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MODERN HUMANS

Homo sapiens sapiens.
Anatomically modern humans
who appear in the fossil record
~150,000-200,000 years ago and
who are descended from Hormo
erectus.

HAPLOTYPE
A set of genetic markers that is
present on one chromosome.
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GENETIC ANALYSIS OF AFRICAN
POPULATIONS: HUMAN EVOLUTION
AND COMPLEX DISEASE

Sarah A. Tishkoff* and Scott M. Williams*

Africa is one of the most ethnically and genetically diverse regions of the world. It is thought to be
the ancestral homeland of all modern humans, and is the homeland of millions of people of the
recent African diaspora. Because of the central role of African populations in human history,
characterizing their patterns of genetic diversity and linkage disequilibrium is crucial for
reconstructing human evolution and for understanding the genetic basis of complex diseases.

Sub-Saharan African populations have a rich and
important history from which we can learn about our
origins as a species and the way in which genetic vari-
ation affects human phenotypes, including complex
disease. Africa is thought to be the ancestral home-
land of all mopErN HUMANS, and is the more recent
homeland of millions of individuals whose ancestors
were brought to Europe and to the Americas as slaves.
The study of the levels and patterns of genetic diver-
sity among the multitude of ethnically diverse
African populations will shed light on many ques-
tions about human evolutionary history and the
genetic basis of phenotypic variation. However,
despite the important contributions that studies of
African populations can make, these populations
have been understudied compared with non-African
populations.

One of the largest ‘migration’ events in recent human
history has been that of millions of Africans who were
brought as slaves to the Americas and Europe in the past
several hundred years. The slaves, who originated from
ethnically diverse African populations (predominantly
from West Africa), admixed with each other, as well as
with people of mainly European descent, making their
gene pool genetically heterogeneous. People of the
African diaspora often have high prevalences of certain
complex diseases, such as hypertension, diabetes and
prostate cancer, for which the genetic bases are poorly
understood.

To better understand the genetic basis of such com-
plex genetic diseases in both Africans and non-Africans,
it is important to study African populations. Such stud-
ies will be especially important if common diseases turn
out to be caused by common susceptibility alleles that
are likely to be old and, therefore, present in African
populations (as discussed in more detail below). In cases
where this hypothesis — the common disease/common
variant (CD/CV) hypothesis — does not hold to be
true, but where many less-frequent, and possibly popu-
lation-specific, alleles predispose to disease, it will be
useful to know about possible susceptibility alleles in
different populations. The high levels of genetic diver-
sity in African populations and their demographic his-
tory also make these populations particularly informa-
tive for the fine mapping of complex genetic diseases (as
discussed later)'. Furthermore, many of the environ-
mental risk factors that trigger certain complex diseases
are not as common in African populations®*, which
makes it more feasible to differentiate genetic from envi-
ronmental risk factors for these diseases. Because com-
plex diseases are becoming more prevalent in Africa, as
are the known environmental risk factors that are asso-
ciated with urban and more sedentary lifestyles, it is
imperative that we study African populations and their
genetic diversity.

In this review, we discuss the distribution of
genetic diversity across sub-Saharan Africa, HapLOTYPE
structure and LINKAGE DIsEQUILIBRIUM (LD) in African
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Table 1 | Comparison of genetic diversity and population subdivision in Africa, Europe and Asia

Locus Marker Africa (N) Europe (N)
system
MtDNA HVSI 72 120
MtDNA HVSII 72 120
NRY 6 STRPs 72 120
NRY 43 biallelic 360 507
Autosome 60 STRPs 72 120
Autosome 45 STRPs 216 246
Autosome 30 RFLPs 72 120
Autosome 13 Alus 72 120
Autosome 8 Alus 176 334
PLAT STRP1/Alu 924 352
PLAT STRP2/AlU 1030 410

Asia

63
63
63
1415
63
302
63
63
359
386
422

(N)

Highest
genetic
diversity*

Africa
Africa
Africa
Africa*
Africa
Africa
Europe
Africa
Africa
Africa
Africa

i‘?r?ca Eﬂ:ope issfa References
0.088 0.045 0.032 19
0.092 0.013 0.017 19
0.026 0.602 0.092 19
0.220 0.128 0.271 25
0.024 0.023 0.007 53
0.033 0.015 0.018 32
0.027 0.013 0.017 19
0.017 0.022 0.009 19
0.088 0.011 0.058 33
3.18l 2.31 2.09! 30
3.28l 1.221 1.66/ 30

*For each study, regions with the highest levels of genetic diversity are indicated (Africa, Europe or Asia). The extent of differentiation among populations in each region
is indicated by the measure F; or an equivalent measure. *Based on pairwise sequence differences. $Values shown were estimated using F4; or the equivalent
measures of G, or @;. ISubdivision estimated using a likelihood ratio statistic defined in REF. 30. HVSV/II, hypervariable sequence I/Il; mtDNA, mitchondrial DNA;

N, number of chromosomes sampled; NRY, non-recombining region of the Y chromosome; PLAT, tissue plasminogen activator; RFLP, restriction-fragment length

polymorphism; STRP, short tandem-repeat polymorphism.
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Figure 1 | Distribution of non-biomedical studies of sub-Saharan African genetic
diversity. Only recent studies that include a sample size of 20 or more individuals from clearly
defined ethnic groups are included. The size of each circle relates to the number () of ethnic
groups that were sampled. Circles of one colour indicate ethnic groups that were typed for
only one type of marker. Multicoloured circles indicate ethnic groups that were typed for several
marker types. Numbers indicate references: 1 (REFS 17,116), 2 (REFS 27,29,30), 3 (REF. 42),

4 (REF.117), 5 (REF. 45), 6 (REF.42), 7 (REFS 20,21), 8 (REFS 117,118), 9 (REE. 61), 10 (REFS
42,117-119), 11 (REE. 119), 12 (REFS 25,27,29,30,36), 13 (REFS 17,27,29,30,36), 14 (REE. 63),
15 (REFS 25-27,29,30,33,63,118,120), 16 (REFS 25,63,120), 17 (REFS 120,121), 18 (REF. 120),

19 (REFS 25,63,64,120), 20 (REE. 63), 21 (REE 33), 22 (REFS 33,117), 23 (REFS 20,21,27,29,30),
24 (REE 26), 25 (REFS 20,21,63), 26 (REFS 20,21,27,29,30), 27 (REFS 46,61) and 28 (REE. 122).

mtDNA, mitochondrial DNA.

genomes, and the use of this information in continu-
ing studies of human evolution and complex genetic
disease. The impact of infectious diseases in sub-
Saharan Africa, also a topic of great importance, is
not discussed here as it has recently been reviewed
elsewhere®.

Genetic diversity in Africa

Africa contains tremendous cultural, linguistic and
genetic diversity, and has more than 2,000 distinct eth-
nic groups and languages (see online link to
Ethnologue). Studies using mitochondrial (mt)DNA
and nuclear DNA markers consistently indicate that
Africa is the most genetically diverse region of the world
(TABLE 1). However, most studies report only a few mark-
ers in divergent African populations, which makes it dif-
ficult to draw general conclusions about the levels and
patterns of genetic diversity in these populations (FIG. 1).
Because genetic studies have been biased towards more
economically developed African countries that have key
research or medical centres, populations from more
underdeveloped or politically unstable regions of Africa
remain undersampled (FIG. 1). Historically, human pop-
ulation genetic studies have relied on one or two African
populations as being representative of African diversity,
but recent studies show extensive genetic variation
among even geographically close African populations,
which indicates that there is not a single ‘representative’
African population.

From the efforts of an international Single
Nucleotide Polymorphism (SNP) Consortium, more
than 4 million SNPs have now been identified, ~1 per
1-2 kb (REE 5). However, there is a bias towards the
identification of SNPs in non-African populations (see
online link to the dbSNP summary). The identifica-
tion of SNPs across geographically and ethnically
diverse human populations is important because the
frequency of SNPs can vary substantially between
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Box 1| Three main models of modern human evolution

There are three main theories for the evolution of modern humans: the multiregional
model, the recent African origin (RAO) model and the assimilation model (all reviewed

in REE 112).

The multiregional model proposes that there was no single geographical origin for
modern humans but that, after the radiation of Homo ERECTUS from Africa into Europe
and Asia ~800,000-1.8 million years before present (yr BP), there were independent
transitions in regional populations from H. erectus to Homo sapiens. This model is
supported primarily by the continuity of certain morphological traits in the fossil
record (for example, the robust cheekbones observed in H. erectus fossils from Southeast
Asia and in modern Australian aborigines), which indicate that modern populations
evolved over very long periods of time in the regions where they are found today.
Simultaneous evolution from H. erectusto H. sapiensin dispersed populations could
have been achieved through extensive gene flow between populations, requiring a large
EFFECTIVE POPULATION SIZE to sustain gene flow among geographically diverse populations.

The RAO model proposes that all non-African populations descend from a H. sapiens
ancestor that evolved in Africa 100,000—200,000 yr BP. This ancestor then spread
throughout the world, replacing archaic Homo populations (for example, the
Neanderthals). This model is supported by the fossil record, as the earliest modern
human fossils were found in Africa and the Middle East, dating to 90,000-120,000 yr BP
(REFS 60,112). The RAO model predicts that all genetic lineages derive from a recent
common African ancestor and that non-African populations should carry a subset of the
genetic variation present in modern African populations.

The assimilation (or hybridization) model proposes that gene flow between the early
human populations was not equal over time and space. This model allows for some gene
flow between modern humans that migrated from Africa and archaic populations (for
example, the Neanderthals) outside Africa. So, the evolution of modern humans could
have been due to a blending of modern characters derived from African populations
with local characteristics in archaic Eurasian populations. This model predicts that the
modern gene pool derives from variable contributions of genes from archaic African

and non-African populations.

LINKAGE DISEQUILIBRIUM

(LD). The condition in which
the frequency of a particular
haplotype for two loci is
significantly greater than that
expected from the product of the
observed allelic frequencies at
each locus.

HOMO ERECTUS

Species of the genus Horo from
which modern humans descend,
which originated ~1.8 million
years ago.

EFFECTIVE POPULATION SIZE
(N,). The theoretical number of
breeding individuals, the genetic
variation of which can be
explained solely by mutation
and genetic drift. N, is related to,
but never exceeds, actual
population size (N), is most
strongly influenced by
bottleneck events and reflects the
size of a population at its
minimum.

populations, as will their usefulness as markers for
gene-mapping studies®. In addition, the density of
SNPs needed to map complex diseases is likely to vary
across populations with distinct demographic
histories®®.

The strategy for most efficiently using SNPs to
map complex disease genes depends on various para-
meters that are, at present, not fully known’. For
example, the CD/CV hypothesis states that common
genetic diseases are affected by common disease sus-
ceptibility alleles at a few loci that are at high fre-
quency across ethnically diverse populations” .
These common alleles are likely to be old and to pre-
date the divergence of human populations. If this is
so, complex disease genes that are mapped in African
populations by association between SNPs and disease
phenotype could have important implications for
understanding the genetic risk factors for many ethnic
groups. If, however, some complex diseases are influ-
enced by rare susceptibility alleles at many loci, as
indicated by simulation studies'® and, if these alleles
are geographically restricted owing to mutation,
GENETIC DRIFT OT region-specific selection pressure, then
characterization of SNP diversity, haplotype structure
and LD in populations of African origin will be par-
ticularly important for studies of the complex diseases
that are prevalent in populations of recent African
descent’.

A recent African origin of modern humans
Knowledge of human evolutionary history will help us
to understand extant patterns of variation and to use
those patterns in identifying alleles or genotypes that
predispose to disease. Most archaeological and genetic
data support a recent African origin (RAO) model of
human evolution, although the topic remains hotly
debated (BOx 1). However, variations of the RAO model
that consider admixture between modern humans who
migrated from Africa and archaic populations outside
Africa, such as the Neanderthals, cannot be completely
ruled out15. A thorough survey of African genetic
diversity will be important for testing models of mod-
ern human origins and for determining how pheno-
typic variation arose.

Studies of protein polymorphisms'®, as well as
studies of mtDNA'7-%, Y-chromosomal'®*%, autoso-
mal'®?"-% and X-chromosomal®*¢-*° DNA variation,
indicate that African populations are the most vari-
able and ancestral, as expected under an RAO model
(TABLE 1). Phylogenetic analyses of mtDNA'"'#2140 and
Y-chromosomal haplotypes*~¢ indicate that the
most ancestral lineages are African specific and that
all non-African lineages can be derived from a single
ancestral African haplogroup, consistent with the
RAO model. Africans have the largest number of
population-specific autosomal?’-31343>41-43 X _chro-
mosomal®®* and mtDNA'"-2"24haplotypes, with
non-African populations harbouring only a subset of
the genetic diversity present in Africa, as would be
expected from a genetic bottleneck during migration
out of Africa (FIG. 2).

The primary split between Africans and non-
African populations is estimated to have occurred
from 44,000 to 200,000 years before present (yr
BP)?227334145, An analysis of nuclear autosomal haplo-
type variability at three genes — CD4, myotonic dys-
trophy 1 (DM1I) and tissue plasminogen activator
(PLAT) — in the same set of 33 globally diverse popu-
lations, found that all non-African populations have a
similar pattern of haplotype variability. They also have
a subset of the haplotypic variability that is present in
Ethiopian and Somalian populations, which is, in
itself, a subset of the variability that is present in other
sub-Saharan African populations?”?%, These observa-
tions indicate that populations in northeast Africa
might have diverged from the rest of sub-Saharan
Africa early in the history of modern African popula-
tions and that a subset of this northeast African popu-
lation migrated out of Africa and populated the rest of
the globe (FIG. 2). Analysis of mtDNA'$202140 and Y-
chromosome diversity?2** support a single East
African source of migration out of Africa.

Demographic history of African populations

Extant levels and patterns of genetic diversity and LD
are influenced by demographic factors, such as fluctu-
ations in population size and structure, and admix-
ture and migration, as well as by gene-specific factors,
including selection, mutation rates, recombination
and GENE CONVERSION. Mapping genes for complex
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Figure 2 | Model of human demographic history. Northeast African populations differentiated
from other sub-Saharan African populations early in African history. A small subset of this
population migrated out of Africa in the past 100,000 years and rapidly expanded throughout a
broad geographical region. Ancestral African populations have maintained a large and subdivided
population structure throughout much of their evolutionary history, resulting in fewer sites being in
linkage disequilibrium (LD) and in divergent patterns of LD, compared with non-African
populations. The bottleneck event that is associated with the founding of non-African populations
resulted in reduced genetic variation, greater LD in the genome and an increase in the size of
haplotype blocks. Rapid population expansion resulted in the maintenance of this LD. Red lines
that connect populations indicate gene flow. N, effective population size; Yr BP, years before
present. Modified with permission from REE 58 © (1998) Wiley.

GENETIC DRIFT

The random fluctuation that
occurs in allele frequencies as
genes are transmitted from one
generation to the next. This is
because allele frequencies in any
sample of gametes that
perpetuate the population might
not represent those of the adults
in the previous generation.

GENE CONVERSION

A specific type of
recombination, which results in
non-reciprocal genetic exchange,
in which the sequence of one
DNA strand is used to alter the
sequence of the other.

BALANCING SELECTION
The maintenance of genetic
polymorphism owing to
selection.

POPULATION SUBDIVISION

A population sample that is not
genetically homogeneous but,
rather, is composed of more
than one subpopulation with
low levels of gene flow.

disease relies on having some a priori knowledge of
haplotype structure and LD to identify polymor-
phisms that are associated with disease genes. As
described in BOX 2, haplotype structure and LD are a
product of the age and demographic history of a popu-
lation. Understanding the demographic history, genetic
diversity and haplotype structure of African popula-
tions is, therefore, important for designing and inter-
preting gene-mapping studies in populations of recent
African descent and for reconstructing modern human
origins and the expansion of modern humans out of
Africa, as we discuss below.

African population size. Levels of genetic variation in
modern populations reflect the history of their popula-
tion size. Studies of nuclear sequence diversity in
humans consistently estimate an effective population
size (N,) of ~10,000, and studies of mtDNA diversity
estimate a haploid N, of ~5,000 (REE 47). But estimates of
human N, are usually based on pooled data from
African and non-African populations, which are biased
towards larger samples from non-Africans and so could
result in a biased estimate of N, particularly if non-
African populations went through severe bottlenecks
during migration out of Africa. Therefore, it is not sur-
prising that studies of African populations, in which a
range of markers were used*****%, have reported a
larger N, in African populations.

Despite uncertainties in the estimates of long-term
N, in humans, it is clear that, after an initial speciation
event from Homo erectus to modern Homo sapiens,
humans spread across a broad geographical region and
rapidly increased in population size in the past
50,000-100,000 years. An even more rapid population
expansion probably occurred after the development and
spread of agriculture in the past 10,000 years'¢. Analyses
of pairwise mtDNA sequence divergence in globally
diverse populations indicate that African populations
expanded in size earlier than either Asian or European
populations: 99,000 yr BP versus 52,000 yr BP and
23,000 yr BP in Asia and Europe, respectively*”>°. An
earlier African expansion is also supported by studies of
highly variable microsatellites®->>.

The patterns of sequence variation of autosomal and
X-chromosomal genes do not give such a clear indica-
tion of rapid population growth®*. Approximately
50% of the available nuclear DNA data indicate an
excess of intermediate-frequency haplotypes rather than
an excess of low-frequency haplotypes, as predicted by a
model of rapid population growth>**>. However, when
African samples pooled by geographical region were
analysed separately from non-African samples, more
loci showed evidence for rapid population growth*. It
has been suggested that the pattern of variation that is
observed in some nuclear genes could be the result of
historical BALANCING sELECTION, which predicts an excess of
haplotypes at intermediate frequencies*®>. Many genes,
such as $-globin (HBB), Duffy (FY), pyruvate dehydro-
genase E1 a-subunit (PDHAI) and melanocortin 1
receptor (MCIR), that do not show evidence of popula-
tion growth are potential targets for selection. By
analysing nuclear sequence variability from several loci
sampled from ethnically diverse African populations,
these conflicting patterns of human demographic his-
tory should eventually be resolved.

African populations are highly subdivided. The classic
measure of POPULATION SUBDIVISION is F,, which ranges in
value from zero to one; an F, value of zero indicates no
differentiation between populations. Estimates of F.in
different geographical regions (Africa, Europe and Asia)
for protein polymorphisms, blood groups, restriction-
fragment length polymorphisms (RFLPs) and autoso-
mal short tandem-repeat polymorphisms (STRPs),
indicate that only 11-16% of observed variation is due
to differences among populations (F, =0.11-0.16),
consistent with a recent common ancestry and/or suffi-
cient gene flow to maintain population similar-
ities". Global F estimates based on variation in
mtDNA (F, =0.24-0.27)" and the Y chromosome
(Fyp = 0.30-0.64)'92>2636% are higher, possibly owing to
the smaller effective size for these loci, which would
cause more genetic drift".

There have been relatively few studies of population
subdivision in sub-Saharan Africa, and those that have
been done do not yield consistent results (TABLE 1). This is
probably due to the types of marker and the types of
analysis used, as well as the number and geographical
range of the African populations studied. Phylogenetic
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Box 2 | Linkage disequilibrium and population demography

Mapping disease genes by association requires the identification of linkage
disequilibrium (LD) between a marker and a disease phenotype, making it vitally
important to know the underlying levels and patterns of LD in a given study population
to avoid erroneous conclusions. Several studies®*”?3%% of African populations have
indicated that levels and patterns of LD in these populations differ from those in non-
African populations owing to the age of African populations, admixture with other
African and non-African populations, and historical differences in population size and
substructure.

A disease mutation (shown in violet) that occurs on a single haplotype background will
initially be in complete LD with flanking markers on that chromosome (see panel a). In
each generation, LD between a marker and a disease allele decays owing to recombination
between the sites, and also because of the effects of mutation and gene conversion at
marker loci. Young populations, and those that have undergone recent bottlenecks (as
probably occurred during the migration of ancestral humans out of Africa), will have
haplotype blocks of large to moderate size (panel b, shown in green)®®. (In panel b, LD
extends up to 50 kb in at least one direction.) In older and larger African populations, in
which there has been more recombination, the size of haplotype blocks will probably be
smaller (in panel ¢, the haplotype blocks extend for less than 10 kb)%.

LD can also be established by a founder event, with the strength and extent of the LD
depending on the severity and length of the bottleneck event”***”. Population
substructure increases LD owing to a smaller effective population size and to higher levels
of genetic drift in subdivided populations®. So, if a pooled sample derived from several
African populations was analysed, spurious LD would be detected, even if the haplotypes
in each subpopulation were in linkage equilibrium. This could lead to erroneous
conclusions about the association between genetic markers and disease phenotype®’.
Small populations of stable size are expected to show LD between closely linked loci as a
result of increased genetic drift, and larger populations will have fewer sites in LD®*"113,
New mutations are less likely to be in LD in growing populations owing to the smaller
effect of genetic drift, but allelic associations that exist before population expansion
might persist for a longer period of time in an expanding population than in a population
of constant size®®'".

ai00 50 10 50 100 Kb

— 1
O
[é)]
-
o

17

analyses of haplotypes from Y chromosomes*~264,
mtDNA!71821 autosomes®® and X chromosomes® are
indicative of a long history of population subdivision in
Africa. Values of F, estimated from mtDNA are usually
much higher in Africa than elsewhere (TABLE 1).
Genotyping studies of autosomal SNPs, STRPs or Alu
elements in diverse African populations have also
reported higher F, values for African populations'**>*,
but the difference between regions is not as striking
(TABLE 1). However, studies of autosomal haplotype vari-
ability, which might be more informative than studying
unlinked loci to assess population subdivision, show
much stronger evidence of high levels of genetic diversity
among African populations?’—*%, This is particularly
true for haplotypes that contain highly variable STRP
markers??>%, whereas haplotypes composed of high-
frequency SNP markers are more likely to be old and
shared among African populations®. Inconsistencies in
estimates of F for autosomal, Y-chromosomal and
mtDNA markers might be due to the smaller N, of the
Y chromosome and mtDNA, to selection acting on
mtDNA and/or Y-chromosomal DNA or different male
and female migration histories'>2*>%,

Historical migration events in Africa. Historical migra-
tion and subsequent admixture have shaped patterns of
LD and haplotype structure in African populations®.
Ancient African migration events are complex, owing
to historical fluctuations in geology, ecology and cli-
mate, including periods of glaciation and warming,
that have affected population expansion and contrac-
tion®. However, historical migration events can be dis-
cerned through analysis of mtDNA and Y-chromoso-
mal haplotype lineages (FIG. 3). African mtDNA has
three main lineages — L1, L2 and L3 — which have an
estimated coatescence date of 126,000—-165,000 yr BP
(REFS 17,18,20,21). The L1 lineage is the most ancient and
is present in the San population from South Africa and
the Biaka Pygmies from the Central African Republic,
which are two of the most genetically divergent popula-
tions in Africa’®. L2 and L3 diverged from LI
~60,000-103,000 yr BP (REFS17,18,21). The L2 lineage is
present in Mbuti Pygmies from the Democratic
Republic of the Congo and in west African Bantu-
speaking populations. The L3 lineage is widely dis-
persed throughout east Africa but is rare elsewhere in
sub-Saharan Africa'”'#?'. Phylogenetic analysis indi-
cates that the L3 haplogroup is the precursor of non-
African mtDNA haplotypes'® and that a subset of this
lineage (L3a) travelled out of Africa in the ancestors of
modern Eurasians ~60,000-80,000 yr BP (REE.21). The
L3a lineage also occurs at a high frequency in Ethiopian
mtDNA*, which supports the proposal that modern
humans migrated out of Africa through Ethiopia®”-***.
Y-chromosomal haplotype analyses have shown that
the most ancestral Y-chromosomal haplogroup is pre-
sent in east African Sudanese and Ethiopians, as well as
in southern African Khoisan-speaking populations,
such as the San?»*>466162 These findings support the
mtDNA data, which indicate that the San population is
the most genetically divergent population in Africa, and
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Figure 3 | Major migration events in Africa. Light blue arrows indicate expansion of an
ancestral Y-chromosomal lineage (1 and Il) from east Africa into southern and central Africa in
the past 100,000 years, and the light purple arrow indicates the expansion of a subset of the
Y-chromosomal lineage Il out of Africa in the past 44,000-100,000 years. Pink arrows indicate
expansion of the L1 mitochondrial DNA (mtDNA) lineage into southern and central Africa in the
past 120,000 years, the dark blue arrows indicate expansion of the L2 mtDNA lineage into
central and western Africa in the past 30,000-70,000 years, and the dark green arrows indicate
expansion of the L3 mtDNA lineage throughout east Africa. The light green arrow indicates the
expansion of the L3a subhaplogroup out of Africa in the past 70,000-100,000 years. The yellow
arrows indicate the recent expansion of Bantu speakers from a postulated homeland in
Cameroon into southern Africa in the past 3,000 years, as evidenced by both mtDNA and
Y-chromosomal haplotype variation.

EQT

A measure of population
subdivision that indicates the
proportion of genetic diversity
found between populations
relative to the amount within

populations.

COALESCENCE

The convergence of alleles, in a
modern population, back in
time to a common ancestor.

also protein and archaeological data, which together
indicate that Khoisan-speaking populations originated
in east Africa and migrated into southern Africa
>10,000 yr BP (REFS 16,61). All Y-chromosomal haplo-
types in non-African populations are derived from a
single Y-chromosomal lineage from Africa, which
reflects an expansion event out of Africa as recently as
44,000 yr BP (REE 24).

Archaeological, linguistic and genetic data indicate
that several important long-range migration events have
occurred in Africa in the past several thousand years,
shaping the pattern of genetic variation in modern
African populations. The most significant of these is the
expansion of Bantu-speaking agricultural populations
from a postulated homeland in Cameroon into south-
ern Africa (either directly south and/or through the
Great Lakes region of east Africa) in the past 3,000 years
(REF. 63) (FIG. 3), which is supported by both mtDNA®
and Y-chromosome data??%62,

There have also been recent migration events of
non-Africans, particularly those of semitic origin, along
the east coast of Africa, and subsequent admixture with

indigenous African populations. For example, in the
Bantu-speaking Lemba population of Zimbabwe, who
claim to have Jewish ancestry®, Y-chromosome lineages
have been found that are of recent Jewish descent®.

So, population history in Africa is likely to be a com-
plex web of population diversification that involves
population expansions, contractions, fragmentation,
and differential levels and patterns of gene flow (FIGS 2,3).
An analysis of genome-wide genetic variation in diverse
African populations is required to understand better the
genetic structure of these populations.

Linkage disequilibrium in African populations

African demographic history has shaped patterns of
genetic variation and LD, and these patterns have
important implications for mapping complex disease
genes in populations of African descent (BOX 2). As men-
tioned above, the success of finding an association
between a disease gene and variable markers or haplo-
types depends largely on knowing the underlying pat-
terns of LD in the population that is being studied™".

Haplotype analysis of the CD4locus in 42 globally
diverse human populations (including 16 from sub-
Saharan Africa) has shown that sub-Saharan African
populations have patterns of LD that are distinct from
non-African populations?. The African populations
have more haplotypes, lower levels of LD between alleles
and more divergent patterns of LD (alleles that are in
positive association in one population might be in nega-
tive association in another). This initial finding has been
supported by haplotype analyses at the DM1 and PLAT
loci in the same populations®*’, and by two recent stud-
ies of long-range LD between SNP markers at several
nudlear loci in African and non-African populations®®,
both of which used high-frequency SNPs that had been
identified in non-African populations. Reich ef al.%
found that LD in a Nigerian (Yoruba) population
extends an average distance of only 5 kb, as opposed to
the 60 kb that is observed in a European-descended
Mormon population. Gabriel et al® examined LD
between closely spaced SNPs in the same Yoruban and
Mormon populations, as well as in Japanese, Chinese
and African-American populations. The average size of
haplotype blocks (regions with high levels of LD) was
estimated to be 11 kb in the Yoruban and African-
American samples, and 22 kb in the European and
Asian samples. Both studies found that haplotype block
size differed markedly across genomic regions, as well as
between populations, which shows the need to con-
struct a detailed empirical haplotype map of the
genome across ethnically diverse populations®. The
degree of bias caused by the use of SNPs identified in
non-African populations in these studies requires fur-
ther analysis®’.

The simplified model of demographic history,
shown in FIG. 2, can explain the divergent patterns of LD
in African, compared with non-African, populations.
Ancestral African populations should have fewer sites
in LD and shorter blocks of LD compared with non-
Africans — first, because they have maintained a larger
N, and second, because there has been more time for
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HERITABILITY
The fraction of the phenotypic
variance due to genetic variance.

recombination and mutation to decrease levels of LD
(BOX 2). However, when we examine patterns of LD in
single, distinct African populations, we anticipate that
patterns of association among pairs of alleles might
vary due to the stochastic effects of drift in subdivided
populations. The larger number of sites in LD, and the
extended size of haplotype blocks, in non-African pop-
ulations is probably due to a founding event that
occurred during the expansion of modern humans out
of Africa in the past 100,000 years (REFS 27,29,30). A pop-
ulation bottleneck will produce a reduction in the
number and diversity of haplotypes in a founder popu-
lation. During this founding event, the particular pat-
tern of pairwise allelic association might have differed
from the parental African population, depending on
the genetic constitution of the founders relative to that
of the parental gene pool. Although LD is expected to
increase after a founding event, with the strength and
extent of the LD depending on the severity and length
of the bottleneck event”®*, it might occasionally
remain the same or decrease owing to the stochastic
effect of genetic drift during population founding®. So,
it is not surprising that several studies have not
observed a marked difference in LD between African
and non-African populations®°.

LD that has been established after a founding event
is likely to be maintained in rapidly expanding non-
African populations. This model is supported by recent
studies in European populations, which show that LD
can extend over regions up to 173 kb (REFS 8,70).
However, because of European demographic history,
haplotype blocks are likely to be smaller and LD pat-
terns are likely to vary across ethnically diverse African
populations®®. If this is true, a denser SNP map will be
required to study African populations. Although these
LD patterns make African populations less useful for
the initial stages of association mapping compared with
recent founder populations, in which high levels of LD
are a feature, they are likely to make African popula-
tions more useful for fine-scale mapping of complex
disease genes"'>*>"!, However, more realistic models of
human demographic history need to be considered to
account for complex patterns of population expansions
and contractions, migration, admixture, population-
specific selection and subdivision.

Genetic influences on disease in Africa

The prevalence of disease types differs between the devel-
oped and the developing worlds; non-communicable dis-
eases are most prevalent in the developed world, whereas
infectious or communicable disease is most prevalent in
the developing world, including sub-Saharan Africa. Both
communicable and non-communicable diseases have
genetic components. Genetic variation has been shown
to affect susceptibility to various infectious diseases®. In
sub-Saharan Africa, the most common genetic diseases
have evolved as a by-product of selection to reduce sus-
ceptibility to infection — for example, the haemoglo-
binopathies, which protect individuals from malaria and
affect ca. 250 million people worldwide (see online link
to the WHO report entitled ‘Services for the prevention

and management of genetic disorders and birth defects
in developing countries’). About 75% of the global inci-
dence of haemoglobinopathy is in sub-Saharan Africa
(>200,000 births per year)™

In addition to the prevalence of infectious diseases,
several complex diseases are becoming more common
in Africa, presumably due to an increasingly urbanized
Western lifestyle. Populations of sub-Saharan African
ancestry living outside Africa have a high prevalence of
several complex diseases, including hypertension”7*,
diabetes”77, obesity’®” and prostate cancer. By compar-
ing populations in Africa to populations of African
ancestry outside Africa, we might be able to identify
both the environmental and the genetic risk factors that
contribute to certain complex diseases. Differences in
the genetic architecture of populations can cause differ-
ent responses to the same environmental risks, owing to
variations in allele frequencies at interacting loci®®.
Such differences might result in the failure to replicate
associations at a single locus®"#2, which emphasizes the
need to do several cross-population comparisons.

Hypertension. People of sub-Saharan African descent in
North America are disproportionately affected by
hypertension’. For example, African Americans have a
1.5-2-fold increase in hypertension prevalence com-
pared with European-descended Americans, with the
largest difference being between African-American and
European-American women®. African-American
females have an age-adjusted prevalence of 35.9%
(based on data from 1988 to 1994) compared with
19.7% in female Americans of European descent. The
reason for this disparity in disease prevalence among
ethnic groups is unknown, but several theories have
been proposed. These theories include: differences in
genetic predisposition (caused by varying frequencies of
common disease susceptibility alleles — the CD/CV
hypothesis); the presence of population-specific genes
or alleles that predispose to disease; and differences in
exposure to environmental risks (including those
related to socio-economic status, such as diet)®%°, Until
more data are collected, the cause of the disparity
remains controversial. Nonetheless, several studies indi-
cate a genetic component in the aetiology of hyperten-
sion, with HErrTaABILITY ranging from 45 to 68% in people
of sub-Saharan African descent®%.

Despite the known high prevalence of hypertension
in people of African descent that live in western/urban
environments, especially in the United States, it was not
considered to be a major disease in sub-Saharan Africa
until recently®. Studies of hypertension in both rural
and urban settings in Nigeria and Cameroon place the
incidence of hypertension at 15-20% (REE 73), and as
high as 20-33% in Tanzania®. In both studies, urban
subjects and women had the highest prevalence. These
and other studies document the increasing prevalence
of hypertension in sub-Saharan Africa, especially in
urban environments.

Several studies have addressed the genetics of this
complex disease both in African populations and in
populations of sub-Saharan African descent outside
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QUANTITATIVE TRAIT LOCUS
(QTL). A genetic locus that is
identified through the statistical
analysis of complex traits (such
as body weight). These traits are
typically affected by more than
one gene and by the
environment.

ANGIOTENSINOGEN

The precursor molecule that is
cleaved by angiotensin-I-
converting enzyme into
angiotensin II.

NA+/H* EXCHANGER

The system through which
extracellular sodium ions are
traded for intracellular hydrogen
ions to adjust or maintain
cellular pH, as well as cell
volume. This exchanger has been
implicated in the development
of essential hypertension.

Africa. For example, the heritability of plasma levels
of angiotensin-I-converting enzyme (ACE) and
angiotensin II (AGT11) — which are both molecules
in the renin—angiotensin system that lead to vasocon-
striction and increased blood pressure — is 67 and
77%, respectively, in Nigeria, and 18% for both in
African Americans®. These studies show that the her-
itability of certain complex traits varies between pop-
ulations of African ancestry. Therefore, comparisons
among populations of African ancestry will be neces-
sary to understand the role and interaction of genetic
predisposition and environmental risk in this, and
presumably other, complex diseases.

One example of the use of an African-descended
population to localize a quantrtarive TraIT LOCUS (QTL)
that putatively contributes to hypertension has been
reported’’. Variation in ACE plasma levels had previ-
ously been associated with genetic variation in or near
the ACElocus, but the exact site of the QTL had been
difficult to pinpoint. Studies in a German cohort
showed a significant association between ACE levels and
polymorphisms in a 13-kb region in the ACE gene, but
results from a Jamaican sample narrowed the region to
less than 3 kb. This supports the idea that populations
with more genetic diversity and lower levels of LD can
be used to finely map disease loci”.

Association studies of single genes and their role in
hypertension in populations of African descent have
not been so successful and some have produced con-
flicting results; for example, positive associations of
ANGIOTENSINOGEN (AGT) variants with hypertension have
not been replicated in all studies®*'~*. There are several
possible explanations for this. One is that the positive
association is spurious. Another is that either
gene—gene and/or gene—environmental interactions
have a role in determining the hypertension
phenotype®®®. The potential role of gene—gene interac-
tions has been supported by a finding in a Ghanaian

Box 3 | Ethical considerations for research in African populations

The importance of genetic research in Africa should not override ethical considerations.
Researchers in Europe and/or North America need to address two sets of considerations
— those that our own funding agencies and societies mandate and those of the
countries and communities in which we work. The former require, among other things,
informed consent, and the latter require addressing unique cultural and political
concerns, which can be achieved by involving local researchers and potential
participants to sensitize foreign researchers to local values. Input from local researchers

and participants can also help to shape the research to local interests and needs

4 and

prevent the ‘hit-and-run’ researcher image by providing continuity. The inclusion of
local researchers also helps to develop important research infrastructure and expertise
atlocal and national levels. Finally, we need to avoid ‘coercive’ practices, and coercion
needs to be defined by both local and Western standards.

It is also important to give back as much as possible to the communities in which we
work, including reporting back on the results of our studies. The needs of many of the
local communities are significantly different to what we might normally encounter in
the West. Ultimately, taking an ethical approach to studies of African populations will
increase the co-operation of the people most affected by this work, the local participants.
These tactics will increase the chances of research studies being successful, which will

provide value both to the local communities and to the larger scientific community
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population, in which single genes that show no evi-
dence of association with hypertension when analysed
independently do show evidence of association when
multilocus interactions are considered®. This finding
supports the idea that the genetics of complex disease
can be the product of alleles at several loci that interact
to predispose to disease and highlights the importance
of studying the underlying genetic structure of each
population.

Diabetes and obesity. Diabetes and obesity are also com-
mon conditions in populations of the African dias-
pora’>76787% but are rarer in Africa. For example, the
prevalence of type 2 diabetes is 1-2% in Nigeria, but
10-13% in African Americans and Afro-Caribbeans’™””.
This difference will probably decrease over the next few
decades as Africans adopt a more westernized lifestyle®.
Obesity is beginning to pose an important health risk in
urban South-African Blacks”. In Tanzanian populations,
the prevalence of obesity is 17.4 and 21.5% in women
and men, respectively, in an urban environment, and
12.7 and 6.2% for women and men, respectively, in a
rural environment®. In urban South Africa, the preva-
lence of obesity in women has risen to almost Western
levels®. Obesity poses a health risk because of its
causative role in several associated diseases, such as car-
diovascular disease, type 2 diabetes and hypertension®*®.

African Americans are more overweight than are
Americans of European descent or native Africans (for
example, Nigerians and Tanzanians)”®7991%_ Despite
the high heritability measures of obesity-related traits
in many African-descended populations'®, few genes
have been identified that have a substantial role in
human obesity. One gene that is known to have a physi-
ological role in fat metabolism and an association with
obesity is the human uncoupling protein 3 (UCP3)
gene. An exon splice-donor mutation in UCP3 is asso-
ciated with both reduced fat oxidation and severe obe-
sity in the Gullah community of South Carolina, USA
(a group of African descent with very low levels of
European admixture'™) and the Mende tribe of Sierra
Leone'®”. This mutation, which has a frequency of 10%
in the Mende tribe and in the Gullah mentioned above,
and another UCP3 polymorphism, have African ori-
gins and might promote fat storage, which leads to obe-
sity in a Western/industrialized environment'®. Other
studies of UCP3, as well as of UCP2, which is tightly
linked to UCP3, support the conclusion that there is an
association between certain genetic variants in these
genes with resting energy expenditure and/or body
composition in African Americans'®'*. In one of these
studies'®, the findings in African-American women did
not replicate in women of European descent, which
raises the question of what other genetic and environ-
mental factors might account for this difference
between ethnic groups.

Another study examined the frequency of the 825T
allele in the G protein f3-subunit (GNB3) gene in
rural and urban Africa, China and Germany'®. The
825T allele is associated with hypertension in
Caucasians and affects Na/H* EXCHANGER activity, which
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HUMAN LEUKOCYTE ANTIGEN
(HLA). Also known as major
histocompatibility complex
(MHC). A glycoprotein found
on the surface of antigen-
presenting cells that presents
antigen for recognition by
helper T cells.

is elevated in obese but not lean individuals. GNB3is
also associated with adipogenesis'®. The 825T allele is
significantly associated with increased weight in non-
Africans'®, and was also significantly more common
in the Zimbabwean and South-African Black samples
than in non-Africans. However, the association with
weight in the African samples was not statistically sig-
nificant because of the low frequency of the alternative
(825C) allele. Overall, the results indicate that 825T
might be associated with obesity in all populations
investigated in this study, but confirmation of this will
require the analysis of larger sample sizes from African
populations. Urban—rural prevalence differences indi-
cate that environmental factors are also important in
the incidence of obesity in these populations.

Diabetes is also increasing in prevalence in sub-
Saharan Africa®. Several studies have looked at candi-
date genes for type 1 diabetes, but fewer have examined
type 2 diabetes, which prompts a search for appropriate
African populations in which to study this disease.

Type 1, or insulin-dependent, diabetes is character-
ized by the destruction of the insulin-producing cells
of the pancreas and is associated with several Human
LeUKOCYTE ANTIGEN (HLA) class II alleles. Variation in the
HLA complex has been studied in several parts of
Africa. Studies in a Bantu population from Cameroon
support an association between several HLA class II
alleles (for example, DRB1*03, DQA1*0301 and
DQBI*0602) and type 1 diabetes'®. These results repli-
cated some of the earlier findings of disease association
with DQAI and DQBI alleles in Senegal'®”!%. The
Cameroon study, however, suffered from small num-
bers of type 1 diabetes patients (N = 10) and requires
further confirmation.

Associations were also observed between HLA class
IT alleles and type 1 diabetes in Zimbabwean and South-
African Blacks'*!'"°. Several, but not all, of the haplo-
types that are associated with type 1 diabetes in these
two populations are identical. However, it is important
to note that the alleles that associate in these studies are
different to those in the Cameroonian and Senegalese
populations'®-1%, These findings confirm the associa-
tion of HLA class IT with type 1 diabetes, but the under-
lying basis of this association is obviously complex and
variable across populations.

Type 2, or non-insulin-dependent, diabetes is char-
acterized by insulin resistance, adult age of onset and
association with obesity. The health impact of type 2
diabetes is substantial, with its incidence predicted to
increase to 300 million cases by 2025, with most of the
increase occurring in the developing world''’. The cur-
rent prevalence of type 2 diabetes in Africa (~1-2%) is
lower than in populations of African descent in indus-
trialized nations (~11-13%). The genetic basis of type 2
diabetes is not as well defined as that for type 1 diabetes
and is a subject of continuing collaborative research
between US, Nigerian and Ghanaian investigators’.

Conclusions

There is much to be learned from the genetics of sub-
Saharan African populations about human origins and
evolution, and about the origin and nature of human
complex disease. At present, we have little understanding
of the genetic structure of sub-Saharan populations and
the genetic basis of complex disease in African popula-
tions because very few studies have been conducted in
African ethnic groups. Our lack of knowledge about the
contribution of genetics to disease in African populations
extends to single-locus diseases, which are rarely reported
in African populations (see link to the Online Mendelian
Inheritance in Man database). Research activity has tradi-
tionally been biased towards the study of non-African
populations, and our knowledge of even the most funda-
mental information about the genetic basis of disease in
Africa is quite limited. Increased funding and resources
for studying genetic diversity in Africa is needed to recon-
struct human evolutionary history, to dissect the genetic
basis of resistance and susceptibility to disease, and to
design better drugs for all people. A shared set of DNA
resources and the establishment of an African genetic
database would help to provide researchers with com-
mon information and would facilitate studies of several
loci in the same set of African populations. Studies also
need to meet strict ethical standards and to involve both
local researchers and study participants (BOX 3). We are at
a pivotal time in the field of human genetics as we have
various new tools to dissect long-standing and important
questions. To answer them we will need to include studies
of a wider variety of human populations, especially those

from Africa.
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