PLOS NEGLECTED TROPICAL DISEASES

Check for
updates

G OPEN ACCESS

Citation: Labadie-Bracho MY, Adhin MR (2023)
Advocating for PCR-RFLP as molecular tool within
malaria programs in low endemic areas and low
resource settings. PLoS Negl Trop Dis 17(11):
€0011747. https://doi.org/10.1371/journal.
pntd.0011747

Editor: Gabriele Schénian, Charité University
Medicine Berlin, GERMANY

Received: December 19, 2022
Accepted: October 23, 2023
Published: November 8, 2023

Copyright: © 2023 Labadie-Bracho, Adhin. This is
an open access article distributed under the terms
of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All data are in the
manuscript and/or Supporting information files.

Funding: The author(s) received no specific
funding for this work.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Advocating for PCR-RFLP as molecular tool
within malaria programs in low endemic areas
and low resource settings

Mergiory Y. Labadie-Bracho', Malti R. Adhin2*

1 “Prof. Dr. Paul C. Flu” Institute for Biomedical Sciences, Kernkampweg, Paramaribo, Suriname, 2 Anton de
Kom Universiteit van Suriname, Faculty of Medical Sciences, Department of Biochemistry, Kernkampweg,
Paramaribo, Suriname

* m.adhin@uvs.edu

Abstract

The road to malaria elimination for low- and middle-income countries is paved with obsta-
cles, including the complexity and high costs of advanced molecular methods for genomic
analysis. The usefulness of PCR-RFLP as less complex and affordable molecular surveil-
lance tool in low-endemic malaria regions was assessed in a cross-sectional study con-
ducted in Suriname, currently striving for malaria elimination, but plagued by recent P. vivax
outbreaks. Molecular analysis of two highly polymorphic genes Pvmsp-1 F2and Pvmsp-3a
was performed for 49 samples, collected during October 2019 through September 2021
from four different regions with varying malaria transmission risks. RFLP-profiling revealed
that outbreak samples from three indigenous villages, almost exclusively, harbored a single
clonal type, matching the “Palumeu” lineage previously described in 2019, despite multiple
relapses and drug pressure exerted by mass drug administration events, suggesting a lim-
ited P. vivax hypnozoite reservoir in Suriname. In contrast, isolates originating from Sophie,
a mining area in neighboring French Guiana displayed a highly heterogeneous parasite pop-
ulation consistent with its endemic malaria status, demonstrating the differentiating capacity
and thus the usefulness of PCR-RFLP for P. vivax genetic diversity studies. Outbreak
reconstruction emphasized the impact of undetected human movement and relapses on
reintroduction and resurgence of P. vivax malaria and PCR-RFLP monitoring of circulating
parasites guided the roll-out of targeted interventions. PCR-RFLP seems a suitable molecu-
lar alternative in low-endemic areas with restricted resources for outbreak analysis, for mon-
itoring the spread or containment of circulating strains and for identification of imported
cases or potential foci.

Author summary

The global malaria landscape has changed considerably since 2000, with a drastic reduc-
tion of overall malaria cases, but a regional increase of Plasmodium vivax malaria. Suri-
name is a South American country striving for malaria elimination and Plasmodium vivax
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malaria is the main impediment, mostly due to the parasite’s ability to stay dormant in the

liver and relapse within months/years after the initial infection, triggering new outbreaks.
As most low- and middle-income countries we are confronted with the lack of effective

and affordable molecular tools to assess and monitor the genetic diversity of circulating P.
vivax populations. We report the successful application of the PCR-RFLP technique in
determining genetic signatures of Plasmodium vivax isolates, obtained from four different
regions with varying malaria transmission risks. RFLP-profiling revealed that outbreak
samples from three indigenous villages, almost exclusively, harbored a single clonal type,
suggesting a limited P. vivax hypnozoite reservoir in Suriname. In contrast, isolates origi-
nating from Sophie, a mining area in neighboring French Guiana displayed a heteroge-
neous parasite population, consistent with its endemic malaria status. We demonstrated
the usefulness of PCR-RFLP for assessments of P. vivax genetic diversity, outbreak analy-
sis and identification of imported cases in a low-transmission setting, where resources are
limited.

Introduction

The global malaria landscape has changed considerably since 2000, with a drastic reduction of
overall malaria cases, but still accounting for more than 241 million malaria cases worldwide
in 2020 [1].

However, the regional incidence of P. vivax malaria increased, accentuating the need to
understand the parasite population genetics.

Insight in the genetic diversity of Plasmodium spp. has not only been extremely valuable in
the identification of malaria drug resistance associated markers, but also enables the distinc-
tion between reinfection, recrudescence and relapse [2] and even facilitates tracking of the ori-
gin of an isolate [3], which is particularly important to signal possible source(s) of outbreaks.
Furthermore, global and local mapping of P. vivax population structure [4] will provide
detailed knowledge of the spatial distribution, transmission and clinical burden of P. vivax,
which is required to set attainable control targets and strategize about roll-out of
interventions.

Consequently, epidemiological data in combination with genetic information can guide
control and elimination strategies of National Malaria Programs.

Numerous approaches have been used to examine the genetic relationships between Plas-
modium spp. and molecular methods have proven to be valuable tools for malaria outbreak
investigations [5,6]. Recent advancements in genetic techniques like next-generation sequenc-
ing (NGS) and whole genome sequencing (WGS) have further increased the DNA sequencing
capabilities [7], providing a far greater level of information than classic fingerprinting meth-
ods. Furthermore, WGS of malaria parasites has also been used more commonly for identifica-
tion and monitoring of the status of malaria drug resistance associated markers. However,
despite the obvious advantages of the newer technologies, the enormous data generated from
WGS, and the complexity of the bioinformatics analysis requires strong computational exper-
tise and sophisticated computational resources [8]. An alternative advanced technique such as
high-throughput single nucleotide polymorphisms (SNPs) barcoding, a targeted sequencing
technique, may offer a more feasible genotyping strategy, but still requires extensive bioinfor-
matic analysis besides validation or development of a local barcode to accurately reflect the
country’s parasite diversity [9].
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Besides, the introduction of genome sequencing even into routine health care in Western
countries has been slow, partly because of concerns about affordability. A review of economic
evaluations of exome sequencing in 2018 for clinical practices reported cost estimates all above
$500 for a single test of exome sequencing [10], on top of an initial investment for NGS equip-
ment, which can cost well over $100K and requires an additional annual maintenance cost of
ten thousands of dollars.

The hurdles encountered by most low- and middle-income countries (LMIC) extends
across the borders of funding and lack of state-of-the-art equipment, as complex technical
training and highly advanced skill requirements for the management and clinical interpreta-
tion of extensive sequencing data, limit operational implementation at the country level.

Therefore, the availability of effective, but less complex and affordable molecular tools is of
the utmost importance for LMIC on the road to malaria elimination to successfully implement
timely measures and to evaluate the effectiveness of targeted interventions.

The relative simplicity and low costs of a traditional fingerprinting method as PCR of highly
polymorphic genes combined with Restriction Fragment Length Polymorphism (PCR-RFLP)
may be a good option for genetic diversity assessments in resource limited settings.

PCR- RFLP can be performed in any basic molecular laboratory setting, without major cap-
ital investments for the lab set-up and within this study, the complete testing of samples for
two genes using PCR-RFLP could be accomplished for a unit cost below $50.

Recent use of this tool has been successful in Plasmodium vivax (P. vivax) investigations, to
provide insight in genetic diversity in Panama [11] and for reconstruction of a malaria out-
break in a low transmission area [12]. In addition, PCR-RFLP has been utilized to assess the
geographic origin of Plasmodium falciparum strains (P. falciparum) in Central America [3].

Plasmodium vivax is currently the main impediment for malaria elimination in Suriname
and we therefore set out to explore the further utilization of PCR-RFLP as molecular tool in
malaria elimination settings.

Traditionally, evaluation of genetic diversity and dynamics of P. vivax parasite populations
with PCR-RFLP is determined via assessment of highly polymorphic genes such as the Pvmsp-
I and Pvmsp-3a genes. Pvmsp-1 F2 codes for the merozoite surface protein 1 and encompasses
aregion (F2) of extensive allelic diversity [13]. Pvmsp-3a codes for the merozoite surface pro-
tein 3 and displays considerable sequence diversity in the central domain of the molecule with
numerous point mutations and large insertions and deletions [14].

A cross-sectional survey was conducted in a two-year period from October 2019 to Septem-
ber 2021 on subsets of P. vivax samples, diagnosed in Suriname and originating from different
regions with varying risks of malaria transmission, to assess the capabilities of PCR-RFLP as
tool for low endemic malaria regions.

Methods
Ethics statement

Informed verbal consent for molecular malaria research was provided by all patients upon
enrollment in the National Malaria Gene Bank.

Ethical clearance for the NMGB was obtained by the National Ethics Committee within the
Ministry of Health (VG007-08).

Study settings

Suriname is a small country and part of the Guiana shield, located on the northern coast of
South America; notorious in malaria history for the highest annual parasite incidence and con-
centration of Plasmodium falciparum cases in the Americas in 2004. Incessant national
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Table 1. Malaria incidence data for Suriname (2019-2021).

Year

2019
2020
2021

N/A: not available

Total Malaria cases

214
244
75

Plasmodium falciparum Plasmodium vivax
Imported Imported Introduced’ Indigenous (%)
13 101 N/A 100 (36.0%)
2 95 N/A 147 (89.1%)
5 46 2 22 (68.2%)

! Registration of introduced cases in the country started since October 2021

% Cases from Pelele Tepoe as percentage of all indigenous P. vivax cases

https://doi.org/10.1371/journal.pntd.0011747.t001

surveillance, persistent implementation of control measures and innovative interventions
resulted in a steep decline of the number of cases, from more than 10.000 cases in 2003 to 214
cases in 2019, leading Suriname to the brink of malaria elimination.

Current data on malaria incidence in Suriname is shown in Table 1 Malaria incidence data
for Suriname (2019-2021) (data Ministry of Health Malaria Program Suriname [NMP]).

Indigenous P. falciparum cases have not been registered since September 2018, while P.
vivax malaria is still incidentally transmitted in the tropical rainforest of the interior, due to
the vast presence of the vector (Anopheles darlingi) and the increased population movement of
illegal mobile miners, mostly Brazilians entering the country through French Guiana and
travel of villagers among communities in Suriname, Brazil, Guyana, and French Guiana.

Malaria elimination efforts are particularly challenged by the restricted access to remote
communities in the interior with only boat and air transport possibilities, along with a limited
healthcare infrastructure. Nevertheless, more than 90% of the total malaria cases between 2004
and 2016 were considered as imported, mostly from Brazil nationals involved in illegal gold
mining activities travelling from French Guiana [15].

However, with recent P. vivax outbreaks in 2019 and 2020 in indigenous villages, previously
free of malaria, the fraction of imported P. vivax cases decreased to 50.2% and 39.3% of the P.
vivax cases in 2019 and 2020 respectively (data Ministry of Health Malaria Program Suriname
[NMP]).

Study design

A cross-sectional survey was designed with subsets of P. vivax samples, originating from four
different regions with varying risks of malaria transmission, to gain insight into possible geo-
graphic genetic signatures.

During the two-year study period (October 2019 to September 2021), 396 single P. vivax
malaria cases were diagnosed in the country, consisting of 38.1% imported and 61.9% indige-
nous cases, presumably originating from 36 different locations in neighboring countries and 7
locations within Suriname.

Two P. vivax outbreaks in Amerindian villages Palumeu and Pelele Tepoe generated the
majority (94.3%) of the indigenous cases.

Four study regions (Palumeu, Pelele Tepoe, Apetina (Puleowime) and Sophie) were
selected, based on their highest registered numbers of P. vivax samples during the study
period, as a minimum number of samples for examination were required for the attempt to
identify possible genetic signatures per region.

The bulk of malaria cases originated from 2 indigenous villages, namely Palumeu and Pelele
Tepoe. The four study regions (Palumeu, Pelele Tepoe, Apetina (Puleowime) and Sophie) and
the capital Paramaribo are pictured in Fig 1.
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Fig 1. Map of Suriname with study sites. The study sites are represented by colored circles. Paramaribo, the capital of Suriname is not a study site,
but is shown in the picture for reference purposes. This figure was created using a base map made with Natural Earth, free vector and raster map
data @ naturalearthdata.com in QGIS version version 3.32.2-Lima and was retraced and edited using Corel Draw X7.

https://doi.org/10.1371/journal.pntd.0011747.9g001

Palumeu

Cases from the Palumeu outbreak have been documented from March 2019 to January 2020
(n = 58) and the index case was presumably an unregistered visitor from neighboring Brazil.
As a single clonal lineage was demonstrated in a previous study [12], only six samples of the
41 outbreak samples within the study period were included.
In addition, two other samples from Palumeu were included, diagnosed 12 months and 17
months after the outbreak, respectively.
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Pelele Tepoe

Pelele Tepoe is an Amerindian village located in the southern part of the rainforest of Suri-
name, with almost 500 inhabitants, which had been malaria-free for several years till the recent
outbreak. The outbreak lasted from November 2019 to August 2021 with 183 confirmed cases
and twenty-three (n = 23) samples were included for genetic RFLP profiling. The samples
were selected throughout the outbreak, to have a fair representation of the different gaps and
peaks along the timeline to enable molecular reconstruction of this outbreak. Eighty percent
(80%) of participants with a travel history outside Suriname were included to spot imported
cases and for participants without a cross border travel history, a first malaria infection was
favored to reduce the possibility of a recurrent P. vivax infection as the cause of the latest
malaria episode.

Apetina
Apetina, also known as Puleowime, a small Amerindian village with a non-mining indigenous
population was the only other location in Suriname recording more than four P. vivax cases
during the study period. Six from the nine cases diagnosed during the study period were
included.

After the study period, no more indigenous malaria cases have been reported in any of the
three aforementioned localities in Suriname.

Sophie

Sophie, an illegal gold mining site in French Guiana just across the border river, was the site of
infection resulting in the highest number of imported cases diagnosed in Suriname. Sophie is
almost exclusively populated by a mobile migrant miner population. The isolates (n = 12)
included from this region represented circulating strains in an area of active malaria
transmission.

Selection of samples was restricted to samples diagnosed in Suriname and available in the
National Malaria Gene Bank (NMGB). Whenever multiple samples were available within the
same timeframe, preferential selection of samples from younger persons occurred, since youn-
ger persons may be more representative of a more recent genetic signature and have a lower
risk of a previous malaria infection.

Sampling & data collection

Forty-nine (n = 49) samples have been collected from participants with a single microscopy-
confirmed P. vivax infection with Pelele Tepoe, Palumeu, Sophie or Apetina as presumed loca-
tion of infection. No sex or age restrictions were applied.

All study samples were retrieved from the NMGB, a national repository with all micros-
copy-confirmed malaria positive cases stored as finger-prick dried blood spots (DBS) onto fil-
ter paper (3MM, Whatman Inc.)

Patient’s demographics and malaria history data was provided by the National Malaria
Program.

Size and sequence polymorphism analysis in Pvinsp-1 F2 and Pvmsp-3a
genes
Saponin/Chelex extracted DNA [16] from DBSs was amplified using master-nested PCR’s, tar-

geting the Pymsp-1 F2 and Pvmsp-3c genes by previously described methods [13,14]. Size poly-
morphisms were detected by horizontal agarose electrophoresis in 1% agarose gels stained
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with ethidium bromide under UV illumination. Sequence polymorphisms were determined
by RFLP using single enzyme digestions with each one of the following enzymes: Alul, Mnll
(Thermo Fisher, Waltham, MA) for Pvmsp-1 F2 and Alul, Hhal (Thermo Fisher, Waltham,
MA) for Pvmsp-3c. The resulting digested fragments were separated in 5% polyacrylamide
gels by electrophoresis.

The RFLP patterns were translated into a six-digit code to facilitate the comparative analysis
of isolates. The first three characters reflected the pattern for the Pvmsp-1 F2 gene (size poly-
morphism, Alul and Mnll pattern), while the remaining three characters denoted the Pvmsp-
3a gene profile (size polymorphism, Alul and Hhal pattern). Infections displaying deviations
in one or more of the four restriction patterns [different codes] were considered heterologous
infections, while identical restriction profiles [identical code] were designated as homologous
infections. Heterologous infections are represented in Fig 2, with a different color or different
pattern, while homologous infections are presented with the same color.

Statistical analysis

Fisher’s Exact Test (R version 4.2.2) was applied to compare genetic differences for each gene
(Pvmsp-1 F2 and Pvmsp-3cr) among the sample sets from the different villages.
Lilliefors-corrected Kolmogorov-Smirnov test (R version 4.2.2) was used to test for uniform
distribution of gene profiles.
The statistical significance level was set at p<0.05.

Results
Demographic data

The median age of the study participants (n = 49) was 21 years with a range from 1-80 years.
The male to female ratio in the study sample was 1.13:1.

Diversity of the Pvmsp-1 F2 and Pvmsp-3a gene

All DBS from field isolates could be successfully extracted and amplified for the Pvmsp-1 F2
and Pvmsp-3a. gene. Pvmsp-1 F2 genotyping based on size polymorphisms rendered the two
types A (1150 base pairs [bp]) and B (ca 1087 bp), corresponding to size variants described ear-
lier [13]. Further classification of the Pvmsp-1 F2 gene based on sequence polymorphisms
yielded 7 and 8 different restriction profiles for each of the restriction enzymes Alul and Mnll
respectively. The combination of size variants with both restriction patterns of Pvmsp-1 F2
polymorphisms yielded 10 allelic types.

The PCR amplicons of the Pvmsp-3a gene revealed two discrete size variants Type A (1.9
kilobases [kb]) and Type B (1.5 kb), corresponding with the allele sizes, occurring worldwide.
The most common allelic variant was type A, consistent with the global occurrence [17]. On
the other hand, size variants type C (1.2 kb) and type D (0.3-0.5 kb) were not observed in this
study cohort.

Pymsp-3a sequence polymorphisms rendered 7 allelic types for Alul and 7 allelic types for
Hhal. The combination of both restriction patterns yielded 7 haplotypes and inclusion of size
variants did not augment the results.

Genotyping based on size and sequence polymorphisms of both genes allowed us to distin-
guish 12 haplotypes among the 49 isolates.
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Determination of RFLP-genetic signatures in Palumeu, Apetina, Pelele
Tepoe and Sophie

The results of the PCR-RFLP profile determination are visualized in Fig 2 as distribution of
clonal lineages in time for each of the four investigated areas.

Parasite isolates are depicted as circles or squares divided in two colored halves, represent-
ing the Pvimsp-1 F2 profile on the left side and the Pvmsp-3¢ profile on the right side. The total
number of cases diagnosed per region in the presented period is shown as national trend lines
for Palumeu, Apetina and Pelele Tepoe (data Ministry of Health Malaria Program Suriname
[NMP]). No trend line was added for Sophie (French Guiana), since this study did not include
malaria cases, diagnosed in French Guiana.

The outbreak and post-outbreak samples from Palumeu matched the variant Aal-Aal,
which was earlier observed as single clonal lineage during the outbreak and designated as the
“Palumeu haplotype” [12]. In addition, all six isolates collected from Apetina matched this
“Palumeu haplotype”.

Moreover, even the majority (87%) of the investigated samples from the Pelele Tepoe out-
break were regarded as homologous infections also harboring this “Palumeu haplotype”.

In order to gain some insight in the evolution of genetic signatures with multiplication in
the liver, paired isolates from two patients with recurring infections in Pelele Tepoe within the
study period were included. As both patients were either pregnant or breastfeeding, relapses
were suspected due to the non- use of Primaquine. The paired samples indeed harbored the
“Palumeu haplotype” (Fig 2, patient A and B), despite a time interval of even 16 months
between the first and third episode of patient A. (Fig 2).

Number of Cases

Month-Year

Fig 2. RFLP Profile Distribution for Pvmsp-1 F2 and Pvmsp-3a per area. Trend lines for Palumeu, Apetina and Pelele Tepoe represent the total
number of cases per region, diagnosed in Suriname in the period January 2019 to October 2021. The gray bar on the X-axis corresponds with the study
period. Parasite isolates investigated within the study period are depicted as circles divided in two halves. Circle size in Sophie was increased just to
achieve a better visual representation. Data from earlier molecular characterizations on parasite isolates outside the study period are symbolized by
divided squares. Different allelic profiles for each of the genes Pvmsp-1 F2 and Pvmsp-3a are linked to a different color or different pattern. Identical
RFLP-profiles within a gene are presented with the same color. The color or pattern on the left side of each circle represents the corresponding Pvmsp-1
F2 RFLP profile, while the color on the right side represents the corresponding Pvmsp-3a gene profile. Letters A and B mark two pregnant/
breastfeeding participants from Pelele Tepoe with recurring malaria. Letters C and D denote two participants from Sophie, who experienced previous
malaria episodes. Letters x, y and z denote participants from Pelele Tepoe with diverging allelic variants. An additional sample from Taluen, French
Guiana collected in June 2021 is depicted as a triangle in the Sophie panel.

https://doi.org/10.1371/journal.pntd.0011747.g002
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Interestingly, the only three samples in Pelele Tepoe with diverging variants were collected
from patients with a cross border (Brazil) travel history (Fig 2, patients x, y and z).

A homologous infection other than the “Palumeu haplotype” was demonstrated in a
mother-child pair (Fig 2, patients x, y) and the third isolate harbored yet another variant. The
deviating RFLP profiles did not match any other sample within this survey. To gain more
insight in the origin of these RFLP-profiles, other cases diagnosed in Suriname in the period of
the deviating RFLP patterns were compared and a supplemental sample, presumably originat-
ing from Taluen, French Guiana was also tested. Neither the two post-outbreak cases from
Palumeu, nor the isolate from Sophie, nor the additional sample from Taluen (Fig 2, presented
as triangle) matched the deviating RFLP patterns.

The PCR-RFLP analysis of the isolates from Sophie (n = 12) did not reveal the “Palumeu
haplotype” and no less than 9 variants could be demonstrated (Fig 2).

The utilized PCR-RFLP displayed adequate discriminating capacity as the strains from
Sophie were significantly different from the strains collected in Palumeu, Apetina and Pelele
Tepoe (p<0.001), even if only the Pvmsp-1 F2 gene (p<0.001) or just the Pvmsp-3c gene
(p<0.001) would be considered.

It should be noted that Pvmsp-1 F2 showed a higher degree of diversity than Pvmsp-3a.

Interestingly, samples from Sophie exhibited a non-uniform distribution for the Pvmsp-1
F2 gene (p<0.001), with a high prevalence for one specific RFELP-profile and also for the
Pymsp-3a gene, two more common RFLP-profiles could be observed in the non-uniform dis-
tribution, although borderline significant (p = 0.046).

Complementary RFLP analysis was performed on paired isolates from previous episodes
from two patients from Sophie (Fig 2, patient C and D), presumably also contracted in Sophie.
The time interval between subsequent samples was 38 months for patient C and 33 months
between the first and third episode of patient D.

The previous samples displayed novel allelic variants and all five isolates had diverging
haplotypes.

Frequency distributions for individual restriction patterns were not calculated, due to inad-
equate numbers in each group.

Discussion

Within this study cohort neither Pvmsp-3a variant type C, nor the rare size variant type D
were detected, as could be expected with the low frequencies reported in South American iso-
lates [18].

The utilization of size and sequence polymorphisms of the Pvmsp-1 F2 gene for RFLP pro-
filing seemed to have a superior differentiating capacity than genotyping of Pvmsp-3a, con-
trary to studies from Thailand, Papua New Guinea and in Indian strains, where a similar
degree of diversity in Pvimsp-1 F2 and Pvmsp-3a genes was reported [19]. However, the high
frequency of occurrence of one single Pvmsp-3a variant in the samples originating from
Sophie, an area with active malaria transmission and the highest degree of genetic diversity,
could account for this finding.

The observed difference in genetic heterogeneity between the two investigated genes might
be explained by variation in selective pressure for each gene, thus impacting the genetic differ-
entiation in a different way than genetic drift alone [20].

However, population-specific polymorphisms linked to a geographic region of origin [4]
seems more plausible, since all isolates were derived from migrants of Brazilian origin involved
in illegal mining at Sophie and the fact that the strains not belonging to the clusters of identical
patterns as observed in both Pvmsp-1 F2 and Pvmsp-3a display diverging profiles.
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Unfortunately, the limited number of samples from Sophie and the unreliable travel histo-
ries from miners, who usually provide mostly incomplete or incorrect histories because of the
illegal nature of their activities, did not allow for further spatial clustering of allelic variants.

The increased mobility of illegal mobile miners and travel of villagers within Suriname and
among communities in neighboring Brazil, Guyana, and French Guiana with significantly
higher malaria transmission not only results in import cases, but also in introduced and locally
acquired cases, due to our high density of malaria mosquitoes.

The single clonal lineage earlier reported for the Palumeu outbreak was also revealed in the
post outbreak samples from Palumeu, suggesting either a relapse or a locally acquired second-
ary case, contracted through contact with person(s) from Pelele Tepoe.

The malaria cases observed in Apetina, the other indigenous village, also harbored the
“Palumeu haplotype” implicating unregistered migration of people during an active malaria
outbreak as cause for these individual cases.

The comparison of PCR/RFLP profiles of specimens throughout the lengthy outbreak in
Pelele Tepoe, depicted as trend line in Fig 2, revealed a predominance of the single clonal type
that matched a clonal lineage previously found in Palumeu.

These results corroborated the registered travel history, as no less than 60% of the first fif-
teen diagnosed cases, including the first diagnosed case in Pelele Tepoe had travelled to
Palumeu.

RFLP results in conjunction with the epidemiological data, especially travel history
obtained during testing or treating also pointed to undetected human movement during an
active malaria outbreak as trigger for this subsequent Pelele Tepoe outbreak with locally
acquired secondary cases, contracted via primary index case(s) imported via Palumeu.

It could be hypothesized that the prolongation of the outbreak with a second peak (Fig 2),
despite several stringent measures as directly-observed treatment (DOT'), organization of regu-
lar active case detection (ACD) and even two mass drug administration (MDA) events, reach-
ing almost 90% of the residing population, was fueled by relapses from patients, who did not
receive Primaquine because of a pregnancy, breastfeeding or glucose-6-phosphate dehydroge-
nase (G6PD) deficiency.

This hypothesis is substantiated by the homologous character of the RELP profiles of the
paired isolates from the breastfeeding/pregnant women with recurring infections, the absence
of indications for drug resistance and the finding that 54% of recurrent malaria episode(s) in
the Pelele Tepoe outbreak constituted of persons not receiving Primaquine.

However, it should be noted that even with correctly administered Primaquine treatment,
relapse rates can range from 2.8-19.0% [21,22].

After the occurrence of the second peak in Pelele Tepoe, national precautions such as strict
follow-up of pregnant women with biweekly microscopic monitoring till delivery and contin-
ued subsequent screening during breastfeeding were implemented in order to address reintro-
duction of malaria via possible relapses.

The introduction of the additional measures may have been instrumental in the success of
fully containing the further spread of the “divergent” allelic variants, presumably imported
from Brazil, as none of the other survey samples displayed the “divergent” haplotypes even
though one of the returning travelers did not receive Primaquine, due to a pregnancy. The effi-
cient suppression of the small-scale post-outbreak in Palumeu in May/June 2021, also involv-
ing two pregnant/breastfeeding women, provided further support for this notion.

The use of RFLP as molecular tool enabled reconstruction of the outbreak in Pelele Tepoe,
elucidated the correlation between parasite strains circulating in the three indigenous villages
and aided in the determination of the effectivity of measures implemented during the
outbreak.
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Our findings also implicated unregistered human movement and relapses as triggers for the
reintroduction and resurgence of P. vivax malaria in the indigenous villages, thus requiring
even more stringent malaria control and monitoring in all villages consisting of restricted
travel during outbreaks and strict visitor-screening (including returning villagers), a strong
awareness and monitoring system of symptoms in the community, especially for pregnant and
breastfeeding women and early molecular characterization to guide the roll-out of
interventions.

The unexpected phenomenon of a seemingly stable single-clone, throughout a period of
more than two years with circulation in three indigenous villages, infecting and multiplicating
in more than 250 persons, demonstrated significant inbreeding and infrequent or lack of
recombination between heterologous parasite genotypes.

Even multiple relapses in different individuals and drug pressure exerted by several MDA
events presumably did not add to the gene pool of the parasite, suggesting a limited P. vivax
hypnozoite reservoir in Suriname, in contrast to the observations of maintained high levels of
genetic diversity in other low-endemic areas as Sri Lanka [23].

The highly heterogeneous parasite population in the Sophie area in French Guiana (Fig 2)
was in striking contrast to the near single clonal parasite population observed in Palumeu,
Apetina and Pelele Tepoe, but consistent with the endemic malaria status in Sophie, main-
tained by the abundance of vectors and parasites and a dynamic mobile mining population.
This finding was accentuated by the different allelic variants demonstrated in subsequent epi-
sodes of two patients (C and D) in Sophie, pointing to a high turnover of parasite genotypes,
common in people living in high transmission areas, who can accumulate a pool of genetically
diverse P. vivax hypnozoites through repeated P. vivax inoculations.

The findings in the indigenous villages on one hand and Sophie on the other hand also cor-
roborated the common perception that declining transmission leads to a decreased genetic
diversity, most likely due to diminished recombination between genetically distinct clones.

A more detailed spatial clustering of allelic variants in Sophie was prohibited, due to the
limited number of samples from Sophie and the unreliable travel histories from miners.

Reduced genotyping accuracy as the common limitation of RFLP genotyping in areas of
high- transmission with a high parasite density and high multiplicity of infection [24] was not
an issue in this study, as the utilized PCR-RFLP was not only an effective tool in the outbreak
investigations, but sufficient discriminating capacity could be demonstrated with the differen-
tiation of several distinctive allelic variants from Sophie, even for the divergent strains in
patients with recurring malaria in Sophie.

Notwithstanding the use of only two loci in the investigation, the findings from this study
further substantiated the usefulness of PCR-RFLP as alternative for parasite genotyping analy-
ses in hypo-endemic settings.

Conclusions

The results from this study clearly demonstrated the differentiating capacity and therefore the
usefulness of the utilized PCR-RFLP method with the Pvmsp-1 F2 and Pvmsp-3c genes.

Therefore, we recommend the use of RFLP as molecular alternative for low endemic areas
with restricted resource settings, especially for outbreak investigations, for monitoring of the
spread or containment of circulating strains, for assessments of the degree of P. vivax genetic
diversity and for identification of imported cases or potential foci.

Our findings highlighted the impact of human movement and relapses on the reintroduc-
tion and resurgence of P. vivax malaria in hypo-endemic settings and we strongly advocate for
stringent and timely malaria prevention, control and monitoring measures during outbreaks,
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including early molecular characterization. Implementation of such measures will not only
limit or prevent the reintroduction of malaria in near elimination areas, but will also restrict
overall genetic diversity and impede the global spread of drug resistance.

Supporting information

S$1 Table. Participant Demographics and RFLP profiles.
(DOCX)

S2 Table. Primer sequences/PCR programs for PCR-RFLP genotyping P. vivax parasites.
(DOCX)

Acknowledgments

We express our gratitude to Maikel Fede and Gaitree Baldewsingh from the Medical Mission
and Loretta Hardjopawiro and other National Malaria Program personnel for support with
the sample and data collection. We acknowledge W. Schrooten for statistical support and J.
Faerber, R. Rakhan, Sh. Pancham, M. Oron, R. Sno and M. Griinberg for laboratory assistance.

Author Contributions

Conceptualization: Malti R. Adhin.

Data curation: Mergiory Y. Labadie-Bracho, Malti R. Adhin.

Formal analysis: Mergiory Y. Labadie-Bracho, Malti R. Adhin.
Investigation: Mergiory Y. Labadie-Bracho.

Project administration: Malti R. Adhin.

Supervision: Malti R. Adhin.

Writing - original draft: Mergiory Y. Labadie-Bracho, Malti R. Adhin.
Writing - review & editing: Mergiory Y. Labadie-Bracho, Malti R. Adhin.

References
1.  World malaria report 2021. Geneva: World Health Organization; 2021. Licence:CC BY-NC-SA 3.0 IGO.

2. Snounou G, Beck HP. The use of PCR genotyping in the assessment of recrudescence or reinfection
after antimalarial drug treatment. Parasitol Today. 1998; 14(11):462—7. https://doi.org/10.1016/s0169-
4758(98)01340-4 PMID: 17040849.

3. Fontecha G, Escobar D, Ortiz B, Pinto A. A PCR-RFLP Technique to Assess the Geographic Origin of
Plasmodium falciparum Strains in Central America. Trop Med Infect Dis. 2022; 7(8):149. https://doi.org/
10.3390/tropicalmed7080149 PMID: 35893657.

4. Arnott A, Barry AE, Reeder JC. Understanding the population genetics of Plasmodium vivax is essential
for malaria control and elimination. Malar J. 2012; 11:14. https://doi.org/10.1186/1475-2875-11-14
PMID: 22233585.

5. Saenz FE, Morton LC, Okoth SA, Valenzuela G, Vera-Arias CA, Vélez-Alvarez E et al. Clonal popula-
tion expansion in an outbreak of Plasmodium falciparum on the northwest coast of Ecuador. Malar J.
2015; 13 Suppl 1:497. https://doi.org/10.1186/s12936-015-1019-2 PMID: 26651993.

6. Obaldia N 3rd, Baro NK, Calzada JE, Santamaria AM, Daniels R, Wong W, et al. Clonal outbreak of
Plasmodium falciparum infection in eastern Panama. J Infect Dis. 2015; 211(7):1087-96. https://doi.
org/10.1093/infdis/jiu575 Epub 2014 Oct 21. PMID: 25336725.

7. Mardis ER. A decade’s perspective on DNA sequencing technology. Nature. 2011; 470(7333):198—
2083. https://doi.org/10.1038/nature09796 PMID: 21307932.

8. Nakagawa H, Fujita M. Whole genome sequencing analysis for cancer genomics and precision medi-
cine. Cancer Sci. 2018; 109(3):513-522. https://doi.org/10.1111/cas.13505 PMID: 29345757.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011747 November 8, 2023 12/13


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011747.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011747.s002
https://doi.org/10.1016/s0169-4758%2898%2901340-4
https://doi.org/10.1016/s0169-4758%2898%2901340-4
http://www.ncbi.nlm.nih.gov/pubmed/17040849
https://doi.org/10.3390/tropicalmed7080149
https://doi.org/10.3390/tropicalmed7080149
http://www.ncbi.nlm.nih.gov/pubmed/35893657
https://doi.org/10.1186/1475-2875-11-14
http://www.ncbi.nlm.nih.gov/pubmed/22233585
https://doi.org/10.1186/s12936-015-1019-2
http://www.ncbi.nlm.nih.gov/pubmed/26651993
https://doi.org/10.1093/infdis/jiu575
https://doi.org/10.1093/infdis/jiu575
http://www.ncbi.nlm.nih.gov/pubmed/25336725
https://doi.org/10.1038/nature09796
http://www.ncbi.nlm.nih.gov/pubmed/21307932
https://doi.org/10.1111/cas.13505
http://www.ncbi.nlm.nih.gov/pubmed/29345757
https://doi.org/10.1371/journal.pntd.0011747

PLOS NEGLECTED TROPICAL DISEASES Usefulness of PCR-RFLP as molecular tool in low malaria endemic areas

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Fola AA, Kattenberg E, Razook Z, Lautu-Gumal D, Lee S, Mehra S, et al. SNP barcodes provide higher
resolution than microsatellite markers to measure Plasmodium vivax population genetics. Malar J.
2020; 19(1):375. https://doi.org/10.1186/s12936-020-03440-0 PMID: 33081815.

Schwarze K, Buchanan J, Taylor JC, Wordsworth S. Are whole-exome and whole-genome sequencing
approaches cost-effective? A systematic review of the literature. Genet Med. 2018; 20(10):1122—-1130.
https://doi.org/10.1038/gim.2017.247 Epub 2018 Feb 15. PMID: 29446766.

Santamaria AM, Vasquez V, Rigg C, Samudio F, Moreno D, Romero L, et al. Plasmodium vivax Genetic
Diversity in Panama: Challenges for Malaria Elimination in Mesoamerica. Pathogens. 2021; 10(8):989.
https://doi.org/10.3390/pathogens10080989 PMID: 34451452,

Labadie-Bracho MY, Adhin MR. Reconstruction of Plasmodium vivax outbreaks in a low malaria
endemic setting utilizing conventional restriction fragment length polymorphism. Int J Mol Epidemiol
Genet. 2021 Feb 15; 12(1):9-15. PMID: 33859783.

Imwong M, Pukrittayakamee S, Griiner AC, Rénia L, Letourneur F, Looareesuwan S, et al. Practical
PCR genotyping protocols for Plasmodium vivax using Pvcs and Pvmsp1. Malar J. 2005; 4:20. https://
doi.org/10.1186/1475-2875-4-20 PMID: 15854233.

Bruce MC, Galinski MR, Barnwell JW, Snounou G, Day KP. Polymorphism at the merozoite surface
protein-3alpha locus of Plasmodium vivax: global and local diversity. Am J Trop Med Hyg. 1999; 61
(4):518-25. https://doi.org/10.4269/ajtmh.1999.61.518 PMID: 10548283.

Hiwat H, Martinez-Lopez B, Cairo H, Hardjopawiro L, Boerleider A, Duarte EC, et al. Malaria epidemiol-
ogy in Suriname from 2000 to 2016: trends, opportunities and challenges for elimination. Malar J. 2018;
17(1):418. https://doi.org/10.1186/512936-018-2570-4 PMID: 30419901.

Foley M, Ranford-Cartwright LC, Babiker HA. Rapid and simple method for isolating malaria DNA from
fingerprick samples of blood. Mol Biochem Parasitol. 1992; 53(1-2):241—4. https://doi.org/10.1016/
0166-6851(92)90026-g PMID: 1501643.

Verma A, Joshi H, Singh V, Anvikar A, Valecha N. Plasmodium vivax msp-3a polymorphisms: analysis
in the Indian subcontinent. Malar J. 2016; 15(1):492. https://doi.org/10.1186/s12936-016-1524-y PMID:
27663527.

Ribeiro RS, Ladeira L, Rezende AM, Fontes CJ, Carvalho LH, Brito CF. Analysis of the genetic variabil-
ity of PvMSP-3a among Plasmodium vivax in Brazilian field isolates. Mem Inst Oswaldo Cruz. 2011;
106 Suppl 1:27-33. https://doi.org/10.1590/s0074-02762011000900004 PMID: 21881754.

Kim JR, Imwong M, Nandy A, Chotivanich K, Nontprasert A, Tonomsing N, et al. Genetic diversity of
Plasmodium vivax in Kolkata, India. Malar J. 2006; 5:71. https://doi.org/10.1186/1475-2875-5-71 PMID:
16907979.

Gupta B, Reddy BP, Fan Q, Yan G, Sirichaisinthop J, Sattabongkot J, Escalante AA, Cui L. Molecular
Evolution of PvMSP3a Block Il in Plasmodium vivax from Diverse Geographic Origins. PLoS One.
2015; 10(8):e0135396. https://doi.org/10.1371/journal.pone.0135396 PMID: 26266539.

Takeuchi R, Lawpoolsri S, Imwong M, Kobayashi J, Kaewkungwal J, Pukrittayakamee S, et al. Directly-
observed therapy (DOT) for the radical 14-day primaquine treatment of Plasmodium vivax malaria on
the Thai-Myanmar border. Malar J. 2010; 9:308. https://doi.org/10.1186/1475-2875-9-308 PMID:
21040545.

Leslie T, Rab MA, Ahmadzai H, Durrani N, Fayaz M, Kolaczinski J, et al. Compliance with 14-day prima-
quine therapy for radical cure of vivax malaria—a randomized placebo-controlled trial comparing unsu-
pervised with supervised treatment. Trans R Soc Trop Med Hyg. 2004; 98(3):168—73. https://doi.org/
10.1016/s0035-9203(03)00041-5 PMID: 15024927.

Gunawardena S, Ferreira MU, Kapilananda GM, Wirth DF, Karunaweera ND. The Sri Lankan paradox:
high genetic diversity in Plasmodium vivax populations despite decreasing levels of malaria transmis-
sion. Parasitology. 2014; 141(7):880-90. https://doi.org/10.1017/S0031182013002278 Epub 2014 Feb
14. PMID: 24533989.

Greenhouse B, Dokomajilar C, Hubbard A, Rosenthal PJ, Dorsey G. Impact of transmission intensity on
the accuracy of genotyping to distinguish recrudescence from new infection in antimalarial clinical trials.
Antimicrob Agents Chemother. 2007; 51(9):3096—103. https://doi.org/10.1128/AAC.00159-07 Epub
2007 Jun 25. PMID: 17591848.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011747 November 8, 2023 13/13


https://doi.org/10.1186/s12936-020-03440-0
http://www.ncbi.nlm.nih.gov/pubmed/33081815
https://doi.org/10.1038/gim.2017.247
http://www.ncbi.nlm.nih.gov/pubmed/29446766
https://doi.org/10.3390/pathogens10080989
http://www.ncbi.nlm.nih.gov/pubmed/34451452
http://www.ncbi.nlm.nih.gov/pubmed/33859783
https://doi.org/10.1186/1475-2875-4-20
https://doi.org/10.1186/1475-2875-4-20
http://www.ncbi.nlm.nih.gov/pubmed/15854233
https://doi.org/10.4269/ajtmh.1999.61.518
http://www.ncbi.nlm.nih.gov/pubmed/10548283
https://doi.org/10.1186/s12936-018-2570-4
http://www.ncbi.nlm.nih.gov/pubmed/30419901
https://doi.org/10.1016/0166-6851%2892%2990026-g
https://doi.org/10.1016/0166-6851%2892%2990026-g
http://www.ncbi.nlm.nih.gov/pubmed/1501643
https://doi.org/10.1186/s12936-016-1524-y
http://www.ncbi.nlm.nih.gov/pubmed/27663527
https://doi.org/10.1590/s0074-02762011000900004
http://www.ncbi.nlm.nih.gov/pubmed/21881754
https://doi.org/10.1186/1475-2875-5-71
http://www.ncbi.nlm.nih.gov/pubmed/16907979
https://doi.org/10.1371/journal.pone.0135396
http://www.ncbi.nlm.nih.gov/pubmed/26266539
https://doi.org/10.1186/1475-2875-9-308
http://www.ncbi.nlm.nih.gov/pubmed/21040545
https://doi.org/10.1016/s0035-9203%2803%2900041-5
https://doi.org/10.1016/s0035-9203%2803%2900041-5
http://www.ncbi.nlm.nih.gov/pubmed/15024927
https://doi.org/10.1017/S0031182013002278
http://www.ncbi.nlm.nih.gov/pubmed/24533989
https://doi.org/10.1128/AAC.00159-07
http://www.ncbi.nlm.nih.gov/pubmed/17591848
https://doi.org/10.1371/journal.pntd.0011747

