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A B S T R A C T

Elucidating the genetic diversity of the Duffy Binding Protein II (PvDBPII), a leading vaccine candidate for

vivax malaria, in different geographical settings is vital. In Sri Lanka malaria transmission is unstable

with low intensity. A relatively high level of allelic diversity, with 27 polymorphic nucleotides and 33

(aa) haplotypes was detected among the PvdbpII gene in 100 local Plasmodium vivax isolates collected

from two hypoendemic areas, and from a non endemic area of the country. Mutations, recombination

and balancing selection seem to maintain the observed local allelic diversity of PvdbpII. Lack of gene flow

was evidenced by high Fst values between the two endemic study sites. Some of the aa polymorphisms

may alter the binding and expression capacity of predicted T cell epitopes in PvDBPII. Of the 8 binding

inhibitory linear B cell epitopes, 2 (H2 and M1) in the vicinity of the exact binding region of PvDBPII

appeared to be highly conserved in Sri Lankan, Iran and Colombian isolates, while H3, M2, M3 and L3

neutralizing epitopes seem to be polymorphic globally, with H1 and L2 conserved in Colombian, South

Korean and Iran isolates. In comparison to the reference Sal-1 strain, among 402 world-wide isolates

(302 global and 100 local), 121 aa polymorphisms and 138 haplotypes were recorded of which 3 aa

polymorphisms and 21 haplotypes seem to be unique to Sri Lanka. PvdbpII phylogeny suggests that local

P. vivax parasites represent a sample of the global population. The ubiquitous presence of some PvDBPII

aa haplotypes among both local and global P. vivax isolates may aid future vaccination strategies based

on PvDBPII.

� 2011 Published by Elsevier B.V.
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1. Introduction

With its global widespread predominance in the tropics, sub-
tropics and temperate regions, and being responsible for 25–40% of
the annual cases of malaria worldwide (reviewed by Price et al.,
2007), Plasmodium vivax is the major cause of malaria outside of
Africa, mainly afflicting Asia and the Americas with approximately
2.5 billion people worldwide at risk from this infection (reviewed
by Baird, 2009; Guerra et al., 2010). The re-emergence of P. vivax in
areas where it was considered eradicated, the emergence of drug
resistance, and its association with severe and fatal malaria are
evidence of its significant public health importance than tradi-
tionally considered (reviewed by Price et al., 2007; Tjitra et al.,
2008). Given the substantial differences between P. vivax and
Plasmodium falciparum in terms of their biology, pathogenesis, and
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epidemiology, it cannot be assumed that interventions developed
for the control of P. falciparum will be similarly successful against P.

vivax, and highlights the need of developing effective, long-term
control strategies to reduce the impact of this disease (reviewed by
Mueller et al., 2009). Due to the development of increasing
resistance to both insecticides and anti-malarials, these strategies
are increasingly becoming insufficient to reduce the global burden
of malaria. An important part of any control strategy will be the
implementation of a vaccine capable of inducing strain transcend-
ing immunity (Ntumngia et al., 2009); such a strategy seems
particularly important in P. vivax.

Studies in humans and animal models have substantiated that
immune responses targeting blood-stage merozoite antigens may
hamper the parasite ability of invading the RBC and offer
protection against clinical disease (reviewed by Richards and
Beeson, 2009). However, extensive antigenic diversity associated
with most of the vaccine candidate antigens of the Plasmodium

merozoite, along with several other factors, hampers the progress
of the development of blood stage vaccine(s).

The complex multistep RBC invasion process of P. vivax is
dependent on the recognition of the Duffy blood group antigen

http://dx.doi.org/10.1016/j.meegid.2011.04.023
mailto:dappvr@yahoo.com
http://www.sciencedirect.com/science/journal/15671348
http://dx.doi.org/10.1016/j.meegid.2011.04.023


Fig. 1. Map of Sri Lanka indicating the locations of the three study sites.
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(DA) receptor on the host RBC surface by the merozoite ligand, the
Duffy Binding Protein (DBP), exported to the merozoite surface
during invasion (Adams et al., 1992; Chitnis and Miller, 1994). Two
key observations, i.e. the complete resistance of Duffy negative
individuals to P. vivax merozoite invasion (Miller et al., 1976), and
reduced susceptibility to P. vivax of heterozygous carriers of a
Duffy-negative allele compared with wild-type homozygotes
(Kasehagen et al., 2007), provide strong evidence that complete
or partial disruption of the expression of DA reduces invasion
ability of the merozoite restricting the blood stage development of
P. vivax. Although recent observations of transmission of vivax

malaria in Duffy-negative populations (Ménard et al., 2010)
suggest alternative invasion pathway(s) of P. vivax, how extended
this phenomenon is remains obscure. Thus, P. vivax DBP (PvDBP)
seems one of the most promising vaccine candidates against this
disease.

Naturally acquired antibodies to PvDBP are prevalent in
residents of areas where malaria is endemic (Fraser et al., 1997;
Xainli et al., 2003; Tran et al., 2005; Cerávolo et al., 2008; Souza-
Silva et al., 2010). Few studies demonstrate the presence of
naturally acquired binding inhibitory antibodies directed against
the PvDBP (Grimberg et al., 2007; Cerávolo et al., 2008; King et al.,
2008; Souza-Silva et al., 2010) which contained both strain specific
and strain transcending components (Cole-Tobian et al., 2009).
Some such observations were confirmed in a recent study from Sri
Lanka (P.V. Udagama-Randeniya, unpublished data). The fact that
PvDBP specific binding inhibitory antibodies confer protection
against blood stage in vivo, provide ample evidence that protective
immune response to P. vivax is at least partially directed against
PvDBP, and reiterate the importance of developing a vaccine based
on this antigen (King et al., 2008).

The critical binding motif (CBM) was mapped to a central 170 aa
stretch within the 330-aa residue binding motif (with 12 cysteines)
located in region II of the DPB (PvDBPII). Six residues that lie
between cysteines 4 and 6 come together in three dimensional
space to form the exact DA recognition site of PvDBPII during RBC
invasion (Mayor et al., 2005; Singh et al., 2006). Though the
cysteines and the exact DA binding residues are conserved,
extensive polymorphisms are associated with many other residues
of the CBM (reviewed by Chitnis and Sharma, 2008). Many of these
polymorphic residues, (i) were non-synonymous and organized
into clusters of two contiguous stretches that lie opposite to the DA
recognition site of PvDBPII (Singh et al., 2006), and (ii) can
collectively alter the antigenic character of the molecule which can
significantly change the sensitivity to inhibitory antibodies
directed against PvDBPII (VanBuskirk et al., 2004). The pattern
of polymorphism associated with the CBM imply the existence of
selection pressure, suggesting that allelic variation functions as a
mechanism for immune evasion (Cole-Tobian and King, 2003;
Chootong et al., 2010). Such newly selected mutants will spread
affecting the population structure, and may provide insight to the
evolution and selection of parasite populations over time (Rich
et al., 1997; Gosi et al., 2008). Many similar PvDBP alleles are
widely distributed among different geographical areas worldwide
(reviewed by Chitnis and Sharma, 2008). Although DBP represents
an ideal vaccine target, the allelic variation and the associated
strain specific immunity represent challenges for development of a
broadly effective vaccine.

Given the complex geographic structure of P. vivax that may
affect the observed genetic diversity of putative vaccine antigens
(Cornejo and Escalante, 2006), the characterization of PvdbpII in
different geographic regions will be particularly important in
vaccine development and deployment. Such vital information was
neither available from the Indian sub continent, nor from Sri Lanka
where P. vivax is responsible for 65–80% of the total reported
annual malaria incidence. Although, malaria conditions are
described to be unstable transmission with low intensity (Mendis
et al., 1990), the geographic isolation of Sri Lanka may impose
unique selection constraints on the local parasite population. We
thus analysed the nature of the genetic polymorphism, including
that of the predicted linear B and T cell epitopes, of the PvdbpII gene
in Sri Lanka by examining 100 local P. vivax clinical isolates, and the
forces driving the maintenance of this genetic diversity. Also, the
associations among local and global PvDBPII sequences were
investigated by comparison of their phylogeny.

2. Materials and methods

2.1. Study sites and sample collection

This study protocol received approval from the Ethical Review
Committee, Faculty of Medicine, University of Colombo, Sri Lanka
(EC/04/103). Blood samples were collected between December
1998 and March 2000 (Wickramarachchci et al., 2010), with
informed consent, from adults (age >15 years) with microscopi-
cally confirmed P. vivax infections, prior to anti malarial treatment.
The patients were selected from two P. vivax endemic areas,
Anuradhapura (88220N, 808200E; N = 42) and Kataragama (68250N,
818200E; N = 73), situated 250 km apart, and from residents of the
non-endemic malaria area, Colombo (78550N, 798500E; N = 52),
where the patients were acquired the disease only after visiting to
the areas with natural malaria transmission in the island (Fig. 1).
During sample collection, the annual parasite incidence due to P.

vivax was 20–40 and 80–160 per 1000 individuals from
Anuradhapura and Kataragama, respectively (Briët et al., 2003).
Though the samples from Kataragama were collected from
patients living in 7 contiguous villages comprising an area of only
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10 km2 (Mendis et al., 1990), those from Anuradhapura repre-
sented the entire district with a significantly larger area,
suggesting these two sets of isolates constitute discrete study
populations. On the other hand, though the possibility of a relapse
could not be excluded from the Colombo samples, the origin of
these infections could be traced back to a recent visit to a P. vivax

transmission area that included 11 different administrative
districts within the country, including those two test endemic
areas under study. Furthermore, two isolates were traced to be of
South Indian origin.

2.2. Extraction of parasite genomic DNA and identification of single

clone infections

Genomic parasite DNA was extracted from 5 ml of venous blood
using phenol:chloroform method as described previously (Guna-
sekera et al., 2007). The final DNA extracts were re-suspended in
Tris buffer and stored at �20 8C until further used.

The clonality of each P. vivax infection was investigated using a
combined nested polymerase chain reaction (PCR) and restriction
fragment length polymorphism (RFLP) analysis of the polymorphic
msp-3a locus as described recently (Wickramarachchci et al.,
2010). Only those confirmed as single clone infections were used
for the present study.

2.3. PvDBPII PCR amplification and sequencing

A 224 aa stretch of the PvDBPII spanning 292–515 aa
(numbered according to Fang et al., 1991) was amplified by
nested PCR as previously described (Cole-Tobian et al., 2002), with
minor modifications. Briefly, the final MgCl2 concentration was
adjusted to 15 mM in the reaction mixture, while 0.25 units of Taq

polymerase (Promega, USA) with 100 mM of each of the four
deoxynucleotide triphosphates was used per reaction. Each PCR
product was visualized by electrophoresis on 1% agarose gels as
described (Cole-Tobian et al., 2002).

PCR products were purified by Wizard@ SV Gel and PCR cleanup
system (Promega, USA) and each amplicon was subjected to direct
sequencing in an ABI prism automated sequencer using BigDye
termination chemistry (Macrogen Inc., S. Korea). The forward and
reverse primers used for nest 2 PCR amplification was also applied
for sequencing. Three separate PCR products each from the initial
15 isolates were sequenced in both forward and reverse directions
that resulted in sixfold sequence coverage, while the remaining
isolates were subjected to twofold sequence coverage. Each
mutation that resulted in only a single isolate was confirmed by
sequencing of a new PCR product.

2.4. Editing and assembling of sequencing products

Sequences were assembled and edited using Seqman II and
EditSeq of DNAstar programme (DNAstar, Madison, WI) and was
aligned using Clustal W algorithm of MEGA ver 4.0 (Tamura et al.,
2007). The complete 100 sequences of the present study was
submitted to the GenBank; Colombo (N = 36: GU143914–
GU143949), Anuradhapura (N = 24: GU143950–GU143973) and
Kataragama (N = 40: GU143974–GU144013). Using P. vivax

Salvador-1 strain (Sal-1), M37514, as the reference, sequences of
the present study were compared with previously published
PvdbpII sequences globally from regions with different P. vivax

transmission intensities; Colombia (N = 17: U50575–U50591),
Papua New Guinea (PNG) (N = 111: AF469515–AF469602,
AF289480–AF289483, AF291096, AF289635–AF289639,
AF289641–AF289653), South Korea (N = 13: AF215737–
AF215738, AF220657–AF220667), Thailand (N = 30: EF219451,
EF368159–EF368177, EF368179–EF368180, EF379127–EF379132,
EF379134–EF379135), Iran (N = 9: EU860430–EU860438) and
Brazil (N = 122: EU812839–EU812960).

2.5. Statistical analyses

Statistical analyses were performed using the options available
in MEGA ver 4.0 (Tamura et al., 2007) and DnaSP ver 4.10.9 (Rozas
et al., 2003).

The following genetic diversity indices were considered; p – the
average number of nucleotide substitutions per site between any 2
sequences with Jukes and Cantor correction, S – number of
segregating (polymorphic) sites, H and Hd – number of haplotypes
and haplotype diversity, SP – the number of singleton positions
and the PI – parsimony informative sites, and p – number of amino
acid difference per site.

2.6. Test of neutrality and selection pressure

In order to explore the effect of natural selection, number of
synonymous (dS) and non-synonymous (dNS) substitutions per
site was investigated using Nei and Gojobori method (1986) with
Jukes and Cantor correction. The dNS � dS difference test statistics
were applied to test the null hypothesis of strict neutrality of this
gene. Standard error was determined by 1000 bootstrap replica-
tions for dS and dNS, as well as two tail Z-test on the difference
between dNS and dS, using MEGA 4.

The McDonald–Kreitman (MK) (McDonald and Kreitman, 1991)
test was used as a second test of natural selection, using
Plasmodium knowlesi dbp a gene [L14805-07] as an out group.
Fisher’s exact test was applied to the data to test for significant non
randomness (P < 0.05), and the skew from randomness was
calculated as the Neutrality index. Tajima’s D-test (Tajima,
1989), D* and F* statistics of Fu’s and Li’s tests (Fu and Li,
1993), were performed for testing the hypothesis that the allele
frequency range is compatible with the neutral model.

2.7. Recombination

Analysis of recombination in PvdbpII was performed on
alignment of sequences by DnaSP to calculate the minimum
number of recombination events (Rm) that have occurred through
the sequence (Hudson and Kaplan, 1985). The recombination
parameter (C) was estimated (Hudson, 1987), which include the
effective population size and probability of recombination
between adjacent nucleotides per generation.

2.8. Genetic differences between parasite populations

The degree of genetic differentiation of PvdbpII gene was
analysed and compared within the sub-populations of the two
endemic areas in Sri Lanka, and among populations of other
countries by estimating Fst values using DnaSP version 4.10.9.

2.9. Phylogenetic analysis

Phylogenetic analysis was used to investigate the associations
of PvDBPII alleles recorded in the present study with those
previously published from different malaria endemic regions
worldwide. Phylogenetic tree for a 672 bp region of PvdbpII was
constructed using the Neighbor-Joining method (NJ) with 1000
bootstrap replicate, the Tamura’s three-parameter distance
model as implicated in the MEGA ver 4.0. Altogether 274
sequences were used to construct the phylogenetic tree, including
100 sequences from Sri Lanka, 111 from PNG, 17 Colombia, 13
South Korea, 30 Thailand and one each from India, Vietnam and
Indonesia.
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2.10. Polymorphism associated with B and T cell epitopes of PvDBPII

Using previously published major linear B and T-cell epitopes of
the CBM of the PvDBPII (Xainli et al., 2002, 2003), we analysed the
polymorphisms associated with B and T cell epitopes in Sri Lankan
isolates. Further, the polymorphisms associated with eight linear B
cell epitopes, which are targets of naturally acquired binding
inhibitory antibody responses (Chootong et al., 2010), were also
analysed in the Sri Lankan isolates.

The SYFPEITHI prediction tool (www.syfpeithi.de) (Rammensee
et al., 1999) was used to predict the T cell epitopes associated with
the CBM of the PvDBPII molecule (based on Sal-1 sequence). The
differential binding ability of the predicted T cell epitopes of
PvDBPII, with four most prevalent HLA-DRB1 alleles present in
malaria endemic Asian and Afro-American populations (Saravia
et al., 2008), was analysed. Subsequently, polymorphisms associ-
ated with the predicted T cell epitopes of the PvDBPII in natural Sri
Lankan P. vivax isolates and their effect of binding ability with the
HLA-DRB1 alleles were also predicted.

3. Results

Of 152 confirmed single clone P. vivax isolates, only 100
(Kataragama, N = 40; Anuradhapura, N = 24 and Colombo, N = 36)
were successfully amplified for the 672 bp PvDBPII fragment.

3.1. Sequence polymorphism and diversity indices of the PvdbpII gene

Sequence analysis of the local P. vivax isolates revealed that,
although size polymorphisms was not observed, single nucleotide
polymorphisms were present within the sequenced PvdbpII gene
fragment. Six residues surmised to make direct contact with the DA
receptor (according to the Pv/Pk a DBL 3D structure), were
invariant in local isolates. Compared to the Sal-1 strain, 27
dimorphic variable nucleotides which resulted in 27 mutations
(S = 27) were recorded in the local isolates (Table 1). Only 3 of these
polymorphisms (at positions 583, 651 and 669) were singleton (Si)
variables while the rest (24) were parsimony informative (Pi) sites
(Table 2). Pairwise nucleotide diversity (p) for overall local isolates
was 0.00982 while those from the Anuradhapura recorded the
highest values (p = 0.0123), followed by Colombo and Kataragama
(Table 2). Further analysis with the sliding window option
Table 1
Nucleotide and amino acid changes compared to the reference Sal-1 sequence within 

Positiona 300 306 308 371 378 384 3

b

Sal-1 AAT TTT AGG AAA CGC GAT G

Sri Lanka TAT TTG AGT GAA CGT GGT A

Sal-1 N F R K R D E

Sri Lanka Y L S E R G K

Percentaged 3% 7% 13% 34% 94% 2

Positiona 437 465 476 486 489 

b b 

Sal-1 TGG ATC CCA CAA ACC 

Sri Lanka CGG ATA CCC GAA GCC 

Sal-1 W I P Q T 

Sri Lanka R I P E A 

Percentaged 37% 1% 3% 

a Number of the amino acid residue – according to Fang et al. (1991) (bold and under

particular codon).
b Positions of synonymous nucleotide changes.
c Dimorphic mutation (changed in to two amino acid types).
d Percentage of detection frequency of amino acid in the Sri Lankan isolates. Positio
(window length 100 bp, step size 12) which allows the visualiza-
tion of high polymorphic regions, resulted that within PvDBPII, p
ranged from 0 to 0.02094, and the maximum diversity was found
between cysteines 5 and 8 (data not shown). While 10 nucleotide
mutations each occurred at the first and third base positions, 6
occurred at the second base position of the codons, that gave rise to
39 different nucleotide haplotypes (H = 39), with a haplotype
diversity (Hd) of 0.922 (�0.014) (Table 2). Among the three test areas
number of different haplotypes was highest in non-endemic Colombo
(H = 19), while the haplotype diversity was highest among isolates
from Anuradhapura (Hd = 0.942).

Of the 224 amino acids, 22 non synonymous and 4 synonymous
mutations were found locally, which resulted in 33 different
PvDBPII aa haplotypes (Table 3). Only 13 aa polymorphisms were
confined within the CBM of the PvDBPII. Further, only 10 (48%)
polymorphisms (371, 384, 385, 386, 390, 503,504, 505, 508 and
513) (Table 1) were placed in the two polymorphic stretches of the
3D structure where the other polymorphisms were distributed
throughout the molecule with some of these lying close to the DA
receptor binding site. Three dominant aa haplotypes, (SL-1, 2 and
3) which comprised 21%, 16% and 15% isolates, respectively, were
found while another 21 haplotypes were represented by a single
isolate each (Table 3). Only a single isolate of PvDBPII local
haplotype, SL-18, was identical to that of the Sal-1 strain. The
analysis of the distribution of the PvDBPII aa haplotypes within the
country revealed that while SL-1 was found in 7 administrative
districts, SL-2 and SL-3 were recorded from 4 different districts
each. Of the rest, 6 haplotypes were distributed in 2 and the
remaining 24 were restricted only to a single administrative
district suggestive that PvDBPII haplotypes were widely distribut-
ed throughout the country (Table 3). However, certain PvDBPII
haplotypes showed area restricted distribution in the two endemic
areas (restriction of SL-4 and 6 to Kataragama, and SL-5, 7 and 8 to
Anuradhapura). Further, an area preference distribution was
observed for the three predominant haplotypes, with SL-1 and 3
predominantly found in Kataragama, and SL-2 more abundant in
Anuradhapura (Fig. 2). In addition, the two isolates probably
acquired from South India revealed that these sequences were
identical to SL 1 and SL 2, the most frequent allele types in Sri
Lanka.

Polymorphisms N417K, W437R and I503K, either in single or in
combination, can alter the efficacy of an acquired binding
the 672 bp region of the PvdbpII gene among the Sri Lankan isolates.

85 386 390 398 404 417 419 424

AA AAG CGT TCT ACA AAT ATA TTA

AA AAT CAT ACT AGA AAA ATG ATA

 K R S T N I L

 N H T R K M I

0% 20% 66% 12% 12% 36% 18% 49%

503 504 505 508 513 515

c b

ATA ATG GTA GCA ACG GCA

AAA AGG TTA CGA/CGC/CCA AAG GCC

I S V A T A

K R L R/R/P K A

55% 3% 3% 11%/1%/1% 24%

line nucleotides are the variants compared to reference Sal-1 sequence, within that

ns 306–437 confined within the CBM of the PvDBPII.

http://www.syfpeithi.de/


Table 2
Genetic diversity indices of the 672 bp region of the PvdbpII gene from world wide isolates.

Locality Sa p (SD)b Hc Spe Pif P(SE)g

Hd (SD)d

Sri Lanka (N = 100) 27 0.0098 39 3 24 0.025

(Total) (�0.0005) 0.922 (�0.014) (0.006)

Anuradhapura1 (N = 24) 24 0.0123 15 4 20 0.031

(�0.0008) 0.942 (�0.031) (0.007)

Kataragama2 (N = 40) 24 0.0075 16 8 16 0.019

(�0.0009) 0.868 (�0.035) (0.005)

Papua New Guinea3 (N = 111) 69 0.0101 56 42 27 0.024

(�0.0005) 0.936 (�0.015) (0.005)

Colombia4 (N = 17) 14 0.0090 15 0 14 0.027

(�0.0007) 0.985 (�0.025) (0.007)

South Korea5 (N = 13) 33 0.0105 10 26 7 0.026

(�0.0033) 0.962 (�0.041) (0.006)

Thailand6 (N = 30) 29 0.0112 24 11 18 0.029

(�0.0005) 0.983 (�0.015) (0.007)

Iran7 (N = 9) 10 0.0063 7 2 8 0.018

(�0.0010) 0.944 (0.070) (0.006)

Brazil8 (N = 122) 20 0.0082 34

(�0.0003) 0.934 (0.012) 0 20 0.021

(0.006)

Accession numbers: 1 = GU143950–GU143973; 2 = GU143974–GU144013; 3 = AF469515–AF469602, AF289480–AF289483, AF291096, AF289635–AF289639, AF289641–

AF289653; 4 = U50575–U50591; 5 = AF215737–AF215738, AF220657–AF220668; 6 = EF219451, EF368159–EF368177, EF368180, EF379127–EF379132, EF379134–

EF379135; 7 = EU860430–EU860438; 8 = EU812839–EU812960.
a Number of polymorphic (segregating) sites.
b Pairwise nucleotide diversity (standard deviation).
c Number of nucleotide haplotypes.
d Haplotype diversity (standard deviation).
e Number of singleton variables.
f Number of parsimony informative sites.
g Pairwise amino acid diversity (standard error).

Fig. 2. Distribution of most commonly occurring PvDBPII amino acid haplotypes

within the two malaria endemic areas in Sri Lanka. Each of the PvDBPII amino acid

haplotypes with >3% prevalence of the total isolates were included. PvDBPII amino

acid haplotypes 1–8 represent SL 1–SL 8 as in Table 3.
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inhibitory antibody response (VanBuskirk et al., 2004). Locally,
variants N417K, W437R and I503K were found at frequencies of
36%, 37% and 55%, respectively. Analyses of the combination of
variants revealed that N417K-W437R occurred at a high frequency
(99%), while N417K-I503K and W437R-I503K occurred at frequen-
cies of 27% and 30%, respectively. This suggests that though a
strong association occur between N417K-W437R, no such strong
association was found between I503K with either N417K or
W437R, among local PvDBPII alleles.

3.2. Comparison of PvDBPII Sri Lankan sequences with worldwide

sequences

Sequence analysis of the 402 isolates from different malaria
endemic areas locally and globally revealed that though direct DA
binding residues were conserved, 121 variant aa were recorded
compared to the reference Sal-1 strain. Of these, only 31 were
placed within the two polymorphic clusters analogous to the Pv/Pk
a DBL crystal structure. Eighteen of the polymorphisms (306, 308,
371, 384, 385, 386, 390, 398, 404, 417, 419, 424, 437, 486, 503, 504,
505 and 513) found in Sri Lanka confirmed previous records from
other malaria endemic areas globally; where 16 were recorded
from Thailand, 14 from Brazil, 10 each from PNG and South Korea, 9
from Iran and 8 from Colombia. The most commonly variant amino
acids recorded in high frequencies from global isolates (D384G,
K386N, N417K, L424I, W437R and I503K) also occurred at high
frequencies in local isolates. Interestingly, 3 polymorphisms,
N300Y, T489A and A508R or A508P, were exclusively detected
in Sri Lanka.

All together, 138 different PvDBPII aa haplotypes were found in
global sequence analysis. Of these, 33 were recorded locally of
which 8 were also recorded from Brazil, 6 from Thailand, 4 from



Table 3
PvDBPII amino acid haplotypes found in the 100 Sri Lankan isolates.

Haplotype Amino acid number %a Areab

300 306 308 371 384 385 386 390 398 404 417 419 424 437 486 489 503 504 505 508 513 C A K

N F R K D E K R S T N I L W Q T I S V A T
SL-1 . . . . G . . H . . . . . . . . K . . . . 21 9 (6) 2 10
SL-2 . . . E G . . . . . K M I R . . . . . . . 16 7 (3) 5 4
SL-3 . . . . G . . H . . . . . . . . K . . . K 15 2 (2) 1 12
SL-4 . . . E G K N H . . K . I R . . . . . . . 6 2 (2) 4
SL-5 . L S . G K N H T R . . I . . . . . . . . 5 2 (1) 3
SL-6 . . . . G . . H . . . . . . . . K . . R . 4 3 (2) 1
SL-7 . . . E G . . . . . K . I R . . K . . . . 3 1 (1) 2
SL-8 . . S . G K N H T R . . I . . . . . . . . 3 1 (1) 2
SL-9 . . . . G . . H . . . . . . . . K . . R K 2 2
SL-10 . . . . G . . H . . . . . . . . . . . . . 2 1 (1)
SL-11 . . S . G K N H T R . . I . E . . . . . . 1 1
SL-12 . L S . G K N H T R . . I . . . . R L . K 1 1
SL-13 Y L S . G K N H T R . . I . . . . . . . . 1 1
SL-14 . . . . . . . . . . K . I R . . K . . . . 1 1 (1)
SL-15 . . . . G . . H . . . . . . . A . . . . . 1 1
SL-16 . . . E G . . . . . K M I R . . . . . R . 1 1 (1)
SL-17 Y . . . G . . H . . . . . . . . K . . . . 1 1 (1)
SL-18 . . . . . . . . . . . . . . . . . . . . . 1 1
SL-19 . . . . . . . . . . . . . . . . . R L . . 1 1
SL-20 . . . . . . . . . . . . . . . . . . . R . 1 1
SL-21 . . . . . . . . . . . . . . . . . . . R K 1 1 (1)
SL-22 . . . E G . . . . . . . I R . . K . . . . 1 1 (1)
SL-23 . . . . . . . . . . K . I R . . K R L . . 1 1
SL-24 . . . . G . . . . . K . I R . . K . . . . 1 1
SL-25 Y . . E G . . . . . K . I R . A K . . R . 1 1
SL-27 . . . E G . . . . . K . I R . A K . . R K 1 1
SL-28 . . . E G . . . . . K . I R . . K . . R . 1 1
SL-29 . . . . G . . H . . . . . . . . K . . P K 1 1
SL-30 . . S . G K N H T R . . I . . . . . . . K 1 1 (1)
SL-31 . . . E G K N H . . K . I R . . . . . . K 1 1 (1)
SL-32 . . S E G K N . . . K . I R . . K . . . . 1 1 (1)
SL-33 . . . E G . . . . . K . I R . . . . . . . 1 1

Amino acid positions were numbered according to Fang et al. (1991).
a % = percentage of isolates observed within the country.
b Area = number of isolates collected from the three study areas (C = Colombo, A = Anuradhapura, K = Kataragama) number in parentheses denotes the different number of administrative districts traced to the origin of the

infections (parasite isolates) of residents of Colombo.
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Fig. 3. Neighbor-Joining tree of PvdbpII nucleotide sequences (using Kimura 2

parameter distance) showing the phylogenetic relationship between P. vivax

isolates from different geographical areas globally. Only representative single

isolates from different countries globally were used to construct the gene tree. Each

isolate number is the relevant GenBank accession number. GU – Sri Lanka
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Iran, each from PNG and South Korea, but none of the local
haplotypes matched those recorded from Colombia. Importantly,
21 of the 33 local PvDBPII aa haplotypes seem to be unique to Sri
Lanka, since these were not detected in global isolates. Interest-
ingly SL-1, the most common PvDBPII aa haplotype in Sri Lanka
found as the most common isolate in Brazil also.

Comparison of the global and local sequences of PvdbpII

revealed that Thailand, South Korea and PNG recorded high
nucleotide diversity than Sri Lanka while Colombia, Iran and Brazil
recorded low diversity (Table 2). However haplotype diversity (Hd)
was lowest in Sri Lankan isolates. While isolates from Sri Lanka,
Thailand, Colombia, Iran and Brazil contained more Pi sites, those
from PNG and South Korea contained more Si sites (Table 2).

3.3. Test of neutrality and natural selection

Though not significant, dNS � dS was >1 for all 100 isolates,
suggesting that this part of the PvDBP protein may be subjected to
positive selection to maintain the polymorphism in the form of
balancing selection (Table 4). However, the Z-test did not result in
significant values for the probability of rejecting the null
hypothesis of strict neutrality (dNS = dS).

The 100 local sequences as a whole showed high excess of NS
polymorphisms (P = 0.0465 based on Fisher’s exact test) within P.

vivax sequences relative to NS polymorphisms from the out group
species, P. knowlesi, which was significant only in the endemic area
Anuradhapura (Table 4). This may evidence departure from
neutrality and indicative of balancing selection occurring at the
PvdbpII gene. Both Tajima’s D and Fu and Li’s D and F statistics
resulted in non significant positive values for sequences as a whole
and for Anuradhapura, while for Kataragama a non significant
negative value was obtained.

3.4. Recombination

The four gamete test resulted at least in 9 recombination events
that occurred among the 100 sequences, while C was estimated at
0.0206 between adjacent nucleotides and 13.8 across the whole
gene sequence. It is hard to assess recombination at a locus
suspected to be under selection as there is no means to separate
convergence from a real recombination event. Both R2 and D0,
indices of linkage disequilibrium (LD), declined with increasing
molecular map distances between pair of sites. Both LD parameters
were significantly larger among sites <200 bp apart on the
chromosome with 43% of these pairwise comparisons in LD
compared to sites >200 bp apart with a lower R2 and D0 and
significantly fewer (P < 0.0001; x2 = 17.55) sites in LD (21%). These
data provide evidence that meiotic recombination may play a role
in generating haplotype diversity across PvdbpII gene among the
Sri Lankan P. vivax parasites. At least 5 and 6 recombination events
were found with recombination parameter, C, was estimated at
0.0246 and 0.0073 for the endemic test areas Anuradhapura and
Kataragama, respectively.

3.5. Genetic differentiation between parasite populations

The degree of genetic differentiation of the PvdbpII gene within
the two endemic populations in Sri Lanka and among populations
of other countries, estimated by Fst values, indicated that highest
difference with Sri Lankan isolates was observed in Colombia
(Fst = 0.1828) followed by South Korea (Fst = 0.1682), PNG
(GUxxxxxxC = Colombo; GUxxxxxxA = Anuradhapura; GUxxxxxxK = Kataragama),

PNG – Papua New Guinea, THA – Thailand, SK – South Korea, CL – Colombia, Ind –

India, INDO – Indonesia and VIT – Vietnam, SAL-1 – P. vivax Salvador 1. Numbers at

nodes indicate percentage support of 1000 bootstrap replicates.



Table 4
Selection pressure of the PvdbpII gene of the clinical P. vivax isolates collected from Sri Lanka.

Rates of synonymous and non-synonymous

mutations

McDonald–Kreitman test Tajima’s test Fu and Li’s test

dNSa dSb dNS-dSc (�SE) Z test Within Spp. Between Spp. Neutrality index (P)f Tajima’s D D* F*

(S/NS)d (S/NS)e

Total (N = 100) 0.0108 0.0058 0.005 dNS > dS 5/21 47/70 2.821 0.7643 0.8144 0.9517

(0.003) (0.003) (0.004) P = 0.112 (0.046*) P > 0.10 P > 0.10 P > 0.10

Anuradhapura (N = 24) 0.0133 0.0087 0.0046 dNS > dS 4/22 47/70 3.641 1.0222 0.6632 0.9050

(malaria endemic) (003) (0.005) (0.006) P = 0.221 (0.023*) P > 0.10 P > 0.10 P > 0.10

Kataragama (N = 40) 0.0085 0.0039 0.0046 dNS > dS 6/18 47/70 2.014 �0.3748 �0.6583 �0.6658

(malaria endemic) (0.002) (0.002) (0.003) P = 0.070 (0.175) P > 0.10 P > 0.10 P > 0.10

a Nucleotide diversity of non-synonymous mutations per non-synonymous site (Nei–Gojobori with Jukes–Cantor correction).
b Nucleotide diversity of synonymous mutations per synonymous site (Nei–Gojobori with Jukes–Cantor correction).
c Differences of dNS and dS with standard deviation estimated by bootstrap with 1000 pseudo replicates.
d Fixed difference within species (synonymous/non-synonymous).
e Fixed difference between species (synonymous/non-synonymous).
f P value for Fisher’s exact test.
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(Fst = 0.148), Iran (Fst = 0.0989), Thailand (Fst = 0.0860) and Brazil
(0.0303). Interestingly, the two endemic areas within Sri Lanka,
Anuradhapura (N = 24 sequences) and Kataragama (N = 40),
showed a higher Fst value (0.1038) than that between Sri Lanka
with Thailand, Iran and Brazil.

3.6. Phylogenetic analysis

A gene tree using the 274 PvdbpII sequences revealed that,
though some of the isolates from different malaria endemic areas
tend to cluster according to geographic locations, most isolates
from different geographical areas were interspersed and distrib-
uted throughout the phylogenetic tree (Fig. 3). Of the 27 groups
evident on the gene tree, the first 11 contained isolates from PNG
only, providing evidence for geographic isolation. However, the
rest of the PNG isolates were mixed and distributed among four
other groups consisting of isolates from different geographical
areas. Groups 13, 17 and 19 exclusively contained isolates from
Thailand. Groups 16 and 18 both (where Sal-1 reference strain
grouped in the former), contained isolates from Sri Lanka, PNG,
Colombia, Thailand but interestingly lacked South Korean isolates.
Further the group 16 contained a single isolate from India while
group 18 contained single isolate each from Vietnam and from
Indonesia. Group 20 contained isolates from Sri Lanka, PNG,
Thailand and South Korea.

Seven different groups of the gene tree included Sri Lanka
isolates. A majority of these concentrated among groups 14, 18 and
20 with no clustering detected according to the sample collection
sites (data not shown). Interestingly, of the 27 groups, groups 22
and 24 exclusively contained a single isolate from Sri Lanka.
Table 5
Polymorphisms observed in the predicted linear B and T-cell epitopes of PvDBPII in Sr

Peptide Residuesa Epitopeb

1 299–313 T/B 

2 315–329 T 

3 321–335 T/B 

4 329–343 T/B 

5 380–391 B 

6 421–435 T 

7 445–459 B 

a Residues were numbered according to Fang et al. (1991).
b T = T-cell epitope (Xainli et al., 2002); B = B-cell epitope (Xainli et al., 2003).
c Bold underlined residues correspond to polymorphisms and those in parentheses are

sequence of the reference Sal-1 strain.
d Pairwise nucleotide diversity.
Groups 14 and 15 included Sri Lankan isolates in combination with
Thailand isolates. The Sri Lankan sequences thus appeared to
represent a sample from PvdbpII worldwide genetic diversity,
rather than from any particular lineage.

3.7. Polymorphism associated with B and T cell epitopes of PvDBPII

According to the each of the 5 described major linear B (Xainli
et al., 2003) and T-cell (Xainli et al., 2002) epitopes associated with
the critical binding motif of the PvdbpII gene, we found that only 3
contained polymorphic residues among Sri Lankan isolates (Table
5). Of these, peptides 1, 5 and 6 contained 3, 4 and a single,
polymorphic residue(s), respectively. All these polymorphic
peptides had higher nucleotide diversity compared to that of
the entire 672 bp region of the PvdbpII, and all were non-
synonymous in nature.

Among the two universal PvDBPII epitopes described recently
(Saravia et al., 2008), one (RDYVSELPTEVQKLKEKCDG) was
conserved among Sri Lanka while (ISVKNAEKVQTAGIVTPYDI),
only 13 residues of the other peptide were sequenced in the
present study, of which 39% (5/13) were polymorphic among local
isolates.

Ten putative continuous B cell linear epitopes, located within
the PvDBP molecule, which function as potential inhibitory B cell
epitopes were recently described (Chootong et al., 2010). Those B
cell linear epitopes were categorized as high/H [N = 3], medium/M
[N = 3] and low/L [N = 4]) epitopes based on their ability to inhibit
the binding of PvDBPII to its RBC receptor, the DA. Eight of these B
cell epitopes located within PvDBPII and their associated poly-
morphisms among the Sri Lankan and other global isolates were
i Lankan isolates.

Sequencec pd

V N (Y) N T D T N F(L) H R(S) D I T F R 0.0271

L Y L K R K L Y D A A V E G 0

L I Y D A A V E G D L L L K L 0

G D L L L K L N N Y R Y N K D 0

I F G T D(G) E(K) K(N) A Q Q R(H) K Q 0.0299

I C K L(I) N V A V N I E P Q I Y 0.0113

Y V S E L P T E V Q K L K E K 0

 the alternative amino acid found in the Sri Lankan field isolates as compared to the



Table 6
Polymorphisms observed in the potential binding inhibitory B cell linear epitopes of the PDBPII ligand domain in local and global P. vivax isolates.

Epitopea Residuesb Sequence (based on Sal-1 strain) Countryc

SL PNG COL SK THAI IRAN BRA

H 1 306–321 F H R D I T F R K L Y L K R K L Pd (13%) P Ce C P C P

H 2 328–341 E G D L L L K L N N Y R Y N C P C P P C P

H 3 384–399 D E K A Q Q R R K Q W W N E S K P (32%) P P P P P P

M 1 344–355 F C K D I R W S L G D F C P C P P C C

M 2 414–429 L K G N F I W I C K L N V A V N P (19%) P P P P P P

M 3 432–447 P Q I Y R W I R E W G R D Y V S P (6%) P P P P P P

L 2 400–411 A Q I W T A M M Y S V K P (8%) P C C P P P

L 3 364–377 M E G I G Y S K V V E N N L P (7%) P P P P p P

a PvDBPII binding inhibitory B cell linear epitopes; H1 to H3 high-inhibition, M1 to M3 moderate-inhibition, and L2 and L4 low-inhibition B-cell epitopes (Chootong et al.,

2010).
b Amino acid residues were numbered according to Fang et al. (1991).
c Country of origin of the isolates; SL = Sri Lanka, PNG = Papua New Guinea, COL = Colombia, SK = South Korea, THAI = Thailand. Numbers within the parentheses next to the

SL, indicates the percentage of isolates containing polymorphic residues of that particular sequence.
d P = polymorphic epitope.
e C = conserved epitope.
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analysed (Table 6). Among the local isolates, highest percentage of
polymorphism (32%) was recorded in the H3 epitope followed by
M2 (19%), H1 (13%), L2 (8%), L3 (7%) and M3 (6%). However, H2 and
M1 epitopes located in an area that overlaps with the receptor
recognition site of the PvDBPII molecule, is highly (100%)
conserved among the 100 Sri Lankan isolates which was also
observed in all 17 isolates from Colombia and 9 isolates from Iran.
Conversely, these two epitopes seem to be subjected to a low level
of polymorphism in PNG (single polymorphic site each in H2 and
M1 giving rise to 8% and 1% polymorphism in 111 isolates), South
Korea (2 and 1 polymorphic sites in H2 and M1 with 8%
polymorphisms detected in 13 isolates) and Brazil (M1 is
conserved while a single polymorphic site in H2 with 6%
polymorphism in 122 isolates). However, the 30 Thai isolates
showed 47% and 3% polymorphism due to single variant site each
in H2 and M1. Epitopes H1 and L2 were conserved in Colombian,
South Korean and Iran isolates. Nevertheless epitopes H3, M2, M3
and L3 were polymorphic to varying degrees in all different
geographical areas.

Using T-cell epitope prediction algorithm (SYFPEITHI software
– access via www.syfpeithi.de) (Rammensee et al., 1999), 15 mer
peptides of the PvDBPII Sal-1 sequence were predicted and
evaluated to their ability to bind by four most prevalent HLA-
DRB1 alleles present in the malaria endemic population of Asia and
Table 7
SYFPEITHI (www.syfpeithi.de) predicted peptides of the CBM of PvDBPII (Sal-1 sequen

HLA-DRB1 allele typea Peptide number Residuesb

DRB1*0101 1. 492–506 

2. 353–367 

3. 366–380 

4. 442–456 

5. 374–388 

6. 408–422 

7. 500–514 

DRB1*0401 8. 303–317 

9. 341–355 

10. 492–506 

11. 499–513 

12. 443–457 

13. 446–460 

DRB1*0701 14. 320–334 

DRB1*1101 15. 404–418 

a Four of the 10 most prevalent HLA-DRB1 alleles present in malaria endemic popul
b The amino acids corresponding to positions 1, 4, 6 and 9 (and 7 in some cases) were m

HLA-DRB1 allele’s pockets on the peptide-binding region – anchor residues (Saravia et al

isolates.
c SYFPEITHI predicted binding score (only scores equal to or more than 25 were con
Afroamerica. The four HAL-DRBI alleles considered was (HLA-
DRB1*0101, HLA-DRB1*0401, HLA-DRB1 *0701 and HLA-
DRB1*1101) (Southwood et al., 1998). The binding capacity of
peptides was evaluated based on a scoring system predicted by the
software in which only a score of �25 was considered to give
successful binding. Of the 224 amino acid region analysed, HLA-
DRB1*0101 allele was predicted to be able to successfully binding
to 7 peptides, HLA-DRB1*0401 to 6 peptides and both DRB1*0701
and DRB1*1101 alleles to a single peptide each (Table 7).
Importantly, local amino acid polymorphisms associated with
some of the predicted peptides were able to change the binding
capacity of those peptides to class II MHC allotypes. Binding score
of DRB1*0101 peptide 1 (residues 492–506) reduced from 27 to 19
by a replacement of I to K, replacement of K to E of the peptide 3
(residues 366–380) reduced the binding score from 26 to 24 and
two replacements of peptide 7 (residues 500–514) I to K and A to R
reduced the binding score 25 to 17. Replacement of F to L
associated with DRB1*0401 binding peptide 8 (residues 303–317)
reduced the binding capacity from 28 to 26. Further two HLA-
DRB1*0101 binding peptides, 3 (residues 366–380) and 7 (residues
500–524) and a single DRB1*0401 binding peptide 8 (residues
303–317) contained polymorphisms in the anchor residues of
those peptides (Table 7). Of those anchor residue polymorphisms,
only the polymorphism of DRB1*0401 peptide 8 reduces the
ce) that bind with four selected HLA-DRB1 alleles.

Sequencec Binding scored

K N Q W D V L S N K F I S V K 27

G D F G D I I M G T D M E G I 26

G I G Y S K V V E N N L R S I 26

G R D Y V S E L P T E V Q K L 26

E N N L R S I F G T D E K A Q 25

Y S V K K R L K G N F I W I C 25

N K F I S V K N A E K V Q T A 25

D T N F H R D I T F R K L Y L 28

N K D F C K D I R W S L G D F 28

K N Q W D V L S N K F I S V K 28

S N K F I S V K N A E K V Q T 28

R D Y V S E L P T E V Q K L K 26

V S E L P T E V Q K L K E K C 26

K L I Y D A A V E G D L L L K 30

T A M Y S V K K R L K G N F I 26

ations of Asia and Afroamerica (Southwood et al., 1998).

arked by SYFPEITHI in bold since they corresponded to residues fitting into the main

., 2008). Italicized underlined residues are polymorphic sites found in the Sri Lankan

sidered).

http://www.syfpeithi.de/
http://www.syfpeithi.de/
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binding capacity while the anchor residue polymorphisms of the
other two peptides do not change the binding capacities.

4. Discussion

Assessment of the level of genetic polymorphism associated
with PvdbpII within and between populations from different
malaria endemic geographical regions is a prerequisite for its
evaluation as a vaccine candidate. In the present study for the first
time, we investigated the genetic polymorphism of PvdbpII in Sri
Lanka and compared those with global PvdbpII sequences.

Conservation of the key DA contact residues and cysteines
among the local isolates further confirmed that structurally and
functionally important residues of the PvDBPII are conserved
among different parasite populations (reviewed by Chitnis and
Sharma, 2008). Contrary to the predictions based on the proposed
Pk/Pv DBL 3D structure that polymorphism was concentrated
within two contiguous stretches that lie opposite to the DA
recognition site of PvDBPII (Singh et al., 2006), a majority of
polymorphic residues were scattered within the intact 3D
structure in local as well as global isolates which reiterate the
suggestion of a more extensive and widely dispersed PvdbpII

polymorphisms being present in nature (McHenry and Adams,
2006).

Both the pairwise nucleotide diversity and amino acid sequence
diversity observed in the local isolates were comparable with those
from other geographical areas. Although the exact reason was
unclear, both the p and P was highest in Anuradhapura, an area
with comparatively low malaria transmission. The differences
between sampling and sequencing techniques used in previous
global attempts and the restriction of the size of the sample
collection area in Kataragama, compared to Anuradhapura, may
explain this disparity. The p value observed for the PvdbpII in the
present study was similar to that of Pvama-1 (p = 0.0095) (P.V.
Udagama-Randeniya, unpublished data) and was considerably
lower than Pvmsp-1 (p = 0.023) (Dias et al., 2011) for the battery
isolates used for the present study. Low nucleotide diversity values
of the PvdbpII gene than that of the Pvmsp-1 may reflect a major
functional restriction in DBP protein, due to its crucial role in the
invasion process as described previously (Martinez et al., 2004).
Further, PvDBPII is more diverse than eba-175, its homologue in P.

falciparum (Escalante et al., 1998; Baum et al., 2003).
Non-synonymous polymorphism in all three bases of different

codons created a high level of microheterogeneity in the local
PvDBP protein sequences that resulted in 33 different amino acid
haplotypes. This number of haplotypes is unexpectedly high under
existing unstable and low transmission malaria condition in Sri
Lanka. However, these results were in agreement with the general
inference that proteins involved in parasite recognition by the
host’s immune system are under balancing selection given the
pressure for accumulating polymorphism as a strategy for evading
the host’s immune attack (Escalante et al., 2004). Although the 3
residues (N417K, W437R, I503K) described as those directly
involved in resisting binding inhibitory antibodies, those were
found in different frequencies among the local and global isolates
(Sousa et al., 2006; Gosi et al., 2008; Babaeekho et al., 2009). The
strong association between N417K and W437R (99%) found among
isolates from Sri Lanka, PNG and Brazil, together with their
functional effect may further support that these two residues may
constitute a discontinuous epitope in PvDBPII involved in antibody
mediated immune evasion as described previously (Sousa et al.,
2006).

The presence of three dominant PvDBPII amino acid haplotypes
reported in Sri Lanka endorsed previous records from other malaria
endemic geographic areas (Cole-Tobian et al., 2007). Two plausible
reasons for this dominance as described by Cole-Tobian et al.
(2007) may be that; (i) certain dominant alleles may bind better to
DA and may increase the fitness of the parasite, and (ii) several
dominant PvDBPII haplotypes may be less immunogenic, thereby
escaping the host immune response. More extensive analysis with
higher numbers of isolates is required to elucidate the exact
reason/s for the prevalence of high frequencies of certain PvDBPII
haplotypes, locally as well as globally. The area restricted
occurrence of certain PvDBPII haplotypes (i.e. SL – 4, 5, 6, 7 and
8) and high prevalence of some (i.e. SL – 1, 2 and 3) were found
within both endemic areas of the country. This may be interpreted
as the effect of demographic processes that need to be investigated
using neutral loci. Geographical isolation of certain P. vivax

haplotypes of the two endemic areas within the country may be
a key reason to have relatively high genetic differentiation
(Fst = 0.1038) between Anuradhapura and Kataragama as observed
in the present study. Interestingly, the area-wise isolation
observed for certain PvDBPII haplotypes in the present study,
was recently demonstrated for certain genotypes of the Pvmsp-3a,
from the same parasite populations used for the present study
(Wickramarachchci et al., 2010). This further indicates that
demography is playing an important role in the observed pattern
of genetic diversity.

As high level of polymorphism at nucleotide (74%) and amino
acid (85%) levels seen locally is reflected globally, and the
worldwide distribution of common variant amino acid haplotypes
of PvdbpII insinuates that a common vaccine construct based on
PvDBP may be useful in different malaria endemic areas, globally.
Conversely, the presence of unique amino acid polymorphisms
(N = 3) and high numbers of unique PvDBPII amino acid haplotypes
(N = 21) locally, as well as globally clearly indicates the importance
of in-depth analysis of molecular epidemiological data in areas
with different malaria endemicity. Existing of such unique
geographical sequences, may be due to biogeographic limitations
such as in Sri Lanka being an island, or may be due to the possible
recent introduction of the parasite to that geographic area (Sousa
et al., 2010).

Many previous PvdbpII diversity studies, indicated high rates of
non-synonymous relative to synonymous mutations (dNS/dS ratio
ranged from 1.9 to 3.4) that reflected a positive selection
promoting greater diversity of PvDBPII, presumably to avoid host
immune responses, irrespective of the geographical distribution
(Cole-Tobian and King, 2003). Though the local situation reflected a
dNS/dS ratio of 1.86 this difference was not significant. This is
further supported by the diverse pattern and increased rates of
non-synonymous to synonymous mutations observed in B- and T-
cell epitopes both locally and globally. Further, though not
significant, the positive values obtained for Tajima’s and Fu and
Li’s D and F test statistics indicated that local PvDBPII alleles occur
at more intermediate frequencies than expected with few alleles
being rare or near to fixation, which is consistent with the action of
balancing selection maintaining the allelic variation in the
population, as indicated previously for EBA-175 (Baum et al.,
2003). Conversely, the MK test indicated a high ratio of non-
synonymous to synonymous mutations significantly smaller
between species than within P. vivax, which according to Cole-
Tobian and King (2003) suggests that purifying selection is
operating to reduce the number of non-synonymous substitutions
between species. However, the contrasting detection of different
types of selective pressure applied on PvdbpII observed in local
isolates, was previously reported for both functionally important
regions II and VI of this molecule (Cole-Tobian and King, 2003;
Martinez et al., 2004). This may imply a balance between high
functional restriction for maintaining structural constraint due to
the key role of the Duffy Binding Protein in the erythrocyte
invasion process and the search for diversity as a response against
host immune pressure (Martinez et al., 2004). However, the
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presence of recombination influences the ability to detect selection
since it breaks up the associations between sites under selection
and linked variation. Further, recombination is predicted to make
Tajima’s and Fu and Li’s tests conservative in identifying significant
positive deviations from neutrality (Polley and Conway, 2001).

The existence of 9 recombination events and decline of the LD
with increasing distance between nucleotide sites suggest that in
addition to natural selection, meiotic recombination may also
contribute to maintain the observed diversity of PvdbpII gene
among isolates of hypoendemic settings in Sri Lanka, as recorded
from other geographical areas as Brazil and Colombia (Sousa et al.,
2010). However, absence of the recombination events in areas with
higher P. vivax transmission intensity such as PNG and South Korea
(Cole-Tobian and King, 2003), may suggest that even though
recombination forces appear to be acting on PvdbpII, their
influence may be less important, as suggested for Colombian
isolates, which also demonstrated the presence of recombination
sites within the PvdbpII gene (Martinez et al., 2004). Recombina-
tion was found to be a factor of maintaining genetic diversity of
two other merozoite proteins, Pvama-1 and Pvmsp-1 in the same
battery of parasite isolates used for the present study (Gunasekera
et al., 2007; Dias et al., 2011, P.V. Udagama-Randeniya –
unpublished data) and few other isolates collected from the
endemic area Kataragama (Manamperi, 2002). The results of the
present and past studies may indicate that rare recombinant
haplotypes generated within the Sri Lankan population are highly
selectively advantageous or that new haplotypes generated in
areas of higher endemicity may sweep into the Sri Lankan
population (Gunasekera et al., 2007). The latter was evident as
several aa haplotypes (SL-1, 2, 3, 5, 10, 14,18) found also in Sri
Lanka were recorded in other P. vivax endemic global settings (SL-1
from India and Brazil, SL-2, 3, 5, 10, 11 and 14 from Thailand, SL-18
in PNG and SL-14 in South Korea, also). However, the existence of
20% multiple clone P. vivax infections locally (Wickramarachchci
et al., 2010), also increases the chance of sexual out crossing,
suggests that occurrence of rare recombinant events is also
plausible within the local P. vivax population.

Local PvdbpII genes were distributed throughout the clado-
gramme interspersed with worldwide alleles. The overall observa-
tions indicate that despite the barrier to gene flow imposed mainly
due to its island status, Sri Lankan PvDBPII alleles appeared to
represent a sample from the worldwide population. The present
study reiterate recent local studies on Pvama-1 (Gunasekera et al.,
2007), Pvmsp-3a (Wickramarachchci et al., 2010), Pvmsp-1 (Dias
et al., 2011) and microsatellite diversity of P. vivax (Karunaweera
et al., 2008) where no significant geographic clustering was evident
in P. vivax population in Sri Lanka, compared to worldwide P. vivax

populations. Thus it is plausible that although there is strong
geographic structure within the country as evidenced by Fst, it has
not been maintained long enough to allow the emergence of most
commonly distributed local alleles that are exclusively found in Sri
Lanka. The Fst values and phylogenies could be affected by
differences in the strength of selection worldwide is important so
the pattern of geographic differentiation may not be the result
solely of genetic drift. More studies are required in order to
separate the effect from drift and selection. Nevertheless,
describing the geographic patterns is still important whereas
defining the exact individual contribution of each factor (i.e. drift,
selection, recombination, etc.) may not be possible under many
circumstances.

Polymorphism in T-cell epitope regions of parasite antigens
may well enable parasites to escape host immune responses, as
polymorphism in T-cell epitopes can up or down regulate a T cell
response to the index peptide, or completely arrest an immune
response assisting the parasite escape the host immune system
(Tanabe et al., 2007). Although the number of peptides that
included B and T cell epitopes of the PvDBPII among Sri Lankan
isolates (N = 2 of each epitope type) were lower than the global
status described previously (Cole-Tobian and King, 2003), the high
nucleotide diversity and the existence of all non-synonymous
substitutions suggest that these polymorphisms arose to avoid the
host immune response. Importantly, of 8 linear B-cell epitopes
identified to induce binding inhibitory antibody responses
(Chootong et al., 2010), 6 contained polymorphic residues among
the Sri Lankan isolates. Of the epitopes H2 and M1–M3, located in
the vicinity to the exact DA binding site though able to induce
binding inhibitory antibody responses (Chootong et al., 2010).
Importantly H2 and M1 epitopes were found to be highly
conserved in Sri Lankan, Columbia and Iran isolates. Both these
epitopes were polymorphic to a lower degree in PNG, South Korea
and Brazil, as was M1 in Thailand. However, H2 was relatively
highly polymorphic in Thailand. Epitopes M2 and M3 on the other
hand showed varying degrees of polymorphism in all these
different geographical areas. Thus, the relatively conserved binding
inhibitory epitopes H2 and M1 seem to be vital in vaccine
development. In this vein, it is interesting to note on the ability of P.

vivax merozoites to enter Duffy negative reticulocytes (Ménard
et al., 2010).

Of the two peptides described as universal epitopes for PvDBPII
(Saravia et al., 2008), one was found to be conserved among the
local isolates, while the higher percentage of polymorphism (39%)
recorded for the other peptide in Sri Lankan as well as global
sequences, limits its ability to be considered as a universal epitope
of PvDBPII. According to the results of SYFPEITHI T-cell epitope
prediction software, all four HLA-DRB-1 alleles were predicted to
be able to bind and express PvDBPII Sal-1 peptides with a binding
score ranging from 25 to 30, implied that HLA-DRB-1 alleles
expressed different binding profiles. Some of the polymorphisms
changed the binding and expression capacity of that particular
peptide and changed its ability to be expressed as a T-cell epitope.
Since most of these polymorphisms reduced the binding capacity
of that particular epitopes to the HLA-DRB molecules it may be
suggested that such polymorphism arose as an evasion mechanism
to overcome the host’s immunity. However, since the confidence
level for predicting epitopes to MHC class II molecules is usually
not very high (approximately 50%), also as these molecules accept
a wider range of peptides in size and binding capacity, the
predicted results must be interpreted with caution.

In conclusion, the present study for the first time revealed that
the PvdbpII gene among Sri Lankan isolates is genetically diverse
which seems to arise as a mechanism of immune evasion, where
natural selection and recombination maintain the observed
diversity in the form of balancing selection. The conservation of
the DA binding site/residues of the PvDBPII molecule and the
regular occurrence of the most common and high prevalent
polymorphisms and the variant residues of the B and T cell
epitopes (including those epitopes that target binding inhibitory
antibodies) in diverse P. vivax endemic geographical areas
worldwide, suggests that a vaccine based on the PvDBPII would
be effective against diverse P. vivax isolates. However, the presence
of unique PvDBPII alleles within Sri Lanka and in different malaria
endemic areas globally, indicate the necessity of in-depth
molecular epidemiological analyses to be conducted in areas with
different malaria transmission intensities worldwide, and those
highly prevalent, common alleles should be incorporated into
developing a vaccine based on PvDBPII to be deployed universally.
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