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ARTICLE INFO ABSTRACT

Keywords: Plasmodium vivax merozoite surface proteins (PvMSP) 1 and 7 are considered vaccine targets. Genetic diversity

P. vivax knowledge is crucial to assess their potential as immunogens and to provide insights about population structure

Pymsp-1 in different epidemiological contexts. Here, we investigate the variability of pymsp-1,,, pvmsp-7E, and pvmsp-7F

Pymsp-7E genes in 227 samples from the Brazilian Amazon (BA) and Rio de Janeiro Atlantic Forest (AF). pvmsp-1,4, has 63

I(J;ZSZZ i_cn:iiversity polymorphisms - 57 nonsynonymous - generating a nucleotide diversity of = = 0.009 in AF, and = = 0.018 in
BA. In pymsp-7E, 134 polymorphisms - 103 nonsynonymous - generate the nucleotide diversity of & = 0.027 in
AF, and it = 0.042 in BA. The pvmsp-7F has only two SNPs - A610G and A1054T -, with nucleotide diversity of
5t = 0.0004 in AF, and =t = 0.0007 in BA. The haplotype diversity of pvmsp-1,,, pvmsp-7E, and pvmsp-7F genes is
0.997, 1.00, and 0.649, respectively. None of the pymsp-14, or pymsp-7E sequences are identical to the Salvador 1
strain's sequence. Conversely, most of pymsp-7F sequences (94/48%) are identical to Sal-1. We evaluated eight B-
cell epitopes in pvmsp-7E, four of them showed higher nucleotide diversity compared to pvmsp-7E's epitopes.
Positive selection was detected in pymsp-1 45, pvmsp-7E central region, and pvmsp-7F with Tajima's D. In pvmsp-7E,
the significant nucleotide and haplotype diversities with low genetic differentiation, could be indicative of
balancing selection. The genetic differentiation of pymsp-14, (0.315) and pvmsp-7F (0.354) genes between AF and
BA regions is significant, which is not the case for pymsp-7E (0.193). We conclude that pvmsp-1,, and pvmsp-7E
have great genetic diversity even in AF region, an enclosure area with deficient transmission levels of P. vivax
zoonotic malaria. In both Brazilian regions, pymsp-1;9, pvmsp-7E, and pvmsp-7F are conserved, most likely due to
their roles in parasite survival, and could be considered potential targets for a “blood-stage vaccine”.

1. Introduction malaria cases (WHO, 2019). In Brazil, 90% of malaria cases registered
in 2019 were caused by P. vivax (Ministério da Satde, 2019).

Plasmodium vivax is the second most prevalent species causing ma- Over the past 15 years, it seems that the prevalence of vivax malaria

laria in humans and the most widespread Plasmodium parasite globally. causing severe disease has been increasing (Lacerda et al., 2012; Price

In the Americas, the parasite is predominant, representing 80% of et al., 2014; Rahimi et al.,, 2014). This parasite displays singular

Abbreviations: WHO, World Health Organization; P. vivax, Plasmodium vivax; pvmsp, gene of Plasmodium vivax merozoite surface protein; AF, Atlantic Forest; BA,
Brazilian Amazon; I1, Nucleotide diversity; S, polymorphic sites; Hd, Haplotype diversity; Fst, Wright's fixation statistics; SNP, Single Nucleotide Polymorphism; An,
Anopheles
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Fig. 1. Brazilian isolates including seven states represented by triangles in two distinct regions in Brazil: Brazilian Amazon and Atlantic Forest of Rio de Janeiro.

Adapted from malaria report (WHO, 2018).

Map showing two regions of malaria sampling area: the Atlantic Forest of Rio de Janeiro and the Brazilian Amazon represented by seven states marked with triangles.

Adapted from malaria report (WHO, 2018).

biological characteristics such as a hypnozoite stage - responsible for
the relapsing illness - and rapid gametocyte formation. Together with
the evidence of drug-resistant parasites, these facts have been hindering
the control strategies (Kevin Baird, 2013a; Kevin Baird, 2013Db).

In this scenario, efforts to develop an anti-vivax malaria vaccine
have been made, and the studies are mainly orientated to antigens that
correspond to P. falciparum vaccine targets, as the merozoite surface
proteins (MSP) -1 and — 7. These antigens form a protein complex that
participates in the parasite adhesion to the reticulocyte (Holder et al.,
1992; Mello et al., 2002; Mongui et al., 2006).

The pymsp-1 gene is expressed as a 200 kDa protein that undergoes
two proteolytic cleavage steps during the merozoite maturation. Before
erythrocyte invasion, the 42 kDa fragment undergoes the second clea-
vage generating 33 and 19 kDa fragments (MSP-133 and MSP-1,,); the
latter remains on merozoite's surface during the invasion, and it is the
critical portion in parasite red blood cell binding (Han et al., 2004).
Both fragments were immunogenic in individuals naturally exposed to
malaria infections (Park et al., 2001), including Brazilian areas (Riccio
et al., 2013; Cassiano et al., 2016; Fonseca et al., 2016), and immunized
MSP-1;9 monkeys were protected from challenging doses (Collins et al.,
1999).

MSP-7 is a multigene family comprising 12 members (Castillo et al.,
2017). This gene plays diverse and critical roles in parasite-host inter-
actions, including merozoite invasion (Kadekoppala et al., 2008). Since

paralogous genes may diverge in their functions, not all MSP-7 family-
members have a significant role in erythrocytes invasion (Castillo et al.,
2017).

Like PfMSP-7, the PvMSP-7E has predicted binding domains to in-
teract with MSP-1 (Weng Cheng et al., 2018). This gene displays much
higher genetic diversity than pvmsp-7F (Garzon-ospina et al., 2014;
Weng Cheng et al., 2018), suggesting that these msp paralogous genes
may have evolved under different selective pressure.

Genetic diversity studies within and among P. vivax populations are
crucial to assess the potential vaccine targets and provide insights into
parasite population dynamics and transmission. Such studies contribute
to P. vivax parasites' characterization and enable the comparison with
global endemic regions (Neafsey et al., 2012). In Brazil, in addition to P.
vivax lato sensu (1.s.) endemic parasites in the Brazilian Amazon, the so-
called P. vivax/P. simium parasites occur exclusively in areas of the
Atlantic Forest and involve a human (P. vivax), howler monkey (P. si-
mium), and the mosquito vector (Kerteszia anophelines), which breeds
in water stored in bromeliads.

Currently, bromeliad malaria appears in the Brazilian Atlantic forest
biome almost exclusively as a zoonosis. Monkeys are the parasite's re-
servoir, and Anopheles (Kerteszia) cruzii is the mosquito vector biting
monkeys in the forest canopy, as well as people at ground level (de
Abreu et al., 2019; Brasil et al., 2017; Deane, 1992). P. simium is
morphologically indistinguishable from P. vivax l.s. The near genetic
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identity between human P. vivax lL.s and non-human primate P. simium
suggests that recent host transfers occurred (Tazi and Ayala, 2011;
Rougeron et al., 2020).

Here, we analyze the haplotype networks, positive selection, and
genetic diversity among P. vivax Ls and P. vivax/P. simium parasites
based on three genes, pymsp-1,4,, pymsp-7E, and pvmsp-7F, to investigate
the possible role of different hosts and anopheles mosquito's vectors in
the genetic diversity of these genes, in areas of Atlantic Forest (P. vivax/
P. simium) and Brazilian Amazon (P. vivax Ls.) regions.

2. Material and methods
2.1. Sample collection

The descriptive study of polymorphisms in pvmsp-1.,, pvmsp-7E, and
pvmsp-7F genes were conducted with 227 Brazilian samples from
Amazonian Basin (BA) and Atlantic Forest (AF) regions. 145 BA sam-
ples came from six states located in the North region of Brazil (Acre,
Amapa, Amazonas, Pard, Rondonia, and Roraima), and 82 AF samples
from Rio de Janeiro, in the Southeast region of Brazil (Fig. 1).

All blood samples were collected from P. vivax patients diagnosed
with thick and thin blood smears and PCR (Torres et al., 2006). These
samples were collected in two localities: 177 (95 from BA and 82 from
AF) in the malaria reference center for diagnosis, teaching, and research
(CPD-Mal) based at the Oswaldo Cruz Institution/ Rio de Janeiro (S 22°
54’ W 43° 12) from 2011 to 2018 and; 50 samples in Tucurui (S 3° 46
‘W 49° 40°), Par4 state, BA (Table 1). The study was approved by the
Ethics Research Committee of Instituto Oswaldo Cruz, Fiocruz, Brazil
(69,256,317.3.0000.5248). All volunteers' patients signed a written
informed consent before collection of 4 mL of venous blood.

2.2. pvmsp-142, pvmsp-7E, and pvmsp-7F genes DNA genotyping

DNA was extracted from 1 mL blood sample using QIAamp™ DNA
Blood Midi Kit (QIAGEN, Hilden, Germany), according to the manu-
facturer's instructions. The DNA was stored at —20 °C until use.

pvmsp-1,45-gene amplification was based on Parobek and colleagues'
methodology (Parobek et al., 2014), while pvmsp-7E and pvmsp-7F
genes amplification relied on Garzén-Ospina and colleagues' (Garzon-
ospina et al., 2014).

All amplification reactions were carried out in a total volume of
20 pL, containing 2 pL (100-200 ng) of DNA, 1 uM primers (forward
and reverse), 5x HOT FIREPol™ Blend Master Mix (Solis Biodyne,
Hannover, Germany). Thermal conditions for all genes were set as
follows: one hold of 95 °C/12 min; 30 cycles of 95 °C/20 s, 57 °C/45 s
for pymsp-1,, and 60 °C/45 s for pvmsp-7E/F, 72 °C/1 min, followed by a
final extension of 72 °C/7 min.

PCR products were analyzed in a 2% agarose gel containing
0.25 mg/mL of ethidium bromide, and the results were visualized in a
UV transilluminator (DigiDoc-It, UVP, California, USA).

Table 1
P. vivax sampling, according to localities and year of collection.
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Amplicons were purified using Wizard™ SV Gel and PCR Clean-Up
System (Promega, USA), following the manufacturer's instruction.
Then, 1-2 pL of purified PCR products were submitted to thermal se-
quencing reaction using Big Dye™ Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, California, USA), and 3.2 uM of forward and
reverse PCR primers. Products were precipitated using isopropanol and
resuspended in HI-DI formamide (Applied Biosystems California, USA);
DNA samples were sequenced by capillary electrophoresis on the
Genomic Platform PDTIS/RPTO1A of Fiocruz using an ABI Prism DNA
Analyzer™ 3730 (Applied Biosystems, California, USA).

Sequences were globally aligned using ClustalW after analyzing the
electropherogram with NovoSNP software for quality control. The
signal threshold value was set to QV = 10 for accurate base calling.
Sequences with weak signal-to-noise ratio, as well as with overlapping
peaks and base substitution present in only one strain (singleton), were
discarded and resequenced. The corresponding genes in Salvador I
strain were considered as references (accession numbers: pvmsp-1,
PVX_099980; pvmsp-7E, PVX_082665; and pvmsp-7F, PVX_ 082670;
available in plasmoDB.org). All sequences were deposited in GenBank
with accession nnumbers. MT074744 - MT075302.

2.3. Genetic diversity, natural selection, and phylogenetic analyses of
pvmsp-145, pvmsp-7E, and pvmsp-7F genes

The number of segregation sites (s), polymorphisms, haplotype di-
versity (Hd), and nucleotide diversity (;t) were computed using the
DnaSP 6.11 software (Rozas et al., 2017). Nucleotide diversity was
assessed using the sliding window method with a window length of 50
bases and a step size of 25 sites.

Natural selection in pvmsp-1 and pvmsp-7E genes were assessed by
the Z-test and the Tajima's D test while in pvmsp-7F gene only by
Tajima's D test. The Z-test method calculating the differences of the
rates of nonsynonymous (dN) to synonymous (dS) substitutions (dN/
dS) (1000 bootstrapping replicates) between isolates using the Nei and
Gojobori's distance (Nei and Gojobori, 1986) and the Jukes and Cantor
correction was performed in MEGA7 v7.0 (Nei and Kumar, 2000). Ta-
jima's D neutrality test (Tajima, 1989) was calculated with the total
number of segregating sites and the sliding window method in DnaSP
6.11 software, in which p < 0.05 was considered significant.

Phylogenetic analyses were performed in MEGA7 v7.0 applying the
p-distance method, and tree reconstruction by the Neighbor-joining
method (Saitou and Nei, 1987), with 1000 bootstrapping replicates.
The branch length is proportional to time. The haplotype network was
constructed on R with the “haploNet” function of the package “pegas”
under an infinite site model (Paradis, 2010). Each haplotype is re-
presented by a circle with size proportional to the frequency; the color
provides information about the geographic distribution. The number of
dots on links represents each haplotype's genetic distance, and pairwise
differences evaluated it.

The degree of genetic differentiation among Brazilian regions was

Region State Year of collection
2011 2012 2013 2014 2015 2016 2017 2018 Total
BA Acre 2 3 1 2 1 0 2 1 12
n = 145 Amapa 3 1 1 1 2 0 1 0 9
Amazonas 2 5 6 8 4 11 10 2 48
Para 51 1 1 1 0 0 1 0 55
Rondonia 9 2 1 0 0 2 3 0 17
Roraima 1 2 0 1 0 0 0 0 4
AF Rio de Janeiro 3 2 5 0 29 14 22 7 82
n =82
Total 71 16 15 13 36 27 39 10 227

BA: Brazilian Amazon; AF: Atlantic Forest.
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estimated by the Wright's fixating index (Fst) (Hudson et al., 1992),
using DnaSP 6.11. This value ranges from 0 to 1 and measures the
amount of diversity between geographically distinct populations.
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(Fig. 2); this segment accumulated 48% of the polymorphic amino
acids.

The wide range of polymorphic sites in pvmsp-14, sequences are
arranged in 148 haplotypes with a high haplotype diversity of 0.997: 48

3. Results haplotypes from AF (Hd = 0.989) and 100 from BA (Hd = 0.996)
(Table 2).
3.1. pymsp-142 We constructed a haplotype network tree with 148 haplotypes.

pvmsp-14, sequences were obtained from 185 (81%) of the collected
isolates: 63 from AF and 122 from BA. The BA samples cover six states:
Acre (10), Amapa (6), Amazonas (43), Para (48), Rondonia (12), and
Roraima (3).

The 1267 bp pvmsp-14,-gene fragment (nucleotides 3973-5239;
codons 1325-1747) had 57 segregation sites. All nucleotide changes
were detected in pvmsp-133 fragment (nucleotides 3973-4917), while
the fragment pvmsp-1;9 (nucleotides 4918-5239) remained conserved.
Most of them (53/91%) were biallelic, while four sites (7%) were
triallelic and one (2%) quatre-allelic, comprising a total of 63 poly-
morphisms (Supplementary Material 1). Of these 63 polymorphisms
(SNPs), 57 were nonsynonymous, and six synonymous, spanning 43
codons. The AF samples have 46 SNPs, and 42 are nonsynonymous,
whereas BA has 61 SNPs, 55 nonsynonymous (Supplementary Material
2).

Among AF and BA samples, 44 polymorphisms were detected, and
40 (91%) nonsynonymous. Eleven (25%) are present in more than 50%
of the samples: M1466L (96%), K1522E (82%), 11454L (75%), L1513I
(66%), D1490T (62%), N1515S (61%), K1493N (61%), G1491A (60%),
D1520T (59%), E1525Q (55%), and E1509K (54%) (Supplementary
Material 2). Remarkably, these 11 polymorphisms are more frequent in
AF than in BA (Supplementary Fig. 3). Additionally, two polymorph-
isms were detected only in AF samples (23; 36%): D1520A in seven
(11%) samples, and K1523Q in 18 (29%) samples.

In BA, 111 samples (91%) have 17 polymorphisms not detected in
AF, none of them displaying all these 17 polymorphisms. The number of
samples containing such polymorphisms varied from one (with 10
SNPs) to 28 (with 1 SNP); Interestingly, the V1516G was detected only
in Tucurui, a locality of Para state.

The nucleotide diversity in AF and BA regions is = = 0.009 and
st = 0.018, respectively (Table 2). The highest peak of polymorphisms
in the Brazilian isolates was detected in the segment positions
4524-4573 (midpoint 4548): AF (w = 0.097) and BA (x = 0.199)

Table 2

Singleton haplotypes were detected in 87% of the isolates. Only 19
haplotypes (12%; H1-H19) are restricted to a particular geographic
region and present in more than one sample: 6 in AF (21 samples) and
13 in BA (35 samples). Most AF haplotypes grouped together (Fig. 3).

The phylogenetic tree showed BA isolates spread over several
clades, possibly correlating with the larger geographic area and the
broad range of polymorphic haplotypes, varying from one to 29 SNPs
per sequence, when compared to AF (Supplementary Fig. 4). Con-
sidering 95% confidence intervals (95% CI), the number of SNPs is
15-18 (mean 16) for BA and 22-25 (mean 23) for AF, though no sta-
tistically significant difference was verified (p = 0.06) by the Mann-
Whitney test (Fig. 4). As expected, we observed extensive BA and AF
interpopulation differentiation (Fst = 0.315).

We performed the Tajima's D and Z-test to determine whether nat-
ural selection was affecting the pvmsp-1,,-gene fragment. Both tests
significantly rejected the null hypothesis showing positive selection in
all AF and BA samples with 2.183 (p < 0.01) and 3.838 (p < 0.001)
values for Z-test and Tajima's D, respectively. Segregated by region, the
Z-test index for AF samples was higher (3.302; p < 0.001) than those
for BA samples (1.621; p < 0.05) (Table 2) (Supplementary Material
5).

3.2. pvmsp-7E

pvmsp-7E-gene was successfully sequenced in 178 samples (79%):
54 from AF and 124 from BA. Analyzing the 1114 bp pvmsp-7E-gene
product of each sample (nucleotides 18-1131; codons 6-372), 119
segregation sites, resulting in 134 polymorphisms (103 nonsynonymous
and 33 synonymous), spanning 103 codons were identified
(Supplementary Material 6). We observed 112 SNPs (82 nonsynon-
ymous) in AF parasites, while in BA we found 133 SNPs (100 non-
synonymous). Five out of 119 segregation sites are triallelic (A415C/G,
C432G/A, C478A/T, T514C/G, and T705A/C), the remaining 114 are
biallelic.

Genetic diversity and natural selection of pvmsp-14,, pvmsp-7E and pvmsp-7F genes in Brazilian isolates.

Gene Genetic diversity Natural Selection
N of Isolates S P 7 (SD) Nh Hd (SD) Z-test Tajima's D
pvmsp-142 BA 122 56 61 0.018 100 0.996 ( = 0.001) 1.621* 3.629%**
(1266 bp) (= 0.0002)
AF 63 48 46 0.009 48 0.989 ( = 0.006) 3.302%** 0.436
(= 0.0010)
Total 185 57 63 0.018 148 0.997 ( = 0.001) 2.183** 3.838*
( £ 0.0002)
pvmsp-7E BA 124 118 133 0.042 119 0.999 ( = 0.001) 1.169 4.279 **=
(1114 bp) (= 0.0010)
AF 54 108 112 0.027 54 1.00 ( = 0.004) 1.587 0.786
( £ 0.0020)
Total 178 119 134 0.041 173 1.00 ( = 0.000) 1.118 4.326%**
(= 0.0010)
pvmsp-7F BA 126 2 2 0.0007 3 0.675 ( = 0.000) NA 2.166*
(1211 bp) ( = 0.0002)
AF 70 2 2 0.0004 3 0.004 ( = 0.070) NA 0.217
( £ 0.0009)
Total 196 2 2 0.0007 3 0.649 ( = 0.016) NA 2.357*
(= 0.0002)

BA: Brazilian Amazon; AF: Atlantic Forest; S: Segregation sites; P: number of polymorphisms; s: Nucleotide diversity; SD: standard deviation; Nh: number of
haplotypes; Hd: haplotypes diversity; ***(p < 0.001); **(p < 0.01); *(p < 0.05); Natural selection in pymsp-1,, consider the fragment of 33 KDa and pvmsp-7E the
central region; NA: not applicable.
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Fig. 2. Nucleotide diversity across the pymsp-1,, pymsp-7E, and pvmsp-7F genes
in P. vivax isolates from Brazilian Amazon (BA) and Rio de Janeiro Atlantic
Forest (AF).

Sliding window of isolates from BA and AF was calculated with a length of
50 bp and step size of 25 bp; all coordinates are based on Sal-1 reference gene;
pvmsp-7E and pvmsp-7F gene analyses were divided into three fragments, ac-
cording to Garzén-Ospina et al. (2014).
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Samples from AF and BA regions shared 111 polymorphisms, 32
(29%) were found in at least 50% of the samples. Similarly, we ob-
served a higher frequency of the most common polymorphisms in
pvmsp-14o-gene of AF (22 SNPs) than in BA (10 SNPs) samples
(Supplementary Material 2).

Conversely, 23 polymorphisms were detected only in one region:
one SNP in 41% of AF samples, and 22 SNPs in 77% of BA samples. No
exclusive SNP was found in BA samples (Supplementary Material 2).

The nucleotide diversity of pvmsp-7E-gene for all isolates was
5t = 0.049. However, when considered this diversity by region specific
numbers for AF (& = 0.027) and BA (it = 0.042) samples were re-
corded (Table 2). The sliding window method recorded the highest
peak in the gene's central region between residues 408 and 457 (mid-
point 432) in both Brazilian regions, reaching values of @ = 0.120 and
st = 0.169, in AF and BA, respectively (Fig. 2). Most polymorphisms
(96/72%) occur in the gene's central region (nucleotide 391 to 747).
Multiple sequence alignment revealed at least four segregation sites in
all isolates compared to the Sal-1 reference sequence. The haplotype
diversity reached the maximum value in both Brazilian regions
(Hd = 1.00), indicating a substantial polymorphism arrangement in all
the isolates, independently of the region (Table 2). Overall, the number
of haplotypes is 173: 54 in AF and 119 in BA. Four haplotypes were
detected only in BA samples: H7E-1 in three samples, and H7E-2, H7E-
3, and H7E-4 in six samples. Therefore, the pymsp-7E-gene network was
more complicated than pvmsp-14,, with a higher rate of substitution
between haplotypes (Fig. 5).

Based on nucleotide polymorphisms, the neighbor-joining phylo-
genetic tree clustered the samples by region (Supplementary Material
4). BA isolates exhibited a broad range of polymorphic haplotypes,
varying from two to 83 SNPs per sequence when compared to AF
(p = 0.002) (Fig. 4). Considering 95% confidence intervals (95% CI),
the number of SNPs was similar between BA (41 to 47; mean 44) and AF
(38 to 42; mean 40).

A considerably low genetic differentiation was observed in Brazilian
populations from AF and BA (Fst = 0.193).

Natural selection analyses comprised three fragments of the pvmsp-
7E-gene: 5’-end (nucleotide 1 to 390), central region (nucleotide 391 to
747), and 3’-end (nucleotide 748 to 1119). 5’ and 3’ ends tend to be
conserved in all studied areas. The central region of the gene had a
positive value in Z-test (1.118; p < 0.30), as well as in Tajima's D test
(4.326; p < 0.001). Tajima's D's sliding window plot showed diverse
peaks across the pvmsp7-E-gene sequence, pehaps reflecting the main-
tenance of polymorphism by a balancing selection in AF and BA regions
(Supplementary material 5).

Subsequently, we investigated the presence of polymorphisms in
eight predicted B-cell epitopes in Sal-1 strain (Weng Cheng et al., 2018).
Seven epitopes were polymorphic; six of these epitopes were found in
more than 50% of samples, with the number of SNPs ranging from 8 to
20. The nucleotide diversity in epitopes B-3, B-4, B-5, and B-8 was
higher than those observed in the entire pvmsp-7E-gene's amplified
fragment (Table 3).

3.3. pvmsp-7F

196 out of 227 (87%) P. vivax isolates had the pvmsp-7F-gene
fragment (1211 bp; nucleotides 26-1243; codon 9-411) successfully
amplified. Among these isolates, 70 were from AF, and 126 from six BA
states: Acre (10), Amapé (9), Amazonas (42), Para (49), Rondénia (13),
and Roraima (3).

Sequence analysis revealed two nonsynonymous SNPs occurring in
all Brazilian regions, A610G and A1054T, in codons T204A and I352F,
respectively (Supplementary Material 2). Multiple sequence alignment
showed a high similarity between Brazilian pymsp-7F-gene and the Sal-1
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Fig. 4. The number of accumulated polymorphisms in haplotypes according to Brazilian Amazon and Rio de Janeiro Atlantic Forest regions.

A: pvmsp-1,4, and B: pvmsp-7E.

reference sequence (Supplementary material 7). The nucleotide di-
versity for all pyvmsp-7F sequences was st = 0.0007; similar results were
achieved even when samples from distinct areas were analyzed sepa-
rately: © = 0.0004 in AF and &t = 0.0007 in BA (Fig. 2). The haplotype
diversity was 0.675 for BA and 0.217 for AF isolates (Table 2).

Four haplotypes are shared between BA and AF. Most samples (94/

48%) display gene sequences identical to the Sal-1 reference gene: 58
(83%) in AF and 36 (29%) in BA. The H7F-1 haplotype (T204A/1352F)
was detected in 57 (29%) isolates: seven (10%) in AF and 50 (40%) in
BA. The H7F-2 (T204A/1352F) was found in 42 (21%) samples: four
(6%) in AF and 38 (30%) in BA. The H7F-3 (T204A/1352F) was de-
tected only in three (2%) samples, one from AF and two from BA (Fig. 6
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Fig. 5. Haplotype network of P. vivax msp-7E-gene of P. vivax from Brazilian Amazon and Rio de Janeiro Atlantic Forest regions.
Node sizes are proportional to haplotype frequency, and branch lengths are indicative of the number of single nucleotide differences (SNPs) between sequences. Node
colors indicate the geographic origin of the isolates.

Table 3
Polymorphisms in pymsp-7E-gene coding B-cell epitopes.
Epitope Peptide Position SNP n ™ Samples
(S/NS) N (%)
B-1 SEKLGVQKKKKNLEQDATHA 15-34 0 NA 0
B-2 IGQSKG(K/N)IKGQA(D/V)(T/A)DN(Q/E) 119-138 9 0.037 76
AQR (5S/4NS) (£0.003) (41%)
AA(Q/P)(P/HIQ)G(GIR)(V/IE)(S/L)(P/S)(S 21 0.148 178
B-3 IA)TIA)S/IRIG)(A/G)(R/IQ)(PIS)(Q/R)(E/ 143-162 . o
D)(P/SIT)(G/A)(KIR) (4S/ 17NS) (£0.004) (97%)
B-4 (Q/E)NVG(P/A/H/ID)NGQ(R/P)(A/TIVII)(A 184-203 12 0.123 175
IV)D(PIT/RIS)Q(P/S)(G/R)(R/P)AA(N/T) (2S/ 10NS) (£0.002)  (96%)
B-5 N(D/G)(P/H)QQG(G/E)(S/R)(E/A)(S/IP)T 211-230 10 0.078 170
E(G/R)(P/T)AVTP(R/P/S)P (1S/9NS) (x0.002)  (93%)
8 0.046 157
B-6 DEVLTT(S/T)D(N/S)T(N/K)GIHVPDYHS 252-271 (5S/3NS) (£0.002)  (86%)
0.003 22
B-7 NTIRQKYEYSMNPVEYEIVK 274-293 18 (£0.002)  (12%)
B-8 LNVGFK(N/K)(D/E)G(A/G)(A/T)(S/P)S(D 296-315 11 0.066 108
IA)A(T/A)P/S)LVD (3S/8NS) (+0.002) (56%)

Predicted B-cell epitopes (Weng Cheng et al., 2018); nonsynonymous substitutions between parenthesis in red;
synonymous substitutions in bold blue; n: maximum number of polymorphisms in the peptide sequence; S:
synonymous; NS: nonsynonymous; m: nucleotide diversity. Nucleotide diversity values in bold were higher than
those of entire fragment in all the samples (t = 0.041); N: number of isolates that presented at least one
polymorphism.
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Fig. 6. Geographic distribution of the pymsp-7F haplotypes in Brazilian Amazon and Rio de Janeiro Atlantic Forest. Haplotypes are represented by distinct colors
(grayscale and black) or pattern (grid). The haplotype frequency is indicated in the circles. The BA municipalities include Acre, Amap4a, Amazonas, Para, Rondonia,

and Roraima.

and Supplementary Fig. 8).

The selective pressure estimated by Tajima's D test indicated posi-
tive selection in all 196 isolates (2.357; p < 0.05); stratified by region,
only BA showed a significant value (2.166; p < 0.05) (Table 2 and
Supplementary Material 6).

The genetic differentiation between BA and AF populations pro-
duced a high Fst value (0.354), but the low number of pymsp-7F poly-
morphisms prevented a phylogenetic tree reconstruction.

4. Discussion

The investigation of nucleotide diversity and natural selection of
pvmsp-145, pvmsp-7E, and pvmsp-7F genes is crucial to recognize the
population structure and in-country parasite lineages, perhaps helping
select potential vaccine targets in the future. It is the first report on the
genetic diversity of pvmsp-1,,, pvmsp-7E, and pvmsp-7F genes in
Brazilian regions.

This work involves Plasmodium parasites from distinct Brazilian
areas (BA and AF), separated by a considerable geographic distance.
The “Legal Amazon” is a social-economic division that includes BA,
representing approximately 60% of the Brazilian territory, a malaria-
endemic area comprising more than 99% of the cases (De Pina-costa

et al., 2014). Approximately 90% of malaria cases occurring in BA
corresponds to the ubiquitous P. vivax s.l. Rio de Janeiro's Atlantic
Forest has a markedly smaller area than BA, corresponding only to
0.1% of the national territory, and the autochthonous malaria cases in
AF regions correspond to a zoonotic bromeliad malaria transmission
(Brasil et al., 2017).

The genetic diversity of pymsp-1,4, and pvmsp-7 E/F genes from BA
parasite's populations was higher than of AF's. Possibly, the transmis-
sion intensity, together with the most extensive geographic distribution
of BA samples, promoting human migration in-between, could increase
the levels of sexual recombination in this region, generating greater
diversity in BA. The analysis of pvmsp-14, (x = 0.018) and pvmsp-7E
(m = 0.041) DNA sequences revealed a larger number of nonsynon-
ymous polymorphisms and absence of Sal-1 type sequence, contrasting
with pymsp-7F (it = 0.0007) that displayed a small number of poly-
morphisms and, therefore, a high similarity with Sal-1 type strain.

The pvmsp-1,, and pvmsp-7E polymorphisms were somehow ex-
pected, once genes encoding surface proteins - usually immune re-
sponse targets - accumulate polymorphisms by the genetic evolution
process, which could alter the protein sequence, thereby allowing
parasite evasion of the host's immune response. Nucleotide diversity of
pvmsp-7E-gene was slightly lower than Colombia (st = 0.055), Thailand
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(t = 0.061) (Garzén-ospina et al., 2014; Weng Cheng et al., 2018),
North Korean, India VII, Mauritania I, and Brazil I (xt = 0.051) (Neafsey
et al., 2012).

pvmsp-7F-gene high conservation corroborates previous findings
from Colombia (Garzon-ospina et al., 2014), in which samples pre-
sented the same two polymorphisms and nucleotide diversity, as well as
from P. vivax sequences available in PlasmoDB (;t = 0.001) (Castillo
et al., 2017). Conversely, 19KDa portion of pymsp-14,, 5’ and 3’ ends in
pvmsp-7E, as well as pvmsp-7F are highly conserved in P. vivax isolates,
indicating that these fragments may have been exposed to different
immune system's selective pressure and could play relevant roles in
parasite's survival and transmission (Garzon-Ospina et al., 2012; Weng
Cheng et al., 2019).

The nucleotide diversity of pvmsp-14,C-terminal fragment in Brazil
is similar to that found in Nicaragua (& = 0.020) (Gutiérrez et al.,
2016), Cambodia (x = 0.020), India (x = 0.021), Thailand
(r = 0.020) (Parobek et al., 2014), Korea (xt = 0.016) (Kang et al.,
2012), and China-Myanmar (xxt = 0.019) (Zhou et al., 2017). All poly-
morphic sites are in 33 KDa fragment, unevenly distributed, mostly
concentrated at 1475 and 1541 amino acid positions, as previously
observed in Africa and Asia (Dias et al., 2011b; Pacheco et al., 2007;
Thakur et al., 2008).

We then focus on T-cell 33 kDa's region epitopes to investigate if
these polymorphisms could affect the antibody response. The pro-
miscuous immunodominant T-cell epitope (DYDVVYLKPLAGMYK)
(Rosa et al., 2006) is highly conserved in all isolates independently of
the studied parasite. These data seem to indicate that the helper T-cell
epitope could promote an effective response to the MSP-1-based vac-
cine to face both the dominant P. vivax in the rainfall Amazon Basin and
the unusual P. vivax in the Atlantic Forest regions.

The lack of polymorphism in the 19 KDa fragment was also reported
in parasites from French Guiana (Bonilla et al., 2006), Nicaragua
(Gutiérrez et al., 2016), Mexico (Gonzélez-Cerén et al., 2015), Cam-
bodia (Parobek et al., 2014), Korea (Kang et al., 2012), and Thailand
(Putaporntip et al., 2002). Since the 19 KDa fragment plays a role in
reticulocyte invasion and can induce anti-19 kDa IgG response, in-
cluding specific IgG3 antibodies (Cassiano et al., 2016), and a high
cellular activation (Soares et al., 1997; Riccio et al., 2013) in naturally
exposed individuals, this fragment also has potential to be a vaccine
target for Brazilian populations, as well.

pvmsp-133 and pvmsp-7E display significant differences in their rates
of nonsynonymous substitutions compared to synonymous substitutions
rates, indicating positive selection. Tajima's D and Z-test indicate po-
sitive selection acting on the pymsp-14, fragment. However, when seg-
regated by geographic region, P. vivax samples from AF were con-
sidered under positive selection only by the Z-test. These contradictory
results on pvmsp-1,42-gene could reflect the fact that polymorphisms in
the AF region are not fixed in this parasite population and, therefore,
such mutations on these antigens could be in balancing selection as a
result of transient directional selection.

Since all polymorphic sites of pvmsp-14,-gene were at the pvmsp-133,
this fragmented was, in the same way, under positive selection and
pvmsp-1;¢ keep on neutrality, as previously reported in China, Myanmar
(Zhou et al., 2017), Cambodia (Parobek et al., 2014), Korea (Kang et al.,
2012), and Sri Lanka (Dias et al., 2011a). This may reflect the protein's
tri-dimensional structure, since the 33 kDa portion covers the 19 kDa
one, limiting its exposure to the human immune system (Parobek et al.,
2014).

The central region of pymsp-7E-gene presented positive values in the
Z-test and Tajima's D; these results, together with high nucleotide and
haplotype diversities and low Fst, indicate balancing selection in
parasite's populations of AF and BA. Conversely, 5 and 3’ ends are
under negative selection according to Z-test. Positive and negative se-
lections acting along the pvmsp-7E-gene were also highlighted in
parasite's populations from Colombia (Garzon-Ospina et al., 2014),
Thailand (Weng Cheng et al., 2018), in clinical isolates from several
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geographic regions, as well as in PlasmoDB reference sequences (Sal-
vador I, North Korean, India VII, Mauritania I, and Brazil I) (Neafsey
et al., 2012). The restrictive polymorphism pattern in pvmsp-7E 5’ and
3’ ends, leading to negative selection, could be due to the need for es-
sential amino acid conservation to maintain protein function.

For pvmsp-7F-gene, positive selection was verified only in BA
parasites with Tajima's D, which could be an indication that the two
SNPs found could be fixed in these populations. Conversely, in AF
parasites, the pymsp-7F polymorphisms indicate neutral selection ac-
cording to Tajima's D test, which is somewhat expected due to the
lowest frequency of SNPs in AF parasite's populations. Since the mea-
surement of the dN/dS ratio is not indicated for analysis of sequences
with low diversity, the Z-test analysis was not performed in this gene.

The haplotype network and phylogenetic tree confirmed the ex-
tensive genetic diversity observed in pvmsp-14, and pvmsp-7E se-
quences. These findings are consistent with the quite different levels of
endemicity in the AF and AB regions. AF isolates exhibited a robust
clustering, while BA's samples showed dispersion throughout the
clades, which could be related to the higher level of transmission in this
region, promoting parasite recombination, consequently increasing the
genetically diverse population, differing from AF's parasites, an in-
breeding population.

Independently of the locality, no variation in genetic diversity of
genes pvmsp-1,4,, pvmsp-7E, and pvmsp-7F was observed for years in
parasites from BA or AF, which could suggest spatial but not temporal
genetic variations, similarly to previous studies with these genes in
Thailand (Weng Cheng et al., 2018) and Cambodia (Parobek et al.,
2014).

Nonsynonymous polymorphisms detected in Brazilian regions are
reported for the first time: pymsp-1,, SNPs in AF (K1523Q) and BA
(V1516G; K1612R; G1482R; N1517G), as well as, pvmsp-7E in AF
(S258T) and BA (T139A, S154R; S231T). Indeed, the interaction be-
tween the parasite and different hosts has a profound impact on para-
site's genome, and could generate characteristic “signatures” of selec-
tion, most likely by selective pressures, as the host immunity response
(Parobek et al., 2014), through numerous mutational steps, generates
different haplotypes in both BA and AF. The knowledge of the complex
evolutionary history of non-human primate malaria could help in this
issue.

We conclude that pvmsp-14, 33KDa and pvmsp-7E-gene central re-
gion fragments have tremendous genetic diversity, even in an enclosed
area with deficient transmission levels as Rio de Janeiro's AF, most
likely due to its roles in parasite's survival and transmission. On the
other hand, 19KDa pvmsp-1,2, pvmsp-7E 5’-3’ ends, and pvmsp-7F were
conserved in isolates from both Brazilian regions and, therefore, could
be considered potential targets to a P. vivax blood-stage vaccine.
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