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In an effort to decipher the nature and extent of antigen polymorphisms of malaria parasites in a setting
where malaria is hypomesoendemic, we conducted a 5-year longitudinal study (1998 to 2003) by sequencing the
Th2R and Th3R epitopes of the circumsporozoite protein (CSP) of 142 Plasmodium falciparum field isolates
from Bao Loc, Vietnam. Samples were collected during the high-transmission season, September through
December 1998 (n = 43), as well as from July 2000 to August 2001 (z = 34), September 2001 to July 2002 (n =
33), and August 2002 to July 2003 (» = 32). Marked sequence diversity was noted during the high-transmission
season in 1998, but no significant variation in allele frequencies was observed over the years (x> = 70.003,
degrees of freedom = 57, P = 0.116). The apparent temporal stability in allele frequency observed in this Bao
Loc malaria setting may suggest that polymorphism in the Th2R and Th3R epitopes is not maintained by
frequency-dependent immune selection. By including 36 isolates from Flores Island, Indonesia, and 19 isolates
from Thaton, Myanmar, we investigated geographical patterns of sequence polymorphism for these epitopes in
Southeast Asia; among the characterized isolates, a globally distributed variant appears to be predominant in
Vietnam (75 of 142 isolates, or 52.8%) as well as in Myanmar (15 of 19 isolates, or 78.9%) and Indonesia (31
of 36 isolates, or 86.1%). Further analyses involving worldwide CSP sequences revealed distinct regional
patterns, a finding which, together with the unique mutations observed here, may suggest a possible role for

host or local factors in the generation of sequence diversity in the T-cell epitopes of CSP.

As one of the most threatening tropical diseases, malaria
continues to maintain its toll in the developing world and poses
a heavy economic burden on many countries. Estimates show
that 300 million to 500 million clinical cases occur per year,
with at least a million deaths, most of which are seen among
children under 5 years of age (8). Resistance to antimalarial
drugs and insecticides, coupled with the lack of availability of
an effective vaccine, is the leading factor behind the success of
the parasite’s continuing burden. Apart from its complex life
cycle, which alternates between the human and the mosquito
host, the malaria parasite also exhibits stages characterized by
extensive genetic and antigenic diversity which may present
adverse obstacles to antimalarial control measures.

The Plasmodium falciparum circumsporozoite protein (CSP), a
leading malaria vaccine candidate antigen, is predominantly
distributed on the surface of the sporozoites (40) and has
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approximately 120 residues, with a molecular mass of about 58
kDa. The structure of CSP can be divided into a polymorphic
central repeat region known to contain immunodominant B-
cell epitopes (41) and flanked by a less variant 5’ and a highly
polymorphic 3" end where T-cell epitopes have been identified
(19, 27). Clinical trials of Plasmodium falciparum CSP-based
vaccines have shown that they induce both humoral and cellu-
lar immune responses (29, 39) and that the cellular immune
responses are central in immunity against the exoerythrocytic
stages of malaria.

In an attempt to understand the nature and the extent of the
polymorphism patterns of malaria parasites in a setting of
malaria hypomesoendemicity, we have conducted a 5-year lon-
gitudinal study of the most variable terminal 3’ region of the
CSP gene among Plasmodium falciparum field isolates col-
lected from Bao Loc, southern Vietnam, over 5 years (1998
to 2003). We compare our data with the reported CSP se-
quences and also discuss the geographical patterns of polymor-
phism at this locus in Southeast Asia and globally. Our findings
show that the genetic diversity of the Th2R and Th3R epitopes
in this Bao Loc malaria setting is less than that in areas of
hyperendemicity and that the variation patterns tend to corre-
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late with malaria transmission intensity. Furthermore, the
polymorphisms appear to be stable over time in this Bao Loc
setting of relatively low malaria endemicity. Findings from our
analyses involving worldwide CSP sequences seem to suggest
that the sequence polymorphisms observed in the Th2R and
Th3R epitopes of CSP not only appear to be geographically
restricted but also may be a result of a balanced state(s) of
interaction between the parasite and its hosts.

MATERIALS AND METHODS

Study population. Bao Loc lies about 180 km northeast of Ho Chi Minh City
and is a district with a growing population of 151,000 inhabitants. The city
belongs to Lam Dong Province, which is the southernmost of the four provinces
belonging to the Tay Nguyen Highlands. Lam Dong is in an area in the southern
highlands of Vietnam where malaria is mesoendemic and where many minority
ethnic groups reside. Although malaria has disappeared from many areas in
Vietnam, it is still endemic in the central and southern provinces of the Tay
Nguyen Highlands (38), where all four Plasmodium species that cause human
malaria are present year round, with a peak in transmission shortly after the rainy
season (October to December). The prevalence of parasitemia in the general
population typically fluctuates between 10% and 30%, of which approximately
75% of the cases are due to P. falciparum (unpublished observations). Local
malaria vectors include Anopheles dirus sensu lato and Anopheles minimus sensu
lato. After 10 years of intensive control efforts, the rates of malaria morbidity and
mortality in Vietnam have decreased by 60% and 97%, respectively.

Sample collection. This study was approved by the ethical committees of the
Nagoya University Graduate School of Medicine and the Bao Loc District
General Hospital. Following the receipt of informed consent, venous blood
samples were collected from malaria patients presenting at the Bao Loc General
Hospital over the period from September 1998 to December 1998 and from July
2000 to August 2003. Bao Loc is a region for which no previous epidemiologic
data exist for this malaria antigen gene, although epidemiologic data are avail-
able for other candidate genes (16, 33). The blood samples were categorized into
four groups: (i) group I (BL1998), September 1998 to December 1998; (ii) group
1I (BL2001), July 2000 to August 2001; (iii) group III (BL2002), September 2001
to July 2002; and (iv) group IV (BL2003), August 2002 to July 2003. We further
included field isolates collected from Thaton, Myanmar (n = 19), during a field
survey in 1999 and another 36 collected from Flores Island, Indonesia, in 2003 (n
= 14) and 2004 (n = 22).

DNA extraction, amplification, and sequencing. Slide-positive P. falciparum in-
fections, as demonstrated by Giemsa staining, were analyzed. Genomic DNA was
extracted from frozen venous blood samples by using a DNeasy kit (QIAGEN,
Hilden, Germany), following the manufacturer’s instructions. The carboxy-termi-
nal portion of the CSP gene was amplified by using primers PICSF (TGT AGA
TGA AAA TGC TAA TGC) and PfCSR (CGA CAT TAA ACA CACTGG A)
in a 25-pl PCR mixture containing 0.5 uM of each primer, 1 to 3 pl of template
DNA, 2.5 ul of 10X buffer, 200 uM of each deoxynucleoside triphosphate, and
0.5 units of AmpliTaq Gold DNA polymerase (PE Applied Biosystems). Ther-
mal conditions were incubation at 95°C for 5 min, followed by 35 cycles of 94°C
for 30 s, 58°C for 50 s, and 72°C for 1 min. A final extension of 72°C for 5 min
was also included. The 268-bp amplicons were resolved on 2.0% agarose gels
following electrophoresis in the presence of ethidium bromide (0.5 mg/ml).
Distilled water and genomic DNA from P. vivax were used as negative controls.
Positive samples (i.e., PCR fragments) were purified with a High Pure PCR
product purification kit (Boehringer Mannheim, Mannheim, Germany), as di-
rected by the manufacturer, and a precipitation step was achieved with Etachin-
mate (Tokyo, Japan). DNA quantity was estimated by both electrophoresis and
measurement of absorption values by determination of the optical density at 260
nm, after which a 1:10 dilution was prepared. Sequencing reactions were per-
formed with the forward and reverse primers in separate reaction mixtures with
the BigDye Terminator sequencing kit (version 1.1; PE Applied Biosystems).
The sequences in both directions were then read with an ABI 310 DNA se-
quencer. Whenever a mutant or singleton was encountered, a third independent
reaction mixture was made, and the product was resequenced to confirm the
mutation.

Data analyses. To determine the concurrence of the findings of the present
study with the findings of previous reports, the sequences were aligned and the
amino residues were numbered with reference to the sequence of the 7G8 clone
from Brazil (10). The alignment was done with the software Genetyx Mac
(version 11.0), whereas the DNA sequence polymorphism software DnaSP (ver-
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TABLE 1. Analyses of the C-terminal region (231 bp) of the CSP
sequences of P. falciparum field isolates from different countries

No. of No. of Fu and Li’s Tajima’s ”

Country sequences haplotypes 17) F* (3]5) D Avg (SE) d
Brazil 8 2 —1.80 —1.53  0.005 (0.002)
Venezuela 10 7 0.86 0.65  0.030 (0.009)
Kenya 18 13 -0.16 —0.17  0.027 (0.007)
Cameroon 9 7 -0.81 —0.84  0.021 (0.006)
Gambia 44 21 1.36 0.77  0.027 (0.007)
Senegal 10 8 1.14 0.52  0.021 (0.007)
India 11 3 —0.63 —1.03  0.004 (0.003)
Vanuatu 6 2 —-1.20 —1.13  0.003 (0.002)
Thailand 23 8 -0.62 —0.52  0.014 (0.004)
Kanbauk®” 6 3 —1.40 —1.30  0.006 (0.003)
Thaton” 19 3 —0.58 —0.82  0.005 (0.002)
Indonesia 36 5 —-1.78 —1.93¢ 0.003 (0.001)
Vietnam 142 20 0.43 —0.80  0.009 (0.003)
All 342 68 -1.23 —0.96  0.016 (0.004)

¢ Within-population average distances (d) and standard errors (SE) were es-
timated by MEGAZ2.1 by the bootstrap method with 1,000 replications, and the
values are shown.

> Note that both Kanbauk and Thaton are located in Myanmar.

¢ A value statistically different from zero (P < 0.05).

sion 4.0) (32) was used to calculate genetic diversity parameters and MEGA2.1
(25) was used to reconstruct a phylogenetic tree. A chi-square test of indepen-
dence was done by treating the CSP sequences as independent entities through
the use of the statistical software package SPSS (version 10.0; SPSS, Inc., Chi-
cago, IL). To examine spatial diversity patterns, the GenBank sequences of field
isolates collected from different geographical areas were also included. Of these,
6 (GenBank accession numbers AB116602 to AB116607 ) were from Vanuatu
(36); 44 (GenBank accession numbers AY878598 to AY878641) were from The
Gambia (unpublished); 48 sequences (GenBank accession numbers AF540441 to
AF540488) included 11 from India, 9 from Cameroon, 10 from Venezuela, and
18 from Kenya (14); 10 isolates (GenBank accession numbers AJ269961 to
AJ269970) were from Senegal, 8 (GenBank accession numbers AJ269971 to
AJ269978) were from Brazil; 6 (GenBank accession numbers AJ269955 to
AJ269960) were from Kanbauk, Myanmar (12); and 23 (GenBank accession
numbers M83171 to M83151) were from Thailand (24). All of these sequences,
together with those sequenced here (from Vietnam, Indonesia, and Myanmar),
were read by DnaSP (version 4.0) and grouped into their respective countries.
We used a nonparametric statistical method that uses Monte Carlo simulations
to estimate the levels of significance for geographic subdivision among the
nucleotide sequences, i.e., by testing of the null hypothesis of no genetic differ-
entiation between subpopulations at different localities (20). This test is incor-
porated in the gene flow and genetic differentiation (21) command in DnaSP
(version 4.0), and 1,000 permutations were done. Among the genetic distances
that resulted from this test, Nei’s Dxy value (30), which is based on the average
number of pairwise nucleotide substitutions per site between populations, was
exported to MEGAZ2.1 for reconstruction of a neighbor-joining tree. Intrapopu-
lation average pairwise genetic distances (d) and standard errors were also
estimated by use of the Tamura-Nei (gamma) parameter at 1,000 replications by
using MEGAZ2.1, and the results are shown in Table 1. Values of neutrality tests are
also shown. Tajima’s D test (35) is based on the differences between the number
of segregating sites and the average number of nucleotide differences, whereas
Fu and Li’s (17) F* statistic is based on the differences between the number of
singletons (mutations appearing only once among the sequences) and the aver-
age number of nucleotide differences between pairs of sequences.

Nucleotide sequence accession numbers. The sequences obtained in this
study have been submitted to GenBank with accession numbers DQ193573 to
DQ193595.

RESULTS

We successfully obtained the DNA sequences of the 3’ re-
gion spanning the Th2R and Th3R epitopes at the C-terminal
portion of the circumsporozoite protein of Plasmodium falcip-
arum isolates from 142 symptomatic malaria patients present-
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TABLE 2. Ages of patients and nucleotide diversity for Th2R and Th3R epitopes of Vietnamese isolates over the years 1998 to 2003

Age (yr) of patients

Sequence diversity parameters (w[Hd])”

Group .NO' of
isolates Range Mean * SD Th2R epitope Th3R epitope Whole 3’ end
BL1998 43 11-68 30.7 = 14.1 0.03482 (0.758) 0.02566 (0.506) 0.01383 (0.793)
BL2001 34 11-71 292 142 0.02063 (0.613) 0.00878 (0.114) 0.00699 (0.613)
BL2002 33 11-66 309 = 13.8 0.01649 (0.578) 0.01953 (0.411) 0.00798 (0.587)
BL2003 32 6-60 29.8 = 13.6 0.02143 (0.696) 0.01327 (0.339) 0.00808 (0.725)
All 142 6-71 30.2 £ 13.8 0.02391 (0.675) 0.01697 (0.359) 0.00960 (0.697)

“ Nucleotide diversity () is calculated with the Jukes and Cantor correction (28), and haplotype diversity (Hd) is calculated by Nei’s method (30).

ing at the Bao Loc General Hospital in southern Vietnam. The
age distributions as well as the DNA polymorphism parameters
for the respective groups in Bao Loc are depicted in Table 2.
Among the 142 isolates sequenced from Bao Loc, we charac-
terized 20 variants (Fig. 1) of the 3’ region of the CSP gene of
P. falciparum, of which 16 are newly identified. Fifteen haplo-
types were found in BL1998 alone, during the peak transmis-
sion period, whereas six, eight, and nine alleles were found in
BL2001, BL2002, and BL2003, respectively. Three variants,
i.e., alleles 1 to 3 in Fig. 1, accounted for the majority of the
sequences found in Bao Loc, representing 52.8%, 10.6%, and
10.6% of the Vietnamese sequences, respectively, and they
appeared to be stable over our study period, as no significant
difference in allele frequencies was seen between the years
(x* = 70.003, degrees of freedom = 57, P = 0.116). Of note
also is that most alleles (75%) identified in Bao Loc were
predominant over the years, as evidenced by the fact that only
five actually “new” variants were noted. Furthermore, most of
the variants are novel and have not been reported previously.
These results prompted us to investigate samples from Myan-
mar and Indonesia, and a similar trend of allele predominance
was noted, with three more variants, i.e., alleles 21 to 23,
detected (Fig. 1).

In reference to the 7G8 sequence, we observed eight muta-
tion points at residues 332, 333, 336 to 340, and 342 in the

|l B8l o v Bl

[0 i =2 A )

Total

Th2R epitope and four mutation points at residues 367, 369,
372, and 374 in the Th3R epitope (Fig. 2a and b, respectively).
All polymorphisms were nonsynonymous point mutations, and
at the nucleotide level, most mutations were at the first or
second position of the codons. However, two third-position
substitutions at residues 337 and 338 that led to K—N and
I—M, respectively, were also seen, and both were within the
Th2R epitope region. It is also of interest that the I-=M mu-
tation seems to have been described only in Southeast Asia
(26; this study). Bhattacharya (5) reported unique substitutions
at residues 331 (I—K) and 368 (K—Q) common to many
clones and isolates from India, but we did not find these sub-
stitutions.

To evaluate the nature and the extent of the polymorphism
patterns for parasites over the study period, we compared the
sequences of the respective epitopes for each group of sam-
ples. Overall, 15 variants for the Th2R epitope (Fig. 2a) were
identified, of which 11 were recorded in BL1998 alone, fol-
lowed by 6 each for the BL2001 and BL2002 samples and 8 for
the BL2003 samples. Excluding the 11 alleles found at the
study start point (BL1998), one realizes that, in essence, only
four variants were actually “new” or introduced into the pop-
ulation over the study period. A similar pattern was seen in the
Th3R epitope (Fig. 2); again, BL1998 had the highest number
of variants, i.e., seven, whereas two, four, and five alleles were

BL 1998 BL 2001 BL2002 BL2003 FL 2003 FL2004 TT1999 Total

< 19(44.2%) 20 (58.8%) 21 (63.6%) 15 (46.9%) 10 (71.4%) 21 (95.5%) 15(78.9%) 121 (61.4%)

1(23%)  4(11.8%) 2(6.1%) 8(25.0%) 1(7.1%) 16(8.1%)
4(9.3%)  T(20.6%) 1(3.0%) 3 (9.4%) 15(7.6%)
2 (4.7%) 4(12.1%) 1(3.1%) 3(15.8%) 10(5.1%)
4(93%)  1(2.9%) 2(14.3%) 7 (3.6%)
2(47%)  1(29%)  1(3.0%)  1(3.1%) 5(2.5%)
1(2.3%) 2(6.1%) 3(1.5%)
2(4.7%) 1 (3.1%) 3(1.5%)
2 (4.7%) 2(1.0%)
1{2.3%) 1(3.1%) 2(1.0%)
1 (2.9%) 1 (0.5%)
1(2.3%) 1 (0.5%)
1(2.3%) 1 (0.5%)
1(3.1%) 1(0.5%)
1 (3.0%) 1(0.5%)
1 (3.0%) 1 {0.5%)
1(3.1%) 1(0.5%)
1(2.3%) 1 (0.5%)
1(2.3%) 1(0.5%)
1{2.3%) 1 (0.5%)
1(7.1%) 1 (0.5%)
1 (4.5%) 1(0.5%)
1(53%)  1(0.5%)

43 3 33 n 14 22 19 197

FIG. 1. Proportions and nonsilent mutations observed in CSP sequences of alleles found in Bao Loc, Vietnam (1998 to 2003), as well as in
Flores, Indonesia, and Thaton, Myanmar. No significant difference in allele frequencies was noted over the years (x> = 70.003, degrees of freedom
= 57, P = 0.116). The 7G8 strain (10) is used as the reference; BL, FL, and TT, Bao Loc, Flores, and Thaton, respectively. The figures adjacent
to these letters representing the cities indicate the year of sample collection. The (I—=M) mutation appears to be unique to Southeast Asian
populations (26; this study).
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338 339 340 341 342
I Q N 5 L
ATA AAR AAT TCT ATT

Yietnam  Iodopesin  Myanmar  Total

vi 6 e c T7(54.2%) 33(91.7%)  15(78.9%)  125(63.5%)
R o S C..  19(13.4%) 19 (9.6%)
GG e C.. 15(10.6%) 1(2.8%) 16 (8.1%)
T - T, i} 7 (4.9%) 3(15.8%) 10 (5.1%)
v 8 5 2 7 (4.9%) 2 (5.6%) 9 (4.6%)
Pl e 5(3.5%) 5(2.5%)
P o C.. 3(21%) 3(1.5%)
e G C.. 2(14%) 2 (1.0%)
RAP o 1(0.7%) 1{0.5%)
Y . 9 s 1 (0.7%) 1(0.5%)
o G c 1(0.7%) 1(0.5%)
e G [ 1(0.7%) 1(0.5%)
B C. Cixs 1(0.7%) 100.5%)
win iy Car 1(0.7%) 1(0.5%)
S o] 1(0.7%) 1(0.5%)
c. ¢ 1(5.3%) 1(0.5%)

380
D I E Yietnam Indonesia ~ Myanmar  Total
GAT ATT GAR
e 113 (79.6%) 34(94.4%)  15(78.9%) 162(82.2%)

9 (6.3%) 1(2.8%) 3 (15.8%) 13 (6.6%)

9 (6.3%) 9 (4.6%)

6 (4.2%) 6 (3.0%)

2(1.4%) 1(2.8%) 3(1.5%)

2 (1.4%) 2(1.0%)

1 (5.3%) 1 (0.5%)

1{0.7%) 1 {0.5%)

FIG. 2. Nucleotide sequence variation in the Th2R (a) and Th3R (b) epitope regions of the circumsporozoite gene among P. falciparum field
isolates collected from Southeast Asia. The numbers above indicate amino residue positions in reference to the sequence of the 7G8 strain (10).

found in BL2001, BL2002, and BL2003, respectively. However,
unlike for the Th2R epitope, no new variant was noted. As
shown in Fig. 2, the most common variants in Bao Loc for both
epitopes appear to be the “universal” variants described by
Escalante et al. (14), i.e., PSDKHIEQYLKKIQNSL for the
Th2R epitope (54.2%) and GSANKPKDELDYENDI for the
Th3R epitope (79.6%). These same sequences were recently
reported to be predominant alleles in western Thailand (26);
however, they contrast with the sequences described in The
Gambia (1). Consistent with most previous reports, we noted
that the Th2R epitope appears to be more polymorphic than
the Th3R epitope, a finding that is reflected both in the num-
ber of allelic types and in the diversity parameters (Table 2;
Fig. 2). For instance, in each group of isolates, the diversity in
Th2R is almost twice that in Th3R except for BL2001. With the
exception of the Th2R and Th3R epitopes, no mutation was
found in the other regions of the gene studied (Fig. 1).

DISCUSSION

Because CSP is one of the most widely characterized malaria
vaccine candidate antigens, and the only one whose compo-
nents have gone so far as completion of a successful phase IIb
clinical trial (3, 6), the generation of relevant epidemiologic
and immunologic data for the CSP gene is of crucial signifi-
cance, but such data are lacking, particularly for regions of low
malaria endemicity. The first longitudinal study on the se-
quence polymorphisms of the T-cell epitopes of CSP for a
setting of low to moderate malaria endemicity is presented
here for a 5-year observation period in southern Vietnam. The
region of the gene was chosen since it has been established that
most sequence variation within the CSP gene has largely been

restricted to the B- and T-cell epitopes, of which the 3’ portion
is the most polymorphic (14, 22, 34). Like Doolan et al. (13)
and Jongwutiwes et al. (24), we have noted that the genetic
diversity within the circumsporozoite protein of P. falciparum
isolates appears to be regionally restricted, as portrayed by
both the many unique, previously undescribed sequences
found in this study and the apparent temporal stability of the
predominant alleles noted here. For regions of low to moder-
ate malaria endemicity (like Bao Loc), there seems to be a
major allelic type representative of the population, together
with minor variants present in different proportions (26, 36;
this study). This is in contrast to the situation in regions of high
endemicity, like Africa, where genetic polymorphisms are
reportedly high (1, 4, 27). For instance, the most common
allele in Vietnam (allele 1 in Fig. 1) appears to be the major
sequence reported among isolates from India (14), Thailand
(24), Myanmar (12), and Vanuatu (36) and has a sequence
identical to those of the T4 and T9-101 strains, both of which
originated from Thailand. Most of the Brazilian sequences
reported by De Stricker et al. (12), including the B1 strain,
were identical to those of the 7G8 strain and three Venezuelan
isolates reported by Escalante et al. (14). Our results thus seem
to suggest that variation in the Th2R and Th3R epitopes of
CSP in Vietnam (or presumably in Southeast Asia) may not be
due to frequency-dependent selection, since the frequencies of
predominant alleles were stable over the period of study, while
rare variants remained at a lower frequency. Similar findings
have been documented for the blood-stage malaria merozoite
surface proteins in Vietnam (15) and The Gambia (9). How-
ever, the absence of variation in allele frequencies over this
period of a few years alone may not completely rule out the
possibility of balancing selection operating over a different
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0.002531

wibinigE Kanbauk (Myanmar)
0.002179
0.000063 L A Thaton (Myanmar)
0.001281
0.000106 Vanuatu
0.002322 .
——— India
0.000271 0.001368
0.000146 ———— A Indonesia
0.000558 0.004458 .
A Vietnam
0.002711 0.006557 i
Thailand
0.000010 0.007917 y
Brazil
0.015794
Venezuela
0.009169
Senegal
0011603 g
0.001426 Gambia
0.011360
0.001521 ——— Kenya
0.011380
0.001477 Cameroon

FIG. 3. A neighbor-joining tree based on population pairwise distances. Dxy is based on the average number of pairwise nucleotide substitu-
tions per site between populations (30). Calculations were done with DnaSP (version 4.0) by using the partial P. falciparum CSP sequences from
this study (shaded triangles) as well as from GenBank, and values were exported to MEGA2.1 for reconstruction of this tree. Note the distinct
clusters among African and Southeast Asian sequences. Kanbauk and Thaton are both in Myanmar.

time scale. Moreover, it would be interesting to see temporal
patterns of genetic diversity for CSP in an African setting.

Numerous reports have documented that in areas with
higher rates of malaria transmission intensity the malaria iso-
lates generally exhibit a greater amount of genetic diversity and
that residents of these high-transmission areas tend to acquire
antimalarial immunity at an earlier age than in areas where
transmission is less intense. Also, transmission intensity is cor-
related with the prevalence of malaria and is a direct measure
of parasite reproduction. This scenario is somewhat exempli-
fied in our study, since most of the malaria patients presenting
at the hospital were adults (Table 2), and the sequence heter-
ogeneity observed in BL1998 alone (within a period of 4
months of the high-transmission season) was marked com-
pared to that in the following years (Fig. 1). Although the
effects of sampling or chance cannot be completely ruled out,
this finding is consistent with the notion that the transmission
dynamics together with other factors may be crucial in the
generation and maintenance of genetic diversity within this
antigen.

From this analysis of the most polymorphic part of the CSP
gene, we have noted that the observed polymorphisms could be
a result of host selective pressures, possibly the immune system
(11, 22, 23), and importantly, there appear to be constraints on
the parasite’s ability to change. This probably reflects a balance
between the parasite’s biological and survival requirements.
Within the Th2R epitope, mutations appear to be restricted
both to certain positions, e.g., at residues 332 to 333 and 336 to
340, and to the nature of the replacing residue, as evidenced by
the fact that all but one of the replacements were hydrophilic.
The exception is the replacement with a neutral residue
(I-=M), which is possibly a physiologically acceptable substi-
tution within the protein’s conformational context. To date,

this residue change appears to be restricted solely to Southeast
Asian populations (26; this study), suggesting a possible role
for host factors. A similar pattern was noted in Th3R, although
both hydrophobic and hydrophilic replacements were present.
Rathore and McCutchan (31) demonstrated that the region of
CSP containing the cytotoxic T-lymphocyte epitopes plays a
significant role in hepatocyte binding and that an intact car-
boxyl end is essential for this binding process. Thus, the host
immune system may recognize a sequence motif that is essen-
tial for parasite survival, implying that only mutations that
could at least satisfy the dual requirements of immune evasion
and parasite survival would be favored. Some studies (7, 18, 37)
have indicated that amino acid variations in T-cell epitope
sequences affected HLA binding, whereas others more directly
affected T-cell receptor residues by inducing antagonistic pep-
tides. Taken together, these findings suggest that polymor-
phisms in CSP are not merely an arms race but are part of a
complex process that may be driven and maintained by a bal-
ance of opposing forces resulting from interaction between the
parasite, the host, and/or other environmental factors. It would
be interesting to investigate the distribution and frequency of
MHC alleles and their association with local epitope variants
in these populations to better understand some of these mech-
anisms.

Table 1 shows the sequence diversity parameters for partial
sequences of the CSP gene of Plasmodium falciparum field
isolates from different countries. Apart from the sequences
from Venezuela, there seem to be distinct differences among
isolates from different regions, namely, Africa, Latin America,
and Asia. This is reflected in the number of haplotypes as well
as average genetic distances. Grouping of the sequences into
the regional categories described above (Brazil and Venezuela
as Latin American; Kenya, Cameroon, The Gambia, and Sene-
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gal as African; and Vietnam, Myanmar, Indonesia, Thailand,
Vanuatu, and India as Asian) and independent estimates of
average Wright’s fixation index (Fgr) values using the method
of Hudson et al. (21) for each group revealed values of 0.428,
0.023, and 0.025 for the Latin American, African, and Asian
parasite populations, respectively. Again, the high Fg value
noted for the American isolates is because of the marked
diversity of the Venezuelan isolate sequences relative to that of
isolates from Brazil. The computation of Fg for, say, African
versus Asian isolates or Asian versus Latin American isolates
resulted in values up to 10 times higher than those shown
above (data not shown). The average Fgy value for all popu-
lations combined was 0.257, a value suggestive of distinct dif-
ferentiation among the subgroups. A similar result was ob-
tained by phylogenetic analyses based on exported Dxy genetic
distances (Fig. 3). Furthermore, tests of neutrality (Tajima’s
[35] D as well as Fu and Li’s [17] F*) also reveal distinct
patterns among African and Asian parasite populations, with
the implication that the former are under balancing selection,
whereas the Asian sequences all had negative values. However,
caution in the interpretation of the results of these tests is
necessary, since most lack statistical significance (Table 1), and
because the power of these tests is affected by the number of
mutations in the sample (more segregating sites have more
power), the results could have also been influenced by the
length of the DNA region sequenced.

In conclusion, it is apparent from this study that diversity in
the Plasmodium falciparum CSP gene appears to be regionally
restricted, as shown by the distinct differences in Asian and
African parasite populations. Moreover, within different coun-
tries there seem to be unique mutation patterns. Taken to-
gether, these findings seem to suggest that regional and envi-
ronmental factors, together with host genetic factors, could be
crucial in generating polymorphisms, at least in the carboxy-
terminal T-cell epitopes of P. falciparum CSP. Irrespective of
what governs these polymorphisms, the absence of variation in
T-cell epitope haplotype frequencies of CSP over relatively
short periods of time is a very interesting finding, with major
implications for malaria vaccine development (since no new
variants seem to emerge within a few years of exposure to
locally prevalent variants). This is probably reflected in the
recent apparent success in clinical trials of a CSP-based vac-
cine, RTS,S/AS02 (3, 6), and the observation that protection
was not strain specific (2).
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