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Molecular Analysis of the b-Globin Gene Cluster in the Niokholo
Mandenka Population Reveals a Recent Origin of the bS Senegal Mutation
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A large and ethnically well-defined Mandenka sample from eastern Senegal was analyzed for the polymorphism
of the b-globin gene cluster on chromosome 11. Five RFLP sites of the 5′ region were investigated in 193 individuals
revealing the presence of 10 different haplotypes. The frequency of the sickle-cell anemia causing mutation (bS) in
the Mandenka estimated from this sample is 11.7%. This mutation was found strictly associated with the single
Senegal haplotype. Approximately 600 bp of the upstream region of the b-globin gene were sequenced for a subset
of 94 chromosomes, showing the presence of four transversions, five transitions, and a composite microsatellite
polymorphism. The sequence of 22 bS chromosomes was also identical to the previously defined Senegal haplotype,
suggesting that this mutation is very recent. Monte Carlo simulations (allowing for a specific balancing selection
model, a logistic growth of the population, and variable initial frequencies of the Senegal haplotype) were used to
estimate the age of the bS mutation. Resulting maximum-likelihood estimates are 45–70 generations (1,350–2,100
years) for very different demographic scenarios. Smallest confidence intervals (25–690 generations) are obtained
under the hypothesis that the Mandenka population is large (Ne 15,000) and stationary or that it has undergone
a rapid demographic expansion to a current size of 15,000 reproducing individuals, which is quite likely in view
of the great diversity found on bA chromosomes.

Introduction

Because of its link with several molecular diseases (Orkin
et al. 1983; Antonarakis et al. 1985; Nagel and Fleming
1992), the molecular polymorphism of the b-globin gene
cluster has been extensively studied in human popula-
tions during the past 20 years (e.g., see Antonarakis et
al. 1982; Wainscoat et al. 1986; Chen et al. 1990; Long
et al. 1990; Fullerton et al. 1994; Harding et al. 1997).
The 5′ gene region of the b-globin gene cluster that har-
bors fetal and embryonic genes exhibits high levels of
linkage disequilibrium (Antonarakis et al. 1982). A re-
combination hot spot was located within a 9-kb DNA
segment separating the 5′ subhaplotypes from the 3′ part
of the cluster (Chakravarti et al. 1984), which includes
the adult b-globin gene. A polymorphic repetitive se-
quence located 500 bp upstream of the b-globin gene,
in the vicinity of the recombination hot spot, is probably
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associated with the replication origin (Fullerton et al.
2000a).

Comparative studies of several human populations
have concentrated on the diversity associated with bA

chromosomes. They have shown an overall larger extent
of diversity for that region in sub-Saharan African pop-
ulations, in agreement with the Out-of-Africa theory of
human evolution (Wainscoat et al. 1986; Chen et al.
1990; Long et al. 1990; Fullerton et al. 1994; Harding
et al. 1997). Several mutations associated with hemo-
globinopathies have been documented in the b-globin
gene cluster (Orkin et al. 1983; Antonarakis et al. 1985).
The bS (sickle cell) mutation, which results from a single-
nucleotide change leading to an amino acid change
(ValrGlu) at the sixth codon of the b-globin gene, is very
common in countries where Plasmodium falciparum–
mediated malaria is endemic, despite the strongly dele-
terious effects of the mutation in homozygotes (Nagel
and Fleming 1992). This observation strongly suggests
that heterozygous carriers are protected against P. falci-
parum malaria (Haldane 1949; Cavalli-Sforza and Bod-
mer 1971, p. 148), although the exact molecular mech-
anisms responsible for this protection remain unclear
(e.g., see Ringelhann et al. 1976; Pasvol 1980; Flint et
al. 1998; Le Hesran et al. 1999).

Several studies have shown that the bS mutation does
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Figure 1 Map of the human b-globin gene cluster on chromosome 11. The location of the five polymorphic RFLP sites that define the 5′ RFLP
cluster haplotypes are shown by arrows and numbers 1–5. The sequenced region between positions �1069 and �391 is indicated as a white bar.

occur on very different chromosomal backgrounds (An-
tonarakis et al. 1984; Chebloune et al. 1988; Labie et
al. 1989; Trabuchet et al. 1991; Lapoumeroulie et al.
1992). These haplotypes have been useful for tracing
the spread of migrants who carry the sickle cell mutation
to different regions (e.g., see Labie et al. 1989; Rund et
al. 1990; Lavinha et al. 1992; Muniz et al. 1995; Daar
et al. 2000). To date, the existence of at least five dif-
ferent geographic centers of origin has been postulated
on the basis of the predominance of major haplotypes
associated with the bS mutation. Four of the centers
(associated with haplotypes Bantu, Senegal, Benin, and
Cameroon) have been found in sub-Saharan Africa
(Pagnier et al. 1984; Nagel and Labie 1985; Lapou-
meroulie et al. 1992), whereas the remaining one has
been found in India and Saudi Arabia (Lie-Injo et al.
1987; Labie et al. 1989). Multiple and independent or-
igins of the bS mutation throughout the world have been
proposed (Pagnier et al. 1984; Nagel and Fleming
1992), but this inference fails to account for the absence
of bS from malarial regions in Southeast Asia and Oce-
ania (Flint et al. 1993). It is also possible that gene
conversion has played a role in moving the bS mutation
to different haplotype backgrounds in sub-Saharan
Africa.

A specific question that, so far, has received little at-
tention is the age of these sickle cell mutations. Some
authors have argued that the mutations probably arose
recently in response to the spread of agriculture
throughout the world (Wiesenfeld 1967; Nagel and
Fleming 1992). Although the time (!6,000 years ago)
of the spread of P. falciparum (Rich et al. 1998; Ayala
et al. 1999) seems well correlated with the advent of
the Neolithic transition in different parts of the world,
the dating of the sickle cell mutations has not been done.
It has been suggested that these mutations could have

already occurred in the Pleistocene era (Stine et al.
1992), but they may be much younger (Flint et al. 1993).

In the present article, we report results of a study of
the genetic diversity of the b-globin gene cluster in an
ethnically well-defined population, the Mandenka from
eastern Senegal, which has been studied for a number
of other polymorphisms (Blanc et al. 1990; Dard et al.
1992; Tiercy et al. 1992; Chen et al. 1995; Graven et
al. 1995; Martinson et al. 1995; Poloni et al. 1995,
1997; Sanchez-Mazas et al. 2000). The absence of re-
cent admixture and amalgamation in this population
allows us to apply population-genetics methods to in-
vestigate the origin of the sickle cell mutation (Flint et
al. 1993) and to estimate its age.

Populations and Methods

Sampled Population

The Niokholo Mandenka population includes 3,000
individuals distributed in a dozen villages located in the
Niokholo Hills, 30 km northwest of Kedougou, in east-
ern Senegal. These Mandenkalu (plural form of “Man-
denka”) belong to the large Mande linguistic group that
includes several million speakers distributed from Niger
to the Atlantic Ocean, mainly in Senegal, Mali, and
Guinea. The Niokholo Mandenkalu constitute an en-
dogamous group that has rare exchanges with surround-
ing ethnic groups (∼5% immigration per generation
[Lalouel and Langaney 1976]). They are thought to have
settled in eastern Senegal between the fourteenth and
sixteenth century, during the decline of the Mali empire
(de Montal 1985, pp. 56–64). Genetic studies have
shown that the Niokholo Mandenka population exhibits
much more genetic diversity than would be expected
from its current census size of ∼3,000 individuals (Ex-
coffier et al. 1996). Moreover, specific analyses of its
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Table 1

HinfI-RsaI bS/bA Haplotype Frequencies in a Sample of 112 Individuals

HAPLOTYPE

RESTRICTION SITEa

HAPLOTYPE

FREQUENCIES

NO. OF

HAPLOTYPES

SEQUENCEDHinfI (�989) RsaI (�551) DdeI (bS) (�7)

1 � � � 34 13
2 � � � 26 22
3 � � � 113 33
4 � � � 14 12
5 � � � 37 14

Total 224 94

a A plus sign (�) indicates presence; a minus sign (�) indicates absence.

mitochondrial genetic diversity have shown that the
group underwent some demographic expansion during
the Pleistocene era and that it does not present any sign
of a recent bottleneck (Excoffier and Schneider 1999).
It therefore seems that the genetic diversity of the Man-
denkalu is representative of that of a larger population
group from western Africa. This is because the original
settlement of the Mandenkalu has probably not been
accompanied by a bottleneck but was, rather, a corollary
of the Mande expansion in West Africa that started in
the 13th century (de Montal 1985, pp. 56–64). The cur-
rent amount of gene flow with surrounding populations
is thus certainly sufficient to counteract the effect of local
genetic drift and to maintain connections with a larger,
and probably subdivided, West African population.

RFLP Analyses

One hundred ninety-three individuals were tested for
the status of five restriction sites detected by the endo-
nucleases HincII and HindIII (sites 1–5, shown in fig.
1), as well as for the absence of the DdeI site at the
beginning of the b-globin gene, which is indicative of
the bS mutation (Chang and Kan 1981). The first five
restriction sites that are in strong linkage disequilibrium
(Antonarakis et al. 1982) have already been studied in
several populations worldwide (e.g., see Hill and Wains-
coat 1986; Wainscoat et al. 1986; Chen et al. 1990; Long
et al. 1990). They will be referred to as the 5′ RFLP
cluster.

DNA Sequence Analyses

Ninety-four individual chromosomes have been se-
quenced between positions �1079 and �390 upstream
the Cap site of the b-globin gene (GenBank coordinates:
61 058–61 747). This region is included in the recom-
bination hot spot (Chakravarti et al. 1984) and contains
a polymorphic repeated sequence, (AT)x Ty, that has
been shown to be in strong linkage disequilibrium with
different bS mutations (Chebloune et al. 1988; Trabuchet
et al. 1991). Direct nucleotide sequencing of PCR-am-
plified DNA fragments was usually not possible, because

both chromosomes of a diploid organism are amplified
during PCR and because most subjects were heterozy-
gotes for two alleles of different lengths because of the
polymorphism of the (AT)x Ty sequence. We therefore
used the amplification refractory mutation system
(ARMS), as described by Newton et al. (1989), to am-
plify separately each of the two chromosomes from a
diploid subject. In a first step, we looked for the status
of two polymorphic restriction sites, HinfI and RsaI, at
positions �989 and �551, respectively (numbered 6 and
7 in fig. 1). An 828-bp fragment between positions
�1228 and �401 bp was amplified in 112 unrelated
individuals. This fragment was digested with restriction
enzymes HinfI and RsaI, producing four different hap-
lotypes. Their frequencies are listed in table 1. This pre-
liminary study allowed us to find heterozygous subjects
whose chromosomes can be individually amplified with
the ARMS protocol.

Specific ARMS primers were designed to amplify
uniquely the HinfI�, HinfI�, DdeI� (bS), and DdeI� (bA)
chromosomes. The nucleotide sequences of these primers
are HinfI� (5′-TAAAGAGAAATAGGAACTTGACTG-
3′), HinfI� (5′-TAAAGAGAAATAGGAACTTGACTC-
3′), DdeI� (5′-CAGTAACGGCAGACTTCTACA-3′), and
DdeI� (5′-CAGTAACGGCAGACTTCTACT-3′). They
were used in combination with appropriate reverse prim-
ers to amplify genomic DNA. PCR and nucleotide se-
quencing were performed as described by Perrin et al.
(1998). Twenty-two individuals who were heterozygous
for bS and 25 who were homozygous for bA had both
chromosomes sequenced individually.

Statistical Analyses

Bootstrap sampling of DNA sequences.—Because of
the pattern of genotype frequencies in the sample and
the constraints of the ARMS technique, it was not pos-
sible to get a fully representative sample of b-globin locus
sequences. Also, because we were particularly interested
in characterizing the pattern of diversity associated with
the bS chromosomes, we allocated more effort to se-
quencing the chromosomes that bear this mutation, an
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approach that led to the unbalanced composition of the
sequence sample reported in table 1. A bootstrap ap-
proach therefore was used to remove the bias in the
composition of our sequence sample. Given the restric-
tion haplotype frequencies of the 224 chromosomes
shown in table 1, a random sample of n sequences was
obtained in three steps. (1) We drew a random number
uniformly distributed between 1 and 224. (2) We iden-
tified the restriction haplotype associated with this num-
ber (any random number between 1 and 34 would des-
ignate haplotype 1, and any number between 35 and 61
would designate haplotype 2, etc.), and we randomly
chose one sequence among those bearing this haplotype.
(3) We repeated steps 1 and 2 n times, to obtain a boot-
strap sample of n sequences. Steps 1–3 were repeated
many times to obtain random samples from which we
obtained the distribution of several statistics that de-
pended on haplotype-sample composition (e.g., nucle-
otide diversity and FST).

Sickle cell–mutation frequency.—We have estimated
the frequency of the bS mutation in the Mandenka by
taking into account the unobserved number of lethal bSbS

individuals (x), as well as the unobserved bAbA who died
before adulthood (y), under the assumption that the in-
creased fitness of bAbS individuals is due to increased
viability only. Because 45 bS chromosomes were ob-
served among 193 individuals, we needed to solve the
following system of equations: f̂ p (148 � y)/(193 �AA

, andˆ2x � y) p p f p 45/(193 � x � y) p 2p (1 � p )A AS A A

(assuming that we have reached equilibrium in the bal-
ancing selection model) to ob-p p (1 � w )/(2 � w )S AA AA

tain and . Actually,p p 1 � p p 0.117 w p 0.868S A AA

the frequency of the sickle cell mutation can be obtained
much more easily by recognizing that the allele fre-
quencies are stable over generations at selection-drift
equilibrium. If we assume viability selection only, the
frequencies are the same at birth as in adulthood, even
though the genotypic configuration of the population
does change at the same time. Therefore, a simple gene-
counting procedure gives .p p 45/(2 # 193) p 0.117S

Haplotype frequencies.—The maximum-likelihood
(ML) frequencies of the 5′ RFLP cluster haplotypes of
the five restriction sites were estimated using an ex-
pectation-maximization (EM) algorithm (Excoffier
and Slatkin 1995), as implemented in Arlequin soft-
ware (Schneider et al. 2000).

Gametic disequilibrium.—We have performed an ex-
act test of Hardy-Weinberg equilibrium (HWE) sepa-
rately for each locus, using a modified version of the
Markov-chain random-walk algorithm (Guo and
Thompson 1992), as described by Schneider et al. (2000,
pp. 87–88). A second analysis of potential departure
from Hardy-Weinberg proportions due to inbreeding
was performed using the procedure described by Ayres
and Balding (1998). This procedure is based on a Bayes-

ian Markov-chain Monte Carlo (MCMC) procedure im-
plemented in the program hwmetc, available from Karen
Ayres’ Web site. We obtain the posterior distribution of
the inbreeding coefficient f, computed over all loci (as-
sumed to be independent), from which we can compute
its mean and any confidence interval (CI). The f coef-
ficient thus measures the excess (if positive) or deficit (if
negative) of heterozygotes in the sample. The exact test
is more sensitive to disequilibrium due to selection,
whereas the Bayesian MCMC procedure is more sen-
sitive to disequilibrium due to inbreeding. Linkage-dis-
equilibrium likelihood-ratio tests between pairs of loci
whose gametic phase is unknown (Slatkin and Excoffier
1996) were also performed between all restriction sites,
as implemented in Arlequin 2.0 (Schneider et al. 2000).

Genetic structure.—Population genetic structure was
assessed by an analysis of molecular variance (Excoffier
et al. 1992) on 72 Mandenka bA sequence data compared
with other bA sequences from six other populations de-
scribed elsewhere (Harding et al. 1997): 24 chromo-
somes from Papua New Guinea, 60 from Vanuatu, 40
from Sumatra (Indonesia), 28 from Gambia, 46 from
the United Kingdom, and 48 from American Indians in
the United States. Sequence between nt �780 and �490
was used for this analysis.

bS Age estimation.—In the spirit of former forward
simulations (e.g., see Kaplan et al. 1995), Monte Carlo
simulations of the spread of a newly selected mutant in
a diploid population were performed to estimate the age
of the bS mutation in the Mandenka population. For
comparison with our simulation results, we also used
analytic methods that have been developed recently to
estimate the age of an allele (Slatkin and Rannala 1997;
Rannala and Slatkin 1998; see below). The problem with
these analytic methods is that they are based on as-
sumptions that do not hold for the present case.

Monte Carlo simulations were performed as follows:
We simulated a two-locus system with arbitrary recom-
bination (between a selected and a neutral locus) in a
population that was demographically stationary or had
recently undergone logistic growth. At generation 0, a
new mutation (S) occurs at the selected locus, and it is
associated with a given allele (X) at the neutral locus. The
population frequency of X is a parameter that will be
jointly estimated with the age of the mutation. If we as-
sume that the estimated frequency of bS (11.7%) is that
of the balancing selection system at equilibrium in the
Mandenka population, the selective advantage of the het-
erozygotes bAbS over bAb A is found to be 15.2%. We
therefore used the following fitness values for the three
genotypes at the selected locus: , ,w p 0 w p 1.152SS AS

and . Note that the selective advantage of 15.2%w p 1AA

for heterozygotes is very similar to the value of 15% found
by Cavalli-Sforza and Bodmer (1971, p. 148) and the
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Table 2

b-Globin Gene Cluster 5′ Haplotypes Frequency in the Mandenka Population

HAPLOTYPE

RESTRICTION SITEa

(5′r3′)
FREQUENCY

(%)

1 HincII 2 HindIII 3 HindIII 4 HincII 5 HincII
bA and bS

(n p 386)
bA

(n p 296)

1 � � � � � 31.3 35.6
3 � � � � � 1.1 1.5
8 � � � � � .9 1.1
9 � � � � � 11 10.7
10 � � � � � 4.7 5.1
11 � � � � � 26.5 17.2
13 � � � � � 12.8 15.5
15 � � � � � .1 .1
16 � � � � � 8.9 9.7
17 � � � � � 2.7 3.5

a A plus sign (�) indicates presence; a minus sign (�) indicates absence.

value of 17.7% found by Livingstone (1989) in regions
where malaria is also highly prevalent (Benin and Congo).

A new generation of diploid individuals is formedN(t)
by drawing parents at random from the former gener-
ation. is equal to for a stationary populationN(t) N(0)
or is equal to N(t) p N(t � 1) 1 � r{1 � [N(t � 1)]/K}( )
for a logistic growth of the population, where r is the
growth factor and K is the carrying capacity of the pop-
ulation. The probability of drawing a parent of a specific
genotype is directly proportional to its fitness. A two-
locus gamete is then chosen from each parent by sim-
ulating meiosis, in which mutation and recombination
can occur. The combination of two random gametes
gives the genotype of an offspring. We assume that mu-
tation only occurs at the neutral locus, and that a new
mutation from an allele other than X (i.e., ) cannotX̄
lead to X, the allele initially associated with the selected
mutant S (we basically disallow reverse mutations). The
frequency of the S allele is recorded, as well as that of
the different gametes . At each¯ ¯AX, AX, SX, and SX
generation, we check whether the population frequencies
of X and S are compatible with those observed in the
Mandenka sample. We define “compatible” as obser-
vations that the population frequencies lie within an in-
terval centered on the sample estimates plus or minus
two standard errors. This interval roughly corresponds
to a 95% CI around the observed sample frequency. If
the population frequencies are judged compatible with
sampled frequency, we randomly sample a given number
of S chromosomes, and we check whether the frequency
of the SX gamete is equal to that of the observed sample.
If that is the case, we declare that the current generation
is compatible with the observed data. We let the process
continue for 1,000 generations. Two thousand simula-
tions are performed for different initial frequencies of
the X allele. The demographic scenarios we have im-
plemented consider the present-day Mandenka popu-

lation (1) as a stationary population with effective size
, which is about one-third of its current cen-N p 1,000e

sus size ( ) (Hill 1972); (2) as a stationary pop-N ≈ 3,000
ulation with effective size , as estimatedN p 10,000e

from mtDNA data (Graven et al. 1995); or (3) as a
population that has undergone a period of logistic
growth, with present-day carrying capacity of K p

and with different growth rates and initial pop-10,000
ulation sizes.

The simulation result is an approximation of the prob-
ability distribution of the observed data, conditional on
the present frequencies of the S allele and SX gamete,
which is a conditional likelihood. Joint ML estimates
(Lmax) of the initial X frequency and the age of the bS

mutation are obtained for a given demographic history
of the population. A CI for the age of the bS mutation
is then obtained by assuming that the quantity 2 # log
(Lmax/L) follows a distribution with 2 df, implying2x

that the limiting values of that 95% CI should have a
log-likelihood 3 units less than the maximum (e.g., see
Kalbfleisch 1985, p. 121).

The age of the sickle cell mutation has also been in-
ferred using two analytic methods developed recently.
One analytic method (using BDMC21 software) pro-
posed by Slatkin and Rannala (1997) is based on intra-
allelic variability. It assumes that a unique mutation
event occurred in the past to define an allelic class. The
present allele (mutation) frequency is an indicator of the
age of that mutation, which is estimated by a Monte
Carlo integration over all possible total coalescence
times, conditional on the observed variability (number
of polymorphic sites) associated with the mutation. The
estimation procedure requires knowledge of the muta-
tion rate, the size of the population, and the growth rate
(assumed to be exponential) of the mutant allelic class,
which can be a result of population demography as well
as selection.
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The second analytic estimation method proposed by
Rannala and Slatkin (1998) is based on the extent of
linkage disequilibrium between a mutation and a linked
biallelic marker. The method—DMLE (disequilibrium
mapping using maximum-likelihood estimation)—in-
volves the basic assumption that linkage disequilibrium
between the two loci decreases exponentially with time
due to recombination. This method can be used to es-
timate the recombination rate if the age of the mutation
is known, but we use it here to estimate the age of the
mutation if the recombination rate c is known. Basically,
the method compares the frequency of the allele at the
linked locus that is associated with the bS mutation to
its global frequency in the sample, regardless of its as-
sociation to bS. The BDMC and DMLE methods both
assume that the bS mutation is rare in the Mandenka
population (although it is estimated to be 11.7% at
birth) and that the exponential increase in frequency of
the mutant class (y) is due to the combined effect of
intrinsic population growth (r) and to the selective ad-
vantage of heterozygous individuals (j), such that y p

. In the case of the sickle cell mutation, the fre-r � j

quency increase due to balancing selection does not re-
ally follow an exponential growth but rather a logistic
growth, and it is limited by the equilibrium frequency
of the mutant. However, the initial phase of the balanc-
ing selection curve is approximately exponential, and
we approximated the growth factor j due to selection,
by fitting an exponential curve to this initial phase of
the logistic growth. When, as before, a heterozygote ad-
vantage of 15.2% is used over b b homozygotes, thisA A

translates into a mutation growth rate of .j p 0.14

Results

RFLP Diversity

The ML haplotype frequencies of the 5′ cluster are
shown in table 2 for 148 b b homozygous individualsA A

and for the entire sample (148 b b and 45 b b indi-A A A S

viduals). Ten different 5′ RFLP haplotypes are found in
the Mandenka sample, and five of these are frequent:
haplotypes 1 (31.3%), 11 (26.5%), 13 (12.8%), 9
(11%), and 16 (8.9%). The other five haplotypes are
present at frequencies !5%. When the b mutation locusS

is considered as an additional locus whose gametic phase
must be determined statistically, all the b chromosomesS

are found to be associated with haplotype 11 (the Sen-
egal haplotype; Pagnier et al. 1984), using the EM al-
gorithm estimation procedure.

Exact tests of HWE were performed on each of the
five RFLP markers separately, using 1 million Markov-
chain steps. When the total sample of 193 individuals
is considered, no restriction site shows significant de-
parture at the 1% level. Only the first HincII sites show
statistically significant values ( ). The same pat-P ! .029

tern is observed when only the 148 bAbA homozygous
individuals are considered, a result that shows that bal-
ancing selection in the globin gene does not disturb HWE
pattern in the 5′ cluster region. Using allelic information
at the five RFLP sites, we separately estimated he pos-
terior distribution of the inbreeding coefficient for the
148 bAbA individuals and for the total sample. The f
coefficient is found to be significantly different from zero
for the subsample of bAbA individuals ( ; 95%f̂ p 0.065
CI p 0.01–0.14; ) but not for the to-Pr (f ≤ 0) p 0.034
tal sample ( ; 95% CI �0.005 to �0.11).f̂ p 0.045
Strong and significant linkage disequilibrium was found
between all pairs of restriction sites (results not shown)
by the likelihood-ratio tests ( ), except betweenP ! .01
the last two HincII sites (between sites 4 and 5, P p

). Note also that the HinfI site is found in linkage.64
equilibrium with four restriction sites (sites 1–4) of the
5′ cluster in the sample of 112 individuals, whereas the
RsaI site is found in linkage equilibrium with three of
five restriction sites of the 5′ cluster. This linkage-equi-
librium pattern is certainly a result of the fact that both
the HinfI and RsaI sites are located within the recom-
bination hot spot (fig. 1). Note also that the bS mutation
is found in significant linkage disequilibrium ( )P ! .01
with three of five restriction sites (sites 2, 3, and 4).

DNA Sequence Diversity

The polymorphic region upstream of the b-globin gene
has been sequenced between the positions �1079 and
�390 for 94 chromosomes. The polymorphic nucleo-
tides and their frequencies are listed in table 3. Nine
substitutions have been observed at positions �1069,
�989, �780, �710, �703, �551, �543, �521, and
�491, consisting of four transversions and five transi-
tions. The sites �989 and �551 correspond to the poly-
morphisms recognized by the restriction enzymes HinfI
and RsaI, respectively, whose global sample frequencies
are reported in table 1. A purine-pyrimidine composite
microsatellite, which is also referred to as “(RY)n se-
quence repeat” by Fullerton et al. (2000a), is located
between positions �578 and �521 and shows a high
degree of polymorphism. This polymorphism can be di-
vided into two parts: a 5′ portion, mainly consisting in
AT repeats interrupted by GT or AC, is usually found
to be constant, except at position �568 (where we oc-
casionally find an additional AT insertion); and a 3′ por-
tion (where we observe an important variation in the
number of AT and T tandem repeats), which is usually
designated as the “ATXTY” structure (Semenza et al.
1984; Chebloune et al. 1988; Trabuchet et al. 1991).
Three of the nucleotide substitutions mentioned above
(�551, �543, and �521) are found within this com-
posite microsatellite region.

A total of 35 different haplotypes are found among
the 94 sequences. The 22 bS chromosomes have a se-



Currat et al.: A Recent Spread of the bS Senegal Mutation 213

Table 3

Sequence Variation in the Polymorphic Region Upstream of the b-Globin Gene

OBSERVED

FREQUENCYa

SAMPLE

ESTIMATED

FREQUENCY

HinfI-RsaI
HAPLOTYPE

Hb
STATUS

POLYMORPHIC SITE

(AT)x Tyc�1069b �989 �780 �710 �703 �551 �543 �521 �491 �568

1 .012 1 A A G A T C T C C A 2 8–6
1 .012 1 A * G A T T T C C A 2 8–6
4 .047 1 A G G A T T T C C A 2 8–5
4 .047 1 A * G A T T T T C C 2 8–4
1 .012 1 A * G A T C T C C C 2 7–7
1 .012 1 A G G A T T T C C A 2 7–7
1 .012 1 A G G A T C T T C A 2 7–6
22 .116 2 S G C A G T T C T A 2 8–4
4 .061 3 A * C A T T T C C A 2 9–4
2 .031 3 A G C A T C T C C A 2 8–5
3 .046 3 A * C A T T T C C A 2 8–5
1 .015 3 A * C A G T T C T A 2 8–4
3 .046 3 A * C T T T T T C C 2 8–4
1 .015 3 A * C T T T T C C C 2 8–4
2 .031 3 A * C A G T T C C A 2 7–6
1 .015 3 A A C A G T T C C A 2 7–7
2 .031 3 A * C A T C T C C A 2 7–7
1 .015 3 A A C A T C T C C C 2 7–7
2 .031 3 A * C A T C T T C C 2 7–7
1 .015 3 A * C A T T T C C A 2 7–7
4 .061 3 A * C A T C T T C C 2 7–6
1 .015 3 A * C A G T T C T A 2 7–6
3 .046 3 A * C A T T T T C C 3 6–8
1 .015 3 A * C A T T T T C C 2 6–8
1 .015 3 A * C A T C T T C C 2 5–9
1 .005 4 A * G A T C C C C A 2 9–5
1 .005 4 A * G A T C C C C A 2 8–5
7 .036 4 A G G A T T C C C A 2 7–7
3 .016 4 A * G A T T C C C A 2 6–9
1 .012 5 A G C A T C C C C A 2 8–5
3 .035 5 A G C A T T C C C A 2 7–7
6 .071 5 A * C A T C C C C A 2 7–7
1 .012 5 A * C A G T C C T A 2 7–6
2 .024 5 A A C A T T C C C A 2 6–9
1 .012 5 A G C A T C C C C A 2 6–7

a Total observed frequency p 94.
b Asterisk indicates that the gametic phase has not been determined for the chromosomes at this position. Therefore, the nucleotide at position

�1069 can be either A or G.
c Microsatellite.

quence pattern that corresponds exactly to the Senegal
sequence haplotype (Trabuchet et al. 1991). This result
confirms the homogeneity of the bS chromosomes de-
tected by the RFLP study. In clear contrast, the 72 bA

chromosomes show considerable diversity, with 34 dif-
ferent alleles. Note that the bS-associated sequence is
also found on a single bA chromosome. A total of 10
different ATXTY structures are found in the Mandenka
population.

Estimates of sample diversity were obtained by the
procedure described in the section on DNA bootstrap
sampling. Mandenka’s nucleotide diversity ( ) for a se-p̂

quence of 270 bp (between positions �780 and �490),
taking into account only substitutions on bA chromo-
somes, is found to be 0.0078 (bootstrap 95% CI
0.0070–0.0090), which is comparable to that found in

the ethnically heterogeneous sample from a nearby re-
gion in the Gambia ( p 0.0096) (Harding et al. 1997).p̂

An analysis of molecular variance in the Mandenkalu
and six other populations (American Indians, Vanuatu,
Papua New Guinea, Sumatra, the Gambia, and the
United Kingdom) on the basis of the same bA sequence
data gave an FST estimate of 0.137 (bootstrap 95% CI
0.115–0.175), which is in the same range (10%–15%)
as that of other nuclear markers, on a worldwide scale
(Barbujani et al. 1997; Flint et al. 1999).

Age of the bS Mutation

Monte Carlo simulations.—Plots of the likelihood of
the age of the bS are shown in figures 2 and 3 for a few
possible demographic histories of the Mandenka pop-
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Figure 2 Likelihood surface of the age of the bS mutation obtained by Monte Carlo simulation of the spread of a new mutation. Simulated
data correspond to sequence data in which no diversity is found in 22 bS chromosomes. The mutation rate is 5 # 10�4 per generation, when
calculated as an average for dinucleotide microsatellites (Goldstein et al. 1995) and taken for the whole sequence. The estimated recombination
rate between the bS mutation and the sequence data is 8 # 10�5 per generation. A, Stationary population N p 1,000. B, Stationary population
N p 10,000. C, Logistic growth, N0 p 1,000, K p 10,000, r p 0.001. D, Logistic growth, N0 p 1,000, K p 10,000, r p 0.02. Plus sign
(�) indicates the ML estimator.

ulation. ML estimates and their approximate CIs are
listed in table 4. ML estimates are consistently found at
∼45–70 generations for a large range of demographic
histories and when considering either the 5′ RFLP cluster
or the DNA sequences as the linked neutral marker. The
limits of the CIs are, however, much more sensitive to
population demography than are the point estimates.
Very wide CIs are found for either small stationary pop-
ulation sizes ( ) or for populations that haveN p 1,000
undergone a recent but slow demographic expansion
(0.1% per generation). CIs are found to be wider for
simulated DNA sequence data than for the 5′ RFLP clus-
ter. This is because the overall probability of a modifi-
cation of the neutral allele originally associated with the
bS mutation is smaller for DNA sequences than for RFLP

haplotypes. The reduced CIs are thus mainly due to the
presence of the recombination hot spot between the bS

mutation and the 5′ RFLP cluster.
Because of the gene hitchhiking effect, the molecular

diversity and the gene frequencies at a neutral locus
should be affected by selection at a linked locus (May-
nard Smith and Haigh 1974; Braverman et al. 1995; Fay
and Wu 2000; Schierup et al. 2000a). For this reason,
one may wonder whether it is appropriate to compare
haplotype frequencies at a neutral locus in populations
in which selection is acting with those in populations in
which it is not. In the case of the b-globin gene, popu-
lation comparisons have been done mainly among bA

chromosomes (e.g., see Wainscoat et al. 1986; Chen et
al. 1990; Long et al. 1990), to avoid this problem; how-
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Figure 3 Likelihood surface of the age of the bS mutation, obtained by Monte Carlo simulation of the spread of a new mutation. The
neutral linked marker corresponds to the 5′ RFLP cluster data in which no diversity is found in 45 bS chromosomes. When the estimation given
by Harding et al. (1997) is used, the estimated mutation rate is 1 # 10�6 per generation taken as average for 30 bp. The estimated recombination
rate between the bS mutation and the 5′ RFLP cluster is 1.6 # 10�3 per generation (Chakravarti et al. 1984). A, Stationary population N p
1,000. B, Stationary population N p 10,000. C, Logistic growth, N0 p 1,000, K p 10,000, r p .001. D, Logistic growth, N0 p 1,000, K p
10,000, r p 0.02. Plus sign (�) indicates the ML estimator.

ever, there are some exceptions (e.g., see Harding et al.
1997). Our simulation results can be used to see whether
the current frequencies of the bA haplotypes are com-
parable to those frequencies at the onset of the selection
process. For RFLP haplotypes, we find (table 4) that the
ML estimates of the initial frequency of haplotype 11
(currently linked to the bS mutation) are 0.14–0.20, with
most simulation conditions giving an estimate of 0.18.
This is very close to the present-day frequency of 0.172
among bA chromosomes (table 2). The increase in total
frequency of haplotype 11 from 0.18 to 0.265 in the
total population has thus been mainly done at the ex-
pense of other haplotypes, which should have current
frequencies among the bA chromosomes quite different
from those prevailing before the selection episode.

BDMC.—The likelihoods of the age of the bS mutation

are reported in figure 4 for different growth rates (y) of
bS chromosomes in a present-day population of 10,000
(fig. 4A) and 1 million (fig. 4B) individuals. For 1 million
individuals, the estimated age of the mutation is !200
generations for y values 10.07, and the estimated age is
!110 generations, with a growth rate 10.13. For an ex-
panding population (y ! 0.02, implying no selective ad-
vantage of bAbS heterozygotes), the age of the mutation
estimated by the BDMC method appears unbounded, al-
though the upper limit is 600 generations for a stationary
population ( ). For a growth rate of , whichy p 0 y p 0.14
corresponds to the initial exponential growth rate of the
mutation resulting from selection only, we obtain a 95%
CI of 65–100 generations for a present-day population
size of 1 million individuals and of 35–70 generations for
a present-day population of 10,000 individuals. The over-
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Table 4

ML Estimates of the Age of the bS Mutation in the Mandenka Population

Statistical Analysis and
Demographic Model

Initial Frequency
of Neutral Allele

Associated with bS

Age of bS

(generations) 95% CI

BDMC:
DNA sequences:

Np 10,000 … 10 0–1200
Np 1,000,000 … 55 15–600

DMLE:
5′ Cluster RFLPs:

N p 10,000 … 0 0–140
Np 1,000,000 … 0 0–100

Simulations:
5′ Cluster RFLPs:

Stationary population:
Np 1,000 .18 55 25–735
Np 5,000 .18 60 35–205
Np 10,000 .20 60 40–145

Logistic growth:
N0 p 1,000, K p 10,000:

r p .001 .18 50 25–590
r p .01 .20 50 25–210
r p .02 .18 45 25–160

N0 p 100, Kp 10,000:
r p .001 .22 20 5–725
r p .01 .14 30 5–400
r p .02 .18 30 5–250

DNA sequences:
Stationary population:

Np 1,000 .010 65 25–(11,000)
Np 5,000 .020 65 35–(11,000)
Np 10,000 .004 70 45–690

Logistic growth:
N0 p 1,000, K p 10,000:

r p .001 .006 60 25–(11,000)
r p .01 .004 60 25–660
r p .02 .010 60 25–585

N0 p 100, Kp 10,000:
r p .001 .008 35 5–(11,000)
r p .01 .002 165 5–890
r p .02 .004 95 5–660

all age estimates for 10,000 individuals are more recent
than those for 1 million individuals.

DMLE.—The likelihoods of the age of the bS mutation
are shown in figure 5 for different values of the total
growth rate. The ML values are zero for all y values
0–0.2. In figure 5, we have reported only the curves
for and for the largest growth rate that main-y p 0
tains at least one bS chromosome in the population in
the whole CI (for larger growth rates—and because
DMLE relies on a time continuous approximation
scaled by the population size—fractions of a single bS

chromosome remain in the population). Under these
conditions, the upper limits of the 95% CI are 140
generations for a population size of 10,000 with

and are 100 generations for a population sizey p 0
of 1 million individuals with .y p 0

Discussion

A Single Chromosomal Background Is Associated with
the bS Mutation

A striking result of the present study is the absence of
diversity associated with the bS mutation, despite a very
high level of diversity on bA chromosomes. The inferred
association between the bS mutation and the Senegal 5′

RFLP haplotype (number 11 in table 2) has been obtained
by a statistical (ML) reconstruction. One could postulate
that this association may not be so strict in reality. The
three other 5′ RFLP haplotypes that are associated with
the bS mutation in other African populations are indeed
found in the Mandenkalu associated with the bA allele.
Two haplotypes have a high frequency: haplotypes 1 (Be-
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Figure 4 Plot of the likelihood obtained by the BDMC method
for the age of the bS mutation for different total growth rates (y) of
bS chromosomes in a present-day population of 10,000 individuals (A)
and in a population of 1 million individuals (B). The assumed mutation
rate is 5 # 10�4, and no diversity is observed among 22 chromosomes.
The present frequency of the bS mutation is taken as 11.7%. The
shaded regions delimit a parameter space for which the log likelihood
is three units smaller than the ML, which corresponds approximately
to a joint 95% CI for the growth rate and the age of the mutation.
The plus sign indicates the ML estimator. The 95% CI for the age of
the bS mutation (0–900 generations) does not correspond exactly to
that reported in table 4 (0–1,200 generations), because we have plotted
interpolated values, whereas the figures reported in table 4 are based
on exact values.

Figure 5 Likelihood of the age of the bS mutation, (estimated
according to the DMLE method, under the assumption that 45 bS

chromosomes show the same associated 5′ cluster RFLP haplotype
despite a recombination rate of 1.6 # 10�3 per generation (Chakra-
varti et al. 1984). The present population is assumed to be either (A)
10,000 or (B) 1 million individuals. Likelihoods are plotted for total
exponential growth rates (see text) ranging from 0% per generation
(extreme right line) to the largest one that permits retention of at least
one bS chromosome in the population in the whole CI (see DMLE
subsection) (extreme left line) by increments of 1%. The DMLE
method gives an ML value of one generation. An upper limit for the
age of the bS mutation is found when the log-likelihood of that age is
three units less than the maximum.

nin, 31.3%) and 13 (Cameroon, 12.8%). The remaining
haplotype, 8 (Bantu) is less frequent (1.1%). The sequenc-
ing of 45 individual chromosomes for 160 kb would be
necessary to directly check for this strict association. This
was not feasible, because it is extremely difficult to obtain
sequences of single chromosomes for 110 kb ( Nickerson
et al. 1998; Fullerton et al. 2000b). However, ML esti-
mates of haplotype frequencies are generally reliable in
practice (Martinson et al. 1995; Fallin and Schork 2000;
Tishkoff et al. 2000). We therefore note that the 5′ RFLP
haplotype frequencies estimated for the bA chromosomes
in the Mandenkalu are in close agreement with the fre-

quencies found in a global African sample (Long et al.
1990).

The sequencing of individual chromosomes in the
polymorphic repeated region upstream of the b-globin
gene confirms a strict association between the bS mu-
tation and the Senegal haplotype. The Senegal DNA se-
quence has already been shown to predominate among
bS chromosomes in nearby Guinea without becoming
monomorphic (31 of 40 sampled chromosomes; Sow et
al. 1995), but in that case the analyzed sample was both
geographically and ethnically much more heterogeneous
than the present sample from the Niokholo Manden-
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kalu. The bS mutation previously had been found to be
associated with several RFLP haplotypes in an urban
sample from Dakar, with the predominance of the Sen-
egal RFLP haplotype but also with significant frequen-
cies of the Benin and Bantu haplotypes (Pagnier et al.
1984). The HbS gene associated with the Senegal hap-
lotype is mainly restricted to West Africa, but it has been
found in the Americas (e.g., see Muniz et al. 1995; Pante-
De-Sousa et al. 1999), probably reflecting its spread by
slave trade. Note that it has also been observed in Europe
(e.g., see Lavinha et al. 1992) and once in Madagascar,
probably because of recent immigration (Hewitt et al.
1996). In North Africa, the Benin type of HbS gene is
predominant (e.g., see Frikha et al. 1998).

The monomorphism of the bS chromosomes in the
Mandenka population is in clear contrast to the high
degree of polymorphism observed among bA chromo-
somes, which are associated with 10 RFLP haplotypes
and 34 DNA sequences. A similarly high degree of poly-
morphism had been previously found in the Mandenkalu
for mtDNA (Chen et al. 1995; Graven et al. 1995) and
several nuclear markers (Tiercy et al. 1992; Martinson
et al. 1995; Poloni et al. 1995), suggesting that the Man-
denka population is not an isolate and that its settlement
500–600 years ago has not been accompanied by a foun-
der effect. Thus, despite a small census of ∼3,000 in-
dividuals, the Niokholo Mandenka’s molecular diversity
seems representative of a much larger West African pop-
ulation (Excoffier et al. 1996). This is in keeping with
its supposed recent arrival in eastern Senegal from Mali
(de Montal 1985, pp. 56–64), where the origin of its
diversity should be found. Even though some inbreeding
could have occurred since its settlement, its estimated
level remains small (f p 0.045) and nonsignificant. It
thus appears that the homogeneity of bS chromosomes
is not due to a recent founder event in the Mandenka
followed by drift but rather reflects a recent origin.

A Recent Origin for the Senegal bS Mutation

Several methods and data sets have been used to es-
timate the age of the bS mutation, but all approaches
suggest that it arose !100 generations ago, which (when
a generation time of 30 years [Tremblay and Vezina
2000] is assumed) could be !3,000 years ago. Previous
attempts to determine the age of a chromosomal segment
with no associated diversity (Dorit et al. 1995) have been
elaborated in a neutral context (Donnelly et al. 1996;
Fu and Li 1996; Weiss and von Haeseler 1996) that does
not apply here. Although our forward simulations are
not as mathematically rigorous as the analytic ap-
proaches underlying the BDMC21 and DMLE programs
(Slatkin and Rannala 1997; Rannala and Slatkin 1998),
we give more credit to the results obtained by our for-
ward simulations, because some assumptions of the an-

alytic approaches do not apply to the Mandenka pop-
ulation and to the evolution of the b-globin gene cluster.
Indeed, the bS chromosomes of the Mandenka pop-
ulation are not expanding at a steady exponential rate,
and the mutation is not rare (as is assumed in both the
BDMC and the DMLE approaches). Because the Nio-
kholo Mandenka farming community is almost at dem-
ographic equilibrium, with ∼30% juvenile mortality rate
(Pison et al. 1995, p. 128), the increase in bS chromo-
some counts probably has mainly resulted from the bal-
ancing selection process, which rather follows a logistic
growth towards an equilibrium frequency. The BDMC
approach seems especially sensitive to the exponential
growth assumption, as the upper limit of the 95% CI
for the age of the mutation is the time necessary to ac-
cumulate the present bS chromosome count from an in-
itial single chromosome (see figs. 4A and 4B). The fact
that the DMLE method provides ML estimates that are
unrealistic (i.e., one generation), despite upper limits that
appear reasonable, raises questions about the applica-
bility of this method to a complete absence of variation
(and therefore of recombination) on bS chromosomes.
Methods that would take into account some prior in-
formation on the distribution of allele age would provide
estimates other than one, even in the absence of recom-
bination (Slatkin and Rannala 2000).

Adequacy of the Simulation Scheme

In our simulations, we therefore have tried to incor-
porate realistic assumptions about both the demography
of the Mandenka population and the selective processes
acting on the b-globin gene. We have preferred to model
either stationary populations or populations that have
undergone a logistic growth, rather than populations
that grow exponentially for an indefinite period. This
logistic growth may be justified by considering the Neo-
lithization of West Africa, which is thought to have
started in ∼2,500 B.C., after the desiccation of the Sahara
(Shaw 1990). Because of computing limitations, it was
not possible to explore the case of very large present-
day population sizes, but our simulations show a clear
trend that can be extrapolated to larger present-day pop-
ulation sizes. Although the majority of our simulation
conditions give an ML age of the bS as ∼45–70 gener-
ations (1,350–2,100 years) for both RFLP and DNA
sequence data, we note that if the mutation had origi-
nated in a very small population ( ) that hadN p 100
then been slowly increasing in size, the absence of di-
versity associated with bS would not be very informative,
because the CIs are extremely wide (5–1,000 genera-
tions) (table 4). Although the ML estimates are very
consistent among different demographic scenarios, it is
difficult to determine a meaningful overall CI, because
its width varies extensively, depending on the assumed
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demography of the population. Given the great diversity
found at neutral loci (Excoffier et al. 1996), as well as
that associated with the bA chromosomes, it is likely that
the Mandenka population has a relatively large effective
population size, implying very small CIs for the age of
bS (see figs. 2 and 3 and table 4). Under these conditions,
lower and upper limits of the age of the bS mutation are
∼25 and 690 generations (700 and 20,700 years), re-
spectively. It is, however, likely that the demographic
history of the Mandenka population is more complex
than the history represented by our simulations. Al-
though our results suggest that estimates of the age of
the bS mutation do not depend greatly on the size of the
population, provided it is large enough, we did not con-
sider the case of a selected mutation in a subdivided
population.

Analytic results concerning the spread of a mutation,
under balancing selection in a subdivided population,
are still scarce (Kaplan et al. 1991; Schierup 1998), but
they show that the amount of diversity that can be main-
tained depends on the migration rates between inter-
connected demes (Schierup 1998; Schierup et al. 2000a,
2000b). The level of diversity expected when migration
rates between demes are low is not equivalent to that
expected in a panmictic population, even after rescaling
of the effective population size to take into account local
population sizes and numbers of demes (Whitlock and
Barton 1997). Also, in a subdivided population, the es-
timated age of a mutation relates to the time it was
introduced by either mutation or migration. In demes
of sufficient size, the time needed by a new mutation to
reach the equilibrium frequency of the overdominant
model is determined mainly by selection, so the mini-
mum age obtained with our simulations should be quite
insensitive to the effect of population subdivision. How-
ever, the maximum ages given by our simulations may
be affected by subdivision, because neutral linked mu-
tations or recombinations that occur elsewhere may take
time to spread to the deme where the sampling of chro-
mosomes has occurred. The sampled deme can thus be
free of mutants or recombinants that have occurred in
the total population. Therefore, compared with a highly
subdivided population that has an identical effective size,
our current simulations of a panmictic population would
tend to underestimate the maximum age of the Senegal
bS mutation.

Schierup and colleagues (2000a) have recently shown
that, if gene flow is sufficiently high (in their case, the
product of deme size N and the immigration rate m was
12.5), estimates of nucleotide diversity at a closely linked
neutral locus were lowered by !10%, compared with
nucleotide diversity expected in a panmictic population
of identical effective size. When we assume that there
are ∼1,000 reproducing Niokholo Mandenka adults and
we take the estimated value of m as 5% per generation

(Lalouel and Langaney 1976), we estimate Nm to be
50. The Niokholo Mandenka population thus appears
to be part of a highly interconnected set of ethnic groups
in a region encompassing eastern Senegal, southeastern
Mali, and northwestern Guinea. Given this high number
(50) of incoming migrants per generation, new mutants
and recombinants from neighboring demes would be-
come rapidly visible in samples from the Mandenka pop-
ulation, and we therefore have confidence in our esti-
mates of the age of the bS mutation, which are based on
the assumption of a panmictic population.

Geographic Origin of the bS Mutation

Because the inferred age of the bS mutation much pre-
dates the settlement of the Mandenka population in east-
ern Senegal (during the 14th century), the geographic
origin of the Senegal bS mutation cannot be associated
with the Niokholo Mandenka population. It may be
found in the Mandenka because it was imported with
the founders of this population when they settled in east-
ern Senegal. In that case, the Senegal mutation would
have originated in the cradle of the Mandenka popu-
lation, eastward in Mali. Alternatively, because of the
high rate of gene flow between the Mandenka and sur-
rounding populations, it is possible that the mutation
was present in eastern Senegal for a long time before the
settlement of the Mandenka. In both cases, migration is
implicated in the spread of this mutation across West
African populations, and the exact geographic origin of
the Senegal bS mutation in West Africa cannot be located.

Our finding of a single haplotypic background for the
bS mutation in the Niokholo Mandenka could be com-
patible with single or multiple origin(s) of the sickle cell
mutation. In the case of a single mutational origin for
bS and its spread to different backgrounds by recom-
bination or gene conversion, we would not necessarily
expect to see multiple sickle cell–associated haplotypes
selected at high frequencies in a population if competing
drift factors were strong enough to eliminate some bS

haplotypes while at low frequency. The hypothesis of
multiple independent origins raises the question of how
several identical mutations could have occurred in a
short period of time in Africa after the appearance of
malaria, despite the low mutation rate of nuclear DNA.
However, the presence of bS on multiple haplotypes, each
at high demic frequencies, is easier to explain if these
mutations had been present at low frequencies for a
much longer time and then had spread from a few copies
to present-day frequencies, under the pressure of recent
strong malarial selection (50–100 generations under the
present type of overdominant selection; results not
shown). Because it is difficult to account for several iden-
tical bS mutations in a short period of time (either by a
point-mutation process or by recombination and gene
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conversion), our estimate for the age of the Senegal bS

mutation probably does not relate to the original mu-
tational event but rather to the time since the onset of
the malaria-mediated selection and the associated in-
crease in frequency of the Senegal bS haplotype.

The present data provide an estimate for the time
(1,350–2,100 years) since this origin that is fully com-
patible with current theories of the origin of the sickle
cell mutation in response to the appearance of P. falci-
parum–mediated malaria (Haldane 1949). The recent
(!6,000 years) spread of this Plasmodium species (Rich
et al. 1998; Ayala et al. 1999) appears linked to that of
agriculture in sub-Saharan Africa, an event that led to
the higher population densities (Nagel and Fleming
1992; Coluzzi 1999) necessary for the efficient spread
of malaria, and it provides information about a possible
upper limit of the beginning of the spread of the Senegal
bS haplotype in West Africa. In keeping with this inter-
pretation and with our own results, a recent survey of
the haplotypic diversity at the G6PD locus (Tishkoff et
al. 2001) also suggests that two protective mutations
against malaria had appeared at that locus within the
last 10,000 years. The present results are also in agree-
ment with studies reported elsewhere (Lapoumeroulie et
al. 1992; Sow et al. 1995) that show bS haplotypes to
be generally homogeneous in well-defined ethnic groups.
Different results are found in other molecular-diversity
studies that have focused on heterogeneous samples of
bS homozygous patients, which showed a diversity of bS

chromosomes (Pagnier et al. 1984). Although certainly
representative of the usual panel of urban hospital pa-
tients, this heterogeneity probably reflects recent migra-
tions and amalgamation processes that have led to an
excess of rare mutations (Chakraborty et al. 1988), in
comparison to those found in the original populations.
Further genetic studies in other well-defined populations
of western (and central) Africa are thus clearly necessary,
because they would allow determination of the exact
extent of the spread of the Senegal bS mutation in West
Africa, and they would help to precisely identify the
mutation’s geographical origin. Such studies would also
be useful when checking for the homogeneity of the
background of the bS mutation in other populations and
to confirm the recent increase in frequency of the bS

mutation, irrespective of its haplotypic background. Fi-
nally, such studies would lead to exact estimates of levels
of subdivision and migration rates between West African
populations, so as to better understand the origin and
propagation of specific mutations that either cause or
protect against genetic diseases. The present distribu-
tions and frequencies of different bS haplotypes are cer-
tainly the result of an interaction among drift, selection,
and the settlement history of sub-Saharan Africa (Ram-
say and Jenkins 1987; Flint et al. 1993). Because dif-
ferent haplotypes appear linked to various degrees of

severity of sickle cell disease and to advantages for het-
erozygotes (e.g., see Nagel et al. 1985; Powars et al.
1989, 1994; Steinberg et al. 1995; Thomas et al. 1998),
the evolutionary mechanisms responsible for the het-
erozygous advantage (e.g., see Ringelhann et al. 1976;
Pasvol 1980; Nagel and Fleming 1992) and the in-
crease of the sickle cell mutation require further stud-
ies of well-defined ethnic groups in sub-Saharan
Africa.
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and Tenkoto, as well as the Senegalese authorities for their
permission to conduct this research program. We are grateful
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