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Abstract

Pfs230, surface protein of gametocyte/gamete of the human malaria parasite, Plasmodium
falciparum, is a prime candidate of malaria transmission-blocking vaccine. P. vivax has an
ortholog of Pfs230 (Pvs230), however, there has been no study in any aspects on Pvs230 to date.
To investigate whether Pvs230 can be a vivax malaria transmission-blocking vaccine, we
performed evolutionary and population genetic analysis of the Pvs230 gene (pvs230:
PVX_003905). Our analysis of Pvs230 and its orthologs in seven Plasmodium species revealed
two distinctive parts: an interspecies variable part (IVP) containing species-specific oligopeptide
repeats at the N-terminus and a 7.5 kb interspecies conserved part (ICP) containing 14 cysteine-
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rich domains. Pvs230 was closely related to its orthologs, Pks230 and Pcys230, in monkey malaria
parasites. Analysis of 113 pvs230 sequences obtained from worldwide, showed that nucleotide
diversity is remarkably low in the non-repeat 8-kb region of pvs230 (6= = 0.00118) with 77
polymorphic nucleotide sites, 40 of which resulting in amino acid replacements. A signature of
purifying selection but not of balancing selection was seen on pvs230. Functional and/or structural
constraints may limit the level of polymorphism in pvs230. The observed limited polymorphism in
pvs230 should ground for utilization of Pvs230 as an effective transmission-blocking vaccine.
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malaria; Plasmodium vivax; Pvs230; gametocyte surface antigen; purifying selection;
transmission-blocking vaccine

1. Introduction

Malaria is a major infectious disease caused by protozoa of the genus Plasmodium and
transmitted by anopheline mosquito. There were an estimated 243 million clinical cases and
863,000 malaria-related deaths in 2008 [1]. Among four species of human malaria parasites,
Plasmodium vivax was the most globally distributed. Although often malaria caused by P.
vivax is regarded as a benign and self-limiting infection, there is increasing evidence that the
overall burden, the economic impact, and the severity of disease associated with P. vivax
have been underestimated. Particularly in Asia and Pacific, many endemic countries now
wish to eliminate P. vivax malaria totally. The elimination strategies are however limited
and confounded by emergence of multidrug resistant isolates and relapse from dormant
hypnozoites stages at varying time intervals after the initial infection and there have not
been available any optimal chemotherapeutic agents to combat against these situations [2,3].
Therefore, the development of vaccines against P. vivax is a necessary component towards
malaria elimination [4]. Malaria vaccines are generally divided into three groups based on
stages of the parasite life cycle that are targeted: pre-erythrocytic, asexual blood-stage, and
transmission-blocking vaccines (TBVs). Pre-erythrocytic vaccines act against sporozoites
and liver-stage parasites and are designed to prevent infection. Asexual blood-stage vaccines
are aimed at reducing parasite multiplication and growth to protect against clinical
symptoms, but not infection. TBVs are aimed at blocking malaria transmission by
interrupting the parasite life cycle in the mosquito. TBVs as such do not directly protect
vaccinated individuals from infection; however, they could contribute to elimination of the
disease by lowering the parasite transmission efficiency.

TBVs elicit antibodies against surface antigens of sexual- and mosquito-stage parasites and,
thus, arrest subsequent development of parasite in the mosquito midgut [5]. Target antigens
for TBV development are sexual- and mosquito-stage specific surface molecules. Antigens
specifically expressed by zygotes and ookinetes in the mosquito midgut (e.g., P25 and P28
in P. falciparum and P. vivax), referred to as post-fertilization target antigens, have been
shown to be effective for inducing transmission-blocking immunity [6-8]. The ookinete
surface antigens, Pfs25 in P. falciparum and Pvs25 in P. vivax, have been tested in Phase |
clinical trials, and a positive correlation of the TBV efficacy with the antibody titer against
each vaccine in the volunteers have been demonstrated [9-11]. However, P25 is not a
boostable TBV candidate because it is not expressed by blood- stage parasites and hence it is
not exposed to host immune response in natural infections [12]. In contrast to ookinete
surface antigens, antigens that are involved in fertilization of male and female gametes,
referred to as pre-fertilization target antigens, may be boostable TBV candidate antigens
because they are also expressed in the gametocytes in the human blood and exposed to
human immune response. Major proteins found on the surface of both male and female

Vaccine. Author manuscript; available in PMC 2012 June 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Doi et al.

Page 3

gametocytes/gametes such as Pfs48/45 and Pfs230 belong to a family defined by the
presence of a unique arrangement of six cysteine-containing domains [13]. Pfs48/45,
expressed on the surface of gametocytes/gametes, contains three cysteine rich domains
(CRDs) [14,15]. Pfs230 is a 360-kDa surface protein, which is also expressed on the surface
of gametocytes/gametes, contains 14 CRDs [16-19]. In P. falciparum the Pfs230 minus
males have reduced ability to interact with erythrocytes and fewer oocysts are produced
[20]. Monoclonal antibodies (mAbs) against the CRDs can potently be effective in blocking
the infectivity of the parasites to mosquitoes [21-25]. Antibodies raised against a
recombinant protein corresponding to a N-terminal 76-kDa part of the mature Pfs230 have
been shown to reduce the ability of P. falciparum parasites to infect mosquitoes [26].
Importantly, Pfs230 elicits humoral immune responses in infected individuals that can
mediate transmission-blocking immunity [27,28]. These accumulating evidence supports the
priority of Pfs230 as candidate of falciparum TBV.

Most of the antigens expressed on the surface of asexual blood-stage parasites are highly
polymorphic and under positive selection [29]. Polymorphic antigens are likely to induce
immune responses in an allelic variant-dependent manner [30,31] and thus may limit the
efficacy of vaccines based on such antigens. In contrast, antigens expressed in the sexual-
and mosquito-stages show limited polymorphism; these include Pfs25 [9], Pfs28 [32],
Pfs230 [17,33,34], Pvs25 and Pvs28 [35,36]. P. vivax has an ortholog of Pfs230 (Pvs230)
[37]. Searching for immunodominant and conserved domains in this large molecule is of
particular importance to design the vaccine antigen. There has been no study in any aspects
on Pvs230 to date. We have therefore decided to investigate whether Pvs230 can be a
promising TBV candidate. We performed evolutionary and population genetic analyses of
the pvs230, specifically addressing (i) the evolutionary relatedness of pvs230 with its
orthologs in other seven Plasmodium species and (ii) nucleotide polymorphism of pvs230 in
P. vivax populations from diverse geographical areas. Comparative sequence analysis
identified interspecies variable- and conserved-parts in pvs230, and provides evidence that
Pvs230, particularly CRDs, has limited polymorphism. These results reinforce that Pvs230
can be a promising TBV candidate of P. vivax.

2. Materials and methods

2.1. Parasite isolates and DNA extraction

P. vivax isolates were collected from patients in seven endemic countries; Brazil, Turkey,
Madagascar, China, Thailand, Papua New Guinea (PNG) and Solomon Islands. In Brazil, 22
isolates were collected from Acre state, northwestern Brazil, between 1999 and 2006
[38,39]; in Turkey, 20 isolates were collected from Siverek and Harran in Sanliurfa
province, southeastern Turkey in June to November 2007-2008 [40]; in Madagascar, 16
isolates were collected from various regions (Sainte Marie in eastern coast, Taolagnaro in
southern coast, Antananarivo and Ankazobe in central highland, Saharevo in eastern
foothill, and Ampasimpotsy in western foothill) in 2000 to 2005; in China, 22 isolates were
collected from Hubei, southeastern China in July to October 2000; in Thailand, 37 isolates
were collected from Mae Kasa and Mae Sod in Tak Province, western Thailand in January
1999 to October 2000; in PNG, 29 isolates were collected from Kiniambu and Jawia
villages, Wewak, East Sepik Province in northeast coast in August to September 2001 [41];
in Solomon Islands, 18 isolates were collected from area B of northern Guadalcanal island in
February 2007-2008 [42]. In all cases, ethical clearance for sampling was approved from
relevant ethical committees, and informed consent was obtained from patients or their
guardians. In Turkey, PNG and Solomon Islands, finger-prick blood was collected on
Whatman® 31ETCHR filter paper. Parasite genomic DNA was extracted from filter blots
using the EZ1 DNA Investigator kit on the EZ1 BioRobot™ (Qiagen, Germany). In other
countries, parasite DNA was extracted from venous blood, using QlAamp DNA Blood Mini
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Kit (QIAGEN, Hilden, Germany). Three Aotus monkey-adapted P. vivax isolates were
additionally obtained from ATCC (American Type Culture Collection): Chesson strain
(PNG) (ATCC #30060), Nicaragua strain (ATCC # 30073) and Panama strain (ATCC #
30138). Genomic DNA from P. cynomolgi (B strain) (ATCC # 30129), a P. vivax-related
monkey malaria parasite [43] was also used. Genomic DNA from P. yoelii (17XNL strain)
was extracted from infected mouse blood, using QlAamp DNA Blood Mini Kit (QIAGEN).

2.2. DNA sequencing

The Pvs230 gene (pvs230) was amplified by PCR. PCR primers were designed from the P.
vivax Sal-1 pvs230 sequence (PlasmoDB, Gene ID PV X _003905;
http://plasmodb.org/plasmo/) (Suppl. Table 1). Amplification was carried out in a 20 pl
reaction mixture containing 0.4 uM each of forward and reverse primers, 400 uM each of
dNTP, 1 unit of LA-Taq (Takara, Otsu, Japan), 2 ul of 10xPCR buffer, 2.5 mM of MgCl,,
and 1 ul of genomic DNA. PCR conditions were as follows: initial denaturation at 93 °C for
1 min, and amplification for 40 cycles at 93 °C for 20 s and 62 °C for 4 min, followed by a
final extension at 72 °C for 10 min in a GeneAmp PCR System 9700 (Applied Biosystems,
Foster City, CA). The PCR products were subjected to DNA sequencing using the
Terminator Cycle Sequencing Kit v1.1 (Applied Biosystems) in an Applied Biosystems
3130xI Genetic Analyzer. Sequencing primers were designed to cover target regions from
both directions (Suppl. Table 1). Sequences from fifty-four samples showed superimposed
electropherogram peaks, indicative of mixed genotype infections, and thus they were
excluded from further analysis (Suppl. Table 2). Sequences were verified by at least two
independent amplifications from the same DNA. We confirmed the Sal-1 pvs230 sequence
and used as a reference sequence. For those samples from PNG and Solomon Islands, in
which PCR products were not sufficient for direct sequencing, the nested PCR was
performed using internal primers (Suppl. Table 1). P230 sequence from a P. vivax-related
monkey malaria parasite, P. cynomolgi (B strain) [43], pcys230, was also obtained by direct
sequencing as described above, using specific primers (Suppl. Table 1). P230 gene sequence
from a rodent malaria parasite, P. yoelii (17XNL strain), pys230, was also obtained as
described above.

Sequences obtained in this study have been deposited to DDBJ/EMBL/GenBank under
accession numbers AB574508-AB574621.

2.3. Sequence alignments and analyses

We obtained a total of 112 pvs230 sequences from P. vivax isolates in seven countries
(Suppl. Table 2). P230 sequences were also determined from P. cynomolgi (pcys230) and P.
yoelii (pys230). P230 sequences from other malaria parasite species retrieved from
PlasmoDB were P. vivax (pvs230; Gene ID PVX_003905), P. falciparum (pfs230;
PFB0405w), P. knowlesi (pks230; PKH_041100) and P. chabaudi (pchs230;
PCAS_030830). Additionally, P. berghei P230 (pbs230) sequence was obtained from
Sanger Institute database. P. gallinaceum P230 partial sequence (Pgs230: aa 1-1527) was
obtained by NCBI Blast search in P. gallinaceum genome,
Pg_2265551.c000320551.Contigl. Sequences were aligned using CLUSTAL W [44]
implemented in MEGA version 4 software [45] with manual corrections. A phylogenetic
tree was constructed using the Neighbor-Joining method [46] with the Jukes and Cantor
correction implemented in MEGA.. Bootstrap values were obtained by 1,000 heuristic
replications.

Sequence polymorphism was estimated by the following parameters: (1) S, the number of
polymorphic nucleotide sites, (2) the number of haplotypes (h), (3) haplotype diversity (Hd),
and (4) the observed average number of pairwise nucleotide difference per site (). These
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estimates were calculated using the DnaSP v4.10.9 software [47]. To estimate the proportion
of genetic variance due to population subdivision, the Wright’s fixation index [48] of inter-
population variance in allele frequencies, termed Fst, was calculated using the Arlequin
software [49]. Overall Fst for all six parasite populations, in which more than seven
sequences were available, and pairwise Fst were estimated.

2.4. Tests for departure from neutrality

3. Results

In this study, we used the Nei and Gojobori method [50] with the Jukes and Cantor
correction as implemented in the MEGA [45] to examine departure from neutrality. This
method estimates the difference between the numbers of synonymous substitutions per
synonymous site (dS) and of honsynonymous substitutions per nonsynonymous site (dN).
Standard error was determined by 1,000 bootstrap replications, and dN and dS were
compared with a Z-test using MEGA. If dN is significantly higher than dS, positive
selection (diversifying selection) appears to be acting, while if dS is higher than dN,
purifying selection is predicted.

We also used Tajima’s D test, and McDonald-Kreitman (MK) test to examine departure
from neutrality. Tajima’s D test measures allele frequency spectrum by comparing 6z and
Bs, the latter of which is the standardized number of polymorphic sites per site [51]. Under
neutrality a value of Tajima’s D is expected to be 0. Significantly positive values of
Tajima’s D suggest recent population bottleneck or balancing selection, whereas negative
values suggest population growth or directional selection. Fu and Li’s D* and F* tests were
also used to test for excess or lack of singleton nucleotides by comparing estimates of 65
based on the number of singletons vs. that derived from S (the D* index) or 6z (the F*
index) [52]. All of these estimates were calculated using DnaSP. The MK test [53] was used
to assess a signature for selection, in which the ratio of nonsynonymous to synonymous
substitutions was compared between polymorphic difference (within species) and fixed
difference (between closely related species) using DnaSP. Under neutrality, these ratios will
be similar, whereas an excess of intraspecific nonsynonymous polymorphisms is suggestive
of balancing selection. It should be mentioned that the MK test is greatly affected by the
presence of rare alleles or singleton alleles, and positive values could be produced even for a
gene under purifying selection [54,55]. Pcys230 sequence was used as an outgroup in this
test. Fisher’s exact test was used to test statistical significance.

3.1. Sequence divergence of P230 among Plasmodium species

An amino acid sequence alignment of P230 from P. vivax (Pvs230), P. cynomolgi
(Pcys230), P. knowlesi (Pks230), P. berghei (Pbs230), P. chabaudi (Pchs230), P. yoelii
(Pys230), P. falciparum (Pfs230) and partial sequence of P. gallinaceum (Pgs230: aa
1-1527) revealed two distinctive sequence parts: one is an interspecies variable part (IVP) at
the N-terminus, in which sequences are highly variable with tandem arrays of oligopeptide
repeats, and the other is an interspecies conserved part (ICP), which contains14 cysteine-rich
domains (CRDs) in a 7.5 kb region [16,17] (Fig. 1A and Suppl. Fig. 1). The boundary of
IVP and ICP does not coincide with the putative cleavage sites proposed for Pfs230 [56],
which reside in a C-terminal part of IVP. The cleavage sites are apparently not conserved
among other species (Suppl. Fig. 1). In IVP, oligopeptide repeat sequences are species
specific: thus, in Pfs230, poly-E and E(E/G)(V/E)E repeats occur as reported earlier [18],
poly-(D/E) in Pks230, and degenerative EEEQQ repeat and poly-E in Pcys230 (Fig. 1A and
Suppl. Fig. 1). In rodent parasite species, poly-D/E and repeats of EDD are arrayed in
Pchs230 and Pbs230, respectively. Pys230 and Pgs230 also contain a D/E-rich sequence
region. In Pvs230, there are two repeat sequence regions identified: degenerative repeats of
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RGXXXGXHXVIH, XVXH, DEDGD and DGND (Fig. 1B). Thus, no primary sequence
motifs are shared by Plasmodium species examined in the repeat region of P230. It is
noteworthy that repeats are rich in acidic residues, E, D and Q. Non-repeat sequences in VP
are also highly divergent, making an alignment not reliable (Suppl. Fig. 1). Despite this,
three rodent species show relatively high sequence similarities, and sequences from P. vivax,
P. cynomolgi and P. knowlesi show moderate similarities.

ICP is primarily composed of 14 CRDs, in which sequences are somewhat conserved among
the seven Plasmodium species (Fig. 1A and Suppl. Fig. 1). Each CRD contains 2 to 6
cysteine residues, all of which are perfectly conserved. In Pvs230, Pcys230 and Pks230,
there are two additional cysteine residues identified between CRD10 and CRD11 (Suppl.
Fig. 1), which are absent in Pfs230 and P230 of rodent parasites. Amino acid sequence
divergence in ICP is 9% to 59% among the seven species, and 21% to 25% between P.
vivax, P. cynomolgi and P. knowlesi (Suppl. Table 3A). A phylogenetic tree constructed
using aligned sequences (7230 bp) revealed three major monophyletic groups: a group of
Pvs230, Pcys230 and Pks230, a group of three rodent P230s, and Pfs230 (Fig. 2A). When
the partial Pgs230 was included in this analysis, Pgs230 was in the same group of Pfs230
(Fig. 2B). The sequence that is most closely related to Pvs230 is Pcys230, and that most
distantly related to Pvs230 is Pfs230.

3.2. Sequence polymorphism in pvs230

We sequenced a total of 112 full-length pvs230 sequences of isolates collected from Brazil
(n=20), Turkey (n=20), Madagascar (n=7), China (n=20), Thailand (n=20), Papua New
Guinea (n=21), Solomon Islands (n=2), Nicaragua (n=1) and Panama (n=1) (Suppl. Table
2). The rate of mixed infections, as inferred from superimposed electropherogram peaks,
varied greatly, depending on countries, from 0% (Turkey) to 89% (Solomon Islands) (Suppl.
Table 2).

In IVP, there are two repeat sequence regions: repeats of 12-mer (RGXXXGXHXVIH) and
4-mer (XVXH) and degenerative repeats of DEDGD and DGND, which are separated by 69
non-repeat amino acids (Fig. 1B). The number of repeats varied among isolates: 2 to 5 times
of 12-mer RGXXXGXHXVIH repeat, and 0 to 6 times of 4-mer XV XH repeat. In the
second repeat, the main repeat motif is DEDGD-VDDD-DGND. Variation in the number of
this repeat was limited and geographically restricted: for example, one DEDGD in all
countries, except PNG and Solomon Islands, where the repeat number was 0 to 2 (Suppl.
Fig. 2).

In non-repeat sequence regions (8001 bp), there are 77 polymorphic nucleotide sites (Table
1), 40 of which resulting in amino acid replacements (6 sites in I\VP and 34 sites in ICP)
(Fig. 3). Of the 40 sites, 35 were found in 5 countries (Brazil, Turkey, China, Thailand and
PNG), where >20 sequences were available in each country for geographical comparisons.
Of the 35 sites, 22 sites (60%) were country-specific. A half of these substitutions (12/22)
are those with minor allele frequency of <5% in the five countries. The number of
haplotypes was 72 for worldwide samples with Hd of 0.983 (Table 1). Hd varied
geographically, low in Brazil and Turkey and high in Madagascar, China, Thailand, and
PNG. In Brazil and Turkey, identical haplotypes were frequently obtained from multiple
isolates (Suppl. Fig. 3), contributing to the reduction in Hd. No haplotype was shared by two
or mare countries, suggesting a strong geographical clustering of pvs230 alleles.

Nucleotide diversity (6x) was 0.00118 for worldwide samples and 0.00051 to 0.00084 in six
countries (Table 1). 6z was about 1.8-fold higher in non-repeat region of I\VVP (6= 0.00203)
than in ICP (67 0.00111) (Table 1). 6z in each country was lower than that in worldwide
samples, suggestive of country-specific substitutions. 8z was relatively high in Thailand and
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low in Turkey and China. Sliding window plot of 6= revealed a peak (6z 0.01577) at
nucleotide positions 844 — 943 (positions after the Sal-1 sequence) occurring in CRD1
(Suppl. Fig. 4), in which 5 of a total of 40 amino acid changes in Pvs230 occur. In contrast,
in CRD4, where 8 of a total of 27 amino acid changes are clustered in Pfs230 [17], only two
amino acid changes occurred in Pvs230. The 0z (0.00118) of pvs230 in worldwide samples
is at least one order lower than that of known blood stage antigen genes such as pvmspl,
pvmsp3a and pvdbp with a few exceptions (Suppl. Table 4).

3.3. Inter-population differentiation of pvs230 among geographic areas

Overall Fst estimate for worldwide populations was 0.51 (95% CI = 0.42 — 0.56), indicating
about half of variation was apportioned within parasite populations (Table 2). This high Fst
value suggests a high degree of differentiation of pvs230 among geographic parasite
populations examined. Pairwise comparisons of Fst revealed a significant difference in all
pairs, with relatively low values between China and Thailand and high values between PNG
and any of other five countries.

3.4. Departure from neutrality

The entire coding sequence (8001 bp), except the N-terminal repeat regions, did show a
significant excess of dS over dN in worldwide samples (Table 1). When the sequence was
separated into IVVP and ICP, a significantly higher dS than dN was noted for ICP (7437 bp)
in worldwide samples, suggesting purifying selection. An excess of dS over dN was noted in
some (but not in all) countries. In VP (564 bp), dN was higher than dS in worldwide
samples, but this difference was not significant. Tajima’s D test and Fu and Li’s D* and F*
tests did not detect significant values in all countries and worldwide samples (data not
shown).

The MK test for the ICP region detected an excess of fixed synonymous substitutions over
nonsynonymous substitutions in worldwide samples (P = 0.003) (Suppl. Table 5), again
suggesting purifying selection. This excess was not significant in six individual parasite
populations, probably due to limited numbers of substitutions. A slightly higher number of
intraspecific nonsynonymous substitutions over synonymous substitutions can be seen.
However, caution is required for evaluating this difference because the sequences contain a
number of singleton mutations (32 singletons in 77 polymorphic sites) (Table 1), suggesting
that the balancing selection (positive selection) is unlikely in pvs230. The abundance of
singleton mutations, most of which are geographic area-specific and thus contributing to
high geographic structure (Fst > 0.5 among some areas), limits the validity of the MK test
for testing neutrality of pvs230.

4. Discussion

The present sequence analysis of P230, a Plasmodium-specific gametocyte/gamete surface
antigen, identified 2 distinctive parts in the protein: VP at the N-terminus and ICP, a 7.5-kb
component containing 14 CRDs. IVP consists of tandem arrays of species-specific repeats
with varying lengths and non-repeat unique sequences, both of which are highly divergent
among species, with relatively less divergence in three rodent parasite species and P. vivax
and related monkey parasites. Despite high divergence, species-specific repeats of P230 are
rich in acidic residues, such as D and E. The role of these acidic residue-rich repeats remains
unknown. Since the N-terminal repeat region of Pfs230, which induce human antibody and
T cell response, is shed into the plasma after processing to form the mature protein during
gametogenesis [56], a mechanism for immune evasion by the repeat region has been
postulated [57].
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In contrast to a highly divergent IVP, ICP is relatively conserved with complete
conservation of all cysteine residues in 14 CRDs, which have been predicted to form
disulfide bonds in Pfs230 [16,17]. These strongly suggest conformational conservation of
the CRDs among all Plasmodium species. It remains to be elucidated whether two additional
cysteine residues found between CRD10 and CRD11 in P230 from P. vivax and related
monkey parasites form an additional disulfide bond. Although no strong evidence,
suggesting disulfide bonding of the two cysteines, was obtained with available disulfide
bond-prediction algorithms (data not shown), a loop structure formed by these two cysteines
cannot be excluded. P230 is a member of 6-cys protein family [19], in which Pf12, Pf38 and
Pf41 play a role in recognition and invasion of erythrocyte entry by the merozoite [58], and
Pbs36 and Pbs36p do so in sporozoite’s invasion into liver cells [59]. Pfs230 has been
suggested to be associated with male gamete’s binding to human erythrocyte during the
formation of exflagellation center [20]. Thus, P230 is likely to be involved in interacting
with host cells and probably gamete recognition. Such important interactions may impose
constraints of sequence variations in Pvs230.

The phylogenetic tree of P230s among seven Plasmodium species examined is in good
consistency with that of the mitochondrial genomes and 18S rRNA genes [60-62]. In a
group of P. vivax and P. vivax-related monkey malaria species, P. cynomolgi P230 is the
closest relative to P. vivax P230. Genes for gametocytes/gamete surface proteins of rodent
malaria parasites are rapidly evolving [19]. Consistent with this, branch lengths of the P230
phylogenetic tree are relatively long, suggesting fast evolution in the P230 gene. A
phylogenetic tree of mspl, a major immune target merozoite surface protein 1 gene, has
recently been shown to significantly differ from that of the mitochondrial genome, with a
striking displacement of P. vivax from a position close to P. cynomolgi in the mitochondrial
genome tree to an outlier of Asian monkey parasites, suggesting positive selection in
pvmspl [63]. We therefore consider that pvs230 has not been subjected to such strong
positive selection. Positive selection with the ratio of dN/dS over 1 on CRD4 of P230 has
recently been detected among three rodent species [19]. In P. vivax, P. cynomolgi and P.
knowlesi, dN/dS over 1 was not detected (data not shown), suggesting that positive selection
in the P230 gene is lineage specific.

The observed polymorphism level of pvs230 (6z = 0.00118) is much lower than that of most
blood stage antigen genes (Suppl. Table 4). Since blood stage antigens are targets of host
antibody responses, it is likely that high genetic diversity in these antigens is a mechanism
for parasite’s immune evasion. Balancing selection has been inferred to maintain high levels
of polymorphism in pvmsp1 [43,63], pvmsp3a [64], pvmsp3b [65], pvmsp5 [66,67], and
pvdbp [68]. In pvs230, however, no evidence for balancing selection was obtained in this
study but data suggest purifying selection in this gene. Functional and/or structural
constrains of Pvs230 would probably limit the accumulation of point mutations, resulting in
low level of polymorphism. A higher nucleotide diversity in IVP than in ICP also supports
this notion because in Pfs230, most parts of 1\V/P is presumed to be cleaved off from the
mature protein containing CRDs. Selective sweep, as often seen in drug resistant genes,
potentially contributes to reduction in polymorphism. In this case, only variant haplotypes
become predominant in a population. Selective sweep is unlikely for pvs230 because
haplotype diversity was high in most parasite populations. Recent population growth may
also reduce genetic diversity; however, significantly negative values were not obtained by
Tajima’s D test and Fu and Li’s D* and F* tests, making population expansion unlikely for
pvs230. A comparison of polymorphism between pvs230 and pfs230, although the number
of pfs230 sequences analyzed was small [17], reveals a difference in the distribution of
polymorphism across the genes: major amino acid substitutions is clustered within CRD4 in
Pfs230, whereas it is within CRD1 in Pvs230. Different intragenic distribution of
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polymorphisms between P. falciparum and P. vivax may suggest different constraints in
these distantly related Plasmodium species.

This study showed a high genetic differentiation (Fst = 0.51) of pvs230 among global
parasite populations. This indicates very limited gene flow between populations. Some
proteins on the surface of gametes are involved in gamete recognition and fertilization, and
genes for these proteins tend to be highly divergent among populations [69,70]. This has
been suggested to be true for Pfs48/45, in which Fst is as high as 0.69 among parasite
populations from Africa, Asia and South America [71], given that Fst of two housekeeping
genes of P. falciparum populations is 0.20 for worldwide parasite populations [41]. Fst of
pfs230 is not known. Previous estimates of Fst among geographic P. vivax populations,
which have been derived from microsatellite data (0.13-0.26 between Southeast Asia and
Colombia [72]) and predominantly silent single-nucleotide polymorphisms (0.228 between
Brazil and Asia [73]), are remarkably lower than the Fst of pvs230 obtained in this study.
Comparisons of Fst between P. vivax housekeeping genes and pvs230 as well as other
gamete surface protein genes, such as pvs47 and pvs48/45 would be required to assess
divergent (directional) selection on P. vivax gamete surface protein genes.

In conclusion, the limited polymorphism of pvs230 observed in this study would provide a
strong ground for developing effective TBV based on Pvs230, and help to identify
polypeptide regions suitable for designing vaccines. Since it would not be practical to
include all 14 CRDs in a TBV, several CRDs that can effectively induce transmission
blocking immunity (TBI) should be targeted. The present study identified short sequence
regions with relatively high polymorphism, particularly in the N-terminal part of CRD1. In
our parallel studies, we have found that a recombinant DNA vaccine, encompassing CRD1
of Pvs230, induces TBI (Tachibana et al., unpublished). Whether polymorphism in small
polymorphic regions in CRD1 is involved in strain-specific TBI awaits further studies.
Additionally, this study revealed a substantial endemic area-specific SNPs in pvs230. If a
vaccine includes a region having such polymorphism, caution is required, and the reactivity
of the serum antibodies to variants and hence efficiency of TBI in individuals living in
endemic areas should be monitored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Primary structure of Pvs230 and its orthologs. In (a), deduced amino acid sequences
obtained from P. vivax (Pvs230), P. cynomolgi (Pcys230), P. knowlesi (Pks230), P.
chabaudi (Pchs230), P. berghei (Pbs230), P. yoelii (Pys230), P. falciparum (Pfs230), and
partial sequence of P. gallinaceum (Pgs230: aa 1-1527) are aligned. In interspecies variable
part (I\VP), tandem repeat regions are represented as variously marked boxes, and 14
cysteine-rich domains in interspecies conserved part (ICP) are represented as half-tone
boxes. Predicted cleavage sites of Pfs230 are marked by an arrow. Two cysteine residues
between CRD10 and CRD11 in Pvs230, Pcys230 and Pks230 are shown in small bars.
Predicted amino acid sizes are shown in right of respective amino acid sequences. In (b),
repeat motifs and their repeat number in Pvs230 are shown, in which X denotes any amino
acid residues. Major repeat units in RGXXGXHVIH are RGSYEGIHQVIH,
RGRCEGIHQVIH, and RGRCDGGHHVIH, those in XV XH are RVVH, CVVH, RVAH,
and RVIH (Suppl. Fig. 2). Amino acid positions are numbered after the Pvs230 sequence of
Sal-1 strain (GenBank accession #XM_001612970).

Vaccine. Author manuscript; available in PMC 2012 June 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Doi et al. Page 15

9g Pvs230
100 \— Pcys230
Pks230
Pchs230
100
_|: Pbs230
100 Pys230
Pfs230
—
0.05
B 66 Pvs230
100 I— Pcys230
Pks230
Pchs230
100
—E Pbs230
100 Pys230

Pfs230

?' Pgs230

0.05

Fig. 2.

A phylogenetic tree of Plasmodium P230. This tree was constructed by the Neighbor-
Joining method. Shown along nodes are bootstrap values with >50%. Nucleotide sequences
in ICP among the seven full-length olthologs (A), or among eight olthologs calculated using
orthologous sequences to the partial Pgs230 ICP (B).
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Fig. 3.

Amino acid substitutions in Pvs230 of P. vivax populations used in this study. IVP and ICP
are interspecies variable part and interspecies conserved part, respectively. Amino acid
positions are numbered after the Sal-1 sequences. Country-specific amino acid changes are
boxed. The category “Others” include Nicaragua, and Panama strains and two isolates from
Solomon Islands. Amino acid substitutions with minor allele frequency of <0.5% are
highlighted in grey.
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Table 2

Inter-population differentiation (Fst) of pvs230 between six geographic areas.

Brazil Turkey Madagascar China Thailand PNG
Brazil <0.00001 <0.00001 <0.00001 <0.00001 <0.00001
Turkey 0.548 <0.00001 <0.00001 <0.00001 <0.00001
Madagascar 0.337 0.416 <0.00001 <0.00001 <0.00001
China 0.484 0.559 0.508 <0.00001 <0.00001
Thailand 0.453 0.457 0.366 0.219 <0.00001
PNG 0.604 0.673 0.611 0.526

Overall Fst is 0.505 (95% CI, 0.423 - 0.564) with variance of 5.104. Fst values are shown in the bottom left and P values are shown in the upper
right.
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