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ABSTRACT
Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the most common enzymopathy in humans.

Deficiency alleles for this X-linked disorder are geographically correlated with historical patterns of malaria,
and the most common deficiency allele in Africa (G6PD A�) has been shown to confer some resistance
to malaria in both hemizygous males and heterozygous females. We studied DNA sequence variation in
5.1 kb of G6pd from 47 individuals representing a worldwide sample to examine the impact of selection
on patterns of human nucleotide diversity and to infer the evolutionary history of the G6PD A� allele.
We also sequenced 3.7 kb of a neighboring locus, L1cam, from the same set of individuals to study the
effect of selection on patterns of linkage disequilibrium. Despite strong clinical evidence for malarial
selection maintaining G6PD deficiency alleles in human populations, the overall level of nucleotide
heterozygosity at G6pd is typical of other genes on the X chromosome. However, the signature of selection
is evident in the absence of genetic variation among A� alleles from different parts of Africa and in the
unusually high levels of linkage disequilibrium over a considerable distance of the X chromosome. In
spite of a long-term association between Plasmodium falciparum and the ancestors of modern humans,
patterns of nucleotide variability and linkage disequilibrium suggest that the A� allele arose in Africa
only within the last 10,000 years and spread due to selection.

WITH the completion of the first drafts of the hu- in shaping human genetic variation. Selection can have
a powerful effect on patterns of linkage disequilibriumman genome (International Human Genome
(LD), levels of heterozygosity, and frequencies of allelesSequencing Consortium 2001; Venter et al. 2001)
segregating in a population, and these effects may ex-considerable attention is now focused on understanding
tend to linked sites at considerable distances from thethe levels and patterns of nucleotide variation among
targets of selection (Hudson 1990, 1996). One way toindividuals. An accurate description of this variation
study the impact of selection in shaping nucleotide vari-is important for understanding processes of molecular
ability is to look at regions of the genome in which theevolution, for identifying disease genes, and for making
strength and form of selection are known and in whichinferences about the origin and history of Homo sapiens.
the connections from genotype to phenotype to envi-A number of studies have described patterns of nucleo-
ronment are well understood.tide variability in relatively large samples of individuals

The X-linked gene coding for glucose-6-phosphate(Harding et al. 1997; Clark et al. 1998; Deinard and
dehydrogenase (G6PD) is subject to malarial selectionKidd 1998; Harris and Hey 1999, 2001; Jaruzelska et
in some human populations. The normal G6PD enzymeal. 1999; Kaessmann et al. 1999; Rana et al. 1999; Rieder
catalyzes a critical step in the pentose monophosphateet al. 1999; Fullerton et al. 2000; Gilad et al. 2000;
shunt of glycolysis, and in cases of dysfunctional G6PD,Hamblin and Di Rienzo 2000; Nachman and Crowell
an individual may suffer with clinical manifestations that2000; Zhao et al. 2000; Alonso and Armour 2001; Yu
include hemolytic anemia and neonatal jaundice (Beut-et al. 2001), and a large public effort recently identified
ler 1994). Some human populations exhibit G6PD de-and mapped �1 million single-nucleotide polymorphisms
ficiency alleles at frequencies that range up to 65%(SNPs; International SNP Map Working Group
(Livingstone 1985; Oppenheim et al. 1993). In general,2001). These studies have generally focused on regions
there is a geographic correlation between the frequencyof the genome in which positive natural selection is
of G6PD deficiency alleles and the historical prevalencebelieved to be a negligible force, and as such, provide
of malaria globally (Allison 1960; Motulsky 1961;a baseline for average patterns of genomic variability.
Oppenheim et al. 1993). Moreover, in vitro studies (RothHowever, selection may have been an important force
et al. 1983; Roth and Schulman 1988) and epidemio-
logical evidence (Ruwende et al. 1995) indicate that
G6PD deficiency confers some resistance to Plasmodium

1Corresponding author: Biosciences West Bldg., Department of Ecol-
falciparum, the primary human malaria parasite.ogy and Evolutionary Biology, University of Arizona, Tucson, AZ

85721. E-mail: msaunder@u.arizona.edu The most common G6PD deficiency allele in sub-
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Figure 1.—Schematic ideogram of the human X chromosome and the genomic regions sampled in this study. Genes located
between L1cam and G6pd on Xq28 are marked. Solid arrows indicate positions of the amplification primers Gf, Gr, Lf, and Lr.
For G6pd, the mutations that define G6PD A� and G6PD A� are marked at coding positions 376 and 202. L1cam is located 556
kb from G6pd. Exons are marked with solid boxes. Polymorphic amino acid residues for alleles G6PD B, G6PD A�, and G6PD
A� due to nucleotide polymorphisms at sites 202 and 376 are shown in the shaded box.

Saharan Africa is G6PD A�, and it typically reaches level of protection from malaria, although this genotype
is quite rare (Ruwende et al. 1995). In the presencefrequencies near 20% in populations living in malarial

areas (Livingstone 1985). The A� allele differs from of falciparum malaria, the G6PD A� allele is therefore
beneficial, while in the absence of malaria this allele isthe normal allele (G6PD B) by nonsynonymous changes

at coding nucleotide positions 202 and 376. A minor deleterious. Thus G6pd provides a rare example of a
gene in humans where the selective agent and approxi-deficiency allele, G6PD A�, differs from the B allele

only at site 376 (Figure 1). The enzymatic activities of mate form and strength of selection are known (Ruwende
et al. 1995; Tishkoff et al. 2001).the A� and A� alleles are 85 and 12% of normal levels,

respectively (Hirono and Beutler 1988; Beutler et As part of an ongoing project to characterize patterns
of nucleotide variability at multiple loci throughout theal. 1989; Vulliamy et al. 1991). The mild deficiency

phenotype characteristic of G6PD A� does not cause genome for a common worldwide sample of human
DNAs and to investigate the impact of selection on G6pd,significant clinical manifestations and does not appear

to confer resistance to malaria (Ruwende et al. 1995). we sequenced 5.1 kb of G6pd in a sample of 47 humans
(Table 1). We also sequenced 3.7 kb at L1cam in theseHowever, the deficiency phenotype characteristic of

G6PD A� confers an �50% reduction in risk of severe same individuals. L1cam is situated 556 kb from G6pd;
thus, polymorphisms at L1cam provide an opportunitymalaria in both heterozygote females and hemizygote

males. Homozygous females probably have a similar to investigate the impact of selection on neighboring
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and � estimate the neutral parameter 3Ne� for X-linked loci,sites. Our nucleotide data suggest that the effects of
where Ne is the effective population size and � is the neutralselection on G6pd are more subtle than those predicted
mutation rate. Tajima’s D (Tajima 1989), Fu and Li’s D (Fu

under a model of long-term diversifying selection. and Li 1993), and Fay and Wu’s H (Fay and Wu 2000; http://
crimp.lbl.gov/htest.html) were calculated to test for deviations
from a neutral equilibrium frequency distribution for both
loci. Ratios of polymorphism to divergence for G6pd andMATERIALS AND METHODS
L1cam were compared with the expectations under a neutral

Samples: DNA sequences were determined in a sample of model using the Hudson-Kreitman-Aguadé (HKA) test (Hud-
41 human males, including 10 from Africa, 10 from the Ameri- son et al. 1987). Polymorphism data for these tests were derived
cas, 10 from Europe, and 11 from Asia and Melanesia (Table from the 41 sequences determined in this study for G6pd and
1). This sample was chosen as part of a long-term project in L1cam, as well as from Dmd (intron 44) from the same set of
our labs to survey nucleotide variability at a number of loci individuals (Nachman and Crowell 2000) and from the
throughout the genome using a common set of individuals Pdha1 data of Harris and Hey (1999). Dmd and Pdha1 were
(e.g., Nachman et al. 1998; Nachman and Crowell 2000; chosen for comparison because they both reside in regions
M. W. Nachman and M. F. Hammer, unpublished data). How- of the X chromosome with moderate to high rates of recombi-
ever, since G6PD A� alleles are primarily found in Africa and nation and thus are expected to be relatively free of the effects
since the effects of selection at G6pd are likely to be found of selection at linked sites. Divergence data were derived for
primarily in Africa, we augmented our worldwide sample with each of these loci by comparing the homologous sequences
4 additional African individuals that were known [by restric- from a chimpanzee to a single randomly chosen human allele.
tion fragment length polymorphism (RFLP) analysis] to carry LD between pairs of polymorphic sites was measured using
G6PD A� alleles and 2 individuals known to carry G6PD A� the statistics D � (Lewontin 1964) and r2 (Hill and Robert-
alleles. This allowed us to investigate patterns of variability son 1968). The age of the G6PD A� allele was estimated
within G6PD A� alleles and to study LD between G6PD A� from the decay of linkage disequilibrium and from coalescent
alleles and other alleles. Homologous sequences from a male simulations using the computer program GENETREE (Hard-
chimpanzee (Pan troglodytes) and a male orangutan (Pongo ing et al. 1997; Bahlo and Griffiths 2000). The SWST haplo-
pygmaeus) were also determined for divergence estimates. By type test of Andolfatto et al. (1999) was implemented using
studying X-linked loci in males we were able to PCR amplify the data from G6pd and L1cam separately. This test compares
single alleles and to directly recover haplotypes over long the observed number of haplotypes with those expected under
genomic distances to study patterns of linkage disequilibrium. a neutral model with a specified rate of recombination.

PCR amplification and sequencing: Maps of the human X
chromosome and the loci sampled in this study, G6pd and
L1cam, are presented in Figure 1. L1cam was chosen because RESULTS
of its proximity to G6pd (556 kb); all polymorphisms detected

Nucleotide diversity: Patterns of nucleotide variabilityat L1cam are silent or noncoding, and there is no a priori
reason to assume that L1cam itself is a target of selection. at G6pd and L1cam are presented in Tables 1 and 2. In
Approximately 82 other genes are found within 1 Mb on either the worldwide sample of 41 chromosomes (nonaug-
side of G6pd and none of these genes are known to be recent mented sample) we observed 18 single-nucleotide poly-targets of positive selection. PCR fragments were amplified

morphisms and three insertion/deletion (indel) poly-for G6pd (5.2 kb) and L1cam (4.2 kb) using a long-template
morphisms at G6pd. Fifteen of these polymorphismsPCR system (Roche Biochemicals). For G6pd, the primers Gf

(5� GTT TAT GTC TTC TGG GTC AGG GAT GG 3�) and Gr were in introns; of the remaining 6 polymorphisms, 2
(5� AGT GTT GCT GGA AGT CAT CTT GGG T 3�) are were nonsynonymous changes (coding sites 202 and
positioned with the 5� end of the primer at sites 206322 and 376) and 4 were synonymous changes. Levels of nucleo-
201052, respectively, in GenBank accession no. L44140. For

tide variability were roughly four times higher in AfricaL1cam, the primers Lf (5� TCC TCT CCA GAG TAG CCG
than in non-African populations (Table 2), consistentATA GTG ACC 3�) and Lr (5� AAG TTT CTA CTG GCC TGA
with other studies that demonstrate higher diversity inCCC TCT CG 3�) are positioned with the 5� end of the primer

at sites 19587 and 24251, respectively, in GenBank accession Africa (e.g., Harris and Hey 1999, 2001; Nachman and
no. U52112 (Figure 1). Internal primers (available upon re- Crowell 2000). Many of the polymorphisms found in
quest) were used to generate overlapping sequence runs on Africa distinguish G6PD A� alleles from all other allelesan ABI 377 automated sequencer. A contiguous sequence that

in the sample. At L1cam we observed 7 polymorphismsincluded coding and noncoding regions (5109 and 3691 bp
in the nonaugmented sample. Levels of nucleotide vari-for G6pd and L1cam, respectively) was assembled for each

individual and aligned using the computer program ability were relatively low for L1cam overall; however,
Sequencher (Gene Codes, Ann Arbor, MI). Sequences have nucleotide variability was higher in Africa than in non-
been submitted to GenBank under accession nos. AY158094– African populations.AY158142 and AY167680–AY167728 for G6pd and L1cam, re-

In the worldwide sample of 41 chromosomes, two A�spectively.
alleles were in the African subset (n � 10), consistentData analysis: Nucleotide diversity, � (Nei and Li 1979),

and the proportion of segregating sites, � (Watterson 1975), with previously documented frequencies of �20% for
were calculated using the program PROSEQ (Filatov et al. G6PD A� in sub-Saharan Africa. Overall, worldwide
2000) for the worldwide sample, for African individuals, and levels of nucleotide variability at G6pd and L1cam were
for non-African individuals. Only the 41 individuals of the

close to or slightly below average values for other regionsnonaugmented worldwide sample were included in analyses
of the genome. For example, among primarily noncod-of nucleotide diversity, and insertion-deletion polymorphisms

were excluded. Under neutral equilibrium conditions both � ing sites at 12 X-linked genes in humans, the average
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level of nucleotide diversity (�) is 0.06% and the average
proportion of segregating sites (Watterson’s �) is 0.07%
(Nachman 2001). For both G6pd and L1cam, nucleotide
diversity at intron sites is slightly below average (G6pd
� � 0.04%, L1cam � � 0.02%), while Watterson’s � is
close to average (G6pd � � 0.08%, L1cam � � 0.07%).
Since the A� allele represents only 5% of the worldwide
sample, it is not expected to contribute substantially to
levels of nucleotide variability. Within Africa, however,
G6PD A� is present at high frequency (20%), yet overall
levels of nucleotide variability (� � 0.08%, Table 2) are
still average. For example, the average level of nucleo-
tide variability for 8 X-linked genes in Africa is 0.084%
(Payseur and Nachman 2002).

Tests of neutrality: Tajima’s D is the normalized dif-
ference between � and � and takes on positive values
when there is an excess of intermediate-frequency poly-
morphisms and takes on negative values when there
is an excess of low-frequency polymorphisms (Tajima
1989). Positive Tajima’s D values are generally consistent
with long-term balancing selection or a population con-
traction, while negative values are expected following a
selective sweep or a population expansion. For G6pd,
Tajima’s D is negative (but not significant) in the world-
wide sample and for all subsets of the data (Table 2).
Similar results are obtained with Fu and Li’s D (Fu and
Li 1993), which also measures the frequency distribu-
tion of polymorphisms and is sensitive to the number
of singletons in the sample (Table 2). For L1cam both
statistics are also negative and are significantly negative
in the worldwide sample (Table 2). Fay and Wu’s H
statistic (Fay and Wu 2000) utilizes the frequency distri-
bution of polymorphisms to test for an excess of high-
frequency-derived variants compared to equilibrium
neutral expectations. For both G6pd and L1cam, Fay and
Wu’s H test shows no significant deviation from the
neutral expectation in the worldwide sample, the Afri-
can sample, or the non-African sample.

We performed an HKA test (Hudson et al. 1987)
using pairwise comparisons of polymorphism and diver-
gence for G6pd and L1cam and two other X-linked genes,
Pdha1 and Dmd. In comparisons using worldwide sam-
ples or African samples alone, we failed to reject the
null model (HKA 	2 
 3.0, P � 0.1 for all tests). Thus,
neither the frequency spectrum nor the level of hetero-
zygosity at G6pd fits the expected pattern of nucleotide
variability under a simple model of long-standing diver-
sifying or balancing selection.

To test whether the haplotype structure of the data
deviates from neutral expectations we implemented the
SWST program as described in Andolfatto et al.
(1999), assuming recombination rates of 0, 1, and 2
cM/Mb. Tests were performed separately for G6pd and
for L1cam. None of these tests showed significant devia-
tions from neutral expectations using the worldwide
sample or the African sample alone.
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Linkage disequilibrium: To better examine patterns
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Figure 2.—Haplotype network for polymorphisms of the worldwide sample at G6pd. Text inside circles represents sample
identities (Table 1). Marks indicate polymorphisms and are labeled with the respective alignment position from Table 1. *
indicates known haplotypes for G6PD A� alleles that were not captured in this sample (Vulliamy et al. 1991). The solid circle
represents G6PD A�, shaded circles represent G6PD A�, and open circles represent G6PD B alleles.

of linkage disequilibrium we augmented our random informative polymorphisms at L1cam (alignment posi-
tions 776, 885, and 2115 at L1cam; Table 3).sample of 10 African X chromosomes with 4 chromo-

somes carrying A� alleles and 2 chromosomes carrying Age of the G6PD A� allele: We estimated the age of
the A� allele in two ways. First, we used a standardA� alleles. Thus the augmented African sample in the

study includes 6 chromosomes carrying G6pd A� alleles model for the decay of linkage disequilibrium as a func-
tion of time (t) and recombination (c), where linkagefrom South Africa, Central Africa, and West Africa (sam-

ples YCC 9, YCC 32, G11, M115, M241, and S823 in Table disequilibrium at time t (r 2
t ) compared with time 0

(r 2
0) is given by r 2

t /r 2
0 � (1 � c)t (Hedrick 1998). For1). Unusually high levels of linkage disequilibrium were

observed within G6pd, within L1cam, and between G6pd this calculation, we use r 2 as a measure of linkage dis-
equilibrium between L1cam and G6pd because, unlikeand L1cam. D � is a measure of linkage disequilibrium

that is standardized to equal 0 when there is random D �, r 2 is sensitive to allele frequencies when only three
out of four gametic types are present in a sampleassociation among polymorphisms (i.e., no disequilib-

rium) and to equal 1 when there is complete association
among polymorphisms (i.e., complete disequilibrium).

TABLE 3In all comparisons between A� alleles and other alleles,
Nonrandom associations between G6pd site 202D � � 1 for all sites in Table 1. A single most parsimonious

and polymorphisms at L1camhaplotype network was inferred for all sites at G6pd
(Figure 2), indicating a lack of evidence for recombina-

L1cam polymorphismtion in this sample despite the fact that Xq28 is a geno-
mic region with moderate to high rates of recombina- G6pd G, C, C: Positions C, T, T: Positions

polymorphism 776, 885, 2115 776, 885, 2115tion (Payseur and Nachman 2000). Surprisingly, the
three polymorphic sites at L1cam at intermediate fre- G: site 202 10 0
quency (positions 776, 885, and 2115) can also be mapped (G6PD B or A�)
on this same network with no homoplasy. The observed A: site 202 2 4
high level of linkage disequilibrium is primarily a conse- (G6PD A�)
quence of mutations falling on the branch separating

Results of Fisher’s exact test (P � 0.0082) for African aug-
the A� deficiency allele from the normal B alleles (Fig- mented sample (n � 16) are presented between coding site
ure 2). A Fisher’s exact test revealed significant LD (P � 202 at G6pd and informative polymorphisms at L1cam align-

ment positions 776, 885, and 2115 (Table 1).0.0082) between site 202 of G6pd and three out of four
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Figure 3.—Plot of link-
age decay between G6pd
(site 202) and L1cam (posi-
tions 776, 885, and 2115).
The expected plot of link-
age decay as measured by r 2

is shown over time (t) for a
range of two different re-
combination rates that have
been suggested for the
chromosomal region near
G6pd and L1cam (Small et
al. 1997), 0.14 cM/Mb
(long-dashed line) and 2
cM/Mb (solid line). The ob-
served r 2 � 0.52 provides
minimum (tmin � 58 genera-
tions) and maximum (tmax �
840 generations) ages for
the G6pd A� allele.

(Hedrick 1998). Assuming that linkage disequilibrium present frequency of A� has probably been determined
in large measure by selection). These simulations sug-between site 202 of G6pd A� and positions 776, 885,

and 2115 of L1cam alleles was complete at the time of gest that the A� allele arose 10,575 years ago (SD �
8887 years).origin of the A� allele (i.e., r 2

0 � 1), we can estimate
the time in generations, t � ln(r 2

t )/ln(1 � c), for the Both of these estimates are in good agreement with
an independent estimate for the age of the G6PD A�age of the allele, given the observed recombinational

distance between L1cam and G6pd and the observed allele (3840–11,760 years) that was reported by Tish-
koff et al. (2001) on the basis of intra-allelic levels oflinkage disequilibrium in the data (r 2 � 0.52). Since it

is possible that r 2
0 was 
1.0 between these sites when linked microsatellite variability.

the G6PD A� allele arose, our estimates provide an
upper bound for the age of the G6PD A� allele. This

DISCUSSIONregion of Xq28 is subject to moderate levels of recombi-
nation in general (1–3 cM/Mb; Payseur and Nachman Models of selection and nucleotide variability at
2000; Kong et al. 2002), and recombination rates near G6pd: We investigated levels and patterns of nucleotide
G6pd and L1cam specifically have been estimated as low variability at G6pd, a locus known to be under malarial
as 0.14 cM/Mb and as high as 2 cM/Mb (Small et al. selection in some human populations, and found that
1997). Using these recombination rates we estimated nucleotide diversity was similar to average values for
the maximum age of the A� allele to be between 58 other X-linked genes. Moreover, several commonly em-
and 840 generations (Figure 3). With a generation time ployed statistical tests based on DNA sequence variation
of 25 years, this implies that the G6pd A� allele arose failed to reject a simple neutral model of molecular
1461–20,994 years ago. evolution. In several respects, however, the data from

A second estimate for the age of the A� allele was G6pd are quite striking: levels of linkage disequilibrium
obtained from simulations using a coalescent model are high and extend over a long genomic distance,
conditioned on the sample size and observed levels of much of the nucleotide variation is partitioned between
nucleotide variability (GENETREE : Harding et al. 1997; functionally distinct alleles, and no nucleotide variation
Bahlo and Griffiths 2000). This model assumes neu- is observed within deficiency alleles. Below we discuss
tral equilibrium conditions and thus may provide an general models of selection for G6pd and how our obser-

vations might fit these models.overestimate of the true age of the A� allele (since the
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TABLE 4

Fitness arrays under different malarial-selection regimes

Females Males

Genotype: (A�)(A�) (A�)B BB (A�) B
Fitness arrays w11 w12 w22 w1 w2

1. No malaria selection 1 � sf 1 � hsf 1 1 � sm 1
2. Malaria selection: heterosis

(overdominance)a 1 � sf 1 1 1 � sf 2 1 � sm1 1 � sm2

3. Malaria selection: directional
(dominance) 1 1 1 � sf 1 1 � sm

a A stable polymorphism can be maintained only under the restrictive conditions (1 � sf1)(1 � sm1) 
 1 �
sm1/2 � sm2/2 � (1 � sf2)(1 � sm2); i.e., if there is heterozygote advantage in females and not very strong
selection in males, or if there is selection of similar magnitude in opposite directions in each sex.

Although four different species of Plasmodium typi- magnitude but opposite in direction for the two sexes
(which seems unlikely for G6PD deficiency) or therecally infect humans, P. falciparum is the most virulent

species and is responsible for most malaria-related deaths, must be heterosis in females without a large fitness dif-
ference between the two male genotypes (Hedrickespecially in Africa (Schmidt and Roberts 1996). Ma-

laria is endemic throughout most of sub-Saharan Africa 1998). Alternatively, if female deficiency homozygotes
have the same fitness as male hemizygotes and femalewhere �1 million people die each year due to complica-

tions from infection (Trigg and Konrachine 1998). heterozygotes, then selection should drive the eventual
fixation of the G6PD A� allele in populations subjectFrom a population genetics perspective, such a virulent

parasite serves as a strong selective agent for genetic to continuous malarial selection (Table 4, fitness array
3). In such a situation, the A� allele is expected to riseresistance. In fact, it has long been known that African

populations exhibit genetic resistance factors to malaria to high frequencies and to reach fixation in a very short
period of time (e.g., 
10,000 years; Ruwende et al.at relatively high frequencies compared with non-Afri-

can populations (e.g., Miller 1994). Moreover, many 1995). The exact time required for fixation depends on
assumptions about population size, initial frequency ofof the mutations that confer resistance are deleterious

outside of the malaria environment. G6PD A�, for the A� allele, relative fitness of the different genotypes,
and the average generation time. However, for a wideexample, has an enzymatic activity that is only about

one-tenth of normal and results in significant clinical range of parameter values, allele frequencies are ex-
pected to quickly rise to very high levels. The observa-manifestations such as hemolytic anemia and neonatal

jaundice (Hirono and Beutler 1988; Beutler et al. tion that most African populations have A� allele fre-
quencies 
20% (Livingstone 1985) is inconsistent1989; Vulliamy et al. 1991). However, this allele also

confers an �50% reduction in risk of severe malaria with a simple model of directional selection in which
selection has been strong and long acting.in both heterozygote females and hemizygote males

(Ruwende et al. 1995). Thus the best explanation for current G6PD A� allele
frequencies seems to be either heterosis (fitness arrayAlthough G6PD is often assumed to be subject to

balancing selection (sensu heterosis; e.g., Tishkoff et al. 2) or some form of spatially and/or temporally varying
selection due to malaria, in which case allele frequencies2001), the precise nature of selection on G6PD defi-

ciency alleles is not fully understood. In the absence of may be determined primarily by changing selection
pressures (i.e., a combination over time or space ofmalaria, deficiency alleles are at a selective disadvantage

and are expected to be eliminated (Table 4, fitness array fitness array 1 and fitness array 2 and/or 3 in Table 4).
On a large geographic scale (e.g., among continents),1). In the presence of malaria, female heterozygotes and

male deficiency hemizygotes appear to have a selective spatially varying selection is clearly important in de-
termining allele frequencies; the extent to which thisadvantage over wild-type individuals, but the fitness of

female deficiency homozygotes relative to other geno- applies to small geographic scales is less clear, although
the frequency of the A� allele differs significantlytypes is not clear (Ruwende et al. 1995). If female hetero-

zygotes have a higher fitness than either homozygote, among different populations in sub-Saharan Africa
(Cavalli-Sforza et al. 1996; Tishkoff et al. 2001).then selection may maintain both A� and wild-type

alleles in populations under malarial selection (i.e., het- While we cannot distinguish between heterosis and spa-
tially/temporally varying selection, our data do allow userosis; Table 4, fitness array 2). However, the conditions

for maintenance of a stable X-linked polymorphism are to address the timescale over which selection has acted.
A simple model of long-term balancing selection orrather restrictive; either selection must be of similar
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organisms [the human leukocyte antigen (HLA) loci in
humans], levels of heterozygosity are significantly
higher than those in neighboring regions (Takahata
et al. 1992). At Adh in Drosophila melanogaster, heterozy-
gosity is elevated around the fast/slow allozyme poly-
morphism, resulting in a significant HKA test (Hudson
et al. 1987).

In contrast, patterns of nucleotide variability at G6pd
do not support either of these predictions with respect
to G6pd A�, and several observations suggest that pat-
terns at G6pd fit the model expected in an early stage of
selection (Figure 4b). First, overall levels of nucleotide
diversity are close to average values for other X-linked
loci. This is true for the worldwide sample and, more
importantly for evaluating models of selection, it is also
true for the African sample alone. An HKA test applied
to our data fails to reject a neutral model. Second, there
is no evidence for an excess of intermediate-frequency
polymorphisms. In fact, both Tajima’s D and Fu and
Li’s D are slightly (but not significantly) negative for
the African sample (Table 2). Third, we find extensive
linkage disequilibrium within and around G6pd, and this
disequilibrium is due almost exclusively to nucleotide
differences that distinguish the A� allele from other
alleles. We observed no recombination events within

Figure 4.—Temporal schematic model for patterns of nu- G6pd. This stands in contrast to many other humancleotide variability at a locus under diversifying selection. Each
nucleotide polymorphism data sets, including intron 44group of 10 horizontal lines represents alleles sampled from
of Dmd, surveyed in this same set of individuals (Nach-a population at a given point in time. Vertical marks represent

neutral polymorphisms. A red star represents the advanta- man and Crowell 2000), in which numerous recombi-
geous mutation under selection, and the ancestral allele bear- nation events were observed over distances of several
ing this mutation is marked by a red line. (a) A new advanta- hundred bases. In addition to significant LD withingeous mutation arises. (b) The new mutation quickly rises in

G6pd, we found significant LD between G6pd and L1camfrequency due to selection and is in linkage disequilibrium
(Table 3; D � � 1 in all comparisons), loci that are sepa-with neutral mutations over long distances. Heterozygosity is

reduced relative to the population at the time (a). (c) Over rated by �550 kb. This amount of LD is much higher
time, for a locus under diversifying selection heterozygosity is than typical values for the human genome. For example,
elevated near the selected site, and linkage disequilibrium Reich et al. (2001) recently studied the decay of D �decays as a function of genetic distance.

for 19 different genomic regions and found that in a
European population the half-length of D � (the distance
at which the average D � drops below 0.5) is typically 60
kb, while in an African population the half-length of D �long-term spatially or temporally varying selection is

expected to leave a distinct signature in patterns of DNA is 
5 kb (Reich et al. 2001). Other studies have also
revealed lower levels of linkage disequilibrium in Afri-sequence variation (Figure 4). When a new advanta-

geous mutation first appears (Figure 4a), it will rise in can populations compared with non-African popula-
tions (Tishkoff et al. 1996, 2001). Interestingly, we ob-frequency, creating LD with other mutations on the

haplotype on which it arose (Figure 4b). This transient serve much higher levels of LD than those previously
reported for this region of Xq28 by Taillon-Miller etphase will result in lowered levels of heterozygosity. Over

time, linkage disequilibrium will decay through recom- al. (2000) in populations of European descent. Finally,
there is no intra-allelic variation within G6pd A�, consis-bination around the target of selection, and heterozy-

gosity will increase near the target of selection (Figure tent with the notion that G6PD A� is relatively young.
Taken together, these observations argue against a4c). This simple model of long-term selection predicts

elevated levels of nucleotide variability in a restricted model of long-term selection on the G6pd A� allele, but
do not allow us to distinguish between recent balancingwindow around the target of selection (Hudson et al.

1987) and a skew in the frequency distribution of poly- selection (sensu heterosis), on the one hand, and recent
diversity-enhancing (i.e., spatially and/or temporallymorphisms with an excess of intermediate-frequency

variants within this restricted window (Tajima 1989). varying) selection, on the other hand. Better fitness
estimates of all genotypes (in particular, female defi-Both of these patterns are seen in several other well-

studied systems. For example, at Mhc loci in a variety of ciency homozygotes), as well as detailed sampling of
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G6PD A� frequencies across Africa, might help us to additional neighboring loci in a larger geographic sample
distinguish between these hypotheses. from Africa may shed light on this unusual pattern.

Contrary to the intra-allelic patterns of nucleotide In general, the observations reported here demon-
variability for G6pd A�, the minor deficiency allele G6pd strate that even when selection is relatively strong, its
A� shows a high level of intra-allelic diversity and signature on patterns of DNA sequence variation may
greater linkage equilibrium. Although our study in- be subtle, especially if selection is recent. While several
cludes only two A� chromosomes that represent a single of the conventional statistical tests for selection fail to
haplotype, at least two additional haplotypes have been reject the null hypothesis, the footprint of selection is
identified on the basis of RFLP analyses (Figure 2; Vul- seen in the long-range patterns of LD and in the absence
liammy et al. 1991). Moreover, microsatellites located of variation among A� alleles from different parts of
up to 19 kb away from G6pd exhibit greater linkage Africa. Similar patterns of nucleotide variability at G6pd
equilibrium and higher diversity on A� alleles than on have also recently been reported by Verrelli et al.
A� alleles (Tishkoff et al. 2001). These observations, (2002). The patterns of DNA sequence variation ob-
taken together with a coalescent-based estimate for the served at G6pd are markedly different from those seen
age of the mutation at coding position 376 from our at another well-studied target of balancing selection,
study (131,250–174,375 years on the basis of GENETREE HLA, where ancient alleles result in substantially ele-
analysis), suggest that G6PD A� may be relatively old. vated levels of polymorphism (Grimsley et al. 1998;
G6PD A� has an enzymatic activity that is 80% of normal Horton et al. 1998; Gaudieri et al. 1999). The spatial
and does not appear to cause a significant clinical condi- and temporal scales over which selection pressures have
tion (Takizawa et al. 1987). Furthermore, G6PD A� shaped human genomic diversity are still largely un-
does not seem to currently confer resistance to severe known, but environmental changes associated with the
falciparum malaria, as does G6PD A� (Ruwende et al. transition from the Paleolithic to the Neolithic may have
1995). However, the age of G6PD A� coupled with the imposed substantial new selection pressures on humans,
reduced level of enzymatic activity raises the possibility suggesting that patterns of nucleotide variability similar
that this allele has been under selection at some time to those documented here for G6pd may be found at
in the past. other loci.

Is it possible that demographic processes are primarily Age of G6PD A� and the evolution of malarial resis-
responsible for the high levels of LD seen in Figure 2? tance: These results have important implications for the
Linguistic and archaeological evidence suggests that a evolution of resistance to malaria in humans. Several
Bantu expansion took place in Africa �4000 years ago observations reported here, including average levels of
(Excoffier et al. 1987). This range expansion occurred

nucleotide variability at G6pd, negative values of Taji-
in sub-Saharan Africa primarily from west to east and

ma’s D, high levels of linkage disequilibrium betweensouthward, a distribution that is similar to the current
G6pd and L1cam, and complete absence of variationdistribution of African populations with elevated
among G6pd A� alleles from different parts of Africa,G6PD� allele frequencies. If admixture from this range
suggest that the A� allele is young (Tables 1 and 2). Aexpansion were responsible for generating the observed
recent study based on microsatellite haplotype diversityLD in our data, we would also expect to see G6PD B
(Tishkoff et al. 2001) also suggests that the G6pd A�alleles with significant LD. This is not observed. Instead,
allele arose recently, within the past 4000–12,000 years.most of the LD in our data is found between sites on
A recent phylogeny of primate malaria parasites indi-functionally different alleles, arguing against any simple
cates that P. falciparum is closely related to P. reichenowi,demographic explanation. Likewise, no LD is observed
a chimpanzee parasite. Moreover, cytochrome b sequencebetween Bantu and non-Bantu individuals from this set
divergence between P. falciparum and P. reichenowi sug-of 41 individuals sampled for other loci (e.g., Nachman
gests a divergence time of 4–5 million years ago (Esca-and Crowell 2000).
lante et al. 1998), in good agreement with the estimatedOne intriguing observation in our data set is the rela-
time of the human-chimpanzee divergence. The dis-tively high level of divergence found at L1cam between
crepancy between this date and the recent origin of theindividuals bearing the G6PD A� allele and all other
G6pd A� allele raises the possibility that P. falciparumindividuals. Four of the six (66.7%) G6PD A� alleles
has been a human parasite for most of the evolutionaryshare a common motif of three polymorphisms in com-
history of H. sapiens, but that the parasite’s current levelplete linkage disequilibrium (C, T, and T at positions
of virulence has evolved only recently (Rich et al. 1998).776, 885, and 2115, respectively; Table 1) while the
The estimated age of the A� allele agrees well with therest of the segregating sites at L1cam include only four
spread of agriculture throughout sub-Saharan Africasingletons and one doubleton. This pattern along with
(Waters et al. 1991; Cavalli-Sforza et al. 1996) andthe significant LD between G6pd and L1cam (Table 3)
suggests that changes in human lifeway may have con-suggests that the A� mutation arose on a relatively di-
tributed to increased transmission and/or increased vir-verged haplotype, possibly as a consequence of popula-

tion subdivision. Analysis of G6pd and L1cam as well as ulence of P. falciparum, perhaps through an increase in
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