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Abstract iii

ABSTRACT

Y chromosome DNA and mitochondrial DNA (mtDNA) variation were examined in
Ugandans, Zambians, Biaka Pygmies and non-Pygmies from the Central African Republic. Y
chromosome DNA variation was also examined in populations from the Democratic Republic
of Congo. Data generated in this study were analysed together with published data to (1)
clarify the understanding of the overall patterns of haploid genetic variation in Africa; (2)
examine genetic affinities among central African and other African populations; (3) assess the
concordance of haploid markers with different mutation rates in assessing population
affinities; (4) compare male and female migration rates in African populations; and (5) refine
theories regarding the prehistory of central Africa populations based on linguistics and

archaeology.

Sixteen biallelic and eight microsatellite Y-specific markers were examined in 369 central
African individuals. Eleven Y chromosome haplogroups (HGs A, B*, B-M150, B-MI 12, B-
M211, E-M191, E-M2, E-M35, E-M40, FJ and R) and 174 compound haplotypes were
identified. The mtDNA 9-bp deletion, 3592 Hpal and 10397 Alul restriction polymorphisms,
and two hypervariable regions (HVRs) were examined in 397 individuals. A total of 246

mtDNA types were identified and classified into 19 mtDNA subhaplogroups.

Using Y chromosome data, central African populations shared close genetic affinities with
each other and with populations from west and southern Africa. Extensive unidirectional Y
chromosome gene flow from non-Pygmy populations to Biaka Pygmies was observed. Using
mtDNA data, central African non-Pygmy populations shared close genetic affinities with each
other and with populations from west, east and southern Africa. MtDNA studies indicated
almost complete maternal genetic isolation of Biaka. Overall, using both mtDNA and Y
chromosome data, pan-African populations were best grouped by geographic rather than by
linguistic criteria.
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Different mtDNA and Y chromosome data types revealed similar genetic relationships among
African populations. Female migration rates appear to have exceeded male migration rates in
non-Pygmy central African populations in this study, whilst the opposite was found in Biaka
Pygmies. Data types at different levels of resolution suggested that male and female migration
rates in Africa may have differed over time, and may not have been significantly different.
This research has provided new insights into the complex demographic history that shaped the

present-day genetic landscape of central African populations.
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Introduction 1

1. INTRODUCTION

Haploid genetic data, in conjunction with anthropological, archaeological and linguistic
evidence, have contributed significantly to the current debate about the origins, migrations and
relationships of modem human populations. Haploid areas of the genome include both the

male-specific region of the Y chromosome (MSY), and mitochondrial DNA (mtDNA).

In recent years the use of highly informative mtDNA (Soodyall et al. 1996; Watson et al.

1997; Bandelt et al. 2001; Salas et al. 2002), and Y chromosome genetic markers (Scozzari et
al. 1999; Bosch et al. 1999, 2000, 2001; Cruciani et al. 2002; Semino et al. 2002), together
with the phylogeographic approach (Avise 1987), has greatly improved the understanding of
the prehistory of African populations. However the geographic distribution of the sampled
populations has been rather uneven; many regions and populations within the African
continent are under-represented either due to small sample sizes or lack of sampling. In
particular there is a lack of data from populations living within the central African region (fig.
1.1; Tishkoffand Williams 2002). Studies consistently indicate that Africa is the most
genetically diverse continent in the world (Batzer et al. 1994; Bowcock et al. 1994; Armour et
al. 1996; Jorde et al. 1997; Stoneking et al. 1997; Jorde et al. 2000; Tishkoff et al. 2000), but
haploid genetic variation in African populations has not been as thoroughly studied as it has in
non-African populations (e.g. Macaulay et al. 1999; Forster et al. 2000; Richards et al. 2000;
Kayser et al. 2001). African populations show high levels of subdivision (Tishkoffand
Williams 2002), with extensive genetic variation among even geographically close African
populations (e.g. Tofanelli et al. 2003). For these reasons, the further study of [central] African
populations is of fundamental importance for understanding both global and regional genetic

variation.



Figure 1.1 The geographical distribution of non-biomedical
studies in sub-Saharan African populations (Tishkoffand
Williams 2002). N= number of ethnic groups studied with
more than 20 individuals examined.
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Figure 1.2 Map showing African environmental zones
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Insights into the patterns of haploid genetic variation in African populations have previously
been hampered by the use of different polymorphic markers in different studies, making
comparative investigations difficult. Additionally, very few studies (Passarino et al. 1998;
Pereira et al. 2001; Pereira et al. 2002; Knight et al. 2003) have examined both mtDNA and
MSY-DNA variation in the same African populations, which can reveal interesting differences

in the patterns of male and female migrations (Seielstad et al. 1998).

In order to address the paucity of haploid genetic data from central African populations, both
MtDNA and MSY-DNA variation in populations from the Central African Republic, Uganda
and Zambia were investigated in this study. Data from these populations have been analysed
within the context of the recently published MSY (Y Chromosome Consortium [YCC] 2002)
and mtDNA (Salas et al. 2002) phytogenies, and compared to published MSY and mtDNA
data (Tables 2.2 and 2.3) to examine how males and females have shaped the gene pools of
African populations. In addition, genetic data in this study have been collated with the
information gained from non-genetic sources, in order to gain new insights into the prehistory

of central African populations.

11 Theprehistory ofcentral Africa using non-genetic studies

The central African geographic region extends on both sides of the equator, from the Atlantic
Ocean in the west, to the Great Rift Valley and Great Lakes in the east. The area is largely
characterised by tropical rainforest, bounded to the north and south by woodland savannah
environments (fig. 1.2). Knowledge of the settlement and prehistory of central Africa has been
partially reconstructed from archaeological and linguistic studies, although the understanding
of the central African past by archaeological means is somewhat limited due to a scarcity of
data (van Noten 1982; Phillipson 1985; Shaw et al. 1995; Vansina 1990), as well as by the
lack of hominid fossils (van Noten 1982; Phillipson 1985).
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1.1.1 Stone Age archaeology ofcentral Africa.

Early Stone Age (modes 1land 2; Clark 1968) Acheulian and pre-Acheulian tools have been
discovered in peripheral parts of central Africa (Cahen 1982; Vansina 1990), indicating that
these regions were populated since at least ~1.5 million years ago. However there is a lack of
Acheulian artefacts from the densely forested Congo basin (Cahen 1982; Phillipson 1985),

suggesting that the core central African regions were only occupied at later stages.

A Middle Stone Age industry (mode 3; Clark 1968) called the Sangoan provides archaeological
evidence for a first penetration of the true central African forest, and for the intensive
occupation of the surrounding woodlands (Oliver 1999). Entry into the true forest may be
associated with the evolution of modern Homo sapiens (Vansina 1990). This is substantiated by
the technological innovations seen in Sangoan tools (Oliver 1999); such innovations may
indicate modern behaviour, consistent with the evolution and expansion of early modern
humans at this time (Lahr and Foley 1998). In central Africa, the Sangoan Industry has been
dated to at least 80 thousand years ago [kya] (Clark 1982). By -40 kya, the central African
Sangoan Industry was succeeded by more specialised Middle Stone Age industries, such as the
Lupemban and the Bambatan (Phillipson 1985; Oliver 1999). Such diversification and

regionalization is thought to indicate population subdivision (Lahr and Foley 1998).

Late Stone Age technologies (mode 5, Clark 1968) such as the Tshitolian Industry appeared in
central Africa-18-14 kya (Phillipson 1977; Ambrose 1982; Phillipson 1985). During this time
period, extremely arid conditions associated with the Last Glacial Maximum may have

facilitated further occupation of the central African region, since rainforest regions changed to

savannah environments and were thus more easily penetrable (Oliver 1999, Vansina 1990).

About 10 kya, very warm climatic conditions known as the Holocene Wet Phase caused a re-
expansion of the equatorial forest (Maley 1995; Vansina 1990). Wet conditions stimulated
population growth in the Sahel region to the north of today’s central rainforest region, which
in turn may have stimulated the development of settled life and food production in Africa

(Phillipson 1985). A common fishing and hunting culture is thought to have developed 9 000 -



Introduction 5

7 000 years ago at the latitude of present-day Khartoum in Sudan, extending as far south as
Uganda and Kenya (Oliver 1999). The advent of agriculture occurred ~8 kya in regions to the
north, west and east of the central African rainforest, in the Sahel belt, west Africa and
Ethiopia highlands respectively (Phillipson 1985; Diamond 1997). Indigenous domesticated
African crops include yams, guinea rice, sorghum, millet, ensete (a plant in the banana
family), teff (a grain similar to millet) and noog (an oilseed) (Phillipson 1985; Diamond 1997).
Domesticated indigenous sub-Saharan animals include only guinea fowl (Diamond 1997) and

possibly cattle (Bradley et al. 1996).

Food production is thought to confer several advantages to farming populations in comparison
with hunter-gatherers, including the ability to support higher population densities and the
ability to store food surpluses. These developments lead to population growth, the
development of complex technology, social stratification, and resistance to infectious disease
acquired from social domesticated animals (Diamond 1997; Diamond and Bellwood 2003).
Food production is considered to have been an important trigger for major expansions and
dispersals of [farming] populations all over the world within the last ~10 000 years (Diamond
1997; Diamond and Bellwood 2003). Within central Africa, the expansions and dispersals of
agriculturist populations had begun by ~5 kya; the impact of these demographic shifts is best
understood by analyses of African linguistics in conjunction with Iron Age archaeological

findings.

1.1.2 African linguistic studies

Linguistic studies have proven to be a useful adjunct to archaeological studies, offering
insights into the more recent past. Language usually indicates group membership since you
learn a language from the society into which you are born (Phillipson 1985) although
linguistic change can occur extremely fast. By studying present-day languages and their
distributions, historical linguists can reconstruct certain features of ancestral languages. Such
studies can suggest the areas in which the ancestral languages may have been spoken.
Reconstructed vocabulary can indicate lifestyle and technology, and can reveal population

interactions (e.g. Ehret 1998).
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Languages spoken by the peoples of Africa are classified into four phyla (Greenberg 1963):
Afro-Asiatic (including the Semitic, Berber, Cushitic and Chadic language families), Nilo-
Saharan (east and central Sudanic, Saharan and Songhai), Niger-Congo (Atlantic, Mande,
Voltaic, Kwa, Adamawa and Bantu), and Khoisan (San and Khoikhoi). The distribution of these

language phyla in Africa today is shown in fig. 1.3.

The great majority of subequatorial Africans (>200 million people) today speak one of -500
very closely related languages, even though they are distributed over an area of-500 000 km".
Wilhelm Bleek (1862) collectively referred to these languages as “Bantu” languages, based on
the word meaning “people” in many of them. The current distribution of the Bantu languages is
likely to have been achieved as a consequence of the movement of people (demic diffusion)
rather than merely by a diffusion of language (Ehret and Posnansky 1982; Huffman 1982). This
expansion is commonly referred to in the literature as the “Bantu Expansion” (Greenberg 1963).
Linguists have suggested that the “Bantu Expansion” began -3-5 kya (Ehret 1982; Vansina
1990) and probably originated in the Cross River Valley, in the region of present-day eastern
Nigeria and western Cameroon (Johnston 1913; Greenberg 1972; Huffman 1982; Vansina 1990;
Vogel 1994).

Bantu languages have been divided into three major groups, including North-Western Bantu
(subgroups A, B, C), Eastern Bantu (subgroups E, F, G, J, N, P and S) and Western Bantu
(subgroups H, K, L, R, D and M) (fig. 1.4; Guthrie 1948; Vansina 1984, 1990; Nurse and
Tucker 2002; Holden 2002). Speakers of Eastern and Western Bantu languages are thought to
have followed different migratory routes until they reached their present-day distributions. The
ancestors of Eastern Bantu-speakers are thought to have migrated eastwards out of the Cross
River Valley, reaching the Great Lakes region by -3 kya (Ehret 1998). After establishing their
presence in the interlacustrine area, speakers of Eastern Bantu languages expanded southwards,
reaching roughly their full contemporary distribution across most of eastern and southern Africa

by the early centuries of our era (fig. 1.4).
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Figure 1.3 The geographical distribution of the four major African language phyla
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Figure 1.4. The distribution of Eastern (E) and Western (W) Bantu languages (inset) and
their subgroups (letters in main figure) (Guthrie 1948 and Grimes 2001).
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Western Bantu-speakers followed a second major route of migration, moving from the
Cameroon homeland directly south through the rainforests, possibly following the Atlantic
coast. Vansina (1990) has used linguistic data to map their movements in some detail; they
eventually settled the whole of the rainforest region, extending as far south-east as the present-
day Zambia-Malawi border (fig. 1.4). Western Bantu-speakers are believed to have started their

expansion well before Eastern Bantu-speakers (Ehret 1982; Phillipson 1985).

1.1.3 Iron Age archaeology ofcentral Africa

There is no linguistic or archaeological evidence for knowledge of metallurgy by proto-Bantu-
speakers (Ehret 1982; Vansina 1984, 1990). Nevertheless, iron technology is considered to be
one of the technological innovations that drove the “Bantu Expansion”, and certainly
characterized most of the later stages of the expansion (Huffman 1982). The earliest evidence
of metallurgy in central Africa comes from the Great Lakes region, and dates to ~ 2 300 years
ago (van Noten 1982). There is evidence of iron-working at sites in Cameroon and the Central
African Republic since ~ 2 100 years ago (Lanfranchi et al. 1998) and possibly earlier in other
parts of west-central Africa (Vansina 1990). Metallurgy spread later to the southern parts of

central Africa e.g. to Zambia by ~1 600 years ago (van Noten 1982; Vansina 1984).

The pottery of iron-using communities from areas in Africa where Eastern Bantu languages are
spoken is very homogenous, and has been described as belonging to a single Early Iron Age
stylistic tradition called the Chifumbaze Complex (Phillipson 1977, 1985; Huffman 1982). The
Chifumbaze complex is associated with evidence of food-production, settled village life,
metallurgy, and pottery manufacture (Phillipson 1985). Different ceramic traditions within the
Chifumbaze are suggestive of branching migratory routes. The earliest manifestation of the
Chifumbaze is a type of pottery called Urewe Ware (Soper 1971), which first appeared in the
Lake Victoria region ~2.5 kya. Phillipson (1985) suggested that Urewe Ware gave rise to two
different Chifumbaze pottery types in the regions to its immediate south, called the eastern and
western facies. Huffman (1989) redescribed Phillipson’s “western facies” pottery as the
Kalundu ceramic tradition. The eastern facies has been subdivided into two further branches,

called highland and lowland, inland and coastal, or Nkope and Kwale respectively (Huffman



Introduction 10

1982; Phillipson 1985; Huffman 1989). The distribution of the Chifumbaze Complex
components is depicted in fig. 1.5. The pottery found in regions where Western Bantu languages

are spoken differs from the Chifumbaze Complex.

The archaeological record also provides evidence of cultural differences between Eastern and
Western Bantu-speakers. Eastem-Bantu-speakers gained pastoralism and cereal agriculture in
the region of the Great Lakes, most probably adopted from Nilo-Saharan-speakers in that area
(Vogel 1994). A strong focus on cattle as currency and source of status evolved among the
Eastern Bantu-speaking populations; this is reflected in the distinctive arrangement of their
settlements in the “Central Cattle Pattern” (Huffman 1982; 1986; 1989). However due to the
humidity of the environment and the tsetse fly barrier, the east African cereal and cattle package
was not viable in the rainforest regions occupied by Western Bantu-speakers (Ehret 1982;
Vansina 1984). Instead, the economy in the west incorporated a combination of fishing, hunting,
vegeculture, banana and oil palm horticulture (Huffman 1989). In Western Bantu-speaking
societies, metal currency took the place of cattle as a source of prestige (Vansina 1984; Huffman
1989), and their villages were typically arranged in the “Forest Pattern” instead of the “Central
Cattle Pattern” (Huffman 1989). Eastern and Western Bantu-speakers also differed in their
views of identity inheritance: Western Bantu were ‘matrilineal”, believing that “a person was
created through his mother’s blood” whilst the Eastern Bantu were “patrilineal” (Hammond-
Tooke 1974).

Eastern and Western Bantu-speaking peoples are thought to have met and intermingled in south-
central Africa during the first millennium of the common era (Vansina 1984; Phillipson 1985).
In some cases, for example in the region of present-day Zambia, archaeological evidence shows
that areas previously populated by speakers of eastern Bantu languages were repopulated by
later expansions of Western Bantu speakers (Huffman 1989). This dual influence can be
detected in the mixture of Central Cattle and Forest settlement patterns used in Zambian villages
(Huffman 1989). In other cases, eastern Bantu-speakers are thought to have moved into areas

initially occupied by Western-Bantu speakers (Vansina 1984).
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Figure 1.5 Distribution of the archaeological Iron Age Chifumbaze complex and its
components in sub-Saharan Africa (Huffman 1989)
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1.1.4 Non-Bantu-speaking populations ofcentral Africa

The demographics of central Africa were greatly influenced by the influx of Bantu-speakers
described above, but were also shaped by pre-existing populations as well as other migratory
(non-Bantu-speaking) populations. The former includes the indigenous hunter-gatherer
populations of central Africa, whilst the latter includes speakers of Ubangian languages within
the northern part of the rainforest. The Great Lakes region has a particularly complex
demographic history since it has been repopulated by a succession of groups speaking Afro-
Asiatic (southern and eastern Cushitic), Nilo-Saharan (southern and eastern Nilotic) as well as

Niger-Congo (Bantu) languages (Ambrose 1982).

Very little is known about the autochthonous populations of central Africa; their descendants are
believed to be the current populations known collectively as ‘Pygmies”. The term comes from a
Greek word meaning “fist”, denoting their short stature (Cavalli-Sforza 1986) but is considered
somewhat derogatory. In the absence of alternatives, | use the collective term with apologies,
but wherever possible, refer to specific populations by name. At present the two major Pygmy
populations in central Africa are the Biaka, who live in the forests spanning Cameroon and the
Central African Republic (C.A.R.), and the Mbuti, who are found in the Ituri forest of north-
eastern Democratic Republic of Congo (D.R.C.). Pockets of other Pygmy populations exist or
existed in present-day Gabon, Congo, Rwanda, Burundi and Zambia (Cavalli-Sforza 1986),
suggesting that Pygmy populations were once much more widespread. The Biaka and Mbuti
speak the languages of neighbouring farming populations (Grimes et al. 2001). It is thought that
their original language has been lost (Letouzey 1976; Cavalli-Sforza 1986), therefore linguistic
studies are not concordant with their biological history. Archaeological studies also do not
contribute to the reconstruction of Pygmy history since very few archaeological finds are
preserved in the rainforest environment. Pygmies still partially retain their hunter-gatherer
lifestyles (Cavalli-Sforza 1986) and their microlithic technology survived long after the

appearance of metallurgy in central Africa (Ehret and Posnansky 1982; Phillipson 1985).
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People speaking Ubangian languages (classified as Adamawa-Ubangian within Niger-Congo)
expanded from their homeland in the northwest of the Ubangi River in an easterly direction
along the northern edge of the rainforest, at approximately the same time period as the first
stages of the “Bantu Expansion” (Saxon 1982). The Ubangian dispersal has been described as a
“roughly contemporaneous northern counterpart” of the “Bantu Expansion” and Ubangian-
speakers came to occupy the northern third of the equatorial rainforest over the course of the last
~5 000 years (Ehret and Posnansky 1982). Linguistic evidence suggests that Ubangian-speakers
were the first food-producers in their early areas of settlement (Ehret 1974; David 1982; Saxon
1982) and banana cultivation is thought to be an important factor in their expansion (Vansina
1984). Like the Western Bantu, the areas settled by Ubangian-speakers were generally not
suitable for pastoralism, although at the eastern fringes of their distribution knowledge of cows
and milking can be linguistically reconstructed (Saxon 1982). Contact between Ubangian-
speakers and Bantu-speakers had already occurred by ~4 kya, exemplified by the Ubangian
borrowing of a Bantu word for oil palm (David 1982), but Ubangian-speakers appear to have
gained knowledge of iron-working independently of the Bantu-speakers, probably from the
Nigerian Nok complex (David 1982).

Within the last thousand years, peoples of European, Middle Eastern and Asian origins
reached central Africa, and French, Portuguese, Belgian and British colonies were established.
Of the countries examined in this study, the C.A.R. was colonised by France, whilst Uganda
and Zambia were colonised by England. Most central African countries established their

independence only within the past 50 years.
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1.2 Haploid genetic markers

MtDNA and MSY-DNA constitute the haploid areas of the human genome. They do not pair
with any other chromosomes during meiosis and do not experience genetic recombination.
These loci are particularly powerful tools for population genetic studies because their genetic
variation stems only from the accumulation of mutations over time. Genetic variation at these
loci found in living individuals can be used to reconstruct ancestral genetic variation. In
addition, each haploid molecule is in complete linkage disequilibrium. Therefore
polymorphisms detected at different loci in the molecule may be used in combination
(haplotypes), which allows more powerful analyses than if the polymorphisms were each

considered separately.

1.2.1 The male-specific region ofthe Y chromosome

The human Y chromosome is a small acrocentric chromosome, ~59Mb in length, which
contributes ~ 2% of the total genome length (Skaletsky et al. 2003). Unlike other human
nuclear chromosomes, the Y chromosome is found only in males and is critical for male
sexual determination and differentiation. Normal males carry one Y chromosome and one X
chromosome per cell. The distal tips of the Y chromosome pair with the X chromosome
during meiosis (Burgoyne et al. 1982), but most ofthe Y chromosome remains unpaired
during meiosis. This region has been called the male-specific region of the Y chromosome
(MSY; Skaletsky et al. 2003) or the non-recombining region of the Y chromosome (NRY).
The MSY is inherited from fathers to sons only, termed holandric or paternal inheritance. The
study of MSY variation has emerged as a powerful tool for the investigation into variation and

evolution of male lineages.

Studies in the 1980s and early 1990s failed to discover much variation on the Y chromosome
(Casanova et al 1985; Lucotte and Ngo 1985; Jakubicza et al. 1989; Malaspina et al. 1990;
Seielstad et al. 1994; Dorit et al. 1995; Whitfield et al. 1995). These studies led to the Y
chromosome being described as being “gene-poor” and "nearly genetically blank” (Spurdle

and Jenkins 1992; Mitchell and Hammer 1996). More recently, increasing numbers of
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polymorphisms on the MSY have been discovered, partially due to the advent of new
technologies such as denaturing high performance liquid chromatography (DHPLC; Underhill
et al. 1997). There are now several hundred informative MSY markers of different types that
can be typed by convenient PCR-based techniques (e.g. Hammer 1994; Jobling and Tyler-
Smith 1995; Underhill et al. 1997; Bergen et al. 1999; Semino et al. 2000; Shen et al. 2000;
Underhill et al. 2000, 2001; Hammer et al. 2001). Polymorphism types include single
nucleotide polymorphisms (SNPs), microsatellites (also called short tandem repeats or STRs),
minisatellites, insertion-deletion polymorphisms and translocations. No doubt the recent
completion of the sequencing of the euchromatic portion of the Y chromosome (Skaletsky et

al. 2003) will facilitate the discovery of further polymorphisms.

The different types of polymorphisms present on the MSY have different mutation rates, and
are caused by different mutational mechanisms. Repetitive DNA polymorphisms such as STRs
have high mutation rates, with estimates ranging from 1.2 x 10"3(Bianchi et al. 1998) to 2.8 x
10'3(Kayser et al. 2000). This property is advantageous for population studies, because STRs
are polymorphic in potentially all humans (Kayser et al 2001). However recurrent mutations
can cause identical alleles in unrelated individuals (also referred to as homoplasy), so that STR
alleles may or may not be identical by descent; microsatellites are not the markers of choice
for constructing unique and reliable phylogenies (Jobling and Tyler-Smith 2000). SNPs and
insertion-deletion polymorphisms have a very low rate of occurrence and are generally
assumed to have occurred only once in human history, therefore most of these markers tend to
be biallelic or binary (Jobling and Tyler-Smith 1995). One estimate for the mutation rate of
binary markers is 2 x 10" per generation (Jobling 2001). Slowly-evolving markers
unambiguously define groups of chromosomes that are descendants of single common
ancestors (Thomas et al 1998; Weale et al. 2001) and identify stable paternal lineages

(haplogroups) that can be traced back in time over thousands of years (YCC 2002).

The combined use of MSY polymorphisms with different mutation rates is advantageous for
anthropological genetic studies. Potentially homoplasic STR data are resolved by their

combined use with biallelic data, whilst the use of STRs allows the high-resolution exploration
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of diversity within haplogroups and estimations of time depths (Hurles et al. 1999; Helgason et
al. 2000; Kayser et al. 2001).

The MSY s also particularly well-suited for human evolutionary studies because of its small
effective population size. For each Y chromosome in a population, there are four of each
autosome and three X chromosomes. The MSY is therefore particularly sensitive to founder
effects, bottlenecks and genetic drift, and may show finer geographic structure than autosomal
variation (Maynard Smith 1990; Hammer 1995; Perez-Lezaun et al. 1999; Weale et al. 2001).
The lower rate of male migration (Seielstad et al. 1998) and/or unequal reproductive success
amongst males are likely to lower the MSY effective population size even below that of
mtDNA, and thus MSY variation may show even finer geographic structure than mtDNA

variation.

The MSY shows a deficit of genetic diversity in comparison with the autosomes and the X
chromosome, despite the fact that about twice as many mutations occur in male than in female
meiosis due to the larger number of cell divisions during spermatogenesis (Shen et al. 2000).
The lack of Y chromosome variation may be due to the smaller effective MSY population size
relative to that of autosomes or the X chromosome (see above). A combination of natural
selection plus lack of recombination could also lower diversity (Jobling and Tyler-Smith 1995,
Paabo 1995; Mitchell and Hammer 1996). This theory posits that a selectively advantageous
mutation on the MSY would spread through the population. Because all MSY genes are
completely linked, the rest of the chromosome would simultaneously be spread through the
population in an effect known as '‘genetic hitch-hiking” (Maynard-Smith and Haigh 1974).
The resulting "selective sweep” would remove neutral genetic variation from the populations.
However there is no genetic evidence to suggest that natural selection has had a significant
influence on human Y chromosomes (Dorit et al. 1995; Hammer 1995; Goldstein et al. 1996;
Underhill et al. 1997; Nachman 1998; Seielstad et al. 1999). Human male behavioural patterns
may affect MSY diversity. For example, in polygyny, a small number of males may be
reproductively more successful than others, causing a further reduction in the effective
population size of the Y chromosome and resulting in lowered diversity (Jobling and Tyler-

Smith 1995; Mitchell and Hammer 1996). Another example with similar effects is the
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levirate, where widows are remarried to a brother-in-law (Mitchell and Hammer 1996). Male

population bottlenecks could also be caused by male involvement in wars and migrations.

Several MSY phylogenies and nomenclature systems (Su et al. 1999; Jobling and Tyler-Smith
2000; Semino et al. 2000; Underhill et al. 2000; Capelli et al. 2001; Hammer et al. 2001;
Kaladjieva et al. 2001; Underhill et al. 2001) have recently been incorporated into one
cohesive global MSY phylogeny (YCC 2002). This phylogeny was based largely on that
proposed by Underhill et al. (2000, 2001), and used 245 Y biallelic markers to define 153
MSY lineages. These lineages are grouped into 18 major monophyletic Y chromosome
haplogroups, named HGs A to R (YCC 2002). Most of these HGs have clear population-
specific and or continent-specific distributions; for example, HGs A and B are found
exclusively in African populations (Underhill et al. 2000; 2001). The root of the tree has been
placed between HG A and the rest of the tree, and time to the most recent common ancestor
(MRCA) has been estimated to be -59 000 years (95% CI 40 000-140 000 years; Thomson et
al. 2000). This date is in good agreement with a previous estimate of 46 000-91 000 years,
based on eight microsatellites (Pritchard et al. 1999).

1.2.2 Mitochondrial DNA

The mitochondrial genome consists of a circular molecule of double-stranded DNA 16 569 bp
in length (Anderson et al. 1981). MtDNA is found within the mitochondria, the cytoplasmic
organelles responsible for oxidative phosphorylation in eukaryote cells. Each mtDNA codes
for 13 polypeptides, 22 transfer RNAs and two ribosomal RNAs (Anderson et al. 1981,
Wallace 1995). Almost all the non-coding DNA of the entire mtDNA molecule is concentrated
in one 1.122kb region known as the control region or D-loop (Anderson et al. 1981). The
control region has an extremely high mutation rate and includes two hypervariable regions,
commonly called hypervariable regions I-1l or HVRI-HVRII between positions 16024-16383
and 57-372 (Stoneking and Soodyall 1996; Gurven 2000; Stoneking 2000). MtDNA has other

unique properties that have made it a popular marker in population genetics studies, including:
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» strict maternal inheritance - mtDNA is passed from mothers only to their children (Giles et
al. 1980). Studying mtDNA polymorphisms specifically allows maternal lineages to be
traced;

* high copy number, with up to 9 000 copies of mtDNA in a single cell. This property was
especially useful in the early days of population genetics when DNA extraction and
amplification techniques were not yet perfected. Today this property allows the extraction
and analysis of mtDNA from ancient sources;

» the relatively early date of knowledge of the complete mtDNA genome sequence
(Anderson et al. 1981), allowing comparative analyses to be performed;

o fast overall mutation rate, estimated to be between 5 to 20 times faster than nuclear genes
(Brown et al. 1979; Wallace 1995), therefore mtDNA is highly polymorphic;

* non-uniform mutation rate across the molecule. This is useful because polymorphisms
with slower mutation rates have been used to define monophyletic lineages (haplogroups)
whilst polymorphisms with faster mutation rates reveal patterns of diversity at higher

resolution.

MtDNA has been used extensively in the field of population genetics to deal with diverse
topics, including the issue of the origins and subsequent expansions of modern humans (Cann
et al. 1987; Vigilant et al. 1991; Jorde et al. 1995; Quintana-Murci et al. 1999), the peopling of
different parts of the world (Sykes et al. 1995; Forster et al. 1996; Richards et al. 2000),
diversity at the continental level (Chen et al. 1995; Horai et al. 1996; Redd and Stoneking
1999; Simoni et al. 2000), population admixture (Comas et al. 1998) and the study of ancient
DNA (Krings et al. 1997, 2000; Ovchinnikov et al. 2000; Adcock et al. 2001).

The first evidence that mtDNA variation was correlated with the ethnic and geographic origin
of the individual came from studies of mtDNA restriction fragment length polymorphisms
(RFLPs) in wide-spread populations (Brown 1980; Denaro et al. 1981; Johnson et al. 1983;
Cannetal. 1987; Merriwether et al. 1991;Torroni etal. 1993, 1996). The use of a core set of
six restriction enzymes (REs) to produce RFLPs was later replaced by the use of a “high-
resolution” set of twelve REs, and then by an “extended set” of 14 REs (e.g. Chen et al. 1995).

The existence of population- and continent-specific mtDNA lineages was also confirmed by
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studies of variation in one or both hypervariable regions of the control region (e.g. Horai and
Hayasaka 1990; Vigilant et al. 1991; Watson et al. 1996; Bandelt and Forster 1997). The
deletion of one of two copies of a 9-bp repeat motif between the COIl and tRNALs genes
(commonly referred to as a 9-bp deletion) has also proven to be an informative phylo-
geographic marker (Wrischnik et al. 1987; Hertzberg et al. 1989; Soodyall etal. 1996). Only
recently were attempts made to combine marker types (Graven et al. 1995; Soodyall et al.
1996; Watson et al. 1997; Passarino et al. 1998; Alves-Silva et al. 2000; Bandelt et al. 2001;
Pereira et al. 2001; Salas et al. 2002), and in the past three years complete mtDNA genome
sequencing has become popular (Horai et al. 1995; Ingman et al. 2000; Finnila et al. 2001,

Maca-Meyer et al. 2001; Parsons and Coble 2001; Torroni et al. 2001; Herrnstadt et al. 2002).

The different types of mtDNA data have now been synthesised into a holistic global mtDNA
phytogeny (Chen et al. 1995; Graven et al. 1995; Macaulay et al. 1999; Finnila et al. 2001;
Torroni et al. 2001; Salas et al. 2002; Herrnstadt et al. 2002). MtDNA types from African
populations are divided into three major haplogroups (HGs) called L1, L2 and L3. HG LI
(defined by +3592 Hpal and -10806 Hinfi) and HG L2 (defined by +3592 Hpal and +16389
Hinfi or -16390 AvaU) are found exclusively in African populations, and collectively are
sometimes referred to as macrohaplogroup L* (Chen et al. 2000). LI has also been called a
'‘paragroup” (Brehm et al. 2002) since it is paraphyletic (Salas et al. 2002). Seven clades have
been identified within LI, and are named alphabetically LIato LIf, and L1k (Chen et al.
1995; Pereira et al. 2001; Salas et al. 2002), and four clades within L2 have been identified
and are named L2a-L2d (Torroni et al. 2001). The root of the global mtDNA phylogeny,
representing the MRCA, is based within HG LI and is at least 150 000 - 170 000 years old
(Horai et al. 1995; Ingman et al. 2000).

MtDNA lineages within HG L3 (defined by -3592 Hpal) are named differently depending on
whether they are found in African or non-African populations. Eurasian L3 mtDNA types are
classified into the two mac;ohaplogroups M and N; HGs within these macrohaplogroups are
named A, B, C etc. MtDNA types from HG L3 in African populations are classified into at
least five subHGs, called L3b and L3d-g (Watson et al. 1997; Rando et al. 1998; Bandelt et al.
2001; Salas et al. 2002). The nomenclature L3a and L3c (Watson et al. 1997) has been
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discontinued, because mtDNA types in L3c have been reclassified as belonging to HG U6
(Rando et al. 1998), and mtDNA types in L3a need further resolution. A significant proportion
of mtDNA types from African populations that belong to L3 have not yet been classified into
subHGs. Following the nomenclature system of Macaulay et al. (1999), these mtDNA types
are generally referred to collectively as belonging to L3* (the as yet further undefined default
L3 lineage). This has also been referred to as L3A* i.e. the African-specific portion of L3*
(Rando et al. 1998; Salas et al. 2002).

1.2.3 Limitations ofhaploid markers

Genetic studies have generally affirmed the utility of both mtDNA and MSY DNA in the
reconstruction of human evolution and for tracing population relationships (Stoneking and
Soodyall 1996). However since these haploid markers each represent single genetic loci,
interpretations of mMtDNA and MSY data in studies of population history should be made with
caution. It is possible that in studying these loci we are only learning about the histories of these
two genes and not the history of the population in which they are found, since only one out of 2n
ancestral lineages from n generations is represented by each mtDNA or MSY lineage. Moreover
their peculiarities in transmission may limit their value as indicators of human evolutionary
events. The genetic “hitch-hiking” effect described for the MSY (above) is equally applicable to
mtDNA, so that their patterns of variation, even in non-coding regions, may reflect natural
selection rather than population history (Jorde et al. 1995). There is some evidence that natural
selection has affected certain mtDNA haplogroups (Torroni et al. 2001; Mishmar et al. 2003;
Ruiz-Pesini et al. 2004); this is supported by the observations that certain mtDNA HGs appear
to be associated with specific mitochondrial diseases (Brown et al. 1997; Brown et al. 2002;
Sudoyo et al. 2002; Howell et al. 2003). In summary, patterns of variation at haploid loci may
exist due to drift or selection and may differ drastically from patterns at other loci. Wherever
possible haploid data should be compared to data from other independent (nuclear) loci
(Stoneking and Soodyall 1996).

1.3 Studies ofhaploid genetic variation in African populations
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Studies of mMtDNA and MSY-DNA variation in African populations have increased in frequency
in the last few years (Soodyall et al. 1996; Watson et al. 1997; Passarino et al. 1998; Rando et
al. 1998; Scozzari et al. 1999; Bosch et al. 2000, 2001; Bandelt et al. 2001; Salas et al. 2002;
Cruciani et al. 2002; Pereira et al. 2002; Semino et al. 2002; Knight et al. 2003). These studies
have revealed a great amount of genetic diversity and interesting lineage structure, as well as

allowing the affinities of some African populations to be examined.

1.3.1 Y chromosome studies in African populations

Both biallelic markers and short tandem repeat (STR) loci within the MSY have previously
been used to examine genetic variation in Africa. Of the 18 major Y chromosome HGs
recently defined by biallelic markers (Underhill et al. 2000, 2001; YCC 2002), only seven
have been reported in African populations, including HGs A, B, E, G, J, Kand R (Underhill et
al. 2000; Semino et al. 2002; Cruciani et al. 2002). In contrast to mtDNA and autosomal loci,
Y binary markers in African populations do not show the highest diversity in worldwide
comparisons (Underhill et al. 2001). This may be due to ascertainment bias in the discovery of
SNP markers. Alternatively, the failure to detect intermediates for deeply divergent African Y
chromosome lineages suggests that repeated episodes of population contractions have
eliminated Y chromosome binary diversity that accumulated during periods of expansion
(Underhill et al. 2001).

MSY HGs A and B have been found exclusively in Africa and are suggested to have deeper
genealogical heritage than the other HGs (Underhill et al. 2000, 2001). The most frequent and
widespread MSY HG in Africa is HG E (Spurdle et al. 1994; Hammer et al. 1998; Scozzari et
al. 1999; Underhill et al. 2001; Cruciani et al. 2002). Two sublineages within HG E, called E-
M2 and E-M35, have different geographic distributions within Africa. HG E-M2 is common in
sub-Saharan Africa, whereas HG E-M35 is found in populations from north and east Africa, as
well as in the Mediterranean Basin and Europe (Underhill et al. 2001; Cruciani et al. 2002). Y
chromosomes belonging to HGs G, J, K and R have also been observed in African

populations, albeit at varying and relatively low frequencies (Bosch et al. 2001; Underhill et
al. 2001; Cruciani et al. 2002; Semino et al. 2002).
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MSY STR variation in African populations has been analysed in a global context (Pritchard et
al. 1999; Seielstad et al. 1999; Forster et al. 2000; Kayser et al. 2001), and to focus on African-
specific diversity (see below). Global studies have usually used the whole or partial forensic
panel of STRs comprising DY S19-DY S388-DY S389-DYS390-DYS391-DY S392-DYS393.
These studies have not consistently shown higher genetic diversity in African populations than
other global populations as seen using mtDNA and nuclear data (see Seielstad et al. 1999 vs.
Pritchard et al. 1999). The same set of STRs have been used in studies focussing on north
African populations (Bosch et al. 1999, 2000, 2001), southern African Bantu-speaking
populations (Thomas et al. 2000; Lane et al. 2002; Pereira et al. 2002), populations from Sao
Tome and Principe (Corte-Real et al. 2000; Trovoada et al. 2001), and other previous
Portuguese colonies, including Guinea Bissau and Angola (Corte-Real et al. 2000). Other
authors, notably Scozzari et al. (1999) and Cruciani et al. (2002) utilised different Y STRs,
including YCAIlla , YCAIIb, DYS413a, DYS413b, A7.2 and DY S439, to study the genetic

affinities of African populations.

In some studies (e.g. Seielstad et al. 1999, Trovoada et al. 2001; Caglia et al. 2003), Y-STR
data only have been used to examine the affinities of genetic African populations even though
homoplasy may affect the ability of these markers to reflect the true genetic and historical
relationships among populations. In the present study it was questioned whether Y
chromosome markers with different mutation rates were capable of revealing similar
population affinities. In other studies, Y STR loci have been typed in conjunction with
biallelic loci (Bosch et al. 1999, 2000, 2001; Scozzari et al. 1999; Thomas et al. 2000;
Cruciani et al. 2002; Pereira et al. 2002). This approach showed that Y chromosome STR
variation is highly structured by biallelic background (Bosch et al. 1999); allowed the
expansion times of particular lineages to be estimated (e.g. Thomas et al. 2000); allowed the
prediction of monophyletic lineages in African populations before the defining biallelic
markers had been described (Scozzari et al. 1999); and showed geographic structuring of STR
haplotype variation within particular Y chromosome HGs (Scozzari et al. 1999; Cruciani et al.
2002). Combined use of biallelic and STR markers has also allowed founder effects in African
populations to be detected. For example, Thomas et al. (2000) and Pereira et al (2002)
described a strong founder effect for Y STRs in South African Bantu-speakers; they suggested
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that one specific STR haplotype within HG E-M2 was a signature of the ‘Bantu Expansion”,
and named this haplotype the “Bantu Modal haplotype” (BMH). Using the STR markers
DYS19-DYS388-DYS390-DYS391-DYS392-DYS393, this “BMH” was defined as 15-12-21-
10-11-13.

1.3.2 MtDNA studies in African populations

African populations were among the first human groups to be analyzed for mtDNA variation,
although early studies focused on African variation within a global context only. Some of the
first mtDNA RFLP analyses showed that most African mtDNAs had different Hpa\ restriction
patterns to those in Eurasian populations (Denaro et al. 1981), and suggested that the greatest
diversity of mtDNA occurred in African populations (Johnson et al. 1983). African-American
populations were represented in the work of Cann et al. (1987) in their pioneering use of
mtDNA RFLPs to support the hypothesis that modern Homo sapiens evolved in Africa, and
Africans were also represented in early studies of mtDNA control region sequence variation in

global populations (Vigilant et al. 1989; Horai and Hayasaka 1990; Vigilant et al. 1991).

Attention has subsequently turned towards the analysis of African mtDNA variation at an intra-
continental level. One approach has been the use of mtDNA data to describe the genetic
relationships among African populations. The genetic affinities of African hunter-gatherer
populations (Khoisan-speaking populations, and Biaka and Mbuti Pygmy populations) have
been a particularly popular topic in the literature (fig. 1.1; Soodyall and Jenkins 1992; Chen et
al. 1995; Watson etal. 1996; Bandelt and Forster 1997; Chen et al. 2000; Knight et al. 2003).
Several American populations with African ancestry and populations from specific geographic
areas within Africa have also been studied, including populations from north-west, west, north-
east, east and southern Africa (see Table 2.3). There is a lack of mtDNA data from the
populations of central Africa, which are represented in the literature only by populations from
Sudan and Equatorial Guinea, the island populations of Sao Tome e Principe, and very small

samples of Biaka and Mbuti Pygmies (Table 2.3).
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A second approach to the analysis of African mtDNA has been the identification of mtDNA
signatures of African population expansions and migrations, versus geographically isolated or
population-specific variants (Soodyall et al. 1996; Watson et al. 1997; Rando et al. 1998;
Quintana-Murci et al. 1999; Chen et al. 2000; Bandelt et al. 2001; Salas et al. 2002). The
geographic origins and directions of dispersals of many of the more widespread African lineages
have been deduced by the use of phylogenetic network analysis and from patterns of lineage
frequency and diversity (Watson et al. 1997; Salas et al. 2002). Several mtDNA markers have
been proposed as signals of the “Bantu Expansion”, including L 1a2 (the subset of L1a
associated with a 9-bp deletion), L2a, L3b and L3el (Bandelt et al. 1995; Chen et al. 1995;
Soodyall et al. 1996; Watson et al. 1997; Alves-Silva et al. 2000; Bandelt et al. 2001; Pereira et
al. 2001; Salas et al. 2002).

14 Aims ofthis study

In order to address the paucity of mtDNA and MSY data from central African populations,
genetic variation at these loci was examined in nearly 400 individuals from populations from
Uganda, Zambia and the Central African Republic (C.A.R.). Individuals from the Democratic
Republic of Congo (D.R.C) were also included in the Y chromosome studies. More
specifically, this study was directed towards:

1) exploring the patterns of mtDNA and Y chromosome variation in each central African
population sampled, in order to contribute to the understanding of the overall patterns
of haploid genetic variation in Africa;

2) examining the genetic affinities of central African (Pygmy and non-Pygmy)
populations with each other and with other African populations;

3) assessing the concordance of haploid markers with different mutation rates in assessing
population affinities;

4) comparing male and female migration rates in African populations;

5) refining theories regarding the prehistory of central Africa populations based on

traditional linguistic and archaeological methods.
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2. SUBJECTS AND METHODS

2.1 Subjects

Over 800 unrelated individuals from the Central African Republic, Zambia and Uganda
volunteered to participate in this study. A total of 820 individuals were screened for the
mitochondrial 9-bp deletion, whilst 397 samples were utilised for studies of other mtDNA
markers (fig. 2.1, Table 2.1). Y chromosome variation was examined in a total of 369
individuals, including samples from individuals from the Democratic Republic of Congo (fig.
2.1, Table 2.1). All samples were collected with the subjects’ informed consent and with the
necessary Government consent from regions where sampling was conducted. This study was
approved by the Committee for Research on Human Subjects at the University of
Witwatersrand, Johannesburg, South Africa (Trefor Jenkins, Protocol Number 24/4/87 and
Debra Barkhan, Protocol Number M980601; Appendix 8.2).

Ten to twenty ml of blood from volunteers were collected into EDTA venipuncture tubes and
were air freighted to Johannesburg from the point of collection. At the time of sampling,
subjects were asked to provide information on their place of birth and the language spoken by
them and by their parents. This information was used to group individuals into ethnic groups
defined by their mother’s ancestry for mtDNA studies, or ethnic groups defined by their
father's ancestry for Y chromosome studies. However in the Zambian samples, details of the

individual’s ethnic identity only (and not maternal and paternal ethnicity) were provided.

The Zambian samples were collected in Lusaka, and the Ugandan samples were obtained from
the districts of Kissoro, Kabale and Rukungiri in south-western Uganda (fig. 2.1) Sampling in
the D.R.C. was conducted at Luozi and Kinshasha (fig. 2.1). All of the ethnic groups sampled
from Zambia, Uganda and the D.R.C. speak languages classified as Bantu within the Niger-

Kordofanian language family (Greenberg 1963; Grimes et al. 2001; Table 2.1).
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Flgl.lre 21 Map of Africa showing countries (highlighted in green) and
towns/villages (black dots) from which samples were collected for use in the

present study. Blue areas indicate lakes.
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Table 2.1. Number of central African individuals in which mtDNA and MSY variation were examined,
and their ethnic and linguistic affiliations, and country of origin.

Country Ethnic group N (mtDNA) N (Y chromosome) Language family: subgroupl
Uganda Bakiga 28 30 NK: Bantu,Narrow Bantu, J
Bafumbira 17 9 NK: Bantu,Narrow Bantu, J
Banyankole 22 39 NK; Bantu,Narrow Bantu, J
Bahororo 19 20 NK; Bantu,Narrow Bantu, J
Other 6 -
total 92 98
C.AR. (Pygmy) Biaka 7 20 NK: Bantu, Narrow Bantu, C
Babenzele 43 20 NK: Bantu, Narrow Bantu, C
total 114 40
C.A.R. (non-Pygmy) Sangha-Sangha 16 18 NK: Adamawa-Ubangian
Nzakara 28 22 NK: Adamawa-Ubangian
Mbimou 17 4 NK: Adamawa-Ubangian
Gbaya 34 31 NK: Adamawa-Ubangian
total 95 75
Zambia Nyanja 17 22 NK: Bantu,Narrow Bantu, N
Lozi 24 22 NK: Bantu, Narrow Bantu, S
Bemba 23 16 NK: Bantu, Narrow Bantu, M
Tonga 13 2 NK: Bantu, Narrow Bantu, M
Other 19 15 NK: Bantu
total 96 87
D.R.C. Manyanga - 61 NK: Bantu, Narrow Bantu, D
Other - 8
total - 69
CENTRAL AFRICA TOTAL 397 369

'Grimes et al. (2001); for Bantu language
subgroups, see fig 1.4
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Both Pygmy and non-Pygmy groups from the C.A.R. were sampled. The sample of Pygmies
consisted of Biaka and Babenzele, both of whom belong to the Aka subgroup (Cavalli-Sforza
1986). Using both Y chromosome data and autosomal loci, Coia et al. (2004) have shown that
the Biaka and Babenzele are closely related to each other. These two populations were pooled
in this study and are collectively referred to as “Biaka”. The Biaka have lost their original
language and now speak the Bantu languages of the farming communities among whom they
live (Grimes et al. 2001). The sampled non-Pygmy individuals speak languages classified as

Adamawa-Ubangian, also within the Niger-Kordofanian language family (Grimes et al. 2001).

The breakdown of the samples from each country by ethnic group, their linguistic affiliations
(Ruhlen 1987; Grimes et al. 2001), and the numbers of individuals from each group analysed
for mtDNA and Y chromosome variation in this study, are shown in Table 2.1. Because
sample sizes of many of the sampled individual ethnic groups were small (N<25), groups
sampled in the same geographic locations were pooled. Linguistic classifications also support
the groupings used. For instance, all ethnic groups sampled from the Uganda region speak
languages classified as belonging to zone J within central Bantu (Guthrie 1967; Grimes et al.
2001; fig. 1.4), and all non-Pygmy groups from the C.A.R. speak languages classified within

the Adamawa-Ubangian linguistic family.

Published mtDNA and NRY from other African populations (Tables 2.2, 2.3) were used for
comparative analyses. Populations were classified according to geographic origins and by their

linguistic affiliations (Grimes et al. 2001).



Table 2.2 Geographic origins and linguistic affiliations of populations used for comparative Y chromosome studies

GEOGRAPHIC
REGION

north-east
north-east
north-east

north-west
north-west
north-west

west
west
west
west
west
west
west

central

central

central

central

central

central

central

central

central

central - Pvgmv
central - Pygmy
central - Pygmy

south
south
south - Khoisan
south - Khoisan
south - Khoisan

TOTAL AFRICA

COUNTRY

Ethiopia
Ethiopia
Ethiopia

Morocco
Morocco
Morocco

Mali

Cape Verde
Guinea-Bissau

B Faso

B Faso

Senegal

B Faso and Cameroon

Cameroon
Cameroon
Cameroon
Sao Tome e Principe
Angola
CAR
Uganda
DRC
Zambia
CAR
CAR
DRC

Mozambique
South Africa
Namibia
Namibia
Namibia

ABBREVIATION POPULATION

ORO
AMH
ETH

ARA
BER
SAH

MAL
CvD
GNB
MOS
RIM
SEN
FLB

FAL
BAM
EWO
STP
ANG
CAR
UGA
DRC
ZAM
CAP
BIA
MBT

MOz
SAF
KNG
KHW
SAN

Oromo

Ambhara

Bench. Berta. Dasenech, Dizi, Dogon.
Hamar, Konso. Majangir, Nyangatom
Ongota.Surma, Tsamako

Arabs
Berbers
Saharawis

Fulbe, Bozo. Songhai

Mossi
Rimaibe
Senegal
Fulbe

Fali

Barmleke

Ewondo

Angolares, Forros, Tongas

Sangha, Gbaya, Nzakara, Mbimou

Bakiga. Banyankole. Bahororo, Bufumbira

Manyanga

Lozi, Nyanja, Tonga, Bemba, others
Biaka and Babenzele

Biaka

Mbuti

Changana, Ronga, Chope, others
Sotho, Swazi, Tswana, Xhosa, Zulu
IKung

Khwe

Sekele. "Omega San"

*African language families AA = Afro-Asiatic. NK = Niger-Kordofanian, NS = Nilo-Saharan, KS = Khoisan, IE= Indo-European

hsample size using haplogroups

' sample size using 8 STRs (DYS19, DYS388. DYS3891, DYS38911. DYS390, DYS391. DYS392. DY S393)

dsample size using 5 STRs (DYSI9, DYS390, DYS391, DYS392. DYS393)

e 1= Bosch etal. 2001, 2 = Cruciani et al. 2002, 3 = Seielstad et al. 1999, 4 = Semino et al. 2002
5= Kavser et al 2001, 6= Trovoada et al 2001, 7=Corte-Real et al 2000, 8=Pereira etal 2002, 9=Thomas et al. 2000

LANGUAGE
FAMILY*

AA: Semitic
AA: Semitic
AA Semitic

AA Semitic
AA Semitic
AA Semitic

NK and NS

|E: Portuguese

NK Northern Atlantic, IE: Portuguese
NK' Voltaic

NK West Atlantic

NK: Northern Atlantic

NK: West Atlantic

NK: Adamawa

NK  Bantoid

NK' Bantu

IE Portuguese
NK:Bantu, IE: Portuguese
NK: Adamawa
NK: Bantu

NK: Bantu

NK: Bantu

NK: Bantu

NK: Bantu

NS: Central Sudanic

NK' Bantu
NK: Bantu
KS: northern
KS: central
KS northern

78
8

49

49
37
139
37

39
48
29

75
98
69
87
40
20

26

1108

91

44
60
29

15

75
98
69
87
40
20

56

29

713

Nd

9

44
60
29

47

104 + 34

50

75

98

69

87

40
31+20

37 +66
56 + 77

29

1192

REFERENCE'

~

6,7
7
this study
this study
this study
this study
this study
2,35
2

7.8
39
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Table 2.3 Geographic origins and linguistic affiliations of populati ed for comparative mtDNA studies
GEOGRAPHIC COUNTRY NUMBER CODE
REGION

non-African South America

non-African mixed

non-African South Africa. Malawi. CAR. D.R.C

non-African USA

north-west Canary Islands 27
north-west Mauritania 24
north-west Algeria 28
nnrlb-wpsl Morocco 25
nnrth-wpa Morocco 29
north-west West Sahara 26
west Nigeria, Niger. Mali 21
west igeria, Niger, Mali 17
west eria, Niger. Mali 20
west Nigeria, Niger 22
west Nigeria, Niger, lienon, Cameroon, B Faso 14
west Nigeria, Niger B
west Senegal 18
west Senegal 15
west Senegal 16
west Senegal 19
™rth.P.,§ Ethiopia 10
north-east 12
n<wih-picl Sudan. Egypt 9
north-cast Somalia, Kenya. Ethiopia u
east Kenya 7
ea=t 6
east Tanzania 23
east Tanzania 5
east Tanzania 4
east Tanzania X
’p" Sudan 36
central Sao Tome e Principe 38
central Equatorial Guinea 34
central Equatorial Guinea 39
central CAR 37
central Uganda 32
central Zambia 33
central - Pvgmv CAR 41
central - Pygmy CAR 40
central - Pygmv DRC 30
south Mozambique 31
south Mozambique 35
south Namibia

south - Khoisan Botswana, Namibia, Angola 1
south - Khoisan Botswana, Namibia, Angola 3
south - Khoisan Angola, Namibia 2
TOTAL. AFRICA

1African language families. AA = Afi iatic. NK = Niget-K ian. NS = Nil

sample size using HVR1 sequences only
“sample size using 11VRI and 11VRI1 sequences

POPULATION

Brazil

L3e types

types with 9-bp deletion
African-American

non-Berber
Berbers

Songhai
Tuareg
Yoruba
Hausa
Fulbe
Kanuri
Mandcnka

Wolof
Serer

Nubian
®o™ i

Turkana
Kikuvu
Hadza
Datoga
Iraqw
Sukuma

Nuba, Shilio, Duba, Nuer

Fang

Bubi

Sangha, Gbava, N/.akara, Mhimuu

Bakiga, Banvanktilc, Bahororo, Bufumhira
Lozi, Nvanja, Tonga, Bemha, others

Biaka and Babcn/.clc

Biaka

Mbuti

mixed
mixed
Herero
’Kung
IKung
Khwe

h: , KS = Khoisan, IE= Indo-European

LANGUAGE
FAMILY®

n/a
n/a
n/a
n/a

NK: Northern Atlantic
Semitic, AA: Berber

AA Semitic, IE

AA Berber

AA Semitic

NS Songhai
AA Berber
NK' Voltaic
AA Chadic
NK Northern Atlantic
NS: Saharan
NK: Northern Atlantic
NK' Northern Atlantic
NK Northern Atlantic
NK Northern Atlantic

AA: Semitic
AA Semitic
AA Semitic
AA: Cushitic

NS; Eastern Sudanic
NK' Bantu

KS: lladza

NS Eastern Sudanic
AA Cushitic

NK' Bantu

NS Eastern Sudanic
IE Portuguese

NK; Bantu

NK: Bantu

NK: Adamawa
NK: Bantu

NK: Bantu

NK: Bantu

NK' Bantu

NS Central Sudanic

NK' Bantu
NK' Bantu
NK: Bantu
KS: Northern
KS: Northern
KS Central

Nh

30
85
32
60
25

10
23

109
307

43

2212

247
66
4

60

REgS

95
92
96
114
7
20

109

27

43
25

859

REFERENCE

Alves-Silvael al 2HW
Bandeltetal 2001
Soodyall etal 1996
Vigilant etal 1991

Pinto et al. 1996
Randoetal 1998
Corte-Real et al 1996
Randoetal. 1998
Randoetal 1998
Randoetal. 1998

Watson et al 1997
Watson etal 1997
Watson etal 1997, Vigilant etal 1991
Watson etal 1997
Watson etal 1997
Watson etal. 1997
Graven etal. 1995
Randoetal. 1998
Randoetal 1998
Randoetal. 1998

Thomas et al. 2002
Kringsetal. 1999
Krings et al. 1999
Watson etal 1997

Watson etal. 1997
Watson etal. 1997
Knight et al 2003, Vigilant et al 1991
Knight et al. 2003
Knight et al 2003
Knight et al. 2003

Kringsetal. 1999

Mateuetal. 1997

Pinto et al. 1996

Mateuetal. 1997

this study

this study

this study

this study

Watson etal 1997, Vigilantetal 1991
Watson etal. 1997. Vigilant et al. 1991

Pereira et al. 2001

Salas et al. 2002

Vigilantetal 1991

Chen et al. 2000

Watson etal 1997. Vigilant et al. 1991
Chen etal 2000
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2.2 DNA extraction

DNA was extracted from stored buffy coats using the salting out method (Miller et al. 1988)
and samples were stored at-20° C. Aliquots of extracted DNA were quantified by gel

electrophoresis using standards of known concentration.

2.3 Y chromosome molecular methods and analyses

A total of 369 samples were typed for 16 Y-specific biallelic markers and eight Y-specific
STRs.

2.3.1 Biallelic marker typing

The recent nomenclature suggested by the Y Chromosome Consortium (2002) was adopted in
describing HGs defined by biallelic markers (fig. 3.1). Ten biallelic markers (M42, SRY1083L,
M 168, RPS4Y, M1, M40, M213, M9, M74 and M207) were used to define the major Y
chromosome HGs. Three markers (M2, M35 and M191) were used to resolve sublineages
within HG E, and another three (M 150, M1 12 and M211) were used to resolve sublineages
within HG B (fig. 3.1). Not all markers were typed in all individuals since a hierarchical
typing system was followed according to the phylogeny defined by Underhill et al. (2000,
2001) and the YCC (2002). Biallelic markers in the sample of individuals from the D.R.C.
were typed by Akashnie Maharaj as part of another study.

The M1 polymorphism or Y Alu insertion polymorphism (YAP) was detected using primers
and PCR conditions suggested by Hammer and Horai (1995). PCR/ RFLP assays for SRY 10831,
RPS4Y, M2, M40 and M9 were adapted from published protocols (Santos et al. 1999; Bergen
et al. 1999; Thomas et al. 1999; Underhill et al. 1997, respectively). The primer sequences for
detecting the M42, M168, M213, M74 and M207 polymorphisms were published by Underhill
et al. (2001), while the M35, M191, M150, MI 12 and M211 polymorphisms were amplified
using primers designed by A. Nebel (personal communication). Primer sequences for all 16

biallelic markers are presented in Table 2.4. PCR reactions mixes and cycling conditions used
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to amplify each biallelic marker are shown in Table 2.5. Table 2.5 also shows PCR amplicon
size, the restriction enzyme used to detect each of the SNPs, and the product sizes after

digestion.

2.3.2 STR marker typing

Six tetranucleotide Y-specific STRs (DYS19, DYS3891, DY S389ll, DYS390, DYS391 and
DYS393) and two trinucleotide STRs (DY S388 and DY S392) were amplified by PCR with
fluorescently-labelled primers, and resolved by electrophoresis on polyacrylamide gels in an
automated ABI 377 DNA sequencer. Primer sequences for all STR loci are shown in Table
2.4. DYS19 is also sometimes referred to as DY S394. Note that the DY S389 forward primer
binds in two places on the Y chromosome and when used in conjunction with DY S389-R,

amplifies two PCR fragments DYS3891 and DY S389ll.

The eight STR loci were amplified in two separate multiplex PCR reactions. In the first
multiplex, loci DYS19, DY S390, DYS391 and DYS393 were amplified according to the
method suggested by Lane et al. (2002; Table 2.6). The DY S388, DY S3891, DY S389ll, and
DYS392 loci were amplified in a second multiplex using similar PCR conditions but an

annealing temperature of 56° C (Table 2.6).

The number of repeats at each locus was determined using sequenced controls with known
numbers of repeats and the aid of GeneScan v3.1.2 and Genotyper v2.5 Software (Applied
Biosystems/PE). The correspondence between allele size in bp and number of repeats at each
locus is shown in Appendix 8.3. We adopted the allele nomenclature proposed by Kayser et al.
(1997). The DYS389II allele was scored in the standard manner by subtracting the size of the
corresponding DY S3891 allele. STR haplotypes (hts) were constructed using number of

repeats in the order DYS19-DYS388-DYS3891-DY S38911-DY S390-DYS391-DY S392-
DYS393.
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Table 2.4 Sequences of primers used to amplify sixteen Y-chromosome biallelic markers and eight Y-chromosome STRs.

Y polymorphism
M42

SRY, 05|
MI168

MI 50

Ml 12
M211
RPS4Y711
MI (YAP)
M40 (SRY40M)
M2 (sY81)
M1912
M35

M213

M9

M74

M207
DYS191
DYS3881
DYS3891
DYS3901
DYS3911
DYS3921

DYS3931

IFAM, HEX and TAMRA are fluorescent dyes which fluoresce as blue, green and yellow respectively using Filter set A on the ABI377 Prism DNA Sequencer

Primer

M42-F
M42-R
SRY,,.BI- f
sry,i8, -r
MI168-F
MI168-R
M150-F
M150-R
M112-F
M112-R
M211-F
M211-R
RPS4Y-F
RPS4Y-R
MI -F

Ml -R
M40-F
M40-R
M2 -F

M2- R
M191-F
M191-R
M35 -F
M35 -R
M213 -F
M213 -R
M9 -F

M9 -R
M74 -F
M74-R
M207 -F
M207-R
DYS19-A
DYS19-B
DYS388-A
DYS388-B
DYS389-A
DYS389-B
DYS390-A
DYS390-B
DYS391-A
DYS391-B
DYS392-A
DYS392-B
DYS393-A
DYS393 -B

Primer sequence

5-AAA GCG AGA GAT TCA ATC CAG-3'

5-TTT TAG CAA GTT AAG TCA CCA GC -3
5-TCC TTA GCA ACC ATT AAT CTG G-3

5- AAA TAG CAA AAA ATG ACA CAA GGC -31
5- AGT TTG AGG TAG AAT ACT GTT TGC T-31
5'- AAT CTC ATA GGT CTC TGACTG TTC -31
5'- CCC ACA CAC ACA GAT AGA CGT-3'

5 -CCT ACTTTC CCC CTC TTC TG-3'

5 - GAA AAG CAA AAG AGA ACT GCC-3'
5-TTT CTT GAT GAT GAG ACC AAT ATT TC-3'
5 -CAT TTA CCC ACC CAA TCC AC-3'

5 -TGT GGA GAA ATT TGC TGG AA-3'

5-CTG TACTTACTTTTATCTCCTC-3

5'- CAG CAA CAG TAA GTC GAA TG -3

5'- CAG GGG AAG ATA AAG AAATA -3

5'- ACT GCT AAA AGG GGA TGG AT -31

5'- GGT ATG ACA GGG GAT GAT GTG A -3
5-CCACGC CCAGCTAATTTTTTG -3

5- ATG GGA GAA GAA CGG AAG GA -3
5-TGG AAA ATA CAG CTC CCC CT -3’

5 - GGA GGA GCA AGT ACA GCG AG-31
5'-CAC ACC AAAATA TCT CAT ATT TTG AT
5 -AGG GCA TGG TCC CTT TCT AT -3

5-TGG GTT CAAGTT TCC CTG TC -3

5- TAT AAT CAA GTT ACC AAT TACTGG C-3
5-TTT TGT AAC ATT GAATGG CAA A -3

5'- GCA GCA TAT AAA ACT TTC AGG -3'

5'- AAA ACC TAA CTT TGC TCA AGC -3'

5- ATG CTATAA TAA CTA GGT GTT GAA G -3
5'- AAT TCA GCT TTT ACC ACT TCT GAA -3’
5- AGG AAA AAT CAG AAG TAT CCC TG -3’
5- CAA AAT TCA CCA AGAATCCTTG-3
5-FAM-CTA CTG AGT TTC TGT TAT AGT-3'
5-ATG GCA TGT AGT GAG GAC A-31
5-FAM-GTG AGT TAG CCG TTT AGC GA-3’
5'-CAG ATC GCA ACC ACT GCG-3'

5- FAM - CCA ACT CTC ATC TGT ATT ATC TAT -3'

5-TCT TAT CTC CAC CCA CCA GA -3
5-HEX-TAT ATT TTA CAC ATT TTT GGG CC-3'
5-TGA CAG TAA AAT GAA CAC ATT GC-3'
5-HEX-CTA TTC ATT CAA TCA TAC ACC CA-3'
5-GAT TCT TTG TGG TGG GTC TG-3'

5-TAMRA-TCA TTA ATC TAG CTT TTA AAA ACA A-3'

5-AGA CCC AGT TGA TGC AAT GT-3'
5-HEX-GTG GTC TTC TACTTG TGT CAA TAC-3'
5-AAC TCA AGT CCA AAA AAT GAG G-3*

:The underlined G in primer M191R represents the site of a sequence mismatch.

Reference

Underhill et al. 2000
Underhill et al. 2000
Santos et al. 1996
Santos etal. 1996
Underhill et al. 2000
Underhill et al. 2000

A. Nebel (unpublished)
A. Nebel (unpublished)
A. Nebel (unpublished)
A. Nebel (unpublished)
A. Nebel (unpublished)
A. Nebel (unpublished)
Bergen etal. 1999
Bergen et al. 1999
Hammer and Horai 1995
Hammer and Horai 1995
Thomas etal. 1999
Thomas etal. 1999
Thomas etal. 1999
Thomas etal. 1999

A. Nebel (unpublished)
A. Nebel (unpublished)
A. Nebel (unpublished)
A. Nebel (unpublished)
Underhill et al. 2000
Underhill et al. 2000
Underhill etal. 1997
Underhill et al. 1997
Underhill et al. 2000
Underhill et al. 2000
Underhill et al. 2000
Underhill et al. 2000
Roeweretal. 1992
Roeweretal. 1992
Jobling and Tyler-Smith
Jobling and Tyler-Smith
Jobling and Tyler-Smith
Jobling and Tyler-Smith
Jobling and Tyler-Smith
Jobling and Tyler-Smith
Jobling and Tyler-Smith
Jobling and Tyler-Smith
Jobling and Tyler-Smith
Jobling and Tyler-Smith
Jobling and Tyler-Smith
Jobling and Tyler-Smith

1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995



Table 2.5 PCR ingredients and cycling conditions used for amplification of V chromosome biallelic markers, and RFLP detection of polymorphisms Final concentrations of ingredients are shown.

Y chromosome polymorphism

buffer (includes 1.5mMMgCU)
MgCI2

forward primer

reverse primer

BSA

dNTPs

Taq DNA polymerase

volume used

initial denaturation temperature (°C). time
denaturation temperature (°C), time
annealing temperature (°C), time
extension temperature (°C), time

number of cycles

final extension temperature (°C), time

PCR product size (bp)

restriction enzyme

restriction enzyme manufacturer
digestion conditions (°C) overnight
gel electrophoresis

ancestral allele - product sizes (bp)
derived allele - product sizes (bp)

M42
AT

IX
2mM
0.4 uM
0.4 uM

01mM
0.5U
25ul

95, 10 min
94, 30s
58, Imin
72, 1min
35

72, 10 min

340

Ainl

New England Biolabs
37

3% NuSieve

208+110+22 (A)
208 + 87 +23 +22 (T)

unpublished

SRY,</d
A-G

IX

15mMm
0.4 uM
0.4 uM

01mM
0.5U
10ul

94, 5 min
94, 45s
60, 45s
72, 45s
35

72, 5 min

167

DraID + BSA

New England Biolabs
37

3% agarose

167 (A)

112+ 55 (G)

Santos et al. 1999

M168
C-T

IX

25 mM
0.4 uM
0.4 uM

0.1mM
0.5U
25ul

95, 10 min
94, 30s
56, 1 min
72, 1 min

72, 10 min

473

Hinfl

New England Biolabs
37

3% NuSieve

234 + 105 + 8L + 52 (C)
234+ 186 + 52 (T)

unpublished

M150
C-T

IX
15 mM
0.4 uM
0.4 pM

0.1mM
0.5U
25ul

94, 5 min
94, 45s
60, 45s
72, 45s
35

72, 5 min

167

Aafu

New England Biolabs
37

3% NuSieve
146 + 21 (C)
167 (T)

unpublished
A. Nebel. personal comm

M112
G-A

IX
2mM
0.4 pM
0.4 uM

0.1mM
0.5U
50ul

94, 5 min
94, 45s
61,45s
72, 45s
35

72, 5 min

227

TspRI + BSA

New England Biolabs
65

2% agarose

155 + 72 (G)

227 (A)

unpublished

A Nebel. personal comm.

M211
C-T

IX
2mM
0.4 uM
0.4 pM

0.1mM
0.5U
25ul

94, 5 min
94, 45s
58, 45s
72, 45s
35

72, 5 min

208

Rsa |

Roche

37

2% agarose
208 (C)
137+ 71 (T)

unpublished
A. Nebel, personal comm.

M 130 (RPS4Y)
c-T

IX
1.5mM
0.4 pM
0.4 uM

0.ImM
0.5U
25ul

95, 10 min
94. 30s
50, 30s
72, 45s

30

72, 7 min

91

Bsl I

New England Biolabs
55

3% agarose

57 +34 (C)

91 (T)

Kavser et al. 2000

MI (YAP)
absence - presence

IX
15mM
04uM
04 uM
1 uglul
0 ImM
0.5U
25ul

94, 2 min
94, Imin
51. 1min
72. 1min

150 (YAP-)/ 450 (YAP+)

2% agarose
150 (YAP-)
450 (YAP+)

Hammer and Horai 1995

spoyis|N pue s)oslgns



Table 2.5 continued

Marker

buffer (includes 1.5mMMgCI2
MgCU

forward primer

reverse primer

BSA

dNTPs

Tag DNA polvmerase

volume used

initial denaturation temperature (°C), time

denaturation temperature (°C), time
annealing temperature (°C), time
extension temperature (°C), time
number of cycles

final extension temperature (°C). time

PCR product size (bp)

restriction enzyme

restriction enzyme manufacturer
digestion conditions (°C) overnight
gel electrophoresis

ancestral allele - product sizes (bp)
derived allele - product sizes (bp)

M40(SRY 4M)
G-A

IX
imMm
0.15 uM
0.15 uM

0.ImM
1
25ul

94, 5 min
94, 45s
58, 45s
72, 45s
35

72, 5 min

225

BsrB 1

New England Biolabs
37

3% agarose

135+ 90 (G)

225 (A)

Thomas et al 1999

M2 (sY81)
A-G

1X

15mM
0.2 uM
02uM

0 ImM
jvj
25ul

94, 5 min
94, 45s
58,45s
72, 45s
35

72, 5min

148

Main +BSA

New England Biolabs
37

3% agarose

105 + 43 (A)

148 (G)

Thomas et al 1999

MI91
T-G

1X

25 mM
03uM
03uM

0.ImM
iy
25ul

94, 5 min
94 ,45s
60, 45s
72, 45s
35

72, 5 min

156

Mho |

New England Biolabs
37

3% agarose

156 (T)
129+ 27 (G)

unpublished

M35
G-C

IX

2mM
04 uM
0.4 uM

0 ImM
25ul

95, 10 min
94, 30s
58, 1 min
72, 1 min

72, 10 min

186

Bsrl

New England Biolabs
65

2% agarose

122+ 64 (G)
186 (C)

unpublished

M213
T-C

IX

25 mM
0.4 uM
0.4 uM

0 ImM

25ul

95, 10 min
94, 30s
56, 1min
72, 1min

72, 10 min

409

Malll +BSA

New England Biolabs
37

2% agarose

290+ 119 (T)

409 (C)

unpublished

M9
C-G

IX

15mM
0.2 uM
0.2uM

0.ImM
1V}
25ul

94, 2 min
94, 45s
54, 45s
72, 45s
30

340

Hinfl

New England Biolabs
37

3% agarose

181 +95 + 64 (C)
245 + 95 (G)

unpublished

M74
G-A

IX

15mM
0.3 uM
03uM

0.ImM
U
10ul

94, 5 min
94, 45s
60, 45s
72, 45s
35

72, 5 min

385

Rsal

Roche

37

3% agarose
385 (G)
195+ 190 (A)

unpublished

M207
A-G

IX

15mM
04uM
04uM

0.ImM
V]
25ul

95, 10 min
94. 30s
56. 1min
72, 1min
35

72, 10 min

423

Dral

Roche

37

2% agarose
356 + 77 (A)
423 (G)

unpublished

spoyis|Nl pue s108lgns
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Table 2.6 PcRr ingredients and cycling conditions used for amplification of Y chromosome STR multiplexes. Final concentrations of ingredients are shown.

multiplex
markers

PCR ingredients
buffer

MgcCl2

each forward primer
each reverse primer
Spermadine

dNTPs

Taq DNA polymerase

volume used

PCR cycling conditions

initial denaturation temperature (°C), time
denaturation temperature (°C), time
annealing temperature (°C). time
extension temperature (°C). time

number of cycles

Y-STR multiplex 1
DYS19,DYS390,DYS391, DYS393

1X (no MgCl2included)
1.5mM

0.16pM
0.16pM
0.25mM

0.2mM
1u
25pl

95. 2 min
95.30s
54. 30s
72. 30s
28

Y-STR multiplex 2
DYS388,DYS389 (I and 1), DYS392

IX (1.5mM MgCl2included)
Im M

0.16pM

0.16pM

0.25mM

0.25mM

iU

25pl

95. 2 min
95.30s
56. 30s
72. 30s
28

spouysIA pue s)oslgns



Subjects and Methods 37

2.3.3 Y chromosome statistical analyses

Intra-population Y chromosome variation was inferred from HG-STR data using the
programme ARLEQUIN v2.0 (Schneider et al. 2000) to estimate genetic diversity (h) and its
sampling variance (v) described by Nei (1987), and to estimate the mean number of pairwise

differences (mpd) within each population.

The relationships among five central African populations were analysed using (a) Y
chromosome HG data only, (b) Y chromosome STR ht data only, and (c) combined Y
chromosome HG-STR ht data. Fst genetic distances between pairs of populations were
calculated using (a) HG frequency data and (c) HG-STR ht frequency data using the
programme ARLEQUIN v2.0, whilst for (b) STR ht data, RSt values (Slatkin 1995) were
calculated instead of Fst values. Rst incorporates information regarding relationships among
STR alleles as well as their frequencies. For all datatypes, population differentiation was
examined using an exact test (Raymond and Rousset, 1995) implemented in the programme
ARLEQUIN v2.0. The correlation among the resulting three distance matrices was tested
using a Mantel test implemented in ARLEQUIN v2.0. The rst distance matrix calculated from
HG-STR data was used in the programme MEGA v2.1(Kumar et al. 2001) to construct a
population neighbour-joining (NJ) tree, which reflected the genetic affinities among the five

central African populations in this study.

The genetic relationships among STR hts within HGs were assessed by means of networks
constructed using NETWORK v2.0e (Bandelt et al. 1995; 1999). The reduced median (RM,
r=I) and median-joining (MJ, 8=0) algorithms were applied sequentially to resolve patterns of
variation generated by the fast-evolving STRs (Forster et al. 2000). The relationships among
STR hts within HGs B and E were also assessed using NJ gene trees which were constructed
using the Average Square Distance (ASD) genetic distance (Goldstein et al. 1995) and the
MICROSAT programme.

Time to the most recent common ancestor (TMRCA) for HG E-M2 was estimated using the

formula S=ut (Slatkin 1995; Thomas et al. 2000), where S is mean STR repeat variance, u is
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mutation rate and t is time in generations (assumed to be 20 years). Two different mutation
rates (u) were used: u= 0.0028 (95% CI 0.0017 - 0.0043, Kayser et al. 2000), and «= 0.0018
(95% CI 0.00098 - 0.0031, Quintana-Murci et al. 2001).

HG data from the five populations in this study were compared to compatible published HG
data from 15 other African populations (Table 2.2), and eight-locus STR ht data from this
study were compared to published data from eight other African populations (Table 2.2).
However because relatively few data utilising the same eight STR loci used in the present
study were available, haplotypes using 5 STR loci only (excluding DYS388, DY S3891 and
DYS38911) from 13 other African populations were also examined (total N=1192, Table 2.2).
The geographic distribution of Y chromosome HGs, and of the ten most frequent 5-locus STR

hts in Africa were examined.

Using HG data from a total of 20 populations, Fst distances (Nei 1987) were calculated
between pairs of populations using ARLEQUIN v2.0 (Schneider et al. 2000). Using 5-locus or
8-locus STR haplotype data from 13 and 18 populations respectively, Rst distances (Slatkin
1995) were calculated between pairs of populations using ARLEQUIN v2.0 (Schneider et al.
2000). Each of the three distance matrices was used to construct a PC plot using the
programme NT-SYS PC (Rohlf 1997).

Inter-population Fst or Rst distances were used in analyses of molecular variance (AMOVA),
implemented in ARLEQUIN v2.0. Populations were grouped according to (a) geographic
origin, (b) a combination of ethnicity and geographic origin, (c) language affiliation, or (d) a
combination of ethnicity and language affiliation. The distribution of variance among three

hierarchical levels was tested in order to assess relationships among groups of populations.

A matrix of geographic distances among all populations was constructed using either the
known point of sample collection or the capital of the country from which each population
originated. Mantel tests of the correlation between population pairwise Fst or Rstdistances

and geographic distances were performed using ARLEQUIN v2.0 (Schneider et al. 2000).
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2.4 mtDNA molecular methods and analyses

The mtDNA COII/tRNALs intergenic 9-bp deletion polymorphism was examined in 820
individuals from Uganda, Zambia and the C.A.R., whilst the mtDNA 3592 Hpal\ restriction
polymorphism was examined in 341 individuals. Both hypervariable regions of the mtDNA

control region were sequenced in 397 samples.

2.4.1 Screeningfor the mitochondrial 9-bp deletion

The presence or absence of the mtDNA COII/tRNALs intergenic 9-bp deletion was detected
using PCR primers H8297 and L8215 (Hertzberg et al. 1989; Table 2.7). The products were
resolved by gel electrophoresis using 2% Metaphor agarose gels (run at ~5 V/cm for 2 hours in
1XTBE buffer) and sized with a Ikb ladder (Gibco BRL) as described by Redd et al. (1995,
Table 2.8). Positive and negative controls were included in each gel run. Fragment sizes of
112 bp and 121 bp corresponded to samples with and without the deletion, respectively. A
total of 820 individuals from four central African populations were screened for the 9-bp
deletion (Table 4.1).

2.4.2 Screeningfor the 3592 Hpa\ polymorphism

The 3592 Hpa\ polymorphism was typed by PCR / RFLP analysis using primers 5F and 5R,
and PCR conditions modified from Rieder et al. (1998) (Tables 2.7 and 2.8). The 831 bp PCR
fragment was digested with Hpa\ at 37°C overnight. The PCR products were then resolved by
gel electrophoresis using 2% agarose gels (at ~5V/cm for 2 hours in 1XTBE buffer) and sized
with a 1kb ladder (Gibco BRL). Positive and negative controls were included in each gel run.
If the Hpa\ recognition site was present, the PCR product was digested into two fragments of
445 bp and 386 bp (Table 2.8). The presence of the 3592 Hpa\ recognition site represented a T
allele at np 3594. The loss of the 3592 Hpa\ recognition site could have been due to any
change at the 3594 (or surrounding sites), but was assumed to represent a C allele at np 3594.
Only 341 of 398 samples were screened successfully for the 3592 Hpa\ RFLP due to poor

sample quality. The 3592 Hpa\ polymorphism results were used together with sequence
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information from the 16390 site in HVR1 to classify samples into the mtDNA HGs LI, L2 and
L3.

2.4.3 Sequencing o fthe two mtDNA hypervariable regions

HVR1 and HVRL1I sequencing began with an initial PCR-amplification of the entire 1.1 kb
mtDNA control region using primers L15996 and H408 (Vigilant et al. 1989, Table 2.7) and
the method initially described by Vigilant (1990, Table 2.8). The amplified 1.1 kb PCR
products were resolved by electrophoresis on 2% NuSieve agarose gels in 1XTAE buffer (run
at ~5V/cm for 15 hours). The L1kb bands were excised from the gel, and purified using
either Wizard columns (Promega) or Nucleospin columns (Macherey-Nagel) according to the

manufacturer’s recommendations.

Purified PCR products were then used in cycle sequencing PCR amplification reactions (Table
2.8). HVR1 and Il were cycle- sequenced separately using Perkin Elmer / Applied Biosystems
FS AmpliTaqg or BigDye DNA Sequencing Kits. The L-strand was sequenced using primer

L 15996 for HVR1 and L29 for HVRII (Table 2.7). In some cases, the El-strand was also
sequenced, using primer H16401 for HVR1 (in 63 samples) and primer H408 for HVRII (in
32 samples; Table 2.7).

The COII/tRNALs intergenic region was also sequenced in certain samples to confirm results
of typing for the 9-bp deletion polymorphism. The sequencing protocols was as described
above for sequencing of the control region, except that the initial amplification used primers
H8297 and L8215, and primer L8215 was used for cycle sequencing (Table 2.7).

The fluorescent PCR products were purified using Centriseps Columns (Princeton
Separations) or DyeEx Spin Columns (Quiagen) and were dried in a vacuum centrifuge for
two hours. The dried PCR products were resuspended in 4pl dextran-formamide dye, and
electrophoresed on 4.3% polyacrylamide gels in an ABI 377 DNA sequencer for seven hours.

Sequences were analysed using the ABI Prism 377 Collection Software v2.1



Table 2.7 Sequences of primers used to amplify four regions of the mtDNA genome

MtDNA polymorphism

PCR primers
9-bp deletion

3592 Hpa 1

10397 Alul

Control region

Cycle sequencing primers
HVRI - forward

HVRI - reverse

HVRII - forward
HVRII - reverse

Primer

L8215
H8297
SF

SR

15F
15R
L15996
H408

L1 5996
HI 6401
L29
H408

Primer sequence

5-ACA GTT TCA TGC CCA TCG TC-3'
5-ATG CTA AGT TAG CTT TAC AG-3'
5’-TAC TTC ACA AAG CGC CTT CC-3’
5-ATG AAG AAT AGG GCG AAG GG-3’

5-TCT CCA TCT ATT GAT GAG GGT CT-3

5-AAT TAG GCT GTG GGT GGT TG-3'
5-CTC CAC CAT TAG CAC CCA AGC-3
5-CTG TTA AAA GTG CAT ACC GCC A-3

5-CTC CAC CAT TAG CAC CCA AGC-3
5-TGA TTT CAC GGA GGA TGG TG-3’
5’-GGT CTATCA CCC TCT TAACCAC-3¥
5-CTG TTA AAA GTG CAT ACC GCC A-3’

Reference

Hertzberg et al. 1989
Hertzberg et al. 1989
Rieder et al. 1998
Rieder et al. 1998
Rieder et al. 1998
Rieder et al. 1998
Vigilant et al. 1989
Vigilant et al. 1989

Vigilant et al. 1989
Vigilant et al. 1989
Vigilant et al. 1989
Vigilant et al. 1989

SpouyIsIA pue s18lgns



Table 2.8 PCR ingredients and cycling conditions for amplification of mtDNA markers. Final concentrations of ingredients are shown.

mtDNA polymorphism
Mutation (ancestral - derived)

PCR ingredients

butter (incl 1.5mM MgCl)

dNTPs

forward primer

reverse primer

BSA

gelatin

Tap DNA polymerase

Applied Biosvstems FS or BigDye cycle sequencing kit
volume used

PCR cycling condiitons

initial denaturation temperature (°C), time
denaturation temperature (°C), time
annealing temperature (°C). time
extension temperature (°C). time

number of cycles

final extension temperature (°C). time

RFLP analysis

PCR product size (bp)

restriction enzyme

restriction enzyme manufacturer
digestion conditions (°C) overnight
gel electrophoresis

ancestral allele - product sizes (bp)
derived allele - product sizes (bp)

9-bo deletion
2 copies - 1 copy

X

0.25mM
0.4 uM
0.4 uM
1mg/ml

1u

50ul

94. 1min
56. 1 min
74. 1min
30

2% Metaphor
121 (2 copies)
112(1 copy)

3592 Hdo |
3594 T7-C

X

0.2mM
0.4 uM
0.4 uM

0.0001%
1u

25til

94. 1min
94, 30s
61. 45s
72.2 min
35

72.5 min

831

Hpal

New England Biolabs
37

2% agarose

445 + 386 (T)

831 (C)

10 397 Alu 1
10 400 C -T

X

0.2mM
0.4 uM
0.4 uM

0.0001%
1u

25ul

94, 1 min
94, 30s
61,45s
72. 2 min
35

72.5 min

892

Alu |

New England Biolabs
37

3% agarose

267 + 366 + 259 (C)

267+ 164+ 202 +259 (T)

1.1 kb Control region

X

0.25mM
0.4 uM
0.4 uM
1mg/ml

1u

50ul

94, 1min
56, 1 min
74. 1min
30

2% Nusieve
I.1kb

Cycle sequencing

0.33uM
0.33uM

4til
10ul

96, 30s
50. 15s
60. 4 min
25

spoyis|Al pue s108lgns
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Control region sequence data included 780 bases of sequence data from positions 15997 -
16400 and 31 -407. These data incorporate and extend slightly beyond hypervariable region |
(HVRZ,; positions 16024-16383) and hypervariable region Il (HVRII; positions 57 - 372).
HVRI and HVRII sequences were compared with the published reference sequence (Anderson
et al. 1981, Andrews 1999) using the GELIN software (Sherry 1991). They were then aligned
manually for comparison with each other and with published sequence data. Following
suggestions made by Handt et al. (1998) and Burckhardt et al. (1999), alignment gaps were
introduced at the following positions in HVRI: 16104.1, 16139.1, 16169.1, 16174.1-16174.2,
16183.1-16183.4, 16227.1, 16259.1, 16296.1, 16366.1 and 16386.1, and in HVRII at 56.1-
56.2, 174.1, 190.1,291.1-291.2, 294.1, 302.1-302.4 and 315.1 -315.2.

2.4.4 Screeningfor the 10397 Alul polymorphism

The 10397 Alul polymorphism was typed in those samples which could not be classified into
mtDNA subHGs on the basis of their control region sequence variation. This polymorphism
was typed by PCR / RFLP analysis using primers 15F and 15R, and PCR conditions modified
from Rieder et al. (1998) (Tables 2.7 and 2.8). The 892 bp PCR fragment was digested with
Alul at 37°C overnight. The PCR products were then resolved by gel electrophoresis using 3%
agarose gels (at ~5V/cm for 2 hours in 1XTBE buffer) and sized with a 1 kb ladder (Gibco
BRL). Positive and negative controls were included in each gel run. If the Alul recognition site
was present, the PCR product was digested into four fragments of 267, 164, 202 and 259 bp,
whilst in the absence of the Alul recognition site, the PCR product was digested into three
fragments of 267, 366 and 259 bp (Table 2.8). The presence of the 10397 Alul recognition site
represented a T allele at np 10 400.
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2.4.5 MtDNA statistical analyses

The frequencies of the mtDNA 9-bp deletion polymorphism and of the 3592 Hpal
polymorphism were calculated by direct counting. The 3592 Hpal polymorphism was used
together with sequence information from the HVRI 16390 site to classify each sample within
one of the three major African mtDNA HGs, LI, L2 and L3. Frequencies of these HGs were
then calculated in the four central African populations. In some cases where the 3592 Hpal
RFLP was not typed, HG classifications were performed on the basis of HVRI and Il sequence

variation only.

Control region sequence variation and presence/absence of the mtDNA 9-bp deletion were
used to identify unique mtDNA types and classify them into subHGs following the definitions
suggested by Salas et al. (2002). SubHG definitions suggested by Salas et al. (2002) on the
basis of HVRI variation only were extended to include HVRII variation using data from this
study, as well as sequence data from other publications (Table 2.3). Associations between the

mtDNA 9-bp deletion polymorphism and mtDNA subHGs were also examined.

Intra-population mitochondrial variation was inferred from HVRI and HVRII sequence data
by using the programme ARLEQUIN v2.0 (Schneider et al. 2000) to estimate genetic diversity
(h) and its sampling variance (v) described by Nei (1987).

Using (a) HVRI and HVRII sequence data, and (b) mtDNA subHG frequency data,
ARLEQUIN v2.0 (Schneider et al. 2000) was used to calculate Fst genetic distances between
pairs of central African populations. The correlation between the resulting two distance
matrices was tested by means of a Mantel test implemented in ARLEQUIN v2.0. These
distance matrices were used in the programme MEGA v2.1 (Kumar et al. 2001) to construct
population neighbour-joining (NJ) trees in order to examine the genetic affinities among the
four central African populations in this study. ARLEQUIN v2.0 was also used to examine
population differentiation by means of exact tests of differentiation (Raymond and Rousset,
1995).
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The genetic relationships among mtDNA types within HGs LI, L2 and L3 were assessed by
means of networks constructed using NETWORK v2.0e (Bandelt et al. 1995; 1999). The
reduced median (RM, r=2) and median-joining (MJ, £=0) algorithms were applied sequentially
to resolve patterns of variation generated in the fast-evolving mtDNA control region. The
relationships among mtDNA types within HGs LI, L2 and L3 were also assessed using
neighbour-joining (NJ) gene trees (Saitou and Nei 1987), which were constructed using the p-
distance and the programme MEGA v2.1 (Kumar et al. 2001). Bootstrapping, based on 1000
replications, was applied to estimate the confidence of the branching patterns in NJ trees
(Felsenstein 1975). Phylogenetic trees and networks were rooted using Neanderthal HVR1 and
HVRII sequences (Krings et al. 1997; 1999).

Salas et al. (2002) estimated TMRCA for all mtDNA subHGs in African populations using
HVRI data only. These dates were recalculated in this study using combined HVRI and HVRII
sequence data from this study, and wherever possible, from published data (Table 2.3). Dates
were estimated using the formula t=d/2pi, where d is mean sequence divergence within
subHGs and (I is the mutation rate. The program SENDBS (N. Takezaki) was used to calculate
d as described in Nei and Jin (1989), and a mutation rate of 16.6%/million years (calibrated by

Soodyall et al. (1996) for both hypervariable regions) was used.

MtDNA HVRI sequence data from this study were compared to published HVRI sequence
data from 37 other African populations (Table 2.3). The geographic distribution of mtDNA
subHGs in African populations was examined. Fstdistances (Nei 1987) were calculated
between pairs of populations using ARLEQUIN v2.0 (Schneider et al. 2000). A second set of
FStdistances were calculated using frequencies of mtDNA subHGs in each population. Each
distance matrix was used to construct a PC plot using the programme NT-SYS PC (Rohlf
1997).

Inter-population Fst distances based on HVRI sequence data, or based on mtDNA subHG
frequency data, were used in analyses of molecular variance (AMOVA), implemented in
ARLEQUIN v2.0. Populations were grouped according to (a) geographic origin, (b) a

combination of ethnicity and geographic origin, (c) language affiliation, or (d) a combination
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of ethnicity and language affiliation. The distribution of variance among three hierarchical

levels was tested in order to assess relationships among groups of populations.

A matrix of geographic distances among all populations was constructed using either the
known point of sample collection, or the capital of the country from which each population
originated (Appendices 8.4 and 8.7). Mantel tests of the correlation between population
pairwise Fst distances and geographic distance were performed using ARLEQUIN v2.0
(Schneider et al. 2000).

2.5 Estimation ofmigration rates using Y chromosome and mtDNA data

Firstly, Y chromosome and mtDNA data were used to estimate migration rates in populations
from Zambia, Uganda and the C.A.R. The D.R.C. population was excluded in this set of
comparisons, to ensure that the same populations were used in each analysis. Secondly, the
total number of populations available for each mtDNA or Y chromosome data type (Tables
2.2, 2.3) was used to estimate migration rates. Total FStand No estimates, the apportionment
of molecular diversity estimated in AMOVA analyses and regressions of genetic and
geographic distances were compared between mtDNA and Y chromosome data types as

follows.

For each data type, populations were treated as a single group, and total FSTwas estimated
using ARLEQUIN v2.0. Following the method of Seielstad et al. (1998), Fst values were then
used to estimate migration rates using the formula Fst=1/1+Nu. In this equation, o is actually
the sum of the migration and mutation rates (Cavalli-Sforza and Bodmer 1971); however since
the mutation rate of mtDNA and Y chromosome DNA are substantially lower than estimates
of the migration rate, u may be assumed to be equal to the migration rate (Seielstad et al.

1998). N is the effective population size.

AMOVA analyses were also used to calculate the percentages of variance within and among
populations, and these figures were compared using the different data types. High estimates of

the fraction of total variance among (between) populations suggests that populations are
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highly differentiated and therefore suggests lower migration rate, whilst low estimates of the
fraction of total variance between populations suggests that populations are not very
differentiated and therefore suggests higher migration rate. Alternatively, estimates of the
fraction of total variance within populations may be considered: the higher the fraction of total

variance within populations, the higher the migration rate.

For each data type, matrices of inter-population Fst values were compared to pairwise
geographic distances as described above from correlation analyses. Regression lines were
fitted to these data sets using Microsoft Excel. Slopes of the regression lines indicate how
quickly genetic distance increases with geographic distance, another indicator of migration
rate. The slopes of each pair of lines (from different data sets) were compared using paired t-

tests.
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3. YCHROMOSOME STUDIES

31 RESULTS

Sixteen biallelic and eight STR polymorphisms on the Y chromosome were used to assess the
variation in 98 Ugandans, 87 Zambians, 40 Biaka Pygmies and 75 non-Pygmies from the
Central African Republic, and 69 individuals from the D.R.C. These data were also used to
examine the genetic affinities among the five central African populations, and among them

and other African populations.

3.1.1 Patterns of Y chromosome variation in central African populations

3.1.1.1 HG data

Using biallelic markers, eleven Y chromosome HGs were observed, including, for the first
time in sub-Saharan Africa, HG R (fig. 3.1). HG E-M191 was the most frequent HG in all
populations analysed (fig. 3.1), and was significantly more frequent in Uganda than in the
pooled other four populations (Fisher’s exact test, ,P<0.005). HG E-M2 was also frequent in all
populations except the Biaka (fig. 3.1). HG B was significantly more frequent in the Biaka
than in the other four populations (Fisher’s exact test, /*<0.001) and sublineages within HG B
had distinct distributions: B-M 150 was not found in the Biaka or C.A.R. samples, whilst B-

M 112 was frequent (0.300) in the Biaka (fig. 3.1). HG B-M211was found in only 0.050 of our
Biaka sample, compared to 0.200 of the sample of 20 Biaka examined by Cruciani et al.
(2002). The remaining HGs A, FJ and R were present at frequencies of less than 0.10 in each

population (fig. 3.1).
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Figure 3.1. Phylogeny of 16 biallelic markers used (black bars), and the distribution of Y chromosome haplogroups (HGs) in five central
African populations. Dotted lines indicate HGs that were not observed in the present study.
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3.1.1.2 HG-STR data

Using biallelic data in conjunction with STR data resulted in the derivation of 174 hts (fig. 3.1,
Table 3.1). Genetic diversity (h) calculated from these data was high (>0.96) and similar in all
central African populations (fig. 3.1). Fourteen STR hts were observed in more than one HG
i.e. were homoplasic (Table 3.1). All homoplasy occurred within HG E, with ten of the

fourteen homoplasic types shared between HGs E-M2 and E-M191.

Of 174 hts found in the total sample, 142 hts (0.816) were not shared among the sampled
populations (Table 3.1). Most of these “population-specific” hts were not very frequent and
together accounted for only 174 of 369 Y chromosomes (0.472). The remaining 32 hts (0.184)
were shared between two or more populations, and several were very frequent (Table 3.1);
together these hts accounted for 195 of 369 Y chromosomes (0.528). Two hts within HG E-
M2 (ht 61:15-12-13-17-21-10-11-13 and ht 67: 15-12-13-18-21-10-11-13), and two hts within
HG E-M191 (ht 147: 17-12-13-17-21-10-11-14 and ht 157: 17-12-14-17-21-10-11-15) were
observed at particularly high frequency, each representing approximately five percent of the
total sample (Table 3.1). Together these four hts accounted for 0.214 of the total sample
(N=369). Each of these hts was modal in at least one of the populations sampled: ht 61 was
modal in the C.A.R. (non-Pygmy) sample, ht 67 was modal in the D.R.C. sample, ht 147 was
modal in Zambians, and ht 157 was modal in both Ugandans and the Biaka (Table 3.1). The
“Bantu Modal Haplotype” (BMH) defined by Thomas et al. (2000) on the basis of six STR
loci (excluding DY S3891 and I1), corresponded to two different hts in this study, hts 61 and
67, which differed by a single step mutation at DY S389II.
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Tabie 3.1 STR hapkxypes (las) widan each Y chromosome haplogroup (HG), and their distribution among five central African populations

HG nomenclature ¢ according to the YCC (2002).
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Table 3.1 continued

htnumber G DYS19 DYN388 DYS3891 DYS389II DYS390 DYS391 DYS392 DYS393 total CAP CAR IAM
92 E-M191 12 12 13 17 21 10 n 15 1
93 E-MI9I 14 12 13 17 22 10 n 13
94 F.-M191 14 12 14 18 21 10 n 16
95 E-M191 15 12 12 17 21 10 n 14
96 E-M191 15 12 12 17 21 10 1 15
97 E-M191 15 12 12 17 22 10 u 14 1
98 E-M191 15 12 13 16 21 n 1 14 1
99 E-M191 15 12 13 17 21 10 u 14 2 1
100 E-M191 15 12 13 17 21 10 n 15 6 4 1 1
101 E-M191 15 12 13 17 22 10 u 14 2 2
102 E-M191 15 12 13 17 25 10 n 14 1 1
103 E-M191 15 12 13 18 21 10 1 13 1 1
104 E-M191 15 12 13 18 22 10 n 14 1 1
105 E-M191 15 12 13 18 22 10 u 15 1
106 E-M191 15 12 14 16 21 10 n 14 1 1
107 E-M191 15 12 14 17 21 10 u 14 1
108 E-M191 15 12 14 17 21 10 n 15 1 1
109 E-M191 15 12 14 17 21 10 12 15 1 1
110 E-M191 15 12 14 18 21 10 u 15 1
111 E-M191 15 14 13 17 22 10 n 15 1
112 E-M191 16 n 12 18 21 10 n 15 2 2
113 E-M191 16 n 13 17 21 10 u 15 1 1
114 E-M191 16 12 12 17 20 10 u 15 4 4
115 E-M191 16 12 13 16 21 10 n 14 1 I
116 E-M191 16 12 13 16 21 10 u 15 2 1 1
117 E-M191 16 12 13 16 21 1 n 15 |
118 E-M191 16 12 13 17 21 10 10 14 2 1
119 E-M191 16 12 13 17 21 10 n 13 1
120 E-M191 16 12 13 17 21 10 u 14 9 3 3
121 E-M191 16 12 13 17 21 10 n 15 8 1
122 E-M191 16 12 13 17 21 10 n 16 1 1
123 E-M191 16 12 13 17 21 u 1 14 2 2
124 E-M191 16 12 13 17 21 n u 15 4 2
125 E-M191 16 12 13 17 22 10 1 15 3 3
126 E-M191 16 12 13 18 21 10 1u 14 2
127 E-M191 16 12 13 18 21 10 1 15 3 1
128 E-M191 16 12 13 18 21 10 12 14 1
129 E-M191 16 12 13 18 21 n 1 15
130 E-M191 16 12 13 18 22 10 1 15 6 6
131 E-M191 16 12 13 19 21 10 1 14 2
132 E-M191 16 12 14 15 21 10 un 14 1
133 E-M191 16 12 14 16 21 10 n 14
134 E-M191 16 12 14 16 21 10 n 15
135 E-M191 16 12 14 17 21 10 1 14 6 1 |
136 E-M191 16 12 14 17 21 10 n 15 6 2 2
137 E-M191 16 12 14 17 21 u n 1
138 E-M191 16 12 14 18 21 10 n 14
139 E-M191 17 10 14 18 21 10 n 14 1
140 E-M191 17 12 12 16 21 10 n 15 1
141 E-M191 17 12 12 17 21 10 1 14 1
142 E-M191 17 12 12 17 21 10 n 15
143 E-M191 17 12 13 16 21 10 1 15 3 1
144 E-M191 17 12 13 16 21 10 n 16
145 E-M191 17 12 13 17 21 10 8 14
146 E-M191 17 12 13 17 21 10 10 15 1
147 E-M191 17 12 13 17 21 10 1 14 17 9
148 E-M191 17 12 13 17 21 10 1 15 4 1
149 E-M191 17 12 13 17 21 10 n 16 1
150 E-M191 17 12 13 17 21 11 1 15 2 1
151 E-M191 17 12 13 17 22 10 n 14 1
152 E-M191 17 12 13 18 20 10 11 14 1
153 E-M191 17 12 13 18 21 10 8 13
154 E-M191 17 12 13 18 21 10 1] 14 1
155 E-M191 17 12 14 17 21 10 10 15
156 E-M191 17 12 14 17 21 10 n 14 10 1
157 E-M191 17 12 14 17 21 10 n 15 22 5 2
158 E-M191 17 12 14 17 21 10 12 14 1
159 E-M191 17 12 1 17 21 n n 14 2
160 E-M191 17 12 14 17 22 10 n 14
161 E-M191 17 12 14 18 21 10 u 15
162 E-M191 17 12 14 18 21 n n 14 1
163 E-M191 17 12 14 20 21 10 n 14
164 E-M191 17 12 15 17 21 10 n 14
165 E-M191 17 12 15 17 21 10 n 15
166 E-M191 18 12 13 16 21 10 n 14 1
167 FJ 15 12 14 16 24 10 13 13
168 FJ 15 13 14 18 23 10 12 14 1
169 R 15 12 13 15 24 n 13 12 1
170 R 15 12 13 17 24 n 13 13 1
171 R 15 12 13 18 24 10 13 13 I
172 R 15 12 14 14 24 10 13 12
173 R 15 12 14 16 24 n 13 13 3 1
174 R 15 12 14 17 24 1" 13 13 2 2

total 369 40 75 87

Abbreviations:

CAP: Pygmies from Central African Republic
CAR: Central African Republic

DRC: Democratic Republic of Congo

UGA: Uganda

ZAM: Zambia
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3.1.1.3 Haplogroup structure

The genetic relationships among STR hts within HGs B, E and R were assessed by means of

phylogenetic networks and NJ trees.

HGB

In a network of hts within HG B, hts from lineage B-M150 were clearly differentiated from hts
from lineage B-MI 12 (fig. 3.2). This differentiation was also observed in a NJ tree of HG B
hts (fig. 3.3). The single M211 haplotype (ht 16, found in two individuals, fig. 3.2) clustered
with M1 12 hts as expected since M211 is derived from MI 12. HG B-M150 was characterised
by alleles of 9 and 10 repeats at the DY S388 locus, whilst HG B-MI 12 was partially
characterised by the DYS3891-11 allele (Table 3.1). TMRCA of HG B-MI 12 was estimated to
be six to ten times older than TMRCA of HG B-MI50. The estimated TMRCA of HG B-

M 112 was between 5 935 years ago (using w=0.0028, 95% CI 3 865- 9 775 years) and 9 232
years (using «=0.0018, 95% CI 5 361 - 16 957 years), whilst the TMRCA of HG B-M150 was
estimated to be between 1047 (using w=0.0028, 95% CI 682 - 1725 years) and 1629 years
ago (using w=0.0018, 95% CI 946 - 2 992 years). Taking both B-MI 12 and B-M150 into
account, the TMRCA of HG B was estimated to have existed between 6 395 (using w=0.0028,
95% CIl 4 164 - 10 534 years) and 9 948 years ago (using w=0.0018, 95% CI 5 777 - 18 273

years).



Figure 3.2. MJ network depicting the relationships among haplotypes within HG B. Black circles indicate haplotypes found in Pygmies
from the C.A.R., and white circles indicate haplotypes found in non-Pygmies; circle size is proportional to haplotype frequency. Dotted
lines indicate HG affiliation.
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NJ tree constructed using ASD distance, depicting the relationships among haplotypes within HG B.
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HGE

Four lineages within HG E were delineated in this study: HG E-M2, HG E-M191, EIG E-M35,
and HG E-M40 (fig. 3.1). HGs E-M40 and E-M35 were not common in this study (frequencies
<0.07, Table 3.1). Both of these HGs incorporate several sublineages (YCC 2002), and hts
within HGs E-M40 and E-M35 did not appear to be closely related to each other in
phylogenetic networks (not shown). HG E-M35 also had a high mean number of pairwise

differences (mpd), indicating that hts within it were not very closely related (fig. 3.1).

HG E-M35 was found at significantly higher frequency in Ugandans than in other sampled
populations (Fisher’s exact test, P<0.05). The E-M35 hts from this study (N=13)

were compared to 34 E-M35 hts from north Africans (Bosch et al. 2001). No hts were shared
between central African and north African populations. A MJ network (fig. 3.4) revealed that
hts from central African populations either formed their own clusters, or were placed with the
few hts from north Africa characterised by M78; they were not located within the major north

African cluster characterised by M81.

HGs E-M2 and E-M191 were observed at high frequencies in central African populations in
this study (fig. 3.1). Many of the hts from HGs E-M2 and E-M191 were not easily
distinguished from each other; these two HGs exhibited considerable homoplasy and overlap
of their haplotype distributions (Table 3.1). In a network of 106 hts (N=296) from HGs E-M2
and E-M191 (fig. 3.5), several branches included hts from both HG E-M2 and E-M191.
Similarly, in a NJ tree (fig. 3.6), many of the observed clusters included hts from both HGs. It
appears that much of the evolution of the two HGs has been along parallel or convergent lines
(fig. 3.5, fig 3.6). An examination of the allele distributions for HGs E-M2 and E-M191
revealed that there was no significant difference in allele distribution between the two HGs at
three STR loci: DYS388, DYS390 and DYS392 (exact test of population differentiation,
P>0.001).

A very recent shared common ancestry of haplogroups E-M2 and E-M191 was confirmed by

the similar estimated times to the most recent common ancestor (TMRCA) for each HG:
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TMRCA of HG E-M2 was estimated to between 1431 years ago (using w=0.0028, 95% ClI

932 - 2 357 years) and 2 226 years (using w=0.0018, 95% CI 1292 - 4 088 years), whilst
TMRCA of HG E-M191 was estimated to be between 1953 (using «=0.0028, 95% CI 1272 -
3 216 years) and 3 038 years ago (using «=0.0018, 95% CI 1764- 5 579 years). Note that
whilst estimated dates for HG E-M191 are slightly older than those estimated for HG E-M2, it
is known that HG E-M191 is derived from E-M2 (Underhill et al. 2001). The TMRCA of HG
E-M2* (incorporating both HG E-M2 and E-M191) was estimated to be between 2 407 (using
u=0.0028, 95% CI 1567 - 3 965 years) and 3 744 years ago (using n=0.0018, 95% Cl 2 174 —
6 877 years).

Despite the close relationship between HGs E-M2 and E-M191, some differences between
haplotypes from the two HGs were apparent (figs. 3.5, 3.6). Hts from HG E-M2

radiating from types 67 and 61 in the network (fig. 3.5) also clustered together near the base of
the NJ tree (fig. 3.6), and were distinct from clusters of hts from HG E-M191 in the NJ tree
(fig. 3.6) and network (fig. 3.5). Hts from HG E-M2 had significantly higher frequencies of
the DYS19-15 and DYS393-13 alleles (Fisher’s exact tests, /*0.000I), whilst hts from HG E-
M191 had significantly higher frequencies of the DYS19-16, DY S19-17, and DY S393-15
alleles (Fisher’s exact tests, PO.OOOlI).

Hts from all five central African populations were dispersed throughout the HG E-M2*
network and no population-specific clustering was observed. The star-like shape of the
network and the central placement of high-frequency hts (fig. 3.5) both provide strong
evidence of founder effects within HGs E-M2 and E-M191. Htl57 (modal in Ugandans and
Biaka) was placed in a peripheral position in the network (fig. 3.5), which is unusual for high-
frequency hts. This ht may be associated with a very recent demographic expansion; this
hypothesis is further supported by the limited number of hts derived from ht 157 (fig. 3.5). The
four very frequent hts (61, 67, 147, 157) could not be linked by single step mutations to each
other, and there were at least six mutational steps between ht67 and ht 157, the two most

divergent pair of hts of the four (fig. 3.5).



Q hts from central Africans

N hts associated with M78

O hts associated with M81

Figure 3.4 MJ network depicting the relationships among haplotypes within HG E-M35. Red circles indicate haplotypes
from central African populations, white circles indicate haplotypes from north Africa associated with M81 (Bosch et al.
2001) and black circles indicate haplotypes from north Africa associated with M78 (Bosch et al. 2001). Circle size is

proportional to haplotype frequency.
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Figure 3.5. MJ network depicting the relationships among hts within HG E-M2*. White circles indicate haplotypes from HG E-M?2
and gray circles indicate haplotypes from HG E-M191; circle size is proportional to ht frequency. Numbers represent ht numbers as
listed in Table 3.1. The four very frequent hts are ringed in red. Estimated dates of TMRCA ofeach HG are based on mutation rates
of 2.8 mutations per 1000 years (Kayser et al. 2000) and 1.8 mutations per 1000 years (Quintana-Murci et al. 2001).
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0.5
Figure 3.6 NJ tree constructed using ASD distance, depicting the relationships among hts
within HG E-M2*. Ht numbers are as listed in Table 3.1.Blue labels indicate hts
associated with HG E-M191; yellow labels indicate hts associated with HG E-M2; green
labels indicate hts associated with both HG E-M2 and HG E-M191 (homoplasic types).
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HGR

The six Y chromosome hts in this study belonging to HG R were identical at four of the eight
STR loci examined (Table 3.1), and this HG had relatively low genetic diversity (/i=0.889, fig.
3.1). The HG R hts from the present study were compared to hts from HG R found in 71 South
African whites (Thejane Motladile, unpublished data), five north Africans and 73 individuals
from Iberia (Bosch et al. 2001). The most frequent HG R ht found in central Africans (ht173,
N=3, Table 3.1) was also observed in one Basque individual, in whom it was associated with
M65 within HG R (Bosch et al. 2001). No other hts were shared between central Africans and
other populations used for comparative purposes (fig. 3.7). In a network of 79 hts from HG R,
the six central African hts did not cluster with each other or with hts from north Africans (fig.
3.7). Thus despite the apparent similarity of the hts from HG R in central Africans,

phylogenetic analysis showed that they were not closely related to each other.



O nts from Central Africa

Figure 3.7 MJ network depicting the relationships among haplotypes within HG R. White circles indicate haplotypes from Iberians
and South African Caucasians (Bosch et al. 2001; TW Motladile, unpublished data); gray circles indicate haplotypes from north
Africa (Bosch et al. 2001), and red circles indicate haplotypes from central Africa from the present study. Circle size is proportional

to haplotype frequency.
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3.1.2 Genetic affinities among central African populations using Y chromosome data

The genetic relationships among the five central African populations were assessed using
exact tests of differentiation performed on HG data, combined HG-STR data, and STR ht data.
When HG data from pairs of populations were analysed (Table 3.2a), the Biaka were
significantly different from the other central African populations (P<0.001), and Ugandans
were significantly different from populations from the C.A.R. and Zambia (P<0.05). Results
were similar when STR ht data were used, with both Biaka and Ugandan populations being
significantly different from other central African populations (Table 3.2c). However when
HG-STR data were used (Table 3.2b), all pairs of populations, with the exception of Zambians
vs. the D.R.C. population, were significantly different from each other (P<0.01). These results
reflect the increased power of resolution of HG-STR data over HG data or STR data alone. In
a NJ-tree constructed from HG-STR data and Slatkin’s linearised Fst values (fig. 3.8) the
difference between the Biaka and other central African populations was reflected by their
placement on different branches. The distance between Ugandans and other non-Pygmy
populations, and the similarity between populations from the D.R.C. and Zambia, were also
reflected in the NJ tree (fig. 3.8).

3.1.3 Correlation ofYchromosome data types with each other

Pairwise Fst distances among the five central African populations calculated from HG
frequencies were well-correlated (r=0.89, P<0.05) with pairwise Rst distances among them
based on STR hts only (Table 3.2), and with pairwise Fstdistances calculated from
frequencies of HG-STR hts (r=0.82, P<0.05). This suggested that different Y chromosome
data types are capable of revealing similar population relationships. The correlation of
pairwise Fstdistances calculated from frequencies of HG-STR hts with Rst distances
calculated from hts constructed from STRs only was not statistically significant (r=0.75,
P=0.07). It is likely that the high degree of homoplasy seen in HG-STR hts affected estimates
of genetic distances among populations, and that the use of STR haplotypes alone (i.e. without

HG data) may cause a slight decrease in the resolution of genetic distances among populations.
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Table 3.2 Pairwise genetic distances among five central African populations
calculated from Y chromosome data

a) Matrix of Fst genetic distances calculated from HG frequency data

CAP CAR DRC UGA
CAR 0.08853**
DRC 0.09498***  -0.00417
UGA 0.09648***  0.02555* 0.01765
ZAM 0.12923***  0.00344 -0.00577 0.04445**

b) Matrix of Fst genetic distances calculated from HG-STR frequency data

CAP CAR DRC UGA
CAR 0.2672***
DRC 0.02158***  0.00951**
UGA 0.01591***  0.01467***  0.0085**
ZAM 0.02312***  0.01282*** -0.00009 0.01194***

c) Matrix of Rst genetic distances calculated from STR haplotype data

CAP CAR DRC UGA
CAR 0.07778***
DRC 0.06957** 0.00319
UGA 0.11782***  0.05952*** (0.01879**
ZAM 0.0904** 0.00978 -0.01061 0.02376**

Abbreviations:

CAP: Pygmies from Central African Republic
CAR: Central African Republic

DRC: Democratic Republic of Congo

UGA: Uganda

ZAM: Zambia

*significant difference, P<0.05

**significant difference, P<0.01
***significant difference, P<0.001



UGANDA
CAR

................ ZAMBIA

CAR PYGMIES

Figure 3.8 NJ tree constructed using Y chromosome HG-STR data and Fsr genetic distances, showing
the genetic affinities among five central African populations
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3.1.4 Comparison to Y chromosome datafrom other African populations

Y chromosome data from the present study were compared to HG and STR data from other
African populations (Table 2.2) in order to examine the geographic distribution of Y
chromosome variation in Africa, and to understand the genetic affinities of central African

populations with other African populations.

3.1.4.1 Distribution of Y chromosome HGs in Africa

The geographic distribution of Y chromosome HGs found in African populations is depicted
in fig. 3.9. HGs E-M191 and E-M2 were found at high frequencies in sub-Saharan African
populations. HG E-M191 was the most common HG in central African populations, while HG
E-M2 was the most common HG in the populations of west Africa (fig. 3.9). HG E-M40 was
frequent in west and north-east African populations, but was rare in the populations of central
Africa. As previously reported by Underhill et al. (2001) and Semino et al. (2002), HGs E-
M35 and FJ were particularly frequent in the populations of north-west and north-east Africa,
whilst HG A was common in Khoisan populations and populations from Ethiopia. Two west
African populations (Fulbe and Fali) had relatively high proportions of Y chromosomes
belonging to typically Eurasian HGS (HGs FJ, KO and R; fig. 3.9).



Berber

Seneg

Figure 3.9 Map of Africa showing the geographic distribution of Y chromosome
HGs in 20 African populations. Colours represent HGs as shown in the phylogenetic
tree (inset). Heavily ringed populations are from the present study.
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3.1.4.2 Distribution of5-locus Y- STR haplotypes in Africa

The distribution of haplotypes constructed from 5 STR loci only was examined in 17 African
populations (N=1 192, Table 2.2). Ten haplotypes (Table 3.3, fig. 3.10) together accounted for
between 0.230 and 0.720 ofthe Y chromosomes in each of the 17 populations [with the
exception of Ethiopians, in whom they only accounted for 0.060 of the sample (N=91)].
Altogether, these ten haplotypes accounted for 546 / 1192 (0.458) of Y chromosomes from 17

African populations.

Using the distribution of hts in HGs in the present study, it was possible to tentatively assign the
ten frequent hts to HGs (Table 3.3, fig 3.10). Three haplotypes could be placed in HG E-M2,
and four in HG E-M191; one could have belonged to either HG E-M2 or E-M191. One
haplotype was assigned to HG E-M35, and one tentatively to HG B-M150 (although this
haplotype was particularly homoplasic, Table 3.3). Eight of the ten haplotypes (all those
suggested to be from HG E-M2 and M191) could be very closely linked in a hand-drawn
phylogenetic network (fig. 3.10). Ht 2 corresponded to the 5-locus “Bantu Modal Haplotype”
described by Pereira et al. (2002).

Hts 1-3 (potentially associated with HG E-M2, shown in yellow in fig. 3.10) were particularly
frequent in central and south Africa, with very high frequencies of the “BMH” (ht 2) along the
west coast (Angola and D.R.C) and in the C.A.R. (fig. 3.10). Hts 5-8 (potentially associated
with HG E-M191, shown in blue in fig. 3.10) were observed frequently in central African
populations, particularly in Uganda; these populations had correspondingly lower frequencies of
hts 1-3. Hts 5-8 were reduced in frequency or nearly absent along the west coast (e.g. Angola,
Sao Tome e Principe). Both the San and Biaka populations had low frequencies of both M2 and
M191-associated hts (fig. 3.10). HtlO was restricted in its distribution to populations of north
Africa.



Table 3.3 The ten most frequent 5-STR Y chromosome hts in 17 African populations (N=1192), and their likely HG of origin

htl
ht2
ht3
ht4
ht5
ht6
ht7
ht8
ht9

htlO

total

DYS19-390-391-392-393

15-21-
15-21-
16-21-
15-21-
16-21-
16-21-
17-21-
17-21-
15-24-

13-24-

10-1
11-1
10-1
10-1
10-1
10-1
10-1
10-1
10-1

9-11

1
1
1
1
1-
1
1
1
1

-13
-13
-13
-14

14

-15
-14
-15
-13

-13

124

54
35
59
55
51
55
43
26

44
546

probable HG
E-M2 (13.8%)
E-M2 (4.1%)
E-M2 (2.44%)

E-M2 (2.44%), E-M191 (1.36%)

E-M191 (6.23%)
E-M191 (6.23%)
E-M191 (8.67%)
E-M191 (8.94%)
B-M150 (0.81%)

E-M35 :

homoplasy in other HG
E-M191 (0.27%), E-M40 (0.27%)
E-M35 (0.27%)
E-M191 (0.27%), A (0.27%)

E-M2 (1.90%)
E-M2 (0.27%), E-M35 (0.27%)
E-M2 (.027%)
E-M35 (0.27%)
A (0.27%), B-M 1 12 (0.27%), E-M40 (0.27%)

1H G assignment was based on data from the present study. Numbers in brackets are the frequency of the ht in each HG observed in the present study

Colours represent assigned HGs and are consistent with the key in Figure 3.10.

2ht 10 was not observed in the present study; HG assignment was from Bosch et al. (2001)
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Figure 3.10 Map of Africa showing the geographic distribution of the ten most frequent haplotypes
constructed from five Y-specific STR loci (DY S19-DYS390-DYS391-DYS392-DYS393) in 17
African populations. Hts are listed in Table 3.3 and colours indicate suggested associated HGs
(yellow=HG E-M2; green=HG E-M2*; blue=HG E-M191; orange=HG B-M150; pink=HG E-M35).
Inset: phylogenetic network showing the close relationships among hts 1-8.
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3.1.4.3 Genetic affinities ofAfrican populations using Y chromosome data

Genetic affinities of African populations were assessed using PC plots and AMOVA analyses.
Three PC plots and three sets of AMOVA were performed using (a) HG frequencies from 20
African populations (N=I 108, Table 2.2); (b) STR hts constructed from eight STR loci from
13 African populations (N=713, Table 2.2); (c) STR hts constructed from five STR loci from
17 African populations (N=I 192, Table 2.2). The different data types were utilised to compare

their ability to reveal population relationships.

PC plots

Using (a) HG data, three major clusters of populations were observed in the PC plot featured in
fig. 3.11. The first cluster consisted of populations from west-central Africa, the second cluster
included southern African (Khoisan) populations, and the third cluster comprised populations
from north Africa. These clusters are also consistent with a linguistic subdivision of African
populations, with populations speaking Niger-Congo, Khoisan, and Afro-Asiatic languages
respectively. Within the west-central cluster, populations from central Africa speaking Bantu,
Bantoid or Adamawa-Ubangian languages were separated from populations from west Africa
speaking Atlantic or Voltaic languages (shown in red and orange respectively in fig. 3.11; Table
2.2). All five populations examined in the present study were placed within the Niger-Congo-
speaking central African cluster (fig. 3.11). The same three-way split between Afro-Asiatic-
speaking populations from north Africa, Khoisan populations, and populations from sub-
Saharan Africa speaking Niger-Congo languages, was observed in PC plots constructed using
(b) 8-locus STR hts and (c) 5-locus STR haplotypes (figs. 3.12, 3.13). The differentiation
between Niger-Congo and Khoisan-speaking populations, and between populations from south-

central and west Africa was less clear when 5-locus STR data were used (fig. 3.13).



CAP

(77.39%)
Figure 3.11 PC plot constructed using HG data and FST genetic distances among 20 African populations. The inset map
shows the geographic origin of the sampled populations, and circles in black or ringed in black indicate central African
populations from the present study. Population abbreviations: refer to Table 2.2.
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Figure 3.12 PC plot constructed using 8-locus STR ht data and RST genetic distances among 13 African populations. The inset
map shows the geographic origin of the sampled populations, and circles in black or ringed in black indicate central African
populations from the present study. Population abbreviations: refer to Table 2.2.
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Figure 3.13 PC plot constructed using 5-locus STR ht data and RST genetic distances among 17 African populations. The
inset map shows the geographic origin of the sampled populations, and circles in black or ringed in black indicate central
African populations from the present study. Population abbreviations: refer to Table 2.2.

S)INSay - SAIPNIS BWOSOWOIYD A



Y Chromosome Studies - Results 75

AMOVA analyses

Genetic affinities among African populations were also assessed using AMOVA. Y
chromosome HG, HG-STR or STR ht data from African populations were grouped according
to a series of linguistic or geographic criteria (Table 3.4 and Table 2.2) and analysed by
AMOVA. “Ethnic criteria” i.e. the placement of Pygmy populations and of Khoisan
populations into separate groups, were also used in combination with geographic or linguistic
criteria (Table 3.4). All groups classified according to geographic criteria were well-supported
by AMOVA results (higher inter-group FCe than intra-group variance Fsc, Table 3.4A). The
best results (lowest F$c values i.e. lowest intra-group variance) were obtained when
populations were grouped using a combination of four geographic regions (east, north, west
and combined south-central) and ethnic criteria (Table 3.4B). This was true both when HG
data were used, and when 8-locus or 5-locus STR ht data were used. Groups classified
according to linguistic criteria (including or excluding ethnic criteria) were also supported by
AMOVA analyses (Table 3.4C, 3.4D) but these groups produced higher FSc values than
groups categorized according to geographic criteria i.e. Y chromosome HG, HG-STR or STR
ht data from African populations were better grouped according to geographic origin than
according to language group. Data from Nilo-Saharan-speaking populations are at present not
well represented in the literature; such data may further help to resolve patterns of Y

chromosome structuring in Africa.



Table 3.4 Results of AM O VA tests using Y chromosome data from African populations

Criteria No.ofgroups  Groups*
1 2 3 4 5
A) Geography' (2 regions) 2 NE+NW C+W+S
A) Geography' (3 regions) 3 NE+NW C+W S
A) Geography' (4 regions) 4 NE NW C+W S
A) Geography' (4 regions) 4 NE NW w Cc+s
A) Geography' (all 5regions separate) 5 NE NW w c S
B) Geography' and ethnicity 6 NE NW w C+s Pygmy
C) Language5 5 AA NS NC KS IE
D) Language5and etluiicity 6 AA [NS]* NC KS IE

“‘Populations were placed into groups according to geographic or linguistic criteria; refer to Table 2.3
percent variance among groups
cpercent variance among populations within groups
percent variance within populations
*Geographic regions. NE=north-east, NW=north-west, W=west, C=centraL S=south
‘language families AA = Afro-Asiatic, NC = Niger-Congo, NS = Nilo-Saharan, KS = Khoisan, IE=Indo-European
&quare brackets indicate lack of data for that category

populations from Angola and Guinea Bissau were classified as speaking NK languages

Khoisan

Pygmy

A. HG data from 20 populations

31.14
26.2
25.37
27.83
28.11
27.67
26.15
25.35

1123
1133
1167
6.98
513
4.38
11.33
10.52

57.63
62.05
62.96
65.19
66.76
67.95
62.52
64.13

all P< 0.001
all P < 0.005
all P < 0.005
all P< 0.001
all P< 0.001
all P< 0.001
all P< 0.001
all P< 0.001

B. 8-locus STR data from 13 populations

14.67
114
14.64
17,09
1437
15.63
13.8
12.38

6.08
6.41
3.55
3.52
3.44
2.33
5.87
5.61

79.26
82.19
8181
79.39
82.19
82.05
80.33
82.01

all P< 0.001
all P< 0.005
all P< 0.001
all P< 0.001
all P< 0.001
all P< 0.001
all P < 0.005
all P< 0.001

C. 5-locus STR data from 17 populations

1731
9.44
11.01
156
10.46
11.95
1221
11.29

4.9
5.78
4.56
3.62
4.13
3.39
427
3.95

77.79
84.78
84.42
80.78
85.41
84.66
83.52
84.77

all P <0.005
all P< 0.005
all P <0.005
all P< 0.001
all P< 0.001
all P< 0.001
all P< 0.001
all P< 0.001
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3.1.5 Correlations between Y chromosome data and geography

The pairwise geographic distances among African populations were significantly correlated
with the pairwise Fst genetic distances among them, whether HG data from 20 populations
(r=0.538, RO.0O0I), 8-locus STR ht data from 13 populations (r=0.526, PO.OOI) or 5-locus
STR ht data from 17 populations were used (r=0.434, /%<0.001). Graphs showing these
correlations are shown in Appendix 8.6A. The correlation between pairwise genetic Fst
distances and pairwise geographic distances was then tested among populations from south
and central (sub-Saharan) Africa only using FIG or STR ht data (Table 2.2). Poor correlations
were obtained using all three data types (using HG data, r=0.229, />=0.061; using 8-locus STR
ht data, r=0.160 and P=0.\80; using 5-locus STR ht data, r=0.006 and P=0.495). Graphs
showing these correlations are shown in Appendix 8.6B. These results suggest that
geographically separated populations in sub-Saharan Africa are genetically closely related and
for that populations living in close proximity are genetically different. These scenarios could
have been caused by migrations of populations across sub-Saharan Africa, or by population

admixture.

Next the correlation between genetic and geographic distances was tested among African
populations from the south-central sub-Saharan region speaking languages classified within
the Niger-Congo language group only (Table 2.2). Again, poor correlations were obtained
using all three data types (with HG data, r= -0.231, P=0.774; with 8-locus STR ht data, r=
0.096 and P= 0.264; with 5-locus STR ht data, r=0.112 and P= 0.266). Graphs showing these
correlations are shown in Appendix 8.6C. These results suggest that the lack of correlation
between genetic and geographic distances seen in sub-Saharan African populations above, is
largely due to a similar lack of correlation in populations from this region speaking Niger-
Congo languages. Populations speaking Niger-Congo languages are known to have
experienced recent and rapid migrations within sub-Saharan Africa (Phillipson 1977, Ehret
1998).
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Similar poor correlations of genetic distance with geography were obtained in an analysis
which included only the five Niger-Congo speaking central African populations from this
study (-0.259< r < -0.161, 0.221<=R<=0.307, using genetic distances measured by Fst from
HG data or HG-STR data, or by Rst from STR ht data). The exclusion of the Biaka from the
analysis did not improve the correlation (- 0.402< r < 0.028, 0.167<=P<=0.436).
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3.2 DISCUSSION

The present-day patterns of genetic variation in African populations are complex and harbour
information that can be traced to both ancient and recent evolutionary events. Data collected in
this study have allowed the genetic affinities of five central African populations to be
examined, and have facilitated an understanding of the structure of Y chromosome variation in
Africa.

3.2.1 Ancient Y chromosome lineages in central African populations

HGs A and B are the most ancient Y chromosome lineages described globally and may have
been associated with population expansions that occurred in Africa between 130 000 and 70
000 years ago (Underhill et al. 2001). Presently these HGs are restricted to African

populations.

HG A has previously been reported in populations from southern Africa (Kung 36%, Khwe
12%, South Africans 5%), east Africa (Sudan 45%, Ethiopia 14%) and west Africa (Mali 2%)
and distinct clades were found in Khoisan and east African populations (Scozzari et al. 1999;
Underhill et al. 2000; Cruciani et al. 2002; Semino et al. 2002). These findings have been
interpreted as showing that HG A was part of the proto-African Y chromosome gene pool, and
that Khoisan and east African populations show ancient divergence from a common ancestral
population (Semino et al. 2002). HG A was found at very low frequencies in three of five
central African populations in the present study (Zambia 1.1%, D.R.C. 1.4%, C.A.R. 5.3%)
and was not found in Ugandans or the Biaka (figs. 3.1, 3.9). The absence, or near-absence, of
HG A in central African populations in the present study, as well as in 20 Biaka and 17 Mbuti
Pygmies examined by Underhill et al. (2000), indicates either that populations carrying this
early lineage did not occupy the central African region, or that HG A did not persist there.
Central African populations are therefore likely to be derived from more recent ancestral
populations than are Khoisan and east African populations. This relates well with

archaeological evidence (Cahen 1982; Phillipson 1985) which suggests that the central African
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region was populated at a somewhat later date (Middle Stone Age) than the surrounding

eastern and southern African regions (populated since the Early Stone Age).

HG B has previously been reported at varying frequencies in populations from south, east,
west and central Africa (Underhill et al. 2000; Cruciani et al. 2002; Semino et al. 2002). In the
present study, HG B was present at significantly higher frequency (P<0.001) in the Biaka
(35%) than in the other four central African populations studied (D.R.C. 9%; C.A.R. 5%,
Zambia 6%, Uganda 1%, figs. 3.1, 3.9). This frequency is similar to those previously
observed in samples of 20 Biaka (35%) and 12 Mbuti Pygmies (33%; Underhill et al. 2001,
Cruciani et al. 2002). The observation of HG B at high frequency in Pygmy populations
suggests that HG B may be a signature of the original central African Y chromosome gene
pool, since the Pygmy populations are thought to be descended from the autochthonous
inhabitants of central Africa. When data from this study were analysed together with published
data, HG B was significantly more frequent in populations of central Africa than in other

African populations (P<0.05).

HG B sublineages have different distributions: B-MI 12 is found mostly in hunter-gatherer
populations from southern and central Africa, whilst B-M150 is found in other sub-Saharan
African populations (Underhill et al. 2000; Cruciani et al. 2002; Semino et al. 2002). This
difference was confirmed in the present study: HG B-MI 12 was found mostly in the Biaka,
whilst HG B-M 50 was found mostly in non-Pygmy populations (figs 3.1, 3.2, 3.3). The

Biaka may share some ancestry with proto-Khoisan populations because Biaka and Khoisan
share the HG B-MI 12 default lineage (Underhill et al. 2000, Cruciani et al. 2002). However
the absence of HG A in the Biaka suggests that this relationship post-dates the earliest Khoisan

Y chromosome diversification.
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The overall pattern of distribution of HGs B-M150 and B-MI 12 in Africa (fig. 3.9) and their
estimated TMRCAs, suggests that HG B-M150 has been dispersed widely quite recently
(possibly only within the last thousand years). HG B-MI 12, on the other hand, is more ancient
and has either undergone a more limited dispersal, or once had a wider geographic range but
has only been retained in present-day hunter-gatherer populations. The typical existence of
ancient hunter-gatherer populations in small, relatively isolated communities could account for
the retention of B-MI 12 in these populations. The observation of several population-specific
HG B sublineages [e.g. HG B-M211 in Biaka (present study), and other lineages in Mbuti,
Mossi, Mali, Lissongo in Cruciani et al. (2002)], further suggests that population

fragmentation and subdivision affected the evolution of HG B.

3.2.2 More recent contributions to the central African Y chromosome gene pool

Y HGs defined by M 168 represent relatively more recent African (and non-African) lineages
(Underhill et al. 2001) and include HGs E, FJ and R in the present study.

3.2.2.1 The ‘“Bantu Expansion™

Most of the existing Y chromosome variation in central African populations appeared to be
due to a massive expansion of HG E-M2*, including both the M2 and M191 sublineages (figs.
3.1, 3.5). The star-like shape ofa MJ network drawn with HG E-M2* ht data from the central
African populations (fig. 3.5) and high frequencies of particular hts within this HG (Table 3.1)
confirmed a rapid growth in numbers of Y chromosomes associated with this HG. In addition,
geographic range expansion of HG E-M2* was inferred from the close relationship among hts
associated with E-M2* from different central African populations studied (fig. 3.5), and the
presence of many of these hts in more than one population (Table 3.1). Geographic range
expansion of HG E-M2* was also implied by the wide geographic distribution in other African
populations of a common core of frequent and closely-related 5-locus STR hts inferred to be
associated with E-M2* (fig. 3.10).
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HG E-M2* has been suggested to be associated with the “Bantu Expansion” (Passarino et al.
1998; Scozzari et al. 1999; Underhill et al. 2001; Cruciani et al. 2002). The lack of correlation
between genetic and geographic distances among Niger-Congo-speaking populations from
sub-Saharan Africa, among whom HG E-M2* accounted for the majority of their Y
chromosome gene pool, attested to the role of this linguistic group in an expansion/s. The
dates obtained in this study for TMRCA of HG E-M2* (2 407 -3 744 years ago) were similar
to those obtained in other studies (Thomas et al. 2000; Underhill et al. 2001) and were also in
accordance with dates suggested for the start of the “Bantu Expansion” on the basis of

linguistic and archaeological data.

However this explanation may be overly simplistic, since HG E-M2* was also observed at
high frequencies in non-Bantu-speaking populations of west Africa, as well as in an
Adamawa-Ubangian-speaking population from the C.A.R. (fig. 3.9). HG E-M2* could
therefore also have been dispersed via other migrations, such as the expansion of Adamawa-
Ubangian-speakers that occurred at roughly the same time as the expansion of Bantu-speakers,
or the expansion of speakers of Atlantic or Voltaic languages to west Africa. It seems likely
that HG E-M2* is a signature not just of Bantu Expansion, but of the dispersal of several

different language families within the Niger-Congo phylum.

The sublineages E-M2 and E-M191 within HG E-M2* both appeared have been involved in
the expansions described above, but their distributions and therefore probable routes of
dispersal were not identical. HG E-M2 was very frequent in west Africa (fig. 3.9) and
haplotypes know or suggested to be associated with HG E-M2 were most frequent in
populations along the west coast of Africa (fig. 3.10). Pereira et al. (2002) also noted a
“stronger reduction of diversity” associated with the “Bantu Modal Haplotype” (ht 2 in fig.
3.10 in the present study) along the African west coast. On the other hand, HG E-M191
reached a maximum frequency in Uganda, was frequent in central Africa and rare in west and
south Africa (figs. 3.1, 3.9). Five-locus STR hts suggested to be associated with E-M191 were
also most frequent in Uganda and decreased in frequency in a radiating pattern to the west and
south (fig. 3.10).
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It is tempting to interpret the patterns of HGs E-M2 and E-M191 distribution as signatures of
the expansion of Western and Eastern Bantu-speakers, respectively. In this scenario, HG E-
M2, the more ancestral lineage, would have spread from the Bantu source population in the
region of Cameroon/Nigeria along the west coast, and into regions associated with the
expansion of Western Bantu languages (fig. 1.4). The more derived lineage, HG E-M191, may
have arisen in the eastern Great Lakes region, and become frequent in the secondary expansion
of speakers of Eastern Bantu languages ~3 kya (Ehret 1998). This lineage may have then
dispersed towards the west and south when Eastern Bantu-speakers later moved into areas
initially occupied by Western Bantu-speakers (Vansina 1984). Zambia, for example, showed
nearly equal proportions of HGs E-M2 and E-M191, as would be expected in this model since
Zambia is thought to have experienced input from both Eastern and Western Bantu-speakers
(Huffman 1989).

However, the exclusive association of specific Y chromosome HGs with specific migrations
must be cautioned against, since it over-simplifies the interpretation of Y chromosome
variation in African populations. Firstly, as described above, the distribution of lineages within
HG E-M2* are likely to be associated not just with the Bantu Expansion, but with other
population movements and migrations as well. Secondly, an unknown proportion of HG E-
M2* lineages may previously have been present in sub-Saharan Africa prior to the Bantu
Expansion. For instance, Underhill et al. (2001) suggested that HG E evolved in east Africa,
and its sublineages may have dispersed into central or south Africa before the Bantu
Expansion. Thirdly, the patterns of Y chromosome variation in [central] Africa can often be
explained in more than one way. For example, the M191 mutation may have occurred in west
Africa and later spread to the Great Lakes region where it was driven to high frequency by a
further population expansion and /or by drift. This scenario is supported by the position of ht
157 in fig. 3.5. Thus HG E-M191 may have achieved its present distribution by a migration
from the west towards the east and south, rather than from the east, towards the west as

described above.
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A further note of caution regarding generalised statements concerning the Bantu Expansion:
although this migration undoubtedly had great impact on Y chromosome variation in [central]
African populations, each of the five populations examined in the present study had a unique
pattern of Y chromosome variation. All pairs of populations could be statistically
distinguished from each other, with the exception of Zambian vs. D.R.C. populations. Four of
the five populations examined in this study had different modal hts, and all populations had a
large percentage of hts that were population-specific (Table 3.1). Thus although the Y
chromosomes of Bantu-speaking populations may show great similarities, these populations
are still genetically distinct from each other. Studies of autosomal variation have also shown
that Bantu-speaking populations are not necessarily genetically homogenous (Lane et al. 2002;

Tofanelli et al. 2003).

Furthermore, by including the DYS3891 and Il loci in the present study, the “Bantu Modal
Haplotype” described by Thomas et al. (2000) and Pereira et al. (2002) was split into two
different haplotypes (hts 61 and 67, Table 3.1). Ht 67 was modal in only the D.R.C. (Bantu-
speaking) population, whilst ht 61 was modal in the non-Pygmy C.A.R. population. Neither of
these hts was modal in Ugandans, who are also Bantu-speaking. Thus the putative founder ht
described by Thomas et al. (2000) and Pereira et al. (2002) was NOT the most common ht in
all Bantu-speaking populations in the present study, and was modal in a population that are not
Bantu-speaking. The use of the term “Bantu Modal Haplotype” by Thomas et al. (2000) and
Pereira et al. (2002) is premature because the term was coined after studying a limited number
of African populations. We suggest that the term “modal haplotype” should be confined to

populations (e.g. “Ugandan Modal Haplotype™), or abandoned altogether.

3.2.22 Eurasian lineages

Of the total 369 Y chromosomes from central African populations, 11 chromosomes (0.030)
were from typically Eurasian HGs. The two chromosomes (0.005) from HG FJ probably
represent a recent European contribution to the central African gene pool, likely to have

occurred since the colonization of the region by Europeans. The two countries in which the FJ
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chromosomes were found, Zambia and the D.R.C., were colonized by Britain and Belgium,

respectively.

HG R was recently described in Africa at high frequency in populations from Cameroon, and
was suggested to have been introduced to Africa at least 4 100 years ago in a back-migration
from Asia to sub-Saharan Africa (Cruciani et al. 2002). This HG is also present in north Africa
(Bosch et al. 2001) and probably in Egypt (Scozzari et al. 1999). The presence of HG R

in central African populations from this study (0.024) shows that this HG has a more wide-
spread distribution in Africa than previously described, but occurs at low frequencies (fig. 3.1,
Table 3.1).

The six HG R haplotypes observed in this study were not closely related to each other (fig.
3.7), suggesting that HG R in central Africa is not derived from a single founding male.
Rather, multiple introductions of HG R into central Africa seem likely, possibly in the form of
contributions from several different males from the same contributing population. Europeans
may be one possible source of HG R in Africa. However most hts from central Africans were
not closely related to the high-frequency HG R hts which appear to have experienced a
founder effect in Iberians and South African whites (fig. 3.7). A single HG R ht (ht 173, Table
3.1) found in three of five central African populations examined [as well as in one Basque
individual] may represent a recent dispersal of one particular HG R haplotype in central Africa
from a recent European founder. Salas et al. (2002) suggested that HG R may have spread
from Eurasia to north Africa, and from there to sub-Saharan Africa. Although HG R hts from
north and central Africa were not closely related in a phylogenetic network (fig. 3.7), this
analysis was hampered by the small number of HG R Y chromosomes from north African
populations. Thus north Africa may still be the primary source of HG R in sub-Saharan Africa

as suggested by Salas et al. (2002).

In the present study, HG R was most frequent in the C.A.R. (4/6 hts, 5/9 chromosomes, Table
3.1) and all of these C.A.R. individuals were from the Gbaya ethnic group. The C.A.R. borders
Cameroon, the region in which HG R has previously been reported at high frequency

(Cruciani et al. 2002). A comparison of STR ht data from this study to very recently published
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STR data from Cameroon populations (Caglia et al. 2003) showed no matching STR hts, but
two of the STR hts from Cameroon could be one- or two-step neighbours of hts 173 and 174
from HG R in this study. Unfortunately no SNPs were typed in the Caglia et al. (2003) study
to confirm the membership of these STR hts in HG R. It seems plausible that HG R Y
chromosomes from Cameroon and the C.A.R. have a common north African origin, and that
HG R was then distributed from this new core area to the rest of sub-Saharan Africa. IfHG R
was contributed by north African males to central Africa prior to or during the “Bantu
Expansion” as suggested by Cruciani et al. (2002), then HG R Y chromosomes may have been
carried by males participating in the “Bantu Expansion” to reach the distribution observed in
the present study. More specifically, based on its observed distribution (figs. 3.1, 3.9), HG R

may have been carried by the western stream of the “Bantu Expansion”.

3.2.3 The genetic affinities ofcentral African populations using Y chromosome data

Each central African population examined had a unique set of Y chromosomes (fig. 3.1, Table
3.1) and all pairs of populations except for the D.R.C. and Zambia were significantly different
when high-resolution HG-STR data were used (fig. 3.8, Table 3.2). The close relationship
between populations from the D.R.C. and Zambia corresponded well to archaeological data
suggesting that Zambia was partially populated by populations migrating from the D.R.C.
since ~500 AD (Phillipson 1985). The genetic data may also represent more ancient shared
male ancestry between populations from the neighbouring regions of present-day Zambia and
the D.R.C. The Adamawa-Ubangian-speaking (non-Pygmy) population from the C.A.R.,
rather than the Ugandan populations, was the next most closely related to the Bantu-speaking
populations from Zambia and the D.R.C. (fig. 3.8). This indicated that the use of linguistic
subfamilies was not a reliable method to predict the genetic similarity of [central] African
populations. The Ugandan population appeared to have a somewhat different Y chromosome
history from those of the other central African populations examined, whilst Y chromosomes
from Biaka Pygmies from the C.A.R. differed greatly and significantly from the other central

African populations (fig. 3.8, Table 3.2). These two populations are discussed further below.
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3.2.3.1 Genetic affinities o f Ugandans

The differences between Ugandans and other central African populations were largely due to
the higher frequencies of HGs E-M35 and E-M191 and a very low frequency of HG B in
Ugandans (fig. 3.1, 3.9). Particular hts within HG E-M191 were also much more common in

Uganda than in other African populations (Table 3.1, fig. 3.10).

The presence of HG E-M35 in Ugandans suggests gene flow from populations where this HG
is frequent, such as in neighbouring east Africa. For example HG E-M35 has been found in
31.8% of 88 Ethiopians (Underhill et al. 2000). STR hts from central Africans may be
associated with M78 (fig. 3.4), a sublineage of HG E-M35 that is common in east Africa
(Underhill et al. 2000), or with other M35 sublineages (but probably not M35-M81).
Linguistic evidence suggests a great deal of interaction of Bantu-speaking peoples in the Great
Lakes region with Cushitic (Afro-Asiatic) and Nilo-Saharan-speaking populations originating
in regions north of Uganda since ~ 3 kya (Ehret 1998). Such interactions may have resulted in
the introduction of Y chromosomes from these populations into the gene-pool of present-day

Ugandans.

The high frequency of HG E-M191 and particular hts within it may have occurred due to a
further expansion of Bantu-speaking peoples in ~3 kya in the Great Lakes region (Ehret 1998),
or merely due to genetic drift. The increase in frequency of HG E-M191 in Ugandan
populations may have replaced pre-existing HG B chromosomes in this population. The
possibility that HG E-M191 was introduced to Uganda from east Africa was considered,;
however this is unlikely since HG E-M2* was absent in Sudan (N=40), and present in only 3%

of 88 Ethiopians (Underhill et al. 2000).
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3.2.3.2 Genetic affinities ofthe Biaka

The Biaka Pygmies from the C.A.R. differed significantly from the other central African
populations in this study (Table 3.2) using HG, HG-STR or STR ht data. They had
significantly lower frequencies of HGs E-M2, E-M191 and E-M35 and did not have Y
chromosomes from HGs A. B-M150 or R, whilst HG B-MI 12 and its derivative M211 were
found nearly exclusively in the Biaka (fig. 3.1, Table 3.1).

It has been suggested that the Pygmies’ forest habitat has afforded them a degree of isolation
from surrounding non-Pygmy populations (Cavalli-Sforza 1986). Data from this study both
supported and challenged this hypothesis. The significant difference between Y chromosomes
of the Biaka and other central African populations supported genetic isolation of the Biaka
from the other populations, and the extremely low frequency of HG B-MI 12 in non-Pygmy
populations (fig. 3.1, Table 3.1) indicated that Y chromosome gene flow from Biaka Pygmies
to non-Pygmies has been rare. This is similar to findings from mtDNA data that most mtDNA
types from Biaka Pygmies differ significantly from those found in other African populations
(Chen et al. 1995; Chen et al. 2000). On the other hand, chromosomes from HG E accounted
for 0.650 of the Y chromosomes found in the Biaka (fig. 3.1) and can be assumed to represent
substantial male gene flow from non-Pygmy populations into the Biaka. Studies of autosomal
loci also inferred extensive gene flow from non-Pygmy populations (Cavalli-Sforza 1986;
Wijsman 1986; Cavalli-Sforza et al. 1994), and analyses of the distribution of subtypes of
human polyomavirus JC in central Africa also supported a high extent of contact between
Biaka and neighbouring populations (Chima et al. 1998). It appears that male gene flow
between the Biaka and neighbouring populations has occurred mostly in one direction, from
non-Pygmy populations to the Biaka. This is consistent with local social constraints which
allow marriages only between Pygmy women and non-Pygmy men, but not vice versa
(Cavalli-Sforza 1986), but implies that male offspring of such unions (or of extra-marital
liaisons) have returned to Biaka society instead of staying with their non-Pygmy father’s

society (as otherwise expected).
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3.2.4 Structure ofYchromosome variation in Africa

Comparisons of data at different levels of resolution from populations spanning the major
geographic regions of Africa showed that Y chromosome variation is highly structured in
Africa. AMOVA testing of HG, HG-STR or STR data supported the grouping of African
populations by geography rather than by language family (Table 3.4). A strong contrast was
observed between Afro-Asiatic-speaking populations from North Africa, with high
frequencies of HGs E-M35 and FJ, and Niger-Congo-speaking populations from sub-Saharan
Africa, with high frequencies of HG E-M2* (fig. 3.9, 3.11-3.13). Within sub-Saharan Africa,
central and south African populations were very similar to each other. These populations were

also similar to, but distinct from west African populations.

Despite the relative geographic proximity of central African populations to all other
geographic regions of Africa, Y chromosome exchange seems to have only occurred
substantially between central and south populations, and to a lesser degree between central and
west populations. The extent of Y chromosome gene flow between populations in central and
west Africa is unclear, since their gene pools are similar due to shared ancestry. The Sahara
Desert and the rainforest may both have acted as barriers to Y chromosome flow between
populations in north and central Africa, whilst the change in environment in the Great Lakes /
Rift Valley region seems to have acted as a partial genetic barrier between populations in east
and central Africa. Only a small amount of Y chromosome gene flow from east African
populations into central African populations has potentially occurred, as indicated by HG E-
M35, especially into Uganda (discussed above). Further Y chromosome STR data from the
other regions of Africa may help to resolve the relationships among African populations more

clearly.
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3.2.5 Utility ofdifferent Y chromosome data types

Analyses were performed using HG data, STR ht data, and combined HG-STR data in order to
evaluate the usefulness of these Y chromosome data types in depicting the affinities of African
populations. Using five central African populations, the genetic distances between them based
on HG frequencies were extremely well-correlated with corresponding distances based on
STR hts only, and with corresponding distances based on HG-STR data. The correlation
between genetic distances based on HG-STR hts and genetic distances based on STR hts only
was only slightly affected by the high degree of homoplasy observed in the HG-STR data set.
Overall, these observations provide additional support for the conclusion drawn by Bosch et
al. (1999) that “STR variation is deeply structured by genetic background on the human Y
chromosome”. They also suggest that datasets in which STRs only were typed (e.g. Seielstad
et al. 1999, Trovoada et al. 2001) may still be useful for resolving African population
affinities. Note however that the correlation may only hold for fairly “low-resolution” HGs
such as those studied here. As more SNPs are used and more specific lineages are examined,
the specificity of STR variation in those lineages decreases, as seen in this study in sub-

lineages of HG E.

Y chromosome HG data in this study proved useful for mapping the evolution of ancestral
male lineages, whilst STR data provided finer levels of resolution capable of distinguishing
individual populations from each other, and allowed founder effects and episodes of gene tlow
to be dissected. Both data types allowed the tracing of population affinities. Ultimately the
combined use of HG-STR hts is the most informative data type for understanding Y
chromosome evolution in Africa and it is hoped that in the future similar data will become

available for many more African populations.
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41 RESULTS

The mitochondrial COII/tRNALs intergenic 9-bp deletion, the 3592 Hpal RFLP, and the two
hypervariable regions of the mtDNA control region were used to assess variation in 92
Ugandans, 96 Zambians, 114 Biaka Pygmies and 95 non-Pygmies from the Central African
Republic. These data were also used to examine the genetic affinities among the four central

African populations, and among them and other African populations.

4.1.1 Patterns of mtDNA variation in central African populations

4.1.1.1 The mtDNA 9-bp deletion polymorphism

The mtDNA COII/tRNALs intergenic 9-bp deletion was observed in a total of 49 of 820
individuals (0.059) from four central African populations (Table 4.1). Frequencies in
individual populations were within the range previously reported in other sub-Saharan African
populations (0.000 - 0.300, Soodyall et al. 1996). The deletion was significantly more
frequent in Zambians than in the other three populations (Fisher’s exact test, P<0.001). The
frequency of the deletion in 124 Biaka Pygmies (0.032) in this study was significantly lower
(Fisher’s exact test, P<0.05) than the frequency of 0.235 reported previously in a sample of 17
Biaka Pygmies (Vigilant 1990; Soodyall et al. 1996). Differences could be due to the
difference in sample sizes and/or due to sampling bias at the time of collection during the

present or previous studies.

Whilst screening for the mtDNA 9-bp deletion, an insertion in the COII/tRNALs intergenic
region was observed in six of the 820 samples. All six of these samples were from non-
Pygmies from the C.A.R. (Table 4.1). Sequencing of the COII/tRNALys intergenic region in
these samples showed that the insertions were due to the presence of three complete copies of
the 9-bp repeat motif. This is the first time that the triplication of the COII/tRNALs intergenic

9-bp motif has been reported in African populations.
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Table 4.1 The frequencies ofthe mtDNA 9-bp deletion and 9-bp triplication in four Central African populations.

population N

Biaka Pygmies 124
C.A.R. non-Pygmies 267
Uganda 259
Zambia 170
TOTAL 820

Number of samples with 9-bp
deletion (frequency)

4 (0.032)

1(0.004)

18 (0.070)

26 (0.153)

49 (0.059)

Number of samples with 9-bp
triplication (frequency)

0

6 (0.023)

0

0

6 (0.007)
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4.1.1.2 The mtDNA 3592 Hpal polymorphism

Both alleles of the mtDNA 3592 Hpal restriction polymorphism were observed in this study
(Table 4.2). The presence of the 3592 Hpal recognition site (caused by 3594 C) was more
frequent than its absence (Table 4.2), and frequencies of this allele were within the range
(0.110-1.00) reported for other sub-Saharan African populations (Fox 1997). The 3594 C

allele defines macrohaplogroup L* (LI plus L2), found only in African populations.

Data regarding the 3592 Hpal polymorphism were used together with HVR sequence
information to classify samples as belonging to mtDNA HGs L1, L2 or L3 (Table 4.2). HG

LI was significantly more frequent in the Biaka than in the other three populations (Fisher’s
exact test, P<0.001). HG L3 was the most frequent HG in the three non-Pygmy central African
populations, and HG L2 was the least frequent mtDNA HG observed in all four central

African populations (Table 4.2).

4.1.1.3 Control region sequence variation

Sequence variation at 403 sites in HVRI and at 377 sites in HVRII was examined in 397
individuals. Altogether, 185 of the total 780 positions (0.237) showed variation (Tables 4.3-
4.5). There were more variable sites in HVRI (114 positions or 0.283) than in HVRII (71
positions or 0.188). Transversions were observed at eight sites (16018, 16111, 16221, 16241,
16287, 16291, 85, 186); three different alleles were seen at another eight sites (16093, 16188,
16189, 16265, 16286, 16293, 95, 189); and all four possible alleles were observed at three
sites (16114, 16166, 16197). Insertions were noted at positions 16018, 16183, 16192,291,
302, and 315.1, and deletions were seen at positions 16182, 16183, 16263, 16325,242,243,
244, 247 and 291. All insertions and deletions were point mutations, with the exception of a
15bp insertion at 16018 observed in one Zambian individual (Table 4.3, type 63 in HG LI).
This 15-base insertion consisted of a duplication of nps 16018-16032, and was confirmed by

repeated sequencing of this sample in both directions.



Table 4.2 Frequency ofthe 3592 Hpal RFLP, and of mtDNA HGs L1, L2 and L3 in four Central African populations.

population N1 Hpal + (frequency) Hpa | - (frequency)
Biaka Pygmies 80 80(1.000) 0

C.A.R. non-Pygmies 94 54 (0.574) 40 (0.426)

Uganda 76 40 (0.526) 36 (0.474)

Zambia 90 46 (0.511) 44 (0.489)

TOTAL 340 220 (0.647) 120 (0.353)

21number of individuals typed for the 3592 Hpal RFLP
~number of mMtDNA HVR sequences classified into HGs

N2
114
95
92
96
397

LI
112 (0.982)
26 (0.274)
35 (0.380)
37(0.385)
210 (0.529)

L2
0

27 (0.284)
14(0.152)
14(0.146)
55 (0.139)

L3
2(0.018)
42 (0.442)
43 (0.467)
45 (0.469)
132 (0.332)
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Figure 4.1 Distribution of mtDNA subHGs in four central African populations

16187
16189
247

L2d

0.032
0.011

0.010

1.000

L3b

0.018
0.053
0.033
0.083

0.045
12
0.974

16124

L3d

0.021
0.076
0.042

0.033

0.923

L3e

0.211
0.163
0.250

0.149
46
0.989

L3f

0.063
0.022
0.073

0.038
13
0.981

-3592 Hpal
195
146
16399
L3g L3h L3A*
0.021 0.074
0.076 0.065 0.033
0.010 0.010
0.025 0.015 0.028
8 4 8
0.956 0.800 0.891

h1

0.897
0.994
0.995
0.994

0.990
246

+/-

0.016
0.003
0.003
0.003

0.002

S} nsay-saipns vYNAIN



MtDNA Studies-Results 96

Using the 185 variable sites from both hypervariable regions together with 3592 Hpal data,
246 unigue mtDNA types were identified, and were classified into subHGs (Tables 4.3 - 4.5).
The 104 mtDNA types within HG LI are shown in Table 4.3; the 44 types within HG L2 are
shown in Table 4.4; and the 98 types from HG L3 are shown in Table 4.5. The distribution of
mtDNA subHGs from LI, L2 and L3 in the four central African populations is shown in fig.
4.1.

4.1.1.4 Haplogroup structure

The genetic relationships among mtDNA types within HGs LI, L2 and L3 were assessed by
means of phylogenetic networks and NJ trees (figs. 4.2 - 4.7). The phylogenetic relationships
among HGs L1, L2 and L3 was elucidated through the construction of a skeleton phylogenetic
network using mtDNA types defined by HVRI and HVRII variation from each subHG (fig.
4.8).

HGL1

In both a NJ tree (fig. 4.2) and a MJ network (fig. 4.3), the 104 mtDNA types from HG LI
clustered clearly into the seven subHGs Lla, Lib, Lie, Lid, Lie, LIfand LIk previously
described by Salas et al. (2002). There was strong bootstrap support in the NJ tree for each
cluster (fig. 4.2). SubHGs Lid, Lie and LIk were represented by mtDNA types belonging to
their subclades only (LId2, Lle2, and LIkl, respectively). All mtDNA types within subHG
L If in this study are suggested to belong to a new clade, L Ifl, defined by an additional
mutation at position 16368 (Table 4.3). The polymorphisms defining each subHG are
highlighted in Table 4.3 and are also depicted in fig. 4.8.

SubHGs Lla, Lid, LIfand LIk are previously thought to have been derived from a common
ancestral node defined by the 16230 mutation, from which the root of the global network is
also derived (Salas et al. 2002). Data from this study incorporating HVRII variation showed
that subHGs Lla and L If could be paired on the basis of mutations at sites 189, 195, 73 and
16172, whilst subHGs Lid and L1k were paired due to mutations at sites 146 and 263 (Table
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4.3, fig. 4.8). The root of HG LI, represented by a Neanderthal sequence (Krings et al. 1997,
1999), was placed in subHG Lla2 inthe LI network (fig. 4.3), and between Lla and other LI
SubHGs in the NJ tree (fig. 4.2). In a network of all African mtDNA subHGs, the root was
placed along the branch leading to subHGs L la and L If (fig. 4.8).

SubHGs Lie and Lla were particularly common in the central African populations examined,
accounting for 0.657 and 0.200 of the 210 LI samples respectively (Table 4.3, fig. 4.1). The
Khoisan-specific subHGs Lid and LIk were observed only in one Zambian individual each
(Table 4.3, fig. 4.1). SubHG L If was common only in Ugandans, Lib was common in the
C.A.R. non-Pygmy population, and Lie was found at very low frequency in Uganda, Zambia
and the C.A.R. (Table 4.3, fig. 4.1).

Structuring of mtDNA types within subHG L la into subclusters was apparent in the NJ tree
and MJ network (figs. 4.2, 4.3). In the present study, most L1a mtDNA types belonged to
Llala and Lla2; only one type (type 2, Table 4.3) from the more ancestral Lla* clade (Salas
et al. 2002) was observed. All mtDNA types in clade L1a2, as well as the single type from
Lla*, were associated with the mtDNA 9-bp deletion, whilst mtDNA types from Llala were
not (Table 4.3). Clade Lla2 was only slightly more common and more diverse in central
African populations in this study than L lala (Lla2 frequency = 0.060 and h = 0.9800; L lala
frequency = 0.040 and h = 0.9667). Estimates of TMRCAs of L lala and Lla2 suggested that
the clades are of similar ages (45 058 and 39 376 years respectively). The date calculated for
Lla2 here is much earlier than the ~ 10 000 years proposed by Salas et al. (2002), although

this might be affected by the different dating methods and mutation rates used.

Structuring of mtDNA types within subHGs Lie into subclusters was also apparent in the NJ
tree and MJ network (figs. 4.2, 4.3). The three clades within subHG Lie (LIcl, Llc2 and
L1c3) described by Salas et al. (2002) were all observed in the present study. However types
from Llcl (excluding those from L Iclal) did not cluster together in the tree or network, and
in some cases clustered with types defined as Lie* (figs. 4.2, 4.3). This suggests that the
mutation at 16293 which defines Lie has occurred repeatedly, and that the definition ofa

clade on the basis of this mutation alone is not supported. Two new clades within Lie were
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also observed, and referred to as LIc4 and LIc5 (figs. 4.2, 4.3, Table 4.3). A search ofthe
published literature showed that subHGs LIc4 and LIc5 were also present in the Biaka
examined by Vigilant et al. (1991). Using HVRI and HVRII data from this study and from
Vigilant et al. (1991), TMRCA of subHG LIc4 was estimated to be 7 191 years old, whilst
TMRCA of subHG LIc5 was estimated to be 16 308 years old. In the present study, subHGs
Llclal, Llc4 and LIc5 were nearly exclusively observed in the Biaka and were extremely
frequent in this population, accounting for 0.465, 0.333 and 0.140 of 114 Biaka samples,
respectively. SubHGs Llc2 and LIc3 were observed mostly in the non-Pygmy populations of
central Africa (Table 4.3).
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Llc

Figure 4.2 NJ tree'sliowing the relationships among mtDNA types from HG L |. Bootstrap values are
shown in bold. AND is the reference sequence (Anderson et al. 1981; Andrews et al. 1999), NEAND is
the root, represented by a Neanderthal sequence (Krings et al. 1997, 1999). Numbers represent mtDNA

types as shown in Table 4.3.
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Figure 4.3 MJ network showing the relationships among 104 L1 mtDNA types from four central African populations.
Shaded areas represent mtDNA subHGs within HG LI. AND is the reference sequence (Anderson et al. 1981; Andrews et
al. 1999). The star indicates the position of the root / Neanderthal sequence (Krings et al. 1997, 1999). Numbers are mtDNA

types as shown in Table 4.3.
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HGL2

The 44 L2 mtDNA types (Table 4.4) were classified into the four L2 subHGs, L2a, L2b, L2c
and L2d previously described by Torroni et al. (2001) and Salas et al. (2002). The
polymorphisms defining each subHG are highlighted in Table 4.4 and in fig. 4.8. It has
previously been noted that subHG L2c is defined only by the 325 mutation in HVRII or by
coding-region mutations (Torroni et al. 2001; Salas et al. 2002). From this study, and using
data from other studies with HVRII data (Table 4.3) it is suggested that L2c is further
distinguished from other L2 subHGs by mutations at HVRII sites 93 and 182 (Table 4.4, fig.
4.8).

In a NJ tree (fig. 4.4) and a MJ network (fig. 4.5), clusters representing subHGs L2a, L2b and
L2c were observed. However the three L2dl types and single L2d2 type from the present
study did not form monophyletic clusters in either the NJ tree or the MJ network (figs. 4.4,
4.5) .L2dl and L2d2 have been suggested to be descended from the same ancestral mtDNA
type since they share a mutation at 16 399 and a -Mbol 3 693 polymorphism (Torroni et al.
2001; Salas et al. 2002). L2dI types from this study lacked the 16 399 mutation, causing their
separation in both the NJ tree and the MJ network. Based on types observed by Torroni et al.
(2001) and Salas et al. (2002), it is likely that L2dl types from this study have experienced a

reversion at 16399,

SubHG L2a was the most frequent of the L2 subHGs in this study (Table 4.4, fig. 4.1),
accounting for 40 of the 55 L2 mtDNAs (0.727). Salas et al. (2002) described extensive
substructuring within this subHG, and clades L2a-al, L2al-[3l, L2al-(32 and L2al-[)3 were
observed in this study, as well as a single instance of L2alb-y2 (figs. 4.4, 4.5). These clades
were not well-resolved in the NJ tree or MJ network (fig. 4.4 - note low bootstrap values; fig.

4.5) , as expected due to the homoplasic nature of the sites defining these clades (Salas et al.
2002).
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0.005

Figure 4.4 NJ tree showing the relationships among 44 mtDNA types from HG L2. Bootstrap values are
shown in bold. AND is the reference sequence (Anderson et al. 1981; Andrews et al. 1999). The tree is
rooted with a LI sequence. Numbers represent mtDNA types as shown in Table 4.4.
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Figure 4.5 MJ network showing the relationships among 55 L2 mtDNA types from four central African populations.
Shaded areas represent mtDNA subHGs within HG L2. AND is the reference sequence (Anderson et al. 1981; Andrews et
al. 1999), the star indicates the position of the root. Numbers represent mtDNA types as shown in Table 4.4.
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One new clade of L2a mtDNA types was identified and called L2a2. This clade was
characterised by mutations at sites 16189-16223-16229-16278-16291-16294-16311 -16390-73-
152-182-195-263-315ins, and was observed in 7/95 (0.074) individuals from the C.A.R. and
2/92 (0.022) individuals from Uganda (Table 4.4). The root of the L2 network (represented by
an LI sequence) was placed within the L2a2 cluster in the network (fig. 4.5), and L2a2 also
appeared to be an early offshoot of HG L2 in a network constructed using all subHGs found in
African populations (fig. 4.8). This placement is probably due to the retention in L2a2 of the
16189 and 16311 mutations, and the lack of the 146 mutation which defines all other L2
subHGs. A search of the published literature revealed sublineage L2a2 in six of 13 Mbuti
Pygmies (46.2%), Watson et al. 1997), 9.2% of 76 individuals from Sudan (Krings et al. 1999),
2.7% of 37 Turkana from Kenya (Watson et al. 1997), and 1.5% of 68 Egyptians (Krings et al.
1999).

HGL3

Specific variant sites within the control region were used to sort the 98 unique mtDNA types
within HG L3 (Table 4.5) into the subHGs L3b, L3d, L3e, L3fand L3g defined by Salas et al.
(2002). The polymorphisms defining each subHG are highlighted in Table 4.5 and in fig. 4.8.
MtDNA types from L3g in this study all had a mutation at 16399 which has not been
previously described, but this is probably because HVRI typing of L3g samples in other
studies did not reach this point. One new subHG, called L3h, was identified. This subHG was
characterised by mutations at sites 16223-16311-16354-16399-73-146-153-263-315ins, and
appeared to be related to subHG L3g due to shared mutations at 16399 and 146 (figs. 4.7a,
4.8). L3h was observed only in six of 92 Ugandans in this study (0.065, fig. 4.1); a search of
the published literature revealed L3h in 1/37 Turkana (0.027), 2/25 Kikuyu (0.080) from
Kenya (Watson et al. 1997) and 1/12 lraqw (0.083) from Tanzania (Knight et al. 2003).
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The relationships among mtDNA types from HG L3 were most easily resolved when L3e
mtDNA types were placed in a separate network to types from other L3 subHGs (figs. 4.7a,
4.7b). A single NJ tree drawn with all 98 types did manage to resolve most of the L3 subHGs,
but the extremely low bootstrap values reflected the difficulty observed in resolving L3 types
based on sequence data alone (fig. 4.6). Clusters of mtDNA types in the NJ tree (fig. 4.6) and
MJ networks (figs. 4.7, 4.8) generally represented L3 clades as described by Salas et al.
(2002). However subHGs L3b and L3d were placed separately in a network drawn with all
African mtDNA subHGs (fig. 4.8), suggesting that the 16124 mutation may have evolved
twice. The 16185 mutation defining subHG L3ela (Torroni et al. 2001; Salas et al. 2002) also
appeared to be homoplasic; types with this mutation did not cluster together in the NJ tree (fig.
4.6) or MJ network (fig. 4.7b). All three mtDNA types with a triplication of the COII/tRNALs
intergenic 9-bp repeat motif (types 53, 65 and 74, Table 4.5) were classified as belonging to
SubHG L3e; although they did not cluster together in the NJ tree, their placement in a
phylogenetic network (fig. 4.7b) confirmed that the triplication has a single evolutionary

origin.

SubHG L3e was the most common L3 subHG in the four central African populations (Table
4.5, fig. 4.1). The other L3 subHGs were not common (less than 0.05 of each population) but,

with the exception of L3h, were widespread in central Africa (fig. 4.1).

Eight mtDNA types within HG L3 could not be classified into subHGs (types 1-6, 8, Table
4.5). These types were included in networks including and excluding subHG L3e (black
circles, figs 4.7a, 4.7b), but most types did not cluster into defined subHGs. Type 7 might
belong to subHG L3f, but lacked the defining HVRI mutations at 16209 and 16311, also,
unusually for HG L3 types, it had a 9-bp deletion (Table 4.5). Based on the presence of the
16223 mutation in these samples, they do not belong to HG R, and RFLP typing ofthe 10397
Alul polymorphism showed that they do not belong to the Asian superhaplogroup M. These
types therefore either belong to the African HG L3A*, or to the Eurasian HG N. One mtDNA
type (type 8, Table 4.5), putatively belongs to mtDNA HG X2c, since it has control region

sequence variation similar to that described in Reidla et al. (2003).



MtDNA Studies-Results 109

|

I

|

3

| |

I ii

S Is 99999919 999999999999 9999999 99I9I 99 Y, 9999 --9999999 9999 f99999999999fgg9ggagafoy 99999999999999 999999y ?
1 1 1iSiiiiiiSSS §333333 3555555335553 33333337 3355 11111S151!113S11SSS5SSS5 ?1S11|1|H 1|11 SSSgSSS 5
5

I I w5l



MtDNA Studies-Results 110

Figure 4.6 NJ tree showing the relationships among 98 mtDNA types from HG L3. Numbers
refer to mtDNA types described in Table 4.5. Bootstrap values are shown in bold. AND is the
reference sequence (Anderson et al. 1981; Andrews et al. 1999). The tree is rooted with a LI

sequence.
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Figure 4.7a MJ network showing the relationships among L3 mtDNA types from four central African populations. Numbers refer to mtDNA
types described in Table 5. Types from L3e are excluded. Shaded areas represent mtDNA subHGs within HG L3. Black circles indicate mtDNA
types which have not been classified into subHGs. AND is the reference sequence (Anderson et al. 1981; Andrews et al. 1999), the star is the LI

root.
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Figure 4.7b. MJ network showing the relationships among L3e and L3* mtDNA types from four central African populations. Numbers
refer to mtDNA types described in Table 5. Shaded areas represent mtDNA subHGs within HG L3e. Black circles indicate mtDNA
types which have not been classified into subHGs. Underlined types are classified as L 3ela according to Salas et al. (2002). AND is the
reference sequence (Anderson et al. 1981; Andrews et al. 1999), the star is the root.
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Table 4.6 Estimated TMRCA of each mtDNA subHG (shown in years)

95% ClI

HG n d TMRCA upper lower
406 0.0277 167101 478255 84569
Lla 114 0.0110 66305 189769 33557
Lla* 5 0.0115 69129 197852 34986
Llala 43 0.0075 45058 128959 22804
Lla2 66 0.0065 39376 112696 19928
LIf 16 0.0141 85177 243782 43108
Lid 65 0.0096 57764 165324 29234
LIk 20 0.0038 22870 65455 11574
Lie 8 0.0056 33947 97159 17181
Lib 20 0.0102 61203 175166 30974
Lie 163 0.0158 95139 272295 48150
Lie* 6 0.0107 64191 183720 32487
Llcl 7 0.0066 39973 114404 20230
Licla 59 0.0037 22409 64136 11341
Lic2 19 0.0091 55009 157439 27840
Llc3 9 0.0042 25375 72624 12842

Lic4 43 0.0012 7191 20580 3639

Lic5 20 0.0027 16308 46674 8253
151 0.0111 66573 190536 33692
L2a 129 0.0079 47851 136953 24217
L2a* 6 0.0104 62545 179009 31654
L2al 100 0.0038 22791 65230 11535
L2a2 23 0.0070 42108 120515 21311
L2b 13 0.0067 40515 115957 20505
L2c 5 0.0041 24689 70661 12495
L2d 4 0.0123 74067 211984 37485
L3 250 0.0151 90714 259630 45910
L3b 3l 0.0055 33237 95127 16821
L3d 49 0.0064 38314 109657 19391
L3f 18 0.0087 52444 150098 26542
L3g 49 0.0065 39049 111760 19763

L3h 7 0.0018 10581 30283 5355
L3e 96 0.0099 59930 171524 30331
L3el 59 0.0075 44991 128768 22770
L3e2 24 0.0054 32516 93063 16456

L3e3 n 0.0019 11222 32119 5680

L3ed 2 0.0020 12344 35331 6248
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4.1.1.5 Phylogenetic relationships among HGs LI, L2 and L3

The relationships among mtDNA HGs and subHGs found in African populations have
recently been well-defined on the basis of HVRI sequence variation, incorporating some
coding regions mutations (Bandelt et al. 2001; Pereira et al. 2001; Torroni et al. 2001; Salas et
al. 2002). Data from this study, combined with HVRII sequence data from various other
studies (Table 2.3) have allowed HVRII sequence variation, and information regarding the
MtDNA 9-bp deletion, to be incorporated into the definitions of HGs and subHGs observed in
African populations (fig. 4.8).

Overall, HG LI can now be defined by mutations at sites 16187, 16189, 16223, 16278, 16311,
73, 152, 195, 247, 263 and 315 ins C; HG L2 mtDNA types is defined by mutations at sites
16223, 16278, 16390, 73, 146, 150, 152, 195, 263, 315 ins C; andL3 is defined by 16223, 73,
263, 315 ins C (fig. 4.8). The placement of some of the sites defining major HGs, such as
16311 and 16278, changed from the suggestions made by Salas et al. (2002). For example,
subHGs L3f, L3g and L3h were united by their retention of the 16311 mutation, and 16311
was also present in sSubHG L2a2, so that this mutation was no longer considered to be one of
the polymorphisms defining HG LI (fig. 4.8). [The change in placement to of this
polymorphism was also one of the causes of the uncoupling of subHGs L3b and L3d (fig.
4.8)]. The 16278 C allele was not placed on the branch defining L3 as in Salas et al. (2002),
but rather within the HG L3 cluster (fig. 4.8). This change was accompanied by the placement
of subHGs L3b and L3d as early offshoots of L3, and created a new node from which all other
L3 subHGs (L3e, L3f, L3g and L3h) were derived (fig. 4.8). The validity of these changes is
uncertain, since the 16311 and 16278 polymorphisms are known to be “hot spots” for

recurrent mutations (Malyarchuk et al. 2002).



Figure 4.8 Skeleton phylogenetic network showing the relationships among mtDNA HGs LI, L2, L3 and their subHGs. All types
also have mutations at 16623 and 263 relative to the CRS unless otherwise indicated.
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HVRII variation remains to be described for several of the more basal clades in the phytogeny,
including LI a*, Lie*, LIf*, LIk*, L2d*, L2c* and L3e*. However because HVRII variation
is known for the more derived clades in most cases, it is unlikely that the overall phylogeny
suggested in fig. 4.8 will change substantially. HVRII variation also remains to be described
for Lie 1, L3d2 and L3e2. Whole mtDNA genome sequencing would be the best way of
determining the true phylogenetic relationship among HGs LI, L2 and L3.

4.1.1.6 Associations between mtDNA subHGs and the 9-bp deletion

As previously reported, only subHG Lla2 is consistently associated with the mtDNA 9-bp
deletion (Soodyall et al. 1996; Watson et al. 1997; Salas et al. 2002).However sporadic re-
occurrences of the 9-bp deletion have been observed in subHGs Lie* (types 89 and 90, Table
4.3), Lid (Soodyall et al. 1996), LIfl (type 54, Table 4.3), and in an unclassified L3 type
(type 7, Table 4.5). Therefore, of at least five independent occurrences of the 9-bp deletion in
African populations, four of them have been in mtDNA types from HG LI, suggesting that
MtDNA types from HG LI may be more predisposed to the occurrence of the 9-bp deletion
than mtDNA types from other HGs. Re-occurrence of the 9-bp deletion in HG LI may not be
unexpected, given the age of HG LI.

4.1.2 Genetic affinities among central African populations using mtDNA data

The genetic relationships among the four central African populations were assessed by exact
tests of differentiation using HVRI and Il sequence data, and using subHG frequency data.
Both when HVRI and Il sequence data were used (Table 4.7a), and when subHG frequency
data were used (Table 4.7b), all populations were significantly different to each other
(/><0.001). The Fst genetic distances between the Biaka and the other central African
populations were approximately twenty to forty times greater than the distances among the
non-Pygmy populations (Table 4.7). In a NJ-tree constructed from HVRI and Il sequence data
and Fst values (fig. 4.9) the difference between the Biaka and other central African

populations was reflected by their placement on different branches.



MtDNA Studies-Results

Table 4.7 Pairwise genetic distances among four central African populations

calculated from mtDNA data.

a) Matrix of FST genetic distances calculated from HVRI and Il sequence data

CAP CAR

CAR 0.41511%**
UGA 0.40176***  0.02747***
ZAM 0.38445***  0.01629***

UGA

0.01058***

b) Matrix of FSTgenetic distances calculated from mtDNA subHG frequency data

CAP CAR

CAR 0.47875***
UGA 0.47894***  0.02262***
ZAM 0.44372***  0.00811**

Abbreviations:

CAP: Pygmies from Central African Republic
CAR: Central African Republic

UGA: Uganda

ZAM: Zambia

ssignificant difference, P<0.05

sesignificant difference, P<0.01
seesignificant difference, P<0.001

UGA

0.01079***

117
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Figure 4.9 NJ tree constructed using mtDNA HVRI data and FST genetic distances, showing the genetic
affinities among four central African populations.
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4.1.3 Comparison to mtDNA datafrom other African populations

Data from the present study were compared to HVRI sequence data from 37 other African
populations (Table 2.3) to examine the geographic distribution of mtDNA variation in Africa,

and to understand the genetic affinities of central African populations with other African

populations.

4.1.3.1 Distribution of mtDNA subHGs in Africa

The geographic distribution of mMtDNA subHGs from HG LI within Africa is depicted in fig.
4.10. The Biaka from the C.A.R. and the Khoisan populations were notable for their very high
frequencies of LI lineages. LI mtDNA types accounted for between 20% and 66% of the gene
pools of most sub-Saharan African populations, but were less frequent in west African
populations and rare in north-east and north-west African populations. Most ofthe LI mtDNA
subHGs had fairly restricted geographic distributions: Lib was largely found in west Africa,

Lie was concentrated in central Africa, Lid and L1k were restricted to Khoisan populations
from southern Africa, and Lie and L If were present mostly in east Africa. However subHG Lla

had a wide geographic distribution, with its highest frequency in east Africa.

The geographic distribution of mtDNA subHGs from HG L2 within Africa is depicted in fig.
4.11. SubHG L2a had an extremely wide distribution in Africa, and was frequent in many
populations from different geographic regions. SubHGs L2b, L2c and L2d were largely

confined to west African populations, although traces of L2b extended to east and southern
Africa.
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The geographic distribution of mtDNA subHGs from HG L3 within Africa is depicted in fig.
4.12. SubHG L3e was generally the most frequent and wide-spread L3 subHG in sub-Saharan
Africa, although it was absent from the non-Bantu speaking populations of east Africa. L3e was
present but not very frequent in north-east and north-west African populations. L3falso had a
fairly wide distribution, although it was not as frequent as L3e; its seemingly high frequency in
the Fang is mitigated by the small sample size of this population (N=I 1, Pinto et al. 1996). L3g
and L3h were specific to east Africa, whilst L3b and L3d were most frequent in west Africa and
extended into east and southern African populations. Relatively large proportions of the L3
MtDNA types in north-east, east and north-west African populations were as yet further
uncharacterised (L3A*), and several mtDNA lineages belonging to the Eurasian HGs M and N
were observed these populations, including M1, U6 and H. SubHG M1 was mostly found in
north-east and east Africa, and also occurred at low frequency in some north-west African
populations. U6 was observed largely in north-west and west Africa, and sequences identical to
the reference sequence (Anderson et al. 1981, Andrews et al. 1999; HG H) were present in the
Canary Islands, Egyptians and the Tuareg (fig. 4.12). It is also likely that some of the mtDNA
types within the L3A* category belong to other Eurasian HGs.

4.1.3.2 Genetic affinities ofAfrican populations using mtDNA data

Genetic affinities of African populations were assessed using PC plots and AMOVA analyses.
Two PC plots were drawn, one using high-resolution HVR1 sequence data from 41 African
populations, and the other using lower-resolution subHG frequency data from 41 African
populations (N=2212, Table 2.3). AMOVA analyses were also performed using the two
different data types.
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PC plots

In PC plots drawn both with HVRI sequence data and with mtDNA subHG frequency data
from 41 populations, most of the populations clustered closely together, with only a few
outliers (figs. 4.13 and 4.14). In both plots, the two Biaka samples (populations 40 and 41) and
one ofthe 'Kung samples (3) were outliers, whilst Berbers (29) were also outliers in the PC
plot drawn from subHG frequency data. The placements of these populations in the plots can
be attributed to the extremely high frequencies of Lie mtDNA types in the Biaka, Lid

MtDNA types in the 'Kung, and L3A* types in the Berber (see figs. 4.10 and 4.12).

In each plot (figs. 4.13, 4.14), populations from individual geographic regions were placed
closely to each other (each colour represents a different geographic region), indicating that
mtDNA variation in Africa is strongly structured by geography. Only a few populations did
not cluster with other populations from their geographic region of origin. These included the
Mbuti Pygmies (population 30) from central Africa, who were similar to the Iragw (4) and
Datoga (5) populations from east Africa; the Sudanese (population 36), who were more similar
to Nubians (9) and Ethiopians (10) than to other central African populations when subHG

frequency data were used; and the Hadza (population 23) from east Africa.

Populations from central Africa (as well as from Mozambique, shown in red) clustered
particularly closely together in both plots, indicating extremely close genetic affinities (figs.
4.13, 4.14). Three ofthe four populations examined in the present study (Zambians, Ugandans
and non-Pygmies from the C.A.R.) were placed within the “central African” cluster, whilst the
Biaka were outliers. In the plot drawn using HVRI sequence data (fig. 4.13), Ugandans
(population 32) were placed close to the Turkana (7) and Sukuma (8) from east Africa,
Zambians (33) were most similar to Mozambiquans (31, 35) and the Fang (34) from
Equatorial Guinea, and the non-Pygmies from the C.A.R showed close affinities with the Fang
(34) and Bubi (39) from Equatorial Guinea, Sudanese (36), Sao Tome e Principe (38), and
Mozambiquans (35). In the plot drawn using subHG frequency data (fig. 4.14), the three non-
Pygmy populations from this study were most closely related to each other, and to

Mozambiquans.



Figure 4.13 PC plot constructed using mIDNA HVRI sequence data, showing the relationships among 41 African populations.
Numbers represent populations as in Table 2.3. Circles in black or ringed in black indicate populations examined in this study.
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Figure 4.14 PC plot constructed using mtDNA subHG frequency data, showing the relationships among 41 African populations.
Numbers represent populations as in Table 2.3. Circles in black or ringed in black indicate populations examined in this study.
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A comparison of the two plots showed that all populations appeared more closely related to
each other when subHG data were used than when HVRI sequence data were used. Also,
central, west and east African populations overlapped more in the PC plot drawn from subHG
frequency data (fig. 4.14) than in the PC plot constructed using HVRI sequence data (fig.
4.13). These results are probably due to the effects of high-frequency subHGs such as Lla,
L2a, L3e and L3A*, which make populations appear more similar to each other than when

higher-resolution HVRI sequences are used.

AMOVA analyses

Genetic affinities among 41 African populations were also assessed using AMOVA analyses.
MtDNA HVRI sequence data or subHG frequency data from 41 African populations were
grouped according to a series of linguistic or geographic criteria (Table 4.8A, 4.8C, and Table
2.3) and analysed by AMOVA. “Ethnic criteria” i.e. the placement of Pygmy populations and
of Khoisan populations into separate groups, were also used in combination with geographic

or linguistic criteria (Table 4.8B, 4.8D).

The grouping of HVRI sequence data according to either geographic regions or linguistic
groups was poorly supported by AMOVA analyses, since there was much more intra-group
(F&) variance than inter-group (FCT) variance (Table 4.8A, 4.8C). Groups were much more
strongly supported (lowest FS values and highest FCT values) when a combination of
geographic and ethnic criteria, or linguistic and ethnic criteria, were used to define groups
(Table 4.8B, 4.8D). The best results (lowest Fsc values and highest Fct values) were obtained
when populations were grouped using a combination of five geographic regions (north-east,
north-west, east, west and combined south-central) and ethnic criteria (Table 4.8B). The same
results were achieved with subHG frequency data (Table 4.8). Thus mtDNA HVRI or subHG
frequency ht data from 41 African populations were better grouped according to a combination

of geographic and ethnic criteria, than according to language group.



Table 4.8 Results of AMOVA tests using HVRI sequence data and mtDNA subHG frequency data from 41 African populations

A HVRI sequence data from 41 populations B mtDNA subHG frequency data from 41 populations
Criteria No.ofgroups  Groups* b c d P b c d P
1 2 3 4 5 6 7 8

A) Geography* (2 regions) (North vs sub-Saharan) 2 NE + NW  C+W+E+S 7.25 12.46 80.29  P<0001 1746  12.37 70.16  P<0.001
A) Geography* (4 regions) 4 NW+W NE+E C S 3.97 12.73 83.29  P<0.005 5.19 171 7771 P<0.001
A) Geography* (all 6 regions separate) 6 NE NW w E C S 6.04 10.72 83.24  PcO.00I 113 1149 77.22  P<0 001
B) Geography™* and ethnicity 8 NE NW w E C Pygmy S Khoisan 12.76 4.40 82.84  P<0.001 17.05 5.82 77.12  P<0.001
B) Geography' and ethnicity 7 NE NW w E S+C Pygmy Khoisan 13.72 4.48 81.80 P<0.001 18.27 5.9 75.83  P<0.001
B) Geography*and ethnicity (central group split) NE NW E w S Pygmy  Khoisan 12.91 4.62 82.48 P<0.001 17.07 625 76.68  P<0.001
C) Languagel 5 AA NS NK KS IE 3.93 1323 82.83 P<0.05 10.75 1371 75.53  PC0.001
D) Languageland etlinicity 6 AA NS NK KS IE Pygmy 11.04 7.72 81.24  P<0.001 15.78 9.34 74.88  P<0.001
D) Languageland ethnicity 6 AA NS incl Mbuti NK KS excl Hadza IE Biaka 13.19 6.05 8076  P<0.001 18.05 7.62 7433  P<0.001

’Populations were placed into groups according to geograpliic or linguistic critena; refer to Table 2.3
bpercent variance among groups

~percent variance among populations witliin groups

cbercent variance within populations

‘Geographic regions. NE=north-east, NW=north-west, W=west, E=east, C=central, S=south

1llanguage families. AA = Afro-Asiatic, NK = Niger-Kordofanian, NS = Nilo-Saharan; KS = Khoisan , IE=Indo-European

S)nsay-saipnls YNQIN
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4.1.4 Correlations between mtDNA data and geography

The results of correlation analyses using pairwise geographic distances and pairwise Fst
genetic distances measured from mtDNA data, were very similar to results obtained using Y
chromosome data. Statistically significant correlations were obtained only when data from
populations spanning the entire African continent were analysed (using mtDNA HVRI
sequence data from 41 populations, r=0.177, P<0.005; using mtDNA subHG frequency data
from 41 populations, r=0.164, P<0.05). Graphs showing these correlations are shown in

Appendix 8.9A.

Pairwise Fst distances among 31 populations from sub-Saharan Africa (i.e. excluding
populations from north-west and north-east Africa, Table 2.3) were not statistically correlated
with pairwise geographic distances among them (using HVRI sequence data, r=0.083,
/=0.176; using subHG frequency data, r=-0.004 and P=0.456). Graphs showing these
correlations are shown in Appendix 8.9B. Also, correlations between pairwise genetic FST
distances and pairwise geographic distances among 15 populations from central and southern
Africa only were not statistically significant (using HVRI sequence data, r=-0.099, .P=0.746;
using subHG frequency data, r=-0.024 and /M3.531). Graphs showing these correlations are
shown in Appendix 8.9C. Similarly to the Y chromosome data, these results suggested that
geographically separated populations in sub-Saharan Africa are genetically closely related
though their female lineages and/or that populations living in close proximity have different
mtDNAs. These scenarios could have been caused by migrations of populations across sub-
Saharan Africa, by population admixture, or by genetic barriers between neighbouring

populations.

Again similarly to Y chromosome analyses, genetic distances among 17 African populations
speaking languages classified within the Niger-Congo language group (Table 2.3) were poorly
correlated with geographic distances among them (using HVRI sequence data, r=-0.232, P=
0.538; using subHG frequency data, r= -0.061 and P= 0.605). Graphs showing these
correlations are shown in Appendix 8.9D. These results suggest that the lack of correlation

between genetic and geographic distances seen in sub-Saharan African populations above is
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largely due to a similar lack of correlation in populations from this region speaking Niger-
Congo languages. Results also further strengthen the hypothesis that this lack of correlation is
due to the effects of migration, since populations speaking Niger-Congo languages are known

to have experienced recent and rapid migrations within sub-Saharan Africa (Phillipson 1977,

Ehret 1998).
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4.2 DISCUSSION

The present-day patterns of genetic variation in African populations are complex and harbour
information that can be traced to both ancient and recent evolutionary events. Data collected in
this study have facilitated an understanding of the structure of mtDNA variation in central
Africa, and have allowed the genetic affinities of four central African populations to be

examined.

4.2.1 Ancient mtDNA lineages in central African populations

The subHGs within mtDNA HG LI are the most ancient mtDNA lineages described globally,
and includes the MRCA of human mtDNAs, which is at least 150-170 000 years old (Horai et
al. 1995; Ingman et al. 2000). In the present study, subHGs Lla and L If are suggested on the
basis of phylogenetic analysis to represent the most ancestral mtDNA types known in human
populations, followed closely by subHGs Lid and LIk, and later by subHGs Lib, Lie and
Lie. Note that calculated dates of TMRCA of these subHGs (Table 4.6) do not necessarily
match their order of evolution since estimates are highly influenced by sample sizes available
for each subHG.

SubHG Lla is thought to have originated in east Africa and then to have dispersed widely
across sub-Saharan Africa (Salas et al. 2002). The dine of Lla frequencies observed in central
African populations in the present study is consistent with dispersal from an east African
source. In addition, only one mtDNA type from the ancestral east African clade Lla* was
observed in central Africans in the present study; all other mtDNA types were from the more
derived clades Llala or Lla2, supporting the suggestion by Salas et al. (2002) that subHG Lla

did not evolve in central Africa.

Soodyall et al. (1996) suggested that the Lla2 clade (associated with the 9-bp deletion) might
have evolved in central Africa. However the frequencies of L1a2 in the populations from
central Africa in the present study (excluding Zambia) were much lower than the frequencies

of Lla2 in south-eastern Africa e.g. Biaka 3%, non-Pygmies from the C.A.R. 0.4%, Uganda
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7% (Table 4.1), compared to Mozambique 15% (Salas et al. 2002), Zimbabwe 18% (H.
Soodyall, unpublished data), Zambia 15% (present study), Malawi 26.7% and South African
non-Khoisan populations 16.3% (Soodyall et al. 1996, inferred from the frequency of the 9-bp
deletion). The super-imposition of mtDNA types from this study and from Soodyall et al.
(1996) onto fig. 4a in Salas et al. (2002, p. 1095), also supported this conclusion (not shown).
This suggests that the mtDNA 9-bp deletion evolved not in central Africa but in south-eastern
Africa. Therefore all mtDNA types from subHG LI a can be assumed to have an east (or south-

east) African origin.

SubHG L If is the sister clade of L1a, as seen in this study. SubHG L If was relatively rare in
the central African populations in the present study (overall frequency of 0.033), but was
common (0.109) in Uganda. In a phylogenetic network constructed with L If mtDNA types,
mtDNA types from Ugandan individuals were the most ancestral. This was also true when a
network defined by HVRI data only was constructed (including 13 individuals from Uganda
and Zambia in this study, 2 Turkana and 1 Kikuyu from Watson et al. (1997), 3 Iragw from
Knight et al. (2003) and 1 Nubian from Krings et al. (1999); network not shown). This
suggests that L If evolved in the Lake Victoria area, and spread to a limited extent to
populations in neighbouring areas. The absence of L If in Bantu-speakers from Mozambique
(Pereira et al. 2001; Salas et al. 2002) suggests that this subHG was not involved in the recent

“Bantu Expansion”.

The next pair of subHGs in the African mtDNA phylogeny consists of subHGs Lid and LIk.
Both of these subHGs are frequent only in southern African Khoisan-speaking populations. In
this study, these subHGs were each represented by single individuals from Zambia. This
suggests a very small degree of gene flow from Khoisan populations which may be explained
by the geographic proximity of Zambians to areas presently and anciently populated by

Khoisan-speakers.

Overall, the most ancestral mtDNA subHGs, Lla, LIf, and LIdk, appear to have evolved in
east Africa, in the Great Lakes region, and in southern Africa respectively, and not in central

Africa. MtDNA data therefore support the hypothesis based on archaeological evidence
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(Cahen 1982; Phillipson 1985) that the central African region (excluding the Great Lakes area)
was populated at a somewhat later date (Middle Stone Age) than eastern or southern Africa

(populated since the Early Stone Age).

SubHG Lie isthought to have evolved in central Africa (Salas et al. 2002), and was present in
all central African populations examined in this study. The frequency of Lie was significantly
higher (P<0.001) in the Biaka from the C.A.R. (0.947) than in the other three central African
populations studied (non-Pygmy C.A.R. 0.084, Zambia 0.156, Uganda 0.076, figs. 4.1,4.10).
The observation of subHG Lie at high frequency in the Biaka confirms that this subHG may
be a signature of the original central African mtDNA gene pool, since Pygmy populations are
thought to be descended from the autochthonous inhabitants of central Africa (Cavalli-Sforza
et al. 1986). The absence of Lie in Mbuti Pygmies (fig. 4.10) should not be regarded as
contradictory to this hypothesis since generally the Mbuti Pygmies” mtDNA seems much more
closely related to that of east African populations than to other central African populations

(figs 5.13 and 5.14).

HG Lie sublineages had different distributions: Liclal, Lic4 and LIc5 were found nearly
exclusively in the Biaka Pygmy populations, whilst LIcl / Lie*, Llc2 and LIc3 were found
in other central African populations. The evolution of the Biaka-specific clades from Lie*
types suggests that the Biaka mtDNA gene pool evolved from that of the proto-central African
population by isolation and drift. The oldest Biaka-specific clade, L Iclal, was dated to 22 409
years ago, whilst the other clades were younger (LIc5: 16 308 years, Llc4: 7 191 years).
These dates represent the oldest possible ages for the start of Biaka divergence from other
populations since sequence divergence precedes population divergence. Thus the Biaka may
have separated from other central African populations no earlier than ~20 000 years ago. This
time period coincides with the onset of the Last Glacial Maximum ~18 kya in Africa, in which
retreat of the tropical forest occurred due to dryness (Oliver 1990, Vansina 1990). If the Biaka
ancestors preferred forest habitat as the Biaka do today (Cavalli-Sforza 1986), they may have
become secluded in the forest habitat refuges that remained during the LGM. The very high
frequencies of specific Lie mtDNA types in the Biaka population are also suggestive of a

maternal founder effect in this population. The presence of single Llclaand Lic4 mtDNA
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types in the non-Pygmy populations of the C.A.R. (Table 4.3) suggests a very low level and
recent occurrence of maternal gene flow from Biaka Pygmies to their non-Pygmy neighbours.
Bandelt et al. (2001) suggested a central African origin for the L3 subHG L3e ~45 000 years
ago. This subHG was extremely common and diverse in the three non-Pygmy populations
from central Africa in this study, and especially in Zambians (Table 4.1, fig. 4.12). When L3e
mtDNA types from the present study were superimposed onto the networks of L3e mtDNA
types drawn by Salas et al. (2002, fig 9b, p. 1104; not shown here), mtDNA types from central
African populations matched the L3el, L3e2 and L3e3 founder types, and also matched many
of the other centrally placed and common L3el and L3e2 types. These observations supported
the possibility of a central African origin of L3e in central Africa, and possibly in south-

central Africa in the region of present-day Zambia.

4.2.2 Other contributions to the central African mtDNA gene pool

As discussed above, mtDNA types from subHGs Lla, Lid and LIk represent rather recent
contributions to the central African mtDNA gene pool from east and southern Africa. Other
contributions are represented by subHGs Lib and Lie, HG L2 and most of the lineages within
HG L3.

4.2.2.1 Geneflowfrom westAfrican populations

SubHGs Lib and Lie are united as a pair in the mtDNA phylogeny by the 7055 Alu\ RFLP,
but have different geographic distributions centring in west and central Africa respectively. A
central African origin of Lib, followed by a bottleneck and re-expansion in west Africa has
been suggested by Salas et al. (2002) to explain this pattern, and seems plausible. Several of
the central African Lib types in this study were classified as belonging to the more ancestral
Lib (not L1bl) clade, which is also consistent with a central African origin of Lib. Dating in
this study using HVRI and Il sequence data confirmed a more recent TMRCA of Lib than of
Lie. In the present study Lib was found at its highest frequency in the non-Pygmies of the
C.A.R. (the most western of the population sampled), and was absent in Uganda, the most

eastern population sampled, suggesting gene flow from a later west African source. This could
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also support an origin of Lib in west-central Africa. The presence of Lib in Zambians may
support the idea that this region was partially populated by Bantu-speakers coming from the

western stream of the Bantu migration.

SubHGs L2b, L2¢c, L2d, L3b and L3d are also assumed to have originated in west Africa
(Salas et al. 2002). All together the subHGs of clearly west African origin (Lib, L2b, L2c,
L2d, L3b and L3d) accounted for 0.018 of Biaka Pygmies, 0.274 of non-Pygmies from the
C.AR,, 0.152 of Ugandans, and 0.167 of Zambians (Table 4.1).

4.2.2.2 Geneflowfrom east African populations

In the present study, the early branching clade of L2a called L2a2 was found mostly in the
non-Pygmy population ofthe C.A.R. (fig. 4.1), which might indicate a west African origin of
this clade and subHG. However when these mtDNA types were superimposed on the network
of L2a lineages in fig. 6 of Salas et al. (2002; p. 1100; not shown here), they were found to be
derived from east African L2a-a2 types. Therefore it is suggested that L2a2 mtDNA types in
central African populations in this study could have an east African origin. Most of the other
L2a mtDNA types found in the present study belonged to the L2al-(3 clades, which are
extremely widely distributed in sub-Saharan Africa; it is not possible to decipher the origins of

these mtDNA types in the central African populations studied here.

SubHGs Lie and L3g are found almost exclusively in east Africa and therefore are thought to
have evolved there (Salas et al. 2002). MtDNA types from L3falso probably originated in east
Africa, with types from the L3fl clade dispersing to west Africa (Salas et al. 2002). All three
ofthese subHGs were found at low frequencies in all three non-Pygmy central African
populations examined in this study (fig. 4.1). Their distribution indicates that the spread of
L3fl types from east to west Africa described by Salas et al. (2002) may have been
accompanied by the spread of Lie and L3g types. Interestingly, subHG L3h, the sister clade of
L3g, is nearly exclusively found in Uganda and east African populations (fig. 4.12; Watson et

al. 1997; Knight et al. 2003), and did not participate in this east-to-west dispersal. Based on its
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frequency and diversity, L3h can be assumed to have originated in the Uganda region and

spread to other east African populations.

Together the subHGs of clearly east African origin (Lla, Lie, L2a2, L3fand L3g)
accounted for 0.035 of Biaka Pygmies, 0.242 of non-Pygmies from the C.A.R., 0.315 of
Ugandans, and 0.240 of Zambians (fig. 4.1). Note that the east African lineage M| (Quintana-

Murci et al. 1999; fig. 4.12), was not found in central African populations in the present study.

4.2.2.3 The “Bantu Expansion ”

The “Bantu Expansion” both introduced new mtDNA variation into central Africa, and

dispersed lineages that evolved in central Africa to other parts of the continent.

Lineages that were introduced to central Africa via the “Bantu Expansion” should be expected
to have come mostly from west Africa, since both the western and eastern streams of the
migration originated in the region of Cameroon/Nigeria (see Introduction). MtDNA lineages
of west African origin that have previously been suggested to be associated with the “Bantu
Expansion” include subHGs L3b, L3d and L2a (Watson et al. 1997; Pereira et al. 2001; Salas
et al. 2002).

None ofthe L3d mtDNA types found in central African populations in the present study
matched the founder type described by Salas et al. (2002, fig. 9a. p.l 104), but were further
derived. Two of the seven L3d types from this study (types 23 and 25, table 4.5) matched the
common L3dlI type found in Bantu-speaking Mozambiquans (Salas et al. 2002), and the most
common L3d type in this study was found in Zambians and Ugandans, both of whom are
Bantu-speaking populations. Therefore data from this study support the dispersal of L3d from
west Africa via the “Bantu Expansion”. The presence of L3d in Khoisan populations (Watson
et al. 1997; Chen et al. 2000) suggests more specifically that L3d is a marker of the western
stream of the “Bantu Expansion”. MtDNA data from the D.R.C. and Angola could confirm
this possibility.
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SubHG L3b, the sister clade of L3d, was also present in the central African populations of this
study (fig 4.1). Unlike L3d, L3b’s distribution also extends into non-Bantu-speaking east
African populations, and is absent from Khoisan populations (fig. 4.12; Watson et al. 1997,;
Chen et al. 2000; Knight et al. 2003). This pattern confirms that this subHG is likely to be a
signal of the “Bantu Expansion”, but may have been transmitted by the eastern stream of the

“Bantu Expansion”, rather than the western stream.

Starbursts of specific L2a mtDNA types (clades L2ala, and L2alb) in Mozambiquans led to
the suggestion that these clades were markers of the “Bantu Expansion” (Pereira et al. 2001,
Salas et al. 2002). However the rarity of these clades in west Africans, central Africans in this
study, and east Africans, suggests instead that these clades are signals of a very recent founder
effect in Bantu-speaking populations of Mozambique, and were not gained along the

suggested routes of the “Bantu Expansion”.

SubHG L2b may be an additional west African linage that was re-distributed via the “Bantu
Expansion”. This subHG is rare outside of west Africa (fig. 4.11). However in the instances
where L2b is found outside of west Africa, it usually occurs in populations that speak Bantu
languages or who have been in contact with Bantu-speakers, including the Bubi, Khoisan
populations, the three non-Pygmy populations of this study and Mozambiquans (data from
Pinto et al. 1996; Watson et al. 1997; Pereira et al. 2001; Salas et al. 2002). This potentially

indicates that L2b played a minor role in the “Bantu Expansion”.

SubHG Lla is a lineage of east African origin that has previously been suggested to be
associated with the “Bantu Expansion” (Soodyall et al. 1996; Watson et al. 1997). Salas et al.
(2002) suggested that L1a was transmitted from east Africans to Bantu-speaking populations
in the Lake Victoria / Uganda region. From the Great Lakes region, speakers of eastern Bantu
languages may have carried LI a southwards, as well as westwards in their later “reverse’
expansions (Vansina 1984). This hypothesis is supported by data based on the geographic
distribution of L1a mtDNA types from the present study and published data (fig. 4.10).
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However the involvement of the above-motioned subHGs only in the “Bantu Expansion” must
be regarded with caution. As noted by Pereira et al. (2001), mtDNA in Bantu-speaking African
populations does not show a massive reduction in diversity parallel to that seen with the Y
chromosome, suggesting that the mtDNA founder effects associated with the “Bantu
Expansion” were not on a scale equal to those involving the Y chromosome. Some of the
dispersals of mtDNA subHGs in Africa may date to much earlier times than the “Bantu
Expansion”. This is especially true for mtDNA subHGs such as L2b and L1a, whose
distribution extends to north Africa, where their presence cannot be explained by the ‘Bantu

Expansion”.

The “Bantu Expansion” would also have dispersed lineages that evolved in central Africa to
other parts ofthe continent. Bandelt et al. (2001) previously suggested subHG L3el (and L3e2
and L3e3 to a lesser extent) in this context. Many of the L3e mtDNA types found in Bantu-
speaking Mozambiquans match those found in central Africans in the present study,
supporting this hypothesis. LIc2 and LIc3 may also have dispersed from a central African
origin via the “Bantu Expansion” since these mtDNA types were found in Bantu-speaking
populations of central, east and south-east Africa (present study; Salas et al. 2002; Pereira et
al. 2001).

4.2.2.4 Eurasian lineages

Seven mtDNA types in the present study either belonged to the African HG L3A* or to the
Eurasian HG N. Their control region variation did not match known motifs of HGs within
superHG N (Macaulay et al. 1999), and these types can therefore be considered to be of non-

Eurasian descent.

Only one mtDNA in the present study could definitely be assigned to a Eurasian mtDNA
haplogroup. This single mtDNA type from a single Ugandan individual putatively belonged to
MtDNA HG X2c (Table 4.5). This mtDNA type may have been gained from north Africans
such as Egyptians: HG X2 occurs in Egyptians at a frequency of 0.5% (Reidla et al. 2003), and
parts of Uganda belonged to the Egyptian province of Equatoria established in 1871 (Briggs
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1996). Arab slave traders, whose presence in Uganda dates since the mid-19th century (Briggs
1996), may also have contributed this mtDNA type; X2c occurs in the Near East at a
frequency of 2.9% (Reidla et al. 2003). Alternatively the X2 mtDNA type could represent
recent gene flow from the British, who colonised Uganda in 1894, and in whom X2 occurs at a

frequency of 0.9% (Reidla et al. 2003).

4.2.3 The genetic affinities ofcentral African populations using mtDNA data

Each central African population examined had a unique mtDNA gene pool (fig. 4.1) and all
pairs of populations were significantly different to each other, both when HVR sequence data
were used, and when mtDNA subHG frequency data were used (/><0.001, Table 4.6). Despite
these differences, the Adamawa-Ubangian-speaking (non-Pygmy) population from the C.A.R.,
and the Bantu-speaking Ugandan and Zambian populations were fairly closely related to each
other in phylogenetic analysis, whilst the Bantu-speaking Biaka Pygmies from the C.A.R.
differed greatly from the other central African populations (figs. 4.9, 4.13, 4.14). This
indicated that the use of linguistic subfamilies was not a reliable method to predict the genetic

similarity of [central] African populations.

This study supported others who have shown that the mtDNA of Biaka Pygmies differs greatly
from that of other African populations (Chen et al. 1995; Chen et al. 2000). The majority
(0.947) of mtDNA types in Biaka from the present study belonged to the Biaka-specific
subHGs Lie la, Llc4 and LIc5, while only a few of their mtDNA types belonged to subHGs
found in other African populations (subHGs Lla and L3b, total frequency of 0.053; fig. 4.1).
Only two non-Pygmy individuals from the C.A.R. (and none from other populations
examined) had mtDNA types from Biaka-specific subHGs (Table 4.3). These data support
extreme genetic isolation of Biaka maternal lineages, and mtDNA gene flow between Biaka
and neighbouring populations has been very limited in either direction. Therefore any gene
flow between Biaka and non-Pygmy populations inferred from autosomal loci (Cavalli-Sforza
1986; Wijsman 1986; Cavalli-Sforza et al. 1994) can be assumed to be due to male-sponsored
gene flow between these populations. This was confirmed by studies of Y chromosome

variation in the Biaka in the present study.



MtDNA Studies-Discussion 140

4.2.4 Structure of mtDNA variation in Africa

Comparisons of mtDNA from populations spanning the major geographic regions of Africa
showed that mtDNA variation is highly structured in Africa. AMOVA testing supported the
grouping of mtDNA data from African populations by geography rather than by language
family (table 4.7). The strong structuring of mtDNA types from African populations by
geography was also supported by PC plots (figs. 4.13 and 4.14). In most cases, high-resolution
mtDNA HVR sequence data from populations from the geographic regions of north-west
Africa, west Africa, north-east Africa and east Africa were easily distinguished, although there
was a slight degree of overlap between adjoining regions (fig. 4.13). MtDNA from Khoisan-
speaking populations from south-western Africa could also easily be identified (fig. 4.13,
4.14). This was consistent with previous phylogenetic analyses of mtDNA data from African
populations which have shown consistent clustering of mtDNA gene pools from the broad
geographical regions of eastern, western, southern and northern Africa (Watson et al. 1996;
Pereira et al. 2001; Salas et al. 2002). These observations indicate that populations from these
geographic regions have a large proportion of shared common mtDNA ancestry, and have

experienced similar gene flow patterns.

The mtDNA gene pools of central African populations, with the exception of Biaka and Mbuti
Pygmies, were very similar to each other and to those of south-east African Bantu-speaking
populations (figs. 4.13, 4.14). As previously discussed, Biaka Pygmies’ mtDNA was quite
divergent to mtDNAs in other African populations (present study; Chen et al. 2000), whilst
mtDNA from Mbuti Pygmies was quite closely related to mtDNA from non-Pygmy east
African populations (present study; Salas et al. 2002). Within the central African group of
populations, Ugandans, Zambians and Mozambiquans showed slightly closer affinities with
east African populations (fig. 4.13), whilst the Fang, Bubi and the Sao Tome population
showed slightly closer affinities with west African populations (fig. 4.13; Salas et al. 2002).

Overall, from a mtDNA perspective, the greatest amount of gene flow between central Africa

and other geographic regions in Africa has been between central and south-east Africa. This
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was similar to observations made using Y chromosome data in this study, and may be partially
attributed to the effects of the recent “Bantu Expansion”. There appears to have been
comparatively little mtDNA gene flow among central African populations and those living in
the north-west or north-east, which may be attributed to the Sahara Desert barrier between
north and central Africa. MtDNA gene flow between east, central and west Africa has
occurred at a considerable extent: it was estimated that mtDNA of combined east and west
African populations have contributed to -0.406 of the Zambian mtDNA gene pool, 0.467 of
the Uganda mtDNA gene pool, 0.516 of the C.A.R. non-Pygmy mtDNA gene pool, and 0.053
of the Biaka mtDNA gene pool.

4.2.5 Utility ofHVRIIsequence data

The use of HVRII variation has allowed further resolution of mtDNA variation in African
populations. Certain clades which were not recognisable from HVRI data alone, can be
characterised by HVRII variation (e.g. L2c, L3e2a). In addition, the use of HVRII data has
allowed phylogenetic relationships among subHGs to be clarified, especially within HG L1,

where subHGs Lla and L If could be paired on the basis of their shared HVRII variation, as
could Lid and L1k (fig. 4.8).

There are some single HVRII sites which appear to be unique and stable, allowing subHGs to
be defined, including 247 (defines HG LI), 151, 186A, 189C and 316 (define subHG Lie),
357 and 185T (Lib), 64 (Lla2), 143 (in a subset of L2alp), 325 (L2c), 244 (subHG L3g) and
153 (subHG L3h). However the extent of HVRII sequence variation is far less than that of
HVRI, and it appears that the same sites (e.g. 146, 150, 152, 189, 195) have evolved
repeatedly in different lineages. This is consistent with the high mutation rate observed at such
sites by Malyarchuk et al. (2002). Thus single HVRII sites are usually not diagnostic of
subHG membership, and generally the use of the whole HVRII haplotype is necessary to allow

subHG identity to be established.
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5. COMPARISON OF MALE AND FEMALE MIGRATION RATES IN
AFRICAN POPULATIONS

Y chromosome and mtDNA data were used to compare male and female migration rates in the
four central African populations for which both data types were collected in this study.
Migration rates were also compared in the total number of comparative African populations
for each data type (Tables 2.2, 2.3). Analyses included comparisons of total Fst and No
estimates, comparisons of the apportionment of diversity estimated in AMOVA analyses, and

comparisons of regressions of genetic and geographic distances.

5.1 Migration rates in central African populations

First, mtDNA and Y chromosome data from four central African populations (Zambians,
Ugandans, Biaka and non-Pygmies from the C.A.R.) were compared (Table 5.1a). Estimates
of No in the four central African populations were approximately seven times higher when
calculated from any type of Y chromosome data than when calculated from any type of
mtDNA data (Table 5.1a). In addition, there were higher proportions of variance within
populations using Y chromosome data, than the proportions of variance within populations
calculated from mtDNA data (Table 5.1a). Together these observations suggested higher male
than female migration rates in central Africa. However because haploid variation in the Biaka
was consistently significantly different to variation in the non-Pygmy populations (Tables 3.2

and 4.7), the analysis was repeated excluding the Biaka (Table 5.1b).

When mtDNA and Y chromosome data from the three non-Pygmy populations were analysed
(Table 5.1b), estimates of No calculated from any type of mtDNA data were about twice that
calculated from any type of Y chromosome data (Table 5.1b). Assuming equal effective
population sizes, these observations suggested that female migration rate has been about
double the male migration rate in central Africa. The slightly higher proportions of variance
within populations observed using mtDNA data than using Y chromosome data, also

supported a higher female than male migration rate in central Africa (Table 5.1b).
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Table 5.1 Comparison of FSTand Nu values, and apportionment of diversity, using mtDNA and Y chromosome data from African populations.
The highest values in each category are highlighted in bold.

No of populations  Fst No % variance % variance
within populations among populations

a. four central African populations’
mtDNA subHG frequency 4 0.254 2.935 74.59 25.41
mtDNA HVRI sequences 4 0.260 2.852 74.04 25.96
mtDNA HVRI and HVRII sequences 4 0.251 2.987 74.92 25.08
Y chromosome HG data 4 0.053 17.929 94.72 5.28
Y chromosome 5 STR ht data 4 0.047 20.106 95.26 4.74
Y chromosome 8 STR ht data 4 0.046 20.944 95.44 4.56
b. three central African populations2
mtDNA subHG frequency 3 0.014 71.307 98.62 1.38
mtDNA HVRI sequences 3 0,014 68.638 98.56 1.44
mtDNA HVRI and HVRII sequences 3 0.018 54.525 98.20 1.80
Y chromosome HG data 3 0.026 37.745 97.42 2.58
Y chromosome 5 STR ht data 3 0.037 26.307 96.34 3.66
Y chromosome 8 STR ht data 3 0.035 27.482 96.49 351

c. all comparative African populations3

mtDNA subHG frequency 41 0.214 3.677 78.62 21.38
mtDNA HVRI sequences 41 0.160 5.265 84.04 15.96
Y chromosome HG data 20 0.281 2.564 71.94 28.06
Y chromosome 5 STR ht data 17 0.120 7.334 88.00 12.00
Y chromosome 8 STR ht data 13 0.141 6.068 85.85 14.15

Zambians, Ugandans, and Biaka and non-Pygmies from the Central African Republic.
2excluding the Biaka
3refer to Tables 2.2 and 2.3
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The change in results from Table 5.1a to 5.1b indicated that the Pygmies of the C.A.R. may
have experienced different migration patterns to other central African populations. MtDNA
analyses in this population indicated that the Biaka mtDNA gene pool is highly population-
specific, and that very little female gene flow either into or out of the Biaka population has
occurred. Their Y chromosomes, on the other hand, indicated some similarity with other those
of other central African populations, suggesting that male gene flow, and possibly migration,
has been of greater extent than female migration in this population. This pattern is opposite to
that observed above for other central African populations. The small sample size (three
populations or one population) precluded the use of regression analysis to confirm these

conclusions.

5.2 Migration rates in pan-African populations

Different types of mtDNA and Y chromosome data from populations spanning the African
continent were used to compare male and female migration rates (Table 5.1c). The use of
different data types from each locus yielded considerably different Fst and N't) estimates.
Generally lower-resolution data (mtDNA subHG frequency data and Y chromosome HG data)
produced a higher Fstvalues, lower migration rate, and lower within-population variance than
values calculated from higher-resolution data (HVRI sequence data and Y chromosome STR
ht data; Table 5.1c). These results highlight the concern that the use of different data types in

such analyses may influence results (Stoneking 1998).

When the low-resolution mtDNA and Y chromosome data types were compared to each other
(Table 5.1c), the estimate of Nd calculated from mtDNA subHG frequency data in African
populations was 1.4 times greater than that calculated from Y chromosome HG data (Table
5.1c), indicating greater female than male migration across the African continent. This was
similar to patterns observed elsewhere in populations from Africa, Europe (Seielstad et al.

1998) and Oceania (Kayser et al. 2001).

However the estimate of Nd calculated from high-resolution mtDNA HVRI sequence data was

lower than estimates obtained using high-resolution Y chromosome STR ht data (Table 5.1c) -
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opposite to the low-resolution analysis. In addition, all mtDNA types produced lower within-
population variance than any Y chromosome data type (Table 5.1c), suggesting that high-
resolution mtDNA variation is more geographically localized than Y chromosome STR
variation in Africa. The conflicting scenarios may be a function of time, perhaps suggesting
that in more ancient times (represented by low-resolution HG data), female migration
exceeded male migration in Africa, whilst more recently (represented by high-resolution data),
male migration has exceeded female migration. Again, these results emphasize that the use of

different data types in such analyses can influence the outcome (Stoneking 1998).

Regression analyses of both mtDNA and Y chromosome data were also used to assess male
and female migration rates in African populations. Both types of data showed positive
relationships between genetic and geographic distances among African populations (fig. 5.1).
Only the slope of the regression line drawn from Y chromosome HG data was significantly
different to the slopes of lines drawn from Y chromosome 5-locus or 8-locus STR data (t-test,
P<0.05); all other pairs of lines were not significantly different to each other. These results
suggest that there has not been a significant difference in the rates of female vs. male

migration in populations from across the African continent.

Overall, the comparison of mtDNA and Y chromosome data from African populations
suggested that results are highly dependant on the type and resolution of data used and that it
is unclear whether or not female and male migration rates in Africa differ; it is possible that

they have differed over time.
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6. SUMMARY AND CONCLUSIONS

In this study, Y chromosome and mtDNA variation were examined in four central African
populations, including Ugandans, Zambians, and Biaka Pygmies and non-Pygmies from the
C.A.R. Y chromosome variation was also examined in populations from the D.R.C. These
data have contributed to overcoming the paucity of haploid data from central Africa. The data
generated in this study were analysed in conjunction with published data in order to achieve

the objectives of the study outlined in Section 1.4 (pg. 24).

6.1 Haploid genetic variation in Africa

Patterns of mtDNA and Y chromosome variation were explored in each central African
population sampled, in order to contribute to the understanding of the overall patterns of

haploid genetic variation in Africa.

6.1.1 Y chromosome variation in Africa

In Chapter 3, Y chromosome variation defined by 16 biallelic markers and 8 STR markers was
examined in five central African populations (N=369). Eleven binary lineages (HGs A, B*, B-
M150, B-MI 12, B-M211, E-M191, E-M2, E-M35, E-M40, FJ and R) and 174 compound HG-
STR hts were identified (fig. 3.1, Table 3.1). The patterns of Y chromosome variation in

central African populations were discussed in detail in Section 3.1.1.

As in other African populations (Underhill et al. 2000; Semino et al. 2002; Cruciani et al.
2002), HG E was the most common HG in central African populations, accounting for 87.2%
of the total sample (fig. 3.1). However the high frequency of sublineage E-M191 (overall
49%) was specifically characteristic of central African populations (fig. 3.1, 3.9). HGs E-M2
and E-M191 were shown to have experienced founder effects (fig. 3.5), and have undergone
large increases in frequency and geographic distribution that have had a massive impact on
central and other African populations (figs. 3.9, 3.10). HGs E-M191 and E-M2 were suggested

to be potential markers of the Eastern and Western streams of the recent “Bantu Expansion”
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respectively (fig. 3.9, 3.10), although it was also cautioned that this explanation may be overly
simplistic. The term “Bantu Modal Haplotype” (Thomas et al. 2000; Pereira et al. 2002) was
suggested to be inappropriate. HG E-M35 and HG E-M40 were relatively rare in the central
African populations examined in this study (fig. 3.1). STR hts from E-M35 in central Africa
may have been gained due to shared ancestry with or gene flow from populations from east

Africa rather than from north African populations (fig. 3.4).

HG B was significantly more frequent in central African populations than in populations from
other geographic regions (fig. 3.9). As in previous studies (Underhill et al. 2000; Cruciani et
al. 2002; Semino et al. 2002), HG B-MI 12 was found mostly in hunter-gatherer populations
from southern and central Africa, whilst HG B-M150 was found in other sub-Saharan African
populations (fig 3.2). STR hts from these two HGs could be distinguished from each other
(fig. 3.2), and dating indicated a more recent expansion of HG B-M150 than of B-MI 12.

This study showed for the first time that HG R is present in African populations outside of
Cameroon and Egypt, but that it is present at low frequencies (fig. 3.1). HG R may have been
introduced from Eurasia via north Africa to the present-day region of Cameroon and the
C.A.R (Salas et al. 2002), and then perhaps was spread to other parts of sub-Saharan Africa
via the western stream of the recent “Bantu Expansion”. Recent European contribution of HG

R Y chromosomes could not be excluded (fig. 3.7).

6.1.2 mtDNA variation in Africa

In Chapter 4, mtDNA variation defined by the mitochondrial COIlI/tRNALs intergenic 9-bp
deletion, the 3592 Hpal and 10397 Alul RFLPs, and the two hypervariable regions of the
mtDNA control region was examined in four central African populations (N=397). A total of
246 mtDNA types defined by HVRI and HVRII variation were identified and were classified
into 18 mtDNA subHGs, including Lla, Lib, Lie, Lid, Lie, LIf, LIk, L2a, L2b, L2c, L2d,
L3b, L3d, L3e, L3f, L3g, the newly described L3h, and the Eurasian subHG X2c (figs. 4.2-4.7,
Tables 4.3-4.5). Ten mtDNA types were categorised as belonging to the as yet further
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undefined African portion of HG L3, L3A*. The patterns of mtDNA variation in central

African populations were discussed in detail in Section 4.1.1.

HVRII sequence data from this study helped to extend the definitions of mtDNA subHGs
found in African populations (Tables 4.3-4.5, fig. 4.8). As well as subHG L3h, several new
clades within subHGs were newly described, including LIfl, Lic4, LIc5 and L2a2 (Tables
4.3, 4.4). It was shown that subHGs Lla and L If could be paired on the basis of shared
mutations at sites 73, 189, 195 and 16172, and that subHGs Lid and L1k could be paired on
the basis of shared mutations at positions 146 and 263 (fig. 4.8). The mtDNA 9-bp deletion
was confirmed to be consistently associated only with subHG Lla2; other independent origins
ofthe deletion were observed in subHGs Lie, Lid, L Ifand L3A* (Tables 4.3, 4.5). A
triplication of the 9-bp repeat motif was observed to be [inconsistently] associated with subHG
L3el (Table 4.5).

Analyses of the geographic distributions of subHGs in Africa showed that, with the exception
ofthe widespread subHG Lla, subHGs within HG LI were extremely geographically localised
(fig. 4.10). SubHG Lib was found mostly in west Africa, Lie in central Africa, Lid and LIk
in Khoisan populations form southern Africa, and Lie and L If in east Africa (fig. 4.10).
Within HG L2, subHGs L2b, L2c and L2d were mostly found in west Africa, whilst L2a was
widespread (fig. 4.11). Within HG L3, L3b and L3d were common in west Africa, L3g and
L3h were common in east Africa, and L3e and L3fwere widely distributed (fig. 4.12). Neither
the east African lineage M 1 nor the Asian HG M was found in central African populations in
this study. The distributions of subHGs L3b, L3d, L2b and L la may have been influenced by

the recent “Bantu Expansion”.

6.2 Genetic affinities ofAfrican populations

The genetic affinities of central African (Pygmy and non-Pygmy) populations with each other
(Sections 3.1.2 and 4.1.2) and with other African populations (Sections 3.1.4 and 4.1.3) were

examined.
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6.2.1 Genetic affinities ofcentral African populations

When high-resolution haploid genetic data (Y chromosome HG-STR hts, or mtDNA HVRI
and Il sequence data) were used, each central African population examined was significantly
different to each other population examined, with the exception of Zambia vs. D.R.C.
populations using Y chromosome data (Tables 3.2, 4.7). These results emphasised the high
genetic diversity of African populations (Tishkoffand Williams 2002). When lower-resolution
mtDNA subHG frequency data were used, the populations remained significantly different to
each other (Table 4.7), but when lower-resolution Y chromosome HG data were used, they did
not (Table 3.2). Therefore some of populations of central Africa examined in this study appear
to be more closely related to each other through their paternal lineages than through their
maternal lineages. This finding may also be influenced by Y SNP ascertainment bias. The

genetic affinities of each population examined are discussed below.

6.2.1.1 Non-Pygmy populationsfrom the C.A.R.

The frequencies and distributions of certain mtDNA lineages (Lib, L2c, L2d, L3h) indicated
possible stronger maternal genetic links between Ubangian-speakers from the C.A.R. and
populations from west Africa, than between other central African populations from this study
and west African populations (figs. 4.10-4.12). This relationship was also detectable in a PC plot
drawn from mtDNA HVRI sequence data (fig. 4.13), and was similar to the observation made
by Salas et al. (2002) that mtDNA types from Sao Tome and Bioko islanders and from Fang
individuals from Equatorial Guinea were closely related to mtDNA types from west African
populations. The Y chromosomes of Ubangian-speakers from the C.A.R. were similar to those

of other south, central and west African populations (fig. 3.8, 3.11-3.13).

6.2.1.2 Ugandans

The frequencies and distributions of certain mtDNA (L1a, L2a2, L3g, L3h) and Y
chromosome lineages (HG E-M35) indicated a closer genetic link between Ugandans and

populations from east Africa, than between other central and east African populations (figs.
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4.10-4.12, 3.9) This is consistent with the geographic position of Uganda on the border
between central and east Africa. However this relationship was detectable only in a PC plot
drawn from HVRI sequence data (not from Y chromosome data) and only included certain
east African populations (figs. 3.11-3.13, 4.13-4.14). This suggests (a) that the genetic link
between Ugandans and east Africans may only exist with specific east African populations; (b)
that mtDNAs and Y chromosomes of Ugandans are still more closely related to those of other
central and southern African populations than they are to those of east African populations. Y
chromosome data from the populations from Tanzania and Kenya may help to more fully

understand the genetic affinities of Ugandan populations.

6.2.1.3 Zambians

Y chromosome analyses suggested that, paternally, Zambian populations are quite closely
related to populations from west-central Africa, and that they are especially closely related to
populations from the D.R.C. (figs. 3.8, 3.11-3.13) However mtDNA analyses suggested that,
maternally, Zambian populations are quite closely related to east and south-east African
populations such as Ugandans and Mozambiquans (figs. 4.9, 4.13, 4.14). These results are
interesting since it is know that the western and eastern streams of the '“Bantu Expansion”
intermingled in the Zambia region about 2000 years ago (Vansina 1984; Phillipson 1985;
Huffman 1989). It is possible the Y chromosomes of populations living in present-day Zambia
mostly came from speakers of Western Bantu languages, whilst their mtDNAs predominantly
came from speakers of Eastern Bantu languages. Although some archaeological evidence (e.g.
Jenkins 1988) suggests that Khoisan-speaking populations once extended as far as Zambia, Y
chromosome and mtDNA data in present-day Zambians suggest either (a) that that Khoisan
populations were not the original inhabitants of the present-day Zambia region or (b) that
indigenous Zambian populations were almost completely maternally and paternally replaced

by non-Khoisan populations.

6.2.1.4 Biaka Pygmies
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MtDNA and Y chromosome variation in Biaka Pygmies differed substantially to mtDNA and
Y chromosome variation in other central African populations (figs. 3.8, 4.9, Tables 3.2, 4.7).
Very limited maternal gene flow between Biaka and other central (or other) African
populations was observed in either direction (figs. 4.1, 4.3, 4.13, 4.14), suggesting almost
complete genetic isolation of Biaka females. On the other hand, an extensive amount of male
gene flow, mostly from non-Pygmy populations to the Biaka, was inferred (figs. 3.1, 3.11-
3.13). A greater male than female rate in Biaka Pygmies was also inferred (Section 5.1.1).
Therefore the extensive levels of gene flow inferred from non-Pygmy to Biaka populations
using autosomal data (Cavalli-Sforza 1986; Wijsman 1986; Cavalli-Sforza et al. 1994; Coia et
al. 2004) may be attributed to male-specific gene flow. The observed patterns of male and
female gene flow are consistent with local social constraints which allow marriages only
between Pygmy women and non-Pygmy men, but not vice versa (Cavalli-Sforza 1986), but
implies that male offspring of such unions (or of extra-marital liaisons) have returned to Biaka
society instead of staying with their non-Pygmy father’s society (as otherwise expected). As
shown previously by Salas et al. (2002), mtDNA from central African Mbuti Pygmies
resembled east African populations more than they resembled the Biaka or other central
African populations, suggesting that Biaka and Mbuti Pygmy populations have different
maternal ancestry. Very limited Y chromosome data from Mbuti Pygmies is available (N=12,
HG frequencies only); however based on the high frequency of HG B-MI 12 in this Mbuti
sample, it is still possible that Biaka and Mbuti Pygmies share common ancestry through their

paternal heritage. More detailed HG B markers need to be examined to test this hypothesis.

6.2.2 Genetic affinities ofpan-African populations

Using both mtDNA and Y chromosome data from this study and from published studies
(Tables 2.2, 2.3), AMOVA analyses showed that African populations were best grouped using
geographic rather than linguistic criteria (Tables 3.4, 4.8). In specific cases, such as for
Khoisan-speaking populations and for Biaka Pygmies, linguistic / ethnic criteria were also
useful for identifying genetically distinct groups of populations. The overall structuring of

both Y chromosome and mtDNA genetic variation in African populations by geography was
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confirmed by the significant positive correlations between geographic and genetic distances

among them found in this study (fig. 5.1).

Using PC plots (figs. 3.11-3.13, 4.13-4.14), more groups of populations defined by
geographic-ethnic criteria could be identified using mtDNA data (seven groups: north-east,
north-west, east, west, south-central, Khoisan, Biaka) than using Y chromosome data (four
groups: north, west, south-central, Khoisan). This may suggest that mtDNA variation is more
finely structured in Africa than Y chromosome variation. These observations contrast with the
expectations that Y chromosomes should show greater amounts of genetic drift than mtDNA
due to the smaller effective Y chromosome population size. One explanation is that results
have been affected by the numbers and distributions of populations examined in the analyses
(e.g. see Cruciani et al. 2002 for a different number of groups identified using Y chromosome
data and different African populations). Another explanation could be higher male versus

female migration rates in Africa, or more recent male than female migrations (Chapter Five).

6.3 Use ofhaploid markers with different mutation rates in assessing population affinities

In this study it was questioned whether haploid markers with different mutation rates were
capable of revealing similar population affinities. Three different types of Y chromosome data
(HG frequency data, HG-STR haplotypes, and STR haplotypes) were compared. Genetic
distances among five central African populations calculated from the different Y chromosome
data types were well-correlated with each other (Section 3.1.3), supporting the statement by
Bosch et al. (1999) that “variation in STRs is deeply structured by genetic background on the
human Y chromosome”. The three data types also produced similar genetic affinities among
African populations in PC plots (figs. 3.11-3.13) and AMOVA analyses (Table 3.4), despite
the fact that different populations with different sample sizes were used in each analysis.
These results suggested that datasets in which Y chromosome STRs only were typed may still
be useful for resolving (African) population affinities. However it was cautioned that the
association between a HG and the STR variation within it may break down when closely
related and more detailed SNP lineages are examined; for instance in this study a great

amount of STR ht homoplasy was observed among HGs E-M2 and E-M191. The use of
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different Y chromosome data types produced significantly different regression lines showing
the relationship between genetic and geographic distances among African populations (Table
5.1a). Caglia et al. (2003) also recently demonstrated that whilst STR data can be used
successfully to reveal interpopulation relationships, results can be highly affected by choice of

genetic distance method.

MtDNA types defined by HVR sequences diverge much faster than mtDNA subHGs, which
may be defined by coding region SNPs or by the accumulation of several HVR mutations.
Although so far subHG frequencies in African populations have all been extrapolated from
HVR sequence data, it is feasible that in the future mtDNA subHG frequencies may be
estimated only by typing of relevant coding-region SNPs. Therefore it was tested whether
different mtDNA data types (HVR sequence data vs. subHG frequencies) were capable of
revealing similar population affinities. Genetic distances among four central African
populations calculated from mtDNA HVR sequence data were very similar to and
significantly correlated with distances predicted from mtDNA subHG frequency data (Table
4.7). The two data types also produced similar genetic affinities among African populations in
PC plots (figs. 4.13, 4.14) and AMOVA analyses (Table 4.8), although the differentiation of
populations from different geographic regions was less clear when subHG frequency data
were used. These results suggested that both data types are useful for resolving (African)

population affinities, and may reveal different facets of population relationships.

6.4 Comparison ofmale andfemale migration rates in African populations

Chapter 5 dealt with the comparison of male and female migration rates estimated from Y
chromosome and mtDNA data in central African and pan-African populations. The female
migration rate was greater than the male migration rate in non-Pygmy central African
populations in this study, whilst the opposite was found in Biaka Pygmies (Section 5.1). In
pan-African populations (Section 5.2), low-resolution Y chromosome HG frequency and
mtDNA subHG frequency data suggested greater female than male migration across Africa,
consistent with observations made by Seielstad et al. (1998). However high-resolution Y

chromosome STR ht and mtDNA HVRI sequence data suggested greater male than female
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migration across Africa, consistent with observations made Hammer et al. (2001). Male and
female migration rates in Africa may have differed over time, and may not have been

significantly different.

6.5 The prehistory ofcentral African populationsfrom a haploid genetic perspective

The most ancestral African Y chromosome lineage (HG A) and the most ancient African
mtDNA lineages (Lla, LIf, Lid and LIk) were generally absent or rare in central African
populations in this study (figs. 3.1,4.1). When such lineages were found in central Africans
(e.g. mtDNA subHG L1a), it was shown that they had not evolved in central Africa, and were
likely to have been gained by migration or gene flow to central African populations after they
had evolved elsewhere (Section 4.2.1). These observations were consistent with archaeological
evidence (Cahen 1982; Phillipson 1985) suggesting that most of central African region
(perhaps excluding the Great Lakes area) was populated at a later date (Middle Stone Age, ~80

kya) than eastern or southern Africa (populated since the Early Stone Age).

Nevertheless, Y chromosome and mtDNA lineages that are still very deeply placed in
phylogenetic trees were identified that seem to have evolved in central African populations,
showing that central Africa populations still have very ancient origins. These lineages included
Y chromosome HG B, and mtDNA subHGs Lie and L3e (figs. 3.1,4.1,4.8). Dating of these
lineages showed that at least one of them, mtDNA subHG Lie (TMRCA of 95 139 years),
may have evolved in central Africa during the Middle Stone Age (Table 4.8). Y chromosome
HG B may also have evolved during the Middle Stone Age: Underhill et al. (2001) proposed
that Y chromosome HG B may have been involved in population expansions occurring in
Africa- 70 000 years ago. Estimates of TMRCA of HG B in this study were substantially
younger than this date (between 6 395 and 9948 years ago, Section 3.1.1.3), but the
discrepancy may be due to the need for more robust methods of dating Y chromosome HGs
(see Underhill et al. 2001 for a discussion of why estimates of the age of human Y
chromosome variation are less than the estimated archaeological dates of events in human

history).
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Archaeological evidence shows that during the later stages of the MSA, populations in central
Africa began to diversify and subdivide (Lahr and Foley 1998). Such processes were probably
exacerbated by the arid environmental conditions associated with the Last Glacial Maximum
~18 kya (Oliver 1999; Vansina 1990), when environmental fragmentation may have caused
population isolation. MtDNA data from this study showed that ancestors of Biaka Pygmies are
an example of a central African population who may have begun to diverge (at least

maternally) from other autochthonous central African populations ~20 kya (Section 4.2.1)

Populations that evolved in central Africa probably expanded geographically during
environmental warm conditions, mimicking the expansion of their rainforest habitat.
Particularly warm time phases include the Stage 5 interglacial 130-90 000 years ago (Lahr and
Foley 1998), and the Holocene Wet Phase ~10 000 years ago (Maley 1995). Some evidence
for central African participation in such migrations may be observed in the wide-spread
geographic distribution of specific haploid sublineages that are thought to have evolved in
central Africa, including Y chromosome HG B-M150 and mtDNA subHGs Llc2, Llc3 and
L3e (Sections 3.2.1, 4.2.1).

There is substantial archaeological and linguistic evidence that central Africa has been greatly
affected by recent migrations of populations speaking Bantu and Ubangian languages (Saxon
1982; Phillipson 1985; Vansina 1990). This was corroborated by evidence that both the
mtDNA and Y chromosome gene pools of central African populations were extensively
influenced by gene flow from migrating populations originating in other African geographic
regions (Sections 3.2.2, 4.2.2). Y chromosome data especially suggested an overwhelming
replacement of previously existing Y chromosome diversity in central African populations
within the very recent past (~3 000 years). This replacement is associated with a massive
increase in frequency and diversity of Y chromosomes from HGs E-M2 and E-M191 in central
African populations (Section 3.2.2.1), and has been suggested to be associated with the recent
“Bantu Expansion” (Thomas et al. 2000; Underhill et al. 2001; Pereira et al. 2002). However
Y chromosome replacement may also be associated with other population migrations, such as

the equally recent and parallel migrations of speakers of Ubangian languages (Section 3.2.2.1).
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Both Bantu and Ubangian languages are suggested to have originated in west Africa (e.g.
Saxon 1982; Vansina 1990) before being dispersed across central Africa; Bantu languages
spread as far as southern Africa. The close genetic affinities of west, central and southern
African populations suggested from Y chromosome data in this study confirmed recent shared
male ancestry of population from these geographic regions (figs. 3.11-3.13). The high
frequency of HG E-M2 in west African populations, coupled with the high frequency of its
derivative lineage E-M191 in central African populations (fig. 3.9) is consistent with the
evolution of the HG as it was carried from west to central Africa by either Bantu-speaking or
Ubangian-speaking (or other) migrating populations. In addition, the observation of a very
recent secondary founder effect and expansion in males from the region of Uganda (associated
with specific Y chromosome STR haplotypes from HG E-M191, figs. 3.5, 3.10) might be
linked with archaeological evidence for a secondary expansion of speakers of eastern Bantu
languages from the Lake Victoria region ~2000 years ago (Ehret 1998). Thus there is strong Y
chromosome evidence supporting the role of migratory males from west Africa in the process

of the recent replacement of indigenous central African Y chromosomes.

MtDNA in central African populations did not show the same degree of reduction in diversity
as seen with the Y chromosome (fig. 4.1), and therefore it may be assumed that women did not
play as great a role as men in the recent migration of Bantu-or Ubangian-speaking populations.
However this study supported a higher female than male migration rate in three non-Pygmy
central African populations (Section 5.1). One explanation could be the practice of
patrilocality (Stoneking 1998; Hammer et al. 2001; Oota et al. 2001) which is known to occur
in many Bantu-speaking populations (Preston-Whyte 1974). Another explanation could be that
females migrated more than males in the past (Chapter 5). Certainly a substantial amount of
MtDNA gene flow (and assumed migration) into central Africa was detected from both east

and west African sources (Section 4.2.2).

Neither mtDNA nor Y chromosome data showed much evidence of gene flow among
populations living in north-west or north-east Africa, and populations living in central Africa,
which may be attributed to the Sahara Desert acting as a genetic barrier between north and

central Africa (Sections 3.2.4, 4.2.4). Despite the large influence of European colonial
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countries on the politics and economies of central African populations, Eurasians were
estimated to have contributed to approximately 3% of the central African Y chromosome gene
pool, and less than 1% of the central African mtDNA gene pool (Sections 3.2.2.2, 4.2.2.4).

6.6 Future studies

In conclusion, the study of haploid genetic variation in populations from central Africa in this
study has facilitated a greater understanding of the haploid genetic variation in Africa, and of
the genetic affinities of African populations. Haploid genetic data were shown to be
remarkably concordant with suggestions about the prehistory of central African populations

based on non-genetic studies.

However data from this study also emphasised that there is great genetic diversity in African
populations and our understanding of the patterns of this diversity is far from complete. There
is still a lack of both Y chromosome and mtDNA data from Nilo-Saharan-speaking African
populations, from populations from the west coast of sub-Saharan Africa, from populations
living in the Sahel region, and from non-Khoisan southern Africa. Overall many more
populations and regions of Africa are represented in mtDNA databases than in Y

chromosomes databases, and in particular, Y chromosome data from east Africa are lacking.

Compound HG-STR Y chromosome haplotypes and whole mtDNA genome sequences would
be the most informative data types for understanding haploid genetic evolution in Africa. The
discovery of more Y chromosome SNPs will also facilitate this process. As the number of
populations with available haploid genetic data increases, it should become possible to
understand the structuring of male and female genetic variation in smaller geographic regions
and in more defined linguistic subgroups. Also, because mtDNA and Y chromosomes each
represent single loci in the human genome, haploid data and the conclusions drawn from them

should, wherever possible, be compared to data from other independent (nuclear) loci.
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8. APPENDICES

8.1 RECIPES AND SOLUTIONS

10% APS

Dissolve 1g of APS in 10 ml of dH"O and store at 4°C for a maximum of 2 weeks.

Bromophenol blue Ficoll dye
Dissolve 509 sucrose, 1.86g EDTA, O.Ig bromophenol blue and 10g Ficoll in ~50ml dH20.
Adjust volume to 100 ml with dH20, stir overnight, pH to 8.0 and fdter through Whatmann

fdter paper. Store at room temperature.

10 mg/ml BSA
Dissolve 1gof BSA in 10 ml of dH2. Aliquot into 1 ml amounts and store at -20° C.

Dextran/formamide dye

Dissolve 20 mg Dextran (Sigma) in 1 ml formamide.

2.5mM dNTPs

Use I00OmM premade stocks (GibcoBRL) of dATP, dGTP, dCTP and dTTP. Add I0ul of each
stock dNTP to 360_il sterile d dH20 to make 400(il of 2.5.mM dNTPs.

0.5 M EDTA
Mix 186.1 g of EDTA with 800 ml of dH20. While stirring adjust the pH to 8.0 with a 10M
NaOH solution. When EDTA is completely dissolved, adjust volume to 1 litre.

IOmg/ml Ethidium bromide (EtBr)
Add 1g ofethidium bromide to 100 ml of dH20. Stir for several hours until completely

dissolved and store wrapped in aluminium foil at 4°C.



Appendices 179

80% isopropanol

Add 80 ml of 100% isopropanol to 20 ml of dH20 and mix thoroughly (makes 100 ml).

2% Metaphor Gel
Add 2g of Metaphor gel powder to 100 ml of 1X TBE buffer and stir over heat to dissolve.

2% NuSieve Gel
Add 2g of Nusieve to 100 ml of IX TAE buffer and stir to dissolve.

3.4% polyacrylamide gel

Dissolve 36¢g urea in 10.6 ml of deionized 40% bis-acrylamide, 10 ml of 10XTBE and ~50ml
of ddH20. Stir over heat; when translucent bring volume to 100ml. Filter through Nalgene
filtration system under vacuum pressure. Store covered in foil at -4°C.

Sequencing gel preparation in 36cm X 25cm plates: mix 50ml of 4.3% polyacrylamide gel
with 30Jj. TEMED (as a catalyst) and 250(il 10% APS (to facilitate cross-binding)
immediately before pouring.

Y-STR gel preparation in 24cm X 25cm plates: mix 20ml of 4.3% polyacrylamide gel with
12pl TEMED and 100pl 10% APS immediately before pouring.

100 uM primer stocks
Determine spectrophotometrically the concentration of the stock primers from an appropriate
dilution and calculate its concentration in pm. Dilute this with ddH20 to 100pm and store at -

20°C.

Ikb size standard

Add 285pl kb ladder (GibcoBRL) and 143ul Ficoll dye to 2 400pl 1XTE.

2.5Mm Spermidine (Sigma)
Add 6 887ml ddH2 to Ig of Spermidine to make a 1M stock. Dilute 1in 400 to 2.5mM for

use.
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S0X TAE

Dissolve 121g Tris in 28.55 ml of glacial acetic acid and 50 ml of 0.5 M EDTA pH 8.0. Make
up to 500ml volume with dHaO .

IX TAE
Mix 20 ml of 50XTAE stock with 980 ml of dHaO to make 1 litre of I1X TAE.

10XTBE
Dissolve 108 g of Tris base and 55 g boric acid in 800 ml of dHaO. Add 40 ml of 0.5 M EDTA
(pH 8.0) and make up to 1litre. The pH of this stock should be approximately 8.3.

1IXTBE

Mix 100 ml of 10X TBE stock and 900 ml of dHaO to make 1 litre of 1X TBE solution with
final concentrations of 89mM Tris, 89mM boric acid and 2mM EDTA.

1M TRIS (pH 8.)
Add 121.1.g of Tris base to 800mI dHaO. While stirring adjust pH with 1 M HC1. Adjust final

volume to 1 litre.
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Appendix 8.3 Y chromosome STR allele sizes and number of repeats

locus size (bp) size (repeats)
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Appendix 8.4a. Ligt of 20 populations used for Y HG analysis, shoning geographic sanpling points

population country point on map used for distance estimates (reason)
1 Bhiopia Addis Ababa (capital)
2 Ads Morooco Rabat (capital
3 Bamlde south Carmeroon Yaounde (centre of south Cameroon)
4 Berbers Morooco Raleat (capital
5 Bada CAR Barrbio (sanmple collection poirt
6  CARPygmies CAR Barmbio (sanple collection poirt
7 AR AR Dula, (helf-way between two sanple collection points)
8 DRC ORC Loz (sample collection poirt)
9  Baondo south Cameroon Yaounde (centtre of south Cameroon)
10 Hi north Cameroon Ngandoure oentre of north Cameroon)
N Fulbe Burkina Faso and Carmeroon Mﬂi/ between capltals of the two countries)
2 Kwne Cyrivi Strip ngola estlrmted sample collection poirt
13  Kuyg %M Strip a (estimeted sarmple oollection part
4 Mui ] (estlrmted sarrple collection poirt)
5 Mossi Burkina Faso capital
16 Qo Bhiopia IS Ababa (capital
17  Rinaibe Burkina Faso %%?agm capi
18 Seregal Senegal (Garitaq o
19 C Uganda Kabale Esarrp e collection poirt)
20 Zanbia Zanbia Lusaka (capital)

Appendix 8.4b. Ligt of 13 populations used for Y8-STR analysis, shosing geographic sanpling poirts.

population country point on map used for distance estimates (reason)
1  Ads Mbraoco Rabat Ew\oital
2 Berbers IVbroooo Rabat (capital
3 Bda R Barrhio (sanple collection poirt
4  CARPygries CAR Babio (sanple collection poirt
5 OR AR Dula (nalfnay between two sanmple collection poirnts)
6 DRC ORC Loz (sample collection poirt)
7 Bhiopia Bhiopia Addis Ababa (capltal)
8 Ml M Bameko (capital)
9  Ssharawis Western Sahara Mlla Cisneros (capital)
0 Sn Caprivi Strip Kongola estlrmted sample collection pairt)
% South Ugamgfnca South Ugam?’nca Johannes (%roloklneagle sam?tlsa collection poirt)
sample ion poi
13  Zambia Zabia Lusakai

Appendix 8.4c. List of 17 populations used for Y5-STR analysis, showing geographic sarpling points

population

REhrRBRBRRBwo~vwocurwN R
5

country

Angola

point on map used for distance estimates (reason)

Luanda. (capital
Rabat G(aﬁ?al )
Rabat (capital
Barmbio (sanple collection point)
Erja f- e between two sanple collection points)
ala
galplfrple collection poirt)
Aobis Ababa taﬁqapltal
Bissan (capital)
Bameko (Capital)
IVBputo (wplta?
Milla Cisneros (capital)
Kona a (estlrmted sample collection poirt)
Johannesbur (probable sanple collection poirt)

eoolleotlon nt
LL&\I@E poi)



Appendix 8.5a. Matrix of geographic distances among 20 populations used for Y chromosome HG analysis
Distance is given in cm; scale of map was lcm: 125km

2 7 8

population Arabs Bamileke Berbers  Biaka CAR DRC
2 Arabs 43.2 0.0
3 Bamileke 245 30.0 0.0
4 Berbers 43.2 0.0 30.0 0.0
5 Biaka 19.8 323 4.8 323 0.0
6 CAP 19.8 323 4.8 32.3 0.0 0.0
7 CAR 16.6 33.5 7.9 335 3.0 3.0 0.0
8 DRC 25.0 38.0 8.0 380 8.0 8.0 10.0 0.0
9 Ewondo 245 30.0 0.0 30.0 4.8 4.8 7.9 8,0
10 Fali 233 28.2 35 28.2 4.5 4.5 6.6 10.8
11 Fulbe 288 231 72 231 111 111 135 15.0
12 Khwe 27.3 51.8 21.7 51.8 19.7 19.7 19.8 14.0
13 Kung 27.3 51.8 21.7 51.8 197 19.7 19.8 14.0
14 Mbuti 11.7 40.0 145 40.0 9.7 9.7 7.0 13.4
15 Mossi 35.5 19.3 13.7 19.3 180 18.0 20.2 20.5
16 Oromo 0.0 43.2 24.5 43.2 19.8 19.8 16.6 25.0
17 Rimaibe 35.5 19.3 137 19.3 18.0 18.0 20.2 20.5
18 Senegal 48.2 20.0 26.3 20.0 308 30.8 33.4 319
19 Uganda 11.8 43.3 17.2 433 12.4 124 10.2 145
20 Zambia 235 41.9 22.2 41.9 19.9 19.9 19.8 15.4

Appendix 8.5b. Matrix of geographic distances among 13 populations used for Y chromosome 8-STR analysis
Distance is given in cm; scale of map was lcm: 125km

1 2 3 4 5 6 7 8

population Arabs Berbers Biaka CAP CAR DRC Ethiopia Mali
1 Arabs 0.0
2 Berbers 0.0 0.0
3 Biaka 32.3 32.3 0.0
4 CAP 32.3 32.3 0.0 0.0
5 CAR 33.5 33.5 3.0 3.0 0.0
6 DRC 38.0 38.0 3.0 3.0 10.0 0.0
7 Ethiopia 43.2 43.2 19.8 19.8 16.6 25.0 0.0
8 Mali 19.0 19.0 231 231 25.8 249 40.8 0.0
9 Saharawis 12.0 12.0 32.4 32.4 346 35.7 47.8 11.4
10 San 51.8 51.8 19.7 19.7 19.8 14.0 27.3 387
1 South Africa 59.7 59.7 27.6 27.6 27.4 21.8 32.3 46.4
12 Uganda 43.3 43.3 12.4 12.4 10.2 145 11.8 35.7
13 Zambia 41.9 41.9 19.9 19.9 19.8 15.4 235 40.3

Appendix 8.5c. Matrix of geographic distances among 17 populations used for Y chromosome 5-STR analysis
Distance is given in cm; scale of map was 1cm: 125km

1 2 3 4 5 6 7

population Angola Arabs Berbers Biaka CAR Cape Verde DRC
1 Angola 0.0
2 Arabs 40.6 0.0
3 Berbers 40.6 0.0 0.0
4 Biaka 115 32.3 32.3 0.0
5 CAR 133 33.5 335 3.0 0.0
6 Cape Verde 47.8 235 235 36.1 38.8 0.0
7 DRC 31 38.0 38.0 3.0 10.0 36.7 0.0
8 Ethiopia 273 43.2 43.2 198 16.6 44.0 25.0
9 Guinea Bissau 30.8 215 215 288 314 74 29.5
10 Mali 26.5 19.0 19.0 231 258 135 24.9
n Mozambique 22.0 60.9 60.9 288 28.3 60.5 24.0
12 Saharawis 37.3 12.0 12.0 324 346 115 35.7
13 San 11.9 51.8 51.8 19.7 19.8 599 140
14 Sao Tome 10.0 311 31.1 9.5 12.6 28.9 8.0
15 South Africa 195 59.7 59 7 276 27.4 56.8 218
16 Uganda 16.8 43.3 43 3 12.4 10.2 48 5 145
17 Zambia 14.2 41.9 41.9 199 19.8 52.0 154
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Appendix 8.6 Graphs showing correlations between geographic and genetic distances using Y chromosome data

(A)  full data sets (B)

populations from central and southern Africa only ©)

Niger-Congo-speaking populations from central and southern Africa only
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Appendices

Appendix 8.7. List of 41 populations used for mtDNA analysis, showing geographic sampling points.

population
1 Algeria
2 Berbers
3 Biaka Pygmies
4 Bubi
5 CAR Pygmies
6 CAR
7 Canary Islanders
8 Datoga
9 Egyptians
10 Ethiopians
n Fang
2 Fulbe
13 Hadza
14 Hausa
15 Iraqw
16 Kanuri
17 Khwe
18 Kikuyu
19 IKung 1
20 IKung 2
21 Mandenka
22 Mauritianians
23 Mbuti Pygmies
24 Morocco non-Berbers
25 Mozambique 1
26 Mozambique 2
27 Nubians
28 Sao Tome
29 Senegal
30 Serer
3 Somali
32 Songhai
33 Sudanese
A Sukuma
35 Tuareg
36 Turkana
37 Ugandans
38 Western Saharawis
39 Wolof
40 Yoruba
4 Zambians

country

Algeria

Morocco

Central African Republic
Equatorial Guinea
Central African Republic
Central African Republic
Canary Islands
Tanzania

Egypt

Ethiopia

Equatorial Guinea
Burkina Faso and Cameroon
Tanzania

Nigeria/Niger

Tanzania

Nigeria/Niger

SA/ Nambia - Caprivi Strip
Kenya

SA/ Nambia - Caprivi Strip
Botswana

Senegal

Mauritiania

Democratic Republic of Congo
Morocco

Mozambique
Mozambique
Sudan/Egypt

Sao Tome / Principe
Senegal

Senegal

Somalia
Nigeria/Niger/Mali
Sudan

Tanzania
Nigeria/Niger/Mali
Kenya

Uganda

Western Sahara
Senegal

Nigeria

Zambia

point on map used for distance estimates (reason)
Algiers (capital)

Rabat (capital)

Bambio (sample collection point)

Bata (probable origin of sample)

Bambio (sample collection point)

Dula (half-way between two sample collection points)
Tenerife (capital)

Lake Eyasi (sample collection point)

Cairo (capital)

Addis Ababa (capital)

Bata (probable origin of sample)

Kagara in Nigeria (halfway between capitals of the two countries)
Lake Eyasi (sample collection point)
Bambereke (halfway between two capitals)
Lake Eyasi (sample collection point)
Bambereke (halfway between two capitals)
Kongola (estimated sample collection point)
Nairobi (capital)

Kongola (estimated sample collection point)
Kai Kai (estimated sample collection point)
Dakar (capital)

Nouakchott (capital)

Nia-Nia (estimated sample collection point)
Rabat (capital)

Maputo (capital)

Maputo (capital)

Wadi-Halfa (estimated sample collection point)
Sao Tome

Dakar (capital)

Dakar (capital)

Mogadishu (capital)

Tenkodogo (middle of three capitals)
Khartoum (capital)

Lake Eyasi (sample collection point)
Tenkodogo (middle of three capitals)
Nairobi (capital)

Kabale (sample collection point)

Villa Cisneros (capital)

Dakar (capital)

Lagos (capital)

Lusaka (capital)

186



Appendix 8.8. Matrix of geographic distances among 41 populations used for mtDNA analysis
Distance is given in cm. scale of map was 1cm 125km

BO®ONOO D WN
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KRB

14
15
16
17
18
19
20

22
23
24
25
26
27
28
29
30
31
32
33

35
36
37
38
39
40
41

22
23
24
25
26
27
28
29
30
31
32
33

35
36
37
38
39
40
41

Algeria
Berber

Biaka

Bubi

CAR Pygmies
Central African Republic
Canary Islands
Datoga

Egypt
Ethiopia

Fang

Fulbe

Hadza

Hausa

Iragqw

Kanun

Khwe

Kikuyu

Kungl

Kung2
Mandenka
Mauritania
Mbuti
Morocco
Mozambiquel
Mozambique2
Nubia

Sao Tome / Principe
Senegal
Serer
Somalia
Songhai
Sudan
Sukuma
Tuareg
Turkana
Uganda
Western Sahara
Wolof
Yoruba
Zambia

Mandenka
Mauritania
Mbuti
Morocco
Mozambiquel
Mozambique2
Nubia

Sao Tome / Principe
Senegal
Serer
Somalia
Songhai
Sudan
Sukuma
Tuareg
Turkana
Uganda
Western Sahara
Wolof

Yoruba
Zambia

1
Algeria
00
79
307
310
307
31.4
165
343
224
384
31.0
239
343
232
343
232
50 6
43 6
50.6
514
26 3
229
37.0
79
59 5
595
260
321
26 3
26 3
46 7
222
300
343
222
43 6
40.2
193
26 3
26 4
50.1

21

Mandenka Mauntiama

0.0

35

405
20.0
555
555
416
240
00

00

55.3
14.3
424
48 1
14.3
489
433
85

0.0

188
473

2
Berber

0.0
323
310
323
335
9.1
478
29.8
43.2
31.0
23.1
478
21.8
47.8
21.8
518
47.3
51.8
521
200
16.7
40.0
0.0
61.2
61.2
32.0
313
20.0
200
51.4
199
354
478
19.9
47.3
433
12.0
200
252
41.9

22

0.0

400
16.7
56 5
56 5
398
247
35

35

443
139
41.0
380
139
48 3
43.0
51

35

190
479

3
Biaka

00

6.5

0.0

3.0

344
174
258
198
65

11.0
17.4
138
17.4
138
19.7
18.3
19.7
20.8
307
30.5
9.7

323
28.9
289
20.0
95

307
30.7
250
16.7
17.0
17.4
16.7
18.3
12.4
324
307
122
19.9

23
Mbuti

0.0

400
240
240
182
187
40 5
40.5
154
26.2
131

26.2
8.4

3.2

415
405
219
147

4
Bubi

0.0

6.5

9.6

313
23.0
30.5
263
0.0

8.2

230
9.8

230
9.8

21.0
24 1
21.0
21.3
258
26.1
15.7
31.0
308
308
256
3.0

258
258
31.2
126
233
230
126
24.1
18.3
286
258
7.1

221

24
Morocco

0.0

61.2
61.2
32.0
313
200
200
51.4
199
354
478
199
47.3
433
12.0
20.0
252
419

5
CAR Pygmies

0.0

3.0

344
174
258
19.8
6.5

110
174
138
174
138
197
18.3
197
208
30.7
30.5
97

323
289
289
20.0
95

307
30.7
250
16.7
170
174
16.7
183
12.4
324
307
122
19.9

25
Mozambiquel

0.0

0.0

41.6
31.6
555
555
270
432
36.1
194
43 2
219
21.4
59 4
555
378
96

6
CAR

00
361
149
239
166
9.6
134
149
16.3
149
16.3
198
156
19.8
211
334
330
7.0
335
283
283
17.8
12,6
334
334
221
19.2
14.3
149
192
156
10.2
346
334
151
19.8

26
Mozambique2

0.0

41.6
31.6
555
555
270
43.2
361
194
43.2
219
214
59 4
555
378
96

7
Canary Islands

0.0

51.2
375
48.4
313
236
512
21.6
51.2
216
524
51.2
52 4
524
128
9.5

43 1
91

624
624
386
307
128
128
56 2
189
41.1
51.2
189
51.2
46 4
43

128
24.6
532

27
Nubia

0.0

285
416
416
215
28.8
5.6

22.8
288
209
204
387
416
2717
328

8
Datoga

0.0

298
116
230
28 4
00

312
0.0

31.2
163
2.6

16.3
189
48 1
38.0
7.9

47.8
194
194
228
255
48.1
48 1
10.2
34.0
113
0.0

340
26

4.4

395
48 1
29.6
12.0

28
Sao Tome

00

24.0
240
34.0
116
263
255
116
268
20.8
2717
240
6.0

235

195
30.5
27.3
298
29.8
29 8
29.8
423
27.9
423
440
426
404
25.2
29.8
48.6
486
71

33.2
426
426
27.6
31.0
12.7
298
31.0
279
27 4
384
426
313
398

29
Senegal

0.0
0.0
55.3
14.3
42 4
48.1
14.3
48 9
43 3
85
0.0
188
473

10

Ethiopia

0.0

26.3
288
116
315
116
315
27.3
9.3

27.3
29.7
48 4
47.2
117
432
31.0
31.0
13.0
29.3
48 4
48 4
8.5

33.8
7.9

116
33.8
9.3

118
47.8
48.4
31.0
235

30
Serer

0.0

553
14.3
42 4
48.1
14.3
48 9
433
85

0.0

188
47.3

1
Fang

0.0

8.2

23.0
9.8

23.0
9.8

21.0
24.1
21.0
21.3
258
26.1
15.7
31.0
30.8
30.8
25.6
3.0

258
258
31.2
126
233
23.0
126
24.1
18.3
28.6
25.8
71

221

31
Somalia

0.0

40.4
16.4
10.2
40.4

13.6
450
55.3
37.0
21.4

12
Fulbe

0.0

284
32

28.4
32

288
28.8
288
29.3
202
19.6
20.4
231
385
38.5
238
8.8

20.2
20.2
35.1
5.8

23.4
28.4
5.8

28.8
235
213
20.2
42

296

32
Songhai

0.0

288
34.0
0.0

343
288
16.0
14.3
5.7

342

13

Hadza

0.0

31.2
0.0

31.2
16.3
26

16.3
18.9
481
38.0
79

47.8
19.4
194
22.8
255
481
481
10.2
34.0
113
0.0

34.0
26

4.4

39.5
481
29.6
12.0

33

Sudan

0.0

113
28.8
153
15.0
40.7
42.4
26.7
273

14

Hausa

0.0

31.2
0.0

30.4
31.6
304
30.7
171
168
234
21.8
40.4
40 4
267
94

171
171
380
29

265
31.2
29

31.6
26.2
19.0
171
34

41.8

34

Sukuma

0.0
34.0
26
4.4
39.5
48.1
29.6
120

15
Iraqw

0.0

312
16.3
26

16.3
189
48.1
380
79

47.8
19.4
194
228
255
48.1
48 1
10.2
340
113
0.0

340
2.6

44

39.5
48 1
29.6
120

35
Tuareq

0.0

343
288
160
143
57

342

16
Kanuri

0.0
304
316
30.4
30.7
171
16.8
234
218
404
404
267
9.4
171
171
380
29
265
31.2
29
31.6
262
190
171
34
41.8

36
Turkana

00
5.9
49.5
489
302
145

17
Khwe

0.0

18.9
0.0

25

45.4
46 3
17.9
51.8
101
10.1
354
21.7
454
45 4
26.0
331
30.4
16.3
33.1
189
15.7
495
45.4
27.8
46

37
Uganda

0.0

448
433
245
124

18

Kikuyu

0.0

18.9
21.4
48.9
483
84

47.3
219
21.9
20.9
268
489
489
79

343
153
26

34.3
0.0

59

49.5
489
30.2
145

38

Western S Wolof

0.0
85
21.6
50.8

19

Kunql

0.0

25

454
46 3
17.9
51.8
10.1
10.1
354
21.7
454
454
26.0
33.1
304
163
33.1
189
15.7
49.5
454
278
4.6

39

0.0
18.8
47.3

20
Kung2

0.0

45.0
46.0
195
52.1
106
106
374
215
45.0
450
286
332
323
189
332
21.4
17.9
49.2
45.0
28.0
7.2

40
Yoruba

0.0
290

sedlpuaddy



Appendix 8.9 Graphs showing correlations between geographic and genebc distances using mtONA data

() full data sets (8) excluding populations from north-east and north-west Afnca
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