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1 RESUMEN

Introduccion: La resistencia antimalarica en P. falciparum es un problema de
salud publica para combatir la malaria en Ecuador. Caracterizar la epidemiologia
molecular de genes de resistencia a farmacos ayuda a entender el surgimiento
y dispersion de parasitos resistentes en un area en eliminacién de la malaria.
Este estudio determina el efecto de la presion selectiva de drogas y la migracion
humana en la resistencia antimalarica en P. falciparum en la costa norte de

Ecuador.

Métodos: Se analizaron 63 muestras de P. falciparum del noroeste de Ecuador
entre 2019 y 2021. Se identificaron mutaciones puntuales en Pfcrt, Pfdhps,
Pfdhfr, Pfmdr-1, Pfk13 and Pfaatl por secuenciacién Sanger y secuenciacion de
genoma completo para determinar genotipos de resistencia a farmacos.
Ademas, se realiz6 una comparacion de las frecuencias de los haplotipos entre
los periodos de 2013-2015 y 2019-2021. También, se calculo la diversidad
nucleotidica (1), diversidad haplotipica (H) y se realiz6 una prueba de neutralidad

(Tajima's D) en Pfcrt, Pfdhps, Pfdhfr y Pfmdr-1.

Resultados: Las frecuencias de los haplotipos mutantes CVMET en Pfcrt y
CICNI en Pfdhfr incrementaron de 2013-2015 a 2019-2021. NEDFSDFY en
Pfmdr-1 fue detectado por primera vez en Ecuador, mientras que, los haplotipos
salvajes SAKAA en Pfdhps y MYRIC en Pfk13 se mantuvieron dominantes. En
general, las muestras obtenidas de Colombia y San Lorenzo presentaron mayor
diversidad genética que Esmeraldas y Tobar Donoso. Ademas, la prueba de

Tajima's D mostrd seleccion positiva en Pfcrt, Pfdhfr y Pfmdr-1.



Conclusion: Este estudio muestra que la resistencia a cloroquina y pirimetamina
en P. falciparum ecuatorianos ha aumentado en los ultimos afos, pero se
mantiene la sensibilidad a sulfadoxina y artemisininas. Por lo tanto, el actual
tratamiento es todavia atil contra P. falciparum. Los resultados muestran que P.
falciparum ha pasado por un proceso de seleccion debido a la presion de
farmacos y la migracion frecuente de hospederos humanos entre Ecuador y

Colombia ha contribuido a la dispersion de parasitos resistentes.

Palabras claves: Plasmodium falciparum, resistencia, antimalaricos, presion

selectiva, migracion humana



2 ABSTRACT

Background: Antimalarial resistance in P. falciparum is a public health problem
in the fight against malaria in Ecuador. Characterizing the molecular
epidemiology of drug resistance genes helps to understand the emergence and
spread of resistant parasites in a malaria eliminating area. In this study, the effect
of selective drug pressure and human migration in antimalarial resistance in P.

falciparum is determined.

Methods: Sixty-three P. falciparum samples from northwestern Ecuador
between 2019 and 2021 were analyzed. Point mutations in Pfcrt, Pfdhps, Pfdhfr,
Pfmdr-1, Pfk13 and Pfaatl were identified by Sanger sequencing and whole-
genome sequencing to determine drug resistance genotypes. In addition, a
comparison of the frequencies of the haplotypes was made between the periods
of 2013-2015 and 2019-2021. Also, nucleotide diversity (), haplotype diversity
(H) and a neutrality test (Tajima's D) were calculated for Pfcrt, Pfdhps, Pfdhfr and

Pfmdr-1.

Results: The frequencies of the mutant haplotypes CVMET in Pfcrt, CICNI in
Pfdhfr increased from 2013-2015 to 2019-2021. NEDFSDFY in Pfmdr-1 was
detected for the first time in Ecuador, while the wild-type haplotypes SAKAA in
Pfdhps and MYRIC in Pfk13 remained dominant. In general, samples obtained
from Colombia and San Lorenzo presented more genetic diversity than
Esmeraldas and Tobar Donoso. Furthermore, Tajima’s D test showed positive

selection in Pfcrt, Pfdhfr and Pfmdr-1.



Conclusions: This study shows that resistance to chloroquine and
pyrimethamine in Ecuadorian P. falciparum has increased in recent years, but
sensitivity to sulfadoxine and artemisinins is maintained. Therefore, the current
treatment is still useful against P. falciparum. The results show that P. falciparum
has undergone a selection process due to drug pressure and the frequent
migration of human hosts between Ecuador and Colombia has contributed to the
spread of resistant parasites.

Keys words: Plasmodium falciparum, resistance, antimalarials, selective

pressure, human migration.
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3 BACKGROUND

Malaria is a vector-borne infectious disease that is endemic in tropical and
subtropical regions of the world (1). Plasmodium falciparum causes the most severe
malaria in humans and the highest morbidity and mortality worldwide (2). According
to the World Health Organization (WHO), in 2020, 241 million cases and 627 000
deaths by malaria occurred in the world (3), and 650 000 cases and an incidence of
4.6 cases per 1000 inhabitants occurred in the Americas (4). In this region, the

highest malaria incidence is attributed to P. vivax followed by P. falciparum (1,5).

Since the approval of artemisinin-based combination therapy (ACT) against P.
falciparum, several South American countries have implemented it in their treatment
schemes (6,7). Artemether (AR) and artesunate (AS) are the most common
artemisinins (ARTs) used in the ACT (6). Currently, seven of eleven countries in
this region, including Ecuador, use artemether-lumefantrine (AL) + primaquine (PQ)
as first-line treatment and quinine (QN) + clindamycin (CD) as second-line treatment

(6,8).

Antimalarial resistance in P. falciparum is a public health problem that complicates
malaria control in endemic regions (9,10). Resistance is an evolutionary response
to pressure exerted by drugs over parasites that allows them to survive and
reproduce (fitness) during exposure to antimalarials (7). This advantage is due to

mutations that modify protein function and reduce antimalarial efficacy (11,12).
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Chloroquine (CQ) resistance in P. falciparum originated in Southeast Asia in the late
1950s (13). Worldwide, P. falciparum exhibits CQ resistance mediated by mutations
in Pfcrt that change the configuration of the chloroquine resistance transporter
(PfCRT), located in the digestive vacuole (DV), allowing drug expulsion (14,15).
High concentrations of CQ in the DV prevent the release of toxic endogenous
products, which cause the death of the parasite (16). Mutations at codons 72-76 are
associated with CQ resistance (17,18). In the early 1960s, CQ resistance emerged
independently in South America (13), and CVMNT, CVMET and CVEIT haplotypes
have been found to predominate on the Pacific coast and SVMNT in the Amazon
region (19-21). Specifically, in Ecuador, CVMNT, CVMET and SVMNT have been
previously reported (19,22). In addition, other mutations such as H97Q, A220S,
Q271E, N326D, C350S, 1356T/L and R371I in Pfcrt contribute to different degrees
of CQ resistance (14,23,24). H97Q, A220S, N326D, S334N, 1356L and R371l/T
have been reported in South America (16,23,25,26). While in Ecuador, A220S,

N326D and I1356L were identified in Ecul110 (isolate from 1990) (15,19).

Resistance to combined drugs sulfadoxine-pyrimethamine (SP) in P. falciparum
originated in Southeast Asia in the 1960s (13). SP resistance is associated with
mutations in Pfdhps and Pfdhfr, which encode synergistic enzymes: dihydropteroate
synthetase and dihydrofolate reductase, respectively (27,28). Both enzymes
participate in the folate synthetic pathway and the presence of SP cause competitive
inhibition of the active site, causing parasite death (29,30). Mutations at codons 436,
437, 540, 581 and 613 in Pfdhps confer sulfadoxine resistance. In South America,
SAKAA (wild type), FAKAA, FGKAA, SGKAA, SAEAA, SGKGA and SGEGA have

been reported (20,31-34), while only SAKAA and SAEAA have been found in
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Ecuador (19). On the other hand, mutations at codons 50, 51, 59, 108 and 164 in
Pfdhfr confer pyrimethamine resistance (35). In South America, CNCSI (wild-type),
CNCNI, CICNI, CICNL, CNCTI and RICNI haplotypes have been reported
(20,32,33), while CNCSI, CNCNI and CICNI have been found in Ecuador (19).
Additionally, SP treatment failure has been registered in South America since the

1980s (20).

Mutations in Pfmdr-1 as well as its copy humber are associated with resistance to
several drugs such as CQ, QN, amodiaquine (AQ), mefloquine (MQ) and
lumefantrine (LF) (14,36). Mutations at codons 86, 130, 144, 184, 1034, 1042, 1226
and 1246 change the charge and structure of the multidrug resistance transporter
(PfMDRL1), located in the DV, causing drugs expulsion (37,38). N86Y, Y184F,
S1034C, N1042D and D1246Y mutations have been reported in South America

(24,36), while Y184F and N1042D have been found in Ecuador (19).

ART resistance in P. falciparum was first reported in Southeast Asia in 2006 (39).
Initially, ARTs are activated by heme and iron to then cause protein and proteasome
damage, leading to prolonged cellular stress and parasite death (40). Mutations at
codons 476, 493, 539, 543 and 580 in Pfk13 are associated with ART resistance
(36,40,41). In South America, C580Y has only been found in Guyana since 2010
(41,42), while Ecuador, Colombia, Peru, Venezuela, Brazil, Suriname and French

Guiana have not reported any mutation associated with ART resistance (19,42,43).
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In recent years, putative amino acid transporter 1 (Pfaatl) has been associated with
resistance to quinolines such as QN, AQ MQ and especially CQ (44-46). A study
suggests that PfAAT1 protein, located in the DV, transports amino acids out of the
DV while allowing entry of quinolines (46,47). However, the presence of mutations
such as T162E changes the charge of PfAAT1, blocking drug entry into the DV (46).
On the Pacific coast of Ecuador and Colombia, S258L mutation in Pfaatl has been

related to CQ resistance (48).

In South America, P. falciparum populations are mostly clonal as a result of
bottlenecks caused by efforts to eliminate malaria in the region (12,21,49). In
Esmeraldas, Ecuador, a malaria outbreak was caused by a clonal expansion in 2013
(21). In addition, malaria outbreaks are influenced by the spread of parasites through
human hosts between endemic regions (21,22,50). In malaria-endemic countries of
the Americas, 7775 imported cases were reported in 2016 and 8411 in 2017, while
in Ecuador, the latest records of imported infections reported 395 cases, 41.5% of

them were due to P. falciparum between 2015 and 2017 (6,51).

In 2012, Ecuador was considered one of 21 countries in the world with the potential
to eliminate malaria by 2020 due to a reduction in cases since 2002 of more than
99% (2). The decrease in malaria infections was largely due to the success of the
malaria elimination programs; however, infections have increased since 2015 (5).
This increase may be associated with factors such as the restructuring of the health
system, environmental changes and, indiscriminate drug use and the spread of

parasites (52,53). Genetic surveillance helps to understand if the emergence of new
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resistant genotypes in P. falciparum as a result of de-novo mutations or the spread

of parasites by human host migration.

This study focuses on the molecular epidemiology of drug resistance genes to
determine the effect of selective drug pressure and host human migration in
antimalarial resistance in P. falciparum. This work aims to characterize the current
epidemiological situation of resistance, contribute to the strengthening of health
programs and notify the efficiency of the treatment schemes against P. falciparum

in Northwest Ecuador.

4 MATERIALS AND METHODS

Ethics statement

The study was approved by the Research Ethics Committee on Human Beings of
Pontificia Universidad Catolica del Ecuador registered in the document CEISH-571-
2018 and by the Ministry of Public Health (MPH) of Ecuador registered in the

document MSP-DIS-2019-044-0.

Study area and parasite population

The study was carried out in Ecuador (South America), with samples collected in
Esmeraldas and Carchi provinces located in the Northwest on the border with
Colombia (Fig. 1). Sixty-three blood samples were collected on Whatman filter paper
from patients diagnosed with P. falciparum by microscopy or RDTs (Rapid

Diagnostic Tests). Samples were collected by personnel of the MPH between 2019
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and 2021 and delivered to CISeAL (Centro de Investigacién para la Salud en
América Latina) for molecular analysis. During this period, 587 infections by P.
falciparum were registered in Northwest Ecuador (5). Samples of local Ecuadorian
cases corresponded to the counties of Esmeraldas (42.86%), San Lorenzo (7.94%)
and Tobar Donoso (28.57%). The remaining 20.63% corresponded to migrants from
Narifio, Colombia diagnosed in San Lorenzo. Additionally, data of P. falciparum
samples (2013-2015 period) from a previous study in Ecuador were included for

spatial and temporal comparisons (19).

DNA extraction

DNA extraction of P. falciparum was performed from blood samples on Whatman
filter paper stored at 4 °C, using the commercial Purelink™ Genomic DNA Mini Kit,
INVITROGEN following the protocol recommended by the manufacturer (Invitrogen,

Life Technology, USA), and stored at -20 °C for its molecular analysis.

Amplification of drug resistance genes

DNA was amplified for molecular markers of drug resistance genes: Pfcrt (codons
72-76), Pfdhps (codons 436, 437, 540, 581 and 613), Pfdhfr (codons 50, 51, 59, 108
and 164), Pfmdr-1 (codons 86, 130, 144, 184, 1034, 1042, 1226 and 1246) and

Pfk13 (codons 476, 493, 539, 543 and 580).

Polymerase Chain Reaction (PCR) solution contained 12.5 ul of Colorless GoTaq

Master Mix (Promega, Madison, WI, USA), 2.5 pl of MgClz (25 mM) (Promega,
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Madison, WI, USA), 3 ul of ultrapure H20, 1 ul of primers forward and reverse (10
pHM) and 5 pl of DNA. Nested PCR protocols (Table. 1) established in previous
studies were used (19). Amplifications were carried out in SureCycler 8800 (Agilent

Technologies, USA).

Amplicon sizes were verified in 2% agarose gel and observed in UVP BioDoc-It
digital transilluminator (UVP, CA, UK). After confirmation, amplified DNA was sent

for purification and Sanger sequencing to Macrogen, South Korea.

Determination of genotypes in drug resistance genes

NF54 strain of P. falciparum was used as a control to identify SNPs (Single
Nucleotide Polymorphisms) in Pfcrt (codons 72-76), Pfdhps (codons 436, 437, 540,
581 and 613), Pfdhfr (codons 50, 51, 59, 108 and 164), Pfmdr-1 (codons 86, 130,
144, 184, 1034, 1042, 1226 and 1246) and Pfk13 (codons 476, 493, 539, 543 and
580). All sequences were analyzed and aligned in Geneious software version

2020.0.1 (Biomatters, Inc, Newark, NJ, USA).

Whole Genome Sequencing

Fifty-four DNA samples of P. falciparum were sent to the Harvard School of Public
Health/Broad Institute for whole-genome sequencing (WGS) as part of a
collaboration between Dr. Fabidn Saenz and Dr. Daniel Neafsey. Data for drug
resistance markers was obtained for this study. WGS results allowed to complete

and confirm the genotypes obtained by Sanger sequencing.
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Data Analysis

GraphPad Prism version 7.02 was used to calculate frequencies and make
comparative graphs of Pfcrt, Pfdhps, Pfdhfr, Pfmdr-1 and Pfk13 haplotypes in each
locality from the 2013-2015 and 2019-2021 periods. The number of polymorphic
sites (S), the average number of pairwise nucleotide differences (k), nucleotide
diversity (1), number of haplotypes (h), haplotype diversity (Hd) and Tajima's D

(neutrality test) were calculated in DnaSP software version 6.12.03.

5 RESULTS

Genotypes of resistance

Pfcrt (codons 72-76), Pfdhps (codons 436, 437, 540, 581 and 613), Pfdhfr (codons
50, 51, 59, 108 and 164), Pfmdr-1 (codons 86, 130, 144, 184, 1034, 1042, 1226 and
1246) and Pfk13 (codons 476, 493, 539, 543 and 580) were analyzed to identify

drug resistance genotypes.

The Pfcrt haplotypes found in 61 samples were: CVMET (63.93%) and CVMNT
(36.07%). CVMET was dominant in Esmeraldas (100%). In San Lorenzo, the
CVMET proportion (60%) was higher than CVMNT (40%). In Tobar Donoso,
CVMNT had the higher proportion (88.89%), followed by CVMET (11.11%). In
samples obtained from Colombia, CVMET (69.23%) was the most prevalent
haplotype followed by CVMNT (30.77%) (Fig. 2a). The CVMET and CVMNT

haplotypes show N75E and K76T mutations associated with CQ resistance (23).
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The Pfdhps haplotypes found in 49 samples were: the wild-type SAKAA (98%) and
SGKAA (2%). SAKAA was dominant in Esmeraldas, San Lorenzo and Tobar
Donoso (100%). While in samples obtained from Colombia, SAKAA was most
prevalent (83.33%) followed by SGKAA (16.67%) (Fig. 2b). In addition, a
synonymous mutation (AAG) at codon 540 was found in a sample from Esmeraldas
and Tobar Donoso and two samples from Colombia. The SGKAA haplotype shows

A437G mutation associated with sulfadoxine resistance (34).

The Pfdhfr haplotypes found in 63 samples were: CICNI (63.49%), the wild-type
CNCSI (34.92%), and CNCNI (1.59%). CICNI was dominant in Esmeraldas (100%).
In San Lorenzo, the CICNI proportion (60%) was higher than CNCSI (40%). All
Tobar Donoso samples presented the wild-type, CNCSI (100%). In samples
obtained from Colombia, CICNI (76.92%) was the most prevalent followed by
CNCSI (15.38%) and CNCNI (7.69%) (Fig. 2c). The CICNI and CNCNI haplotypes

show N51I and S108N mutations associated with pyrimethamine resistance (30).

The Pfmdr-1 haplotypes found in 34 samples were: NEDFSDFD (55.88%) and
NEDFSDFY (44.12%). NEDFSDFD proportion was higher in Tobar Donoso (100%)
than Esmeraldas (14.29%), while NEDFSDFY was predominant in Esmeraldas
(85.71%). In San Lorenzo and samples obtained from Colombia, both haplotypes
had the same proportion (50% each one) (Fig. 2d). Haplotypes could not be detailed
for the rest of the 28 samples where amplifications were unsuccessful for codons

1034, 1042 and 1226. However, at the other codons (86, 130, 144, 184 and 1246),
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NEDFD was found in two samples from Esmeraldas (22.22%), one sample from
San Lorenzo (100%), three samples from Tobar Donoso (100%) and six samples
obtained from Colombia (75%). While NEDFY was found in seven samples from

Esmeraldas (77.78%) and two samples obtained from Colombia (25%).

The Pfk13 haplotype found in 52 samples was the wild-type MYRIC (100%). MYRIC
was present in all samples from Esmeraldas, San Lorenzo, Tobar Donoso and

samples obtained from Colombia (Fig. 2e).

Whole-genome sequencing

Forty nine samples showed results in Pfcrt (codons 72-76, 97, 118, 220, 285, 326,
334, 356 and 371), Pfdhps (codons 44, 50, 51, 59, 108, 114, 142, 164, 223, 521 and
629), Pfdhfr (codons 16, 436, 437, 540, 581 and 613), Pfmdr-1 (codons 35, 36, 86,
130, 144, 184, 661, 662, 1034, 1042, 1226 and 1246), Pfk13 (codons 189, 341 and
344) and Pfaatl (27, 52, 68, 76, 80, 85, 119, 121, 126, 134, 179, 195, 231, 239, 258

and 317).

In Pfcrt, WGS confirmed the mutations found at codons 72-76 by Sanger
sequencing in 36 samples. Also, it was found that 53% (19/36) had H97Q, 100%
(36/36) had A220S, 41% (15/37) had N326D, 41% (15/37) had S334N, 42% (16/38)
had 1356L and 55% (21/38) had R371T. Insertions were found in 100% of samples

at codon 118 (T or A) and 285 (T) (Fig. 3).
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In Pfdhps, WGS confirmed the mutations found at codons 436, 437, 540, 581 and
613 by Sanger sequencing in 37 samples. Also, it was found that 44% (16/36) had
a synonymous mutation (AAA) at codon 142. Insertions were found in 100% of
samples at codon 44 (G or GA), 114 (A or AT), 223 (G), 521 (T), and 629 (C) (Fig.

3).

In Pfdhfr, WGS confirmed the mutations found at codons 50, 51, 59, 108 and 164
by Sanger sequencing in 35 samples. Also, it was found that 7% (2/30) had the

A16V mutation (Fig. 3).

In Pfmdr-1, WGS confirmed the mutations found at codons 86, 130, 144, 184, 1034,
1042, 1226 and 1246 by Sanger sequencing in 34 samples. Also, it was found that
9% (2/23) had I35K. An insertion was found in 100% (25/25) at codon 36 (T or TA).
Deletions were found in 100% of samples at codon 661 (G or GATA) and 662 (A or

ACAAAAT) (Fig. 3).

In Pfk13, it was found that 100% of samples had K189T and 11% (2/19) had A344V.

An insertion was found in 100% of samples at codon 341 (A or AT) (Fig. 3).

In Pfaatl, it was found that 100% (7/7) had D80E, 58% (19/33) had V231D and 49%
(17/35) had S258L. Insertions were found in 100% samples at codon 27 (G or GT),

52 (A), 68 (A), 76 (A or AT), 85 (G), 119 (C), 121 (C or CTTT), 126 (A or AT), 179
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(T or TA), 195 (G or GA), 239 (C or CT) and 317 (G). Also, a deletion was found in

100% (32/32) at codon 134 (CATA) (Fig. 3).

Comparative frequencies of drug resistance haplotypes over time

The spatial and temporal comparison allowed to characterize the fluctuation of
haplotype frequencies between the 2013-2015 and 2019-2021 periods in northwest
Ecuador. In Pfcrt, CVMET frequency increased in San Lorenzo (from 0.22 to 0.60),
Esmeraldas (from 0.03 to 1) and appeared in Tobar Donoso (from 0 to 0.11). On the
other hand, CVMNT frequency decreased in San Lorenzo (from 0.78 to 0.40), Tobar
Donoso (from 1 to 0.89) and disappeared in Esmeraldas (from 0.97 to 0) (Fig. 4a).
In Pfdhps, SAKAA frequency remained high in San Lorenzo, Esmeraldas and Tobar
Donoso (Fig. 4a). In Pfdhfr, the wild-type CNCSI frequency decreased in San
Lorenzo (from 0.83 to 0.4) and disappeared in Esmeraldas (from 0.97 to 0), but it
remained high in Tobar Donoso. CNCNI disappeared in San Lorenzo (from 0.13 to
0), while CICNI frequency increased in Esmeraldas (from 0.03 to 1) and San
Lorenzo (from 0.04 to 0.60) (Fig. 4a). In Pfmdr-1, NEDFSDFD frequency decreased
in Esmeraldas (from 0.97 to 0.14) and San Lorenzo (from 0.78 to 0.50), but it
remained high in Tobar Donoso. While NEDFSDFY appeared in Esmeraldas (from
0 to 0.86) and San Lorenzo (from O to 0.5). Surprisingly, haplotypes with single
mutations NEDFSNFD (Y184F) and NEDYSDFD (N1042D) found in the 2013-2015
period disappeared in San Lorenzo (from 0.22 to 0) and Esmeraldas (from 0.03 to
0), respectively (Fig. 4a). Finally, in Pfk13, the wild-type MYRIC frequency has

remained high in San Lorenzo, Esmeraldas and Tobar Donoso (Fig. 4a).
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Genetic diversity and neutrality test of drug resistance genes

The nucleotide diversity (1) and haplotype diversity (Hd) were calculated to
determine the genetic diversity of Pfcrt, Pfdhps, Pfdhfr and Pfmdr-1 in P. falciparum
from northwest Ecuador and samples obtained from Colombia. The nucleotide
diversity (1r) measured the degree of DNA polymorphism, while haplotype diversity
(Hd) measured the singularity of a haplotype in relation to sample size (54). In Pfcrt,
samples obtained from Colombia (11=0.062, Hd=0.460) and San Lorenzo (11=0.080,
Hd=0.600) showed higher diversity than Tobar Donoso (11=0.028, Hd=0.209) and
no diversity was found in Esmeraldas. In Pfdhps, samples obtained from Colombia
(1=0.080, Hd=0.600) had higher diversity than Tobar Donoso (17=0.008, Hd=0.118)
and Esmeraldas (1m=0.006, Hd=0.091) and no diversity was found in San Lorenzo.
In Pfdhfr, San Lorenzo (11=0.080, Hd=0.600) had higher diversity than Colombia
(1m=0.040, Hd=0.410) and no diversity was found in Esmeraldas and Tobar Donoso.
In Pfmdr-1, samples obtained from Colombia (1m=0.040, Hd=1.000) and San
Lorenzo (1m=0.030, Hd=0.667) had higher diversity than Esmeraldas (11=0.010,
Hd=0.264) and no diversity was found in Tobar Donoso (Table 2). Pfk13 was
excluded from the analysis because it did not exhibit polymorphisms in the molecular

markers analyzed.

The Tajima's D neutrality test was performed to evaluate if Pfcrt, Pfdhps, Pfdhfr and
Pfmdr-1 have gone through a selection process in northwest Ecuador and samples
obtained from Colombia. In Pfcrt, Tajima's D values were positive for Colombia
(Tajima's D=1.214) and San Lorenzo (Tajima's D=1.459) and negative for Tobar
Donoso (-0.685). In Pfdhps, Tajima's D values were negatives for Colombia

(Tajima’'s D=-0.447), Esmeraldas (Tajima's D=-1.162) and Tobar Donoso (Tajima's
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D=-1.164). While in Pfdhfr, Tajima's D values were positive for Colombia (Tajima's
D=0.097) and San Lorenzo (Tajima's D=1.459). Finally, in Pfmdr-1, Tajima's D
values were positive for San Lorenzo (Tajima's D=1.633) and negative for
Esmeraldas (Tajima's D=-0.341) (Table 2). The Tajima's D value could not be
calculated for the localities of Esmeraldas in Pfcrt, San Lorenzo in Pfdhps,
Esmeraldas and Tobar Donoso in Pfdhfr and Tobar Donoso and Colombia in Pfmdr-
1, because they did not show polymorphisms in drug resistance genes or sample

size was less than four.

6 DISCUSSION

The efficacy of antimalarials has contributed to the reduction of morbidity and
mortality rates of malaria (55). However, the spread and increase of antimalarial
resistance contribute to the emergence of malaria outbreaks and hinder malaria
elimination (24,42). This study focused on the molecular epidemiology of drug
resistance genes (Pfcrt, Pfdhps, Pfdhfr, Pfmdr-1, Pfk13 and Pfaatl) in P. falciparum

in northwestern Ecuador between 2019 and 2021.

CVMNT and CVMET haplotypes were found in Pfcrt (Fig. 2a), showing CQ
resistance in 100% of Ecuadorian P. falciparum samples. CVMNT has been
previously reported in Ecuador, Colombia and Peru, while CVMET in Ecuador,
Colombia and Venezuela (19-21,31). In vitro studies show that all chloroquine-
resistant (CQR) parasites have the K76T mutation, which is essential to confer CQ
resistance (14,18). In Ecuador, CVMNT was found in Ecul110 (isolate from 1990)

(19,20). In 2002, CQR parasites with K76 T were found in Esmeraldas province (22).
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Then in northwest Ecuador, CVMNT and CVMET were found circulating between
2013 and 2015 (19). The fixation of K76T mutation is clear evidence of pressure
exerted by CQ over parasites since 1950 when CQ was implemented as an official
treatment in Ecuador (48,56). In 1976, CQ resistance was evidenced in Ecuador
(57), but it was officially recognized in 1980 by the MPH (58). In 2005, CQ was used
in combination with SP and in, 2006, CQ was finally withdrawn from the treatment
scheme (Fig. 5) (56). So, CQ caused strong pressure in Ecuadorian P. falciparum

for more than five decades.

It is evident that in Ecuador, as in the rest of South America, CQ resistance has
become fixed by the presence of CVMNT, CVMET, CVEIT and SVMNT haplotypes
in Pfert (19-21). However, reversal of CQ resistance has not been seen in this
region even though CQ is no longer used against P. falciparum (20,59). On the other
hand, in French Guiana, reversal of CQ resistance is acquired by the C350R
mutation in Pfcrt (60). The massive administration of CQ to combat malaria in South
America since 1950, even as prophylaxis in cooking salt (20,61), caused a strong
pressure that resulted in the emergence of CQR parasites (14,57). Likewise, the
indiscriminate use of CQ reported in several areas of the Pacific coast during the
1990s contributed to the selection of CQR parasites (62). Besides, clonal
expansions, very common in South America, may have caused the fast spread and
increase of CQR parasites (21), as well as the loss of CQ-sensitive parasites that

can compete in absence of CQ pressure.



378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

22

Other mutations such as H97Q, A220S, Q271E, N326D, C350S, I356T/L and R3711
in Pfcrt have been associated with CQR parasites (16,25). H97Q, A220S, N326D,
S334N, 1356L and R371T were found in this study (Fig. 3). Previously in Ecuador,
A220S, N326D and I1356L with CVMNT were found in EculllO, an isolate CQ
resistant from 1990 (15,59). While in Colombia, H97Q, A220S and R371T with
CVMET were found in JAV strain that confer a high level of CQ resistance (59).
Meanwhile, A220S, N326D and 1356L with SVMNT present in 7G8 strain from Brazil
have also been associated with CQ and AQ resistance (23,26,63). It has been
suggested that at least three complementary mutations to K76T are necessary to
confer high degrees of CQ resistance (17). Consequently, the presence of these

mutant alleles may have contributed to CQ resistance in Ecuadorian P. falciparum.

SAKAA (wild-type) haplotype was found in Pfdhps of Ecuadorian P. falciparum (Fig.
2b), showing sulfadoxine sensitivity in 100% of samples from Ecuador. SAKAA has
previously been reported in Ecuador, Colombia, Peru, Brazil and Venezuela
(19,20,31,32). In Ecuador, SAKAA was found in EculllO (isolate from 1990)
(19,20). In 2002, a study found that all parasites from Esmeraldas province had this
haplotype (22). Then in northwestern Ecuador, SAKAA was found circulating
between 2013 and 2015 (19). So, sulfadoxine sensitivity has remained high over
time in the coast of Ecuador. Besides, the dominance of wild-type haplotype
(SAKAA) suggests that selection in Pfdhps has been weak in northwest Ecuador. In
addition, a synonymous mutation at codon 540 (AAG) was found in Pfdhps, which it
was already circulating in Esmeraldas since 2013 and also in Peru (19,31). On the

other hand, a sample obtained from Colombia presented the SGKAA haplotype (Fig.
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2b), which has been previously reported in Colombia, Peru, Venezuela and Brazil

(20,32-34).

CNCSI (wild-type) haplotype was found in Pfdhfr (Fig. 2c), showing pyrimethamine
sensitivity in only 34.92% of Ecuadorian P. falciparum samples. CNCSI has
previously been reported in Ecuador, Colombia and Brazil (20,33). Otherwise, the
mutant haplotypes found in Pfdhfr were: CNCNI (1.59%) and CICNI (63.49%) (Fig.
2c). CNCNI has previously been reported in Ecuador, Colombia, Peru, Brazil and
Venezuela, while CICNI in Ecuador, Colombia and Venezuela (20,33,64). In vitro
studies show that S108N is the first mutation to emerge in Pfdhfr, which is essential
to cause pyrimethamine resistance (35,65). In Ecuador, CNCSI (wild-type) was
found in Ecu1110 (isolate from 1990) (19,20). Then in 2002, N511, C59R, S108N/T
and 1164L mutations were found circulating in Esmeraldas province (19,22). In 2008,
an unpublished study identified NCSI and NCNI in this same region (65). Later, in
northwest Ecuador, CNCSI, CNCNI and CICNI were found between 2013 and 2015

(19).

In South America, pyrimethamine was also used massively as malaria prophylactic
in the 1950s (13,20,57,66). Later, in 1970, pyrimethamine was co-administered with
sulfadoxine to combat CQR parasites (20,57). Consequently, SP resistance has
been reported in South America since 1980 (20). Specifically, in Ecuador, SP was
implemented as a second-line treatment in 1950 (48,56). Then, in 2005, SP was
used with CQ as first-line treatment and, in 2006, it was changed by SP+AS (Fig. 5)

(48,56). Therefore, the emergence of resistant parasites was caused by the
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pressure exerted by SP for more than five decades. However, the intermittent use
of SP reduced temporarily SP pressure, which may have caused SP-sensitive
parasites continue to circulate in the region. So, the wild-type haplotypes in Pfdhps
and Pfdhfr are still observed in Ecuador as in the rest of South America. Favorably,

this intermittent use has prevented SP resistance from becoming fixed in the region.

The A16V mutation (Fig. 3) with CNCSI haplotype in Pfdhfr was identified in two
samples from Tobar Donoso. In South America, A16V was detected for the first time
in combination with CNCSI and CICNI in Narifio, Colombia between 2012 and 2013
(33). A16V is often found together with S108N/T mutations and it causes high
resistance to cycloguanil, the active metabolite of proguanil (13,29,67). In South
America, Suriname has been the only country that used proguanil for several
decades; however, A16V has not yet been found (68). On the other hand,
atovaquone-proguanil has been commercialized in southwest Colombia, so it has
been suggested that the emergence of A16V has been caused by the use of
atovaquone-proguanil as prophylaxis against malaria (33). Therefore, the presence
of A16V in Tobar Donoso could be explained by the recent spread of parasites from
Narifio. So, it is crucial to identify regions that use proguanil or other factors that can

cause the emergence and spread of this mutation.

NEDFSDFD (55.88%) and NEDFSDFY (44.12%) haplotypes found in Pfmdr-1 of
Ecuadorian P. falciparum (Fig. 2d) had Y184F, N1042D and D1246Y mutations
associated with multidrug resistance. NEDFSDFY has been found in Colombia (69),

NEDFSDFD in Ecuador and Colombia (19,69), Y184F and N1042D mutations in
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Brazil (70), and D1246Y in Venezuela, Peru, Brazil and Bolivia (20). In Ecuador,
NEDFSDFD has been reported in EculllO (isolate from 1990) (19). Then in
northwest Ecuador, NEDFSNFD, NEDYSDFD and NEDFSDFD were found
circulating between 2013 and 2015 (19). Mutations in Pfmdr-1 have an important
role in response to different antimalarials such as CQ, QN, AQ, MQ and LF
(7,13,14). However, several in vitro studies have not shown reliability in molecular
markers in Pfmdr-1 because the response to antimalarials differ in several strains
and isolates (67—70). Therefore, it has been suggested that the interaction with
mutations in other genes located in the DV such as Pfcrt and Pfaatl may be
influencing in the response to resistance to CQ, QN, AQ, MQ and LF (12,69).
However, South American P. falciparum have not shown phenotypic changes in
drug response even though Y184F, N1042D and D1246Y are commonly present
(19,75). An in vitro assay tested parasites from Narifio with NEDFSDFD and
NEDFSDFY haplotypes, which were shown to be sensitive to AQ, MQ and LF (75).
In Esmeraldas, ESM-2013 (isolate from 2013) with Y184F and N1042D mutation

showed sensitivity to QN, LF and AR (19).

The prevalence of MYRIC haplotype (wild-type) in Pfk13 (Fig. 2e) shows sensitivity
to ARTs in 100% of tested Ecuadorian P. falciparum samples. Previous studies in
Ecuador, Colombia, Peru, Venezuela, Brazil, Suriname and French Guiana have
not found any mutation in Pfkl3 associated with ART resistance (19,42,43).
However, in Guyana, C580Y mutation was already detected since 2010 (41,42).
Therefore, there is a risk that C580Y could spread to other regions of South America.
So, molecular studies would help to understand how this mutation might spread in

the future. In addition, K189T mutation in Pfk1l3 was identified in this study and
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recently reported in Ecuador, Colombia, Venezuela, Brazil, Guyana and French
Guiana (42,48). It has been suggested that K189T could be used to identify
parasites from this region (34,72). In Ecuador, AS was used with SP as a first-line
treatment in 2006; however, AL was already used as a second-line treatment in
2005 (56). Thenin 2012, AL treatment was officially implemented as first-line to date
(Fig. 5) (48,56). So, ART-based treatments have been used for a too short time to

cause the emergence of ART-resistant parasites.

In the last decade, resistance to quinolines has been associated with mutations in
Pfaatl (44—46). An in vitro assay showed that the insertion of TL62E mutation in the
3D7 strain (CQ sensitivity) caused resistance to CQ, QN, AQ and MQ (46). Similarly,
a genome study showed high polymorphism in Pfaatl associated with CQ
resistance (44). Likewise, an in vitro study showed resistance to three compounds
not yet cataloged (MMV668399, MMV011895 and MMV007224) when P380S,
K238N, V185L, F230L mutations and insertion at codon 35 were present in Pfaatl
(47). The S258L mutation found in this study in Ecuadorian P. falciparum (Fig. 3)
has recently been reported on the Pacific coast of Ecuador and Colombia and
associated with CQ resistance (48). Pfaatl is a highly conserved gene (46), so the
emergence of mutations in Pfaatl may be related to pressure from quinolines. This
pressure could have been caused mostly by CQ and QN, used historically in South
America (20,76), and AQ which was introduced in several areas of South America,

including the Pacific coast, since 1949 (24,59,77).
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The presence of resistant haplotypes with multiple mutations in Colombian parasites
is related to historical changes in the treatment scheme against P. falciparum (48).
So, Colombia could be considered a hot spot of the emergence of antimalarial
resistance compared to Ecuador (69). On the other hand, in Ecuador, treatments
against P. falciparum have been maintained for many years (Fig. 5), which could
explain the dominance of wild-type haplotypes in Pfdhps (SAKAA) and Pfdhfr
(CNCSI) and single mutants in Pfcrt (CVMNT) and Pfmdr-1 (NEDFSNFD,
NEDYSDFD) in years previous to 2015 (19). However, the recent increase in
proportions of mutant haplotypes in Ecuador such as CVMET (double mutant) in
Pfcrt, CICNI (double mutant) in Pfdhfr and the appearance of NEDFSDFY (triple
mutant) in Pfmdr-1 (Fig. 4) could be explained by clonal expansions caused by
parasites from migrant humans and not by the pressure by CQ and SP treatments,
because they have not been used against P. falciparum in the last two decades. A
previous analysis of neutral microsatellites found that outbreaks that occurred in
Tobar Donoso and Esmeraldas in 2019 and 2020, respectively, were mostly caused
by a single parasite clone (78). Furthermore, CVMET in Pfcrt, CICNI in Pfdhfr and
NEDFSDFY in Pfmdr-1 were dominant in samples from migrant human hosts in this
study (Fig. 2), and they have been found circulating in Narifio since 1999 (20,24,33).
While in northwest Ecuador, CVMET and CICNI were reported in low proportions in
2013-2015 (19), and NEDFSDFY was absent, but they are now common in recent
samples in this study. This suggests that recent outbreaks that occurred in Ecuador

were the result of the spread of parasites by migrant humans from Narifio.

Previously, an important human migratory flow that contributes to the spread of

parasites on the Pacific coast of Colombia has already been reported (50). In the
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present study, the main routes of cross-border and intra-border human migration
contributing to the spread of malaria parasites in the North coast of Ecuador and the
South coast of Colombia are proposed (Fig. 6). Specifically, the spread of resistant
parasites to Ecuador could have occurred in two ways: 1) by Ecuadorians who
traveled to Colombia and became infected with parasites from there, and 2) directly
by infected Colombians who arrived to Ecuador. The main migration route between
Narifio and San Lorenzo for several years has been by their seaports. Therefore,
Colombian parasites could have reached the coast of Ecuador by the constant
migratory flow along the Pacific coast due to the shellfish trade, legal and illegal
mining, agriculture and illegal activities such as drug trafficking through the seaports
of Narifio, San Lorenzo and Esmeraldas (79-81). In addition, it has recently been
found that P. falciparum populations are shared between Narifio and San Lorenzo
(48,49). Currently, a new road has been opened in this area between Colombia and
Ecuador, the bridge over Mataje River that connects Narifio and San Lorenzo (82).
This road will definitely represent an important passage of malaria infected people
between Ecuador and Colombia. Finally, the E15 road that connects San Lorenzo
and Esmeraldas is an important corridor in the spread of malaria parasites. In
addition, the presence of A16V in Pfdhfr (Fig. 3) in Tobar Donoso also suggests a
process of human migration because this mutation has only recently been found in
Narifio (33). Possibly, the migration of human hosts occurred along of the Mira River,
which comes from Narifio, and it is frequently used by Colombians to trade and
transport supplies to Tobar Donoso (83). Additionally, migration by the E10 road,
which connects San Lorenzo and Carchi, could also be contributing to the spread of
parasites to Tobar Donoso because it is frequently used to reach the south of Carchi

province. From there second and third-order improvised roads and walking trails
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connect with Tobar Donoso. It is important to note that a helicopter from Esmeraldas
transports food, medicine and soldiers to monitor the border at least once a month
(83), and could also be considered a route of entry of parasites from Esmeraldas to

Tobar Donoso.

South America is considered a low malaria transmission region with low genetic
diversity of P. falciparum (84,85). An analysis using neutral microsatellite markers
found that genetic diversity is low in northwest Ecuador (78). The findings in this
study show that the genetic diversity in drug resistance genes (Pfcrt, Pfdhps, Pfdhfr,
and Pfmdr-1) is also low. In general, it was found that San Lorenzo and Colombia
presented more genetic variability than Esmeraldas and Tobar Donoso. The low
diversity in Esmeraldas and Tobar Donoso was mostly due to the fact that samples
came from a clonal outbreak, for which a single haplotype was predominant. While
in San Lorenzo and Colombia, the genetic diversity was caused by the variability of

haplotypes present in these localities.

Drug resistance genes such as Pfcrt, Pfdhps, Pfdhfr, Pimdr-1, Pftk13 and Pfaatl are
constantly subject to natural selection due to beneficial mutations increasing the
fitness of P. falciparum (12). Recently, a hard selective sweep in Pfcrt and soft or
incomplete selective sweep in Pfdhps, Pfdhfr and Pfmdr-1 has been evidenced in
parasites from the Pacific coast of Ecuador and Colombia (48). In the present study,
positive selection was evident in Pfcrt, Pfdhfr and Pfmdr-1. However, the negative
values of Tajima's D in Pfcrt in Tobar Donoso and Pfmdr-1 in Esmeraldas are

explained by the low frequency of CVMET and NEDFSDFD, respectively. On the
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other hand, Pfdhps did not show a selection process in Esmeraldas, Tobar Donoso
and Colombia because only SAKAA (wild-type) haplotype was present. Finally,
these results show that factors such as drug pressure and host human migration
influence the emergence and spread of resistant parasites which contribute to the
appearance of malaria outbreaks and complicate malaria control and elimination in

Ecuador.

7 CONCLUSIONS

The findings of this study indicate that resistance to chloroquine and pyrimethamine
in Ecuadorian P. falciparum has increased in recent years, but sensitivity to
sulfadoxine and artemisinin derivatives is maintained. Therefore, the current
treatment (artemether + lumefantrine) against P. falciparum appears to be still
successful in the country. In addition, the results show that P. falciparum have
undergone a selection process due to drug pressure in previous decades and the
frequent migration of human hosts between the Ecuador-Colombia border has
contributed to the spread of resistant parasites. Finally, this study shows the
importance of the epidemiological characterization of resistance in P. falciparum in
a region in the process of eliminating malaria. Therefore, genetic surveillance of
drug resistance genes is key to respond in a timely manner in case of therapeutic

failure and prevent the spread of malaria.
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Figure 1. Study sites. Samples collected in northwest Ecuador (Esmeraldas
(n=27), San Lorenzo (n=5), Tobar Donoso (n=18) and patients from Colombia
(n=13)).
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Figure 2. Geographic distribution of frequencies of drug resistance
haplotypes in the 2019-2021 period. a. Haplotypes of Pfcrt (72-76), b.
Haplotypes of Pfdhps (436, 437, 549, 581 and 613), c. Haplotypes of Pfdhfr (50,
51, 59, 108 and 164), d. Haplotypes of Pfmdr-1 (codons 86, 130, 144, 184, 1034,
1042, 1226 and 1246), e. Haplotypes of Pfk13 (codons 476, 493, 539, 543 and

580).
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Figure 3. Frequencies of complementary mutations found in drug resistance genes obtained by WGS. Ins: Insertion, Syn:
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Figure 5. Antimalarial treatments against P. falciparum in Ecuador. Timeline of antimalarial treatments since 1950 according to
the Ministry of Public Health of Ecuador. Chloroquine (CQ), primaquine (PQ), sulfadoxine-pyrimethamine (SP), artemether-
lumefantrine (AL), artesunate (AS), quinine (QN) and clindamycin (CM). Source: Aguilar, 2018 (56).
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Table 1. Primers used for the nested PCR for molecular markers of drug

resistance genes in P. falciparum.

Gen Primers 5'-3' Amplicon
Pfcrt F1: AGC AAA AAT GAC GAG CGT TAT AG 559 pb
R1: ATT GGT AGG TGG AAT AGATTC TC
F2: TTTTTC CCT TGT CGA CCT TAAC 264 pb
R2: AGG AAT AAA CAA TAA AGA ACATAATCATAC
Pfdhfr F1: TCCTTT TTATGA TGG AAC AAG 633 pb
R1: AGT ATA TAC ATC GCT AAC AGA
F2: TTT ATG ATG GAA CAAGTC TGC 616 pb
R2: ACT CATTTT CATTTATTITCTG G
Pfdhps F1: AAC CTAAAC GTG CTG TTC AA 711 pb
R1: AAT TGT GTG ATT TGT CCA CAA
F2: ATG ATA AAT GAA GGT GCT AG 528 pb
R2: TCATTT TGT TGT TCATCATGT
Pfmdr-1 F1: CCG TTT AAATGT TTA CCT GCAC 1014 pb
(86) R1: TGG GGT ATT GAT TCG TTG CAC
F2: GTATGT GCT GTATTATCAGGA G 746 pb
R2: AGC CTC TTC TAT AAT GGA CAT G
Pfmdr-1 F1: GCATTT AGT TTC AGATGA TGA AAT G 1016 pb
(1034) R1: CCATAT GGT CCAACATTT GTATC
F2: TAT GCA TAC TGT TAT TAATTATGG 910 pb
R2: TTC GAT AAATTC ATC TAT AGC AG
Pfk13 F1: GCA AAT AGT ATC TCG AAT 2126 pb
R1: CTG GGA ACT AAT AAA GAT
F2: GAT AAA CAA GGA AGA ATATTCT 748 pb

R2: CGG AAT CTAATATGT TAT GTT CA
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Table 2. Genetic diversity and neutrality test of molecular markers of drug

Gen Locality n S k ™ h Hd Tajima's D

Tobar Donoso 18 2 0.418 0.028 2 0.209 -0.685
Esmeraldas 25 0 0.000 0.000 1 0.000 -

Plert San Lorenzo 5 2 1.200 0.080 2 0.600 1.459

Colombia 13 2 0.923 0.062 2 0.500 1.214

Tobar Donoso 17 1 0.018 0.008 2 0.118 -1.164

Ptdhps Esmeraldas 22 1 0.091 0.006 2 0.091 -1.162
San Lorenzo 4 0 0.000 0.000 1 0.000 -

Colombia 3 1.200 0.080 3 0.600 -0.447
Tobar Donoso 18 0 0.000 0.000 1 0.000 -
Esmeraldas 27 0 0.000 0.000 1 0.000 -

Pidnir San Lorenzo 5 2 1.200 0.080 2 0.600 1.459

Colombia 13 2 0.670 0.040 3 0.410 0.097
Tobar Donoso 14 0 0.000 0.000 1 0.000 -

— Esmeraldas 14 1 0.260 0.010 2 0.264 -0.341

San Lorenzo 4 1 0.670 0.030 2 0.667 1.633
Colombia 2 1 1.000 0.040 2 1.000 -

Hd: Haplotype diversity.

n: Number of samples, S: Number of polymorphic sites, k: Average number of

pairwise nucleotide differences, 1: Nucleotide diversity, h: Number of haplotypes,
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