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Extended Linkage Disequilibrium Surrounding the Hemoglobin E Variant
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The hemoglobin E variant (HbE; #26Glu—Lys) is concentrated in parts of Southeast Asia where malaria is endemic,
and HDbE carrier status has been shown to confer some protection against Plasmodium falciparum malaria. To
examine the effect of natural selection on the pattern of linkage disequilibrium (LD) and to infer the evolutionary
history of the HbE variant, we analyzed biallelic markers surrounding the HbE variant in a Thai population.
Pairwise LD analysis of HbE and 43 surrounding biallelic markers revealed LD of HbE extending beyond 100 kb,
whereas no LD was observed between non-HbE variants and the same markers. The inferred haplotype network
suggests a single origin of the HbE variant in the Thai population. Forward-in-time computer simulations under
a variety of selection models indicate that the HbE variant arose 1,240-4,440 years ago. These results support the
conjecture that the HbE mutation occurred recently, and the allele frequency has increased rapidly. Our study
provides another clear demonstration that a high-resolution LD map across the human genome can detect recent

variants that have been subjected to positive selection.

Introduction

The human population has been subjected to natural
selection caused by infectious organisms, and few dis-
eases have left as strong an imprint on our genome as
malaria. Plasmodium falciparum malaria, the most
deadly of the four types of the disease (the other three
are P. vivax, P. ovale, and P. malariae), kills 1%-2% of
infected individuals, or 2-3 million people annually. A
number of genetic variants have been reported to be
associated with susceptibility or resistance to malarial
infection. If a genetic variant that is protective against
malaria appears in a malaria-endemic area, the popu-
lation frequency of the variant is expected to increase
because of positive selection.

The best example is the hemoglobin S variant (HbS;
#6Glu—Val), which has a single amino acid substitution
in the B-globin chain (Friedman 1978; Pasvol et al.
1978). The substitution from glutamic acid to valine at
residue 6 affects hemoglobin structure and warps red
blood cells into a characteristic sickle shape, and indi-
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viduals who are homozygous for HbS develop severe
sickle-cell anemia. Despite the homozygous disadvan-
tage, HbS has been commonly observed in populations
exposed to P. falciparum malaria, such as Africa, the
Middle East, and India, because of an advantage against
malaria among heterozygotes. This observation is con-
sistent with Haldane’s malaria hypothesis (Haldane
1949). Although HDbS is rare in Southeast Asia, thal-
assemias and hemoglobinopathies, caused by genetic
variants of a- and f-globins, are common in parts of
Southeast Asia where P. falciparum malaria is endemic
(Fucharoen and Winichagoon 1987).

The hemoglobin E variant (HbE; #26Glu—Lys) is the
most frequent of these variants in Southeast Asia. The
prevalence of HbE is concentrated especially at the junc-
tion of Thailand, Laos, and Cambodia, although the
frequency of HbE differs among local populations (Fu-
charoen and Winichagoon 1987). Like HbS, HbE re-
duces erythrocyte plasticity and deformability, leading
to reduced capillary perfusion. Thus, the carriers of HbE
appear to enjoy some protection against P. falciparum
malaria. This conjecture has been supported by both
epidemiological (Hutagalung et al. 1999, 2000) and ex-
perimental (Bunyaratvej et al. 1986; Vernes et al. 1986;
Chotivanich et al. 2002) studies and is now generally
accepted.

Considering the geographical specificity and the high
population frequency of HbE, a mutation causing HbE
appears to have occurred in Southeast Asia, and the



Ohashi et al.: Extended LD of HbE Due to Malarial Selection

frequency is likely to have increased because of positive
selection against malarial infection. If this scenario is
true, a high degree of linkage disequilibrium (LD) be-
tween HbE and nearby polymorphic markers is ex-
pected. The geographical specificity of HbE also sug-
gests a recent origin of this variant, although the age of
HDbE has never been estimated. Thus, in this study, we
estimate the age of the HbE mutation by using a for-
ward-in-time simulation.

Material and Methods

Samples and Biallelic Markers

Thai patients with mild P. falciparum malaria living
in Suan Pung, Thailand, near the border with Myanmar,
were recruited for this study. The diagnosis of mild ma-
laria is described elsewhere (Ohashi et al. 2002). First,
48 patients with mild malaria (designated as the “ran-
dom set”) were randomly selected from our patient sam-
ples (Ohashi et al. 2002) and their HbE genotypes were
determined by PCR direct sequencing. The genotype
counts were 2 HbE/HbE, 8 HbE/HbA, and 38 HbA/
HbA. From the JSNP (Hirakawa et al. 2002) and Celera
databases, ~200 biallelic markers surrounding HbE
were selected and then genotyped for a screening set of
15 individuals (30 chromosomes): 2 individuals with
HbE/HDbE, 5 individuals with HbE/HbA, and 8 individ-
uals with HbA/HDbA. In this screen, at least one hetero-
zygous individual was detected at 121 biallelic markers.
Among them, markers with minor alleles that were
found in at least five chromosomes were chosen first.
Then, to reduce the genotyping cost, some of markers
found to be in strong LD were excluded from the further
analysis. As a result, 43 markers remained (table 1) and
were analyzed in the remaining 33 individuals. To avoid
overestimating the degree of pairwise LD between HbE
and the markers, an additional 16 patients with mild
malaria and with HbE (1 homozygote and 15 hetero-
zygotes), obtained from the further screening of HbE in
our patient samples, were genotyped for the 43 markers.
The position of each marker was determined on the basis
of GenBank sequence entry NT_028310.8. That is, the
43 markers were genotyped in a total of 64 individuals
for the calculation of pairwise D' (Lewontin 1964). The
sample set consisting of 64 individuals is called the “en-
riched set” in this study. This study was approved by
the institutional review board of the Faculty of Tropical
Medicine at Mahidol University, and informed consent
was obtained from all participants.

Genotyping

All of the biallelic markers, including HbE, were an-
alyzed by PCR direct sequencing by use of an ABI
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PRISM 3100 Genetic Analyzer (Perkin-Elmer Applied
Biosystems). The protocol is available on request.

LD and Haplotype Frequency Estimation

LD measures between pairs of 44 biallelic polymor-
phic sites, including HbE, were quantified using the sta-
tistic D' (Lewontin 1964). Pairwise |D’| was estimated
from genotyping data by use of the expectation-maxi-
mization (EM) algorithm (Excoffier and Slatkin 1995)
implemented in the LDfinder software developed by J.O.
(Omi et al. 2003). The results of pairwise |D'| were
visualized by the GOLD program (Abecasis and Cook-
son 2000) (GOLD Home Page). The frequency of hap-
lotypes consisting of HbE and 11 biallelic markers in
region I were estimated by the EM algorithm (Excoffier
and Slatkin 1995) by use of Arlequin software (Schnei-
der et al. 2000) (Arlequin’s Home on the Web).

Hardy-Weinberg Equilibrium Test

The individuals in the random set of this study were
assumed to be selected randomly with respect to the HbE
genotype. If several biallelic markers reveal a significant
deviation from Hardy-Weinberg equilibrium, the ran-
dom set would not be suitable for the present analyses.
To examine this, a x* test with 1 df was performed.

Computer Simulation

A Monte Carlo simulation developed in our previous
studies (Ohashi and Tokunaga 20004, 20005) was per-
formed for estimating the age of HbE. This method al-
lows us to consider both random genetic drift and several
forms of natural selection in the simulation process. Two
linked biallelic sites (HbE site and a biallelic marker in
region II) were assumed to have two alleles each. Here,
H and h alleles refer to HbA and HbE, and M and m
are alleles at a linked biallelic marker. No recurrent mu-
tation was assumed at either site. Because the haplotype
analysis suggested a single origin of HbE, a single copy
of h was assumed to exist at the initial state in each
simulation run. In addition, h was assumed to be in
positive LD with m, with an allele frequency of 0.3 at
the initial state, because the frequencies of minor alleles
in LD with HbE were ~0.3 at most markers in region
II. Thus, initial haplotype frequencies of h-m, h-M, H-
m, and H-M were 1/(2N), 0, 0.3-1/(2N), and 0.7, re-
spectively, where N is the initial population size. Two
natural-selection models were examined. In the first
model, a fitness of 1 — s was assumed for the HH ge-
notype, relative to the Hh and hh genotypes (dominant
selection), and, in the second model, a fitness of 1 —s
was assumed for the HH and hh genotypes, relative to
the Hh genotype (overdominant selection), where s is
the selection coefficient. Recombination was assumed to
occur between two sites, with a probability of r per



Table 1

Profile of HbE and 43 Surrounding Biallelic Markers in a Random Set of 48 Individuals

P VALUE
NoO. OF MARKERS FOR HARDY-
MARKER WEINBERG
WITH ALLELE FREQUENCY OF

MARKER POSITION ON EQUILIBRIUM
ID NT_028310.8* AA® Aa® aa® Major Allele (p) Minor Allele (q) TEST
1 1625273 16 22 10 .56 44 .63
2 1629266 26 18 4 .73 27 .73
3 1629289 34 13 1 .84 .16 .85
4 1629345 30 15 3 .78 22 .55
5 1629378 33 11 4 .80 .20 .05
6° 1632063 17 18 7 .62 .38 .55
7¢ 1632153 17 20 8 .60 40 .62
8¢ 1642690 22 24 2 71 .29 15
gee 1642826 26 21 1 .76 .24 .16
10°¢ 1642851 26 21 1 .76 .24 .16
11 1643584 18 21 9 .59 41 52
12¢ 1649418 14 26 6 .59 41 .26
13¢ 1649463 19 25 2 .68 .32 .08
14°¢ 1652161 17 25 6 .61 .39 49
15¢ 1652374 17 22 4 .65 .35 41
16¢ 1660282 17 27 3 .65 .35 .07
17¢ 1660383 20 25 2 .69 31 .09
18 1661232 21 20 7 .65 .35 54
19¢¢ 1661388 22 24 2 71 .29 15
20 1662609 17 27 4 .64 .36 .14
21 1662667 21 25 2 .70 .30 .10
22 (HbE)** 1663049 38 8 2 .88 13 .10
23%¢ 1663119 20 26 2 .69 31 .07
24 1663517 20 21 7 .64 .36 .70
25 1663704 16 19 13 .53 47 .16
26¢ 1665044 19 21 8 .61 .39 .60
27¢ 1679022 26 15 6 71 .29 13
28¢ 1684682 20 21 7 .64 .36 .70
29¢ 1706408 18 23 7 .61 .39 .94
304 1706439 18 23 7 .61 .39 .94
31¢ 1706504 25 17 6 .70 .30 27
32 1738264 24 16 8 .67 .33 .08
33¢ 1741313 31 11 6 .76 .24 .01f
34¢ 1743237 13 20 13 .50 .50 .38
35¢ 1758087 23 22 3 71 .29 45
364 1758195 23 18 7 .67 .33 28
374 1758205 23 18 7 .67 .33 .28
384 1767334 21 21 N .67 .33 .94
39 1767376 26 18 2 .76 .24 .61
40 1784499 19 18 10 .60 .40 .16
41 1784601 18 21 7 .62 .38 .83
42 1784652 18 21 7 .62 .38 .83
43 1801682 25 18 5 71 .29 .52
44 1801772 29 15 4 .76 .24 .32

* National Center for Biotechnology Information [NCBI] nucleotide sequence.

® Major and minor alleles at marker sites are indicated by A and a, respectively.
¢ Indicates biallelic markers included in region I in figure 1D.
4 Indicates biallelic markers included in region II in figure 1D.
¢ Markers used for haplotype-frequency estimation (i.e., markers that were in region I and genotyped for

all 48 individuals).
f P <.05 in the Hardy-Weinberg equilibrium test.
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generation. The population size was increased at a
growth rate of g. In each iteration of the simulation,
values of s and r were drawn from a uniform prior dis-
tribution with the ranges s (0-0.1) and r (0-0.015). In
the simulation for an individual, two genes (two hap-
lotypes) were randomly chosen from a population with
replacement, and the genotype (diplotype) was deter-
mined. According to the selection model, the fitness of
this individual was compared with a random number
that was generated in the range of 0—1. When the former
was larger than the latter, this individual transmitted one
of two haplotypes to the next generation. Each simu-
lation run was terminated when the population fre-
quency of h reached =0.13. The rejection method was
used to accept only simulation runs that resembled the
present observed value of D’ when the run was termi-
nated (i.e., D’ of accepted runs was within 20% of 0.7),
and the parameter values, such as age of h, s, and 7, were
recorded.

Statistical Test for Detecting Reduced Haplotype
Diversity

A novel method for detecting recent positive selection
has been described (Sabeti et al. 2002). This method
utilizes extended haplotype homozygosity (EHH) at a
distance, x, from the core region; EHH is defined as the
probability that two randomly chosen chromosomes
from the samples carrying a tested core haplotype are
homozygous at all SNPs for the entire interval from the
core region to the distance x. Markers flanking a core
haplotype bearing an allele that has been subjected to
positive selection are expected to show higher homo-
zygosity than those flanking other core haplotypes.
Thus, if positive selection has operated, the ratio of the
EHH on the tested core haplotype to that on other core
haplotypes is expected to be >1. This can be tested sta-
tistically, as described in a study by Sabeti et al. (2002).
However, because the gametic phases of our samples are
unknown, EHH cannot be calculated properly for the
present data. Although the best haplotype guess for each
individual can be obtained by a statistical method (Ste-
phens et al. 2001), the estimated haplotype or phase is
not always correct. It is unknown how such an error
influences the statistical test based on EHH. Thus, the
method based on EHH was not applied to our study.
Instead of choosing two chromosomes randomly from
sampled chromosomes, we chose individuals who were
homozygous for HbE and HbA (3 individuals with HbE/
HbE and 38 individuals with HbA/HbA) from the en-
riched set and calculated the proportion of major ho-
mozygous sites among 43 biallelic markers for each
individual to compare the homozygosity between HbE/
HbE and HbA/HbA groups. The “major” homozygote
or “major” allele at each marker was defined on the
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basis of the frequency in each group. Therefore, the ma-
jor homozygote at a certain site for the HbE/HbE group
may be different from that for the HbA/HbA group.

Results

Profile of Biallelic Markers

The B-globin gene (HBB [MIM 141900]) is located
at 11p15.5 (fig. 1A). The allele frequency of HbE was
0.13 in a set consisting of 48 individuals randomly se-
lected from our patients living in Thailand with mild P.
falciparum malaria (table 1). From the random set, 15
individuals (2 homozygotes with HbE, 5 heterozygotes
with HbE and the normal allele [HbA], and 8 homo-
zygotes with HbA) were selected and screened for >150
biallelic markers, such as single-nucleotide polymor-
phisms (SNPs) and insertions/deletions found in the da-
tabases; at least one heterozygote was found at 121 bial-
lelic markers spanning 183 kb (fig. 1A—1C). On the basis
of the genotypes of the 15 individuals, 43 markers with
a high-frequency minor allele were selected from the
121-marker group (fig. 1C). Table 1 shows the profile
of these markers (the individual genotypes are provided
in an online-only tab-delimited data set). One of the
markers deviated from Hardy-Weinberg equilibrium at
a significance level of .05, whereas other polymorphisms,
including the HbE variant, conformed to Hardy-Wein-
berg proportions. Thus, we may say that the method for
identifying the random set did not bias the sample with
respect to relative proportions of HbA/HbE genotypes.

It should be noted that the frequency of HbE in the
studied population may be >0.13 because only patients
with malaria were analyzed here. In such a case, the
degree of LD of HbE may have been overestimated and
the HbE haplotype diversity may have been underesti-
mated. Thus, the population frequency of HbE remains
to be studied.

Extended LD of HbE

To assess whether natural selection against malarial
infection has influenced the pattern of LD around HbE,
all possible pairwise |D’| measures among 44 markers
were estimated in an enriched set consisting of 64 in-
dividuals (fig. 1D). The use of this “enriched” set can
avoid overestimating |D'| between HbE and the other
markers caused by the small number of individuals with
HDbE in a random set. In actuality, when pairwise | D'
values were calculated from the random set, most mark-
ers showed higher |D’| with HbE than those presented
in figure 1D. Two distinct regions (designated regions I
and II) showed strong LD (fig. 1D). HbE lies within
region L. Of particular interest, LD with HbE extended
to markers in region II (the physical distance of LD was
>100 kb), whereas the other markers in region I showed
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Figure 1 Biallelic markers used in this study and profile of LD around HbE. A, Location of nine genes in the genomic region studied. B,

Location of HbE and 121 biallelic markers. C, Genotypes of HbE and 121 biallelic markers in 15 individuals. D, Pairwise |D’| between HbE
and 43 biallelic markers in an enriched set of 64 individuals (see the “Material and Methods” section for details). The interval between regions
I and II spans 2.0 kb.
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no LD with markers in region II. Because there is an
obvious boundary spanning only 2.0 kb between regions
I and II (fig. 1 and table 1), it is hypothesized that many
recombination events have occurred in this narrow re-
gion (i.e., a recombination hotspot is included in this
narrow region). This perspective is consistent with those
from previous studies that suggested a recombination
hotspot in the B-globin gene cluster (Chakravarti et al.
1984; Smith et al. 1998; Schneider et al. 2002; Wall et
al. 2003).

HbE Haplotype in a Thai Population

To examine whether extant HbE alleles arose from a
single mutation event, the frequencies of haplotypes con-
sisting of HbE and 10 markers in region I were esti-
mated, and we identified four major haplotypes (H1-
H4) with a population frequency of >0.03. The haplo-
type network in figure 2 shows that HbE is carried only
on the H1 haplotype, and this is the difference between
the H1 and H2 haplotypes. Thus, the H1 haplotype
appears to have arisen from the H2 haplotype by a single
mutation of HbE.

Estimation of Age of HbE

HDbE showed similar pairwise |D’| for most of mark-
ers in region Il of figure 1, suggesting that recombination
has occurred only in the boundary between regions I
and II since the occurrence of the HbE mutation. The
pairwise |D’| values between HbE and the markers in
region II were ~0.7 in a random set (fig. 3). In addition,
the result of haplotype-frequency estimation revealed
that HbE was in LD with the most common haplotype
consisting of biallelic markers in region II. Thus, the age
of HbE can be inferred by estimating the number of
generations required to decrease |D’| to 0.7 and to in-
crease the population frequency of HbE to 0.13. A sim-
ple Monte Carlo simulation incorporating natural se-
lection enabled us to infer the age of HbE. Here, two
linked biallelic sites, each with two alleles, were assumed
to represent the HbE site and one of the biallelic markers
in region II. As for the mode of natural selection, two
selection models, dominant selection and overdominant
selection, were considered. Because it is hard to estimate
the selection coefficient of HbE (s) and the recombina-
tion rate between regions I and II (r) from the observed
data, s and r were drawn from a uniform prior distri-
bution with the ranges s (0-0.1) and r (0-0.015) for
each simulation run. The initial population size was set
to 10,000, and two population histories were examined:
(1) the population size has been constant (g = 0), and
(2) the size has increased at a growth rate of 0.001/
generation (g = 0.001).

In each history of each selection model, >100,000 runs
were performed. The rejection method allowed us to
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H1: AAAaAa

H2: AAAaAa

0.281
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Figure 2 Haplotype network for HbE and 10 biallelic markers
in region L. The four major haplotypes with an estimated population
frequency of >0.03 are shown as open circles, with the estimated hap-
lotype frequency shown at the right. Each line segment between two
circles indicates a single mutation event; small closed circles represent
putative intermediate haplotypes.

collect 2,013 and 1,367 runs for histories (1) and (2),
respectively; the dominant-selection model resulted in a
|D'| value of ~0.7 when the population frequency of
HbE reached 0.13. In the overdominant-selection model,
2,420 and 1,462 runs fulfilled the rejection criteria for
histories (1) and (2), respectively. Figure 4 shows the
frequency distributions of the age of HbE from the sim-
ulations. The means and 95% credibility intervals are
presented in table 2. We can see that a population growth
rate of ~0.001 does not strongly influence the simulation
results in either of the selection models. The case of
g = 0.002 also gave similar results (data not shown). In
addition, there were no marked differences in the means
of age, s, and r between selection models in table 2 (the
reason will be discussed in the “Discussion” section).
The mild hemolytic anemia and mild splenomegaly char-
acteristics of HbE homozygotes are mostly benign. Fur-
thermore, both HbE homozygotes and HbE heterozy-
gotes (those with the HbE trait) display resistance to
malaria (Hutagalung et al. 1999, 2000). Thus, although
the mode of natural selection operating at HbE is not
well understood, values obtained from the simulation
assuming ¢ = 0.001 under dominant selection are re-
garded as representative in this study. If one generation
corresponds to 20 years, the mean estimated age of the
HDbE variant was 2,006 years, with a 95% credibility
interval of 1,240-4,440 years. These results strongly
support the hypothesis that the HbE mutation occurred
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recently and that the allele frequency has increased rap-
idly because of the resistance to malaria.

Estimation of Recombination Rate at the Boundary
between Regions | and Il

A simulation analysis suggested that the recombina-
tion rate at the boundary between regions I and II was
in the range of 0.0013-0.0126/generation (table 2). It
is interesting to note that the mean recombination rate
of 0.0057 obtained from computer simulation in this
study exactly coincides with the estimated recombina-
tion rate from likelihood methods based on the patterns
of LD in an African population (Wall et al. 2003). Be-
cause the boundary spans 2.0 kb, this corresponds to
65-638 cM/MD on the basis of Haldane’s mapping func-
tion. Recently, a recombination rate for the hotspot lo-
cated at the same region has been directly estimated to
be ~0.009/male meiosis from single-sperm—typing data
(Schneider et al. 2002). Thus, the recombination rate
estimated in our simulation is considered to be consistent
with that obtained from the direct measurement.

Reduced HbE Haplotype Diversity

To examine whether haplotypes bearing HbE show
low diversity compared with those bearing HbA, the
proportion of major homozygous sites among 43 bial-
lelic markers for each individual was calculated for 3
individuals with HbE/HbE and 38 individuals with
HbA/HbA. The mean proportion of major homozygous
sites was 0.82 (SE = 0.06) in the group with HbE/HbE
and 0.46 (SE = 0.02) in the group with HbA/HbA. The
proportion of major homozygous sites for the individ-
uals with HbE/HbE was significantly larger than that
for individuals with HbA/HbA (P < .001 by permutation

50 100
kb

150

Pairwise | D’'| between HbE and 43 biallelic markers in a random set of 48 individuals (see the “Material and Methods” section

test), although the number of individuals with HbE/HbE
who were examined is small. It is interesting that all the
individuals with HbE/HbE were homozygous at all of
the markers in region I, whereas there was no such in-
dividual in the group with HbA/HbA. These results are
consistent with the hypothesis of the recent origin of the
HbE variant.

Discussion

The extended LD and reduced haplotype diversity of
HbE were observed in a Thai population. Although the
average length of LD in the Thai population has yet to
be examined, classical genetic markers suggest that the
Thai population is not strongly divergent from other
populations in Southeast Asia. Because strong LD is
hardly observed for SNPs more distant than ~80 kb in
Asians, as well as African Americans and European
Americans (Clark et al. 2003), the range of LD of HbE
(~100 kb) would be larger than the average range of
strong LD expected in an Asian population.

Although there is evidence for multiple origins of HbE
in Southeast Asia (Antonarakis et al. 1982; Fucharoen
et al. 1990), the present results provide strong evidence
of a single origin of the HbE variant in our reference
Thai population. Our simulation analysis showed that
the 95% credibility interval of estimated age of the HbE
variant was between 1,240 and 4,440 years. Without
positive selection against malarial infection, the HbE
variant never would have been spread so rapidly in this
population. It is interesting to note that the present es-
timated age of HbE mutation coincides with the esti-
mated period (<6,000 years ago) in which P. falciparum
spread from its African tropical origins to other tropi-
cal and subtropical regions in the world (Rich et al.
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Figure 4

Frequency distributions of the age of HbE obtained from the simulations under dominant- and overdominant-selection methods.

The population size was assumed to have been constant (g = 0) or to have been increased by a growth rate of 0.001/generation (g = 0.001).

The means and 95% credibility intervals are presented in table 2.

1998). Thus, the estimated age of HbE is also support-
ed by the recent origin hypothesis of P. falciparum
populations.

It is interesting that the dominant- and overdominant-
selection models gave similar results, as shown in table
2. This is because the increasing rate of h with small
population frequency under dominant selection is al-
most equivalent to that under overdominant selection.
In a large population with constant size, the mean
changes in allele frequency of h per generation are given

by

sz(1 — 2)?
1—s(1—2)?

in the dominant-selection model and

sz(1 —2)(1 — 22)
1—s(1—2z+22%)

in the overdominant-selection model, where z is the
population frequency of h, and they take similar values
for small z. If each simulation run is terminated when
the population frequency of h reaches 0.5, h would be
considerably younger in the dominant-selection model
than that in the overdominant-selection model.

In the computer simulation, each run was terminated
when the frequency of h (HbE) reached 0.13, because
the observed frequency of HbE was 0.13 in the studied
population. However, only patients with malaria were
investigated here. The actual population frequency
might be larger than 0.13 if the HbE variant is asso-
ciated with protection from infection of P. falciparum
malaria. To examine how this setting influences the es-

timation of allele age, an additional computer simula-
tion assuming dominant selection and g = 0.001 was
performed. The simulation run was terminated when
the frequency of h reached 0.18, and the settings of the
other parameter values were not changed. The mean
age was 114.5 generations, which was significantly
larger than 100.3 generations from the previous simu-
lation. Although the actual population frequency does
not seem to be as high as 0.18 in our study population,
it should be noted that the estimated age from our com-
puter simulation is dependent on the setting of the ter-
mination frequency of h.

There is accumulating evidence that LD in human
populations is not distributed uniformly across the ge-
nome but instead shows some degree of blocklike or
clustering structure (Daly et al. 2001; Goldstein 2001;
Gabriel et al. 2002). Observation of single-sperm mei-
otic products demonstrates clearly that recombination
occurs preferentially in hotspots and that these recom-
bination hotspots may influence the pattern of LD (Jef-
freys et al. 2001; Cullen et al. 2002; May et al. 2002;
Kauppi et al. 2003). Although boundaries between LD
blocks may occur at such recombination hotspots, block
boundaries do not always correspond to strong hotspots
(Phillips et al. 2003). The 8-globin gene cluster has been
suggested to contain a recombination hotspot on the
basis of the pattern of LD (Chakravarti et al. 1984;
Smith et al. 1998; Wall et al. 2003). The candidate re-
gion of the recombination hotspot from position
1663119 to position 1665044 of the NT_028310.8 (ta-
ble 1) approximately coincides with that estimated on
the basis of patterns of LD found in 16 unrelated in-
dividuals living in Cameroon (Wall et al. 2003). This
suggests that the position of the recombination hotspot
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Table 2

Am. ]J. Hum. Genet. 74:1198-1208, 2004

Means and 95% Credibility Intervals of Age of HbE, Selection Coefficient (s), and Recombination Rate (r)

in Dominant- and Overdominant-Selection Models

MEAN (95% CREDIBILITY INTERVAL) FOR

Dominant-Selection Model

Overdominant-Selection Model

PARAMETER History 1* History 2° History 1* History 2°
Age* 98.9 (61-189) 100.3 (62-222) 103.2 (64-209) 104.8 (64-219)

s 079 (.039-.099) 079 (.035-.099) 079 (.037-.99) 078 (.034-.099)

r .0059 (.0013-.0126) .0057 (.0013-.0126) .0057 (.0012-.0122) .0057 (.0013-.0122)

NOTE.—The means and the 95% credibility intervals were obtained from the posterior distributions after

the simulation.
*g=0.
> g =.001.
¢ Age is measured in generations.

does not differ among populations. If the LD boundary
has been created by other factors, such as population
bottlenecks, selective sweeps, and population admix-
ture, it is unlikely that the same LD boundaries with
small length (~2.0 kb) would be found in different
populations (Omi et al. 2003; Tishkoff and Verrelli
2003). The excess of recombination events around this
boundary was directly observed in single-sperm typing
(Schneider et al. 2002). Also, our simulation analysis
suggests a much higher recombination rate at this
boundary than the genome average of ~1 cM/Mb. Thus,
there must be a recombination hotspot at the boundary
spanning only 2.0 kb between regions I and II. Such a
recombination hotspot is expected to erase rapidly any
trace of natural selection reflected by the extended LD
of the target variant. Nevertheless, the present study
could detect an effect of natural selection on the pattern
of LD. Recently, the HbS variant with a recent origin
was reported in the Niokholo Mandenka population
(Currat et al. 2002). It is therefore interesting to analyze
the surrounding markers of the HbS variant to examine
whether the extended LD is also detected.

Extensive LD and reduced haplotype diversity of the
glucose-6-phosphate debydrogenase (G6PD) A allele,
which causes G6PD deficiency and confers resistance to
malarial infection, were reported, and the G6PD A al-
lele was estimated to have originated in the past 12,000
years (Tishkoff et al. 2001; Saunders et al. 2002). A
statistical approach using long-range haplotypes also
provided evidence of positive selection at G6PD and
CD40 ligand genes (Sabeti et al. 2002). If patterns of
LD and haplotype diversity across the human genome
can be clarified, such variants will be easy to detect on
the basis of the extended LD. Recombination hotspots
often contribute to patterns of LD, and the degree of
LD is reduced by recombination. Thus, it is generally
difficult to detect extended LD caused by natural selec-
tion beyond a recombination hotspot. However, a high-
resolution LD map enables us to detect at least a recent

variant that has been subjected to strong positive nat-
ural selection. A denser SNP map would be useful not
only for detecting disease variants (Tishkoff and Verrelli
2003; Wall and Pritchard 2003) but also for detecting
the variants under natural selection.
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