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ABSTRACT

The gene coding for glucose-6-phosphate dehydrogenase (G6PD) is subject to positive selection by ma-
laria in some human populations. The G6PD A— allele, which is common in sub-Saharan Africa, is associated
with deficient enzyme activity and protection from severe malaria. To delimit the impact of selection on pat-
terns of linkage disequilibrium (LLD) and nucleotide diversity, we resequenced 5.1 kb at G6PD and ~2-3 kb
at each of eight loci in a 2.5-Mb region roughly centered on G6PD in a diverse sub-Saharan African panel of
51 unrelated men (including 20 G6PD A—, 11 G6PD A+, and 20 G6PD B chromosomes). The signature of
selection is evident in the absence of genetic variation at G6PD and at three neighboring loci within 0.9 Mb
from G6PD among all individuals bearing G6PD A— alleles. A genomic region of ~1.6 Mb around G6PDwas
characterized by long-range LD associated with the A— alleles. These patterns of nucleotide variability and
LD suggest that G6PD A— is younger than previous age estimates and has increased in frequency in sub-
Saharan Africa due to strong selection (0.1 < s < 0.2). These results also show that selection can lead to
nonrandom associations among SNPs over great physical and genetic distances, even in African populations.

ECENT studies have focused on describing and un-
derstanding the general structure of linkage dis-
equilibrium (LD) in the human genome, primarily to
provide a sound basis for mapping disease loci in as-
sociation studies (KrRuGLYAK 1999; GoLpsTEIN 2001).
Patterns of LD are expected to be complicated because
LD is affected by many factors, including genetic drift,
population structure, migration, admixture, selection,
mutation, gene conversion, and recombination (ARDLIE
et al. 2002). Moreover, some of these factors, such as
recombination, are not constant across the genome
(MCVEAN et al. 2004), and thus LD is expected to vary in
different genomic regions. Despite this expected com-
plexity, several general results have emerged from
empirical studies of LD in humans. First, the human
genome is divided into haplotype blocks, with regions of
high LD over fairly long stretches, separated by regions
with little LD (DALY et al. 2001; GABRIEL el al. 2002;
PaILLIPS et al. 2003; WALL and PRiTCHARD 2003). There
is clear evidence that the spaces between these blocks
correspond to recombination hotspots in some cases
(e.g., JEFFREYS et al. 2001), although simulations suggest
that a block-like pattern may be expected even in the
absence of recombination hotspots (PHILLIPS et al.
2003). Recombination hotspots may occur in the human
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genome roughly every 200 kb (McVEAN et al. 2004).
Second, there appears to be less LD in African popula-
tions than in non-African populations (TISHKOFF et al.
1996; Re1cH et al. 2001). This observation is consistent
with the presumed larger long-term effective population
size for African populations. Third, selection on in-
dividual genes can elevate levels of LD in a given ge-
nomic region (e.g., HUTTLEY et al. 1999; SABETI et al.
2002; SAUNDERS et al. 2002; TOOMAJIAN and KREITMAN
2002; SwarLow 2003). In fact, this expectation has mo-
tivated several statistical tests of a neutral model of mo-
lecular evolution (e.g., HUDSON et al. 1994; KeLLy 1997;
SLATKIN and BERTORELLE 2001; SABETI e al. 2002;
TOOMAJIAN et al. 2003). It is difficult to predict exactly
how far the effects of selection will extend because the
observed patterns will depend on multiple factors, in-
cluding the type of selection (e.g,, balancing, purifying,
directional), the time over which selection has acted, the
strength of selection, the local recombination rate, and
various demographic factors. To study this problem em-
pirically, we have chosen to focus on the genomic region
surrounding G6PD, a gene known to be subject to selec-
tion in humans.

Glucose-6-phosphate dehydrogenase (G6PD) is a
housekeeping enzyme that catalyzes a critical step in
the pentose monophosphate shunt of glycolysis. G6PD
deficiency mutations cause hemolytic anemia and neo-
natal jaundice (BEUTLER 1994); however, some defi-
ciency mutations also confer resistance to severe malaria
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(ArLLisoN 1960; MoTuLsky 1961; RUWENDE et al. 1995).
Many human populations exhibit G6PD deficiency
alleles at frequencies that range between 0.05 and 0.20
as a consequence of selection. G6PD A— is a common
deficiency allele in sub-Saharan Africa that reaches
frequencies of ~0.2 in populations living in malarial
areas (LIVINGSTONE 1985; CAVALLI-SFORZA et al. 1996).
This allele is characterized by two nonsynonymous
changes relative to the normal allele (G6PD B) (Figure 1),
which decrease enzyme activity to ~12% of normal
(HroNo and BeuTLER 1988) and confer ~50% re-
duction in risk of severe malaria in both females and
males (RUWENDE et al. 1995). It follows that the G6PD A—
allele is beneficial in the presence of malaria caused by
Plasmodium falciparum, while in the absence of malaria
this allele is deleterious. The wealth of knowledge and
the clear understanding of genotype-phenotype con-
nections for G6PD make it a useful model for studying
the effects of selection on patterns of LD in humans.

Recently, several studies have investigated patterns
of nucleotide variability at G6PD and at loci relatively
close to G6PD (T1sSHKOFF et al. 2001; SABETTI et al. 2002;
SAUNDERS et al. 2002; VERRELLI et al. 2002). All of these
studies documented LD associated with the G6PD A—
allele. In particular, SABETI et al. (2002) and SAUNDERS
et al. (2002) showed that LD extended over ~550 kb in
an African sample. Neither of these studies surveyed loci
beyond this distance, and therefore they were unable
to delimit the full extent of LD caused by selection
on G6PD. Here, we extend these results to delimit the
genomic region over which selection at G6PD has cre-
ated LD. We resequenced ~3-kb windows from each of
eightlociin a 2.5-Mb region, centered roughly on G6PD
in a panel of 51 individuals from sub-Saharan Africa. In
this panel, we also resequenced 5.1 kb at G6PD and
~2 kb at an unlinked “control” locus, situated 19 Mb
proximal to G6PD. Our data show that selection at G6PD
has affected a region that spans >1.6 Mb of the human
X chromosome, demonstrating that selection can have
considerable effects on nucleotide variability over re-
markably long genomic distances in humans.

MATERIALS AND METHODS

Samples: DNA sequences were determined in a sample of
51 human males of African descent (Table 1) that includes
20 G6PD A— alleles, 11 G6PD A+ alleles, and 20 G6PD B
alleles. The G6PD A— allele is defined by two mutations: an
A — G nonsynonymous mutation at G6PD coding site 376, co-
occurring with a G — A nonsynonymous mutation at coding
site 202 (Figure 1) (HirRoNO and BEUTLER 1988). G6PD A+ is
defined by the A — G nonsynonymous mutation at G6PD
coding site 376 that reduces enzyme efficiency to 80% of normal
(Figure 1). This mild deficiency allele does not confer re-
sistance to malaria (RUWENDE et al. 1995) and is found in sub-
Saharan Africa at a frequency of ~0.2 (TAKIZAWA et al. 1987).
All G6PD functional alleles were determined a priori by
restriction fragment length polymorphism analysis of a Fokl
restriction site at coding position 376 and a NldlII restriction

M. A. Saunders et al.

TABLE 1

Individuals sampled in this study

G6PD allele Ethnic/language
type Sample Country group
G6PD A— IvcO1 Ivory Coast Niger-Congo
Ivel7 Ivory Coast Niger-Congo
5628« Kenya Unknown
Alb77 South Africa Sotho
Mgr40 Togo Niger-Congo
VAO010 United States African-American
M115 United States African-American
M241 United States African-American
VA084 United States African-American
VA025 United States African-American
VAO076° United States African-American
VAO085 United States African-American
VAO088 United States African-American
DKT338 United States African-American
DKT381 United States African-American
DKT382 United States African-American
JK1031 Zaire Mbuti Pygmy
Sho07 Zimbabwe Shona
Shol8 Zimbabwe Shona
Sho49 Zimbabwe Shona
G6PD A+  JK785¢ Central African Biaka Pygmy
Republic
Ivc22 Ivory Coast Niger-Congo
JK1071¢  Zaire Mbuti Pygmy
AU26 Kenya Unknown
JWO058«  Mali Malinke
Alb27 South Africa Zulu
VA024“ United States African-American
DKT275 United States African-American
VAO012 United States African-American
JK1058 Zaire Mbuti Pygmy
Sho03 Zimbabwe Shona
G6PD B JK736¢ Central African Biaka Pygmy
Republic
JK741° Central African Biaka Pygmy
Republic
Gna02“ Ghana Akan
Ivc04” Ivory Coast Niger-Congo
Ivcl8 Ivory Coast Niger-Congo
Ivc20” Ivory Coast Niger-Congo
Ivc23¢ Ivory Coast Niger-Congo
Mka2l“  Kenya Maasai
Koh188“ Kenya Meru
Mka29*  Kenya Tsumkwe
JRO13“ Namibia Biaka
JR323 Namibia Bagandu
LD156* South Africa Khoisan
Alb74¢ South Africa Unknown
DKT331“ United States African-American
JK1029“  Zaire Mbuti
JK1033“  Zaire Ituri
Shol14¢ Zimbabwe Shona
Sho30* Zimbabwe Shona
Sho46* Zimbabwe Shona

“Individuals used for constructed random sample (CRS)

analyses.
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site at coding position 202 (Xu et al. 1995). As G6PD A— is
believed to be of a single origin (SAUNDERS et al. 2002;
VERRELLI ef al. 2002) we selected individuals to represent
diverse localities in sub-Saharan Africa. By studying X-linked
loci in males we were able to PCR amplify single alleles and
directly recover haplotypes over long genomic distances to
study patterns of LD. Homologous sequences from a chim-
panzee (Pan troglodyles) and an orangutan (Pongo pygmaeus)
were also determined at each locus for divergence estimates.
All sampling protocols were approved by the Human Subjects
Committee at the University of Arizona.

Loci surveyed: G6PD and nine flanking loci (GI8MC,
G1.5MC, IDH3G, BGN, LICAM, TAZ, GAB3, I8, and G0.9MT)
were surveyed for nucleotide variability (Figure 1). Loci
GISMC, G1.5MC, and GO.9MT (our nomenclature) are anon-
ymous intergenic regions while the remainder of the regions
surveyed are primarily introns. All loci were chosen because of
their physical distance from G6PD, and there is no evidence
that any of these loci are themselves targets of selection.
Approximately 30 other genes are found within 1 Mb on either
side of G6PD and none of these genes is known to be recent
targets of positive directional selection in sub-Saharan Africa.
All loci chosen are single copy in the genome and are situated
outside the pseudoautosomal region. G0O.9MT'is situated near
the boundary of the pseudoautosomal region, and we did not
survey loci distal to this locus.

PCR amplification and sequencing: Single PCR fragments
(2-5 kb) were amplified for each individual at each locus using
along-range PCR system (Invitrogen HiFi Taq). Amplification
primers for G6PD and L1CAM are found in SAUNDERS et al.
(2002) and primers for all other loci can be found at www.
genetics.org/supplemental (Table S1). Internal primers were
used to generate overlapping sequence runs on an ABI 3730
automated sequencer. Contiguous sequence that included
coding and noncoding regions was assembled for each individ-
ual for each locus, using the computer program SEQUENCHER
(Gene Codes, Ann Arbor, MI). Sequences have been submitted
to GenBank under accession nos. DQ173562-DQ173642.

Nucleotide variability data analysis: Nucleotide variability
and the frequency spectrum of alleles in an unbiased African
sample have been reported in detail elsewhere for G6PD
(SAUNDERS et al. 2002; VERRELLI ¢l al. 2002). To gain insight
into the long-range effects of selection on nucleotide variabil-
ity we analyzed three subsets of our data: G6PD A—, G6PD A+,
and G6PD B alleles. We calculated haplotype diversity (Hy), 0
(Ner and L1 1979), and 6,, (WATTERSON 1975) at each locus
using dnaSP4.0 (Rozas et al. 2003). Under neutral equilibrium
conditions both 0, and 0, for a random sample estimate the
neutral parameter 3N, for X-linked loci, where N, is the
effective population size and . is the neutral mutation rate,
assuming a sex ratio of one. However, the structure of the sam-
ple in the present study is nonrandom, and therefore 0 and
0, are used simply as measures of nucleotide variability. We
also analyzed nucleotide variability in a constructed random
sample (CRS) (Hupson et al. 1994). This subset of chromo-
somes (n = 26) contains G6PD alleles at frequencies that are
representative of a typical sub-Saharan African population
subject to malarial selection, on the basis of extensive allele
frequency surveys (G6PD A—, 0.11; G6PD A+, 0.20; G6PD B,
0.69) (L1vINGSTONE 1985). We calculated 60, 6y, Tajima’s D
(Tajima 1989), and Fu and Li’s D (Fu and L1 1993) at each
locus for the CRS to compare to nonbiased African samples
that are available for different X-linked loci. Detailed statistics
of nucleotide variability for the CRS are available at www.
genetics.org/supplemental (Table S2). Divergence data were
derived for each of these loci by calculating the average of
all pairwise comparisons between the homologous sequence
from an outgroup and the samples in the CRS. LD between
pairs of polymorphic sites was measured using the statistic |D'|
(LEwONTIN 1964). This measure of linkage disequilibrium is
standardized to equal 0 when there is random association
among polymorphisms (i.e., no disequilibrium) and to equal 1
when there is complete association among polymorphisms
(i.e., complete disequilibrium).

The age of the G6PD A— allele: The age of the G6PD A—
allele and the intensity of past selection it experienced were
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estimated by combining the method of StAaTkIN (2001) for
generating intraallelic genealogies of selected alleles with the
method of GARNER and SLATKIN (2002) for estimating the
probability of haplotypes at two linked loci. All analyses were
performed on the basis of long-range haplotypes, using the in-
tralocus combination of sites 55, 59, and 60 at L1CAM; SNP 90
at GO6PD (i.e., coding site 202); and the intralocus combination
of sites 99, 100, and 101 at GO.9MT (Figure 2). The computer
program described by SLATKIN (2001) was used to generate
sample paths of allele frequency from the time of the mutation
(%1, the allele age) until the present (¢= 0), with the constraint
that the frequency at ¢ = 0 is the observed frequency, 0.1. An
additive dominance model was used. We assumed a constant
population size of N, = 10,000 and N, = 20,000 individuals.
For each sample path, a neutral coalescent model was used to
generate an intraallelic genealogy of GGPD A— since it arose by
mutation. The intraallelic coalescence times from this gene-
alogy were then passed as parameters to a program that esti-
mates the probability of obtaining the observed configuration
of the data (the numbers of the four haplotypes found on the
20 A—-bearing chromosomes), given the recombination rates
and haplotype frequencies on non-A—-bearing chromosomes
(assumed constant). That probability is the likelihood of the
data, given the intraallelic genealogy. For each value of s, the
selective advantage of A— was considered, 90,000 sample paths
and intraallelic genealogies were generated, and 10 replicates
of the Garner-Slatkin program were used to estimate the like-
lihood for each sample path. Likelihoods were averaged across
sample paths, using the weighting method described by
SLATKIN (2001). For each parameter value, this method pro-
vided an estimate of the likelihood of the data under the model
and an estimate of the posterior distribution of allele age.

To allow analysis of the multisite data set by this method, we
used the fact thatall 20 A— chromosomes carried the same hap-
lotype for 925 kb telomeric to G6PD (to locus G0.9MT) and
that 14 of 20 chromosomes carried the same haplotype for
556 kb centromeric to G6PD (see SNPs 55, 59, and 60 at
LICAM; Figure 2). The recombination parameters in the two
directions were assumed to be ¢ = 0.01675 and 0.00555 M for
LICAMand GO.9MT; respectively (KONG et al. 2002). Therefore,
the two-locus data set was 14 AMB, 6 aMB, 0 AMb, 0 aMb (in the
notation of GARNER and SLATKIN 2002), where A represents the
haplotype of rare alleles at LI CAM SNPs 55, 59, and 60 (which
are very rare on non-A— chromosomes), M represents the site
under selection, and B represents the multilocus haplotype at
G0.9M1, which is rare on non-A— chromosomes.

RESULTS

Nucleotide diversity at G6PD: Polymorphic sites at
G6PD are presented in Figure 2. We calculated nucleo-

tide variability for three subset groups: (i) individuals
bearing the G6PD A— allele (n = 20), (ii) individuals
bearing the G6PD A+ allele (n = 11), and (iii) in-
dividuals bearing the G6PD B allele (n = 20). At G6PD
we observed 18 segregating sites (excluding three INDELs)
in the entire sample, consistent with previous findings
(SAUNDERS et al. 2002; VERRELLI ¢f al. 2002). Among the
G6PD A— individuals (n = 20) there was no nucleotide
variabilityin 5109 bp of contiguous DNA sequence. Non-
coding nucleotide variability among G6PD A+ and
G6PD B alleles was 0, = 0.024 and 0.04%, respectively
(Figure 3a). Nucleotide variability for the CRS was 0, =
0.068% and 6,, = 0.090% (Figure 3a; Table S2 at http:/
www.genetics.org/supplemental /), consistent with pre-
viously reported levels of nucleotide variability at G6PD
in sub-Saharan Africa (SABETI et al. 2002; SAUNDERS et al.
2002; VERRELLI e/ al. 2002) and with the average of
15 other X-linked loci (0, = 0.0755%, 6,, = 0.0815%)
(HAMMER et al. 2004). Tajima’s D and Fu and Li’s D for
the CRS were —0.794 and —0.142, respectively (Table S2
at http:/www.genetics.org/supplemental/), also con-
sistent with the previous studies at G6PD.

Nucleotide diversity around G6PD: The segregating
sites for nine loci flanking G6PD are presented in
Figure 2. At GAB3, FS8, and G0.9MT, loci distal to
GOPD, we found no nucleotide variability in the A—
group (Figure 3a). This portion of the data includes a
cumulative survey of 13,582 bp, thus exhibiting a
remarkable degree of nucleotide homogeneity among
20 unrelated individuals of African decent. At these
same loci, the average noncoding nucleotide variability
for the A+ group, the B group, and the CRS was 0., =
0.027, 0.024, 0.022% respectively (Figure 3a). Estimates
of haplotype diversity for the different allele classes also
demonstrate a significant contrast between the A— al-
leles and the other allele classes. At loci distal to G6PD,
the average haplotype diversity was Hy = 0.0, 0.435, and
0.879 for A—, A+, and B, respectively (Figure 3b).

This general pattern of reduced variability among A—
individuals is also seen proximal to G6PD; however, the
pattern is not as extreme as that on the distal side, and
the pattern decays beyond LICAM (~556 kb from
GOPD; Figure 3, a and b). At TAZ, LICAM, and IDH3G
the average noncoding nucleotide variability for the

»

|

F1GUrE 2.—Table of polymorphism for G6PD and surrounding loci. Fifty-one unrelated human males of sub-Saharan African
descent were surveyed for nucleotide variability at G6PD and nine surrounding loci. Individual samples were selected on the basis
of a priori allele type determination based on coding sites 202 and 376 of G6FD to define three allele classes: A—, A+, and B. Each
segregating site (in columns) represents a biallelic marker (i.e., SNP or INDEL). Segregating sites are listed in numerical order.
For exact alignment positions (in base pairs) of segregating sites and the identity of the polymorphic nucleotides (i.e., A, G, C,
or T), sequences are available from GenBank or upon request from the author. At each segregating site one allelic state is marked
with a blue box and the alternate allelic state is marked with a yellow box. Missing data for individual Ivc18 at locus F'§ and for
individual JR323 at locus GO.9MTare indicated with gray boxes. Boundaries between loci are marked by vertical white bars. S and N
denote synonymous and nonsynonymous changes, respectively. G6PD coding site 202 (segregating site 90) is marked with an as-
terisk. Polymorphisms at sites 72, 73, 74, and 75 in G6PD are in the 3'-untranslated region of exon 13. All other polymorphisms are
in introns or intergenic regions. INDELs are marked with an open triangle including the size of the INDEL in base pairs. At
GI1.5MC and BGN unsurveyed regions in the otherwise contiguous windows are marked by an arrow with numbers in box indi-
cating the number of contiguous unsurveyed base pairs.
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A— group, A+ group, B group, and CRS was 6, = 0.032,
0.037, 0.040, and 0.041%, respectively (Figure 3a; Table
S2 at http:/www.genetics.org/supplemental/). At BGN,
G1.5MC, and GI8MC, loci mapping 0.9-19 Mb from
G6PD, the average noncoding nucleotide variability for
the A— group, A+ group, B group, and CRS was 0, =
0.093, 0.072, 0.091, and 0.082%, respectively (Figure 3a;
Table S2 at http:/www.genetics.org/supplemental/).
At these three loci the average level of nucleotide vari-
ability among the A— individuals is not reduced relative
to that of the other subsets of the data. Together our
results demonstrate that the A— chromosomes exhibit
reduced variability relative to other allelic classes at loci
around G6PD over aregion thatspans ~1.5 Mb (roughly
from LICAM to GO.9MT). This effect may extend
further distally, but we were unable to survey loci beyond
G0.9MT, which lies near the border of the pseudoauto-
somal region (see MATERIALS AND METHODS).

Linkage disequilibrium: To examine patterns of
linkage disequilibrium we calculated |D'| (LEWONTIN
1964) for all pairwise comparisons of segregating sites
for which the minor allele was found in five or more
individuals (Figure 4). Intragenic pairwise comparisons
show strong LD within each of the loci surveyed,
consistent with expectations over short distances. How-
ever, a striking feature of the data is seen in intergenic

G18MC G1.5MC BGN IDH3G L1CAM TAZ G6PD GAB3

GO.9MT

comparisons. Within G6PD, all A— individuals share a
common haplotype that differs from the consensus
G6PD B allele at six sites (segregating sites 82, 83, 84, 87,
90, and 91). These sites exhibit strong LD (significant
by Fisher’s exact test) with sites at LICAM (sites 55,
59, and 60), IDH3G (site 41), GAB3 (sites 92 and 94),
and GO.9MT (site 99). Furthermore, site 99 at GO.9MT
exhibits complete LD (D" = 1) with the aforementioned
sites at LICAM and IDH3G. Together, this pattern
defines a conserved G6PD A— haplotype that spans
>1.6 Mb encompassing G6PD. Although site 21 at BGN
also exhibits strong LD (D" = 1) with three sites as-
sociated with the common G6PD A— haplotype (sites 83,
84, and 90), this pattern does not represent conserva-
tion of the extended A— haplotype, as sites such as 17,
19, 23, 25, and 36 at BGN do not exhibit strong LD with
G6PD. When G6PD A— individuals are excluded from
the analysis, few intergenic associations in significant
LD are found. At IDH3G a haplotype that consists of the
minor alleles at sites 38 and 48 is found in significant LD
with site 36 of BGN and site 54 of LICAM. Significant
intergenic LD is also found between site 75 of G6PD and
sites 92 and 94 of GAB3. This LD is not associated with
any known functional alleles. As the minor allele poly-
morphisms in each of these cases are not associated with
the extended G6PD A— haplotype, this LD remains
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Frcure 4.—Patterns of LD be-
tween segregating sites at G6PD
and flanking loci. The table of
polymorphism includes only seg-
regating sites at which the less
common allele (minor allele) is
found in five or more individuals.
At each segregating site, one al-
lele is marked with a blue box
and the alternate allele is marked
with a yellow box. Missing data are
marked with a gray box. Segre-
gating sites are numbered and
labeled according to Figure 2.
Boundaries between loci surveyed
are marked by vertical white bars.
Below the table of polymorphism
is a matrix of estimates of |D'| for
all pairwise comparisons of sites.
Values of |D'| are shown between
0.5 and 1.0 in accordance with
the shading scale. Intergenic pair-
wise associations in significant
LD (P < 0.05) by Fisher’s exact
test are marked in the matrix by
circles.
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intact when G6PD A— individuals are excluded from
analyses. In summary, these data demonstrate that a
majority of the intergenic LD in the surveyed region is
due to the extended G6PD A— haplotype.

Age of the G6PD A— allele and strength of selection:
Figure bA shows the likelihood of the two-locus data set
described in MATERIALS AND METHODS as a function of s,
the assumed selective advantage of A—-bearing chromo-
somes. Three curves are shown, one based on the recom-
bination rates (¢= 0.01675 and 0.00555 for L1CAM and
G0.9M1T, respectively), one based on assuming half
those values (¢ = 0.008375 and 0.002775), and one
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based on assuming twice those rates (¢ = 0.0335 and
0.0111). Although the choice of recombination rate af-
fects the estimated likelihoods, the qualitative results
are the same. For all three sets of values, sis likely to be at
least 0.1. This method does not allow us to place an
upper bound on s, but on other grounds we can exclude
values >0.2, which is roughly the selective advantage of
individuals heterozygous for the S allele at the 3-globin
locus (HB-S) in malarial regions, which is thought to
have a higher selection coefficient than G6PD deficiency
with respect to malarial protection (ALLISON 1964).
The posterior distribution of the age of A— depends
on s. Figure 5B shows the distributions for two values of
s, assuming the estimated recombination rates. For s =
0.1, which is the smallest value consistent with the obser-
vations, the estimated age is ~100 generations with
an upper bound of <150 generations. The posterior dis-
tribution depends only slightly on the recombination
rates, as shown in Figure 5C. Most of the information
about the age of a strongly advantageous allele is con-
tained in the frequency, not in the extent of linkage
disequilibrium with nearby marker alleles.

DISCUSSION

Nucleotide variability around G6PD: We investigated
patterns of nucleotide variability at G6PD, alocus known
to be under natural selection by malaria in Africa, and
at nine flanking loci at varying distances from G6PD.
Previous studies have shown that in sub-Saharan Africa
levels of nucleotide variability at G6PD are typical of
those at other X-linked loci, and tests of neutrality based
on the frequency spectrum of alleles do not deviate
from neutral equilibrium expectations (SABETI et al.
2002; SAUNDERS et al. 2002; VERRELLI et al. 2002). Our
data corroborate these results. Nonetheless, we find that
the levels of nucleotide variability among G6PD A—

F1cURE b.—Results of the evolutionary analysis of the G6PD
A~ allele. Results were obtained by combining the impor-
tance sampling method of SLATKIN (2001) for averaging over
replicate sample paths with the method of GARNER and SLATKIN
(2002) for computing the probability of a configuration of
haplotype frequencies at two linked loci. A population fre-
quency for G6PD A— of 0.1 and a constant population size
of 10,000 individuals were assumed. The numbers of G6PD
A— chromosomes with the two-locus haplotypes at LICAM
and G0.9MTwere 14, 6, 0, and 0. For each point, 90,000 rep-
licate sample paths were generated and 20 replicates of the
Garner-Slatkin program were run for each sample path.
The estimated recombination rates from G6PD were ¢ =
0.008375 and 0.002775 M for LICAM and G0.9MT; respec-
tively. Other results shown were obtained by doubling and
halving those values. (A) Log-likelihood of s, the hypothesized
selective advantage of heterozygous carriers of the G6PD A—
allele. Additive selection was assumed. (B) The posterior dis-
tribution of allele age (¢) for two selection coefficients con-
sistent with the observations. (C) The posterior distribution of
allele age (#) for s = 0.2 for the three sets of recombination
rates used.
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alleles are reduced over ~1.5 Mb of the X chromosome,
roughly from LICAM to GO.9M1, demonstrating the
strong impact of selection at G6PD on neighboring genes.

Conserved extended haplotype among G6PD A—
chromosomes: The effect of selection on G6PD is also
seen in the extent of LD. Previous studies documented
LD between G6PD and SNPs within ~600 kb around
G6PDin Africa (SABETI et al. 2002; SAUNDERS et al. 2002).
Here we have shown that the ancestral G6PD A— ex-
tended haplotype spans >1.6 Mb. A genome-wide sur-
vey of the half distance of |D’| (the distance at which D’
decays to half its maximal value, |D'| = 0.5) was ~100
and ~b kb for a Caucasian and an African population,
respectively (ReicH et al. 2001). Shortrange LD in
African populations relative to non-African populations
is common for most human data sets (e.g., TISHKOFF
et al. 1996; WALL and PritcHARD 2003), making the
finding of such extensive LD associated with G6PD A—
in Africa highly unusual.

The pattern of extensive LD seen in these data is
consistent with recent strong selection at G6PD accom-
panied by hitchhiking of SNPs that preexisted on the
ancestral G6PD A— chromosome. However, patterns of
LD may also be created by population admixture and/
or underlying population subdivision in a sample. This
is a potential concern in this study because 11 of the 20
G6PD A— individuals are African-American. However,
4 of the African-American samples (VA088, VA076,
VA025, and M115) have a disrupted G6PD A— ancestral
extended haplotype at IDH3G (contributing to more
than half of the GGPD A— extended haplotype recombi-
nants at this locus). Furthermore, the African-American
G6PD A— samples considered alone have levels of nucle-
otide variability similar to those of the non African-
American G6PD A— samples considered alone (data not
shown). Along with the detection of a portion of this
extended G6PD A— haplotype by SABETI et al. (2002)
that included 252 sub-Saharan African (i.e., non-
African-American) samples, these results suggest that
an overrepresentation of African-American G6PD A—
samples is not a major factor contributing to the long-
range LD seen here, and that selection is the most likely
explanation for the atypical pattern of LD.

The effect of selection on LD has been studied at
several other genes. The HLA region exhibits long-
range LD in general, and in a non-African panel
SANCHEZ-MAZAS et al. (2000) detected LD in this region
spanning ~1.3 Mb. However, given the local recombi-
nation rate in this region, the genetic distance over
which LD is found is not significantly higher than the
genome average (WALSH et al. 2003). The long-range LD
found in the HLA region might not be due to physical
linkage, but instead may be a result of epistatic inter-
actions that create nonrandom combinations of alleles
that are advantageous for immune response (MEYER
and TroMmsoN 2001). Significant LD was detected over
20 kb around FY (Duffy) in a non-African sample, con-

sistent with recent selection by P. vivax (HAMBLIN et al.
2002). At HB (B-globin), long-range LD was detected
among SNPs spanning nearly 100 kb in association with
HB-E alleles in a Thai population, consistent with selec-
tion by malaria (OnasHI et al. 2004). And at LCT, sig-
nificant LD has been reported, spanning >800 kb in
association with lactase persistence alleles in a European-
American population (BERSAGLIERI et al. 2004).

The decay of the G6PD A— extended haplotype (EH)
is slightly asymmetrical around the target of selection.
The EH decays between 705 kb (at IDH3G) and 991 kb
(at BGN) proximal to G6PD, whereas it remains fully
conserved among all 20 G6PD A— chromosomes at
925 kb (at GO.9MT) distal to G6PD. Genetic hitchhiking
around a target of selection is not necessarily expected
to exhibit a symmetrical pattern, even in the face of
homogeneous recombination rates across the affected
region (Kim and STEPHAN 2002). Nonetheless, we note
that the extended G6PD A— haplotype spans a region
exhibiting heterogeneity in recombination rate. For
example, the sex-averaged local recombination rate for
the region spanning from G6PD to BGNis ~2.0 cM/Mb,
while the estimated recombination rate between G6FPD
and G0.9MTis ~0.6 cM/Mb (UCSC human map viewer
based on KoNG et al. 2002). The relatively low local
recombination rate distal to G6PD is consistent with the
absence of recombinant G6PD A— extended haplotypes
in this region. It seems unlikely, however, that the con-
served G6PD A— EH extends much further in the distal
direction, since GO.9MT is adjacent to the g-arm pseu-
doautosomal region of the X chromosome, where re-
combination rates are substantially higher.

The observation that the extended G6PD A— haplotype
spans >1.6 Mb has interesting implications given that
>60 additional genes (including 38 Online Mendelian
Inheritance in Man, OMIM, loci) have been identified
in this region. In the event that a functional trait (not
related to G6PD deficiency) is associated with an
ancestral G6PD deficiency EH, this trait could increase
in frequency along with the target of selection at G6PD.
For example, the gene OPNIMW (OMIM no. 303800)
that is responsible for green color blindness is located
within this region (~350 kb proximal to G6PD). A study
by F1LosA et al. (1993) demonstrated that in a region of
Calabria that bears the Mediterranean-type G6PD de-
ficiency allele (G6PD,,,, coding site 563 C — T), all
individuals with the 563 C — T mutation (n = 7) were
also deutan (green) color-blind on the basis of a visual
acuity test. This suggests that in this population a chro-
mosome that carried a G6PD,,,,; allele also harbored a
mutation causing a clinical condition of deutan color
blindness. Presumably, as the G6FPD,,, mutation was
favorably selected in this population, the deutan color
blindness trait hitchhiked on the EH. In our data, the
polymorphism at site 41 in IDH3G (Figure 2) causes a
nonconservative amino acid change (Arg — Cys) thatis
found on 14 of the 20 G6PD A— chromosomes and is
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rarely found on any other G6PD allelic background. The
phenotypic consequences of this polymorphism, if any,
are unknown. However, given that this polymorphism is
in significant LD with G6PD site 202, our data suggest
that it may be at its current frequency in Africa due to a
hitchhiking event with the G6PD A— allele.

Age of the G6PD A— allele and magnitude of selec-
tion: Previous estimates for the age of G6PD A— suggest
that the allele is young (<<20,000 years) on the basis of
closely linked microsatellite variability (TISHKOFF et al.
2001), coalescent-based analysis of a G6PD gene tree
(Coop and GrrirriTHS 2004), and intergenic LD
(SAUNDERS et al. 2002). Our current analysis suggests
that the likely age of the G6PD A— allele is ~100 gen-
erations with an upper bound of 150 generations given
a selection coefficient against the normal (G6PD B)
homozygotes of s ~ 0.1. This age estimate (2500-3750
years, assuming a 25-year generation time) is somewhat
younger than a previous age estimate based on intra-
allelic microsatellite variability (3840-11,760 years with
s = 0.044) (TisHKOFF et al. 2001). The discrepancy
between these two age estimates may be due to the dif-
ferent selection coefficients that were estimated or to
uncertainty in microsatellite mutation rate and/or re-
combination rates in Xq28. Coalescent-based analyses
utilizing ~5 kb from G6PD provide a relatively old age
estimate of >9500 years (VERRELLI e/ al. 2002; Coop and
GrirriTHS 2004). Although this analytical method is
generally powerful, in this case the structure of the data
(i.e., homogeneity among G6PD A— alleles) precludes a
precise estimate of the age of the A— allele.

Our likelihood analysis suggests that the selection
coefficient for the G6PD A— allele is large; however, it is
similar in magnitude to other selection coefficients esti-
mated in humans. For example, selection coefficients of
s=0.26, 0.30, and ~0.15 have been proposed for HB-S
(ArLLIsSON 1956), CCRHA32 (SCHLIEKELMAN et al. 2001),
and some HLA alleles (SATTA et al. 1994), respectively,
for protection from infectious diseases in humans. It is
possible that these large values may reflect an ascertain-
ment bias toward recognizing loci under strong selection.

Conclusion: Selection at G6PD is strong and recent,
consistent with an adaptive response to a recent in-
crease in virulence of P. falciparumin sub-Saharan Africa
(RUWENDE et al. 1995; TISHKOFF et al. 2001; SABETI et al.
2002; SAUNDERS et al. 2002). The rapid increase in
frequency of G6PD A— has resulted in retention of the
ancestral haplotype among the majority of G6PD A—
chromosomes spanning >1.6 Mb (~1% of the human X
chromosome). This provides a dramatic example of the
extent to which recent positive selection can generate
long-range LD in human populations. Moreover, if
selection is specific to particular geographic regions,
as is the case here, it may lead to large differences in
patterns of LD for the same genomic region in different
populations. This highlights the need for population-
specific haplotype maps in association studies.
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