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Abstract The 4-bp deletion (-CTTT) at codon 41/42
(CD41/42) of the human f-globin gene represents one of
the most common pf-thalassemia mutations in East Asia
and Southeast Asia, which is historically afflicted with
endemic malaria, thus hypothetically evolving under nat-
ural selection by malaria infection. To understand the
evolutionary process of generating the f<°*!#? allele and
its maintenance, including the effect of natural selection
on the pattern of linkage disequilibrium (LD), we
sequenced a 15.933-kb region spanning 20.693 kb of the
p-globin cluster surrounding the 4-bp deletion using a
sample from a Chinese population consisting of 24 nor-
mal individuals and 16 heterozygotes for the deletion.
Forty-nine polymorphic sites were found. Analysis of the
data, using a variety of methods including formal
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population genetics analysis and visual approaches, sug-
gests that the spread of the CD41/42 (-CTTT) deletion is
most likely mediated by interallelic gene conversion,
although independent deletions in different lineages are
also possible. The neutrality test resulted in a significant
positive Tajima’s D for the f-globin locus, which is
consistent with the existence of balancing selection. This
suggests that the 4-bp deletion that occurred at this locus
may be an event that is subject to natural selection, due to
malaria, which leads to the heterozygote advantage,
spread widely with further help by conversion and
migration. The evolutionary process of this mutant
through gene conversion that could conceivably take
place between the 4-bp deletion and the normal sequence
in the respective region is discussed in detail.
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Introduction

Erythrocyte genetic disorders such as hemoglobinopathies
and glucose-6-phosphate dehydrogenase (G6PD) deficiency
are the most common monogenic diseases in humans
(Weatherall and Clegg 2001; Beutler 1994). These monogenic
diseases occur at high frequencies in many populations
worldwide who live in tropical regions with a high incidence
of Plasmodium falciparum malaria. The geographical corre-
lation of the disease distribution with the historical endemicity
of malaria suggests that these disorders have risen in fre-
quency through natural selection by malaria (Haldane 1949;
Kwiatkowski 2005). It is generally believed that this high
frequency reflects selection through a survival advantage for
heterozygotes against death from malaria. Several examples
of positive selection for hemoglobinopathies, such as sickle
cell trait (Pagnier et al. 1984; Currat et al. 2002; Williams
et al. 2005), o'thalassemia trait (Williams et al. 2005, 1996;
Flint et al. 1986), hemoglobin E (Hb-E) trait (Chotivanich
et al. 2002; Ohashi et al. 2004), and homozygous Hb-C
(Agarwal et al. 2000; Modiano et al. 2001), have been dem-
onstrated both by epidemiological investigation and by novel
haplotype-based molecular evolution analysis.

p-Thalassemia is one of the most common inherited he-
moglobinopathies in the world, with estimates of carrier
frequencies ranging from 3 to 10% in some areas of the
tropics and subtropics including southern China (Weatherall
and Clegg 2001; Xu et al. 2004). f-Thalassemia results from
reduced production of f-globin chains and leads to micro-
cytic, hypochromic erythrocytes with abnormal fragility.
Individuals who are homozygous for this erythrocyte variant
develop a severe form of hemolysis anemia. This prevalent
disorder is thought to be under balancing selection by
malaria because heterozygote individuals presumably have a
selective advantage (Willcox et al. 1983). However, despite
some epidemiological (Willcox et al. 1983; Weatherall et al.
1997) and cellular (Ayi et al. 2004) evidence that may
explain protection against falciparum malaria in the f-thal-
assemia trait, molecular evidence, in terms of the pattern of
variation that is consistent with the hypothesis of balancing
selection, has not been well documented.

The 4-bp deletion (-CTTT) at codons (CD) 41/42
(CD41/42) of the f-globin gene, a frameshift mutation,
represents the common Southeast Asia f-thalassemia
mutation shared by the Chinese (Xu et al. 2004; Chan et al.
1986; Zhang et al. 1988), Vietnamese (Wong et al.1986),
Laotian (Wong et al.1986), and Asian Indians (Kazazian
et al. 1984). The deletion is most common (as high as 3%

of the population) in South China, accounting for 40-50%
of all -thalassemia causing alleles in Chinese populations
(Xu et al. 2004; Zhang et al. 1988). The f-globin gene with
this 4-bp deletion encodes a truncated translational product,
which is very unstable in the erythrocyte and leads to the
unbalancing of the «- and f-globin chains (Laosombat
et al. 2001). The CD41/42 deletion heterozygotes might be
postulated to improve malaria resistance, but the mutation
is lethal when it is a homozygote. The mechanism of this
p-thalassemia defect was previously explained by unequal
crossing-over (Kimura et al. 1983) or interallelic gene
conversion (Wong et al. 1986) based on a survey of dis-
ease-causing alleles from a few f-thalassemia patients.
Surprisingly no normal alleles from the population sample
have ever been investigated together with f-thalassemia
alleles. Since the extent pattern of variation is a result of
the evolutionary process, its proper explanation is best
derived from more population-based samples, including
both disease and normal alleles.

The purpose of this paper is to report the results of our
molecular study, which is based largely on a population
sample from China. This sample allows us to carry out not
only some conventional analyses but also some based on
population genetics theory, thereby expanding our under-
standing of the mechanism of evolution for the f-globin
gene cluster, particularly the 4-bp deletion (-CTTT) that is
associated with f-thalassemia.

Subjects and Methods

Samples and Sequencing

Forty Chinese individuals, including 16 BEPH42 thalasse-
mia heterozygotes from 9 provinces of southern China,
which has historically been affected by endemic malaria, 8
normal individuals from northern China, and 16 normal
individuals from southern China, were recruited for this
study. Although ideally a completely random sample is
preferred, such a sampling strategy is unrealistic for a study
of this nature since it requires an extremely large sample
size in order to observe a reasonable number of P44
thalassemia heterozygotes. Our sampling strategy is thus a
compromise between a random sample and feasibility. We
recognize the limitation of our sampling strategy and are
conservative in our formal analysis of the data. For
example, in our test of neutrality and analysis of the LD
pattern, we carry out analysis not only for the entire sam-
ple, but also for various subsamples, including those with
various number of disease alleles removed, and with
individuals from only southern or northern China. Overall,
a total of 80 chromosomes composed of 64 wild-type
alleles and 16 mutant alleles were enrolled in this
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investigation. Informed consent was obtained from all the
participants.

To compare the nucleotide diversity and the selective effects
on several intraloci markers in the f§ gene cluster, a 15.933-kb
genomic sequence covering 20.693 kb of the f-globin cluster,
including fragments of about 3.1 kb in the /3 locus, 6.2 kb in
the d-globin locus, 3.1 kb in the previously defined recombi-
nation hotspot (Ohashi et al. 2004; Chakravarti et al. 1984;
Harding et al. 1997; Schneider et al. 2002; Wall et al. 2003;
Wood et al. 2005; Ma et al. 2007), and 3.5 kb in the ff-globin
gene, were chosen for analysis (Fig. 1a). The biallelic markers
were detected by direct sequencing in all samples. All subjects
with the CD41/42 deletion were diagnosed through reverse
dot-blot (RDB) assay (Cai et al. 1994). All of the biallelic
markers, including the 4-bp deletion (-CTTT) at CD41/42,
were analyzed by bidirectional sequencing of PCR-amplified
DNA spanning the 15.933-kb region by use of an ABI PRISM
3700 Genetic Analyzer (Perkin-Elmer Applied Biosystems).
Hardy—Weinberg equilibrium was performed to test deviations
of observed genotype frequencies from those expected by
using the Monte Carlo permutation test package in the software
HWsim (Kenneth K. Kidd lab web site: http://krunch.med.
yale.edu/hwsim/).

Haplotype Inference
Fifty biallelic markers, including the 4-bp deletion (-CTTT)

at CD41/42, were used to calculate the haplotypes in 40
Chinese individuals. The PHASE2.1.1 program (Stephens

etal. 2001) (http://www.stat.washington.edu/stephens/
home.html), which is based on the Bayesian method, was
used. The PL-EM program (Qin et al. 2002) (Jun Liu’s home
page: http://www.people.fas.harvard.edu/ ~ junliu/) based
on the Partition Ligation strategy, together with the Expec-
tation—Maximization (EM) algorithm (Excoffier and Slatkin
1995) and the HAPAR program (Wang and Xu 2003) (Ying
Xu’s home page: http://theory.stanford.edu/~ xuying/)
based on the maximum parsimony method, were applied to
confirm the results.

Four-gamete Test and LD Measurement

The four-gamete test (Hudson and Kaplan 1985) was
applied to the phased haplotype dataset as described in
previous studies (Bonnen et al. 2002; Innan and Nordborg
2003). For any given two-SNP haplotype AB, mutation
may result in the formation of either Ab or aB. A haplotype
consisting of the two alleles ab can arise only through
recombination or recurrent mutation. The four-gamete test
essentially examines the sample set for the presence of all
or a reduced number of gametic allele combinations. The
test was performed on the data obtained from the Block 2
haplotype consisting of 16 biallelic markers using the
DnaSP 4.10 software program (Rozas et al. 2003) (DnaSP
home page: http://www.ub.es/dnasp/).

LD measures between pairs of 50 biallelic markers
including the 4-bp deletion at the f-globin gene cluster in
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Fig. 1 Schematic illustration of the DNA sequencing regions span-
ning the fS-globin gene cluster and their polymorphic variants. (a)
Physical map of the f-globin gene cluster. The sequenced regions are
described as the independent solid bar under the physical map. Their
position is relative to the above map. The solid red bar is the
hypothesized recombination hotspot region (which had also been
sequenced) according to the previous studies. The entire 15.933 kb of
the genomic DNA is genotyped, which covers a 20.693-kb (the gaps
between the solid bars were not sequenced) segment in the f-globin
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gene cluster. (b) DNA sequence of variations was assayed in four
portions including the -globin, J-globin, recombination hot spot,
and f-globin locus. The sequence of the f-globin gene cluster was
divided into two blocks, Block 1 and Block 2, by hotspot based on the
LD map. (¢) A magnified view of the f-globin gene. The 15
polymorphisms observed in a 3.5-kb region are indicated with the
International Union of Pure and Applied Chemistry (IUPAC) codes.
The 4-bp deletion at CD41/42 is indicated
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four regions of 80 chromosomes were quantified using the
D’ statistic (Lewontin 1964). Pairwise |D’| was calculated
by Arlequin3.01 (Excoffier et al. 2005) (Arlequin Home
Page: http://Igb.unige.ch/arlequin/) based on the haplotype
inference results. The results of pairwise |D'| were visual-
ized by drawing the LD map according to the |D’| value
between each of two makers. PHASE2.1.1 advanced
function -MR and -MR2 were applied to locate the
recombination hotspot with the calculation iteration and
burn-in setting at 10 times and 100 times the defaults,
respectively.

Construction of the Phylogenetic Network

Considering the possible ambiguous interference due to the
recombination hotspot between Block 1 and Block 2, we use
the haplotypes inferred based on the LD block 2 encom-
passing the CD41/42 site to construct the phylogenetic
network. Construction of the median-joining phylogenetic
network was conducted using the program NETWORKA4.
1.1.2 (Bandelt et al. 1999) (Fluxus-Engineering home page:
http://www.fluxus-engineering.com/index.htm). To root the
network showing the relationship between each of the
haplotypes, the ancestral haplotype was deduced from
the chimpanzee sequences.

Estimation of Nucleotide Diversity and the Neutrality
Test

Genetic diversity in four subregions (Fig. 1), namely, the
WP locus, d-globin locus, recombination hotspot region,
and f-globin locus, was described in terms of nucleotide
diversity, = (Nei and Li 1979), and the proportion of seg-
regating sites, 6 (Watterson 1975), for estimating the whole
samples and the normal allele and mutant allele popula-
tions (Table 1), respectively. The two estimates were

derived using the statistical analysis package Arlequin
version 3.01 (Excoffier et al. 2005). Tajima’s D (Tajima
1989) was calculated to assess the significance of devia-
tions of polymorphism from their neutral expectations.

Results
Profile of Biallelic Markers

The sequenced regions spanning the human f-globin
cluster in this study, including the /f-globin, o-globin,
recombination hotspot, and f-globin locus, are shown in
Fig. 1. A total of 50 biallelic markers were identified,
including the CD41/42 (-CTTT) deletion, in the samples
analyzed. Among them, 11 were discovered in the /f-
globin, 19 in the o-globin, four in the recombination hot-
spot, and 16 in the pf-globin locus. Most of the SNP
markers in the J-globin and f-globin locus are in the
noncoding region. A striking feature in the 3.1-kb recom-
bination hotspot region is the low degree of polymorphism
(only four markers) compared with those in the other
populations (Chakravarti et al. 1984). All 50 DNA mark-
ers, except one (a 5-bp indel), are in Hardy-Weinberg
equilibrium according to the Monte Carlo permutation test.
To avoid the sample selection bias due to the population
sample deliberately enriched for the CD41/42 deletion in
our study, the paired chi-square test was performed for
comparison of allele frequency in each of 49 biallelic
markers except the CD41/42 site between normal and
heterozygous individuals, with no significant difference
between the two groups in 48 SNPs except for one site.
Thus, the artificial whole-population samples obtained by
mixing the normal and heterozygous alleles were used for
testing of the LD patterns, network profiling, and Tajima’s
D statistic analysis in the present study (the detailed data on

Table 1 Nucleotide diversity

for the whole population and the Groups Sglromosome Locus m (SD) 0 (SD) aa_j\i/r;lfug
two different background )

chromosome samples Whole population 80 yp 1.431 (0.978)  2.221 (0.853)  —0.959 (0.812)
B 5.072 (2.756)  3.836 (1.282) 0.953 (0.147)
Hotspot ~ 1.628 (1.077)  0.404 (0.294) 0.463 (0.264)
B 6.646 (3.513)  3.028 (1.070) 2.188 (0.009)
Normal 64 yp 1.564 (1.048)  2.326 (0.909)  —0.915 (0.823)
chromosome 5 5.328 (2.889)  4.018 (1.374) 0.995 (0.130)
Hotspot  1.680 (1.107)  0.423 (0.309) 0.581 (0.211)
B 5.019 (2.740)  3.172 (1.144) 1.717 (0.041)
N ";Z;f;‘_’gjg‘é‘;f“ccli‘:t;fgmems Mutant 16 B 0933 (0.758)  1.205 (0.707)  —0.706 (0.764)
subregions are 3,054 bp (8 chromosome B 4225 (2478) 5123 (2.155)  —0.695 (0.768)
gene), 6,237 bp (5 gene), Hotspot ~ 1.492 (1.063)  0.301 (0.301) 0.156 (0.228)
3,121bp (hotspot), and 3,521 bp B 4392 (2.563)  3.014 (1.391) 1.705 (0.021)

(f gene) in length
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Fig. 2 Four-gamete test map showing each pair of SNP sites. For all
pairwise comparisons, blue squares depict site pairs having four
gametic types, which imply that recombination has occurred between
these two sites. Red squares illustrate site pairs having fewer than four
gametic types. The number above and to the left of the triangle is the
relative position to the first translational site of the f-globin gene of
each marker

all 50 biallelic markers consisting of 49 SNPs and the 4-bp
deletion at CD41/42 are available online as supplementary
material).

Four-gamete Test Results

The results of the four-gamete test are provided in Fig. 2,
and two features are obvious. One is that most of the tests
involving sites 251-254 (CD41/42) show the existence of
four gametes. Another is that there are several nonover-
lapping pairs of sites (definitely not just one) at which four
gametes are found. We also notice that none of the poly-
morphic sites in the sample has more than two segregating
nucleotides. There is strong evidence that recombination is
the primary force generating the observed pattern.

LD Patterns of the $-Globin Locus

To examine the patterns of LD in the analyzed regions, all
possible pairwise |D’| values among 50 markers were
estimated in the samples. By statistical analysis of the 80
chromosomes bearing f* (which means the normal
B-globin gene) and f°*/*? (which means the f-globin
gene with the CD41/42 mutation), two distinct regions

@ Springer

showed relatively strong LD, whereas the polymorphisms
between the two regions are in equilibrium. A previously
described recombination hotspot in the f-globin gene locus
located between two haplotype blocks (designated LD
blocks 1 and 2, respectively; Fig. 1) was defined by PHASE
in our study. The recombination rates calculated by PHASE
are 100 to 1000 times higher in the hotspot region than in
the other regions (data not shown). Surprisingly, less LD or
no LD was observed between the CD41/42 deletion site and
most SNPs in the analyzed regions (Fig. 3), and even the
subsample LD calculation showed nearly the same results
(data not shown). The LD pattern exhibited a relative lower
degree of pairwise |D’'| for the small LD block 2 (f-globin
locus) than for the relatively large LD block 1, implying
the possible occurrence of recombination at the f-globin
locus. These results are in agreement with those of the
four-gamete test (Fig. 2).

Haplotype Determination in Block 2

A total of 20 haplotypes were defined by genotyping 15
SNPs in Block 2. In the 64 chromosomes bearing the f*
allele, the 34 polymorphisms on the /- and J-globin locus
involved in Block 1 at the 5’ end of the hotspot site were
partitioned into seven haplotypes and six haplotypes,
respectively (data not shown), whereas the 15 polymor-
phisms on the f-globin locus (Block 2) at the 3’end formed
16 haplotypes. The haplotype frequencies of the f-globin
gene are shown in Fig. 4. The most common haplotypes in
the wild-type f-globin gene are HP12, HP2, and HP4,
accounting for 28.1, 26.6, and 12.5%, respectively. In the
16 chromosomes bearing f<°*'#2, four haplotypes were
deduced, of which HP8 and HP17 are the major haplo-
types, having frequencies of 68.8 and 18.8%, respectively
(Fig. 4). Identification of the f-globin gene frameworks
(Orkin et al. 1982) in the ﬁA chromosomes revealed three
major frameworks, framework 1 (FW1), framework 2
(FW2), and framework 3 Asia (FW3a). Fifty-three of the
64 ﬁA chromosomes are present in FW1, FW2 and FW3a.
Framework 3 (FW3) and other FWs are rare in the popu-
lation, which is consistent with a previous description by
Zhang and coworkers (1988). There are two major frame-
works, FW1 and FW3a, observed in the CD41/42 deletion
alleles; these two frameworks possess 15 of a total 16
P42 chromosomes and only one rare framework in the
remaining one f<°*'*? chromosome (Fig. 4).

Network Analysis of the -Globin Locus

We constructed a haplotype network displaying evolu-
tionary relationships among sampled haplotypes using the
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Fig. 3 Construction of LD map
from 50 marker-inferred
haplotypes. It was established
by defining the relationship | v B |
between each pair of biallelic
markers; each type of color
refers to a different degree of

Ii LD block 1 4' If LD block 2 —'

8 |s | B

pairwise |D'|. The number
above and to the left of the
triangle is the relative position
to the first translational site of
the f-globin gene of each
marker

NETWORKA4.1.1.2 program. By analysis of the haplotype
network, two definite lineages were separated by relatively
long branches, having differences in 10 polymorphisms
connected to the root (Fig.5). Two major haplotypes
which originated from different chromosomal back-
grounds, HP4 and HP12, were found in each of the two
clusters, respectively. Two major haplotypes of the CD41/
42 deletion alleles, HP8 and HP17, occurred on the back-
ground of HP4 and HP12 in these two clusters, supporting
the presence of gene conversion in the f-globin gene
region.

Patterns of Nucleotide Diversity in Four -Globin
Cluster Subregions

The nucleotide diversity (m) and the proportion of the
segregating site (0) were determined in four loci for the
whole population, the normal allele and mutant allele
populations. Tajima’s D was calculated to assess deviation
from the neutral mutation model. All measurements of
sequence variability are summarized in Table 1. The levels
of nucleotide variability of the intraloci did not vary greatly
when the whole population and subpopulations were con-
sidered independently. Comparison of © with 6 by using
Tajima’s D showed significant differences between the two
estimates of nucleotide diversity at the f-globin locus.

Tajima’s D test also revealed differences in the interlocus
heterogeneity: Tajima’s D is lower or close to zero for the
recombination hotspot fragment, negative for the yf locus,
and positive in the J-globin and f-globin loci (Table 1).
There is no significant difference between the two groups,
i.e., individuals from southern and northern China, both
generated significantly positive values for Tajima’s D (data
not shown), suggesting no geographic differentiation
between these two samples. Furthermore, similar results of
the neutrality tests were observed when various proportions
of the disease alleles were removed from the entire sample.

Discussion

By analyzing polymorphic markers which extend over a
genomic region of 20.693 kb in this study, we found that
all 49 SNPs and the 4-bp deletion are biallelic. This finding
in some sense supports the infinite sites model (Kimura
1969) of mutation, which assumes that each SNP is due to
one mutation alone in evolutionary history.

The existence of loop structures in Fig. 5 and the pattern
of the four-gamete tests in Fig. 2 unambiguously led one to
the conclusion that for a number of polymorphic sites
either recurrent mutations (or deletions) or recombination
must have occurred in the ancestral history of the sample. It
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Fig. 4 Diagrammatic haplotype determination in Block 2. (a)
Polymorphisms and haplotypes observed in 64 f* and 16 P42
chromosomes in the f-globin gene cluster. (—) The same base as the
reference sequence. (****) the 4-bp (-CTTT) deletion. FW, frame-
work. Four predominant -globin gene FWs in populations and other
rare ones are marked to the left of the corresponding haplotypes. The
five markers (not including the CD41/42 site) at 6, 458, 516, 523, and
1,108 in the box are ones which constitute the FW. 'The capitalized
words are abbreviations for different provinces of China where
samples were collected. Among them, most of the provinces (GD,
GX, HN, HU, HB, GZ, ZJ, FJ, JX, and SC) are in southern China and
two (HE and DB) are located in northern China. (b) Alignment of the
four major haplotypes, HP4, HP8, HP12, and HP17. The uniquely
aligned SNPs in haplotypes HP12 and HP17 are shaded red, whereas
HP4 and HP8 are in blue, respectively. The figure suggests the
possible mechanism for the 4-bp f-thalassemia deletion. For example,
HP17 might have originated from HP8 and HP12 if interallelic gene
conversion happened between the respective positions (marked by x ),
or both HP4 and HP17 might have originated from HP8 and HP12 if
double crossover events occurred

Fig. 5 Graphic indication of
the CD41/42 (-CTTT) deletion
origin model by haplotype
network of 20 haplotypes in the
p-globin locus. The blue circles
are haplotypes bearing the 4-bp
deletion. The yellow circles are
B haplotypes. The brown circle
is the chimpanzee’s haplotype;
the red circles indicate the
hypothesized haplotypes that
exist in the population but are
not observed in our samples.
Each of the SNP’s position
numbers is marked along lines
between different haplotypes,

polymorphic sites have more than two segregating nucle-
otides, which is a necessary condition for the validity of the
infinite site assumption. There is no published evidence
suggesting that transitional mutation rate at this region is
unusually high in comparison to the transversional rate
such that recurrent mutations are not observed (the ratio of
transitional to transversional changes is 28:20 from the
sample). Given that there are multiple nonoverlapping pairs
of sites that exhibit four gametes (Fig. 2), it is most logical
to conclude that recombination has been reasonably fre-
quent in the region, which agrees with previous published
studies (Schneider et al. 2002), and is likely the major
cause of the pattern found in Figs. 2 and 5. With such an
understanding, it is natural to regard recombination (double
recombination/gene conversion) as the likely main cause of
the polymorphic pattern at CD41/42.

The pattern of pairwise |D'| at this region also supports the
notion that recombination is the major mechanism, with and
without the CD41/42 deletion, if the infinite sites model is
appropriate. Figure 3 shows the results of pairwise |D’'| from
the population-based sample investigation, which are similar
in pattern to the results of the four-gamete test. Furthermore,
comparing recombination and recurrent mutation events, it is
reasonable to believe that it is very difficult for recurrent
mutation to account for generating this small deletion in the
f-globin locus, because the rate of natural occurrence is far
lower than the levels of recombination or even the point
mutation rates (10_8—10_9) (Nachman and Crowell 2000).
In addition to this, it is obvious that deletion may be at the
lowest frequency because precise driving mechanisms are
needed for this to take place.

chimpanzes

with numbers starting from the
translational site

is well known that if the infinite site assumption is valid,
then the only cause for such an observation will be
recombination. As pointed out earlier, none of the
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or mitosis between sister chromatids, homologous chro-
mosomes, or homologous sequences on either the same
chromatid or different chromosomes (Chen et al. 2007).
With the understanding that recombination is the main
cause of the polymorphism pattern, the observed LD
patterns of the f-globin locus from both LD patterns of
|D'| and the four-gamete test implied that gene conversion
or double crossing-over must have occurred within rela-
tively small blocks in this region. In addition, nearly the
same LD patterns in the sequenced region of Block2 had
been determined for all subsamples, each of which was
formed by combining randomly chosen two mutant alleles
with the 64 wild-type alleles, for the purpose of matching
the population frequency 3% (2/66) of the mutant,
although there was slightly biased (overestimated or
underestimated) LD at a few different sites, strongly
suggesting no significant influence on the inference of the
existence of recombination, which is a major determinant
of LD patterns. In view of the frequency of gene con-
version between genes in homologous chromosomes (4:1
to 15:1 for gene conversion vs. crossing-over) (Jeffreys
and May 2004), and the background of the f-globin locus
being near a recombination hotspot region, gene conver-
sion should be the primary explanation for the existence
of less LD or no LD, between the CD41/42 deletion site
and most SNPs in the analyzed regions (Fig. 3). This is
obviously unlike the increased LD patterns shown in the
HbE variant (Ohashi et al. 2004). Furthermore, gene
conversion has likely occurred with varying lengths sur-
rounding the CD41/42. Two further pieces of evidence
discussed below will help to explain the possible
mechanism.

By analysis of haplotype patterns and its population
distribution (Fig. 4), the origin and derivation of f-globin
haplotypes in the Chinese population could be captured
by tracing of the evolutional process on the basis of a
conceivable mechanism for interallelic gene conversion.
From Fig. 4a, for instance, three major haplotypes (HP2,
HP4, and HP12) are likely to be relatively old, and others
with a low frequency to be relatively young. HP1 may be
derived by a single-step conversion of HP2 / HP12 at site
1108. Similarly, through such gene conversion, the
respective * haplotypes may be derived as follows: HP5
from HP4/HP12 at site 2207, HP6 from HP2/HP12 at site
458, HP7 from HP4/ HP12 at site 458, HP11 from HP12/
HP4 or HP12/HP2 at site 1737, and HP13 from HP12/
HP4 at site 2046 (Fig. 4a). The evolutionary processes of
the respective haplotypes bearing S°**? which are
presented in Fig. 4a could be traced by the same
approach. Our explanation for these observations is that
gene conversion could conceivably take place between the
4-bp deletion and the normal sequence in the respective
region.

We observed the patterns shown in Fig. 5, with two
major haplotypes composed of one major wild-type and
one major mutant haplotype, respectively, in each of two
clusters. This pattern formation could be explained by
interallelic gene conversion between major mutant and
major wild-type haplotypes in two different clusters. For
example, the mutant allele HP8 with the FW1 haplotype
could be produced by interallelic gene conversion between
the mutant HP17 with the FW3a haplotype and the normal
HP4. The pattern in the network tree is obvious, and we
have mentioned it previously. As for the argument that they
appeared in different areas, in China and in other areas in
Asia, this fact is compatible with gene conversion, since
the conversion could have happened in several ways. One
is that it happened a sufficiently long time ago in some
ancestral population so that it spread into different areas of
Asia; another is that a more recent gene flow produced a
similar pattern. If the 4-bp deletion occurred under malaria
pressure, which is postulated to have happened as recently
as about 10,000 years ago (Joy et al. 2003), recent gene
flow is the most likely explanation.

The 4-bp deletion may be an event that is subject to
natural selection. It occurred first on one of the back-
grounds of HP4 and/or HP12 and, with the aid of natural
selection, perhaps due to malaria, which leads to the het-
erozygote advantage, spread widely with further help by
conversion and migration. A number of human gene loci,
including f-globin, have been reported to be associated
with susceptibility or resistance to malarial infection
(Haldane 1949; Kwiatkowski 2005; Williams et al. 2005;
Chotivanich et al. 2002). Evidence for balance selection
accounting for structural variation of the human f-globin
gene such as HbS, HbE, and HbC (Currat et al. 2002;
Ohashi et al. 2004; Modiano et al. 2001) has recently been
revealed. f-Thalassemia represents a disorder of hemo-
globin production postulated to confer advantages to
heterozygotes in malarial regions. Previous studies showed
evidence that the heterozygote of ff-thalassemia had the
advantage against Plasmodium falciparum malaria (Ayi
et al. 2004; Pirastu et al. 1984). The CD41/42 (-CTTT)
deletion in the f-globin gene is the most common mutation
and widely exists in the populations of southern China and
Southeast Asia. The carrier frequency of the deletion in the
population of southern China is 1-3% (Pan et al. 2007).
The relative high carrier frequency in the population and
the geographical specificity of the mutation suggest a
recent origin of this variant and may be the result of natural
selection. This study provides two lines of evidence at the
molecular level that balance selection has maintained the
4-bp deletion in the -globin gene. (1) One such case is the
significant positive Tajima’s D for the f-globin locus,
which is in agreement with the effect of balancing selection
(Table 1). We are fully aware that population structure and
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perhaps excessive nonrandom sampling may also lead to
significant test results; as a result, we conducted tests on
various subsamples and are thus confident that the signif-
icant test result is robust. The fact that the significant test
results were observed in various subsamples, including
subsamples from southern and northern China separately,
deserves some discussion. This is likely a reflection that
balancing selection is reasonably strong and that gene
conversion has blurred the distinction between disease and
normal background haplotypes. (2) Different SNP alleles
are not localized to specific subpopulations. We had
checked to see that all the biallelic markers in the f-globin
locus and haplotype distribution are not associated with
geographic specificity in our sample set, with major hapl-
otypes HP2, HP4, and HP12 distributed from the northern
to the southern provinces (Fig. 4). This finding supports the
population distribution situation of balancing selection in
which a mutation maintains two alleles or more in the
population at an intermediate-frequency (Bamshad and
Wooding 2003).
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