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ABSTRACT Previous studies of the Hpa I cleavage site-
sickle cell hemoglobin gene linkage in various African popula-
tions suggested that the sickle gene arose independently more
than once. In the present study we have performed restriction
endonuclease haplotype analysis for the fi-globin-like gene
cluster from four separate geographic areas in Africa, all of
which possess the sickle gene. In Benin (Central West Africa)
and Algeria (Arab North Africa) all chromosomes carrying the
sickle gene possess an identical haplotype as defined by 11 dif-
ferent polymorphic restriction endonuclease sites within the
60-kilobase region of the B-globin-like gene cluster. In the
Central African Republic (Bantu-speaking Africa) and in Sen-
egal (Atlantic West Africa) a very large proportion of the sick-
le gene chromosomes were associated with a haplotype specific
for each country. Thus, three different haplotypes are shown
to be associated with the sickle gene in Africa, and each is
present at a very high frequency in geographically separate
regions. Since the three haplotypes differ from each other by
at least three sites residing both 5' and 3' to a putative hot spot
for recombination, it is most likely that the sickle gene arose at
least three times on separate preexisting chromosomal haplo-
types. This may have implications for a better understanding
of the variable nature of the expression of sickle cell anemia,
because clinically relevant sequences (for example, y-globin
gene regulatory sequences responsive to anemia) might be
linked polymorphically to these haplotypes.

Previous work by Kan and Dozy (1) and Mears et al. (2),
using a single restriction endonuclease site polymorphism,
have established that the origin of the sickle gene in Africa
involved more than one mutation and that its subsequent ex-
pansion was in response to selective pressures. The observa-
tion of Kan and Dozy (3) suggested a dual origin, but the
findings of Mears et al. suggested further diversity, with the
possibility that the gene for sickle cell hemoglobin (Hb S)
could have arisen independently in Atlantic Africa (Senegal),
West Africa, and Bantu-speaking Africa (4). Nevertheless,
single-base-pair polymorphisms are intrinsically incapable of
providing conclusive data in this area. For this reason, atten-
tion is now centered on the use of multiple DNA polymor-
phisms in and surrounding the f3-globin gene cluster for es-
tablishing the origin of the Hb S gene.
The conceptual basis for the use of DNA polymorphisms

located in the ,3globin gene cluster stems from the discovery
of at least 11 sites accessible to detection by restriction endo-
nucleases and several other sites detectable, at this point,
only by sequence analysis (5-8). The 11 restriction endonu-
clease sites, spanning from just 5' to the e-globin gene to 8
kilobases (kb) 3' to the ,3-globin gene, should be expected to

kb
60 50 40 30 20 10 0

5 Gr Ar *R a 3

f ~ ~~~~~ tJ f t Tt
Hc Hd P Hc Hf Hg A Hp B

FIG. 1. Human l3-globin gene cluster and 11 polymorphic sites
revealed by 8 different endonuclease restriction enzymes. Hc,
HincII; Hd, HindIII; P, Pvu II; Hf, HinfI; Hg, HgiAI; A, Ava II;
Hp, Hpa I; B, BamHI.

be closely linked to the p-globin gene, and if the mutational
event is reasonably recent a 3-globin gene mutation should
be accompanied by a defined haplotype formed by the set of
polymorphic DNA sequences found in the ,B-globin-like gene
cluster. This set of sequences would be those preexisting in
the chromosome before the mutational event.
We have defined the haplotype for 11 polymorphic restric-

tion endonuclease sites in the ,3-globin-like gene cluster (Fig.
1) in DNA harvested from sickle cell anemia patients in four
geographic locations in Africa: Senegal (Atlantic West Afri-
ca), Benin (Central West Africa), the Central African Repub-
lic (Bantu-speaking Africa), and Algeria (Arab North Afri-
ca). We find not only extraordinary homogeneity of the hap-
lotype found in each location but also specifically different
ones for Senegal, the Central African Republic, and Benin.
These data, together with the available data on the distribu-
tion of the Hpa I polymorphism in Africa, allow us to state
that the Hb S gene arose in Africa in at least three indepen-
dent historical instances and then proceeded to expand
through selection.

MATERIALS AND METHODS
Subjects. Patients with sickle cell anemia were identified

by hemoglobin electrophoresis and hemoglobin solubility
testing. White cell pellets from 29 SS homozygotes from
Senegal, 10 SS homozygotes from Benin, 14 SS homozy-
gotes from the Central African Republic, and 10 from Algeria
were obtained from sickle cell anemia clinics in the African
countries. Ethnic origin of the subjects was assessed by
identifying the tribal origin of the parents. A few normal sub-
jects from each country were also studied.
DNA Analysis. DNA was prepared from the subjects' leu-

kocytes by previously described techniques (2).
Haplotype analysis of the /3-globin-like gene cluster was

performed by using the following restriction endonucleases
and DNA probes (Fig. 1). The numbers in parentheses repre-
sent the expected DNA fragment in kb if the polymorphic

Abbreviations: Hb S, sickle cell hemoglobin; kb, kilobase(s).
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site is absent (-) or present (+): HincII, 1.3-kb E-globin ge-
nomic probe (-, 8.0; +, 3.6); HindIII, 0.9-kb (y-globin IVS2
genomic probe, which identifies one site in each gene (GY =
-, 7.9; +, 7.2; Ay = -, 3.4; +, 2.7); Pvu II, 1.7-kb Bgl
II/Xba I fragment of pseudo-,8-globin gene (-, 11.5; +, 14);
HincII, probe that identifies two sites (--, 7.6; - +, 6; ++,
3/3; + -, 3/4.6); Hinfi, 1.8-kb 5' /3-globin genomic probe
(-, 1.0; +, 0.7); Ava II ,B-globin IVS2 genomic probe (-,

2.2; +, 2.0); Hpa I 4.4-kb Pst I ,B-globin genomic probe (-,

13; +, 7.6 or 7.0); and BamHI, 4.4-kb Pst I f3globin genomic
probe (-, 22; +, 9.3).

Restriction endonucleases were obtained from Amer-
sham, Boehringer Ingelheim (Ingelheim, FRG), and New
England BioLabs. Restriction endonuclease digestion em-
ployed the conditions recommended by the suppliers, with
sufficient enzyme to ensure complete digestion.
Agarose gel electrophoresis was performed using 0.8-

1.2% agarose, depending upon the size of the DNA frag-
ments being studied, and an electric field to satisfactorily
separate the fragments of interest as judged by concomitant
separation of X phage DNA size markers.
DNA was transferred to nitrocellulose by the method of

Southern (9) and subsequently hybridized to the appropriate
radiolabeled probe.

All probes were plasmid-purified genomic fragments (out-
lined above), which were nick-translated, as described (10),
to a specific activity of 108-109 cpm/pg of DNA.

After hybridization, filters were washed free of specifical-
ly unbound probe as described before (11) and exposed to X-
ray film at -70°C for 24-48 hr.

Analysis of the identified fragments was performed as out-
lined above. Homozygosity for a polymorphic site was iden-
tified by the presence of only one of the two possible DNA
fragments for a site and scored as - if only the larger frag-
ment was seen, + if only the smaller fragment was seen, and

if both were seen.

RESULTS
In Benin, of the 10 sickle cell homozygotes investigated by
these methods, all 20 chromosomes were found to have the
same haplotype (Table 1).

Similarly, in Algeria all 20 sickle cell anemia chromosomes
have the same haplotype as seen in Benin.
Of the 28 chromosomes in the Central African Republic

from individuals with sickle cell anemia, 26 (84%) possessed
a specific haplotype (Table 1). In addition, one individual

was a homozygote for the chromosome most commonly
found in Benin. Two additional chromosomes were found to
possess an atypical haplotype, assuming the accompanying
chromosome was in one case of the Benin type and in the
other of the Central African Republic type.

In Senegal, 48 of 58 chromosomes (82%) studied from
sickle cell anemia patients were found to have a unique hap-
lotype. In addition, 8 chromosomes from this population car-

ried the Benin haplotype, and 2 carried atypical haplotypes,
provided their accompanying chromosomes were of the Be-
nin and Senegalese types, respectively.
Of the 124 Hb S gene-bearing chromosomes studied in

these few African countries, 110 haplotypes were geographi-
cally specific and 120 could be classified into three types
(Fig. 1). In other words, only 4.4% of the sample had atypi-
cal haplotypes.

DISCUSSION
The study of the molecular history of the Hb S gene was

started with the pioneering work of Kan and Dozy (1), who
described the polymorphism of the Hpa I site located about 5
kb 3' to the ,B-globin gene. This polymorphism allowed these
investigators to link the Hb S gene with two types of chro-
mosomes (one bearing the sequence recognized by Hpa I
and the other not), each found in defined geographical loca-
tions. The limited initial data were interpreted to mean that
one of the chromosomes was characteristic of West Africa
and the other of Equatorial and East Africa (3). Mears et al.
(4) extended this data to a larger and more diversified sample
and determined that the 13-kb fragment generated by the ab-
sence of the Hpa I recognition sequence was characteristic
of the central portion of West Africa but not of the popula-
tions found towards the Atlantic Coast of Africa. In addition,
it was confirmed that Bantu-speaking populations (Central
African Republic, Gabon, and portions of Cameroon) have a

significant number of Hb S genes linked to the 7.6-kb frag-
ment.
These findings have anthropologic importance. Available

data (12) suggest that black populations were restricted orig-
inally to West Africa. About the time of the collapse of the
Roman Empire, West African groups migrated east and
south to the present areas of Equatorial and East Africa.
Linguistic data suggest that the originators of this migration
were inhabitants of the margins of the Benue River (eastern
Nigeria). This migration explains the degree ofhomology be-
tween the Bantu languages spoken in this area, in contrast to

Table 1. 3-Globin gene cluster haplotypes in four African populations
HincII HindIII Pvu II HincIl Hinfl HgiAI Ava II Hpa I BamHI No. of

Site Site Site Site Site Site Site Site Site Site Site chromosomes
1 2 3 4 5 6 7 8 9 10 11 Obs. Total %

Benin - - - + - + - + + - + 20 20 100

Algeria - - - + - + - + + - + 20 20 100

Central - + - + - - - + + + + 24 28 85.7
African - - - + - + - + + - + 2 28 7.3*
Republic + - - - - - + + + + 1 28 3.6t

- + + - + - + + + - 1 28 3.6t

Senegal - + - + + + + + + + + 46 56 82.1
- - - + - + - + + - + 8 56 14.3*
+ - - - + + + 1 56 1.8§
- + - - + + + + + + 1 56 1.8t

*Benin type.
tAtypical haplotype, assuming accompanying chromosome is of the Central African Republic type.
tAtypical haplotype, assuming accompanying chromosome is of the Benin type.
1Atypical haplotype, assuming accompanying chromosome is of the Senegal type. May be the same as one of the atypical
Central African Republic haplotypes.
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the enormous diversity and lack of formal connections be-
tween the many languages spoken in West Africa. With this
background it was surprising that the Hb S gene was linked
to the 7.6-kb fragment both in Atlantic Africa and in Bantu-
speaking Africa, and the possibility arose that the Bantu ex-
pansion might have started in populations living in the most
western portions of West Africa since the evidence for the
Benue River origin is purely linguistic.

Single DNA polymorphism determination does not allow
for the precise assignment of the mutated gene to a particular
chromosome or definitively determine the number of muta-
tions that might have occurred independently, since recom-
bination events could in theory explain the previous results.
The discovery of multiple polymorphic sites in the f3-globin-
like gene cluster (5-8) permits us to address the questions
posed. Eleven sites, detectable by endonuclease mapping,
can be determined, and the haplotype can be defined for
each carrier of the Hb S gene.
We have selected four populations of Africa: one in North

Africa (Algeria), one in Atlantic Africa (Senegal), one in
Central West Africa (Benin), and one in Bantu-speaking Af-
rica (Central African Republic). As we have more extended
data on the distribution of the Hpa I polymorphism (a part of
the haplotype), the data gathered in these four populations
can be used to establish a general picture of the region.
The data presented here demonstrate that the haplotypes

are almost entirely homogeneous in each population of Hb S
homozygotes. The few exceptions (in which the individuals
exhibit a heterozygous form for the haplotype or a homozy-
gous form for a different haplotype) can be explained by mi-
gration from surrounding areas. Of interest, the most com-
mon haplotype that appears to have migrated has been the
one associated with Benin (Central West Africa). In particu-
lar, appreciable admixture of the Benin haplotype with the
local haplotype is seen in Senegal. The Senegalese study
group was obtained from Dakar. Historically, Dakar has
been a major commercial port for West Africa, and it is prob-
able that the haplotype admixture present today reflects mi-
gration associated with commerce. The rare atypical haplo-
types found in our sample could be the product of mutation
in the DNA sequences recognized by the restriction endonu-
clease or the product of recombination.

Importantly, of the three different haplotypes identified
by us to be associated with the Hb S gene, at least three
different restriction site polymorphisms distinguish each
from the others. The polymorphism differences between any
two of the haplotypes occur both 5' and 3' to the putative
"hot spot" for recombination that has been postulated to ex-
ist for some ethnic groups between the 3' pseudo-f3-globin
HincII site and the HinfI site 5' to the /3-globin gene (5, 7).
Recombination at this point cannot explain the generation of
the three haplotypes.
The data presented here provide strong evidence that the

Hb S gene was generated in Africa by at least three separate
mutational events involving three or more different chromo-
somes. In addition, the data suggest that the Hb S gene mi-
grated from West Africa to North Africa through the well-
documented trans-Saharan caravan routes (12). Also, the
data are entirely compatible with the Bantu expansion hav-
ing originated in an area close to the frontier of present day
Nigeria and Cameroon.

It should be remembered, nevertheless, that in other pop-
ulations and other genetic diseases, haplotype associations
are not as easy to interpret. Y. W. Kan and his colleagues
have found eight haplotypes associated with the 13-39 non-
sense mutation in 83-thalassemia carriers in the island of Sar-
dinia (13). This finding is not unequivocally interpretable.
This situation could have originated by multiple origins of
the gene, particularly if there is hypermutability of the 3-39
site, but also by recombination (most of the haplotypes in-

volved only changes 5' to the 3-globin gene), gene conver-
sion, or gene flow. None of these alternatives need to be
envoked to explain our data.
Of anthropological interest is that these haplotypes could

provide an objective tool capable of defining the places of
origin of Blacks dispersed through the Americas by the slave
trade. This approach will allow the calculation of the compo-
sition by African origin of many Caribbean and other New
World Black communities, as long as they exhibit an appre-
ciable Hb S gene frequency.

Furthermore, an interesting possibility arises with respect
to the clinical expression of sickle cell anemia. The expres-
sion of the y-globin gene, in the presence of anemia, is prob-
ably under genetic control and possibly is modulated by spe-
cific DNA sequences within the 83-globin-like gene cluster
(14). The switch from Hb F (fetal) to Hb A (adult) is retarded
in sickle cell anemia patients (15), and genetic diversity
among individuals could exist with respect to this feature.
The genetic basis of these phenotypic features may be linked
to specific haplotypes. Of considerable interest would be to
define the biochemical, cellular, and clinical features of sick-
le cell anemia patients belonging to the three haplotypes de-
scribed here. Variability in the course of sickle cell anemia
may in part relate to the multiple independent origins of the
Hb S gene arising in different preexisting chromosomal hap-
lotypes. Further studies are required to elucidate this possi-
bility.
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