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Modern humans originated in Africa and this continent is home to the highest genetic diversity
in the world. Despite this, Africa remains an understudied region. In this thesis, I use genetic
and proteomic data to unravel the demographic history of modern humans in Africa. By
employing various methods on different data types, I explore both broad genetic patterns, as
well as fine-scale structure in African populations. In Paper I, I focus on the methodological
aspects of researching maternal histories in sub-Saharan Africa. I explore mitochondrial
haplogroup assignment in African populations when genome-wide SNP array data is available
and conclude that mitochondrial haplogroup frequencies inferred from most common SNP
arrays used for human population analysis should be considered with caution. In Paper II, I
developed a long-range sequence assay to amplify full-sequence mitochondrial genomes and
used this novel method to generate complete mitogenomes from underrepresented regions in
Africa. Combined with published mitogenomes, these data provide an overview of African
mitochondrial haplogroups and give insights into the maternal background of the African
continent. By analyzing female effective population sizes over time, I discovered that two
population expansions happened earlier than previously thought. In the next paper, Paper 111, I
utilized target enrichment to sequence portions of the Y chromosome from sub-Saharan African
men. This study gives an overview of the paternal lineages of the studied populations and
identifies three types of geographical distributions across the Y haplogroups in our dataset.
As DNA preservation and survival are limited, I shift the focus from DNA to proteins in
Paper IV. I explored the use of proteomics in ancient individuals to decipher deep population
structure in Africa by investigating the potential differences in protein sequences between the
two groups representing the deepest population divergence in the tree of all modern humans.
I identify amino acid variation between Southern African hunter-gatherer Khoe-San groups on
the one hand, and the rest of humanity on the other hand and show that these amino acids can
be investigated in ancient individuals from Africa. In Paper V, I investigate the demographic
histories of one population specifically; the South African Coloured (SAC), the most admixed
population of South Africa. Using genotype data from these individuals, I identify geographical
differences in ancestry proportions and sex-biased admixture in the SAC. Taken altogether, my
work has deepened our understanding of continental and regional genetic structure in African
populations.
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1. Introduction

1.1 Human Evolutionary Genetics

The field of human evolutionary genetics investigates human genomes in order
to shed light on the human evolutionary past. The first disciplines to answer
major questions in the field of human evolution were archaeology, paleon-
tology, anthropology and linguistics. Whereas these disciplines are still con-
tributing valuable information to human evolutionary questions, the arrival of
DNA sequencing in the 1970’ies brought about a new perspective.

One valuable aspect of studying human evolution from a genetics’ point of
view is the fact that DNA, unlike many other traits, is transmitted from parents
to offspring. This allows for direct investigation of genetic patterns, which
can then reveal aspects about human evolution without confounding factors.
Thus, studying the genomes of people living today can provide insight into
past demographic events. Moreover, ancient DNA (aDNA), DNA from ancient
specimens, can give a direct insight into the genetics of people living in the
past.

1.1.1 Human evolution in short

The closest living relatives to us humans are chimpanzees and bonobos (Jobling
et al.,, 2014). It is estimated from genome data that the split between hu-
mans on the one hand and chimpanzees and bonobos on the other hand hap-
pened around 7-6 million years ago (mya). Fossils from this time period are
scarce, but start to become more abundant around 2.6 mya. Somewhere be-
tween 765 thousand years ago (kya) and 550 kya, modern humans split from
Neanderthals and Denisovans (Priifer et al., 2014). These two archaic ho-
minin species themselves split from each other around 640-381 kya (Priifer
et al., 2014; Reich et al., 2010; Schlebusch et al., 2017). The first split be-
tween modern human populations is estimated to between 350 kya and 260
kya (Schlebusch et al., 2017). The earliest remains of a fully modern human
are dated to ~233 kya and were found in Ethiopia (White et al., 2003; Vidal
et al., 2022), and fossils displaying some of the features of early anatomi-
cal modernity originate from Morocco are dated to ~315 kya (Hublin et al.,
2017).

It is widely accepted that modern humans evolved in Africa and subse-
quently spread from Africa to the rest of the world (Tishkoff and Verrelli,
2003). This is referred to as the Out-Of-Africa event. There are indications
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that there were smaller migrations out-of-Africa 130-90 kya, which were fol-
lowed by larger migrations 70-50 kya (Jobling et al., 2014). As modern hu-
mans migrated out of Africa, they admixed with Neanderthals and Denisovans
(Evans et al., 2006; Green et al., 2010; Priifer et al., 2014; Reich et al., 2010;
Huerta-Sanchez et al., 2014; Wall and Hammer, 2006). This has resulted in
all modern-day non-Africans carrying 1.5-2.1% Neanderthal-derived DNA,
all modern day Papuans and Australians carrying roughly 3% of Denisovan-
derived DNA, and all modern people from mainland Asia and Native Amer-
icans carrying 0.2% of Denisovan-derived DNA (Priifer et al., 2014). As a
result of a long evolution of our species on the African continent, most ge-
netic variation can be found in African individuals. The genetic variation of
non-African individuals is only a subset of diversity found among Africans.
In 1987, Cann et al. were the first to show this using one of the uniparental
markers, mitochondrial DNA (mtDNA) (Cann et al., 1987).

However, there is much debate about the location of the origin of anatomi-
cally modern humans (AMH). AMH are members of the species Homo sapi-
ens who exhibit a range of physical characteristics that are essentially iden-
tical to those found in contemporary human populations. Both East Africa
and Southern Africa have been proposed as locations for the origin of our
species, based on archaeological findings and genetic diversity (Barham et al.,
2008; Jakobsson et al., 2008; Ramachandran et al., 2005). More recently, ar-
chaeological and genetic studies have proposed and supported a multiregional
model, which entails that AMH originated and evolved in multiple places on
the African continent (Henn et al., 2018; Hublin et al., 2017; Schlebusch et al.,
2012).

The current geological epoch is termed the Holocene and it started 11 650
years ago. It marked the end of the last glacial period and is characterized by
a warmer and more stable climate. These conditions invoked changes in the
human lifestyle; in at least seven places around the world, agriculture was in-
dependently invented. Agriculture became a widespread subsistence strategy
(Brown, 1999) and led to many communities living a sedentary lifestyle. How-
ever, it is not the only subsistence strategy known today. Hunter-gathering is
still practiced by populations, mostly in areas where agriculture is impossible,
or nearly impossible.

Throughout our species’ evolution on the African continent, human pop-
ulations did not stay isolated. Especially in the Holocene, we know of many
populations movements that influenced the genetic landscape. In the following
sections, I will describe the most important populations and migrations during
the Holocene in Africa.
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1.2 African population history
1.2.1 The Southern African Khoe-San populations

The earliest population divergence within modern humans has been dated to
350-260 kya (Schlebusch et al., 2017). This deepest split is between the
Khoe-San people and all other modern humans. The Khoe-San people are
hunter-gatherers and pastoralists and currently live in Southern Africa. The
Khoe-San consist of various groups that share similar cultural, linguistic and
genetic characteristics. As the name suggests, it encompasses both Khoekhoe
pastoralists, as well as San hunter-gatherers (Schlebusch, 2010). Nowadays,
Khoe-San populations inhabit regions of Angola, Botswana, Namibia and
South Africa. The Khoe-San people have consistently been found to repre-
sent the first population divergence considering autosomal data and to carry
deeply diverging mitochondrial DNA and Y chromosome lineages (Barbieri
et al., 2013; Behar et al., 2008; Henn et al., 2011; Pickrell et al., 2012; Salas
et al., 2002; Schlebusch et al., 2013, 2017; Tishkoff et al., 2009; Veeramah
et al., 2012; Schlebusch et al., 2020; Breton et al., 2024b). aDNA from three 2
000-year-old Southern African Stone Age hunter-gatherers has shown that all
modern Khoe-San groups are admixed; roughly 9-30% of their genetic ances-
try is from East Africans or Europeans (Schlebusch et al., 2017).

The Khoe-San people speak Khoisan languages. The five language groups
that fall under the category of Khoisan languages are unrelated, and are grouped
together because of specific shared features, such as the use of click con-
sonants. These five language groups are Hadza, Sandawe, Kx’a, Tuu, and
Khoe-Kwadi (Table 1.1). Hadza and Sandawe are often referred to as the
East African Khoisan languages, and Kx’a, Tuu, and Khoe-Kwadi are referred
to as the Southern African Khoisan (SAK) languages, as they are spoken in
the southern parts of the African continent. Within the SAK languages, one
can distinguish between K’xa (or Ju, referred to as Northern Khoisan), Khoe-
Kwadi (Central Khoisan) and Tuu (Southern Khoisan). Kwadi is included in
the Central Khoisan languages, and was spoken in certain parts of Angola.
However, it is not spoken anymore. While the K’xa and Tuu groupings only
contain San hunter-gatherers, the Khoe-Kwadi language group contains both
herders (Khoekhoe) and hunter-gatherers (San).

The San

Currently living San hunter-gatherers can be classified in the following lin-
guistic subgroups: there are the Kx’a-speaking San, the Kalahari Khoe-speaking
San, and the Tuu-speaking San (Figure 1). The Kx’a-speaking San comprise
three main etho-linguistic groups; the !Xun, the Ju| hoansi and the +Hoan. In
the 1980s, size estimations of these three Kx’a-speaking San populations were
up to 25 000 to 30 000 individuals (Marshall and Ritchie, 1984; Lorna Mar-
shall, 1986). The current number of San individuals is unknown. The !Xun
inhabit the largest area of the three San groups and live in forested regions in
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northern Namibia and Southern Angola. The Ju| hoansi is the largest ethno-
linguistic group of the San and they are located centrally compared to the other
two groups, in northeastern Namibia and the northwestern Kalahari Desert re-
gion of Botswana (Barnard, 1992). The FHoan reside in the central part of
Botswana.

The Khoe-speaking San speak Kalahari Khoe, a language belonging to
Khoe-Kwadi. They are distributed over a large part of Botswana and can be di-
vided into the Tshwa, Shua, the Khwe, the G|ui and G||ana, and the Naro. The
Tshwa and Shua inhabit the northeastern part of Botswana, where the Tshwa
occupy a region more to the south than that of the Shua. These groups are
known to live in close contact with Bantu-speaking groups (Barnard, 1992).
Northwest of the Tshwa and Shua, in the Okavango swamp area, live various
Khwe groups. They show high phenotypic and genetic similarity with Bantu-
speaking populations (Cashdan, 1986; Nurse and Jenkins, 1977; Schlebusch
etal., 2012). The origin of this similarity is unclear. These Khwe groups could
have admixed with Bantu-speaking people, or they could be Bantu-speakers
that lost their cattle and subsequently mixed with San groups. The Glui and
G||ana live in central Botswana and are among the most isolated groups of
Khoe-San people. The Naro live in western Botswana, where there is a rich-
ness of water resources (Barnard, 1992).

The majority of the people belonging to the Tuu language division have
lost their cultural identity and their language. Their descendants were taken
up in other populations, such as the South African Coloured (SAC) population.
There are a few San groups that speak Tuu languages; San speaking Ui! are
distributed throughout South Africa, and San speaking Taa, living in the south
central Kalahari of Botswana.
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Figure 1. Distribution of the Southern African Khoisan languages on a map. Red =
Khoe-Kwadi, blue = Kx’a and green = Tuu. Redrawn from Guldemann 2014 (Giilde-
mann, 2014).
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Table 1.1. The five Khoisan languages and their sublanguages.

Linguistic lineages and subbranches Languages and dialects
Hadza Single language
Sandawe Single language
Khoe-Kwadi
Kwadi Single language (extinct)
Khoe

Kalahari Khoe
Shua, Tshwa (East)

Khwe, G||ana, Naro (West)
Khoekhoe Cape Khoe (extinct),
!0ra-Xiri, Nama-Damara,
Eini (extinct),

Hai||om, f=Aakhoe

Kx’a
Ju
North Angolan !Xuun varieties
North-central Ekoka !Xuun, Okongo !Xuun, etc.
Central Grootfontein !Xuun, etc.
Southeast Ju|’hoansi, +Kxau||’e
£’ Amkoe Z+Hoan, Nlagriaxe, Sasi
Tuu

Taa-Lower Nossob
Taa West: West !Xoon, N|u||’en
East: East !Xoon, "N|oha,
N|amani, Kakia

Lower Nossob || |”Auni, |Haasi (both extinct)
ui! N||ng, Xam (extinct),
Z+Ungkue (extinct),

|Xegwi

The migration of East African pastoralists to Southern Africa

During the late Holocene, East African pastoralists migrated from Eastern
Africa to Southern Africa. The origins of pastoralist practices in East Africa
can be found outside the African continent, in the Levant (Tishkoff et al., 2009;
Pagani et al., 2012; Pickrell et al., 2014; Prendergast et al., 2019). Although
the earliest findings of domestic cattle in Eastern Africa date to around 5 000
before present (BP) (Marshall and Hildebrand, 2002), the introduction of the
Eurasian genetic component into northeastern Africa is complex and difficult
to assess from modern-day genetic data alone (Hammarén et al., 2023); dates
vary from 1 027-73 BP. aDNA data detected the non African component as
early as 4 000 BP in East Africa (Prendergast et al., 2019). Pastoralist prac-
tices spread from East Africa to Southern Africa, accompanied by a Eurasian
genetic component. The people spreading pastoralism from East Africa mixed
with the local Southern African hunter-gatherer groups, which gave rise to the
ancestors of the Khoekhoe herders. It has been shown that the population that
admixed with the Southern African hunter-gatherer groups carried a Eurasian
genetic component of around 31%, and an East African genetic component of
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69% (Schlebusch et al., 2017). Skoglund ef al. also found Levantine ancestry
(~38%) in a 3 000 year old individual from Tanzania (Skoglund et al., 2017).
Using modern genomes, it was estimated that this (West-) Eurasian ancestry
arrives in Southern Africa around 1 800-900 BP (Pickrell et al., 2014). This is
slightly later than the archaeological evidence in Southern Africa, which sug-
gests the presence of pastoralism in Southern Africa around 2 100 BP (Sealy
and Yates, 1994; Coutu et al., 2021). aDNA data detected the pastoralist ge-
netic component in Southern Africa as early as 1 200 BP, in an individual
that was found in a pastoralist context, and carried around 40% mixed East
African/Eurasian ancestry and 60% San ancestry.

Khoekhoe settlements were very common in Southern Africa before the
arrival of the colonists in the 16 and 17" century. Several Khoekhoe lan-
guages (!Ora, Eini and various Cape Khoekhoe languages) were spoken in
what is now Namibia, Botswana and South Africa. The Khoekhoe people that
used to live in the Eastern and Western Cape provinces of South Africa are re-
ferred to as the Cape Khoekhoe, but they gradually disappeared, and lost their
culture and their language. Their descendants were taken up in a group with
mixed ancestries, which is referred to as the South African Coloured popula-
tion (De Wit et al., 2010). Currently, the only remaining Khoekhoe pastoral-
ist group that retained their language and cultural identity is the Nama, who
mainly live in current-day central and southern Namibia (Figure 1). They can
be divided into two groups; the Great Nama and the Little Nama (Barnard,
1992). Both groups probably lived in what is now known as the Northern
Cape province of South Africa. The Great Nama already moved to Namibia
before the arrival of the Europeans, and the Little Nama moved to Namibia
in the 19" century. The Nama show the highest proportion (23-30%) of East
African ancestry among all Southern African Khoe-San groups (Schlebusch
et al., 2017). The Hai|lom and Damara also speak Khoekhoe languages, but
the Damara most likely acquired it through interaction with the Nama, as their
genetic background is mainly Bantu-speaker-related (Barnard, 1992; Barbieri
et al., 2014; Pickrell et al., 2012; Vicente et al., 2019). The Hai||om live in
northern Namibia and speak Khoekhoe languages. Genetically, the Hai||om
resemble the Kx’a speaking !Xun and Ju| hoansi. Therefore, it has been sug-
gested that the Hai||om could have been !Xun, who shifted their language and
subsistence practice due to contact with the Nama (Barnard, 1992; Vicente
etal., 2019).

1.2.2 The expansion of Bantu-speaking people

An event that had a major influence on the current-day genetic composition
of sub-Saharan African populations is the migration of Bantu-speaking peo-
ple. This spread of people is often referred to as the Bantu Expansion and
its success at the later stages is connected to farming practices and the use of
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iron working. Farming practices originated independently in different parts
of the world (Jobling et al., 2014). It is generally considered that the African
continent hosts at least three regions in which agriculture has independently
developed: the Ethiopian highlands around 7 000 to 4 000 BP, the Sahel belt
around 7 000 BP, and Western Africa around 5 000 to 3 000 BP.

Western Africa, more specifically eastern Nigeria and Western Cameroon,
is the homeland of the Bantu Expansion (Diamond and Bellwood, 2003). New
subsistence techniques and changes in climatic conditions allowed populations
to grow and expand far beyond Western Africa, starting around 5 000 to 3 000
BP. With this expansion, specific cultural packages, genetics, language, and
probably iron metallurgy spread across most of sub-Saharan Africa (Li et al.,
2014; Mitchell and Lane, 2013; Patin et al., 2017). At the later stages of the
expansion, adoption of farming practices had a big impact on the environment,
and also changed human societies in terms of culture, demographics and pos-
sibly diseases prevalent among humans. It has been shown that the Bantu
Expansion was the result of a so-called demic diffusion; the movement of
people, rather than just the dispersal of language and material culture (cultural
diffusion) (De Filippo et al., 2012). Around 1 800-1 300 BP, Bantu-speaking
people arrived in Southern Africa (Ribot et al., 2010), reaching as far as north-
ern Namibia and the east of South Africa.

Joseph Greenberg originally proposed that there are four linguistic phyla
in Africa (Greenberg, 1963): Afro-Asiatic, Nilo-Saharan, Niger-Congo, and
Khoisan. However, the genealogical validity of some of these phyla has been
questioned by several linguists (Dimmendaal, 2008; Giildemann, 2018). De-
spite the linguistic obsolescence of the linguistic phyla proposed by Green-
berg, genome-wide genetic analyses by Tishkoff et al. (2009) have demon-
strated that populations grouped under these four linguistic labels proposed
by Greenberg, form distinct genetic clusters. Therefore, these genetic clusters
are often referred to using the linguistic labels. Bantu languages are part of
the Niger-Congo language phyla (Mitchell and Lane, 2013). Currently, there
are more than 300 million Africans speaking one of the 500 Bantu languages.
The Bantu languages are closely related, despite their wide distribution over an
area of roughly 500 000 km?. Four major groups can be distinguished among
the Bantu languages: North-Western Bantu, Eastern Bantu, West-Western and
South-Western Bantu (Figure 2) (Van de Velde et al., 2019). The widest vari-
ety among the Bantu languages can be found among the North-Western Bantu
languages, which are mainly spoken in and around the homeland of the Bantu
Expansion (Mitchell and Lane, 2013). The split between Eastern and Western
Bantu languages and their spread from the Bantu homeland to most of sub-
Saharan Africa has been a topic of debate. One hypothesis, the “Early-split”
hypothesis, suggests that there was an early split around 4 000 BP north of the
rainforest, followed by a spread of Eastern Bantu speakers north of the rainfor-
est and a spread of Western Bantu speakers southwards through the rainforest
(Figure 3a). Another hypothesis, the “Late-split” hypothesis, proposes a com-
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mon migration through the rainforest, after which the two groups separated
around 2 000 BP (Figure 3b). Linguistic and genetic data mainly support the
“Late-split” model (De Filippo et al., 2012; Fortes-Lima et al., 2024; Semo
et al., 2019; Grollemund et al., 2023).

North-Western Bantu

Eastern Bantu

West-Western Bantu

/

South-Western Bantu

Figure 2. Rough geographic distribution of the four major groups of Bantu lan-
guages; North-Western Bantu (purple), West-Western Bantu (red), South-Western
Bantu (pink) and Eastern Bantu (green). Geographic language distribution is based
on the classification and location on Glottolog (https://glottolog.org).

Archaeological evidence for the spread of Bantu-speaking people is slightly
more complicated (Mitchell and Lane, 2013). The spread of South-Western
Bantu-speakers has been associated with the Naviundu tradition, a ceramic tra-
dition that spread from West Africa directly southwards (Figure 4). The Urewe
pottery tradition is associated with Eastern Bantu-speakers and can be found in
the Great Lakes region. However, the origin of the Urewe tradition is unclear
(Bostoen, 2018). From Lake Victoria in East Africa, two migrations south-
wards can be observed; one migration is associated with the Nkope tradition
and follows an inland route to current-day Zambia, Zimbabwe and Malawi.
The other migration followed the East African coast and is associated with the
Kwale tradition. Moreover, the Kalundu tradition has been associated with a
spread from West Africa across Zambia towards Zimbabwe and Mozambique
(Huffman, 2007), but the validity of this pottery tradition has been questioned
(Bostoen, 2018). The southeastern Bantu language speakers currently living
in Zimbabwe, Mozambique and South Africa could be considered a composite
of the Kalundu, Nkope and Kwale traditions.
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(a) Early-Split model (b) Late-split model

Figure 3. Two linguistic hypotheses for the spread of Bantu-speaking people. The
first hypothesis, the so-called Early-split hypothesis, is shown on the left (a) and states
that there was an initial split among Bantu-speakers in the Bantu homeland (indicated
by the number 1), resulting in an Eastern Bantu speaker group and a Western Bantu
speaker group. In this hypothesis, Eastern Bantu speakers spread eastwards north of
the rainforest, and the Western Bantu speakers spread southwards through the rain-
forest. The other hypothesis, the Late-split hypothesis, is shown on the right (b) and
proposes a common migration through the rainforest, followed by a split only after the
rainforest.

Shum Laka is an archaeological rock shelter site located in the homeland of
the Bantu Expansion and the archaeological findings are associated with Bantu
material culture (Lavachery, 2001). This site from Cameroon has yielded
genomes from four children, two from 8 000 BP and two from 3 000 BP
(Lipson et al., 2020). These Shum Laka ancient individuals were genetically
more similar to rainforest hunter-gatherers (RHG) currently living in western
Central Africa, than to modern-day Bantu-speakers. This indicates that Bantu-
speakers across the continent, as well as most of the people currently living in
Cameroon, are not direct descendants of the population represented by these
four Shum Laka individuals. However, this does not necessarily indicate that
there were no Bantu-speaker ancestors living in the region at that time. It
has been proposed that the ancestors of RHG and Bantu-speakers lived in the
Shum Laka region at the same time (Lipson et al., 2020).

All of these different patterns pointed out by linguistic and archaeological
hypotheses show that the Bantu Expansion was most likely a very complex
expansion and migration, possibly comprised of multiple smaller waves of
migrations. A genetics study confirmed that the Bantu Expansion followed a
serial-founder migration model, with possible spread-over-spread events (Fortes-
Lima et al., 2024). It has also been shown that the genetic diversity amongst
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Figure 4. Archaeologically proposed spread of Bantu-speaking people and their as-
sociated pottery traditions. The spread of South-Western Bantu-speakers has been as-
sociated with the Naviundu tradition (orange). The spread of Bantu speakers towards
eastern Africa is characterized by the Urewe pottery tradition, that later splits into two
migrations southwards: the Nkope tradition (inland) and the Kwale tradition (coastal).
Moreover, the Kalundu tradition has been associated with a spread from West Africa
to southeastern Africa. The spread of Urewe, Kalundu, Nkope and Kwale traditions
are depicted with blue arrows. Redrawn from Mitchell & Lane (Mitchell and Lane,
2013), with the question mark after the Urewe tradition referring to the uncertainty
around the origin of the Urewe tradition (Bostoen, 2018).

Bantu-speaking populations declines with distance from Western Africa, where
Zambia and DRC were crossroads of interaction.

1.2.3 Rainforest hunter-gatherers

After the first population divergence between Khoe-San people and all other
modern humans, we can distinguish a second divergence event. This diver-
gence has been dated to 202—-135 kya (Breton et al., 2024b) and separates a
lineage containing RHG from a lineage containing other modern humans (ex-
cept the Khoe-San). There are more than 20 RHG groups, living across the
Congo Basin in Central Africa. Based on their geographical location, they are
grouped into eastern RHG (eRHG) and western RHG (wRHG). The estimates
for the divergence time between eastern and western RHG range from ~44 kya
to ~16 kya (Patin et al., 2009; Veeramah et al., 2012; Batini et al., 2010; Bre-
ton et al., 2024b). The wRHG live in the western part of the Congo Basin and
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include the Baka, Bakola, Bakoya, Bezan, Biaka, and some Babongo groups.
The eRHG are the Mbuti, Asua, Efe, and Twa. The Mbuti, Asua and Efe live
around the Ituri rainforest in the eastern part of the DRC. The Twa have a
slightly more southern distribution, in the direction of lake Victoria.

Prior to the migration of Bantu-speakers and East African pastoralists, there
was a genetic cline of hunter-gatherer populations stretching from East to
Southern Africa (Skoglund et al., 2017). Genomic analysis of BaTwa popula-
tions in Zambia reveals that they possess a hunter-gatherer-like genetic ances-
try, comprising approximately 19-31% of their genetic ancestry (Breton et al.,
2024a). This ancestry is intermediate between the Khoe-San ancestry found in
present-day southern Africa and the central African rainforest hunter-gatherer
ancestry, and most likely comes from local hunter-gatherer populations that
inhabited Zambia in the past.

1.2.4 East African populations

East Africa holds a significant place in the study of human evolution, evi-
denced by its rich hominin fossil record. Among these fossils are Australop-
ithecus afarensis (famously known as "Lucy," dating to 3.9-3.0 mya) (Johan-
son and White, 1979), the Omo I fossil (255-211 kya) (Vidal et al., 2022),
and the Herto fossils (160—154 kya) (McCarthy and Lucas, 2014). These dis-
coveries have led to the proposal that East Africa is one of the regions where
modern humans evolved.

In addition to its role in human evolution, East Africa is a key region in
the narrative of human migrations. It is both the region from where modern
humans left Africa and a region that experienced significant back-migrations.
Notably, the Mota individual, a 4 500-year-old individual found in Ethiopia,
represents an instance of an East African genome without any evidence of
back-migrations (Llorente et al., 2015; Lipson et al., 2022). This contrasts
with genetic studies of modern-day Ethiopians, which reveal approximately
40-50% Levant ancestry (Pagani et al., 2012). Studies on modern and ancient
DNA have shown that the formation of East African populations was a com-
plex process, with multiple phases and admixture events (Prendergast et al.,
2019; Hammarén et al., 2023).

This genetic complexity is reflected in the region’s linguistic diversity. East
Africa mainly hosts two large language families; Afro-Asiatic (AA) and Nilo-
Saharan (NS). Pagani et al. have highlighted a strong link between genetics
and linguistics in this region (Pagani et al., 2012). Specifically, they identify
genetic clusters related to Omotic (AA), Nilotic (NS), and Semitic-Cushitic
(AA) speakers.
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1.2.5 The genetic influence of European colonists and the slave
trade in South Africa

In previous sections, we have discussed several important ancestries that can
be found in Southern Africa, including South Africa. South Africans show,
apart from Khoe-San ancestry, Bantu ancestry and East African ancestry also
ancestry components from Europeans and slaves that arrived from Madagas-
car, Asia and the African coasts. This is true for both the Afrikaners (Hollfelder
et al., 2020) and the South African Coloured (SAC) population (Lankheet
et al., 2024; Vicente et al., 2021; De Wit et al., 2010; Quintana-Murci et al.,
2010; Petersen et al., 2013; Patterson et al., 2010).

The history of the Afrikaners, that speak Afrikaans, begins with the arrival
of the Dutch East India Company (DEIC)(in old Dutch Vereenigde Oostindis-
che Compagnie, or VOC) at the Cape of Good Hope in 1652. The Cape of
Good Hope started as a small station to resupply ships and has evolved into
what we know as Cape Town. The first immigrants were mainly men, and later
some women as well. Six years after the arrival of settlers in the Cape of Good
Hope, an independent settlement was established at the cape. In 1688, French
Huguenots arrived. European ancestry among the Afikaners is high. It is esti-
mated from genealogical records that the Dutch contributed 34-37%, Germans
27-34%, and French 13-26% (De Bruyn, 1976; Greeff, 2007; Heese, 1971).
From the same records, non-European contributions have been estimated to
be between 5.5 and 7.2%. Genetic research has shown that these estimations
are not far off; 95.3% of the Afrikaners ancestry is from European populations,
with more association to northwestern European populations (Hollfelder et al.,
2020). The 4.7% of non-European ancestry is mainly from people who were
brought from Asia and West Africa to the Cape as slaves (3.4%), whereas a
much smaller proportion comes from Khoe-San people (1.3%).

At some point after the year 1700, the term "Cape coloureds" became estab-
lished to refer to people of mixed ancestry. Nowadays, they are often referred
to as the South African Coloured population. They are descendants of Khoe-
San, Bantu-speaking populations, European settlers and slaves from Mada-
gascar, Asia and the African coasts. The SAC shows sex-biased admixture
patterns (Quintana-Murci et al., 2010; Vicente et al., 2021). Maternal ances-
try is mostly from Khoe-San women, whereas the paternal ancestry is mostly
from European men. The Coloured people today mostly live in the Western,
Northern, and Eastern Cape provinces of South Africa.
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1.3 Genetics and proteomics

1.3.1 General human genetics

Deoxyribonucleic acid (DNA) is the genetic material carried by all organisms
(except some viruses). DNA is a polymer of nucleotides in the form of a dou-
ble helix. There are four different nucleotides bases that make up the DNA:
Adenine (A), Guanine (G), Cytosine (C), and Thymine (T). The order in which
these bases occur, is the genetic information that is being passed down from
parent to offspring. Most of the human genome can be found in the nucleus,
where the ~6.4 x 10° base pairs (bp) are stored in the form of chromosomes.
A small part of the human genome, the mitochondrial genome, can be found
in organelles called mitochondria. Humans have 46 chromosomes, consisting
of 23 pairs. The haploid size of the genome (the 23 "unique chromosomes") is
~3.2 x 10° bp. Twenty-two of these chromosome pairs are known as the auto-
somes, and the last pair is the sex chromosomes. The composition of the sex
chromosome pair determines the sex of an individual; men carry one X chro-
mosome and one Y chromosome, whereas women carry two X chromosomes.
As you get one chromosome of each pair from your father, and the other chro-
mosome of that pair from your mother, females will always pass on an X
chromosome to their offspring, and men pass on either an X chromosome or a
Y chromosome, which will determine the sex of the offspring. Not all humans
have the exact same bases at each of the 6.4 billion bp of the human genome.
Changes can occur through mutations. A change in one of the bases is called
a Single Nucleotide Polymorphism (SNP) and if these mutations occur in the
germline, they can be passed on from parent to offspring.

1.3.2 The uniparental markers

The uniparental genetic markers, the mitochondrial genome and the non-
recombining part of the Y chromosome (NRY), are two popular tools that
have been employed to study genetic diversity in human populations. They
can be used to obtain information about the maternal and paternal lineages re-
spectively (Underhill and Kivisild, 2007). The fact that the uniparental genetic
markers do not undergo recombination, allows for tracking of genetic muta-
tions through lineages. These lineages that share the same mutations inherited
from a common ancestor are called haplotypes. Haplotypes can be grouped
into groups called haplogroups, that share the same clade-defining mutations.

Mitochondrial DNA

The mitochondrial genome (or mitochondrial DNA (mtDNA)) is the circular
double stranded DNA located in the mitochondria, the organelles producing
energy for the cell. The size of the mtDNA is very small compared to the com-
plete genome, the mtDNA is only 16 569 base pairs. Each mtDNA molecule
encodes 13 proteins, 22 transfer RNAs and two ribosomal RNAs (Anderson
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etal., 1981). Aside from some exceptional cases of paternal inheritance of the
mitochondrial genome (Luo et al., 2018), mtDNA is inherited from the mother
(Giles et al., 1980). The average rate of base-substitutions in the mtDNA is
ten times higher than the rate in the nuclear DNA (Jobling et al., 2014). This is
caused by the higher concentration of mutagenic, oxygen free radicals in the
mitochondria, the longer period in which the mtDNA is single-stranded, the
lack of histones, and the faster DNA replication caused by the high turnover
rate of mitochondria. Because of this high mutation rate, a wide variety of
mitochondrial sequences can be found among humans. That, as well as the
small size of the mitochondrial genome and the fact that is almost exclusively
maternally inherited, has made the mitochondrial genome a popular tool for
investigating population structure, genetic diversity, and demographic events
in the human population. Moreover, mitochondrial genomes offer the opportu-
nity to investigate maternal population history and together with the data from
the Y chromosome, it can be used to study sex-biased processes.

Mitochondrial DNA among humans is, as described before, structured into
haplogroups. These haplogroups are collections of sequences that have been
inherited from the same common ancestor (van Oven and Kayser, 2009). All
modern humans have a matrilineal most recent common ancestor (MRCA)
that lived about 210-120 kya in sub-Saharan Africa (Atkinson et al., 2008;
Behar et al., 2008; Fu et al., 2013; Mishmar et al., 2003). African mitochon-
drial haplogroups can be subdivided into seven haplogroups (L0, L1, L2, L3,
L4, L5, and L6), while all other, non-African mitochondrial haplogroups be-
long to haplogroup M, N and R, which are subgroups of haplogroup L3. A
recent paper has described an eighth haplogroup; L7, a sister group to L5
(Maier et al., 2022). A schematic and simplified overview of the general
structure of the human mitochondrial phylogeny is shown in Figure 5. The
haplogroups are named using letters and numbers, adding a digit or letter ev-
ery time a subdivision is made. The first split in the human mitochondrial
tree separates LO sequences from all other sequences (L1-L7) (Behar et al.,
2008; Maier et al., 2022). The revised Cambridge Reference Sequence (rCRS)
(GenBank sequence NC_012920) and the reconstructed sapiens reference se-
quence (RSRS) are often used as a reference when working with mitochondrial
genomes (Andrews et al., 1999; Behar et al., 2012). Table 1.2 provides infor-
mation on the age estimates of the different African haplogroups. It has been
shown that when different secondary mitochondrial DNA groupings are ap-
plied, inconsistent results are found in frequency-based analyses (Baji¢ et al.,
2023).
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Figure 5. Schematic and simplified overview of the general structure of the human
mitochondrial phylogeny.

Khoe-San associated haplogroups

The various mitochondrial haplogroups from Africa have distinct geographi-
cal distributions. LOd occurs mostly in South Africa, Namibia and Botswana
(Barbieri et al., 2013; Schlebusch et al., 2013), whereas LOk generally has a
more northern distribution, compared to LOd, and is mostly found in Namibia,
Angola, Botswana (Barbieri et al., 2013) and Zambia (Schlebusch et al., 2013).
Mitochondrial haplogroups LOd and LOk show high prevalence in Khoe-San
groups and in the SAC population. Ninety-six percent of the Ju| hoansi (Vig-
ilant et al., 1991), 51-65% of the !Xun, and 11-16% of the Khwe (Chen
et al., 2000; Schlebusch et al., 2013) carry haplogroup LOd. LO0d1b, LOd2a
and LOd3 have higher frequencies in the south of Southern Africa, whereas
LOdla and LOd2c show a more central distribution (Schlebusch et al., 2013).
L0d2a shows a very strong recent expansion (Schlebusch et al., 2013). The
distribution of LOk is more restricted, mainly to the Kalahari desert region
(Barbieri et al., 2013). Most of the LOk sequences belong to LOk1, which
shows higher frequency in the north of Southern Africa (Zambia and northern
Botswana) (Schlebusch et al., 2013). The frequencies of LOk in the Ju| hoansi
are rather low (4%) (Vigilant et al., 1991), but intermediate in the !Xun and
the Khwe (26-33% and 22% respectively)(Barbieri et al., 2013; Chen et al.,
2000). Barbieri et al. found that, in contrast to other LOd and LOk haplogroups,
two ancient sublineages (LOk1b and LOk2) were present almost exclusively in
Bantu-speaking populations from Zambia. They suggest that these lineages
might be remnants of what used to be a richer diversity of these two hap-
logroups in Southern Africa.

Mitochondrial haplogroup LOd and LOk split around 145 kya (Barbieri
et al., 2013). All variation within LOd coalesces 102—48 kya (Behar et al.,
2008, 2012), and all LOk lineages coalesce around 40-36 kya (Barbieri et al.,
2013; Behar et al., 2008, 2012; Heinz et al., 2017; Rito et al., 2013). A1l LOd1
haplogroups show signs of recent expansion (within the last 30 000 years),
where L.Od1a and LOd1b had stronger expansion signals than the LOd1c hap-
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logroup (which is associated to northern San) (Schlebusch et al., 2013). LOk
also shows an expansion of effective population size starting around 5 000
years ago (Barbieri et al., 2013).

Bantu-speaker associated mitochondrial haplogroups

The expansion of Bantu-speaking people across sub-Saharan Africa, as dis-
cussed in section 1.2.2, is associated with certain mitochondrial haplogroups:
LOa (Bandelt et al., 1995; Chen et al., 1995; Pereira et al., 2001), specific
clades of L1c (Beleza et al., 2005; Rando et al., 1998), L.2a (Pereira et al.,
2001; Salas et al., 2002), L3b (Watson et al., 1997), and L3e (Alves-Silva
et al., 2000; Bandelt et al., 2001). LOa is very common and wide-spread on
the African continent (Rito et al., 2013). It originated most likely in Eastern
Africa around 42 kya, but the highest frequencies of LOa are currently found
in Mozambique and Zimbabwe (around 25%). Most likely, the eastern branch
of Bantu-speakers picked up LOa in eastern Africa and brought it to South-
ern Africa (Salas et al., 2002). It is now common in Central, Eastern, and
Southeastern Africa, but it is nearly absent in Western, Northern, and South-
ern Africa. Llc is most prevalent in Central Africa (Cameroon and Gabon),
and more specifically, it has been proposed that L1clb, L1lclc and L1c2 orig-
inated in Bantu ancestors and these haplogroups show signs of recent expan-
sion (Batini et al., 2007). Other L1c haplogroups have been associated with
western RHG (L1cla, L1c4 and L1c5) (Batini et al., 2007; Quintana-Murci
et al., 2008; Gonder et al., 2006). The age of the L1c clade has been estimated
to 103 kya (Quintana-Murci et al., 2008). Mitochondrial haplogroup L2a is the
most frequent haplogroup in Africa (Rosa and Brehm, 2011) and is prevalent
in many parts of the African continent, but is specifically abundant in Central
Africa (Cerezo et al., 2011; Rosa and Brehm, 2011). Coalescence estimates
for L2a lie between 98 and 46 kya (Behar et al., 2008; Heinz et al., 2017;
Salas et al., 2002). Mitochondrial haplogroup L3 encompasses both African-
specific haplogroups, as well as non-African haplogroups. The age of African
L3 haplogroups is around 70 kya. L3e is the most widespread L3 haplogroup,
and a subclade L3el is common among southeastern Bantu speakers (Soares
et al., 2012). L3b and L3d are found mainly in Western Africa.

Other mitochondrial haplogroups

Apart from the Khoe-San and Bantu-speaker-associated mitochondrial hap-
logroups, the African continent harbours more mitochondrial haplogroups.
Among these haplogroups are lineages associated to Eastern Africa, as well
as lineages that originated outside Africa, but are currently mainly found in
Africa.

Several L haplogroup lineages occur most frequently in Eastern Africa.
Examples of these haplogroups are LOa, LOf, and L4 to L7 (Gonder et al.,
2006; Maier et al., 2022; Rosa and Brehm, 2011). As discussed in the previ-
ous section, LOa originated in eastern Africa and was brought to large parts
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of sub-Saharan Africa by the Bantu Expansion. LOf is a mitochondrial hap-
logroup that occurs at low frequencies, and only in Eastern Africa (Salas et al.,
2002). Haplogroup L4 is common in Kenya and Tanzania, where it reaches
frequencies of 60% in the Hadza population and 48% in the Sandawe popula-
tion (Tishkoff et al., 2007a). Haplogroup L5 reaches a maximum frequency of
9.3% in the Mbuti population of the Democratic Republic of the Congo (DRC)
(Maier et al., 2022). L6 occurs mostly in the Horn of Africa; in Ethiopia and
Somalia (Fernandes et al., 2015). A recent paper expanded the number of
basal lineages of the mitochondrial tree from seven to eight and described
haplogroup L7. This haplogroup is rather rare, as it is found at a maximum
frequency of 1.4% in the Sandawe population of Tanzania (Maier et al., 2022).

Even though mitochondrial haplogroups M1 and U6 originated outside the
African continent, they are generally considered African haplogroups, as they
are mainly found in Africa and were reintroduced by back-migrations (Maca-
Meyer et al., 2003; Pennarun et al., 2012; Gonzélez et al., 2007). M1 is mainly
found in northeast Africa, and U6 in northwest Africa (Rosa and Brehm,
2011).

Table 1.2. Mitochondrial haplogroups and their estimated ages (years BP). Estimates
are based on the following publications: (Behar et al., 2012; Heinz et al., 2017; Rito
et al., 2013; Salas et al., 2002; Soares et al., 2009, 2012; Maier et al., 2022).

Mitochondrial | Age es- (Behar (Soares (Heinz (Rito (Salas (Behar (Maier

haplogroup timation et al., et al., et al., et al., et al., et al., et al.,
(kya) 2012) 2009, 2017) 2013) 2002) 2008) 2022)

2012)

Lo 128-169 136289 149700 168500 128200 - 153971 -

LOa 40.3-63.3 46741 44800 63300 42400 40350 53176 -

Lod 48.4-102 48422 - - - 49600 101589 -

Lof 68.9-88.0 68988 - - 69300 - 88097 -

Lok 11.2-41.7 36763 11200 41700 35700 - 39683 -

L1 124-142 128521 140600 142000 123800 - - -

Llb 4.3-39.2 4334 9700 39200 31000 30550 29366 -

Lic 59.6-102 77932 85400 90000 81900 59650 102383 -

L2 70.1-119 88453 89300 119000 82800 70100 104764 -

L2a 46.0-97.9 79305 48300 97900 - 55150 46033 -

L2b 14.3-31.6 21259 14300 30400 - 31600 26985 -

L2c 17.7-27.5 17762 25200 22800 - 27500 23810 -

L2d 17.0-122 17002 - - 121900 23810 -

L2e 46.8 - - - - - 46826 -

L3 61.3-76.1 67262 71600 70800 - 61300 76192 -

L3a 49.6 49689 - - - - - -

L3b 16.4-28.5 21538 16400 25700 - 21600 28572 -

L3c 9.2 9243 - - - - - -

L3d 25.7-34.0 25739 31000 34000 - - - -

L3e 36.1-44.3 36189 39000 44300 - - - -

L3f 46.3-56.2 46305 53200 56200 - - - -

L3h 59.4-67.2 59422 66700 67200 - - - -

L3i 34.8-51.1 41231 34800 51100 - - - -

L3k 239 23983 - - - - - -

L3x 36.1-39.1 36750 36100 39100 - - - -

L4 79.0 78996 - - - - - -

L5 90.6-151 110805 120200 151000 109400 - 138098 90636

L6 22.2-22.3 22331 - - - 22223 -

L7 91.4 - - - 91476




The non-recombining part of the Y chromosome

As described before, females have two X chromosomes and males have one X
chromosome and one Y chromosome. Only small regions at the end of the X
and Y chromosomes are homologous and most of the Y chromosome does not
recombine, i.e. they do not undergo the process in which pieces of DNA are
exchanged and reshuffled to produce new combinations of genetic variants.
This part of the Y chromosome that does not undergo recombination, is called
the non-recombining part of the Y chromosome, or NRY for short. Sometimes
it is also referred to as the male specific portion of the Y chromosome (MSY).
All the variants on the NRY are thus inherited together as an intact haplotype.
The only changes that occur arise through mutation and these can be traced
backwards in time. As the Y chromosome is passed on from father to son over
generations, the NRY can be used to study paternal ancestry of an individual
or a population.

Figure 6 shows a schematic and simplified overview of the general struc-
ture of the human Y chromosome phylogeny. The classification of Y hap-
logroups follows two different systems (Y Chromosome, 2002). The first sys-
tem uses a combination of letters and numbers, such as Alblal. The sec-
ond system identifies the lineage by the specific mutation, for example, A-
M14, where M14 indicates a particular mutation on the Y chromosome that
defines the clade. While the first approach is currently in use, older clas-
sifications often rely on the second method. The International Society of
Genetic Genealogy (ISOGG) keeps an updated version of the Y phylogeny
(https://isogg.org/tree/index.html). Y haplogroups A, B and E are most fre-
quent in Africa, where the other Y haplogroups are mainly occurring outside
Africa. 'Y chromosomal haplogroups A and B are deeply rooted branches
of the Y chromosome phylogeny. Haplogroup A is found in the Khoe-San
people of Southern Africa, as well as in Eastern Africa (Naidoo et al., 2010;
Jobling et al., 2014). Haplogroup A0O, a paragroup to haplogroup A, is the
most deeply rooted Y haplogroup in humans and is found in Western Africa
(Mendez et al., 2013). The finding of 11 AOO sequences in the Mbo population
of western Cameroon re-rooted the Y chromosome tree and estimated the time
to the most recent common ancestor (TMRCA) for the Y chromosome tree to
be 338 kya (Mendez et al., 2013). Notably, AOO has also been found in one
ancient individual from Shum Laka, Cameroon, that was dated to 8 000 BP
(Lipson et al., 2020).

Haplogroup Alblb2a (A-M51) is the most common haplogroup A subclade
in Southern Africa and is found mostly among the Khoe-San people, or in pop-
ulations with significant levels of Khoe-San admixture (Barbieri et al., 2016).
Y haplogroup Alblal (A-M14) has been found in both Khoe-San populations,
as well as in central African rainforest hunter-gatherers (Naidoo et al., 2020;
Wood et al., 2005). Y haplogroup B2a (B-M150) shows frequencies in both
Khoe-San populations, as well as Bantu-speaking populations, thereby mak-
ing it unclear if this haplogroup is autochthonous to the Khoe-San population,
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or that it was brought to Southern Africa by Bantu-speakers (Barbieri et al.,
2016). Haplogroup B2b (B-M112) has been linked to ancient gene flow from
East to Southern Africa (Naidoo et al., 2020). A subgroup of Y haplogroup
Elblbl (E-M35), known as Elblblb2b2al (E-M293), has been associated
with the migration of pastoralist groups from East Africa to Southern Africa
approximately 2 000 years ago (Naidoo et al., 2020; Henn et al., 2008), though
some studies have not confirmed this connection (Baji¢ et al., 2018). Addi-
tionally, haplogroups Elblal (E-M2), E2 (E-M75), and B2a (B-M150) are
thought to be related to the spread of Bantu-speaking peoples (Beleza et al.,
2005; Berniell-Lee et al., 2009; Naidoo et al., 2010).

-
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Figure 6. Schematic and simplified overview of the general structure of the human Y
chromosome phylogeny.
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1.3.3 Palaeoproteomics

Although the field of genetics and aDNA has significantly enhanced our
knowledge of human history and human evolution, it also has its limitations.
One of the largest limitations is the survival and preservation of aDNA. The
oldest aDNA findings recovered from direct animal remains are from a mam-
moth that lived 1.65 mya in Siberia and was preserved in the permafrost
(van der Valk et al., 2021). However, finding DNA from very old specimens
is quite the exception. In places with a warm and more humid climate, aDNA
preservation is much less optimal, as DNA degrades faster under hot and moist
conditions (Allentoft et al., 2012; Lindahl, 1993; Smith et al., 2003). As an
illustration, the oldest, directly dated human remains that have yielded aDNA
from the African continent are found in Taforalt, Eastern Morocco, and are 15
000 years old (van de Loosdrecht et al., 2018). Although 15 000 years ago is a
long time and these specimens provide valuable information, aDNA from the
African continent remains rare (Vicente and Schlebusch, 2020; Avila-Arcos
et al., 2023).

Fortunately, DNA is not the only biomolecule that can help us provide in-
sight into the human past. Proteins also contain precious molecular biological
information and they generally preserve longer than DNA. This is exhibited by
the oldest remains that have yielded protein results; ostrich eggshells dated to
3.8 mya (Demarchi et al., 2016). These remains are not only more than twice
as old as the remains providing the oldest aDNA, they are also from a warm
and humid climate, as they have been found in northern Tanzania. This pro-
vides perspective on the information that could potentially be obtained from
human remains from deeper time periods and from climatically warmer re-
gions such as Africa, compared to DNA sequencing.

Proteins are biomolecules built up of amino acids. The name amino acid
comes from its structure; they contain both an amino (-NH2) and a carboxylic
acid (-COOH) functional group. The side-chain group determines the unique
properties of each amino acid. In nature, there are about 500 amino acids, but
only 20 are found in the human body (see Table 1.3). The order of nucleotides
in a gene determines the order of amino acids in a protein, as well as the length
of a protein. The combination of three nucleotides corresponds to one amino
acid (see Table 1.4). Through a process called transcription, messenger RNA
(mRNA) is created with DNA as a template, and this serves as a blueprint
for translation, the actual synthesis of proteins. During translation, amino
acids are coupled through a peptide bond, which is the connection of an amino
group of one amino acid to the carboxylic acid group of another. The resulting
protein fulfills a particular function in or outside the cell. Examples of these
functions are providing structure to a cell or extracellular matrix, enzymatic
functions, and signalling functions. After translation, amino acids can undergo
chemical changes, which are termed post-translational modifications (PTMs).
Phosphorylation (the addition of a phosphate), methylation (the addition of a
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methyl group), and acetylation (the addition of an acetyl group to lysine or to
the amino-end of a protein) are some of the well-known PTMs. The complete
set of proteins expressed by an organism is termed a proteome and the study
of the proteome is termed proteomics.

Table 1.3. List of the twenty amino acids that are encoded by the human genome.
The full name, as well as a three letter code and a single letter code is listed for each
amino acid.

Amino acid Three letter code | Single letter code

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid | Asp D
Cysteine Cys C
Glutamine Gln Q
Glutamic acid | Glu E
Glycine Gly G
Histidine His H
Isoleucine Ile I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine | Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp w
Tyrosine Tyr Y
Valine Val \'%

As described above, proteins contain valuable biomolecular information
and investigating ancient proteomes can provide insight into ancient diets
(Bleasdale et al., 2021; Solazzo et al., 2008), ancient clothing (Hollemeyer
et al., 2008), ancient pathogens (Warinner et al., 2014), and it can facilitate
species identification (Buckley et al., 2014; Coutu et al., 2021; Le Meillour
etal., 2020). Moreover, it has been shown that ancient proteins can be informa-
tive for the distinction between mammalian species (Welker et al., 2015), and
also between hominins (a term used for humans and all of our extinct bipedal
ancestors) (Chen et al., 2019; Welker et al., 2016, 2020). As the genetic code
is redundant, meaning certain amino acids are encoded by multiple codons
(Table 1.4), many SNPs do not result in amino acid changes, or single amino
acid polymorphisms (SAPs). We differentiate between synonymous SNPs,
SNPs that do not cause a change in amino acid, and nonsynonymous SNPs,
SNPs that cause an alteration in the amino acid sequence. Due to synonymous
SNPs, and due to purifying selection preventing mutations to accumulate in
protein-coding regions, the rate of accumulation of SAPs during evolution is
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Table 1.4. Codon table showing the relationship between the genetic code and the
amino acids. Each three-nucleotide combination (codon) corresponds to an amino
acid or start- or stop-codon. The start-codon (or initiation codon) and the stop-
codons (or chain-terminating codon) are indicated. There are several codons that
encode certain amino acids, for example Leucine (Leu), a phenomenon that is termed
redundancy of the genetic code.

First Position | Second Third Position
(5’ end) Position U C A G
U UUU Phe | UUC Phe | UUA Leu | UUG Leu
C UCU Ser | UCC Ser UCA Ser UCG Ser
U A UAU Tyr | UAC Tyr | UAA Stop | UAG Stop
G UGU Cys | UGC Cys | UGA Stop | UGG Trp
U CUULeu | CUCLeu | CUALeu | CUG Leu
C CCU Pro | CCC Pro CCA Pro CCG Pro
C A CAUHis | CACHis | CAAGIn CAG GIn
G CGU Arg | CGC Arg | CGA Arg | CGG Arg
U AUU Ile AUC Ile AUA Tle AUG Met
C ACU Thr | ACCThr | ACA Thr ACG Thr
A A AAU Asn | AACAsn | AAALys | AAGLys
G AGU Ser | AGC Ser | AGA Arg | AGG Arg
U GUU Val | GUC Val GUA Val GUG Val
C GCU Ala | GCC Ala | GCA Ala GCG Ala
G A GAU Asp | GAC Asp | GAAGlu | GAG Glu
G GGUGly | GGCGly | GGAGly | GGG Gly

much lower than the rate of SNP accumulation. Moreover, proteins are ex-
pressed in a tissue-specific manner, while whole genomes are present in all
tissues. Thus only those proteins expressed in bone and teeth can be investi-
gated in ancient specimens. In spite of that, ancient proteomes carry enough
resolution to phylogenetically differentiate between ancient hominins (Welker
etal., 2016).

The field that investigates ancient proteomes is termed palacoproteomics.
An important aspect when working with either ancient DNA or ancient pro-
teins is contamination of the specimen. Contamination of the specimen with
modern proteins can occur at many times during the investigation process;
during the excavation, the storage, and the analysis. Measures have to be
taken during all these steps to minimize the contamination with modern pro-
teins. One of the measures taken is to work in a clean lab. Moreover, during
the bioinformatics analysis, there are ways to identify contiminating proteins.
This concept is based on the degradation of proteins, which will be described
further in Section 2.4.2.
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2. Methods

2.1 Genomic data generation techniques

In order to work with genetic data, data generation is required. Various types
of methods for generating genetic data exist and what method you choose is
based on your research questions and your budget. If one is interested in the
bases at certain predetermined positions of the genome, genotyping your DNA
of interest on a SNP array (sometimes referred to as SNP-chips) is a good
choice. However, if there is a broader interest for the whole genome, whole-
genome sequencing (WGS) is a better option. Long-read sequencing is the
last sequencing technique that will be discussed here. It is sometimes referred
to as third generation sequencing, as it arose after the short-read sequencing
techniques of the next-generation sequencing wave. Long-read sequencing
generates much longer reads (>10 000 bp) than conventional short read se-
quencing techniques (75-300 bp). These techniques will be described further
in the following sections.

2.1.1 Genotyping

A SNP array is a powerful and affordable approach for genotyping large num-
bers of predetermined SNPs across the genome. To detect these SNPs on the
array, short DNA probes specific to each SNP of interest are attached onto the
array surface. Genomic DNA from the samples is fragmented, labeled, and
then hybridized to these probes. The probes and DNA fragments hybridize
based on complementary sequences, enabling the array to identify the SNPs
present in the sample. A high-throughput array scanner reads the fluores-
cence signals from the hybridized probes, determining the genotype at each
SNP. These SNPs are selected because they exhibit variation between differ-
ent populations. Since SNP arrays are often designed using data from specific
populations, they tend to be most effective for those populations, which can
introduce bias when applied to other groups. There is a wide variety of SNP
arrays available, each containing a unique set of SNPs. Thus, the choice of a
specific SNP array should be tailored to the population under study. For ex-
ample, many SNP arrays are based on the variation in Europeans. However,
genotyping African populations on these SNP arrays creates a bias. The In-
finium H3Africa Consortium Array v2 from Illumina has been designed for
the study of African populations and has included 2.2 million SNPs, of which
2528 are located on the Y chromosome and 234 on the mitochondrial genome
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(Mulder et al., 2018). Moreover, SNP arrays are designed to handle multi-
ple samples simultaneously. Depending on the number of SNPs being inves-
tigated, one plate can accommodate 96, 48, or 24 individuals, allowing for
efficient high-throughput analysis of many samples at once.

2.1.2 Whole-genome sequencing

Whole-genome sequencing is the sequencing of the entire genome of an or-
ganism. A commonly used technique is next-generation sequencing. In short,
DNA is fragmented and adapters are added during DNA library preparation.
During the library preparation, unique indices can also be added to the primers
for each library to facilitate simultaneous sequencing of multiple samples
(Meyer and Kircher, 2010). The DNA library is then loaded onto a flowcell,
that contains oligonucleotides that are complementary to the adapters. This
allows the fragments to bind to the flowcell. Subsequently, fluorescent nu-
cleotides (each base carries a different fluorescence) are added to the flowcell
and their incorporation is measured. This sequencing approach that relies on
polymerases to incoporate bases while the signal is being read, is referred to as
sequencing-by-synthesis (SBS). There are also strategies to perform targeted
sequencing, in which you first enrich for genomic regions of interest, after
which the previously mentioned next-generation sequencing techniques are
applied. For targeted sequencing, it is for example common to investigate the
protein-coding regions of the genome (the exome), or certain chromosomes
only, for example the Y chromosome.

2.1.3 Long-read sequencing of mitochondrial genomes and
haplogroup assignment

By sequencing the complete mitochondrial DNA or sections of it, it is possi-
ble to answer questions about ancient maternal population structure in Africa.
In the past, studies have focused on one or more of the hypervariable regions
of the mitochondrial genome, sometimes also investigating some additional
SNPs (Cern}’/ et al., 2007; Schlebusch et al., 2013, 2011; Tishkoff et al., 2007b;
Pereira et al., 2010). Since 1977, it has been possible to sequence mitochon-
drial genomes (Sanger et al., 1977) and the methods to do this have constantly
been becoming less complex and faster. In 1981, the complete sequence of the
human mitochondrial genome was published (Anderson et al., 1981). The first
full mitochondrial genomes were amplified using a PCR of multiple overlap-
ping fragments, which was recently reduced to an amplification in two frag-
ments (Vossen and Buermans, 2017). Working with these large fragments of at
least 7 kilo base pairs (kb) requires longer reads than conventional Sanger se-
quencing and next-generation sequencing techniques deal with. As described
before, and also suggested by its name, long-read sequencing produces long
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reads. Typically, the reads are over 10 000 bp long. There are several compa-
nies producing long-read sequencers such as Pacific Biosciences (PacBio) and
Oxford Nanopore Technologies (ONT or Nanopore) (Logsdon et al., 2020).
PacBio works with a principle called Single Molecule, Real-Time (SMRT)
sequencing. SMRTbell® libraries are created by ligating adaptors to double-
stranded DNA. This creates a circular, single-stranded DNA molecule. These
molecules are then loaded onto a SMRT® cell, that contains many small wells
called zero-mode waveguides (ZMWs). In every ZMW, one circular DNA
molecule is immobilized. The DNA sequence is then read by measuring the
fluorescence signals of the different nucleotides being incorporated, in a sim-
ilar way to how it is performed for other next-generation sequencing tech-
niques. One addition is that the same circular sequence is read multiple times,
to provide more accuracy. This method is called circular consensus sequenc-
ing (CCS), and it creates very accurate long reads, known as high-fidelity
(HiFi) reads. Nanopore sequencing is based on a slightly different princi-
ple. The Nanopore flow cell contains a synthetic membrane with small pores
embedded in it. The DNA molecules are unwound and an electric current is
applied to pass the single-stranded DNA molecule through the pore. As the
DNA molecule passes through the pore, the electric current flowing through
the nanopore changes, from which the DNA sequence can be deciphered.
PacBio sequencing has proven to be very useful in deciphering full mito-
chondrial genomes. HiFi read lengths for PacBio are typically between 10 and
25 kb, with accuracies higher than 99.5% (Hon et al., 2020). As opposed to
variant calling for short reads, variant calling for long reads is not as standard-
ized. Variant calling from the HiFi reads can be done with GATK Haplotype-
Caller (Van der Auwera and O’Connor, 2020) or Deep Variant (Poplin et al.,
2018). The obtained mitochondrial sequences can be used to determine mito-
chondrial haplogroups. Automated mitochondrial haplogroup assignment can
be performed with HaploGrep (Weissensteiner et al., 2016), either as an on-
line graphical interface, or on the command-line. Sequences must be aligned
to the rCRS or the RSRS. Alignment can be performed with MUSCLE (Edgar,
2004). Input file formats for running HaploGrep2 are FASTA, VCF or hsd.

2.2 Inferring population structure and gene flow

Understanding the genetic landscape of human populations involves exploring
the complex patterns of population structure and gene flow. In the field of ge-
netics, population structure looks at how genetic differences are spread and ar-
ranged within and between populations. In humans, this structure is shaped by
various factors, such as geographical and cultural barriers. Population struc-
ture is influenced by migration and admixture events. Admixture events in-
volve the mixing of genetic material when individuals from different ancestral
populations meet and produce offspring. Studying genetic variation within
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and between populations can provide insights into historical demographic pro-
cesses. Modern genetic research often relies on extensive datasets, featuring
millions of SNPs. To interpret these highly complex datasets, various methods
can provide useful insights into genetic structure. In the following sections, I
will discuss some of these methods.

2.2.1 Principal component analysis

Principal Component Analysis (PCA) is a statistical technique commonly used
in human population genetics to analyze and visualize genetic variation within
and between populations. This method simplifies complex genetic data, such
as SNP array data, making it easier to identify patterns and relationships
among individuals based on their genetic makeup. PCA reduces the complex-
ity of data from numerous genetic variants by transforming it into a smaller
set of variables known as principal components. These components capture
the most significant variation in the data, allowing researchers to see how in-
dividuals and populations cluster genetically. Typically, two or three principal
components are plotted against each other. In a PCA plot individuals who are
genetically closer tend to cluster near each other in the principal component
space, whereas those who are genetically more distant appear further apart.
This plot can give clues about the genetic structure of individuals and popu-
lations, providing valuable insights into their ancestral origins. In Figure 7,
a PCA plot shows individuals from various geographic regions. The South
African Coloured individuals, represented in blue, are positioned between in-
dividuals from different geographic areas. This intermediate position reflects
their mixed ancestry, showcasing how PCA can effectively give a first impres-
sion of genetic backgrounds.

2.2.2 Partial least squares discriminant analysis

Partial Least-Squares Discriminant Analysis (PLS-DA) is, like PCA, a dimen-
sionality reduction technique (Barker and Rayens, 2003). Where PCA reduces
dimensionality without regard to class labels, PLS-DA aims to find a set of
latent variables that maximize the separation between predefined classes in
the data. As input, it requires two matrices: a predictor matrix (X) contain-
ing feature data and a response matrix (Y) representing class labels, with X
being any type of numeric data and Y typically being categorical or binary.
PLS-DA is often thought of as a ’supervised” version of PCA, as it performs
dimensionality reduction, but takes into consideration the class labels. As a
machine learning tool, PLS-DA is used for classification and predictive mod-
eling. It combines features of Partial Least Squares (PLS) regression and Dis-
criminant Analysis to handle complex data with many variables. In essence,
PLS-DA works by finding a set of latent variables that best discriminate be-
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Figure 7. Principal component analysis showing individuals from Africa, Europe and
Asia. The first two components are shown, and the amount of variation explained
by each component is indicated in parentheses. Data from Paper V. The individ-
uals are coloured based on the geographic region they are from. In dark and light
blue, the South African Coloured (SAC) individuals. SAC individuals have genetic
ancestry from Europeans, the Southern African Khoe-San, South- and East-Asians,
West-Africans and East-Africans. Due to their mixed heritage, SAC individuals are
situated between these populations in the PCA plot, reflecting their diverse genetic
background.

tween classes in a dataset. These latent variables are linear combinations of the
original predictors, which helps to reduce the dimensionality. By projecting
the data onto these latent variables, PLS-DA maximizes the separation be-
tween classes, making it easier to build predictive models. It provides a robust
approach for classification tasks, especially when traditional methods might
struggle with the complexity of the data. In Figure 8, we see a PLS-DA plot
based on Single Amino Acid Polymorphisms in bone-related proteins, where
the separation between Khoe-San individuals and non-Khoe-San individuals
is maximized.
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Figure 8. Partial least squares discriminant analysis (PLS-DA) on the classes Khoe-
San individuals and non-Khoe-San individuals, based on 88 Single Amino Acid Poly-
morphisms in bone- and teeth-related proteins. Khoe-San individuals are shown in
blue, and non-Khoe-San individuals in orange. The blue space in the PLS-DA plot
indicates the area of the plot where the Khoe-San individuals cluster, the orange part
indicates where the non-Khoe-San individuals cluster. The data from Paper IV was
used.

2.2.3 Model-based estimation of ancestries

Model-based clustering methods like STRUCTURE (Pritchard et al., 2000)
and ADMIXTURE (Alexander and Lange, 2011) offer an alternative way to
gather information about the relationships between individuals and popula-
tions. Both methods provide estimates of the genetic composition of individ-
uals using likelihood models. Likelihood models calculate the probability of
observing the data given various parameter values of the model. ADMIX-
TURE came out more recently and runs considerably faster. The model as-
sumes a certain number of clusters, or K’s, to which individuals’ ancestries
are assigned. Pong is often used to visualize the results (Behr et al., 2016). It
is important to note that these methods explain the variation between individ-
uals, and should be used as exploratory analyses, not for inferring divergence
and admixture events (Lawson et al., 2018). Figure 9 shows the ADMIX-
TURE results for individuals from Africa, Europe and Asia, visualized using
Pong for K=6. Each vertical bar, representing an individual, is divided into
colored segments, which represent the estimated proportion of ancestry that
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individual has from each genetic cluster. The individuals from the same geo-
graphic region are grouped together posteriorly, making it clear that the major
ancestries correspond to the continental regions and specific African popula-
tions. The South African Coloured individuals, shown on the left side of the
figure, show ancestry proportions related to Khoe-San, West-African groups,
Europeans, and people from other regions in Africa and Asia.
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Figure 9. ADMIXTURE results for populations from Africa, Europe and Asia, visual-
ized using pong for K = 6. Data from Paper V was used. Each vertical bar represents
an individual, the colours represent the different genetic clusters.

2.2.4 Formal tests of admixture

F-statistics are a set of statistical tools used primarily in population genetics to
analyze genetic relationships between populations and test hypotheses about
their evolutionary history (Peter, 2016). The amount of populations involved
in the statistical test is indicated by their name; there is f>, f3, and f4, which
use two, three, and four populations respectively. f, measures genetic drift
between two populations, and higher values indicate more genetic differenti-
ation, implying more drift or less recent common ancestry. f3 has two varia-
tions; outgroup f3 and admixture f3. Outgroup f3 measures the shared genetic
drift between two test populations relative to an outgroup, and higher values
indicate more genetic affinity between the two test populations. Admixture f3
tests for admixture in a target population (X) from two source populations (A
and B). If the admixture f3 value is negative, this is evidence for admixture
between populations A and B contributing to population X. A positive admix-
ture f3 value, however, does not prove the absence of an admixture event. The
fa statistic can be used to test whether one population X is more admixed with
population A, or with population B. The fourth population is an outgroup. If
the f4 value is zero, no admixture occurred between any of the populations.
Assuming the tree topology is correct, significant deviations from zero in the
fa statistic can only be attributed to admixture. Whether the f4 value is nega-
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tive or positive offers insight into the potential pairwise combinations involved
in the admixture event.

2.2.5 Local ancestry estimation and admixture dating

When two populations meet and produce offspring, their genetic material
mixes, creating individuals with a combination of genetic backgrounds. This
process is referred to as admixture. Chromosomes in the first generation off-
spring are a complete copy of the chromosome from either parent. This non-
random association of alleles at different loci is known as linkage disequilib-
rium (LD). However, over generations, the mixed genomes undergo recombi-
nation, which is the reshuffling of genetic material between two homologous
chromosomes. The more generations have passed since the initial admixture,
the more recombination has happened and the shorter the size of the fragments
with the same ancestry. In other words, LD decreases. When we investi-
gate the ancestries of two interbreeding populations in an admixed population,
we can infer which part of the genome came from which parent population,
which is called local ancestry estimation. The size of these ancestry segments
can provide valuable insights into the timing of admixture events. The longer
ago an admixture event happened, the shorter the fragments. This informa-
tion is used to estimate the timing of the admixture. In Paper V, I use the
program MOSAIC (Salter-Townshend and Myers, 2019) to infer which ge-
nomic fragments in the South African Coloured population came from which
source population, and eventually determine the timing of admixture between
the different source populations.

2.2.6 Sex-biased demographic patterns

Insection 2.2.5, the process known as admixture was introduced. In the special
case of sex-biased admixture, the source populations of an admixture event
contribute different proportions of males and females to the resulting popula-
tion (Goldberg and Rosenberg, 2015). Reasons for sex-biased admixture are
varied and can reflect certain cultural practices, mating practices or sex-biased
migration events. Sex-biased admixture can be detected in various ways. The
uniparental markers, the mitochondrial genome and the Y chromosome, are
inherited through the female and male line respectively, and can thus be used
to study sex-biased admixture events. The drawback from working with the
uniparental markers is that they provide information from only a single locus,
and thus only from a single lineage. Another way to detect sex-biased admix-
ture is by comparing ancestries found on the X chromosome to those found on
the autosomes. Since females inherit two copies of the X chromosome, and
males inherit one copy, the X chromosome spends twice as much time in fe-
males than in males. Employing this knowledge, we can compare the pattern
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of genetic variation found on X chromosomes to that found on the autosomes
by computing X-to-autosomal difference ratios (Rishishwar et al., 2015) per
investigated ancestry follows:

AAdmix = Fanc,total * (Fanc,X - Fanc,auto)/(Fanc,X + Fanc,auto)

where Fyc10ia1 15 the genome-wide admixture proportion for a given an-
cestry, Fyuue x 1s the X chromosome admixture proportion for a given ancestry
and Fyue auro 18 the autosomal admixture proportion for a given ancestry. Neg-
ative X-to-autosomal difference ratios are indicative of male-biased admixture
for that ancestry, positive X-to-autosomal difference ratios are indicative of a
female-biased admixture for that ancestry.

2.2.7 Detecting population expansions and contractions

An important aspect of human evolutionary research and population history is
the investigation of the population size changes over time with the use of ge-
netic data. Effective population size (N,) is often used in these cases, and this
is the number of breeding individuals in a population, in a simplified scenario.
For most populations, the effective population size is lower than the actual
number of individuals in the population, the census size. The effective popu-
lation size can also be inferred going backwards in time, with specific meth-
ods like Pairwise Sequentially Markovian Coalescent (PSMC) (Li and Durbin,
2011), Multiple Sequentially Markovian Coalescent (MSMC) (Schiffels and
Durbin, 2014), and GONE (Santiago et al., 2020). However, these methods
employ information about heterozygous sites and recombination events and
thus require diploid genomes. Bayesian skyline analyses can be performed on
haploid genomes, such as mitochondrial DNA. I use this method on mitochon-
drial genomes in Paper II to provide insight into past population dynamics
of females from various sub-Saharan African populations. Bayesian skyline
analyses employ Markov chain Monte Carlo (MCMC) methods (Drummond
et al., 2005). MCMC methods sample systematically from a probability dis-
tribution, where each new sample is dependent on the previous sample. In the
case of the Bayesian skyline analyses, the effective population sizes through
time are estimated from a distribution of genealogies. These genealogies have
been generated using MCMC algorithms. The results are often represented in
the Bayesian skyline plot (BSP), where the effective population size is plot-
ted against time. An example of the effective population size through time
of African individuals speaking Afro-Asiatic languages is shown in Figure
10. This allows for detection of population expansions or contractions. For
example, expansions in the effective population size of Afro-Asiatic speak-
ers seem to have occurred twice, once after the time period of the out-of-
Africa migration and once after the Last Glacial Maximum. It should be noted
that population sizes and haplogroup-specific sizes are not the same, and that,
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when investigating the effective population size of a specific population, all
haplogroups occurring in that population should be included in the BSP. The
software package BEAST is frequently used (Suchard et al., 2018) to perform
Bayesian skyline analyses, and the program BEAUTI is often used to prepare
the input file for BEAST. BEAST is a Bayesian approach with Markov chains
searching the likelihood space. It is run for a certain amount of iterations and
the output files have to be checked with Tracer, a software package that can
visualize and analyze the MCMC trace files from BEAST. Specifically, Tracer
can tell you how many iterations should be discarded (burnin phase), and what
the Effective Sample Sizes (ESSs) are. These indicate whether or not the anal-
ysis produced a sufficient number of independent samples from the posterior
distribution for a variety of parameters.
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Figure 10. An example of a Bayesian Skyline Plot representing the female effective
population size of individuals speaking Afro-Asiatic languages. On the Y-axis, the
effective population size is shown with a log-scale, on the X-axis the time in the past
(current-day on the left and going backwards in time to the right). This plot is based
on mitochondrial sequences from 400 African individuals speaking Afro-Asiatic lan-
guages. The thick middle line represents the mean estimates and the two dashed lines
represent the 95% highest posterior density (HPD) intervals. The red area denotes
the time of the out-of-Africa migration (65-50 kya), the yellow area the Last Glacial
Maximum (LGM)(26.5-19 kya), and the blue the Holocene (last 11.7 ky).
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2.3 Spatial representation of data

When working with genetic data from a variety of regions, investigating dif-
ferent genetic patterns between those regions is of great interest. To represent
the genetic data spatially, genetic clines and patterns are frequently plotted
on maps. In Paper II, I have used the kriging method to represent the mito-
chondrial haplogroup frequencies across the African continent. This method
predicts the values at an unknown point by calculating a weighted average
of the surrounding data points (not taking into account physical barriers such
as mountains). This way, even though no data was obtained from a particu-
lar area, inferences about occurrences of genetic patterns can be made. This
should be done with caution, as these inferences do not necessarily represent
true occurrences. An example of a frequency map that was plotted using the
kriging method is shown in Figure 11.
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Figure 11. An example of a frequency map, which was plotted using the kriging
method. It shows the frequency of the individuals carrying mitochondrial sequences
that belong to mitochondrial haplogroup L3e. Darker red indicates higher frequencies
of haplogroup L3e in that region. The triangles indicate the sampling locations on
which this frequency map is based.
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2.4 Analyzing ancient proteins

2.4.1 Methods to infer ancient protein sequences

Section 1.3.3 introduced the field of palaeoproteomics and focused on its ap-
plications. In this section, we will introduce some of the methods employed in
ancient protein studies. The investigation of protein sequences has a long and
diverse history. The first method to determine the amino acid sequence of a
peptide was Edman degradation (Edman et al., 1950). Edman degradation, or
Edman sequencing, relies on the chemical labeling of the amino-terminal of
a protein, after which this amino-acid is cleaved and identified through chro-
matography. In 1953, the first amino acid sequence, part of the hormone in-
sulin, was published (Sanger and Thompson, 1953). Unfortunately, Edman
sequencing is not suited for ancient proteins, as it relies on purified, concen-
trated, and unmodified proteins (Robbins et al., 1993). In the 1980s, mass
spectrometry (MS) became widely used to determine the sequence of proteins
from modern-day humans. However, it is not until the advent of soft-ionization
mass spectrometry in the year 2000 that mass spectrometry can be used to de-
termine the sequence of ancient proteins (Ostrom et al., 2000).

Mass spectrometry is a technique that separates ions based on their mass-
to-charge ratio (m/z), after which they are detected and this results in a specific
MS spectrum. From the MS spectrum, a peptide can be identified or the the
amino acid sequence of a protein can be deduced. In general, there are four
parts to the process of MS for proteins: preparation of the sample, an ioniza-
tion source, a mass analyzer and a system for ion detection. The process starts
with the preparation of the sample, where proteins are extracted and proteases
are added. These proteases cleave the proteins into smaller peptides, which
are in the range of the mass spectrometer. Often, the protease trypsin is used,
but more proteases are available. The sample is now ready for ionization.
There is a variety of ways to ionize a sample, but matrix-assisted laser desorp-
tion/ionization (MALDI) and electrospray ionization (ESI) are the two most
commonly used techniques to ionize proteins and peptides for MS (Aebersold
and Mann, 2003). At the same time, the samples are turned into a gas phase.
In the third part, the peptides are separated based on their m/z values. In the
last part of the mass spectrometer, these m/z values are detected and converted
into a digital output. This digital output is often represented as a spectrum,
with the measured intensities for each of the detected m/z values. These spec-
tra can either be compared to a known database, or can, in some cases, be used
to deduce the amino acid sequence of a peptide.

Here, 1 describe two methods used widely in the analysis of ancient
proteins; peptide mass fingerprinting using MALDI-time-of-flight (MALDI-
TOF) (Buckley et al., 2009) and liquid chromatography-tandem mass spec-
trometry (LC-MS/MS). The application of peptide mass fingerprinting using
MALDI-TOF mass spectrometry is often referred to as zooarchaeology by
mass spectrometry (ZooMS). It focuses on collagen proteins, a group of struc-
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tural proteins abundant in connective tissues such as bone, teeth and skin.
ZooMS allows you to identify species through matching the resulting MS
spectra against a database, and it is therefore often used to determine species
when morphological data is inconclusive. As opposed to ZooMS, LC-MS/MS
actually allows for direct identification of a peptide sequence. LC-MS/MS
is special in the sense that two mass analyzers are coupled. After the first
detection, a mass spectrum (MS1) is generated, after which the peptides are
subjected to another round of fragmentation, mass analysis and detection. This
generates the MS/MS spectrum. Both the MS1 and MS/MS spectra are used to
search against a protein sequence database, allowing for amino acid sequence
determination (Aebersold and Mann, 2003). LC-MS/MS can investigate entire
proteomes, and it is sometimes referred to as shotgun proteomics. Database
searches can be performed with several programs, such as Proteome Discov-
erer (Thermo Fisher Scientific), MaxQuant, Mascot and Bionic. UniProt is
often used as the actual database against which the spectra are searched.

2.4.2 Deamidation as a way to authenticate ancient proteins

When working with ancient remains, it is important to minimize contamina-
tion and make sure that the biomolecules you are working with are endogenous
to the sample. When working with ancient DNA, precautions to minimize
contamination with modern DNA are taken and various metrics can provide
information about the authenticity of the DNA. For example, ancient DNA
read length is often shorter than 50 base pairs (Hofreiter and Hartmann, 2020)
and shows DNA damage in the form of deamination near the ends of the DNA
fragments (Sawyer et al., 2012). Within the field of palaeoproteomics, a phe-
nomenon called deamidation can be used to authenticate the ancient proteins.
Deamidation is a a post-translational modification where amide groups in as-
paragine (N) or glutamine (Q) residues are converted into acidic residues, re-
sulting in aspartic acid or glutamic acid. As deamidation increases over time,
it serves as a valuable metric for determining the authenticity of ancient pro-
teins. Deamidation rate of glutamine is more than 60 times slower than that of
asparagine (Robinson and Robinson, 2001). In Paper IV, I use the program
deamiDATE (Ramsge et al., 2020) to analyze the deamidation patterns of an-
cient proteins. It infers the bulk deamidation (the total rate of deamidation),
as well as site specific deamidation. Site specific deamidation looks at the
deamidation of asparagin and glutamine in the context of the flanking amino
acids. Deamidation rates are affected by the two surrounding amino acids.

45



3. Ethical considerations

Genetic research on humans, particularly in the context of evolutionary stud-
ies, holds great potential for deepening our understanding of human history
and the processes that have shaped our species. However, it is important to
be aware of the ethical considerations when conducting research on humans,
both modern and ancient. The necessity arises from the need to respect indi-
vidual rights, cultural sensitivities, and the potential effects that the findings
may have on society. It has been shown that most genetic variation (94.6%) is
found between individuals within groups, and only a small amount of genetic
variation exists between groups (5.4%) (Rosenberg et al., 2002). Unfortu-
nately, identifying differences between groups has the potential to be used in a
discriminatory way, which is the basis for racism. Moreover, all cultural values
are different. Following and applying western cultural values when working
with other populations’ history is also discriminatory. Thus, the explanation
of the research beforehand and the presentation of these results should be per-
formed with care. Here, I expand on the ethical considerations that come into
play when conducting research involving modern populations, and research
involving ancient humans. Moreover, I briefly touch on ethical considerations
when performing research on the African continent, as the colonial history of
Africa has large implications for current research. This should be taken into
consideration and all means of exploitation should be avoided.

Most of the work in this thesis has been conducted on modern humans and
involves many ethical considerations. First, the sampling protocol for modern
samples has to be reviewed by an ethical board. Local ethics committees in the
country of the investigated population have to approve the sampling protocol
and the project as a whole. The projects, involving the sequencing and anal-
yses of samples in Sweden, also need to be approved by the Swedish ethical
review board. Informed consent is a cornerstone of ethical research involving
modern human populations, and is obtained in a written form where possible.
Researchers must ensure that participants fully understand the purpose, scope,
potential implications, and risks of the study before agreeing to participate.
To achieve this, it is important to involve community-based organizations in
the field work. The guidelines set by the Swedish Ethics Board are specifi-
cally designed to safeguard participants. All documents containing personal
data are securely stored, typically in a locked cabinet under the supervision of
the project leader. Digital data is maintained in secure databases, such as the
UPPMAX system, with access limited to authorized personnel. Likewise, col-
lected samples and extracted DNA are kept in a secure freezer with controlled
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access. The samples are anonymized, with the key required to retrieve partici-
pant identities accessible only to authorized personnel. Study participants can
always retract their participation. In that case, the sample and personal data
obtained should be destroyed. When conducting research in Africa, or among
other marginalized or underrepresented groups, additional care must be taken
to ensure that consent is genuinely informed. For example, many hunter-
gatherer languages lack specific words for ’science’ or ’research’ and these
concepts are often merged into a single term synonymous with *medicine’
(Marshall and Marshall, 2007). This can pose significant risks when attempt-
ing to obtain informed consent in the context of genomic research that is not
intended for any medical purposes. Moreover, as we live in a world mostly
characterized by land ownership and boundaries, we have to be careful of the
implications of genetic research, especially when we study pastoralist groups
and hunter-gatherers (Bankoff and Perry, 2016; Marshall and Marshall, 2007).
Local genetic ancestry can be and has been used to claim the right to land. Re-
searchers should, therefore, be particularly mindful of the local political and
historical contexts. It should be noted and explained that genetic research on
modern populations does not provide definitive answers about where their an-
cestors lived. A final aspect to think about when studying population genetics
of modern individuals, is the correct naming and referral of ethnicities and
populations. Throughout this thesis, I use the names preferred by the commu-
nities and individuals themselves.

A smaller part of this thesis has been conducted using ancient human re-
mains. My work in Paper IV, as well as my position in a research group with
a focus on both modern and ancient humans, has made me aware of the eth-
ical aspects of working with ancient human remains. Unlike working with
modern individuals, laws and regulations are generally less refined when it
comes to working with ancient human remains. As the sampling is destruc-
tive, i.e. the material is destroyed with the purpose of obtaining biomolecular
information, it is critical to minimize this harm to the sample. A sampling
permit from the local museum or heritage agency should also be obtained, and
should include the permission to export the human remains to our clean lab
in Uppsala, Sweden. It is also important to be aware of the implications of
working with human remains. In the case of populations practicing ancestor
religions, revealing the genetic ancestry of ancient human remains can have
large implications for the communities that worship them. Thus, communi-
cation and collaboration between anthropologists, archaeologists, community
representatives, and geneticists in this type of investigation is crucial.

Lastly, I want to reflect on the ethical considerations when performing re-
search on the African continent. The colonial history of Africa has large im-
plications for current research and it is important to be aware of this as re-
searchers based in Europe. It is important for both work involving modern
populations and ancient human remains to give feedback to the communities
involved. This can be done by presenting the general findings of the research
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back to the community or, in the case of modern populations, in the form of an
individual report. Also, the education and involvement of African researchers
in our studies has been a focus point.

To conclude, the ethical complexity of genetic research on African pop-
ulations arises from the need to balance scientific interest with respect for
individual rights, cultural sensitivities, and the potential societal impacts of
the findings. Researchers have to be aware of these aspects and carry out the
research with utmost care.
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4. Research aims

The aim of my thesis work is to investigate both modern and ancient popu-
lation structure on the African continent to infer historical demographic pro-
cesses. Specifically, my research focuses on the following objectives:

I Assess and develop new methods to analyze mitochondrial genomes (Pa-
per I and II).

II Provide a new overview of the mitochondrial and Y chromosome diversity
present on the African continent to infer maternal and paternal histories
(Paper II and III).

IIT Investigate the potential differences in protein sequences between Khoe-
San populations and all other modern human populations (Paper IV).

IV Shed light on the ancestral genetic components present in various South

African Coloured populations and identify geographical differences in
their genetic background (Paper V).
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5. Summary of papers

Paper I: The performance of common SNP arrays in assigning
African mitochondrial haplogroups

In my first paper I focus on the methodological aspect of researching maternal
histories in sub-Saharan Africa (Lankheet et al., 2021). As the accurate assign-
ment of mitochondrial haplogroups is important for the field of evolutionary
genetics, I explore the mitochondrial haplogroup assignment in African pop-
ulations when genome-wide SNP array data is available. We look specifically
at African mitochondrial haplogroups, as African populations have high ge-
netic diversity, including in their mitochondrial genomes. I investigate the
performance of eight commonly used SNP arrays in assigning African mito-
chondrial haplogroups and show that two SNP arrays, the Illumina Infinium
Multi-Ethnic Global-8 and the Illumina Infinium Multi-Ethnic AMR/AFR-
8, outperform the other arrays when it comes to the correct assignment of
African mitochondrial haplogroups. They were able to assign 59-81% of the
African mitochondrial haplogroups. Other SNP arrays were able to assign
4-62% of the African mitochondrial haplogroups. We also assessed the per-
formance of HaploGrep2 for assigning mitochondrial haplogroups from SNP
array data. HaploGrep2 is a free tool for automated haplogroup assignment.
We show that two SNP arrays show very low haplogroup assignment percent-
ages. Leaving these two SNP arrays aside, we generally observe moderate
to good haplogroup assignment percentages (58—86%). These results provide
the first cross-checked quantification of mitochondrial haplogroup assignment
performance from SNP array data, indicating that mitochondrial haplogroup
frequencies inferred from most common SNP arrays used for human popula-
tion analysis should be considered with caution. The testing of various SNP
arrays presented in this study regarding their ability to assign mitochondrial
haplogroups correctly will help researchers to decide whether they should in-
clude mitochondrial haplogroup assignment in their research based on SNP
arrays.

Paper II: Maternal histories of sub-Saharan Africa revealed
through sequencing of complete mitochondrial genomes

As mitochondrial genomes are inherited through the female line, they are an
important part of our genome when it comes to studying maternal histories of
an individual or a population. The African continent is especially interesting
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in this regard, as it is home to the highest diversity of mitochondrial DNA.
In Paper I, I have shown that, generally, SNP arrays do not provide enough
information for detailed mitochondrial haplogroup assigment. Therefore, we
developed a long-range sequence assay to amplify full-sequence mitochon-
drial genomes, and used it to generate mitochondrial sequences from under-
represented regions in Africa, such as the DRC and Ethiopia. We generated
data from a total of 1288 complete mitochondrial genomes from 14 different
countries across sub-Saharan Africa. These genomes are used to delineate
mitochondrial haplogroups and trace maternal ancestry. We merge the newly
generated mitochondrial sequences with over 3600 available African mito-
chondrial genomes, and provide an overview of African mitochondrial hap-
logroups and give insights into the maternal background of the African conti-
nent. We show the frequency distribution of the ten most frequently occuring
haplgroups and through the assessment of effective population sizes over time,
we date the onset of the expansion of Niger-Congo and Mande speakers to 17
thousand years ago (kya) and the Bantu Expansion to 6 kya. Moreover, I in-
vestigate the mitochondrial haplogroups associated to the Bantu Expansion.
By looking at nucleotide diversity patterns and female effective population
sizes over time, I identify one haplogroup, haplogroup L3e, as one of the ma-
jor haplogroups of the original expanding Bantu-speaking groups, and that the
Bantu Expansion brought it to many parts of the continent. We confirm the
significance of L3e as a crucial marker for the Bantu Expansion, unveiling its
central role for the first time in this context. In summary, the results from this
study not only enhance our understanding of African mitochondrial diversity
and maternal lineage histories, it also sheds light on significant demographic
events such as the Niger-Congo and Bantu Expansions.

Paper III: Y chromosome diversity and geographical patterns in
sub-Saharan Africa

The non-recombining portion of the Y chromosome (NRY) provides a valu-
able resource for investigating paternal lineages due to its inheritance through
the paternal line and lack of recombination. In this study, we employed tar-
get enrichment to sequence 2.36 Mb of the NRY in 369 males from 28 loca-
tions across 11 sub-Saharan African countries. We identified three distinct
patterns of geographical distribution for Y haplogroups; those confined to
southern Africa, such as Alblb2a (A-M51); those widely distributed across
sub-Saharan Africa, like the E1blal (E-M2) haplogroups; and those of non-
African origin, which exhibit highly localized occurrence. Additionally, our
findings reveal that the Bantu-speaking Lemba and Remba populations pos-
sess a unique Y haplogroup composition, distinct from other Bantu-speaking
groups, aligning with their oral history and highlighting their unique paternal
lineage. In contrast, other Bantu-speaking populations display a high preva-
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lence (57-100%) of the E1blal (E-M2) haplogroup. Overall, this study pro-
vides a comprehensive overview of the paternal histories of the populations
studied.

Paper IV: Ancient proteins and the deepest population divergence
among modern human populations

The field of aDNA has taught us a wide variety of aspects about human evolu-
tion and human history. For Paper IV, we shift our focus from DNA to proteins
as DNA preservation and survival are limited. In addition to DNA, proteins
also contain valuable molecular biological information and they generally pre-
serve longer than DNA. Especially for very old samples in hot and humid envi-
ronments, protein data could provide unique information, which in turn could
be extremely valuable for deciphering early human evolution in Africa. For
this paper, I investigate the potential differences in protein sequences between
the two groups representing the deepest population divergence in the tree of
all modern humans; Southern African hunter-gatherer Khoe-San groups on the
one hand, and the rest of humanity on the other hand. We make use of in silico
translated genetic data, as well as protein data from ancient human remains
from Africa. We developed a model based on 88 amino acids that exhibit
frequency differences between Khoe-San and non-Khoe-San individuals. We
show that 14 of these amino acids can be detected in ancient human remains.
Additionally, we confirm the authenticity of ancient proteins by examining
their deamidation patterns. These findings pave the way towards the careful
exploration of protein analysis in older samples, with the aim of deciphering
the affinity of ancient samples to either one of the branches representing the
earliest split among modern humans. This will then shed light on population
continuity and ancient population structure in sub-Saharan Africa.

Paper V: Wide-scale geographical analysis of genetic ancestry in
the South African Coloured population

Whereas the papers up to this point in the thesis have focused on a methodol-
ogy or wider view of genetics of African populations, in Paper V I investigate
the demographic histories of one population specifically; the South African
Coloured (SAC) population. The SAC population is the most admixed pop-
ulation in South Africa, resulting from centuries of complex migration pat-
terns, admixture, and historical segregation. SAC individuals are the descen-
dants of local Khoe-San and Bantu-speaking populations, European settlers,
and enslaved individuals from Africa and Asia. In this paper, I investigate
the genetic makeup of SAC individuals, utilizing autosomal genotypes along-
side mitochondrial and Y chromosome data. We generated new genotype data
for 125 individuals identifying as SAC from seven locations. We merge the
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genotype data from these individuals with genotype data from 231 SAC in-
dividuals from 15 other locations and investigate the mosaic of ancestries in
these individuals. We focus specifically on geographical differences in ances-
try and find variations observed across the sampled regions. Khoe-San ances-
try predominates in 14 of the 22 locations, underscoring its enduring influence
within the SAC population. Geographical analysis highlights distinct patterns
of ancestry distribution: inland regions exhibit higher proportions of Khoe-
San ancestry, eastern regions show more Bantu-speaker/West African ances-
try, and western/coastal areas, particularly around Cape Town, have increased
Asian ancestry. This geographic divergence mirrors historical migration routes
and settlement patterns, offering insights into the complex interplay of factors
shaping SAC genetic diversity. Moreover, we also investigate whether the
admixture events shaping the SAC population were sex-biased by calculat-
ing sex-biased admixture ratios. We observe negative values for East African
and European ancestries, indicating male-biased admixture from these popu-
lations. At the same time we observe a positive value for Khoe-San ancestry
suggesting female-biased admixture. This sex-biased pattern was confirmed
by results from mitochondrial DNA and Y chromosome data. Overall, this
study shows the complex and varied genetic backgrounds of individuals iden-
tifying as SAC, thereby offering valuable insights into South Africa’s diverse
historical migrations and genetic landscape.
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6. Conclusions and future prospects

Studying the genetics of humans living in Africa is a fascinating research field,
given humanity evolved on this continent. Despite this fact, African popula-
tions have been relatively understudied due to the large focus on Europeans,
and later also on Asian populations. African populations, as I show in this
thesis, hold the key to answering many pivotal questions about human history.
By exploring human proteomes, as well as investigating different regions of
the human genome, such as the mitochondrial genome, Y chromosome and
SNPs, I shed light on African population genetics from multiple perspectives.
Furthermore, I do not just rely on existing methodologies; I also assess and
develop new approaches to investigate and uncover ancient African popula-
tion structure. In Paper I, I investigate mitochondrial haplogroup assignment
in African populations using commonly used genome-wide SNP arrays. 1
show that two SNP arrays outperform the other six investigated arrays, the Il-
lumina Infinium Multi-Ethnic AMR/AFR-8 and the [llumina Infinium Multi-
Ethnic Global-8 array. However, I also caution that haplogroup assignment
based on SNP array data should always be approached with care. Therefore,
in Paper II, I develop a new assay to sequence full mitochondrial genomes
and use it to generate mitochondrial sequences from underrepresented regions
in Africa, Ethiopia and the DRC amongst others. Using this data, together
with published mitochondrial genomes, I provide an overview of African mi-
tochondrial haplogroups and offer new insights into the maternal background
of the African continent. Our results show that the Niger-Congo and Bantu
Expansions started earlier than previously thought, and that mitochondrial
haplogroup L3e was one of the major haplogroups of the original expanding
Bantu-speaking groups. Future research targeting various other genomic re-
gions could provide new insights into the timing of the Niger-Congo and Bantu
Expansions, potentially confirming or challenging the theories proposed here.
In Paper III, I present an overview of the Y haplogroups found among 369 in-
dividuals from sub-Saharan Africa, as obtained by targeted enrichment of their
Y chromosomes. I identify three different patterns of geographical distribution
and show that two Bantu-speaking populations, the Lemba and Remba, have a
distinct Y haplogroup composition from other Bantu-speaking groups. Future
directions for this paper could focus on expansions of paternal lineages, as was
done for the maternal lineages. Comparing maternal and paternal histories can
provide insight into patrilocality and matrilocality patterns in Africa.

In the following paper, Paper IV, I investigate protein differences between
the two groups representing the deepest population divergence in the tree of
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all modern humans; Khoe-San people and all other humans. I show that there
are protein differences in bone- and teeth-related proteins and that these can
be investigated in ancient human remains. However, this study also demon-
strates the limitations of the current protein analysis methods in distinguishing
ancient Khoe-San and non-Khoe-San individuals from ancient remains. Al-
though the in silico analysis highlights the potential of investigating proteins
in ancient specimens, protein coverage should be improved, before investigat-
ing older samples from Africa. Future research can focus on improving the
protein coverage, to increase the chances of finding informative amino acids.
Moreover, the robustness of the in silico model will need to be tested with
additional modern sequences of Khoe-San and non-Khoe-San people. In the
last paper, Paper V, I focus on the genetic make-up and demographic history
of one population specifically, the SAC. I reveal geographical differences in
ancestry proportions and show that this population contains patterns of sex-
biased admixture.

Overall, my thesis explores various dimensions of African population ge-
netics and proteomics. I have assessed and employed a variety of methods,
studying both large-scale African population structure and smaller, more spe-
cific populations such as the SAC. I have shed light on key events in the
Holocene, such as the Bantu Expansion and the expansion of Niger-Congo
speakers. Altogether, my thesis contributes to a deeper understanding of
African population genetics by revealing complex ancestral dynamics, refin-
ing genetic and proteomic methodologies, and offering new insights into the
demographic history of diverse African populations. This thesis also empha-
sizes the complexity and diversity of African population history. One of the
key unresolved questions in human evolution is identifying the specific re-
gion(s) of origin within Africa. Model testing methods could play a crucial
role in addressing this question, offering tools to analyze genetic data, sim-
ulate evolutionary scenarios, and refine our understanding of population dy-
namics across the continent. Advancements in aDNA methods bring hope for
increasing the number of samples from Africa, offering the potential to gather
data from a wider range of time periods and geographically diverse regions.
Human evolution research has historically been somewhat fragmented, with
archaeologists, linguists, and geneticists partly working in isolation. However,
increasing collaboration among these disciplines is fostering a more integrated
approach, which is enriching our understanding and providing more holistic
views of human evolution. Furthermore, research into pathogens and micro-
biomes in both modern and ancient populations can give insights into natural
selection processes. This can enhance our understanding of how humans adapt
to new environments, a topic of growing relevance in the context of climate
change and future epidemics.
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7. Svensk sammanfattning

Den anatomiskt moderna ménniskan har sitt ursprung i Afrika. Trots detta
forblir Afrika en timligen outforskad region. I min avhandling anvénder jag
genetiska och proteomiska data for att forstd mianniskans evolution och histo-
ria. Jag avslojar hur gamla populationsstrukturer i Afrika sag ut, och hur nu-
varande populationer har bildats. En del av mina studier fokuserar pa att testa
och utveckla olika nya metoder for att generera genetiska och proteomiska
data fran méanniskor som lever nu, men ocksa fran ménniskor som levde forr.
For ovrigt fordjupar jag mig i bade storre genetiska monster och i finskaliga
populationstrukturer med hjilp av olika genetiska markorer.

I forsta delen av min avhandling fokuserar jag pa en speciell typ av data som vi
kallar for enbaspolymorfier, vilket dr positioner i genomet som skiljer sig mel-
lan olika ménniskor. Man kan ta reda pa vilka baser som finns i en enbaspoly-
morfi genom at sekvensera individer med hjidlp av mikromatrisanalysteknik.
Det finns olika typer av mikromatrisanalyser som har utvecklats av olika fore-
tag, och som inkluderar lite olika enbaspolymorfier. Man skulle kunna an-
vinda data fran dessa mikromatrisanalyser for att forska pa en specifik del
av genomet; det mitokondriella DNAt (mtDNA), som bade min och kvinnor
arver fran sina modrar och som didrmed ger information om moderslinjen. I
forsta artikeln har jag analyserat vilken mikromatrisanalys som fungerar bst
for att forska pa mtDNA fran Afrika, sa vi kan dra de mest tillforlitliga slut-
satserna om den afrikanska befolkningen. I detta arbete finner jag att mod-
erslinjer som hirleds med hjédlp av alla olika mikromatrisanalystekniker bor
betraktas med forsiktighet, men att det finns vissa analyser som man skulle
kunna lita pa mer @n andra.

I foljande studie, studie II, fortsitter jag med att utforska mtDNA och mod-
ernlinjer hos olika populationer i Afrika. Istéllet for att undersoka enbaspoly-
mofier, utvecklade jag en metod for att sekvensera hela mtDNA genom, och
jag anvinder den nya metoden for att sekvensera nédstan 1 300 nya mtDNA
genom fran minniskor i underrepresenterade regioner i Afrika. Genom
att analysera dessa tillsammans med ungefir 3 600 publicerade mtDNA-
sekvenser, ger jag en dverblick 6ver den maternella genetiska bakgrunden i
Afrika. Genom att analysera populationsstorleken hos kvinnor &ver tid upp-
tickte jag att tva expansioner intriffade tidigare dn vad man tidigare trott.

I studien III har jag sekvenserat delar av Y-kromosomen fran olika popu-
lationer i subsahariska Afrika. Vi identifierade tre olika geografiska sprid-
ningsmonster av Y-haplogrupper; de som begrénsas till sédra Afrika, de som
ar vitt spridda Over hela subsahariska Afrika, och de med ett icke-afrikanskt
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ursprung som endast forekommer ytterst lokalt. Vidare fann vi att de Bantuta-
lande Lemba- och Rembafolken forekommer i en distinkt sammansittning av
Y-haplogrupper som skiljer sig fran andra Bantutalande folkgrupper.
Eftersom bevarandet och 6verlevnaden av DNA fran gamla ben &r begrinsad,
flyttar jag fokus fran DNA till proteiner i studie IV. Jag utforskar anvénd-
ningen av proteomik hos forntida individer for att uttyda djupgaende popula-
tionsstrukturer i Afrika. Jag undersoker de potentiella skillnaderna i protein-
sekvenser mellan de tva grupper som representerar den djupaste forgreningen i
det evolutiondra tridet och som omfattar alla moderna minniskopopulationer.
Jag identifierar variation i aminosyror mellan sédra Afrikas jdgar-samlande
Khoe-San-grupperna a ena sidan, och resten av minskligheten & andra sidan,
och jag visar att dessa aminosyror kan undersokas i gamla prover fran Afrika.
Dessa fynd banar vig for en noggrann utforskning av proteinanalys i dldre
prover, fran vilka inget gammalt DNA kan utvinnas.

I den sista studien (V) undersoker jag genetiken hos en specifik population;
de sa kallade Coloured-folken (svenska “fargade”) i Sydafrika. Det dr den
population som har mest blandad hédrkomst i Sydafrika, och troligtvis dven i
virlden. De dr éttlingar till savdl Khoe-Sanfolken, individer med vistafrikansk
hiarkomst, pastoralist-folken fran Ostafrika, som europeiska kolonisatorer
samt slavar fran Syd- och Ostasien. Genom att anvinda enbaspolymorfidata
fran dessa Coloured-individer identifierar jag geografiska skillnader i propor-
tionerna av de olika genetiska hirkomsterna och dven vissa skillnader mel-
lan mén och kvinnor i dessa proportioner. Jag identifierade hogre Khoe-San-
bidrag i inlandsregioner och mot Oster, och hdgre bidrag fran personer med
vistafrikansk harkomst i Ostliga regioner, medan de asiatiska hirkomsterna dr
hogre i vistra regioner.

Sammantaget har mitt arbete for denna avhandling fordjupat var forstaelse
for kontinentala och regionala genetiska strukturer i afrikanska populationer.
Genom att anvinda olika typer av genomdata savil som proteomdata, belyser
jag bade metodologiska framsteg inom omradet, expansioner som intriffade
tidigare @n vad man tidigare trott, samt den unika och blandade bakgrund som
innehas av Coloured-befolkingarna.
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8. Declaration of generative Al in scientific
writing

During the preparation of this work I used ChatGPT (version 4) in order to
revise and refine my written text, making it more smooth, readable, and un-
derstandable. After using this tool, I reviewed and edited the content as needed
and take full responsibility for the content of this thesis and the manuscripts it
includes.
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