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Abstract

Malaria is endemic in lowland and coastal regions of Papua New Guinea (PNG), and is caused by
Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae and Plasmodium ovale.
Infection by P. vivaxis attributed to distinct strains, VK210 and VK247, which differ in the
sequence of the circumsporozoite protein (pvesp). Here, based upon sequence polymorphisms in
pvesp, we developed a post-PCR ligation detection reaction-fluorescent microsphere assay (LDR-
FMA) to distinguish these P. vivax strains. This diagnostic assay was designed to detect the
presence of both VK210 and VK247 P. vivax strains simultaneously in a high-throughput 96-well
format. Using this assay, we analyzed human blood samples from the Wosera (7= 703) and Mugil
(n=986) regions to evaluate the prevalence of these P. vivaxstrains. VK210 and VK247 strains
were found in both study sites. In the Wosera, single infections with VK210 strain were observed
to be most common (41.7%), followed by mixed-strain (36.8%) and VK247 single-strain
infections (21.5%). Similarly, in Mugil, VK210 single-strain infections were most common
(51.6%), followed by mixed-strain (34.4%) and VK247 single-strain infections (14%). These
results suggest that the distribution of A. vivax infections was similar between the two study sites.
Interestingly, we observed a non-random distribution of these two P. vivax strains, as mixed-strain
infections were significantly more prevalent than expected in both study sites (Wosera and Mugil
XZ p-value < 0.001). Additionally, DNA sequence analysis of a subset of 2. vivaxinfections
showed that no individual pvcsp alleles were shared between the two study sites. Overall, our
results illustrate that PNG malaria-endemic regions harbor a complex mixture of £. vivax strains,
and emphasize the importance of malaria control strategies that would be effective against a
highly diverse parasite population.
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1. Introduction

Of the four human malaria parasites, Plasmodium vivax is the most widespread species
currently found in limited parts of Africa, parts of Central and South America as well as the
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Middle East, and most of Central, Northeast, South, and Southeast Asia, including the
Pacific Islands (Carter and Mendis, 2002; Mendis et al., 2001). In 2009, an estimated 2.85
billion people were at risk of P. vivaxinfection, which causes approximately 80 million
clinical cases each year (Guerra et al., 2006, 2010; Mendis et al., 2001). P. vivax infection
begins with the injection of sporozoites into the human host by an infectious mosquito.
Sporozoites then migrate to the liver, where they invade hepatocytes and proceed through
asexual exo-erythrocytic development. Infected hepatocytes develop either into schizonts, to
begin the blood stage development of malaria infection, or into the dormant hypnozoite
stage. Hypnozoites can become reactivated and proceed to schizogony many months after
initial sporozite inoculation to cause a relapse infection (Krotoski et al., 1986). As a result,
the complexity of A. vivaxblood stage infections are likely to be high because they may
receive contribution from as many as four sources; primary infection, reinfection,
recrudescence from surviving blood stage parasites, or relapse caused by an activated
hypnozoite.

Consistent with observations from other malaria parasite species, the P. vivax sporozoite
expresses an abundant surface protein, the circumsporozoite protein (pvcsp) (Arnot et al.,
1985; Rosenberg et al., 1989). Earlier studies showed that the central region of pvcsp
consists of 15-19 repeats, each 27 bp in length (encoding nine amino acids), with
polymorphism that leads to classification as two different variants, VK210 and VK247
(Rosenberg et al., 1989). The VK210 repeat consists of various multiples and combinations
of the GDRA[D/A/P]JGQPA amino acid motif. The terminal repeat of the VK210 variant has
shown to be consistently comprised of the GDRAAGQPA amino acid motif, which is
immediately followed by a conserved GNGAGG post-repeat sequence. The VK247 repeat
consists of a similar organization of the ANGA[G(N/D)]/[DD]QPG motif. The VK247
terminal repeat is consistently comprised of the ANGAGNQPG motif, which is immediately
followed by the conserved ANGAGGQ post-repeat sequence (Rosenberg et al., 1989;
Yadava et al., 2007; Zakeri et al., 2006).

Since the sporozoite initiates human infection, the most productive vaccine would block
sporozoite invasion of the hepatocyte (Arevalo-Herrera and Herrera, 2001; Bilsborough et
al., 1997; Herrera et al., 1997, 2005; Yadava et al., 2007). Currently, several P. vivax
vaccine candidates are in development, targeting proteins such as CSP, merozoite surface
protein, duffy binding protein and thrombospondin-related adhesive protein (Arevalo-
Herrera and Herrera, 2001; Castellanos et al., 2007; Herrera et al., 1997; Singh et al., 2002,
2005; WHO, 2005; Yadava et al., 2007). Only two A.vivax vaccine candidates have been
tested in humans (CSP and Pvs25), with an additional few candidates entering into the pre-
clinical developmental stage (Herrera et al., 2005, 2007; Malkin et al., 2005). Using the
moderately successful vaccine design based on Plasmodium falciparum RTS,S (Alonso et
al., 2005), several groups have constructed an anti-CSP vaccine for P. vivax (Herrera et al.,
1997, 2004; WHO, 2005; Yadava et al., 2007). As P. vivax vaccine candidates progress
toward advanced clinical trials, monitoring the pvesp variant infection status of post-
vaccination populations will become an essential aspect of determining the long-term
effectiveness of vaccines targeting both PvCSP variants.

In Papua New Guinea (PNG) P. vivax causes significant infection and disease. Our studies
in northern coastal regions of East Sepik and Madang Provinces over the past ten years have
shown that prevalence of malaria has varied with significant reduction in all four species in
recent years (Kasehagen et al., 2006; Mehlotra et al., 2000, 2002; Mueller et al., 2009).
During this time, minimum PCR-based prevalence of infection by the four human malaria
parasite species have been reported as: P. falciparum, 30%; P. vivax, 25%; Plasmodium
malariae, 12%; Plasmodium ovale, 4%. Minimum infection prevalence determined by less
sensitive blood smear light microscopy has always been significantly lower: P. falciparum,
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20%; P. vivax, 9%; P. malariae, 1%; P. ovale, not detected. Monitoring population level
diversity of P. vivaxwill require molecular diagnostic tools and sequence analysis (Cole-
Tobian and King, 2003; Cole-Tobian et al., 2002). Here, we analyzed several pvcsp
representatives in PNG in order to develop a new high-throughput molecular method for
assessing prevalence and diversity of VK210 and VK247 variants. Our results provide new
insight into 2. vivax strain diversity in two malaria endemic regions of northern PNG.

2. Materials and methods

2.1. Study areas, populations and blood sample collection

Cross-sectional studies were conducted in two regions of PNG. Twenty-nine villages in the
Wosera region located in East Sepik Province and three villages in Mugil located in Madang
Province were surveyed as part of collaborative research studies between Case Western
Reserve University and PNG Institute of Medical Research (PNGIMR). These two regions
of PNG represent distinctly different populations, which are separated by 350 km of rugged
terrain. Migration in between locations is not possible by road. Genton et al. (1995) and
Mehlotra et al. (2002) have further discussed details about the Wosera and Mugil study sites,
respectively.

A total of 703 blood samples were collected from study participants in the Wosera region
between August 2001 and June 2003. This sample set, randomly selected from 29 villages
(Kasehagen et al., 2006), represented 7.9% of the population (total population(s=13,000))
and included individuals <1-7 years old. A total of 986 blood samples were collected from
three villages in the Mugil study site between June and July 1999. This sample set
represented 79.4% of the population (total population 7= 1242) and included individuals
<1-85 years old (Cole-Tobian et al., 2002). Demographic information and finger prick blood
samples were collected from each study participant. Blood samples were used for thick and
thin smears and enable human host and parasite DNA extraction for further diagnostic
analysis. Informed consent was obtained from all adult participants and from the parents/
legal guardians of minor participants. All protocols were approved by Human Investigations
Institutional Review Boards of Case Western Reserve University, University Hospitals Case
Medical Center and the Papua New Guinea Medical Research Advisory Committee.

2.2. DNA template preparation

DNA was extracted from whole blood (200 pL) using the QlAamp 96 DNA Blood Kit
(QIAGEN, Valencia, CA).

2.3. Molecular diagnosis of Plasmodium species infection

We have previously described strategies and methods to perform PCR and post-PCR
ligation detection reaction-fluorescent microsphere assay (LDR-FMA) diagnosis of
Plasmodium species (McNamara et al., 2006).

2.4. Molecular diagnosis of P. vivax CSP variants

For P. vivax strain analysis, nested PCR was preformed to amplify the pvesp region of the P.
vivax genome. Previously published sequences for VK210 [GenBank accession no. M11926
(Arnot et al., 1985)] and VK247 [GenBank accession no. M28745 (Rosenberg et al., 1989)]
were used to design PCR primers to amplify region I, pre-repeat, central repeated region,
and post-repeat conserved region of pvesp, consisting of a fragment 600— 750 bp in length
(Imwong et al., 2005; Zakeri et al., 2006).

PCR amplification reactions (25 pl) were performed in buffer containing 3 pmol of
appropriate upstream and downstream primers, 67 mM Tris—HCI, pH 8.8, 6.7 mM MgCl,,
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16.6 mM (NH,4)2S04, 10 mM 2-mercaptoethanol, 100 uM dATP, dGTP, dCTP, and dTTP,
and 2.5 units of thermostable DNA polymerase using the MJ Research PTC-225
thermocycler (Watertown, MA). The nest-1 primers were Up 5’-
ATGTAGATCTGTCCAAGGCCATAAA-3" and Dn 5’-
TAATTGAATAATGCTAGGACTAACAATATG-3’; the thermocycling conditions were:
95°C 2min (1 x),95°C30s,64°C30s,72°C1min30s (30x), 72 °C 4 min (1x). The
nest-2 primers were Up 5’-GCAGAACCAAAAAATCCACGTGAAAATAAG-3’ and Dn
5’-CCAACGG-TAGCTCTAACTTTATCTAGGTAT-3’; the thermocycling conditions
were: 95 °C 2 min (1 x),95°C 305,64 °C 305, 72 °C 1 min 30 s (30x),72 °C4 min (1x). To
evaluate overall amplification efficiency, PCR products were separated by electrophoresis
on 2% agarose gels (1 x TBE), stained with SYBR® Gold (Molecular Probes, Eugene, OR),
and visualized on a Storm 860 using ImageQuant, 5.2 software (Molecular Dynamics,
Sunnyvale, CA) (Fig. 1).

Following nest-2 PCR amplification, products were subjected to a multiplex ligation
detection reaction (LDR) where variant-specific upstream primers ligate to conserved
sequence primers when appropriate target sequences are available (Table 1). Previous
publications in addition to our DNA sequence results have reported (regardless of the
number of repeats within the VK210 and VK247 alleles) that the terminal repeat segment of
VK210 ended consistently in a “GDRAAGQPA” amino acid motif; VK247 ended
consistently with “ANGAGNQPG” (Table 2) (Arnot et al., 1985; Rosenberg et al., 1989;
Zakeri et al., 2006). Immediately downstream of the repeat, VK210 and VK247 sequences
are characterized by conserved amino acid sequences “GNGAGGQAA” and
“ANGAGGQAA”, respectively. Based on these observations, Fig. 2 and Table 2 show that
repeat-specific LDR primers were designed to hybridize to the VK210 and VK247 terminal
repeat sequences with degeneracy introduced to account for reported sequence
polymorphisms (Table 2, H=A,CorT;R=GorA;W=AorT;Y=TorC). Tothe5’
end of both repeat-specific primers, we added unique 24-based FlexMAP™ “TAG”
extensions (Luminex Corp., Austin, TX). Conserved sequence primers positioned
immediately downstream from the terminal repeat primers were 5” phosphorylated and 3
biotinylated by the supplier (Integrated DNA Technologies, Coralville, 1A).

The LDRs were conducted in a solution (15 pL) containing 20 mM Tris—HCI buffer, pH 7.6,
25 mM potassium acetate, 10 mM magnesium acetate,1 mMMNAD+,10 mMdithiothrietol,
0.1% Triton X-100, 10 nM (200 pmol) of each LDR probe, 1 uL of each PCR product and 2
units of Tag DNA ligase (New England Biolabs, Beverly, MA). Reactions were initially
heated at 95 8C for 1 min, followed by 32 thermal cycles at 95 8C for 15 s (denaturation)
and 58 8C for 2 min (annealing/ligation).

The 5” end of the LDR products received classification labeling in a second multiplex
reaction where hybridization occurs between anti-TAG oligonucleotide probes bound to
fluorescent micro-spheres and the TAG sequences added to the pvesp strain repeat-specific
primers. The multiplex LDR product (5 uL) was added to 60 pL of hybridization solution (3
M tetramethylammonium chloride [TMAC], 50 mM Tris—HCI, pH 8.0, 3 mM EDTA, pH
8.0, 0.10% sodium dodecyl sulfate) containing 250 beads from specific Luminex®
FlexMAP™ microsphere sets. Mixtures were heated to 95 8C for 90 s and incubated at 37
8C for 40 min to allow hybridization between species-specific LDR products and bead-
labeled anti-TAG probes in Costar-6511 M polycarbonate 96-well V-bottom plates (Corning
Inc., Corning, NY).

After hybridization, reaction products were incubated in a solution containing streptavidin-
R-phycoerythrin (Invitrogen, Carlsbad, CA) to allow reporter labeling through binding to the
3’-biotin on the conserved sequences primers. Hybridized product (65 pL) was added to a
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solution containing streptavidin-R-phycoerythrin (6 pL) in TMAC hybridization solution (20
ng/pL) and incubated at 37 8C for 40 min.

Detection of doubly labeled ligation products was performed using a Bio-Plex array reader
(Bio-Rad Laboratories, Hercules, CA); plate temperatures were set to 37 °C throughout
detection. This instrument was optimized to excite red/infra-red classification fluorochromes
in embedded microspheres (proprietary Luminex technology). Further details are provided
in McNamara et al. (2006). Differentiation of positive fluorescent signals was determined
using the median fluorescence intensity plus three times the standard deviation of the whole
sample data set. For both VK210 (microsphere 28) and VK247 (microsphere 80), the
accepted positive value for fluorescence was approximately 500, thus any fluorescent
signals above this value was considered positive for the corresponding P. vivax strains.

2.5. DNA sequence analysis

Direct DNA sequence analysis for select samples (7= 18) from both the Wosera and Mugil
regions was performed by dideoxy chain-termination utilizing BigDye version 3.1 (Applied
BioSystems) (Quicklane Sequencing, Agencourt Bioscience Corp., Beverly, MA) for the
pvesp gene. DNA and amino acid sequence was analyzed using Sequencer 4.6 (GeneCodes
Corp., Ann Arbor, MI); sequences analyzed in this study correspond to GenBank accession
nos. EU031819-EU031836 (Fig. 3).

2.6. Statistical analysis

3. Results

Statistical analysis and graphing features were carried out using Graph Pad Prism 4.02 (San
Diego, CA) and Microsoft Excel 2007 (Redmond,WA). The multiple-kind lottery(MKL)
model was usedto calculate the expected numbers of A. vivax strain infection assemblages in
each population. This model assumes that acquisition of infection by individual parasite
strains are independent events, and one possible outcome of exposure is no acquisition of
infection. Infection is designated as py, and the reciprocal, absence of infection, is
designated as 1-p; or ¢; (Janovy et al., 1995; Mehlotra et al., 2002). Extending this to the
two P. vivaxstrains, p; and p, would represent infection by the individual strains, VK210
and VK247, whereas g; and g, would represent absence of infection by the individual
variants. The expected frequency of infection by one strain alone (e.g., VK210 only) is the
product p1 go. Mixed infection by two strains (e.g., VK210 and VK247) is the product pp».
Chi-square values were calculated using heterogeneity tests (3 degrees of freedom) to
compare observed with expected values.

3.1. pvcsp PCR and sequence analysis

Due to the gene’s variable number of repeats, nested PCRs for the pvesp gene produced
bands with sizes ranging from 600-750 bp in positive samples; a number of samples with
multiple bands per lane were also observed (Fig. 1). After PCR amplification, DNA
sequence analysis was performed on 18 samples that showed clear presence of only one
pvesp length variant. Our sequence data confirmed previous descriptions of the VK210 and
VK247 sequences (Arnot et al., 1985; Rosenberg et al., 1989; Zakeri et al., 2006). The
results from our DNA analysis of these 18 sequences (10 Wosera samples [8, VK210; 2,
VK247] and 8 Mugil samples [4, VK210; 4, VK247]) (Fig. 3) demonstrated that the
terminal repeat (Motif ‘B1’, GDRAAGQPA) and 27 bp downstream post-repeat region of
VK210 sequence was conserved among all VK210 samples, consistent with those
previously published (Table 2) (Arnot et al., 1985; Rosenberg et al., 1989; Zakeri et al.,
2006). Similarly, the terminal repeat (Motif ‘D2’, ANGAGNQPG) and 27 bp of the post-
repeat region of VK247 sequences was conserved among all VK247 samples, consistent
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with previously published VK247 sequences and different from VK210 sequences (Table 2)
(Rosenberg et al., 1989; Zakeri et al., 2006). These observations allowed for the
development of our pvesp LDR-FMA diagnostic assay (Fig. 2, Tables 1 and 2).

In addition to characterizing the terminal repeat regions of the pvcsp gene, we observed
significant diversity within the repeated region. Fig. 3 demonstrates that pvcsp repeat
regions ranged in size from 17 to 20 repeats as shown by blocks representing the various 9-
amino acid sequence motifs. The predominant sequence motifs for VK210 were
GDRADGQPA (Motif ‘A’) and GDRAAGQPA (Motif ‘B’) and for VK247,
ANGAGNQPG (Motif ‘D’) and ANGAGDQPG (Motif ‘E”). Due to the relatively small
number of samples sequenced, the VK210 minority repeat Motif ‘C’ (GDRAPGQPA) was
not observed, whereas the VK247 minority repeat Motif ‘F’ (ANGADDQPG) was observed
in four samples sequenced. We also found that no two pvesp sequences were alike at the
nucleotide level as indicated in the alpha-numeric codes assigned to the specific repeat units
(Fig. 3). Additionally, synonymous nucleotide sequence differences were observed within
each repeat motif; those with the same “Motif Letter’ and ‘Number’ combination share the
exact same nucleotide sequence. Overall, we observed eight different variants of the amino
acid *‘A’ motif (A1-A8), six variants of the ‘B’ motif (B1-B6), six variants of the ‘D’ motif
(D1-D6), three variants of the ‘E’ motif (E1- E3) and three variants of the ‘F’ motif (F1-
F3).

3.2. Application and evaluation of the pvcsp LDR-FMA

Based on the sequence analysis, we designed sequence-specific LDR-FMA to diagnose
infection by different P. vivax strains. We applied this diagnostic assay in a survey of
samples from two different malaria-endemic regions of northern PNG, the Wosera (7= 703)
and Mugil (7= 986). This analysis included the 18 samples evaluated by DNA sequence
analysis. Results showed 100% concordance between the LDR-FMA strain assessment and
DNA sequence analysis for the 18 samples described in Fig. 3. Overall evaluation of
individual infections showed that 14.2% (n7= 239) of study participants were infected with
VK210 alone, 5.2% (n = 88) infected with VK247 alone, 10.7% (n = 180) samples were
characterized as a mixed infection with both strains, and 1182 samples were classified as not
infected with either VK210 or VK247. Fifteen samples from the Wosera (coded as DFA-
DFD) and 15 samples from the Mugil (coded as VFA) study sites were chosen to provide an
overview of the VK210 and VK?247-strain-specific fluorescence generated by the pvesp
LDR-FMA (Fig. 4). These results show that the infections are characterized by a wide range
of fluorescent signals for the two strains. The data also shows that some infections with both
strains were dominated by VK210 (fluorescence VK210 > VK247), while other mixed
infections were dominated by VK247 (fluorescence VK247 > VVK210); some infections
show relatively similar fluorescence for both VK210 and VK247.

Because all of the Wosera and Mugil samples have been previously evaluated for
Plasmodium infections by a species-specific LDR-FMA diagnostic assay (McNamara et al.,
2006), we compared pvesp repeat-positivity with A. vivax infection status (Cole-Tobian et
al., 2002; Kasehagen et al., 2006). Plasmodium species-specific LDR-FMA analysis of the
two sample sets (7= 1689) indicated that 507 samples were infected with P. vivax. 199 from
the Wosera, 308 from Mugil. By the pvesp LDR-FMA analysis, 228 individuals from the
Wosera and 279 individuals from Mugil were found to be infected with P. vivax. Overall,
concordance between the detection of P. vivax by the Plasmodium species and pvcsp assays
was 87% in the Wosera and 81% in Mugil (Table 3a and b).
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3.3. Distribution of infection with VK210 and VK247strains

We further compared our findings between Wosera and Mugil to determine if there were
differences in the prevalence and distribution of the VK210 and VK247 strains in different
regions of northern PNG. Although our results (Table 4) suggested that among infected
people the VK210 strain was more predominant in Mugil (240/279; 86.0%) than in the
Wosera (179/228; 78.5%), there wasnosignificantdifferenceinthe distributionof\VK210and
VK247 between these two different study sites (XZ p-value = 0.068).

Finally, we wanted to evaluate how the VK210 and VK247 strains were distributed within a
vivax-endemic community. Our null hypothesis was that the pvesp strains would be
randomly distributed. The multiple-kind lottery model (MKL; assumes random distribution)
(Janovy et al., 1995) was used to calculate the expected frequencies of all combinations of
the VK210 and VK247 strains (VK210 alone, VK247 alone, VK210 + VK247, and no
infection). Results for both study sites showed that there was a significant difference in the
distribution of observed and expected infections (Wosera: XZ =122.12, p>0.001, 3 degrees
of freedom; Mugil: Xz =197.68, p>0.001, 3 degrees of freedom). Fig. 5a and b illustrates
that the observed frequencies of single-strain infections were lower, and the observed
frequencies of the VK210 + VK247 mixed infections were at least 2-fold higher than
expected.

4. Discussion

Frequencies of the predominant £. vivax circumsporozoite protein variants (VK210 and
VVK247) have been determined in a number of malaria-endemic countries around the world,
motivated by potential that parasite populations may respond differently to PvCSP-based
vaccines. While Kain et al. (1992) analyzed 10 P. vivax-positive samples from PNG
reporting 3VK247, 6mixed, and 1 VK210 allele, it is not possible to assess pvesp strain
frequencies based on this limited set of samples. By analyzing a large sample set from
different study sites, we designed our study to provide a more widespread assessment of
pvesp strain diversity in P. vivax-endemic regions of northern PNG. For this, we developed
a new assay to analyze the distribution of the £. vivax VK210 and VK247 strains, based on
sequence differences in the repeated region of pvesp, in a high-throughput 96-well format.
Preliminary results showed 100% concordance between DNA sequence and LDR-FMA
analysis. We then applied this assay to samples from two distinct P.vivax-endemic areas in
PNG, the Wosera (East Sepik Province) and Mugil (Madang Province). Single-strain
infections with VK210 predominated in both studies sites (Wosera 42%, Mugil 52%)
followed by mixed-strain infections (Wosera 37%, Mugil 34%). Single-strain infections
with VK247 were least prevalent (Wosera 21%, Mugil 14%).

Agrowing number of molecular diagnostic surveys have reported VK210 and VK247 strain
prevalence data from regions of the world where P. vivaxtransmission occurs (Bonilla et al.,
2006; Cui et al., 2003; Imwong et al., 2005; Kainetal., 1993b; Kim et al., 2006; Leclerc et
al., 2004; Machado and P6voa, 2000; Moon et al., 2009; Silva et al., 2006; Storti-Melo et al.,
2009; Zakeri et al., 2006, 2009, 2010).Table 5 presents a summary of the pvcsp strain
frequencies from infected individuals. This overview shows that VK210 is the predominant
pvesp strain observed throughout the world, and suggests that frequencies of the VK247
strain is distributed heterogeneously with the highest prevalence of this strain reported to
date occurring in Thailand (Kain et al., 1993a) and PNG (this study). Within Thailand one
earlier study found that VK247 was the predominant £. vivax strain among study
participants from the Royal Thai Army (Kain et al., 1992). Additionally, while VK210 was
the predominant pvesp variant detected among Angpheles mosquitoes collected during
1986-87 in Madang Province,an 1gG-based serological survey of the human population in
this region revealed more frequent infections with the VK247 than with the VK210 variant
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(Burkot et al., 1992). With further consideration of these two pvesp variants, there appears
to be evidence that VK247 may have been the predominant strain in multiple locations in the
Asian region. Although difficult to confirm, the combined data suggest that a shift from
predominance of VK247 to VK210 may have occurred in some regions. Differences in the
distribution pattern of VK210 and VK247 strains may be important to consider as PvCSP is
included in current P. vivax vaccine strategies.

On closer examination of our prevalence data we found that the number of mixed-strain
infections significantly exceeded their expected prevalence. In both Mugil and Wosera we
observed 2.5 times more mixed-strain infections than expected. As described earlier the
hypnozoite, the dormant liver stage of the P. vivax lifecycle, can be reactivated months after
initial infection (Krotoski et al., 1986). We hypothesize that a greater than expected number
of mixed-strain infections in our PNG study may reflect cumulative exposure through new
infections and reactivated hypnozoites.

A recent study from the Acre State of Western Brazil described a new motif
(GNGAGGQAA) in the VK210 sequence, as well as polymorphism which suggests that
VK210 may not always end in the ‘B1” (GDRAAGQPA) terminal repeat (Patil et al., 2010).
While the discordance observed between our £. vivax species diagnostic assay and the pvesp
assay (P. vivax+/pvesp-) suggests that there may be terminal repeats other than the ‘B1’
sequence, we were not able to perform DNA sequence analysis because these samples did
not support PCR amplification of the pvesp fragment. This suggested that there may be
polymorphism flanking the pvesp repeat in PCR primer annealing sites. Potential
polymorphism can be identified in advance by DNA sequence analysis, and revised
strategies needed for different regional surveys can be easily developed using our LDR-
FMA assay.

Molecular diagnostic assays will be essential tools for monitoring parasite populations
throughout the world as various interventions are implemented. The LDR-FMA described
here improves efficiency of molecular diagnosis by reducing manipulations, as all steps of
the procedure are handled in 96-well format and the assay data is deposited from the
detection instrument directly into standard spreadsheet format. As polymorphisms
categorizing P. vivaxstrains are identified through fluorescent signals, discrimination
between uninfected and infected (VK201 alone, VK247 alone or VK210 + VK247 mixed)
samples is easily performed through uniform objective methods; subjective interpretation of
presence or absence of RFLP bands and low-resolution of RFLP band size is eliminated by
this assay. While the current assay has not been developed to assess pvesp diversity beyond
VK210 and VK247 strains, the multiplex method can be expanded through addition of
probes to identify other strain-specific marker sequence. Our data, compiled with what is
known about P. vivaxinfections in other malaria-endemic regions of the world, would
suggest that strain diversity will challenge P. vivax control and elimination.
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Fig. 1.

Representative pvesp Nest-2 PCR products on 2% agarose gel. Lane 1: HyperLadder Il
(Bioline USA Inc., Taunton, MA). Lanes 2-5: representative samples from Wosera, lanes 6—
9: representatives from Mugil. Lane 10: blank, negative control. Samples in lanes 2—-4, 6 and
9 were judged ‘mixed’ infections according to the pvesp LDR-FMA. Lanes 5 and 7 were
positive for single VK247 infection and lane 8 was positive for single VK210 by pvesp
LDR-FMA.
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Fig. 2.

Post-PCR ligation detection reaction-fluorescent microsphere assay (LDR-FMA) design.
Plasmodium species and pvesp strain infection were analyzed using post-PCR LDR-FMA.
Species diagnosis was performed as previously described in McNamara et al. (2006). ~.
vivax strain diagnosis based on variants VK210 and VK247 were performed as shown here.
(A) VK210 pvesp repeat region genetic structure. White bars represent ‘A’ repeat motifs,
black bars — ‘B’ repeat motifs, and diagonal bars — ‘C’ repeat motif. The conserved post-
repeat region is shown as a white box outlined in light grey. These A, B, and C motifs as
well as post-repeat sequences are unique to VK210. (B) VK247 pvcsp repeat region genetic
structure. White bars represent ‘D’ repeat motifs, black bars — ‘E’ repeat motifs, and
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diagonal bars — ‘F’ repeat motifs. The light grey box outlined in dark grey represents the
conserved post-repeat region. These D, E, and F motifs as well as post-repeat sequences are
unique to VK247. (C) lllustrates the LDR primer design capturing the terminal repeat and
post-repeat region unique to each P. vivaxstrain.
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VK 210 Amino Acid Alignment

pre2526 A1 Y A1A1 A1 BB A1 A1 RN A1 EENEEY A5 B Ac EXEER
prps79 |A1]A1[A1 [P A1 B A2 BN A2 B3N A2 EENERY A BEY A: X!
prc23a |A1A4 As [[RY A1 B A2 BN A2 EENEEY A1 X A EEREEREEER
prc3oo |A1/A4 A4 [BE] A1 B A1 BB A2
prc1908 A1 A1 A1 B A1 A1 [RY A2
prc2390 A8 A4 A4 R A1 B A2 BN A2 7| A2 [EEEER A3 RN A7 EXUEHY

DFD191 | A8 A4 A4A1 1 A2 5l A2 A7 A2 B3 B2 A€} B1 gaej B1 Bl

DFB329 ‘dAlAAAl_\ASAV‘AS“mAS 81 %] 83 B2 ¥4 85 P8 81 B1 B1|
vraaia A1]A1 a1 B A1 N A2 BEN A2 EEIERY A1 XA Ao EREESREEN
vra21 |a1/a1 a1 B A1 B A1 B3N A2 EEEER A1 BN Ao IR
vra200 |A1 /A1 A1 B A1 Y A1 3N A2 EEEER A1 B A1 IR

vra215 |A1 /A1 A1 B A1 B A1 3N A2 EEN A2 EEEEA A3 X A3 EEEER

A |GDRADGQPA
B} coraAGQPA

VK 247 Amino Acid Alignment
DFB3032 D3 D3 [BY 01 @Y 01 01|01 [ 03 D1 D2 [BY 01 @Y 04| D2|D1 D2
DFC1921/p3 D3 D3[D3 D1 D1 D1/D1 [[FH 03 | D1 [ZIEY 01 8§ 04 D3 D1 D2
VFA461 D3 /D1 D1/D3 D3 D1 /D2 [BY 01|02 B 01 lBY D4 D2 D1 D2
VFA269 |D3/p3 /D1 D1 D1 [[FH 05 |p1/p2 @ 01 02 [E§ 01 [BY 04 02 D1 D2

veas30 B o1 o3 )03 102 B o1 BY o1 02 01 Y04 D2 D102
J ANGAGNQPG
- ANGAGDQPG
*| ANGADDQPG

Fig. 3.

DNA sequence analysis of eighteen PNG samples. VK210 (top) and VK247 (bottom) were
analyzed from both Wosera and Mugil. Sample 1D codes correspond to individual isolates.
Repeats are classified using uniquely shaded blocks; each block corresponds to a different
amino acid repeat motif observed in the sequenced sample (VK210 motifs A-C; VK247 D-
F). Samples were found to exhibit 17-20 repeats. Two of the three recognized repeated
sequence motifs (A and B) were observed with VK210 isolates. The minor VK210 motif,
motif C (GDRAPGQPA) was not observed in any of our samples.We observed all three
VK247 repeat sequence motifs (D—F). The minor repeat (ANGADDQPG) was observed 4
times among the 6 VK247 isolates. Sequence analysis showed that the terminal amino acid
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sequence motifs were 100% concordant with GDRAAGQPA (VK210) and ANGAGNQPG
(VK247) predicted by previously reported P.vivax strains (not shown here). Shared motif
patterns were observed between VK210. No shared motif patterns were observed between
VK247 infected people or regions. Sequence GenBank accession nos. EU031819-
EU031836.
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Fig. 4.

Overview of P. vivax VK210 and VK247 strain infections in select Wosera and Mugil study
participants. Strain specific fluorescence data shown as median fluorescence intensity (MFI)
for VK210 (white) and VK247 (black). Select study participants (17 = 20) were from villages
in the Wosera (DFA, DFB, DFC, DFD; n= 15) and villages in Mugil (VFA; n= 15) study
sites. LDR-FMA MFI values are found on the Y-axis and range from 0 to 14,000. A
fluorescence value of approximately 500 (as shown by the grey dotted line) is the threshold
for positivity and corrects for background activity. Samples chosen represent the infection
status commonly observed in the two populations surveyed. Single infection with VK210
and VK247 are found as well as mixed infection with both variants and lack of P. vivax
infection.
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P. vivax strain infection complexity

The prevalence and complexity of infection by P. vivax VK210 and VK247 for Wosera (a)
and Mugil (b) study sites. Observed percentages (black) are based upon infection counts.
Expected percentages (grey) are based upon a Multiple Kind Lottery strategy for predicting
single- and mixed-strain infections. Chi-square analysis showed significant difference
between the expected infection values and the observed infections (Wosera: X2 =122.12,p>
0.001,3degrees of freedom, Mugil: x2 = 197.68,p> 0.001, 3 degrees of freedom).
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Ligase detection reaction primers for genotyping P. vivax variants (VK210 and VK247).

Variant Primer sequence® FlexMap™ microsphere set
id no.?

VK210-TAG 5’ cta caa aca aac aaa cat tat caa GGW GAY AGA GCA GMT GGA CAR CCAGCA 3" 28

VK210 conserved  5’-/5Phos/GGA AAT GGT GCA GGT GGA CAG GCA GCA/3Bio/-3’

VK247-TAG 5’ cta act aac aat aat cta act aac GCA AAT GGR GCN GGY AAT CAA CCA GGA 3’ 80

VK247 conserved ~ 5’-/5Phos/GCA AAT GGT GCA GGT GGA CAG GCA GCA/3Bio/-3’

W=AorT;Y=TorC; M=AorC; R=Gor A, N=A, T,CorG.

aPrimers were designed using pvesp sequence for both subtypes: VK210 (GenBank accession number M11926), VK247 (GenBank accession
number M28745). Lowercase nucleotides represent the TAG sequence specific to the FlexMap™ microsphere and are added to the 5" end of each

variant-specfic LDR primer.

ID, identification. One hundred unique Luminex microsphere sets are synthesized to exhibit unique fluorescence. Each microsphere set is coupled

to different anti-TAG sequences. Anti-TAG sequences are complementary to allele-specific TAG sequences.
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Vivax+ Vivax—

(a) Wosera — Plasmodium specie? and pvcspb concordance

pvespr 168 60
pvesp- 31 444
n=703

(b) Mugil — Plasmodium specie? and pvcspb concordance

pvespr 200 79
pvesp— 108 599
n=986

aP. vivax positivity determined by previously described PCR LDR-FMA Plasmodium diagnostic tool (McNamara et al., 2006).

Samples giving a positive result for pvesp variant VK210 and/or VK247 by the described PCR LDR-FMA method in this manuscript.

Infect Genet Evol. Author manuscript; available in PMC 2013 July 31.

Table 3

Page 21



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

wduosnue Joyiny vd-HIN

Henry-Halldin et al.

Table 4

Pvesp distribution between Wosera and Mugil.4

VK210 VK247

Wosera 179(188.9)b 134(121.3)
Mugil 240(230.1) 135(147.7)

a .
Total number of samples evaluated between the two study sites=1689.

b . . . .
Values in parenthesis represent the expected infections.
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