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ABSTRACT

The hypothesis that three separate mutations to the pS-globin

gene have occurred in Africa is challenged. The distributions of the S and other
B-globin haplotypes and a simulation of the diffusion of the ¥ gene are presented
and argued to be more in accord with the rapid diffusion of a single mutant that by
recombination and gene conversion now occurs on several different haplotypes.

There has always been the implicit belief
that sickle cell anemia is a disease that
occurs only in Blacks. This is undoubtedly
due to a large extent to the fact that it was
first discovered in a Black American and
that the overwhelming number of cases in
the United States occur in Blacks. When
cases are found in whites, they are assumed
tobe due to racial admixture; and since these
cases occur primarily in Mediterranean pop-
ulations this seems plausible. When Leh-
mann and Cutbush (1952) first found high
frequencies in some populations in Southern
India, they immediately examined them for
the so-called African blood group markers
and found none in these populations. Never-
theless, the assumption persists, and the
presence of African blood group markers in
Middle Eastern and Sicilian populations
with high frequencies of hemoglobin S is
considered evidence for an African origin of
hemoglobin S (Levene et al., 1976; Sandler et
al., 1978).

More recently, the accumulation of data on
restriction site polymorphisms (RSPs or
RFLPs) and the distributions of the haplo-
types defined by them has introduced a new
kind of evidence to interpret the evolution of
the hemoglobin variants and most especially
that of the p5-globin gene. There are now at
least 17 known polymorphic restriction sites
along the approximately 68 kilobases of the
BS-globin gene cluster, but most of the hy-
potheses about the origin and diffusion of the
hemoglobin variants have been based on the
7 to 12 restriction sites that were first used
in a significant number of population
studies.
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One of the first uses of restriction site data
was a proposed association between the 5-
globin gene and one restriction site (Hpal) in
the Black American population that would
lead to the prenatal identification of sickle
cell anemia (Kan and Dozy, 1978). However,
hemoglobin S has since been found to be
associated with many different restriction
haplotypes, with Hpal both present and ab-
sent, in the Black American population (An-
tonarakis et al., 1984) and in most of the
other populations in which this gene has
relatively high frequencies (Kuzolik et al.,
1986). In many areas of Africa the B° gene is
found predominantly on one haplotype, but
the specific haplotype varies from area to
area. These B° haplotypes have been called
Senegal, Benin, and Bantu after the area or
people where they are found. They are de-
fined by five restriction sites 5 to the -
globin gene and to three or four sites within
it or 3’ to it. According to the presence (+) or
absence (—) of each restriction site, these BS

haplotypes have the patterns: — + — +
+ + + +, Senegal; — — — — + + — +, Be-
nin; and — + -~ — — + + +, Bantu (for the

restriction enzymes involved and the haplo-
type frequencies, see Kuzolik et al., 1986).
There has been the general assumption
that each of these haplotypes associated
with the 85 gene is due to a separate muta-
tion and thus that the BS gene mutated in
three different areas in Africa and alsoin the
Middle East and/or India (Pagnier et al.,
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1984; Kuzolik et al., 1986) and then diffused
out from these four origins. This interpreta-
tion is now approaching the status of ac-
cepted fact (Nagel and Labie, 1985; Hill and
Wainscoat, 1986; Sharon et al., 1988; Harvey
et al., 1988; Chebloune et al., 1988).

Fromits 5’ toits 3’ end the B-globin cluster
includes an embryonic € gene, the two fetal
globin genes %y and “y, a {m pseudogene, the
d gene, and, finally, the 8-globin gene itself.
There is a region with an increased fre-
quency of recombination immediately 5' to
the B gene and 3' to the 3 gene. Sites on
different sides of this region are in linkage
equilibrium, while those on the same side
have varying degrees of linkage disequilib-
rium (Antonarakis et al., 1982a); and 75% of
the crossing-overs occur in this region
(Chakravarti et al., 1984). The frequencies of
the restriction site haplotypes of the B-globin
gene 5’ to this region vary significantly
among human populations, each major area
of the world being characterized by a very
few of the possible haplotypes. These fre-
quency differences have been considered to
be evidence for the origin of Homo sapiens in
Africa (Wainscoat et al., 1986); but these
conclusions have been questioned (Giles and
Ambrose, 1986; Van Valen, 1986). The hap-
lotypes of the 5’ part of the B-globin cluster
consist of the first five restriction sites of the
Senegal, Benin, and Bantu haplotypes out-
lined above, and their variation is a major
part of the evidence supporting the multiple
mutation hypothesis.

Although these interpretations of the evo-
lution of B-globin haplotypes seem plausible,
they do not consider the effects of two other
factors that now seem to be crucial to haplo-
type evolution. First, the enormous selective
advantage of hemoglobin S heterozygotes in
an environment with endemic falciparum
malaria has enabled this gene to diffuse
more rapidly through human populations
and increase in frequency more rapidly than
any other known human gene. Second, the
recent evidence indicating high rates of re-
combination (Chakravarti et al., 1984) and
gene conversion (Powers and Smithies,
1986) for the p-globin gene cluster could
result in much more haplotype diversifica-
tion than would be expected from mutation
alone. Other interpretations are thus possi-
ble. This article will argue for a Middle East-
ern origin of hemoglobin S and for the
possibility that its worldwide distribution is
due mostly to the diffusion of a single mu-
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tant, which is postulated as having been
diffused throughout Africa and the Middle
East by Arab or Muslim expansion. A consid-
eration of the worldwide distributions of the
haplotypes of the BS-globin and other B-
globin variants and a simulation of haplo-
type distributions during the rapid advance
of an advantageous gene are presented to
support this alternate view.

DISTRIBUTIONS OF B-GLOBIN MUTANTS
OTHER THAN HEMOGLOBIN S

It has been known for some time that the
B-thalassemias are a very diverse group of
molecular defects. When each one appeared
to be found on one or a very few haplotypes
(Hill and Wainscoat, 1986), it supported the
obvious view that the association of one
gene—one haplotype would indicate the oc-
currence of a single mutation, especially
since most of the haplotypes associated with
any particular B-thalassemia could be de-
rived by simple cross-overs (Hill and Wains-
coat, 1986). Antonarakis et al. (1982b) were
the first to investigate a hemoglobin variant
with several restriction enzymes and to find
its association in a single population with
different haplotypes. In a mixed group of
Cambodians, Laotians, and Thais, they
found two haplotypes associated with hemo-
globin E in all three populations, and these
could be derived from each other by a simple
crossing-over at the approximate site of the
known hot spot. In Cambodians, an addi-
tional haplotype was associated with hemo-
globin E, and this haplotype was associated
with another framework. A framework is
defined by Antonarakis et al. (1982b) as the
nucleotide sequence of the B gene. There are
five nucleotides in the B gene, one in exon 1
and four in intron 2, that exhibit variation in
all human populations. Four major frame-
works based on this variation occur with
varying frequencies in all human popula-
tions, and one of these major frameworks is
also found on chimpanzees (Savatier et al.,
1987). The finding of the same hemoglobin
E mutation in two different frameworks
(called frameworks 2 and 3), which differ at
position 6 in exon 1 very close to the hemo-
globin E mutation, was calculated by Anton-
arakis et al. (1982b) to be more probably due
to two separate point mutations than to a
series of single or double cross-overs. How-
ever, they did not include the possibility of
gene conversion in their calculations.
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Hemoglobin E is widely distributed in
Southeast Asia, with its highest frequencies
in a central area of Cambodia and Thailand
and another smaller focus in the Assam val-
ley of India (these and all subsequent fre-
quencies cited can be found in Livingstone,
1985). This distribution suggests that the
hemoglobin E mutation and/or intense en-
demic malaria originated in this central area
of Southeast Asia and diffused out from
there. Hundreiser et al. (1988a) have found
that the major haplotype and the framework
(No.2) associated with the BE-globin gene in
Assam is the same as those associated with it
in Thailand. The BE genes in Cambodia are
found on both frameworks 2 and 3 (Hun-
dreiser et al., 1988b), and there is a cline
with an increase in framework 3 haplotypes
eastward away from Thailand. The Viet-
namese also have framework 3 haplotypes
(Nakatsuji et al., 1986). These B* genes on
framework 3 may be due to a separate muta-
tion, but the possibility of gene conversion
is now being considered (Wainscoat, 1987;
Hundreiser et al., 1988b).

There is evidence of separate hemoglobin
E mutations in other populations. A study of
hemoglobin E in two German families found
that it was on two very different haplotypes
that are also very different from the haplo-
types found with hemoglobin E in Southeast
Asia (Kazazian et al., 1984b). These would
thus seem to be separate mutations, since in
addition there is no evidence of gene flow
from Southeast Asia. However, Hundreiser
et al. (1988a) have found the same haplotype
as one of these European families in Assam
and suggest that there may have been gene
flow from India. Two other populations have
high frequencies of hemoglobin E: The Eti-
Turks in Southeast Turkey and the Veddas
of Sri Lanka. These cases have been shown to
be the same amino acid substitution, and it
will be of considerable interest to determine
their haplotypes. These populations are
rather distant from populations in South-
east Asia with high frequencies of hemoglo-
bin E, so that it is still a question as to
whether their hemoglobin E genes are due to
admixture or are separate mutations. In any
case, all these occurrences of hemoglobin E
do support other evidence that the hemoglo-
bin E mutation appears to be relatively com-
mon as compared with other individual
hemoglobins. Hemoglobin E is a glu-lys
amino acid substitution, of which there are
21 known variants for the globin chain, while
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there are nine glu-val variants including
hemoglobin S (International Hemoglobin In-
formation Center, 1988).

If the hemoglobm E mutation did origi-
nate in central Southeast Asia and even
specifically among the Cambodians, then
the hemoglobin E gene has been in these
populations longer and in high frequencies
longer than elsewhere, and thus there has
been more opportunity for recombination
and gene conversion to occur. Thus, its occur-
rence on more haplotypes in these popula-
tions is expected. But the same cannot be
said for a mutation that should be equally
likely to occur anywhere. Since hemoglobin
E has such a high selective advantage and
may be a more common mutant than hemo-
globin S, it would most likely have survived
in other parts of the world with endemic
malaria.

Hemoglobin C, another B-globin variant
found in high frequencies in West Africa, has
also been found to associated predominantly
with one haplotype, with the few known
cases on other haplotypes being derivable
from it by simple cross-overs (Boehm et al.,
1985). Boehm et al. (1985) studied American
Blacks; thus their cases of hemoglobin C
originated in West Africa. It is noteworthy
that hemoglobin C is found on a haplotype
that is relatively rare in African populations.
More recently, hemoglobin C in Sicily has
been found on the same haplotype (Cataldo
et al., 1987). Hemoglobin C has also been
found in a small population of Palestinian
Arabs. The distribution of hemoglobin C,
with its peak frequencies in the interior of
West Africa and a more or less gradual de-
crease in frequency in all directions, remark-
ably approximates the expected distribution
of the diffusion of an advantageous gene
(Cavalli-Sforza and Bodmer, 1971). It seems
to have diffused outward from West Africa,
with its diffusion spread caused in large part
by its selective advantage in a malarious
environment. However, it has diffused to the
west and north much further than it has to
the east. To the east in Nigeria there is a
sharp border at the Niger River, with very
few cases of hemoglobin C east of there
(Okpara et al., 1986). This situation seems to
be best interpreted by the replacement of
hemoglobin C by hemoglobin S (Livingstone,
1976), since much higher frequencies of the
S gene are found in Nigeria both east and
west of the Niger Rlver and wherever very
high frequencies of B° are found in Central
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and East Africa, other hemoglobin variants,
including thalassemia, are rare.

In contrast to Africa and Asia, there is no
hemoglobin variant with a widespread dis-
tribution in Europe. Instead, endemic ma-
laria is usually associated with B-thalas-
semia. Sardinia has probably had the worst
endemic malaria in Europe. Although adja-
cent to Sicily, it has had a much lower popu-
lation density and relatively little admixture
from outside. Brown (1981) has contested
this view and cited evidence for considerable
immigration during Carthaginian and Ro-
man times. Nevertheless, the distribution of
B-thlassemia and the predominance of a sin-
gle mutant would indicate that diffusion
within the Sardinian population and natural
selection by malaria were the main forces
determining the frequencies of B-thalas-
semia in Sardinia. Hemoglobins S and C are
both present on Sicily but not on Sardinia,
but Sardinia does have higher frequencies of
B-thalassemia most of which are due to a
single mutation, a B-39 nonsense mutation
(Pirastu et al., 1987). This mutant is found
on several different haplotypes, most of
which can be derived by crossing-over from
the predominant haplotype, but others re-
quire gene conversion or mutation. Since one
would not expect the same thalassemia mu-
tation to occur twice in the same population,
this is strong circumstantial evidence for the
occurrence of gene conversion in this region
of the B-globin gene. 8-Thalassemia frequen-
cies in Sardinia are also closely correlated
with the endemicity of malaria, with high
frequencies in the lowlands and low frequen-
cies in the highlands. This distribution can
best be interpreted as the diffusion of one
adaptive mutant throughout the whole pop-
ulation that has attained equilibrium fre-
quencies almost everywhere (Livingstone,
1973). This distribution of B-thalassemia in
Sardinia contrasts markedly with its distri-
bution in Sicily, where there is a lower fre-
quency of B-thalassemia but many different
mutations are present (Maggio et al., 1986).

THE DISTRIBUTION OF THE B° GENE IN
AFRICA

The previous examples of the origins and
diffusions of hemoglobin mutants that are
responses to malarial selection seem to indi-
cate the comparative recency of malarial
selection in human evolution since the distri-
butions are all somewhat localized and
hence have not had time to diffuse through a
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large part of the human species. The B5-
globin gene also seems to be a recent mutant
that has diffused rapidly thoughout the cen-
tral areas of the Old World because of its
enormous selective advantage in environ-
ments with endemic falciparum malaria.
With the most reasonable estimates of the
fitness values of the various genotypes, the
BABS-gene heterozygotes have the highest
fitness of any B-globin heterozygotes, and
thus the B® gene has a much faster rate of
diffusion than other mutants; I have else-
where called B° a predatory gene (Living-
stone, 1976). The fact that B° is associated
with different haplotypes in different areas
is not evidence of separate mutations if,
within the given time period, it could have
diffused throughout the populations in
which it is found and if other forces (recom-
bination and interallelic gene conversion)
could have changed the haplotype associa-
tions of the 3% gene during its diffusion.

Although hemoglobin S is found in high
frequencies in populations in Europe, Africa,
and Asia, it has not diffused to the limits of
endemic falciparum malaria. This is to be
expected, since malarial selection is the
cause of these high frequencies and thus
endemic malaria should precede them; gene
diffusion is also a much slower process than
is the epidemic diffusion of an infectious
disease. The discordance between the distri-
butions of endemic falciparum malaria and
high frequencies of the BS gene, however,
does indicate nonequilibrium conditions in
many populations that would seem to be due
to recent diffusions of the disease and the
gene. In Africa the B° gene has allele fre-
quencies that are close to equilibrium in
much of the Congo Basin. In East Africa,
there are extreme differences in altitude and
rainfall that result in great differences in
malaria endemicity, but g is still close to
equilibrium in most populations. On the
other hand, in Southern Africa there is en-
demic malaria but very low frequencies of
the pS gene. Wilson et al. (1950), in their
review of hyperendemic malaria, cited a pop-
ulation in Zululand as one of the classic
examples of hyperendemic malaria, but the
Zulus and all the other Bantu tribes in
Southern Africa have extremely low fre-
quencies of the B° gene. It is also possible
that falciparum malaria has spread more
recently to these populations, which seems
likely since the Southern Bantu do not have
high frequencies of B-thalassemia.
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In West Africa, malama is also more wide-
spread than is the B5 gene. Hemoglobin S is
almost absent in the Kru peoples of Liberia
and the Ivory Coast. Since these people are
the indigenous inhabitants of West Africa,
B85 seems most likely to have been introduced
later. The diffusion of the pS gene in West
Afrxca is complicated by the presence there of
the C-globin gene and a mild B-thalassemia.
The latter has its highest frequenc1es in the
Kru peoples, while the 8€ gene is found in
highest frequencies in the Gur-speaking peo-
ples of the Ivory Coast, Ghana, and Burkina
Faso. The B° gene is found in a ring from
Senegal to Ghana and Nigeria around these
populations, and this distribution of B°
seems to be best explained as the diffusion
into West Africa from elsewhere.

Further evidence for the recency of the g
gene in West Africa is the number of popula-
tions in Guinea-Bissau with very low p°
frequencies. These populations are small
and speak many different West Atlantic lan-
guages. They are surely the original inhabit-
ants of this area and are surrounded by
larger groups such as the Mandingo, Fulani,
Saracole, and Wolof, who have been expand-
ing their territories and numbers. The Sene-
gal haplotype is the most common one in this
area and is not found in high frequencies
anywhere else, as far as is known from the
meager samples of haplotypes studied thus
far. This haplotype could have mutated here,
but it is more probably a recombinant that
occurred here or during the diffusion of the
5 gene to West Africa. Other haplotypes are
present, and the Benin haplotype is the sec-
ond most common (Pagnier et al., 1984).

Even in the central areas of Africa there
are populations with low frequencies of the
B5 gene but with endemic malaria. The Nilo-
tic and Nuba peoples of the Sudan are two
such groups. The Nilotes were probably more
widespread in the past, since archaeological
material and rock paintings throughout
much of the Sahara indicate a similar pasto-
ral way of life. Although malaria is endemic
among the Nilotes, there is evidence that
falciparum malaria may by comparatively
recent among them (Henderson, 1932). Fur-
ther north in the Sudan, the Arabic trlbes
have much higher frequenmes of the 85 gene,
and it seems hkelg that both falciparum
malaria and the B gene were introduced
into the Nilotes from these neighboring
groups.

There are other possible reasons for the
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low B° gene frequencies in the Nilotes. They
have not been influenced by the advance of
either Arab or European cultures and have
always had a distrust of “foreigners” (Evans-
Pritchard, 1940), which should result in less
gene flow into these groups. Their pastoral
way of life also leads to a more nomadic
existence, which can decrease the rate of
transmission of malaria. Their close associa-
tion with their cattle can also in some cases
divert the mosquito from biting humans, and
this can also decrease malaria transmission.
Finally, there is some evidence that the Ni-
lotic tribes have high frequencies of a mild
B-thalassemia. These frequencies do show
that these populations have had malaria
selection for a considerable number of gener-
ations, but according to Henderson (1932) it
was benlgn tertian malaria, probably caused
by Plamodium vivax. Since the B gene has
its major effect against falciparum malaria,
it may well be that B-thalassemia was se-
lected for because it has a greater effect
against vivax malaria. But like the tribes of
Liberia with B-thalassemia, the p° gene has
yet to be established among the Nilotes.
Although the presence of high frequencies of
B-thalassemia may retard the rate of in-
crease of the 85 gene, the effect is minimal
(Livingstone, 1983); and B° can replace B-
thalassemia or the BC gene in the very short
time of about 20 to 30 generations.

The Nuba people are an isolated popula-
tion in the Nuba Mountains who also have
resisted outside influences (Seligman and
Seligman, 1932) and are most closely related
to Central Africans. They speak languages
of the Kordofanian branch of Congo-Kordo-
fanian, while most of the peoples of Black
Subsaharan Africa speak Niger-Congo lan-
guages, which constitute the other branch of
this family (Greenberg, 1963). The Nuba did
have malaria, but their isolation from Arablc
influences seems to have prevented the p°
gene from diffusing to them. They cluster
with the Nilotes and the populations of East
Africa in genetic affinity, and their major
difference from the Bantu is their low g5
frequency (Tay and Saha, 1988).

THE DISTRIBUTION OF THE p° GENE IN
EURASIA

The highest frequencies of the B° gene in
Eurasia are found in widely dispersed popu-
lations, and there is in all cases an associa-
tion with severe hyperendemic falciparum
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malaria. In Europe the gene has attained
polymorphic frequencies in some popula-
tions in Sicily, Greece, Portugal, and the
Soviet Union, and there are occasional cases
in other countries such as Spain, France,
Italy, Yugoslavia, Turkey, Bulgaria, and Al-
bania. In the future a polymorphic frequency
may well be found in some 1solated popula-
tion in these countries. B° has probably
reached Portugal from Afrlca and haplotyp-
ing of the Portuguese B genes could decide
whether they came primarily from Algeria or
the Senegal reglon

In Sicily the p° gene is found primarily in
the southeast. There is a very high frequency
in Butera, with a gradual decrease in all
directions from this town. This distribution
has the appearance of the recent introduc-
tion of a single mutant, and its location
seems to indicate an introduction from
Greece (Barrai et al., 1987). B-Thalassemia
is more widespread on the island and indi-
cates that malaria has been endemic for a
much longer time than the 3° gene has been
there. However, there is disagreement about
the origin of the 85 genes. Ragusa et al.
(1988) have found that all the % haplotypes
were of the Benin type and thus concluded
that the gene originated in West Africa. The
fact that the hemoglobin C haplotypes on
Sicily were also identical to the major West
African haplotype would seem to support
this view, but this is not conclusive. If the p°
genes in Slcﬂy came from West Africa, they
would as likely be the Senegal as the Benin
haplotype. The SlClhans could just as likely
have obtained the BC gene from Algeria or
Tunisia and the g5 from some other popula-
tion to the east, where the Benin haplotype is
found. Another recent study from western
Sicily (Sammarco et al., 1988) has also found
that the Benin haplotype was most common
and was associated with six B° genes, but
seven other BS genes were found on other
haplotypes. Most of these could be derived by
simple cross-overs from the Benin type, but
such haplotype diversity indicates either
that the p° gene has been present for some
time if it was introduced once or that there
were multiple 1ntroduct10ns

The hlghest B° gene frequencies in Europe
are found in Greece. These high frequencies
are not as widespread as are those for -
thalassemia, which indicates that the latter
has been there longer. B-Thalassemia in
Greeks is known to include many different
mutants (Antonarakis et al., 1985). In Mace-
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donia, there is also a reciprocal relationship
between the high frequencies of these two
alleles, for which the most reasonable inter-
pretation is that the B gene is in the process
of eliminating B-thalassemia (Barmcot etal.,
1963). Since high frequencies of BS have now
been found all along the southern coast of
Turkey (Yuregir et al., 1987), this would
appear to be the orlgm of the gene in Greece.
In Turkey, the B gene is associated with the
Benin haplotype (Bakioglu et al., 1985; Alu-
och et al., 1986), so that the presence of this
haplotype in Greece and Sicily could be due
to gene flow from Turkey. However, the
sporadic and erratic nature of this gene flow
is shown by the absence of the 8° gene on
Rhodes, which has high frequencies of
thalassemia and endemic malaria.

In the Middle East and India, the RS gene
seems to have diffused to more of the popula-
tions with endemic malaria than is true for
Africa and Europe. It has diffused through
Iran to Azerbaijan in the Soviet Union and is
found in most populations of the Indian pen-
insula with severe endemic falciparum ma-
laria. It is also found in frequencies that
seem close to equilibrium for the amount of
malaria present in Saudi Arabia, southern
Iran, and among Palestinian Arabs Most of
these populations have the B® gene haplo-
type No. 31 ( + + — + + + + —), which is
now called the Arab-Indian haplotype (Ra-
gusa et al., 1988). This haplotype is associ-
ated with a milder course of sickle cell
anemia (Wainscoat et al., 1985; Kutlar et al.,
1985). If it increases the fitness of the ho-
mozygote while maintaining the very high
fitness of the heterozygote, then one would
expect it to replace the other haplotypes with
more severe effects.

Although Egypt is at the crossroads of the
0ld World, it is remarkable that there are
practlcally no B° genes in the Nile River
Valley. The populations of the oases, how-
ever, have high frequencies, which are com-
mensurate with the intense malaria. But
this does seem to indicate that the B° gene
flow has not been via the Egyptians. The
dividing line between the Benin and Arab-
Indian haplotypes is through the middle of
Saudi Arabia, with the Benin type found
along the western mountain chain, where
there is endemic malaria, and even in Ri-
yadh, while the Arab- Indian haplotype is
found in Eastern Saudi Arabia (Kuzolik et
al., 1986; Ganeshaguru et al., 1987). Both
the Benin and Arab-Indian haplotypes are
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also found in South Turkey (Alouch et al.,
1986) along with many other g5 haplotypes.

THE ORIGIN(S) AND DIFFUSION OF THE g°
GENE

Desspite the complicated distributions of
the B~ gene and other hemoglobin variants
outlined in this brief review, some general
conclusions seem plausible. First, given the
high frequencies of the g5 gene of close to 0.2
in some populations in Africa and India, the
fitness of the heterozygote for the 8° gene is
between 1.25 and 1.33 in these pogulations,
assuming that the fitness of the 3> homozy-
gote is close to 0.0. With this fitness advan-
tage, this gene will diffuse more rapidly than
any other known human gene. It could, in
the last 3,000 to 5,000 years, have diffused
throughout the geographical areas where it
is found. With a small amount of long dis-
tance gene flow, a gene with a significant
selective advantage can diffuse at a very
high rate. With 0.2% long-range gene flow it
could diffuse through a linear array of 40
populations in just 60 generations, or about
1,500 years (Livingstone, 1969).

The more widespread distribution of B-
thalassemia and the fact that it comprises
many different mutations is strong evidence
that it has been the first response to malarial
selection, but is now either being replaced or
has been replaced by the g5 gene. There is a
disagreement about the population dynam-
ics of hemoglobin C in West Africa, but I
think the most reasonable interpretation of
all the evidence is that it is also being re-
placed by the B° gene (Livingstone, 1976).

Since it seems plausible that the B° gene
could have diffused from a single source
throughout the areas where it is now found
in a relatively short time, from the sheer
population dynamics aspect of the problem
there is no need to postulate several different
mutations to the gene. If the mutation rate to
the BS gene is estimated as 1078, or even
1077, then the rates of recombination and
gene conversion would seem to be orders of
magnitude higher and thus much more
likely. The most extensive study of 3° haplo-
types has been that of Antonarakis et al.
(1984) on American and Jamaican Blacks.
They examined 170 g% and 47 p* chromo-
somes. The majority (151) of the B° haplo-
types were either the Senegal, Benin, or
Bantu types, but there were 19 other haplo-
types. This is more variation than has been
found in African populations, but this in-
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creased haplotype variation could be a
function of sample size and the fact that
Black Americans are a recent mixture of
many different African populations. In addi-
tion, Antonarakis et al. (1984) found only
seven 8 haplotypes to match one of the three
common B% haplotypes, so that the f° gene is
not associated with the common haplotypes
in this population. This study indicates that
there has been considerable haplotype rear-
rangement since the establishment of these
populations from African and European ori-
gins in the last 350 years. The short time
span of this population implies a very con-
siderable amount of such change.

The fact that African B° genes are fre-
quently associated primarily with one haplo-
type in any specific population can be
considered to be evidence that 3° is a rather
recent arrival by gene flow, although the
other possibility of separate mutation of
course cannot be ruled out. Whenever the B8
gene is introduced into a population with
endemic falciparum malaria, it will be rap-
idly increased by selection, and thus at first
most of the copies of the gene will be on the
same haplotype as the introduced gene.
Since the diffusion of such a highly adaptive
gene is due in large part to its introduction
into a population by a few migrants, then
only one haplotype will usually be present at
the front of the wave of advance of this
advantageous gene. The fact that the African
B° haplotypes have been named for the pop-
ulations in which they are the predominant
one could thus have resulted in their being
named for populations to which they have
been very recently introduced.

The Benin haplotype is thus named be-
cause it was found in Benin, where it is the
predominant haplotype. However, immedi-
ately to the west of Benin, in Togo and in
Ghana, the p5 gene is found at lower fre-
quencies and is in the process of replacing
the BC gene (Livingstone, 1976). The B° gene
would seem to be a recent introduction to
this part of West Africa, and it has certainly
arrived after the original dispersal of the
Kwa speakers throughout the West African
tropical forest and of the differentiation of
the West Atlantic speakers to the north of
the Kwa speakers. The Benin haplotype is
also the predominant one in many Mediter-
ranean populations, but here there are more
g% haplotypes. This may be because the
Eastern Mediterrean is the approximate
center of the distribution of B¥ and it may
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have originated here. Or it may be due to
more admixture in these populations, some-
what comparable to the Black Americans.
The Benin haplotype is also very common in
the Middle East and in Western Saudi Ara-
bia, where there are also more S haplotypes.

The Bantu haplotype is found as the pre-
dominant one in many Bantu populations,
hence its name. But since it has not reached
all Bantu populations—even many with en-
demic malaria—it has probably been intro-
duced since the original Bantu expansion,
which occurred about 4,000 years ago (Ehret
and Posnansky, 1982). The name Bantu is
thus another misnomer, and in addition this
haplotype was first discovered in the Central
African Republic (Pagnier et al., 1984). Most
of these populations are not Bantu, but
speak languages of the Adamawa-Eastern
branch of Congo-Kordofanian (Greenberg,
1963). In Kenya, the Bantu haplotype is also
the predominant one, but the highest fre-
quencies of the B° gene and the Bantu haplo-
type are found in the Luo tribe, who do not
even speak a Congo-Kordofanian language
but a Nilotic one that is very close to the
norther Niloticlan nguages whose populations
have very low B allele frequencies. This
distribution of the ° gene would seem to be
more in accordance w1th the hypothesis of
the recency of the 35 gene in central and
eastern Africa.

The distributions of the B gene in Africa
and of the three major haplotypes in Africa
reflect to a remarkable extent the major
diffusions of Arabic influence into Africa
(Lewis, 1966). In Senegal most of the contact
was with Morocco and Algeria, while in Ni-
geria Arabic influence and even Arabic
tribes came from the Sudan to Bornu, and in
East and Central Africa it came from along
the East African coast. The populations with
low B frequencies are those with the least
Arab contact or influence. The situation in
Indialooks different in that many of the most
primitive tribal peoples have the highest p°
frequencies. However, these populations
have the most severe malarla and Muslim
populations are found throughout the areas
of India where the B° gene is found. If the
Arab expansion has carried the B° gene
throughout these areas, then this diffusion
has occurred in the last approximately 1,300
years, or about 50—60 generations. This is
faster than anyone has imagined or esti-
mated, but it does seem possible given the
very high fitness of the heterozygote and the
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great amount of gene flow that has occurred
among these populations. The simulations
outlined below indicate that this fast diffu-
sion is possible and the present distribution
of haplotypes in Africa could be explained by
this diffusion.

One further implication of thls analysis i is
the effect of selection by the p° gene on g#
haplotype evolution. Wainscoat et al. (1986)
have used the 5’ part of the B-globin haplo-
type to infer the population history of the
human species. The haplotype — — — — +,
which is the 5’ part of the Benin haplotype, is
the one that distinguishes the Africans in
their sample, which is mostly Nigerians. The
rapid increase in this haplotype by selection
when it is associated with the Bg gene and
subsequent crossing-over could account for
some of the high frequency of this haplotype
in Africa. Thus, selection could have consid-
erable effect on their phylogenic tree and
subsequent conclusions.

SIMULATION OF HAPLOTYPE DIFFUSION

To determine the haplotype distributions
during the diffusion of a selectively advanta-
geous gene, the process was simulated
through alinear array of 30 populations. The
simulation was run for 100 generations, but
the hemoglobin S allele was introduced into
a single population (No. 3 along the cline) in
generation 30. Since it is a simulation with a
finite population size, the single introduced
is likely to be lost; thus the gene was contin-
ually seeded in successive generations until
one became established. In all cases this
occurred within 15 generations. Gene flow
was set at 0.05 between adjacent popula-
tions, 0.02 between those two away, and 0.01
random migration among the five on either
side of any population. The fitnesses of the
three genotypes for the B° gene were set at:
AA = 0.8, AS = 1.0, and SS = 0. These fit-
nesses result in an equlhbrlum frequency for
S of 0.167, which is close to the average for
much of Subsaharan Africa.

The population was stored as gametes or
as haplotypes, and the next generation was
determined by randomly selecting two ga-
metes and then selecting, mutating, convert-
ing, crossing-over, and migrating the
resultant zygote. Pairwise linkage disequi-
libria were calculated for selected loci within
and between the 5’ and 3’ parts of the haplo-
type and with the B locus. Runs were made
with population sizes of 100, 200, 400, 500,
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1,000, and 2,000, although the major simula-
tion through all 30 populations reported here
was with 500 gametes or 250 individuals in
each population, but there were many runs
through 20 populations with a population of
200.

The haplotypes were represented by a 10-
tuple vector with positions 1-5 represent-
ing the 5' restriction sites; position 6, the g5
gene; and positions 7-10, the 3’ restriction
sites. The 35 gene was the only mutant al-
lowed at position 6, and no other B-globin
variants were programmed to occur. The N
haplotypes were initially begun by randomly
assigning a 0 (—)or a1 (+) for the restriction
sites, 1-5, and 7-10. At position 6, B* was
programmed as 0 and g5 as 1. With 10 sites,
there are 2'° or 1,024 possible haplotypes,
512 with B4, Very few of the 512 RS haplo-
types occur, since only one is begun in these
populations and any others are generated by
mutation, recombination, and gene conver-
sion. The same haplotype distribution was
begun in all 30 populations, and it generally
took about 50 generations for the number of
haplotypes to approach its equilibrium, al-
though the number of haplotypes continued
to decrease throughout 400 generations.

Mutation was programmed to occur at the
same rate for all 10 sites. Estimates of the
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mutation rate per nucleotide average about
1072 (Neel, 1983). Since the restriction sites
are several nucleotides long, the mutation
rate was set at 10~7. Recombination and
gene conversion are the final and the most
critical parameters to be set, but unfortu-
nately there are little data on these rates for
humans. However, given that both are now
known to occur within the B-globin gene
cluster (Gerhard et al., 1984; Smithies and
Powers, 1986), any reasonable estimate of
their frequency will have marked effects on
the distribution of haplotypes in popula-
tions. The common average estimate for re-
combination is that 1 centimorgan is
equivalent to 1,000 kb. Assuming a constant
rate along the entire length of 68 kb of the
B-globin cluster, the rate for the entire clus-
ter would be 0.00068 (Chakravarti et al.,
1984). However, Chakravarti et al. (1984)
estimate the rate to be far higher, or 0.00386,
and this is mostly due to the presence of the
hot spot 5’ to the g gene. Both estimates from
Chakravarti et al. (1984) have been used to
bracket possible values, and 90% of the
corssing-overs have been programmed to be
at the hot spot.

The rate of gene conversion is more diffi-
cult to estimate. It does seem to be frequent
in the B-globin cluster (Powers and Smithies,
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Fig.1. The diffusion of the 3 gene through 30 populations after an average of 65 generations
with a recombination rate of 0.00386, a population size of 500 gametes, and migration rates of
0.05 between adjacent populations, 0.02 between populations two away, and 0.01 randomly
determined between five populations on either side. The wave of advance is separated to the

right since its position varied among the runs.
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Fig. 2. The same diffusion as in Figure 1 but with a recombination rate of 0.00068.

1986). It can occur independently of cross-
ing-over, but most conversion seems to be
associated with crossing-over and to occur
immediately 3’ to it. This means for our
model that the B-globin gene that is immedi-
ately 3’ to the hot spot will have more conver-
sion events than will the other nine
restriction sites. In this model gene conver-
sion will be proportional to the recombina-
tion rate and has been set to occur at 10% of
the recombinations. It is also considered to
occur independently, and this frequency has
been set at 1075, although other values were
also used.

RESULTS

The diffusion of the B° gene in the 100
generations that the simulation was run is
shown on Figures 1 and 2 for the two differ-
ent recombination rates. It should be noted
that the 8% gene has only been present for an
average of about 65 generations. The wave is
shown separately, since its specific position
along the cline varied among runs. The aver-
age of the farthest population to which the
gene had diffused was between populations
21 and 22 for both recombination rates, but
varied among runs from population 15 to 30.
This variation is due primarily to long dis-
tance random migration, which also was the
major determinant of the rate of advance. If

the random rate of migration is doubled to
0.02, the gene advances through all 30 popu-
lations most of the time. This random migra-
tion combined with intense selection also led
to a ragged wave front.

At the wave front only one haplotype was
present as would be expected with these
small frequencies. In 18 of the 20 runs the
originally seeded S haplotype was the one
present in the wave front, and it was the
predominant haplotype in almost all of the
populations in every run. With a recombina-
tion rate of 0.00068, the predominant haplo-
type was an average of 98% of the S
haplotypes in populations 3 to 12, which
were close to equilibrium; however, with a
rate of 0.00386 it was 84% of the S haplo-
types in populations 3 to 5 and 94% in popu-
lations 10 to 12. For the 0.00068 rate there
was an average of 1.5 S haplotypes in popu-
lations 3 to 12, with a maximum of three S
haplotypes ever occurring in any population;
for the 0.00386 rate there was an average of
3.6 and a maximum of 7 S haplotypes. The
average for the runs of the total number of S
haplotypes present at generation 100 was
5.3 for the 0.00068 rate and 15.2 for 0.00386.
Thus, these results do show that a consider-
able amount of haplotype diversity can occur
in this short time within the total population
of 7,500 individuals (30 x 250). Further-
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more, in the 20 runs reported here all of this
S haplotype variation was generated by re-
combination and gene conversion from the
originally introduced S haplotype; no muta-
tion to the S gene occurred.

Table 1 shows the number of S haplotypes
that have been found in human populations.
Many of the samples are very small, and the
numbers are certainly not realistic esti-
mates of the number of S haplotypes in these
large populations. Nevertheless, they do
show that in its travels around the world the
hemoglobin S gene has undergone a signifi-
cant amount of recombination, gene conver-
sion, and, perhaps, mutation.

The amount of haplotype variation in a
population is proportional to the number of
restriction sites being considered and to pop-
ulation size and is maintained by migration,
recombination, and gene conversion. With
the values used for these variables, recombi-
nation had the most effect on haplotype vari-
ation. With a recombination rate of 0.00386,
the average numbers of haplotypes in a pop-
ulation after 200 generations are for a popu-
lation of 100, 7.3 + 1.5; of 200, 16.5 = 2.8;
400, 26.6 = 3.9;1,000,54.2 = 5.9; and 2,000,
112.5 + 3.5.

Recombination also had a pronounced ef-
fect on haplotype number. With a population
of 500, the number of haplotypes at genera-
tions 100, 300, and 400 were 46.4 = 5.0,
29.0 + 2.4,and 24.9 = 1.5, respectively, fora
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recombination rate of 0.00068 and 65.3 =
5.8,53.1 = 7.6, and 42.8 + 4.8 with a rate of
0.00386. These figures are not strictly com-
parable to haplotype variation in actual pop-
ulations because of the methed of starting
the haplotype distributions in the simula-
tion. As was previously noted, the initial
haplotype distribution was determined by
randomly selecting — haplotypes from the
512 possible B haplotypes with nine restric-
tion sites with replacement, where N is the
population size. This distribution was the
starting distribution in all 30 populations. It
approximates a Poisson distribution, so that
512 (1.0 — e NP) haplotypes would be ex-
pected at the start. The numbers of haplo-
types given above show how much genetic
drift has reduced this number, but it does
also seem to show that with the population
size of the simulation, 500, reduction was
still occuring 300400 generations later.

Despite these qualifications, a comparison
with the data on the number of haplotypes in
human populations does seem to indicate a
number that could be expected from these
simulations. Table 2 shows the haplotype
numbers found for the B* gene in several
populations. The number is obviously pro-
portional to the number of sites examined
and the size of the sample, which is very
small in most cases.

Linkage disequilibrium values were quite
puzzling. There seemed to be no relationship

TABLE 1. Number of S haplotypes found in human populations

No. No. No.

Popluation sampled sites S haplotypes Reference
Black Americans

and Jamaicans 170 11 16 Antonarakis et al. (1984)
Black Americans 98 8 8 Hattori et al. (1986)
Black Americans 118 6 12 Sharon et al. (1988)
Black Europeans 50 9 8 Aluoch et al. (1986)
Senegalese 56 11 4 Pagnier et al. (1984)
Beninians 20 11 1 Pagnier et al. (1984)
Nigerians 34 8 2 Kulozik et al. (1986)
Central Africans 28 1 4 Pagnier et al. (1984)
Bantu 23 11 4 Ramsay and Jenkins (1987)
Luo and Luhya 116 8 3 Ojwang et al. (1987)
Saudis, Riyadh 22 8 2 Kulozik et al. (1986)
Saudis, Eastern 50 8 4 Kulozik et al. (1986)
Saudis, Eastern 28 5 4 Wainscoat et al. (1985)
Mediterraneans 11 11 2 Antonarakis et al. (1984)
Algerians 20 11 1 Pagnier et al. (1984)
West Sicilians 13 10 8 Sammarco et al. (1988)
East Sicilians 38 10 1 Ragusa et al. (1988)
Turks 136 9 9 Aluoch et al. (1986)
Indians, Poona 8 8 4 Kulozik et al. (1986)
Indians, Orissa 13 8 1 Kulozik et al. (1986)
Tribal Indians,

Orissa 25 8 4 Kulozik et al. (1986)
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TABLE 2. Number of haplotypes found in human populations

No. No. No.

Popluation sampled sites haplotypes Reference
Black Americans

and Jamaicans 47 10 22 Antonarakis et al. (1984)
Africans 26 5 5 Wainscoat et al. (1986)
Nigerians 35 5 5 Wainscoat et al. (1986)
Bantu 34 9 17 Ramsay and Jenkins (1987)
San 27 9 13 Ramsay and Jenkins (1987)
Asian Indians 33 9 10 Kazazian et al. (1984a)
Asian Indians 111 5 9 Wainscoat et al. (1986)
Asians 84 7 9+ Old et al. (1984)
Mediterraneans 122 10 17 Antonarakis et al. (1984)
Cypriots 82 5 5 Wainscoat et al. (1986)
Cypriots 40 7 7+ Old et al. (1984)
Greeks 42 7 7 Athanassiadou et al. (1987)
Sardinians 100 7 13 Pirastu et al. (1987)
Ttalians 80 8 12 Carestia et al. (1987)
Italians 50 5 4 Wainscoat et al. (1986)
Germans 16 7 9 Oehme et al. (1985)
British 37 5 4 Wainscoat et al. (1986)
Cambodians 47 9 9 Antonarakis et al. (1982b)
Thais 32 5 3 Wainscoat et al. (1986)
Chinese 31 9 8 Cheng et al. (1984)
Chinese 96 11 25 Chan et al. (1986)
Japanese 56 7 9 Shimizu (1987)
Melanesians and

Polynesians 228 5 8 Wainscoat et al. (1986)

+, Several haplotypes lumped as “rare.”

between distance and disequilibrium, and
frequently adjacent loci were not in signifi-
cant disequilibrium when those more distant
were. None of the data are shown here, but
this absence of a relationship between dis-
tance and disequilibrium is now a frequent
finding for many diverse loci occurring on
this short length of chromosome (Barker et
al., 1984; Borresen et al., 1988; Litt and
Jorde, 1986; Thompson et al., 1988).

Another interesting finding of the simula-
tions was the great divergence of haplotypes
among these 30 populations. With an aver-
age number of 27.2 haplotypes in each popu-
lation, there was only an average of 4.0
shared between population 1 and the fore-
front of the B gene advance. That such a
great amount of differentiation could occur
in the short time of 100 generations was
quite unexpected. Since it does not seem to
occur in human populations, other forces
may be responsible for limiting the amount
of variation found among human popula-
tions.

Although the simulations really do not
provide new evidence for the view advocated
here of the recent diffusion of the B° gene,
but they do show that with bracketing esti-
mates of the most reasonable values of the
major parameters of conversion and recom-
bination, this is at least as plausible an

explanation of the world distribution of this
remarkable gene as is the assumption of
several separate mutations, especially in Af-
rica where the limited amount of S haplotype
variation is more likely indicative of the
recent diffusion of the S gene to these popu-
lations. If the BS gene has only been present
in human populations for as long as postu-
lated here, then the large number of haplo-
types found among them seems to indicate a
recombination rate closer to the larger value
0f 0.00386 used here and that was calculated
on other data by Chakravarti et al. (1984).
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