position as “outsiders” and realise that the interest
of the populations might not be what we think it is, and that our research might
have unforeseen effects. Some of the most obvious issues, particularly for no-
madic populations in a world based on land ownership and boundaries, are
related to the right to live somewhere; in fact, right to the land is sometimes
based on the ability to demonstrate local ancestry, and genetic studies have
been used to do that, though it is very difficult (if not impossible) to define
and demonstrate “local ancestry” (Bankoff and Perry, 2016; Verdu, 2019a). In
fact, DNA from current-day populations does not tell where their ancestors
lived; at best, hypotheses based on signals of adaptation exclusive to a specific
environment could be made (if we were able to identify such signals). Even
so, the fact that genetics is one view among others defining the identity of an
individual or of a population remains.

Associating specific genetic variants (in particular disease-related) to a pop-
ulation might also have negative consequences, such as singling out the popu-
lation. On the other hand, the populations and the individuals participating in
studies might benefit from research in different ways; this will be developed
in the next section.

3.3.2 The different stages of a research project - focus on
sampling

After painting a somewhat scary picture of ethical concerns for human evo-
lutionary genetics, I will now introduce considerations related to the different
steps of a study of modern human genetic diversity. Such studies often in-
volve sampling, though it is also possible to work exclusively with published
datasets; this raises additional questions depending on the ethical agreements
associated to the data (Kowal et al., 2017; Stoneking, 2016). 1 was not involved
in sampling myself; all samples included in my projects were collected prior
to the beginning of my PhD. Thus, the paragraphs that follow are based on
discussion with colleagues and supervisors and on reading rather than on first
hand experience.

Research on humans is regulated by the Declaration of Helsinki (World
Medical Association and others, 2013), which was written in 1964, and re-
vised regularly (the latest version is from 2013). The Declaration is not a
legally binding document, and its status is fluctuating; since 2008, a different
set of rules regulates human research in the US. However, if one replaces the
“physician” by the “researcher”, the Declaration covers all aspects of human
evolutionary genetics studies; in particular, it lists all information that has to be
provided, and discussed with, potential subjects, to achieve the informed con-
sent of the participants. In Sweden, the Declaration was used during prelimi-
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nary work for the “Act concerning the Ethical Review of Research involving
Humans” (SFS, 2003).

The Declaration can be used as a support to develop the sampling protocol,
which has to be reviewed by ethical boards prior to the sampling. In general,
the first step happens at the researcher’s institution, with an institutional review
board. In Sweden, this used to be the task of regional review boards, but it is
now performed by a national board. Then, local ethics committees (at the place
of sampling) review the project. These committees are sometimes government
agencies. In some cases, there are also local councils to whom the studies are
presented. In South Africa for example, the South African San Institute issued
the “San code of research ethics”, which presents guidelines for conducting
research according to four principles: respect; honesty; justice and fairness;
and care. Research proposals should be reviewed for these principles by an
ethical board (South African San Institute, 2017). Similar initiatives exist in
Australia and in North America. Finally, there might be more informal respon-
sible entities to whom the project should be presented at an early stage. For
example, WIMSA (the Working group of Indigenous Minorities in Southern
Africa) is the umbrella body for southern African San; and Namibia, Botswana
and South Africa have their own San councils; the local representative of the
San council should be contacted prior to sampling.

Once this legal framework is in place, the recruitment of voluntary partic-
ipants “capable of giving informed consent” (World Medical Association and
others, 2013) can begin, according to the sampling protocol. While the Dec-
laration mentions clearly the aspects to consider (and I cite the Declaration
directly in the following paragraphs), each and every aspect can be problem-
atic in the field (Verdu, 2019b). On the other hand, valuable experience and
information can be gained from these difficulties.

First, the “aims, methods, sources of funding, any possibly conflict of inter-
est, institutional affiliations of the researcher” have to be presented to the com-
munity. (Bankoff and Perry, 2016; Verdu, 2019b) raise difficulties related to
explaining the aims and methods of evolutionary genetics studies to the general
public and in particular to populations who have a low rate of formal education.
In this context, it is essential to work with local researchers who know the com-
munity well, with translators, with local guides, or with researchers from other
fields such as cultural anthropology. Time is also a key aspect: by repeatedly
presenting the research project to potential participants, and giving them the
opportunity to ask questions, it is possible for the researchers to know whether
they managed to make themselves understood and thus provided a good setting
for the informed consent (Verdu, 2019b). These extensive discussions can also
result in new directions for the research.

The potential participants must also be informed of “the anticipated bene-
fits”. This is a complex question due to the unbalanced relationship between
researchers and potential study participants. Researchers and participants ben-
efit from the research in very different ways, and generally the researchers
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benefit the most. This is particularly true for the populations that I studied
in my thesis, who generally have access to less resources than people who
engage in academic human evolutionary genetic studies. The benefits for the
participants — i.e. added knowledge of the population’s history - are immaterial
and long term. In this context, it is essential that the terms of the asymmetry
are clear and agreed upon between the researchers and the participants. No
financial retribution of biological samples are allowed and thus material com-
pensation for participation should be limited (World Medical Association and
others, 2013). One option is to give utilitarian items to the community; but this
also can create unforeseen issues (Verdu, 2019b).

The next point is about the “potential risks of the study and the discomfort
it may entail”. The sampling itself does not represent much risk or inconve-
nience, especially since saliva samples, less invasive than blood samples, have
become more common. The greater risks are less foreseeable and therefore
more serious. Researchers are in most cases outsiders and their work might
intertwine with local political and social issues, for example when deciding to
work in one village rather than another, or with one particular family rather
than another. Another risk lies in the information contained in the DNA, and
in the fact that we cannot say today which information might be obtained from
DNA samples in the future.

The potential subject must also be informed of “post-study provisions” and
of his/her right to refuse to participate or “to withdraw consent to participate
at any time without reprisal”. This is called “opting-out”. After discussion of
the aspects described above— the researcher must “seek the potential subject’s
freely-given informed consent”. The consent can be written or oral (in that
case it might be recorded); consent forms should be translated to a language
understood in the community. Only once this is done can the sampling itself
happen.

The samples are then usually brought to the researcher’s home institution.
This usually requires a material transfer agreement between the academic in-
stitution and the relevant body at the location of sampling. The next step is to
make the identity of the donor confidential. In general, this means that samples
are given an ID (such as “KSP001”) and the correspondence between the 1D
and the individual is kept in a single copy in a locked archive; this information
is kept solely in case an individual wants to opt-out of the study later on. This
does not prevent cross-referencing with other datasets but is sufficient for most
purposes, in particular in the absence of phenotypic measurements.

The last step is communicating the results of the study. In general, this will
be done via research articles, but presentation of the results to the community
is important (Bankoff and Perry, 2016). This might take different forms, for
example a popular science lecture explaining the findings to the community,
or individual personal reports with ancestry information. Results are often also
commented in the press; discussing with the journalists can help to get the mes-
sage across in a “right” fashion. A common misconception is that Khoe-San
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people have “the oldest DNA”’; when noticing such statements, it might be ap-
propriate to contact the authors and explain what the scientific interpretation is
(i.e. in this case, that current-day Khoe-San people have evolved as much as all
other current-day people, but that some of their ancestors diverged early from
the ancestors of the rest of current-day humans). Similar misinterpretations
are made about central African populations. Some projects (see examples in
(Jobling et al., 2013; Stoneking, 2016)) go further in involving the local com-
munities, by consulting them about questions they would like to address and
including them in the continuous development of the project.

3.3.3 Issues of naming and categorization

The question of naming populations in the framework of scientific communi-
cations should not be neglected. Concerning the Khoe-San, representatives of
the San communities (through WIMSA and the South African San Institute)
have explicitly stated how they would like to be named, i.e. preferably by pop-
ulation name, e.g. !Xun or Ju|’hoansi; if not possible, collectively referred to
as San or if including the Khoekhoe pastoralists: Khoe-San. Terms like “Hot-
tentot” or “Bushmen”, which were used by European colonialists, should be
avoided (Schlebusch, 2010).

There is no comparable organization and no such general guidelines for the
RHGs of the Congo Basin. Some scientists advocate the blanket term “rain-
forest hunter-gatherers” instead of the historically common “Pygmy” to desig-
nate these populations. The RHG are marginalised populations and the name
“Pygmy” can have a derogatory connotation; it is a name given by foreigners
and not how the people call themselves (Bahuchet, 1993). In this thesis, I use
the expression “rainforest hunter-gatherers”, abbreviated as RHG. This expres-
sion is not ideal either, because none of the populations under consideration is
strictly hunter-gatherer and some are fishermen or mostly farmers. Moreover,
it might conceal population specificities, and the fact that the communities we
are referring to are evolving. When possible, we thus refer to the individual,
self-determined populations names.

When dealing with specific populations there might also be confusion about
the names. In particular, one characteristics of Bantu languages is to incorpo-
rate the plural mark into the noun, sometimes as a prefix. Thus population
names start with “Ba” (a different article is used for languages for example),
but only denotes the plural of what follows. For instance, Bakola (or Ba.Kola)
refers to the Kola(s). When using Bantu names, these articles are sometimes
included and sometimes not, which can be confusing. Moreover in some cases
the name chosen to refer to a specific population is not accurate in terms of
ethnology. For example, the term “Mbuti” is used to designate famous RHG
samples from the Ituri forest in the Democratic Republic of the Congo (DRC),
who are often used as a reference for the RHG. However, “Mbuti” is a blanket
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term for three different populations: the Efe, the Asua and the Sua. It is not
clear to which of these populations “Mbuti” refers to, albeit these populations
do not even speak the same language and even speak languages from different
linguistic families (namely Sudanic and Bantu). Similarly, the blanket term
“San” was used to designate the samples from the Ju|’hoansi population in the
HGDP collection, while population structure among San populations goes back
hundred of thousand years back ((Schlebusch et al., 2012), Paper I). Finally,
the same name might be used to designate different populations; for example,
“Batwa” and derivative thereof is a name repeatedly given by Bantu-speakers
to surrounding populations experienced as different (Bahuchet, 1993, 2012).
In fact, I study three different “Batwa” populations in Papers III and IV.

Another issue is when there is a lack of consistency in how contemporane-
ous populations are named or categorised. Categories can be defined by lan-
guage (Bantu-speakers, Khoisan) or lifestyle (hunter-gatherer, farmers); other
categories have a meaning in a specific historical or political context (Pygmy
(Bahuchet, 1993), “Coloured” in South Africa). Because these categories are
simplified, it is difficult to use them consistently. Different categories are
often combined, with datasets containing populations labelled as “rainforest
hunter-gatherers” and “Bantu-speakers”, obscuring the facts that RHG groups
also commonly practice agriculture, and that most of them are Bantu-speakers.
While we need labels to refer to populations or groups of individuals, it is dif-
ficult for labels to reflect the complexity of individuals and populations. It is
thus important to be explicit in what we mean with the labels and to recognise
their limitations.
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4. What we know about Homo sapiens history
with a focus on Africa

In my thesis I address questions about human history in Africa, with the meth-
ods and tools described in the previous chapters. Here I present a summary
of the current knowledge about the evolutionary history of Homo sapiens, fo-
cusing mostly on the demographic aspects and on Sub-Saharan Africa. I start
by an overview of modern human origins in Africa and their expansion to the
rest of the world. Then I describe pre-farming population structure in Africa
and the populations that are the focus of this thesis. This is followed by a de-
scription of some of the major gene flow events that modified the pre-existing
genetic landscape (including putative archaic gene flow). I describe briefly
how a comparative dataset is assembled, and finally, I focus on challenges re-
lated to estimating the timing of different events, based on a comparison of
divergence times from the literature.

4.1 Human origins in Africa

It is now widely accepted that Africa is the “cradle of humans” (Jobling et al.,
2013; Stoneking, 2016). After the split between the chimpanzee and the hu-
man lineage, dated to ~6-7 million years ago (Jobling et al., 2013), hominins
(i.e. species with whom we share a common ancestor after the split with the
chimpanzee lineage) mostly developed in Africa. The emergence of the genus
Homo (our genus) is dated to ~2-2.5 million years ago in Africa, and it is the
first hominin genus for which we have evidence of expansions into the rest of
the world (Stoneking, 2016). The emergence of our species, Homo sapiens,
happened in Africa as well, presumably from Homo erectus (Jobling et al.,
2013). It is difficult to pinpoint exactly when anatomically modern humans
emerged (Stoneking, 2016; Stringer, 2016) and whether it is justified that such
a moment can be defined. The split between the ancestors of modern humans
and the ancestors of Neanderthals and Denisovans is dated to ~750-550 kya
(Priifer et al., 2014). The period 300-200 kya seems to be an important period
in our species evolution (Schlebusch et al., 2017; Hublin et al., 2017; Griin
etal., 1996). The accepted model for the origin of modern humans is that of an
origin in Africa followed by an expansion to the rest of the world giving rise
to a serial founder effect (Nielsen et al., 2007; Ramachandran et al., 2005).
This expansion, the “out-of-Africa” (OOA) event, essentially replaced local
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hominin populations; it is dated to ~100-50 kya (Nielsen et al., 2007). The
populations outside of Africa are all descendants of a small number of found-
ing individuals — a “bottleneck”. As a consequence, genetic diversity is highest
in African populations and decreases with distance from Africa — a serial bot-
tleneck. Most phylogenies for different genetic markers root in African popu-
lations, supporting the OOA model (Jobling et al., 2013). The genetic diversity
observed in non-African populations is a subset of the diversity in African pop-
ulations — with added complexity due to recurring migrations, back-migrations
to Africa and admixture with archaic humans (Jakobsson et al., 2008; Green
et al., 2010; Reich et al., 2010; Meyer et al., 2012). Two main routes are sug-
gested for modern humans expanding out of Africa, a northern and a southern
route (both from northeastern Africa into the Middle East). The number of
OOA events is still debated. Besides the main event, some argue that there
was an early migration with small contribution to modern genetic diversity.
A whole genome sequencing study of worldwide populations argues that they
found signatures of an early OOA event in Papuans (that contributed about
2% to the genome) (Pagani et al., 2016). However more work is needed, as
another study with a similar design did not find that pattern (Mallick et al.,
2016). Confounding factors could be the use of SNPs versus haplotypes, ar-
chaic admixture and/or the choice of threshold to define a genetic component
due to an earlier dispersion.

While the history of modern humans outside Africa is relatively well known
(Nielsen et al., 2017), their history within Africa has been less studied in terms
of paleontology, archaeology and genetics (Schlebusch and Jakobsson, 2018;
Vicente and Schlebusch, 2020).

4.2 Pre-farming population structure in Sub-Saharan
Africa

It is difficult to pinpoint where in Africa modern humans originated, and how
many populations lived in Africa at the time of and before the OOA event.
Based on fossil evidence classified as AMH from Ethiopia and dated to 150-
195 kya, eastern Africa has long been considered as both the location from
which AMH expanded into the rest of the world, and the place of origin of
AMH (McDougall et al., 2005; White et al., 2003). The high genetic diver-
sity of some current-day southern African populations was used to support a
southern African origin of AMH (Henn et al., 2011). However, evidence from
the fossil and archaeological record from northern, eastern and southern Africa
and from population genetics studies support a model of population structure
in Africa well before the OOA event (Hublin et al., 2017; Griin et al., 1996;
Schlebusch and Jakobsson, 2018; Schlebusch et al., 2012, 2017). Details of
this model and how different populations contributed to current-day genetic
diversity are debated and I elaborate more on it in Section 4.5 and in Paper II1.
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Genetically, the ancient population structure was largely modified by mi-
grations associated to agriculture and is mostly investigated through studies
on current-day hunter-gatherer populations (who usually represent local popu-
lations with long histories in the region — while farmer populations usually are
recent immigrants to the region) or in aDNA when such samples exist (Schle-
busch and Jakobsson, 2018; Vicente and Schlebusch, 2020). In fact, a few
current-day populations, the Khoe-San from southern Africa, the RHG from
central Africa, and eastern African hunter-gatherers, contribute a lot of infor-
mation to our understanding of the history of modern humans in Africa (as
shown in Papers I and III). Other current-day populations, to date less (or not
at all) represented in genetic studies, can also be informative (see Paper IV
for an example). Finally, it is possible that some populations do not have any
descendants today or became incorporated into other populations to the ex-
tent that we cannot distinguish them anymore. In such cases, aDNA studies
provide invaluable information. I will shortly present the current knowledge
about the pre-farming population structure in Africa; estimates of the times of
divergence between different groups are further discussed in Section 4.5.

The current-day Khoekhoe and San populations from southern Africa have
been shown to harbor the most divergent genetic lineages among current-day
humans (Schlebusch et al., 2012; Tishkoff et al., 2009; Gronau et al., 2011;
Veeramah et al., 2012). The divergence event separating the lineages ancestral
to Khoe-San populations from the lineages ancestral to the rest of modern hu-
mans is dated to ~300-200 kya (Section 4.5). It is the deepest divergence event
in the tree of modern humans. Note that [ use “lineage” not only in the strict
sense of “genealogical lineage” but also as a synonym to “the branch lead-
ing to a population”. Khoe-San populations today live in Angola, Botswana,
Namibia and South Africa. They are (or were until recently) hunter-gatherers
(San) or pastoralists (Khoekhoe) and speak Khoisan languages, characterised
by clicks. Khoisan languages form a loosely knit group of five language fami-
lies that are not related to each other; but are distinct from the other four major
language families spoken in Africa. These families are: Niger-Congo (com-
mon in western and sub-equatorial Africa, and to which the “Bantu languages”
already mentioned a couple of times belong); Afro-Asiatic (common in north-
ern Africa); Nilo-Saharan (common in northeast and eastern Africa); and Indo-
European (not native to Africa, but found throughout the continent due to the
colonial history). Three groups of Khoe-San populations can be distinguished
genetically: southern, central and northern Khoe-San (Schlebusch et al.,2012).
These groups loosely correspond to the Khoisan language families from south-
ern Africa. In Paper I, I present high-coverage genomes from each of these
groups.

A few years ago, aDNA data from southern and eastern African individuals
added new elements to the understanding of the history of the Khoe-San and
their relationship with other populations (Schlebusch et al., 2017; Skoglund
etal., 2017). One of the main results is that the Ju|’hoansi, a San population that
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was considered unadmixed, has ~9% genetic ancestry from a mixed eastern
African-European-like group. This genetic component was absent from a 2000
years old San individual (Schlebusch et al., 2017). This has implications in in-
ferences of divergence times: divergence times are pushed back if gene flow
is taken into account (Sections 2.1 and 4.5). Another main result is that the ge-
netic component present in southern African Khoe-San populations today had
a wider range in the past (Skoglund et al., 2017). The ancient DNA results from
(Skoglund et al., 2017) suggested that there was a genetic cline or gradient be-
tween eastern and southern Africa, with i) a southern African (Khoe-San like)
component gradually declining toward the northeast and ii) an eastern African
(eastern African HG like component, defined by an ancient sample from Mota,
Ethiopia) declining towards the south. This pre-farming southern to northeast-
ern genetic gradient is completely absent from certain African countries today,
e.g. Mozambique and Malawi (Semo et al., 2020; Skoglund et al., 2017). How-
ever certain eastern African HG populations, the Hadza, Sandawe and Sabue,
still retain significant genetic components related to the northeastern end of
the Khoe-San-like genetic gradient (Skoglund et al., 2017; Scheinfeldt et al.,
2019; Vicente and Schlebusch, 2020). Studies on haploid markers also suggest
ancient lineage sharing between southern, eastern and central African HGs —
suggesting pre-farming gene flow (Naidoo et al., 2020).

Following the first population divergence event between the ancestors of
the Khoe-San and the ancestors of the rest of modern humans, a second di-
vergence event, dated to ~50-150 kya, separated the lineage ancestral to the
rainforest hunter-gatherers from the lineage ancestral to the rest of modern hu-
mans (except the Khoe-San). The RHG are many populations living in the
Congo Basin. Contrary to the Khoe-San, they are not characterised by differ-
ent languages than those spoken by their neighbours, but rather by complex
relationships with their neighbouring populations (Paper III). Several studies
have focused on stature in RHG populations, for example by searching under-
lying genetic variants or by testing hypothesis explaining the adaptive advan-
tage of short stature. However in this thesis, | focus on the demography of
RHG (Paper III). Based on geographic factors, they are grouped as eastern and
western RHG. The common origin of eastern and western RHG was demon-
strated (Patin et al., 2009; Batini et al., 2011) and the divergence of the two
lineages estimated to ~40-80 kya (Table 4.4). In recent times (last few thou-
sand years) there was a fast diversification in the western RHG, which might
be correlated with the expansion of Bantu-speaking populations, fragmenting
their territories (Verdu et al., 2009). It is worth noting that only a subset of
RHG populations are represented in genetic studies, and that several popula-
tions have never been sampled.
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4.3 Gene flow events modified the population structure

The early modern humans populations in Africa did not remain isolated through-
out their history. Rather, there probably was frequent gene flow between pop-
ulations, though it is difficult to characterise it for much of human history (Sec-
tion 4.5 and Paper III). Recent gene flow events are easier to characterise, not
least because such events can also be studied by archaeology or linguistics. |
mentioned one of these events previously: the diffusion of pastoralist practices
from eastern to southern Africa ~1500 years ago, including gene flow that in-
troduced the “Pastoral Neolithic” component into the ancestors of current-day
Khoe-San populations (Schlebusch et al., 2017). Recent aDNA studies are
providing information about the details of this migration event and about the
gene flow that gave rise to the Pastoral Neolithic genetic component in eastern
Africa (Vicente and Schlebusch, 2020; Wang et al., 2020; Prendergast et al.,
2019).

Another event, the “Bantu expansion”, modified the genetic landscape in
sub-equatorial Africa. This expansion was not only a spread of genes but a
spread of technology (agricultural practices and later iron working) and of lan-
guages (Bantu languages, one sub-group of the Niger-Congo language fam-
ily). The expansion started 3-5 kya in western Africa, and reached southern
and eastern Africa ~1,300 years ago (Schlebusch and Jakobsson, 2018). The
routes of the Bantu expansion have been investigated using archaeological, lin-
guistic and genetic evidence (Patin et al., 2017; Bostoen et al., 2015; de Filippo
etal., 2012; Li et al., 2014; Busby et al., 2016; Alves et al., 2011; Currie et al.,
2013). Recent genetic studies have focused on the genetic diversity of Bantu-
speaking populations, that have often been considered as a single homogeneous
group (Patin et al., 2017; Choudhury et al., 2017; Semo et al., 2020). In my the-
sis, particularly in Papers Il and IV, I focus on the interactions between “local”
groups (descendants of local pre-farming populations) and incoming Bantu-
speaking agriculturalists. Different patterns have been described for these in-
teractions: in some cases, the local groups have been replaced by the incoming
agriculturalists (Skoglund et al., 2017; Semo et al., 2020); in other cases, lo-
cal populations have admixed with the incoming groups (Baji¢ et al., 2018).
The modalities of admixture vary in frequency and intensity, and examples are
given in Papers I, [Il and IV. The RHG are a special case, with long-term asso-
ciation with neighbouring populations (some, but not all, Bantu-speaking agri-
culturalists) (Joiris, 2003; Verdu et al., 2013; Bahuchet, 2012; Hewlett, 2014).
Sex-biased admixture patterns are commonly observed (Section 3.1). Local
groups might also have been displaced by incoming populations, as demon-
strated for Malawi with aDNA studies (Skoglund et al., 2017), though this is
difficult to see without a dense aDNA record.

Signatures of Eurasian gene flow during colonial time, or related to back-
migration to eastern Africa followed by gene flow throughout the continent,
can also be detected in most current-day Sub-Saharan African populations
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(de Wit et al., 2010; Choudhury et al., 2017; Schlebusch et al., 2012; Chen
et al., 2020). With the exception of studies focusing on these events (for ex-
ample on the transatlantic slave trade or on the Afrikaner or Coloured popu-
lations from South Africa) (Fortes-Lima et al., 2017; Hollfelder et al., 2020),
most studies of human evolutionary history in Sub-Saharan Africa focus on
genetic component descending from Sub-Saharan African populations, and it
is common to remove individuals (or genetic components within individuals)
with recent Eurasian gene flow from analyses after the initial screening of the
dataset.

Gene flow from archaic humans is more difficult to characterise but there is
increasing evidence that it contributed to current-day genetic diversity. It cor-
responds to admixture where one of the admixing populations is, in general,
not sampled today, and has separated earlier from the rest of the species than
the common ancestor of the modern-day populations (excluding the archaic
genetic component in current-day population that is due to the admixture). |
use the term “archaic” for events involving a population that diverged earlier
than the diversification within current-day modern humans (for example, Ne-
anderthal or Denisovan). Archaic admixture was suggested by evidence in the
fossil record (e.g. (Trinkaus et al., 2003)). Advances in genomics in the last
decade have contributed evidence of such events, in particular in Eurasia. In
fact, DNA was successfully extracted and sequenced from several remains of
Neanderthal (Green et al., 2010); the same year, DNA from a hominin that was
not known through the fossil record (unlike Neanderthal) was extracted from
a phalanx of a “Denisovan” human (Reich et al., 2010). By comparing these
archaic genomes and modern human genomes, researchers demonstrated that
admixture happened between modern humans, Neanderthal and Denisovan,
and that non-Africans had a few percentages of their genome deriving from
Neanderthal (Denisovan ancestry is more geographically restricted, in south-
east Asia and Oceania). The absence of such a signal in African populations
can be explained by the fact that Neanderthal populations were not found in
Africa (but see the next paragraph).

There are no archaic genomes from Africa at the moment, but archaic in-
trogression has been suggested via in silico approaches that identify fragments
of the genome with certain properties. S* was the first statistical tool used to
detect archaic admixture in African populations; it looks for highly diverged
fragments with extensive linkage disequilibrium; application of this method
to various African populations (Yoruba, San, Biaka, Mbuti, Baka) suggested
archaic admixture (Plagnol and Wall, 2006; Hammer et al., 2011; Lachance
etal., 2012; Hsich et al., 2016b). Another method based on the conditional site
frequency spectrum suggested archaic admixture in several western African
populations (Durvasula and Sankararaman, 2020). IBDmix is a recent method
(Chen et al., 2020) which has the advantage of not requiring a current-day ref-
erence population with no archaic component (e.g. African populations are typ-
ically considered unadmixed reference populations for detecting Neanderthal
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ancestry in Eurasian populations). Applications of IBDmix suggested that at
least some African populations (from western and eastern Africa) have a sig-
nal of Neanderthal ancestry; this could be explained by back-to-Africa migra-
tions. Finally, ABC approaches demonstrated that genetic data from present
day central African populations is better explained when archaic admixture is
incorporated into the demographic models (Lorente-Galdos et al., 2019). Sim-
ilarly (though with a very different approach), Lipson et al. (2020) found that
an “admixture graph” (Patterson et al., 2012) of sequences obtained from mod-
ern and ancient DNA of modern humans was better fitted with inclusion of two
“ghost” populations, an archaic and a modern one, with differential contribu-
tions to current-day human populations (the “ghost modern” population is one
of four populations separating at the base of the tree of modern humans). Re-
lated to this is the discussion of a “basal African” lineage to explain patterns of
genetic diversity in some western African populations (Skoglund et al., 2017;
Vicente and Schlebusch, 2020; Lipson et al., 2020).

4.4 Summary: assembling a comparative dataset for
studies of Sub-Saharan African demographic history

Before further detailing the current genetic understanding of the history of
modern humans, I will summarise the major genetic components found in
current-day modern humans and explain how I assembled comparative datasets
in the different papers of my thesis. As presented in Sections 4.2 and 4.3, we
can simplify the history of modern humans in Sub-Saharan Africa by two lay-
ers of populations: an ancient, pre-farming layer, represented today mostly by
hunter-gatherer populations; and a layer related to the large scale migrations
associated with agriculture. In my thesis, I focused on representatives of the
first layer (Khoe-San, RHG and, as we show in Paper [V, BaTwa populations
with a fishermen subsistence from Zambia), though we include representa-
tives of the second layer, since they represent some of the genetic makeup of
the hunter-gatherers today. This is particularly important for the RHG, as rela-
tionships with RHG neighbours are at the heart of inter-group dynamics, social
organizations, and population categorization in the region. In this case, when
possible, pairs of populations were sampled (a RHG population and a neigh-
bouring population). In the case of the BaTwa from Zambia, which had not
been part of any genetic study previously, including Zambian “typical” popu-
lations (Bantu-speaking agropastoralists) was important in order to investigate
whether the new samples were genetically different from other Zambian pop-
ulations.

Besides representatives of the Bantu expansion and of the Pastoral Neolithic
migration, we included western African populations (representing other ances-
tries than the Bantu-speakers), and eastern and northern African populations.
Note that northern African populations today are genetically close to Euro-
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peans and Middle Eastern populations: aDNA studies have shown that this
is due to several back-to-Africa events, and that there had been intermittent
gene flow between northern and Sub-Saharan Africa (Vicente and Schlebusch,
2020; Fregel et al., 2018). The populations are sometimes grouped accord-
ing to language instead of geography — we then speak of Niger-Congo, Nilo-
Saharan and Afro-Asiatic speakers. The geographical and linguistic grouping
overlap partially (Tishkoff et al., 2009; Schlebusch and Jakobsson, 2018). Ad-
ditionally, non-African populations are included to characterise possible gene
flow between African and non-African populations, and to contextualise the
genetic patterns in African populations.

The exact panel of populations depends on the availability of published
datasets, and it is often necessary to make compromises between the quality
of the data, the overlap of the variants, and the choice of populations. The
datasets of Papers I, III and IV illustrate this.

Finally, one is confronted with more questions if one wishes to include an-
cient samples in the analysis. On the one hand, including ancient samples can
shed a new light on old questions (see for example (Schlebusch et al., 2017));
on the other hand, it is difficult to obtain genetic data from ancient samples that
is of the same quality compared to modern data, and it is not always clear how
combining ancient and modern samples in a dataset impacts analyses (Giin-
ther and Jakobsson, 2019). Moreover, ancient populations, particularly from
Africa, are often represented by single individuals, which is known to affect
analyses. In Paper I, we included an ancient individual (for which an entire
genome of relatively high-coverage is available) in descriptive analyses. This
was not done in Papers III and IV, but it is an interesting future task. It would
be particularly interesting to include the ancient RHGs from Shum Laka for Pa-
per II (Lipson et al., 2020), and the ancient Malawi hunter-gatherers for Paper
IV (Skoglund et al., 2017)).

4.5 Estimating divergence times and models of modern
human evolution

Time estimates for the Khoe-San ancestors divergence event, the RHG an-
cestors divergence event, as well as divergence within Khoe-San groups and
within RHG groups are presented in Tables 4.1, 4.2, 4.3, 4.4 (at the end of this
section). Figure 4.1 gives an overview of the order of the different events. A
quick glance at these tables reveals that estimates for these events have a wide
range. There are several reasons for that. One reason is that estimates based
on genetic data are typically either scaled with mutation rate and generation
time or with population size and generation time. And, in turn, these parame-
ters need to be estimated. In particular, the mutation rate for SNPs in human
autosomal chromosomes was historically based on the number of substitutions
between the human and the chimpanzee genomes and on the estimated diver-
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—
Divergence Khoe-San - non Khoe-San Divergence RHG - non RHG Divergence w/e RHG present
~90-430 kya ~60-350 kya ~40-80 kya

Divergence within WRHG|

Pastoral Neolithic admixture into the Khoe-San
Gene flow between RHG groups and agriculturalist neighbours

Figure 4.1. Timeline of human evolutionary history in Sub-Saharan Africa. This is
a schematic representation indicating the relative order of the events based on a wide
range of estimates. See Tables 4.1, 4.3 and 4.4 for detailed information.

gence time between the two species (based on the fossil record). More recently,
estimates of the mutation rate based on pedigrees (i.e. comparison of genomes
of parents and child) have resulted in a mutation rate about half of the human-
chimpanzee divergence estimate (Scally and Durbin, 2012). This means that
a difference of a factor two between two time estimates can be solely due to
different choices of mutation rate. We cannot tell which scaling parameter
values are the right ones; moreover, we often assume that the scaling param-
eters are the same in different populations, and that they did not change over
time, which is particularly unlikely for population size. These simplifications
are necessary. To ease the discussion, I rescaled the different time estimates
in Tables 4.1, 4.2, 4.3, 4.4 with the mutation rate and generation time used
throughout this thesis: 1.25 x 10~% mutation per site per generation (pedigree
based estimate) and generations of 30 years.

Another reason for these wide ranges of estimates is that they are based on
vastly different methods (Section 2.4): MSMC (and a more recent installment,
MSMC?2) (Schiffels and Durbin, 2014; Malaspinas et al., 2016); G-PhoCS
(Gronau et al., 2011); two genealogical concordance methods, the “Two plus
one” and the TT method (Schlebusch et al., 2012; Sjodin et al., 2020); fast-
simcoal2 (Excoffier and Foll, 2011; Excoffier et al., 2013); dadi (Gutenkunst
et al., 2009); and ABC. These methods are based on different aspects of the
data, make different assumptions, and measure different things. Importantly,
some do not allow for gene flow (MSMC, TT, one version of G-PhoCS), which
can impact estimates of divergence time and genetic diversity. MSMC and ap-
parented methods are special in the sense that they do not model directly a
divergence event; rather, they give the proportions of lineages from the popu-
lations of interest that have coalesced at different time epochs. Generally, the
time at which 50% of lineages have coalesced is taken as the divergence time
estimate. However, one could use a different definition to say that two popu-
lations are separated. It is also known that a divergence event with an instant
population split looks gradual using MSMC cross-coalescence rate.

An additional confounding factor is the genetic data itself, and the choice of
populations. I included exclusively estimates based on the autosomes in Tables
4.1,4.2,4.3,4.4, and mostly estimates based on high-coverage genomes or ex-
omes, though some estimates are based on SNP array or on Sanger sequencing
of short regions of the genome. The effect of the choice of populations can be
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seen for example when estimating the Khoe-San divergence time between a
San individual and either a Han Chinese, a Yoruba or RHG individual (Table
4.1, (Bergstrom et al., 2020) row).

Overall, estimates based on MSMC and MSMC?2 are more recent than es-
timates based on other methods (after rescaling). This is particularly evident
for the Khoe-San divergence event and the internal divergence of Khoe-San
populations (Tables 4.1, 4.2). The Khoe-San divergence event is estimated at
~90-160 kya with MSMC/MSMC2 while all other estimates are older than 200
kya, and up to 300 kya (Table 4.1). (The (Excoffier et al., 2013) result of 432
kya has to be taken with care, as it is a midpoint between two ascertained SNP
panels, and it is unclear which panel is more appropriate.) Note that the ABC
approach (Song et al., 2017) (Table 4.1), which resulted in a recent divergence
time (130 kya) is based on PSMC as a summary statistics, so it is perhaps not
surprising that it results in an estimate similar to the MSMC based ones. Esti-
mates for the divergence between northern and southern San vary widely, from
~30 to ~170kya (Table 4.2). The range of estimates for the RHG divergence
is also important, though overall, the times are more recent that those for the
Khoe-San divergence (Table 4.3). The estimates for the divergence between
western and eastern RHG are perhaps the most consistent across studies, from
~40 to ~80 kya (note that dates still vary by a factor two) (Table 4.4).

So far I have focused on divergence between two populations, though some
of the models (e.g. the ones based on ABC) include more than two populations
(or more than two groups of populations). Modeling Homo sapiens evolution-
ary history as a bifurcating tree is a convenient tool; however, it is a simplifi-
cation, as all models are. It is necessary to include gene flow in the tree; while
we have a relatively good idea of the timing and intensity of gene flow between
the most recent branches, gene flow in the internal branches is more difficult
to estimate (see Paper III). This is reflected in the four models suggested for
modern human origins in Africa (Henn et al., 2018). The model that could en-
compass a bifurcating tree is the “Single origin range expansion with regional
persistence”, in which a main population contributed most to current-day di-
versity, with contributions from other populations. The other models are: the
“African multiregionalism”, in which several populations, connected by gene
flow, can be distinguished already 300 kya; the “Single origin range expan-
sion with local extinctions”, in which a main population contributed most of
the diversity and replaced all other populations; and the “Archaic hominin ad-
mixture in Africa”, in which the contribution of archaic humans is highlighted.
Even though the “extreme” models are very different, they can be seen as the
extremities of gradients by modulating the intensity of gene flow. This raises
important questions and implications, about e.g. the time to the most recent
common ancestor of modern humans (excluding the genetic components due
to archaic admixture). Gene flow from lineages that diverged before the diver-
sification of current-day Homo sapiens lineages also complicates the picture —
not least because of the hypotheses we need to make (mutation rate, genera-
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tion time, population size, genetic diversity) in the absence of any genetic data
from such lineages.

To conclude, the uncertainties related to estimating divergence times under-
line the significance of combining approaches. In particular, archaeological
and paleontological remains can be dated with complementary approaches,
and ancient DNA sequences are informative about the diversity before the
agriculture-related migration events in the last few thousand years. Finally,
reconstructions of past climates (paleoclimatology) can corroborate and pro-
vide explanations for events observed in the genetic record, such as changes in
population size (Paper 1) or changes in connection between populations (Verdu
et al., 2009; Patin et al., 2009, 2014; Scerri et al., 2018).
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5. Summary of the papers

This summary follows mostly the order of the papers in my thesis, except for
the second section, on processing of high-coverage genomes, as this was done
in Papers II and II1. Figure 5.1 gives the sampling locations of the populations
for which I generated genetic data in Papers I, Il and I'V. If not specified oth-
erwise, I performed the analyses that I describe and wrote the corresponding
articles with input of co-authors.

5.1 25 Khoe-San genomes: unique variation, deep
divergence, changes in population size and
adaptation (Paper 1)

The Khoekhoe pastoralists and San hunter-gatherers from Southern Africa (col-
lectively referred to as Khoe-San) are characterised by their languages sharing
click consonants (Khoisan languages) and their subsistence patterns, as well as
high genetic diversity. Moreover, they have been shown to harbor deep diverg-
ing genetic lineages, particularly on the autosomes and mitochondrial DNA. In
fact, the population ancestral to the Khoe-San autosomal genetic component is
estimated to have diverged from the population ancestral to the rest of modern
humans ~200-300 kya.

In this paper, we generated 25 high-coverage genomes, five genomes from
each five populations: !Xun, Ju|’hoansi, Nama, Khutse San and Karretjie peo-
ple (Figure 5.1). These populations represent the diversity of Khoe-San pop-
ulations: northern, central and southern Khoe-San, pastoralists and hunter-
gatherers (these categories are not mutually exclusive). This substantially in-
creases the number of published Khoe-San genomes to date (14) (Schuster
etal.,2010; Kimetal., 2014; Mallick et al.,2016; Meyer et al., 2012; Bergstrom
et al., 2020; Lorente-Galdos et al., 2019) and in particular the number of pop-
ulations for which several genomes are available.

We assembled several comparative datasets, either by processing raw se-
quencing data with the same pipeline as for the new Khoe-San genomes (11
individuals representing 11 worldwide populations) (Meyer et al., 2012); or
by generating all-sites VCFs from published studies based on the Complete
Genomics platform and merging with these VCFs (~70 comparative samples)
(Drmanac et al., 2010; 1000 Genomes Project Consortium, 2015; Lachance
et al., 2012). Some analyses even included a ~2000 years old San individual
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Figure 5.1. Sampling locations of some of the populations in Papers I, IIT and IV (and
explanation of key landmarks on the thesis’ cover).

and two archaic genomes (from Neanderthal and Denisova) (Schlebusch et al.,
2017; Meyer et al., 2012; Priifer et al., 2014).

We described the autosomal diversity in this dataset. In particular, we iden-
tified novel variants and confirmed that the Khoe-San have the greatest genetic
diversity of all sampled current-day populations. However, we masked recent
admixture from a mixed Eastern African-Eurasian group and showed that the
genetic diversity of the Khoe-San specific component is then comparable to the
genetic diversity of other African groups. This underlines the role of admixture
in genetic diversity.

We estimated divergence time between Khoe-San and other populations us-
ing two complementary methods, TT and G-PhoCS (neither allowing for gene
flow) (Sjodin et al., 2020; Gronau et al., 2011). This confirmed that the earliest
divergence among the populations represented in our comparative datasets is
between the Khoe-San branch and the branch ancestral to the rest of modern
humans. Recent admixture impacts estimates of divergence times; in fact, the
event is estimated to ~210 kya for the Nama, the population with the great-
est level of recent admixture; and ~50 kya older for the Ju|’hoansi, with the
lowest level of admixture. This confirms the results from (Schlebusch et al.,
2017) who obtained even older estimates for the same event using the genome
of an ancient San individual not affected by recent admixture. The divergence
among the different Khoe-San groups is estimated to ~160 kya.

We applied two methods to estimate the trajectories of effective popula-
tion sizes (/V,) in the Khoe-San and comparative populations (Li and Durbin,
2011; Schiffels and Durbin, 2014). We observed a decrease in N, in all popu-
lations starting around 150-100 kya, more intense in non-African populations
(in which a bottleneck associated with the out-of-Africa event is well docu-
mented). Back-migration to Africa and gene flow from populations that have
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a genomic signature of the out-of-Africa bottleneck could explain the reduced
N in African populations; however, a similar signal was observed in the an-
cient San individual who predates most documented back-migration events
(Schlebusch et al., 2017).

For the Khoe-San populations, we estimated changes in population size with
MSMC (Schiffels and Durbin, 2014) for a varying number of individuals and
observed a reduction in V. that was most visible with two individuals. To
confirm that different number of haplotypes are more accurate for different
times (due to the properties of the coalescent), I simulated genomic data un-
der a bottleneck model and ran MSMC for different numbers of individuals.
Bottlenecks starting at different times, of various duration and intensity were
tested. The obtained patterns were qualitatively similar to our observed MSMC
curves, with different patterns depending on the number of genomes; in par-
ticular, estimates based on a single individual (which is relatively common in
the literature) did not reflect the decrease in N, for bottlenecks of moderate in-
tensity starting ~50 kya. Other models incorporating gene flow or population
structure could be tested, as it is known that different demographic histories
can create the same MSMC curves (Mazet et al., 2016; Mather et al., 2020).

Because of the early divergence of the Khoe-San branch, we could investi-
gate signs of adaptation at different time periods of human evolution, including
among early humans and between Khoe-San groups. Selection scans based on
PBS-derived statistics suggest selection in early modern humans for genes in-
volved in brain development and immunity, as well as in sperm / flagellum
motility. While the exact candidate genes do not necessarily overlap with pre-
vious published results, there are similarities in the type of functions under
selection. Signals of selection within and between groups frequently included
genes related to immunity, diet, and muscle development.

My contribution to this article includes the simulation study of effective
population size described above, as well as the assembly of some comparative
datasets and the corresponding descriptive analyses.

5.2 Processing high-coverage genomes to study human
evolution (Papers II and I11)

The raw data from high-coverage genome studies has to be processed to trans-
form a set of reads — in the case of Paper II, strings of 100 or 250 bp — into a
callset containing all positions of the genome and their genotype. This process-
ing is not a trivial task; it is time and computationally demanding. Because of
the large size of the initial and intermediate files (in the order of ~100 GiB for
a ~40 X human genome), it requires important storage. Moreover, because
of the many decisions invoked during the processing, it is beneficial that all
samples in a study are processed in the same way, which often requires re-
processing of comparative samples (when the raw data is accessible). While
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there are recommended processing pipelines, they are generally developed and
tested on genomes of Eurasian origin.

The Genome Analysis ToolKit proposes several “Best Practices workflows”
(DePristo etal., 2011; Van der Auwera etal.,2013). In Paper II, [ examined one
of these workflows, the “Germline short variant discovery (SNPs + Indels)”
workflow. In particular, I i) evaluated the effect of the “triple mask BQSR”
step for the processing of autosomal data; ii) tested the effect of removing
the “Indel realignment” step, which used to be recommended in the GATK
workflow but was removed due to a change in the variant calling step; and iii)
compared the effect of the larger number of individuals at the joint genotyping
step. The “triple mask BQSR” is a modification of the “Base Quality Score
Recalibration” (BQSR) step that we first introduced in Paper I and used in
Paper III as well. The BQSR step improves the quality scores generated by
the sequencing machine for each position in the read, and uses dbSNP as a
repertoire of known variants. The modification, “triple mask BQSR”, consists
in adding a variant calling step to perform BQSR with dbSNP and with variants
called directly on the individual (Pipelines 3 and 4 in Figure 5.2). The goal
of the “triple mask BQSR” is to avoid to disproportionately penalise variants
absent from dbSNP because they are mostly or only present in Sub-Saharan
African populations (such variants are relatively underrepresented in dbSNP).
The ultimate goal was to limit loss of true genetic diversity.

The pipeline comparison was performed mostly on a set of 28 individuals
from five groups: European background, Yoruba, Dinka, Khoe-San and rain-
forest hunter-gatherers (Mallick et al., 2016; Meyer et al., 2012; 1000 Genomes
Project Consortium, 2015). The pipelines are represented in Figure 5.2; I com-
pared the GATK Best Practices workflow at the time of writing the article
(pipeline 1) to the 2015 Best Practices workflow (pipeline 2, addition of the
“Indel realignment” step) and to the pipeline used in Paper III with the “triple
mask BQSR” step (pipelines 3 and 4, which are identical but for the number of
individuals at the joint genotyping step). I compared the pipelines in terms of
number of variants in the final callset (before and after filtering) and overlap
of the callsets. I found that the standard pipeline and the standard pipeline
plus “Indel realignment” step resulted in almost identical callsets. The re-
placement of the standard BQSR step by the “triple mask BQSR” impacted the
callset slightly, particularly before callset filtering. No significant population-
specific effect was detected. We found that including more individuals at the
joint genotyping step resulted in different variant counts, likely as a balance
between bi- and multiallelic SNPs and/or simple and complex indels, and that
including more individuals resulted in slightly more variants even after filter-
ing. Finally, we observed a correlation between average genomic coverage
and number of called variants.

Paper II also includes a literature review of processing pipelines of high-
coverage genomes in humans and other species (29 studies in total). This re-
vealed a wide diversity of usages; despite the GATK “Best Practices” workflow
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Evaluated in Paper Il. Evaluated in Paper Il. Evaluated in Paper II,

used in Paper IIl.
Figure 5.2. Processing pipelines used in Papers II and III. Figure adapted from Figure
1 in Paper II.

being considered a standard pipeline for processing human data, it is rarely
followed entirely. An explanation could be that the “Best Practices” change
relatively regularly — possibly more often than it takes for a full genome study
to be completed.

In Paper I1I, we tested different options for the processing of the sex chromo-
somes and the mitochondrial DNA, which is less documented than the process-
ing of the autosomes in GATK. In particular, we compared whether including
autosomal data at the BQSR and VQSR (callset filtering) steps made a differ-
ence. For the Y chromosome and mitochondrial DNA, we did not detect any
significant effect of including the autosomes for the BQSR step and thus de-
cided to leave out the autosomes, in order to save computing resources. For
the X chromosome, we decided to include the autosomes at the VQSR step, as
the tool benefits from large amount of data and we did not observe a drastic
increase of filtered out variants by doing so.

My contribution to this part of Paper III includes planning and discussion
about the processing of the sex chromosomes and the mitochondrial DNA; the
processing was mostly done by a master student that I co-supervised.
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5.3 49 genomes from Central Africa and evolutionary
history of Sub-Saharan Africa (Paper III)

The second divergence event in the history of modern humans is between the
ancestors of modern-day Central African rainforest hunter-gatherers and the
lineage ancestral to the rest of modern human (except the Khoe-San). In Paper
III, we expanded the sampling scheme of Paper I and generated high-coverage
genomes for 49 Central African individuals: five rainforest hunter-gatherer
populations and four neighbouring populations, represented by five or seven
individuals (Figures 5.1 and 5.3). The five rainforest hunter-gather popula-
tions - Ba.Kola, Baka, Bi.Aka Mbati, Nsua and Ba.Twa - include represen-
tatives of the geographically defined western and eastern groups. For four
of the five populations, an immediate neighbouring population was included,
resulting in four population pairs. This represents a substantial increase in
the number of high-coverage full genomes from Central Africa; so far, 51
genomes from rainforest hunter-gatherer have been published, half from the
“Biaka” (or Bi.Aka) population (Lachance et al., 2012; Meyer et al., 2012;
Hsieh et al., 2016a; Mallick et al., 2016; Fan et al., 2019; Lorente-Galdos
et al., 2019; Bergstrom et al., 2020). Moreover, it is the first time, to our
knowledge, that whole genomes from rainforest hunter-gatherers are analysed
jointly with whole genomes from their immediate neighbouring populations
(but see (Lopez et al., 2018) for such design with high-coverage exomes). The
25 Khoe-San individuals from Paper I are included in this paper as well, with
additional sequences. Figure 5.3 provides some information about the different
populations and proposes testable hypotheses (note that we did not test directly
all of them).

Bi.Aka Mbati
Speakers of Bangu C10. Both populations live in

association with the Mbati-farmers, but the Bi.Aka
|:| Mbati, or Mbati-hunter gatherers, are closer.

Hypothesis: more gene flow in the Bi.Aka Mbati?

 Gentral African SO

Ba.Kola | D Nsua
The Ngumba and the Ba.Kola are Bantu- Cameroon @ The Nsua speak a Nilo-Saharan
speakers (A80). @ f@ language while the Ba.Konjo are Bantu-
[ Uganda speakers (J40).

Hypothesis: joint migration from the East (where
there are more A80 speakers, such as the

Republic is: Link with the Bantu-

of the et
Nzime) during the 19" century. Gabon congo (P speakers (D30) Sua, often called
L Democratic Republic of ~ Rwanda ... "Mbuti" in genetic studies.
Baka oEsTEe Buundi Ba.Twa
The Baka are Ubanguian-speakers (Niger-
Congo non Bantu), while the Nzime are Bantu- Tanzania

speakers (A80).
Hypothesis: common origin of Baka and Aka (or
Biaka): ancestral "Baaka" group.

Hypothesis: More admixture from neighbouring populations in
the western than in the eastern rainforest hunter-gatherers.

Figure 5.3. Detail of the populations from the Congo Basin and associated hypotheses.
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A comparative dataset of 104 full genomes for which raw data was acces-
sible was assembled; 93 had a coverage of 30 X or higher. It includes several
African populations as well as five non-African populations. The sample size
for comparative populations varies from one to eight individuals, with a me-
dian of two individuals per population.

We described the genetic diversity in this dataset. In particular, we demon-
strated that in a set of non-ascertained variants, the rainforest hunter-gatherers
represent a major axis of genetic variation. The eastern and the western popula-
tions can be distinguished. Ata more local scale, we contributed new elements
in understanding the relationships between different rainforest hunter-gatherer
populations, in particular the Baka, Bi.Aka Mbati and Biaka to the west of
the Congo Basin; and the Nusa, Ba.Twa and Mbuti to the east. We also con-
firmed a small population size in the Ba.Twa. We calculated the X-to-autosome
heterozygosity ratio, which is informative about past events differentially af-
fecting the autosomes and the X chromosome, such as sex-biased admixture;
among Sub-Saharan African populations, we observed a lower ratio in two
eastern rainforest hunter-gatherer populations, similar to (Mallick et al., 2016).

This dataset is ideal to investigate questions related to the evolutionary his-
tory of modern humans. We estimated the divergence times between pairs of
populations under a simple split model with no gene flow (TT method). Sim-
ilarly to Paper I and previous results, the oldest estimates are for population
pairs consisting of one Khoe-San population and one non-Khoe-San popula-
tion. More surprisingly, the next oldest estimates are for the divergence event
between eastern and western rainforest hunter-gatherer populations; the esti-
mates for the divergence event between rainforest hunter-gatherer and other
populations (excluding Khoe-San) tend to be younger (there is some overlap).
This is at odds with previously reported results and with the other inference
method that we explored; one explanation is that the TT method does not al-
low for gene flow.

The importance of gene flow is further highlighted in the ABC analysis that
we performed to compare 24 models of evolutionary history in Sub-Saharan
Africa. These models consist of four divergence events starting with a single
ancestral population and resulting in five current-day populations (northern
and southern Khoe-San, western and eastern rainforest hunter-gatherers, and
a rainforest hunter-gatherer neighbour population); two examples are given in
Figure 5.4. The models differ in i) the possibility and intensity of gene flow,
ii) in the populations involved in the oldest divergence event, and iii) in the
relative order of the split between southern and northern Khoe-San on the one
hand, and between western and eastern rainforest hunter-gatherers on the other
hand. We performed model selection with Random-Forest ABC (Pudlo et al.,
2016) on groups of models. In particular, the group of models incorporating the
possibility of high levels of gene flow was selected over the two other groups
with no possibility of gene flow or possibility of intermediate level of gene
flow. The group in which the Khoe-San branch separates first had stronger
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support than the two other groups. Finally, there is some evidence that the
western/eastern rainforest hunter-gatherer divergence is more recent than the
southern/northern Khoe-San divergence.

Scenario 1b Scenario 1c

Sone Zhone >8>ty . Sone >ha>Gne >6

nK sK WRHGn WwWRHG eRHG nK sk WRHGn WRHG eRHG
eRHGn €eRHGn

Figure 5.4. Two models of human evolutionary history and schematic map of Africa
with the populations included in the models. Adapted from Figure 2 in Paper II1.

By combining these results, we selected two models to perform parameter
estimation with Neural-Network ABC on 100,000 simulated datasets for each
model (the models are shown in Figure 5.4). From the 47 parameters in the
models, we were able to estimate well the four divergence times; we had some
power to estimate population sizes; admixture times could be estimated, albeit
posterior results may only result from constraints on split time events; and the
admixture rates could not be estimated. The divergence between eastern and
western rainforest hunter-gatherers is estimated to ~16 kya with one model
and ~43 kya with the other; both estimates are within the range of dates found
in the literature (Table 4.4). The oldest divergence event is estimated to ~330-
370 kya, which is on the old end of previous estimates (Table 4.4).

The ABC framework used could be further developed and built upon, for ex-
ample by incorporating additional summary statistics, which could contribute
to diminishing the credibility intervals of the parameter estimates. Additional
models, for example a trifurcation, models with the possibility of gene flow
from an archaic source, or isolation by distance models, will be explored in fu-
ture studies. Finally, models focusing on more recent events, such as complex
gene flow processes between rainforest hunter-gatherers and their neighbours
will also need to be investigated to further unravel the evolutionary history of
these populations.

In this article, I performed the majority of the processing and of the analy-
ses, except the divergence time estimates with the TT method. Co-authors con-
tributed to several steps of the ABC analysis, such as defining the demographic
models and generating vectors of parameters values for the simulations.
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5.4 A new piece to the puzzle: autosomal diversity from
two BaTwa Zambian aboriginal populations (Paper
IV)

While Southern and Central African populations are relatively well-known,
genetically and otherwise, populations from South-Central Africa, in particu-
lar Zambia and the DRC, are seldom represented in genetic studies. Today,
Zambia is populated mainly by Bantu-speaking farmers, and the knowledge of
local populations before agriculture-related expansions is based on archaeolog-
ical, linguistic and anthropological records. The Bantu expansion is thought
to have reached the Luangwa valley in northern Zambia ~100 AD. Is it not
known whether the Bantu expansion resulted in a total replacement of local
genetic diversity (such as in neighbouring Mozambique (Semo et al., 2020)
and Malawi (Skoglund et al., 2017)) or whether local, pre-farming compo-
nents are retained in some populations (similarly to the populations studied in
Papers I and III). Y chromosome and mitochondrial DNA diversity have been
investigated in Zambian populations (Barbieri et al., 2013; de Filippo et al.,
2009; de Filippo et al., 2010). Two populations from South-Western Zambia,
the Fwe and the Shanjo, harbor mitochondrial lineages common in Khoe-San
groups (Barbieri et al., 2013). In the absence of autosomal data, it is difficult
to reconstruct a more precise history.

In this paper, we generated genome-wide SNP data for two “BaTwa” popu-
lations from South-Western (Kafue flats) and north-eastern (Bangweulu lake)
Zambia (Figure 5.1). The BaTwa are fishermen living in swamp areas. They
are Bantu-speakers but are considered “different” by their neighbours and mar-
ginalised. Oral history suggests a different origin for the BaTwa than for their
neighbours. We also included data from three additional Zambian populations,
the Bemba, the Lozi and the Tonga (Fortes Lima et al. in prep.); these popula-
tions are Bantu-speaker agropastoralists and it is not suggested that they have
retained a local genetic component.

Two comparative datasets were prepared by merging SNP array data from
various African and non-African populations. The less dense dataset, used for
a majority of analyses, consists of ~345,000 autosomal markers in 973 indi-
viduals (39 populations). We included current-day representatives of the deep
diverging lineages in Africa, i.e. the Khoe-San, the rainforest hunter-gatherers
and the Eastern African hunter-gatherers. The denser dataset has ~1.2 million
variants.

Genetic diversity analyses revealed that the two BaTwa populations had a
hunter-gatherer-like component that is very low or absent in the three other
Zambian populations. That component is larger in the BaTwa from Kafue
(~31%) than in the BaTwa from Bangweulu population (~19%). An analysis
of the distribution of runs of homozygosity suggested recent isolation and in-
breeding in some of the Zambian populations, in particular in the BaTwa from
Bangweulu. The Y chromosome diversity is similar to previous reports from
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Bantu-speaking agriculturalist populations, though two haplogroups frequent
in the Khoe-San were found in the BaTwa.

We investigated admixture models for the Zambian populations with the
software MOSAIC (Salter-Townshend and Myers, 2019). A two-way admix-
ture scenario is the best fit for the five Zambian populations, though the tim-
ing of the admixture event, as well as the populations closest to the admixing
sources, differ between populations. The major source for the five Zambian
populations were the Bantu-speaking Zambian agropastoralists or other Cen-
tral African agriculturalist Bantu-speaker populations (interestingly, rainfor-
est hunter-gatherer neighbours were often selected). The minor source for the
BaTwa from Kafue was Khoe-San-like, while for the BaTwa from Bangweulu
it is was less clear (though Khoe-San-like populations are good proxies). How-
ever, the results showed that current-day Khoe-San populations, despite being
the best proxies in our dataset, are not a good match for the minor source in
the BaTwa. This could be related to the observation that BaTwa populations
also seem to have some RHG-like genetic component. The fact that neither
the current-day Khoe-San nor the current-day RHGs are good proxies for the
hunter-gatherer ancestry in the BaTwa is in line with morphological evidence:
cranial remains from Zambia (~4,000 years ago) and Malawi (~5,000 to 500
years ago) do not show an exclusive Khoe-San ancestry (De Villiers and Fatti,
1982; Morris and Ribot, 2006).

The estimated date for the admixture event in the BaTwa from Bangweulu
is ~1200 years ago and ~480 years ago in the Kafue group (assuming a gener-
ation time of 30 years). This is consistent with archaeological evidence which
suggest an earlier settlement of farmers in the region around Bangweulu lake,
than in the region of modern-day’s Kafue population. It is also coherent with
estimated dates for admixture with Bantu-speaker farmers in populations from
southern Mozambique and South Africa (Semo et al., 2020; Schlebusch et al.,
2016).

This paper demonstrates the importance of studying neglected populations,
for example to better understand the pre-farming population structure in South-
Central Africa.

In this article, I prepared the datasets and performed the genetic analyses; I
wrote a version of the manuscript which was complemented by co-authors, in
particular for the archaeological aspects.
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6. Conclusions and future prospects

In this thesis, I studied diverse Sub-Saharan African human populations with
newly generated genome-wide data from high-coverage genomes (Papers I,
I1T) and SNP arrays (Paper V). Because of the relative novelty of high-coverage
genomes, particularly applied to the study of human diversity, there are uncer-
tainties about how to process and analyze them. In Papers II and I1I, I investi-
gated aspects of the processing pipelines and showed that a standard workflow
can be applied to genomes from Sub-Saharan African populations without re-
sulting in a loss of genetic diversity. In Paper I, I investigated the behavior of a
popular method, MSMC, with a varying number of haplotypes in a bottleneck
model, and showed that at a time relevant for the history of modern humans,
different number of haplotypes had different power to detect a bottleneck. 1
studied populations that are important for understanding pre-farming popula-
tion structure in Africa: the Khoe-San (Papers I, III) and the Central African
rainforest hunter-gatherers (Paper I11). I confirmed their high genetic diversity,
which is partially due to recent gene flow, and I investigated divergence times
with different approaches. In Paper III, I directly compared different models
for the early human population history with an ABC approach, and found that
gene flow has been perennial throughout the entire population history of mod-
ern humans. The ABC analysis also supported that the first divergence in mod-
ern humans was between the branch ancestral to the Khoe-San and the branch
ancestral to the rest of modern humans. The selected models were refined with
parameter estimation. In Paper IV, I studied two “BaTwa” populations from
Zambia, and I showed that they harbor lineages that likely trace back to local
pre-farming populations. The admixture between the pre-farming populations
and a presumed farmer population occurred ~20 generations ago in one popu-
lation and ~40 generations ago in the other, consistent with the archaeological
record.

When I started my thesis in 2015, the number of high-coverage genomes
from Sub-Saharan Africa, and in particular hunter-gatherers, was very limited;
it has since increased (Mallick et al., 2016; Fan et al., 2019; Choudhury et al.,
2017; Bergstrom et al., 2020), but some challenges associated with this type
of data remain. I mentioned them earlier: small sample size, computational
burden, dataset biases when using processed data. In theory, high-coverage
genomes should enable us to calculate the true heterozygosity and thus the
famous population mutation rate parameter (©). We now have much better es-
timates of ©, but there is still room for improvement. For instance, sequencing
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errors and processing pipelines tend to focus on variable sites and usually non-
variable sites are less well characterised, which complicates filtering (among
other issues) and can impact estimates of ©.

Nevertheless, we can learn a lot from genomes. In this thesis I gave ex-
amples of the questions that we can address with genomes from Sub-Saharan
African populations, for example estimation of divergence times. Study after
study, new aspects of human evolutionary history are uncovered. I also gave
examples of how a few populations with relatively small census size are es-
sential to our understanding of the evolutionary history of our species. The
study of the BaTwa populations from Zambia is a good illustration. Some re-
gions, such as the DRC, remain un- or under-sampled, and therefore we can
expect to get a more complete image of pre-farming population structure in
Sub-Saharan Africa in the future. aDNA will also be of great help, though
it is in its infancy in Sub-Saharan Africa (Vicente and Schlebusch, 2020) and
the preservation conditions for human DNA in much of Sub-Saharan Africa
are bad. However, it has already provided important information. Finally, we
should not forget that studies of modern and ancient genomes are definitely not
a priority in several countries of Sub-Saharan Africa that experience political
unrest and overall difficult living conditions.

Besides access to relevant populations and assembly of datasets that appro-
priately reflect human diversity, there is much left to do in terms of inferences
of human history. As mentioned previously, we are often restricted by methods
that cannot handle too complex scenarios. I utilised an approach that allows
for complex models, ABC. The drawback of ABC analysis is that it has many
steps involving many decisions. On the other hand, once these decisions have
been taken and results have been obtained, the framework (demographic and
genetic model for the simulations, calculation of summary statistics) can be
improved, for example by including more summary statistics capturing other
aspects of the data; or it can be applied to different models. In the case of the
study presented here, one natural extension would be to use ABC to investi-
gate archaic or ancient admixture; or to try to translate to concrete models the
different scenario proposed for African history by Henn et al. (2018). There
are relatively few studies using ABC approaches to study human evolutionary
history, particularly based on genomes; but this is changing, and in the future
we might expect more advances on this front.

Of course, new inference methods will also help to answer some of the ques-
tions I introduced. Some of the particularly intense areas of methodological
development are methods evaluating past population sizes; and methods de-
tecting archaic admixture. Methods taking explicitly into account geography
— spatial analyses — are also promising as it is evident that gene flow, which is
often directly impacted by geographical distance, is an important factor in hu-
man evolution. Finally, another development would be to include further the
evidence from other fields. Besides developing new methods, comparing ex-
isting methods is also valuable and often overlooked as illustrated in my work;
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it should be apparent from the tables comparing divergence times (Tables 4.1,
4.2,4.3 and 4.4) that we are far from agreeing on an exact time for, say, the di-
vergence between the ancestors of the Khoe-San and the ancestors of the rest of
modern humans. Estimates are based on different methods, types of data, and
populations; and importantly, inference methods might be estimating different
things. Given these technical aspects and the complexity of human history,
we should not be surprised that we obtain such varied results; studies such as
(Zhou and Teo, 2016), that apply different methods on simulated datasets —
i.e., datasets for which we know the true history — are valuable to benchmark
methods and put their respective results in perspective.

Even if that might be said for any project, I would like to highlight that
there are many more questions that can be addressed with datasets like the
ones in Papers I and III — because of the wealth of information contained in
sequencing data. In fact, the vast majority of what I presented is based on
SNPs, which is the simplest type of genetic marker. We do call indels, and
sometimes structural variation, but we do so mostly to localise regions to avoid
for analyses —because they are too complex. In fact, SNPs are easier to call and
to compare between studies, and many tools are designed for SNPs. When I
mention the difficulties of finding good reference datasets, or of understanding
what exactly was done in a study, it would likely be much more complicated
for indels and structural variants. Nevertheless, these markers are bound to
contain a lot of information, and we will likely focus increasingly on them in
the years to come (possibly with different types of sequencing technologies as
well). Another interesting and new perspective is to work with graph assembly
(as opposed to mapping to a linear genome).

All in all, there are still many things to explore with human genomes, both
in terms of methodological developments and in terms of human evolution-
ary history. And to finally conclude — after working five years with genomes
(starting with zero experience), I despaired that the processing was tedious and
never ending, but [ remain extremely interested in the questions that we can
address, and [ would gladly continue to test and evaluate methods (particularly
if given infinite time and number of samples).
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7. Svensk sammanfattning

Min avhandling handlar om att forstd manniskans evolutiondra historia med
hjdlp av genetik. Det finns ménga vetenskaper som studerar minniskans his-
toria, till exempel antropologi, arkeologi, sprakvetenskap och paleontologi.
Olika omraden bidrar med olika delar av information och &r anvidndbara for
olika tidsperioder. Till exempel &ar sprakvetenskap informativ for de senaste
10 000 aren medan arkeologi kan bidra med information som stricker sig flera
miljoner ar tillbaka.

Jag har anvént en annan vetenskap for att studera ménniskans historia, ndm-
ligen populationsgenetik eller molekylar antropologi. Populationsgenetik stud-
erar hur mutationer sprider sig i populationer. Vi d&rver DNA — arvsmassa, det
kemiska &mnet som innehaller den genetiska informationen — fran vara biolo-
giska fordldrar, vilka drvde deras DNA frén deras foréldrar, osv. Pa det séttet
innehaller DNA information om alla vara foérfider, och vi kan anvinda popu-
lationsgenetiska principer for att forsta hur nuvarande genetisk variation upp-
statt. Vi kan studera hur populationer rort sig och forflyttat sig 6ver virlden
men ocksa studera variationer i populationers storlek. Till exempel, om antalet
individer i en population har minskat snabbt och sedan tkat igen, lamnas ett
séarskilt monster 1 populations DNA variation, en sa kallad “flaskhalseffekt”.
DNA fran nu levande populationer dr informativ for handelser som uppstod
for hundratusen ar sedan, men ocksa for handelser som uppstod for négra de-
cennier sedan. Man kan ocksé underséka DNA fran ménniskor som levde for
flera tusen ar sedan (ancient DNA), for att studera méanniskans historia.

Det 4r sérskilt spannande att studera evolutionshistoria i afrikanska popu-
lationer darfor att mianniskan Homo sapiens utvecklades i Afrika. Idag vet vi
att den moderna ménniskan spred sig via en enskild migrationshéndelse fran
Afrika till resten av virlden. Den moderna ménniskans historia 1 Afrika, fore
och efter migrationen fran Afrika, &r mindre studerad, bland annat darfor att det
finns mindre pengar till forskningen i Afrika 4n i Eurasien och Nordamerika.
Vi vet ddremot att Homo sapiens utvecklades for cirka 300 000-200 000 ar
sedan, formodligen i olika delar av Afrika. Hur ménga populationer det fanns
da, hur de var relaterade till varandra och till populationen (eller populationer)
som vandrade ut ur Afrika samt till populationer som lever idag, &dr viktiga
fragor som vi vill besvara.

Tidigare studier har visat att ndgra afrikanska populationer &r sérskilt in-
tressanta for att forstd manniskans historia fore jordbruket, som forandrade det
genetiska landskapet for cirka 5 000 ar sedan (soder om Sahara). Dessa pop-
ulationerna dr Khoe-San fran sodra Afrika; jagare-samlare fran regnskogen i
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central Afrika; jagare-samlare fran 6st Afrika; och nigra populationer som ar
mindre vl kénda.

Jag har i min avhandling anvént mig av genetiska analysmetoder for att
studera nagra av dessa populationer. Tekniker for att skaffa genetisk infor-
mation har utvecklats mycket de senaste decennierna. Ett sitt &r att analysera
forutbestimda positioner i genomet, positioner dér vi redan vet att det finns
genetiska varianter, s kallade SNPar, hos ménniskan. Det dr samma teknik
som anvénds i kommersiella genetiska tester som visar om man dr mer slakt
med ménniskor fran ett eller ett annat land. Det &r en relativt billig teknik som
anvinds nir man vill 4 en forsta genetisk 6verblick av en population eller nér
man vill titta p& manga manniskor. Ett annat sétt dr att analysera (néstan) alla
positioner i genomet, dvs att sekvensera DNAt. Det kostar mer &n SNP-analys,
och det tar ldngre tid och mer resurser for att forbereda data och genomfora
analyser. Men man far mycket mer information fran hela genomsekvenser.

I det andra projektet i min avhandling visade jag hur man forbereder hela
genomsekvenser for analyser. Ndr man studerar genetisk variation i afrikan-
ska populationer behéver man vara extra forsiktig da de har storre genetisk
variation dn icke-afrikanska populationer och dessutom &r afrikansk variation
underrepresenterade i genetiska databaser. Jag visade att vi kan forbereda
sekvenser fran afrikanska populationer pa samma sétt som sekvenser fran icke-
afrikanska populationer, men ocksa att kvaliten pa datat beror pad hur manga
ganger varje position i genomet har blivit sekvenserad.

Moderna ménniskans historia brukar representeras som ett trdd, och Khoe-
San och sina forfader representerar forsta grenen i tradetn. I det forsta projektet
i avhandlingen genererade och analyserade jag genomsekvenser for 25 Khoe-
San individer. Tidigare studier har uppskattat att Khoe-San forfader skiljer sig
fran forfiader av den moderna ménniskan for cirka 300 000-200 000 aren sedan.
I denna studie uppskattade vi tiden av denna hiandelse igen, och fick liknande
resultat. Vi visade ocksa att den hoga genetiska variationen hos Khoe-San in-
divider beror, delvis, pa genefldde fran populationer som kom till sodra Afrika
under de senaste 2 000 aren och férde med sig husdjursskotsel och vixtodling.
Vi anvénde metoder som berdknar hur storleken i en befolkning forandrar sig
med tiden, och visar att storleken hos Khoe-San populationer borjar minska for
cirka 100 000 ar sedan. Det ser man i alla befolkningar i vérlden och en fork-
laring till det kan vara att klimatet férdndrades vid denna tidpunkt. Jag genom-
forde simulationer av den sé kallade flaskhalseffekten for att se hur metoder
som berdknar befolkningsstorlek forhéller sig till sédana forandringar. Re-
sultaten forstarkte vara tolkningar av orsaken till de observerade monstrena i
datat. Vi letade ocksa efter gener som har paverkats av selektion och visade
att sddana gener ofta &r involverade i immunforsvaret samt spermier, hjarnan,
metabolism och musklerna.

I det tredje projektet studerades hela genomsekvenser fran jdgare-samlare
fran regnskogen i centrala Afrika som jimfordes med sekvenser fran andra
populationer. Jag byggde 24 modeller som beskriver ménniskans historia i
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Afrika, fran en enda ursprunglig population till fem nutida populationer, och
anvinde simulerat och observerat data for att identifiera den mest sannolika
modellen. Vi ser att det dr viktigt att ha modeller med mgjlighet for genflode.
Resultaten fran modellerna visar att det dr mer sannolikt att Khoe-San-grenen
som forst knoppas av fran den ursprungliga populationen, samt att den interna
uppdelningen av jagare-samlare fran regnskogen har intrdffat mer nyligen &n
den interna uppdelningen av Khoe-San linjen. Den bésta modellen valdes ut
och andra parametrar uppskattades som t.ex. tiden for nir olika populationer
splittrats/separerats.

Det fjdrde projektet handlar om populationer fran Zambia, som kallas BaTwa
och som idag lever som fiskare. Flera spér, till exempel fran arkeologi, tyder
pa att BaTwas forfidder kunde vara jagare-samlare som levde i regionen forre
jordbrukare kom till dagens Zambia. Vi genotypade mer &n en miljon SNPar
for tva BaTwa populationer och jag jamforde detta dataset med liknande data
frén andra populationer. Resultatet visar att BaTwa har en genetisk komponent
som liknar (men &r ej identisk med) nuvarande jagare-samlare, séarskilt Khoe-
San. De har ocksa en (storre) genetisk komponent som liknar populationer
som medforde jordbruket till soder-central Afrika.

De olika projekten i min avhandling bidrar med ny information till tidigare
studier av Homo sapiens utvecklingshistoria i Afrika, sirskilt for handelser fore
spridningen av jordbruket. De bekréftar att det &r virdefullt att studera dven
mindre, och okénda populationer. Jag anvinde olika metoder och utvirderade
hur de fungerar. Resultaten bekréftar att Homo sapiens historia dr invecklad
och att vi behover testa flera modeller for att forsta den dnnu bittre.
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8. Résumé en francgais

Dans ma theése, j’essaye de comprendre certains aspects de I’Histoire de I’Hom-
me grace a la génétique. De nombreuses disciplines s’intéressent a 1’histoire
humaine, comme 1’anthropologie, 1’archéologie, la linguistique, ou la paléon-
tologie. Elles livrent des informations différentes qui nous informent sur des
périodes différentes de cette Histoire. Par exemple, la linguistique comparative
classique, reposant principalement sur 1I’étude de textes €crits, considére sou-
vent n’informer que les dix derniers millénaires environ, alors que I’archéologie
nous permet de remonter sur plus de deux millions d’années.

J’ai utilisé une autre discipline pour étudier 1’histoire humaine, a savoir la
génétique des populations (humaines) ou anthropologie génétique. La géné-
tique des populations étudie la fagon dont les mutations se propagent dans les
populations. Nous héritons notre ADN — une molécule chimique qui contient
de I’information génétique — de nos parents biologiques, qui ont hérité leur
ADN de leurs parents, etc. Le « génome » représente I’ensemble de I’informa-
tion codée par ’ADN d’un individu. Ainsi, notre génome contient de I’informa-
tion sur tous nos ancétres, et nous pouvons utiliser les principes de la génétique
des populations pour comprendre ce qui a formé la diversité génétique que 1’on
observe aujourd’hui entre les étres humains a travers le monde. Nous pouvons
¢tudier de quelles fagons les populations se sont déplacées ou se sont rencon-
trées. Nous pouvons aussi étudier les changements de taille de population : le
phénomeéne de « goulot d’étranglement génétique », dans lequel la taille d’une
population diminue rapidement puis augmente de nouveau, laisse, par exem-
ple, une signature particuliere dans le génome. De méme, les métissages géné-
tiques entre population laissent des traces reconnaissables dans les génomes de
leurs descendants.

Le génome des populations contemporaines nous informe donc sur des pro-
cessus qui ont eu lieu il y a des centaines de milliers d’années, comme des
évenements beaucoup plus récents il y a quelques dizaines ou centaines d’an-
nées. Il est aussi possible d’étudier I’ ADN obtenu a partir d’échantillons vieux
de plusieurs milliers d’années — c’est 1’étude de I’ADN ancien ou « ADN fos-
sile », ce qui nous permet notamment de découvrir a quoi ressemblait réelle-
ment la diversité génétique des populations dans un lointain passé.

Comprendre I’histoire évolutive des populations africaines est particulicre-
ment intéressant puisque I’Homme moderne, Homo sapiens, est originaire et
a longtemps évolué en Afrique avant de conquérir le reste du monde. Grace
en partie a la génétique des populations humaines actuelles, nous savons au-
jourd’hui que I’Homme moderne s’est répandu progressivement sur tous les
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continents a partir de ce continent originel, et connaissons parfois les dif-
férentes routes et les modalités de ces expansions a des échelles géographiques
tres locales. L’histoire de ’Homme moderne en Afrique, avant et apres la
« sortie d’Afrique » (il y a ~80 000 ans), n’est pas aussi bien connue, notam-
ment car il y a moins de moyens pour la recherche en Afrique qu’en Eurasie ou
en Amérique du nord. Nous savons toutefois que Homo sapiens s’est développé
il y a environ 300 000-200 000 ans, vraisemblablement dans plusieurs ré-
gions d’Afrique. Le nombre de populations a cette époque, la fagon dont elles
étaient apparentées entre elles et avec la (ou les) population(s) qui a (ont) quitté
I’ Afrique ainsi qu’avec les populations contemporaines, sont autant de ques-
tions importantes auxquelles nous souhaitons répondre.

Des études ont montré que certaines populations sont cruciales pour mieux
comprendre I’histoire de I’ Afrique sub-saharienne avant la diffusion de 1’agri-
culture, qui a profondément modifié le paysage génétique il y a environ 5 000
ans. Ces populations sont les Khoe-khoe et les San d’ Afrique australe (collec-
tivement appelés les Khoe-San) ; les chasseurs-cueilleurs de la forét tropicale
d’ Afrique centrale (souvent appelés « Pygmées ») ; et les chasseurs-cueilleurs
de I’est de I’ Afrique.

Ma théese porte sur certaines de ces populations, et j’ai utilisé des analy-
ses de données génétiques a 1’échelle du génome entier pour les étudier. Les
techniques d’obtention de données génétiques ont beaucoup progressé cette
derni¢re décennie. Une approche consiste en ’analyse d’un jeu de positions
prédéterminées dans le génome grace aux « puces a ADN ». C’est souvent
cette technique, aujourd’hui tres fiable et peu cotteuse, qui est utilisée pour
générer les données génétiques des tests commerciaux abusivement dits « ré-
créatifs ». Les puces a ADN sont employées par les chercheurs désireux d’é-
tudier un grand nombre d’individus en méme temps. Une autre approche se
base sur I’observation de (presque) toutes les positions dans le génome ; c’est
le séquencage du génome entier. Cett technique, plus onéreuse en terme de
chimie moléculaire impliquée, nécessite aussi beaucoup plus de temps de tra-
vail et de ressources humaines pour préparer et analyser les données mais four-
nit massivement plus d’informations de tres haute qualité.

Ainsi, dans le deuxiéme projet de ma thése, j’étudie la facon de préparer
les données de génomes entiers avant leur analyse. Il convient d’étre parti-
culiérement prudent en étudiant les populations africaines car elles sont plus
diverses génétiquement que celles du reste du monde ; de surcroit, elles sont
sous-représentées dans les bases de données génétiques ce qui rend leur anal-
yse, faute de base de données de références fiable, plus ardue. Je montre
que I’on peut préparer des séquences de populations africaines de la méme
fagon que des séquences d’autres populations, mais qu’il vaut mieux repren-
dre I’analyse du début, plutot que d’intégrer brutalement ces nouvelles données
aux bases existantes. Un autre parametre, le nombre de fois que chaque posi-
tion du génome a été « lue » pendant le séquengage, se révele plus important
que Iorigine géographique pour expliquer les différences entre échantillons.
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En d’autres termes, la qualité du séquencage est encore un critére décisif pour
découvrir la diversité génétique des populations africaines.

Il est commun de représenter 1’histoire évolutive humaine par un arbre, dans
lequel les ancétres des Khoe-San représentent la premiere branche. Dans le
premier projet de ma thése, nous avons généré et analysé des génomes entiers
pour 25 individus Khoe-San. Le moment ou les ancétres des Khoe-San et les
ancétres du reste des Hommes modernes se sont séparés a été estimé précédem-
ment a 300 000-200 000 ans. Dans cette étude, nous ré-estimons cette date et
obtenons des résultats similaires. Nous montrons également que la diversité
génétique importante des Khoe-San est partiellement due a 1’afflux de génes
de populations qui sont arrivées en Afrique australe durant les deux derniers
millénaires et y ont introduit 1’élevage et 1’agriculture. Nous employons des
méthodes qui estiment les changements de taille de population au cours du
temps, et nous montrons que la taille de population des Khoe-San a commencé
a diminuer il y a environ 100 000 ans. La méme tendance est observée dans
toutes les populations du monde ; nous proposons une explication possible de
ce phénoméne en émettant ’hypothése qu’elle serait due aux conséquences
d’un changement climatique ayant largement perturbé 1’écologie des popula-
tions humaines de I’époque. J’ai simulé des données génétiques sous plusieurs
mode¢les de goulots d’étranglement génétique, afin d’étudier comment la méth-
ode d’estimation des changements de taille de population réagit dans ces dif-
férents cas. Les résultats confirment que le phénoméne génétique observé
sur nos données réelles est probablement authentique, et pas le fruit de biais
méthodologiques. Nous avons également identifié des génes qui ont été poten-
tiellement sélectionnés, et nous montrons que ces genes sont impliqués dans
la réponse immunitaire ainsi que dans le motilité du sperme, le développe-
ment et le fonctionnement du cerveau, le développement des muscles et le
métabolisme.

Dans le troisieme projet, nous avons généré des génomes entiers pour des
populations d’Afrique centrale — dont des chasseurs-cueilleurs — et nous les
avons comparés a des séquences d’autres populations. Nous avons construit
24 modeles qui décrivent I’évolution de I’Homme en Afrique, d’une popu-
lation ancestrale unique a cinq populations contemporaines, tout en incluant
la possibilité de métissages entre lignées tout au long de I’histoire. En com-
parant nos données réelles et des données obtenues par simulations nous avons
sélectionné le modele le plus probable. Cette analyse nous livre plusieurs in-
formations. D’abord, nous montrons qu’il est important d’inclure la possibilité
de flux de geénes importants entre populations pour expliquer la diversité géné-
tique actuelle, soit I’occurrence de métissages génétiques substantiels tout au
long de I’histoire évolutive des populations africaines. Ensuite, nous confir-
mons, a I’échelle du génome et grace a des méthodes statistiques puissantes
reposant sur plusieurs techniques d’apprentissage machine profond (« deep
learning » en anglais), que les mode¢les les plus probables sont ceux ou la pre-
miere séparation dans I’histoire des populations modernes est entre les ancétres
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des Khoe-San et les ancétres du reste des Hommes modernes (représentés dans
nos mode¢les par des populations d’ Afrique centrale). Finalement, nous démon-
trons que la séparation des Khoe-San en deux groupes est plus ancienne que la
séparation des chasseurs-cueilleurs de la forét tropicale en deux groupes a I’Est
et I’Ouest du bassin Congolais. Apres avoir identifié les meilleurs mod¢les,
nous estimons les parameétres des modeles (par exemple les temps de sépara-
tion entre populations).

Dans mon dernier projet, je me suis intéressée a des populations de pécheurs
de Zambie que I’on appelle les BaTwa. Différentes données, d’archéologie par
exemple, suggerent que les ancétres de BaTwa pourraient avoir été une popu-
lation locale de chasseurs-cueilleurs. Nous avons généré des données de puces
a ADN pour deux populations de BaTwa et les avons comparées a des données
similaires pour d’autres populations. Nous montrons que les BaTwa ont un
composant génétique qui ressemble a celui de chasseurs-cueilleurs contempo-
rains, en particulier les Khoe-San. Ils ont aussi un composant (plus important)
qui ressemble a celui des populations qui ont introduit I’agriculture dans la
région correspondant actuellement a la Zambie.

Les différents projets de ma thése apportent de nouveaux éléments aux études
déja publiées sur I’histoire évolutive d’ Homo sapiens en Afrique, en particulier
sur la période précédant la diffusion de I’agriculture. Ils confirment d’une part,
la nécessité d’étudier des populations peu connues ou représentées par un nom-
bre restreint d’individus, d’autre part la complexité de I’histoire d’ Homo sapi-
ens et enfin, ’utilité¢ d’évaluer toujours plus de modeles pour la comprendre
encore mieux.
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