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Abstract

protein-5 (PvMSP-5) exon 1 gene in the southeast of Iran.

ous genetic software.

Malaria has not yet been eradicated in Iran, and Plasmodium vivax (P, vivax) is the main cause of malaria in the country.
This study aimed to investigate and analyze the amount of genetic diversity of Plasmodium vivax merozoite surface

Thirty-five patients with clinical symptoms of P vivax malaria participated. The exon 1 of PvMSP-5 was amplified
by PCR, and the PCR product of all isolates was sequenced, and genetic polymorphisms were determined using vari-

The analysis showed that studied isolates are different from one another in the DnaSP software version. Out of the 612
sites, 477 were monomorphic and 135 were segregated. The total number of mutations was 143. The singleton vari-
able and the parsimony informative sites were 23 and 112, respectively. There were 17 specific haplotypes with hap-
lotype diversity equal to 0.943. Nucleotide diversity was equal to 0.06766 in the isolates. The ratio of nonsynonymous
(0.06446) to synonymous (0.07909) mutations was 0.815020. Tajima's D, which expressed coding, and non-coding
regions, was 0.72403, which was not deemed significant (P> 0.10).

The analysis of intrapopulation diversity revealed nucleotide and haplotype diversity in the msp-5 gene of Iranian P
vivax isolates. In addition to balancing or purifying selection, intragenic recombination also contributed to the varia-
tion observed in exon 1 of PvMSP-5, according to the findings.
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Introduction

Malaria is a significant infectious disease spread by
mosquitoes [1]. In 2021, there were approximately
247 million cases of malaria and 619 thousand fatalities
worldwide [2]. Plasmodium vivax (P. vivax) is the pre-
dominant cause of malaria in the Eastern Mediterranean
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region which can cause severe malaria, such as P. falcipa-
rum [3-5].

Even though, according to the WHO program, Iran is
in the phase of eliminating malaria, however, this disease
still exists in the country, and malaria transmission is
reported to mostly occur in the southeast of Iran, which
is categorized as a low transmission area. About 100
cases of malaria are reported in this area every year [6].
This area shares a border with Pakistan and Afghanistan.
More than 90% of malaria cases in Iran occur in terms of
P vivax [7].

The emergence, and development of resistance in P
vivax against antimalarial drugs, and the resistance of
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vector mosquitoes (Anopheles) to insecticides emphasize
the need for more efficient methods of malaria manage-
ment, including vaccine development. merozoite surface
protein-5 (MSP-5) is one of the vaccine-candidate anti-
gens of P vivax [8, 9]. A 45KD protein known as P, vivax
MSP-5 (PvMSP-5) is connected to the microneme or
polar capsule of the anterior organelle that participates in
merozoite entrance into the host cell. The MSP-5 gene is
located on chromosome 4. The gene encoding PvMSP-5
has two exons of about 800 and 300 bp, which are sepa-
rated by a 400-bp intron [8, 10]. Exon 1 of this gene is the
most varied area, and the immune system responds to it
as well [10]. In contrast, exon 2 is largely conserved. Exon
1 of PvMSP-5 was amplified and used for genetic diver-
sity analysis as a result. In a study conducted in Indo-
nesia, antibody response to PvMSP-5 was observed in
Papuans with acute P vivax, mix-infection with P. falci-
parum and P, vivax malaria, and in individuals with a pre-
vious history of malaria. In general, the prevalence of IgG
response in patients with P vivax was between 42% and
52% [11]. The proteins encoded by P, falciparum merozo-
ite surface protein-4 (PfMSP-4) and PfMSP-5 genes have
been one of the main groups of antigens considered for
malaria vaccines [11]. The nanoparticle vaccine that tar-
geted MSP-4/5 of a P, yoelii was highly immunogenic and
could provide moderate protection (50—-80%) against the
blood stage of rodent malaria [12].

P, vivax, which is distantly related to P falciparum in
the evolutionary tree, was discovered to have homologs
of PEIMSP-4 and PfMSP-5 [13]. Besides, with the advance-
ment of technology, a new approach was provided to
make a vaccine against deadly infectious diseases. As the
first mRNA vaccine against severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV2) showed remarkable
success, with the use of this technology, new efforts have
started to develop a malaria vaccine. Recently, Hayashi
et al. studied the effects of P falciparum circumsporo-
zoite protein (PfCSP) mRNA-lipid nanoparticles (LNP)
and Pfs25-mRNA-LNP vaccines against P. falciparum in
mice. Their research showed that these vaccines, either
alone or in combination, may effectively immunize mice
against certain P. falciparum antigens [14]. However, the
diversity of target antigen should be considered, when
making a global vaccine against the clinical blood stage of
malaria, as it can have a significant impact on the effec-
tiveness of the vaccine [1, 15].

Determining the antigenic diversity of blood-stage
genes from the asexual cycle of parasite is one of the
main strategies for designing an effective malaria vaccine.
Genetic diversity was not observed in PfMSP-5 [16], but
it was in a few studies on PvMSP-5 [8, 9].

In Iran, no research on PvMSP-5 polymorphism
has been conducted. The purpose of this exploratory
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investigation was to investigate and analyze the genetic
diversity and effectiveness of natural selection in the
PvMSP-5 exon 1 gene in Iran.

Materials and methods

The participants included 40 patients with clinical symp-
toms of P, vivax malaria who were referred to the Health
Center of Chabahar, southeast of Iran, in 2020. This num-
ber of malaria patients was considered based on the prev-
alence of disease, and the exploratory nature of the study.
After obtaining written consent, 2 ml of blood samples
were taken from these patients.

Two competent technicians analyzed the slides gen-
erated from the patient’s blood samples under a light
microscope for P vivax mono-infection. The steps of
DNA extraction were performed using the FavorPrep
Blood Genomic DNA Extraction Mini Kit (made in Tai-
wan) based on the manufacturer’s protocol. Quantitative
analysis of the extracted DNA of samples with nanodrop
was performed at Alborz University of Medical Sci-
ences. To identify the Plasmodium species in the sam-
ples, nested PCR was carried out employing ribosomal
ribonucleic genes of Plasmodium 18 subunit ribosomal
ribonucleic (Ssr RNA) genes. The primers and PCR pro-
cedure have previously been described [17]. Using the
following self-designed order to be made in South Korea
by Tekaposist Company, amplification of the exon 1 of
PvMSP-5 was performed by PCR on the extracted DNA
(Table 1).

Then, PCR was performed at a volume of 25 pl with
initial denaturation for 5 min at 94 °C, followed by 35
cycles of denaturation at 94 °C for 45 s, annealing at 59 °C
for 1 min, extension at 72 °C for 45 s, and final exten-
sion at 72 °C. PCR products were electrophoresed in a
1.5% agarose gel and the bands were observed using a
Transluminator.

Sequence analysis and phylogenetic tree drawing

PCR product of all 40 P. vivax isolates was sequenced
by Bioneer in Seoul, South Korea. Out of 40 sequenced
samples, 35 samples had good readings and five were

Table 1 The sequence of primers, target gene for amplification
of exon 1 Iranian PvMSP-5 isolates

Primers Sequence Accession number
Forward 5'-CGC GTC GTGTTA GCT ATC CA-3"  AF403476°
Reverse 5'- CATCGT CTG CCTTGT GTT CG-3'

Target gene the exon 1 of PvMSP-5

2The sequence of exon 1 Iranian PvMSP-5 isolates was amplified corresponding
to 48-691 PvMSP-5 strain with accession number AF403476 deposited in
Genebank
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excluded due to inappropriate readings. The chro-
matogram of sequences was viewed and edited using
Chromas software and EditSeq version 1.7.6. P vivax
monoclonal infections were determined by sequenc-
ing and using bioinformatics software. Our mono clone
sequences were deposited in GenBank as accession num-
bers: 0OL449742-01449756, 014449758-0L449768, and
OL396572-0L396580.

Each of the sequences was compared to the sequences
in GenBank using the Biological Local Alignment Search
Tool (BLAST). The sequenced isolates were aligned by
ClustalW software, and genetic diversity was determined
by parameters, such as segregating sites (S), the aver-
age number of nucleotide differences at each position
between two sequences (Pi), the number of haplotypes
[18], the average number of pairwise nucleotide differ-
ences (K) in the population, and the parsimony of using
the same codon, which was calculated using DnaSP ver-
sion 6.12.03. It was determined that the ENC score ranges
from 20 to 61, with values closer to 20 indicating high
parsimony and the use of only one codon for each amino
acid at each position, and values closer to 60 indicating
lower parsimony and the use of all codons for each amino
acid [19]. The phylogenetic trees of nucleotide sequences
corresponding to the studied isolates, and the sequences
received from GenBank were drawn using MEGA ver-
sion 6.0 under the Windows operating system [20]. The
MSP-5 gene of P. knowlesi species (Ay573058) as a closely
related species to P vivax was used as the outgroup for
interspecific comparison with P. vivax, as well as for the
neutrality tests.

The maximum parsimony method was used to draw
the phylogeny tree and compare the sequences [18].
The tree-bisection-regrafting (TBR) algorithm [18] was
applied with the default template in MEGA 6.0 software
by selecting the external group. 1000 repetitions of vali-
dation analysis (bootstrap) were carried out to assure the
stability of the branches in the resulting trees. The role
of natural selection at the molecular level and the ratio
of non-synonymous (dN) to synonymous substitutions
(dS) were calculated using the descriptive method [21] in
DnaSP software. If dN/dS )w( is greater than one, it indi-
cates natural selection. If w is less than one, it illustrates
purifying selection or negative selection, and if o is equal
to one, it means neutral evolution [18, 22].

Tajima’s D test [23] and Fu and Li’s D and F tests [24]
were used to determine the departure from neutrality.

McDonald and Kreitman (MK) test [25] was used to
compare the ratio of nonsynonymous to synonymous
changes within and among the species. If the amount
of polymorphism within the species is more than the
diversity among the species, natural selection is consid-
ered. Negative or purifying selection is considered if the
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quantity of polymorphism within a species is less than
the diversity between species. If both are identical, then
the hypothesis is null [25, 26].

Results

The analysis of 35 studied isolates showed that the iso-
lates were different from each other in the DnaSP soft-
ware analysis.

Out of the 612 sites of exon 1 of the Iranian PvMSP-5
isolate, 477 were monomorphic, and 135 were segregate
(polymorphic). The total number of mutations was 143.
There were 23 singleton variable sites, and there were
never three variations of a single site. There were 112 par-
simony-informing websites, and eight of them had three
variations. Out of the 35 isolates, there were 17 specific
haplotypes, and haplotype diversity was 0.943 (Hd: 0.943
variance 0.000032). The average number of nucleotide
differences (K) was 41.407.

Nucleotide diversity, which is the average number of
nucleotide differences in all studied sites, was 0.06766 in
the isolates (Pi=0.06766). The mutation rate calculated
from the polymorphism sites was 0.05674. ENC score
was 46.430.

Regarding lineage and utilizing the nucleotide maxi-
mum parsimony method in MEGA ver.6.0 software, this
study observed the placement of various P vivax hap-
lotypes within a single clade, despite minor differences.
Consequently, all 35 isolates examined in this study were
categorized into 13 distinct clades or groups, specifically
labeled as G1 to G13 in the phylogenetic tree (Fig. 1).
The genetic distance within each group and among dif-
ferent groups was shown by the phylogeny drawn among
the isolates (Fig. 2). Figure 3 shows the similarity of Ira-
nian isolates with the other isolates recorded in GenBank
from countries in Southeast Asia and South America.

No nucleotide difference was observed in isolates
within groups G1, G7, G10, G6, G3, and G13. The high-
est nucleotide difference (0.075) was observed among the
isolates of the G11 group. The greatest nucleotide dif-
ference (0.126) was exhibited between the G10 and G4
groups, followed by the G8 and G11 groups as well as
G1 and G13 groups (0.121). Furthermore, the lowest dif-
ference between G5 and G8 groups was observed at the
value of 0.017, and then between G5 and G6 groups at
the value of 0.037.

Evidence for recombination and natural selection

The ratio of nonsynonymous mutations with dN: 0.06446
to synonymous mutations with dS: 0.07909 is shown in
Table 2. Tajima’s D, which expressed coding, and non-
coding regions, was not significant (P> 0.1) (Table 2).
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Fig. 1 Nucleotide sequence phylogeny of 35 Iranian isolates of PvMSP-5. Phylogeny drew based on the nucleotide sequence of the MSP-5 region

and by the Maximum Parsimony method in MEGA ver.6.0 software

Intragenic recombination factors, including Linkage
Disequilibrium Rm (minimum number of recombination
events), were 22 (Fig. 4).

The statistics for Fu and Lis’ D and Fu and Lis’ F tests
were 0.43379 and 0.63514, both deemed statistically non-
significant (P>0.10) (Table 2).

Mcdonald and Kreitman's (MK) test results did not
indicate a significant deviation from neutrality, with low
rates of intraspecific non-synonymous divergence rela-
tive to non-synonymous polymorphisms from P. knowlesi
as an outgroup species (Table 3).

In Fig. 5, a sliding window plot of the nucleotide diver-
sity at MSP-5 exon 1 in P vivax isolates from Iran is

shown. The window length is 100 bp, and the step size is
25 bp. The nucleotide positions between 226 and 385, as
well as 390 and 509, showed the most variety.

Discussion

The surface proteins of P vivax merozoites, including
MSP-5 can stimulate the human immune system and
play an essential role in the invasion of merozoites into
the host reticulocytes which are therefore used to make
promising vaccines against P vivax malaria [28, 29].
Therefore, in the first preliminary step to consider Ira-
nian P vivax information in designing an effective vac-
cine against malaria, genetic diversity was determined
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Fig. 2 Genetic distance within each group and between different groups was obtained from G1 to G13 by the phylogeny drawn

between the Iranian and P, vivax isolates

inthe exon 1 region of the MSP-5 gene of P. vivax isolates
from symptomatic malaria patients in Iran.

Iranian isolates’ measured exon 1 nucleotide diversity
(0.06766) reveals a high degree of genetic variety in the
population under study. This degree of variety is roughly
in agreement with the findings of a research on P, vivax-
infected Colombian malaria patients (Pi=0.049883) [8].
In the study on exon 1 of the MSP-5 gene of 180 malaria
patients with P vivax in seven countries, including Thai-
land, Indonesia, and Brazil, 107 haplotypes were identi-
fied, and genetic diversity rates of 0.05014, 0.5747, and
0.05043 were observed in Thailand, Indonesia, and Brazil,
respectively [9], which are closer to the genetic diversity
of the Iranian isolates in our study. High genetic diver-
sity and recombination were reported in the cited study.
The presence of multiple haplotypes, and the high haplo-
type diversity (Hd: 0.943) further support the notion of
a genetically diverse P vivax population in malaria-low
endemic areas of Iran. These findings suggest that mul-
tiple variants of PvMSP-5 are circulating in the Iranian
population.

Considering low-endemic status of malaria in Iran, it
was expected that the genetic diversity of exon one would
be limited, and the number of haplotypes would be very
small. Nonetheless, the proximity of the southeastern
region of Iran to Pakistan and Afghanistan, ie., coun-
tries with a high prevalence of malaria caused by RPvivax,
along with population movements and migration, likely
contributes to the introduction of various P vivax vari-
ants into the region. This, in turn, increases the genetic
diversity of the P. vivax population in Iran. Using all of
the codons for each amino acid similarly showed that
there was little parsimony in the codon selection for each

amino acid. ENC score revealed little parsimony between
the investigated sequences. The phylogenetic tree analysis
constructed from the nucleotide sequences of PvMSP-5
gene shows the diversity, and dispersion among the stud-
ied isolates. The presence of distinct genetic lineages, and
the divergence of Iranian isolates from other P. vivax iso-
lates worldwide suggest the existence of geographically
specific genetic variants within the Iranian population.
These findings highlight the importance of considering
regional genetic diversity when designing malaria con-
trol, and vaccine strategies.

Although the value of Tajima’s D was not statistically
significant, it was positive (0.72403) in the MSP-5 gene
of P vivax in the present study. A positive Tajima’s D
indicates balancing selection or population subdivision
which shows the presence of a large number of polymor-
phisms with moderate frequency [23, 30, 31]. The very
small sample size in this research might be the cause of
the lack of statistical significance. Larger sample numbers
in future research might shed more light on the selection
factors affecting the PvMSP-5 gene. Moreover, Tajima’s
test was not significantly different from zero in the study
of Colombian P. vivax isolates [8], and in studies on iso-
lates from seven other countries [9].

Fu and Lis’ D and F were positive in the PvMSP5 gene,
they are similarly interpreted to Tajima’s D [30, 31] and
show a significant amount of moderately frequent poly-
morphisms. Nonetheless, these two tests did not show
significant departures from neutrality, in Iranian isolates,
which emphasizes that neutral selection also plays a role
in the gene diversity.

The presence of intragenic recombination events,
as evidenced by the linkage disequilibrium Rm value,



Mansouri et al. BMC Infectious Diseases

(2023) 23:807 Page 6 of 9

100 | FJ874107.1 isolate TG52
FJ874271.1 isolate VX4

42 H1
FJ874149.1 isolate 760
2 1 FJ874118.1 isolate TC126

H3

el
8 100 H5

— H11
H12
46 | isolate TSY545
FJ874273.1 isolate IN1
24 1% £ 4874244 1 isolate D48
FJ874168.1 isolate TSY770
FJ874104.1 isolate TFF30

64

FJ874240.1 isolate ID38

100 || H6

FJ874251.1 isolate PC43
98| FJ874250.1 isolate BP13
FJ874226.1 isolate IBM2

Ho
7[— H10

FJ874252.1 isolate AD83
s_zr— H2

68 [ FJ874258.1 isolate AD84
58/l FJ874269.1 isolate PC48
190 [ pQ341595.1 isolate NS48

H14
o8 | FJ874266.1 isolate BP29
FJ874113.1 isolate TFF20
H16
H15

DQ341588.1 isolate LLAO7
100 | DQ341599.1 isolate NS72

54| FJ874265.1 isolate AD93

641 H17

58

0.05

AY573058.1 Plasmodium knowlesi

Fig. 3 Nucleotide phylogenetic tree of PYMSP-5 gene. Using the neighbor-joining (NJ) method, the tree was drawn with Tamura 3-parameter
distance in MEGA version 6.0 software [20]. The numbers on the branches show the percent of bootstrap values according to 1000 replications. The
haplotypes reported in our study (H1-H17) with the numbers of isolates recorded in the World Bank Gene are indicated in the tree

Table 2 Rate of nonsynonymous substitutions using the Nei
and Gojobori method [18] with the Jukes and Cantor (JC)

correction [27]

suggests the occurrence of genetic exchange among
different PvMSP-5 alleles. Another element that con-
tributes to the creation of novel genetic variants and
broadens the gene diversity of PvMSP-5 is intragenic
recombination. During the mosquito gut phase of the
P, vivax life cycle, intragenic recombination takes place
[22, 32].The ratio of non-synonymous to synonymous

dN ds dN/ds

TajimaD FuandlLisD FuandLisF

mutations (w: 0.815) shows that the exon 1 of Iranian

0.06446 0.07909 0.815020 0.72403*

PvMSP-5 isolates was not conserved.

0.43379% 0.63514*

*Not significant P>0.10



Mansouri et al. BMC Infectious Diseases (2023) 23:807

Page 7 of 9

1 - .

within Iranian P, vivax isolates

0.15

400 600

Nucleotide Distance
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gene of P vivax isolates. The decline of LD index value by increasing nucleotide distance demonstrates that intragenic recombination may appear
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Fig. 5 The sliding window plot of nucleotide variation, Pi at the MSP-5 exon 1 in P vivax of Iranian isolates with a window length of 100 bp
and a step size of 25 bp. The calculation was conducted using the DnaSP version 6.12.03 software. Maximum diversity was observed
among nucleotide sites 226 and 385, as well as 390 and 509 (Significant, 0.001 <P <0.01)

If w is greater than one, it indicates natural selec-
tion. If w is less than one, it shows purifying selection
or negative selection [33, 34]. In exon 1, the ® number
was higher than 1 in both studies on Colombian and the
other seven countries with P. vivax isolates [8, 9], but it
was 0.815 in our study, and in MEGA software, dS- dN
was 0.46; therefore, negative or purifying selection played

an essential role in the genetic diversity observed in the
MSP5 gene in Iranian isolates. Besides, this suggests that
the amount of @ in the MSP-5 gene varies based on geo-
graphical area.

Evidence of purifying selection was reported on other
merozoite surface proteins, including MSP8 and MSP10
in P, vivax [35].
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Table 3 The findings of the analysis of the McDonald and
Kreitman (MK) test. The MSP5 sequence of P. knowlesi (Accession
No. AY573058) was applied as an outgroup species

Polymorphic Fixed Neutrality index Fisher’s exact test
changes differences (2-tailed)

within between

species species

Synonymous  synonymous

nonsynony-  nonsynony-

mous mous

4073 56 126 0811 0441 (not significant)

Specific sections of the PvMSP-5 gene that had
greater levels of variety were found using the sliding
window analysis of nucleotide diversity. These areas
could be hotspots for antigenic diversity and need to be
investigated further to ascertain their immunological
significance and potential as vaccine targets. Although
the results of the Mcdonald, and Kreitman (MK) test
did not indicate significant deviation from neutrality,
the ratio of nonsynonymous to synonymous variation
among the species was lower than the ratio of non-
synonymous to synonymous polymorphism within the
species (AN/dS < pN/pS). This indicates the presence of
negative or purifying selection acting on the PvMSP-5
gene. The results are consistent with the notion that
purifying selection acts to remove deleterious muta-
tions, and maintain the functional integrity of the gene.

The presence of distinct genetic lineages and the
divergence of Iranian isolates of P vivax from other
isolates worldwide have consequences for design-
ing malaria control and vaccine strategies specific to
the Iranian population. Different epitope expressions
between the varia used in the vaccine and dominant
variants in other regions can challenge the effectiveness
of the vaccine. Therefore, it is important to consider the
specific genetic variants within the Iranian population
to optimize vaccine development efforts. Regarding the
presence of unique variants in this study, it seems that
the dominant variants in this region could be applied
to design an effective vaccine. It is suggested that this
research be carried out in nearby nations like Pakistan
and Afghanistan in order to more accurately outline the
identification of PvMSP-5 variations in the area.

The genetic diversity of PvMSP-5 is influenced by
two main parameters: purifying selection and intra-
genic recombination. Purifying selection functions
to maintain the functional integrity of PvMSP-5. On
the other hand, intragenic recombination contributes
to the genetic variability observed within the parasite
population. These processes are crucial in the evolu-
tionary and adaptive mechanisms of the parasite, and
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their interaction has significant implications for vaccine
development.

PvMSP-5 demonstrates substantial genetic diversity
in and between geographical regions where P vivax is
prevalent. Consequently, the existence of diverse isolates
presents challenges in the design of a vaccine that can
effectively target all variants. Furthermore, it is essential
to comprehend the prevalence and distribution of dif-
ferent PvMSP-5 variants in various regions to develop
region-specific vaccines.

Conclusion

The PvMSP-5 of Iranian isolates has substantial nucleo-
tide, and haplotype diversity, based on the examination of
intrapopulation diversity. The observed genetic diversity,
together with evidence of purifying or negative selec-
tion, suggests that the PvMSP-5 gene is under selective
pressure to maintain its functional integrity. The find-
ings suggested that, in addition to purifying selection,
the intragenic recombination contributed to the variation
observed in exon I of PvMSP-5. These results contribute
to our knowledge of the genetic structure and evolution
of P. vivax populations in Iran and have implications for
the design of effective malaria control measures, such
as vaccines. Future studies with larger sample sizes and
a broader geographic scope are needed to further eluci-
date the selective pressures and functional significance of
observed genetic diversity in the PvMSP-5 gene.

Acknowledgements

This research was financially supported by Alborz University of Medical Sci-
ences (Abzums), Karaj, Iran. The authors are grateful to Mrs. Mostafavi for her
cooperation in performing PCR, we would like to thank those individuals from
the malaria-endemic region of Iran, who kindly participated to this study.

Authors’ contributions

Sholeh Mansouri: Methodology, investigation and writing original draft
preparation. Aliehsan Heidari: Conceptualization, methodology, supervision
and contribute to writing and editing article. Hossein Keshavarz, and Elaheh
Mahmoudi: Methodology, validation, reviewing and editing of article. Parviz
Fallah: Primer design, methodology, validation, reviewing and editing of arti-
cle. Amir Bairami: Cooperation in research, editing and approval of the article.

Funding
This research was financially supported by Alborz University of Medical Sci-
ences (Abzums), Karaj, Iran.

Availability of data and materials

The sequence of the studied isolates is available in the GenBank database

as accession numbers: OL449742-01449756, 014449758-01 449768, and
0OL396572-0L396580.

Other data will be made available upon e-mail request: heidari@abzums.ac.ir.

Declarations

Ethics approval and consent to participate

This study was approved by the Ethical Review Committee of Alborz Univer-
sity of Medical Sciences with the code IR ABZUMS.REC.1399.189. Informed
consent was obtained from all study participants or their legal guardians.
Patients participated in the study with full consent and were fully satisfied
with the publication of the results.



Mansouri et al. BMC Infectious Diseases

(2023) 23:807

All methods were carried out by relevant guidelines and regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 27 July 2023 Accepted: 8 November 2023
Published online: 17 November 2023

References

1.

Lozano JM, Rodriguez Parra Z, Herndndez-Martinez S, Yasnot-Acosta MF,
Rojas AP, Marin-Waldo LS, Rincén JE. The search of a malaria vaccine: the
time for modified immuno-potentiating probes. Vaccines. 2021;9:115.
Informatics Gl, Berger S. Malaria: global status: 2022 edition. Los Angeles:
GIDEON Informatics Inc; 2022.

Drysdale M, Tan L, Martin A, Fuhrer IB, Duparc S, Sharma H. Plasmodium
vivax in children: hidden burden and conspicuous challenges, a narrative
review. Infect Dis Ther. 2023;12:33-51.

Foko LP, Narang G, Tamang S, Hawadak J, Jakhan J, Sharma A, Singh V. The
spectrum of clinical biomarkers in severe malaria and new avenues for
exploration. Virulence. 2022;13(1):634-53.

Hadighi R, Heidari A, Fallah P, Keshavarz H, Tavakoli Z, Sadrkhanloo M. Key
plasma microRNAs variations in patients with Plasmodium vivax malaria
in Iran. Heliyon. 2022;8:e09018.

Ghanbarnejad A, Turki H, Yaseri M, Raeisi A, Rahimi-Foroushani A. Spatial
modelling of malaria in south of iran in line with the implementation of
the malaria elimination program: a Bayesian poisson-gamma random
field model. J Arthropod Borne Dis. 2021;15:108-25.

Heidari A, Keshavarz H. The drug resistance of plasmodium falciparum
and P. vivax in Iran: a review article. Iran J Parasitol. 2021;16:173-85.
Gomez A, Suarez C, Martinez P, Saravia C, Patarroyo M. High polymor-
phism in Plasmodium vivax merozoite surface protein-5 (MSP5). Parasitol-
ogy. 2006;133(6):661-72.

Putaporntip C, Udomsangpetch R, Pattanawong U, Cui L, Jongwutiwes

S. Genetic diversity of the Plasmodium vivax merozoite surface protein-5
locus from diverse geographic origins. Gene. 2010;456:24-35.

Black CG, Barnwell GW, Huber CS. The Plasmodium vivax homologues

of merozoite surface proteins 4 and 5 from Plasmodium falciparum are
expressed at different locations in the merozoite. Mol Biochem Parasitol.
2002;120:215-24.

Woodberry T, Minigo G, Piera KA. Antibodies to Plasmodium falciparum
and Plasmodium vivax merozoite surface protein 5 in Indonesia: species-
specific and cross-reactive responses. J Infect Dis. 2008;198:134-42.
Wilson KL, Pouniotis D, Hanley JA. Synthetic nanoparticle based vaccine
approach targeting MSP4/5 is immunogenic and induces moderate pro-
tection against murine blood-stage malaria. Front Immunol. 2019;10:331.
Kedzierski L, Black CG, Coppel RL. Immunization with recombinant plas-
modium yoelii merozoite surface protein 4/5 protects mice against lethal
challenge. Infect Immun. 2000;,68:6034-7.

Hayashi CT, Cao Y, Clark LC, Tripathi AK, Zavala F, Dwivedi G, Knox J,
Alameh MG, Lin PJ, Tam YK, Weissman D. mRNA-LNP expressing PfCSP
and Pfs25 vaccine candidates targeting infection and transmission of
Plasmodium falciparum. NPJ Vaccines. 2022;7(1):155.

Genton B, Reed ZH. Asexual blood-stage malaria vaccine development:
facing the challenges. Curr Opin Infect Dis. 2007;20:467-75.

Wu T, Black CG, Wang L, Hibbs AR, Coppel RL. Lack of sequence diversity
in the gene encoding merozoite surface protein 5 of Plasmodium falcipa-
rum. Mol Biochem Parasitol. 1999;103:243-50.

Ehtesham R, Fazaeli A, Raeisi A, Keshavarz H, Heidari A. Detection of
mixed-species infections of Plasmodium falciparum and Plasmodium
vivax by nested PCR and rapid diagnostic tests in southeastern Iran. Am J
Trop Med Hyg. 2015;93:181-5.

Nei M, Gojobori T. Simple methods for estimating the numbers of syn-
onymous and nonsynonymous nucleotide substitutions. Mol Biol Evol.
1986;3(5):418-26.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Page 9 of 9

. Hui SO, Jing LI, Tao CH, Nan ZB. Synonymous codon usage pattern in

model legume Medicago truncatula. J Integr Agric. 2018;17:2074-81.
Tamura K, Dudley J, Nei M, Kumar S. MEGA4: molecular evolution-

ary genetics analysis (MEGA) software version 4.0. Mol Biol Evol.
2007;24:1596-9.

Vickers NJ. Animal communication: when I'm calling you, will you answer
too? Curr Biol. 2017;27(14):R713-715.

Escalante AA, Cornejo OE, Rojas A, Udhayakumar V, Lal AA. Assessing

the effect of natural selection in malaria parasites. Trends Parasitol.
2004;20:388-95.

Tajima F. Statistical method for testing the neutral mutation hypothesis
by DNA polymorphism. Genetics. 1989;123:585-95.

Fu YX, Li WH. Statistical tests of neutrality of mutations. Genetics.
1993;133:693-709.

McDonald JH, Kreitman M. Adaptive protein evolution at the Adh locus in
Drosophila. Nature. 1991,351:652-4.

Murga-Moreno J, Coronado-Zamora M, Hervas S, Casillas S, Barbadilla

A. iMKT: the integrative McDonald and Kreitman test. Nucleic Acids Res.
2019;47(W1):W283-288.

Jukes T, Cantor C. Evolution of protein molecules. In: Munro HN, editors.
Mammalian protein metabolism. New York: Academic Press; 1969,21-132.
1:504-511.

Beeson JG, Drew DR, Boyle MJ, Feng G, Fowkes FJ, Richards JS. Merozo-
ite surface proteins in red blood cell invasion, immunity and vaccines
against malaria. FEMS Microbiol Rev. 2016;40(3):343-72.

Nunez A, Ntumngia FB, Guerra 'Y, Adams JH, Sdenz FE. Genetic diversity
and natural selection of Plasmodium vivax reticulocyte invasion genes in
Ecuador. Malar J. 2023;22:225.

Perrotti E, Lepiscopia M, Menegon M, Soares IS, Rosas-Aguirre A,
Speybroeck N, LLanos-Cuentas A, Menard D, Ferreira MU, Severini C.
Reduced polymorphism of Plasmodium vivax early transcribed mem-
brane protein (PVvETRAMP) 11.2. Parasit Vectors. 2023;16:238.

V& TC, Lé HG, Kang JM, Moe M, Naw H, Myint MK, Lee J, Sohn WM, Kim TS,
Na BK. Genetic polymorphism and natural selection of circumsporozoite
protein in Myanmar Plasmodium vivax. Malar J. 2020;19:1-7.

Ford A, Kepple D, Abagero BR, Connors J, Pearson R, Auburn S, Getachew
S, Ford C, Gunalan K, Miller LH, Janies DA. Whole genome sequencing

of Plasmodium vivax isolates reveals frequent sequence and structural
polymorphisms in erythrocyte binding genes. PLoS Negl Trop Dis.
2020;14:e0008234.

Mardani A, Keshavarz H, Heidari A, Hajjaran H. Genetic diversity and
natural selection at the domain | of apical membrane antigen-1

(AMA-1) of lasmodium falciparum in isolates from Iran. Exp Parasitol.
2012;130:456-62.

Tan JH, Ding HX, Fong MY, Lau YL. Genetic diversity and in silico analysis
of Plasmodium Knowlesi Serine Repeat Antigen (SERA) 3 antigen 2 in
Malaysia. Infect Genet Evol. 2023;114:105490.

Pacheco MA, Elango AP, Rahman AA, Fisher D, Collins WE, Barnwell JW,
Escalante AA. Evidence of purifying selection on merozoite surface
protein 8 (MSP8) and 10 (MSP10) in Plasmodium Spp. Infect Genet Evol.
2012;12:978-86.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Genetic diversity of merozoite surface protein-5 (MSP-5) of Plasmodium vivax isolates from Malaria patients in Iran
	Abstract 
	Introduction
	Materials and methods
	Sequence analysis and phylogenetic tree drawing

	Results
	Evidence for recombination and natural selection

	Discussion
	Conclusion
	Acknowledgements
	References


