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Molecular methods elucidate evolutionary and ecological processes in parasites, where interaction between
hosts and parasites enlighten the evolution of parasite lifestyles and host defenses. Population genetics of
Plasmodium vivax parasites accurately describe transmission dynamics of the parasites and evaluation of malaria
controlmeasures. As afirst generation vaccine candidate againstmalaria, the Circumsporozoite Protein (CSP) has
demonstrated significant potential in P. falciparum. Extensive polymorphism hinders the development of a
potent malaria vaccine. Hence, the genetic diversity of Pvcspwas investigated for the first time in 60 Sri Lankan
clinical isolates by obtaining the nucleotide sequence of the central repeat (CR) domain and examining the poly-
morphism of the peptide repeatmotifs (PRMs), the genetic diversity indices and phylogenetic relationships. PCR
amplicons determined size polymorphism of 610, 700 and 710 bp in Pvcsp of Sri Lanka where all amino acid
sequences obtained were of the VK210 variant, consisting variable repeats of 4 different PRMs. The two most
abundant PRMs of the CR domain, GDRADGQPA and GDRAAGQPA consisted ~2-4 repeats, while GNRAAGQPA
was unique to the island. Though, different nucleotide sequences termed repeat allotypes (RATs) were observed
for each PRM, these were synonymous contributing to a less polymorphic CR domain. The genetic diversity of
Pvcsp in Sri Lanka was due to the number of repetitive peptide repeat motifs, point mutations, and intragenic
recombination. The 19 amino acid haplotypes defined were exclusive to Sri Lanka, whereas the 194 Pvcsp
sequences of global isolates generated 57 more distinct a.a. haplotypes of the VK210 variant. Strikingly, the CR
domain of both VK210 and VK247 variants was under purifying selection interpreting the scarcity of CSP
non-synonymous polymorphisms. Insights to the distribution of RATs in the CR region with geographic cluster-
ing of the P. vivax VK210 variant were revealed. The cladogram reiterated this unique geographic clustering of
local (VK210) and global isolates (VK210 and VK247), which was further validated by the elevated fixation
index values of the VK210 variant.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the genetic diversity and population structure of
P. vivax parasites is essential to accurately describe the transmission
dynamics of vivax malaria and to the program evaluation of malaria
control measures (Zhong et al., 2011). Population genetics data are
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crucial, for example, to predict how fast phenotypes of interest,
such as novel antigenic variants, particular relapsing patterns or drug
resistance, arise and spread in natural populations (Zilversmit and
Hartl, 2005). Hence, for a clear quantitative definition of genetic diver-
sity, different genetic markers and parasite typing systems are used.
The well-characterized polymorphic regions in both pre-erythrocytic
and erythrocytic genes have been extensively used to analyze genetic
diversity patterns in P. vivax populations both locally and globally
(Thakur et al., 2008; Wickramarachchi et al., 2010; Patil et al., 2010;
Dias et al., 2011a, b; Premaratne et al., 2011). A further branch of
research using molecular markers is the study of Molecular Ecology. It
has important practical applications in the field of evolution and control
of drug resistance (Criscione et al., 2005).

One such genetic marker is the sporozoite's major surface protein,
the circumsporozoite protein (CSP), which is multifunctional in nature.
It mediates sporozoite development and the initial interactions be-
tween the sporozoite and its two hosts, the mosquito mid gut and the
mammalian liver (Sinnis and Nardin, 2002; Coppi et al., 2011). A
the Plasmodium vivax circumsporozoite protein (Pvcsp) in Sri Lanka,
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notable feature of this protein is that it consists of tandem arrays of rel-
atively short amino acidmotifs (Brito and Ferreira, 2011). The structure
of CSP is highly conserved among Plasmodium species infecting rodents,
primates, and humans. CSPs comprise of a central repeat (CR) region
that is diverse across Plasmodium species, and flanking the repeats
are two conserved domains: region I, a 5’ amino acid (a.a) sequence
at the N terminus of the repeats, and a known cell-adhesive motif
C-terminal to the repeats termed the type I thrombospondin repeat
(Coppi et al., 2011).

The genotyping of P. vivax infections based on the csp gene in
various geographical areas were evaluated by the use of various tools;
i) combination of Polymerase Chain Reaction and Restriction Fragment
Length Polymorphism (PCR/RFLP) (Kho et al., 1999; Imwong et al.,
2005; Kim et al., 2006; Manamperi et al., 2008; Storti-Melo et al.,
2009; Zakeri et al., 2010) and ii) sequencing (Mann et al., 1994; Kho
et al., 1999; Lim et al., 2001; Kim et al., 2002; Cui et al., 2003; Leclerc
et al., 2004; Zakeri et al., 2006; Patil et al., 2010; Souza-Neiras et al.,
2010).

P. vivax CSP (PvCSP) displays two major types of peptide repeat
motifs (PRMs), each consisting of nine amino acids, GDRA[D/A]GQPA
and ANGAGNQPG, defining variants known as VK210 and VK247,
respectively (Rosenberg et al., 1989). Both VK210 and VK247 variants
are globally distributed, but geographic biases have been described
(Cochrane et al., 1990; Qari et al., 1993a, b; Leclerc et al., 2004; Zakeri
et al., 2006; Patil et al., 2010). A third type of repeat unit (APGANQ[E/
G]GAA), identical to that described for P. simiovale, characterizes the
so called P. vivax-like parasites (Qari et al., 1993a). Insertions and dele-
tions in the central repeat domain, from either sexual recombination
during meiosis or intrahelical strand-slippage events during mitotic
DNA replication (McConkey et al., 1990), generate novel CSP variants
that may be positively selected if the mutant parasites evade host
immunity.

Studies on PvCSP in Sri Lanka are scanty, whereMendis et al. (1992),
investigated the anti-circumsporozoite protein antibodies against a
peptide consisting the GDRADGQPA and GDRAAGQPA repeat motifs in
P. vivax patients fromKataragama, an endemic area in Sri Lanka. Though
an age related prevalence pattern was observed, the pattern was not an
age acquired response, rather due to differences in inoculation rates in
different age groups, and the antibody prevalence was less than 20%,
suggesting that the peptide was less immunogenic in these individuals.
A pilot study by Manamperi et al. (2008), demonstrated size polymor-
phism of Pvcsp by a nested polymerase chain reaction (PCR) at the
central repeat domain using 12 blood smear slides of P. vivax patients
from Kataragama. Four size variants ranging from ~600-750 bp were
observed.

Hence, we investigated in depth the genetic diversity of the Pvcsp
gene in Sri Lanka, where low transmission and unstable malaria pre-
vails, by tests of diversity, natural selection and recombination. Further,
both local and global P. vivax isolates were analyzed for patterns of
sequence variation in the csp gene by examining the polymorphism of
the peptide repeatmotifs (PRMs). Relationships of the Pvcspworldwide
isolates were traced as reconstructing the historical geography of
isolates and identifying different genetic subdivisions within species
are major objectives of phylogeographical analysis (Avise, 2000).

2. Materials and methods

2.1. P. vivax clinical isolates

Ethical clearance was obtained for this study from the Ethical
Review Committee of the Faculty of Medicine, University of Colombo
(EC/10/131). Previously collected blood samples prior to anti malarial
therapy from December, 1998 – March, 2000 were used to extract
P. vivax parasite DNA (Wickramarachchi et al., 2010). These isolates
were collected from two malaria endemic areas, Anuradhapura
(8o22'N, 80o20'E; N=20) and Kataragama (6o25'N, 81o20'E; N=32)
Please cite this article as: Dias, S., et al., Population genetic structure of
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and from a malaria non-endemic area, Colombo (7o55'N, 79o50'E;
N=30). Patients from Colombo were infected during visits to regions
of the island with P. vivax transmission, including the two endemic
areas (Fonseka and Mendis, 1987; Dias et al., 2011a). During 1995–
2000 the annual parasite incidence (API) per 1000 due to P. vivax was
0–1.25, 20–40 and 80–160 in Colombo, Anuradhapura and Kataragama,
respectively (Briët et al., 2003). Parasitemia ranged from 0.0001 to
0.025%.

Single clone infections confirmed by genotyping at the polymor-
phic Pvmsp-3α locus using a combined nested polymerase chain reac-
tion (PCR) and restriction fragment length polymorphism (RFLP)
(Wickramarachchi et al., 2010), were used for this study.
2.2. Amplification and sequencing of the P. vivax circumsporozoite
protein

The CR domain of P. vivax cspwas amplified by nested PCR essential-
ly as described by Imwong et al. (2005). A fragment of ~680-bp was
amplified in a total volume of 20 μl using 1 μl of template DNA in the
primary reaction and 0.4 μl of the primary PCR product in the nested re-
action. Both reactions contained 0.4 units of Taq polymerase (Promega,
USA), 0.25 μM of each primer, 0.125 mM dNTPs with 0.8 mM MgCl2.
Amplified products were visualized by UV on a 0.8% agarose gel
containing 0.25 mg/ml of ethidium bromide and purified using the
QIAquick PCR purification kit (Qiagen, USA). Sequencing of the PCR
products were done on both strands using VCS-NF and VCS-NR primers
(Imwong et al., 2005) at Macrogen, Korea. Some isolates underwent
four-fold sequence coverage to confirm rare polymorphisms.
2.3. Data analysis

The consensus nucleotide sequences were generated by Seqman II
(DNAStar, Madison,Wisconsin, USA) software and alignedmanually. Dif-
ferent nucleotide sequences encoding the same peptide repeat motif,
termed repeat allotypes (RATs) were recorded according to Patil et al.
(2010).

Measures of genetic polymorphism, i.e. polymorphic sites (S), nu-
cleotide diversity (π) and haplotype diversity (h) were calculated
using DnaSP version 5.1 (Librado and Rozas, 2009). Natural selection
was determined by the difference between the non-synonymous and
synonymous substitutions (Dn−Ds) estimated by modified Nei and
Gojobori's method (MEGA 5, Escalante et al., 2004; Tamura et al.,
2011) and the statistical analyses of recombination and linkage dis-
equilibrium (LD) were tested by DnaSP 5.1 (Librado and Rozas, 2009).

Using all available Pvcsp global sequences (VK210 and VK247
strains) from the GeneBank and sequences from Sri Lanka generated
from the current study, the overall similarities were determined by
using phylogenetic methods; i) the construction of a phylogenetic
tree using the Maximum Likelihood (ML) method with the General
Time Reversible substitution model using a discrete Gamma distribu-
tion (+G) with 5 discrete gamma rate categories (MEGA 5, Tamura
et al., 2011) and ii) calculating the genetic differentiation of the
VK210 strain between geographic regions via FST values using DnaSP
5.1 (Librado and Rozas, 2009). The best substitution model used for
constructing the phylogenetic tree was selected by the DNA/Protein
model in MEGA 5. Of the 24 different nucleotide substitution models,
model with the lowest BIC (Bayesian Information Criterion) score was
considered to describe the substitution pattern the best. Further, the
phylogenetic tree was drawn without taking recombination into
account, as the study was based on a single P. vivax taxon (Arenas and
Posada, 2010). It is worth noting that whereas tandem repeats should
not be used for establishing ancestry (Escalante et al., 1995), in the
context of this investigation, these methods were used to obtain a
representation of the similarities among RAT structures.
the Plasmodium vivax circumsporozoite protein (Pvcsp) in Sri Lanka,
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3. Results

3.1. Genotyping of Pvcsp in Sri Lanka

Amplification of Pvcsp in 82 Sri Lankan isolates at the CR region
resulted in 3 approximate different product sizes of 610, 700 and
710 bp (Fig. 1). The 710 bp product (N=34; 41%) was significantly
(Pb0.01) more common than the 700 bp (N=32; 39 %) and the
610 bp (N=16; 20%) products, in all three study areas.

From the 82 P. vivax isolates, 60 (Anuradhapura, N=17;
Kataragama, N=29; Colombo, N=14) Pvcsp nucleotide sequences
were successfully obtained consisting of an amino acid region corre-
sponding to that reported by Leclerc et al. (2004) (GeneBank accession
numbers JQ362595 - JQ362654). All of these 60 P. vivax isolates were of
the VK210 variant consisting of variable repeats of 4 different PRMs,
GDRADGQPA (PRM1), GDRAAGQPA (PRM2), GNRAAGQPA (PRM3)
and GNGAGGQAA (PRM4) (Fig. 2). Among the 60 PvCSP amino acid
sequences, three notable sequences with varying lengths were ob-
served (137 a.a., 128 a.a., and 119 a.a. sequence). The 128 a.a. sequence
(N=57; C2- C17) was significantly more common than both the 137
(N=1; C1) and the 119 (N=2; C18 & C19) a.a. sequences in the
study population. The Sri Lankan isolates corroborated the variations
in the peptide repeat motifs GDRADGQPA (PRM1) and GDRAAGQPA
(PRM2) of other global isolates, with different alternations of non-
synonymous codons GCT or GAT, respectively, coding for Alanine (A)
or Aspartic acid (D) (Leclerc et al., 2004; Zakeri et al., 2006; Patil et al.,
2010). Strikingly, the PRM, GNRAAGQPA (PRM3), observed in this
study is unique to the island and is reported for the first time (Fig. 2).
Fig. 1. Size polymorphism of Pvcsp of Sri Lankan clinical isolates (WxH=6 x 10 cm).
Lanes 1–5 represents respectively, the 1 kb DNA ladder, 100 bp DNA ladder, the
610 bp, 700 bp and 710 bp amplicons of Pvcsp.

Please cite this article as: Dias, S., et al., Population genetic structure of
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Different nucleotide sequences, with synonymous substitutions
encoding the same PRM are termed repeat allotypes (RATs) (Rich
et al., 1997). Four each from the eight and five RATs identified by Patil
et al. (2010) for GDRADGQPA and GDRAAGQPA, respectively were
detected from our study, where GGAGACAGAGCAGATGGACAGCCAGCA
of the former a.a. sequence differed only by a single nucleotide poly-
morphism (Table 1). Except for a single isolate, where the nucleotide
sequence of GNGAGGQAA comprised a single nucleotide polymorphism
(GGAAATGGTGCAGGTGGACATGCAGCA), the rest of the Sri Lanka iso-
lates coincided with the nucleotide sequences observed by Patil et al.
(2010) (Table 1). Conversely, the polymorphisms of the PRMs giving
rise to PRM1-4 are types of RATs generated by non-synonymous
substitutions.

The 19 amino acid haplotypes defined from the Sri Lankan popula-
tion were exclusive to the island. Of these, 52% (N=31) was of the C4
a.a. haplotype. Except for the C10, C19 and C16 a.a. haplotypes
consisting of 6, 5 and 2 isolates, respectively, the rest of the a.a. haplo-
types represented a single isolate each (Supplementary Table S1).

The 194worldwide isolates of VK210 variant obtained for this study
from Azerbaijan, Brazil, China, Gabon, Iran, Korea, the Philippines, and
the Solomon Islands, defined 57 a.a. haplotypes (Supplementary Table
S1 and Fig. 2). Apart from the three main peptide repeat motifs
GDRA(A/D)GQPA and GNGAGGQAA, 10 other peptide repeat motifs
(PRM) were observed. The PRM, GNGAGGQPA, was observed in only a
single isolate each from Korea and China, while GDGAAGQPA was
observed in 12 Korean and 05 Chinese isolates consisting of 2–5 repeat
units and a single repeat unit consisting in an isolate fromAzerbaijan to-
wards the 5’ end (Mann et al., 1994; Kho et al., 1999; Kim et al., 2002;
Leclerc et al., 2004). Three other PRMs were identified; i) RDRAAGQPA
in a single isolate each from Iran andAzerbaijan, ii) GDRAPGQPAunique
to 2 Iranian isolates and iii) GNRADGQPA unique to 09 Brazilian isolates.
Two non-repeat peptide motifs of GDRPAGQPA and ANGAGGQAAwere
observed from a single isolate fromGabon, and YRASGQPAA from a sin-
gle isolate from Azerbaijan. Except for 28 Brazilian isolates manifesting
1–3 repeat units of GDRAAGQAA, all the local and global a.a. sequences
included the GDRAAGQPA post repeat unit at the 3' end, identical to
that of the VK210 variant (Fig. 2).

3.2. Genetic diversity and phylogenetic relationship of Pvcsp in isolates of
Sri Lanka and geographically different countries

As the VK210 isolates acquired from different geographic regions of
the world consisted of different sequence lengths, polymorphic sites
and diversity was calculated accordingly from the nucleotide sequence
range of 1–411 bp of the central repeat region. Genetic diversity indices
were calculated for local parasite populations (N=60) and for those of
Brazil (N=52), Iran (N=113) and Korea (N=12).

The 60 Pvcsp sequences of Sri Lankan isolates revealed 41 poly-
morphic positions with 10 singleton sites, 25 parsimony informative
sites with two variants and 6 parsimony informative sites with
three variants giving rise to 47 point mutations (Supplementary
Table S1). The Brazilian isolates revealed the majority of polymorphic
sites (71) and mutations (76) compared to Iran (43, 46) and Korea
(31, 32). Elevated nucleotide diversity per site (π) was recorded
from the Korean isolates (π=0.047±0.008S.D.) followed by isolates
from Brazil, Sri Lanka and Iran. A majority of a.a. haplotypes (N=23)
were defined by those isolates of Brazil where an elevated haplotype
diversity (Hd) of 0.955±0.016 S.D. was also recorded, whereas the 19
a.a. haplotypes of Sri Lanka recorded aHd of 0.903±0.033 S.D. However,
though the 5 Korean a.a. haplotypes generated a high Hd (0.894±
0.078 S.D.), the 17 Iranian a.a. haplotypes generated a lower Hd of
0.748±0.031 S.D.

The Sri Lankan population demonstrated a significant purifying
selection at the central repeat region of PvCSP (Dn−Ds=−0.044±
0.014 S.D.; Z test Pb0.05), where excess of synonymous substitutions
per site (Ds=0.059±0.014 S.D.) were observed compared to non-
the Plasmodium vivax circumsporozoite protein (Pvcsp) in Sri Lanka,
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Fig. 2. Distribution of the peptide repeat motif amino acid sequences of the central repeat domain (CR) of PvCSP in geographically diverse malaria endemic areas (WxH=16.9 x
24 cm). C1-C76 denotes the a.a. haplotypes. VK210 denotes the reference sequence of PvCSP (Accession No. M28745; Leclerc et al., 2004); C1-C19 from Sri Lanka, C20 –C26
from Azerbaijan, C27-C31 from South Korea, C32-C45 from Iran, C46-C68 from Brazil, C69-C71 from China, C72-C73 from the Philippines, C74-C75 from the Solomon Islands,
C76 from Gabon. PRM (Peptide Repeat Motif) 3 was unique to Sri Lanka.
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synonymous substitutions (Dn=0.015±0.004 S.D.). Similarly, a
purifying selection was observed by each of the parasite populations
from Brazil (Dn−Ds=−0.107±0.023 S.D.; Z test Pb0.05), Iran
(Dn−Ds=−0.044±0.024 S.D.; Z test Pb0.05) and Korea (Dn−
Ds=−0.058±0.029 S.D.; Z test Pb0.05).

Similarly, the VK247 variant from both Western Colombia (N=26;
Dn-Ds=−0.041±0.017 S.D.; Z test Pb0.05) and Iran (N=23;
Table 1
Peptide repeat motifs and the different nucleotide sequences of the repeat allotypes
(RATs) of the central repeat domain of P. vivax CSP in the Sri Lankan isolates.

Peptide Repeat Motif Nucleotide Sequences of Repeat Allotype (RAT's)

GDRADGQPA 1. GGAGACAGAGCAGATGGACAGCCAGCA
2. GGTGATAGAGCAGATGGACAGCCAGCA
3. GGCGATAGAGCAGATGGACAGCCAGCA
4. GGAGACAGAGCAGATGGACAGCCAGCA

GDRAAGQPA 1. GGTGATAGAGCAGCTGGACAACCAGCA
2. GGAGATAGAGCAGCTGGACAACCAGCA
3. GGAGATAGAGCAGCTGGACAGCCAGCA
4. GGTGATAGAGCAGCTGGACAGCCAGCA

GNRAAGQPA 1. GGAAATAGAGCAGCTGGACAGCCAGCA
GNGAGGQAA 1. GGAAATGGTGCAGGTGGACAGGCAGCA

2. GGAAATGGTGCAGGTGGACATGCAGCA
3. GGAAATGGAGCAGGTGGACAGGCAGCA

Note: bold and underlined nucleotide positions were polymorphic but depicted the
same peptide repeat motif.

Please cite this article as: Dias, S., et al., Population genetic structure of
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Dn-Ds=−0.082±0.042 S.D.; Pb0.05) observed a purifying selection
at the CR domain.

The minimum number of recombination events between adjacent
polymorphic sites (Rm) in the local population was 13, where as those
of the VK210 variant from Brazil, Iran and Korea recorded 23, 7 and 4
Rm sites, respectively. A linkage disequilibrium (LD) was maintained
across the Pvcsp for the entire local population corroborating Patil
et al. (2010). Though a similar LD was observed for the Iranian popula-
tion, the Korean population indicated equilibrium inter-site linkage
with increasing nucleotide distance.

The degree of genetic differentiation between populations was esti-
mated by the FST values, where only a 219 bp region of the 789 bp's of
Pvcspwere common to all theVK210worldwide isolates. The Sri Lankan
population showed the highest FST values with Iran (FST=0.521)
followed by Brazil (FST=0.509) and Korea (FST=0.434). Similar FST
values were recorded between Iran/Korea (FST=0.437), Brazil/Korea
(FST=0.57) and Iran/Brazil (FST=0.442).

The phylogenetic tree drawn using all available VK210 and VK247
worldwide isolates clearly demonstrated two separate clades of the
strains and geographic clustering of isolateswithin each strain (Supple-
mentary Figs. S1). Within the VK247 population, though isolates of
Western Colombia and Iran were clearly separated from one another,
these had branched off from the same point of origin.

The isolates of Pvcsp VK210 variant defined 19 distinct groups
(Supplementary Figs. S1). It is worth noting that most of the isolates
the Plasmodium vivax circumsporozoite protein (Pvcsp) in Sri Lanka,

http://dx.doi.org/10.1016/j.gene.2013.01.003


5S. Dias et al. / Gene xxx (2013) xxx–xxx
were geographically clustered in to groups, which is expected if
the pattern of PRM's allow for a quick divergence among populations.
Of the Sri Lankan isolates, 2 from Kataragama were exclusively
clustered in group 3 while the rest depicted no clustering. Of the glob-
al isolates, majority belonged to Group 17, consisting exclusively of
13 Brazilian isolates. Groups 1 and 2 were exclusive for 2 Korean iso-
lates each, while Groups 4 and 5 consisted of the AZB subtypes 2, 3
and 5, 6, respectively. Some Iranian isolates uniquely clustered in
groups 6–9 and 13, whereas the Brazilian isolates uniquely clustered
in groups 12, 14–19, where Group 16 included 3 sub groups; i) with
Brazilian CSP types III, IVa, ii) CSP type IVb and iii) CSP type V. Group
10 included 2 sub groups, one consisting an isolate from China (CH4)
and the other with an isolate each from Iran and China (CH5), while
group 11 consisted 2 sub groups with one representing the VK210
reference strain and an isolate each from the Solomon islands and the
Philippines (Supplementary Figs. S1).

Focusing solely on the RATs, it was observed that their distribution
correlate with the geographic clustering of the isolates depicted by the
phylogenetic tree drawn (Fig. 2, Supplementary Figs. S1). The main
PRM circulating within the Sri Lankan, Korean, Chinese and Iranian
isolates is the PRM2, followed by PRM1, where as the PRMs circulating
in the Brazilian isolates was vice versa (Fig. 2). The pattern of the
two repeats coincides with the distribution of the isolates in the phylo-
genetic tree, where all isolates of Sri Lanka, Korea, China and Iran was
clustered within one part of the phylogenetic tree, whereas the Brazil-
ian isolates were clustered within the other (Fig. 2, Supplementary
Figs. S1). Among the isolates belonging to Sri Lanka, Korea, China and
Iran, the following was observed on the PRM pattern; i) Sri Lankan
isolates of a.a. C1-C19 was highlighted in the phylogenetic tree clus-
tered separately, ii) Korean isolates of a.a. haplotypes C28-C31 were
represented in groups 3 and 4, while those isolates of Korea and China
belonging to a.a. haplotypes C27, C70 and C71 were in group 12 of the
phylogenetic tree, iii) Iranian isolates of a.a. haplotypes C33, 34,
40 and 43 were clustered in groups 8, 9 and 10, respectively. Of the
Brazilian isolates: i) a.a. haplotypes C48, 50, 66 and ii) C49, 55, 62 and
63 belonged to groups 18 and 19, iii) a.a. haplotypes C60, 64, 65 and
68 belonged to groups 20 and 21, respectively in the phylogenetic tree
(Fig. 2, Supplementary Figs. S1).
4. Discussion

Enhanced understanding of the transmission dynamics and popula-
tion genetics for Plasmodium vivax is crucial in predicting the emer-
gence and spread of novel parasite phenotypes with major public
health implications, such as new relapsing patterns, drug resistance
and increased virulence (Brito and Ferreira, 2011). For example, the
proportion of hypnozoites and the timing and frequency of their activa-
tion, differ between temperate and tropical strains of this parasite
(Garnham et al., 1975), while, the Pvcsp repeat type was found to be as-
sociated with transmissibility by defined species of anophelines (Zakeri
et al., 2006; Gonzalez-Ceron et al., 2001). Hence, suitable molecular
markers are required for these population genetic studies. The single-
copy CSP gene encoding the highly immunogenic CSP surface antigen
expressed at the parasite's sporozoite stage has proven to be a useful
marker for defining population genetics and phylogenetic relationships
of Plasmodium species, especially of P. vivax (Patil et al., 2010; Brito and
Ferreira, 2011; Tripathi and Gupta, 2011).

A previous study by Manamperi et al. (2008), analyzing Pvcsp in 12
parasite isolates collected fromblood smears of P. vivax patients froman
endemic area in Sri Lanka by a nested PCR, indicated a highly diverse
P. vivax parasite population in the island. However, the present exten-
sive investigation for the first time demonstrated the genetic diversity
of P. vivax in Sri Lanka by sequencing the repetitive region of the CSP
from 60 isolates collected from two malaria endemic and a non-
endemic area in Sri Lanka.
Please cite this article as: Dias, S., et al., Population genetic structure of
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Of the three defined variants of PvCSP, the VK210, VK247 and the P.
vivax like strains, Machado and Póvoa (2000) suggests that the VK210
variant is the best-adapted variant in the world. This was corroborated
by the entire Sri Lankan test population representing the VK210 pheno-
type together with global isolates from Azerbaijan, Brazil, China, Philip-
pines, India, Iran and Korea (Mann et al., 1994; Leclerc et al., 2004; Kim
et al., 2006; Zakeri et al., 2006; Patil et al., 2010). Studies have reported
differences in the infectivity of anophelines to the variant genotypes in-
dicating that Anopheles darlingi and A. pseudopunctipennis were more
susceptible to the infection by VK210 (Da Silva et al., 2006). In Sri
Lanka, A. culicifacies and A. subpictus are the twomost abundant species
of malaria infected anophelines (Konradsen et al., 2000).

Significantly, a study by Storti-Melo et al. (2009) recorded a higher
frequency of VK210 single infections among subjects comprising of
the FYA/FYB allele coding for the Duffy Binding Protein. A possible
explanation that both the CSP and DBP were under strong linkage
disequilibrium was opted, where P. vivax CSP variants could be tagging
functional subset(s) of genetic diversity that modulate the efficiency of
erythrocyte invasion towards a specific group of erythrocyte receptors.

Repeat arrays in Plasmodium antigens (which are exposed to the im-
mune system of the vertebrate host) possess unique characteristics
with respect to the number of repeat units, as well as nucleotide and
amino acid composition, suggesting that natural selection exerted by
the host immune system has shaped features of these arrays (Hughes,
2004). The VK210 variant CSP of P. vivax, included~2–4 local and up
to 2–6 global repeats of the two most abundant PRMs, GDRADGQPA
and GDRAAGQPA. Similar to P. falciparum, these abundant allelic varia-
tions with respect to the number of repeat units, suggests that expan-
sion and contraction of these arrays are ongoing (Delhomme and
Djian, 2000; Van Rheede et al., 2003; Patil et al., 2010). The mode of
evolution of the longer (9-mer) repeats of P. vivax csp seems to be
quite similar to that hypothesized for the shorter (4-mer) repeats of
P. falciparum csp (McConkey et al., 1990; Rich et al., 1997) and may
involve repeated nonreciprocal, intrahelical recombination events
such as strand-slippage during mitotic DNA replication. The number
of repetitive peptide repeat motifs is a key factor governing the genetic
diversity of P. vivax csp of worldwide isolates including those from Sri
Lanka (Fig. 2).

Significantly, few nucleotide replacements are observed when RATs,
rather than nucleotide sequences, are properly aligned (Rich et al.,
1997; Rich et al., 2000). Intragenic recombination, in addition to point
mutations, may have generated some of the motifs and RATs observed.
The RATs within these CR arrays display a remarkably similar arrange-
ment, arguing for the relatively recent origin from a common ancestor
(Patil et al., 2010). Even though a nucleotide diversity of 0.025 was ob-
served for PvCSP in the local population, as a majority of the polymor-
phisms were synonymous at the amino acid level, the central repetitive
domain (CR domain) of PvCSP amino acid haplotypes represented a high-
ly conserved overall structure of the peptide repeatmotif arrays. Thiswas
common to all geographically distributed isolates. As synonymous substi-
tutions are adaptively neutral, or nearly so, synonymous polymorphisms
reflect the time elapsed since the sequences derived from a common an-
cestral sequence. In tracing the evolutionary history of P. vivax, the scarci-
ty of CSP non-synonymous polymorphisms can be interpreted, as it has
been for P. falciparum (Escalante et al., 1998; Rich et al., 1998; Hartl,
2004), as an indication of an aged species arising from a common ances-
tor. Using previously published P. vivax VK247 CSP isolates fromWestern
Colombia (Hernández-Martínez et al., 2011) and Iran (Zakeri et al., 2006),
this study confirmed a similar purifying selection at the CR region, which
highlighted the two strains’ (VK210 and VK247) evolutionary history. In
contrast to our observations, Lim et al. (2005) reported less synonymous
segregating sites (only 3 among the 19 a.a haplotypes) in the CR domain
from several worldwide P. vivax isolates.

Strikingly, in the Sri Lankan isolates, synonymous substitutions of
the common repeat sequence occurred frequently in codons 1, 2, and
7, while the mutations at codon 5 were always non-synonymous,
the Plasmodium vivax circumsporozoite protein (Pvcsp) in Sri Lanka,
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indicating that variation at codon 5 reflected selective pressure. Similar
observations were recorded for all the VK210 global isolates.

Extensive variation in repetitive domains of CSP is well defined with
linkage disequilibrium and low genetic diversity in areas with low levels
of transmission (Anderson et al., 2000). Our study population, together
with Brazil and Iran, displayed strong LD arguing for a predominantly
clonal mode of reproduction (i.e., high levels of inbreeding and rare
homologous meiotic recombination events) in parasites (Patil et al.,
2010). Further, in populations with high levels of inbreeding, the “effec-
tive” recombination rate will be considerably reduced which has been
documented in the local and global population. However, the Korean
population displayed a linkage equilibrium across PvCSP, which must
have resulted from the low number (N=12) of samples. Moreover, in-
sertions and deletions in the central repeat domain, from either sexual
recombination duringmeiosis or intrahelical strand-slippage events dur-
ing mitotic DNA replication (McConkey et al., 1990), generate novel CSP
variants that may be positively selected if the mutant parasites evade
host immunity. Frequent mitotic recombination coupled with positive
selection of new variants may accelerate sequence evolution even
wheremeiotic recombination and out crossing are relatively uncommon
in malaria parasite populations (Rich et al., 2000).

Although, 19 different a.a. haplotypes defined from the Sri Lankan
population was unique to the island, the sequences were quite similar
in the three local test areas except for 2–3 a.a. changes. Moreover, the
low FST values among the three areas (Anuradhapura/Kataragama
FST=−0.018, Anuradhapura/Colombo FST=0.12 and Colombo/
Kataragama FST=0.06) confirmed a gene flow of the parasites among
the three populations and hence appear to be a single population. This
signifies the inbreeding of the parasites to form new variants, which
was further illustrated in the phylogenetic tree, where isolates of the
three local study areas were distributed without clustering area wise.
Nonetheless, theworldwide isolates showed a strict geographic cluster-
ing in both the VK210 and VK 247 variants as reported previously
(Leclerc et al., 2004; Zakeri et al., 2006). This was further corroborated
by the current study, where the FST values calculated for VK210 isolates
among different geographic populations showed strong population
structure, in addition to previous studies (Cornejo and Escalante,
2006; Orjuela-Sánchez et al., 2010). Further, the markedly distinct dis-
tribution pattern of Peptide Repeat Motifs 1 and 2 among the Asian
and the South American isolates, corroborate a recent study by Chenet
et al. (2012). This scenario is reiterated with the geographic structure
of the central repeat region of Pvcsp, as illustrated by the clustering
obtained in the phylogenetic tree.

This study for the first time demonstrated the genetic diversity of
the central repeat domain of the P. vivax Circumsporozite protein in
Sri Lanka, where polymorphism was due to point mutations, inser-
tions and intragenic recombination. This had resulted in 19 amino
acid haplotypes and a single PRM unique to the island.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.gene.2013.01.003.
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