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A key challenge in the global effort to combat malaria is the emergence of drug
resistance. Malaria-free countries must also address issues such as limited access
to antimalarial drugs and treatment failures caused by drug resistance. Chile, as a
malaria-free country, faces the risk of malaria being reintroduced due to the
presence of the malaria vector in its continental territory. This study aims to
analyze the genetic profile associated with antimalarial drug resistance in the
pfcytb, pfdhfr, and pvmrpl genes. A total of ninety blood samples from 55
individuals who had been diagnosed with malaria in Chile between 2019 and
2021 were subjected to mutational analysis. The parasites target genes were
amplified by polymerase chain reaction (PCR) out of total DNA extracted from
patient blood samples and the amplicons submitted to DNA sequencing. All the
genes analyzed had at least one mutation. In the pfdhfr gene, three mutations
were observed (SI08N/N51I/C59R). In the pfcytb gene, the Y268C mutation,
found in post-treatment samples, was associated with treatment failure. In the
pvmrpl gene, five distinct mutations were identified. Of these, the Y1393D (100%)
and V1478l (95.2%) were the most common. Our findings indicate that both P.
falciparum and P. vivax samples from travelers and migrants in Chile carry
mutations in genes linked to malaria resistance. The circulation of parasites
with potential drug resistance in non-endemic countries further complicates the
challenge of ensuring adequate treatment. It is crucial to continue genetic
surveillance and expand the search for new resistance markers for
Plasmodium species.
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1 Introduction

Malaria continues to pose a significant challenge to global public
health. It is estimated that there were 249 million malaria cases in
2022, resulting in 600,000 deaths in 85 countries (World Health
Organization, 2023a). Increased international migration has led to
the spread of cases to malaria-free countries, complicating the
situation in areas where Anopheles vectors are still present (Tatem
et al., 2017).

Of the five main Plasmodium species affecting humans,
Plasmodium falciparum and Plasmodium vivax exhibit the highest
rates of infection and morbidity. P. falciparum is the predominant
species in sub-Saharan Africa and is responsible for the majority of
malaria-related deaths. In contrast, P. vivax is the predominant
species in Asia-Pacific and the Americas, and its impact on public
health is increasingly recognized (Price et al., 2009; Phyo et al., 2022).

The World Health Organization (WHO) has certified Chile as
malaria-free country since 1968, within the category of “Countries
where malaria never existed or disappeared without specific
measures” (World Health Organization, 2024). However, there
are imported cases of malaria - caused by different species of
Plasmodium - each year among travelers and migrants from
different endemic countries around the world, with P. vivax and
P. falciparum as predominant species (Escobar et al., 2020). Timely
and appropriate diagnosis and treatment of cases are essential to
prevent disease transmission from being reestablished due to the
presence of the Anopheles pseudopunctipennis vector in northern
Chile (Escobar et al., 2020; Valderrama et al., 2021).

Nowadays, a key challenge in controlling and eliminating
malaria is the emergence and spread of drug-resistant strains
(World Health Organization, 2021). P. falciparum has been
observed to have developed resistance to most of the available
antimalarial drugs, including quinoline drugs, antifolates, and even
artemisinin derivatives (Balikagala et al., 2021; Ippolito et al., 2021).
P. vivax has also shown increased tolerance to drugs, such as
chloroquine and primaquine (Vinetz, 2006; Krudsood et al.,
2008). Research on resistance in P. vivax has evolved gradually,
and molecular markers have mainly been sought in homologous
genes previously described in P. falciparum (Buyon et al., 2021). In
the meantime, resistance to several antimalarial drugs has led to
changes in the WHO’s treatment guidelines and recommendations
(World Health Organization, 2000; World Health
Organization, 2023b).

Access to antimalarial drugs is limited in Chile and the
acquisition is conducted at the central level within the country.
Local technical guidelines recommend atovaquone/proguanil (AP)
as the first-line treatment for uncomplicated P. falciparum cases
and chloroquine/primaquine (CP) is recommended for P. vivax
infections to prevent relapses due to dormant stages (hypnozoites)
in the liver (MINSAL, 2015). Gaining insight into the epidemiology
of malaria in Chile and the patterns of different genetic markers of
resistance to antimalarials would enable more efficient management
of drug selection and distribution in the country. Furthermore, it
would enable the evaluation and updating of current treatment
regimens with the aim of ensuring timely and appropriate treatment
for all cases.
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Atovaquone inhibits the cytochrome bcl complex (cytbcl), an
integral membrane protein that catalyzes transmembrane electron
transfer (ET) pathway and maintains mitochondrial membrane
potential (Korsinczky et al., 2000). Point mutations in the
mitochondrial cytochrome b gene of P. falciparum (pfcytb) have
been identified as being associated with resistance to this drug
(Sutherland et al., 2008). In addition, cycloguanil, the active
metabolite of proguanil, is a pfdhfr inhibitor (Fidock et al., 1998),
altering pyrimidine biosynthesis, thereby affecting nucleic acid
replication in the parasite. The accumulation of mutations in the
pfdhfr gene has been associated with resistance to drugs such as
proguanil and pyrimethamine (Peterson et al., 1988, 1990). On the
other hand, P. vivax confirmed molecular markers for resistance
have yet to be identified due to factors such as the difficulty in
distinguishing between recrudescence and relapse, or the difficulty
in confirming resistance phenotypes ex vivo because in vitro culture
of P. vivax is challenging (Buyon et al., 2021). Studying the P. vivax
multidrug resistance protein 1 (pvmrpl) gene has drawn interest
because it encodes a transmembrane protein member of the ATP-
binding cassette (ABC) transporters. Its ortholog in P. falciparum is
associated with resistance to multiple drugs such as mefloquine,
chloroquine, quinine, artemisinin, piperaquine, and primaquine
(Raj et al., 2009; Buyon et al., 2021; Yin et al., 2022). Genetic
studies on pvmrpl demonstrate that it displays high haplotype
diversity, a high proportion of non-synonymous SNPs, low
nucleotide diversity, and is under purifying selection, making it a
putative marker of drug resistance in P. vivax (Dharia et al., 2010;
Buyon et al.,, 2021; Yin et al., 2022).

The National Parasitology Reference Laboratory of the Instituto
de Salud Publica (ISP) has been conducting molecular analyses on
P. falciparum to identify drug resistance markers in imported
malaria cases. Mutant genotypes have been identified in the P.
falciparum chloroquine resistance transporter (pfcrt) gene and P.
falciparum multidrug resistance associated protein 1 (pfindrl) gene
(Escobar et al., 2020). Molecular markers associated with drug
resistance need to be monitored as they provide early warning of
resistance emergence; it is therefore necessary to extend the analysis
to new markers associated with the main antimalarial drugs,
targeting the two most commonly diagnosed species in Chile, P.
vivax and P. falciparum.

This study proposes analyzing the genetic profile associated
with antimalarial drug resistance in the genes pfcytb, pfdhfr and
pvmrpl in samples from malaria-confirmed travelers and migrants
in Chile between 2019 and 2022.

2 Materials and methods

The study population comprised all blood samples (N = 90),
both pre- and post-treatment, from 55 malaria cases who had been
diagnosed at the National Reference Laboratory for Parasitology of
the ISP. The samples were submitted according to the mandatory
surveillance process outlined in Supreme Decree 7/2019. Malaria
status was assessed by the confirmatory protocol, which has the
ability to detect the 5 main species of Plasmodium (P. falciparum, P.
vivax, P. malariae, P. ovale and P. knowlesi) and comprises the
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following steps: 1) Microscopic examination (observation of thin
and thick smears); 2) rapid diagnostic tests (RDTs) that detect the
parasites proteins, and 3) detection of the parasites genetic material
by real-time polymerase chain reaction (QPCR) (Rougemont et al,
2004). The cases were confirmed as positive according to the
outcome of the ISP algorithm (Supplementary File S1).

Epidemiological data for confirmed cases were collected from
the sample submission form filled out by the referring medical
institutions. Of the cases analyzed, 82% were male (N = 45) and 18%
were female (N = 10). Regarding the Plasmodium species identified,
78% were caused by P. vivax (N = 43), while 22% were caused by P.
falciparum (N = 12). No mixed infections were observed. The
median age of the cases was 29 years, with the youngest case
being two years old and the oldest case being 61 years old. Most
cases (78%, N = 43) involved foreign nationals, while only 22% (N =
12) were Chileans who had visited malaria-endemic countries
(Supplementary File S2).

Molecular analyses were conducted on total DNA extracted from
blood samples using the QIAamp® DNA Mini Kit (Qiagen)
according to the manufacturer’s instructions. The purified DNA
was either used immediately or stored at -20 °C until needed. The
confirmation of Plasmodium infection and species identification were
determined by multiplex qPCR as previously described (Rougemont
et al., 2004), employing the StepOnePlusTM Real-Time PCR System
(Applied Biosystems). The pfcytb, pfdhfr, and pvmrpl genes
were amplified by nested PCR, employing the primers described in
Table 1 and conditions detailed in Supplementary File S5. The
amplicons were purified from agarose gels using QIAquick Gel
Extraction Kit (Qiagen, Cat#28706). Bi-directional Sanger
sequencing of amplicons was performed using BigDye terminator
v3.1 (Applied Biosystem, Cat# 4337455), and the following cycling
profile: 96 °C for 1 minute, 30 cycles at 96 °C for 10 seconds, 52 °C
(pfdhfr), 56 °C (pfcytb) or 58 °C (pvmrpl) for 5 seconds and 60 °C for
2 minutes using the primers listed in Table 1. The sequencing
fragments were purified by precipitation using 3 M sodium acetate
(pH 5.5, Invitrogen, Cat#AM9740) and absolute ethanol (Merck,
Cat#1.00983.2500). Purified fragments were resuspended in Hi-Di
formamide (Applied Biosystems, Cat#4311320) and submitted to
capillary electrophoresis on the ABI 3500 (Applied Biosystems)
equipped with 3500 series Data Collection software (Version 3).
Sequencing data normalization was carried out using Sequencing
Analysis Software (Version 6). Assembled sequences were trimmed
and aligned with reference sequences for mutation identification.
Sequence alignments were performed using Sequencher software
(version 5.4.6) and the reference sequences: AY282930.1 and
XM_001351443.1 from P. falciparum; and XM_001612630.1 from
P. vivax for detection of mutations in the pfcytb, pfdhfr, and pvmrpl
genes, respectively.

3 Results

Regarding the country of malaria acquisition, a total of 14
countries were identified as epidemiologically linked to the
observed cases. Of these, six countries were located in the
Americas, which accounted for 82% of cases (N = 45) and 93%
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(N = 42) of which were attributable to P. vivax. The remaining eight
countries were located in Africa, accounting for 18% of cases (N =
10), of which 90% (N = 9) were attributable to P. falciparum. The
country with the highest number of cases was Venezuela (N = 28,
50.9%), followed by Colombia (N = 6, 10.9%), Peru (N = 4, 7.3%),
Brazil (N = 3, 5.5%), and then Bolivia, Nigeria, and Togo (N = 2,
3.6% each). In addition, Panama, Cameroon, Congo, Ethiopia,
Guinea, Ivory Coast, and Uganda, all with one case each (1.8%).
Furthermore, there was one case involved travel to both Brazil and
Bolivia (1.8%). Of the Latin American countries, Colombia was the
only one where travelers contracted P. falciparum (N = 3) infection.
Conversely Ethiopia was the only African country where a traveler
contracted P. vivax infection (N = 1). Regarding the locations of the
cases in Chile, malaria was confirmed in 11 (69%) of the 16 regions
that comprise the administrative division. The Metropolitana
region accounted for 56% (N = 31) of the cases, followed by
Valparaiso with 12.7% (N = 7), Tarapaca with 7.3% (N = 4), and
La Araucania with 5.5% (N = 3). Two cases were reported in each of
the Antofagasta, Coquimbo, and Arica y Parinacota regions (3.6%),
while one case was reported in each of the Los Lagos, Maule, Nuble,
and O’Higgins regions (1.8%) (Figure 1).

Among the 90 malaria-confirmed samples received by the ISP
between 2019 and 2022, 87 (96.7%), corresponding to 53 patients,
met the inclusion criteria and were successfully genotyped for the
Plasmodium pfcytb, pfdhfr, and pvmrpl genes. Two samples were
excluded from the genetic study due to the unavailability of backup
specimens. Both samples were unique cases of two male travelers;
one positive for P. falciparum who visited Ivory Coast and later
died, and the other with confirmed P. vivax infection acquired
during a trip to Colombia. The third omitted sample was a P.
falciparum microscopy-negative post-treatment sample from a
male patient that failed to yield amplifiable DNA from the parasite.

Of the 87 sequenced samples, 48 (55.2%) were P. vivax,
representing 42 cases, while 39 samples (44.8%) were P. falciparum.
One sample positive for P. falciparum failed to yield the expected
PCR product for the pfdhfr gene (Supplementary File S3). The total
samples sequenced from P. falciparum-positive specimens were 38
(44.2% out of 87) for pfdhfr gene and 39 (44.8% out of 87) for the
pfeytb gene, corresponding to 11 cases. All genes sequenced, both in
P. falciparum and P. vivax, exhibited evidence of at least one sample
with non-synonymous mutation. The pfdhfr gene showed mutations
in all 38 samples (11 cases) of P. falciparum. In contrast, only 7.7%
(3 out of 39) of the samples exhibited mutations in the pfcytb gene, all
of which corresponded to a single patient. Regarding P. vivax, the
pfmvrpl gene was found to be mutated in 100% of the 48 samples
(42 cases) (Table 2). Noteworthy, no silent mutations were identified
in all the sequences analyzed.

The mutations in the pfdhfr gene identified in the 11 cases of P.
falciparum studied were present in patients who had visited or
originated from seven different countries: Colombia (27.2%, N = 3),
Nigeria (18.2%, N = 2), Togo (18.2%, N = 2), Congo (9.1%, N = 1),
Cameroon (9.1%, N = 1), Uganda (9.1%, N = 1) and Guinea (9.1%,
N = 1) (Figure 1. Note the excluded case involved a visit to
Ivory Coast).

The imported malaria cases showed three distinct non-
synonymous substitutions in the pfdhfr gene i.e., SI08N, N51I,
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TABLE 1 Primers used for PCR amplification and DNA sequencing of P. falciparum and P. vivax genes.

Gene Location Primer Sequence (5’ — 3) Size (bp)
PfCytoB1_F* 5-CTATTAATTTAGTTAAAGCACAC-3’
937
pfeyth mt PfCytoB2_R* 5-ACAGAATAATCTCTAGCACCA-3’
PfCytoB3_F 5-CATGGTAGCACAAATCCTTTAGGG-3’ 371
PfDHFR_F3 5-TCCTTTTTATGATGGAACAAG-3’ 653
pfdhfr Chr 4 PfDHFR_M5 " 5-AGTATATACATCGCTAACAGA -3’
645
PfDHFR_AL3504 © 5-ATGATGGAACAAGTCTGCGAC-3’
PYMRP1 F1* 5-AAATTTTCCAGAGGGTGTAAAGAG-3’
1,257
PvMRP1 R1* 5-GTTATTCAAATTCGAGTCCACACT-3’
PYMRP1 F2* 5-AGAGGGTGTAAAGAGGCTCAA-3’
pvmrpl Chr 2 1,163
PYMRP1 R2* 5-AAAAGACGAACTATAGACAAGTAC-3’
PYMRP1 SeqF** 5-CITCTGTGTGATTATACCTATGTG-3
PvMRP1 SeqR** 5-TTCCACTAACAGTAGGAATGA-3

Pfcytb, cytochrome b gene of P. falciparum; pfdhfr, dihydrofolate reductase gene of P falciparum; pvmrpl, multidrug resistance protein 1 gene of Plasmodium vivax; mt, mitochondrial; Chr,

Chromosome; bp, base pairs.

“Primers taken from Talundzic et al., 2016.
bPrimers taken from Alam et al., 2011.
“Primer taken from Kamugisha et al., 2012.
* Primers designed in this study.
**Sequencing primers designed in this study.

and/or C59R. The triple mutation SI08N+N51I1+C59R were detected
in 63.6% (7 out of 11) of the cases, the double mutation SIO8N+N511
were detected in 27.3% (3 out of 11) of the cases and the unique
mutation S1I08N was identified in 9.1% (1 out of 11) of the cases
(Table 2). The S108N substitution was the most common mutation
found in all P. falciparum cases (N = 11) and samples (N = 38) tested.
This was followed by N511, which was observed in 90.9% of cases (10
out of 11) and 97.4% of samples (37 out of 38). Finally, the C59R
substitution was identified in 66.3% of cases (7 out of 11) and 81.6%
of samples (31 out of 38) (Table 2; Supplementary File S3).
The mutations were found in both pre- and post-treatment
follow-up samples.

Analysis of the pfcytb gene revealed that 90.9% (10 out of 11) of
infected cases exhibited the wild-type genotype, with the sole
exception of a case involving a patient who had visited Nigeria,
which displayed a mutation (Y268C) associated with resistance
(Table 2). This de novo mutation was detected during the first post-
treatment follow-up. Additionally, this case also showed parasites
with the triple mutation N51I1+C59R+S108N in the pfdhfr gene.

The mutations in the pymrpl gene identified in the 42 cases of
P. vivax studied were present in patients who had visited or
originated from seven different countries: Venezuela (66.7%,
N = 28), Peru (9.5%, N = 4), Brazil (7.1%, N = 3), Colombia
(4.8%, N = 2), Bolivia (4,8%, N = 2), Panama (2.4%, N = 1), Ethiopia
(2.4%, N = 1), and one case that visited both Brazil and Bolivia
(2.4%) (Figure 1. Consider exclusion of one case from Colombia).

A total of five different non-synonymous substitutions
(Y1393D/V14781/G1419A/L12821/H15861) were identified in the
pvmrpl gene. These mutations comprise single Y1393D (4.8%, 2 out
0f 42), double Y1393D+V1478I (52.4%, 22 out of 42), triple Y1393D
+V14781+G1419A (40.5%, 17 out of 42) and quintuple Y1393D
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+V1478+G1419A+L12821+H15861 (2.3%, 1 out of 42) (Table 2).
The Y1393D mutation was the most common mutation observed in
all P. vivax samples tested, followed by V14781 at a frequency of
95.2% (40 out of 42), G1419A at 42.9% (18 out of 42), V15441 at
11.9% (5 out of 42), and finally L1282I and H1586I, both at 2.4% (1
out of 42 each). These mutations were detected in both pre- and
post-treatment samples. Refer to Supplementary File S4 for
information on the mutations detected in each sample.

4 Discussion

The emergence of antimalarial drug resistance is a significant
concern for both endemic countries and those that are currently
countries certified malaria-free. This study identified mutations in
both the pfdhfr and pfcytb genes associated with antimalarial drug
resistance in P. falciparum. Additionally, the pvmrpl gene, which
has been proposed as a putative marker of drug resistance in P.
vivax, was also found to have mutations. The samples were obtained
from travelers and migrants who were confirmed in Chile between
2019 and 2022.

Analysis of the Pfdhfr gene revealed the presence of mutations
(N511+C59R+S108N) associated with different levels of resistance
to drugs such as pyrimethamine (Pyr) and cycloguanil (Cyc), an
active metabolite of proguanil (Peterson et al., 1990; Sirawaraporn
et al., 1997)). The S108N mutation, observed in this study with a
high degree of fixation (100%), is associated with low levels of
resistance to Pyr and Cyc, and is considered insufficient to result in
treatment failure (Rallon et al., 1999). However, it seems necessary
for the occurrence of the following mutations (Foote et al., 1990;
Peterson et al., 1990; Kublin et al., 1998). The double mutant N511I
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+S108N, observed in 15.8% of the samples, is associated with
moderate levels of resistance of P. falciparum to Pyr and Cyc
(Sirawaraporn et al., 1997). Previous reports of this mutant have
been documented in parasites from Colombia and Nigeria, which is
consistent with the countries of origin/visited by the travelers whose
parasites showed these mutations in this study (Zhao et al,, 2021;
Guerra et al., 2022). The N51I+C59R+S108N genotype, which was
the main combination observed (81.6%), has been associated with a
high degree of resistance to Pyr and a moderate degree of resistance
to Cyc (Sirawaraporn et al., 1997). This triple mutant has been
observed mainly in Africa and Asia (Nair et al., 2003; Roper et al.,
2003; Sridaran et al., 2010; Yan et al., 2021). No cases of Asian origin
were confirmed in Chile during the time period analyzed and,
therefore, were not included in this study. The wild-type S108
genotype, which is considered sensitive to both Pyr and Cyc (Foote
etal,, 1990), was not observed in Pfdhfr, evidencing a high degree of
fixation with the S108N mutation. Resistance to Pyr is hypothesized
to develop in a stepwise manner, typically commencing with the
S108N mutant. Where the number of mutations is greater, the
likelihood of treatment failure rises (Bzik et al., 1987; Peterson et al.,
1988; Ferlan et al., 2001; Lozovsky et al., 2009). The quadruple
mutant N511+C59R+S108N+1164L, which is associated with high
resistance to Pyr and Cyc (Sirawaraporn et al, 1997), was not
identified in the samples studied. Furthermore, the S108T mutant
was not observed, which, along with A16V, is associated with
resistance to Cyc (Foote et al., 1990; Peterson et al., 1990).

In the study of the pfcytb gene, the wild genotype was
predominately observed, although the Y268C mutation was also
detected, which is associated with resistance to atovaquone (Ato).
The mutation was identified in a case of P. falciparum that had been
imported from Nigeria and, following treatment with AP, resulted in
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therapeutic failure. The Y268C mutation was observed exclusively in
post-treatment samples (see Supplementary File S3), suggesting that
it likely arose de novo during the primary infection due to selective
pressure induced by the AP drug used. Previously, cases of Ato
resistance associated with the Y268C mutation had been sporadically
described in various locations, including in Africa (Musset et al.,
2006; Sutherland et al., 2008; Perry et al., 2009; Massamba et al., 2020;
Chenet et al., 2021). Moreover, other mutations in codon 268 have
been linked to Ato resistance, including Y268N (Fivelman et al.,
2002), Y268S (Schwartz et al., 2003), Y268C (Musset et al., 2006) and
Y268M (Plucinski et al., 2014). Furthermore, treatment failure with
AP has also been observed in the absence of these mutations,
indicating that not all mechanisms are fully understood
(Wichmann et al, 2004). In Nigeria, the origin of the identified
mutants, both Y268N (Fivelman et al., 2002; Happi et al, 2006),
Y268S (Plucinski et al., 2014), Y268M (Plucinski et al., 2014) and
Y268C (Chenet et al, 2021) have been previously reported. In
addition to mutations in the pfcyth gene, the case exhibited the
triple mutant N51I, C59R, S108N in the pfdhfr gene, which is
associated with resistance to Cyc (Sirawaraporn et al., 1997).
A full case report of this AP resistance case has been published
(Chenet et al., 2021).

In the analysis of the Pvmrpl gene of P. vivax, the most
frequently observed mutations, Y1393D (100%) and V1478I
(95.8%), have been previously reported in Asia, Africa, South
America, and Oceania (Benavente et al., 2021; Yin et al., 2022). In
areas such as the China-Myanmar border, these mutations also
exhibit frequencies approaching fixation (Zeng et al., 2021). The
double mutant Y1393D+V 14781, which was the most observed
combination (50%), was identified less frequently than in Asia
(95.65%) (Zeng et al., 2021). The G1419A mutation, observed in
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TABLE 2 Amino acid substitutions in pfdhfr, pfcytb and pvmrp1 genes in samples, cases, country of origin/visit, and destination region.

o S Destination
AA substitutions  N° Samples (%) N°Cases (%) Country of origin/visit region
S108N 1 (2.6%) 1(9.1%) Colombia Coquimbo
S108N-
ofdhfr N511 * 6 (15.8%) 3 (27.3%) Colombia, Nigeria Metropolitana
S108N+ N511+ Nigeria, Congo, Cameroon, Togo, Metropolitana,
1 1' 0 K 0,
C59R 31 (81.6%) 7 (63.6%) Uganda, Guinea La Araucania
pfdhfr subtotal 38 11
pfeytb Y268C 3 (7.7%) 1(9.1%) Nigeria Metropolitana
pfeytb subtotal 39 11
Y1393D 2 (4.2%) 2 (4.8%) Venezuela Metropolitana
Antofagasta,
Arica'y
Parinacota,
Y1393D+ V1478I* 24 (50%) 22 (52.4%) Venezuela, Peru, Brazil, Bolivia Maule, Nuble,
Metropolitana,
ol Tarapaca,
vmr,
pvmrp Valparaiso
Arica'y
Parinacota,
Y1393D+ G1419A* 21 (43.7%) 17 (40.5%) Venezuela, Peru, Brazil, Panama, Coquimbo,
+ V14781* 7 7 Ethiopia, Colombia O’Higgins,
Metropolitana,
Valparaiso
L1282I+ Y1393D+
G1419A+ V14781 1(2.1%) 1(2.3%) Peru Metropolitana
+ H1586Y
pympl 48 ")
subtotal
Total 87 53

Pfcytb, cytochrome b gene of P. falciparum; pfdhfr, dihydrofolate reductase gene of P falciparum; pvmrpl, multidrug resistance protein 1 gene of Plasmodium vivax. *co-detection of wild-type

copies: Y1393D; V14781/V (one sample) and Y1393D; G1419A/G*; V14781 (two samples). Refer to results section for a detailed explanation on the subtotal and total.

smaller circulation than Y1393D and V1478], has been reported in
South Asia, Africa, and South America (Benavente et al., 2021; Zeng
etal., 2021). The triple mutant G1419A+Y1393D+V1478I, detected
in 40% of the samples, has been reported with a lower frequency
(2.17%) in the Asian population (Zeng et al., 2021). The L1282l and
H1586Y mutations have been reported with a low frequency. In the
present study, these mutations were observed exclusively in samples
from Peru. The H1586Y mutation has been identified in South
America, Asia, and Oceania. In contrast, no records of the L1282I
mutation have been observed outside the Americas (Benavente
et al.,, 2021; Yin et al., 2022).

Thus far, no mutation in Pvmrpl has been validated as genetic
marker for antimalarial drug resistance. Ex vivo studies of P. vivax
isolates have demonstrated a correlation between V1478 and
elevated chloroquine (CQ) IC50 values. However, further studies
are needed to validate this finding. Conversely, the G1419A and
V14781 mutations have been ex vivo linked to reduced susceptibility
to artesunate and dihydroartemisinin (Zeng et al.,, 2021).
Additionally, the G1419A mutation has been associated with
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reduced sensitivity to primaquine, mefloquine, and quinine (Zeng
et al., 2021). Further research into resistance genes in primaquine
would be beneficial in Pvmrpl and other putative genes, given the
drug’s extensive use in the treatment of P. vivax and the reports of
treatment failure (Thomas et al,, 2016). Additionally, it would be
valuable to assess the patterns that reflect the selective pressure
towards drug resistance and the heterogeneity of mutations in
different geographic clusters (Ali et al., 2024).

The presence of malaria cases carrying mutations related to
resistance in Chile implies a difficulty for ensure the diagnosis and
treatment of resistant cases in a country with a low incidence and
limited access to antimalarial drugs throughout the territory.
Furthermore, the circulation of mutations linked to resistance in
areas with the presence of the transmitting vector, such as the regions
of Arica y Parinacota and Tarapaca in Chile (Valderrama et al., 2021),
would pose significant challenges in managing the risk of malaria
reintroduction. This is due to the evidence of species of resistant
Plasmodium establishing themselves in new territories (Roper et al.,
2004). Moreover, these regions of the country also represent an
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important area of migratory flow and land connection with the rest of
the continent, thereby increasing the risk of autochthonous cases.

The geographical origin of malaria-positive travelers and the
low number of malaria cases in Chile, as it is a non-endemic
country, may have hindered the observation of other mutations of
interest in this study. However, continuous monitoring is essential
given Chile’s status as a prominent global tourist destination. It is
possible that additional Plasmodium species and novel mutations
related with resistance to other drugs could be observed. This work
strengthens the strategy for prevention of the reintroduction of
malaria in Chile. The strategy encompasses an integrated
surveillance system (human, environmental and vector-based),
ensuring diagnosis, mandatory reporting, effective treatment and
epidemiological investigation of each case. This approach allows for
the assessment of drug management in accordance with the local
resistance profile and expanding the profile of useful markers for
confirming of therapeutic failure due to genetic resistance.

Identifying malaria cases in Chile with the potential to harbor or
develop mutations associated with drug resistance should
encourage other non-endemic countries to collaborate in global
drug-resistance surveillance. This will facilitate the provision of data
on the epidemiology of malaria in endemic regions where
surveillance systems are weak (Tatem et al., 2017). It is therefore
crucial to expand the use and validation of new confirmed
antimalarial drug resistance markers. This will facilitate the
genetic confirmation of cases of treatment failure and make it
possible to monitor the circulation, introduction, and spread of
resistance in different territories.

5 Conclusions

The present study identified mutations in three genes linked/
associated to antimalarial resistance i.e., pfdhfr and pfcytb genes in
P. falciparum and pvmrpl gene in P. vivax (putative drug resistance
marker). Noteworthy, mutations were present in several samples
analyzed ranging from at least one for the pfcytb gene and 100% of
the samples for both, pfdhfr and pvmrpl genes. The emergence of
drug resistance represents a threat to the availability of effective
treatment options in regions where malaria is not endemic.
Furthermore, the vector’s presence in these regions could hinder
local efforts to address the emergence of new autochthonous cases.
Molecular markers are an invaluable resource for monitoring and
confirming resistance to the main antimalarial drugs in use. Further
research is needed to expand the investigation of potential
resistance markers in additional genes, particularly in P. vivax,
the species responsible for the highest number of cases in Chile and
a growing public health concern.
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