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Abstract
Background:

Relapses of Plasmodium vivax (P. vivax) infections are major causes of malaria morbidity, and tools for
distinguishing relapses from reinfections are needed in malaria endemic areas.

Methods:

Herein, a panel of plasmas of 72 P. vivax-infected pregnant women, of whom 31 had had at least a
recurrence of P. vivax infection, was used in a serology for IgM and IgG against 6 P. vivax-merozoite
surface protein-1 (P. vivax-MSP1-Block 2) haplotype-speci�c peptides, in order to identify re-expositions to
same haplotypes in the recurrences during the pregnancy. In parallel, we used the amplicon deep
sequencing (ADS) with P. vivax-MSP1-Block 2 amplicons of the in eight blood samples of non-pregnant P.
vivax-infected patients to identify multi or monoclonal infections based on MSP1-Block-2 haplotypes, and
to quantify the reads of different haplotypes between those with multiclonal infections. We synthetized a
new panel of overlapping peptides mapping each one of the six P. vivax-MSP1-Block 2 haplotypes and we
validated with new IgM and IgG serology.

 

Results:

Most pregnant women presented IgM that recognized more than one peptide, thus indicating multiple
infections by P. vivax-MSP1-Block 2 haplotypes. The same IgM anti-peptides remained in several women
in the recurrent episodes most likely indicates re-exposure to the same haplotype of MSP1 Block 2. The
IgG reactivity the IgM to IgG switch were low. 

The ADS using next-generation sequencing (NGS) identi�ed multi- and monoinfection  by P. vivax-MSP1-
Block 2 haplotypes. Of eight patients, two of them had had the �rst P. vivax-infection. Monoinfections
with P. vivax-MSP1-Block 2 haplotypes were observed in two prime-infected patients and three of patients
with previous malaria. In all P. vivax-MSP1-Block 2 haplotype-monoinfected patients, the reactivity of IgM
was observed only against overlapped peptides of the same haplotype detected in ADS, while for IgG, no
reactivity was observed for any of the peptides of the same haplotype or the others.

We were able to identify multiclonal infections through three haplotypes of P. vivax MSP1 Block 2 in three
remaining patients, among which, there was always one majority haplotype that predominated with more
of 95% of high-quality reads. The levels of haplotype-speci�c IgM in the serology correlated with the read
ratios of each haplotype, but IgG levels not, including in one of the multiclonal infections, a minority
haplotype was recognized with higher levels of IgG than that of the majority one.

Conclusion:
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Our �ndings suggest that the combination of ADS and serology for P. vivax-MSP1-Block 2 haplotypes
may be used as a new tool for distinguishing reinfections from relapses in malaria.  

Background
Relapses of Plasmodium vivax (P. vivax) infections are common and frequent, especially in subjects not
treated with anti-relapse therapy. The term “relapse” describes recurrences of malaria derived from
persistent liver stages of the parasite (hypnozoites), which arise after the “awakening” of these
hypnozoites and the subsequent intrahepatic schizogony followed by blood stage multiplication [1]. In
the Tropics, P. vivax relapses occur by a short latent period approximately 3-4 weeks after plasmatic
concentrations of antimalarials decrease. In temperate regions or in parts of the sub-tropics, late relapses
succeed after a long-latency period, approximating 8-10 months from primary P. vivax infection [2]. In
South America and India, late and short interval relapses may occur, thus it is di�cult to discriminate a
reinfection of the true relapse [1, 3].

Nicholas J. White proposed an interesting mechanism to explain the relapse activation of P. vivax [1]. In a
malaria endemic area, at the time of infection (sporozoite inoculation) some individuals often already
have hypnozoites of different genotypes that were acquired in previous inoculations. In this newly
acquired infection, one part of them develops into pre-erythrocytic schizonts, and another becomes
dormant as hypnozoites. The disease associated with infection of the blood stage activates a small
fraction of the previously acquired hypnozoites, and one hypnozoite of each genotype is activated by the
disease, evolving into the respective pre-erythrocytic schizonts that will be later transmitted. Since a
single inoculation of P. vivax can cause multiple relapses [4], new tools for assessing P. vivax relapse in
clinical studies need to be developed.

Despite relatively low-level transmission, populations of P. vivax exhibit great genetic diversity since many
alleles circulate on one population level, and individuals commonly harbor multiple genetic variants at the
same time [5]. Genotyping of P. vivax using microsatellite markers provide assess the population
structure of these parasites [6–8]. However, their hypervariability may be less useful for longitudinally
comparing individual genotypes within subjects in search of recurring variants [9]. Moreover,
distinguishing relapses from reinfections has been confounded by the frequent �nding of genetically
different parasites at relapse, and different microsatellite alleles may be closely-related parasites [3, 5,
10–13].

Amplicon deep sequencing (ADS) for highly polymorphic molecular markers has become an innovative
tool for identi�cation of multiclonal of infection as well as exploring genotypic patterns to discriminate
relapse from reinfection. High-throughput next-generation sequencing technology (NGS) enhances the
detection of the predominant variants and also that of the minority variants, thus providing a framework
for determining the likelihood of re-infection and relapse [5]. Merozoite surface protein 1 (MSP1) is the
most abundant surface component of merozoite. The single-copy MSP1 gene has six highly polymorphic
domains (called polymorphic blocks) �anked by highly conserved sequences with stable frequencies in
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parasite populations [14–18]. Block 2 is the most polymorphic and has been used in studies of genetic
diversity with its ortholog in P. falciparum [15, 17, 19–21]. In addition, Block 2 MSP1, identi�ed by
immunological analyses, is one of the main targets of human immunity to malaria [16, 20, 22–29].

In this context, the investigation of the seroprevalence of a genetic parasite marker may represent a new
approach for identifying relapses, as well as in understanding the biology of the reactivation of hepatic
latent forms (hypnozoites). In pregnant women, repeated episodes of malaria during pregnancy is
relatively common due to relapses, since primaquine cannot be administered during pregnancy as the
glucose-6-phosphate dehydrogenase (G6PD) status of the fetus is unknown [7, 30–32]. Herein, we tested
for seroprevalence of IgM and IgG in pregnant women infected with P. vivax against a panel of peptides
generated from the main haplotypes of Block 2 of P. vivax. Since these patients were followed up until
time of delivery and had repeated episodes of P. vivax malaria, we evaluated whether the persistence of
anti-haplotype IgM may indicate exposure to the same parasite populations in repeated episodes.

After validation of the peptide serology for prevalence of haplotype-speci�c antibodies, we used amplicon
deep sequencing in NGS based on the haplotypes P. vivax Block 2 to determine multiclonal infections in
non-pregnant patients and quanti�ed each haplotype population. With a panel of superimposed peptides
for each haplotype, we evaluated whether haplotype-speci�c IgG levels are correlated with the parasitic
load of each haplotype. We hypothesized that use of two methodologies haplotype-speci�c Block 2
serology and deep sequencing of the MSP1 Block 2 PCR product may be innovative strategy for
evaluation of relapses and reinfection in malaria by P. vivax.

Material And Methods
Serums from pregnant women with malaria. A total of 72 pregnant women with malaria were recruited
from a Biobank and subjected to serology against peptide variants of P. vivax MSP1 Block 2. These
samples were obtained from an observational cohort study in �ve municipalities (Cruzeiro do Sul, Mâncio
Lima, Rodrigues Alves, Marechal Thaumaturgo and Porto Alter) in the Juruá Valley, located in the state of
Acre, Brazil (western Brazilian Amazon) [33–35]. This region is considered highly endemic for malaria,
with an annual parasitic incidence (API) that is over 100 cases per 1,000 inhabitants. The Juruá Valley is
also characterized by a signi�cant prevalence of P. vivax infections, which are responsible for 70-80% of
all malaria cases [25, 26]. These women were followed up between January 2013 and April 2015, until the
birth of the child, which involved at least two home visits in the second and third trimesters to monitor the
clinical status and collect a peripheral blood sample, in addition to the usual prenatal consultation. Of the
72 women, 41 had only had one malaria episode during pregnancy, 17 had a new malaria episode, and
14 had two or more episodes of malaria in the second and third trimesters. The diagnosis of vivax
malaria was performed by microscopy of the thick and thin smears of peripheral blood and later
con�rmed by PCR. An additional blood sample was collected with each episode of malaria during
pregnancy, by which malaria infection was con�rmed by microscopy and PCR. Serum samples from 10
individuals with no history of malaria were used as controls, in accordance with the study by [34].
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Blood samples of patients with malaria. For amplicon deep sequencing analysis, sediment samples of
red blood cells and plasma were obtained from seven patients diagnosed with malaria by P. vivax. These
were collected at the Tropical Medicine Foundation Dr. Heitor Vieira Dourado (FMT-HVD), which is tertiary
care center for infectious diseases in Manaus, capital of the state of Amazonas, Brazil (Central Amazon).
An aliquot of 10 mL of peripheral blood was collected immediately after con�rmation of monoinfection in
the thick blood smear by microscopy specialist. The peripheral blood of �ve residents of Manaus with no
previous history of malaria was also collected as healthy controls.

Sequence alignment of P. vivax Block 2. We selected sequences of P. vivax MSP1-Block 2 from different
malaria endemic regions around the world that are deposited in GenBank. The EditSeq program was used
to edit the amino acid sequences, and the alignments were performed using the Megalign programs of
the DNAStar package (Lasergene, version 4.05).

Prediction of linear epitopes of B cells and peptide synthesis. Predictions of epitopes of B cells were
performed on 24 amino acids from P. vivax MSP1-Block 2 using the BepiPred 1.0 server. Synthetic
peptides were synthesized in the solid phase using the Fmoc strategy (9-Fluorenil-metoxicarbonila-link).
Final cleavage and deprotection were performed using the gradient method, which combined
tri�uoroacetic acid (TCA)/water/1,2-ethanodithiol/triisopropylsilane. After elution in aqueous acetonitrile,
they were puri�ed by reverse phase chromatography on a Sephasil® C8 peptide column in high
performance liquid chromatography. The elution was performed using the acetonitrile-TCA gradient
method and absorbance was monitored at 280 nm.

Enzyme immunosorbent assay. The enzyme immunosorbent assay (ELISA) was performed using high
binding microplates (Costar, Cambridge, MA, USA) coated with peptides (200 ng/well). The plates were
incubated at 4 ˚C overnight and washed four times with phosphate-buffered saline solution with Tween
20 at 0.05% (PBS-T). PBS-T containing skim milk was used to block (4%) and dilute plasma and
antibodies (1%). Each plasma sample (50 µL/well) was diluted to 1:200. After a 1-hour incubation at 37°C
and four wash cycles in PBS-T, secondary antibodies were added and incubated for 1 hour of incubation
at 37°C. HRP-conjugated mouse monoclonal antibodies, anti-human IgG (IG266) and anti-human IgM of
HRP-conjugated mouse (ICL-931) (Novus, Cat # NBP2-34648H and NBP1-42268h, respectively) were
added at a dilution of 1:3,000. The enzyme-substrate reaction was developed with tetramethylbenzidine
(TMB)/H2O2 at room temperature (dark). After 10 minutes, the reaction was stopped with 2N H2SO4.
Absorbance values were measured at 450 nm using a CLARIOstar Plus card reader (BMG Labtech). A cut-
off value for the antigen, corresponding to the corrected mean absorbance for samples from 10 blood
donors who had had no previous malaria infections, plus three standard deviations.

P. vivax-MSP1 Block 2 haplotype determination from deep sequencing. DNA extraction was performed
using the Qiagem genomic DNA extraction kit, and DNA quanti�cation was performed in the
spectrophotometer (NanoDrop, Thermo Scienti�c) and stored at -20 oC. PCR was based on N-term region
ampli�cation of Pv-MSP1 Block 2 using the primers described by Bastos (2007). The reaction was
performed at 50 uL, in the following concentrations: 1x buffer; 1.5 mM magnesium chloride; 0.6 pM
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DNTPs; 0.4 pM of each primer, 1 u Taq polymerase enzyme (Invitrogen) and 100 ng DNA. After the
reaction, the PCR products were observed in 1.5% agarose gel and subjected to puri�cation (QIAGEM).
The amplicons were stored at -20º C until sequencing.

Preparation of the library and template for high-performance sequencing: The library for the Ion Torrent -
PGM™ system was prepared from an equimolar solution of the sets of amplicons generated by the PCR
reaction. Each amplicon of P. vivax-MSP1Block 2 from the 8 samples had up to 400 bp and were labelled
with equimolar inclusion of a multiplex identi�er (barcodes) using Ion OneTouch™. At the end of the
reaction, a new puri�cation step was performed using the Agencourt® AMPure® XP reagent following the
manufacturer’s guidelines. Once the preparation of the library was completed, the PCR step was
performed in emulsion with microspheres (ion sphere particles - ISP) containing complementary
sequences to the adapter P1, using the Ion PGM™ template OT2 200 kit (Cat.4480974-Life
Technologies/Ion Torrent™) on Ion OneTouch™ System 2 (Life Technologies) equipment. The ISPs were
enriched and placed on a 314 chip, which was placed in the Ion PGM™ system sequencer, where
sequencing took place. The data generated by the PGM were initially analyzed using the Torrent suite 4.2
software installed on the PGM server. Raw sequence reads were separated based on the barcodes from
the pooled data into amplicon-speci�c data, then �ltered according to read length, overall quality scores,
and presence of primer sequences. Sequences were edited and translated into amino acid sequences
using the DNAstar package to identify haplotype sequences located at the beginning of Block 2 (Figure
1).

Statistical methods: Statistical analysis was performed using The GraphPad Prism version 7.04 package.
Paired T test was used to compare number of haplotype-speci�c peptides recognized between primary
infection and second episode of pregnant women who had a recurrence (PI+1R group). The repeated
measures of one-way ANOVA test were used to compare number of haplotype-speci�c peptides
recognized between primary infection and second and third episodes of pregnant women of more than
one recurrences (PI+>2R group). Differences in IgM and IgG levels were assessed between peptides from
haplotypes by one-way nonparametric Kruskal-Wallis test. P-values: *** p< 0.0005; ** p<0.005 and * p
<0.05.

Results
Mosaic of P. vivax-MSP1 Block 2 variants

To assess the magnitude of the diversity of Block 2 around the world, we carried out a search of Genbank
sequences of speci�c quantities of sequences. The alignment of the amino acids of P. vivax MSP1 Block
2 sequences found in parasites circulating in Manaus and other endemic regions of Brazil and the world,
such as South Korea, Thailand, Bangladesh, Vanuatu, Sri Lanka (Figure 1) shows that Block 2 contains a
wide variety of smaller sequences called repetitions that differ in type, number, and position, and which
are �anked by semi-conserved sequences (Figure 1). Several semi-conserved sequences upstream and
downstream of random repetitions (repeats) helped in the construction of the mosaic, through which we
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are able to distinguish �ve main allelic families represented by the variants (see below). Six peptides were
synthesized from the main semi-conserved sequences (Figure 1).

Antibodies against haplotypic variants of P. vivax MSP1 in malaria recurrences during pregnancy

The impossibility of using primaquine increases the chance of malaria relapses throughout pregnancy.
Seventy-two patients were followed up until delivery and we divided the subjects into three groups: (i): 41
pregnant women presented with only a primary infection (PI) during pregnancy (ONLY_PI); (ii) 17
pregnant women who had an initial infection and a second episode (recurrence) during pregnancy
(PI+1R); (iii): 14 pregnant women who had an initial infection, and at least 2 more episodes of malaria
during pregnancy (PI+>2R). There were no differences in relation to parasitemia (data not shown). In
addition, the time of PI was not decisive for risk of recurrences, in the ONLY_PI group the primary infection
occurred with a median of 23 weeks (IQ25=15 and IQ75=30), while the median of PI+1R and PI+>2R
groups were 23 weeks (IQ25 15 and IQ75 29) and 19 weeks (IQ25=14 and IQ75=25), respectively.

To assess the exposure to different populations of parasites, we evaluated in the successive IgM and IgG
antibodies against 6 variant-speci�c peptides in the primary malaria, ONLY_PI group (Figure 2A), as well
as in the repeated episodes of groups PI+1R and PI+>2R (Figure 2B,C, respectively). Most pregnant
women presented IgM that recognized more than one peptide, thus indicating that it was a multiple
infection. Of the group ONLY_PI (Figure 2A), 22 (53.7%) had IgM of more than 1 peptide, 17 (41.4%)
presented IgM to 1 peptide, and 2 (4.9%) had no IgM for peptides of the tested variants. The IgG reactivity
was very low, 5 (12.2%) had IgG of more than 1 peptide, 12 (29.3%) presented IgG to 1 peptide, and 24
(58.5%) had no IgG for peptides of the tested variants.

Regarding the women of the PI+1R and PI+>2R groups, it was possible to note that the same IgM anti-
peptides remained in several women in the successive episodes. Of the group PI+1R (Figure 2B), the sera
of 11 pregnant women (64.7%) presented IgM to more than one peptide and 6 sera (35.3%) recognized 1
peptide during the �rst episode. For IgG, the sera of 6 pregnant women (35.3.7%) presented IgG
recognized 1 peptide and 11 sera (67.7%) had no IgG for peptides of the tested variants. In the second
episode, the sera of 7 (41.2%) presented IgM that recognized more than 1 peptide, 6 sera (35.3%)
recognized 1, and 4 sera (23.5%) recognized no peptides. For IgG, the sera of 1 (5.9%) recognized more
than 1 peptide, 5 sera 29.4%) recognized 1peptide, and 12 sera (70.6%) recognized no peptides.
Interestingly, the mean interval of the second episode of malaria group PI+1R was 8 weeks. The shortest
was 5 weeks and the longest was 30 weeks, well above the half-life of IgM in serum (Figure 2B).

In the PI+>2R group, the sera of 10 pregnant women (71.4%) presented IgM that recognized more than
one peptide, 3 sera (21.4%) recognized only 1 peptide and one serum (7.2%) had no IgM for peptides of
the tested variants in the �rst episode. For IgG, the sera of 2 pregnant women (14.3%) recognized more
than one peptide, 3 sera (21.4%) recognized only 1 peptide and 9 sera (64.3%) had no IgG for peptides of
the tested variants. In the second episode, the number of sera with IgM recognizing more than one
peptide reduced to 6 (42.9%), 5 sera (35.7%) recognized 1 peptide and 3 sera (21.4%) did not recognize
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any of the tested. For IgG, one serum (7.1%) recognized more than one peptide and 13 sera (92.9%) did
not recognize any of the tested. In the third episode, 6 sera (42.9%) recognized more than one peptide, 3
sera (21.4%) recognized 1 peptide, and 5 sera (35.7%) recognized none of the tested peptides. For IgG, 3
sera (21.4%) recognized more than one peptide and 11 sera (78.6%) did not recognize any of the tested.
Some pregnant women still had fourth and �fth episodes and showed the same trend. The mean
intervals were 7.5 weeks from the primary infection until the 2 second episode, 5 weeks for the third
episode, and 4 weeks for those who had a fourth episode, while the range of intervals varied between 4
weeks and 11 weeks (Figure 2C).

Regarding the IgM to IgG switch, 6 women in the ONLY_PI group presented the IgM to IgG switch, 5 in the
PI+1R group showed the switch in the �rst infection and only 1 showed the switch in the second episode.
Regarding PI+>2R group, 4 showed the switch in the �rst infection, 1 showed it in the second episode, 2
showed it in the third episode and 1 showed it in the fourth episode. In the primary infection, no
differences were observed in relation to the number of peptides recognized by sera of three groups of
pregnant women (Figure 3). The number of peptides recognized by IgM in sera of pregnant women of
PI+1R group showed a trend towards a reduction between the primary infection and the second malaria
episode. With sera of pregnant women of the PI+>2R group, the number of peptides recognized by IgM in
the primary infection in relation to second and third malaria episodes reduced signi�cantly (p=0.012).
This reduction was also observed with IgG among the pregnant women of the PI+>2R group (Figure 3).

IgM anti-peptides as a tool for monitoring re-exposure to P. vivax MSP1 Block 2 haplotypes

In relation to the pregnant women in PI+>2R group, the shortest period between the �rst and second
episodes was 2 weeks and the longest 13 weeks. Between the second and third episodes, one week was
the shortest period and eleven weeks was the longest. It is worth highlighting patient S-60 of this group,
for whom the period between the two episodes was the shortest at only 2 weeks. In the �rst episode this
woman had IgM that recognized �ve peptides and in the second episode this reduced to 3 peptides
(Figure 2C). It can be seen in most of the pregnant women of PI+1R and PI+>2R groups that some
peptides recognized in one episode seroconverted negatively in the subsequent episode (Figures 2B,C).
Thus, the presence of IgM in successive episodes in both PI+1R and PI+>2R groups most likely indicates
re-exposure to the same haplotype of MSP1 Block 2.

This assumption is better veri�ed when IgM antibody levels against each peptide are followed throughout
the relapses (Figures 4 and 5). Regarding the PI+1R group, for each peptide, it was possible to verify the
maintenance of IgM levels or even the increase in the second episode in relation to the initial infection.
Subject S-47 had her second episode 5 weeks after the primary infection, the second episode of subject
S-50 was 21 weeks after the primary infection and S-53 had her second episode 11 weeks after. They all
maintained or increased IgM levels against peptide 1 in episode 2 (Figure 4A). The subject S-44 had her
second episode 15 weeks after the primary infection and subject S-48 had hers 6 weeks after, and they all
presented increases in IgM levels against peptide 2 (Figure 4B). Subject S-55 had her second episode six
weeks later and increased IgM against peptide 3 as did subjects S-44, S-48 and S-50 (Figure 4C). The
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same was observed with subjects S-56 and S-57 in relation to peptide 4 and the period between the
primary infection and the second episode was 18 and 14 weeks, respectively (Figure 4D). Subjects S-44,
S-47 and S-48 had increases in IgM against peptides 5 and 6 (Figures 4E and F).

These observations were most evident in PI+>2R group. Subjects S-61, S-64 and S-69 showed
maintenance of IgM levels against peptide 1 between the second and third episodes and the interval
between these was from four to seven weeks, which was enough time to reduce IgM levels if there was no
re-exposure to the same haplotype (Figure 5A). This behavior of maintenance or an increase in the
following episode happened with other peptides. Subjects S-60, S-62 and S-69, and peptide 2 (Figure 5B),
S-59, S-61, S-62, S-64, S-69, and S-71 and peptide 3 (Figure 5C), S-62, S-68 and S-69 and peptide 4 (Figure
5D), S-61, S-62, S-65, and S-69 and peptide 5 (Figure 5E), and the S-64, S-65, and S-69 and peptide 6
(Figure 5F) should be highlighted. Some pregnant women had serial increases in IgM against some
peptides in more than two episodes, S-51 and the haplotype of peptide 2 for four episodes (Figure 5B), S-
53 and the haplotype of the peptide 3 (Figure 5C), S-51, S-53, S-58, and S-61 and the haplotype of peptide
4 (Figure 5D). The maintenance of, or even increase in, IgM levels throughout the pregnancy probably
indicates the re-exposure to the same populations of P. vivax MSP1 Block 2 haplotypes.

Amplicon Deep Sequencing (ADS) and haplotype-speci�c serology as a new tool for distinguishing
between reinfections and relapses in malaria

Serology based on the haplotype-speci�c peptides of Block 2 indicated multiclonal infections in pregnant
women infected with malaria, but also variations in speci�c IgM levels. ADS is highly sensitive and allows
the detection of an overlap in a mixture of sequences obtained in the PCR reaction. To detect the
existence of multiclonal infections, we performed the ADS technique in eight samples of patients infected
with P. vivax to determine if infections were by one or more haplotypes. Two samples (PV04 and PV08)
were from prime-infected individuals, and ADS indicated infection by only 1 haplotype and the same
DENAKR haplotype......NNAAQGSTGNTETGTQSSA, in 100% of the reads. This haplotype corresponds to
the peptide sequence of Block 2 of the Belem strain of P. vivax [38]. We evaluated the IgM and IgG
responses using a new panel of overlapped peptides and mapped the sequences of the main haplotypes
found in the Manaus region, called overlapped, speci�c, P. vivax-Block 2 haplotype peptides (Figure 6A)
[21]. Among eight samples used in ADS, two were of prime-infected malaria patients. The reactivity of
IgM was observed for the peptides of the same haplotype detected in ADS only (arrows, Figure 6B), while
for IgG, no reactivity was observed for any of the peptides of the same haplotype or the others.

The six remaining samples were from individuals who already had a history of malaria, ADS showed
infection by a haplotype in three of them (PV02, PV03 and PV05). In two cases (PV02 and PV05) the
Belem haplotype was detected and, in PV03, the DENARKG haplotype...DMING........DENY was identi�ed
(Figure 6C). Once more, a reactivity of IgM was observed only for the peptides of the same haplotype
detected by ADS (arrows Figure 6C). Serology showed a trend towards an increase in IgG levels against
the peptides of the other haplotypes in relation to the peptides of the haplotype of the current infection,
whereas these patients have already had previous malaria episodes (Figure 6C). This lack of reactivity is
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consistent with the humoral response against polymorphic antigens in the �rst days of the acute phase
of malaria from a �rst contact, as found by other authors who used recombinant proteins of similar
haplotypes [39].

Samples PV01, PV06 and PV07 were infected by three haplotypes each. All had a history of 4 other
previous episodes of malaria. The ADS allowed the quanti�cation of these haplotypes and in all the
samples there was a predominant haplotype with more than 95% of the reads (Figure 7). Sample PV01
was infected with the haplotypes AENK, DENARKG...DMING........DENY and Belem in descending order.
Sample PV06 was infected with DENARKG haplotypes.....TTNTGT.......VSG (2),
DENARKG...DMING........DENY DENARKG.....TTNTGT.......VSG in descending order of read sequences. In
sample PV07, haplotype AENK, followed Belem and DENARKG...DMING ........DENY (Figure 7A).

In this case, the serology was performed only with overlapped, speci�c, P. vivax-Block 2 haplotype
peptides detected by ADS (Figure 7A). IgM levels were different between haplotypes detected by ADS,
their levels were similar to those P. vivax-Block 2 peptides of haplotypes quanti�ed in ADS (Figure 7B). In
relation to IgG, there was a trend towards IgG levels being lower against the overlapping peptides
corresponding to the predominant haplotypes (Figure 7C). In the PV07 isolate, which presented the
AENKKRSGHPTTTTNGAGTQPANGSIA haplotype with 97.6% of the reads, the IgG levels against the
predominant haplotype AENKKRSGHPTTTTNGAGTQPANGSIA was lower than the antibody levels
against the Belem haplotype, which was the second most frequent, but with a lower number of reads in
the order of two logs. This inconsistency between levels of speci�c antibodies against the Belem
haplotype and the parasite load estimated by the number of reads shows the importance of the
combination of these two methodologies in the study of the biology of malaria caused by P. vivax.

Discussion
Relapses are due to persistent stages of the parasite in the liver (hypnozoites) and are important causes
of morbidity in P. vivax infections [1]. These can only be prevented by the antimalarial 8-aminoquinoline;
however, due to uncertainty about the risks of induced hemolysis in individuals with G6PD de�ciency,
such as the fetus in pregnant women, they are not administered, and malaria during pregnancy is
associated with a wide spectrum of clinical manifestations [31, 33–35, 35, 40–42]. From the serology of
a panel of peptides generated from the main haplotypes of P. vivax MSP1 Block 2, we were able to show
the re-exposure to the same parasite populations in pregnant women that had successive malaria
episodes. As such, by combining haplotype-speci�c Block 2 serology with deep sequencing of the MSP1
Block 2 PCR product, we developed a strategy that enables the evaluation of relapses in malaria by P.
vivax.

Susceptibility to malaria associated with pregnancy occurs though combination of immune and
hormonal changes along with the presence of infections by multiple genotypes of parasites co-infecting
a single host [32, 40]. This can be the result of independent bites of infected mosquitoes or a single
mosquito containing populations of genetically diverse sporozoites [43]. Herein, the serology was able to
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demonstrate a multiplicity of infections through of presence of IgM for different haplotype-speci�c
peptides in the primary infection of pregnant women who had successive episodes, as well as in those
who had only one infection throughout pregnancy. Moreover, the amount of IgM anti-haplotype-speci�c
peptides in the initial infection in the three groups of pregnant women showed no difference (Figure 3).
Therefore, the multiclonal infections and time of primary infection were not the reason for successive
recurrences in the pregnant women of the PI+1R and PI+>2R groups in relation to those who had only the
primary infection.

White’s mechanism for relapse activation of P. vivax in a malaria endemic area indicates that there is one
hypnozoite of each genotype, and the syndrome caused by infection in the blood stage activates other
hypnozoites, and that relapses continue until the number of hypnozoites runs out or some cease to be
activated [1]. In our study, we identi�ed a signi�cant reduction in the number of peptides recognized
throughout the relapses in the PI+>2R group of pregnant women, as well as a trend in the group of only
one relapse (Figure 3), which would be in accordance with the depletion of the contingent of hypnozoites
throughout the relapses [1].

Relapses are derived from parasites that are either genetically similar or different from the initial
infection, which indicates that some derive from previous infections [12]. Usually, P. vivax relapses are
identi�ed by microsatellite markers or molecular methods such as restriction fragment length
polymorphism and amplicon sequencing [2, 13, 32, 43] Our major limitation in the study was that we did
not use a genotyping method to con�rm the relapses [5]. Nonetheless, we were able to show the re-
exposure to the same haplotypes in successive episodes that happened in short intervals. Some
haplotypes were maintained or had increased IgM levels, indicating exposure to the same parasite
populations (Figures 4 and 5). Thus, the IgM serology with our panel of peptides generated from the main
haplotypes of P. vivax MSP1 Block 2 may be a tool for studies of the population structure of P. vivax.

Block 2 presents a great diversity of semi-conserved sequences and repeats, (Figure 1). We used ADS to
quantify the mixtures of amplicons based on P. vivax Block 2 haplotypes, which are unlikely to happen by
chance as single-based polymorphisms [5, 43]. Of the eight samples from adult patients with malaria, �ve
samples had infections by one only haplotype of Block 2, two of them were prime-infected patients and
others 3 have already had previous malaria. The serology with the panel of overlapping peptides of each
haplotype showed higher IgM levels against the corresponding haplotype detected in the NGS as well
prime-infected as malaria exposed patients. In contrast, the corresponding haplotype detected in the NGS
were not well recognized by IgG antibodies. The most important �nding was that among others three
samples from adult patients with malaria, infections by different haplotypes of Block 2 were observed in
3 of them and they had had previous episodes of malaria. In all three, the almost absolute predominance
of more than 95% of one of the haplotypes in the readings was observed. Moreover, IgG levels compared
with a panel of overlapping peptides of each haplotype showed no correlation with the parasitic load
corresponding to the “reads” in the NGS. Interestingly, in the sample PV07, IgG levels were higher with the
peptides of one of the minority haplotypes. These �ndings are similar to White's mechanism of P. vivax
hypnozoite activation, which proposes when a pre-erythrocytic schizont from a newly inoculated
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sporozoite reaches pyrogenic densities, it activates previously acquired hypnozoites to initiate blood-
stage infection. However, the consequent febrile illness caused by the newly inoculated population
suppresses the multiplication of blood stages originating from those reactivated hypnozoites [1]. We
cannot con�rm this because only the collection in the current infection was analyzed. Nonetheless, our
data show a proof of concept that the combination of deep sequencing of Block 2 amplicons of MSP1
and a panel serology of peptides corresponding to the same haplotypes may be a promising tool for
relapse studies in vivax malaria.

The study has other limitations, such as the number of haplotype-speci�c peptides. We elaborated six
peptides, but it is possible to do more to increase the repertoire of haplotypic variants. We used only eight
peripheral blood samples to perform the ADS methodology in NGS. Another limitation is that the patients
responded that they had received antimalarial therapy for the previous episode but did not know the exact
primaquine doses.

In conclusion, so far, preliminary analysis suggests that serology based on PvMSP1 Block 2 haplotypes
may be a useful system for observing the response against a speci�c haplotype. The use of this deep
sequencing methodology of P. vivax MSP1 Block 2 amplicons allows the identi�cation of multiclonal
infections based on PvMSP1 Block 2 haplotypes. Therefore, the combination of haplotype genotyping
and haplotype-speci�c serology makes it possible to understand the dynamics of exposure to P. vivax
parasites. Although still preliminary, the data indicate that this system can serve as a sentinel tool for
investigation of hypnozoite reactivation.
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Figure 1

Exploration of PvMSP1 Block 2 genetic diversity. A) A mosaic assembly of several Block 2 sequences
obtained from the GenBank database containing hybrid (or semi-conserved series) �anking random
repeats. The mosaic was drawn using different colors for the conserved, hybrid and repeat sequences to
facilitate comprehension of diversity. Five allelic families sharing hybrid sequences up- and downstream
of random repeats. B) A panel of six allelic variant peptides derived from containing major semi-
conserved sequences upstream of repeats was constructed (P1, P2, P3, P4, P5 and P6).
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Figure 2

Distribution of the IgM and IgG reactivity from serum of pregnant women with vivax malaria divided into
groups. A) women who have had only a single malaria infection during pregnancy. B) women who had an
infection and a relapse of malaria (1-Inf+1R). C) women who had an infection and 2 to 4 relapses (1-
Inf+>2R). Each line represents a pregnant woman. Peptides P1 to P6 were developed against variant
sequences of six Block 2 haplotypes of P. vivax MSP1 (merozoite surface protein-1). White square -
negatives. Gray square - serums with IgM reactivity against respective peptides in which they appeared
only once at some point during pregnancy. Red square - serums with IgG reactivity. 
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Figure 3

Comparison of the number of haplotype-speci�c peptides recognized. Number of peptides recognized
through IgM (A) and IgG (B) in 41 women in the Only_1_inf group (who only had a malaria episode during
pregnancy), 17 in the 1-PI+1R group (had an initial infection and a relapse) and 14 in the PI+>2R group
(had an initial infection and two more relapse episodes in the second and third trimester). Paired T test
was used to compare number of haplotype-speci�c peptides recognized between primary infection and
second episode of pregnant women of PI+1R group. The repeated measures of one-way ANOVA test were
used to compare number of haplotype-speci�c peptides recognized between primary infection and
second and third episodes of pregnant women of PI+>2R group.
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Figure 4

Serology of P.vivax-MSP1 Block 2 speci�c haplotype peptides of pregnant women who have had a
primary infection and a second malaria episode. Of the women, 17 had an initial infection and a relapse,
which were con�rmed by microscopy of the thick and thin smears of peripheral blood and PCR. Serology
for IgM was performed against 6 haplotype-speci�c peptides of P. vivax MSP1 Block 2 A) P1, B) P2, C)
P3, D) P4, E) P5 and F) P6. Dashed lines positivity in relation to cutoff values for each peptide calculated
by mean absorbance for samples from 10 blood donors who had had no previous malaria infections,
plus three standard deviations. Each woman was represented by a symbol (see below). Those women
who maintained or increased IgM levels on relapse relative to the initial infection, their respective symbols
have been increased and showed to the right of each graph.
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Figure 5

Serology of P. vivax-MSP1 Block 2 speci�c haplotype peptides of pregnant women who have had a
primary infection and more than two malaria episodes. Of the women, 14 had two further episodes of
malaria in the second and third trimesters and these were con�rmed by microscopy on thick and thin
smears of peripheral blood and PCR. Serology for IgM was performed against 6 haplotype-speci�c
peptides of P. vivax MSP1 block 2 A) P1, B) P2, C) P3, D) P4, E) P5 and F) P6. Each woman was
represented by a symbol and to the right of each graph are women who maintained or increased IgM
levels on relapse relative to the initial infection. Dashed lines positivity in relation to cutoff  values for
each peptide calculated by mean absorbance for samples from 10 blood donors who had had no
previous malaria infections, plus three standard deviations. Each woman was represented by a symbol
(see below). Those women who maintained or increased IgM levels on relapse relative to the initial
infection, their respective symbols have been increased and showed to the right of each graph.
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Figure 6

Amplicon deep sequencing (ADS) and speci�c haplotype serology. A) new superimposed peptide panel
mapping the complete sequences of the main MSP1 Block 2 haplotypes of P. vivax. The Block 2
amplicon deep sequencing (ADS) technique determined that infections were by only one clone based on
the Block 2 haplotype of MSP1. B) Arrows indicated the MSP1 Block 2 haplotype detected by ADS in two
prime-infected P. vivax malaria patients. Comparison of IgM and IgG reactivities between haplotype-
speci�c peptides corresponding to each clone identi�ed by ADS and others haplotype ones. C) Serology
of 3 patients (PV02, PV03 and PV05) who were infected by only one clone based on the Block 2
haplotype of MSP1. Comparison of IgM and IgG reactivity between peptides corresponding to the clone
of the current infection (arrows) in relation to the peptides of other haplotypes was performed by
nonparametric Kruskal-Wallis test. P-values: *** p< 0.0005; ** p<0.005 and * p <0.05.
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Figure 7

ADS and speci�c haplotype serology as a new tool for the study of relapses in malaria caused by P. vivax.
A) quanti�cation of the reads of sequences obtained in the ADS of Block 2 in three patients who showed
infection by 3 clones based on the haplotype of MSP1 Block 2 (for more details consult Materials and
Methods).  B) Comparison of IgM reactivity between haplotype-speci�c peptides corresponding to each
clone identi�ed by ADS. C) Comparison of IgG reactivity between haplotype-speci�c peptides
corresponding to each clone identi�ed by ADS. Analysis to assess which were different was performed by
non-parametric Dunn's test for multiple comparisons
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