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A B S T R A C T

Malaria continues to be a major threat to public health in tropical regions, primarily affecting sub-Saharan Africa
but also Asia, the Middle East, and Latin America. Malaria cases in Honduras have seen a significant decline and
the country aims to eliminate the disease by 2030. This study examines the genetic diversity of Plasmodium
falciparum and Plasmodium vivax in Honduras using four molecular markers (Pfama1, Pfglurp, Pvmsp3α, and
Pvmsp3β), and the chloroquine resistance marker pfcrt in the context of the elimination phase. Our findings
indicate that P. falciparum populations in Honduras are more homogeneous compared to P. vivax. The multilocus
sequence typing (MLST) approach, using four loci from Pvmsp3α and Pvmsp3β, proved more effective in assessing
the genetic diversity of P. vivax than individual marker analyses. No geographical clustering was observed for
P. vivax haplotypes, either within Honduras or globally. In Honduras, P. falciparum appears to be under more
effective control, while P. vivax presents a greater challenge due to its higher genetic diversity. This requires
enhanced surveillance, targeted control strategies, and measures to prevent the reintroduction of variants. The
isolates of P. falciparum also displayed a wild-type Pfcrt phenotype, suggesting susceptibility to chloroquine.

1. Introduction

Malaria is a significant global health concern, causing 249 million
cases and 608,000 deaths in 2022, particularly among young children in
sub-Saharan Africa (WHO, 2023). Malaria exerts an important socio-
economic burden on affected countries leading to decreased produc-
tivity as a result of sickness and mortality, elevated healthcare expenses,
and hindered economic progress perpetuating a cycle of poverty in
endemic regions (Sarma et al., 2019). Although sub-Saharan Africa
suffers the majority of malaria cases and deaths, the disease is also
prevalent in Latin America and other tropical regions (WHO, 2023).

Continued efforts to fight malaria have resulted in remarkable ad-
vances in global health programmes. Honduras, together with other
countries in Central America and the island of Hispaniola, has
announced a commitment to eliminate malaria by the year 2030 (WHO,
2015a). According to National reports (Secretaría de Salud de Honduras,
2024), the occurrence of malaria in Honduras has dropped by a factor of
15 between 2000 and 2023. As of epidemiological week 25 of 2024,

Honduras has registered 1093 indigenous and 49 imported cases
(Secretaría de Salud de Honduras, 2024). Less than 10% of malaria cases
are attributed to Plasmodium falciparum malaria, whereas the remaining
90% are caused by Plasmodium vivax. Furthermore, 90% of the cases are
concentrated in the Department Gracias a Dios.

While progress has been made in reducing the malaria burden,
several challenges remain to be addressed, including tackling drug and
insecticide resistance (Hancock et al., 2024; Schafer et al., 2024),
detecting asymptomatic reservoirs (Matamoros et al., 2023), reaching
remote or conflict-affected regions (Mertens, 2024), and developing
effective vaccines (Laurenson and Laurens, 2024). Several obstacles
hinder the advancement of malaria vaccine development including the
complex parasite life cycle, its ability to evade the immune system, the
complex host immunological response, and the parasites’ antigenic di-
versity (Stanisic et al., 2013).

Several molecular strategies are commonly used to evaluate the ge-
netic diversity and population structure of Plasmodium spp., such as
microsatellites (Larranaga et al., 2013; Li et al., 2023a) and whole
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genome sequencing (Kattenberg et al., 2023). Additional genes are used
to explore genetic diversity, particularly in the context of vaccine
development. These genes exhibit a high level of polymorphism, such as
the merozoite surface proteins (MSPs) (Huang et al., 2018),
glutamate-rich protein (PfGLURP) (Paul et al., 2024), circumsporozoite
proteins (CSP) and apical membrane antigens (AMA1) (Kusi et al.,
2024). These markers are also essential tools in the study of malaria
epidemiology, contributing to our understanding of parasite biology,
transmission patterns, and the development of control strategies. Four
molecular markers are used in this study to evaluate the genetic di-
versity of the two species of Plasmodium (Pfama1, Pfglurp, Pvmsp3α, and
Pvmsp3β). These loci encode proteins that are important for the inter-
action between the parasite and the human immune system. These genes
are widely used to gain insight into the variability in parasite antigens
that could affect the immune response and the effectiveness of potential
vaccines.

The current epidemiological characteristics of malaria in Honduras
require an assessment of the genetic diversity of Plasmodium spp. This
study aimed to assess the effectiveness of four molecular markers
(Pfama1, Pfglurp, Pvmsp3α, and Pvmsp3β), applied for the first time in
Honduras, to analyze the genetic diversity of the two species of Plas-
modium circulating in the country.

2. Materials and methods

2.1. Sample collection, malaria diagnosis, and DNA extraction

Blood samples were obtained from febrile patients who sought
medical care in health establishments in 12 departments of Honduras
(Atlántida, Choluteca, Comayagua, Colón, Cortés, El Paraíso, Francisco
Morazán, Gracias a Dios, Islas de la Bahía, Olancho, Santa Bárbara, and
Valle) between 2020 and 2022. The patients were diagnosed with ma-
laria using either thick smear microscopy or rapid diagnostic tests
(RDTs). Simultaneously, the Ministry of Health collected a drop of blood
on Whatman® FTA filter paper (Merck, Darmstadt, Germany) for mo-
lecular analyses. These analyses involved studying parasite genes asso-
ciated with susceptibility to antimalarial drugs and served as part of a

routine diagnostic quality control system.
The blood samples on filter paper were placed in separate sealed

plastic bags with desiccant and then sent to the National Malaria Sur-
veillance Laboratory in Tegucigalpa. Two circles (2 mm in diameter)
were cut from paper impregnated with blood for DNA extraction.
Genomic DNA was isolated using the Extracta® DNA Prep for PCR kit
(QuantaBio, Beverly, MA, USA) following the manufacturer’s in-
structions and kept at − 20 ◦C for further analysis.

2.2. PCR amplification and sequencing

2.2.1. Molecular diagnosis of malaria
Each sample was amplified in duplicate using specific primers for the

genus Plasmodium by PET-PCR (Lucchi et al., 2013, 2014; Matamoros
et al., 2023). Positive specimens were subjected to amplification using
two separate pairs of primers targeting the two parasite species found in
Honduras, P. falciparum and P. vivax.

Amplification reactions were carried out in a volume of 20 μl con-
taining 10 μl Go Taq® Probe qPCR master mix (Promega Corp. Madison,
WI, USA), 0.5 μl of each primer (10 μM) (Table 1), 4 μl of nuclease-free
water, and 5 μl of DNA (~40 ng/μl). Reactions were run on a Mic qPCR
Cycler (Bio Molecular Systems, Brisbane, Australia) and the results were
visualized in the Mic qPCR Cycler Software v.2.10.1. The amplification
conditions for the diagnosis of genus and species were 95 ◦C for 15 min,
45 cycles at 95 ◦C for 20 s, 63 ◦C for 40 s, and 72 ◦C for 30 s. The
fluorescence channel was selected for each labelled primer (6FAM for
genus and HEX for species). Each experiment comprised both positive
and negative controls. A cycle threshold (Ct) of 42 or below was used to
consider samples as positive.

2.2.2. Pfcrt
A 264 bp fragment encoding amino acids 72–76 of exon 2 of the pfcrt

gene, whose polymorphisms have been associated with antimalarial
drug resistance in P. falciparum, was amplified and sequenced by nested
PCR (nPCR) as described by Griffing et al. (2010). A reaction mixture
was prepared for the first PCR reaction, containing 25 μl of KOD One™
PCR master mix (Toyobo Co., Ltd., Osaka, Japan), 2 μl of each primer at

Table 1
List of primers used for the amplification of five molecular markers of Plasmodium vivax and P. falciparum.

Target gene Reaction Primer name Primer sequence (5′-3′) Reference

18S rRNA
gene

PET-PCR for Plasmodium
spp.

Genus forward GGCCTAACATGGCTATGACG Lucchi et al. (2013); Matamoros et al.
(2023)Genus reverse 6FAM-aggcgcatagcgcctggCTGCCTTCCTTAGATGTGGTAGCT

18S rRNA
gene

PET-PCR for P. falciparum Falciparum
forward

ACCCCTCGCCTGGTGTTTTT Lucchi et al. (2013)

Falciparum
reverse

HEX-aggcgcatagcgcctggTCGGGCCCCAAAAATAGGAA

18S rRNA
gene

PET-PCR for P. vivax Vivax forward ACTGACACTGATGATTTAGAACCCATTT Kudyba et al. (2019)
Vivax reverse HEX-

aggcgcatagcgcctggTGGAGAGATCTTTCCATCCTAAACCT
Pfcrt 1st round AL6821 AGCAAAAATGACGAGCGTTATAG Griffing et al. (2010)

AL6822 ATTGGTAGGTGGAATAGATTCTC
2nd round AL5631 TTTTTCCCTTGTCGACCTTAAC

AL5632 AGGAATAAACAATAAAGAACATAATCATAC
Pfama1 1st round Pfama1F GTACTTGTTATAAATTGTACA Kang et al. (2018)

Pfama1R TTTTAGCATAAAAGAGAAGC
2nd round Pfama1F1 ACAAAAATGAGAAAATTATACTGC

Pfama1R1 TTAATAGTATGGTTTTTCCATCAGAAC
Pfglurp 1st round GLURPOF TGAATTTGAAGATGTTCACACTGAAC Sathishkumar et al. (2022)

GLURPOR GTGGAATTGCTTTTTCTTCAACACTAA
2nd round GLURPGNF TGTTCACACTGAACAATTAGATTTAGATCA

GLURPOR GTGGAATTGCTTTTTCTTCAACACTAA
Pvmsp3α 1st round Pvmsp3a P1 CAGCAGACACCATTTAAGG Thanapongpichat et al. (2019)

Pvmsp3a P2 CCGTTTGTTGATTAGTTGC
2nd round Pvmsp3a N1 GACCAGTGTGATACCATTAACC

Pvmsp3a N2 ATACTGGTTCTTCGTCTTCAGG
Pvmsp3β 1st round Pvmsp3b P1 GTATTCTTCGCAACACTC Thanapongpichat et al. (2019)

Pvmsp3b P2 CTTCTGATGTTATTTCCAG
2nd round Pvmsp3b N1 CGAGGGGCGAAATTGTAAACC

Pvmsp3b N2 GCTGCTTCTTTTGCAAAGG
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10 μM (Table 1), 11 μl of nuclease-free water and 10 μl of template DNA.
The amplification program consisted of 1 cycle at 98 ◦C for 10 s, 25
cycles at 98 ◦C for 10 s, 59 ◦C for 5 s, 68 ◦C for 5 s, and a final cycle at
68 ◦C for 30 s. The nested reaction was performed immediately after the
first round of amplification, in a mixture containing 25 μl of 2× master
mix, 2 μl of each primer at 10 μM (Table 1), 19 μl of nuclease-free water
and 2 μl of the first PCR. The amplification program consisted of 1 cycle
at 98 ◦C for 10 s, 25 cycles at 98 ◦C for 5 s, 56 ◦C for 5 s, 68 ◦C for 1 s, and
a final cycle at 68 ◦C for 15 s. Amplicons were observed on 1% ethidium
bromide agarose gels. PCR products were purified and sequenced at the
Psomagen Inc. facilities (Rockville, MD, USA) (https://www.psomagen.
com) using the primer AL5631 (Table 1). Geneious Prime v.2024.05
software (https://www.geneious.com) was used for sequence analysis
and the residues at positions 72 to 76 of pfcrt exon-2 were evaluated.

2.2.3. Pfama1
A partial fragment of the Pfama1 gene was amplified by nested PCR.

The first round of reactions was carried out in a volume of 25 μl, con-
taining 12.5 μl of KOD One™ PCR master mix (Toyobo Co., Ltd., Osaka,
Japan), 1 μl of each primer (10 μM) (Table 1), 9.5 μl of nuclease-free
water, and 1 μl of genomic DNA. The amplification program consisted
of one cycle at 98 ◦C for 30 s, 35 cycles at 98 ◦C for 10 s, 54 ◦C for 10 s,
and 68 ◦C for 10 s, with a final cycle at 68 ◦C for 1 min. The second round
of reactions used 12.5 μl of KOD One™ PCR master mix, 1 μl of each
primer (10 μM) (Table 1), 9.5 μl of nuclease-free water, and 1 μl of the
product from the first round of PCR. The amplification program was
similar to that used in the first round of PCR except that instead of 35
cycles, 25 cycles were used, and the annealing temperature was changed
from 54 ◦C to 55 ◦C for 5 s, and the extension cycle was 68 ◦C for 5 s.

2.2.4. Pfglurp
A semi-nested PCR was used to amplify a fragment of the

P. falciparum glurp gene. The first round of reactions was carried out in a
volume of 25 μl, containing 12.5 μl of KOD One™ PCR master mix
(Toyobo Co., Ltd., Osaka, Japan), 1 μl of each primer (10 μM) (Table 1),
9.5 μl of nuclease-free water, and 1 μl of genomic DNA. The amplifica-
tion program consisted of one cycle at 98 ◦C for 30 s, 35 cycles at 98 ◦C
for 10 s, 62 ◦C for 10 s, and 68 ◦C for 10 s, with a final cycle at 68 ◦C for 1
min. The second round of reactions used 12.5 μl of KOD One™ PCR
master mix, 1 μl of each primer (10 μM) (Table 1), 9.5 μl of nuclease-free
water, and 1 μl of the product from the first PCR reaction. The ampli-
fication protocol was the same as the one employed in the initial round
of PCR, with the only difference being the change in the number of
cycles from 35 to 30.

2.2.5. Pvmsp3α and Pvmsp3β
Two molecular markers of P. vivax (Pvmsp3α and Pvmsp3β) were

amplified. In both cases, nested PCR reactions contained 12.5 μl of 2×
master mix (Promega Corp., Madison, WI, USA), 1 μl of each primer at
10 μM (Table 1), 8 μl of nuclease-free water and 2.5 μl of genomic DNA.
The amplification program consisted of 1 cycle at 95 ◦C for 10 min, 35
cycles at 95 ◦C for 1 min, 54 ◦C for 70 s, 72 ◦C for 90 s, and a final cycle at
72 ◦C for 5 min. The nested reaction was performed in a reaction mixture
containing 12.5 μl of 2× master mix, 1 μl of each primer at 10 μM
(Table 1), 9.5 μl of nuclease-free water, and 1 μl of the first PCR. The
amplification program was the same one used in the first reaction.

PCR products for all four markers described above were separated on
1% ethidium bromide agarose gels and subsequently were purified and
sequenced on both sides at the Psomagen facilities. The same primers
utilized for amplification were employed to sequence the fragments.
Geneious Prime software was used for sequence analysis. The size of
each amplicon was registered. Allele frequencies of Pvmsp3α and
Pvmsp3β were calculated as the proportion of alleles observed for each
gene. If there was more than one amplification band, it was interpreted

as a polyclonal infection and the multiplicity of infection index (MOI)
was calculated.

2.3. Data analysis

2.3.1. Sequences analyses
The sequences were edited using the “Trim ends” function of the

Geneious Prime software. Afterward, each sequence was individually
examined to assess its quality (HQ%) and length. All the electrophero-
grams obtained showed only one peak in each position of the sequences.
No double peaks were observed in any case. The number of identical
sites between sequences of each marker was recorded as well as the
pairwise percentage identity, following the default algorithm in the
Geneious software. The forward and reverse sequences of each isolate
were aligned to create consensus sequences for the Pfglurp gene.
Nevertheless, the sequences obtained using the forward (N1) and
reverse (N2) primers for Pfama1, Pvmsp3α, and Pvmsp3β were examined
separately due to their lack of overlap.

The curated sequences of each molecular marker were aligned using
the “Geneious Alignment” tool with the default settings. The resulting
alignments were utilized to create phylogenetic trees using the Tamura-
Nei genetic distance model and the Neighbor-Joining tree construction
method with 1000 bootstrap iterations (Geneious Prime v.2024.05
software). No sequences were included as outgroups in the analyses. The
nucleotide sequences were translated using the correct open reading
frame and the resulting amino acid sequences were aligned with each
other to calculate the number of identical sites, the pairwise percentage
identity, and the pairwise percentage positive. At least one sequence of
each haplotype obtained in this study was deposited in GenBank under
the accession numbers PP795732-PP795733 (Pfama1); PP681141,
PP795719 (Pfglurp); PP795720-PP795721, PP913947-PP913970,
PP934608 (Pvmsp3α); and P795722-PP795731, PP886053-PP886070
(Pvmsp3β).

Tajima’s D test (Tajima, 1989) and Fu and Li’s independent D* and
F* tests (Fu and Li, 1993) were performed for the sequences of the four
loci of the Pvmsp3α and Pvmsp3β genes.

2.3.2. Diversity analysis of Pvmsp3α and Pvmsp3β chimeric sequences with
a multilocus approach

The number of haplotypes and genetic diversity indices were deter-
mined by creating chimeric sequences for each P. vivax isolate based on
a multi-locus sequence typing (MLST) approach. These chimeric se-
quences were made by combining two segments of Pvmsp3α and two
segments of Pvmsp3β (315 bp from the N1 primer, 571 bp from the N2
primer of Pvmsp3α; and 565 bp from the N1 primer and 561 bp from the
N2 primer of Pvmsp3β, resulting in a composite sequence of 1919 bp).

Multilocus sequences were aligned using the “Geneious Alignment”
tool. The number of polymorphisms, the number of segregating sites (S),
the average nucleotide differences (k), the number of haplotypes (H),
the haplotype diversity (Hd), and the nucleotide diversity (π) were
calculated using DnaSP Software (version 6.12.03). Additionally, Taji-
ma’s D test (Tajima, 1989) was performed in DnaSP to evaluate the
neutrality theory of evolution, as well as with Fu and Li’s D* and F* tests
(Fu and Li, 1993). Haplotype networks were generated using the median
joining algorithm in Network 10.2.0.0.

2.3.3. Comparison with homologous sequences collected in other countries
To assess the similarity between the sequences obtained in this study

and homologous sequences of parasites from different geographical re-
gions, a minimum of 30 sequences per locus (for Pfama1, Pfglurp,
Pvmsp3α, and Pvmsp3β) were downloaded from GenBank
(Supplementary Table S1). The downloaded sequences were aligned
together with the sequences obtained here and phylogenetic trees were
constructed with Geneious Prime v.2024.05 software.

A. Zamora et al. Current Research in Parasitology & Vector-Borne Diseases 7 (2025) 100230 

3 

https://www.psomagen.com
https://www.psomagen.com
https://www.geneious.com


3. Results

3.1. Molecular diagnosis of Plasmodium species

PET-PCR results confirmed malaria in 197 samples collected from
passive surveillance conducted by the Honduran public health system.
Of these samples, 91 were positive for P. vivax, 92 were positive for
P. falciparum and 14 represented mixed P. falciparum + P. vivax in-
fections. Most of the samples were collected between 2021 and 2022
(Table 2).

The Department Gracias a Dios (La Moskitia region) accounted for
65% of the samples, followed by Islas de la Bahía and Atlántida which
contributed 10.7% and 7.6% of samples, respectively (Fig. 1). Due to the
anonymization of the samples, patient demographics were not subjected
to analysis.

3.2. Pfcrt genotypes associated with susceptibility to chloroquine

Out of the 106 samples that tested positive for P. falciparum, 90
samples (84.9%) were genotyped for Pfcrt and analyzed. The selection
was made based on the inclusion of specimens from all eight de-
partments where P. falciparum was found, as well as from the three years
of sample collection (2020–2022). All samples were found to have the
wildtype genotype 72 CVMNK 76, which is associated with suscepti-
bility to chloroquine.

3.3. Pfama1 and Pfglurp

The Pfama1 gene was amplified in 90 samples (84.9%) showing the
absence of polyclonal infections. Sequencing was successful in 89 of the
samples resulting in two segments obtained from the F1 and R1 primers
with lengths of up to 763 bp and 757 bp, respectively. The sequences
from each flank were aligned with each other but no polymorphisms
were found. A sequence of each gene segment was deposited in the
GenBank database under the accession numbers PP795732-PP795733.

Effective amplification of the Pfglurp gene was achieved in 89 sam-
ples (96.7%) showing bands that were classified into three groups ac-
cording to their size range, as follows. The majority (98%) of the samples
exhibited a size ranging from 550 to 600 bp, one sample had a size
between 600 and 650 bp, and another sample - between 750 and 800 bp.

A 552 bp fragment of the Pfglurp gene was successfully sequenced in
89 P. falciparum samples and no polymorphisms were detected (Gen-
Bank: PP681141). However, one sample presented a 56 bp insertion
(GenBank: PP795719).

Geographical clustering analysis was carried out using the Pfama1
and Pfglurp sequences with homologous sequences from other countries
downloaded from GenBank respectively (Supplementary Table S1). Our
results show that the samples from Honduras appeared as a single
population without geographical clustering using these genetic markers
(Fig. 2).

3.4. Genetic diversity of Pvmsp3α and Pvmsp3β

Seventy-three of the 105 P. vivax-infected samples were effectively
amplified for the Pvmsp3α gene. Four amplicon sizes were identified as

type A (1700–2000 bp; 12%), type B (1500–1700 bp; 62.7%), type C
(1200–1500 bp; 24%), and type D (400–500 bp; 1.3%). In addition, two
samples with polyclonal infection were identified with two band sizes
with a multiplicity of infection (MOI) value of 1.02. Regarding Pvmsp3β,
63 out of the 105 samples were effectively amplified, representing a
success rate of 60%. The amplified samples exhibited three distinct band
sizes classified as type A (1600–2000 bp; 24%), type B (1300–1500 bp;
13%), and type C (1100–1300 bp; 63%). Four samples exhibiting
polyclonal infections were detected, with a MOI value of 1.06.

Pvmsp3α and Pvmsp3β genes were amplified from both sides. How-
ever, given the length of the genes, the sequences obtained were not
overlapping, and consensus sequences were not constructed, so the se-
quences obtained with the forward primers (N1) and those obtained
with the reverse primer (N2) were analyzed separately as four inde-
pendent loci/markers.

As shown in Table 3, a fraction of the total amplified samples was
successfully sequenced. Sequence lengths ranged from 633 bp to 827 bp.
The marker with the highest number of polymorphisms was Pvmsp3α-N1
followed by Pvmsp3β-N2, while the least diverse was Pvmsp3α-N2. In
terms of haplotype analysis, also a fraction of samples was analyzed as
sequences with shorter lengths had to be discarded (Supplementary
Tables S2–S5). The highest number of haplotypes (n = 8) was found in
Pvmsp3β-N1 and the lowest number of haplotypes in Pvmsp3β-N2 (n =

5). The two other markers (Pvmsp3α-N1 and Pvmsp3α-N2) produced a
total of 7 distinct haplotypes each (Fig. 3). While the number of hap-
lotypes varied among the four markers, individuals within each haplo-
type had a highly similar composition. Haplotype 1 was the most
frequent allele, followed by Haplotype 2 (Supplementary Tables S2–S5).

Polymorphisms were also detected in the amino acid sequences in
the four markers, revealing that Pvmsp3α-N1 exhibited the greatest di-
versity of residues, and Pvmsp3α-N2 was the most conserved region. The
number of haplotypes generated with the amino acid sequences varied
from 5 (Pvmsp3β-N2) to 8 (Pvmsp3β-N1) (Table 3). To explore the in-
fluence of natural selection on population structure, Tajima’s D test was
performed on the four independent loci and Pvmsp3α/β MLST se-
quences. Positive values (ranging from 0.09266 to 1.24308) and non-
significant P-values were observed. Fu and Li’s D* tests resulted in
values ranging from 0.36 to 2.2, and three of them showed statistical
significance except for Pvmsp3α-N1. Fu and Li’s F* tests resulted in
values ranging from 0.33 to 2.1, and two loci (Pvmsp3β-N1 and Pvmsp3β-
N2) showed statistical significance.

Table 2
Number and percentage of samples diagnosed with malaria by parasite species
and year of collection.

Year P. vivax P. falciparum Mixed infection Total

n (%) n (%) n (%) n (%)

2020 0 (0) 23 (11.7) 1 (0.5) 24 (12.2)
2021 31 (15.7) 56 (28.4) 5 (2.5) 92 (46.7)
2022 60 (30.5) 13 (6.6) 8 (4.1) 81 (41.1)
Total 91 (46.2) 92 (46.7) 14 (7.1) 197 (100)

Fig. 1. Map of Honduras illustrating the number of samples collected by
department, with indication of the parasite species. Circle size is proportional to
the number of samples shown in parentheses. Department codes: GD, Gracias a
Dios; IB, Islas de la Bahía; AT, Atlántida; OL, Olancho; CO, Cortés; CL, Colón;
FM, Francisco Morazán; EP, El Paraíso; SB, Santa Bárbara; VA, Valle; CH,
Choluteca; CY, Comayagua.
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3.5. Haplotypes of MLST chimeric sequences

Chimera sequences were constructed using an MLST approach on 39
isolates for which high-quality sequences were obtained for the 4
markers: Pvmsp3α-N1, Pvmsp3α-N2, Pvmsp3β-N1, Pvmsp3β-N2. As indi-
cated in Section 2.3.2, chimeric sequences were made by combining both
segments of each gene. The number of segregating sites (S) was 344. The
nucleotide diversity (π) was equal to 0.06107 (SD = 0.00723), and the
average nucleotide differences (k) was 104.13. Eleven haplotypes (H)
were found (Fig. 4), with a diversity index (Hd) of 0.8273. Out of all the
MLST sequences, 84.7% were grouped into 5 haplotypes
(Supplementary Table S6) whereas the six remaining haplotypes con-
sisted of only one sequence each. Haplotype networks were constructed
considering the year in which the blood samples were collected and the
department of origin of the malaria case (Fig. 4). No association was
observed between the circulating haplotypes of the parasite in either
case.

To explore the influence of natural selection on population structure,
Tajima’s D test was performed for the MLST chimeric sequences. A non-
significant (P > 0.10) Tajima’s D value of 0.62954 was obtained. Fu and
Li’s D* and F* tests resulted in a value of 1.50687 (P < 0.05) and
1.42040 (P > 0.10), respectively. Tajima’s D and Fu and Li’s D* and F*
results did not show a significant influence of natural selection or de-
mographic changes in the population based on the Pvmsp3α and Pvmsp3β
markers. The result of Fu and Li’s for Pvmsp3α, which was statistically
significant, suggests that there are rare alleles represented at low fre-
quencies and that there could be a population structure or contraction in
the studied population, although this signal is not sufficiently supported
by the other tests. Although Fu and Li’s value was also positive for
Pvmsp3β, it was not statistically significant. This indicates that there is
no conclusive evidence in this test to confirm signals of selection or
population structure, suggesting that these results could be due to
chance.

Fig. 2. Phylogenetic trees constructed with sequences of Pfama1 (A) and Pfglurp (B), obtained in this study, and homologous sequences available on GenBank. The
red dot indicates the sequence from Honduras (GenBank: PP795719).

Table 3
Intraspecific genetic diversity indices for Pvmsp3α and Pvmsp3β.

Pvmsp3α-N1 Pvmsp3α-N2 Pvmsp3β-N1 Pvmsp3β-N2

No. of sequences 65 66 56 53
Length (bp) Up to 827 Up to 737 Up to 824 Up to 633
Identical sites (%) 453 (55%) 701 (95.1%) 577 (74.5%) 352 (55.6%)
Pairwise % identity 85.4 99 90.5 87.8
No. of haplotypes (nt) 7 7 8 5
Polypeptide length (aa) Up to 227 Up to 244 Up to 269 Up to 205
No. of haplotypes (aa) 7 6 8 5
Identical sites (%) 71 (31.3%) 227 (93%) 130 (51.8%) 82 (40.2%)
Pairwise % identity 67.3 97.1 74.3 66.9
Pairwise % positive 76.2 98.1 82.8 77.2
Tajima’s D test 0.15863, P > 0.10 0.09266, P > 0.10 1.24308, P > 0.10 0.28050, P > 0.10
Fu and Li’s D* test 0.36392, P > 0.10 1.60341, P < 0.05* 2.07742, P < 0.02* 2.20871, P < 0.02*
Fu and Li’s F*test 0.33966, P > 0.10 1.24883, P > 0.10 2.10486, P < 0.02* 1.76250, P < 0.05*
GenBank ID PP795720; PP913947-PP913958 PP795721; PP913959-PP913970;

PP934608
P795722-P795726;
PP886053-PP886065

PP795727-PP795731;
PP886066-PP886070

Abbreviations: nt, nucleotides; aa, amino acids.
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Fig. 3. Dendrograms constructed with the sequences of Pvmsp3 genes obtained in this study from samples collected in Honduras. The colors of the blocks indicate the
haplotypes based on nucleotide sequences for each marker: Pvmsp3α-N1 (A), Pvmsp3α-N2 (B), Pvmsp3β-N1 (C), Pvmsp3β-N2 (D).

Fig. 4. Haplotype networks constructed for the samples obtained in this study according to the year the sample was collected (A), and the department of origin of the
sample (B). Haplotypes were constructed with MLST chimera sequences comprising four gene regions: Pvmsp3α-N1, Pvmsp3α-N2, Pvmsp3β-N1, Pvmsp3β-N2. Each
circle represents a different haplotype, and the size of the circles is indicative of the number of individuals within each haplotype.
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3.6. Comparison with homologous Pvmsp3 sequences collected in other
countries

Similarly to the approach used for Pfama1 and Pfglurp, we obtained
35 homologous sequences of Pvmsp3α and 46 homologous sequences of
Pvmsp3β from four different geographical regions (Supplementary
Table S1).

Based on the phylogenetic tree shown in Fig. 5, the haplotypes of the
sequences obtained in this study did not form distinct clusters and there
was no noticeable geographical clustering with strains of the parasite
isolated in other countries. However, the small number of sequences
isolated from countries outside Honduras is insufficient to categorically
conclude that there is a lack of clustering.

4. Discussion

This study assessed four markers of genetic diversity in P. falciparum
and P. vivax, the two malaria-causing parasite species occurring in
Honduras. Our results revealed a significant disparity in the intraspecific
genetic diversity between the two species. The P. falciparum population
seemed to be nearly uniform, whereas the P. vivax population exhibited
significant variability. The minimal variability of the P. falciparum
population in Honduras contrasts strongly with the considerable varia-
tion of Pfama1 and Pfglurp reported from Asia and Africa (Patgiri et al.,
2019; Kang et al., 2021; Nirmolia et al., 2022; Olowe et al., 2023;
Hawadak et al., 2024; Paul et al., 2024). The most likely explanation for
this phenomenon is a bottleneck effect in Honduras, likely as a result of
the decline in falciparummalaria cases from 2000 to 2014, with only 575
reported cases in 2014 (WHO, 2015b).

Recently, several studies have been carried out to evaluate the ge-
netic diversity of Plasmodium spp. in Honduras. In 2012, a study
analyzed the P. vivax population using Pvama1, Pvcsp, and Pvmsp1, as

well as two P. falciparum markers: Pfmsp1 and Pfmsp2 (Lopez et al.,
2012). These five molecular markers showed moderate genetic diversity
and wide distribution across the country without geographical struc-
turing. Samples of Lopez et al. (2012) were collected during 2010–2011
when the number of malaria cases in Honduras was around 13,000 per
year (WHO, 2013) which is more than five times the number of cases
(c.2500) reported in 2023 (Secretaría de Salud de Honduras, 2024).

In the present study, Pfama1 and Pfglurp showed that 100% and 98%
of the isolates were identical and monoclonal, except for two samples for
Pfglurp that showed size polymorphisms. In this regard, Haddad et al.
(1999) published the first study of the genetic diversity of P. falciparum
populations circulating in Honduras with 56 samples collected between
1995 and 1996 when the number of malaria cases in the country
exceeded 35,000 per year (WHO, 2013). Haddad et al. (1999) genotyped
four markers (Pfmsp1, Pfmsp2, Pfglurp, and Pf332) using nested PCR
reactions to determine allelic families and size polymorphisms. These
authors reported limited size polymorphism in all genes, with four and
three variants for the Pfmsp1 and Pfmsp2 alleles, respectively, and two
size variants for the Pfglurp and Pf332 genes, concluding that
P. falciparum populations circulating in Honduras were genetically
homogeneous.

More recently, an analysis of seven neutral STR markers in 77
P. falciparum field isolates collected between 2009 and 2012 in
Honduras concluded that there was a low genetic diversity in the
parasite population (Larranaga et al., 2013). Likewise, Pinto et al.
(2021) conducted a study in which the polymorphic regions of Pfmsp1
and Pfmsp2 were sequenced, showing reduced genetic diversity of
P. falciparum after a bottleneck effect between 2000 and 2014 followed
by rapid expansion starting in 2015. In summary, our work supports
earlier findings indicating that the genetic diversity of P. falciparum
populations in Honduras is historically low, regardless of the specific
molecular marker applied.

Fig. 5. Phylogenetic trees constructed with sequences of Pvmsp3α (A) and Pvmsp3β (B) obtained in this study and homologous sequences available on GenBank.
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In contrast to the uniformity shown by P. falciparum, the two P. vivax
markers assessed in the present study (Pvmsp3α and Pvmsp3β) exhibited
high diversity indices with four and three alleles of different sizes,
respectively. Pvmsp3α type B (1.7–2.0 kb) was the most frequent among
field isolates from Honduras followed by type C (1.2–1.5 kb). This
finding differs from studies carried out in Asia (Kim et al., 2006; Run-
gsihirunrat et al., 2011; Suphakhonchuwong et al., 2018; Thana-
pongpichat et al., 2019; Kuesap et al., 2022; Jalei et al., 2023) and South
America (Cristiano et al., 2008) where type A (1.9 kb) was the most
frequent; or from field isolates from China, in which type C (1.1–1.3 kb)
was the most frequent (Li et al., 2022; Wang et al., 2023). Similar results
were observed for Pvmsp3β, where the most common variant among the
isolates from Honduras was type C (1.1–1.3 kb), but type A (1.8 kb) was
more frequent in several countries (Zakeri et al., 2010; Rungsihirunrat
et al., 2011; Suphakhonchuwong et al., 2018; Thanapongpichat et al.,
2019; Jalei et al., 2023; Wang et al., 2023). These data confirm the
significant variation observed in the size of this gene resulting from
insertion/deletion mutations (Rayner et al., 2004).

Most studies analyzing the genetic diversity of Pvmsp3 use a nested
PCR followed by RFLP, either cutting with individual enzymes or
combining two enzymes (Kim et al., 2006; Yang et al., 2006; Cristiano
et al., 2008; Zakeri et al., 2010; Rungsihirunrat et al., 2011; Thana-
pongpichat et al., 2019; Kuesap et al., 2022; Jalei et al., 2023; Wang
et al., 2023). This method exploits the extensive diversity largely present
in the central domain of the PvMSP3 protein family (Jiang et al., 2013).
However, in our study, the gene regions flanking the central domain of
both markers, which have a lower degree of polymorphism, were
sequenced. This approach could be more informative than PCR-RFLP to
demonstrate genetic diversity and determine circulating haplotypes of
the parasite (Rice et al., 2013).

The wide intraspecific diversity of P. vivax, as shown by size poly-
morphisms, was further confirmed through the sequencing of the four
loci of Pvmsp3α and Pvmsp3β. This analysis revealed the presence of five
to eight distinct haplotypes, based on both nucleotide and amino acid
sequences. According to these results, more than half of the isolates were
classified as Haplotype 1, and more than 20% were classified as
Haplotype 2. This means that the other haplotypes are found at low
frequencies in this population, as also confirmed by the Tajimaʼs D test.

While the independent analysis of the four loci appears to be suffi-
cient for genotyping the parasite isolates, the MLST approach has proven
to be a better technique for revealing the genetic diversity of the pop-
ulations. One of the main limitations of the MLST approach is that it only
evaluates a limited number of loci, which may underestimate overall
genetic variability and may not adequately capture total diversity,
especially in organisms with high recombination or in genomic regions
outside those loci. Likewise, the MLST approach based on coding genes
is a widely used strategy to classify bacteria (Azarsa et al., 2023; Li et al.,
2023b; Rosa Rodrigues de Souza et al., 2023; Zhang et al., 2023) but
very little used for eukaryotic parasites (Diosque et al., 2014; El Mazini
et al., 2023; Hosseini et al., 2023). The combination of the four Pvmsp3
loci was more informative than PCR-RFLP, which neither detects mu-
tations without a digestion target nor distinguishes between different
haplotypes with equivalent band sizes (Rice et al., 2013).

On the other hand, phylogenetic analyses did not reveal any type of
geographical clustering, neither within the country nor concerning
P. vivax isolates collected on other continents. Only a few studies use
Pvmsp3 to demonstrate population structure in P. vivax. In a study
conducted by Kim et al. (2006), 151 isolates from Kolkata, India, were
investigated and resulted in 37 Pvmsp3α alleles that were randomly
distributed. Another study carried out in different geographical areas of
Thailand showed differences in the allele frequencies of Pvmsp3α and
Pvmsp3β when comparing two time periods, especially in isolates from
the border area with Myanmar (Kuesap et al., 2022). Similarly, the di-
versity of the P. vivax population infecting local inhabitants of China was
significantly more diverse than that of parasites infecting migrant
labourers returning to China from 2012 to 2015 (Li et al., 2022). A larger

study reported differences in Pvmsp3β diversity using PCR-RFLP among
four Asian parasite populations representing both tropical and
temperate strains (Yang et al., 2006). However, based on our findings, it
appears that neither of the two Pvmsp3 markers can accurately deter-
mine the geographical origin on a regional or global level. Consequently,
due to frequent insertion/deletion mutations and recurrent recombina-
tion between haplotypes (Rice et al., 2013), these markers do not seem
suitable for tracking parasite populations in studies related to geography
or extended periods.

Finally, this study using four molecular markers showed that
P. falciparum populations in Honduras turned out to be much more ho-
mogeneous than those of P. vivax. These findings could have significant
practical implications in the context of the malaria elimination phase in
the country. The high homogeneity of P. falciparum populations suggests
that the transmission of this parasite is probably more contained and
that the population is dominated by a few genetic variants. This could
imply that transmission is limited and that these are localized outbreaks
or a small number of sources of infection. Consequently, from an elim-
ination point of view, it is easier to track and control a more homoge-
neous population of the parasite, since the origin of infections is more
likely to be localized to limited sources. On the other hand, the homo-
geneity in P. falciparum indicates that elimination efforts in Honduras
are managing to reduce the genetic diversity of this parasite, which is a
good indicator for short-term control and elimination. Therefore, sur-
veillance should focus on monitoring these residual foci of transmission
and avoiding reintroduction from external areas. Border control and
surveillance of migratory movements or people who could be carriers of
P. falciparum from other regions with greater genetic diversity must be a
priority to avoid the reintroduction of more virulent variants.

In contrast, the greater genetic diversity of P. vivax suggests that
there are multiple lineages of this parasite in circulation, which may
indicate more active or persistent transmission compared to
P. falciparum. This greater diversity can complicate elimination efforts,
as there may be hidden reservoirs of the parasite and greater difficulty in
identifying all sources of infection. For Honduras, during the malaria
elimination phase, the study results suggest that P. falciparum is under
more effective control and its elimination appears closer, while P. vivax
represents a greater challenge due to its greater genetic diversity. This
requires more intense surveillance, specific control strategies for
P. vivax, and additional preventive measures to prevent the reintro-
duction of variants of both parasites from other regions.

To conclude, and in line with the low genetic diversity of
P. falciparum, the Pfcrt gene sequencing results confirmed that the strains
of the parasite circulating in Honduras continue to be susceptible to
treatment with chloroquine, as previous publications have evidenced
(Jovel et al., 2011; Mejia Torres et al., 2013; Fontecha et al., 2014,
2021). This result is encouraging as it facilitates the strategies used to
eliminate malaria in Honduras.

5. Conclusions

This study evaluates the genetic diversity of the two parasite species
that cause malaria in Honduras and demonstrates that the populations of
P. falciparum are more homogeneous than P. vivax, based on the mo-
lecular markers evaluated. The MLST approach with four loci of
Pvmsp3α and Pvmsp3β proved to be more informative in assessing the
genetic diversity of P. vivax compared to individual markers. No
geographical structuring was demonstrated within the country or on a
global scale between the haplotypes of both species. In Honduras,
P. falciparum appears to be under more effective control, while P. vivax
poses a greater challenge due to its higher genetic diversity. This calls for
intensified surveillance and targeted control strategies for P. vivax, and
additional measures to prevent the reintroduction of parasite variants
from other regions. Additionally, circulating strains of P. falciparum
continue to show the wild phenotype of the Pfcrt gene associated with
susceptibility to chloroquine.
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