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In order to establish the insecticide susceptibility status for Anopheles darlingi in Colombia, and as part of the
National Network on Insecticide Resistance Surveillance, five populations of insects from three Colombian states
were evaluated. Standardised WHO and CDC bottle bioassays, in addition to microplate biochemical assays, were
conducted. Populations with mortality rates below 80% in the bioassays were considered resistant. All field populations were susceptible to deltamethrin, permethrin, malathion and fenitrothion. Resistance to lambda-cyhalothrin
and DDT was detected in the Amé-Beté population using both bioassay methods with mortality rates of 65-75%.
Enzyme levels related to insecticide resistance, including mixed function oxidases (MFO), non-specific esterases
(NSE), glutathione S-transferases and modified acetylcholinesterase were evaluated in all populations and compared with a susceptible natural strain. Only mosquitoes from Amé-Beté presented significantly increased levels
of both MFO and NSE, consistent with the low mortalities found in this population. The continued use of lambdacyhalothrin for An. darlingi control in this locality has resulted in a natural resistance to this insecticide. In addition, DDT resistance is still present in this population, although this insecticide has not been used in Colombia
since 1992. Increased metabolism through MFO and NSE may be involved in cross-resistance between lambdacyhalothrin and DDT, although kdr-type nerve insensitivity cannot be discarded as a possible hypothesis. Additional
research, including development of a kdr specific assay for An. darlingi should be conducted in future studies. Our
data demonstrates the urgent need to develop local insecticide resistance management and surveillance programs
throughout Colombia.
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Malaria is one of the major causes of morbidity and
mortality worldwide. Nineteen countries in Latin America report active transmission of the disease, with one
million clinical episodes annually. In addition, almost
250 million people are currently living in areas of risk
for malarial infection (PAHO 2005). After Brazil, Colombia is the country with the highest index of malaria
transmission in the Americas (WHO 2005a). Of all the
cases that occurred during 2007, 27.5% were caused by
Plasmodium falciparum. The zones of greatest transmission are located in the region of Bajo Cauca, Pacific
Coast, the Valley of Sinú River and the region of Urabá
(WHO 2005a, Sivigila 2007). In these areas, epidemic
outbreaks are closely related with ecological imbalances
and population displacement, resulted from the social
situation in the country (WHO 2005b).
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Although early diagnosis and treatment contributes
to the prevention of malaria, control of vectors continues
to be the most effective way of interrupting transmission
in endemic areas. This measure of control is considered
to be one of the four basic technical elements of the global strategy for malaria control (WHO 1993). Although
vector control methods vary considerably in their applicability, costs and the reproducibility of results, there
is a worldwide consensus for the use of indoor residual
spraying (IRS) and insecticide treated nets (ITNs) with
residual insecticides as major measures for the prevention of malaria. Both methods are effective in reducing
the transmission of this disease through reducing the
longevity of the vectors and decreasing human-vector
contact (Lengeler & Sharp 2003).
There are 45 Anopheles species documented in Colombia, but only seven are considered to be malaria vectors. Among the seven vectors, Anopheles darlingi Root
1926 is recognised as the major vector in the regions of
Bajo Cauca, Middle Atrato, Amazon and Eastern Colombia (Olano et al. 2001). This species is very effective as a malaria vector due to its highly anthropophilic
behaviour and susceptibility to infection with both P.
falciparum and Plasmodium vivax (Zimmerman 1992).
The endophilic character of this species has allowed it to
be controlled through IRS. After the suspension of DDT
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use in Colombia, the organophosphate fenitrothion and
recently the pyrethroids lambda-cyhalothrin and deltamethrin are used, mainly as water-soluble powders and
emulsified concentrate formulations. Some municipalities also carry out ULV space applications using lambda-cyhalothrin, deltamethrin and pirimiphos methyl. In
addition, the local authorities in charge of vector control
periodically distribute ITNs impregnated with lambdacyhalothrin, deltamethrin or permethrin to the communities in endemic areas (JD Palacios & W Gómez, unpublished observations).
Surveillance of insecticide resistance using WHO
bioassays accompanied the use of DDT for malaria control until 1992, allowing detection of the first populations with decreased susceptibility to this organochlorine. Quiñones et al. (1987) demonstrated for the first
time a resistance to DDT in An. darlingi populations collected from four locations of the municipality of Quibdó,
with a mortality percentage between 18-72.3%. In later
research, Suárez et al. (1990) confirmed the resistance
to DDT in An. darlingi populations located close to the
Atrato River in the same municipality. Neither of the
mentioned studies determined the mechanism associated with the low mortality found for DDT in this vector.
Furthermore, given the high probability of cross-resistance between DDT and pyrethroids, insecticides acting
on the same target (the voltage-gated sodium channels)
(Soderlund & Knipple 2003, Brooke 2008), it is of concern that the region of the middle Atrato in Chocó where
resistance to DDT was determined more than 20 years
ago continually uses IRS with lambda-cyhalothrin as
their main measure for malaria control.
The pyrethroid insecticides are currently the only
class of insecticide approved for ITNs. Unfortunately, resistance to this class of insecticide is increasing despite it
being one of the latest classes of chemical pesticide available on the market. These insecticides have a fast action,
high potency and are not bioaccumulative, which theoretically help avoid the development of resistance in the short
term (Leahey 1985). In the last decade, resistance levels to
different pyrethroids have been documented in Anopheles
gambiae populations of East and West Africa (Elissa et al.
1993, Chandre et al. 1999a, Vulule et al. 1999), Anopheles
funestus of South Africa (Hargreaves et al. 2000, Nikou
et al. 2003), Anopheles arabiensis in Tanzania (Kulkarni
et al. 2006) and Mozambique (Casimiro et al. 2006) and
Anopheles stephensi (Hodjati & Curtis 1997).
Several authors have reported that the expeditious
emergence of resistance to pyrethroids is due to their extensive use in agriculture, and also due to the selection
pressure of DDT use for more than 40 years on Anopheles and Aedes aegypti populations (Chandre et al. 1999a,
Diabate et al. 2002, 2004). This cross-resistance phenomenon between DDT and pyrethroids was described
for the first time in Musca domestica fly (Farnham et
al. 1987). More recently, cross-resistance was described
in An. gambiae s.s. populations (Chandre et al. 1999b),
Anopheles minimus (Theobald) (Chareonviriyaphap et
al. 2003) and Culex pipiens (Martinez-Torres et al. 1999).
The presence of cross-resistance among different classes
of insecticides, either through alterations in the target
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sites or biochemical detoxification mechanisms could
impede the use of specific chemicals in malaria control
programs, thus jeopardising the effectiveness of insecticide-treated mosquito nets (Najera & Zaim 2002).
Although the cross-resistance between DDT/pyrethroids is associated mainly with single nucleotide mutations in the voltage-gated sodium channels, known as
kdr resistance (Martínez-Torres et al. 1998, Ranson et
al. 2000, Brooke 2008), high levels of detoxifying enzymes have also been shown to be involved (Zerba 1988,
Scott & Kasai 2004). The major enzymatic families associated with resistance include non-specific esterases
(NSE), mixed-function oxidases (MFO) and glutathion
S-transferases (GST) (Hemingway & Ranson 2000).
The MFO are the enzymes most commonly associated
with cross-resistance between DDT/pyrethroids (Scott
et al. 1998, Scott & Wen 2001) and high levels of these
enzymes have been found in resistant populations of An.
gambiae, An. funestus and An. minimus (Brooke et al.
1999, Vulule et al. 1999, Hargreaves et al. 2000, Rodpradit et al. 2005, Etang et al. 2007). While the esterases are
associated mainly with resistance to organophosphates
and carbamates, high levels of these enzymes have also
been involved with resistance to permethrin in An. gambiae (Vulule et al. 1999), Ae. aegypti (Paeporn et al.
2004, Flores et al. 2005, 2006) and Culex quinquefasciatus (Hamdan et al. 2005).
Despite historical resistance records to DDT in An.
darlingi populations in Western Colombia, and given
that currently no periodical surveillance of insecticide
resistance exists despite the continuous use of chemical
control, this paper presents the results of a comparative
evaluation of WHO and bottle impregnated bioassays
and the biochemical data in An. darlingi populations
from three malaria endemic areas in Colombia. Our data
is the culmination of a national initiative for malaria and
dengue vector evaluation of insecticide resistance. This
information will allow for the identification of ineffective insecticides for control of this species and constitutes the first step towards the implementation of a suitable ongoing program for the management of resistance
in the areas studied during this research.
MATERIALS AND METHODS

Study areas and mosquito collection - Five locations
having a high potential for insecticide resistance due to
the high intensity use of insecticides and endemic levels of
malaria, as defined by the presence of autochthonous cases
and vector presence were selected (Fig. 1). The five study
areas included El Retiro (7º29’39”N 74º52’16”W), municipality of Zaragoza, state of Antioquia, in the Andean
region; Amé-Beté (6°00’00’’N 76°78’33’’W), municipality of Middle Atrato, state of Chocó, in the Pacific region;
El Porvenir (00°14’39.36’’S 74°55’31.11’’W), municipality
of Puerto Leguízamo, state of Putumayo, in the Amazon
region; La Quebradita (00°15’40.65’’S 74°44’10.97’’W),
municipality of Puerto Leguízamo, state of Putumayo,
in the Amazon region; Cecilia Cocha (00°10’22.90’’S
74°48’55.89’’W) and the municipality of Puerto Leguízamo, state of Putumayo, in the Amazon region.
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10 years; therefore, this population was used to establish
diagnostic doses for bottle bioassays and as a baseline
for comparing enzyme levels.
Adult female Anopheles sp. were collected by human
landing catches, following the recommendations of the
WHO. Prior approval by the Ethical Committee of the
Sede de Investigación Universitaria, University of Antioquia, was obtained. All of the collections were conducted between 17:30-22 h, from May-November 2006.
Due to the difficulties of colonising this species in the
lab, all of the susceptibility bioassays were conducted directly in the field in the early morning after the night of
collection. All specimens were then transported in silica
gel to the laboratory for species identification. Samples
for biochemical analysis were transported frozen and not
thawed during the transport from field to lab.
Identification of species - The taxonomical identification of mosquitoes was completed through observation of the morphological characters of the females using
characteristics of wings and posterior legs, compared
and contrasted with conventional taxonomic keys (Faran
1980, Faran & Linthicum 1981).
Fig. 1: Colombian map showing the states and localities where Anopheles darlingi was evaluated for insecticide resistance. B: Amé-Beté
(state of Chocó); C: Cecilia Cocha (state of Putumayo); M: Malanoche
(state of Antioquia); P: El Porvenir (state of Putumayo); Q: La Quebradita (state of Putumayo); R: El Retiro (state of Antioquia).

Each of the five localities is considered to be rural and
agricultural. The El Retiro site is located in a gold-bearing
zone and the Amé-Beté site is located at the bank of the
Atrato River, in an indiscriminate mining zone with plantain, rice and cornfields. The El Porvenir, Cecilia Cocha
and La Quebradita sites are each inhabited by native communities lacking public utilities. These communities have
an economy based on subsistence agriculture, hunting
and fishing. All of the sites sampled have the proper conditions for vector development including an average temperature of 28°C (25-30°C), relative humidity of 90% and
annual average rainfall of 4,250 mm3 (2,500-6,000 mm3).
IRS is the main strategy employed for vector control in
these areas and lambda-cyhalothrin is the most frequently
used compound currently used in the three states.
To date, it is not possible to maintain colonies of
An. darlingi under laboratory conditions. Due to this
breeding restraint, there are no susceptible populations for this species currently available as a reference
evaluation of insecticide resistance levels. However, it
is known that natural field populations with low or no
insecticide pressure could be used as susceptibility controls in this particular condition. Regarding the need for
a reference population, the Malanoche site (08º05’47”N
74º46’33”O), municipality of Nechí, state of Antioquia,
in the Andean region, was selected. This locality has not
been a target for extensive insecticide control in the last

Insecticides - Insecticides frequently used by vector
control programs in the selected study areas were chosen
to evaluate the toxicity, resistance/cross-resistance patterns
and possible mechanisms involved in resistance in An.
darlingi. These insecticides represented multiple classes
of insecticides with various modes of action. The pyrethroids: lambda-cyhalothrin (99%), deltamethrin (99.9%)
and permethrin (99%), the organophosphates: fenitrothion
(99.5%) and malathion (98%) and the organochlorine DDT
(92.4%) were evaluated. All insecticides used for bottle
impregnation were purchased as technical grade insecticides from Chem Service (West Chester, PA, USA).
WHO bioassays - The standardised WHO protocol
(WHO 1981, 1998) was implemented using their susceptibility diagnostic kit and impregnated papers (WHO,
Geneva). On average, 180 non-blood-fed females were
evaluated for each insecticide at each site. The distinguishing of fed from unfed females was conducted by
examination of the abdominal appearance. Control mosquitoes were exposed to papers impregnated with solvent only. Mosquitoes were exposed for 1 h to lambdacyhalothrin (0.05%), deltamethrin (0.05%), permethrin
(0.75%), malathion (5%) and DDT (4%) and for 2 h to
fenitrothion (1%) (Brooke et al. 2001). Each bioassay
was carried out with four tubes, one control and three
treatments with 20 mosquitoes per tube. Bioassays were
performed in triplicate. Mortality was recorded at 24 h
post-exposure and all surviving mosquitoes were contained and given sugar solution at 10%.
CDC bottle bioassays - Bottles were prepared following the Brogdon and McAllister (1998) protocol. Each
population was evaluated with diagnostic doses and
times previously established for An. darlingi (FonsecaGonzález 2008). Fifteen-twenty non-blood-fed females
from each site were introduced in 250 mL glass bottles
impregnated with the diagnostic dose of the respective
insecticide. Each test consisted of four impregnated bot-
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tles and one control bottle. The control bottle contained
ethanol with no insecticide. At least three tests were conducted for each insecticide and population. Immediately
prior to use, all insecticide solutions were prepared fresh
from stock solutions. At 15 min intervals, the number of
live and dead mosquitoes in each bottle was recorded.
This process was repeated for 1.5-2 h or until all of the
mosquitoes were deceased. The mortality criteria included mosquitoes with difficulties flying or standing
on the bottle’s surface.
Biochemical tests - A total of 90-120 adult females were collected at each study site and frozen at
-70°C prior to biochemical analysis. The NSE, MFO,
GST and modified acetylcholinesterase (MACE) activities were determined according to the methodology described by Brogdon (1988), Brogdon and Barber
(1990a, b) and Brogdon et al. (1997). Briefly, the head
and thorax from females were homogenised individually in 100 µL of 0.01 M potassium phosphate buffer,
pH 7.2, and suspended in 1 mL of the same buffer. Aliquots of 50 µL were then transferred to microtiter plate
wells. Thirty mosquitoes were analysed per plate in
triplicate. Replicates with a variation coefficient that
was higher than 0.15 were discarded in order to avoid
differences produced by possible manual errors. All
enzymatic reactions were conducted at rt. NSE levels
were measured at 540 nm after 10 min incubation with
3 mM β-naphthyl acetate. For the MFO assay, absorbance was measured at 620 nm after 5 min incubation
with 2 mM 3,3’,5,5’-tetramethyl-benzidina. GST levels
were measured in the reaction containing 2 mM reduced
glutathione and 1 mM 1-chloro-2,4-dinitrobenzene. The
reaction rates were measured at 340 nm at 5 min. MACE
levels were measured in the reaction containing 2.6 mM
acetylthiocholine iodide, 0.3 mM dithio-bis-2-nitrobenzoic acid and 100 mM propoxur. The reaction rates were
measured at 414 nm at 10 min. The total protein concentration for each sample was determined using the
Bradford (1976) method with Brogdon’s modifications
(Brogdon 1984a, b). This allowed detection of differences in body mass of the mosquitoes, which was used
as a correction factor for the enzyme analysis. At least,
three positive and negative controls per plate were used.
The negative control absorbance was subtracted from
the value for each mosquito for each enzyme thus elimi-
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nating the reaction background. The Malanoche strain
was used as a susceptible standard population in all of
the biochemical analysis performed.
Data analysis - A modified Abbott’s formula (1925)
was used to correct for the mortality observed in the bioassays when the mortality in the control was between
5-20% (WHO 1998). The resistance status was evaluated in accordance with WHO guidelines (1981, 1998).
The bioassay data with bottles were graphed using the
JMP program (version 3.2.6; SAS Institute Inc), as time
vs. mortality percentage. All mosquitoes surviving the
dose and diagnostic time established with the reference
population were considered to be resistant (Brogdon &
McAllister 1998). In order to determine significant differences in the enzymatic levels in each population, the
enzymatic profiles were compared with those obtained
for the susceptible strain by Kruskal-Wallis and Tukey’s
non parametric tests (p < 0.05).
RESULTS

WHO bioassays - Due to the low mosquito densities coupled with the high diversity of Anopheles species present at the El Retiro site, it was not possible to
carry out evaluations using the WHO methodology at
this location.
The average mortality percentages found with six
insecticides, using impregnated papers with the WHO
diagnostic doses are shown in Table. The three populations evaluated in the state of Putumayo showed mortality rates higher than 95%, indicating susceptibility to all
insecticides tested in this study. The Amé-Beté population showed total susceptibility to the organophosphates,
malathion and fenitrothion, with mortality rates of 95%
and 100%, respectively. In addition, this population
showed reduced susceptibility to the pyrethroids deltamethrin and permethrin with mortality rates of 84% and
88%, respectively. This population also demonstrated
resistance to lambda-cyhalothrin and DDT, with mortality rates of 68% for both insecticides.
CDC bottle bioassays - The results obtained with
CDC bottles, using diagnostic doses established specifically for An. darlingi (Fonseca-González 2008) are
shown in Fig. 2A-F. Using this methodology, susceptibility to the pyrethroids lambda-cyhalothrin, deltamethrin

TABLE
WHO bioassay mortality rates of An. darlingi expressed as percentages. Mortality rates below 80% are consistent
with insecticide resistance
			
					
Insecticidesa
State

Municipality

Antioquia Nechí
Chocó
Medio Atrato
Putumayo Puerto Leguizamo
Puerto Leguizamo
Puerto Leguizamo

Locality

Lambda-cyhalothrin Deltamethrin Permethrin Fenitrothion Malathion

Malanoche
Amé-Beté
El Porvenir
Cecilia Cocha
La Quebradita

100 ± 0
68 ± 4.3
99 ± 1.4
98 ± 1.0
100 ± 0

100 ± 0
84 ± 1.8
98 ± 2.0
100 ± 0.6
98 ± 3.4

100 ± 0
88 ± 2.8
100 ± 0
100 ± 0
100 ± 0

a: values are the mean ± SD. Three assays were performed per insecticide at each site.

100 ± 0.6
100 ± 0.9
98 ± 1.1
99 ± 2.4
100 ± 0.5

100 ± 0
95 ± 2.5
100 ± 0.7
100 ± 0
100 ± 1.2

DDT
100 ± 0
68 ± 3.5
95 ± 4.8
98 ± 5.7
97 ± 3.2
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and permethrin was identified at the El Retiro, El Porvenir, La Quebradita and Cecilia Cocha sites (Fig. 2A-C).
In agreement with the WHO bioassays, the Amé-Beté
site displayed a strong resistance to lambda-cyhalothrin,
with a mortality rate of 65% (Fig. 2A) and decreased
susceptibility to deltamethrin and permethrin with mortalities of 94% and 85%, respectively (Fig. 2B-C). For
DDT, susceptibility in all populations was observed,
except for Amé-Beté, which showed resistance to this
insecticide (Fig. 2D). One hundred percent mortality for
this population was only reached after 2 h of exposure
to the insecticide in comparison with the other populations, where total mortality was observed after only
1 h of insecticide exposure. Evaluation of the organophosphates showed susceptibility to malathion in all
field populations (Fig. 2F). The mortality levels found
for fenitrothion corresponded with susceptibility in all
of the populations studied, although the La Quebradita
population displayed a decrease in susceptibility (83%
mortality) (Fig. 2E).
Biochemical tests - The levels of four enzymatic systems associated with insecticide resistance are shown in
Fig. 3A-D. Enzyme absorbances were compared against
the Malanoche An. darlingi natural susceptible strain.
Protein levels were consistent and no corrections for
mosquito size variation were necessary. The average absorbances for MFO and NSE enzymes were found to be
significantly higher in mosquitoes from Amé-Beté (p <
0.0001) (Fig. 3A, B), but in none of the other populations
evaluated or in the Malanoche population. The increase
in MFO and NSE levels may be correlated with lambdacyhalothrin and DDT resistance observed in Amé-Beté
population. No evidence of MACE activity was found
in the six populations of An. darlingi that were evaluated (p > 0.05) (Fig. 3C). All three populations from the
municipality of Puerto Leguízamo showed high levels

of GST (p < 0.001). However, this high GST level is
not correlated with the susceptible status because all of
these populations were susceptible to both DDT and the
pyrethroids. Mosquitoes from El Retiro and Amé-Beté
do not show GST levels significantly higher than those
found for the reference population (Fig. 3D).
DISCUSSION

Chemical insecticide spraying is the most effective
control strategy in the ongoing battle against malaria.
Unfortunately, the growing development of insecticide
resistance threatens this control strategy, compromising
vector control programs in regions where resistance is
reported in vector insects.
This study documented the susceptibility status to
three pyrethroids, two organophosphates and DDT in
An. darlingi populations collected from three states with
active malaria transmission. Using the WHO recommended mortality level (under 80%) as the resistance
threshold, all field populations remain susceptible to the
insecticides malathion, fenitrothion, deltamethrin and
permethrin. Notwithstanding, the population of La Quebradita showed a mortality rate of 83% to fenitrothion
and the population of Amé-Beté showed a mortality
level of 84% to permethrin; while these mortality rates
are not considered resistant by the WHO standards, they
indicate that more than 15% of insects are surviving the
effects of these insecticides. This is an alarming result
and increases in monitoring of these populations is necessary. This is especially true because permethrin is one
of the recommended insecticides for ITNs, one of the
malaria control interventions currently most promoted
(Lengeler & Sharp 2003).
Based on our results, only the An. darlingi population at the municipality of Middle Atrato (Chocó) is resistant to both lambda-cyhalothrin and DDT. Mosquito

Fig. 2: CDC bottle bioassay mortality rates expressed as percentages. Susceptibility threshold established with diagnostic doses in the reference
population (Malanoche) is shown in dotted lines. A: Lambda-cyhalothrin: 12.5 µg, 30 min; B: Deltamethrin: 12,5 µg, 30 min; C: Permethrin:
21.5 µg, 15 min; D: DDT: 100 µg, 45 min; E: Fenitrothion: 50 µg, 30 min; F: Malathion: 50 µg, 30 min.
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Fig. 3: box-plot of corrected absorbance values for enzyme activities. Anopheles darlingi populations with elevated enzymatic activity in comparison with Malanoche strain are marked with asterisck. A: mixed-function oxidases (MFO); B: non-specific esterases (NSE); C: modified
acetylcholinesterase (MACE); D: glutathione S-transferases (GST).

populations from the states of Antioquia and Putumayo
retain their susceptibility status to all insecticides evaluated. Chocó is one of the four states located in the Pacific region of Colombia and reports the highest number
of malaria cases caused by P. falciparum. Of all cases
reported in Colombia during 2006, 6,965 (7.75%) were
from this state and 4,358 were diagnosed as cerebral
malaria, resulting in five fatalities. The transmission of
malaria in Chocó is active in all municipalities of the
state and the risk varies from medium (> 1 case/1000
inhabitants) to high (> 10 cases/1000 inhabitants). Deficiencies in home structure, lack of utilities, low social
economic level of the population and the close proximity
of homes to watered fields, bodies of water and territories rich in vegetation, where there is a greater availability of mosquito breeding sites, contributes to the local
transmission of malaria at eight urban centres, including
the capital, Quibdo (Montoya et al. 2000).
Previous studies have suggested that An. darlingi,
Anopheles nuneztovari and Anopheles albimanus are involved in the transmission of malaria in this state, which
has resulted in a limiting of the fight against malaria to
the use of chemical pesticides in strategies of IRS and
ITNs as vector control methods.
Historically, IRS with DDT is recorded for malaria
control from 1959 until 1992, when this insecticide was
discontinued for any insect control program in Colombia
(Resolution 10255, 1993, Ministry of Health). In more
recent years, organophosphates such as fenitrothion
have been used and most recently the pyrethroids lambda-cyhalothrin and deltamethrin have been used. These
are the most commonly used insecticides in urban and
rural areas of Colombia.
The exclusive use of lambda-cyhalothrin for vector
control in Chocó has resulted in resistance to this insecti-

cide in An. darlingi. Quiñones et al. (1987) and Suárez et
al. (1990) reported DDT resistance in this same population using the WHO bioassays. More than 20 years after
these studies, DDT resistance is maintained in this vector
despite this insecticide not being used during the last 17
years. Stability in the level of DDT resistance, added to
the resistance of lambda-cyhalothrin found in this population could be the result of cross-resistance between
these two insecticides. The pyrethroids and DDT act directly on the sodium channels of the central nervous system, increasing the conduction of sodium ions during the
neuronal excitement process (Soderlund & Bloomquist
1989). Mutations in this protein known as resistance type
kdr and super kdr cause a decrease in the sensibility to
DTT/pyrethroids, altering the sites of union to insecticides and causing functional changes in the properties of
the sodium channels (Ffrench-Constant et al. 1998).
The possibility that this mechanism was present in
the Amé-Beté population was explored using the primers
previously described for the two variables of the kdr mutation found in An. gambiae (data not shown) (MartínezTorres et al. 1998, Ranson et al. 2000). No amplification
of this gene was discovered in any of the samples evaluated; therefore, this mechanism could not be evaluated
in our studies. A future goal is to determine the protein
sequence of the sodium channel in An. darlingi populations, which will allow for the designing of a specific
kdr-assay, which may be useful in the identification of
multiple mutations associated with this insecticide resistance mechanism in this species. Another important issue regarding to kdr-type insensitivity is related to the
knockdown (KD) effect. Considering data in some malaria African mosquito populations that indicate a significant increase in KD time observed before any decrease
in mortality (Chandre et al. 1999a) and WHO suggestions
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that changes in the KD rate of mosquitoes can be a sensitive indicator for early detection of pyrethroid resistance
(WHO 1998), it is important for the inclusion of KD rate
during the bioassays in order to have more useful tools
for the surveillance of insecticide resistance.
The persistence of DDT resistance could also be the
result of the fixation of resistant alleles, with the subsequent elimination of susceptible alleles, as a consequence of the pervasive use of DDT during the course
of more than 40 years. This can only be proved through
molecular tests evaluating the homogeneity of the genetic background in this An. darlingi population. For a
population to be selected in favour of insecticide resistance, it is expected to have a low heterozygosity value.
However, González et al. (2007) evaluated the genetic
structure of this same population from Chocó and using
molecular markers as Random Amplified Polymorphic
DNA and Amplified Fragment Length Polymorphism,
did not find evidence of low variability. Indeed, the
expected heterozygosity was high (H = 0.3706). This
level is the same as the level of genetic flow with the
An. darlingi population collected in the locality of Tierralta (state of Cordoba, Colombia), which has probably
allowed dissemination and maintenance of the resistant
alleles. Nevertheless, the neutral molecular markers such
as the ones used in this study do not permit us to infer the
actual effect of selection on specific resistant alleles.
MFO and to a lesser extent the NSE, are the most
commonly found enzymes involved in the metabolic
detoxification of pyrethroids and DDT (Scott & Wen
2001). The microplate biochemical tests performed in
this study demonstrated elevated levels of MFO and
NSE in the Amé-Beté population, suggesting that detoxification by these enzymes could be implicated in
the cross-resistance between these two insecticides. No
other populations in this study showed elevated levels of
these enzymes. This is the first time that the presence of
high enzymatic levels was demonstrated as a possible
resistance mechanism in An. darlingi, one of the main
malaria vectors in South America. Inhibitors of these
enzymatic systems have the ability to increase insecticide action. In order to confirm that the resistance found
in the Middle Atrato population is metabolic, it is necessary to carry out bioassays with MFO and NSE inhibitors such as piperonyl butoxide or DEF (S,S,S,-tributyl
phosphorotrithioate), which can identify the impact of
these enzymes on the toxicity of lambda-cyhalothrin
and DDT (Ranasinghe & Georghiou 1979).
The high levels of GST discovered in the Putumayo
populations did not correlate with the susceptibility phenotype determined for the insecticides that we evaluated.
It is probable that this enzymatic activity is an unrelated
physiologic effect independent from the resistance status of these populations. There is also the possibility that
these high levels were due to insecticide pressure and this
hypothesis must be considered. We recommend frequent
monitoring of the susceptibility levels in this population.
Resistance to lambda-cyhalothrin and DDT in the
Amé-Beté population was detected through the use of
both WHO and CDC methodologies. The comparison
between the assays with bottles and papers was pos-

sible for all of the insecticides in all populations, with
the exception of El Retiro, where it was not possible
to carry out the WHO bioassays. It was not possible
to obtain a significant amount of An. darlingi mosquitoes from this site due to the high diversity of species
found in the area. All of the results were comparable
between the two methodologies, indicating that both of
the methodologies are useful for determining the susceptibility status of mosquito populations in Colombia.
The CDC bioassay was also evaluated with two other
malaria vector species, An. albimanus and An. nuneztovari, and the dengue vector, Ae. aegypti, in Colombia
(Fonseca-González 2008). This methodology was also
evaluated in other countries, such as Brazil, Mexico and
Thailand, for insecticide resistance surveillance in Ae.
aegypti (Saelim et al. 2005, Flores et al. 2006, Montella
et al. 2007). Once the diagnostic doses for the bottles is
determined, the evaluation results can be obtained more
quickly (1-2 h), without limitations in the number of
times the bottles can be used, doses or formulations. The
combination with sinergists can be included, allowing
for identification of the active resistance mechanisms in
evaluated populations.
Diagnostic doses used in this study could be a reference for future national and local evaluations.
Our data provide evidence to support against reintroduction of DDT for vector control in malaria prevention, at least in the Pacific region of Colombia. Our
results also emphasise the need for implementation and
maintenance of permanent monitoring programs that record susceptibility levels of mosquitoes to insecticides
in populations subjected to chemical control measures.
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