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Differentiation between African

populations is evidenced by the diversity of
alleles and haplotypes of HLA class | loci

Abstract: The allelic and haplotypic diversity of the HLA-A, HLA-B, and
HLA-C loci was investigated in 852 subjects from five sub-Saharan
populations from Kenya (Nandi and Luo), Mali (Dogon), Uganda, and Zambia.
Distributions of genotypes at all loci and in all populations fit
Hardy—Weinberg equilibrium expectations. There was not a single allele
predominant at any of the loci in these populations, with the exception of
A*3002 [allele frequency (AF) = 0.233] in Zambians and Cw*1601

(AF = 0.283) in Malians. This distribution was consistent with balancing
selection for all class I loci in all populations, which was evidenced by the
homozygosity F statistic that was less than that expected under neutrality.
Only in the A locus in Zambians and the C locus in Malians, the AF
distribution was very close to neutrality expectations. There were six
instances in which there were significant deviations of allele distributions
from neutrality in the direction of balancing selection. All allelic lineages from
each of the class I loci were found in all the African populations. Several
alleles of these loci have intermediate frequencies (AF = 0.020-0.150) and
seem to appear only in the African populations. Most of these alleles are
widely distributed in the African continent and their origin may predate the
separation of linguistic groups. In contrast to native American and other
populations, the African populations do not seem to show extensive allelic
diversification within lineages, with the exception of the groups of alleles
A*02, A*30, B*57, and B*58. The alleles of human leukocyte antigen (HLA)-B
are in strong linkage disequilibrium (LD) with alleles of the C locus, and the
sets of B/C haplotypes are found in several populations. The associations
between A alleles with C-blocks are weaker, and only a few A/B/C haplotypes
(A*0201-B*4501-Cw*1601; A*2301-B*1503-Cw*0202; A*7401-B* 1503-Cw*0202;
A*2902-B*4201-Cw*1701; A*3001-B*4201-Cw*1701; and A*3601-B*5301-
Cw*0401) are found in multiple populations with intermediate frequencies
[haplotype frequency (HF)=0.010-0.100]. The strength of the LD
associations between alleles of HLA-A and HLA-B loci and those of HLA-B and
HLA-C loci was on average of the same or higher magnitude as those observed
in other non-African populations for the same pairs of loci. Comparison of the
genetic distances measured by the distribution of alleles at the HLA class I loci
in the sub-Saharan populations included in this and other studies indicate that
the Luo population from western Kenya has the closest distance with virtually
all sub-Saharan population so far studied for HLA-A, a finding consistent with
the putative origin of modern humans in East Africa. In all African populations,
the genetic distances between each other are greater than those observed
between European populations. The remarkable current allelic and haplotypic
diversity in the HLA system as well as their variable distribution in different
sub-Saharan populations is probably the result of evolutionary forces and
environments that have acted on each individual population or in their
ancestors. In this regard, the genetic diversity of the HLA system in African
populations poses practical challenges for the design of T-cell vaccines and for
the transplantation medical community to find HLA-matched unrelated donors
for patients in need of an allogeneic transplant.
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Africa is thought to be the homeland of all modern humans. Data
from both archeological and genetic studies support the model of a
recent African origin for human evolution (1-3). This model proposes
that all non-African human populations descended from a common
Homo sapiens ancestor that evolved in Africa and radiated to the rest
of the world. Under this model, it is predicted that all genetic lineages
derive from recent common African ancestors, and all the genetic
variations of non-African populations should be found as a subset of
the modern African populations. Additional race-specific allelic and
haplotypic diversification may have arisen after the out-of-Africa
migrations. The genetic makeup and diversity of modern African
populations probably reflects the effects of both diversifications,
before the separation of racial and ethnic groups and evolutionary
events that occurred after the migrations out of the African continent.
Studies using mitochondrial and nuclear DNA markers are highly
illustrative of this model and consistently indicate that Africa is the
most genetically diverse region in the world (4-10).

The major histocompatibility complex (MHC) is one of the most
polymorphic genetic systems of many species, including human leuko-
cyte antigen (HLA) in humans. The class I and class II MHC genes
encode cell-surface heterodimers that play an important role in antigen
presentation, tolerance, and self/non-self recognition (11-13). The HLA
molecules bind intracellularly processed antigenic peptides, forming
complexes that are the ligands of the antigen receptors of T lym-
phocytes (13-16). The so-called peptide-binding specificity pockets of
the class I molecules accommodate the peptide’s side chains (13-17).
The extensive population polymorphism of the MHC genes may have
resulted from selective pressures and functional adaptations (18-20). It
has been shown that the highest degree of variability of MHC proteins
is found in residues pointing to the peptide-binding region (21, 22). This
variation results in differences in immune responses among individ-
uals. In addition to their natural biological function, i.e. to bind and
present peptides, the class I and class II histocompatibility antigens
play an important role in allogeneic transplantation. Matching for the
alleles at the class I and class II MHC loci impacts the outcome of both
solid-organ (23, 24) and hematopoietic stem cell (24-26) allogeneic
transplants.

Several studies of the population distribution of HLA alleles among
Africans have shown significant HLA polymorphism (27—52). Most of
the studies that utilized molecular typing methods in African popula-
tions have focused on the analysis of loci of the class II region (34-47).
Most analyses of frequencies of HLA class I alleles in populations from
this continent were performed by serological procedures or by utilizing
intermediate-/low-resolution tests (27-33). The International Histocom-
patibility Workshops held in 1991 and 1996 (34-36) utilized molecular
methods to investigate the distribution of HLA class II alleles in
various ethnic groups, and highly informative data were collected
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from those studies and many other independent studies (37—46). In
contrast, only a few studies performing high-resolution molecular test-
ing have analyzed the distribution of alleles of the classical class I loci
in sub-Saharan populations (47-52). Unfortunately, complete haplo-
typic information could not be gathered from these studies, because
all class I loci were not tested in the same participants.

There is extensive allelic variation in the class I loci with more than
250 HLA-A, 500 HLA-B, and 120 HLA-C alleles (for more information,
see website at http://www.anthonynolan.com). The performance of
high-resolution molecular typing warrants the precise examination of
the population distribution of alleles at the class I loci and allows a
detailed analysis of the haplotypic relationships between alleles of
different loci. High-resolution testing of alleles at the class I loci of
non-African populations has shown that stronger evidence for balan-
cing selection is usually seen at the HLA-B locus when compared to the
HLA-A locus (51-64). Linkage disequilibrium (LD) is the condition by
which the frequency of a haplotype is significantly different from that
expected from the product of the allelic frequencies at each locus.
Differences between observed and expected haplotype frequencies
(HFs) [delta (A)] determine the strength of the associations between
alleles at different loci. It can be postulated that the ancestral African
populations should have fewer sites in LD and shorter haplotype
blocks, when compared with non-African populations, because they
have maintained larger population sizes and there has been more time
for recombination and mutation to decrease the levels of LD. In a
previous study, we observed that the relative A-values (D/l-]-) for the
haplotypes defined by alleles at the HLA-A and HLA-B loci of African
Americans were an average, lower than those of other populations (63).
However, it can be anticipated that examination of patterns of LD in
single, distinct African population may be different, and the strength of
the associations may be of similar magnitude as the one observed in
non-African populations.

The aims of the present study were to investigate the extent of the
HLA polymorphism and the distribution of alleles in each of the HLA
class I loci and to define the levels of haplotypic diversity in five sub-
Saharan populations from different geographic areas. These results
will help define and understand the genetic relationships determined
by the precise analysis of the distribution of HLA alleles between the
populations included in the present and previous studies.

Materials and methods
Subjects studied

We studied 852 unrelated individuals from five African populations.

These samples included 241 study participants from Nandi, 265 Luo
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from Kenya, 138 from Mali, 163 from Uganda, and 45 from Zambia.
The alleles at the HLA-A, HLA-B, and HLA-C loci were typed in all
participants.

In Kenya, there are many different populations and more than 60
languages are spoken. Nandi and Luo populations included in this
study are believed to be highly homogeneous. The participants
from Kanyawegi (—0.11 degrees latitude; 34.63 degrees longitude),
which is located in the Kisumu district of the Nyanza Province in
western Kenya, were predominantly (97%) of Luo ethnicity and
their primary language was Luo. The group from Kipsamoite
(0.33 degrees latitude; 35.01 degrees longitude), which is located in
the Nandi district in the Rift Valley Province of western Kenya,
included all subjects of Nandi ethnicity, a subgroup of Kalenjin, and
their primary language was Nandi. Both Luo and Nandi languages
belong to the major linguistic Nilo-Saharan and Eastern Sudanic-
Nilotic groups.

The population studied from Mali is relatively homogeneous. The
samples included 80.7% of subjects self-reported as Dogon, 5.3% as
Peuhl (also known as Fulani), 3.5% as Bambara, and 10.5% from
other ethnic groups. The Dogon speak various dialects of the Dogon
language. Other languages like Peuhl, Bambara, and French are also
spoken in the study area. The Dogon language belongs to the broad
group Niger/Atlantic/Volta Congo.

Samples from Uganda and Zambia were collected from random
individuals living in the capital cities, Kampala and Lusaka,
respectively. Both countries are located in Central East Africa
and represent a variety of populations and languages. Even though
the collected samples may have limited application for anthro-
pological studies, the results reported here illustrate the genetic
diversity of HLA in Africa, as reported in studies that examined
other loci.

Typing of alleles at the HLA-A, HLA-B, and HLA-C loci

HLA-A, HLA-B, and HLA-C alleles were typed using the poly-
merase chain reaction and sequence-specific oligonucleotide probe
(PCR-SSOP) hybridization methods, as described previously (63, 65).
Briefly, extracted DNA was amplified using intronic locus-specific
primers that span exons 1, 2, and 3. The polymerase chain reaction
(PCR) products were immobilized onto positively charged nylon
membranes and were hybridized with sets of probes matching poly-
morphic sequences of HLA-A, HLA-B, and HLA-C alleles. The hybrid-
ization signal was detected using a chemiluminescent substrate on
radiography film. Alleles were assigned based on the hybridization
patterns with sets of oligonucleotide probes previously described (65)
and with additional probes (Cao et al., unpublished data) to unambigu-
ously identify all genotypes for HLA class I alleles defined up to June

2001. All genotypic ambiguities were tested and resolved using group-
specific amplification and SSOP hybridization methods, with the
exception of alleles presenting differences outside exons 2 and 3 (63,
65). The typing systems allowed the identification of alleles differing
by silent substitutions; however, because some genotypes were
ambiguous in the fifth and sixth digit, all groups of alleles differing
only by synonymous nucleotide substitutions were collapsed into a
four-digit assignment. In the present study, we did not test for
polymorphisms outside exons 2 and 3; therefore, some groups of alleles
with sequence differences only in the other exons were not distin-
guished. Indistinguishable alleles were assigned as the allele with the
lowest number followed by a letter G, indicating that this is a group of
alleles (e.g. Cw*0701¢ designates the ambiguity Cw*0701 or Cw*0706).
Eight groups of HLA-A alleles had this type of ambiguity: A*0101g
(A*01011 and A*0104N); A*0201g (A*02011, A*0209, and A*0243N);
A*02075 (A*0207 and A*0215N); A*2301 (A*2301 and A*2307N);
A*2402 (A*2402101, A*2402102L, A*2409N, and A*2411N);
A*2403; (A*2403 and A*2433); A*6801; (A*68012 and A*6811N);
and A*7401g (A*7401, A*7402). For HLA-B, there were seven groups
of alleles differing only outside exons 2 and 3: B¥0705¢ (B*0705 and
B*0706); B*1512 (B*1512 and B*1519); B*1801; (B*1801 and
B*1817N); B*2705; (B*2705 and B*2713); B*3501; (B*3501,
B*3540N, and B*3542); B*4402¢ (B*4402, B*4419N, and B*4427);
and B*5101¢ (B*51011, B*5111N, B*5130, and B*5132). There were
six groups of HLA-C indistinguishable alleles that included:
Cw*0401g (Cw*0401101, Cw*0401102, and Cw*0409N); Cw*0501
(Cw*0501 and Cw*0503); Cw*0701g (Cw*07011, Cw*07012, and
Cw*0706); Cw*0704gc (Cw*0704 and Cw*0711); Cw*1701g
(Cw*1701, Cw*1702, and Cw*1703); and Cw*1801¢ (Cw*1801 and
Cw*1802).

The distinction between alleles differing only by silent substitu-
tions was not made consistently, because the typing reagents did not
allow for their assignment in all genotypes; therefore, here we
describe frequencies and associations of alleles defined at the
fourth-digit level, reflecting protein-sequence differences only.

Putative novel alleles with hybridization patterns that do not
match previously described alleles were found in four instances.
Heterozygous sequence-based typing confirmed the existence of the
novel patterns (data not shown) and was locally designated as a
variant (V) of the allele with highest sequence homology. In a few
samples, genotype ambiguities were not resolved at the allele level,

and the alleles were designated as undefined.

Allelic lineages

Following previous classifications, alleles were grouped according to
their nucleotide-sequence similarity (18, 66-68).
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Statistical analysis

Most analyses were performed using the computer package pypop (69,
70). Allele frequencies (AFs) (denoted as p; or g;) were obtained by
direct counting, assuming no blank frequencies. The frequency for
the #' haplotype is denoted as HF;; (below).

Test of fit to Hardy—-Weinberg genetic equilibrium

Overall deviations from Hardy—Weinberg proportions (HWPs) were
tested using the exact test of Guo and Thompson (71), implemented
through ARLEQUIN (72) via pyrop and by y? testing when expected
values were >5. x? tests were investigated for overall common
genotypes, all heterozygotes, overall heterozygotes for a specific
allele (e.g. A*0101, X, where X represents all non-A*0101 alleles),
and individual genotypes.

Allele frequency heterogeneity

Heterogeneity of AF differences for each locus was investigated
using contingency table methods. Classes with expected frequencies

less than 5 were combined before 3 testing.

Homozygosity statistic

Watterson'’s (73, 74) homozygosity F statistic (F = Zp?), calculated as
the expected proportion of homozygotes under HWPs, was used as a
measure of the AF distribution and compared with the distribution
expected under the neutral model. The test compares the observed F
with the distribution of values expected in a neutral sample with the
same number of alleles and sample size. The homozygosity test was
applied using the exact test described by Slatkin (75).

Haplotype frequencies and linkage disequilibrium
estimation

Two- and threelocus HFs were estimated via the expectation—
maximization (EM) algorithm (72) within a module of pyrop (69, 70).
Deviations from random association of alleles at two loci were calculated
for each haplotype (D;; = HF;; — pg;). To account for differing AFs at the
loci, Lewontin’s (1964) normalized disequilibrium value, also referred to
as the relative normalized A-value, was used (D’;; = Djj/Diay)-

Overall LD was estimated using three different approaches. The
overall D’ statistic described by Hedrick (1987) was computed by
summing the absolute value of the D’; over all haplotypes in a
multi-allelic two-locus system, using the products of AFs at the loci

as weights (69). The significance of overall LD between two loci was
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tested using the permutation distribution of the likelihood ratio test
(Excoffier and Slatkin 1995).

A second measurement, W, also known as Cramer’s V statistic
(Cramer 1946), was also used to measure global LD (69).

We developed an additional statistic, the average positive relative
A-value (APRDV), to measure the strength of the associations
between alleles at two different loci. This measure gives the average
of the positive normalized disequilibrium values (relative delta
values). The APRDV is the sum of the frequency-weighted D’;; values
over the set of haplotypes that have positive disequilibrium coeffi-
cients (Le. D';; > 0). For this statistic, the HFs are used as weights.

APRDV = ) " HF;D;.
D;>0

The APRDYV statistic ranges from 0 to 1, reaching its maximum if
all haplotypes for a pair of loci had absolute associations (D';;=1).
APRDV will be zero if there were no LDs between all pairs of alleles
D' ;=0).

The statistical significance of the LD between each pair of alleles
of different loci was evaluated using Mickey’s formula (76):

X2 =

4n {HF(Z';') - GF(i)GFU)Z}
GF()GF(j)[2 — GF(1)[2 — GF(j)]]

{1 . [HFG) — GE()GF()] r
21— GF@)][ — GF()]| -

Genetic distances between populations

Genetic distances (d) were estimated using the definition given by
Cavalli-Sforza and Bodmer (77)

dip =\1= i\/PijPi-

where d; 1, is the distance between population j and population & and
7,7 is the AF of allele 7 in population j. Genetic distance estimates the
lack of overlap between alleles at each locus from two different

populations.

Results

Among the 852 participants from five African sub-Saharan popula-
tions, we identified 45 HLA-A alleles, 73 HLA-B alleles, and 30 HLA-
C alleles. The number of alleles found in each population ranged from
20 to 35 for HLA-A, from 30 to 51 for HLA-B, and from 13 to 25 for
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Heterozygosity at the HLA-A, HLA-B, and HLA-C loci in five African groups

Ethnic group Number of subjects®

HLA-A
Kenyan Nandi 241 28
Kenyan Luo 265 30
Malians 138 21
Ugandans 163 35°
Zambians 43 20
HLA-B
Kenyan Nandi 240 39
Kenyan Luo 265 47
Malians 138 31
Ugandans 161 51°
Zambians 44 30
HLA-C
Kenyan Nandi 240 21
Kenyan Luo 265 22
Malians 129 19
Ugandans 163 25°
Zambians 45 13°

Number of alleles®

Observed heterozygosity® Expected HW heterozygosityd

0.90 0.93
0.95 0.94
0.91 0.90
0.91 0.93
0.88 0.90
0.95 0.95
0.94 0.94
0.95 0.92
0.95 0.97
0.95 0.95
0.88 0.89
0.89 0.91
0.88 0.84
0.91 0.92
0.89 0.90

HLA, human leukocyte antigen; HW, Hardy-Weinberg.

“The number of subjects studied (n).

PThe number of alleles identified (k).

°The observed heterozygosity is obtained by direct counting.

The expected value is calculated under the assumption of HW equilibrium.

At the four-digit level, there was one allele less (HW and the Ewen-Watterson neutrality testing were carried out on this smaller number).

Table 1

HLA-C (Table 1). The smallest and largest number of alleles at each
of these class I loci was consistently observed in the Zambian and
Ugandan populations, respectively. These observations may be
related to the small sample size collected from the former population,
while the age of the population or/and genetic admixture may explain
the allelic diversity observed in the latter (see below).

Hardy-Weinberg equilibrium and high frequency of
heterozygous genotypes at all the HLA class | loci

The overall distribution of genotypes at each of the HLA class I loci
did not show significant deviations from those expected under HWP
(Table 1). All loci displayed relatively higher levels of heterozygosity
that ranged from 0.875 (HLA-C locus in Malians) to above 0.95 (HLA-
B locus in Nandi from Kenya, Ugandans, and Zambians). As
observed in Caucasian and native American populations (53-57, 63)
the HLA-B locus has the largest number of alleles and the highest
frequencies of heterozygous genotypes. Testing by %2 of overall
deviation from HW, all heterozygotes, heterozygotes by a specific

allele, and common genotypes showed no evidence of significant
deviations.

For all population and loci, the homozygosity F statistic was less
than that expected under neutrality. Each of the three loci had at least
two populations where the AF distributions significantly differed
from neutrality in the direction of balancing selection (Table2).
Interestingly, because of the high frequency of A*3002 in Zambians
and Cw*1601 in Malians (see below, Tables 3 and 5), the AF distribu-
tions for HLA-A and HLA-C in Zambians and Malians, respectively,
are virtually identical to those expected under neutrality.

The AFs of HLA-A, HLA-B and, HLA-C alleles are summarized in
Tables 3, 4, and 5, respectively. To compare the population distribu-
tion of alleles of the same locus in different populations, we sorted the
alleles in decreasing order of frequencies and plotted their cumulative
frequencies and the corresponding number of alleles. Graphical repre-
sentations of allele distributions for HLA-A, HLA-B, and HLA-C loci
are shown in Fig. 1(A), (B), and (C), respectively. Figure 1(A) shows
the distribution of HLA-A alleles in the five populations. It can be
seen that the curves corresponding to the distributions of alleles of
HLA-A in Zambians and Malians virtually overlap in all points

297

Tissue Antigens 2004: 63: 293-325



Cao et al : Allele and haplotype frequencies of HLA-A, HLA-B, and HLA-C loci in sub-Saharan populations

Homozygosity test of neutrality at HLA-A, HLA-B, and HLA-C loci in five African groups

Slatkin’s implementation of EW homozygote test of neutrality

Ethnic Group Number of Chromosome (2n) Number of alleles Observed?® Expected® Pvalue of F°
HLA-A
Kenyan Nandi 482 28 0.073 0.134 0.009
Kenyan Luo 530 30 0.060 0.127 0.001
Malians 276 21 0.107 0.161 NS
Ugandans 326 35¢ 0.068 0.097 NS
Zambians 86 20 0.112 0.118 NS
HLA-B
Kenyan Nandi 480 39 0.054 0.092 0.012
Kenyan Luo 530 47 0.057 0.076 NS
Malians 276 31 0.088 0.103 NS
Ugandans 322 519 0.037 0.059 0.003
Zambians 88 30 0.059 0.069 NS
HLA-C
Kenyan Nandi 480 21 0.113 0.183 NS
Kenyan Luo 530 22 0.098 0.177 0.025
Malians 258 19 0.160 0.176 NS
Ugandans 326 25¢ 0.087 0.145 NS
Zambians 90 13¢ 0.106 0.219 0.001

HLA, human leukocyte antigen; EW, Ewen-Watterson; NS, not significant.
°The observed homozygosity H statistic is the EW test of neutrality.

"The expected homozygosity under neutrality is that obtained from the Ewens neutrality sampling formula for the same 2n and k as observed in the sample.
°The Pvalue is one-sided; significant observed F-value less than expected is indicative of balancing selection.

9At the four-digit level there was one allele less.

Table2

below the cumulative frequency of 0.80. The curves corresponding to
both Kenyan population and Ugandans are shifted to the right, and
these indicate that more alleles are required to cover the same
combined cumulative frequency. This observation also indicates
that the A locus is more diverse in Kenyans and Ugandans, when
compared with Zambians and Malians. Figure 1(B) shows that fewer
HLA-B alleles in Malians cover the same proportion of alleles (cumu-
lative frequency), when compared with those in other populations,
indicating less diversity for this locus in this population. Both
Kenyan populations at all loci and the Zambians at HLA-B and
HLA-C present intermediate ranges of diversity. The HLA-B locus
appears to be extremely diverse in Ugandans. Figure 1(C) shows a
less diverse distribution of HLA-C alleles in Malians than in the other
groups.

Population distribution of HLA-A alleles

Up to 12 HLA-A allelic lineages have been defined so far in humans
(18, 66-68). Alleles of each of them were observed in the five popula-
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tions analyzed in the present study. The lineages A*01/36, A*02,
A*03, A*25/26/34/43/66, A*29, A*30, A*32/74, A*31/33, and A*68/69
were present with multiple alleles. In some populations, there were at
least two alleles of the same family that we found with frequencies of
similar magnitude (Table3). Examples of balanced frequencies of
multiple alleles were those of A*02 subtypes in Nandi and the
subtypes of A*30 (3001 and 3002) in most of the populations.
Table 3 also shows that 25 of the 45 HLA-A alleles identified in
this study were present in three or more populations. The alleles
found in multiple populations, when combined, account for a large
proportion of the HLA-A alleles of each population (sum of AFs of
shared allele was 0.969 in Nandi, 0.942 in Luo, 0.989 in Malians, 0.914
in Ugandans, and 0.977 in Zambians). Despite the sharing of alleles,
there are significant differences in the distributions of these alleles in
each group (see below, analysis of genetic distances). Both Kenyan
populations show similarities in the allele distributions, because there is
not a single predominant HLA-A allele, and the nine most frequent alleles
have frequencies ranging from 0.118 to 0.050. Among these alleles,
A*0201g, A*0101g, A*6802, A*2301;, A*6601, and A*2902 are present
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Allele frequencies for HLA-A in five African populations

HLA-A Kenyan Nandi Kenyan Luo Malians Ugandans Zambians Zulu ([51]) Cameroon ([47]) African specific
A*0101° 0.1183° 0.0736° 0.0073 0.0828° 0.0349 0.0400 0.0110

A*0102 0.0270 0.0038 0.0109 0.0031 Yes
A*0103 0.0166

A*0201° 0.1183° 0.1151° 0.0833° 0.1841° 0.1279° 0.0250 0.0710°

A*0202 0.0664° 0.0302 0.0761° 0.0337 0.0233 0.0350 0.0820° Yes
A*0204 0.0060

A*0205 0.0871° 0.0264 0.0217 0.0215 0.0550° 0.0220

A*0206 0.0031 0.0116

A*0211 0.0060

A*0214 0.0083 0.0151 0.0061 0.0116 0.0060 Yes
A*0217 0.0036

A*0225 0.0038 Yes
A*0301 0.0311 0.0359 0.0435¢ 0.0552° 0.0581° 0.0600° 0.0830°

A*0302 0.0031

A*1101 0.0429¢

A*2301° 0.0705° 0.0887° 0.2283° 0.0675° 0.0814° 0.1000° 0.1870°

A*2402° 0.0104 0.0057 0.0429¢ 0.0100 0.0050

A*2403° 0.0061

A*2406 0.0036

A*2413 0.0036

A*2501 0.0123

A*2601 0.0083 0.0057 0.0153 0.0116 0.0100 0.0170

A*2608 0.0061

A*2612 0.0019 0.0060 Yes
A*2901 0.0125 0.0113 0.0061 0.0150

A*2902 0.0477¢ 0.0528° 0.0326 0.0307 0.0581° 0.1100° 0.1040°

A*3001 0.0477¢ 0.0642° 0.1413 0.0307 0.1395° 0.0950° 0.0550°

A*3002 0.0373 0.0585° 0.0399 0.0399 0.2326° 0.0850° 0.0600°

A*3003 0.0110

A*3004 0.0042 0.0132 0.0150 0.0110 Yes
A*3006 0.0060

A*3101 0.0042 0.0132 0.0245 0.0349 0.0050 0.0110

A*3103 0.0062 0.0076

A*3104 0.0031 Yes
A*3201 0.0187 0.0264 0.0073 0.0215 0.0250 0.0110

A*3301 0.0021 0.0132 0.0181 0.0153 0.0116

A*3303 0.0021 0.0094 0.0942° 0.0307 0.0050 0.0280

A*3402 0.0498¢ 0.0264 0.0362 0.0276 0.0116 0.0550° 0.0220 Yes
A*3601 0.0125 0.0302 0.0123 0.0349 0.0220 Yes
A*4301 0.0116 0.0300 Yes
A*6601 0.0498¢ 0.0679° 0.0276 0.0116 0.0200 0.0600°

A*6602 0.0042 0.0094 0.0150 0.0110 Yes
A*6801° 0.0062 0.0151 0.0362 0.0276 0.0300 0.0060

Table3
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Continued

HLA-A Kenyan Nandi Kenyan Luo Malians Ugandans Zambians Zulu ([51]) Cameroon ([47]) African specific
A*6802 0.1162° 0.0755¢ 0.0616° 0.0522° 0.0465° 0.0950° 0.0280

A*6901 0.0031 0.0060

A*7401° 0.0166 0.0717¢ 0.0362 0.0522° 0.0233 0.0650° 0.0500° Yes

A*7403 0.0283 0.0031 Yes

A*8001 0.0145 0.0031 0.0233 Yes

A-2601V" 0.0031

2n 482 530 276 326 86 200 182

HLA, human leukocyte antigen.
°AF >0.15.

0.10 < AF<0.15.

°0.05 <AF<0.10.

90.04 < AF < 0.05.

°A group of alleles which were not distinguished in this study. These alleles of the group only differ by nucleotide substitution, outside exons 2 and 3 (Materials and methods).

A new allele, related in sequence to A*2601; however, it has not been officially named.

Table 3

in both Kenyan groups with relative high frequencies. The alleles A*0202,
A*0205, A*3402, A*7401;, A*3001, and A*3002 are present with
relatively high frequency in one population but with low frequency in
the other Kenyan population. Because of the relatively even frequencies of
several HLA-A alleles, both Kenyan populations have low frequencies of
homozygous genotypes, and their distributions significantly depart from
the expectations under the theory of neutral distribution of alleles
(Table 2). A similar observation was made in another study of the Zulu
population (51, 52) that showed several alleles with intermediate fre-
quencies (A*2902, AF =0.11; A*2301, AF=0.1; A*3001, AF = 0.095;
A*6802, AF = 0.095; and A*3002, AF = 0.085).

In contrast to both Kenyan groups, the HLA-A locus presents a
few predominant alleles in Ugandans, Zambians, and Malians. The
frequencies of a few predominant alleles contrast with those of the
remaining alleles at the locus. The most frequent allele in each of
these populations was almost two times more frequent than the
second most frequent one. The alleles with the highest frequencies
observed in these populations are A*2301g and A*3001 in Malians,
A*0201 in Ugandans, and A*3002 followed by A*3001 and A*0201¢
in Zambians (Table 3). In a population study of Cameroonians (47),
the most frequent allele observed was A*2301 (AF =0.187), which
also showed a contrasting frequency with the next most frequent
allele (A*2902 and AF = 0.104) (47).

In this study, we identified several alleles that appear to be
specific to African populations. The alleles A*0202, A*3601,
A*3402, and A*7401; have intermediate frequencies in all African
populations and are not found in other populations studied so far
(47, 48, 51-63). Other alleles found to be specific only to some
African populations and observed at lower frequencies were
A*0102, A*0214, A*0225, A*4301, A*6602, A*7403, and A*8001.
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A new allele, provisionally named A-2601 V, was identified in one

Ugandan subject.

Population distribution of HLA-B alleles

As observed with HLA-A, there were many HLA-B alleles identified
in all the populations described in this study. These included 17
alleles present in all populations, nine alleles found in four popula-
tions, and six additional alleles found in three populations. These 32
alleles, when combined, account for 77-82% of the AFs of Ugandans
and Malians and as much as 92% of the AFs of both Kenyan
populations and Zambians. Examples of all 20 allelic lineages defined
for the HLA-B locus in humans (18, 66-68) were found in each of the
African populations described here.

As has been observed in many populations from around the world,
there are no predominant HLA-B alleles in the populations included
in the present study. Several intermediate-frequency alleles were
found in each of the African populations. Ugandans present many
intermediate- and low-frequency alleles, with only three alleles
(B*1503, B*0801, and B*0702) having frequencies higher than 0.05.
The other four populations present five to eight alleles with inter-
mediate frequencies ranging from 0.05 to 0.16. The alleles, B*¥1503,
B*4201, and B*5301, that are not common in Ugandans are found
among the top five highest frequency alleles in the other four popula-
tions. B*4501 is found among the most frequent alleles in three
populations.

As observed for the HLA-A, both Kenyan populations presented
similarities in the distribution of HLA-B alleles. In addition to the
four HLA-B alleles mentioned above, both Kenyan populations pres-
ented two subtypes of B58, B¥5801 and B*5802, among the most
frequent alleles. Neither of the subtypes of B58 ranks among the
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Allele frequencies for HLA-B in five African populations

HLA-B Kenyan Nandi Kenyan Luo Malians Ugandans Zambians Zulu ([52]) Cameroon ([47]) African specific
B*0702 0.0104 0.0245¢° 0.0580° 0.0590° 0.0455¢ 0.0450¢ 0.0600°

B*0705° 0.0021 0.0038 0.0114 0.0200

B*0801 0.0458¢ 0.0302¢ 0.0073 0.0621° 0.0341¢ 0.0750° 0.0540°

B*1302 0.0229¢ 0.0113 0.0036 0.0280¢ 0.0114 0.0150 0.0270¢

B*1303 0.0083 Yes
B*1401 0.0021 0.0113 0.0109 0.0155 0.0455° 0.0400¢ 0.0110

B*1402 0.0063 0.0434° 0.0109 0.0373¢ 0.0341° 0.0250¢ 0.0050

B*1403 0.0019 0.0160 Yes
B*1501 0.0248¢ 0.0227¢ 0.0050 0.0110

B*1503 0.0792¢ 0.0887° 0.0688° 0.0621° 0.0568° 0.0950° 0.0490¢ Yes
B*1509 0.0021 0.0073

B*1510 0.0167 0.0359¢ 0.0217¢ 0.0248¢ 0.0455¢° 0.0850° 0.0110 Yes
B*1516 0.0104 0.0038 0.0109 0.0062 0.0050 0.0110 Yes
B*1517 0.0104 0.0132 0.0036 0.0031 0.0110

B*1518 0.0019 0.0036 0.0114

B*1531 0.0038 0.0062 Yes
B*1537 0.0019 Yes
B*1555 0.0031 Yes
B*1801° 0.0479° 0.0434¢° 0.0073 0.0497¢ 0.0341¢ 0.0200 0.0270¢

B*1803 0.0057 0.0031 0.0114

B*2703 0.0250¢ 0.0076 0.0036 0.0062 0.0050 Yes
B*2705° 0.0019 0.0124

B*3501° 0.0333¢ 0.0340° 0.1268° 0.0373¢ 0.0227° 0.0400¢ 0.0710°

B*3502 0.0063 0.0155

B*3503 0.0062

B*3508 0.0062

B*3701 0.0083 0.0031 0.0050

B*3801 0.0062

B*3901 0.0057 0.0155

B*3903 0.0057

B*3910 0.0104 0.0113 0.0073 0.0150 0.0050 Yes
B*4001 0.0155 0.0227¢

B*4002 0.0155

B*4012 0.0125 0.0113 Yes
B*4016 0.0038 0.0110 Yes
B*4101 0.0313¢ 0.0113 0.0093 0.0114 0.0050 0.0050

B*4102 0.0063 0.0057 0.0073 0.0031 0.0227¢ 0.0050

B*4201 0.0688° 0.0774° 0.1377° 0.0124 0.1477° 0.1200° 0.0490¢ Yes
B*4202 0.0038 0.0093 Yes
B*4402° 0.0342¢

B*4403 0.0083 0.0170 0.0145 0.0466" 0.0227¢ 0.1050° 0.0650°

B*4405 0.0114

B*4407 0.0220¢

Table 4
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Continued

HLA-B Kenyan Nandi Kenyan Luo Malians Ugandans Zambians Zulu ([52]) Cameroon ([47]) African specific
B*4415 0.0063 0.0019

B*4501 0.0566° 0.0660° 0.0616° 0.0280¢ 0.0455° 0.0350¢ 0.0330¢

B*4701 0.0125 0.0114 0.0110

B*4702 0.0019 0.0031

B*4703 0.0021 0.0132 0.0031 0.0050 Yes
B*4901 0.0458¢ 0.0038 0.0254¢ 0.0373¢ 0.0114 0.0100 0.0540°

B*5001 0.0019 0.0109 0.0050

B*5101° 0.0417¢ 0.0226° 0.0254¢ 0.0497¢ 0.0568° 0.0160

B*5108 0.0031

B*5201 0.0833° 0.0155

B*5301 0.0875° 0.0679° 0.15942 0.0497¢ 0.1023° 0.0150 0.1090°

B*5501 0.0124

B*5601 0.0021 0.0073 0.0031

B*5701 0.0083 0.0076 0.0311¢ 0.0114

B*5702 0.0042 0.0057 0.0109 0.0227¢ 0.0100 Yes
B*5703 0.0292¢ 0.0094 0.0073 0.0124 0.0568° 0.0400¢ 0.0270° Yes
B*5801 0.1000° 0.0698° 0.0217¢ 0.0404° 0.0400¢ 0.0540°

B*5802 0.0854° 0.1245° 0.0435¢ 0.0227¢ 0.0800° 0.1090° Yes
B*6701 0.0050

B*7301 0.0021 0.0019

B*7801 0.0688° Yes
B*8101 0.0396¢ 0.0623° 0.0093 0.0227¢ 0.0350¢ 0.0440° Yes
B*8201 0.0021 0.0189 0.0031 0.0050 Yes
B*13und" 0.0114

B*15und" 0.0062

B*35und" 0.0036

B*39und" 0.0031

B*40und" 0.0031

B-0702 V& 0.0031

B-5104 V& 0.0036

2n 480 530 276 322 88 200 184

HLA, human leukocyte antigen.

°AF>0.15.

0.10 <AF<0.15.

°0.05AF<0.10.

90.02 < AF<0.05.

A group of alleles which were not distinguished in this study. These alleles of the group only differ by nucleotide substitution, outside exons 2 and 3 (Materials and methods).
Undefined alleles from ambiguous genotypes including only alleles of the B*13, B*15, B*39, and B*40 groups.

ENew alleles related in sequence to B¥0702 and B*5104. These alleles have not received official designation.

Table 4

higher frequency alleles in Malians or Zambians. The latter popula- In this study, we were able to categorize alleles that seem to be
tions show alleles of B5-B35 groups (B*3501, B*7801, and B*5201 in ~ found strictly in African populations. These included (i) five alleles
Malians and B*5101¢ in Zambians), B¥0702 (in Malians), and B¥5703  (B*1503, B*4201, B*5301, B*5802, and B*5703) that were observed
(in Zambians) among the most frequent ones. with high or intermediate frequencies in most populations, (i) five
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Allele frequencies for HLA-C in five African populations

HLA-C Kenyan Nandi Kenyan Luo Malians Ugandans Zambians Mandenka ([49]) African specific
Cw*0102 0.0021 0.0078 0.0245¢ 0.0312¢
Cw*0202 0.0875° 0.1000° 0.0543° 0.0920° 0.1000° 0.0711°
Cw*0302 0.0458¢ 0.0321¢ 0.0184 0.0671°
Cw*0303 0.0019 0.0116 0.0368¢ 0.0222¢

Cw*0304 0.0417¢ 0.0472¢ 0.0155 0.0491¢ 0.0667° 0.0743°
Cw*0305 0.0031

Cw*0401° 0.1146° 0.1321° 0.2132° 0.1411° 0.1444° 0.1946°
Cw*0404 0.0125 0.0076 0.0039

Cw*0501° 0.0167 0.0113 0.0078 0.0399¢ 0.0333¢
Cw*0602 0.2167° 0.1868° 0.0543° 0.1166° 0.0333¢ 0.0394¢
Cw*0701° 0.1521° 0.1170° 0.0620° 0.1595? 0.1222° 0.0869°
Cw*0702 0.0083 0.0377¢ 0.0465° 0.0614° 0.0444° 0.0212°
Cw*0704° 0.0646° 0.0509° 0.0184 0.0222¢

Cw*0705 0.0076

Cw*0801 0.0061

Cw*0802 0.0063 0.0509° 0.0233¢ 0.0614° 0.0667°

Cw*0804 0.0146 0.0076 0.0078 Yes
Cw*0802/04 0.0281¢
Cw*1202 0.0078 0.0092 0.0182
Cw*1203 0.0104 0.0113 0.0194 0.0368¢ 0.0030
Cw*1402 0.0104 0.0038 0.0194 0.0153

Cw*1403 0.0061
Cw*1502 0.0063 0.0019 0.0123 0.0343¢
Cw*1503 0.0031

Cw*1505 0.0083 0.0057 0.0031

Cw*1601 0.0438¢ 0.0453¢ 0.2830° 0.0491¢ 0.1000° 0.1681°
Cw*1602 0.0125 0.0057 0.0031

Cw*1604 0.0039

Cw*1701° 0.1021° 0.0868° 0.1434° 0.0276" 0.1556° 0.0485°
Cw*1801° 0.0229° 0.0491° 0.0155 0.0092 0.1000° 0.0250° Yes
Cw*03und 0.0122
cw*null 0.0374°
Cw-0304 Vf 0.0124 0.0222¢°

2n 480 530 258 326 90 330

HLA, human leukocyte antigen.
3AF > 0.15.

0.10 <AF<0.15.

°0.05 <AF<0.10.

90.02 < AF < 0.05.

A group of alleles, which were not distinguished in this study. These alleles of the group only differ by nucleotide substitution, outside exons 2 and 3 (Materials and methods).

A new allele variant of Cw*030401, which has not been officially designated.

Table 5

alleles (B*1510, B*1516, B*5702, B*8101, and B*7801) found in
various populations with intermediate frequencies, (iii) four alleles
(B*1803, B*2703, B*3910, and B*8201) found in several populations
with relatively low frequency, and (iv) 12 additional alleles that had

low frequencies and were found in one or two populations. In add-

ition to the previously described alleles, we identified two novel
alleles, provisionally designated B-5104V and B-0702V. These were

identified in participants from Mali and Uganda, respectively.
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Fig. 1. Population coverage by human leukocyte
antigen (HLA) alleles in five Africans populations.
Thealleles of HLA-A (A), HLA-B (B), and HLA-C (C) were sorted
according to their allele frequencies in descending order;
cumulative frequencies were plotted according the number of
alleles. (A) Population coverage at HLA-A; (B) Population
coverage at HLA-B; (C) Population coverage at HLA-C.

Despite the large number of shared alleles among various popula-

Ten HLA-C alleles were present in all African populations. These  tions and the observation that these cover a large proportion of the
were Cw*0202, Cw*0304, Cw*0401¢, Cw*0602, Cw*0701¢, Cw*0702,  allele pool of each population, the African populations have signifi-
Cw*0802, Cw*1601, Cw*170l;, and Cw*1801lg. The combined cant differences in the individual AFs. For example, Cw*0602 has a
frequencies of these alleles account for approximately 76% of the  relatively low frequency in Zambians (0.03), intermediate values in
HLA-C genes in Ugandans, 79% in the Nandi, 85% in the Luo, 91%  Ugandans and Malians, and high frequencies in both Kenyan popu-
in Malians, and 93% in Zambians. Five additional alleles were found ~ lations. Cw*1701¢ has low frequency in Ugandans, intermediate
in four of the five populations, and these widely distributed alleles,  frequencies in both Kenyan populations, and high frequencies in
when combined, account for more than 90% of the allele pool of each ~ Zambians and Malians. Perhaps, one of the most significant fluctua-
population (Table 5). tions is the one observed for Cw*1601 that is found with relatively
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low or intermediate frequency in most populations (AF ranging from
0.04 to 0.10) and reaches a striking high frequency in Malians
(AF = 0.283), which results in nearly half of the population having
at least one dose of this allele.

As discussed above, there are differences in the distribution
modality from population to population. In Malians, the three most
frequent and highly predominant alleles are Cw*1601, Cw*0401,
and Cw*1701g, and the combined frequencies account for more
than 64% of the HLA-C allele pool. The frequency of these alleles
strikingly contrasts with that of the remaining alleles. The fourth
most frequent allele, Cw*0701, is present with a frequency less than
one-half of the preceding allele (Cw*1701). The unequal distribution
of alleles results in a higher frequency of subjects homozygous for
the three predominant HLA-C alleles with high frequency. This
distribution of genotypes is close to the one expected under the
neutrality theory (Table2). In contrast, the Ugandans, Zambians,
and Luo have several HLA-C alleles with intermediate frequencies,
and none of them showed a single predominant allele at this locus.

The allele Cw*1801¢ was found in all African populations, with
frequencies ranging from as low as <0.01 in Ugandans to more than
a 10 times higher frequency in Zambians (AF =0.100). This allele
appears to be one of the few alleles of HLA-C that is exclusively
found in Africans. This allele is found forming haplotypes with the
African-specific alleles B*8101, 5702, and 5703. Interestingly,
Cw*0804 is another African-specific allele that also was found in
association with B*8101 (see below). Two other African-specific
alleles with silent mutations (Cw*020204 and Cw*030402) also
appear associated with the African-specific HLA-B alleles B*1503
and B*1510, respectively.

The frequencies of alleles defined by silent mutations are not
individually listed in Table5 and are collapsed and listed as alleles
encoding the same protein sequence. Even though we could not
assign alleles differing by silent substitutions consistently, in those
samples in which the assignment of silent substitution was possible,
we observed invariably tight and absolute associations of HLA-C
alleles with alleles of HLA-B. This observation indicates that the
silent substitutions may be used as markers of evolutionary events.

Genetic distances estimated on the basis of distributions of
alleles of HLA class | loci

We compared the frequencies of alleles at the class I loci and calcu-
lated genetic distances (Table6) between the African populations
described in this study and in other studies including the Zulu tribe
from South Africa (A and B loci) (51-52), the population of Cameroon
(A and B loci) (47), and the Mandenka tribe from Senegal (C locus)

(49). We also compared the genetic distances with an admixed popu-
lation of Kenyans from another study (A and B loci) (48). This
admixed population from Kenya (48) showed systematically larger
genetic distances with all populations than those observed for the
comparisons made with either the Luo or the Nandi Kenyan popula-
tions described in the present study. It is possible that the Kenyan
populations described here are more homogeneous and, therefore,
provide a more accurate estimation of the genetic relationships with
other sub-Saharan populations.

Genetic distances with African Americans (63) and Caucasians from
US (63) were calculated as well and served as references. Table6
summarizes the genetic distances calculated from the distribution of
alleles at the HLA-A, HLA-B, and HLA-C loci, respectively. It was
observed that the closest genetic distances between populations were
those between the Luo and Nandi groups. The genetic distances calcu-
lated on the basis of the distribution of HLA-A and HLA-B alleles show
that the Luo population from Kenya had either the lowest (HLA-A and
some HLA-B) or second lowest distance (some HLA-B) with each sub-
Saharan African population, with the exception of the Malians. For each
African population, both the Malians and the Zambians consistently
showed the largest or the second largest genetic distances. The Malians
appeared to have the closest distances with Cameroonians (A and B
loci), Zambians (B and C loci), Zulus (A locus), and Mandenkans
(C locus). Zambians had the closest distances with the Luo population
(A and C loci) and the Zulus (B locus). The Ugandans appeared to
cluster closer to the two Kenyan populations.

The magnitude of the genetic distances was greater with calcula-
tions made using the distribution of HLA-B alleles. Genetic distance
values obtained with HLA-A AF data were higher than those
obtained with HLA-C frequencies. If neighboring populations are
not considered (Ugandans are close to Kenyans, and Zambians
appear close to both Kenyans and Zulus), it appears that the genetic
distances between populations that are geographically distant have
similar magnitudes.

Interestingly, each African population with the exception of the
Zulus appears to have close genetic distances with the African
Americans. The distances with African Americans ranked either
first or second, when HLA-A and -C (Table6) allele distributions
were used for the calculations of genetic distances, and were first to
third, when the distances were calculated on the basis of the distribu-
tion of HLA-B alleles (Table 6). The Ugandan population shows the
closest distance with the African American population; in addition,
this population from Central Africa appears to be closer to Cauca-
sians from US, while the other populations from continental Africa
present little overlap with Caucasians in the distribution of alleles of
HLA-A and B loci (with genetic distances ranging from d=0.56 to
d=0.74).
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Genetic distances between eight African populations estimated by the distribution of HLA-A, HLA-B, and HLA-C alleles

Ethnic group

Kenyan Nandi® Kenyan Luo® Malian® Ugandan® Zambian® Zulu® ([51]) Cameroonian® ([47]) Kenyans® ([48]) Mandenka' ([49]) AFAM® Caucasians®

HLA-A
Kenyan Nandi O 0.27¢ 0.47 0.36" 0.48 0.35
Kenyan Luo  0.27% 0 0.45  0.32%¢ 0.418 0.33%
Malian 0.47 0.45 0 0.46 0.49 0.42
Ugandan 0.36 0.32" 0.46 O 0.46 0.43
Zambian 0.48 0.41 0.49 0.46 0 0.45
Zulu 0.35" 0.33 0.42"  0.43 0.45 0
Cameroonian 0.39 0.33 0.41%  0.41 0.43" 0.35"
Kenyans 0.39 0.33 0.48  0.40 0.44 0.41
AFAM 0.33 0.30 0.37 0.23 0.42 0.36
CAU 0.56 0.56 0.68 0.37 0.63 0.62
HLA-B

Kenyan Nandi O 0.308 0.54  0.46 0.47 0.44
Kenyan Luo  0.30¢ 0 0.55  0.45°% 0.45" 0.378
Malian 0.54 0.55 0 0.58 0.52 0.56
Ugandan 0.46 0.45 058 0 0.49 0.50
Zambian 0.47 0.45 0.52¢  0.49 0 0.42
Zulu 0.44 0.37" 0.56  0.50 0.42¢ 0
Cameroonian 0.34" 0.37 0.53"  0.45" 0.48 0.39"
Kenyans 0.33 0.36 0.53  0.48 0.48 0.43
AFAM 0.43 0.41 0.44 0.36 0.44 0.44
CAU 0.72 0.72 0.72  0.46 0.66 0.72
HLA-C

Kenyan Nandi O 0.168 0.44 0.33" 0.41

Kenyan Luo  0.16% 0 0.41  0.31% 0.338

Malian 0.44 0.41 0 0.42 0.35"

Ugandan 0.33" 0.31" 042 0 0.40

Zambian 0.41 0.33 0.35¢  0.40 0

Mandenka  0.42 0.41 0.38" 0.38 0.44

AFAM 0.29 0.21 0.33 0.26 0.33

CAU 0.44 0.42 0.48 0.28 0.52

0.39 0.39" 0.33 0.56
0.33¢ 0.33¢8 0.30 0.56
0.41 0.48 0.37 0.68
0.41 0.40 0.23 0.37
0.43 0.44 0.42 0.63
0.35" 0.41 0.36 0.62
0 0.41 0.33 0.62
0.41 0 0.39 0.64
0.33 0.39 0 0.46
0.62 0.64 0.46 0
0.35¢8 0.33¢8 0.43 0.72
0.37" 0.36" 0.41 0.72
0.53 0.53 0.44 0.72
0.45 0.48 0.36  0.46
0.48 0.48 0.44 0.66
0.39 0.43 0.44 0.72
0 0.39 0.40 0.68
0.39 0 0.46 0.74
0.40 0.46 0 0.54
0.68 0.74 054 0
0.42 0.29 0.44
0.41 0.21 0.42
0.38" 0.33 0.48
0.388% 0.26 0.28
0.44 0.33 0.52
0 0.36  0.47
0.36 0 0.34
0.47 034 0

AFAM, African Americans. HLA, human leukocyte antigen.
°The data from this study.

bedfiGenetic distances calculated from published data;
®Data from our previous study (63).

€The population from each column with the lowest distance.
"The second lowest distance between two populations.

Table 6

The diversification of allele families does not contribute
significantly to the genetic differentiation between African
populations

In contrast to HLA-A, in which we observed multiple HLA-A alleles of the
same lineage with similar frequencies in the same population, HLA-B
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showed less examples of balanced diversity within the same group.
Strikingly, only a few families of B-locus sequence-related alleles showed
the occurrence of multiple alleles in the same population with balanced
frequencies. Only the groups of alleles associated with the serotypes B70
(B*1503/B*1510), B63 (B*1516/B*1517), B57, and B58 presented more
than one allele with intermediate frequencies simultaneously in the same



Cao et al : Allele and haplotype frequencies of HLA-A, HLA-B, and HLA-C loci in sub-Saharan populations

population (Table4). Similarly, HLA-C showed only two allelic groups,
Cw*03 and Cw*07, that presented multiple alleles with balanced
frequencies in the same population (Table 5).

In order to evaluate whether genetic diversification by the gener-
ation of novel alleles made major contributions to the differentiation of
the African populations, we collapsed the AFs from all the subtypes
with first two identical digits into common groups (e.g., the AFs of the
B*07 subtypes, B*0702, B*0705¢, etc. were added up and provided the
estimation of AF of the B*07 group). Then we calculated the genetic
distances between populations, utilizing both the allelic level data and
broad grouping data. We observed that the genetic distances calculated
with allele level data (Table6) were not larger than 1.59 times of the
genetic distances calculated with the broad grouping data. The lowest
ratio was observed for the genetic distance between Zulus and Malians
with B-locus data (B-locus allele level, d = 0.56; B-locus broad grouping
level, d=0.51; ratio 1.09), and the highest ratio was observed for the
genetic distance between Ugandans and Nandi for HLA-C (C-locus allele
level, d=0.33; C-locus broad grouping data d=0.21; ratio 1.59). The
absolute contributions of alleles to genetic distances showed that the
highest increase was observed for the B-locus between Cameroonians
and Ugandans, in which the genetic distance calculated with broad
grouping data (d = 0.26) raised by 0.19, when estimated by the distribu-
tion of allele-level types (d=0.45; ratio 1.73). The increases between
allelic level data and broad grouping data in genetic distances between
African populations are not as remarkable as the ones observed
between other populations (50-63). The genetic distances between
American Indian populations increase remarkably from broad
grouping level (serologic-equivalent) to allele-level resolution. For
example, the genetic distance between the Wichi Indians from
Argentina and the Mixteco Indians from Mexico was raised dramat-
ically from 0.45 to 0.88 (ratio 1.96), when analyzing the distribution
of HLA-B alleles and broad groups. The differences in the contribu-
tions of alleles and groups to genetic distances are likely to be
related to the evolutionary histories of the HLA loci in different

continents.

Haplotypes formed by alleles of the HLA-A, HLA-B, and
HLA-C loci

A large number of HLA-A/B, HLA-B/C, HLA-A/C, and HLA-A/B/C
haplotypes were observed in each of the African populations
described in this study. There were examples of both, haplotypes
that are identified in all populations and population-specific haplo-
types. Most of the HLA-B/C haplotypes identified were observed in
more than one population.

HLA-B/C haplotypes

Most of the associations between alleles of the B and C loci were
strong; many pairs of HLA-B and HLA-C alleles had absolute (ie.,
D’;=1) or almost complete associations (Table?7). Significant LD
(P<0.001, P<0.01, or P<0.05) was observed for almost all
HLA-B/C haplotypes with frequencies higher than 0.01 (Table 7).

The overall analysis of the associations between alleles of HLA-B
and HLA-C suggests that in each African population, almost
invariably, each allele of the B-locus has predominant or absolute
associations with only one allele of the C-locus (Table 7). Some excep-
tions were observed, however, for B¥5301 (associated with Cw*0401¢
and Cw*0602 in Kenyans and Malians), B*4501 (associated with
Cw*1601 and Cw*0602 in both Kenyan groups and Ugandans),
B*1801; (associated with Cw*0501g, Cw*0704;, Cw*0701g, and
Cw*1203 in Ugandans), B*5101; (with variable associations
with Cw*1601, Cw*0202, Cw*1602, and Cw*1402 in various popu-
lations), B*5801 (associated with Cw*07015 and Cw*0302 in Ken-
yans and Ugandans), B*8101 (associated with Cw*0401g,
Cw*0804, and Cw*1801g in Kenyans), and B*3501¢ (associated
with Cw*0401g and Cw*1601 in Malians). Some B-locus alleles
showed associations with different HLA-C alleles in different
populations; for example, B¥5703 was associated with Cw*1801¢
in Zambians and with Cw*0701 in the Luo population.

In this study, 72 B/C haplotypes were identified (Table 7). Only five
B/C haplotypes were present in all the populations studied; the haplo-
types common to all populations include B*1503-Cw*0202, B*1510-
Cw*0304, B*4501-Cw*1601, B*5101g -Cw*1601, and B*5301-
Cw*0401g (Table7). Five additional B/C haplotypes were observed in
four populations: B*0702-Cw*0702, B*1402-Cw*0802, B*3501¢-
Cw*0401g, B*4201-Cw*1701;, and B*5801-Cw*0701g (Table?).
These 10 widely distributed haplotypes include almost all the high-
frequency haplotypes of all the African populations. The groups of the
most frequent B/C haplotypes of all populations are completed with the
inclusion of only a few additional population-specific haplotypes; these
include B*5802-Cw*0602 (in Kenyans and Ugandans), B*0801-
Cw*0701 (in Ugandans), and several haplotypes including Cw*1601
(B*5201-Cw*1601 and B*7801-Cw*1601 in Malians). The 58 remaining
sets of B/C haplotypes had intermediate or low frequencies (HF < 0.05).
The most frequent B/C haplotypes identified in each population con-
tained the most frequent HLA-B alleles of each population group.

Interestingly, we observed several high-frequency B/C haplo-
types that contained the allele Cw*1601 in Malians; the increased
frequency of several haplotypes containing this highly predomi-
nant HLA-C allele reinforces the hypothesis of the occurrence of
directional selection for this allele in this population from West
Africa.
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Common HLA-B/C haplotype frequencies in five African populations

Haplotype Kenyan Nandi (n=240) Kenyan Luo (h=265) Malians (n=129) Ugandans (n=161) Zambians (n=43)

HLAB HLAC HF® D' P HF® D' P HF® D P HF® D P HF® D P
0702 0702 0.0189 0.76 <0.001 0.0426° 0.91 <0.001 0.0559° 0.91 <0.001 0.0349° 0.77 <0.001
0801 0602 0.0104 0.01

0801 0701 0.0146 0.20 0.0528° 0.82 <0.001 0.0233° 0.64 <0.05
0801 0702 0.0151 0.48 <0.001

0801 0704 0.0167 0.32 <0.001 0.0151 0.47 <0.001

1302 0602 0.0146 0.54 <0.05 0.0076 0.59 <0.05 0.0218° 0.75 <0.001

1401 0202 0.0233" 0.46

1401 0802 0.0116 1.00 <0.001 0.0155 1.00 <0.001

1402 0802 0.0415° 0.95 <0.001 0.0116 1.00 <0.001 0.0373% 1.00 <0.001 0.0349° 1.00 <0.001
1501 0303 0.0124 0.48 <0.001

1503 0202 0.0604° 0.74 <0.001 0.0755° 0.86 <0.001 0.0504° 0.92 <0.001 0.0559° 0.89 <0.001 0.0349° 0.57 <0.01
1503 0401 0.0188 0.14 0.0113 0.00

1503 1202 0.0078 1.00 <0.001

1510 0304 0.0146 0.87 <0.001 0.0359° 1.00 <0.001 0.0116 0.74 <0.001 0.0217¢ 0.87 <0.001 0.0349° 0.74 <0.001
1516 1402 0.0104 1.00 <0.001 0.0078 0.71 <0.001

1517 1701 0.0075 0.53 <0.01

1801 0501 0.0125 0.74 <0.001 0.0078 1.00 <0.001 0.0093 0.19 <0.05

1801 0701 0.0076 0.06 0.0124 0.11

1801 0704 0.0313° 0.63 <0.001 0.0283° 0.63 <0.001 0.0124 0.66 <0.001

1801 1203 0.0124 0.30 <0.01

1801 1801 0.0233 0.65 <0.05
2703 0202 0.0250° 1.00 <0.001 0.0076 1.00 <0.001

2705 0102 0.0093 0.74 <0.001

3501 0401 0.0125 0.27 <0.05 0.0208° 0.55 <0.001 0.0773° 0.50 <0.001 0.0218° 0.52 <0.01

3501 0704 0.0104 0.25 <0.01

3501 0705 0.0076 1.00 <0.001

3501 1601 0.0429° 0.08

3502 0401 0.0155 1.00 <0.001

3901 1203 0.0124 0.79 <0.001

3910 1203 0.0104 1.00 <0.001 0.0094 0.83 <0.001 0.0078 1.00 <0.001

4001 0304 0.0155 1.00 <0.001 0.0233% 1.00 <0.01
4012 0404 0.0125 1.00 <0.001 0.0076 1.00 <0.001

4101 1701 0.0271% 0.85 <0.001 0.0094 0.81 <0.001

4201 1701 0.0688° 1.00 <0.001 0.0736° 0.92 <0.001 0.1395° 1.00 <0.001 0.1512* 1.00 <0.001
4402 0501 0.0217¢ 0.62 <0.001

4403 0303 0.0093 0.22 <0.05

4403 0401 0.0249° 0.46 <0.01

4403 0701 0.0233° 1.00 <0.01
4403 1203 0.0078 0.53 <0.001

4403 1601 0.0093 0.16

4501 0401 0.0076 —0.02

4501 0602 0.0375 0.57 <0.001 0.0302° 0.33 <0.01 0.0093 0.25

4501 1601 0.0146 0.29 <0.001 0.0283% 0.60 <0.001 0.0540° 0.83 <0.001 0.0186 0.65 <0.001 0.0465° 1.00 <0.001
4701 0602 0.0125 1.00 <0.01

4703 0701 0.0094 0.68 <0.001

Table7
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Continued

Haplotype Kenyan Nandi (n=240) Kenyan Luo (n=265) Malians (n=129) Ugandans (n=161) Zambians (n=43)

HLAB HLAC HF® D' P HFe D' P HFe D P HFe D' P HF® D P
4901 0701 0.0458% 1.00 <0.001 0.0233% 0.91 <0.001 0.0280¢ 0.70 <0.001

5001 0602 0.0078 0.70 <0.001

5101 1402 0.0078 0.39 <0.001

5101 0202 0.0124 0.17

5101 1601 0.0271% 0.63 <0.001 0.0170 0.74 <0.001 0.0194 0.67 <0.001 0.0093 0.15 0.0349° 0.57 <0.01
5101 1602 0.0125 1.00 <0.001

5201 1202 0.0093 1.00 <0.001

5201 1601 0.0853° 1.00 <0.001

5301 0304 0.0167 0.34 <0.001

5301 0401 0.0458% 0.48 <0.001 0.0491° 0.68 <0.001 0.1047° 0.56 <0.001 0.0404° 0.78 <0.001 0.1047° 1.00 <0.001
5301 0602 0.0187 0.00 0.0170 0.08 0.0388" 0.66 <0.001

5601 0102 0.0078 1.00 <0.001

5701 0701 0.0076 1.00 <0.001

5701 0602 0.0217¢ 0.66 <0.001

5702 1801 0.0116 1.00 <0.001 0.0233° 1.00 <0.01
5703 0701 0.0250° 0.83 <0.001

5703 1801 0.0581° 1.00 <0.001
5801 0302 0.0417° 0.90 <0.001 0.0132 0.37 <0.001 0.0093 0.49 <0.001

5801 0602 0.0167 -0.06

5801 0701 0.0417¢ 0.31 <0.001 0.0434° 0.59 <0.001 0.0194 0.89 0.0218° 0.45 <0.05

5802 0602 0.0854° 1.00 <0.001 0.1170° 0.93 <0.001 0.0435¢ 1.00 <0.001

7801 1601 0.0698° 1.00 <0.001

8101 0401 0.0170 0.16

8101 0704 0.0233% 1.00 <0.001
8101 0804 0.0146 1.00 <0.001 0.0076 1.00 <0.001

8101 1801 0.0146 0.62 <0.001 0.0321° 0.63 <0.001

8201 0302 0.0170 0.90 <0.001

HLA, human leukocyte antigen. HLA-B/C haplotypes with frequencies >0.007 (Kenyan Nandi, Kenyan Luo, Malians, and Ugandans) and >0.02 (Zambians) are shown.

°HF >0.15.

0.10 < HF < 0.15.

°0.05 <HF<0.10.

90.02 <HF < 0.05.

°HFs were calculated by maximum likelihood methods (Materials and methods).

Table 7

There were several examples of B-alleles shared by both African
and non-African populations. Some of these ‘universally distributed’
alleles form one or a few haplotypes that are also widely distri-
buted in other populations from different continents including
B*0801-Cw*0701g, B*18015-Cw*0501, B*1801-Cw*0701,
B*1801g- Cw*1203, B*5301-Cw*0401;, B*3501; -Cw*0401g and
B*5801-Cw*0302. In addition to these ‘universal’ or ‘out of Africa’
haplotypes, the same B-locus alleles form haplotypes that are only
found in African populations (B*08015-Cw*0704¢ in the Kenyans;
B*3501-Cw*1601 in Malians); and the haplotypes B*1801;-

Cw*0704¢, B*5301-Cw*0602, and B*5801-Cw*0701¢ are found in sev-
eral African populations reported in this study.

HLA-A/B haplotypes

The estimated HFs and the corresponding D’;; values of the most
frequent pairs of alleles at the HLA-A and HLA-B loci in each popula-
tion are shown in Table8. The strength of the associations between
pairs of alleles of the HLA-A and HLA-B loci (Table 8) measured by D’ ;

was weaker than those observed for pairs of alleles of the HLA-B and

Tissue Antigens 2004: 63: 293-325 309



Cao et al : Allele and haplotype frequencies of HLA-A, HLA-B, and HLA-C loci in sub-Saharan populations

Common HLA-A/B haplotype frequencies in five African populations

Haplotype Kenyan Nandi (n=240) Kenyan Luo (n=265) Malians (n=138) Ugandans (n=161) Zambians (n=43)
HLA-B HLA-C HF® D’ P HF® D’ P HF® D’ P HF® D’ P HF® D’ P
0101 0801 0.0138 0.21 0.0170 0.53 <0.001 0.0373% 0.56 <0.001

0101 1516 0.0104 1.00 <0.001

0101 4402 0.0093 0.21

0101 4501 0.0104 0.08

0101 5301 0.0168 0.09

0101 5701 0.0093 0.24

0101 5801 0.0111 -0.01

0101 8101 0.0167 0.34 <0.01 0.0170 0.21 <0.01

0102 5801 0.0167 0.58 <0.001

0201 0702 0.0114 0.00

0201 0801 0.0178 0.31 <0.01 0.0124 0.02

0201 1402 0.0155 0.29

0201 1503 0.0114 0.03 0.0336% 0.31 <0.001 0.0124 0.02

0201 1510 0.0233% 0.44
0201 1801 0.0150 0.22 <0.05 0.0124 0.08

0201 2705 0.0093 0.69 <0.05

0201 3501 0.0217¢ 0.15

0201 4101 0.0104 0.24

0201 4201 0.0139 0.07

0201 4402 0.0217% 0.55 <0.01

0201 4501 0.0120 0.11 0.0168 0.16 0.0318¢ 0.47 <0.001 0.0186 0.59 <0.05 0.0233% 0.44
0201 5101 0.0132 0.53 <0.001 0.0129 0.09 0.0233% 0.32
0201 5301 0.0088 0.02 0.0124 0.08

0201 5701 0.0151  0.37

0201 5703 0.0104 0.27

0201 5801 0.0115 0.06

0202 1503 0.0250 0.32 <0.001

0202 5301 0.0432¢ 0.48 <0.001

0202 5802 0.0271 0.35 <0.001 0.0151 0.43 <0.01 0.0186 0.53 <0.001

0202 7801 0.0109 0.23

0205 1801 0.0161 0.27 <0.01 0.0113 0.37 <0.001

0205 5101 0.0228 0.50 <0.001

0205 5801 0.0168 0.10 0.0130 0.42 <0.001 0.0186 0.86 <0.001

0301 4901 0.0181 0.70 <0.001

0301 5802 0.0104 0.27 <0.05 0.0144 0.32 <0.05

1101 5101 0.0182 0.39 <0.001

1101 5501 0.0093 0.74 <0.001

2301 0702 0.0206° 0.17

2301 1401 0.0233% 0.47 <0.05
2301 1503 0.0113 0.09 0.0124 0.06 0.0154 -0.01

2301 1510 0.0109 0.24

2301 2703 0.0142 0.53 <0.001

2301 3501 0.0602° 0.32 <0.05

2301 4201 0.0086 0.02 0.0118 -0.18

2301 4403 0.0248° 0.50 <0.001

Table 8

310 Tissue Antigens 2004: 63: 293-325



Continued

Cao et al : Allele and haplotype frequencies of HLA-A, HLA-B, and HLA-C loci in sub-Saharan populations

Haplotype

Kenyan Nandi (n=240)

Kenyan Luo (h=265)

Malians (n=138)

Ugandans (n=161)

Zambians (n=43)

HLA-B HLAC

HF

D'

P

HF

2301
2301
2301
2301
2301
2902
2902
2902
2902
3001
3001
3001
3001
3002
3002
3002
3002
3002
3002
3101
3201
3301
3303
3303
3303
3303
3402
3402
3402
3601
6601
6601
6801
6802
6802
6802
6802
6802
6802
6802
7401
7401
7401
7401

5101
5201
5301
5801
5802
3501
4201
4403
4501
1302
4201
5301
5802
0702
1801
4501
5301
5703
8101
4001
8101
7801
1516
3501
5201
7801
3501
4901
5301
5301
4501
5802
5101
0702
1302
1510
4901
5301
5801
7801
0702
1402
1503
3501

0.0108

0.0245°

0.0109

0.0292¢

0.0166

0.0104

0.0199
0.0153

0.0125
0.0108
0.0288¢

0.0104

0.0146

0.0149
0.0193

0.07

0.45

0.17

0.58

0.39

0.54

0.54
0.30

1.00
0.17
0.54

0.38

0.86

0.07
0.09

<0.001

<0.05

<0.001

<0.001

<0.001

<0.001
<0.001

<0.001
<0.05
<0.001

<0.05
<0.001

0.0113
0.0116

0.0264°

0.0113

0.0226°

0.0109

0.0189
0.0109

0.0188

0.0491¢°

0.0113

0.0128

0.0164

0.0151
0.0211¢
0.0104

D'

0.09
0.01

0.46

0.16

0.30

0.05

0.40
0.13

0.60

0.68

0.42

0.31

0.18

0.29
0.20
0.25

P

HF

D'

P HFe

<0.001

<0.05

<0.001

<0.001

<0.001

<0.001

<0.001

<0.01

<0.01

<0.001
<0.01
<0.05

0.0145
0.0401¢
0.0393

0.0109
0.0100

0.1044°
0.0113

0.0109

0.0109
0.0109
0.0089
0.0095
0.0290°

0.0254°

0.0179

0.0109

0.0126

0.44
0.33
0.02

0.57
0.20

0.72
—0.09

0.12

0.35
0.09
—0.04
0.02
0.36

0.64

0.16

1.00

0.30

<0.05

0.0093
0.0140

<0.001

<0.05
0.0093

<0.01
<0.001

<0.001

<0.01

0.0093

0.0186

0.0124

0.0124

0.0093
0.0124

0.0093

<0.01  0.0280°

D'

0.27

0.48

0.19

0.66
0.42
0.19

0.34
0.30

0.12

0.51

P HFe D

0.0349¢
0.0233¢

0.53
<0.01 1.00
<0.001

0.1163° 0.80

<0.01

0.0581°
0.0465°
0.0233¢
0.0233¢

0.44
0.76
1.00
1.02

<0.001 0.0233% 0.63
<0.001
<0.001
<0.05 0.0233% 0.49
<0.05

<0.05

<0.001 0.0233% 1.00

P

<0.05
<0.001

<0.001

<0.05

<0.001

<0.05

<0.01

<0.001

Table8
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Continued

Haplotype Kenyan Nandi (n = 240) Kenyan Luo (n=265) Malians (n=138) Ugandans (n=161) Zambians (n=43)

HLA-B HLAC HF® D' P HF® D’ P HF® D’ P HF® D’ P HF® D’ P

7401 5201 0.0091 0.18

7401 5802 0.0103 0.01

7403 8101 0.0113 0.47 <0.001

7403 8201 0.0113 0.59 <0.001

8001 5702 0.0233 1.00 <0.001

HLA, human leukocyte antigen; D', relative normalized A-value. HLA-A/B haplotypes with frequencies >0.008 (Kenyan Nandi, Kenyan Luo, Malians, and Ugandans) and >0.02 (Zambians) are shown.

°HF > 0.15.

°0.10 <HF < 0.15.

°0.05 <HF<0.10.

90.02 < HF < 0.05.

°HFs were calculated by maximum likelihood methods (Materials and methods).

Table 8

HLA-C loci (Table 7). A more accurate comparison of the strengths of
associations between alleles of different loci in various populations was
made by measuring APRDV (Table9). The comparisons between
APRDV show that, as expected, the associations between alleles of
HLA-A and HLA-B loci are invariably weaker than the B/C associ-
ations in each of the populations analyzed here.

Table8 illustrates that the degree of haplotypic diversity varied
from population to population. The most predominant A/B haplotype
(A*3001-B*4201) in both Malians and Zambians was observed with
frequencies above 0.10; in contrast, the most frequent haplotypes
A*3001-B*4201 in Kenyan Nandi, A*6601-B*5802 in Kenyan Luo,
and A*01015-B*¥0801 in Ugandans had frequencies below 0.05.
Similarly, the distribution of haplotypes analyzed as cumulative fre-
quencies showed distinct population coverage in different populations.
The cumulative frequencies of the 15 most frequent haplotypes in both
Malians and Zambians accounted for approximately 50% of the hap-
lotype pool, while in the population from Uganda and from both

Global linkage disequilibrium® between pairs of loci

Kenyan groups, the same number of haplotypes accounted for a
much smaller proportion of the haplotype pool (approximately 30%
of all estimated A/B haplotypes in each population).

When we evaluated the occurrence of haplotypes in multiple
populations, we identified a group of 15 HLA-A/B haplotypes that
were present in at least three populations of this study. The haplo-
type A*02015-B*4501 was identified in all populations. The haplo-
types A*2902-B*4201, A*3001-B*4201, A*3601-B*5301,
A*74015-B*1503 were identified in four populations; 10 additional
haplotypes were identified in three populations (A*01015-B*0801,
A*02016-B*1503, A*02015-B*5101g, A*0202-B*5802, A*0205-
B*5801, A*23015-B*1503, A*6601-B*5802, A*6802-B*0702, A*6802-
B*1510, and A*6802-B*5301). The combined frequency of these 15
haplotypes in the African continent accounts for as high as 0.30 in

and

the Luo population from Kenya and for less than 0.20 in Ugandans
and Malians. The finding of a higher prevalence of these ubiquitous
African haplotypes in Kenyan Luo is in line with the observation that

A/B A/C B/C
Ethnic group Subjects ARPDV D W, ARPDV D W, ARPDV D W,
Caucasians® 287 0.27 0.58 0.48 0.20 0.49 0.41 0.79 0.93 0.76
African Americans® 251 0.24 0.66 0.43 0.17 0.54 0.33 0.58 0.88 0.73
Kenyan Nandi 240 0.33 0.69 0.46 0.28 0.61 0.40 0.67 0.87 0.79
Kenyan Luo 265 0.29 0.69 0.48 0.25 0.61 0.38 0.67 0.89 0.74
Malians 129 0.36 0.66 0.49 0.31 0.58 0.40 0.74 0.88 0.77
Ugandans 161 0.34 0.77 0.56 0.24 0.62 0.39 0.62 0.90 0.72
Zambians 43 0.61 0.74 0.74 0.48 0.77 0.66 0.80 0.97 0.92

APRDV, average of the positive relative Avalue; D', relative normalized A-value; W,,, Cramer's V statistic.
?Global linkage disequilibrium was estimated by three different approaches. These include APRDV, D', and W,, (Materials and methods).

°Data extracted from a previous study of populations living in the US (63).

Table9
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the Kenyan Luo population has the closest genetic distances with
each of the African populations, as measured by differences in the
distribution of alleles at various class I loci individually.

We observed that the most frequent haplotypes of each population
contained the most frequent HLA-A or HLA-B alleles identified in each
of them. Interestingly, we observed that the most frequent alleles had
multiple associations with alleles of the other locus. The allele A*3002,
the most predominant HLA-A allele in Zambians, was found forming
several frequent haplotypes in this population with the alleles B*5301,
B*5703, and B*1801g. In Ugandans, we observed the haplotype
A*3002-B*1801g, which seems to be frequent also in Southern
European and Mediterranean populations (78-81). Similarly, B*5802,
the most frequent HLA-B allele in the Kenyan Luo, and A*2301, the
most frequent allele in Malians, were observed forming haplotypes
with multiple alleles of the other loci. These multiple haplotypes were
present with intermediate frequencies, and their occurrence correlates
well with the lower D’;; values observed for the A/B haplotypes.

HLA-A/C haplotypes

The associations between HLA-A and HLA-C alleles were weaker
than those observed for B/C haplotypes (data not shown). In general,
the A/C associations reflected the A/B and the B/C associations
described above.

Global linkage disequilibria between pairs of HLA class | loci

All three pairs of overall pairwise LD were highly significant in all
populations (P < 0.001). The strength of the association between
alleles at two loci was estimated using APRDV, D’, and W, for
each pair of loci. Even though these measurements have different
magnitudes, the pairs of loci and populations rank in similar pos-
itions for each of the three measurements. The values measuring the
strength of global LD for the A/B, B/C, and A/C pairs are shown in
Table9. This table includes the estimations for the five sub-Saharan
populations reported in the present study and those of Caucasians
from US and African Americans included in a previous report (63).
The latter populations were included as a reference. The comparison
of LD measurements made for different pairs of loci clearly indicates
that the B/C associations are always stronger than the A/B and A/C
associations. W,, and APRDV present wider ranges of variation for
the values found for each pair of loci and, therefore, appear to be
more discriminative for the evaluation of strength of global LD
between pairs of loci in different populations.

The Zambian population, perhaps, because of the limited sample size,
showed the highest value for each pair of loci by virtually all the measure-

ments. All the comparisons between the same pair of loci had similar

values in different populations. The strength of global LD measured by
either W,, or APRDV, for each of the class I pairs of loci, places the African
Americans as the population with lower values. However, this is not the
case for the D';; measure. The weaker associations observed in the latter
population may result from the contribution of multiple haplotypes from
several populations. In contrast, all the populations living in this continent
show global LD values (D';;, APRDV and W,,) that are in the same ranges
as those observed in Caucasians.

Haplotypes comprising alleles of three class I loci (A/B/C
haplotypes)

The patterns of population distribution of haplotypes defined by
alleles at the three class I loci (A, B, and C), in each population, are
similar to those observed for the haplotypes defined by alleles at the
HLA-A and HLA-B loci. The haplotypes formed by alleles of the
HLA-A, HLA-B, and HLA-C loci estimated to be present in at least
two subjects of one population are shown in Table 10.

The Malian and Zambian populations presented a single prevalent
haplotype. The haplotype A*3001-B*4201-Cw*1701; was widely
distributed in these populations (HF =0.1044 and 0.1163, respect-
ively) (Table 10).

In the Luo population, the most frequent haplotype, A*6601-
B*5802-Cw*0602, was present with relatively high frequency
(HF = 0.0509; Table 10).

The most frequent haplotype in Ugandans (A*0101-B*0801-
Cw*0701, HF =0.0342) and the most frequent haplotypes in Nandi
(A*3001-B*4201-Cw*1701, HF=0.0292; and A*6601-B*5802-
Cw*0602, HF = 0.0292) had much lower frequencies.

The distribution of haplotypes formed by alleles at three class 1
loci (HLA-A, HLA-B, and HLA-C) are similar to the ones observed for
haplotypes defined by alleles at the HLA-A and HLA-B loci. For
example, the cumulative frequencies of the 15 most frequent haplo-
types defined by alleles at three loci (HLA-A, HLA-B, and HLA-C) do
not differ significantly from the frequencies of haplotypes defined by
alleles at the HLA-A and HLA-B loci. This is probably due to high
LD between HLA-B and HLA-C loci.

In the Nandi population, the cumulative frequency of the 15 most
frequent A/B/C haplotypes (A/B/C-CF5) is 0.298, while the A/B-CF15
is 0.314; and in the Luo population, the A/B/C-CF;5 is 0.303 and the
A/B-CFy5 is 0.318. In Malians, the A/B/C-CF;5 is 0.455 and the A/B-
CFy5 is 0.494. In Ugandans, the A/B/C-CF;5 is 0.258 and the A/B-CF15
is 0.287, while in Zambians, the A/B/C-CF15 is identical to the A/B-
CFi5 (0.512). We plotted the cumulative frequencies of alleles and
haplotypes for different populations. Figure 2 shows the distribution
of the cumulative frequencies of the class I alleles and haplotypes,

which are observed for the Kenyan Luo population; it can be
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Common HLA-A/B/C haplotype frequencies in five African populations

Haplotype Haplotype frequency®

HLA-A HLA-B HLA-C Kenyan Nandi (n=240) Kenyan Luo (n=265) Malians (n=129) Ugandans (n=161) Zambians (n=43)
0101 0801 0701 0.034°

0101 0801 0704 0.014 0.015

0101 1516 1402 0.010

0101 5301 0401 0.015

0101 5701 0602 0.012

0101 5801 0302 0.017

0101 8101 1801 0.013 0.017

0102 5801 0302 0.015

0201 0801 0602 0.010

0201 0801 0701 0.012

0201 1402 0802 0.016

0201 1501 0303 0.009

0201 1503 0202 0.011 0.034°

0201 1510 0304 0.023¢
0201 1801 0701 0.012

0201 1801 0704 0.015

0201 3501 0401 0.012

0201 4101 1701 0.010

0201 4201 1701 0.014

0201 4402 0501 0.019

0201 4501 1601 0.010 0.013 0.035¢ 0.019 0.023¢
0201 5101 0202 0.012

0201 5101 1601 0.009 0.023¢
0201 5301 0401 0.009 0.012

0201 5703 0701 0.010

0202 1503 0202 0.025¢

0202 5301 0401 0.030¢

0202 5802 0602 0.027¢ 0.013 0.019

0205 1801 0704 0.012 0.011

0205 5101 1601 0.023¢

0205 5801 0701 0.015 0.013 0.009

0301 1503 0202 0.012

0301 4901 0701 0.019

0301 5802 0602 0.010 0.013

1101 5201 1202 0.009

2301 0702 0702 0.024¢

2301 1401 0202 0.023¢
2301 1503 0202 0.012 0.013 0.011 0.009

2301 2703 0202 0.015

2301 3501 0401 0.034¢

2301 3501 1601 0.016

2301 4201 1701 0.009 0.011

Table 10
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Continued

Haplotype Haplotype frequency®

HLA-A HLA-B HLA-C Kenyan Nandi (n=240) Kenyan Luo (n=265) Malians (n=129) Ugandans (n=161) Zambians (n=43)
2301 4403 0303 0.009

2301 4403 0401 0.016

2301 5101 1601 0.012

2301 5201 1601 0.050°

2301 5301 0602 0.031°

2301 5802 0602 0.010

2902 1402 0802 0.009

2902 4201 1701 0.025¢ 0.026¢ 0.012 0.035¢
2902 4403 0701 0.023¢
2902 4501 0602 0.010 0.015

3001 1302 0602 0.016

3001 4201 1701 0.029° 0.0207¢ 0.104° 0.116°
3001 5802 0602 0.010

3002 0702 0702 0.009

3002 1801 0704 0.017

3002 4501 1601 0.009

3002 5301 0304 0.017

3002 5301 0401 0.058°
3002 5703 1801 0.047¢
3002 7801 1601 0.012

3002 8101 0704 0.023¢
3101 4001 0304 0.023¢°
3201 8101 0804 0.010

3301 7801 1601 0.012

3303 3501 0401 0.008

3303 5301 0401 0.012

3303 7801 1601 0.027¢

3402 3501 0401 0.010

3402 3501 0704 0.010

3402 4901 0701 0.015

3402 5301 0401 0.019

3601 5301 0401 0.013 0.019 0.009 0.023¢
6601 4501 0602 0.010

6601 5802 0602 0.029¢ 0.051° 0.019

6802 0702 0702 0.013 0.015 0.023¢
6802 1302 0602 0.010

6802 1510 0304 0.015 0.013 0.012

6802 5301 0401 0.010 0.027¢

6802 5301 0602 0.011

6802 5801 0701 0.018

6802 7801 1601 0.012

Table 10
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Continued

Haplotype Haplotype frequency®

HLA-A HLA-B HLA-C Kenyan Nandi (n=240) Kenyan Luo (n=265) Malians (n=129) Ugandans (n=161) Zambians (n=43)
7401 1402 0802 0.015

7401 1503 0202 0.019 0.015 0.0249¢ 0.023¢

7401 3501 0401 0.011

7401 4901 0701 0.009

7401 5802 0602 0.010

8001 5702 1801 0.023¢

HLA, human leukocyte antigen.

°HF > 0.15;

0.10 < HF < 0.15;

°0.05 <HF<0.10;

90.02 < HF < 0.05.

°HFs were calculated by maximum likelihood methods (Materials and methods).

HLA-A/B/C haplotypes with frequencies >0.008 (Kenyan Nandi, Kenyan Luo, Malians, and Ugandans) and >0.02 (Zambians) were shown.

Table 10

observed that the curves for haplotypes defined by A and B alleles
virtually overlap with the curve of the cumulative frequencies of
haplotypes defined by alleles at the three class I loci. This clearly
indicates that the addition of HLA-C typing does not significantly
increase the haplotypic diversity in this population. We observed
similar levels of coverage by A/B/C and A/B haplotypes in the
Kenyan Nandi, Zambians, and Malians (data not shown). In contrast,
HLA-C in Ugandans seems to provide an additional and more sig-
nificant level of haplotypic diversity with a population coverage, for
the 15 most frequent A/B/C haplotypes, that is approximately one
tenth (1/10) lower than the frequency obtained for haplotypes defined
by A and B alleles. Among the populations described here, the
Ugandans presented the largest haplotypic diversity with lowest
population coverage, when comparing the cumulative frequencies
of haplotypes defined by alleles at two and three class I loci.

Cumulative frequencies

Number of alleles and haplotypes
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Table 10 presents the haplotypes defined by alleles at the HLA-A,
HLA-B, and HLA-C loci found in each of the populations. These haplo-
types include associations that contained the most common two-locus
haplotypes defined by alleles at the A and B loci shown in Table 8. Only
one haplotype (A*0201-B*4501-Cw*1601) is present in all populations.
The haplotypes containing alleles A*7401g, A*3601, B*1503, and
B*4201 are only found in populations of the African continent or
those with recent African ancestry (e.g., African Americans [63)).

Interestingly, we observed four three-locus haplotypes, whose dis-
tributions correlate with the geographic location of the populations.
These were A*0202-B*5802-Cw*0602, A*0205-B*5801-Cw*0701,
A*6601-B*5802-Cw*0602, and A*6802-B*1510-Cw*0304, which
were shared by Ugandans and Kenyans and were absent in the
other African populations. A similar relationship between geographic
proximity and sharing haplotypes was indicated by the presence of

—— B/C
—— A/C
A/B
—— A/B/C
A Fig. 2. rowsep="1" Population coverage by
- B human leukocyte antigen (HLA)-A, HLA-B,
HLA-C alleles, and haplotypes in the Luo
- C . .
population from western Kenya. Cumulative

frequencies of alleles and haplotypes were sorted
from the most frequent to the least frequent and were
plotted against the number of alleles and haplotypes,
which account for each cumulative frequency.
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at least seven additional haplotypes, in both Kenyan populations.
There are few HLA-A/B/C haplotypes widely distributed in the
African populations; in fact, with the exception of only five haplo-
types containing B*0702, B*4201, and B*5301, no other HLA-A/B/C
haplotypes were observed in multiple populations. This observation
suggests that there is a large haplotypic variation in all African
populations. It could be postulated that the haplotypes found in
multiple populations are the only ones that indicate the ancestral
relationships between populations of the African continent.

The haplotypes A*01015-B*0801-Cw*0701g, A*02015-B*4402-
Cw*0501G, A*3001-B*¥1302-Cw*0602, A*02015-B*0801-Cw*0701g,
A*02015-B*18016-Cw*0701g, and A*02015-B*1501-Cw*0303 were
only found in Ugandans and had frequencies above 0.01. These
haplotypes are frequently found in Caucasians (53, 63). The low
values for the estimated genetic distances between Ugandans
and Caucasians, and the sharing of extended haplotypes
between these populations indicate a closer relationship between
Ugandans and Caucasians than between the latter and the other
sub- Saharan populations described here and in other studies
(34-36).

Different selective events may have contributed to the composition
of HLA class I haplotypes found in Africa, and perhaps, two different
types of associations may reflect these events. It is worth mentioning
that some alleles of the same lineage or family (A*3001/A*3002,
B*5701/B*5702/B*5703, and B*5801/B*5802) display distinct asso-
ciations with alleles at other class I loci. In contrast, some alleles of
the same family (the B5 CREG family in Malians, B*51015/B*5201/
B*7801/B*3501) were found in association with the same alleles of
the other class I loci (Cw*1601 and A*2301).

Discussion

In the present study, we examined the distribution of alleles of the
class I loci defined by the application of molecular high-resolution
testing methods. The use of these procedures allowed us to charac-
terize and make distinctions between alleles having slight but highly
informative structural and functional variation. These differences
may go undetected, if either serologic- or intermediate-resolution
molecular methods are applied.

We observed many alleles of HLA-A, HLA-B, and HLA-C locj,
which are only found in the African continent; these alleles, therefore,
may have arisen in Africa either after the ‘migrations out of Africa’ or
were not transmitted to the non-African populations. Several of these
African-specific alleles have intermediate or high AFs in various
populations, and interestingly, these are the ones present in multiple
African populations (A*0202, A*3402, A*3601, A*7401; B*1503,

B*4201, B*5703, and B*5802). Therefore, these ‘African widespread’
alleles may be relatively old and their origins may predate the
separation of linguistic groups within Africa. This hypothesis is
reinforced by the observation that some of these alleles are found
forming sets of haplotypes with the same alleles at other loci in
various populations. Examples of widespread African-specific haplo-
types are the three-locus haplotypes, such as A*7401-B*1503-
Cw*020204, A*6601-B*5802-Cw*0602, A*0202-B*5802-Cw*0602,
A*3001-B*4201-Cw*1701, and A*2902-B*4201-Cw*1701. The latter
observation appears to reject the hypothesis that the location of the
African-specific alleles in different areas of the African continent
was the result of convergent evolution.

The present and other studies (47, 51, 52) indicate that a significant
number of alleles of the HLA-A (20 alleles) and HLA-B (34 alleles) loci
were found restricted to only one or two African populations. We
observed, however, that virtually all these ‘private’ alleles had low
frequencies. It can be postulated that several of these alleles may
have been generated recently and may have originated by mutations
in the most common alleles. This observation contrasts with the
finding of ‘novel’ HLA class I alleles with significantly high
frequency in indigenous populations of the American continent
(54-57). Contrasting with the populations from Africa, the native popula-
tions from America present only a few allelic lineages of both HLA
class I (54-57, 82-85) and class II loci (82, 83, 86-90). In spite of the
reduced number of lineages, the indigenous tribes from South and
Meso-America display a rich variation in alleles of these few lineages,
and some of the novel alleles are predominant. It has been proposed
that rapid evolution of MHC class I loci has taken place in extended
geographic areas of the American continent (54, 84, 85, 91) with a
trend for ‘allele turnover, in which the new alleles not only
supplement the founder alleles but in some populations almost
completely supplant the older alleles. This dynamic process of allele
replacement seems to have minor impact in the modern populations
from Africa, because virtually none of the putatively new HLA class I
alleles contributes significantly to the gene pool of each individual
population. It has been speculated that because the native American
populations went through population bottlenecks, and only a few
alleles entered or were maintained in the American continent, select-
ive forces may have favored the increase in frequency and the
maintenance of the newly generated alleles, because these alleles
enlarged the peptide-binding repertoire of the HLA molecules of the
individuals of these populations. It appears that in the African
populations, a large allelic pool has been permanently available
with all lineages present. Therefore, selection for the newly generated
alleles may not have operated, because there were no diversity
constraints in the African continent. Even though evolutionary
bottlenecks may have occurred in a few regions of this continent, a
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genetic pool of significant population size was continuously
preserved after the initial population expansion took place in the
region.

The analysis of alleles present in multiple African populations
suggests that the most important diversification within allelic
lineages occurred before the separation of linguistic groups. Support-
ing this hypothesis is the observation that several evolutionary
groups of alleles of both HLA-A and HLA-B present multiple alleles
that are widespread in the majority of the African populations. Many
pairs of alleles included in the same lineage differ from each other by
one or two stretches of DNA. Mechanisms involving one or two gene
conversion or mutational events may be invoked for the generation of
new alleles (18, 66-68). In HLA-A, the alleles A*0101¢, A*0102, and
A*3601 are included in the evolutionary group A1/36 and have been
observed with significant frequencies in several African populations.
A*3601 differs from A*010101 by only four nucleotide substitutions
in a DNA stretch, spanning codons 163-167 of exon-3. The nucleotide
sequence found in A*3601, in this DNA segment, is also found in
A*3001 (this nucleotide sequence segment is also present in several
other alleles of HLA-A), and a gene conversion event may be invoked
for the generation of A*3601 (16, 66-68). At the protein-structure
level, A*3601 and A*0101 differ by just three amino acid replace-
ments at residues 163, 166, and 167. Analysis of the three-
dimensional structure shows that residue 9 of the HLA class I
molecule points toward the substructure of the peptide-binding
pockets B and C, while residues 163, 166, and 167 are located in
pocket A (17). The distinguishing amino acid substitutions between
A*0101 and 3601 are likely to determine some distinctive peptide-binding
characteristics for each of the molecules encoded by these alleles (92).

A gene conversion event may also be invoked for the generation of
A*0102 which may have arisen as well from A*0101. Similar to the
A1/36 family, the sequence-related alleles, A*0201g, A*0202, A*0205,
A*0214, and A*0225, integrate the A2 group and are also present in
multiple groups. Other examples of multiple alleles widely distribu-
ted are found in the A10 family with two or more of the alleles,
A*2501, A*2601, A*3402, and A*6601, observed in various sub-
Saharan populations. Other examples can be observed for the A30
group (A*3001, A*3002, and A*3004), the A31/33 group (A*3101,
A*3103, A*3104, A*3301, and A*3303), and the A32/74 group
(A*3201 and A*7401). It should be noted that many of these alleles
differ from each other by a small number of amino acid substitutions;
invariably, these substitutions are located in residues that are
thought to affect the antigen recognition site and, therefore, likely
to determine distinct peptide-binding repertoires for each of these
alleles.

HLA-B presents several alleles that are also found exclusively in
Africans, and these are present in several sub-Saharan populations.
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These alleles include the highly widespread and high-frequency
alleles, such as B*1503, B*4201, B*5802, and B*5703; the intermedi-
ate frequency alleles, such as B*1510, B*¥1516, B*5702, B*8101, and
B*7801; and the alleles found in several populations with relatively
low frequency like B*3910 and B*8201. Most of the B-locus alleles
can be grouped into evolutionary families on the basis of sequence
similarity (18, 66-68). These include the subfamilies of the B15 group
that includes the B70-related alleles, B*1503 and B*1510; the B63-
related alleles, B¥1516 and B*1517; the B17 family that includes
B*5701, B*5702, B*5703, B*5801, and B*5802; and the B5 family
that includes B*5101g, B*5201, and B*7801. Interestingly, other
alleles such as B*4201, B*8101, and B*8201 cannot be related to a
defined allelic family but appear to present rather complex
sequences, and perhaps, these alleles arose through more complex
mechanisms (18, 66-68). The nucleotide sequence of B*4201 is
identical to B*0801, with the exception of the sequences spanning
exon 2 in which B*4201 is identical to B¥070201. It has been postulated
that this hybrid allele arose as a fusion between the alleles B¥070201
and B*0801, or as an exon shuffling in which the second exon of
B*0702 was inserted in a backbone structure provided by B*0801 (18).

The allele B¥4201 seems to be predominant in most of the popula-
tions described here, with the exception of the population of Uganda.
It appears that B*¥4201 may have replaced partially or completely its
putative ancestor alleles, B¥070201 and B*0801, suggesting that this
allele was positively selected in Africa. It could be speculated that
selection may have been driven by its unique peptide-binding
characteristics. Interestingly, B¥4201 does not seem to relate to either
B*070201 or B*0801 in its haplotypic association, because this
B-locus allele is associated with A*3001 and Cw*1701g; neither
B*0801 nor B*0702 are associated with these alleles. In fact,
B*4201 appears to have unique associations with alleles of the
other loci, such as MICA, complotype FC, and tumor necrosis factor-o
in the HLA region (93, 94).

The pair of sequence-related alleles B¥5801 and B*5802 provides
an example in which both have been maintained in most populations.
These alleles differ by substitutions at residues 94, 95, and 97, and it
has been speculated that B*5802 arose from a gene conversion
between B*1402 (or B¥1401, donor) and B*5801 (recipient) (95). The
resulting recombinant gives B*5802 a dual peptide-binding specifi-
city, and one subset of the peptides bound by B*5802 possesses the
typical B17-binding motif, while a second subset displays an add-
itional anchor (arginine) at position 6 (95). The peptides, eluted from
B*5802, possessing the arginine 6 anchor are shorter (7 or 8 amino
acids long) and lack the typical carboxyl terminal anchor of phenyl-
alanine or tryptophan found predominantly in the nonamers eluted
from B*5802 and the other alleles members of the B17 family (95). In
light of this observation, it could be argued that this specialized
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binding capacity may provide (or has provided) the subjects carrying
B*5802 with an ability to bind a particular peptide and mount an
effective response to a yet-to-be-identified parasite. The subtle amino
acid sequence differences between alleles may, however, provide a
significant selective advantage to fight infections effectively. Parasite
driven selection does not necessarily lead the advantageous allele to
rise to very high frequency, because in an immunologically diverse
environment, multiple alleles are necessary to provide effective
coverage to respond to multiple infectious challenges. In this
particular example, B*5801 could have been maintained in the popu-
lation, because of a particular advantage provided by its unique
sequence.

Interestingly, we have observed that both related alleles, B*5801
and B*5802, have distinct associations with alleles of the other class I
loci; B*5801 is found in association with Cw*0302 in some African
and in non-African populations (53, 58-60, 63) or Cw*0701; in
several African populations described in this study; in contrast,
B*5802 is only found in African populations and in strong associ-
ation with Cw*0602. The extended haplotypes, A*0205-B*5801-
Cw*07015, A*0202-B*5802-Cw*0602, and A*6601-B*5801-Cw*0602,
were observed in both Kenyan populations, in the Ugandans
described in the present study and in the study of African Americans
(63), suggesting that both the allele and the haplotypic differentiation
may predate the separation of African populations. This observation
seems to correspond to a more generalized observation, in which
sequence-related alleles that have intermediate or high frequencies
in the same population appear to have distinctive associations with
alleles of other class I loci (63).

We hypothesize that the different LD patterns of sequence-related
alleles are related to the peptide-binding differences that are found between
them. It could be argued that the sequence-related alleles, because of their
similarity, can bind a discrete and overlapping set of peptides, and because
of their differences, could have the capacity to bind some peptides but not
others. We propose that the similar intermediate/high frequency of
sequence-related alleles in the same population is the result of each one
of them having provided selective advantages, because of their abilities to
present peptides from different pathogens. Also, it could be argued that
the amino acid substitutions that provide an allele with the ability to
present some peptides may also result in the loss of the capability of
binding other peptides. The latter deficits could be compensated by the
presence of other alleles of the same locus in heterozygous individuals or
by the alleles of other loci, because the molecules encoded by different
class I loci have an overlapping function to selectively bind peptides.
Therefore, the maintenance of several relatively conserved haplotypes in
the same population may have been favored from the complementary/
compensatory peptide-binding abilities of alleles from different loci carried
on the same chromosome. Furthermore, extended haplotypes may in some

aspects be considered as functional units that include alleles that combine
to provide a peptide-binding repertoire that ensures effective responses to
multiple common pathogens found in the same environment.

Because of the sequence similarities and the readily recognizable
putative mechanisms for the generation of some alleles by mutations
in the backbones of other progenitor alleles, it can be postulated that
some alleles arose from others (18, 66-68). The common occurrence of
sequence-related alleles in multiple African populations strongly
suggests that their generation occurred before the expansion and
differentiation into the modern African populations. Because the
ancient African populations of modern humans may have had limited
sizes, the HLA system may have gone through an evolutionary
bottleneck. Constraints imposed by the limited number of individuals
living in immunologically challenging tropical environments may
have, therefore, favored heterozygosity. The consequent balancing
selection may have contributed to the permanent establishment of
many alleles. Many alleles that are unique to African populations
appear to be old, because they are widely distributed in the continent.
Our hypothesis is consistent with studies of other genetic markers
conducted in other African populations. Analyses of pair-wise mito-
chondrial DNA-sequence divergence indicate that African popula-
tions expanded in size earlier than either Asian or European
populations: 99,000 years ago vs 52,000 years ago and 23,000 years
ago in Asia and Europe, respectively (96, 97). An earlier African
expansion is also supported by studies of highly variable micro-
satellites (98-100).

The distribution of all genotypes including alleles at each of
the class I loci of all the African populations reported here are
consistent with the proportions expected under HWP. Even
though the test of fit may be a weak test for assessing distortions
in the distribution of genotypes, it appears that no major tempor-
ary selective events were taking place at the time of sample
collection. It should be considered, however, that the new infec-
tious agents like the human immunodeficiency virus (HIV)
epidemic in Africa are likely to have an important impact in
the distribution of HLA alleles and genotypes in African popula-
tions. It appears that both heterozygous HLA class I genotypes
and the presence of specific alleles have an important impact in
delaying the progression to acquired immune deficiency syn-
drome (AIDS), if HIV replication inhibitory drugs are not utilized
(101-107). Our report provides important information of allele and
HFs in various African populations, and this information may be
useful in the design of modern strategies to fight and prevent
infections endemic to the African continents. Knowledge of the
make up and distribution of HLA alleles of the local populations
is essential for both the selection of peptide vaccines that are
designed to cover a large proportion of the population to be
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vaccinated and the selection of methods to assess the effective-
ness of novel vaccines and/or delivery systems.

The understanding of the genetic diversity and the haplotypic
complexity of the HLA system of African populations are essential
for the design of registries of volunteer bone marrow donors and cord
blood banks. These registries are designed to identify donors and to
provide HLA-matched allogeneic hematopoietic stem cells. In the current
and other studies (47-52), many alleles and haplotypes were identified
and appear to be uniquely found in subjects with African ancestry.

The present study clearly demonstrates that a large proportion of
subjects with African descent will only find donors matching their
own HLA alleles in subjects with the same ancestry. The difficulties
that African recipients have to find suitable donors of allogeneic bone
marrow and stem cells are not only related to the occurrence of
unique African alleles, but also related to the diversity in HLA alleles
and haplotypes. In addition to the high allelic diversity in HLA-B
locus, most of the African populations described here present high
allelic diversity in HLA-A and HLA-C loci. The diversity of a locus is
not necessarily reflected by the number of alleles identified in a
particular population, but is better defined by the patterns of allelic
distributions. The frequencies of heterozygous genotypes at the
HLA-A locus are often lower than those of other HLA loci in the
non-African populations (51-63). Most of the African populations
described here and the population of African Americans (63) show
the lack of one or a few highly predominant alleles at the HLA-A
locus. With a few exceptions, the distribution of alleles at all class I
loci in the African populations result in low frequencies of homo-
zygous genotypes. In other ethnic groups, the HLA-B locus seems to
display the highest diversity and plasticity, with genotype distribu-
tions resulting in heterozygosity close to the maximum expected
under genetic equilibrium. These allele distributions are consistent
with those expected for the overdominant selection model (18-22,
108). Because the African populations have been and are exposed to a
wider range of pathogens, a larger allelic repertoire with more alleles
may be required to provide the necessary peptide-binding structures
to present their antigenic peptides to T-lymphocytes. Because
the molecules encoded by alleles of different class I loci have the
same redundant function (which is to bind and present peptides to
T-lymphocytes), the needs for more allelic diversity could have been
met by the relative equalization of the frequencies of multiple alleles
of the HLA-A locus.

In the majority of non-African populations, HLA-A presents one or
a few alleles with relatively high frequency (5-63); however, because
none of these frequently observed alleles predominates overwhel-
mingly, a significant proportion of the subjects in the non-African
populations are heterozygous at HLA-A. This type of distribution
may result from a selective advantage provided by one allele of the

320 Tissue Antigens 2004: 63: 293-325

HLA-A locus, while a meaningful degree of diversity is still main-
tained for the locus. It is conceivable that in addition to basic
common framework functions, the different HLA class I loci perform
some specialized functions, which in different environments or cir-
cumstances may be either reduced or expanded. We could speculate
that the Kenyan and Ugandan populations, and to a lesser extent the
Malian population, present frequencies of homozygosity in HLA-A
comparable to those observed for the genotypes of HLA-B. In con-
trast, the Zambian population presents A*3002 as the single most
predominant allele (AF =0.233), which was present in more than
40% of the subjects of this population. It can be argued that direc-
tional selection for this allele may have taken place; the observation
of multiple HLA-A/B haplotypes bearing A*3002, including A*3002-
B*5703-Cw*1801¢, appears to support the hypothesis of directional
selection for A*3002 in Zambia. It is worth noting that the frequency
of A*3002 in Zambia appears to be one of the highest in the world;
the increased frequencies of both B*5703 and Cw*1801g in this
population, compared with other African populations, may be the
result of hitch-hiking with an allele that provided a selective advantage.

We also observed low expected homozygosity of HLA-C genotypes
that were below neutrality expectations. These were observed in all
the African populations, with the exception of the population from
Mali. In Malians, the homozygosity statistic, F, frequency of homo-
zygous genotypes was virtually identical to that expected under
neutrality, and this was almost entirely due to the high frequency
of HLA-Cw*1601. Similar to A*3002 in Zambians, the allele Cw*1601
has a distribution that suggests that it may have been positively
selected; and again, the observation of several haplotypes bearing
this allele supports this hypothesis. We observed higher frequencies
of the alleles A*2301¢, B*5201 (with the allele with the silent muta-
tion, B*520102, determined in all informative cases), and B*7801 in
the population from Mali, compared to their frequencies in other
African populations. The increased frequencies of these alleles that
form haplotypes with Cw*1601 in the Malian population may be the
result of hitch-hiking. We noticed that many of the haplotypes with
Cw*1601 contained alleles related in sequence to the B5 group. It
could be argued that some of these alleles may have been generated
de novo and selected in order to increase or maintain the diversity of
the HLA-B locus in this population.

The analysis of the associations between alleles of the three clas-
sical HLA class I loci shows that all the African populations have
high levels of HLA-A/B/C haplotypic diversity. The haplotype
A*3001-B*4201-Cw*1701; was the only combination of alleles
found with relatively high frequency in the present study; it was
observed with frequencies between 0.10 and 0.12 in Malians and
Zambians, with intermediate frequencies in both Kenyan populations,
and was virtually absent from Ugandans. Three additional haplotypes



Cao et al : Allele and haplotype frequencies of HLA-A, HLA-B, and HLA-C loci in sub-Saharan populations

were observed with frequencies exceeding 0.05; these were the
haplotypes A*3002-B*5301-Cw*0401 in Zambia, A*23015-B*5201-
Cw*1601 in Malians, and A*6601-B*5802-Cw*0602 in the Nandi
population from Kenya. We observed a myriad of haplotypes with
low or intermediate frequencies, which delineate a vast diversity in
HLA haplotypes; this seems to be a common characteristic of all the
African populations. This level of diversity does not result from weak
LD between alleles of different loci. In fact, our calculations of global
LD, utilizing APRDV, D', and W,, (Table9), indicate that the strength
of the associations between alleles of HLA-A and HLA-B loci and
those between alleles of HLA-B and HLA-C loci are of similar mag-
nitude as the ones observed for the same pairs of loci in other
populations from other regions of the world (data not shown) (63).
Therefore, the remarkable haplotypic diversity observed in sub-
Saharan populations seems to originate exclusively from the lack of
predominant alleles at all loci.

The distribution of haplotypes defined by alleles at the HLA-A and
HLA-B loci is similar to that of haplotypes defined by alleles at the
three class I loci (Fig.2) (data not shown). This observation seems to
indicate that most of the haplotypic variation in the class I region is
related to the strength of the associations between the alleles of the
HLA-A and HLA-B loci and the consequent A/B haplotypic diversity.
As shown previously, for other segments of extended haplotypes (107),
it appears that when the alleles at the loci on the extremes of the
haplotypic block are defined, there is limited or no allelic variation at
the intervening loci. It is important to pinpoint that the HLA-C alleles
can be predicted in African haplotypes by the knowledge of what
alleles are found at the HLA-A and HLA-B loci. The majority of the
subjects in each population do not carry extended haplotypes. This
may be due to the low to intermediate ranges, as measured by APRDV
(Table 9), between the HLA-A and HLA-B alleles. The predictive value
for HLA-C may decrease in the unassociated haplotypes. The observa-
tion of larger haplotypic diversity in the Ugandan population may,
therefore, be related to the lack of predominant alleles at HLA-A.

The Ugandan population presents the alleles B*4402; and
Cw*0501; with frequencies significantly higher than the other Afri-
can populations in this study. These alleles form the extended hap-
lotype A*0201-B*44025-Cw*0501, which is frequently found in
Caucasians; their finding in Ugandans, combined with the frequent
observation in this population of haplotypes commonly found in
Caucasoids and the closer genetic distances between Caucasians
and Ugandans (Table 6), could indicate a recent gene flow of Cauca-
sian or North African genes into the Ugandan population. This
observation could explain the greater allelic and haplotypic HLA
diversity of the Ugandan population.

Opposing the view of recent admixture, it could be argued that, as
has been shown for other loci in the geographically close populations

from Ethiopia and Somalia (110-113), the Ugandans present a subset
of the variability that is present in other sub-Saharan African popu-
lations. Some populations in north-east Africa might have diverged
from the rest of sub-Saharan Africa, early in the history of modern
African populations; a subset of this north-east African population
may have then migrated out of Africa and populated other regions of
the world (110-114). Studies of mitochondrial DNA (4, 6, 7, 115) and
Y-chromosome diversity (116-119) in other populations, and the dis-
tribution of HLA alleles in Ugandans reported here are consistent with
the hypothesis of the migration of modern humans out of an East
African population. The absence of the widely distributed African
haplotype A*3001-B*4201-Cw*1701g in Ugandans may reflect an
early differentiation between Ugandans and other African populations.

Our analysis of genetic distances between the sub-Saharan Afri-
can populations shows that all populations analyzed here are
significantly distant from each other. For example, the distances
between each African population exceed those obtained when
comparing the distances between various Caucasian populations.
In our previous report (63), we observed that the highest genetic
distances between Caucasians from the US (63), Irish (51, 52, 120,
121), and those collected in the Centre d’Etude du Polymorphisme
Humain (CEPH) study (53) were observed, when comparing the
distribution of HLA-B alleles; in our analysis, all the genetic dis-
tances between Caucasian populations were below 0.25 (63). In the
present study, the Luo and Nandi populations from Kenya have
larger distances from each other than those observed between the
Caucasian populations. The analysis of the distances obtained for
each population shows that the Luo population from Kenya was
the closest, or among the two closest populations, for each sub-
Saharan population, when analyzing the distributions of alleles at
HLA-A and HLA-B. This observation is consistent with the puta-
tive origin of modern humans in East Africa (1), followed by the
most ancient radiation to the south and west sub-Sahara (1). The
Luo population shows the highest frequency of heterozygous
genotypes in HLA-A and a large haplotypic diversity. From this
observation, it can be concluded that of all populations compared
in the present study, the Kenyan Luo population appears to be
the oldest or the ancestral population. This observation does not
appear to result from admixture, because a large proportion of
subjects identified themselves as Luo. All the African populations
included in this study showed their highest genetic distance with
the predominantly Dogon population from Mali. Timbuktu in
Central Mali was an important trade center between West African,
Saharan, and North African populations; it is, therefore, conceivable
that the influx of alleles from these differentiated populations may
contribute to these increased genetic distances between Malians
and other sub-Saharan populations. Even though the Cameroonians
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have large distances with Zulus and Zambians, the Cameroonians
ranked closer to each one of these populations, compared to other
African populations; this observation is consistent with other
findings that indicate a most recent Bantu expansion from Camer-
oon to the southern areas of Africa (1, 117, 118, 122, 123).

The findings mentioned above indicate that strong selection has
operated at various levels on the HLA system. The most accepted
hypothesis indicates that modern humans originated in Africa (1-10).
Therefore, the examination of the diversity of the HLA and other
genetic systems in contemporary African populations is informative,
because significant differentiation between populations living in rela-
tively close geographic areas could only be achieved in longer time
elapsed from their origins.

The current level of diversity and the variable allelic distribu-
tions observed in different populations are probably the result of
evolutionary forces and environments, which have acted on each
individual population or in their ancestors. In this regard, the
genetic diversity of the HLA system in the African popula-
tions poses practical challenges for the design of T-cell vaccines
that should effectively cover a large proportion of the individuals.
The extensive diversity in this complex genetic System presents
difficulties to the transplantation medical community to find HLA-
matched transplant pairs that arise from the remarkable allelic and
haplotypic variation, which is likely to result from the biological
function of the MHC genes and the evolutionary forces that acted
on them.
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