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Background: Malaria continues to be endemic in the coast and Amazon regions of Ecuador. Clarifying current
Plasmodium falciparum resistance in the country will support malaria elimination efforts. In this study, Ecuadorian P
falciparum parasites were analysed to determine their drug resistance genotypes and phenotypes.

Methods: Molecular analyses were performed to search for mutations in known resistance markers (Pfcrt, Pfdhfr,
Pfdhps, Pfmdr1, k13). Pfmdr1 copy number was determined by gPCR. PEMDR1 transporter activity was characterized in
live parasites using live cell imaging in combination with the Fluo-4 transport assay. Chloroquine, quinine, lumefan-
trine, mefloquine, dihydroartemisinin, and artemether sensitivities were measured by in vitro assays.

Results: The majority of samples from this study presented the CVMNT genotype for Pfcrt (72-26), NEDF SDFD
mutations in Pfmdr1 and wild type genotypes for Pfdhfr, Pfidhps and k13. The Ecuadorian P, falciparum strain ESM-2013
showed in vitro resistance to chloroquine, but sensitivity to quinine, lumefantrine, mefloquine, dihydroartemisinin and
artemether. In addition, transport of the fluorochrome Fluo-4 from the cytosol into the digestive vacuole (DV) of the
ESM-2013 strain was minimally detected in the DV. All analysed samples revealed one copy of Pimdr1.

Conclusion: This study indicates that Ecuadorian parasites presented the genotype and phenotype for chloroquine
resistance and were found to be sensitive to SP, artemether-lumefantrine, quinine, mefloquine, and dihydroarte-
misinin. The results suggest that the current malaria treatment employed in the country remains effective. This study
clarifies the status of anti-malarial resistance in Ecuador and informs the P, falciparum elimination campaigns in the
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Background

According to World Health Organization (WHO), 132
million people were at risk of malaria infection in 2015 in
the Americas. Between 2010 and 2015 there was an esti-
mated 31% decrease in malaria incidence in this region,
as well as a 37% decrease in malaria-related mortality.
Nevertheless, approximately 450,000 cases were reported
in 2015 in this region [1], 30% from Venezuela, 11%
from Colombia and 15% from Peru [1]. Thirty per cent
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of all cases were caused by Plasmodium falciparum. Even
though, Ecuador accounted for less than 1% of the region
malaria cases in 2015, malaria continues to be endemic
in the coast and Amazon areas of Ecuador. From 2016 to
2018, Ecuador has seen increases in malaria cases (1191
in 2016, 1380 in 2017 and 1806 in 2018), where P, falcipa-
rum was responsible for 10% of these cases [2].

The current treatment for P falciparum infection in
the Americas is based on artemisinin in combination
with another anti-malarial (ACT) [3]. Treatment for
uncomplicated falciparum malaria in Ecuador relies
on the combination artemether-lumefantrine+ pri-
maquine; for Plasmodium vivax the treatment used is
chloroquine + primaquine [4]. Plasmodium falcipa-
rum has developed resistance to almost all available
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anti-malarials, necessitating the need for an adequate
knowledge of anti-malarial drug effectiveness. This is
especially true in low transmission areas, where malaria
elimination is ongoing, as the inflow of resistant para-
sites can generate unwanted outbreaks.

Chloroquine (CQ) resistance in P falciparum was
reported in 1957 on the Thailand-Cambodian border in
Southeast Asia and almost at the same time in Colom-
bia and Venezuela in South America, before spreading
to the rest of the world [5]. Mutations in the P falci-
parum chloroquine resistance transporter (PfCRT)
are considered the main reason for CQ resistance [6].
Currently, CQ resistance is found throughout South
America [5] and the PfCRT molecular marker K76T,
thought to be mainly responsible for CQ resistance, is
considered fixed in this region [7]. The PfCRT haplo-
type CVMNT (positions 72-76) has been reported in
Colombia and Peru, while CVMET and CVEIT have
been reported in Colombia and Venezuela and SVMNT
has been reported in the Amazon region of Brazil and
Peru [8].

During the 1970s the combination sulfadoxine-
pyrimethamine (SP) was introduced in South America
as treatment against P falciparum. Shortly after the
introduction, resistance to these drugs was reported
[8]. Colombian, Brazilian and Peruvian parasite isolates
showed mutations in Pfdhps mainly in positions 437, 540
and 581. The mutation A437G is dominant in Colombia,
while the mutations A437G and K540E are found in Peru
[7-10]. In addition, Venezuela and Bolivia have reported
the mutation K540E in 90% of the parasite samples tested
[7, 8]. Pfdhfr mutations C50R, 1165L and S108N/T are
common throughout South America [8, 9] and all muta-
tions are associated with SP resistance [11].

Plasmodium  falciparum multidrug resistance 1
(Pfmdrl) transporter gene encodes for a p-glycoprotein
that is part of the adenosine triphosphate-binding cas-
sette transporter family. Mutations in Pfindrl are asso-
ciated with multidrug resistance, and show reduced
susceptibility to mefloquine (MQ), halofantrine (HF),
quinine (QN), and possibly lumefantrine (LUMF) [11,
12]. The PfIMDR1 mutations N86Y and Y184F are com-
mon in Asia and Africa, while the mutations S1034C,
N1042D and D1246Y are mostly found in South America
[13].

Several studies associate increases in Pfmdrl copy
number to MQ resistance, and QN and CQ susceptibil-
ity [13—-16]. Recent research suggested that an increase
in Pfimdrl copy number is related to artemisinin resist-
ance [13, 14]. In South America, there are reports of
changes in Pfmdrl copy number, specifically in sam-
ples coming from the Pacific region, Atlantic region
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and southeastern Colombia, where an increase of 2 to
5 copies of Pfimdrl were found in 30% of the parasite
samples [15]. Peru reported single Pfindrl copy num-
bers [17].

Resistance to artemisinin (ART) in P. falciparum has
been reported in five Asian countries: China, Vietnam,
Cambodia, Thailand, and Myanmar. The current man-
agement to control P. falciparum infections is based on
ART derivatives combined with a partner anti-malarial
(e.g., MQ, LUMEF, primaquine) [18]. Kelch 13 (k13) pro-
peller mutations have been associated with ART resist-
ance and can be used as molecular markers to monitor
the possible emergence of ART resistance [3, 18]. ACT
treatment continues to be effective in South America.
New studies in Brazilian, Peruvian and Colombian
isolates show no k13 mutations associated with ART
resistance [5, 19, 20].

In addition to genetic variability studies, drug resist-
ant phenotypes can be characterized using in vitro
assays. In particular, Colombia reported low in vitro
susceptibility to CQ and amodiaquine (AQ) in almost
90% of the isolates analysed, showing ICy, values for
both anti-malarials greater than 100 nM [14, 21]. Fur-
thermore, all samples showed high susceptibility to
dihydroartemisinin (DHA), LUMF and artemether
(ATM) [14, 21, 22]. Brazilian samples from the Amazon
region also showed resistance to CQ and AQ, with an
elevated ICy, [23]. In vitro assays with field parasites in
South America have been limited, since culture adapta-
tion of field parasites to laboratory conditions require a
long time and are usually challenging [24].

In 2002, studies from Ecuador reported mutations
in isolates collected in Esmeraldas. The parasites pre-
sented the CVMNT Pfcrt genotype and one, (position
108N) two (positions 108N, 164L) or three (511, 108N,
164L) mutations in Pfdhfr [25]. In 2013, parasite isolates
showed wild type genotypes for Pfdhfr and Pfdhps, the
CVMNT and CVMET Pfcrt genotypes, and the muta-
tions Y184F and N1042D in Pfmdrl1 in an outbreak that
occurred in Esmeraldas [26]. These genotypes indicated
that Ecuadorian strains were CQ resistant and mostly
sensitive to sulfadoxine and pyrimethamine [26]. This
genotype was shared with Ecu 1110, a 1990 isolate from
the same area. Ecul110 has an in vitro CQ resistance
phenotype (IC;,>90 nM) [27].

In this study, in vitro assays were used to determine
drug susceptibility phenotypes. In addition, drug resist-
ance genotypes were analysed in Pfcrt, Pfdhfr, Pfdhps,
pfmdrl, and k13 of Ecuadorian P. falciparum isolates.
The aim of this study was to understand current anti-
malarial resistance in Ecuador, in order to support
malaria elimination efforts in the country.
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Methods

Ethics statement

The samples used in this study were obtained by the
malaria control and elimination programme and
approved by the Ethical Review Committee of Pontificia
Universidad Catdlica del Ecuador (CBE-016-2013 and
CEISH-163-2016). Written informed consent was pro-
vided by study participants and/or their legal guardians.

Study site and sample collection

Sixty-nine samples were analysed in this study, 62 of
these (89.9%) were collected in Esmeraldas province.
Esmeraldas is located in northwest Ecuador and borders
with Colombia. All the samples collected in this province
came from Esmeraldas and San Lorenzo counties, where
the incidence of P. falciparum is the highest in Ecuador.
Four samples were collected in the Carchi province,
located in the north of Ecuador, east of the Esmeraldas

Page 3 of 13

province. Three samples were collected in Sucumbios, a
province located in the north Amazon of Ecuador, east
of Carchi province (Fig. 1). All samples were collected
between 2013 and 2015 through the National Service for
Control of Diseases Transmitted by Arthropod Vectors
(SNEM). Eighty-five per cent of the samples were col-
lected as whole blood and 15% on filter paper and kept
at4°C.

DNA extraction and infection confirmation

The DNA from 69 samples was isolated from filter paper
using Qlamp DNA mini-spin kit (QIAGEN, Valencia,
CA, USA), and from whole blood using Axyprep body
fluid viral DNA/RNA Miniprep (AXYGEN, Union City,
CA, USA). Confirmation of P falciparum infection was
performed by microscopy (slides were stained with
Giemsa stain 20%, for 20 min) [28] and nested-PCR using
the 18S ribosomal RNA gene. Genomic DNA was used
for Plasmodium spp. detection. DNA was amplified using

ESMERALDAS

n=62

Sucumbios n=3 samples

Coordinate System: GCS WGS 1984
Datum: WGS 1984

Units: Degree

Realizado por: Andrea Lopez R.

Fig. 1 Study site. All samples were collected in three northern provinces of Ecuador: Esmeraldas n =62 samples, Carchi n=4 samples and
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nested PCR as previously described [29]. The amplifica-
tion was done using primers that target the 18S riboso-
mal of Plasmodium spp. The 25 pl reaction contained
2.5 pul of Mg2Cl, 3 pl of water, 12.5 pl of Green GoTaq
Master Mix, 1 ul of each primer and 5 pl of DNA [29].

Analysis of drug resistance markers

Plasmodium falciparum 3D7, W2, D6, CAM6 and C2B
isolates were used as controls and Ecuadorian P, falcipa-
rum were analysed to identify drug resistance-associated
mutations in Pfcrt (positions 72-76), Pfimdrl (positions
134, 184, 1034, 1042, 1226, 1246), Pfdhfr (positions 51,
59, 108, 164), Pfdhps (positions 436, 437, 540, 581, 613),
and k13 (positions 476, 493, 539, 543, 580) using condi-
tions and primers reported previously in other studies [9,
27-29] (Additional file 1: Table S1). All PCR amplicons
were visualized on 2% agarose gels and purified with
5 pl of Illustra ExoProStar (GE Healthcare, Piscataway
NJ, USA) at 37 °C for 25 min and 20 min at 80 °C. After
visual confirmation of amplified product, all amplicons
were submitted to MACROGEN, South Korea, for capil-
lary sequencing. Sanger sequencing was performed on all
samples to identify drug resistance-associated mutations
in pfcrt, pfdhfr, pfdhps, pfimdrl and k13 genes.

The sequencing results were analysed and aligned using
Geneious software version 10 (Biomatters, Inc, Newark,
NJ, USA). The sequences were compared to controls
(3D7, W2, D6, CAMS6, C2B) to establish which samples
present mutations. The sequence alignments were ana-
lysed, and SNP differences were established to determine
the mutation frequencies for each gene. All mutations
frequencies were analysed using Microsoft Excel 16.9.

Pfmdr1 copy number

Pfmdrl copy number was established with real time PCR,
using TagMan probes for Pfindrl (target gene), and the
housekeeping gene Seryl-t-rna-synthetase was used as a
control.

The primers used for quantifying copy number
were: PF F: 5TTAAGTTTTACTCTAAAAGAAGGG
AAAACATA,PF_R: 5'TCTCCTTCGGTTGGATCA
TAAAG,  seryl_ F:5’GATTTATTAAGAAAAATAGGT
GGAGCTA, seryl R:5'TATAGCATTATGTAATAA
GAAACCTGC, and the Tagman probes were: PF_
FAM:  5'FAMCATTTGTGGGAGAATCAGGTTGTG
GGAAAT_TAMRA, seryl_probe:5’'VICAAGGTATA
CAAGTAGCAGGTCATCGTGGTT_TAMRA [30].

Each 20 pl of reaction mix contained 15 ng DNA,
300 nM primers, 250 nM TagMan probes and 10 pl
TagMan Fast Advance Mix from Applied Biosystems
(Austin, TX, USA). Triplicates of each sample were ana-
lysed using the following amplification protocol ini-
tial activation: 94 °C for 3 min, followed by 40 cycles

Page 4 of 13

of: 94 °C for 1 min, 60 °C for 1 min, and 72 °C for 30 s.
Fluorescence was recorded after each elongation step.
Real-time PCR was carried out in StepOne’" Real-Time
PCR System (Applied Biosystems). Copy numbers were
calculated relative to 3D7, which is known to have only
one Pfimdrl gene copy; the seryl gene is consistently
expressed throughout the parasite blood stages. The copy
number of Pfimdrl was calculated using relative quan-
tification (RQ) by the calculation of AACt, using the Ct
generated by Seryl and Pfmdr1 for each sample by a com-
parative threshold method, with the formula AACt=(Ct
mdrl — Ct seryl)Sample - (Ct mdrl — Ct seryl)3D7’ 27(AACO where
Ct is the threshold cycle for each gene [16].

Phenotype characterization

Parasite strains and culture conditions

The standard strains 3D7 (CQ sensitive) and W2 (CQ
and SP resistant) were used as controls for in vitro sus-
ceptibility assays: P falciparum isolate ESM-2013 was
obtained from a patient in Esmeraldas city in 2013 and
subsequently adapted to laboratory conditions. Parasites
were cultured in human O+red blood cells, following
previously reported methods [31], with modifications.
RPMI 1640, supplemented with 25 mM HEPES, 8,9 mM
sodium bicarbonate and human O+ plasma was used
as complete medium. All parasites were cultured in red
blood cells at 4% haematocrit with complete medium
at 37 °C and mixed gas (5% O,, 5% CO, and 90% of N,
or 3% O, 5% CO, and 92% N, according to laboratory
conditions).

Drug sensitivity assay

In vitro sensitivity assays were performed with the
following drugs: chloroquine disphosphate (CQ),
dihydroartemisinin (DHA), quinine sulfate (QN), meflo-
quine hydrochloride (MQ), lumefantrine (LUMF) and
artemether (ATM). The drugs were provided by Dennis
Kyle, University of South Florida. Drug sensitivity in vitro
assays of the parasites was performed by microscopy to
establish the IC.ys of several anti-malarial drugs. Drug
stock solutions were prepared in dimethyl sulfoxide
(DMSO) or water, at an initial concentration of 1 mg/
ml. The experiments were set up in 96-well plates with
2-fold dilutions of each drug across the plate in a total
volume of 150 pl and at a final red blood cell concen-
tration of 1.5% (vol/vol). The experiment was started at
an initial parasitaemia of 0.5% (80% rings) synchronous
parasite-infected red blood cells (PRBC). The plates were
incubated for 72 h at 37 °C in an atmosphere of 5% CO,,
5% O,, and 90% N,. A light microscope was used to look
for the presence of schizonts in a thick smear to establish
parasite growth.
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Parasitaemia was determined by counting 1000
red blood cells (RBCs) in thin smears and the num-
ber of infected cells (iRBCs) using the equation (No.
iRBCs*100/No. RBCs). All in vitro assays were per-
formed in duplicate with at least two replicates.

Thin blood smears were fixed in methanol and stained
with 20% GIEMSA for 20 min. The data were analysed
using Excel 16.9 software to compare the parasitaemia of
each well versus drug concentration. Parasite ICs, curves
were obtained using non-linear regression and IC;;s were
calculated by using the equation of the curve. Linear
point interception with the curve was used to establish
inhibitory concentrations.

Dye loading and live cell imaging

The laboratory strain Dd2 and the Ecuadorian P falci-
parum isolate ESM-2013 were used for this experiment.
Synchronized trophozoite stage parasites were loaded
with 5 uM Fluo-4 AM (Life Technologies, Burlington,
ON, Canada) in Ringer’s solution (122.5 mM NacCl,
54 mM KCl, 1.2 mM CaCl,, 0.8 mM MgCl,, 11 mM
p-glucose, 10 mM HEPES, 1 mM NaH,PO,, pH 7.4)
for 50 min at 37 °C. Parasites were washed twice with
Ringer’s solution and transferred to a microscope cham-
ber, where they were kept at 37 °C during microscopy.
A series of images per parasite was taken using a Zeiss
LSM710 confocal microscope (Carl Zeiss, Oberkochen,
Germany) equipped with a water-corrected objective
(C-apochromat 63x/1.20 W Korr M27) and a 488 nm
laser (12.5 mW, 2% intensity). The range of emitted
fluorescence was measured from 493 to 622 nm. The
acquired images were analysed using the Zen software
(Carl Zeiss) and the fluorescence averaged [32].

Results
Genotyping of drug resistance markers
Sixty-two out of the 69 collected samples were analysed
for mutations in five genes: Pfcrt (positions 72-76),
Pfdhps (positions 436, 437, 540, 581, 613), Pfdrfr (posi-
tions 50, 51, 59, 108, 164), Pfindrl (positions 86, 130,
144, 184, 1034, 1042, 1226, 1246) and k13 (positions 476,
493, 539, 543, 580). Thirty-two samples from Esmeraldas
county and 23 samples from San Lorenzo county (total
of 55 samples in Esmeraldas province) were collected, as
well as 4 samples in Carchi province and 3 in Sucumbios
province. F50 is a sample collected in Nuevo Rocafuerte,
Aguarico, Orellana province in 2014; this province is
located on the east border of Ecuador to Peru. In addi-
tion, Ecu 1110 was collected in Esmeraldas in 1990, this
province is located in northern border and was included
in the analysis.

The samples collected in Esmeraldas county presented
two mutated haplotypes of Pfert: 97% of the samples
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presented the CVMNT haplotype with a simple mutation
in the position 76 (K76T) and 3% of the samples showed
the CVMET haplotype with double mutations at posi-
tions 75 (N75E) and 76. Thirty-one of these samples were
reported in a previous study [26]. In San Lorenzo county,
the same haplotypes were found but in different fre-
quencies, 78.3% of the samples presented the haplotype
CVMNT and 21.3% showed CVMET. All of the samples
collected in Carchi showed the CVMNT haplotype. This
haplotype occurs in 33.3% of Sucumbios samples, while,
66.7% presented the CVMET haplotype (Fig. 2a). Only
the sample F50 collected in Orellana presented the hap-
lotype SVMNT with double mutations at positions 72
and 76 (C72S). The EculllO isolate, collected in Esmer-
aldas in 1990, also presented the CVMNT haplotype for
Pfert. In summary, 100% of the samples analysed showed
at least one mutation in the 72-76 positions of Pfcrt. All
of the genotypes found are associated to CQ resistance
(Table 1).

Pfdhfr presented the wild genotype CNCSI in the
majority of samples: 97% in Esmeraldas county, 82.6%
in San Lorenzo county, 66.7% in Sucumbios and 100% in
Carchi. The CNCNI haplotype, with a simple mutation in
the position S108N, was found in 13.04% of San Lorenzo
samples, and the CICNI haplotype (double mutant at
positions N51I and S108N) in 4.36% of San Lorenzo sam-
ples and 33% of Sucumbios samples (Fig. 2b). The dou-
ble mutation (CICNI) was also found in F50 (Orellana).
In contrast, Ecu 1110 presented the wild type genotype
CNCSI. San Lorenzo county showed higher diversity
of haplotypes for the Pfdhfr gene (Table 1), although,
the wild type genotype was the most frequent in the
population.

The wild type genotype (SAKAA) of Pfdhps was the
dominant genotype in all samples analysed: 97% of
Esmeraldas samples and 100% of San Lorenzo, Carchi
and Sucumbios samples (Fig. 2c). One sample from
Esmeraldas county presented a synonymous mutation
in the position 540, the sample F50 from Sucumbios had
the mutation K540E, showing the haplotype SAEAA
(Table 1).

Mutations in the gene k13 have been related to arte-
misinin sensitization. This gene was analysed in five
separate positions (476, 493, 539, 543, and 580). All the
samples studied in Esmeraldas, San Lorenzo, Carchi and
Sucumbios presented the wild type haplotype CRYGI
(Fig. 2d).

Pfmdrl presented two main mutations: Y184F and
N1042D in the majority of samples analysed in this study.
In fact, the NEDFSDFED haplotype was present in 97% of
Esmeraldas county samples, 78.3% of San Lorenzo county
samples and 100% of Carchi and Sucumbios samples
(Fig. 2e). Surprisingly, the F50 sample and the Ecu 1110
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also presented the genotype NEDFSDEFD. In contrast,
only 3% of Esmeraldas county (F31 sample) presented
the mutation 1042 (NEDYSDFD) alone, and 21.7% of
San Lorenzo county samples presented the mutation in
position 184 (NEDFSNFD). The mutations 184 and 1042
were found in almost all samples (Table 1).

Copy number of Pfmdr1

Pfindrl copy number was determined by qPCR. The
housekeeping gene Seryl was used as an internal control.
3D7 and Dd2 strains were used as copy number controls,
where 3D7 showed one copy and Dd2 two copies of the
Pfmmdrl gene [30]. Sixty-two samples were analysed, 75%
(45/62) of the samples were amplified by qPCR. One-
hundred per cent of the samples collected in Esmeraldas
county, San Lorenzo county, Carchi and Sucumbios pre-
sented only one copy of Pfimdri (Fig. 3).

Live cell imaging

Ecuadorian P. falciparum isolates were analysed for
drug resistance haplotypes at eight different amino acid
positions as well as copy number variations of Pfimdri.
These parasites presented two main mutations: Y184F
and N1042D and only one copy of the gene. Fluo 4 AM
is a fluorochrome and is transported by PfMDRI1 from
the cytosol to the digestive vacuole (DV) [30, 32, 33].
The use of Fluo 4 AM can help investigate the role of
the PfMDR1 transporter. The mutation N1042D has
been correlated to reduced transport of Fluo 4 from
the cytosol to the DV of the parasite [32]. The parasite

ESM-2013, an isolate from Esmeraldas that presented
the mutation N1042D, was cultured with Fluo 4 AM
and visualized by confocal microscopy to establish the
transport of the fluorochrome. Dd2 strain was used as a
positive control that allows the transport of Fluo 4 AM
to the DV. The results show that Fluo 4 is not trans-
ported to the DV (i.e., Fluor-4 fluorescence does not
accumulate) in ESM-2013 parasites (Fig. 4). The ratio
of Fluo-4 fluorescence intensity (when calculating DV/
cytosol Fluo-4 fluorescence measured in these com-
partments) of Dd2 was 6.9. In contrast, ESM-2013 pre-
sented a DV/cytosol Fluo-4 fluorescence ratio of 0.50.

In vitro drug sensitivity characterization

In vitro assays were used to test the sensitivity of Ecua-
dorian P. falciparum isolates to CQ, MQ, QN, ATM,
DHA, and LUMF. ESM-2013 was exposed to anti-
malarial drugs to establish its IC;,. This parasite also
presented a genotype associated with CQ resistance
(CVMNT). The parasite ESM-2013 showed an ICg, of
93.71 nM (Table 2). Furthermore, ESM-2013 presented
considerably lower IC;, for MQ, QN, LUMF, ATM,
and DHA. ESM-2013 presented 4.94 nM IC,, for MQ,
7.63 nM for QN and 2.60 nM for DHA, indicating a
phenotype of sensitivity for those anti-malarial drugs.
The current treatment for P falciparum infections in
Ecuador is based on ATM and LUMEF. This treatment
was tested in ESM-2013 and this parasite showed
an ICy, of 3.59 nM for LUMF and 1.14 nM for ATM
(Table 2).
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Table 1 Drug resistance markers haplotypes by location

Location Pfcrt Pfdhfr
CVMNT CNCSI
Esmeraldas
CVMET CNCNI
CVMNT CNCSI
San Lorenzo
CNCNI
CVMET
CICNI
Carchi CVMNT CNCSI
Sucumbios
CVMET CICNI
F50 (Orellana) SVMNT CICNI
Ecul1110 (1990) CVMNT CNCSI

Discussion

Ecuador has been very successful in reducing the number
of malaria cases in the country. It is estimated that more
than 99% prevalence reduction took place from 2000 to
2015 [34]. In this context, understanding drug resistance
genotypes and phenotypes of Ecuadorian Plasmodium
isolates constitutes crucial information for supporting
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Genes
Pfdhps Pfmdri1 K13
SAKAA NEDFSDFD
CRYGI
SA(Syn)AA NEDYSDFD
NEDFSDFD
SAKAA CRYGI
NEDFSNFD
SAKAA NEDFSDFD CRYGI
SAKAA NEDFSDFD CRYGI
SAEAA NEDFSDFD CRYGI
SAKAA NEDFSDFD

the National Malaria Programme to achieve elimination
of the disease in the country.

Ninety per cent of the samples analysed in this study
were collected in Esmeraldas province (Esmeraldas and
San Lorenzo counties), where most P. falciparum cases
are known to occur. In 2016, this province reported 125
P, falciparum cases, roughly 45% of the total of P. falcipa-
rum cases in the country [2].
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Fig. 3 Pfmdr1 copy number. Dd2 presents two copies and 3D7 one copy. All samples analysed presented one copy of Pimdrl. Sixteen of the 45
analysed samples are shown. Copy number > 1,6 was defined as a duplication of pfmdrT [42]

This study determined the mutations associated with
five different genes involved in CQ, SP, MQ, QN, and
ART resistance present in Ecuador. The results showed
that Ecuadorian parasites presented the CQ resistance
haplotypes CVMNT, CVMET and SVMNT in Pfert (72—
76). The genotype CVMNT was found in Esmeraldas,
San Lorenzo, Carchi and Sucumbios while the CVMET
genotype was found in San Lorenzo and Sucumbios, the
SVMNT genotype was found in one sample from Orel-
lana. CVMNT and CVMET genotypes have previously
been reported in Colombia [8]. CVMNT was reported in
the Pacific coast of Peru and the CVMET genotype was
reported in the Amazon region of Peru [10] The genotype
SVMNT has been found in the Peruvian [10] and Brazil-
ian Amazon [9].

The CVMNT haplotype had been previously reported
in a parasite isolate obtained in Esmeraldas in the 1990
[27]. Additionally, this genotype was reported in Ecua-
dor during an outbreak occurred in 2013 [26]. This sug-
gests that this haplotype has been circulating in Ecuador
for decades and is still maintained in the country. Grift-
ing and collaborators suggest that parasites carrying this
haplotype, were circulating in Colombia and then crossed
into Ecuador and later entered Peru [10].

The resistance to CQ is considered fixed in South
America, since CVMNT, CVMET and SVMNT are
common genotypes in the region [7, 9]. However, in
Ecuador, the national treatment regime was changed
from CQ in 2004 to artesunate-+SP [35] and, more

recently, to ATM-LUMEF [26]. Plasmodium falciparum
parasites circulating in the region continue to have the
K76T genotype of Pfcrt. This could be related to con-
tinuous drug pressure in the parasite population, since
CQ remains the main treatment to control P vivax
infections.

The wild type genotype CNCSI for Pfdhfr was the main
genotype found in all locations sampled in this study
(Ecuador, Peru, Colombia, and in the Ecu 1110 isolate)
[27]. The genotype with a simple mutation in position
108 (CNCNI) was only found in San Lorenzo county.
These genotypes have previously been reported in Ecua-
dor [25], Colombia [8] and Peru [10]. The CICNI resist-
ance genotype was found in San Lorenzo county and
Orellana; Peru, Colombia and Brazil have also reported
this genotype [8, 9].

The Pfdhfr polymorphisms were more diverse in San
Lorenzo than in the other Ecuadorian locations. San Lor-
enzo is located close to the Colombian border suggesting
that the migration of parasites from Colombia to Ecuador
could be related to the distribution of these mutations. In
fact, double and triple mutations in Pfdhfr and resistance
to SP have frequently been reported in Colombia [8].
In addition, it has recently been reported using neutral
microsatellites that P falciparum populations from San
Lorenzo are shared with the south of Colombia [36].

The wild type genotype SAKAA for Pfdhps presented
the highest frequency in all studied locations, as well as
for Ecu 1110 [27]. Only the sample F50 from Orellana



Valenzuela et al. Malar J (2019) 18:415

Page 9 of 13

ESM-2013
(Trophozoite)

ESM-2013
(Gametocyte)

ESM-2013
(Gametocyte)

Fluo 4

DIC merged
Fig. 4 Fluo 4 fluorescence in Plasmodium falciparum parasites. Trophozoite stage parasites were incubated with 5 uM Fluo 4 AM. Dd2 parasites

accumulate Fluo 4 in the digestive vacuole (DV), while ESM-2013 parasites accumulate Fluo 4 in the cytosol, suggesting a reduced transport of the
fluorochrome to the DV. Arrow: digestive vacuole

presented mutation in this position (SAEAA). This muta-
tion is common in Brazil [9], Venezuela, Bolivia, and Peru
[8, 10]. The wild type genotype was previously found in
samples from Esmeraldas in 2002 and 2013. No muta-
tions in Pfdhps have ever been previously reported in
Ecuador [25, 26].

Despite of the presence of mutations in Pfdhfr and
Pfdhps in samples from Ecuador, the high prevalence
of wild type genotypes suggests ongoing sensitivity to
SP in the country. In 2002, 90% of samples collected
in Esmeraldas presented at least one mutation in Pfd-
hfr (position 108 N). In addition, double (positions
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Table 2 IC,, values of Plasmodium falciparum ESM-2013
and 3D7

Drug ESM-2013 3D7

1C5 [NM] 1C5q [NM]
cQ 93.71+£33.07 836+£56
MQ 494+£06 1934215
QN 7.63+1.08 23+18
LUMF 359+04 746+26
ATM 1.14£07 31+08
DHA 26+14 24+13

108N, 164L) and triple (511, 108N, 164L) Pfdhfr muta-
tions were reported [25]. The decrease in the frequency
of parasites carrying Pfdhfr mutations in Esmeraldas
province could be related to the change in treatment
from artesunate+ SP to ATM-LUMEF, which reduced
the parasites from drug pressure.

Pfmdrl codes for a transmembrane P-glycoprotein
in the DV of the parasites involved in transport of sub-
strates from the cytosol to the DV. This protein belongs
to the adenosine triphosphate-binding cassette trans-
porter family [12]. Two factors have been associated
with alteration of function in PMDR1: mutations pre-
sent in Pfmdrl and copy number increase [32]. The
mutations N86Y and Y184F are more common in Asia
and Africa. In contrast, in South America the muta-
tions S1034C, N1042D and D1246Y are found to be
more common [13]. These mutations are associated
with multidrug resistance [37].

In Ecuador, the mutations 184F and 1042D were
found frequently and were present in the majority of
samples from an outbreak that occurred in Esmeraldas
in 2013 [26]. These double mutants were found in this
study in samples from Esmeraldas, San Lorenzo, Carchi
and Sucumbios. Furthermore, this genotype was found
in Orellana and previously reported for the Ecu 1110
parasite [27]. The Pfmdrl polymorphisms (86, 1034,
1042, 1246) have been associated with resistance to
QN, MQ, DHA, and HF [12]. The 184F mutation has
not been associated with any specific drug resistance
and the mutation 1042D has been linked to MQ and
QN resistance [32]. Ecuadorian parasites do not present
clinical or in vitro resistance to MQ or QN, suggesting
that these drugs can be considered as an alternative to
current treatment in the future.

The increase in Pfimdrl copy number has been asso-
ciated with P falciparum resistance to MQ, QN and
ART [14-16]. All Ecuadorian P. falciparum parasites
in this study showed one copy of this gene, suggesting
that these parasites are sensitive to MQ. Efficacy in vivo
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studies of artesunate and MQ combination showed
that these drugs were an effective treatment in Ecua-
dor in 2000 [38]. In South America, there are reports
of modifications in copy number in samples from the
Pacific region, Atlantic region and southeast of Colom-
bia (2009-2012), where 32% of the isolates had Pfmdrl
copy numbers increase to two to five copies [15]. Peru
reported single copy number for Pfimdrl in 2009 in the
Amazon region [17].

The mutation 1042D and the increase in copy num-
ber have been associated with MQ resistance [32]. MQ
forms hydrogen bonds with the residue 1042 of PfMDR1
and the change of N (asparagine) to D (acid aspartic)
in this position may result in the inhibition of MQ pas-
sage through the DV membrane [39]. In order to test
this hypothesis, live cell imaging using Fluo 4 AM was
performed.

Fluo 4 AM is a fluorochrome that has been used to
determine PfMDRI1 transport of substrates from the
cytosol to the DV of the parasite [32]. The parasites that
present N1042 (wild type genotype) show an increased
Fluo-4 fluorescence in the DV, showing that the fluoro-
chrome is readily transported into this compartment [30,
32, 33]. In contrast, the parasites with 1042D (mutated)
PfMDR1 show no increase in Fluo-4 fluorescence in
the DV (there is rather an increase in fluorescence in
the cytosol of the parasites), suggesting that the fluoro-
chrome is not transported into the DV [30, 32, 33].

The mutation N1042D was found in most Ecuadorian
P, falciparum isolates tested in this study, including ESM-
2013. The Fluo 4 AM assay was performed in the isolate
ESM-2013 from Esmeraldas to confirm that this muta-
tion inhibited the transport of this marker. The fluores-
cence intensity of Fluo-4 in the DV of Dd2 (N1042) was
higher than in ESM-2013. The Ecuadorian P. falciparum
presented the mutation 1042D and inhibited the trans-
port of Fluo 4 into the DV and did not present in vitro
resistance to MQ. This suggests that resistance to MQ
can be related to the synergy between polymorphisms
and increase in copy number of Pfmmdrl. The results
showed that PfMDR1 of ESM-2013 is not completely
functional, since there was inhibition of Fluo 4 trans-
port. These results are not directly related with the cur-
rent treatment for P, falciparum in Ecuador but should be
considered in case a treatment change is planned.

Plasmodium falciparum resistance to ART has been
reported in Southeast Asian countries, particularly
in the Grand Mekong area (China, Vietnam, Cambo-
dia, Thailand, Myanmar). ART resistance has been
associated with mutations in k13 [18, 19, 21, 40]. All
Ecuadorian samples presented the wild type CRYGI
(positions 476, 493, 539, 543, 580) genotype for this
gene. Similarly, recent studies in Brazilian, Peruvian
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and Colombian isolates have shown a lack of k13 muta-
tions and the ACT treatment appears to be effective in
these South American regions. The mutation C580Y
(associated with ART susceptibility in Southeast Asia)
was found in 5% of P. falciparum isolates from Guyana,
even though ART showed 100% efficacy [20]. Although
no ATM resistance mutations were found in the stud-
ied samples, the spread of other mutations related to
ART resistance cannot be ruled out.

Drug resistance phenotypes can also be character-
ized by in vitro assays. In this study, in vitro assays
were used to associate drug susceptibility phenotypes
to drug-resistant genotypes. In vitro studies are used
to monitor the drug susceptibility of P falciparum
and help guide the drug policy in each country. These
studies can give a better idea of how the interaction
between the parasite and the drug occur and can help
establish parasite sensitivity.

Ecuadorian parasites were cultured and exposed to
common anti-malarial drugs to establish their drug
susceptibility. The ESM-2013 parasite showed an ICg,
of 93.7 nM, confirming a CQ-resistant phenotype in
Ecuadorian P falciparum isolates having the muta-
tion K76T. The in vitro resistance to CQ in Ecuadorian
parasites has been previously reported in Eculll0. It
presented an ICz;>90.9 nM [27] in comparison with
3D7 that showed an IC;,< 10 nM. Other in vitro stud-
ies have shown resistance to CQ in Colombia, where
90% of parasites analysed presented IC;,>100 nM [22].
CQ resistance has been present in Ecuador since the
1980s, suggesting that the resistance to CQ is fixed in
Ecuadorian P. falciparum parasites. ESM-2013 showed
in vitro sensitivity to QN, MQ, DHA, LUME, and ATM;
similarly, Colombian samples had in vitro sensitivity to
DHA, LUME and ATM [15].

The current treatment for P. falciparum in Ecuador is
ATM-LUME. The results of this study suggest that this
treatment continues to be effective in the country, as
well as in the rest of Latin America where there is no
reported resistance to ACT treatment [5]. It is impor-
tant to note that, even though Ecuadorian parasites
have CQ-resistant genotype and phenotype and present
mutations in Pfdhfr and Pfmdrl, they have the same
resistance profile as Ecu 1110, an isolate collected in
1990 [26]. These results suggest that the mutations in
drug resistance genes have been maintained for almost
30 years in spite of a lack of selective pressure. This
could be explained by a fixation of drug resistant muta-
tions and the presence of parasites as asymptomatic
reservoirs [41].
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Conclusion

This study shows that Ecuadorian P falciparum had
chloroquine-resistant genotype and phenotype, but were
sensitive to sulfadoxine, pyrimethamine, artemether,
lumefantrine, quinine, mefloquine, and dihydroarte-
misinin, indicating that the status of anti-malarial resist-
ance during 2013-2015 remained effective. Nevertheless,
this study will need to be completed with samples from
the Amazon region to clarify the situation of resistance
in all endemic areas of Ecuador. This work shows the
importance of combining molecular and in vitro stud-
ies as surveillance tools to aid malaria elimination in the
country. Early detection of resistance to the current drug
treatment used for P. falciparum infections is essential to
hinder outbreaks. This study presents the status of anti-
malarial resistance in Ecuador and informs malaria elimi-
nation campaigns in the country.
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