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Summary. The identification of genetically coher-
ent populations is essential for understanding hu-
man evolution. Among the culturally uniform eth-
nic groups of west Africa, there are two geographically
distinct populations with high frequencies of sickle-
cell hemoglobin (HbS). Although the HbS mutation
in each group is found on distinguishable chromo-
somes 11, these populations have been assumed to
be parts of a single population. Analysis of mito-
chondrial DNA (mtDNA) in these populations
demonstrated that the two populations identified by
alternative chromosomes 11 bearing HbS have dis-
tinct distributions of mitochondrial genotypes, i.e.,
they are maternally separate. These studies also
showed that, contrary to expectation, the mtDNA
of some individuals is heteroplasmic. For nuclear
loci, a comparison of the frequency of alternative
alleles established that these populations are genet-
ically distinct. Both the mitochondrial and nuclear
data indicate that these populations have been sep-
arate for approximately 50,000 years. Although HbS
in the two populations is usually attributed to recent,
independent mutations, the duration of the sepa-
ration and the observed geographic distribution of
the population allow for the possibility of an ancient
origin of HbS. Assuming an ancient mutation and
considering the known biogeography, we suggest that
HbS protected selected populations from malaria in
rain forest refuges during the most recent ice age.
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Introduction

Understanding the processes that effect the evolu-
tion of populations requires a careful analysis of
their genetic structure. This is particularly true in
humans where populations have expanded, subdi-
vided, and been subjected to genetic changes caused
by migration, natural selection, mutation, and drift.
Traditionally, language groups have been used as
markers for population subdivisions, and it is gen-
erally assumed that genetic differentiation parallels
the clustering of the major linguistic families (Ex-
coffier et al. 1987). However, language groupings do
not necessarily reflect ancient genetic subdivisions.
This study examines the relationship between the
genetic and cultural distinctness of ethnic groups
with high frequencies of sickle-cell hemoglobin (HbS)
in western Africa.

Among four geographically distinct populations
(Senegal, Benin, Bantu, and Arab-Indian), which
carry the HbS mutation on different chromosomes
11 (Mears et al. 1981; Pagnier et al. 1984), there are
two, the Senegal and Benin, that are culturally ho-
mogenous with similar agricultural practices and
languages from the same linguistic subfamily (Ex-
coffier et al. 1987). The alternative chromosomes
11 are distinguished by the presence and absence of
a specific set of restriction sites in a 60-kb region
containing the B-globin locus—referred to as the
haplotype (Antonarakis et al. 1984). One of the
chromosome 11 haplotypes bearing HbS occurs at
a frequency of approximately 86% among chro-
mosomes bearing HbS in a large region that includes
Senegal, whereas an alternative haplotype associ-
ated with HbS occurs at a frequency of 100% in a
geographically separate region that includes Benin
(Schroder et al. 1990). Despite this clear genetic dif-
ferentiation at the B-globin locus, these populations



are generally assumed to be a single genetic group.
The genetic differentiation at the 3-globin locus is
explained by assuming that two recent, independent
sickle-cell mutations occurred on distinct chromo-
somes 11, with insufficient time (ca. 3000 years) for
gene flow to have homogenized the HbS haplotype
frequencies within the population (Kurnit 1979;
Mears et al. 1981; Pagnier et al. 1984). Based on
this reasoning, the anthropological similarity ap-
proximates the evolutionary history of this popu-
lation.

However, it remains possible that these are two
genetically and evolutionarily distinct populations
that diverged long ago and only recently learned a
common culture (Livingstone 1958; Kurnit 1979;
Solomon and Bodmer 1979). In this scenario, the
sickle mutation(s) could be very old (Kurnit 1979;
Solomon and Bodmer 1979). Solomon and Bodmer
(1979), using the same haplotype data as above and
assuming the existence of a particular restriction site
(Hpa II) polymorphism in the founding population,
calculated that HbS may be 70,000-150,000 years
old. Unfortunately, there is little information about
whether HbS is old or new and whether the popu-
lations are distinct. The only clues are (1) a popu-
lation (n = 46) in the Senegal region where a re-
striction site polymorphism (Hpa II) and HbS were
in Hardy-Weinberg equilibrium, consistent with an
ancient origin and (2) a population from Benin (n
= 26) where they were not in equilibrium, suggesting
a more recent origin of either HbS or one of the
restriction site morphs (Mears et al. 1981). Clearly,
these observed distributions do not exclude either
the hypothesis that there is a single large population
with a common evolutionary history, or that there
are two distinct and anciently separated popula-
tions.

These two hypotheses predict different distribu-
tions of mitochondrial DNA (mtDNA) and poly-
morphic nuclear genes in these two west African
populations characterized by altermative chromo-
somal haplotypes associated with HbS. Either the
two populations will appear to be replicate samples
from the same population or they will be distinct.
The analysis of mtDNA is theoretically the most
sensitive measure of the genetic subdivision of pop-
ulations. The sensitivity derives from the empirical
observations that mtDNA is variable among hu-
mans, has a high rate of mutation, and is maternally
inherited (Moritz et al. 1987). It should be noted,
however, that because of maternal inheritance and
the possibility of differential migration patterns be-
tween sexes, there may be cases where a population
is subdivided for its mtDNA but not its nuclear
genes (Birky et al. 1989). By analyzing both mtDNA
and polymorphic nuclear genes, we established that
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the two west African populations associated with
alternative haplotypes of HbS have remained ge-
netically distinct since the most recent ice age.

Methods

Mitochondrial DNA Genotypes. The genotype of mtDNA in each
individual was identified by restriction analysis. Whole cell DNA
was prepared from blood samples (Maniatis et al. 1982), and
aliguots were digested with each of six restriction enzymes (Ava
11, Hpa I, Hae II, Hae III, Hinf I, Msp I) used individually.
Restriction fragments were separated by electrophoresis through
1% or 2% agarose gels (Maniatis et al. 1982), transferred to Gene
Screen Plus in alkali (Reed and Mann 1985), and mtDNA frag-
ments were detected by Southern blot analysis (Maniatis et al.
1982). Prehybridization and hybridization were carried out in 1
M NaCli, 50 mM Tris-HC), pH 8.0, 10% dextran sulfate, and 1%
SDS. Radioactive probes were prepared by primer extension
(Feinberg and Vogelstein 1983) of seven cloned mtDNA frag-
ments that cover 82% of the mitochondrial genome, from nu-
cleotide positions 16,345 to 13,364 (Anderson et al. 1981).
Southern blots were washed with 2 x Standard saline citrate (SSC:
0.15 M Na(l, 0.015 M sodium citrate), 1% SDS at 45°C for 5
min and then with 0.1 x SSC at 45°C for 15 min and exposed to
x-ray film for 1-5 days. Most of the observed restriction frag-
ments were those expected from the published sequence of hu-
man mtDNA (Anderson et al. 1981). The unexpected mtDNA
fragments could be explained by gains or losses of single restric-
tion sites, and in most cases the specific sites could be identified
by comparison with previous restriction analyses (Johnson et al.
1983; Cann et al. 1984). For each individual, the presence and
absence of the restriction sites were compiled and referred to as
the mitochondrial genotype.

Evolutionary Comparisons. The relationships among mito-
chondrial genotypes are represented by networks (Hudson and
Kaplan 1985), as networks minimize the required number of
changes and include all the observed single site changes between
mitochondrial genotypes. Networks, unlike the standard evolu-
tionary tree, do not require knowledge of an ancestral genotype
or make any assumption about the timing or nature of mutational
events. If recombination occurs (a possibility that has never been
ruled out for mtDNA, see below), then a network must be used
to analyze the data (Hudson and Kaplan 1985). Even if recom-
bination does not occur, a network is the most conservative
(unlikely to find differences) method of measuring the distance
between two populations because it minimizes the number of
steps between all possible pairs of genotypes. Thus, if differences
between populations are found, they are likely to be legitimate.

Polymerase Chain Reaction (PCR). The oligonucleotide prim-
ers used to initiate PCR amplification were chosen because they
flank specific restriction sites. The PCR cycle, consisting of 1 min
each at 92°C, 50°C, and 72°C, was repeated 30 times. Half the
amplified sample was digested with an appropriate restriction
enzyme, and each half of the sample was analyzed on 2% agarose
gels (Maniatis et al. 1982). Two experimental protocols were
routinely used as controls for the PCR. The first, reactions with-
out template DNA, were performed to rule out possible contam-
ination of the primers. The second was that gels were routinely
Southern blotted and hybridized with an appropriate radicactive
probe to check for quantities of DNA that were not detectable
by ethidium staining.
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Fig. 1. The network of relationships between the observed
mtDNA genotypes among Jamaicans. Each square represents a
distinct mitochondrial genotype as defined by the presence or
absence of 75 observed restriction sites. The number inside the
square is the number of individuals in the sample with that
genotype. Each line connecting two squares represents a change
in one restriction site. Each line is labeled with the restriction
enzyme and the number of the first nucleotide of the restriction
site in the published mtDNA sequence (Anderson et al. 1981).

Results and Discussion

Mitochondrial DNA

We compared a population characterized by the Be-
nin haplotype associated with HbS to a population
characterized by the Senegal haplotype. The popu-
lation with the Benin haplotype came from Jamaica,
whereas the one with the Senegal haplotype came
from Senegal. The Jamaicans are considered to be
representative of the Benin region for three reasons.
First, 78% of their HbS-bearing chromosomes have
the Benin haplotype. Second, historical records of
the slave trade indicate that most of the estimated
750,000 individuals imported from Africa to Ja-
maica came from the region near the Bight of Benin
(Curtin 1969). Third, although this population has
unquestionably been subjected to admixture, the
African women have contributed their genes in-
cluding mtDNA disproportionately to the current
inhabitants of Jamaica because some of them were
afforded preferential treatment (Curtin 1955). In ad-
dition, the admixture in the Jamaican population is
likely to obscure differences between the Senegal and
Benin population because, based on records from
the slave trade, half of the Africans imported to
Jamaica who were not from the Benin region came
from the Senegal region (Curtin 1969). Hence, if
these two populations are statistically different the
observation is likely to be real.

The first population consisted of 27 unrelated
Jamaicans (Boyer et al. 1984). Based on the presence
or absence of 75 restriction sites, 12 distinct mito-
chondrial genotypes were identified that differed
from each other by a series of changes in single
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Fig. 2. The network of relationships between the observed
mtDNA genotypes among Senegalese. The conventions are as
described for Fig. 1.

restriction sites. Combining these 12 mitochondrial
genotypes in a network revealed that 4 of the 5
genotypes, found more than once, are clustered to-
gether in the center with the uniquely found geno-
types surrounding them (Fig. 1).

The second population consisted of 34 unrelated
Senegalese; 78% of their HbS chromosomes had the
Senegal haplotype. Restriction analysis of the same
75 sites used to define the Benin mitochondrial ge-
notypes, revealed 12 mitochondrial genotypes dif-
fering from each other by a series of changes in single
restriction sites. When these data were organized
into a network, the five most common mitochon-
drial genotypes were adjacent to other commonly
found genotypes and centrally located (Fig. 2). Many
of the variable sites are the same as those seen in
another sample of Senegalis (Scozzari et al. 1988).

As shown in Fig. 2, this network relationship in-
dicates that the Hpa I site at 12,406 [the nucleotide
number in the published sequence (Anderson et al.
1981)] and the Hae III site at 1463 are found in all
possible combinations of presence and absence.
Similarly, in the Benin population the Ava II site
at 16,390 and the Hpa I site at 3592 are found in
all combinations. [Others (Johnson et al. 1983; Bre-
ga et al. 1986; Santachiara-Benerecetti et al. 1988)
have reported this phenomenon among Orientals
and Caucasians.] The standard interpretation sug-
gests that two independent mutations affected the
same site in two mtDNA lineages. However, if the
mutation rate is 107-10"7 for mtDNA (Moritz et
al. 1987), then two such independent mutations in
the same site are very unlikely in a small population.
Alternatively, this combination of restriction sites
may be the result of recombination between two
distinguishable mtDNAs in a heteroplasmic indi-
vidual.

It is generally accepted that humans are not het-
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Fig. 3. A test for heteroplasmy. After digesting the DNA with
the appropriate restriction enzyme, PCR amplification was per-
formed between primer pairs that flank the Hae III site at 1463
and the Hpa I site at 12,406. Halfthe amplified DNA was digested
with the appropriate restriction enzyme, and the divided samples
were run in separate lanes. A A diagram of the expected result
on the left side if the amplified fragment results from mtDNA
that has the site but was not cleaved during the first digestion:
the second digestion will cleave the amplified fragment, and two
fragments will appear on the gel. The right side of the diagram
shows what will happen if the amplified fragment results from
mtDNA that does not have the restriction site: the second di-
gestion will not cleave the fragment and both lanes on the gel
will have the same size fragment. B In lanes 1 and 2, the DNA
was not digested before amplification. In lane 2, the amplified
fragment is cleaved by subsequent digestion with Hae I11. In lanes
3 and 4, the DNA of the same individual was digested to com-
pletion with Hae III and then amplified. In lane 4, the amptified
fragment was not cleaved by subsequent digestion, thus dem-
onstrating the presence of heteroplasmy.

eroplasmic (Moritz et al. 1987). The exceptions are
associated with diseases: Kearns-Sayre and Pear-
sons syndromes (Holt et al. 1988; Rotig et al. 1989),
Leber optic atrophy (Holt et al. 1989), and an un-
usual mitochondrial myopathy (Holt et al. 1990).
However, heteroplasmy has been observed with
length variation in many species (Bermingham et
al. 1986; Rand and Harrison 1986; Stine 1989) and
with restriction site differences in cattle where such
variation is postulated to be common (Olivo et al.
1983).

Because Southern blot analysis of the samples
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examined in this study indicates the presence of a
single mitochondrial genotype in each individual,
any alternative mitochondrial genotype must be rare.
Thus, the demonstration of heteroplasmy necessary
to associate the genotypic variation in Fig. 2 with a
recombination event rather than independent mu-
tations at the same site requires a sensitive tech-
nique, like the PCR, for detecting the rare form.

Using PCR analysis, heteroplasmy for a restric-
tion site can be demonstrated most easily if the
mtDNA that does not have the site is the rare form.
As diagrammed in Fig. 3A, the DNA sample is first
digested to completion with the appropriate restric-
tion enzyme. A PCR initiated with primers flanking
the restriction site will only amplify DNA that is
not cleaved by the enzyme. Partial digestion can be
excluded by digesting the amplified DNA. If the
amplified DNA results from DNA with an un-
cleaved site, the amplified product will be cleaved.
However, if the amplified DNA is the result of DNA
without the site, it will not be cleaved.

Evenifheteroplasmy is ubiquitous, heteroplasmy
for any given restriction site is unexpected. Thus,
candidate sites must be identified from the popu-
lation analysis. Sites that appeared in all combina-
tions of presence and absence, the Hpa I site at
12,406 and the Hae III site at 1463, were assayed.
For the Hpa I site, two of eight individuals were
heteroplasmic (Fig. 3B). Heteroplasmy at the Hae
III site was not found in the four individuals tested.
The presence of heteroplasmy in two individuals in
this small sample makes it unlikely that the ob-
served heteroplasmy is the result of new mutations.
However, it is possible that this is the result of pa-
ternal transmission of mtDNA, a recently demon-
strated possibility (Gyllensten et al. 1991). Regard-
less of the mechanisms by which heteroplasmy
occurs and although these samples are too small to
estimate how many rare types of mtDNA are present
in a single individual or how often heteroplasmy
occurs, the results are consistent with heteroplasmy
being common and widespread.

Although the demonstration of heteroplasmy does
not prove the occurrence of recombination in
mtDNA, its presence makes recombination a po-
tential source for some of the observed variation in
the population networks. Thus, recombination may
account for the various combinations of the Hpa I
site at 12,406 and the Hae III site at 1463 seen in
Fig. 3. Hence, phylogenetic analysis of the mtDNA
should be based on networks (Hudson and Kaplan
1985).

The mitochondrial genotypes of the Senegal and
Benin HbS-bearing populations were compared (Fig.
4). Three mitochondrial genotypes, found frequent-
ly in both populations, are shared; each of the other
mitochondrial genotypes is unique to one or the
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other of the populations. Two statistical methods
were used to test whether the populations represent
two samples drawn from a single homogenous pop-
ulation or not. First, a chi-square test was per-
formed. The unique mitochondrial genotypes were
clustered with the nearest frequently found genotype
in order to avoid small cell sizes. When a unique
genotype could be paired with two frequently found
genotypes, the unique genotype was clustered in such
a way as to minimize the x? value, in an attempt to
make this as conservative (unlikely to find differ-
ences) an approach as possible. The x? for this com-
parison is 16.03 (df = 5, P < 0.01), indicating that
the populations are significantly different, in agree-
ment with the HbS haplotype data on these same
samples. This result is clearly statistically significant
even though the x? calculation used is the least sen-
sitive for distinguishing two populations (Roff and
Bentzen 1989). However, because several mito-
chondrial genotypes are shared between the two
populations, and after clustering there are no mtDNA
genotypes unique to the Senegal population, we sub-
jected the data to an additional statistical test.

The second statistic test is a general method for
partitioning variance associated with mtDNA. It as-
sumes that the mtDNA diversity is neutral and oc-
curs primarily between individuals, as is the case in
our study. The method relates the variation within
and between populations to a parameter, Nm, de-
fined as the product of the effective population size
(N) and the migration rate (). This procedure has
the advantage that an Nm calculated from mito-
chondrial data, in appropriate cases, can be used to
make predictions about the distribution of nuclear
genes within and between populations (Birky et al.
1983, 1989).

The interpretation of an estimate of N»z has been
established both theoretically and empirically (Bir-
ky et al. 1983; Rand and Harrison 1989). An Nm
ofless than 1 indicates that the populations are sub-
divided for both the mitochondrial and nuclear ge-
nomes. If Nm is greater than 1 but less than 4 [be-
cause of the maternal inheritance of mtDNA, the
upper limit may be somewhat higher if males mi-
grate more often than females (Birky et al. 1989)],
the populations must be divided for their mito-
chondrial genomes but no conclusion regarding
population subdivision can be drawn about their
nuclear genes. And if Nm is greater than 4, there is
a single population without subdivision of either
mitochondrial or nuclear genes (Birky et al. 1983).
These ranges are dependent on uniparental inheri-
tance, a lack of heteroplasmy, and uniform male
and female migration rates. Thus, the numerical
limits (1 and 4) of genetic distinctness must be in-
terpreted cautiously.

Because of the uncertainty of the assumptions,

Fig. 4. The network of the relationships between the observed
mtDNA genotypes in the two populations characterized by al-
ternative chromosome 11 haplotypes associated with HbS. The
conventions are as in Figs. 2 and 3 with the squares representing
those mitochondrial genotypes found in the population charac-
terized by the Benin chromosome 11 haplotype and the circles
representing the mitochondrial genotypes in the population with
the Senegal chromosome 11 haplotype. Mitochondrial genotypes
found frequently in one or both populations are marked with an
F. Shared mitochondrial genotypes were frequent in both pop-
ulations.

we have estimated Nm in three ways. The Nm cal-
culated using the mtDNA data from the west Af-
rican populations is 2.6 (K statistics: Birky et al.
1989), 5.9 (K and G,: Rand and Harrison 1989),
and between 0.3 and 2.6 with 95% confidence (phy-
logenetic tree analysis: Slatkin and Maddison 1989).
Although these estimates vary, Nm is always low
[Nm values as high as 49 have been reported for
geographically separate groups of a single popula-
tion (Brown and Chapman 1991)], indicating that
there are two distinct populations. However, all of
these estimates are close to the theoretical range in
which populations are subdivided for their mito-
chondrial genomes, but not necessarily for their nu-
clear genes (Birky et al. 1983), and a firm conclusion
about their overall genetic distinctness cannot be
drawn.

Both methods (Mm and x?) indicate that there are
two populations in terms of their maternal (mt-
DNA) lineages, in agreement with the HbS haplo-
type data on the same samples. However, neither
method is conclusive enough to demonstrate an an-
cient separation between the west African popula-
tions associated with alternative haplotypes. Thus,
a firm conclusion regarding their genetic distinctness
rests on an analysis of nuclear genes.

Nuclear Genes

Recently, an independent method for comparing the
nuclear genes between agglomerated populations has
been developed. It was shown that even though a



Table 1. Summary of the statistics for nuclear alleles

Number

Locus of alleles x? P=
ABO 235,551 47.28 ook
AA,BO 7811 37.00 Frk
MN 13,750 150.0 *ak
MNSs 2451 73.79 rorck
Rh 11,883 139.99 ook
Kell 5964 18.80 kK
P system 2944 28.56 ok
GC 1766 8.49 ¥k
Kidd 235 25.15 Fxk
Lutheran 572 0.13 n.s.
Lewis RBC 850 0.29 1.S.
Lewis saliva 850 0.0006 n.s.
6-Phosphogluconate 1926 4.0 *
Ag-8-lipoprotein 1600 5.16 *
PGM-1 2446 5.43 *
Glucose-6-phosphate

dehydrogenase 6573 89.42 wkok
Transferrin 6540 79.46 *rk
Hp O 4422 103.6 ok
Hp 6336 7.9 ook

3 n.s., not significant; * P < 0.05; *** P < 0.005

broad grouping may combine heterogenous sam-
ples, the comparisons between two agglomerated
populations are legitimate if they are based on poly-
morphisms (Chakraborty et al. 1988; Neel et al.
1988). In order to determine if the west African
populations are distinct for their nuclear genes as
well as their mtDNA, x? was calculated for poly-
morphic nuclear genes using data taken from the
literature (Mourant et al. 1976; Tills et al. 1983).
The identification of test populations was based on
the geographic distribution of HbS documented by
Livingstone (1958). The population from the Sen-
egal region included ethnic groups from Senegal,
Gambia, Guinea, and western Liberia, whereas the
population from the Benin region included ethnic
groups from Nigeria, Benin, and Ghana. These two
groups are separated by intervening ethnic groups
that do not have an appreciable frequency of the
sickle-cell gene (Livingstone 1958). Recently,
Schroder et al. (1990) have compiled the existing
haplotype data for HbS-bearing chromosomes in
Africa and concluded that these two agglomerated
populations have the appropriate alternative hap-
lotypes. Thus, our mtDNA samples and these ag-
glomerated populations can be legitimately consid-
ered two independent samples of the same
populations.

Published tables (Mourant et al. 1976; Tills et al.
1983) list data on blood group and enzyme poly-
morphisms for a total of 316,236 alleles from 17
loci for the above ethnic groups. As shown in Table
1, the two agglomerated populations were signifi-
cantly different at 14 of 17 polymorphic loci (x?, 3
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loci at P < 0.05 and 11 loci at P < 0.005). Thus,
based on their nuclear genes, these two populations
are clearly genetically distinct. The genetic separa-
tion of these populations associated with alternative
HDbS haplotypes has now been established by in-
dependent statistical methods on two independent
data sets (x2 and Nm for mtDNA and x* for nuclear
genes). The question remains as to when the pop-
ulations diverged.

Time Scale

A time of divergence can be calculated by several
independent methods. If the divergence time esti-
mated from the various methods applied to inde-
pendent data sets are similar, confidence in the his-
torical separateness of the two west African
populations will be strengthened.

Two methods can be used to estimate the genetic
distance from mtDNA data. The first measures the
genetic distance within and between populations
from the average number of restriction site differ-
ences (Nei and Tajima 1981). The genetic distances
within and between the west African populations
were measured using the fewest changes in restric-
tion sites between mitochondrial genotypes in the
network. Within the population bearing the Senegal
HbS haplotype, the average number of restriction
site differences is 1.089; within the population bear-
ing the Benin HbS haplotype, 0.831; and between
populations, 1.349. These numbers are similar to
those Johnson et al. (1983) observed within and
between races that are thought to have diverged
100,000 years ago. However, the present study ob-
served nearly twice the number of nucleotides (400
vs 214). Thus, simplistically, because the same
number of changes was observed in twice the num-
ber of nucleotides, the time of divergence of the west
African populations should be ¥ of that for the rac-
es, or approximately 50,000 years.

The second method of estimating genetic distance
from mtDNA is to use the average number of mu-
tations in population specific clusters to estimate
the percent divergence, p (Stoneking et al. 1986). In
this study, there are nine clusters of genotypes that
are population specific. The average number of mu-
tations necessary to derive each cluster from the
nearest shared genotype is 2. Because 400 nucleo-
tides were observed, p equals 0.5%. This value is
1.6 times that seen between Southeast Asians and
New Guineans who diverged 30,000-50,000 years
ago. Thus by this calculation, the two different HbS-
bearing populations separated an estimated 50,000~
80,000 vyears ago.

The estimated time of divergence for nuclear genes
can be estimated from Net’s (1972) genetic distance.
The genetic distance between the Senegal and Benin
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populations was calculated separately for blood
group alleles and allozymes (Nei and Roychoudhury
1974). The distance between the Senegal and Benin
populations was 0.01513 for blood group alleles and
0.010195 for enzymes. These estimates of genetic
distance are approximately one-third of that for
blood groups and half of that for proteins previously
calculated for the different races (Nei and Roy-
choudhury 1984). Because the races are thought to
have diverged 100,000 years ago, the west African
populations are estimated on the basis of their poly-
morphic nuclear genes to have been separate for
30,000-50,000 years.

Thus, three independent methods of analysis
based on either mtDNA or nuclear genes lead to the
same conclusion: these populations diverged ap-
proximately 50,000 years ago. That is about the time
when the most recent ice age began.

Implications

The presence of two genetically distinct, anciently
separated populations in western Africa has three
implications that are consistent with other indepen-
dent lines of evidence. The first involves the age and
number of HbS mutations. Although the ancient
separation between the Benin and Senegal popula-
tions does not distinguish between the competing
hypotheses of multiple mutations or a single mu-
tation, it does mean that multiple recent HbS mu-
tations are not necessary to explain the observed
distribution of alternative haplotypes. An ancient
origin of a single or multiple mutations, before the
populations separated, would provide sufficient time
for the observed differentiation of HbS haplotypes
(Solomon and Bodmer 1979). Moreover, an ancient
origin is consistent with the observation of numer-
ous distinct chromosomal haplotypes (called atyp-
icals) that are closely related to the common ones
(Antonarakis et al. 1984; Srinivas et al. 1988). Chro-
mosomes carrying HbS would be subject to recom-
bination and mutation that would generate such
atypicals and allow enough time for them to reach
measurable frequencies (see Solomon and Bodmer
1979). These observations are difficult to reconcile
with recent mutations.

Second, if HbS is ancient, there must be an en-
vironment in which the mutation could have been
maintained as a stable polymorphism. One candi-
date region is the rain forest. Anopheles funestus, a
mosquito carrier of malaria dwells in the rain forest
and malaria would provide the necessary selective
pressure to maintain the HbS polymorphism (Wil-
son 1949). Evidence supporting this notion can be
derived from the occurrence of HbS in pygmies.
Pygmies are thought to have lived continuously in
the rain forests and are subdivided into two genet-

ically distinct groups, the eastern and western pyg-
mies. Both groups have HbS (E. 8%, Cavalli-Sforza
etal. 1969; W. 18% Motulsky et al. 1966), and their
geographic distribution correlates with rain forest
refuges in central Africa. Genetic analysis suggests
that the two groups of pygmies diverged an esti-
mated 50,000-115,000 years ago (nuclear genes,
Cavalli-Sforza et al. 1969; mtDNA, Vigilant et al.
1989). Significantly, the geographic distribution (Fig.
5) of the west African populations associated with
HBbBS also corresponds to the geographic distribution
of particular species and subspecies of birds and
butterflies that currently live in the rain forests (Mayr
and O’Hara 1986). The latter distribution is thought
to reflect the recent expansion of the rain forest from
ice age refuges 10,000-50,000 years ago (Fig. 5). The
correlation between the human and animal popu-
lations of the rain forest includes the presence of the
gap between the Senegal and Benin HbS-bearing
populations. HbS is virtually absent in ethnic groups
from eastern Liberia and Ivory Coast (Livingstone
1958). Additionally, in central Africa, the Bantu who
have a distinct HbS haplotype (Pagnier et al. 1984),
are geographically correlated with a third rain forest
refuge. They are anthropologically (Excofhier et al.
1987) and genetically (mtDNA, Scozzari et al. 1988)
distinct from the other populations with HbS. Thus,
the presence of HbS in the rain forest environment
may have played a significant role in human evo-
lution.

Third, the separation of the west African popu-
lations associated with HbS implies a low amount
of gene flow between the two populations. This is
consistent with the previously described gap in the
distribution of HbS. If migration is restricted, the
HbS mutation is not expected to have expanded into
every population whose current habitat is conducive
to malaria, e.g., those of the Ivory Coast and eastern
Liberia. Additionally, anthropological data suggest
that large-scale migrations have not occurred in west
Africa over the past 9000 years (Livingstone 1958).
The genetic data presented here suggest that signif-
icant migration between the two west African pop-
ulations associated with HbS may not have occurred
for the last 50,000 years. Similarly, eastern and west-
ern pygmies, separate for at least 50,000 years, have
been inferred to have a low rate of gene flow even
though they are linguistically and anthropologically
similar (Cavalli-Sforza et al. 1969; Vigilant et al.
1989). Thus, the cultural similarity between the Sen-
egalese and the Beninese appears to be the result of
recent learning and not a reflection of their genetic
history (Livingstone 1958).

Haldane (1949) has proposed that disease, in-
cluding parasitic infections, is a major factor in evo-
lution. It is generally accepted that the recent ex-
pansion of African populations with HbS is



associated with the introduction of the Malaysian
agricultural system (Wiesenfeld 1967). Based on our
data, HbS may have played a role in human evo-
lution for a much longer time. It is plausible that
ancient hemoglobin mutations protected human
populations in malaria-infested rain forests during
the most recent ice age. The selection of populations
isolated in separate rain forest refuges would have
led to the formation of genetically distinct groups
of west Africans that could have subsequently ex-
panded and recently learned a common culture. Fur-
thermore, it is plausible that this evolutionary sce-
nario may be extended to include rain forest refuges
in central Africa, India, and southeast Asia.
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