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Abstract 

Background:  Knockdown resistance (kdr) is a well-characterized target-site insecticide resistance mechanism that is 
associated with DDT and pyrethroid resistance. Even though insecticide resistance to pyrethroids and DDT have been 
reported in Anopheles albimanus, Anopheles benarrochi sensu lato (s.l.), Anopheles darlingi, Anopheles nuneztovari s.l., 
and Anopheles pseudopunctipennis s.l. malaria vectors in Latin America, there is a knowledge gap on the role that kdr 
resistance mechanisms play in this resistance. The aim of this study was to establish the role that kdr mechanisms play 
in pyrethroid and DDT resistance in the main malaria vectors in Colombia, in addition to previously reported meta‑
bolic resistance mechanisms, such as mixed function oxidases (MFO) and nonspecific esterases (NSE) enzyme families.

Methods:  Surviving (n = 62) and dead (n = 67) An. nuneztovari s.l., An. darlingi and An. albimanus mosquitoes 
exposed to diagnostic concentrations of DDT and pyrethroid insecticides were used to amplify and sequence a 
~ 225 bp fragment of the voltage-gated sodium channels (VGSC) gene. This fragment spanning codons 1010, 1013 
and 1014 at the S6 segment of domain II to identify point mutations, which have been associated with insecticide 
resistance in different species of Anopheles malaria vectors.

Results:  No kdr mutations were detected in the coding sequence of this fragment in 129 samples, 62 surviving mos‑
quitoes and 67 dead mosquitoes, of An. darlingi, An. nuneztovari s.l. and An. albimanus.

Conclusion:  Mutations in the VGSC gene, most frequently reported in other species of the genus Anopheles resist‑
ant to pyrethroid and DDT, are not associated with the low-intensity resistance detected to these insecticides in some 
populations of the main malaria vectors in Colombia. These results suggest that metabolic resistance mechanisms 
previously reported in these populations might be responsible for the resistance observed.
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Background
Insecticide resistance in major malaria vectors world-
wide threatens prevention and control efforts of the 
disease. According to the World Malaria Report 2018, 
resistance to the four insecticide classes available for 
mosquito control—pyrethroids, organochlorines, car-
bamates and organophosphates—is outspread in all 

major malaria vectors across the world [1]. Sixty-eight 
countries reported resistance to at least one of the four 
insecticide classes in one malaria vector from one collec-
tion site, and 57 countries reported resistance to two or 
more insecticide classes. Importantly, up to 54 countries 
have reported resistance to pyrethroids, the only insecti-
cide class currently recommended by the World Health 
Organization (WHO) for using on long-lasting insecti-
cidal nets (LLINs), in at least one malaria vector [1].

In Latin America, compared with the other regions 
of the world, studies on the evaluation of insecticide 
resistance are scarce and most of the reports show a 
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susceptibility status of the main malaria vectors to the 
tested insecticides. Anopheles albimanus is the species 
with highest number of reports of insecticide resistance. 
This species has been found resistant to deltamethrin, 
lambda-cyhalothrin, DDT, and malathion in Colom-
bia [2], also in Guatemala this species has shown to be 
resistant to deltamethrin and fenitrothion [3], in Mex-
ico to deltamethrin, DDT and pirimiphos methyl [4], in 
Panama to deltamethrin, lambda-cyhalothrin, cyfluthrine 
and cypermethrin [5], and in Peru to deltamethrin, feni-
trothion, permethrin, DDT, bendiocarb, cyfluthrine, 
cypermethrin and malathion [6, 7]. Other reports of 
insecticide resistance have been made for Anopheles 
bennarochi sensu lato (s.l.) and Anopheles pseudopuncti-
pennis s.l. in Peru [6], Anopheles darlingi and Anopheles 
nuneztovari s.l. in Colombia [8–12], and Anopheles aqua-
salis in Venezuela [13]. According to the global report 
on insecticide resistance in malaria vectors 2010–2016 
of the WHO [14], in Latin America, during this period, 
pyrethroid resistance was detected in all, but two coun-
tries, Guatemala and Nicaragua, in which monitoring 
was undertaken and no DDT resistance was detected at 
most sites tested except in Colombia, where DDT resist-
ance has been reported since 1980 [10]. Furthermore, 
there was evidence of emerging resistance to carbamates, 
particularly in Bolivia, Ecuador and Nicaragua, and 
organophosphate resistance in four countries [14].

Knockdown resistance (kdr) is a well-characterized 
target-site insecticide resistance mechanism that is asso-
ciated with DDT and pyrethroid resistance. Kdr point 
mutations occur in the voltage-gated sodium chan-
nel (VGSC), usually located in the transmembrane seg-
ment IIS6 or in the linker regions connecting domain III 
and domain IV in species of the genus Anopheles [15]. 
To date, seven mutational variations, V1010L, N1013S, 
L1014F, L1014S, L1014C, L1014W and N1575Y, have 
been reported in 13 Anopheles species, most of them 
belonging to Africa and Asia, with L1014F and L1014S 
being the most frequently found [16]. Recently, two 
additional mutations, 1048N and S1156G, in Anopheles 
coluzzii have been reported, although yet to be linked 
with resistance [17]. In malaria vectors of Latin America, 
this mechanism has been investigated in An. albimanus, 
An. darlingi, An. vestitipennis and An. pseudopuncti-
pennis, and only two mutational variations, L1014F and 
L1014C, were identified in samples of An. albimanus 
from Mexico, Costa Rica and Nicaragua [18, 19].

In Colombia, resistance to pyrethroids, organophos-
phates and DDT have been reported for An. nunez-
tovari s.l. and An. albimanus, and in the case of An. 
darlingi also to carbamates [8–12, 20, 21]. Insecticide 
resistance mechanisms described are: increased metab-
olism through mixed function oxidases (MFO) and 

non-specific esterases (NSE) involved in cross-resistance 
between lambda-cyhalothrin and DDT in An. darlingi 
[12], and increased levels of MFO and modified acetyl-
cholinesterase (MACE) involved with the resistance to 
pyrethroids and the organophosphate malathion in An. 
nuneztovari s.l. [11]. Up until now, the possibility that 
the kdr-type resistance mechanism occurs in populations 
where there is simultaneous resistance to DDT and to 
pyrethroids has not been ruled out.

Knowledge on the molecular mechanisms associated 
with insecticide resistance is necessary for designing 
appropriate vector control measures. This information 
allows the identification of the most effective insecticide 
for use by vector control programmes and predict how 
mosquitoes may react to the insecticides that will be 
used in the vector control programmes. Additionally, this 
knowledge can establish a baseline to assess the impact 
of resistance on vector control and elaborate strate-
gies to manage it. As different resistance mechanisms 
show different potential to cause control failure [22], it 
is important to employ tests that allow the determina-
tion of the underlying genetic mechanisms responsible 
for the observed resistance in a surveillance monitoring 
programme.

In Colombia, there is a knowledge gap about the insec-
ticide resistance mechanisms on malaria vectors. Fur-
thermore, kdr resistance mechanisms, widely described 
for other major malaria vectors elsewhere, remain uni-
dentified in the country. This study aims to explore the 
role that kdr mechanisms play in pyrethroid and DDT 
resistance in the main malaria vectors in Colombia in 
addition to metabolic mechanisms of resistance, such as 
MFO and NSE enzyme families reported previously.

Methods
Mosquito populations
Specimens of An. nuneztovari s.l., An. darlingi and An. 
albimanus from six localities of Valle del Cauca, Chocó 
and Norte de Santander Departments were selected 
(Table  1). The study sites were chosen to encompass 
a range of primary malaria vector distribution, taking 
into account rates of malaria incidence, previous results 
regarding pyrethroids and DDT resistance and biochemi-
cal mechanisms, easy access by land or water, safety, and 
public health priority in terms of resistance monitor-
ing given the history of insecticide use [21]. The main 
insecticides used in these areas for malaria control are 
deltamethrin, lambda-cyhalothrin, alphacypermethrin, 
permethrin and fenitrothion.

The mosquitoes of these locations were previously 
characterized as resistant populations as follows: An. 
albimanus from Panguí (Nuqui-Chocó) was resistant to 
lambda-cyhalothrin and DDT with a range of 92% and 
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98% mortality in the bioassays; An. darlingi from Bocas 
de Pune (Medio Atrato—Chocó), Tagachi (Quibdó-
Chocó) and Encharcazón (Rio Iró-Chocó) were resist-
ant to deltamethrin, lambda-cyhalothrin, permethrin 
and DDT with mortalities ranging between 80 and 97%, 
and An. nuneztovari from Santa Rosa (El Zulia-Norte de 
Santander) and Córdoba (Buenaventura-Valle del Cauca) 
were resistant to deltamethrin and DDT, with mortali-
ties ranging between 94 and 98% [21]. When quantifying 
the intensity of these resistance, all of these populations 
were found with low resistance intensity to the pyre-
throid insecticides (alpha-cypermethrin, deltamethrin, 
lambdacyhalothrin, permethrin) and the organochlo-
rine DDT. A detailed description of the sampling sites 
and the results of the biological tests are provided in a 
previous paper [21]. Although identifying the presence 
of kdr mutations in An. albitarsis s.l. was not the sub-
ject of this study, mosquitoes belonging to these species 
from the Santa Rosa locality that survived to diagnostic 
concentrations in the biological tests were sequenced 
(MN108498–MN108503).

Molecular assays to identify mutations of the VGSC gene
To identify the association between resistant pheno-
types and kdr-type genotypes, surviving (n = 62) and 
dead (n = 67) An. nuneztovari s.l., An. darlingi and An. 
albimanus mosquitoes were used to identify point muta-
tions at the S6 segment of domain II of the VGSC gene at 
codons 1010, 1013 and 1014 which have been associated 

with insecticide resistance in different species of Anoph-
eles malaria vectors.

Genomic DNA extraction
Genomic DNA extractions from individual mosquito 
samples were performed using the Qiagen’s DNeasy® 
Blood & Tissue Kit (Qiagen, Hilden, Germany) follow-
ing the manufacturer’s instructions with some modifica-
tions related with centrifugation times and the elution 
volume. The time was reduced in all cases by half and the 
final volume of eluted was 150  µl. The amount of DNA 
was variable between samples. The ratio of absorbance 
at A260/A230 and A260/A280 nm was used to assess 
the concentration and purity of each DNA sample using 
a NanoDrop 2000 spectrophotometer (Thermo Fisher 
Scientific).

PCR amplification of segment 6 of domain II of the VGSC gene
A ~ 225  bp fragment of the kdr region in the VGSC 
gene, spanning codons 1010, 1013 and 1014 of An. dar-
lingi (228 bp, between exons 20 and 21), An. albimanus 
(225 bp, between exons 22 and 23) and An. nuneztovari 
s.l. (226  bp), was amplified using primers designed for 
An. albimanus, AAKDRF2 (5′CAT​TCA​TTT​ATG​ATT​
GTG​TTT​CGT​G3′) and AAKDRR (5′GCAANGCT​AAG​
AANAGRTTNAG) [18]. The PCR mixture (50  µl) con-
sisted of 0.5–2.0 µmol/ml DNA template, 1 U/µl GoTaq® 
G2 Flexi DNA Polymerase (Promega), 1× Green GoTaq® 
Flexi Buffer, 0.5  mM dNTPs, 2.5  mM MgCl2, 1.5  μM 

Table 1  Number of  individuals sequenced by Anopheles species by  locality with  their corresponding access numbers 
to GenBank

Anopheles specie Locality, Municipality, Department Number of sequenced 
specimens

GenBank Access number

Resistant 
phenotype

Susceptible 
phenotype

An. darlingi Bocas de Puné, Medio Atrato, Chocó 9 11 MN0503065, MN0503066, MN0503069, MN057656, 
MN062206, MN062226–MN062240

Encharcazón, Río Iró, Chocó 4 4 MN057652, MN057660, MN062210, MN062219, MN062222–
MN062225

Tagachí, Quibdó, Chocó 28 27 MN053063, MN053064, MN053067, MN053068, MN057644–
MN057651, MN057653–MN057658, MN057661, 
MN057662, MN062207–MN062209, MN062211–
MN062218, MN062220, MN062221, MN062241–
MN062262

Subtotal 41 42
An. nuneztovari s.l. Córdoba, Buenaventura, Valle de Cauca 10 11 MN076484–MN076486, MN076489–MN076493, MN076498, 

MN087492, MN087494–MN087503

Santa Rosa, El Zulia, Norte de Santander 2 3 MN076487, MN076494–MN076497

Subtotal 12 14
An. albimanus Panguí, Nuquí, Chocó 9 11 MN087515–MN087520, MN087504–MN087510, MN087523

Subtotal 9 11
Total 62 67
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AAKDRF2 and 1.5 µM AAKDRR. The reaction program 
was 95  °C for 3  min, followed by 35 cycles each with 
95 °C for 1 min, 45 °C for 1 min, 72 °C for 1 min, and by 
a final extension of 10 min at 72 °C. PCR products were 
analysed by electrophoresis in 2.5% (w/v) agarose gel 
containing SafeView Plus (Fermelo Biotec).

Purification of DNA fragments from PCR
DNA fragments from PCR were purified using the 
QIAquick PCR Purification Kit (Qiagen, Hilden, Ger-
many). Nucleic acid concentrations of purified samples 
were measured using a Synergy 2 microplate reader 
(Biotek). The final concentration of 50 ng/µl for each of 
the samples was adjusted according to the requirement 
of the sequencing service. Some samples were sent to be 
sequenced having a minimum concentration of 20 ng/µl.

Sequencing PCR products
PCR products were sequenced using the forward AAK-
DRF2 and reverse primer AAKDRR. Some of the 
sequencing reactions were performed at Macrogen Inc 
(South Korea) (n = 50) and others were performed at the 
Roy J. Carver Biotechnology Center at the University of 
Illinois (n = 79). Contig and peak chromatogram verifica-
tion were done using the SeqMan module of the Laser-
Gene v8.1 suite (DNASTAR Inc. Madison, WI, USA). 
Polymorphisms at codons 1010, 1013 and 1014 which 
have been implicated in insecticide resistance in several 
Anopheles species were checked manually. The identity 
of the sequenced fragments was checked by compari-
son with the existing VGSC gene sequences of Anoph-
eles species at the GenBank using the NCBI Blastn tool. 
All generated sequences were aligned using Clustal W in 
MEGA, version 7.0.26 [23]. DNA sequences were depos-
ited in GenBank.

Results
A total of 129 mosquitoes, 83 An. darlingi, 26 An. nun-
eztovari s.l., and 20 An. albimanus were amplified and 
genotyped at the kdr region with this approach (Fig.  1 
and Table 1). All samples were sequenced in the forward 
and reverse direction; however, as some chromatograms 
had noisy sequence peaks with low quality scores, 92 
samples have consensus sequences assembled from for-
ward and reverse sequences, 22 were sequenced with the 
forward primer and 15 with the reverse primer. Forward 
and reverse Sanger sequencing allowed identification of 
the codons of interest. The sequences of all 129 samples 
were aligned along with sequences of Anopheles sinensis 
(KP763768), Anopheles subpictus (KF023519), Anopheles 
punctipennis (AY283041), An. albimanus (KF137581), 
An. darlingi (JQ658981–JQ658985) and Anopheles 

marajoara (JQ658986–JQ658989) available in GenBank 
in order to identify intron/exon borders.

Regarding the three codons, in which mutations associ-
ated with resistance to pyrethroid insecticides and DDT 
have been identified in other malaria vectors, it was evi-
denced that only the GTT codon for valine at position 
1010 (V1010), the AAC codon for asparagine at posi-
tion 1013 (N1013) and the TTA and TTG codons, both 
of which code for leucine at position 1014 were present; 
indicating that no amino acid mutation was detected in 
the IIS6 sequences of any mosquitoes processed in this 
study. At the position 1014, the TTA codon was the only 
one detected in An. nuneztovari s.l. and An. darlingi and 
only the TTG codon in An. albimanus.

Sequence analyses of intron, located just down-
stream of the kdr mutation site, showed that it varied in 
sequence and size between species (Fig.  2). In An. dar-
lingi, the intron (74 bp) is larger than in An. nuneztovari 
s.l. (72 bp) and An. albimanus (71 bp) (Fig. 2). Few intra-
specific differences were observed in the intron of the 
sequenced samples. One single nucleotide polymorphism 
(SNP) was present in one sample of An. darlingi with sus-
ceptible phenotype from Bocas de Pune: heterozygous for 
A/T at position 56. Another SNP was also present in An. 
nuneztovari s.l. individuals at position 50 where it was 
evidenced a heterozygous for G/C in most of the sam-
ples regardless of the locality of origin and the phenotype 
evidenced in the biological tests of susceptibility. In gen-
eral, the analyses of the partial sequence of exons showed 
that even though there are variations in the nucleotide 
sequences of the three species, these variations did not 

Fig. 1  Photograph of an agarose gel electrophoresis showing the 
PCR products amplified (approx. 225 bp) with AAKDRF2 and AAKDRR 
PCR primers. In lines 3, 4 and 5 An. albimanus; In lines 6, 7 and 8 
An. nuneztovari s.l. and lines 9, 10 and 11 An. darlingi. In line 1 the 
molecular-weight size marker appears every 100 base pairs and in 
lane 2 the negative control
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produce changes in the amino acid sequence (Fig. 3). In 
An. albitarsis s.l. from the locality of Santa Rosa no muta-
tions were observed and only one haplotype was present. 

Discussion
The molecular analysis of the a ~ 225  bp fragment that 
encodes for segment IIS6 of the VGSC gene indicated 
that the 1010L, 1013S, and 1014F/S/C/W polymor-
phisms reported in other Anopheles species are not 

found in pyrethroid and DDT resistant populations of 
An. albimanus, An. darlingi and An. nuneztovari s.l. from 
malaria-endemic areas of Colombia [21]. This suggest 
that metabolic resistance mechanism reported previously 
in these species might be responsible for the resistance 
observed [11, 12].

In Anopheles species, nine naturally occurring muta-
tions in the sodium channel in the positions V1010 (L), 
N1013 (S), L1014 (F/S/C/W), I1048 (N), S1156 (G), and 

Fig. 2  Alignment of the sequences of An. albimanus (e) (MN087505), An. darlingi (c, d) (MN053065, MN062219), An. nuneztovari s.l. (f, g) (MN076484, 
MN076491) and An. albitarsis s.l. (h) (MN108499) obtained in this study, with sequences of An. albimanus (a) (KF137581.1) and An. darlingi (b) 
(JQ658981.1) available at the GenBank. The identical positions are indicated by an asterisk and mutation sites reported for other Anopheles species 
are enclosed by a box. A blue line below the sequence indicates intron position. Primers AAKDRF2 (5′-CAT​TCA​TTT​ATG​ATT​GTG​TTT​CGT​G-′3); AAKDRR 
(5′-GCAANGCT​AAG​AANAGRTTNAG-′3) used to amplify the segment are indicated by red arrows. SNPs detected in the intron are indicated with a 
green arrow
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N1575 (Y) have been described and associated with 
resistance phenotype. Among them, only the mutations 
in the positions 1014 have been expressed in Xenopus 
oocytes, confirming their role in the reduction of the 
pyrethroid sensitivity of the sodium channel [15]. All 
the mutations mentioned have been reported in malaria 
vectors from Asia and Africa, with only L1014F and 
L1014C reported for An. albimanus, a key malaria vector 
in Latin America [18]. There are other mutations along 
the sodium channel that have been examined in Xeno-
pus oocytes and have been associated with knockdown 
(kdr) resistance to pyrethroids in various arthropod 
species including disease vectors [15]. As only a small 
region of the VGSC gene was evaluated in this study, it 
could not be ruled out the possibility that the observed 
simultaneous resistance to pyrethroids and DDT in some 
populations was associated with mutations present in a 
different region of the gene. In order to explore this, a 
longer region of the gene should be amplified.

Metabolic mechanisms were found in resistant popula-
tions of An. darlingi and An. nuneztovari s.l. in Colombia. 
Increased levels of mixed function oxidases were found 
in the resistant population of An. darlingi in Choco, 
where cross-resistance between lambdacyhalotrin and 
DDT was observed [12]. For pyrethroid resistant popu-
lations of An. nuneztovari s.l., increased levels of non-
specific esterases was found [11]. These previous findings 
point out the presence and importance of metabolic 
mechanisms in resistant populations of An. darlingi and 
An. nuneztovari s.l. in Colombia. Studies carried out in 
other regions and with different Anopheles species have 
shown the importance of metabolic detoxification of 
pyrethroids, especially mixed function oxidases [24–31], 
and also, the presence of other resistance mechanisms, 
such as reduced penetration [32–34], which confer high 
levels of resistance, even in the absence of kdr mutations 
[30].

Relatively few data about resistance mechanisms are 
available for the most important Latin American malaria 
vectors. In fact, with the exception of the tests carried 
out with An. darlingi and An. nuneztovari s.l. in Colom-
bia, all studies have been done with An. albimanus and 
most of them were made more than 10 years ago. Met-
abolic resistance is the most studied mechanism. An. 
albimanus populations from Guatemala, Panamá, El Sal-
vador and Mexico demonstrated elevated levels of AChE 
responsible for the resistance to organophosphates and 
carbamates [4, 35–38] and populations from Mexico evi-
denced increased activity of Glutathione S-transferase, 
Cytochrome P450 and Esterase in DDT and pyrethroid 
resistance [4, 38]. Regarding target site resistance, muta-
tions in ace-1 gene (G119S and G119A) were consist-
ently associated with resistance to organophosphates 
and carbamates in An. albimanus populations from Peru 
[39] and mutations in VGSC gene (L1014F and L1014C) 
were related with pyrethroid resistance in Mexico, Costa 
Rica and Nicaragua [18]. More recent studies using 
whole transcriptome sequencing have shown that the 
cytochrome P450 CYP9K1 was overexpressed in del-
tamethrin and alpha-cypermethrin-resistant samples 
from Peru and in deltamethrin-resistant samples from 
Guatemala and CYP6P5 overexpression in deltamethrin-
resistant samples from Peru. In that same study, kdr 
mutations were also detected at the L1014S/C position in 
deltamethrin and alpha-cypermethrin-resistant samples 
from Peru [40]. Additionally, studies of the microbiota 
in mosquitoes of differing insecticide resistance status 
have showed differing composition of the microbiota and 
its functions between fenitrothion-susceptible and feni-
trothion-resistance mosquitoes from Peru [41].

It is possible that studies on insecticide resistance 
mechanism have been limited in the Americas region 
due to the high diversity of species, low mosquito density 
and the requirements for the maintenance and transport 

Fig. 3  Anopheles albimanus (MN087505), An. darlingi (MN053065, MN062219), An. nuneztovari s.l. (MN076484, MN076491) and An. albitarsis s.l. 
(MN108499) VGSC protein sequence alignment. Blue arrows indicated the position of the amino acid where mutations have been detected
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of samples. Particularly in Colombia, the areas of high-
est malaria transmission, which have been continuously 
treated with insecticides, have scattered settlements, 
difficult access conditions and frequent public order 
problems or illegal mining. This have made it difficult 
to perform tests to detect insecticide resistance mecha-
nisms in a regular basis.

In Colombia, this is the first study aimed to associ-
ate the resistance to pyrethroid insecticides and DDT, 
detected in the main malaria vectors, with the mutations 
in the VGSC gene most frequently reported in species of 
the genus Anopheles. Although, there was no evidence 
of these mutations in the evaluated populations, this is 
the first report of this fragment in An. nuneztovari s.l., 
an important regional malaria vector. This study demon-
strated that the primers previously reported [18] can be 
used for the amplification of this fragment in four impor-
tant vectors of malaria in the Americas—An. albimanus, 
An. darlingi, An. nuneztovari s.l., and An. albitarsis s.l.—
with some modifications in the reverse primer to reduce 
the number of degenerate bases (AAKDRR2: 5′-GCA​
ATG​CTA​AGA​ATA​GGT​TNAG-′3) and optimize primer 
annealing.

The results of this study should be interpreted with 
caution for two reasons: first, the purpose was to relate 
kdr genotypes with their phenotypic outcome previ-
ously observed [21]; so the Anopheles samples analysed 
from each locality were relatively few, and it is important 
to expand the analyses in order to include more sam-
ples. Second, because the amplified fragment was short 
(~ 225 bp), it is not possible to dismiss the possibility that 
other mutations along the VGSC gene may be related 
to the DDT and pyrethroid resistance observed in these 
vectors; as it has been reported in other species of the 
genus Anopheles or in other insect vectors of human dis-
eases [15].

Additionally, accordingly Lol et  al.  [18] and Henry-
Halldin et al. [42], this study provide evidence about the 
inter-specific differences in the intron size and nucleotide 
sequence positions and support its utility for taxonomic 
classification. However, it is unknown if those variations 
allow discrimination to species complexes level such as 
An. nuneztovari s.l. and An. albitarsis s.l.

Measuring the intensity of resistance in malaria vectors 
was recently included in the WHO procedures [43] as 
an additional bioassay to measure whether or not resist-
ant mosquitoes could survive to higher insecticide con-
centrations. The interpretation of these observations are 
linked to possible failure in the field, and indeed, good 
correlation has been observed between high intensity 
resistant populations and failure of programmatic appli-
cations of insecticides for malaria control [44]. In the 
study presented here, although the resistance intensity 

was low, all populations were resistant to pyrethroids 
[21], and in the absence of kdr mutations, previously 
reported metabolic mechanisms [11, 12] are likely to be 
responsible for the resistance observed.

Conclusion
Mutations frequently associated with knockdown (kdr) 
resistance to DDT and pyrethroid insecticide were absent 
in the resistant populations of the main malaria vectors, 
An. darlingi, An. nuneztovari s.l., and An. albimanus in 
Colombia. These results suggest that previously reported 
metabolic resistance mechanisms might be responsi-
ble for the resistance observed in these populations. 
Although, even more studies are required to identify the 
underlying mechanisms that are behind the resistance 
to the insecticides detected in the present work, this is 
the first study that aims to determine whether the kdr 
mutations are also associated with resistance to DTT 
and pyrethroids insecticides in the main malaria vec-
tors of Colombia. It is also important to mention, that 
the knowledge of the mechanisms involved in the resist-
ance to insecticides, as it is presented in the study, can 
provide valuable information to improve the strategies of 
the management of insecticides in order to become more 
effective the malaria vector control program.

Abbreviations
DDT: dichlorodiphenyltrichloroethane (IUPAC name: 1-chloro-4-[2,2,2-
trichloro-1-(4-chlorophenyl)ethyl]benzene); DNA: deoxyribonucleic acid; Kdr: 
knockdown resistance; MACE: modified acetylcholinesterase; MFO: mixed 
function oxidases; NCBI: National Center for Biotechnology Information; NSE: 
non-specific esterases; SNP: single nucleotide polymorphism; VGSC: voltage-
gated sodium channel; WHO: World Health Organization.

Acknowledgements
The first author acknowledges the support of the Ph.D program at the Univer‑
sidad de Cartagena and COLCIENCIAS (announcement 647).

Authors’ contributions
LIO, MLAF and MLQ conceived the idea and designed the study. LIO carried 
out the laboratory work, data analysis and wrote the article. DAAD contributed 
to the analysis of data and the writing of the article. JAMM supported the 
laboratory work and the writing of the article. NGA supported the writing of 
the article. JVH directed the laboratory work and supported the writing of the 
paper. MFYA directed the project and participated in the writing of the paper. 
All authors read and approved the final manuscript.

Funding
Instituto Nacional de Salud (CTIN2-2016), laboratorio de Filogenia molecular 
-Facultad de Medicina -Universidad de Chile and Colciencias (announcement 
647).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.



Page 8 of 9Orjuela et al. Malar J          (2019) 18:384 

Competing interests
The authors declare that they have no competing interests.

Author details
1 Grupo de Investigaciones Microbiológicas y Biomédicas de Córdoba‑GIMBIC, 
Universidad de Córdoba, Montería 230001, Colombia. 2 Universidad de Carta‑
gena, Facultad de Medicina, Sede Zaragocilla, Calle 30 N° 48‑152, Cartagena 
de Indias, Bolívar 1300, Colombia. 3 Grupo de Salud Materna y Perinatal, Direc‑
ción de Investigación en Salud Pública, Instituto Nacional de Salud, Bogotá 
D.C. 110111, Colombia. 4 Grupo de Entomología, Dirección de Investigación 
en Salud Pública, Instituto Nacional de Salud, Bogotá D.C. 110111, Colombia. 
5 Zika AIRS Project, Abt Associates, Rockville, MD 20852, USA. 6 Programa 
de Biología Celular y Molecular, Instituto de Ciencias Biomédicas (ICBM), 
Facultad de Medicina, Universidad de Chile, Santiago de Chile 8320000, Chile. 
7 Departamento de Salud Pública, Universidad Nacional, Bogotá D.C. 110111, 
Colombia. 

Received: 9 August 2019   Accepted: 24 November 2019

References
	1.	 WHO. World malaria report 2018. Geneva: World Health Organization; 

2018.
	2.	 Fonseca-González I. Estatus de la resistencia a insecticidas de los vectores 

primarios de malaria y dengue en Antioquia, Chocó, Norte de Santander 
y Putumayo, Colombia. Medellín: Universidad de Antioquia; 2008. p. 183.

	3.	 Brogdon WG, McAllister JC, Corwin AM, Cordon-Rosales C. Oxidase-based 
DDT–pyrethroid cross-resistance in Guatemalan Anopheles albimanus. 
Pesticide Biochem Physiol. 1999;64:101–11.

	4.	 Dzul FA, Penilla P, Rodríguez AD. Susceptibilidad y mecanismos de resist‑
encia a insecticidas en Anopheles albimanus del sur de la Península de 
Yucatán, México. Salud Publica Mex. 2007;49:302–11.

	5.	 Cáceres L, Rovira J, García A, Torres R. Determinación de la resisten‑
cia a insecticidas organofosforados, carbamatos y piretroides en tres 
poblaciones de Anopheles albimanus (Diptera: Culicidae) de Panamá. 
Biomédica. 2011;31:419–27.

	6.	 Quinones ML, Norris DE, Conn JE, Moreno M, Burkot TR, Bugoro H, et al. 
Insecticide resistance in areas under investigation by the International 
Centers of Excellence for Malaria Research: a challenge for malaria control 
and elimination. Am J Trop Med Hyg. 2015;93(3 Suppl):69–78.

	7.	 Vargas F, Córdoba O, Alvarado A. Determinación de la resistencia a 
insecticidas en Aedes aegypti, Anopheles albimanus y Lutzomyia peruensis 
procedentes del norte peruano. Rev Peru Med Exp Salud Publica. 
2006;23:259–64.

	8.	 Gonzalez JJ. Informe final vigilancia de susceptibilidad a insecticidas de 
Anopheles (Nyssorhynchus) darlingi, An. (N.) nuneztovari y An. (N.) albimanus 
en localidades centinelas de los departamentos de Antioquia, Cauca, 
Choco, Córdoba y Valle del Cauca. Año 2009–2014; 2015. Podcast. http://
www.ins.gov.co/temas​-de-inter​es/Memor​ias%20Mal​aria/10.Resis​tenci​
a%20a%20ins​ectic​idas.pdf. Accessed 18 March 2016.

	9.	 Santacoloma L, Tibaduiza T, Gutierrrez M, Brochero H. Susceptibil‑
ity to insecticides of Anopheles darlingi Root 1840, in two locations of 
the departments of Santander and Caqueta, Colombia. Biomedica. 
2012;32(Suppl 1):22–8 (in Spanish).

	10.	 Suarez MF, Quinones ML, Palacios JD, Carrillo A. First record of DDT resist‑
ance in Anopheles darlingi. J Am Mosq Control Assoc. 1990;6:72–4.

	11.	 Fonseca-Gonzalez I, Cardenas R, Quinones ML, McAllister J, Brogdon WG. 
Pyrethroid and organophosphates resistance in Anopheles (N.) nunez-
tovari Gabaldon populations from malaria endemic areas in Colombia. 
Parasitol Res. 2009;105:1399–409.

	12.	 Fonseca-Gonzalez I, Quinones ML, McAllister J, Brogdon WG. Mixed-func‑
tion oxidases and esterases associated with cross-resistance between 
DDT and lambda-cyhalothrin in Anopheles darlingi Root 1926 populations 
from Colombia. Mem Inst Oswaldo Cruz. 2009;104:18–26.

	13.	 Molina D, Figueroa LE. Resistencia metabólica a insecticidas organofos‑
forados en Anopheles aquasalis Curry 1932, municipio Libertador, estado 
Sucre, Venezuela. Biomedica. 2009;29:604–15.

	14.	 WHO. Global report on insecticide resistance in malaria vectors: 
2010–2016. Geneva: World Health Organization; 2018.

	15.	 Dong K, Du Y, Rinkevich F, Nomura Y, Xu P, Wang L, et al. Molecular biol‑
ogy of insect sodium channels and pyrethroid resistance. Insect Biochem 
Mol Biol. 2014;50:1–17.

	16.	 Silva APB, Santos JMM, Martins AJ. Mutations in the voltage-gated 
sodium channel gene of anophelines and their association with resist‑
ance to pyrethroids—a review. Parasit Vectors. 2014;7:450.

	17.	 Ibrahim SS, Mukhtar MM, Datti JA, Irving H, Kusimo MO, Tchapga W, et al. 
Temporal escalation of pyrethroid resistance in the major malaria vector 
Anopheles coluzzii from Sahelo-Sudanian Region of northern Nigeria. Sci 
Rep. 2019;9:7395.

	18.	 Lol JC, Castellanos ME, Liebman KA, Lenhart A, Pennington PM, Padilla 
NR. Molecular evidence for historical presence of knock-down resistance 
in Anopheles albimanus, a key malaria vector in Latin America. Parasit Vec‑
tors. 2013;6:268.

	19.	 Lol JC, Castañeda D, Mackenzie-Impoinvil L, Romero CG, Lenhart A, 
Padilla NR. Development of molecular assays to detect target-site mecha‑
nisms associated with insecticide resistance in malaria vectors from Latin 
America. Malar J. 2019;18:202.

	20.	 Fonseca-González I. Estatus de la resistencia a insecticidas de los vectores 
primarios de malaria y dengue en Antioquia, Chocó, Norte de Santander 
y Putumayo. Colombia: Universidad de Antioquia; 2008.

	21.	 Orjuela LI, Morales JA, Ahumada ML, Rios JF, Gonzalez JJ, Yanez J, et al. 
Insecticide resistance and its intensity in populations of malaria vectors in 
Colombia. Biomed Res Int. 2018;2018:9163543.

	22.	 WHO. Global plan for insecticide resistance management in malaria vec‑
tors (GPIRM). Geneva: World Health Organization; 2012.

	23.	 Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics 
Analysis Version 7.0 for Bigger Datasets. Mol Biol Evol. 2016;33:1870–4.

	24.	 Matowo J, Kulkarni MA, Mosha FW, Oxborough RM, Kitau JA, Tenu F, et al. 
Biochemical basis of permethrin resistance in Anopheles arabiensis from 
Lower Moshi, north-eastern Tanzania. Malar J. 2010;9:193.

	25.	 Rakotondranaivo T, Randriamanarivo SF, Tanjona MR, Vigan-Womas I, 
Randrianarivelojosia M, Ndiath MO. Evidence of insecticide resistance 
to pyrethroids and bendiocarb in Anopheles funestus from Tsararano, 
Marovoay District, Madagascar. Biomed Res Int. 2018;2018:5806179.

	26.	 Salako AS, Ahogni I, Aikpon R, Sidick A, Dagnon F, Sovi A, et al. Insecticide 
resistance status, frequency of L1014F Kdr and G119S Ace-1 mutations, 
and expression of detoxification enzymes in Anopheles gambiae (s.l.) in 
two regions of northern Benin in preparation for indoor residual spraying. 
Parasit Vectors. 2018;11:618.

	27.	 Tabbabi A, Daaboub J. First study of susceptibility and resistance status 
to pyrethroids insecticides in Anopheles (Cellia) sergentii (Theobald, 1907) 
from Southern Tunisia. Afr Health Sci. 2018;18:48–54.

	28.	 Tchigossou G, Djouaka R, Akoton R, Riveron JM, Irving H, Atoyebi S, et al. 
Molecular basis of permethrin and DDT resistance in an Anopheles funes-
tus population from Benin. Parasit Vectors. 2018;11:602.

	29.	 Vontas J, Grigoraki L, Morgan J, Tsakireli D, Fuseini G, Segura L, et al. Rapid 
selection of a pyrethroid metabolic enzyme CYP9K1 by operational 
malaria control activities. Proc Natl Acad Sci USA. 2018;115:4619–24.

	30.	 Yahouedo GA, Chandre F, Rossignol M, Ginibre C, Balabanidou V, Mendez 
NGA, et al. Contributions of cuticle permeability and enzyme detoxifi‑
cation to pyrethroid resistance in the major malaria vector Anopheles 
gambiae. Sci Rep. 2017;7:11091.

	31.	 Zoh DD, Ahoua Alou LP, Toure M, Pennetier C, Camara S, Traore DF, et al. 
The current insecticide resistance status of Anopheles gambiae (s.l.) (Culi‑
cidae) in rural and urban areas of Bouake, Côte d’Ivoire. Parasit Vectors. 
2018;11:118.

	32.	 Balabanidou V, Kampouraki A, MacLean M, Blomquist GJ, Tittiger C, 
Juarez MP, et al. Cytochrome P450 associated with insecticide resistance 
catalyzes cuticular hydrocarbon production in Anopheles gambiae. Proc 
Natl Acad Sci USA. 2016;113:9268–73.

	33.	 Bonizzoni M, Afrane Y, Dunn WA, Atieli FK, Zhou G, Zhong D, et al. Com‑
parative transcriptome analyses of deltamethrin-resistant and -suscepti‑
ble Anopheles gambiae mosquitoes from Kenya by RNA-Seq. PLoS ONE. 
2012;7:e44607.

	34.	 Wood O, Hanrahan S, Coetzee M, Koekemoer L, Brooke B. Cuticle thicken‑
ing associated with pyrethroid resistance in the major malaria vector 
Anopheles funestus. Parasit Vectors. 2010;3:67.

	35.	 Cordon-Rosales C, Beach RF, Brogdon WG. Field evaluation of methods 
for estimating carbamate resistance in Anopheles albimanus mosquitoes 

http://www.ins.gov.co/temas-de-interes/Memorias%20Malaria/10.Resistencia%20a%20insecticidas.pdf
http://www.ins.gov.co/temas-de-interes/Memorias%20Malaria/10.Resistencia%20a%20insecticidas.pdf
http://www.ins.gov.co/temas-de-interes/Memorias%20Malaria/10.Resistencia%20a%20insecticidas.pdf


Page 9 of 9Orjuela et al. Malar J          (2019) 18:384 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

from a microplate assay for insensitive acetylcholinesterase. Bull World 
Health Organ. 1990;68:323–9.

	36.	 Lines JD, ffRench-Constant RH, Kasim SH. Testing Anopheles albimanus for 
genetic linkage of insecticide resistance genes by combining insecticide 
bioassay and biochemical methods. Med Vet Entomol. 1990;4:445–50.

	37.	 Brogdon WG, Beach RF, Barber AM, Cordon-Rosales C. A generalized 
approach to detection of organophosphate resistance in mosquitoes. 
Med Vet Entomol. 1992;6:110–4.

	38.	 Penilla RP, Rodriguez AD, Hemingway J, Torres JL, Arredondo-Jimenez JI, 
Rodriguez MH. Resistance management strategies in malaria vector mos‑
quito control. Baseline data for a large-scale field trial against Anopheles 
albimanus in Mexico. Med Vet Entomol. 1998;12:217–33.

	39.	 Liebman KA, Pinto J, Valle J, Palomino M, Vizcaino L, Brogdon W, et al. 
Novel mutations on the ace-1 gene of the malaria vector Anopheles 
albimanus provide evidence for balancing selection in an area of high 
insecticide resistance in Peru. Malar J. 2015;14:74.

	40.	 Mackenzie-Impoinvil L, Weedall GD, Lol JC, Pinto J, Vizcaino L, Dzuris N, 
et al. Contrasting patterns of gene expression indicate differing pyre‑
throid resistance mechanisms across the range of the New World malaria 
vector Anopheles albimanus. PLoS ONE. 2019;14:e0210586.

	41.	 Dada N, Sheth M, Liebman K, Pinto J, Lenhart A. Whole metagenome 
sequencing reveals links between mosquito microbiota and insecticide 
resistance in malaria vectors. Sci Rep. 2018;8:2084.

	42.	 Henry-Halldin CN, Nadesakumaran K, Keven JB, Zimmerman AM, Siba P, 
Mueller I, et al. Multiplex assay for species identification and monitoring 
of insecticide resistance in Anopheles punctulatus group populations of 
Papua New Guinea. Am J Trop Med Hyg. 2012;86:140–51.

	43.	 WHO. Test procedures for insecticide resistance monitoring in malaria 
vector mosquitoes. Geneva: World Health Organization; 2016.

	44.	 Venter N, Oliver SV, Muleba M, Davies C, Hunt RH, Koekemoer LL, et al. 
Benchmarking insecticide resistance intensity bioassays for Anopheles 
malaria vector species against resistance phenotypes of known epide‑
miological significance. Parasit Vectors. 2017;10:198.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Absence of knockdown mutations in pyrethroid and DDT resistant populations of the main malaria vectors in Colombia
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Mosquito populations
	Molecular assays to identify mutations of the VGSC gene
	Genomic DNA extraction
	PCR amplification of segment 6 of domain II of the VGSC gene
	Purification of DNA fragments from PCR
	Sequencing PCR products


	Results
	Discussion
	Conclusion
	Acknowledgements
	References




