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Abstract

Plasmodium vivax merozoite surface protein-5 (PvMsp-5), a potential vaccine candidate, is encoded
by a two-exon single copy gene. We have conducted a comprehensive analysis of PvMsp-5 by
sequencing the entire gene of four parasite populations from northwestern Thailand (n = 73), southern
Thailand (n = 53), Indonesia (n = 25) and Brazil (n = 24), and five isolates from other endemic areas.
Results reveal that exon | exhibits a significantly higher level of nucleotide diversity at both
synonymous and nonsynonymous sites than exon 11 (p < 0.01). Neutrality tests based on both
intraspecific and interspecific nucleotide polymorphism have detected a signature of positive
selection in exon | of all populations while substitutions in exon I mainly followed neutral
expectation except that three residues in exon 11 of northwestern Thailand population appear to be
positively selected using the Bayes Empirical Bayes method. Short imperfect repeats were identified
in exon | at an equivalent region to its orthologue in P. knowlesi, supporting their close genetic
relatedness. Significant levels of population subdivision were detected among most populations
including those between northwestern and southern Thailand (p < 10~°), implying absent or minimal
gene flow between these populations. Importantly, evidences for intragenic recombination in
PvMsp-5 were found in most populations except that from southern Thailand in which haplotype
diversity and nucleotide diversity were exceptionally low. Results from Fu and Li’s D*, F* and D
and F tests suggested that PvMsp-5 of most P. vivax populations have been maintained by balancing
selection whereas southern Thailand population could have gone through recent bottleneck events.
These findings are concordant with a substantial reduction in number of P. vivax cases in southern
Thailand during the past decade, followed by a very recent population expansion. Therefore, spatio-
temporal monitoring of parasite population genetics provides important implications for disease
control.
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1. Introduction

Vaccination against pathogens has been proven a powerful means to eliminate and control a
number of infectious diseases since the past two centuries (Andre, 2003). Although malaria
can be controlled by integrated intervention such as early case detection, effective
chemotherapy and vector control, these strategies have been complicated by inaccessibility of
standard diagnostic tools, antimalarial resistant parasites and insecticide-resistant mosquitoes,
thereby development of a malaria vaccine is essential. Priority has been justified for developing
a vaccine against Plasmodium falciparum because it is the most prevalent and most virulent
species. Despite the fact that P. vivax accounts for 130-145 million infections annually,
progress in vaccine development against this parasite lags far behind vaccines against P.
falciparum (Hay etal., 2004 Price et al., 2007). Recent studies have highlighted the importance
of vivax malaria in causing severe disease manifestations ranging from severe anemia and
respiratory distress to cerebral involvement akin to those found in severe malaria caused by
P. falciparum (Baird et al., 2007; Price et al., 2007). Furthermore, the chronicity of vivax
malaria due to the presence of hypnozoites and the emergence of chloroquine- and primaquine-
resistant parasite strains from various endemic foci have underscored the burden of vivax
malaria as an important global health problem (Galinski and Barnwell, 2008). One of the
reasons underlying the ineffectiveness of malaria control is the lack of extensive knowledge
on parasite population structure and population dynamics in each endemic area, which has
theoretical and practical implications. Such knowledge will lead to understanding how genes
of interest such as antigenic diversity, drug resistance and pathogenicity circulate in a given
population while the interplay between selective forces on genes of interest and reproductive
modes within populations will provide essential groundwork for theoretical assumptions,
leading to a useful mathematical modeling to predict outcomes and consequences of certain
control measures (Gauthier and Tibayrenc, 2005).

The complex anatomical niche of asexual blood stages of malaria parasites while living inside
erythrocytes has secluded them from host destruction, probably by limiting direct accessibility
of host macromolecule, especially antibodies. A critical event in the malaria life cycle in a
human host is the process of release and reentry of merozoites into new erythrocytes because
free merozoites in circulation are vulnerable to elimination by host humoral immunity. In fact,
several proteins associated with merozoite surface or apical organelles are targets for naturally
acquired antibodies and some of these antibodies, e.g. those to the polymorphic merozoite
surface protein-1 (Msp-1) or apical membrane antigen-1 (AMA-1), are significantly correlated
with lower clinical severity or reduced parasitemia than individuals incapable of producing
specific antibodies (Egan et al., 1996; Conway et al., 2000; Polley et al., 2004). Therefore, a
number of merozoite surface proteins are considered to be candidates for malaria vaccine
development (Dooland and Steward, 2007).

The merozoite surface protein-5 of Plasmodium vivax (PvMsp-5) is a 41 kDa protein associated
with micronemes or distributed over the polar cap, an apical organelle that is crucial for host
cell entry by the merozoites. The gene encoding PvMsp-5 of the Thai-NYU strain is
characterized by a two-exon structure of 861 bp and 300 bp separated by a 402-bp intron
(Black et al., 2002). The PvMsp-5 locus and its paralogous gene, known as merozoite surface
protein-4 (PvMsp-4), are arranged in tandem located on chromosome 4 (Carlton et al., 2008).
The C-terminal part of PvMsp-5 possesses an epidermal growth factor (EGF)-like domain and

Gene. Author manuscript; available in PMC 2011 May 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Putaporntip et al.

Page 3

glycosylphosphatidyl inositol (GPI) anchor sequences that are also found in Msp-1 of both P.
falciparum and P. vivax. Importantly, experimental vaccination studies using either Msp-4/5
per se or in combination with the 19 kDa fragment of Msp-1 of P. yoelii have conferred
significant protection against lethal parasite challenges (Kedzierski et al., 2002; Wang et al.,
2004). Consistent results were obtained when Msp-4/5 of P. chabaudi adami was used as
immunogens in an experimental murine model, highlighting the potential role of Msp-5 as a
component in a malaria vaccine (Rainczuk et al., 2003).

A recent study of PvMsp-5 from 22 Colombian isolates has shown a remarkable sequence
variation clustering in exon I while the intron and exon Il contained relatively more conserved
sequences (Gomez et al., 2006). Analysis of genetic diversity in these isolates has further
suggested that intragenic recombination and probably positive selective pressure could cause
sequence diversity at this locus. Meanwhile, malarial parasites from diverse geographic origins
may possess different population genetic backgrounds that have practical significance for the
development of strategic intervention of the disease, including a rational vaccine design
(Putaporntip et al., 2002). The aims of the present study were to survey the extent of sequence
diversity of this locus and to determine population history and genetic mechanisms underlying
variation in PvMsp-5 of parasite populations from diverse disease endemic areas. Furthermore,
to further elucidate the patterns of selection on this gene, we incorporated tests based on both
intraspecific and interspecific polymorphisms by comparing with Msp-5 of P. knowlesi
(PkMsp-5). Here we recruited P. vivax populations from Thailand, Indonesia and Brazil and
isolates from Vietnam, Papua New Guinea, Solomon Island and India for population genetic
analysis.

2. Materials and methods

Parasite populations

We recruited 180 blood samples from symptomatic P. vivax-infected patients in northwestern
Thailand (51 males and 22 females from Tak Province), southern Thailand (30 males and 23
females from Yala and Narathiwat Provinces), Indonesia (15 males, 10 females from Lombok
Island), Brazil (15 males, 9 females from the Acre State), Vietnam (2 males), Papua New
Guinea (1 male), Solomon Island (1 male) and India (1 male). Blood samples were taken after
informed consent. Venous blood samples obtained from Thai patients were preserved in EDTA
anticoagulant while the remaining samples were from finger-prick blood spotted onto
Whatman 3MM Chr filter. The parasite density was estimated for isolates from Thailand by
examination of Giemsa-stained thick blood films for at least 200 leukocytes under x100
objectives. The mean parasite density from northwestern Thailand isolates and southern
Thailand isolates was 12,610 parasites/ul (range 35 to 44,520 parasites/ul) and 11,980
parasites/ul (range 70 to 38,540 parasites/ul), respectively. Isolates from Thailand, Indonesia,
Brazil and Vietnam were obtained during high transmission periods in 2006-2007, 2002, 1997
and 1995, respectively. The remaining isolates from elsewhere were collected in 1999. These
isolates had been previously characterized for the presence of single clone infection of P.
vivax using probes derived from the polymorphic blocks 2, 6 and 12 of PvMsp-1 by southern
blot hybridization or direct sequencing of the PCR-amplified products encompassing these
regions (Putaporntip et al., unpublished data). A blood sample from a Thai patient who was
infected with P. knowlesi was also included as a closely related outgroup malaria for
comparison (Escalante and Ayala, 1994; Escalante et al., 1998). The ethical aspects of this
study have been approved by the Institutional Review Board of Faculty of Medicine,
Chulalongkorn University.
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DNA preparation, amplification and sequencing

DNA was extracted from either venous blood samples using QlAamp kit (Qiagen, Hilden,
Germany) or finger-pricked blood spotted onto filter paper by the method as described by others
(Sakihama et al., 2001). The complete PvMsp-5 sequence spanning ~1.5 kb was amplified
using a forward primer (PvMsp-5-F0: 5'-TCTTCAATTTTCCGCTCAACC-3', nucleotides
—68 to —48 before the start codon of the Salvador | sequence, GenBank accession number
XM-001612943) and a reverse primer (PvMsp-5-R0: 5'-
CACAAGGTGAAGAGATCGAC-3, nucleotides +35 to +54 after the stop codon of the
Salvador | sequence). DNA amplification was carried out in a total volume of 30 pl of the
reaction mixture containing template DNA, 2.5 mM MgCl,, 300 mM each deoxynucleoside
triphosphate, 3 pl of 10X ExTag PCR buffer, 0.3 uM of each primer and 1.25 units of ExTaq
DNA polymerase (Takara, Seta, Japan). Thermal cycling profile included the preamplification
denaturation at 94°C for 1 min followed by 35 cycles of 94°C for 30 s, 60°C for 30 s and 72°
C for 2 min, and a final extension at 72°C for 5 min. DNA amplification was performed by
using a GeneAmp 9700 PCR thermal cycler (Applied Biosystems, Foster City, CA). We used
ExTaq DNA polymerase that possesses efficient 5'—3’ exonuclease activity to increase fidelity
and no strand displacement (Takara, Japan). The size of PCR product was examined by
electrophoresis in a 1% agarose gel and visualized under a UV transilluminator (Mupid Scope
WD, Japan). The PCR product was purified by using QIAquick PCR purification kit (QIAGEN,
Germany). DNA sequences were determined directly and bi-directionally from PCR-purified
templates. Sequencing analysis was performed on an ABI13100 Genetic Analyzer using the Big
Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA). Overlapping
PvMsp-5 sequences were obtained by using sequencing primers (PvMsp-5-F1: 5'-
CTTATGATGATTTATACAGC-3', nucleotides —23 to —4 before the start codon; PvMsp-5-
F2: 5-TGACGACGACAGCAGACTTC-3, nucleotides 837 to 856; PvMsp-5-R1: 5'-
GTCAGCGGCACTACGCAG-3', nucleotides +7 to +24 after the stop codon, and PvMsp-5-
R2: 5-TGATGTGGACATGTTTGA-3', nucleotides 896 to 913). Whenever singleton
substitution occurred, sequence was re-determined using PCR products from two independent
amplifications from the same DNA template. Determination of the Msp-5 gene of P.
knowlesi (PkMsp-5) was conducted essentially as described for PvMsp-5 except the PCR
primers (PkMsp-5-F0: 5'-ATCGCATTAAATTACCTGTTC-3', nucleotides —74 to —54 before
the start codon of P. knowlesi H strain under the accession number AM910986, and PkMsp-5-
RO: 5-CGTGCGTGTTTGTTTAGTTGTA-3’, nucleotides +73 to +94 after the stop codon)
and sequencing primers (PkMsp-5-F1: 5-CATTTCCCCCCTTATGATGA-3', nucleotides
—33 to —14 from the start codon, PkMsp-5-F2: GCAAGGATTCGCCAGAAGG-3,
nucleotides 719 to 737, PkMsp-5-R1: 5-~ACGGGGCACTACTTAGAGGTT-3’, nucleotides
+16 to +36 after the stop codon, and PKMsp-5-R2: 5'-AGGAGAATCAAGAAAATG-3,
nucleotides 776 to 793). Sequences in this study have been deposited in the GenBank™
Database under the accession numbers FJ874096 to FJ874276.

Statistical analyses

All PvMsp-5 sequences were aligned with the Thai NYU PvMsp-5 sequence (GenBank
accession number AF403476) for intraspecific comparison using the default option of the
Clustal X program (Thompson et al., 1997) and manually edited. In coding regions, indels were
placed using information on multiple alignments of amino acid sequences to maintain the
reading frame. Sequence of the Thai NYU strain (GenBank accession number AF403476) was
used as reference sequence. We included the PvMsp-5 sequences of Colombian isolates
available in the GenBank databases (accession numbers DQ341586 to DQ341601) for some
comparative analyses (Gomez et al., 2006). For interspecific comparison, all P. vivax sequences
were aligned with the two P. knowlesi sequences, one was from naturally acquired infection
in a Thai patient that was newly determined in this study (Jongwutiwes et al., 2004) and the
other was from a laboratory reared macaque, H strain (accession number AY573058) (Black
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et al., 2004). Tandem repeats are detected by scanning the sequence with a small window,
determining the distance between exact matches and testing the statistical criteria as
implemented in the Tandem Repeats Finder version 4.0 program (Benson, 1999). Tandem
Repeats Explorer based on K-means algorithm in sequences (T-REKS) was deployed to
reaffirm the results (Jorda and Kajava 2009). We also applied these algorithms to search for
repeats in the orthologous genes in P. falciparum, designated PfMsp-4 and PfMsp-5 from our
previous report (accession numbers AF447553 to AF447573) (Jongwutiwes et al., 2002).

Nucleotide diversity, Pi (xr) or per-site heterozygosity, was calculated from the average number
of pairwise sequence differences in the sample (Nei, 1987, equation 10.5) and its standard
deviation (or standard error) is the square root of the variance (Nei, 1987, equation 10.7) using
the MEGA 4.0 program (Tamura et al., 2007). Haplotype (gene) diversity and its sampling
variance were estimated according to equations 8.4 and 8.12 but replacing 2n by n (Nei,
1987). Linkage disequilibrium between loci within each parasite population expressed in terms
of the square of correlation coefficient (r2) between alleles (Hill and Robertson, 1968), the
Lewontin’s standardized disequilibrium coefficient (D”) (Lewontin, 1964) was determined by
the DnaSP 4.10.9 software (Rozas et al., 2003). Singleton polymaorphic sites were not included
in linkage disequilibrium analysis. The relationship between the r2 measure of linkage
disequilibrium and molecular distance was tested under random permutation of the physical
position of the single nucleotide polymorphism (SNP) using 1000 permutations as
implemented in the LDhat 2.1 package (McVean et al., 2002). We estimated the parameter Rm
which indicates the minimum number of recombination events in the history of the sample
using the DnaSP 4.10.9 software (Hudson and Kaplan, 1985; Rozas et al., 2003).

Evidence for departure from the predictions of the neutral model of molecular evolution was
determined by Tajima’s D, Fu and Li’s D* and F*, and Fu’s Fs tests that are based on measures
of allele frequencies or intraspecific polymorphism. Tajima’s D statistic measures the
difference between the average number of nucleotide differences and an estimate of 6 =
4Nep from the number of segregating sites (Tajima, 1983). Fu’s Fs test relies on the haplotype
frequency distribution conditional the value of 6 (Ewens, 1972; Fu, 1997). Fu and Li’s D* test
is based on the differences between the number of singletons, and the total number of mutations
while their F* test statistic takes into account the differences between the number of singletons
and the average number of nucleotide differences between pairs of sequences (Fu and Li,
1993). Analysis based on interspecific nucleotide diversity was performed using Fu and Li’s
D and F tests, Fay and Wu’s H statistic, and McDonald-Kreitman tests. Fu and Li’s D statistics
rely on the differences between the total number of mutations in external branches of the
genealogy and the total number of mutations while their F statistic compares the differences
between the total number of mutations in external branches of the genealogy and the average
number of nucleotide differences between pairs of sequences (Fu and Li, 1993). Fay and Wu’s
H test statistic (Fay and Wu, 2000) is based on the frequency of the derived variants which
measures departure from neutrality considering the differences between the average number
of nucleotide differences between pairs of sequences and the frequency of the derived variants
(Fay and Wu, 2000). Statistical significance of these parameters was estimated by coalescence
simulation using 10,000 pseudoreplicates. All of these tests were performed in the DnaSP
version 4.10.9 program (Rozas et al., 2003). The McDonald-Kreitman test compares the ratio
of synonymous to nonsynonymous polymorphism within a species and the ration of
synonymous to nonsynonymous polymorphism between closely related species. Statistical
departure from neutral expectation was tested by Fischer’s exact test (McDonald and Kreitman,
1991).

Analysis of selective pressure on PvMsp-5 was performed by the maximum-likelihood method

based on comparision of various site-specific models with different assumptions regarding the
ratio of nonsynonymous to synonymous substitution rates (o = dy/ds) as implemented in the
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CODEML program in PAML package version 4.0 (Yang, 1997; Yang, 2007). We computed
dn/ds ratio average across all sites in exon | and exon Il separately using model MO with one
o for all sites. Signature of positive selection was determined by comparing the fit of the model
pairs M1 (nearly neutral; considering two classes of sites, <1 and = 1) vs. M2a (assuming
an additional class of sites under positive selection, o > 1) and between models M7 (following
a beta distribution, o varying across sites) vs. M8 (following a beta distribution and an
additional class of sites under positive selection, o > 1), assuming that twice the log likelihood
difference between the two models has a 2 distribution with a number of degrees of freedom
equal to the difference in the number of free parameters (Whelan and Goldman, 1999). We
searched for positively selected sites at which nonsynonymous substitutions occur at a higher
rate than synonymous ones using the Bayes Empirical Bayes (BEB) estimation of posterior
probabilities for site class implemented in CODEML models M2a and M8 (Yang et al.,
2005).

Maximum-likelihood phylogeny based on PvMsp-5 from worldwide isolates was generated
using the PHYML 3.0 software under the following search parameters: gamma distribution to
account for site rate heterogeneity and the Hasegawa—Kishino—Yano two-parameter model
variant for unequal base frequencies (HKY85 model) to account for transition-transversion
and unequal nucleotide biases (Hasegawa et al., 1985). Initial trees were generated by an
improved version of the neighbor-joining algorithm (BIONJ) (Gascuel, 1997). Reliability of
branching patterns within trees was tested by the bootstrap method with 100 resamplings.

The genetic structure of population was investigated by analysis of molecular variance
approach (AMOVA) implemented in the Arlequin 3.11 software which is similar to the method
described by Weir and Cockerham but it takes into account the number of mutations between
molecular haplotypes (Excoffier et al., 1992). The implemented algorithm calculates the
fixation index FgT identical to the weighted average F-statistic over loci, 6w (Weir and
Cockerham, 1984). The significance of the fixation indices was tested using a non-parametric
permutation (Excoffier et al., 1992).

Characteristics of amino acid substitutions were based on charge and polarity of each residue.
Charge property includes positive (H, R and K), negative (D and E) or neutral (the remainder).
Polarity of amino acid residues is categorized as polar (S, Y, C, W, H, Q, T and N) or nonpolar
(the remainder). Prediction of HLA-I binding peptides followed the method taken into account
proteasomal C terminal cleavage and transporter associated with antigen processing (TAP)
transport efficiency at http://www.cbs.dtu.dk/services/NetCTL (Larsen et al., 2005).

Genetic diversity in PvMsp-5

Analysis of the entire PvMsp-5 gene of 180 P. vivax isolates from seven countries in this study
has identified 107 haplotypes. All of these haplotypes were novel and differed from recently
reported sequences from Colombia (Gomez et al., 2006). Size variation was observed in exon
I (range = 849 to 873 bp) and in intron (311 to 498 bp) while exon Il of all isolates contained
100 codons. We observed 104 amino acid changes and insertion/deletion of 13 codons in exon
I while 6 amino acid substitutions were detected in exon 1l comparing with the PvMsp-5
sequence of the Thai NYU strain (GenBank accession number AF403476)(Supplementary Fig.
1). The nucleotide diversity () of PvMsp-5 coding regions from Thailand (including both
northwestern and southern isolates), Indonesia and Brazil did not show significantly different
values, ranging from 0.03723 to 0.04210 (p > 0.05) (Table 1). However, when P. vivax
populations from northwestern and southern Thailand were considered separately, the latter
population exhibited significantly less diversity than the former (= = 0.01058 and 0.04405,
respectively) (p < 0.001). Nucleotide diversity, synonymous and nonsynonymous nucleotide
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polymorphisms were significantly more pronounced in exon | than in exon Il of PvMsp-5 and
this pattern occurred in all populations examined (p < 0.001) (Table 1). Despite a low level of
nucleotide diversity observed in exon 11, all 6 amino acid exchanges were located in the EGF-
like domain and GPI anchor sequences (supplementary Fig. 1). The haplotype diversity was
high across P. vivax populations from northwestern Thailand, Indonesia and Brazil while a
remarkably low value was observed in the population from southern Thailand (h = 0.365)
(Table 1). Like PvMsp-5, the orthologous gene of P. knowlesi accumulated more nucleotide
substitutions in exon | than in exon I, and most of the substitutions were nonsynonymous
replacements (data not shown).

Both Tandem Repeats Finder program and T-REKS program yielded identical results for
repeats identification in PvMsp-5 and PkMsp-5 (Benson, 1999; Jorda and Kajava 2009).
Although no apparent amino acid repeats occurred in PvMsp-5, three copies of imperfect
repeats characterized by a consensus sequence ‘AAGGAGATGGAGGAG’, occurred in exon
| of 10 out of 180 isolates (5.6%) analyzed in this study, i.e. TF127, TFF20, TFF23, TC137,
T1031 and T1192 from Thailand, DLB13a from Indonesia, and PC36, AD86 and BP29 from
Brazil. The other imperfect repeats with a consensus sequence ‘GGAG(or gap)AAGA (or gap)
GAAAAAG(or gap)GAAC(or gap)GGT’ were also found in a Colombian isolate (accession
number DQ341589) (Gomez et al., 2006). It is noteworthy that the orthologous gene in P.
knowlesi, possessed three copies of 24-bp repeat motifs at both nucleotide and amino acid
levels, characterized by ‘AGAAAATGG(C/T) AAAAAAAAGTGATGA’ motif also found to
be located at a similar region in exon I, spanning nucleotides 351 - 434 (positions after the H
strain sequence). Likewise, two copies of imperfect repeat motif were noted in PfMsp-4 but
none in PfMsp-5 (Fig. 1).

The intron in PvMsp-5 of worldwide isolates displayed considerable size variation, ranging
from 279 to 498 bp. Polymorphism in the intron is due to insertion/deletion of single nucleotides
and variation in numbers of the repeat arrays (Supplementary Fig. 2). Of all isolates examined
including 16 Colombian isolates from the GenBank database, 41 haplotypes were observed.
Most worldwide isolates (41.6%) shared identical intron sequence with the NYU strain from
Thailand (Gomez et al., 2006.) Nucleotide diversity in intron was significantly lower than those
inexon | (p <0.001) while statistical difference was not observed between nucleotide diversity
in intron and in exon Il (Table 1).

Recombination and linkage disequilibrium

Analysis of linkage disequilibrium between polymorphic sites across the PvMsp-5 gene was
performed for each population. A decline in numbers of significant linkage disequilibrium
between pairs of polymorphic loci (both r2 and D”) over molecular distance was observed (data
not shown). The correlation between the linkage disequilibrium expressed by the r2 values and
nucleotide distance estimated from the LDhat version 2.1 package yielded a significant
negative correlation (corr r2,d =—0.24045, df = 71, p < 10~4) for the northwestern Thai isolates,
indicating intragenic recombination in this gene. Likewise, evidence for intragenic
recombination in PvMsp-5 occurred in parasite populations from Indonesia (corr r2, d =
—0.26992, df = 23, p < 10~%) and Brazil (corr r2, d =—0.17068, df = 22, p < 10~4). Consistently,
the minimum number of recombination events estimated by means of the four-gamete test
revealed 30, 24 and 15 recombination sites in the P. vivax populations from northwestern
Thailand, Indonesia and Brazil, respectively, reaffirming the results of linkage disequilibrium
analysis. It is noteworthy that Rm occurred mainly within exon | of PvMsp-5. On the other
hand, significant inverse relationship between the r2 values and nucleotide distance along the
PvMsp-5 gene was not observed in the parasite population from southern Thailand (corr r2,
d = oo, df =51, p = 1.0). Consistently, no detectable Rm value was generated by means of the
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four gamete test (Hudson and Kaplan 1985), implying no recombination in the PvMsp-5 locus
between P. vivax isolates in southern Thailand.

Population differentiation

We measured the Fgr statistics for all pairwise comparisons between populations to assess
whether there was evidence of genetic differentiation between P. vivax populations in this
study. All pairwise Fst values among P. vivax populations from different geographic regions
were significantly greater than zero, indicating genetic differentiation between populations
(p < 107°) (Table 2, upper diagonal values). Because P. vivax samples from northwestern and
southern Thailand were from different endemic areas with a distance of more than 1,000 km
apart and had a remarkable difference in both haplotype and nucleotide diversities at the
PvMsp-5 locus, these parasite populations had Fst values significantly different from zero
(p < 107°) and thus were considered to be distinct populations with minimum or absence of
gene flow. However, the Fst value between P. vivax populations from northwestern Thailand
and Indonesia did not show significant departure from zero, indicating a lack of genetic
differentiation between these populations (Table 2, lower diagonal values). When the Fst
values were plotted against the geographic distance where samples were collected, no
significant correlation was observed (r = —0.22829; p = 0.66) (Fig. 2).

Phylogenetic relationship

In total of 197 isolates of P. vivax from diverse geographic origins (180 isolates in this study,
16 isolates from Colombia and the Thai NYU strain) contained 105 unique coding sequences.
Maximum likelihood phylogeny revealed that the PvMsp-5 alleles could not be assigned into
any particular lineage, indicating that no distinctive parental types could be discerned at this
locus. The distribution of the PvMsp-5 alleles in the phylogenetic tree did not exhibit
geographic clustering but rather that parasites from diverse geographic origins could be found
throughout the tree (Fig. 3). Phylogenetic trees generated separately from exon I, exon 11 or
intron yielded different topologies, implying no apparent association between these regions
(data not shown). High nucleotide diversity and the presence of recombination in exon I could
be attributable to difference in these phylogenetic relationships. Despite significant genetic
differentiation between P. vivax populations from northwestern and southern Thailand, the
genealogy of all 3 haplotypes found in southern region were closely related to the isolates from
northwestern area (Fig. 3).

Tests of neutrality

Maximum-likelihood estimates of rates of evolution at synonymous and nonsynonymous sites
in the PvMsp-5 gene have shown that exon | of each population had average dN/dS ratio ()
across sites significantly greater than 1 (p < 0.00001) (Table 3). Comparison of nested site
models assuming neutral evolution or null models (M1 and M7) to models containing positively
evolving sites (M2a and M8) has revealed that the models M2a and M8 fitted the data of exon
I significantly better than the models M1 and M7 by likelihood-ratio tests (p < 0.00001),
supporting the presence of positive selection in this region. On the other hand, application of
similar comparison of these nested models for exon 1l did not yield significant difference;
thereby no evidence of positive selection was observed (Table 3). The BEB analysis under the
models M2a and M8 identified a number of sites in exon | to be under positive selection
(posterior probability > 0.95 to > 0.99). No positively selected sites were observed in exon 11
of parasite populations from southern Thailand, Indonesia and Brazil. However, three sites in
exon Il of P. vivax population from northwestern Thailand had posterior probability under the
model M8 reaching significant level (> 0.95), suggesting micro-scale signature of positive
selection in this segment (Table 2). In the presence of recombination, identification of sites
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under positive selection by the BEB method has shown to be more robust than the likelihood
ratio test (Anisimova et al., 2003).

Application of the Tajima’s D statistics and Fu’s Fs test to each population revealed that none
of the population showed significant departure from neutral expectation. Likewise, no
significant results were obtained when exon | and exon 11 of PvMsp-5 were analyzed separately.
When Fu and Li’s D* and F* tests were applied to P. vivax population from northwestern
Thailand, significant positive values were obtained for exon I and the entire coding region (p
< 0.05) while exon Il yielded a non-significant negative value, suggesting that balancing or
diversifying selection maintains polymorphism in exon I. It is noteworthy that the parasite
population from southern Thailand gave high negative Fu and Li’s D* and F* values for exon
I and the entire coding region of PvMsp-5 along with a negative value of Tajima’s D test,
implying that directional or purifying selection might have acted against less frequent
genotypes or arecent population bottleneck might have occurred, thus eliminating less frequent
alleles. On the contrary, no significant departure from neutrality was observed when these tests
were applied to the parasite populations from Brazil and Indonesia. When Fu and Li’s D and
F tests were applied to each population using two PkMsp-5 sequences as closely related
outgroups, significant departure from neutrality could be found in exon | and the entire coding
region of PvMsp-5 in populations from northwestern Thailand and Indonesia (p < 0.05).
Meanwhile, Fay and Wu’s H test yielded highly significant negative values in P. vivax
population from southern Thailand (p < 0.01), reflecting a relative excess of high-frequency
derived variant alleles as expected to occur immediately after a selective sweep (Table 4).

Comparison of synonymous and nonsynonymous polymorphic changes within P. vivax and
between P. vivax and P. knowlesi following the MacDonald-Kreitman test has shown that exon
I and the entire coding region of PvMsp-5 in each parasite population had significant deviation
in positive direction from neutral expectation (p < 0.01), a signature of positive selection
(balancing selection). Consistent with other tests, none of these populations generated
significant values of the MacDonald-Kreitman test for exon Il (Table 5).

Amino acid substitutions

The majority of amino acid substitutions in PvMsp-5 were conservative with respect to polarity
as 63.6% of these remained unchanged while the reverse was true with respect to charge
property as 67.3% of these changes altered their charge profiles. Closer look into the substituted
residues in exons | and Il of PvMsp-5 has identified a number of potential HLA class I-binding
peptides in exon | and a few in exon Il as predicted by the high scores for the C-terminal
cleavage and the transporter associated with antigen processing efficiency (Larsen et al.,
2005) (data not shown). Importantly, amino acid substitutions in some of these peptides
abolished the predicted property of the epitopes (Table 4). It is noteworthy that substituted
residues in some of these epitopes in both exons | and Il were shown to be positively selected
based on the BEB analysis (Table 3).

4. Discussion

Both PfMsp-5 and PvMsp-5 are frequently recognized by species-specific antibodies induced
by natural infections (Woodberry et al., 2009). Analysis of polymorphism at the Msp-5 locus
of P. vivax populations from Thailand, Indonesia and Brazil, and isolates from four other
endemic areas in Asia revealed a substantial number of nucleotide substitutions in the coding
region with a nonrandom distribution. Polymorphism in PvMsp-5 is characterized by both
nucleotide substitutions and indels that mainly clustered in the middle portion of exon | while
a limited number of codon changes was observed in exon Il. Variation in the intron of
PvMsp-5 was largely due to deletion or insertion of repeats or partial repeat units, following
those previously observed among P. vivax population in Colombia (Gomez et al., 2006).
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Although no repeats were observed in previous study by others (Gomez et al., 2006), our
analysis has identified two types of imperfect repeats in exon | of PvMsp-5 of some isolates
(Fig. 1). Indels in these imperfect repeats that could be generated by slipped-strand mispairing
or related mechanisms have disrupted repeat characteristics at amino acid level by frameshift
mutations (Levinson and Gutman, 1987). Likewise, one of two orthologues in P. falciparum
(PfMsp-4) contained two copies of imperfect repeats akin to those found in PvMsp-5 (Figure
1) (Jongwutiwes et al, 2002). Furthermore, three copies of 8-codon repeats occurred in exon |
of the orthologous gene in P. knowlesi that was not noted previously (Black et al., 2004).
Because both P. vivax and P. knowlesi are closely related in terms of mitochondrial genome-
based and small subunit ribosomal RNA-based phylogenies (Escalante et al., 1994; Escalante
et al., 1998; Jongwutiwes et al., 2005), the imperfect repeats or remnant of repeat motifs in
PvMsp-5 found in some P. vivax isolates could further support their close genetic relatedness,
thereby the generation of repeats in exon | plausibly preceded speciation, followed by
subsequent loss in most P. vivax lineages.

We observed a strong population structure in P. vivax isolates from Thailand (considering
northwestern and southern isolates as a single population), Indonesia and Brazil as evidenced
by the F5T values among parasites from different geographic origins being significantly greater
than zero. However, when P. vivax from northwestern and southern Thailand were considered
as separate populations, a low and not significant Fgt value was found between populations
from northwestern Thailand and Indonesia, suggesting indistinguishable or meager genetic
differentiation between them. Likewise, analysis of the apical membrane antigen-1 (AMA-1)
locus of P. vivax has revealed similar trends of genetic differentiation, i.e. populations from
northwestern Thailand and Indonesia were not differentiated while a striking geographical
differentiation occurred between populations from Thailand and Brazil (Grynberg et al.,
2008). Although gene flow between these populations could have been ongoing, no evidence
of frequent historical migration of hosts or vectors between northwestern Thailand and
Indonesia could support such a process. Alternatively, it might be suggested that ancient
balanced polymorphism could have maintained the genetic make-up of these populations after
the expansion of P. vivax from this region (Jongwutiwes et al., 2005). Plots of FgT values
against geographical distance did not yield significant correlation, further purporting an ancient
selectively maintained polymorphism at the PvMsp-5 locus. Nevertheless, a closely related
genealogy of all PvMsp-5 haplotypes from southern Thailand to those from northern area could
suggest that they might originate from a common ancestral haplotypes preceding current
population subdivision rather than being introduced from elsewhere.

Intragenic recombination has reportedly been implicated in sequence diversity in other P.
vivax surface proteins such as genes encoding the merozoite surface protein-1,
thrombospondin-related adhesive protein and apical membrane antigen-1 (Putaporntip et al.,
2001; Putaporntip et al., 2002; Putaporntip et al., 2009). Analysis of linkage disequilibrium
between parsimony informative sites and estimation of the minimum number of recombination
events in the history of the PvMsp-5 gene have supported previous study that intragenic
recombination enhances sequence diversity at this locus (Gomez et al., 2006). It is noteworthy
that P. vivax populations from northwestern Thailand and Indonesia had higher Rm than that
from Brazil, implying that recombination events occurred more frequently in the former
populations. More importantly, the zero value of Rm and no correlation between r2 and
molecular distance in the PvMsp-5 locus by linkage disequilibrium analysis indicate no
intragenic recombination in parasite population from southern Thailand, conforming to clonal
expansion. Meanwhile, it is noteworthy that no mixed infections of PvMsp-1 haplotypes were
detected in southern P. vivax isolates in this study. Taken together, the paucity of haplotypes
(n=3) in southern P. vivax population and extremely low prevalence of mixed infections of
P. vivax could compromise interallelic recombination at this locus.
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In the present study, we used various tests based on either intraspecific or interspecific
comparisons to investigate the pattern of selection on the PvMsp-5 locus for each population
because each test may have different statistical powers to detect departure from neutrality
(Zhai et al., 2008). The results of several maximum likelihood approaches provide strong
evidence that exon | has experienced positive selection. Although no evidence of positive
selection was observed in exon |1, BEB analysis using the model M8 has identified 3 positively
selected sites in this region. The MacDonald-Kreitman tests, excluding sites equivalent to
repeat regions because of uncertainty in sequence alignment, reaffirmed a significant departure
from neutral expectation in positive direction for exon | and the entire coding region but not
in exon |1 of all populations. Meanwhile, a number of HLA-class | binding peptides were
predicted to locate mainly in exon | and a few in exon Il. Several of these peptides contained
amino acid substitutions at positively selected sites and a number of these exchanges resulted
in alteration of peptide-binding scores (Table 4). Despite the presence of 6 amino acid
substitutions in exon |1, all cysteine residues forming the EGF-like domain were perfectly
conserved in all isolates. Therefore, limited diversity in exon 11 of PvMsp-5 could partly stem
from some functional or structural constraints. Taken together, these results support previous
analysis using P. vivax isolates from Colombia that polymorphism in exon | is greater than that
inexon Il (Gomez et al., 2006) while exon | and a few residues in exon Il have been maintained
by positive selection, probably from host immune pressure.

Meanwhile, polymorphism in PvMsp-5 of populations from northwestern Thailand and
Indonesia seems to be under balancing selection as evidenced by a significant positive tests
based on Fu and Li’s D and F statistics as well as equivalent tests without an outgroup for
population from Indonesia. However, P. vivax from southern Thailand exhibits significantly
negative departure from neutrality by Fu and Li’s D* and F* statistics and a negative value for
Tajima’s D test, albeit not significant, which could be resulted from directional or purifying
selection or a recent population bottleneck. Consistently, a large positive value of Fu’s Fs test
may further suggest population bottleneck or overdominant selection at the PvMsp-5 locus of
P. vivax from southern Thailand. Although the negative Tajima’s D value may also suggest
recent population growth, this skew will be caused by low-frequency-derived variants (Fu,
1997). As a result, population growth per se will always generate a positive skew in Fay and
Wu’s H statistic. On the contrary, the effect of a recent bottleneck or a selective sweep (a locus-
specific bottleneck followed by population expansion) could fit the results of significantly
negative value of Fay and Wu’s H test while older bottlenecks will result in a more negative
Tajima’s D and a positive H statistics when new mutations emerge in the population (Haddrill
etal., 2005). It is noteworthy that genetic differentiation seems to be most pronounced between
P. vivax population of southern Thailand and all others (northwestern Thailand, Brazil and
Indonesia) (Table 2) although the Fg1 values between other pairs of populations are very low
but their p values reached a significant level. Meanwhile, the phylogenetic relationships in
samples from southern Thailand were not intermixed as much as other samples. Although the
reasons underlying such contradictive findings are not well understood, an interplay among
factors such as variability in selective pressure generated by host immune responses to
PvMsp-5, difference in frequency of intragenic recombination in mosquito vectors, genetic
drift that occurs as a result of a drastic reduction in population by an event having little to do
with the usual forces of natural selection and introduction of new variants into the local gene
pool by population migration could shape genetic profiles of these populations differently.
Further studies related to these issues would be required to address this phenomenon.

The annual parasite incidence (API) or the number of malaria cases positive by microscopy
per 1,000 persons per year in Thailand has an overall decline since 1982 because of early case
detection, timely change of national antimalarial drug policy and active implementation of
vector control measures (Zhou et al., 2005; Annual Statistics, Division of Vector-Borne
Diseases, Ministry of Public Health, Thailand 2009). However, the number of P. vivax cases
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in Tak, Yala and Narathiwat Provinces has been fluctuating over the past 3 decades (Fig. 4A).
Vivax malaria in Tak Province reached a maximum peak in the year 1999 (n=14,037), followed
by a rapid decline in the total number of cases in the following years and remained relatively
stable during 2004-2008. A striking reduction in total number of vivax cases in Yala Province
occurred twice in the year 1996 (n=308) and in 2000 (n=299), followed by a rapid increase in
the number of cases in 2001 (n=3,142). A similar trend was found in P. vivax in Narathiwat
Province with the lowest number of cases observed in the year 2003 (n=86), followed by a
relatively substantial increase in the number of cases during the past 4 years, coinciding with
a reduction or absence of vector control activities (Fig. 4B). Therefore, it seems that P. vivax
populations in all of these endemic areas are subject to bottleneck effects on a different time
scale. It is noteworthy that our recent sequence analysis of the same parasite populations in
Thailand has shown that the merozoite surface protein-4 (PvMsp-4) locus of southern
population (n=53) exhibited exceptionally lower nucleotide diversity than that of northwestern
population (n=77), i.e. n+S.D. for southern population = 0.00056+0.00013 and for
northwestern population = 0.00214+0.00035 (Putaporntip et al., 2009). Consistently, the low
nucleotide polymorphism and the negatively significant values of parameters Fu and Li’s D*
and F* at the PvMsp-5 locus of population from southern Thailand would suggest the
population bottleneck effect. However, the extent of nucleotide diversity, significant positive
direction of Fu and Li’s D*, D, F and F*, and recombination parameters at the PvMsp-5 locus
of Tak population rather indicate balancing selection. This paradox can be explained by the
fact that vivax malaria epidemiology in Tak Province has been influenced by migrants and
transmigrants carrying malaria from Myanmar that could contribute to and maintain variants
of PvMsp-5 in this endemic area while almost all malaria cases in Yala and Narathiwat
Provinces were indigenous cases and transmigrants carrying malaria from Malaysia seems to
be trivial (Chareonviriyaphap et al., 2000). Importantly, our study has depicted a correlation
between P. vivax population dynamics and the results predicted from molecular data based on
the PvMsp-5 locus. Undoubtedly, the effectiveness of a malaria vaccine requires knowledge
about parasite evolutionary dynamics, population history and social factors.
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Abbreviations

PvMsp-5 Plasmodium vivax merozoite surface protein-5
PkMsp-5 Plasmodium knowlesi merozoite surface protein-5
T nucleotide diversity

TS synonymous nucleotide diversity

h haplotype diversity
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nonsynonymous nucleotide diversity
number of synonymous substitutions per synonymous site
number of nonsynonymous substitutions per nonsynonymous site

Fst fixation index

GPI glycosylphosphatidyl inositol

EGF epidermal growth factor

API annual parasite incidence
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Nucleotide

(R) AAGGCAGATGGAGGAG
AAGG-AGATGGAGGAG
GAGGC-GAT-GAGGAG

(B) GGA-AAG-GAAAAA-GAA-GGT
GGAGAAGAGAAAAAGGAACGGT

(C) AGAAAATGGAAAAAAAAGTGATGA
AGAAAATGCAAAAAAAAGTGATGA
AGAAAATGTAAAAAAAAGTGATGA

(D) GAAGGAGAAGG-AGAACAT
GAA-GAGGAGGAAGAACAT

Figure 1.

Lys
Glu
Gly

Gly
Gly

Glu
Glu
Glu

Glu
Glu

Amino Acid

Ala
Gly
Gly

Lys
Glu

Asn
Asn
Asn

Gly
Glu

Asp
Asp
Asp

Glu
Glu

Gly
Ala
Val

Glu
Glu

Gly
Gly
Glu

Lys
Lys

Lys
Lys
Lys

Gly
Glu

Gly
Gly
Glu

Glu
Lys

Lys
Lys
Lys

Glu
Glu

Gly
Glu

Ser
Ser
Ser

His
His

Page 17

Arg

Asp Glu
Asp Glu
Asp Glu

Imperfect repeats in exon | of PvMsp-5 of (A) isolates Thai-TF127, Thai-TFF20, Thai-TFF23,
Thai-TC137, Thai-1031, Thai-1192, Indonesia-DLB13A, Brazil-PC36, Brazil-BP29 and
Brazil-AD86 and (B) isolate Colombia-DQ341589. Repeats in Msp-5 of P. knowlesi (C) and

in Msp-4 of P. falciparum (D).
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Figure 2.
Lack of association analysis between Fgy and geographic distance for P. vivax populations
from northwestern and southern Thailand, Indonesia and Brazil (r = —0.22829; p = 0.66).
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Figure 3.

Maximum likelihood tree inferred from coding regions of PvMsp-5 from diverse geographic
origins. Numbers of identical sequences are in parentheses. Bootstrap values > 70% from 100
pseudoreplicates are shown as filled circles at the branches. NW and S Thailand denotes isolates
from northwestern and southern Thailand, respectively.
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Figure 4.

Annual number of microscopy-positive cases caused by P. vivax in Tak, Yala and Narathiwat
Provinces from 1979 to 2008 (A) and ratio of P. vivax-infected cases to P. vivax-infected cases
detected in 1995. (source: Division of Vector-Borne Diseases, Ministry of Public Health,
Thailand).
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Page 23

Genetic differentiation (Fst indices) of P. vivax populations from northwestern and southern regions of Thailand,
Indonesia and Brazil

Northwestern ~ Southern  Indonesia  Brazil
Thailand Thailand
Thailand (all) 007225 0.09479™
Northwestern
Southern 0.32855™
Indonesia 0.01084% 0.45430" 0.03801"
Brazil 0.06139* 0.45380°  0.07529"

Upper diagonal and lower diagonal FST values were computed considering parasites from northwestern and southern Thailand as single and distinct
populations, respectively. Test of hypothesis that FST does not depart from zero by permutation:

*
p< 107

#5 = 018010,
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