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GENETIC DIVERSITY AND MULTIPLE INFECTIONS OF PLASMODIUM VIVAX
MALARIA IN WESTERN THAILAND

LIWANG CUI, CARLYE N. MASCORRO, QI FAN, KIMBERLY A. RZOMP, BENJAWAN KHUNTIRAT, GUOFA ZHOU,
HONG CHEN, GUIYUN YAN, anp JETSUMON SATTABONGKOT
Department of Entomology, Pennsylvania State University, University Park, Pennsylvania; Department of Entomology, Armed Forces

Research Institute of Medical Science—United States Army Military Component, Bangkok, Thailand; Department of Biologic Sciences,
State University of New York at Buffalo, Buffalo, New York

Abstract.  Using two polymorphic genetic markers, the merozoite surface protein-3a (MSP-3a) and the circumsporo-
zoite protein (CSP), we investigated the population diversity of Plasmodium vivax in Mae Sod, Thailand from April 2000
through June 2001. Genotyping the parasites isolated from 90 malaria patients attending two local clinics for the
dimorphic CSP gene revealed that the majority of the parasites (77%) were the VK210 type. Genotyping the MSP3-a
gene indicated that P. vivax populations exhibited an equally high level of polymorphism as those from Papua New
Guinea, a hyperendemic region. Based on the length of polymerase chain reaction products, three major types of the
MSP-3a locus were distinguished, with frequencies of 74.8%, 18.7%, and 6.5%, respectively. The 13 alleles distinguished
by restriction fragment length polymorphism analysis did not show a significant seasonal variation in frequency. Geno-
typing the MSP-3a and CSP genes showed that 19.3% and 25.6% of the patients had multiple infections, respectively,
and the combined rate was 35.6%. Comparisons of MSP-3a sequences from nine clones further confirmed the high level
of genetic diversity of the parasite and also suggested that geographic isolation may exist. These results strongly indicate
that P. vivax populations are highly diverse and multiple clonal infections are common in this malaria-hypoendemic

region of Thailand.

INTRODUCTION

Plasmodium vivax causes most of the malaria morbidity in
endemic regions of Central and South America, North Africa,
and Asia.' In many parts of Southeast Asia, the incidence of
P. vivax malaria has increased in recent years. Currently,
approximately half of the malaria cases in Thailand are the
result of P. vivax infections alone and mixed infections by
P. vivax and P. falciparum (Sirichaisinthop J, unpublished
data). Such an increasing trend of P. vivax malaria and the
emergence of drug-resistant strains of the P. vivax parasite
are a major concern for future malaria control. Scientific com-
munities have made great efforts in developing effective ma-
laria vaccine and antimalarial drugs. Information on parasite
genetic diversity of field populations is essential for these
tasks.?”

Malaria epidemiology, as the result of the complex inter-
play among humans, vectors, and hosts, varies considerably in
different geographic regions. Results from extensive research
on P. falciparum population structure in the last decade have
demonstrated that the parasite populations are highly hetero-
genetic in both hyperendemic regions and areas where ma-
laria transmission is seasonal. This knowledge has contributed
greatly to understanding the dynamics of the disease trans-
mission, which in turn guides our decisions in drug applica-
tions and disease control.>® The majority of publications on
Plasmodium genetic structure focus on P. falciparum, using
polymorphic markers such as the merozoite surface protein-1
(MSP-1), MSP-2, glutamate-rich protein, and microsatellites.
For P. vivax, only the dimorphic circumsporozoite protein
(CSP) gene and the MSP-1 gene have been widely used for
genotyping. For example, P. vivax MSP-I has been used to
determine whether a P. vivax infection is the result of a new
infection or a relapse.* Specifically, the P. vivax CSP gene has
a central repeat domain that is different in sequence and num-
ber of the repeat units.”® Two major types, VK210 and
VK247, have a worldwide distribution, with VK210 as the
major genotype. Antibodies to P. vivax CSP protein are
readily detected in patients from Thailand and neighboring
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countries.’ For the P. vivax MSP-1 gene, the variable region
between interspecies conserved blocks 5 and 6 has been used
to genotype P. vivax isolates from many different geographic
regions, where at least five types have been discovered.'®'3
These studies demonstrate the high levels of heterogeneity of
P. vivax field populations.

Due to the dimorphic nature of the central repeat region of
the P. vivax CSP gene, classifying field isolates into either
VK210 or VK247 genotype does not provide a good estimate
of the genetic diversity of P. vivax populations. Genotyping
the extremely polymorphic P. vivax MSP-1 gene relies almost
entirely on sequencing. Therefore, there is a need for the
development of other molecular markers that are more suit-
able for rapid genotyping. One such marker is the MSP-3a
gene because its polymorphism can be readily evaluated by
polymerase chain reaction—restriction fragment length poly-
morphism (PCR-RFLP) analysis.'®!” The MSP-3a gene en-
codes a merozoite surface protein with an alanine-rich central
domain that is predicted to form a coiled-coil tertiary struc-
ture.'® Polymerase chain reaction amplification of this gene
from field isolates demonstrates product length polymor-
phism, and digestion of the PCR products with restriction
endonucleases indicates the presence of great numbers of al-
leles.'® In this study, we used the dimorphic P. vivax CSP and
MSP-3a markers to evaluate parasite genetic diversity in field
P. vivax populations in a hypoendemic area in western Thai-
land. Our study showed that despite low transmission inten-
sity, the parasites displayed a high level of genetic complexity.
In addition, at least 35% of patients had multiple infections by
different P. vivax genotypes. Comparisons of MSP-3a se-
quences from Thai and South American P. vivax isolates sug-
gest substantial geographic variations among parasite isolates.

MATERIALS AND METHODS

Study area and sample collection. The study area was in the
Mae Sod district, Tak Province, Thailand. Malaria parasite
samples used for genotyping were collected from patients at-
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tending the clinics from April 2000 through June 2001.
Sample collection was approved by the Ethical Review Com-
mittee of the Armed Forces Research Institute of Medical
Sciences under the auspices of the Ministry of Public Health
in Thailand. Approximately 200 wL of blood was spotted and
dried on filter paper. Extraction of parasite DNA from filter
paper samples was carried out following the method using
saponin-Chelex solution.'?

Malaria incidences and association with climatic factors.
Data on malaria monthly incidences were collected in two
malaria clinics in Mae Sod for the year 2000 and 2001. All the
patients exhibiting febrile symptoms were diagnosed with ma-
laria by light microscopy of Giemsa-stained thick blood
smears. Three malaria species, P. falciparum, P. vivax, and
P. malariae, were distinguished based on morphology by an
experienced microscopist. Mixed species infections were fur-
ther confirmed by a nested PCR using species-specific primer
sets designed from ssTRNA genes of the four human malaria
species.? To determine the association between P. vivax in-
cidences with climatic variables, daily temperature and rain-
fall were obtained from the Surface Data database of the
World Meteorological Organization (http://www.ncdc.noaa.
gov/oa/climate/climatedata.html). Rainy (April 20-October
31) and dry (November 1-April 19) seasons were defined
based on the daily precipitation data.

Genotyping of P. vivax isolates at the CSP locus. The re-
peat region of the CSP gene was genotyped for the two major
types VK210 and VK247 by PCR and molecular hybridiza-
tion.” The PCR amplification of the CSP repeat region was
performed as previously described with the following modi-
fications.” Specimens were denatured for two minutes at
95°C, amplified through 45 cycles for 30 seconds at 95°C,
30 seconds at 45°C, and two minutes at 72°C, and finally
incubated for two minutes at 72°C. The CSP genotypes were
determined by slot-blot hybridization of the PCR products
using the fluorescein-labeled probes derived from the repeti-
tive sequences of either VK210 or VK247 type as previously
reported.?!

Genotyping of P. vivax isolates at the MSP-3o locus. Al-
lelic diversity of the MSP-3a gene was studied using the
PCR-RFLP method described by Bruce and others.'® The
MSP-3a gene was amplified by a nested PCR and 4 pL of
the PCR product was isolated by electrophoresis on a 1.0%
agarose gel. For RFLP analysis, only Hha 1 was used for
digestion because Alu I did not produce clear restriction pat-
terns in some samples during preliminary analysis. Approxi-
mately 5 L of the PCR product was digested with Hha I and
analyzed by electrophoresis on a 1.8% agarose gel. Multiple
infections were distinguished when the summed size of the
DNA fragments resulting from Hha I digestion exceeded the
size of the uncut PCR product.'®'” Major alleles were classi-
fied based on the differences in restriction banding patterns.
For multiple infections, genotypes of the parasite were as-
signed to individual allele groups by comparing the RFLP
patterns with those of single infections.”

Analysis of MSP-3a gene sequences. A total of nine PCR
products were cloned into the pZero vector (Invitrogen,
Carlsbad, CA) and sequenced using the BigDye terminator
kit (Applied Biosystems, Foster City, CA). Each PCR prod-
uct was sequenced in both directions for accuracy. The se-
quences were assembled and aligned using PILEUP of the
Genetics Computer Group (GCG) software, version 10.1

(University of Wisconsin, Madison, WI). The MSP-3a se-
quence of the Belem strain was used as the reference se-
quence (accession number AF093584).'® A phylogenetic tree
was derived from the aligned nucleotide and deduced amino
acid sequences using neighbor-joining method of the Phylo-
genetic Analysis Using Parsimony (PAUP) program, version
4.0 (University of Washington, Seattle, WA).

Statistical analysis. Association between monthly malaria
incidences and climatic variables was analyzed by cross-
correlogram. The Chi square test was used to compare the
frequencies of individual alleles between the rainy and dry
seasons.”?

RESULTS

Malaria prevalence in northwest Thailand. We have ana-
lyzed malaria case data from the two clinics in Mae Sod,
located near the Thailand-Myanmar border. As one of the
major factors of morbidity, malaria in this area is perennial
with the peak transmission season in May—August, following
the patterns of rainfall (Figure 1). In addition to the apparent
association between the peaks in monthly rainfall and malaria
incidence in July-September, the cross-correlation function
analysis indicated a significant one-month lagged correlation
between precipitation and malaria incidence (R = 0.55,
P < 0.01). A total of 7,089 and 6,670 cases were recorded for
the years 2000 and 2001, respectively. All four human malaria
species were detected in this area with P. falciparum and
P. vivax as the predominant species (99%). In Mae Sod, the
2000-2001 data indicated that P. vivax had become equally
prevalent as P. falciparum (>46%), consistent with the trend
in the whole country.

The prevalence of the CSP variants VK210 and VK247. Plas-
modium vivax parasites from 90 febrile patients were success-
fully genotyped for the two major CSP alleles. A total of 113
parasite genotypes could be recognized, from which the fre-
quencies of the VK210 and VK247 were 77% and 23%, re-
spectively (Table 1). The majority (96.7%) of VK247 geno-
types occurred as multiple infections, consistent with the re-
sult of an earlier study conducted in different regions of
Thailand.?®> The proportion of VK210 was slightly higher in
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FIGURE 1. Dynamics of monthly rainfall and malaria case num-
bers in 2000 and 2001 at two malarial clinics in Mae Sod, Thailand.
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TABLE 1
Seasonal frequency (%) of the two Plasmodium vivax CSP types and
13 MSP-3a alleles distinguished by PCR-RFLP analysis using
Hha T*

Rainy seasons Dry seasons
)

Alleles Total (%) (%) (%)
csp
VK210 77.0 83.0 71.7
VK247 23.0 17.0 28.3
MSP-3a
Al 16 12.5 19.2
A2 4 6.2 1.9
A3 4 6.2 1.9
A4 11 8.3 13.5
AS 7 10.4 3.8
A6 18 16.7 19.2
A7 6 8.3 3.8
A8 3 42 1.9
A9 3 0 5.8
A10 2 42 0
B1 5 42 5.8
B2 1 2.1 0
C 20 16.7 231

* CSP = circumsporozoite protein; MSP-3a = merozoite surface protein-3a; PCR-RFLP
= polymerase chain reaction-restriction fragment length polymorphism. A total of 90 and
88 samples were used for CSP and MSP-3a genotyping, respectively. Chi-square analysis did
not detect significant seasonal differences between the two CSP types (x> = 3.07, degrees of
freedom [df] = 1, P > 0.05) and major MSP-3a alleles (A1, A4, A6, and C) (x> = 2.69,
df = 5, P> 0.05).

the rainy season (83.0%) than in the dry season (71.6%)
(x* = 3.07, degrees of freedom [df] = 1, P > 0.05). Genotyp-
ing of the CSP gene showed that 23 of 90 patients (25.6%)
had multiple infections with different P. vivax genotypes.
Diversity of the MSP-3a gene. Eighty-eight of 90 malaria
samples (97.8%) were successfully amplified for the MSP-3a
gene. Based on the size of the PCR products, three major
types, A (1.9 kilobases [kb], B (1.5 kb), and C (1.1 kb), were
identified (Figure 2). A total of 107 parasite genotypes could
be recognized from the 88 samples by PCR analysis of the
MSP-3a gene because some patients had infections by more
than one parasite genotype. Type A, which corresponded to
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the expected size of the published sequence of the Belem
laboratory strain, was the most predominant (74.8%). The
other two types, B and C, accounted for 6.5% and 18.7% of
the parasite genotypes, respectively. The frequencies of the
three MSP-3a types were consistent with those (70.5%, 6.7%,
and 22.8%) found in Papua New Guinea.'”

Major alleles of the MSP-3a gene and their frequencies in
field parasite populations. The PCR-RFLP analysis of the
MSP-3a gene further demonstrated that P. vivax parasites in
western Thailand were highly diverse. The clear restriction
patterns produced from digestion with Hha I from the major-
ity of the samples makes this enzyme our prime choice in this
study (Figure 2). The PCR-RFLP patterns of all samples
showed a band of ~1.0 kb. Although this band is also slightly
polymorphic, it was not included for distinguishing different
MSP-3a alleles because the size difference was not easily re-
solved with our electrophoresis conditions. Smaller bands
ranging from 190 to 500 basepairs (bp) were used for RFLP
analysis, from which at least 13 allele groups (A1-A10, B1,
B2, and C) could be identified (Figure 3). Alleles A1, A4, A6,
and C were most abundant, accounting for 65% of the
samples (Table 1). By comparison, we found that at least
seven alleles were common to those from the previous stud-
ies,'®!7 suggesting that some parasite genotypes may have a
worldwide distribution. To test whether there was seasonal
fluctuations in allele frequency, we compared the frequencies
of different alleles between the rainy and dry seasons. The chi
square test did not detect significant difference in allele
frequencies between the two seasons (x* = 2.69, df = 5,
P > 0.05). With this genotyping method, 19.3% of the patients
were found to have multiple infections by different P. vivax
genotypes, including nine multiple infections not identified by
typing of only the P. vivax CSP gene. We must admit that
although it was easy to identify multiple infections by this
method, it was not possible to always unambiguously assign
the multiple isolates to specific allele groups. When genotyp-
ing results at these two genetic loci are combined, the multiple
infection rate increased to 35.6%.

FIGURE 2. Polymerase chain reaction—restriction fragment length polymorphism (PCR-RFLP) typing of the Plasmodium vivax isolates using
the merozoite surface protein-3 o (MSP-3a) gene. Upper panel, undigested PCR products amplified using primers N1 and N2 (Figure 4). Lower
panel, PCR products digested with Hha I. Lane M = 1 kilobase (Kb) DNA marker with the fragment sizes indicated (Invitrogen). The nine
parasite isolates from which the MSP-3a gene was sequenced are indicated.
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FIGURE 3. Major merozoite surface protein-3a alleles identified
by a polymerase chain reaction and digestion with Hha I in the Plas-
modium vivax population from Mae Sod, Thailand. Lane M = 1
kilobase (Kb) DNA marker. The nine alleles of type A, two alleles of
type B, and one allele of type C are labeled with the suffixes A, B, and
C, respectively. Frequencies of these alleles during dry and rainy
seasons are presented in Table 1.

Analysis of MSP-3a gene sequences. Nine PCR products
(6 Type A, 2 Type B, and 1 Type C) corresponding to nucle-
otides 205-2100 of P. vivax MSP-3a gene of the Belem
strain'® were sequenced (Figure 4). This region covers the
complete central alanine-rich domain.'® Of the 6 Type A
clones, two clones (104 and 105) had the same length as the
Belem strain (1,908 bp), whereas the other four clones (127,
128, 429, and 431) were 1,887, 1,893, 1,920, and 1,896 bp,
respectively. The only Type B clone sequenced (111) was
1,449 bp, and was missing a 458-bp fragment corresponding to
nucleotide sequence 399-856 of the Belem strain. The two
Type C clones (107 and 427) were 1,137 and 1,149 bp, respec-
tively. Both sequences had a 747-bp deletion corresponding

..tgg 2535
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Polymorphic region Conserved region

Type A (1.9 kb) zzzz72772770 ]
Type B (1.5 kb) %\M
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Type C (1.1 kb) [%\/5:
750 bp 400 bp

FIGURE 4. Schematic representation of the sequence variations
and deletions of the merozoite surface protein-3 a (MSP-3o) gene of
Plasmodium vivax among field isolates. The 1.9-kilobase (kb) nested
polymerase chain reaction product covering the entire alanine
(Ala)-rich domain of the MSP-3a gene is indicated by the shaded
region at the top. Positions of the outer (P1 and P2) and the inner (N1
and N2) primers are labeled below the MSP-3a open reading frame
(ORF). The polymorphic region (hatched) and the conserved region
(shadowed) are indicated. The positions of the deletions present in
types B and C are depicted. bp = basepairs.

to nucleotide sequence 475-1221 of the Belem strain. Se-
quence alignment demonstrated great variations of the MSP-
3a gene among individual parasite genotypes in the Mae Sod
district. Higher levels of sequence polymorphism were ob-
served in sequences closer to the 5’ end of the central alanine-
rich domain. Particularly, sequence polymorphism was
clustered at nucleotides 298-618, 801-922, 1075-1160, and
1727-1749. Except for the polymorphic region at 1727-1749,
sequences after the deletion of the Type C genotypes were
highly conserved. It is noteworthy that most nucleotide sub-
stitutions at 1727-1749 were at the second codon positions,
causing amino acid changes. As a result of these nonsynony-
mous substitutions, the amino acid sequences of this region
were dimorphic with either KEATAAKL or TAANVVKD.
Analysis of nine MSP-3a gene sequences suggested that the
two variant sequences were present equally in the P. vivax
field populations from western Thailand.

Both the aligned nucleotide and deduced amino acid se-
quences were used for phylogenetic analysis. An unrooted
tree was drawn using the neighbor-joining method of the
PAUP program (Figure 5). It is noteworthy that the deletions
were removed from the sequences used for phylogenetic
analysis. Both DNA and protein sequences predicted the
same tree. Four sequences (127, 427, 429, and 431) were not
assigned to individual branches in the tree. The three major

104 A
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81

55 L 111B

107 C
100

128 A

127 A

427C

429 A
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Belem

FIGURE 5. Phylogenetic relationships among the 10 haplotypes of
the Plasmodium vivax merozoite surface protein-3a (MSP-3a) gene.
Nine sequences of the MSP-3a central region (corresponding to the
polymerase chain reaction product using primers N1 and N2) of the
Thai isolates were compared with that of the Belem strain.'® Boot-
strap support (>50%) is shown as the percentage from 1,000 pseu-
doreplications.
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types based on PCR length polymorphism were mixed instead
of falling into separate groups, suggesting that the deletion
mutations may have arisen in multiple parasite lines. Al-
though geographic structure in the parasite populations in
Mae Sod can not be tested here, the Thai parasite genotypes
in this study were more distantly related to the South Ameri-
can Belem strain (Figure 5).

DISCUSSION

In western Thailand, malaria is hypoendemic and charac-
terized by the presence of all four parasite species. In recent
years, P. vivax infections have become more prevalent than
P. falciparum infections in some regions of Thailand. Mixed
infections by two parasite species have been found in more
than 20% of malaria cases,'? which is comparable to the situ-
ation in Papua New Guinea.'” Using a combination of two
molecular markers, the CSP gene and the MSP-3a gene, we
investigated the genetic diversity of P. vivax populations from
an area in western Thailand with low malaria endemicity.
These results demonstrated that even in areas of low trans-
mission intensities, P. vivax displayed high levels of genetic
diversity. With two molecular markers, slight, but not signifi-
cant, seasonal fluctuations of major parasite genotypes were
observed. Moreover, the presence of common alleles in dif-
ferent geographic areas indicated a global distribution of cer-
tain parasite genotypes, which may have been maintained
through positive selection by hosts. In spite of this, sequence
analysis of the MSP-3a gene suggests that some variations
might be regionally biased.

To determine the distribution of the two P. vivax CSP
genotypes VK210 and VK247, multiple surveys have been
carried out using both a PCR for genotyping parasites in hu-
man blood and an enzyme-linked immunosorbent assay
(ELISA) for detecting parasite CSP variants in mosqui-
toes.>>~2° The results from these surveys have demonstrated a
global distribution of the two P. vivax CSP genotypes in many
malaria-endemic regions, although the prevalence of indi-
vidual genotypes varies geographically. Our previous study
using an ELISA on sporozoites produced by feeding mosqui-
toes on patients infected with P. vivax in Thailand indicates
an overall predominance of VK210 (70.5%), and the
present study by genotyping parasites in human blood showed
a similar result, with 78% of the parasites as VK210 type.
These results are in sharp contrast to the result of an earlier
study in Thailand, in which VK247 was estimated to be the
predominant type (83%).%° This difference may be due to
sampling biases or temporal fluctuations of individual geno-
types. Such a significant decrease over time in the proportions
of VK247 has also been observed in a two-year investigation
performed in a malaria-hyperendemic area of Papua New
Guinea in both the mosquito and human populations.>* This
phenomenon may be attributed to selection by host immune
pressure on a particular genotype, and/or the preferential
production of sporozoites carrying a specific CSP variant in a
mosquito species. In a recent study on P. vivax malaria in
Mexico, different anopheline mosquitoes were found to be
differentially susceptible to infections by VK210 and VK247
variants.?” This explains very well the correlation between the
prevalence of two CSP phenotypes with the distribution of
different vector species.”® An earlier longitudinal survey over
a five-year period®* and this study spanning two seasons both

showed seasonal variations in the prevalence of VK210/
VK247, although the tendency of this fluctuation was differ-
ent. Seasonal population dynamics of different mosquito vec-
tors, which are not equally susceptible to infections by VK210
or VK247 parasite isolates, may be one of the factors contrib-
uting to this seasonal fluctuation.

The P. vivax MSP-3a gene has been developed as a mo-
lecular marker for epidemiologic studies of P. vivax malaria.'®
In evaluating genetic diversity and dynamics of the parasite
population in asymptomatic patients in Papua New Guinea,
Bruce and others'” identified 24 alleles of the MSP-3« gene in
P. vivax based on PCR-RFLP analysis using two restriction
enzymes. In this study, we identified at least 13 alleles based
on Hha 1 digestion alone, similar to the number of alleles
identified by Hha I digestion in the study by Bruce and oth-
ers.!” This suggests that P. vivax populations in Thailand are
equally diverse in spite of the low endemicity of the disease.
This seems to contradict the results from studies on P. falci-
parum, in which a relationship between parasite diversity and
transmission intensity has been established.?**® Many factors
may explain such a high level of genetic diversity of the P.
vivax parasite. First, some intrinsic biologic properties of the
P. vivax malaria such as relapse and early gametocytemia
favor the cross-fertilization and meiotic recombination of dis-
tinct parasite genotypes within vector mosquitoes. Second,
the migration of parasite-carrying foreign workers from My-
anmar also adds to the gene pool of the parasite. Third, drug
resistance might further affect the duration of infection and
enhance genetic recombination in mosquitoes, although there
is no clear indication of drug resistance for P. vivax parasite in
the study area. Based on the analysis of P. falciparum popu-
lations in the same hypoendemic region of Thailand, Paul and
others®! argued that the relationship between the genetic
structure of the malaria parasite populations and transmission
intensity might be nonlinear. The results of our present study
further support this argument.

Sequence analysis of the MSP-3a clones identified the re-
gions of deletions for the Type B and C variants. Both vari-
ants have deletions close to the N-terminus of the central
alanine-rich domain. Inasmuch as both variant types have
been found in isolates from other malarial regions, it is rea-
sonable to assume that these deletions are not essential for
the survival of the parasite. However, it may have reduced
their fitness because the two variants are present in less than
30% of parasite genotypes. Comparing with Type C, Type B
has an additional deletion of 26 amino acids upstream of the
type C deletion. This portion may be more important than the
region of Type C deletion, since less than 6% of parasite
genotypes belong to this type. It is noteworthy that the re-
gions with deletions are the most polymorphic, which suggests
that this region of the molecule might be selected against by
the host immune systems. At present, the limited numbers of
MSP-3a gene sequences available would not allow us to per-
form a detailed phylogenetic comparison of geographically
separated clones. However, the fact that a South American
clone is more distantly related to the Thai clones suggests that
certain degrees of geographic isolation may exist. This pre-
liminary analysis will serve as the foundation for future de-
tailed studies of population structure of P. vivax in different
geographic regions.

The multiplicity of malaria infections, i.e., one person si-
multaneously infected by more than one parasite genotype, is
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common in endemic areas and particularly high in holoen-
demic areas. This can arise from co-infection, super-infection,
or even somatic mutation during the course of infection. In
many African regions with high perennial malaria transmis-
sion, the multiplicity of P. falciparum infections can reach
very high levels.** The proportions of multiple P. vivax infec-
tions have been estimated in Papua New Guinea, India, Bra-
zil, and Thailand, but it is difficult to compare these values
due to differences in sampling and genotyping meth-
ods.!#172333:34 However, it could be high in particular cases,
since as many as six parasite genotypes have been found in a
single host in Papua New Guinea.!” As concluded from this
and several earlier studies, using several markers allows the
detection of more multiple infections than using a single
marker.'* In Papua New Guinea, the combination of MSP-1,
CSP, and Duffy antigen binding protein identified multiple
infection in 65% of the samples.'* In Thailand, our study
using two molecular markers identified 35.6% multiple infec-
tions. The difference in multiple infection rates in different
malaria-endemic regions may reflect the difference in malaria
transmission intensity.>” In Thailand, our current study found
that the overall percentage of multiple infections (35.6%) was
close to that from our previous study (29.5%),% but less than
the 58% found in an earlier study.>® Furthermore, our result
is in sharp contrast to the scarcity of multiple infections found
in similarly hypoendemic areas of Sri Lanka using a panel of
monoclonal antibodies, suggesting that multiplicity of infec-
tion is influenced by many factors that differ geographically.
Nevertheless, the high levels of parasite population diversity
and lack of significant seasonal variations of major parasite
alleles suggest that the parasite population structure might be
maintained in this hypoendemic area. Therefore, the causes
of high parasite heterogeneity and detailed knowledge of ma-
laria epidemiology in this hypoendemic area of Thailand de-
serve further study.

Received November 21, 2002. Accepted for publication January 9,
2003.

Acknowledgments: We thank Dr. Kuijun Zhao, Christy Pepple, and
Jennifer Sommer for their assistance in sequencing some MSP-3a
clones.

Financial support: This study was partially supported by a grant R01
Al-46472-02S1 from the Research Supplement for Underrepresented
Minorities Program of the National Institute of Allergy and Infec-
tious Diseases, National Institutes of Health to Liwang Cui, and
grants RO1 AI-50243 and D43 TW01505 to Guiyun Yan.

Authors’ addresses: Liwang Cui, Carlye Mascorro, Qi Fan, and Kim-
berly Rzomp, Department of Entomology, Pennsylvania State Uni-
versity, 501 ASI Building, University Park, PA 16802, Telephone:
814-863-7663, Fax: 814-865-3048, E-mail: luc2@psu.edu. Benjawan
Khuntirat and Jetsumon Sattabongkot, Department of Entomology,
Armed Forces Institute of Medical Sciences—United States Army
Military Component, Bangkok 10400, Thailand. Guofa Zhou, Hong
Chen, and Guiyun Yan, Department of Biological Sciences, State
University of New York at Buffalo, Buffalo, NY 14260.

Reprint requests: Liwang Cui, Department of Entomology, Penn-
sylvania State University, 501 ASI Building, University Park, PA
16802.

REFERENCES

1. Mendis K, Sina BJ, Marchesini P, Carter R, 2001. The neglected
burden of Plasmodium vivax malaria. Am J Trop Med Hyg 64
(Suppl): 97-106.

2. Babiker HA, Walliker D, 1997. Current views on the population
structure of Plasmodium falciparum: implications for control.
Parasitol Today 13: 262-267.

3. Awadalla P, Walliker D, Babiker H, Mackinnon M, 2001. The
question of Plasmodium falciparum population structure.
Trends Parasitol 17: 351-353.

4. Kirchgatter K, del Portillo HA, 1998. Molecular analysis of Plas-
modium vivax relapses using the MSP1 molecule as a genetic
marker. J Infect Dis 177: 511-515.

5. Rosenberg R, Wirtz RA, Lanar DE, Sattabongkot J, Hall T,
Waters AP, Prasittisuk C, 1989. Circumsporozoite protein het-
erogeneity in the human malaria parasite Plasmodium vivax.
Science 245: 973-976.

6. Qari SH, Goldman IF, Povoa MM, Oliveira S, Alpers MP, Lal
AA, 1991. Wide distribution of the variant form of the human
malaria parasite Plasmodium vivax. J Biol Chem 266: 16297-
16300.

7. Qari SH, Goldman IF, Povoa MM, di Santi S, Alpers MP, Lal
AA, 1992. Polymorphism in the circumsporozoite protein of
the human malaria parasite Plasmodium vivax. Mol Biochem
Parasitol 55: 105-114.

8. Qari SH, Collins WE, Lobel HO, Tylor F, Lal AA, 1994. A study
of polymorphism in the circumsporozoite protein of the human
malaria parasites. Am J Trop Med Hyg 50: 45-51.

9. Wirtz RA, Rosenberg R, Sattabongkot J, Webster HK, 1990.
Prevalence of antibody to heterologous circumsporozoite
protein of Plasmodium vivax in Thailand. Lancet 336: 593—
595.

10. Del Portillo HA, Longacre S, Khouri E, David PH, 1991. Primary
structure of the merozoite surface antigen 1 of Plasmodium
vivax reveals sequences conserved between different Plasmo-
dium species. Proc Natl Acad Sci USA 88: 4030-4034.

11. Premawansa S, Snewin VA, Khouri E, Mendis KN, David PH,
1993. Plasmodium vivax: recombination between potential al-
lelic types of the merozoite surface protein MSP1 in parasites
isolated from patients. Exp Parasitol 76: 192-199.

12. Cheng Q, Stowers A, Huang TY, Bustos D, Huang YM, Rzep-
czyk C, Saul A, 1993. Polymorphism in Plasmodium vivax
MSAL1 gene — the result of intragenic recombinations? Parasi-
tology 106: 335-345.

13. Mancilla LI, Levitus G, Kirchgatter K, Mertens F, Herrera S, del
Portillo HA, 1994. Plasmodium vivax: dimorphic DNA se-
quences from the MSP-1 gene code for regions that are immu-
nogenic in natural infections. Exp Parasitol 79: 148-158.

14. Kolakovich K, Ssengoba A, Wojcik K, Tsuboi T, Al-Yaman F,
Alpers M, Adams JH, 1996. Plasmodium vivax: favored gene
frequencies of the merozoite surface protein-1 and the multi-
plicity of infection in a malaria endemic region. Exp Parasitol
83: 11-18.

15. Putaporntip C, Jongwutiwes S, Tanabe K, Thaithong S, 1997.
Interallelic recombination in the merozoite surface protein 1
(MSPI) gene of Plasmodium vivax from Thai isolates. Mol
Biochem Parasitol 84: 49-56.

16. Bruce MC, Galinski MR, Barnwell JW, Snounou G, Day K, 1999.
Polymorphism at the merozoite surface protein-3a locus of
Plasmodium vivax: global and local diversity. Am J Trop Med
Hyg 61: 518-525.

17. Bruce MC, Galinski MR, Barnwell JW, Donnelly CA, Walmsley
M, Alpers MP, Walliker D, Day K, 2000. Genetic diversity and
dynamics of Plasmodium falciparum and P. vivax populations
in multiply infected children with asymptomatic malaria infec-
tions in Papua New Guinea. Parasitology 121: 257-272.

18. Galinski MR, Corredor-Medina C, Povoa M, Crosby J, In-
gravallo P, Barnwell JW, 1999. Plasmodium vivax merozoite
surface protein-3 contains coiled-coil motifs in an alanine-rich
central domain. Mol Biochem Parasitol 101: 131-147.

19. Plowe C, Djimde A, Bouare M, Doumbo O, Wellems TE, 1995.
Pyrimethamine and proguanil resistance-conferring mutations
in Plasmodium falciparum dihydrofolate reductase: polymer-
ase chain reaction methods for surveillance in Africa. Am
J Trop Med Hyg 52: 565-568.

20. Snounou G, Viriyakosol S, Zhu XP, Jarra W, Pinheiro L, do
Rosario WE, Thaithong S, Brown KN, 1993. High sensitivity of
detection of human malaria parasites by the use of nested
polymerase chain reaction. Mol Biochem Parasitol 61: 315-320.



21.

22.

23.

24.

25.

26.

27.

28.

GENETIC DIVERSITY OF P. VIVAX IN THAILAND

Kain KC, Keystone J, Franke ED, Lanar DE, 1991. Global dis-
tribution of a variant of the circumsporozoite gene of Plasmo-
dium vivax. J Infect Dis 164: 208-210.

Sokal RR, Rohlf FJ, 1981. Biometry. Second edition. San Fran-
cisco, W.H. Freeman and Company.

Suwanabun N, Sattabongkot J, Wirtz RA, Rosenberg R, 1994.
The epidemiology of Plasmodium vivax circumsporozoite pro-
tein polymorphs in Thailand. Am J Trop Med Hyg 50: 460-464.

Burkot TR, Wirtz RA, Paru R, Garner P, Alpers MP, 1992. The
population dynamics in mosquitoes and humans of two Plas-
modium vivax polymorphs distinguished by different circum-
sporozoite protein repeat regions. Am J Trop Med Hyg 47:
778-786.

Kain KC, Brown AE, Webster HK, Wirtz RA, Keystone JS,
Rodriguez MH, Kinahan J, Rowland M, Lanar DE, 1992. Cir-
cumsporozoite genotyping of global isolates of Plasmodium
vivax from dried blood specimens. J Clin Microbiol 30: 1863—
1866.

Gonzalez JM, Hurtado S, Arevalo-Herrera M, Herrera S, 2001.
Variants of the Plasmodium vivax circumsporozoite protein
(VK210 and VK247) in Colombian isolates. Mem Inst Oswaldo
Cruz 96: 709-712.

Gonzalez-Ceron L, Rodriguez MH, Nettel JC, Villarreal C, Kain
KC, Hernandez JE, 1999. Differential susceptibilities of
Anopheles albimanus and Anopheles pseudopunctipennis to in-
fections with coindigenous Plasmodium vivax variants VK210
and VK247 in southern Mexico. Infect Immun 67: 410-412.

Rodriguez MH, Gonzalez-Ceron L, Hernandez JE, Nettel JA,
Villarreal C, Kain KC, Wirtz RA, 2000. Different prevalence
of Plasmodium vivax phenotypes CK210 and VK247 associ-
ated with the distribution of Anopheles albimanus and Ano-
pheles pseudopunctipennis in Mexico. Am J Trop Med Hyg 62:
122-127.

29.

30.

31.

32.

33.

34.

35.

619

Babiker HA, Lines J, Hill WG, Walliker D, 1997. Population
structure of Plasmodium falciparum in villages with different
malaria endemicity in east Africa. Am J Trop Med Hyg 56:
141-147.

Anderson TJC, Haubold B, Williams JT, Estrada-Franco JG,
Richardson L, Mollinedo R, Bocharie M, Mokili J, Mhara-
kurwa S, French N, Whitworth J, Velez ID, Brockman AH,
Nosten F, Ferreira MU, Day K, 2000. Microsatellite mark-
ers reveal a spectrum of population structures in the ma-
laria parasite Plasmodium falciparum. Mol Biol Evol 17: 1467—
1482.

Paul REL, Hackford I, Brockman A, Muller-Graf C, Price R,
Luxemburger C, White NJ, Nosten F, Day KP, 1998. Trans-
mission intensity and Plasmodium falciparum diversity on the
northwestern border of Thailand. Am J Trop Med Hyg 58:
195-203.

Tanner M, Beck H-P, Felger I, Smith T, 1999. The epidemiology
of multiple Plasmodium falciparum infections. 1. General in-
troduction. Trans R Soc Trop Med Hyg 93(Suppl): 1-2.

Joshi H, Subbarao SK, Adak T, Nanda N, Ghosh SK, Carter R,
Sharma VP, 1997. Genetic structure of Plasmodium vivax iso-
lates in India. Trans R Soc Trop Med Hyg 91: 231-235.

Machado RLD, Povoa MM, 2000. Distribution of Plasmodium
vivax variants (VK210, VK247, and P. vivax-like) in three en-
demic areas of the Amazon region of Brazil and their corre-
lation with chloroquine treatment. Trans R Soc Trop Med Hyg
94: 377-381.

Udagama PV, Gamage-Mendis AC, Havid PH, Peiris JSM, Per-
era KLRL, Mendis KN, Carter R, 1990. Genetic complexity
of Plasmodium vivax parasites in individual human infec-
tions analyzed with monoclonal antibodies against variant
epitopes on a single parasite protein. Am J Trop Med Hyg 42:
104-110.





