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ABSTRACT The HLA genes are the most polymorphic
coding loci known in humans. DRB-DQA-DQB gene polymor-
phism was investigated by Taq I restriction fragment length
polymorphism analysis in more than 700 West Africans and
found to be almost twice as extensive in West Africans as in
North European Caucasians. This finding indicates that Afri-
cans comprise the oldest and genetically most diverse human
population and supports the hypothesis of the occurrence of a
population bottleneck in the emergence of the White race. As
in Caucasians, less than one-third of possible cis-encoded
DQA-DQB combinations were encountered, indicating con-
straints on the pairing of DQ a and P polypeptides. Heterozy-
gote advantage (i.e., positive selection) was found for DRB,
DQA, and DQB alleles as well as for DQA-DQB combinations.
However, in West Africans as well as in North Europeans the
observed frequencies of DRB-DQA-DQB homozygotes were
close to neutrality expectations. Although the hypothesis that
HLA polymorphism is maintained by parasite-driven over-
dominant selection is attractive, there is little evidence to
support that view. We propose instead that one of the forces
maintaining a low frequency of HLA homozygotes might be a
decreased likelihood of potentially autoreactive T-cell clones
escaping thymic selection in HLA heterozygotes. This would be
consistent with the central role of HLA molecules as self/non-
self discriminators.

Most expressed HLA genes exhibit a remarkable degree of
allelic polymorphism, which derives from sequence differ-
ences predominantly localized to discrete hypervariable Te-
gions in the amino-terminal -domains of the molecule. HLA
variability influences both self-adjustment of the T-cell rep-
ertoire during thymic maturation and immune responsiveness
of an individual to antigenic peptides.
Major histocompatibility complex (MHC) polymorphism

has several unique features: most loci have7 many alleles, no
allele dominates in frequency, and alleles differ by many
amino acid substitutions. Two hypotheses, retention of-an-
cestral polymorphisms and hypermutational diversification,
have dominated speculations on the evolutionary origin of
MHC diversity. The trans-species evolution theory (1)-i.e.,
that most majorMHC allelic types diverged prior to the origin
of the species in which they are found-has been supported
by sequence analysis of rodent and primate MHC genes
(2-5). The rate of amino acid-altering substitutions exceeds
that of silent substitutions in codons of contact amino acids
in the antigen-binding site of MHC class I and class II
molecules, indicating that selection operates directly on the
antigen-binding site (6-8). The high degree of-polymorphism,

FIG. 1. Map ofWest Africa showing origins and migrations of the
three Gambian ethnic groups: Fulas (F), nomadic descendents of
Berber and Arab herdsmen, who, settled in north Senegal in the 11th
and 12th centuries, migrated widely during the 12th-19th centuries;
Mandinkas (M), originated from the Mandings of the Mali empire and
migrated during the 13th-lSth centuries; Wollofs (W), indigenous
population of northwest Senegal, center of the Jolof empire (14th-
16th centuries), gradually spreading [Archives of the National Mu-
seum of the Gambia, Banjul, The Gambia (1966)]. Present habitat
(the Yekepa area) of Liberians included in the study is indicated on
the map. Most Liberian-donors belonged to the Mano tribe.

long persistence of alleles, low frequency of homozygotes,
and high rate of replacement substitutions can best be ex-
plained by overdominant selection. However, the evolution-
ary force(s) exerting such selection pressure remain-unclear.

Restriction fragment length polymorphism (RFLP) analy-
sis ofHLA class II genes, especially DR and DQ, has been
developed into a powerful tool for-identifying allelic variabil-
ity in Caucasians, with a close correlation between specific
RFLPs and cellularly and serologically defined specificities
(9-12). We have employed this technique in a study ofHLA
class II gene polymorphism in more than 700 West Africans.

Abbreviations: MHC, major histocompatibility complex; RFLP,
restriction fragment length polymorphism.
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FIG. 2. Schematic illustration ofallelic Taq IDRB restriction fragment patterns found in West Africans. Fragment sizes are given in kilobases.
o, DRw53-associated 14-kb band; +, DRw52a; x, DRw52b; =, DRw52c. Local RFLP nomenclature (Roman numerals) is indicated below each
lane. RFLP patterns not observed in Caucasian populations are denoted by asterisks. Individuals homozygous for the non-Caucasian DRB
patterns XVII, XX, XXI, and XXIH have been found in the present study. DRB patterns XVII and XXI have also been confirmed by segregation
analysis. DRB patterns XVIII, XIX, and XXII were inferred in heterozygous individuals where the other Taq I DRB bands constituted a
well-known allelic pattern.

MATERIALS AND METHODS
Study Subjects. Venous blood samples were obtained from

731 West Africans: 638 Gambians belonging to three different
ethnic groups (295 Fulas, 191 Mandinkas, and 152 Wollofs)
and 93 Liberians (Fig. 1). The participants of the study came
from rural areas, lived in separate villages, and tended to
marry within their own ethnic group. Known first-degree
relatives were excluded.
Taq I RFLP Analysis of HLA-DRB, -DQA, and -DQB.

Southern blot analysis of Taq I-cleaved DNA was done by
standard techniques, Minor technical modifications and
probes used -are detailed in ref. 13.

RESULTS AND DISCUSSION
DRB, DQA, andDQB RFLPs. The elucidation ofHLA class

I and class II polymorphism has been the main objective of
the International Histocompatibility Workshops since these
were initiated in the 1960s. In recent years, serology, prolif-
erative assays, and biochemical methods have been at -least
partially replaced by indirect (RFLP) and direct [hybridizing
DNA amplified by the -polymerase chain reaction with se-
quence-specific oligonucleotide probes-(PCR-SSO) and se-
quencing] techniques to detect-genetic variability. In looking
for previously unidentified HLA class -II polymorphism in
non-Caucasian populations, RFLP analysis is superior to
PCR-SSO because conserved primer sequences are -not
postulated, many SSOs are not allele-specific but rather
complementary to conserved sequence motifs, which in
non-Caucasian populations may be present in other alleles
than in Caucasians, and homozygosity -is readily recognized.
Most, if not all, of the functionally important allelic vari-

ability of the DR andDQ subregions in European and North
American Caucasians have been characterized.-However, in
African and American Blacks only part of the polymorphism
is known; e.g, only 56%,of American Blacks can be HLA-D
typed with homozygous typing cells for Dwl-Dwl8, com-
pared with 98% of Caucasians (14). There has been a marked

increase in studies of HLA polymorphism in populations of
African origin during the last few years (15-19). Non-
Caucasian alleles as well as new DR-DQ associations have
been observed.
Seven DRB and one DQB allelic Taq I RFLP pattern not

observed in Caucasians were found in West Africans (Fig. 2;
Table 1). This is consistent with the fact that among class II
genes DRBI has the highest polymorphism. All but two ofthe
new patterns were present in all four ethnic groups. Some of
the non-Caucasian RFLP patterns were the most frequent
ones in West Africans, with phenotype frequencies as high as
40-57%. All Caucasian and non-Caucasian allelic DRB,
DQA, and DQB patterns were observed in >1% of the
investigated individuals in one or usually several ofthe ethnic
groups (Table 1), 1% being the conventional arbitrary line
between true alleles and rare genetic variants.
DQ &-f Pairing. In West Africans only 15 ofthe 48 possible

cis-encoded combinations of the six DQA and eight DQB
RFLP patterns were observed. The situation was the same
for Caucasians: only 29%6 of the potential DQA-DQB com-
binations were found. These data imply structural or func-
tional constraints on the assembly -of DQ a and 3 -chains.
Intraisotypic (pairing of a and (3 chains encoded in the same
subregion but on different chromosomes) and interisotypic
(pairing of a and (8 chains encoded by genes in different
subregions) transcomplementation has been demonstrated in
murine (21, 22) and human (23) in vitro systems. Our popu-
lation data, the evolutionary maintenance of specific a-(3
combinations (5), and gene transfer experiments in humans
(24) and transgenic mouse experiments (25) showing re-
stricted assembly of HLA-DQ and I-A molecules, respec-
tively, suggest that intraisotypic transcomplementation is
likely only for naturally occurring a-l8 heterodimers.
DRB-DQA-DQB Haplotypes. The Taq I DRB-DQA-DQB

haplotypes observed in 731 West Africans and 250 Swedes
are detailed in Table 1. Also given are the serological DR and
DQ specificities associated with the various RFLP patterns.
Forty-five DRB-DQA-DQB haplotypes were found in West

Immunology: Olerup et al.
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Table 1. Distribution of Taq I DRB-DQA-DQB haplotypes in four West African ethnic groups and in North European Caucasians

Confirma-
Haplotype* tonftion of

DRB DQA DQB haplotypet
I I I C A
I IV V chz
II II II cs,hz Ahz
II II I Chz
II III VIII chz
XVI II I Cs,hz Abz
IV IV III cs,hz
VIII IV III Chz, Ahz
XV VI IV As,hz
XXIII VI IV Ahz
XII V V cshz
XII V IV cs,hz Ahz
XII V VI Ahz
XVIII V IV Ahz
XIII V IV cs,hz
XIII V VI cshz Ahz
XIV V VI cs,hz Ahz
XIV V IX AIhZ
XIX V VI ll
V VI IV cshz
V VI V AhZ
V IV V Ahz
V II II Ahz
V II I A4
XIII V IV cs,hz
XVII V IX As,hz
III I I cs,hz Ahz
VI IV V CShz Ahz
VI III II
VI II II AhZ
VI II I ll
XX IV V AIhZ
XX II II A Z
XX II I Ahz
XXI IV V As~lz
XXI II II A!hZ
XXII II I Ahz
VII IV V cshz Ahz
VIII III II cshz
VIII I II As
IX III II cshz Ahz
IX III I Ahz
IX V IV cs
X II I CShz, Ahz
XI III II Ahz
XV IV V ChZ, AhZ
XV V VI ll1
XI I I cshz, Ahz
IX IV V cshz

Associated
serological
specificityt Fulas

DR

1, "Br"
"Br"
w15
w15

wlS
w16
w17
w17
w18
3
4
4
4
4
7
7
7
7
7
w8
w8
w8
w8
w8
9
9
wlO

wil

wil

wll
wll
wll
wll
wil

wil

wll
wll
w12
w13
w13
w13
w13
w13

w13
w13
w13
w13
w14
w14

Impossible to type by Taq I RFLP analysis**

DQ (n = 590)
w5 0.0186
w7 -

w6 0.0119
wl 0.0026
w6 0

wS 0.0186
w2 0.0017
w2 0.0475
w4 0.0136
w4 0
w7 0
w8 0.0356
w2 0.0712
w8 0.0051
w9 -
w2 0.0237
w2 0.1153
w2 0.0051
w2 0
w4 0
w7 0.0678
w7 0.0186
w6 0.0034
wl 0.0017
w9 -
w2 0.0475
wS 0.0966
w7 0.0169
w6 -

w6 0
wl 0.0017
w7 0.0254
w6 0.0051
w6 0.0085
w7 0.1305
w6 0.0017
w6 0.0017
w7 0.0085
w6 0.0017
w6 0

w6 0.0373
wl 0.0288
w3 0.0017
w6 0.0542
w6 0.0288
w7 0.0153
w2 0
wS 0.0017
w7 0

0.0271

Frequency of haplotypes§
Gambians
Mandinkas
(n = 382)
0.0236

0.0131
0
0
0
0.0026
0.0340
0.0157
0.0340
0
0.0183
0.0026
0.0079

0.0445
Q.0236
0.0026
0
0
0.0236
0.0131
0.0157
0

0.0445
0.0471
0.0314

0
0.0026
0.0052
0.0026
0.0105
0.3586
0
0.0079
0.0079
0
0.0026
0.0079
0
0
0.1152
0.0052
0.0314
0.0052
0.0157
0
0.0209

Wollofs
(n = 304)
0.0164

0.0097
0
0
0.0033
0
0.0297
0.0197
0.0164
0.0066
0.0230
0.0033
0.0033

0.0164
0.0099
0.0033
0
0
0.0164
0.0395
0.0164
0.0033

0.1020
0.1151
0.0329

0.0066
0
0.0197
0
0.0099
0.2105
0.0066
0.0132
0.0066
0
0
0.0197
0
0
0.1645
0.0033
0.0329
0
0
0.0066
0.0132

Liberians
(n = 186)
0.1075

0.0645
0.0007
0.0054
0.0430
0.0161
0.0484
0.2043
0

0

0.0323
0

0.0054

0.0269
0.0054
0

0.0054
0.0054
0.0215
0.0215
0.0054
0

0.0430
0.0161
0.0108

0.0215
0

0.0054
0.0108
0

0.0484
0.0108
0.0108
0.0269
0

0.0108
0.0161
0

0

0.1237
0

0.0161
0

0

0

0.0108

In Caucasians, DR-DQ haplotypes can be identified without family data due to the tight linkage disequilibrium among DRB, DQA, and DQB
loci (10-12). In West Africans, two haplotypes were assigned if the DRB, DQA, and DQB patterns constituted two haplotypic combinations
that were well-known in Caucasians or (in the case of new, non-Caucasian DRB-DQA-DQB haplotypes) if these could be confirmed in the
African population by segregation analysis or homozygosity (with a few exceptions, see footnote II).

*Allelic Taq I DRB, DQA, and DQB restriction fragment patterns, with local RFLP nomenclature in Roman numerals, are illustrated in Fig.
2 (DRB) and in ref. 10 (DQA and DQB), except DQA pattern VI (6.4-kb fragment) and DQB patterns VIII and IX (4.7-kb fragment and 3.9-,
2.4-, and 1.5-kb fragments, respectirely).
tDRB D)QA-DQB haplotypes were confirmed by segregation analysis (s) or homozygosity (hz), in Caucasians (C) and Africans (A).
SThe serologically defined DR and DQ specificities associated with specific Taq I DRB-DQA-DQB haplotypes in Caucasians are given in refs.
10-12. In Africans, the association between allelic RFLP patterns and serological specificities was determined by the microlymphocytotoxicity
typing technique in individuals representing all the new Taq I RFLP patterns and most of the new haplotypic combinations. Several of the
non-Caucasian DRwll-associated DRB-DQA-DQB haplotypes also showed some reactivity with DRw13 sera. Our data confirmed the
serological associations found by other investigators (17-20).
§The distribution of Taq I DRB-DQA-DQB haplotypes in 250 randomly selected healthy Swedes is given for comparison; n denotes the number

West
Africansl
(n = 1462)
0.0308

0.0185
0.0020
0.0007
0.0137
0.0034
0.0404
0.0397
0.0123
0.0014
0.0280
0.0301
0.0055

0.0280
0.0554
0.0034
0.0007
O.OQ07
0.0397
0.0219
0.00%
0.0014

0.0575
0.0773
0.0233

0.0041
0.0014
0.0164
0.0041
0.0082
0.1963
0.0034
0.0068
0.0103
0.0007
0.0021
0.0233
0.0116
0.0007
0.1019
0.0137
0.0233
0.0014
0.0048
0.0014
0.0205

Swedes
(n = 500)
0.0960
0
0.1720
0.0020
0
0.0060
0.0860
0.0040

0.0640
0.1420

0.0240
0.0120
0.0220

0.0480
0.0020

0.0220

0.0100
0.0700
0

0.0300
0.0420

0.0500

0
0.0560

0.0080

0.0320
0
0
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Africans but only 26 in North Europeans. All but 3 of the
Caucasian haplotypes were observed in West Africans. The
22 DRB-DQA-DQB haplotypes seen only in West Africans
have not been observed in North Europeans, South Euro-
peans, North American Caucasians, or Asians (of whom
3000, 300, 100, and 200 have been investigated, respectively).
The great difference in the degree and distribution ofDR-DQ
polymorphism in West Africans and Caucasians can be
exemplified by the observation that of the 10 most frequent
West African DRB-DQA-DQB haplotypes, only 6 have been
encountered in North European Caucasians, and only 2 of
these 6 shared DRB-DQA-DQB haplotypes belong to the 10
most frequently occurring Swedish haplotypes.
The genetic distances between Swedes and the four Afri-

can ethnic groups were, as expected, larger than the genetic
differences between the latter. Each of the West African
groups exhibit more DR-DQ polymorphism than North Eu-
ropean Caucasians (Table 1). Thus, the observed pronounced
DR-DQ gene polymorphism in West Africans is not an effect
of adding limited, but different, variability in several ethnic
isolates.
The linkage disequilibrium between the DR and DQ sub-

regions is extremely tight and recombinations between them
or between the DQAJ and DQBJ loci have not been docu-
mented. It has been suggested that the DR-DQ region might
have evolved as a "frozen block" since the separation of the
human races (26). Our RFLP data indicate that recombina-
tions indeed have occurred between DR and DQ after the
emergence of class II alleles. Recombinations may well have
occurred after speciation and the African/non-African split
and might also have taken place within the DR and DQ
subregions. In the latter case, recombination is probably
restricted by structural and/or functional constraints on DQ
a,- association.
Most RFLPs are located in noncoding regions. Conse-

quently, new RFLP patterns and new RFLP-defined haplo-
types might not represent expressed allelic differences. How-
ever, in Caucasians all Taq I DRB-DQA-DQB haplotypes
(10-12) are associated with coding differences in at least one
locus. Further, concordance between the extent of RFLP-
defined variability and functional polymorphism has been
described for MHC class I loci (27). These observations, the
findings of the present study, and serological (16) and cellular
(14, 15) typing results indicate that many new HLA class II
sequences or combinations of allelic sequences within a class
II haplotype will be found in populations of African origin.
A Population Bottleneck in the Emergence of the White

Race? Current archaeological data place the origin ofmodern
humans in southern and eastern Africa >100,000 years ago
(28). Subsequent migration out of Africa resulted in the
separation of the human races. The reconstruction ofhuman
phylogeny from contemporary genetic information as well as
linguistic data confirms the separation of Africans from
non-Africans (29). Africans exhibit the greatest diversity in
mitochondrial DNA (30) and, as shown in the present study,
in HLA class II RFLPs, which further supports the concept
that Africans are the oldest and genetically most diverse
human population.

In West Africans we have identified almost 50%6 more
RFLP-defined DRB alleles and close to twice as many

DRB-DQA-DQB haplotypes as in North European Cauca-
sians. Considering the old age of the major MHC allelic types
(2-5), it seems unlikely that Africans alone would have
accumulated a considerable amount of HLA class II poly-
morphism during the last 50,000-100,000 years. As there has
been no documented decrease in the population size of
Caucasians drastic enough to cause loss of a large number of
alleles/haplotypes, our findings can best be explained by a
bottleneck in the emergence of the White race-i.e., the
founding population of Caucasians was not large enough to
maintain the total pool of HLA class II alleles.

Positive Selection for HLA Class II Polymorphism. Two
main lines of evidence support the idea that HLA polymor-
phism is maintained by balancing selection: (i) the allelic
frequency distributions are not neutral since observed ho-
mozygosity values for HLA class I and II loci are below
neutrality expectations (31), and (ii) codons of contact amino
acids of the antigen-binding site of MHC class I and II
molecules accumulate more replacement substitutions than
silent substitutions, whereas the opposite is true for other
codons ofMHC genes (6-8). Consequently, speculations on
the evolutionary forces driving MHC polymorphism must
take into account that selection acts directly on the antigen-
binding site (i.e., probably operates via the main immuno-
logical functions of MHC molecules).
Our large groups ofgenotyped West Africans and Swedes,

in which homozygosity can be directly observed, allow a
more firm rejection of the neutrality hypothesis than previous
studies, in which the Hardy-Weinberg estimate of homozy-
gosity in phenotyped populations has been used. DRB, DQA,
and DQB alleles as well as DQA-DQB combinations were
found to experience positive selection (P < 10-3-10-5),
whereas DRB-DQA-DQB haplotypes were selectively neu-
tral (Fig. 3). The absence of positive selection for DRB-
DQA-DQB homozygotes suggests genetic and/or functional
constraints on DR-DQ recombinations on the evolutionary
conserved DRB-DQA-DQB haplotypes.
What Drives the Selection of HLA Class II Polymorphism?

Four mechanisms, not mutually exclusive, have been sug-
gested to maintain HLA polymorphism: (i) overdominant
selection (33, 34), the selective advantage of a heterozygote
over either homozygote; (ii) frequency-dependent selection
(35), the decreased fitness of an allele with increased fre-
quency; (iii) mating preference (36); and (iv) selective abor-
tion of histocompatible fetuses (37). Empirical findings (6-8,
31, 33, 34) as well as computer simulations (38) favor the
overdominant model. However, frequency-dependent selec-
tion by minority advantage-i.e., the selective advantage of
rare alleles-cannot be ruled out (38).
What evolutionary forces exert the selection pressure?

Doherty and Zinkernagel (33) suggested that the overdominant
selection of MHC polymorphism was parasite-driven. To us
this seems unlikely to be the main explanation for the following
reasons. (i) Many microorganisms are able to kill infected
individuals before an MHC-restricted specific immune re-
sponse can be mounted. (ii) Despite many attempts, associa-
tions between HLA alleles and susceptibility to infectious
diseases have not been demonstrated. (iii) Although malaria is
a major cause of child death in Africa and exerts a strong
selection pressure (e.g., in the maintenance of the sickle cell

of chromosomes investigated. 0, haplotype has been observed once or a few times in the more than 3000 Caucasians of North European
extraction that have been typed in our laboratory (0.0.); -, haplotype has never been observed in these individuals.
lGambians plus Liberians.
'In five individuals, representing three new rare haplotypes, the Taq I RFLP patterns made up one established, frequently occurring Caucasian
or African haplotype, as well as a new haplotypic combination. However, these three new haplotypes were not confirmed by segregation or
homozygosity.
**The heterozygous combination ofDRB patterns IV/XI, IV/XXI, and IX/XXI could not always be distinguished from VIII/IX, VIII/XV and
XI/XV, respectively, even when DQA and DQB linkage disequilibria were considered.

Immunology: Olerup et al.
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FIG. 3. Frequencies (%) of homozygosity for Taq I DRB, DQA,
and DQB allelic patterns, DQA-DQB combinations, and DRB-DQA-
DQB haplotypes in West Africans (s) and North European Caucasians
(o). Values below neutrality expectations indicate heterozygote ad-
vantage: P < 10-3 forDRB alleles; P < 10-5forDQA andDQB alleles;
P < 10-3 andP < 10-5 for DQA-DQB combinations in West Africans
and Swedes, respectively; and P not significant for DRB-DQA-DQB
haplotypes. Tables of the expected values of homozygosity under
neutrality (32) were compared with the observed frequencies of
homozygosity. The homozygosity is conditional on the number of
alleles (k) and the sample size (2n). Values were linearly extrapolated
fork> 30. The neutrality curve is for2n = 500. With increasing sample
size the expected homozygosity increases; i.e., for West Africans the
deviations from neutrality were underestimated.

trait), no close association between HLA alleles and respon-
siveness to immunodominant B- and T-cell epitopes of major
malaria antigens has been found (reviewed in ref. 39). Fur-
thermore, data from monozygotic twins, HLA-identical sib-
lings, and HLA-compatible individuals show that the B- and
T-cell responses to immunodominant malaria antigens are

genetically influenced, but by non-HLA-linked genes (41).
We suggest instead that one of the evolutionary forces

causing overdominant selection ofHLA polymorphism might
be a decreased probability of potentially autoreactive T-cell
clones escaping negative thymic selection during T-cell mat-
uration in HLA heterozygotes. This hypothesis is supported
by the observation that negative selection is a codominant
genetic trait (40). A theory of overdominance based on

thymic selection is compatible with the notion that evolu-
tionary forces maintaining HLA polymorphism act directly
on the antigen-binding site.
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