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collection and interpretation, or the decision to

submit the work for publication. invasion and to be absent from parts of Africa where the Duffy-negative phenotype is
Competing interests: The authors have declared highly frequent. However, a number of recent studies from across sub-Saharan Africa
that no competing interests exist. have reported P. vivax infections in Duffy-negative individuals. Invasion into Duffy-posi-

tive reticulocytes is mediated by the P. vivax Duffy binding protein (PvDBP). The mecha-
nism for invasion into Duffy-negative reticulocytes is not known. A homologue of
PvDBP, namely, P. vivax erythrocyte binding protein (PvEBP), has been recently identi-
fied but its role in Duffy independent invasion is not clearly defined. Here, we provide
unique insights into the roles of these two key ligands by studying the genetic diversity of
P. vivax isolates collected from Cambodia, where most of the individuals are Duffy posi-
tive (not all), and Madagascar where both Duffy-positive and Duffy-negative individuals
coexists. Our data suggest that PVEBP may play an important functional role in invasion
into Duffy-negative reticulocytes. PVEBP appears to be a target of naturally acquired anti-
body responses following natural exposure to P. vivax infection and such as a consequence
an important vaccine candidate, together with PvDBP.

Introduction

Plasmodium vivax is a predominant cause of malaria outside Africa, which causes significant
morbidity (estimate of 8.5 million cases in 2016) and places an enormous economic burden on
many resource poor countries [1]. Until recently, vivax malaria was considered a benign infec-
tion compared to P. falciparum, although clinical episodes and regular recurrent infections
cause significant morbidity [2]. Moreover, P. vivax infections can sometimes lead to severe
life-threatening pathologies [3].

Previous data from malaria therapy, which was used extensively for over two decades
(1920-1940) for treatment of neurosyphilis (e.g. paralysis of the insane), as well as experimen-
tal infections of volunteers have demonstrated that individuals of African origin were naturally
resistant to P. vivax infection [4-6]. Thereafter, following identification of the Dufty blood
group [7], it was shown that the Duffy blood group antigen (Fy® or Fy®) was not expressed on
red blood cells (RBCs) of individuals of African origin (Duffy-negative) [8, 9]. Seminal works
with controlled experimental infections of volunteers through sporozoite challenge and in
vitro invasion studies using P. knowlesi as a model subsequently established the paradigm that
the Duffy antigen is required for reticulocyte invasion by P. vivax [9-11]. Consequently, vivax
malaria was long thought to be absent from parts of Africa where the Duffy-negative pheno-
type is highly frequent [12].

Host cell invasion by Plasmodium merozoites is a complex, multi-step process that involves
multiple interactions between erythrocyte receptors and ligands on merozoites. Unlike P. fal-
ciparum merozoites, which can use several erythrocyte receptors for invasion, it was thought,
until recently, that invasion of human reticulocytes by P. vivax is completely dependent on the
interaction between the P. vivax Duffy Binding Protein (PvDBP) and the erythrocyte Dufty
antigen receptor for chemokines (DARC) [13, 14]. However, over the last decade, two reports
both from Brazil [15, 16] and a growing body of studies conducted in Africa (review in [12])
have reported PCR-positive vivax malaria cases in Duffy-negative individuals. These frequent
observations raise the emerging issue of P. vivax infection in Duffy-negative populations, and
the possibility of alternative invasion mechanism(s). At present, we do not know whether
these clinical reports are common and were previously undetected or if they are due to the
emergence and spread of specific P. vivax strains that use alternative Duffy-independent path-
ways to invade Duffy-negative reticulocytes. Whatever the reason for the increasing frequency
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of observations of P. vivax in Duffy-negative populations, it is a cause for concern and
demands attention.

Recent whole genome sequencing studies of monkey-adapted P. vivax strains and field iso-
lates (all isolates were collected from Duffy-positive patients) have revealed that the PvDBP
gene was duplicated in multiple P. vivax isolates, particularly at high prevalence in Madagas-
car, a setting where Dufty-positive and Duffy-negative individuals coexist [17]. Initially, this
epidemiological pattern suggested that the duplication of this gene was likely associated with
the capability of the parasite to overcome the barrier of Duffy negativity. Since then, this
hypothesis has been challenged by Hostetler et al. [18] who found that PvDBP gene duplica-
tions were widespread even in malaria endemic areas in Southeast Asia where Dufty-negativity
is not present. Another recent study [19] reported evidence of PvDBP gene amplification (3
and 8 copies) in two Dufty-negative Ethiopian isolates. In addition, sequence data generated
from a P. vivax field isolate (C127 isolate from Cambodia), which used reconstruction of long
reads without relying on the reference genome (e.g. the monkey-adapted Salvador I strain),
identified 792 predicted genes [20]. Among them, two contigs contained predicted protein
coding genes similar to known Plasmodium red blood cell invasion proteins. One of these
genes harbored all the hallmarks of a Plasmodium erythrocyte binding protein, including con-
served Dufty-binding like and C-terminal cysteine-rich domains. Further analysis showed that
this gene, which is present in most of studied P. vivax genomes, clustered separately from all
known Plasmodium erythrocyte-binding protein genes [20]. Further functional investigations
demonstrated that the recombinant PvEBP (derived from the C127 PvEBP allele) bound pref-
erentially to immature (CD71™€") and Duffy-positive reticulocytes [21]. A minimal binding
was observed with Duffy-negative reticulocytes, and no binding was observed with mature red
blood cells or normocytes. PvDBP and PvEBP were clearly shown to be antigenically distinct.
These findings were slightly modulated in another study that reported that the region II of
PvEBP expressed in COS-7 cells bound both Duffy-positive and Dufty-negative erythrocytes
although at low frequency suggesting that PvEBP may be a ligand for invasion of Duffy-nega-
tive reticulocytes [19].

To gain insight into the natural genetic diversity and polymorphisms in the two main pro-
tein ligands for reticulocyte invasion (PvDBP and PvEBP), we collected and analyzed P. vivax
isolates from two distinct settings: in Cambodia, where the vast majority of individuals are
Dulfty-positive[2], and Madagascar where an admixture of Duffy-positive and Dufty-negative
people coexists [22].

Results
Duffy genotyping
Duffy genotyping data were available for 174 samples and all samples were genotyped as

Dufty-positive (T-33C substitution: Cambodia, N = 119, 100% T/T and Madagascar, N = 55,
44% T/T and 56%T/C) (Table 1).

PvDBP gene copy number variation (CNV)

PyDBP CNV was assessed in 458 P. vivax isolates collected in Cambodia (N = 392) and Mada-
gascar (N = 66) (Table 1). PvDBP CNV ranged from 1 to 6 copies. No significant differences
were observed between P. vivax isolates from both countries in the median gene copy number
(1.31 and 1.30 for Madagascar and Cambodia, respectively, P = 0.21, Mann Whitney test) or in
the proportion of isolates carrying multiple copies PvDBP (45.5% for Madagascar and 37.5%
for Cambodia, P = 0.22, Fisher’s exact test). These data confirm that PvDBP amplification is a
common event across isolates from Cambodia and Madagascar (Fig 1).
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Further analysis showed that the proportion of isolates with multiple copies of PvDBP in-
creased over time in Cambodia: from 16.7% (8/48) in 2003-2004 to 39.8% (142/357) in 2011~
2017 (P = 0.001, Fisher’s exact test). This trend was significant for samples collected from west-
ern provinces (Battambang, Pursat, Pailin, Kampot) (15.2% vs. 36.6%, P = 0.02, Fisher’s exact
test). The proportion of isolates with multiple copies of PvDBP and the median gene copy
numbers for PvDBP were similar between paired isolates collected before a standard 3-day
course of chloroquine (30 mg/kg) (D0) and at the day of recurrence (Dx) occurring during the
2-months follow up in patients relocated in a non-transmission area (DO0: 38.5%, 5/13, median
PvDBP copy number = 1.4, IQR: 1.1-2.4 vs. Dx: 23.1%, 3/13, median PvDBP copy number =
1.0, IQR: 1.0-1.5, P = 0.67, Fisher’s exact test and P = 0.40, Mann Whitney test, respectively).

More surprisingly, we observed in Malagasy samples that the proportion of isolates with
PyDBP amplification or the median copy of PvDBP gene was significantly higher in homozy-
gous Dufty-positive individuals (T/T) compared to heterozygous Duffy-positive individuals
(T/C) who are supposed to express less DARC antigen on the surface of their reticulocytes: T/
T: 59.1%, 13/22, median PvDBP copy number = 2.2, IQR: 1.0-3.0 vs. T/C: 27.6%, 8/29, median
PyDBP copy number = 2.0, IQR: 0.9-1.5, P = 0.04 (Fisher’s exact test and P = 0.01, Mann
Whitney test, respectively).

PvDBP gene amplification occurs across multiple alleles

To determine whether PvDBP gene amplification was restricted to specific alleles, PvDBPII
sequences (from codon 184 to codon 468) were determined among 153 Cambodian and 92
Malagasy P. vivax isolates. As already described, PvDBP sequences were found to be highly
polymorphic and multiple alleles were observed both in Cambodia (21 alleles) and Madagascar
(15 alleles) (Fig 2 and S1 Table).

Numerous SNPs already described were observed [23-35]. Four new SNPs (one silent and
three non-synonymous) were detected (K260E, P450R, V453V and P475R). Among the 23
SNPs, some were solely observed in Madagascar (I419M, V453V and 14641) and in Cambodia
(K260E, F306L, 1367T, N375D, R378R, S398T, T404R, P450R, P475A/R and Q486E).

Table 1. Number of samples from Cambodia and Madagascar collected before (D0) and after treatment in case of recurrence (Dx) with available data for PvDBP
and PvEBP (SNP and CNV) and Duffy genotyping.

No. of samples with available data for | Day of collection | Country Year Total
2003 2004 (2011 |2012 |2013 2014 |2015 2016 2017
SNPs PvDBP DO Cambodia 80 18 46 9 153
Dx 0
DO Madagascar 25 57 10 92
SNPs PvEBP DO Cambodia 87 17 36 10 150
Dx 0
DO Madagascar 27 39 3 69
CNVs PvDBP DO Cambodia 2 46 51 48 73 94 41 17 20 392
Dx 14 14
Do Madagascar 25 25 16 66
CNVs PvEBP DO Cambodia 59 42 47 16 20 184
Dx 5 5
DO Madagascar 23 27 16 66
Duffy genotyping DO Cambodia 13 17 53 16 20 119
Dx Madagascar 27 24 4 55
Total number DO Cambodia 2 46 51 48 92 106 54 18 20 437
Dx 19 19
DO Madagascar 44 67 18 129

https://doi.org/10.1371/journal.pntd.0006555.t001

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006555 October 22, 2018 4/17


https://doi.org/10.1371/journal.pntd.0006555.t001
https://doi.org/10.1371/journal.pntd.0006555

®PLOS |

NEGLECTED
TROPICAL DISEASES

Plasmodium vivax protein ligands

Panel A

Panel B

SNPs along with the location of binding residues for DARC, identified by previous studies
[36-38], were mapped on to the 3D structure of PvDBPII. Interestingly, majority of the SNPs
were found to be distal from the DARC binding residues, and located on the opposite surface
compared to the binding residues for DARC (Fig 3, Panel A).

A total of 169 P. vivax isolates with both SNP and CNV were available for analysis. Among
them, 76 (45%) had multiple copies PvDBP. Gene amplification was observed in 9/18 alleles
(50%) in Cambodia and in 8/9 alleles (89%) in Madagascar isolates (Fig 4, Panel A). No specific
PyDBP allele was found to have in proportion more isolates than expected with PvDBP gene
amplification, indicating that PvDBP gene amplification can occur across multiple alleles.

PvEBP gene copy number variation (CNV)

PvEBP CNV was determined in 184 Cambodian and 66 Malagasy samples (Table 1). PvEBP
CNV ranged from 1 to 2 copies in Cambodian isolates and 1 to 5 copies in Malagasy samples.
The proportion of multiple copies PvEBP isolates was significantly more frequent in Madagas-
car compared to Cambodia: 56% (37/66) vs. 19% (35/184) (P<107, Fisher’s exact test). The

PvDBP gene copy number
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Fig 1. Distribution of PvDBP and PvEBP gene copy number in isolates from Cambodia and Madagascar (Panel A and B, left side). Number of isolates from
Cambodia and Madagascar with single or multiple copies PvDBP and PvEBP genes (Panel A and B, right side). The grey squares represent the medians and
whiskers the IQRs.

https://doi.org/10.1371/journal.pntd.0006555.9001
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Fig 2. Distribution of PvDBP alleles observed in P. vivax isolates collected in Cambodia and Madagascar (Panel A). Phylogenetic tree inferred using the Neighbor-
Joining method (Panel B). Each allele was numbered 1-32 (see S1 Table). The evolutionary distances were computed using the Poisson correction method [56] and
are in the units of the number of amino acid substitutions per site. The analysis involved 33 amino acid sequences. Evolutionary analyses were conducted in MEGA7
[57].

https://doi.org/10.1371/journal.pntd.0006555.g002

median copy number of PvEBP gene was also significantly higher in isolates from Madagascar
compared to Cambodia: 1.6 (IQR: 1.3-2.1) vs. 1.3 (IQR: 0.95-1.4) (P<10~* Mann Whitney
test) (Fig 1, Panel B).

In Cambodia, the proportion of isolates with multiple copies of PvEBP or the median copy
number of PvEBP gene was higher in high transmission areas located in eastern provinces
(Ratanakiri, Mondulkiri and Kratie): 24% (31/127) vs. 7% (4/57) (P = 0.004, Fisher’s exact test),
respectively and 1.3 (IQR: 1.0-1.5) vs. 1.1 (IQR: 0.85-1.3) (P = 0.003, Mann Whitney test).

PvEBP CNV (proportion of isolates carrying PvEBP amplification or median copy of
PvEBP gene) were similar between paired isolates collected at time of chloroquine treatment
(D0) and on day of recurrence (Dx): D0, 60% (6/10), median PvEBP copy number = 1.6 (IQR:
1.4-1.7) vs. Dx, 50% (2/4), median PvEBP copy number = 1.7 (IQR: 1.0-2.0) (P = 1.0, Fisher’s
exact test and P = 0.83, Mann Whitney test, respectively).

In Malagasy samples, no significant differences in the proportion of isolates with PvEBP
amplification or the median copy of PvEBP gene were observed between homozygous (T/T)
and heterozygous (T/C) Dufty-positives individuals: T/T, 54% (12/22), median PvEBP copy
number = 1.5 (IQR: 1.2-2.2) vs. T/C, 41% (12/29), median PvEBP copy number = 1.4 (IQR:
1.2-1.7) (P = 0.4, Fisher’s exact test and P = 0.3, Mann Whitney test, respectively).

PvEBP gene amplification occurs across multiple limited PvEBP alleles

PvEBP sequences obtained from 150 Cambodian and 69 Malagasy isolates (Table 1) were com-
pared to the reference genome (C127) [20]. Eleven non-synonymous SNPs were observed
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Fig 3. Mapping of SNPs on the structure of PvDBPII (Protein Data Bank code 4NUU) monomer and PvEBPII.
SNPs present specifically to Cambodian and Madagascar isolates are highlighted in red and blue respectively, whereas
SNPs present in the isolates from both the countries are highlighted in green. Putative binding residues on PvDBPII
are highlighted in orange. Molecular surface diagram of PvDBPII is shown. SNPs and putative binding residues of
PvDBPII are highlighted (Panel A). Predicted structure of PVEBPII is shown as molecular surface diagram and SNPs
are highlighted (Panel B). Helical ribbon representation of PvDBPII (in light blue) and PvEBPII (in light grey) are
superimposed. SNPs and putative binding residues are highlighted (Panel C).

https://doi.org/10.1371/journal.pntd.0006555.g003

leading to twelve different alleles. Most of them (59%) were the C127-like allele (Fig 5 and S2
Table).

Four SNPs were common to both countries (N233K, D311N, E322K and 1463V, three spe-
cific to Madagascar (N200K, C219S and N449K) and four to Cambodia (D268N, E306K,
T4211, S423W). More common alleles were observed between the two countries for PvEBP
compared to PvDBP: half of PvEBP alleles were shared between both countries compared to 1/
11 for PvDBP alleles (P = 0.02). Given that PVEBPII shares homology with DBL domains, the
structure of PVEBPII was modeled based on the structure of PvDBPII (Fig 3, Panel B). The rib-
bon diagrams for the structures of PvDBPII and PvEBPII were superimposed and found to
overlap (Fig 3, Panel C). SNPs were mapped to the PvEBPII structure and were found to be
distributed across the domain. Since the receptor-binding site of PVEBPII remains to be
defined, we were not able to assess whether the binding site was conserved or variable and
deduce if this protein ligand can be targeted by strain transcending inhibitory antibodies to
block receptor binding and invasion by diverse strains.
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https://doi.org/10.1371/journal.pntd.0006555.9004

A total of 143 P. vivax isolates with both SNP and CNV data for PvEBP were available for
analysis. Among them, 28 (20%) were found to have PvEBP gene amplification. PvEBP gene
amplification was observed in 6/10 alleles (60%) in Cambodia and in 5/7 alleles (71%) in Mad-
agascar isolates (Fig 4, Panel B). No specific PvEBP allele was found to have in proportion
more isolates than expected with PvEBP gene amplification, indicating that PvEBP gene ampli-
fication can occur across multiple alleles.

Discussion

The work presented here was focused to explore the polymorphism and the copy number vari-
ation of two P. vivax protein ligands involved in invasion into reticulocytes [39]. Unsurpris-
ingly, we observed that SNPs detected in the receptor-binding domain of PvDBPII were
similar to those observed previously. The binding residues for DARC in PvDBPII were con-
served and majority of the SNPs observed were distal to the binding site. In fact, many SNPs
were found on the opposite face of PvDBPII compared to the binding site suggesting that this
surface is under immune pressure during natural infection. Genome sequencing of different P.
vivax isolates collected in various malaria endemic settings had previously revealed that the
PvDBP gene is frequently duplicated [17, 18]. Here, we confirm again that amplification of
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Fig 5. Distribution and number of PvEBP alleles among Malagasy and Cambodian samples (Panel A). Phylogenetic tree inferred using the Neighbor-Joining method
(Panel B). Each allele was numbered 1-11 (see S2 Table). The evolutionary distances were computed using the Poisson correction method [56] and are in the units of
the number of amino acid substitutions per site. The analysis involved 12 amino acid sequences. Evolutionary analyses were conducted in MEGA7 [57].

https://doi.org/10.1371/journal.pntd.0006555.9005

PvDBPII is a common genomic event, which can frequently occur in isolates from areas where
Duffy-negative phenotype is virtually absent such as Cambodia. To encompass the two types
of duplication previously observed [17, 18], we designed a novel quantitative real-time PCR
with a standard curve that enables precise quantification of the number of PvDBP and PVEBP
genes up to 6 copies. Our data confirms the hypothesis that PvDBP amplification is unlikely to
play a role in invasion of Duffy- negative reticulocytes or at least that human Duffy-negative
populations do not specifically select for parasites with multiple copies of gene encoding
PvDBP.

The critical role of PvDBP protein ligand in invasion pathway into human Duffy-positive
reticulocytes is well established while alternative pathways through other parasite protein
ligands involved in the invasion of Duffy-negative reticulocytes are unknown. To date, few
biological investigations seem to support a possible role of the newly described PvEBP protein
ligand in the invasion of Duffy-negative reticulocytes [19, 21, 39]. By exploring its genetic
diversity, we discovered two interesting findings. First, a high proportion of isolates from
Madagascar (56%) where Duffy negative and positive individuals coexist had multiple copies
of PvEBP compared to Cambodia (19%) where Dufty-negative population is virtually absent.
Second, there was evidence for an excess of nonsynonymous mutations and the total absence
of synonymous mutations in PVEBP. Indeed, among the 219 P. vivax tested samples we
observed only eleven non-synonymous point mutations in PvEBP sequences and twelve differ-
ent alleles (S2 Table). SNPs found were distributed across PvEBPII but we were not able to
define whether polymorphism affects the binding site, which remains to be identified. In any
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case, the absence of synonymous mutations clearly reveals that this gene is under strong diver-
sifying selection, as has been shown previously for P. falciparum EBA-175 and PvDBP [40].
The most likely agent driving the diversification of these antigens is the human acquired
immune response. Indeed, we can speculate that novel alleles encoding parasite antigens
occuring in the population would potentially be able to avoid the human immune response
and as such give the parasite a survival advantage leading to the allele’s selection. However, it
remains unclear whether the elevated frequency of C127 allele in the population sample (~62%
and ~52% in Cambodia and Madagascar, respectively) indicates a relatively recent selective
increase of a new variant whose sequence may reflect its ability to avoid immune detection.

Due to a similar type of selection on P. falciparum EBA-175 and P. vivax EBP, our data con-
firms the importance of the newly decribed protein ligand PvEBP in invasion of human reticu-
locytes and as a target of acquired immunity. Furthermore, the role of PVEBP as a protein
ligand is supported by recent serological analysis*"*>. These studies have shown that antibodies
against the region II domain of the PvEBP were commonly detected in sera from individuals
in malaria endemic settings such as in Cambodia or in Solomon Islands/Papua New Guinea.
In Cambodia, humoral immune response to PVEBP was found to be higher and longer lasting
compared to PvDBP, making this marker a better candidate to monitor P. vivax infections
[41]. Moreover, Franca et al, in Papua New Guinea identified a significant association between
reduced risk of clinical vivax malaria and levels of antibodies against PvEBP [42].

As for PvDBP, we also assessed the PvEBP gene copy number in our array of isolates and
observed that contrary to PvDBP, isolates from Madagascar, where Duffy negative and positive
individuals coexist, carry more frequently a PVEBP gene expansion. In particular, we detected
in Malagasy isolates a bimodal distribution of parasites with multiple copies of PVEBP that
includes a specific population of parasites with > 3 copies of PVEBP gene that was not found
in Cambodian isolates. Unfortunately, we could not test for association between the PvEBP
gene expansion and their capacity to invade Duffy-negative reticulocytes, as reported recently
by Gunalan et al. for PvDBP [19]. Indeed, among the few P. vivax samples collected from
Duffy-negative individuals we had, we were not able to generate reliable PCR signals, probably
because of the very small amount of DNA reflecting the usually low parasitemia found in these
individuals.

One of the limitations in this work is that the majority of patients likely carry multiple
clones of P. vivax [43, 44]. By using a qPCR approach as we did, we are aware that the PvDBP
and PvEBP estimated gene copy number reflects the major clone contained in each isolate
Next generation sequencing such as single cell DNA sequencing or even droplet PCR approach
should be able to overcome this issue and assess CNV for each clone. Similarly, the Sanger
sequencing technology used in this work to determine the sequences of PvDBP and PvEBP
does allow sequencing only the major clone, preventing us to determine whether each strain in
isolates with multiple copies of PvDBP and PvEBP had similar or different alleles.

In summary, we provide here data regarding the genetic diversity of the PvEBP gene, a
recently described and potential protein ligand involved in invasion into human reticulocytes.
Evidence for positive diversifying selection on the region I domain of the PVEBP was
observed, which is similar to the evidence for diversifying selection on PvDBP region II. These
observations clearly confirm the importance of PvEBP in the invasion process of the human
reticulocyes and/or as a target of acquired immunity. In addition, the high proportion of P.
vivax isolates with multiple copies of PVEBP gene that we found in Madagascar is intriguing
and needs additional in-depth investigations. So far, the association between invasion in
Duffy-negative individuals and P. vivax specific genomic traits (SNP or CNV) mainly relies on
epidemiological associations. Direct evidence through reticulocyte invasion assays in vitro or
in humanized mouse models with P. vivax isolates with diverse alleles and copy numbers of
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PvDBP and PvEBP and human reticulocytes with different Duffy phenotypes will be of great
value in deciphering the molecular basis of Duffy-independent invasion pathway(s) used by P.
vivax.

Materials and methods
Study sites and samples collection

One hundred twenty nine Malagasy P. vivax samples were collected in 2015-2017 through
cross-sectional surveys in the district of Maevatanana, from asymptomatic individuals during
active case detection and from symptomatic patients seeking antimalarial treatment in health
centers located in three communes (Andriba, Antanimbary and Maevatanana). P. vivax infec-
tions were detected using a malaria rapid diagnostic test (CareStart Malaria Pf/pan RDTs,
Accesbio) and, capillary blood samples were spotted into filter papers for each positive case.

In Cambodia, 453 P. vivax isolates were collected in 2003-2017 from symptomatic patients,
seeking antimalarial treatment in health centers located around the country. Malaria diagnosis
was also performed by RDT (CareStart Malaria Pf/pan RDTs, Accesbio) and microscopy.
Venous blood samples were collected from confirmed vivax malaria cases into 5 ml EDTA
tubes. We also included in our analysis, 16 P. vivax isolates collected from recurrences occur-
ring in the 2-months follow up after a standard 3-day course of chloroquine (30 mg/kg) in
patients relocated in a non-transmission area [45].

The study protocols were reviewed and approved by the Cambodian National Ethics Com-
mittee on Health Research (IRB 038NECHR) or the National Ethics Committee in Madagascar
(Ministry of Health, 141/MSANP/CE). All individuals or their parents/guardians provided
informed written consent before sample collection.

DNA extraction and PCR confirmation of vivax malaria

DNA was extracted from blood spots with Instagene Matrix reagent (BioRad, Marnes-la-
Coquette, France) or from whole blood samples using the QIAamp DNA Blood Mini Kit (Qia-
gen, Courtaboeuf, France), according to the manufacturer’s instructions. Molecular detection
and identification of Plasmodium parasites were performed by using real-time PCR targeting
the cytochrome b gene as described previously [46, 47].

SNPs analysis in PvDBP and PvEBP genes

PvDBP and PvEBP sequences were determined by nested PCR targeting the PvDBP region
IT and Sanger sequencing (Macrogen, Seoul, South Korea) using the following conditions. A
first round PCR was conducted in 25 pL reactions using DNA, 0.2 uM of primers, 250 uM
each ANTP, 2 mM MgCl2, and 1.25 units Taq Solis DNA Polymerase (Solis BioDyne, Tartu,
Estonia) under the following conditions: 94°C for 15 min, followed by 40 cycles of 94°C for
20, 56°C for 40 s, 72°C for 90 s, and a final extension at 72°C for 10 min. The nested PCR
was carried out in 55 pL reactions using 2 pL of the primary PCR products diluted at 1/10,
0.40 uM of primers, 250 pM each dNTP, 2.5 mM MgCl,, and 2.5 units Taq Solis DNA Poly-
merase (Solis BioDyne, Tartu, Estonia) under the following conditions: 94°C for 15 min, fol-
lowed by 40 cycles of 94°C for 20 s, 60°C for 20 s, 72°C for 60 s, and a final extension at 72°C
for 10 min (S3 Table). Nucleotides and corresponding amino acids were analyzed using the
CEQ 2000 software (Beckman). The sequences generated were compared to PVX_110810
(Pv_Sall_chr06:976,329-980,090 (+)) for PvDBP and to P. vivax isolate C127 nEBP gene
(KC987954.1) for PVEBP.
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CNVs analysis of PvDBP and PvEBP genes

PyDBP and PvEBP genes copy numbers were measured relatively to the single copy B-tubulin
gene (housekeeping gene) using a CFX96 real-time PCR thermocycler (Biorad, Singapore).
PCR were performed in 20 uL volumes in a 96-well plate containing 1X HOT FIREPol Eva-
Green qPCR Mix Plus (Solis BioDyne, Tartu, Estonia), 0.5 pM of each forward and reverse
primer and 2 pL of template DNA. Amplifications were performed under the following condi-
tions: 95°C for 15 min, followed by 45 cycles of 95°C for 15 s, 60°C for 20 s, and 72°C for 20 s.
PyDBP and PvEBP genes copy numbers were estimated in triplicate relative to a standard
curves by using synthetic genes cloned in pEX-A2 vector (Eurofins Genomics, Greece) (-
tubulin, PvDBP, PvEBP) mixed at different ratio from 1:1 up to 1:6 (1 copy of B-tubulin and 1
to 6 copies of PvDBP or PvEBP) (S3 Table). The ACT method (where CT is the cycle threshold)
was used to determine the number of copies of each sample. In addition, an isolate with one
copy of each gene was used as control. All isolates with copy number estimates of less than 0.5
were discarded. Gene copy number values were rounded up as following: 0.5-1.4 to 1 copy,
>1.5 to 2 copies, >2.5 to 3 copies, >3.5 to 4 copies and >4.5 to 5 copies (S3 Table).

Duffy genotyping

Dulfty genotypes were determined by nested PCR and Sanger sequencing (Macrogen, Seoul,
South Korea) as previously described [48]. The inner PCR was conducted in 25 pL reactions
using 3 pL of template DNA, 0.4 uM of primers, 250 pM each dNTP, 2 mM MgCl,, and 1.25
units Taq Solis DNA Polymerase under the following conditions: 94°C for 15 min, followed by
40 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 90 s, and a final extension at 72°C for 10 min.
Outer PCRs detecting mutations in the GATA box (T or C) and in the coding sequence were
carried out in 55 pL reactions using 2 pL of the primary PCR products diluted at 1/10, 0.36 uM
of each primer), 250 uM each dNTP, 2.5 mM MgCl,, and 1.25 units Taq Solis DNA Polymer-
ase under the following conditions: 94°C for 15 min, followed by 40 cycles of 94°C for 20 s,
58°C for 20 s, 72°C for 60 s, and a final extension at 72°C for 10 min (S3 Table).

Mapping SNPs on structural models of PvDBPII & PvEBPII

Coordinates of single chain of PvDBP (PDB ID 4NUU) were obtained from Protein databank
[49, 50] and used for mapping SNPs. SNPs were mapped on the PvDBPII structure using Chi-
mera software [51]. In addition, putative binding residues of PvDBPII predicted previously
[36-38] were also mapped on the PvDBPII structure.

The selected primary PvEBPII sequence (allele C127) [20] (S1 Fig) was used for 3D model-
ing prediction (S1 Fig). 3D Model of the PvEBPII domain was determined by homology based
structure prediction online tool using Phyre2 under default mode [52]. 3D structure with max-
imum score was selected and highly flexible N- and C- terminal ends were truncated from the
structure. Refinement of predicted 3D model and minimization of local structural distortions
was performed using ModRefiner [53]. The overall quality of the predicted 3D model was eval-
uated with QMEANDIisCo (Qualitative Model Energy ANalysis- Distance Constraint) score.
QMEAND:IsCo is a tool for assessing the agreement of pairwise residue-residue distances with
ensembles of distance constraints extracted from structures homologous to the assessed model
[54]. SNPs were mapped on the PVEBPII model using Chimera software [51].

Statistical analysis

Data were analyzed with Microsoft Excel and MedCalc version 12 (Mariakerke, Belgium).
Quantitative and qualitative data were expressed as median (IQR) or proportion (%),
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respectively. The Mann-Whitney U test was used for non-parametric comparisons. For cate-
gorical variables, proportions were examined by Chi-squared or by Fisher’s exact tests. Two-
sided p-values of <0.05 were considered statistically significant.

MUSCLE multiple alignment and evolutionary analyses were conducted in MEGA [55]
with 1000 bootstrap replicates. All positions containing gaps and missing data were eliminated.
Phylogenetic reconstructions were performed using neighbor joining (NJ).

Supporting information

S1 Table. List of SNP and alleles observed in P. vivax Duffy binding sequences in isolates
collected from Cambodia (N = 153) and Madagascar (N = 92). PVX_110810,
Pv_Sall_chr06:976,329-980,090 (+) was used as reference.

(DOCX)

$2 Table. List of SNP and alleles observed in Plasmodium vivax erythrocyte binding
sequences in isolates collected from Cambodia (N = 150) and Madagascar (N = 69). P.
vivax isolate C127 nEBP gene, KC987954.1 was used as reference.

(DOCX)

S3 Table. List of the primers and synthetic genes along with their nucleotide sequences
used to assess the genetic diversity (SNP and CNV) of PvDBP and PvEBP and for Duffy
gentotyping.

(DOCX)

S$4 Table. Raw data obtained from P. vivax samples including the year and the location of
the samples, and the results for the Duffy genotyping, PvDBP and PvEBP (SNP and CNV).
(DOCX)

S1 Fig. PVvEBP reference sequence (allele C127) used to predict the 3D stucture (middle
portion presente in red font was obtained by PCR/sequencing and the sequences sequences
located at the ends was deduced from PVX_110810, Pv_Sall_chr06:976,329-980,090).
(DOCX)

Acknowledgments

We acknowledge all patients from Cambodia and Madagascar participating to the study along
with health care staff located in health centers.

Author Contributions

Conceptualization: Camille Roesch, Jean Popovici, Chetan E. Chitnis, Inés Vigan-Womas,
Didier Menard.

Data curation: Didier Menard.

Formal analysis: Camille Roesch, Jean Popovici, Anuj Kumar, Chetan E. Chitnis, Inés Vigan-
Womas, Didier Menard.

Funding acquisition: Didier Menard.

Investigation: Camille Roesch, Jean Popovici, Sophalai Bin, Vorleak Run, Stéphanie Ramboar-
ina, Emma Rakotomalala, Rado Lalaina Rakotoarison, Tsikiniaina Rasoloharimanana, Zo
Andriamanantena, Micheline Guillotte-Blisnick, Christéle Huon, David Serre, Chetan E.
Chitnis, Inés Vigan-Womas.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006555 October 22, 2018 13/17


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006555.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006555.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006555.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006555.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006555.s005
https://doi.org/10.1371/journal.pntd.0006555

@ PLOS | RSHCAE Biseases

Plasmodium vivax protein ligands

Methodology: Didier Menard.

Project administration: Saorin Kim, Chetan E. Chitnis.

Supervision: Chetan E. Chitnis, Didier Menard.

Validation: Camille Roesch, Jean Popovici, Chetan E. Chitnis, Inés Vigan-Womas, Didier

Menard.

Writing - original draft: Camille Roesch, Jean Popovici, Chetan E. Chitnis, Inés Vigan-

Womas, Didier Menard.

Writing - review & editing: Chetan E. Chitnis, Inés Vigan-Womas, Didier Menard.

References

1.

10.

11.

12

13.

14.

15.

16.

World Health Organization. World Malaria Report. 2017 Contract No.: World Health Organization;
2017. Licence: CC BY-NC-SA 3.0 IGO.

Howes RE, Battle KE, Mendis KN, Smith DL, Cibulskis RE, Baird JK, et al. Global Epidemiology of Plas-
modium vivax. Am J Trop Med Hyg. 2016; 95(6 Suppl):15-34. Epub 2016/07/13. https://doi.org/10.
4269/ajtmh.16-0141 PMID: 27402513; PubMed Central PMCID: PMCPMC5198891.

Baird JK. Evidence and implications of mortality associated with acute Plasmodium vivax malaria. Clin
Microbiol Rev. 2013; 26(1):36-57. Epub 2013/01/09. https://doi.org/10.1128/CMR.00074-12 PMID:
23297258; PubMed Central PMCID: PMCPMC3553673.

Boyd MF. A review of studies on immunity to vivax malaria. J lowa State Med Soc. 1946; 36:437—46.
Epub 1946/10/01. PMID: 20998323.

O’Leary PA. Treatment of Neurosyphilis by Malaria-Fourth Annual Report. Cal West Med. 1928; 29
(3):160-3. Epub 1928/09/01. PMID: 18740801; PubMed Central PMCID: PMCPMC1655978.

Young MD, Eyles DE, Burgess RW, Jeffery GM. Experimental testing of the immunity of Negroes to
Plasmodium vivax. J Parasitol. 1955; 41(3):315-8. Epub 1955/06/01. PMID: 13252508.

Sanger R, Race RR, Jack J. The Duffy blood groups of New York negroes: the phenotype Fy (a-b-). Br
J Haematol. 1955; 1(4):370—4. Epub 1955/10/01. PMID: 13269673.

Mason SJ, Miller LH, Shiroishi T, Dvorak JA, McGinniss MH. The Duffy blood group determinants: their
role in the susceptibility of human and animal erythrocytes to Plasmodium knowlesi malaria. Br J Hae-
matol. 1977; 36(3):327-35. Epub 1977/07/01. PMID: 70210.

Miller LH, Mason SJ, Dvorak JA, McGinniss MH, Rothman IK. Erythrocyte receptors for (Plasmodium
knowlesi) malaria: Duffy blood group determinants. Science. 1975; 189(4202):561-3. Epub 1975/08/
15. PMID: 1145213.

Miller LH, Mason SJ, Clyde DF, McGinniss MH. The resistance factor to Plasmodium vivax in blacks.
The Duffy-blood-group genotype, FyFy. N Engl J Med. 1976; 295(6):302—4. Epub 1976/08/05. https://
doi.org/10.1056/NEJM197608052950602 PMID: 778616.

Wertheimer SP, Barnwell JW. Plasmodium vivax interaction with the human Duffy blood group glyco-
protein: identification of a parasite receptor-like protein. Exp Parasitol. 1989; 69(4):340-50. Epub 1989/
11/01. PMID: 2680568.

Zimmerman PA. Plasmodium vivax Infection in Duffy-Negative People in Africa. Am J Trop Med Hyg.
2017; 97(3):636-8. Epub 2017/10/11. https://doi.org/10.4269/ajtmh.17-0461 PMID: 28990906.

Adams JH, Sim BK, Dolan SA, Fang X, Kaslow DC, Miller LH. A family of erythrocyte binding proteins of
malaria parasites. Proc Natl Acad Sci U S A. 1992; 89(15):7085-9. Epub 1992/08/01. PMID: 1496004;
PubMed Central PMCID: PMCPMC49650.

Barnwell JW, Nichols ME, Rubinstein P. In vitro evaluation of the role of the Duffy blood group in erythro-
cyte invasion by Plasmodium vivax. J Exp Med. 1989; 169(5):1795-802. Epub 1989/05/01. PMID:
2469769; PubMed Central PMCID: PMCPMC2189319.

Carvalho TA, Queiroz MG, Cardoso GL, Diniz IG, Silva AN, Pinto AY, et al. Plasmodium vivax infection
in Anajas, State of Para: no differential resistance profile among Duffy-negative and Duffy-positive indi-
viduals. Malar J. 2012; 11:430. Epub 2012/12/25. https://doi.org/10.1186/1475-2875-11-430 PMID:
23259672; PubMed Central PMCID: PMCPMC3544589.

Cavasini CE, Mattos LC, Couto AA, Bonini-Domingos CR, Valencia SH, Neiras WC, et al. Plasmodium
vivax infection among Duffy antigen-negative individuals from the Brazilian Amazon region: an excep-
tion? Trans R Soc Trop Med Hyg. 2007; 101(10):1042—4. Epub 2007/07/03. https://doi.org/10.1016/j.
trstmh.2007.04.011 PMID: 17604067.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006555 October 22, 2018 14/17


https://doi.org/10.4269/ajtmh.16-0141
https://doi.org/10.4269/ajtmh.16-0141
http://www.ncbi.nlm.nih.gov/pubmed/27402513
https://doi.org/10.1128/CMR.00074-12
http://www.ncbi.nlm.nih.gov/pubmed/23297258
http://www.ncbi.nlm.nih.gov/pubmed/20998323
http://www.ncbi.nlm.nih.gov/pubmed/18740801
http://www.ncbi.nlm.nih.gov/pubmed/13252508
http://www.ncbi.nlm.nih.gov/pubmed/13269673
http://www.ncbi.nlm.nih.gov/pubmed/70210
http://www.ncbi.nlm.nih.gov/pubmed/1145213
https://doi.org/10.1056/NEJM197608052950602
https://doi.org/10.1056/NEJM197608052950602
http://www.ncbi.nlm.nih.gov/pubmed/778616
http://www.ncbi.nlm.nih.gov/pubmed/2680568
https://doi.org/10.4269/ajtmh.17-0461
http://www.ncbi.nlm.nih.gov/pubmed/28990906
http://www.ncbi.nlm.nih.gov/pubmed/1496004
http://www.ncbi.nlm.nih.gov/pubmed/2469769
https://doi.org/10.1186/1475-2875-11-430
http://www.ncbi.nlm.nih.gov/pubmed/23259672
https://doi.org/10.1016/j.trstmh.2007.04.011
https://doi.org/10.1016/j.trstmh.2007.04.011
http://www.ncbi.nlm.nih.gov/pubmed/17604067
https://doi.org/10.1371/journal.pntd.0006555

@ PLOS | RSHCAE Biseases

Plasmodium vivax protein ligands

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Menard D, Chan ER, Benedet C, Ratsimbasoa A, Kim S, Chim P, et al. Whole genome sequencing of
field isolates reveals a common duplication of the Duffy binding protein gene in Malagasy Plasmodium
vivax strains. PLoS Negl Trop Dis. 2013; 7(11):e2489. Epub 2013/11/28. https://doi.org/10.1371/
journal.pntd.0002489 PMID: 24278487; PubMed Central PMCID: PMCPMC3836732.

Hostetler JB, Lo E, Kanjee U, Amaratunga C, Suon S, Sreng S, et al. Independent Origin and Global
Distribution of Distinct Plasmodium vivax Duffy Binding Protein Gene Duplications. PLoS Negl Trop Dis.
2016; 10(10):e0005091. Epub 2016/11/01. https://doi.org/10.1371/journal.pntd.0005091 PMID:
27798646; PubMed Central PMCID: PMCPMC5087946.

Gunalan K, Lo E, Hostetler JB, Yewhalaw D, Mu J, Neafsey DE, et al. Role of Plasmodium vivax Duffy-
binding protein 1 in invasion of Duffy-null Africans. Proc Natl Acad Sci U S A. 2016; 113(22):6271-6.
Epub 2016/05/18. https://doi.org/10.1073/pnas.1606113113 PMID: 27190089; PubMed Central
PMCID: PMCPMC4896682.

Hester J, Chan ER, Menard D, Mercereau-Puijalon O, Barnwell J, Zimmerman PA, et al. De novo
assembly of a field isolate genome reveals novel Plasmodium vivax erythrocyte invasion genes. PLoS
Negl Trop Dis. 2013; 7(12):€2569. Epub 2013/12/18. https://doi.org/10.1371/journal.pntd.0002569
PMID: 24340114; PubMed Central PMCID: PMCPMC3854868.

Ntumngia FB, Thomson-Luque R, Torres Lde M, Gunalan K, Carvalho LH, Adams JH. A Novel Erythro-
cyte Binding Protein of Plasmodium vivax Suggests an Alternate Invasion Pathway into Duffy-Positive
Reticulocytes. MBio. 2016; 7(4). Epub 2016/08/25. https://doi.org/10.1128/mBio.01261-16 PMID:
27555313; PubMed Central PMCID: PMCPMC4999553.

Hodgson JA, Pickrell JK, Pearson LN, Quillen EE, Prista A, Rocha J, et al. Natural selection for the
Duffy-null allele in the recently admixed people of Madagascar. Proc Biol Sci. 2014; 281
(1789):20140930. Epub 2014/07/06. https://doi.org/10.1098/rspb.2014.0930 PMID: 24990677;
PubMed Central PMCID: PMCPMC4100512.

Ampudia E, Patarroyo MA, Patarroyo ME, Murillo LA. Genetic polymorphism of the Duffy receptor bind-
ing domain of Plasmodium vivax in Colombian wild isolates. Mol Biochem Parasitol. 1996; 78(1—
2):269-72. Epub 1996/06/01. PMID: 8813697.

Babaeekho L, Zakeri S, Djadid ND. Genetic mapping of the duffy binding protein (DBP) ligand domain
of Plasmodium vivax from unstable malaria region in the Middle East. Am J Trop Med Hyg. 2009; 80
(1):112-8. Epub 2009/01/15. PMID: 19141848.

Chootong P, McHenry AM, Ntumngia FB, Sattabongkot J, Adams JH. The association of Duffy binding
protein region Il polymorphisms and its antigenicity in Plasmodium vivax isolates from Thailand. Parasi-
tol Int. 2014; 63(6):858—64. Epub 2014/08/12. https://doi.org/10.1016/j.parint.2014.07.014 PMID:
25108177; PubMed Central PMCID: PMCPMC4301702.

Gosi P, Khusmith S, Khalambaheti T, Lanar DE, Schaecher KE, Fukuda MM, et al. Polymorphism pat-
terns in Duffy-binding protein among Thai Plasmodium vivax isolates. Malar J. 2008; 7:112. Epub 2008/
06/28. https://doi.org/10.1186/1475-2875-7-112 PMID: 18582360; PubMed Central PMCID:
PMCPMC2443374.

Ju HL, Kang JM, Moon SU, Bahk YY, Cho PY, Sohn WM, et al. Genetic diversity and natural selection
of Duffy binding protein of Plasmodium vivax Korean isolates. Acta Trop. 2013; 125(1):67—-74. Epub
2012/10/04. https://doi.org/10.1016/j.actatropica.2012.09.016 PMID: 23031445.

Ju HL, Kang JM, Moon SU, Kim JY, Lee HW, Lin K, et al. Genetic polymorphism and natural selection
of Duffy binding protein of Plasmodium vivax Myanmar isolates. Malar J. 2012; 11:60. Epub 2012/03/
03. https://doi.org/10.1186/1475-2875-11-60 PMID: 22380592; PubMed Central PMCID:
PMCPMC3358247.

Kho WG, Chung JY, Sim EJ, Kim DW, Chung WC. Analysis of polymorphic regions of Plasmodium
vivax Duffy binding protein of Korean isolates. Korean J Parasitol. 2001; 39(2):143-50. Epub 2001/07/
10. https://doi.org/10.3347/kjp.2001.39.2.143 PMID: 11441501; PubMed Central PMCID:
PMCPMC2721091.

Ntumngia FB, Schloegel J, McHenry AM, Barnes SJ, George MT, Kennedy S, et al. Immunogenicity of
single versus mixed allele vaccines of Plasmodium vivax Duffy binding protein region Il. Vaccine. 2013;
31(40):4382—8. Epub 2013/08/07. https://doi.org/10.1016/j.vaccine.2013.07.002 PMID: 23916294;
PubMed Central PMCID: PMCPMC4497540.

Premaratne PH, Aravinda BR, Escalante AA, Udagama PV. Genetic diversity of Plasmodium vivax
Duffy Binding Protein Il (PvDBPII) under unstable transmission and low intensity malaria in Sri Lanka.
Infect Genet Evol. 2011; 11(6):1327-39. Epub 2011/05/11. https://doi.org/10.1016/j.meegid.2011.04.
023 PMID: 21554998.

Sousa TN, Ceravolo IP, Fernandes Fontes CJ, Couto A, Carvalho LH, Brito CF. The pattern of major
polymorphisms in the Duffy binding protein ligand domain among Plasmodium vivax isolates from the
Brazilian Amazon area. Mol Biochem Parasitol. 2006; 146(2):251-4. Epub 2005/12/31. https://doi.org/
10.1016/j.molbiopara.2005.11.006 PMID: 16384615.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006555 October 22, 2018 15/17


https://doi.org/10.1371/journal.pntd.0002489
https://doi.org/10.1371/journal.pntd.0002489
http://www.ncbi.nlm.nih.gov/pubmed/24278487
https://doi.org/10.1371/journal.pntd.0005091
http://www.ncbi.nlm.nih.gov/pubmed/27798646
https://doi.org/10.1073/pnas.1606113113
http://www.ncbi.nlm.nih.gov/pubmed/27190089
https://doi.org/10.1371/journal.pntd.0002569
http://www.ncbi.nlm.nih.gov/pubmed/24340114
https://doi.org/10.1128/mBio.01261-16
http://www.ncbi.nlm.nih.gov/pubmed/27555313
https://doi.org/10.1098/rspb.2014.0930
http://www.ncbi.nlm.nih.gov/pubmed/24990677
http://www.ncbi.nlm.nih.gov/pubmed/8813697
http://www.ncbi.nlm.nih.gov/pubmed/19141848
https://doi.org/10.1016/j.parint.2014.07.014
http://www.ncbi.nlm.nih.gov/pubmed/25108177
https://doi.org/10.1186/1475-2875-7-112
http://www.ncbi.nlm.nih.gov/pubmed/18582360
https://doi.org/10.1016/j.actatropica.2012.09.016
http://www.ncbi.nlm.nih.gov/pubmed/23031445
https://doi.org/10.1186/1475-2875-11-60
http://www.ncbi.nlm.nih.gov/pubmed/22380592
https://doi.org/10.3347/kjp.2001.39.2.143
http://www.ncbi.nlm.nih.gov/pubmed/11441501
https://doi.org/10.1016/j.vaccine.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23916294
https://doi.org/10.1016/j.meegid.2011.04.023
https://doi.org/10.1016/j.meegid.2011.04.023
http://www.ncbi.nlm.nih.gov/pubmed/21554998
https://doi.org/10.1016/j.molbiopara.2005.11.006
https://doi.org/10.1016/j.molbiopara.2005.11.006
http://www.ncbi.nlm.nih.gov/pubmed/16384615
https://doi.org/10.1371/journal.pntd.0006555

@ PLOS | RSHCAE Biseases

Plasmodium vivax protein ligands

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44.

45.

46.

47.

48.

49.

Valizadeh V, Zakeri S, Mehrizi AA, Djadid ND. Population genetics and natural selection in the gene
encoding the Duffy binding protein Il in Iranian Plasmodium vivax wild isolates. Infect Genet Evol. 2014;
21:424-35. Epub 2014/01/05. https://doi.org/10.1016/].meegid.2013.12.012 PMID: 24384095.

Wongkidakarn S, McHenry AM, Sattabongkot J, Adams JH, Chootong P. Strain-Transcending Inhibi-
tory Antibodies against Homologous and Heterologous Strains of Duffy Binding Protein region Il. PLoS
One. 2016; 11(5):e0154577. Epub 2016/05/06. https://doi.org/10.1371/journal.pone.0154577 PMID:
27145131; PubMed Central PMCID: PMCPMC4856259.

Xainli J, Adams JH, King CL. The erythrocyte binding motif of plasmodium vivax duffy binding protein is
highly polymorphic and functionally conserved in isolates from Papua New Guinea. Mol Biochem Para-
sitol. 2000; 111(2):253-60. Epub 2001/02/13. PMID: 11163434.

Hans D, Pattnaik P, Bhattacharyya A, Shakri AR, Yazdani SS, Sharma M, et al. Mapping binding resi-
dues in the Plasmodium vivax domain that binds Duffy antigen during red cell invasion. Mol Microbiol.
2005; 55(5):1423-34. Epub 2005/02/22. https://doi.org/10.1111/j.1365-2958.2005.04484.x PMID:
15720551.

Singh SK, Hora R, Belrhali H, Chitnis CE, Sharma A. Structural basis for Duffy recognition by the
malaria parasite Duffy-binding-like domain. Nature. 2006; 439(7077):741-4. Epub 2005/12/24. https://
doi.org/10.1038/nature04443 PMID: 16372020.

VanBuskirk KM, Sevova E, Adams JH. Conserved residues in the Plasmodium vivax Duffy-binding pro-
tein ligand domain are critical for erythrocyte receptor recognition. Proc Natl Acad Sci U S A. 2004; 101
(44):15754-9. Epub 2004/10/23. https://doi.org/10.1073/pnas.0405421101 PMID: 15498870; PubMed
Central PMCID: PMCPMC524844.

Gunalan K, Niangaly A, Thera MA, Doumbo OK, Miller LH. Plasmodium vivax Infections of Duffy-Nega-
tive Erythrocytes: Historically Undetected or a Recent Adaptation? Trends Parasitol. 2018. Epub 2018/
03/14. https://doi.org/10.1016/j.pt.2018.02.006 PMID: 29530446.

Baum J, Thomas AW, Conway DJ. Evidence for diversifying selection on erythrocyte-binding antigens
of Plasmodium falciparum and P. vivax. Genetics. 2003; 163(4):1327-36. Epub 2003/04/19. PMID:
12702678; PubMed Central PMCID: PMCPMC1462517.

Kerkhof K, Sluydts V, Willen L, Kim S, Canier L, Heng S, et al. Serological markers to measure recent
changes in malaria at population level in Cambodia. Malar J. 2016; 15(1):529. Epub 2016/11/05. https://
doi.org/10.1186/s12936-016-1576-z PMID: 27809852; PubMed Central PMCID: PMCPMC5096337.

Franca CT, Hostetler JB, Sharma S, White MT, Lin E, Kiniboro B, et al. An Antibody Screen of a Plas-
modium vivax Antigen Library Identifies Novel Merozoite Proteins Associated with Clinical Protection.
PLoS Negl Trop Dis. 2016; 10(5):e0004639. Epub 2016/05/18. https://doi.org/10.1371/journal.pntd.
0004639 PMID: 27182597; PubMed Central PMCID: PMCPMC4868274.

Friedrich LR, Popovici J, Kim S, Dysoley L, Zimmerman PA, Menard D, et al. Complexity of Infection
and Genetic Diversity in Cambodian Plasmodium vivax. PLoS Negl Trop Dis. 2016; 10(3):e0004526.
Epub 2016/03/29. https://doi.org/10.1371/journal.pntd.0004526 PMID: 27018585; PubMed Central
PMCID: PMCPMC4809505.

Mioc M, Pavel I1Z, Ghiulai R, Coricovac DE, Farcas C, Mihali CV, et al. The Cytotoxic Effects of Betulin-
Conjugated Gold Nanoparticles as Stable Formulations in Normal and Melanoma Cells. Front Pharma-
col. 2018; 9:429. Epub 2018/05/19. https://doi.org/10.3389/fphar.2018.00429 PMID: 29773989;
PubMed Central PMCID: PMCPMC5943567.

Popovici J, Pierce-Friedrich L, Kim S, Bin S, Run V, Lek D, et al. Recrudescence, reinfection or relapse?
A more rigorous framework to assess chloroquine efficacy for vivax malaria. J Infect Dis. 2018. Epub
2018/08/14. https://doi.org/10.1093/infdis/jiy484 PMID: 30102351.

Canier L, Khim N, Kim S, Eam R, Khean C, Loch K, et al. Malaria PCR detection in Cambodian low-
transmission settings: dried blood spots versus venous blood samples. Am J Trop Med Hyg. 2015; 92
(3):573-7. Epub 2015/01/07. https://doi.org/10.4269/ajtmh.14-0614 PMID: 25561570; PubMed Central
PMCID: PMCPMC4350552.

Canier L, Khim N, Kim S, Sluydts V, Heng S, Dourng D, et al. An innovative tool for moving malaria PCR
detection of parasite reservoir into the field. Malar J. 2013; 12:405. Epub 2013/11/12. https://doi.org/10.
1186/1475-2875-12-405 PMID: 24206649; PubMed Central PMCID: PMCPMC3829804.

Menard D, Barnadas C, Bouchier C, Henry-Halldin C, Gray LR, Ratsimbasoa A, et al. Plasmodium
vivax clinical malaria is commonly observed in Duffy-negative Malagasy people. Proc Natl Acad SciU S
A.2010; 107(13):5967—71. Epub 2010/03/17. https://doi.org/10.1073/pnas.0912496107 PMID:
20231434; PubMed Central PMCID: PMCPMC2851935.

Batchelor JD, Zahm JA, Tolia NH. Dimerization of Plasmodium vivax DBP is induced upon receptor
binding and drives recognition of DARC. Nat Struct Mol Biol. 2011; 18(8):908—14. Epub 2011/07/12.
https://doi.org/10.1038/nsmb.2088 PMID: 21743458; PubMed Central PMCID: PMCPMC3150435.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006555 October 22, 2018 16/17


https://doi.org/10.1016/j.meegid.2013.12.012
http://www.ncbi.nlm.nih.gov/pubmed/24384095
https://doi.org/10.1371/journal.pone.0154577
http://www.ncbi.nlm.nih.gov/pubmed/27145131
http://www.ncbi.nlm.nih.gov/pubmed/11163434
https://doi.org/10.1111/j.1365-2958.2005.04484.x
http://www.ncbi.nlm.nih.gov/pubmed/15720551
https://doi.org/10.1038/nature04443
https://doi.org/10.1038/nature04443
http://www.ncbi.nlm.nih.gov/pubmed/16372020
https://doi.org/10.1073/pnas.0405421101
http://www.ncbi.nlm.nih.gov/pubmed/15498870
https://doi.org/10.1016/j.pt.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29530446
http://www.ncbi.nlm.nih.gov/pubmed/12702678
https://doi.org/10.1186/s12936-016-1576-z
https://doi.org/10.1186/s12936-016-1576-z
http://www.ncbi.nlm.nih.gov/pubmed/27809852
https://doi.org/10.1371/journal.pntd.0004639
https://doi.org/10.1371/journal.pntd.0004639
http://www.ncbi.nlm.nih.gov/pubmed/27182597
https://doi.org/10.1371/journal.pntd.0004526
http://www.ncbi.nlm.nih.gov/pubmed/27018585
https://doi.org/10.3389/fphar.2018.00429
http://www.ncbi.nlm.nih.gov/pubmed/29773989
https://doi.org/10.1093/infdis/jiy484
http://www.ncbi.nlm.nih.gov/pubmed/30102351
https://doi.org/10.4269/ajtmh.14-0614
http://www.ncbi.nlm.nih.gov/pubmed/25561570
https://doi.org/10.1186/1475-2875-12-405
https://doi.org/10.1186/1475-2875-12-405
http://www.ncbi.nlm.nih.gov/pubmed/24206649
https://doi.org/10.1073/pnas.0912496107
http://www.ncbi.nlm.nih.gov/pubmed/20231434
https://doi.org/10.1038/nsmb.2088
http://www.ncbi.nlm.nih.gov/pubmed/21743458
https://doi.org/10.1371/journal.pntd.0006555

@ PLOS | RSHCAE Biseases

Plasmodium vivax protein ligands

50.

51.

52.

53.

54.

55.

56.

57.

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The Protein Data Bank.
Nucleic Acids Res. 2000; 28(1):235—42. Epub 1999/12/11. PMID: 10592235; PubMed Central PMCID:
PMCPMC102472.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—a
visualization system for exploratory research and analysis. J Comput Chem. 2004; 25(13):1605—12.
Epub 2004/07/21. https://doi.org/10.1002/jcc.20084 PMID: 15264254.

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. The Phyre2 web portal for protein modeling,
prediction and analysis. Nat Protoc. 2015; 10(6):845-58. Epub 2015/05/08. https://doi.org/10.1038/
nprot.2015.053 PMID: 25950237; PubMed Central PMCID: PMCPMC5298202.

Xu D, Zhang Y. Improving the physical realism and structural accuracy of protein models by a two-step
atomic-level energy minimization. Biophys J. 2011; 101(10):2525-34. Epub 2011/11/22. hitps://doi.org/
10.1016/j.bpj.2011.10.024 PMID: 22098752; PubMed Central PMCID: PMCPMC3218324.

Benkert P, Biasini M, Schwede T. Toward the estimation of the absolute quality of individual protein
structure models. Bioinformatics. 2011; 27(3):343-50. Epub 2010/12/08. https://doi.org/10.1093/
bioinformatics/btq662 PMID: 21134891; PubMed Central PMCID: PMCPMC3031035.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: molecular evolutionary genet-
ics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol
Biol Evol. 2011; 28(10):2731-9. Epub 2011/05/07. https://doi.org/10.1093/molbev/msr121 PMID:
21546353; PubMed Central PMCID: PMCPMC3203626.

Zuckerkandl E, Pauling L. Molecules as documents of evolutionary history. J Theor Biol. 1965; 8
(2):357-66. Epub 1965/03/01. PMID: 5876245.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Big-
ger Datasets. Mol Biol Evol. 2016; 33(7):1870—4. Epub 2016/03/24. https://doi.org/10.1093/molbev/
msw054 PMID: 27004904.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006555 October 22, 2018 17/17


http://www.ncbi.nlm.nih.gov/pubmed/10592235
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
https://doi.org/10.1016/j.bpj.2011.10.024
https://doi.org/10.1016/j.bpj.2011.10.024
http://www.ncbi.nlm.nih.gov/pubmed/22098752
https://doi.org/10.1093/bioinformatics/btq662
https://doi.org/10.1093/bioinformatics/btq662
http://www.ncbi.nlm.nih.gov/pubmed/21134891
https://doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://www.ncbi.nlm.nih.gov/pubmed/5876245
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1371/journal.pntd.0006555

