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Abstract

Background Decrease in malaria rates (e.g. incidence and cases) in Latin America maintains this region on track

to achieve the goal of elimination. During the last 5 years, three countries have been certified as malaria free. How-
ever, the region fails to achieve the goal of 40% reduction on malaria rates and an increase of cases has been reported
in some countries, including Ecuador. This scenario has been associated with multiple causes, such as decrease

of funding to continue anti-malarial programmes and the development of insecticide resistance of the main malaria
vectors. In Ecuador, official reports indicated phenotypic resistance in Aedes aegypti and Anopheles albimanus to del-
tamethrin and malathion, particularly in the coastal areas of Ecuador, however, information about the mechanisms

of resistance have not been yet elucidated. This study aims to evaluate phenotypic response to deltamethrin and its
relationship with kdr mutations in An. albimanus from two localities with different agricultural activities in southern
coastal Ecuador.

Methods The CDC bottle assay was carried out to evaluate the phenotypic status of the mosquito’s population.
Sequencing the voltage gated sodium channel gene (VGSC) sought knockdown mutations (kdr) in codons 1010, 1013
and 1014 associated with resistance.

Results Phenotypic resistance was found in Santa Rosa (63.3%) and suspected resistance in Huaquillas (82.1%);

with females presenting a higher median of knockdown rate (83.7%) than males (45.6%). No statistical differences
were found between the distributions of knockdown rate for the two localities (p=0.6048) which indicates no influ-
ence of agricultural activity. Although phenotypic resistance was confirmed, genetic analysis demonstrate that this
resistance was not related with the kdr mechanism of the VGSC gene because no mutations were found in codons
1010 and 1013, while in codon 1014, 90.6% showed the susceptible sequence (TTG) and 7.3% ambiguous nucleotides
(TKK and TYG).

Conclusions These results highlighted the importance of continuous monitoring of resistance in malaria vectors

in Ecuador, particularly in areas that have reported outbreaks during the last years. It is also important to elucidate
the mechanism involved in the development of the resistance to PYs to propose alternative insecticides or strategies
for vector control in areas where resistance is present.
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Background

Ecuador saw a sustained decline in malaria inci-
dence between 2000 and 2015, opening the possibil-
ity of achieving the elimination of this disease from the
national territory by 2020 [1]. In fact, malaria eradication
was achieved for approximately 20 years in the Ecuador-
Peru border due to binational collaborative efforts for
malaria control [2]. However, since 2016, the country
has experienced a significant increase in the number of
locally-transmitted malaria cases in both the coastal and
Amazon regions of more than 1000 cases/year, challeng-
ing the elimination goal [3]. The administrative transition
from the National Service of Vector-borne Diseases to
the Ministry of Public Health (MoH) is perceived to have
contribute to this increase in malaria incidence by both
weakening early case detection, and thwarting vector
control strategies that were effective in previous years [4].
The World Health Organization (WHO) has associated
the changes in malaria incidence with multiple possible
causes, including decreased funding to continue antima-
larial programs or the monitoring of insecticide resist-
ance [3]. The latter has been considered one of the main
factors that severely complicates the control of malaria at
a global scale.

The main types of insecticides used for vector control
are organochlorines (OGs), carbamates (CMs), organo-
phosphates (OPs) and pyrethroids (PYs) [5, 6]. Currently,
PYs such as deltamethrin, permethrin and cypermethrin
are the most widely used insecticides due to their high
efficacy, low cost, high environmental stability, broad-
spectrum and low toxicity to humans and the environ-
ment [7-9]. However, the constant exposure to PYs by
indoor residual spraying (IRS), long-lasting insecticidal
nets (LLINs) and the extensive use of insecticides in agri-
culture have caused the appearance of resistant insect
populations in some areas [10, 11]. Resistance to PYs has
been widely documented in the main African malaria
vectors, such as Anopheles arabiensis, Anopheles funestus
and Anopheles gambiae sensu lato (s.l.) [12—14]. In Latin
America, insecticide resistance has been reported with
varying magnitude in populations of some of the main
malaria vectors, such as Anopheles albimanus, Anopheles
darlingi and Anopheles nuneztovari [15-18].

Resistance to PYs is has been associated with a tar-
get-site insensitivity mechanism known as knockdown
resistance (kdr). This mechanism involves highly spe-
cific genetic changes, such as single nucleotide polymor-
phisms (SNPs) or substitutions in codons 1014, 1013,
1010 and 1575 of the voltage-gated sodium channel gene

(VGSC). Mutations that confer kdr resistance have been
reported in codons 1010 and 1013 in Anopheles species
from Africa and Asia. The most common type of muta-
tions have been reported in codon 1014 and generate
an amino acid change from leucine to serine (L1014S),
cysteine (L1014C), phenylalanine (L1014F), or trypto-
phan (L1014W), thereby severely decreasing the interac-
tion between cellular chemical receptors and insecticides
[19].

The presence of resistant kdr alleles has been reported
in populations of An. albimanus in Central America
(México, Nicaragua and Costa Rica) [20]. In South Amer-
ica (Colombia and Peru), resistance to PYs in An. albi-
manus populations is somewhat less frequent, and does
not pose an immediate threat to malaria control [18, 21].

In Ecuador, deltamethrin (a member of the PYs group)
and malathion (a member of the OPs group) are the most
commonly used insecticides for vector control [22]. Since
2018, the WHO, the Ecuadorian MoH and independent
researchers have reported phenotypic resistance to both
types of insecticides in Aedes aegypti and An. albimanus
from the coastal areas of the country [23, 24]. However,
in An. albimanus, the genetic traits conferring resist-
ance have not been evaluated. As an initial step in assess-
ing deltamethrin resistance in Anopheles populations in
Ecuador, an evaluation was conducted on the presence of
phenotypic and genotypic resistance linked to mutations
in the VGSC gene in An. albimanus populations from
southern coastal region. Furthermore, to evaluate the
potential impact of land use on insecticide resistance fre-
quency, this study compared An. albimanus populations
from two localities with varying degrees of agricultural
activity.

Methods

Study area

This study was carried out in the malaria-endemic prov-
ince of El Oro. This coastal province is located in the
south-west region of Ecuador, and shares a border with
Peru (Fig. 1). The economy of El Oro province is based
on agriculture (particularly banana production), live-
stock and trade. During the 1980s and early 2000s, this
province presented a high incidence of malaria cases;
since then, a constant decline was observed, until 2011
it was deemed to be free of local malaria transmission
[2]. Between 2017 and 2021, only 62 cases were reported
comprising three cases of with P falciparum infection
and 59 cases with P, vivax infection [25-29].
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Fig. 1 Geographical location of the collection sites in southern Ecuador (El Oro province). The red circular points showed the sampling sites
from Santa Rosa (high agricultural activity) and the green points from Huaquillas (low agricultural activity)

Specimens for this study were collected in the counties
of Santa Rosa and Huaquillas. Santa Rosa is one El Oro’s
counties with the largest surface area dedicated to agri-
culture, fisheries and animal husbandry (62.68%). About
16% of the land is used for banana and cacao plantations
[30]. Approximately 30% of the county’s economically-
active population is involved in these activities [30].
Average precipitation during the rainy seasons (Febru-
ary—-May and October—November) fluctuates between
500 and 2000 mm, while in the dry season (January—
April) <500 mm. Temperature in the area fluctuates from
18 to 26 °C [30]. Information regarding the use of insecti-
cides in agriculture is limited: however, there are reports
of their extensive use in areas with high agricultural activ-
ity in the province [24, 31]. In contrast, Huaquillas is a
county that borders with Peru. The main economic activ-
ity is commercial trade (both formal and informal) while
agriculture only contributes with 3.43% of the economic
productive component [32]. Average precipitation varies
from 125 to 250 mm during the rainy season (December-
May) to <20 mm during the dry season (July—December).
Temperature fluctuates between 20.7 and 31 °C [32].

Collection of immature stages and breeding

Immature stages (larvae and pupae) of An. albimanus
were collected from March to August 2019 from tempo-
ral water ponds. In Santa Rosa, collections were carried
out in livestock farms near banana plantations, while in
Huaquillas specimens were collected from holes in the
ground used for artisanal brick production (Fig. 1). Col-
lections were performed using standard larval dippers
(10 dips/m?).

Collected samples were transported live to the Inter-
mediate Reference Laboratory CZ7 07D02 of the MoH,
located in the city of Machala. Because this laboratory is
located on an area where An. albimanus is endemic, envi-
ronmental conditions were monitored but not regulated
throughout the rearing process. Average environmental
conditions in the area during this study were 29+3 °C
temperature, 80+ 10% relative humidity.

To rear the larvae, standard guidelines for larval culture
were adhere (https://www.beiresources.org/Publications/
MethodsinAnophelesResearch.aspx). Larvae were placed
in ceramic-coated steel trays (23 cm X 30 cm) in a density
of one larva (L3/L4 stage) per ml of natural water (level
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0.5 to 1 cm depth), and were fed with fish food (Levein,
Quito, Ecuador). Pupae were picked daily and placed in
cardboard cups covered with polyester mesh. Emerging
adults were transferred to small plastic vials, identified as
An. albimanus at the morphological level by the presence
of pale-scales in the hind tarsomere 3 and 4, and the hind
tarsomere 5 with a basal dark-scale [33], separated by sex
and were fed with a 10% sucrose solution ad libitum.

Phenotypic resistance by CDC bioassays

Monitoring of resistance to deltamethrin in the sam-
pled An. albimanus populations was performed follow-
ing the protocol for bottle bioassays issued by the CDC
[34]. The efficiency of the deltamethrin stock technical
grade (Sigma-Aldrich, Missouri, USA) used in this study
was previously established in a bioassay with a suscepti-
ble strain of Ae.aegypti (Rockefeller strain) at a diagnosis
dose of 10 pg/ml and time of 30 min.

The standardization of the CDC bottle bioassay to
determine a specific diagnostic dose and diagnostic time
was not feasible due to the lack of known susceptible
An. albimanus strain. Thus, bioassays were conducted
with the diagnostic dose (12.5 pg/ml) and time (30 min)
established by CDC in susceptible Anopheles popula-
tions [34]. Each bioassay consisted of one control group
and one to four experimental replicates, depending on
specimen availability. Each assay bottle (250 ml Wheaton
bottles with scroll caps) was previously impregnated with
either 1 ml of deltamethrin solution (for experimental
groups) or 1 ml ethanol (for control groups). Ten to 25
mosquitoes, aged 2-5 days old, were introduced in each
bottle using a mouth aspirator. Due to the limited num-
ber of emerging adults, some bioassays were carried out
with specimens of both sexes; in these cases, males and
females were always assayed in separate bottles.

After setting up each bioassay, knockdown individu-
als (mosquitoes that cannot stand and that slide along
the curve of the test bottle) were counted every 15 min,
for a total period of 120 min. An additional counting,
to estimate the mortality rate, was performed at 24 h
(1440 min). After the assay, each mosquito was individu-
ally stored in a 0.6 ml microcentrifuge tube at — 20 °C for
molecular analysis.

Statistical analysis

Following CDC guidelines, each bioassay was consid-
ered valid if the mortality rate in the control bottle was
up to 3% after 120 min. Assays with mortality above
this threshold in the control group were not included
in the analysis. If the mortality in the control bottle
was between 3 and 10%, Abbott’s formula was used to
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correct results. A mosquito population was considered
susceptible with a knockdown rate of 98% to 100%,
resistance that must be confirmed from 80 to 97% and
resistance if knockdown was < 80% [34].

Shapiro—Wilk test was calculated to evaluate the nor-
mality of the data and median was selected to repre-
sent the data. The non-parametric Mann Whitney test
was used to compare distributions of knockdown rate
between localities and sex at 30 min (diagnostic time),
and to compare mortality rate at 120 min and 24 h. All
analyses were performed using the STATA software (v.
15.0) [35] with a significance level for decision-making
of p<0.05. Data of bioassays are detailed in the Addi-
tional file 1: Table S1.

Knockdown resistance (kdr) genotyping

A sub-sample of 50% of the mosquitoes (n=115) used
in each bioassay was selected for molecular analysis
(Huaquillas n=58, Santa Rosa n=57). DNA extraction
was carried out with a DNeasy kit (Qiagen, USA) or
DNAzol (ThermoFisher, USA), following the manufac-
turer procedures. A 225 bp segment of the VGSC gene
was amplified in a 25 pl reaction mixture containing 1X
GoTaq® Colorless Master Mix (Promega, USA) with
1.5 uM MgCl,, 0.2 mM dNTPs, 2.5 uM of each primer
AAKDRF2 (5'-CAT TCA TTT ATG ATT GTG TTT
CGT G-'3) and AAKDRR (5-GCA ANG CTA AGA
ANA GRT TNA G 3) and 10 to 50 pg of genomic DNA
[20]. This segment contains codons 1010, 1013 and
1014, and codifies for most amino acids of the VGSC’s
sixth segment of domain II, which is critical for interac-
tion with PYs [19, 36].

Amplification was performed using a SimpliAmp
Thermocycler (Applied Biosystems, USA). Amplifica-
tion conditions included an initial denaturation at 95 °C
for 3 min, followed by 40 cycles at 95 °C for 45 s, 51.5 °C
for 45 s and 72 °C for 1 min, and a final extension step
at 72 °C for 5 min [20]. Amplification products were
visualized in a 1.5% agarose gel stained with SYBR®
Safe (Invitrogen, USA). Products were sequenced using
a commercial service (Macrogen Inc., Korea).

Forward and reverse sequences of each sample were
manually curated using MEGA11:Molecular Evolu-
tionary Genetics Analysis version 11 [37]. Consensus
alignments were established and chromatograms were
manually analysed to determine the codon composi-
tion at positions 1010, 1013 and 1014. Finally, a com-
plete alignment with all the sequences was performed,
together with reference sequences of An. albimanus
from Colombia and Guatemala (GenBank accessions
MNO087505 and KF137581.1, respectively). Sequence
data are shown in Additional file 2: Table S2.
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Results

Phenotypic resistance

Bioassay analysis was conducted on a total of 231 An.
albimanus specimens, with 116 from Huaquillas and
115 from Santa Rosa (Table 1). Data from five bioas-
says were excluded due to the absence of control bot-
tles, control bottle mortality rates exceeding 10%, and a
mix of males and females in the same experiment bottle.
Knockdown rate was determined based on the median,
according with the data distribution (Shapiro Wilk test,
p=0.03795). Mosquitoes from Santa Rosa presented phe-
notypic resistance with a knockdown rate of 63.3% (IQR
45.6—-80.0), while in Huaquillas, suspected resistance was
found with 82.1% knockdown rate (IQR 20.0-84.0). No
statistical differences were found between the distribu-
tions of knockdown rate for the two localities (p =0.6048)
(Table 1 and Fig. 2a, b).

The analysis included an examination of the influence
of sex on the oucomes. A total of 147 females (63.63%
of total) and 84 males (36.36% of total) were used in the
bioassays. Females presented a higher median knock-
down rate (83.7%, IQR 73.8—89.5) than males (45.6%,
IQR 20.0-60.0) (p=0.0278), however no significant
differences were found within localities (Huaquillas,
p=0.0603; Santa Rosa, p=0.3836) (Table 2).

Comparison of knockdown rates was conducted at
specific intervals: 30 min (diagnostic time), 120 min (the
end of the experiment according to the protocol) and
24 h (additional record). Statistical analysis indicated sig-
nificant differences when comparing knockdown rates
at 30 min versus 120 min (p<0.001) and versus 24 h
(p=0.0016), regardless the locality (Fig. 2a). Additionally,
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an observed increase of 13.5% and 2.9% in knockdown
rate occurred between 30 and 120 min and 24 h, respec-
tively. No statistical differences were found when com-
paring knockdown rate at 120 min and 24 h, regardless
the locality (p=0.2859) (Fig. 2a).

Knockdown resistance (kdr) genotyping

The analysis of the mutations in codons 1010, 1013 and
1014 of the VSCG gene was performed in 109 of the
115 sequenced samples (53 specimens from Huaquillas,
56 specimens from Santa Rosa). Six samples (5.2%) pre-
sented non-legible chromatograms and were excluded
from the analysis. Only susceptible sequence (i.e. wild-
type) for codons 1010 (GTT) and 1013 (AAC) were
found in all samples. The susceptible sequence for codon
1014 (TTG, coding for leucine) was present in 90.6% (n
= 48) of samples from Huaquillas and in 94.6% (n = 53)
of samples from Santa Rosa. Ambiguous nucleotide for
G/T (TKK) were found in 7.5% (n = 4) and 1.78% (n = 1)
of the samples from Huaquillas and Santa Rosa, respec-
tively. While the C/T (TYG) were found in 1.9% (n = 1)
samples from Huaquillas and 3.6% (n = 2) from Santa
Rosa. The codon sequences reported as confering resist-
ance were not observed in a homozygous state in the
experimental specimens (Fig. 3).

Discussion

This study reveal the presence of phenotypic resist-
ance to deltamethrin in An. albimanus populations
from southern Ecuador. However, this resistance is evi-
denced although it was not related with kdr mutations,

Table 1 Knockdown median proportion for An. albimanus in Huaquillas (HQ) and Santa Rosa (SR) in El Oro province, Ecuador.

Huaquillas (HQ) Santa Rosa (SR)

Time (minutes) # Knockdown # Non- affected Kd % # Knockdown # Non- affected Kd % p-value
0 0 116 0.00 0 115 0.00

15 74 42 74.2 50 65 45.6

30 79 37 82.1 74 41 63.3 0.06048
45 82 34 82.1 87 28 703

60 95 21 81.7 95 20 83.2

75 99 17 825 100 15 90.0

90 101 15 884 106 9 944

105 111 5 95.5 109 6 944

120 108 8 93.2 110 5 974

1440 98 18 84.5 107 8 97.1

Bold values corresponded to the median knockdown rate obtained at 30 minutes which constitutes the diagnosis time to determine the state of susceptibility or

resistance of the population

Number of individuals counted as knockdown and alive (non-affected) by time and locality. In bold, the knockdown percentage at diagnostic time (30 min) and the

associated p value by Wilcoxon test

Kd%: median knockdown rate
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Table 2 Number of individuals by sex and knockdown median
proportion at 30 min for An. albimanus from Huaquillas (HQ) and
Santa Rosa (SR) in southern coastal Ecuador

Female Male

No.individuals Kd % No.individuals Kd % p-value

(%) (%)
HQ 86 (74.13) 837 30(25.86) 200  0.0603
SR 61 (53.04) 781  54(46.95) 550 03836
HQ+SR 147 (63.63) 837 84(36.36) 456 00278

Kd%: median knockdown rate, (%) proportion of individuals of each sex per
locality

suggesting the existence of alternative resistance mecha-
nisms in the area.

Despite the recent success of some South and Cen-
tralAmerican countries in eradicating malaria (Argentina,
El Salvador and Paraguay have been certified as malaria
free since 2018) [3], the elimination goal in the Ameri-
cas is currently at risk. The region has failed to achieve
the goal of 40% reduction on malaria rates initially set by
the WHO [3], and several countries (including Hondu-
ras, Panam4, Ecuador and Bolivia) have actually reported
recent increases in malaria incidence [3].

One of the fundamental strategies advocated by the
WHO for an effective response to outbreaks is the moni-
toring of insecticide resistance [3]. Of the 88 malaria
endemic countries, 78 have reported instances of resist-
ance to at least one category of insecticides within their
malaria vectors. The prevalence of resistance to PYs and
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OGs is widespread and cause alarm [3]. In the Americas,
a majority of countries have actively reported plans for
insecticide monitoring and management [3], underlin-
ing the pivotal role of such monitoring as an integral part
of insecticide-based interventions to prevent outbreaks.
Resistance status of the most important malaria vectors
can be tracked by WHO-sponsored ‘Malaria Threats
Map’ [38].

In Latin America, phenotypic resistance to insecticides
(PY, OP and CM) has been reported in main malaria
vectors, such as An. albimanus, An. darlingi, An. nun-
eztovari [17, 18, 20, 39-41]. However, the genetic traits
associated with resistance in these populations are not
well established.

In Ecuador, the MoH and the National Institute of
Public Health Research (INSPI, by its Spanish acronym)
have reported An. albimanus populations resistant to PYs
(Deltamethrin 0.05%), and OPs (Malathion 5%) by the
discriminating concentration bioassay of the WHO [38].
Official reports have revealed deltamethrin resistance or
probability of resistance in four provinces [38], including
the southern coastal province of El Oro, where this study
was carried out. In a 2019 report, An. albimanus from
Huaquillas and Santa Rosa were resistant to deltamethrin
(62% and 68.8% mortality rate, respectively) [23]; how-
ever, there is no data about the genetic traits or resistance
mechanisms involved.

Information regarding the use of pesticides and insec-
ticides in El Oro province is limited; however, the use
of pesticides in an area can be reflected in the number

1013 1014

AAC|TTG GTCGTAAGTGCATTT TYG

TKK

TTG

AAC
AAC
AAC
AAC
AAC
AAC
AAC
AAC
AAC
AAC
AAC

Sample code 5’- 3" Sequence
1010
An. albimanus (Col) ATACCATTCTTCTTAGCAACTGTA GTT|ATAGGA
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SR10307_KDR99 ATACCATTCTTCTTAGCAACTGTA|GTT|ATAGGA
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HQ4408_KDR24 ATACCATTCTTCTTAGCAACTGTA|GTT|ATAGGA
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Fig. 3 Alignment of a region of the VGSC gene of An. albimanus. Susceptible sequence (GTT) was detected for codon 1010 that codifies valine
(V110) (blue box) and codon 1013 (AAC) that codifies asparagine (N113) (green box). Codon 1014 presented the susceptible sequence (TTG)
that codifies leucine (red box) with the exception of certain individuals from Huaquillas (HQ) and Santa Rosa (SR) that presented ambiguous
nucleotides G/T (TKK) and C/T (TYG). Alignment was performed by comparison with GenBank sequences of An. albimanus from Colombia (Col)
(MN087505) and Guatemala (Gt) (KF137581.1). Identical positions are indicated with an asterisk
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of cases related to the toxic effect of pesticides treated
within the public health system. In 2019, in Santa Rosa,
20 such cases were reported, while Huaquillas had only
four cases (https://www.ecuadorencifras.gob.ec/camas-
y-egresos-hospitalarios/). Although Huaquillas does not
have a large area of land for agriculture, a previous sur-
vey indicated that 18.9% of homes purchase pyrethroid
insecticides to use at home [24]. While the extensive use
of insecticides in agriculture and urban areas have been
linked to the emergence of resistant insect populations
[11, 42, 43], this trend was not evident in this study. Even
though a lower knockdown rate is reported in Santa Rosa
(locality with higher agricultural activity), no significant
differences were detected when compared to Huaquillas
(low agricultural activity). These results suggest a lim-
ited influence of the use of PYs in agriculture as selective
pressure for mosquitos; however, certain limitations in
this study (such as sample size and the use of males and
females) need to be considered, as discussed below.

One limitation to consider in this study was the lim-
ited availability of females for the bioassays that can lead
to a variation of the reported knockdown proportions.
In this study, female mosquitoes from 2-5 day old were
used in the bioassays. However, the insufficient number
of females hindering achieving an adequate sample size,
thus males were included as well. Although bioassay pro-
tocols for other mosquitoes (i.e. Aedes, Culex) allow the
inclusion of males and females as both contribute equally
to the genes of their progeny [44], the modification in the
methodology of this study could influence the reported
knockdown proportion at diagnostic time as females pre-
sented higher rate than males. While there have not been
reports of sex-linked mechanism for PYs resistance in
Anopheles, an effect driven by sex should be considered
as differential immune response and expression of insec-
ticide resistant genes have been reported in other mos-
quitoes species such as Culex pipiens and Ae. aegypti [45,
46).

Another limitation of the study was the lack of a sus-
ceptible strain of An. albimanus to test the deltamethrin
concentration, even though the viability of the chemical
was tested in a susceptible strain of Ae. aegypti (Rocke-
feller). In this context, the recommended concentration
[34] was applied and the knockdown rate was evaluated,
instead of the mortality rate, during the CDC bioassay
methodology. Additionally, an evaluation of the post-
exposure effects of the insecticide were carried out by
analyzing records at 120 min (the end of the experiment)
and an additional reading at 24 hours, which is consid-
ered to reflect the mortality rate. The knockdown rates
at 30 min were significantly lower than those at 120 min
and 24 hours. This suggests that biological effects can
occur not only during the period immediately following
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exposure to the pesticide (0-120 min), but also during
the post-exposure period (120 min-24 hr). Furthermore,
the decrease in the number of knockdown individuals
between 120 min and 24 hour indicated that some speci-
mens can recover after exposure to the diagnostic dose.
This observation hints at the posible existence of alterna-
tive resistance mechanisms in these populations, such as
metabolic resistance involving the production of detoxi-
fying enzymes. Further exploration of the biological post-
exposure effects is necessary [47].

At genetic level, kdr resistance on the VGCS gene has
shown a strong causal relationship with DDT and PYs
[48]. Studies in the main malaria vector species in Africa
and Asia have reported non-synonymous mutation in at
least four codons (1010, 1013, 1014 and 1575) of this gene
[19]. In Central America, populations of An. albimanus
have shown mutations in codon 1014 that conferred
resistance to PY [20]. In South America (Colombia and
Peru), phenotypically resistant populations of Anopheles
have shown low frequency or absence of kdr mutations
[19, 50]. These reports agree with the results of this study
that reported susceptible codon sequences at position
1010 and 1013, and only eight samples (7.3%) showed
polymorphisms in codon 1014.

Taken together, the presence of susceptible sequences
on codons 1010 and 1013, as well as the low frequency of
variants on codon 1014, suggest that the levels of resist-
ance observed in the bioassays are most likely due to the
existence of alternative resistance mechanisms in the
study populations. These results are in agreement with
other reports which suggest that the frequency of kdr
mutations in a population is not necessarily the best pre-
dictor of phenotypic resistance, with other mechanisms
(such as metabolic resistance) playing important roles
[51, 52].

Furthermore, both the phenotypic and genetic results
of this study agree with the description of An. albimanus
as a panmictic population with high gene flow, particu-
larly at microgeographic scales [53, 54]. However, as local
and environmental characteristics may influence the var-
iations observed in this vector species [54], further analy-
sis of the impact of environment and interventions might
be considered along the geographic distribution of An.
albimanus in Ecuador.

Between 2017 and 2021, malaria outbreaks in Ecua-
dor were mainly reported in the Amazon region, where
no data on pesticide resistance is available, and in the
northern coastal area, where the only study available
did not found resistance to deltamethrin in An. albi-
manus [38]. Phenotypic and genetic characterization
of resistance to PYs in malaria vectors from endemic
areas in Ecuador is an important step towards an early
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response to outbreaks. Monitoring will allow us to elu-
cidate the mechanism involved in the development of
the resistance to PYs, and to propose alternative insec-
ticides or strategies for vector control in areas where
resistance is present. This valuable information could
provide a new path to control future outbreaks of
malaria both locally and regionally.
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