Khan et al. Parasites & Vectors 2011, 4:146
http://www.parasitesandvectors.com/content/4/1/146

Parasites
&Vectors

RESEARCH

Open Access

First report of field evolved resistance to
agrochemicals in dengue mosquito, Aedes
albopictus (Diptera: Culicidae), from Pakistan

Hafiz Azhar Ali Khan'", Waseem Akram?’, Khurram Shehzad® and Essam A Shaalan®

Abstract

Background: Agrochemicals have been widely used in Pakistan for several years. This exposes mosquito
populations, particularly those present around agricultural settings, to an intense selection pressure for insecticide
resistance. The aim of the present study was to investigate the toxicity of representative agrochemicals against
various populations of Aedes albopictus (Skuse) collected from three different regions from 2008-2010.

Results: For organophosphates and pyrethroids, the resistance ratios compared with susceptible Lab-PK were in
the range of 157-266 fold for chlorpyrifos, 24-52 fold for profenofos, 41-71 fold for triazofos, and 15-26 fold for
cypermethrin, 15-53 fold for deltamethrin and 21-58 fold for lambdacyhalothrin. The resistance ratios for

carbamates and new insecticides were in the range of 13-22 fold for methomyl, 24-30 fold for thiodicarb, and 41-
101 fold for indoxacarb, 14-27 fold for emamectin benzoate and 23-50 fold for spinosad. Pair wise comparisons of
the log LCsq of insecticides revealed correlation among several insecticides, suggesting a possible cross resistance
mechanism. Moreover, resistance remained stable across 3 years, suggesting field selection for general fitness had
also taken place for various populations of Ae. albopictus.

Conclusion: Moderate to high level of resistance to agrochemicals in Pakistani field populations of Ae. albopictus is
reported here first time. The geographic extent of resistance is unknown but, if widespread, may lead to problems

in future vector control.

Background

Dengue fever and dengue hemorrhagic fever (DF/DHF)
are vector borne diseases of public health concerns in
tropical and subtropical parts of the world [1], affecting
millions of people annually [2]. The incidence of DF
and DHF has increased cyclically in Pakistan since the
first recognized outbreak in 1994 with Ae. albopictus
(Skuse) as the core mosquito vector in this respect [3].
Currently, controlling this vector with insecticidal habi-
tat spraying remains an important option to minimize
the incidence of dengue fever [4], resulting in resur-
gence and development of insecticidal resistance.
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Insecticide resistance has become a limiting factor in
the use of these compounds in chemical control of
many insect pests. The exploration of more efficient
toxic chemicals and other control tactics are necessary
with the increasing world population and preservation
of species diversity [5]. Frequent use of chemicals, such
as pesticides, coupled with monoculture crops on a
large scale, has generated pesticide resistance in insect
pests, resurgence and difficulties in pest management
[6]. By 2007, intensive use of pesticides had resulted in
at least 553 arthropod species resistant to one or more
classes of insecticides (organochlorines, organopho-
sphates, carbamates and pyrethroids) [7]. Of these, 60
percent are agricultural pests and the remaining 40 per-
cent are pests of medical importance [8]. Resistance in
medical pests or disease vectors is a serious threat to
the control of vector-borne diseases, owing to the fact
of insecticide-based strategies such as insecticide treated
nets, indoor residual spraying, insecticide treatment of
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breeding habitats and also because of agricultural prac-
tices [9].

Various disease vectors are present in agro-ecozones
and are therefore likely to be exposed to chemicals used
to control agricultural pests. Despite the lack of concrete
evidence, the massive use of agrochemicals has been
considered as a key factor contributing to the emer-
gence of vector resistance to insecticides [10]. Insecti-
cide resistance in disease vectors due to the selection
pressure from agrochemicals has been reported from
different parts of the world [9,11-15], however, no such
reports have so far been reported from Pakistan.

Crop losses caused by insect pest in Pakistan are upto
56%, and 20-40% of these losses are in cotton, Gossypium
hirsutum L. [16]. As a result, agrochemicals with broad
toxicity to target pests and non target organisms are being
widely used in cotton insect pest management. The over-
use of chemicals can lead to the phenomenon of insecti-
cide resistance both in target and non target organisms. In
the current study, we were interested to establish whether
Ae. albopictus, present in cotton cultivated fields, had
developed resistance to agrochemicals (organophosphates,
carbamates, pyrethroids and newer compounds). These
chemicals are commonly used for the control of cotton
insect pests in Punjab province, Pakistan [17]. We were
also interested in investigating whether resistance to differ-
ent insecticides was increasing or remained the same from
2008-2010. The present paper reports the first known
occurrence of high level resistance to agrochemicals in Ae.
albopictus. The data from such studies are expected to
help in future management strategies so that the develop-
ment of resistance is delayed to a maximum in Ae. albo-
pictus under field conditions of Pakistan.

Materials and methods

Mosquitoes

We collected natural populations of Ae. albopictus from
upper Punjab, Pakistan (Lahore, Sargodha and Faisala-
bad districts) from 2008-2010. The growers usually
undertake more insecticides on cotton than any other
crop [17]. We therefore collected Ae. albopictus popula-
tions from cotton fields as there were higher chances of
evolution of resistance on cotton than other crops. The
collection sites within the districts were kept constant
across three years. Moreover, a group of Ae. Albopictus
collected in a date from a determinate place was consid-
ered as a population. The samples of larvae and pupae
from each district were colonized under laboratory con-
ditions at 27 + 1°C and 65 - 70% RH. Larvae were fed
on fish food (TetraMin®™). Adults were kept in plastic
cages (30 x 40 x 40) where males were provided cotton
wicks soaked with 20% sucrose solution and females
were fed on blood of white rats thrice a week [4].
Fourth instar larvae of the F1 progeny were reared for
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bioassays. However, some bioassays were performed on
the F2 generation due to insufficient numbers of F1 pro-
geny. The laboratory susceptible strain of Ae. albopictus
was collected in 2005 from mountainous areas of Isla-
mabad with zero or very low chemical use and it was
designated as Lab-PK. This population was reared in the
laboratory for >40 generations without exposure to
insecticides. The Lab-PK population showed lowest
LCsq values for all the tested insecticides, and hence was
used as a reference strain to calculate resistance ratios.

Insecticides

Commercial formulations of different insecticides used
for bioassays consisted of chlorpyrifos (Lorsban 40 EC,
Dow Agro Sciences, United Kingdom), profenofos (Cur-
acron 50 EC, Syngenta Crop Protection, Switzerland),
triazofos (Hostathion 40 EC, Bayer Crop Science), cyper-
methrin (Arrivo 10 EC, FMC, Philadelphia; PA), delta-
methrin (Decis Super 10.5 EC, Bayer Crop Science,
Multan, Pakistan), lambdacyhalothrin (Karate EC Syn-
genta Crop Protection Switzerland ), methomyl (Lannate
LV 239 g [Al]/liter, DuPont, Pakistan), thiodicarb (Lar-
vin SC 375 g [AlI]/liter, Bayer Crop Science, Multan,
Pakistan), indoxacarb (Steward 15SC, DuPont, Pakistan),
spinosad (Tracer 24SC, Dow Agro Sciences, UK) and
emamectin benzoate (Proclaim 1.9 EC, Syngenta, UK)

Bioassays

Bioassays were performed as described previously [18]
using acetone solution of insecticides. One milliliter of
appropriate insecticide solution was dispensed with a
pipette above the water surface in each glass beaker
containing 99 ml of distilled water. Each insecticide was
tested within a range of seven to eight concentrations to
determine LCsq value, including controls, and each con-
centration was replicated at least four times. Ten 4™
instar larvae were placed in the glass beaker in each
replication and the total number of larvae tested per
concentration was 40. The bioassays were kept at a tem-
perature of 27 + 1°C, 65% RH and a photoperiod of 14L:
10D hours. Mortality was recorded after 24 hours [18],
except for spinosad, which was assayed after 48 hours
due to the slower acting nature of this insecticide. Lar-
vae were considered dead if they could not be induced
to move when probed with a probe.

Stability of resistance

A decline or increase in resistance to the tested insecti-
cides in field populations from 1 year to the next was
measured by calculating R values i.e., respond per
month. The R values were estimated as below:

R = [log (final LCsg) — log (initial LCso)]/n,
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Where ‘n’ is the number of months (6 months) after
which a second population was collected from the same
field. Decline or increase in resistance is presented in -
and/or + values of R [16].

Data analysis

Mortality data, where necessary, were corrected by
Abbott’s formula [19]. Data were analyzed using probit
analysis based on Finney (1971) [20] to determine the
LCs values and their 95% fiducial limits (FLs) using
MINITAB 15 statistical software [21]. Due to the inher-
ent variability of bioassays, pair wise comparisons of
LCsg values were made, and if 95% FLs of two treat-
ments did not overlap at 1% level of significance, they
were considered significant [22]. Resistance ratios (RRs)
were calculated by dividing the LCs, values of field
populations with LCs, of susceptible Lab-PK. To deter-
mine cross resistance among the tested insecticides, pair
wise correlation coefficients (r) of log LCs, values of the
field populations were also calculated. The slopes of
regression lines were compared using ¢-test in Statistix
8.1 [23].

To determine insecticide resistance, the level of insec-
ticide resistance was scaled by using resistance ratios
(RRs) in terms of widely accepted values as follows: sus-
ceptibility (RR = 1), low resistance (RR = 2-10), moder-
ate resistance (RR = 11-30), high resistance (RR = 31-
100) and a very high resistance (RR > 100) [24].

Results

Toxicity of insecticides to susceptible population

The results obtained from the bioassays with the Lab-
PK population (Table 1, 2) revealed that chlorpyrifos
was significantly more toxic (non overlapping of 95%
FL; P < 0.01) than the insecticides tested viz., profeno-
fos, triazofos, cypermethrin, deltamethrin, lambdacyhalo-
thrin, methomyl, thiodicarb, indoxacarb, emamectin
benzoate and spinosad. Emamectin benzoate was the
least effective compound than the other insecticides
tested. The slopes of regression lines of all the insecti-
cides were similar (P > 0.05).

Toxicity of insecticides to field population

The toxicity of all eleven insecticides against field popu-
lation was significantly lower than Lab-PK (95% FL did
not overlap, Table 1, 2).

Organophosphates

The levels of resistance to chlorpyrifos in samples from
all the three districts of Punjab were generally very high,
with resistance ratios 157-266 fold. All the field popula-
tions tested with chlorpyrifos in 3 consecutive years
showed very high levels of resistance (RR > 100). The
highest level of resistance (266 fold) was observed in
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March 2009 from Faisalabad, whereas the lowest (157
fold) was from Lahore in March 2009 (Table 1). The
slopes of regression lines of all the populations were sig-
nificantly shallower than Lab-PK population (P < 0.05).

Among 15 populations tested for profenofos, five
populations had moderate levels of resistance (24-26
fold) than the Lab-PK population, and the remaining 10
populations had high levels of resistance (34-52 fold).
The highest level of resistance was found in population
from Faisalabad in March 2010, whereas the lowest level
was found in population from Sargodha in September
2008 (Table 1). The slopes of regression lines of all the
populations were significantly shallower than the Lab-
PK population (P < 0.05).

All the 15 populations tested for triazofos had high
levels of resistance (41-71 fold). The highest level of
resistance was seen in populations from Sargodha in
September 2009, whereas the lowest level was observed
in populations from Lahore in September 2009 (Table
1).

Pyrethroids

Moderate levels of resistance was found in all the popu-
lations tested against cypermethrin (15-26 fold, Table 1)
compared with the lab-PK population. The lowest level
of resistance was observed in populations from Sargodha
in March 2010. The slopes of regression lines of all the
populations were significantly shallower than Lab-PK
population (P < 0.05).

Moderate to high levels of resistance were observed in
populations tested for deltamethrin (15- to 53 fold,
Table 1). One population from Lahore and four popula-
tions from Sargodha had moderate levels of resistance
(15-25 fold) while the remaining populations were
highly resistant (31-53 fold). Of 15 populations tested
against lambdacyhalothrin, only three populations from
Sargodha had moderate levels of resistance with resis-
tance ratios ranging from 21-30 fold compared with
Lab-PK population (Table 1). The slopes of regression
lines of all the field populations were similar (P > 0.05).

Carbamates

Methomyl was significantly less toxic to field popula-
tions (P < 0.01) compared to Lab-PK. All the field popu-
lations tested for methomyl had moderate levels of
resistance (13-22 fold) compared with Lab-PK (Table 2).
The lowest level was observed in populations from Sar-
godha in September 2009. The slopes of regression lines
of all the field populations were similar (P > 0.05) but
shallower than the Lab-PK (P < 0.05).

Out of 15 populations tested for thiodicarb, three
populations from Lahore, two from Faisalabad and three
from Sargodha were moderately resistant with resistance
ratios ranging from 24-30 fold compared with Lab-PK
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Table 1 Toxicity of organophosphates and pyrethroids against field populations of Ae. albopictus

Insecticide Location Time LCs0 (95% FL) (ng mL™") Slope *+ SE x2 df P RR* DR** n*¥*
Chlorpyrifos Lab-PK 0.009 (0.002-0.013) 225+ 031 0.69 5 098 1 _ 280
Lahore Mar. 2009 1.92 (1.27-4.95) 1.04 + 0.25 573 6 046 156.6 _ 320
Sep. 2009 261 (1.35-13.21) 0.59 + 0.26 5.84 6 044 247.8 0222 320

Mar. 2010 2.88 (1.27-15.44) 056 + 0.25 395 6 0.68 242.2 0.030 320

Sep. 2010 3.36 (1.33-8.55) 067 + 0.26 265 6 0.85 240 0.041 320

Faisalabad Sep. 2008 2.08 (1.26-7.31) 0.66 = 0.30 3.34 6 0.77 2244 _ 320
Mar. 2009 240 (1.39-1857) 059 + 0.27 551 6 048 266 0.010 320

Sep. 2009 1.71 (1.19-3.48) 093 £ 027 5.76 6 045 190 -0014 320

Mar. 2010 2.00 (1.32-5.15) 0.84 + 0.28 6.11 6 041 222 -0.003 320

Sep. 2010 2.12 (1.37-6.32) 081 + 0.29 6.21 6 040 2356 0.001 320

Sargodha Sep. 2008 1.74 (1.15-4.29) 0.77 £ 0.25 6.51 6 037 193 _ 320
Mar. 2009 1.89 (1.25-4.77) 081 = 0.27 940 6 0.15 210 0.006 320

Sep. 2009 1.57 (1.15-2.76) 1.09 £ 027 113 6 0.08 174 -0.007 320

Mar. 2010 148 (1.16-2.23) 157 + 035 945 6 0.15 164 -0.012 320

Sep. 2010 1.69 (1.24-3.00) 122 + 032 103 6 0.11 187.8 -0.002 320

Profenofos Lab-PK 0.02 (0.015-0.04) 241 +£027 244 6 0.88 1 _ 320
Lahore Sep. 2008 0.56 (043-0.77) 125+ 022 9.34 6 0.16 28 _ 320
Mar. 2009 0.70 (0.53-1.04) 1.09 + 0.31 524 5 039 35 0016 280

Sep. 2009 0.73 (0.55-1.07) 1.10 £ 040 749 6 028 36.5 0.019 320

Mar. 2010 0.79 (0.59-1.23) 1.05 + 023 5.90 6 043 395 0.025 320

Sep. 2010 0.82 (0.52-2. 26) 062 + 023 053 5 0.99 41 0.028 280

Faisalabad Sep. 2008 0.80 (0.62-1.15) 117 £ 033 116 6 0.07 40 _ 320
Mar. 2009 0.82 (0.64-1.18) 119 + 0.24 3.90 6 0.69 41 0.001 320

Sep. 2009 0.98 (0.75-1.48) 1.11 £ 040 738 6 029 49 0015 320

Mar. 2010 1.03 (0.77-1.62) 1.03 £ 037 8.62 6 0.17 515 0.018 320

Sep. 2010 0.71 (0.56- 096) 131 +£023 9.78 6 013 355 -0.009 320

Sargodha Sep. 2008 049 (0.35-0.72) 097 +£0.20 1.95 5 0.86 24 _ 280
Mar. 2009 0.54 (042-0.73) 144 + 0.23 9.09 6 0.17 27 0.007 320

Sep. 2009 0.68 (0.52-0.94) 123 +£032 6.44 6 038 34 0024 320

Mar. 2010 0.52 (0.35-0.84) 091 + 025 2.08 5 0.84 26 0.004 280

Sep. 2010 0.55 (0.39-0.74) 123 £ 025 8.09 6 0.17 275 0.008 320

Triazofos Lab-PK 0.036 (0.02-0.06) 239+ 1.29 8.06 6 023 1 _ 320
Lahore Sep. 2008 1.80 (1.18-4.71) 0.75 + 0.20 8.18 6 022 50 _ 320
Mar. 2009 1.94 (1.28-4.99) 082 +0.19 118 6 0.07 539 0.005 320

Sep. 2009 149 (1.11-244) 1.16 + 0.27 7.82 6 0.25 414 -0.014 320

Mar. 2010 1.62 (1.22-2.70) 136 + 0.33 820 6 023 45 -0.008 320

Sep. 2010 1.80 (1.28-3.50) 112 +0.31 757 6 027 50 0 320

Faisalabad Sep. 2008 2.26 (1.31-12.26) 058 = 0.16 5.89 5 032 628 _ 280
Mar. 2009 2.00 (1.29-6.08) 0.79 £ 0.29 100 5 0.08 556 -0.009 280

Sep. 2009 226 (1.38-11.23) 0.70 £ 0.29 6.29 5 028 62.8 0 280

Mar. 2010 2.26 (1.42-8.69) 081 +0.32 433 5 0.50 62.8 0 280

Sargodha Sep. 2008 2.57 (0.55-4.51) 0.64 + 0.29 473 6 0.58 714 _ 320
Mar. 2009 1.96 (0.88-3.01) 081 + 027 849 6 0.21 545 -0.019 320

Sep. 2009 1.72 (0.99-2.50) 1.04 £ 0.29 13 6 0.08 478 -0.029 320

Mar. 2010 1.74 (0.92-261) 0.86 + 040 563 6 047 483 -0.028 320

Sep. 2010 2.18 (0.89-347) 087 + 0.31 301 6 0.81 60.6 -0.012 320
Cypermethrin Lab-PK 0.04 (0.02-0.09) 241 £ 045 5.96 6 043 1 _ 320
Lahore Sep. 2008 0.86 (0.66-1.29) 111 +£ 023 8.62 6 0.20 215 _ 320
Mar. 2009 0.71 (0.57- 095) 140 + 0.35 116 6 0.72 178 -0.014 320

Sep. 2009 0.63 (0.52-0.85) 146 + 022 104 6 0.11 15.8 -0.023 320

Mar. 2010 0.89 (0.69-1.30) 116 £ 024 113 6 0.08 223 0.003 320
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Table 1 Toxicity of organophosphates and pyrethroids against field populations of Ae. albopictus (Continued)

Sep. 2010 0.83 (0.64-1.15) 1.24 £ 042 643 6 0.38 208 -0.003 320

Faisalabad Sep. 2008 1.02 (0.78-1.54) 1.11 £ 037 9.79 6 0.13 255 _ 320
Mar. 2009 0.78 (0.55-1.00) 1.19 £ 043 6.56 6 0.36 19.5 -0.019 320

Sep. 2009 0.94 (0.54-1.34) 082 + 0.22 4.21 6 0.65 235 -0.006 320

Mar. 2010 0.94 (0.60-1.27) 1.00 £ 0.30 6.29 6 039 235 -0.006 320

Sep. 2010 0.87 (0.53-1.21) 087 £0.23 4.03 5 0.55 218 -0.012 280

Sargodha Sep. 2008 0.68 (0.52-0.83) 149 £ 041 9.15 6 0.17 17 _ 320
Mar. 2009 0.58 (0.46-0.70) 1.55 £ 0.24 11.9 6 0.06 14.5 -0.012 320

Sep. 2009 0.69 (0.50-0.87) 1.26 + 044 749 6 0.28 17.3 0.001 320

Mar. 2010 0.70 (0.55-0.86) 1.57 £ 052 837 6 0.21 17.5 0.002 320

Sep. 2010 0.66 (0.49-0.83) 135+ 037 10.5 6 0m 16.5 -0.002 320
Deltamethrin Lab-PK 0.028 (0.02-0.04) 229 £ 024 3.39 6 0.76 1 _ 320
Lahore Sep. 2008 1.06 (0.74-1.34) 1.18 £ 0.18 4.08 6 067 379 _ 320
Mar. 2009 1.22 (0.76-1.68) 0.98 + 0.25 4.34 6 063 43.6 0.010 320

Sep. 2009 092 (0.61-1.23) 102 £0.23 449 6 061 329 -0.010 320

Mar. 2010 041 (0.262-5 61) 082 +0.13 0.55 4 097 146 -0.069 240

Sep. 2010 1.15 (0.57-1.74) 0.72 £ 0.16 2.25 5 0.81 411 0.006 280

Faisalabad Sep. 2008 148 (0.82-2. 14) 0.88 + 0.21 4.12 6 0.66 528 _ 320
Mar. 2009 1.35 (0.77-1.92) 0.92 £ 0.36 1.57 5 091 48.2 -0.007 280

Sep. 2009 1.16 (0.72-1.60) 0.95 + 0.21 3.78 6 0.71 414 -0.018 320

Mar. 2010 1.27 (0.70-1.83) 0.82 +£ 040 381 6 0.70 454 -0.0M 320

Sep. 2010 1.31 (0.77-1.71) 1.04 £ 0.38 8.61 6 0.17 46.8 -0.009 320

Sargodha Sep. 2008 0.70 (0.51 088) 133 £0.52 6.10 6 041 25 _ 320
Mar. 2009 0.88 (0.63-1.13) 121 £0.28 552 6 048 314 0.017 320

Sep. 2009 0.63 (0.49- 077) 1.66 + 0.34 1.9 6 0.06 225 -0.008 320

Mar. 2010 0.68 (0.44-0.99) 099 + 042 5.65 6 046 243 -0.002 320

Sep. 2010 0.68 (0.51-0.83) 144 + 036 9.20 6 0.16 243 -0.002 320
Lambdacyh-alothrin Lab-PK 0.02 (0.014-0.033) 232 £ 051 3.56 6 0.74 1 _ 320
Lahore Sep. 2008 091 (0.59-1.22) 1.00 £ 0.16 941 5 0.09 455 _ 280
Mar. 2009 1.16 (0.72-1.60) 0.97 £ 0.24 8.61 5 0.13 58 0.018 280

Sep. 2009 091 (0.61-1.20) 1.10 £ 0.26 9.22 5 0.10 455 0 280

Mar. 2010 0.90 (0.56-1.23) 092 +£0.28 8.24 5 0.14 45 -0.001 280

Sep. 2010 1.15 (0.63-1.66) 081 £0.18 6.58 5 0.25 575 0.017 280

Faisalabad Sep. 2008 0.84 (0.57-1.11) 1.05 £ 0.20 9.28 6 0.16 42 _ 320
Mar. 2009 0.65 (0.44- 087) 1.10 £ 0.31 9.71 6 0.14 33 -0.018 320

Sep. 2009 0.83 (0.61-1.05) 1.28 + 044 120 6 0.06 415 -0.001 320

Mar. 2010 0.81 (0.59-1.03) 127 £0.36 8.85 6 0.18 40.5 -0.003 320

Sep. 2010 0.78 (0.52-1.04) 1.03 £ 0.26 841 6 0.21 39 -0.005 320

Sargodha Sep. 2008 042 (0.30- 054) 142 £ 061 10.7 6 0.09 21 _ 320
Mar. 2009 0.59 (0.46-0.72) 162 + 046 10.1 6 0.12 295 0.025 320

Sep. 2009 0.64 (0.49-0.80) 1.56 + 044 104 6 0.11 32 0.030 320

Mar. 2010 0.55 (0.43-0.68) 1.56 £ 048 8.10 6 0.23 275 0.020 320

Sep. 2010 0.65 (0.45-0.86) 109 +£0.26 7.05 6 032 325 0.032 320

*Resistance ratio = LCs, field population/LCsq of susceptible strain
**Rate of increase or decrease in resistance, *** Number of larvae tested in a bioassay

(Table 2). The remaining 7 populations were highly  showed very high resistance (101 fold) while the remain-

resistant to this chemical (31-37 fold). ing populations were highly resistant with resistance
ratios ranging from 41-89 fold compared with Lab-PK
New insecticides (Table 2). The lowest level of resistance was found in

Among the 15 populations tested with indoxacarb, only  populations from Lahore in September 2008. All the
one population from Faisalabad in September 2010 populations tested for emamectin benzoate were
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Table 2 Toxicity of carbamates and new insecticides against field populations of Ae. albopictus

Insecticide Location Time LCso (95% FL) (ng mL") Slope + SE xz df P RR* DR** n*¥*
Methomyl Lab-PK 0.06 (O 03-0.17) 256 + 033 9.99 6 0.12 1 _ 320
Lahore Sep. 2008 1(0.71-1.97) 0.81 + 040 313 6 079 218 _ 320
Mar. 2009 (0 63-1.51) 084 + 026 461 6 059 185  -0012 320

Sep. 2009 0.95 (0.66-1.24) 1.14 £ 0.23 10.5 6 0.10 158 -0.023 320

Mar. 2010 0.92 (0.70-1.14) 146 + 0.28 923 6 013 153 -0.026 320

Sep. 2010 3 (0.74-1.73) 091 +£0.33 3.69 6 0.72 205 -0.005 320

Faisalabad Sep. 2008 3(0.73-1.94) 083 £ 0.16 6.18 6 0.40 222 _ 320
Mar. 2009 0 (0.66-1.70) 082+ 024 418 6 0.65 20 -0.007 320

Sep. 2009 0.99 (0.68-1.31) 111 £ 0.39 9.71 6 0.14 16.5 -0.021 320

Mar. 2010 0.94 (0.65-1.22) 113 £ 042 948 6 0.15 15.7 -0.025 320

Sep. 2010 3(0.73-1.72) 091 +£0.23 431 6 0.64 205 -0.006 320

Sargodha Sep. 2008 1 (0.69-1.32) 114 + 034 6.36 6 038 16.8 _ 320
Mar. 2009 0.90 (0.61-1.20) 104 £ 022 326 6 0.78 15 -0.008 320

Sep. 2009 0.80 (0.57-1.03) 1.18 £ 052 354 6 074 132  -0017 320

Mar. 2010 0.92 (0.58-1.26) 092 + 0.24 6.83 6 034 153 -0.007 320

Sep. 2010 (O 72-1 47) 1.06 = 042 3.09 6 0.80 183 0.006 320

Thiodicarb Lab-PK 0.03 (0.01-0.11) 228 + 063 1.28 6 097 1 _ 320
Lahore Sep. 2008 5 (0.71-1 37) 113 £023 829 6 0.22 35 _ 320
Mar. 2009 0.88 (0.61-1.15) 112 £032 399 6 068 293  -0013 320

Sep. 2009 0.90 (0.61-1.19) 1.07 £ 041 449 6 0.61 30 -0.011 320

Mar. 2010 0.71 (0.5 089) 128 £ 0.25 6.13 6 041 237 -0.028 320

Sep. 2010 0.99 (0.68-1.28) 117 £ 0.23 1.75 6 094 33 -0.004 320

Faisalabad Sep. 2008 0 (0.71-1.49) 1.01 £ 0.28 792 6 0.24 36.7 _ 320
Mar. 2009 0.89 (0.63-1.18) 1.09 £ 030 5.02 6 054 297  -0015 320

Sep. 2009 0.97 (0.62-1.32) 097 +£0.20 4.86 6 0.56 323 -0.009 320

Mar. 2010 0.76 (0.54-0.98) 1.18 £ 042 8.75 6 0.19 253 -0.027 320

Sep. 2010 7 (0.71-143) 1.06 £ 0.23 411 6 0.66 357 -0.002 320

Sargodha Sep. 2008 0.85 (0.52-1.19) 086 = 0.17 5.00 6 054 28 _ 320
Mar. 2009 0.83 (0.58-1.09) 1.14 + 029 1.85 6 093 277  -0002 320

Sep. 2009 0.94 (0.63-1.25) 1+033 441 6 062 312 0.007 320

Mar. 2010 0.71 (0.53-0.90) 131 + 044 6.35 6 039 237 -0.013 320

Sep. 2010 3 (0.71-1.33) 117 £0.22 3.74 6 0.71 34 0.014 320

Indoxacarb Lab-PK 0.022 (O 014-0.044) 219 £ 046 173 6 094 1 _ 320
Lahore Sep. 2008 091 (0.59-1.21) 102 £ 024 362 6 073 414 _ 320
Mar. 2009 9 (0.76-1.83) 090 + 0.17 262 6 086 586 0.025 320

Sep. 2009 1.12 (0.69-1.54) 095 + 0.25 476 6 057 509 0.015 320

Mar. 2010 1.18 (0.83-1.52) 128 £ 0.34 10.7 6 0.10 536 0.019 320

Sep. 2010 1.19 (0.78-1.59) 1.07 £ 0.24 458 6 0.60 54.1 0.019 320

Faisalabad Sep. 2008 1.21 (0.64-1.76) 0.78 £ 0.16 3.02 6 0.81 55 _ 320
Mar. 2009 142 (0.78-2.07) 085+ 038 400 6 068 645 0012 320

Sep. 2009 1.87 (0.66-2.31) 063 + 024 138 6 0.97 85 0.032 320

Mar. 2010 1.17 (0.82-1.53) 123 £ 043 9.78 6 013 53.1 -0.002 320

Sep. 2010 2.19 (0.37-4.00) 051 +£0.11 3.19 6 0.78 99.5 0.043 320

Sargodha Sep. 2008 1.62 (0.56-2.69) 059 +£0.18 3.77 6 0.71 736 _ 320
Mar. 2009 1.37 (0.73-2.00) 0.83 + 042 1.98 5 085 623  -0012 280

Sep. 2009 9 (0.78-2.38) 0.80 + 0.23 354 6 074 723  -0001 320

Mar. 2010 7 (0.77-1.89) 1.05 £ 025 120 6 0.07 622 -0.012 320

Sep. 2010 6 (0.60-3.33) 060 +0.18 342 6 0.75 89.1 0.014 320

Emamectin benzoate Lab-PK 0.09 (0.04-0.14) 235 + 098 2.85 6 0.83 1 _ 320
Lahore Sep. 2008 9 (0.91-1.86) 1.6 £ 026 923 6 016 154 _ 320
Mar. 2009 5 (0.59-2.70) 064 + 0.22 041 4 098 183 0013 240
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Table 2 Toxicity of carbamates and new insecticides against field populations of Ae. albopictus (Continued)
Sep. 2009 2.07 (0.60-3.54) 050 = 0.12 7.02 6 032 23 0.029 320
Mar. 2010 1 (0.92-2.29) 1.00 £ 0.27 9.62 6 0.14 179 0.011 320
Sep. 2010 245 (1.35-4.26) 052 +0.26 2.66 6 0.85 272 0.041 320
Faisalabad Sep. 2008 5(0.87-1.82) 1.10 £ 0.25 7.78 6 0.26 15 _ 320
Mar. 2009 7 (121-332) 061 + 0.24 4.78 6 057 219 0.027 320
Sep. 2009 7 (09 202) 1.07 £ 0.26 109 6 091 163 0.006 320
Mar. 2010 2.00 (1.1 17) 0.76 £ 0.18 453 6 0.61 222 0.028 320
Sep. 2010 9 (0.68- 250) 0.65 + 0.23 139 6 0.98 21 0.024 320
Sargodha Sep. 2008 1.14 (0.85-1.46) 131 £ 0.25 711 6 031 12.7 _ 320
Mar. 2009 1.26 (0.89-1.63) 133 £026 432 6 0.63 14 0.007 320
Sep. 2009 1.67 (0.88-2.59) 0.73 + 0.24 5.96 6 043 186 0.028 320
Mar. 2010 1.70 (0.86-2.54) 0.86 + 0.30 747 5 0.19 189 0.029 320
Sep. 2010 0 (0.91-1.75) 1.10 £ 0.22 3.74 6 0.71 144 0.010 320
Spinosad Lab-PK 0.019 (0.02-0.13) 271 £ 044 292 6 0.82 1 _ 320
Lahore Sep. 2008 0.53 (0.40-0.66 145 £ 032 3.22 6 0.78 279 _ 320
Mar. 2009 0.51 (0.39-061 178 £ 024 3.02 6 0.81 268 -0.003 320
Sep. 2009 048 (0.38-0.57 1.09 + 0.26 9.25 6 0.16 253 -0.007 320
Mar. 2010 0.57 (0.44-0.69 1.56 + 042 774 6 0.26 30 0.005 320
Sep. 2010 0.59 (043-0.72 1.55 + 042 10.2 6 013 31.1 0.008 320
Faisalabad Sep. 2008 0.63 (0.46-0.81 127 £ 0.23 832 6 0.22 332 _ 320
Mar. 2009 0.73 (0.55-091 143 + 0.38 518 6 0.52 384 0.011 320
Sep. 2009 0.50 (0.38-0.62 152 +0.24 10.1 6 0.12 263 -0.012 320
Mar. 2010 043 (0.30-0.56, 129 +£ 0.23 12.2 6 0.06 226 -0.028 320
Sep. 2010 0.95 (0.70-1.21 126 £ 043 212 6 091 50 0.030 320
Sargodha Sep. 2008 0.56 (041 133 £0.22 7.79 6 0.25 295 _ 320
Mar. 2009 0.73 (0.54-0.93 129 £ 022 491 6 0.56 384 0.019 320
Sep. 2009 0.52 (0.39-0.64 1.50 £ 0.36 100 6 0.16 274 -0.005 320
Mar. 2010 043 (0.29-0.56, 122 +£0.23 993 6 013 226 -0.019 320
Sep. 2010 0.85 (0.62-1.07 144 + 0.56 3.16 6 0.79 44.7 0.030 320

*Resistance ratio = LCs field population/LCso of susceptible strain

**Rate of increase or decrease in resistance *** Number of larvae tested in a bioassay

moderately resistant (14-27 fold) compared with Lab-PK
(Table 2). The lowest level was found in populations
from Sargodha in March 2009. Moderate to high levels
of resistance were observed in populations tested for
spinosad (23-50 fold, Table 2) compared with Lab-PK.
One population from Lahore, three populations from
Faisalabad and two from Sargodha had high levels of
resistance while the remaining populations were moder-
ately resistant (Table 2). The slopes of regression lines
of all the field populations were similar (P > 0.05).

Pair wise correlations between log LCsys of different
insecticides

Correlation between emamectin benzoate and spinosad
in the new chemicals group was non- significant (P >
0.05); however, resistance to emamectin benzoate was
significantly (P < 0.05) correlated with profenofos and
lambdacyhalothrin, but no significant correlation was
found between emamectin benzoate and chlorpyrifos,
triazofos, cypermethrin, deltamethrin, methomyl,

thiodicarb and indoxacarb (Table 3). In contrast, spi-
nosad had significant correlation with thiodicarb and
indoxacarb but no correlation with the remaining
insecticides. Indoxacarb had significant correlation
with chlorpyrifos only. The LCs, values of the insecti-
cides of carbamate group had highly significant (P <
0.01) correlation within the group. However, thiodicarb
had also a significant correlation with deltamethrin,
and methomyl with cypermethrin and deltamethrin.
Within the pyrethriod group, deltamethrin and cyper-
methrin had significant correlation (P < 0.05). All the
pyrethroids had a significant correlation with profeno-
fos. Moreover, insecticides in organophosphate group
had non significant (P > 0.05) correlation with each
other (Table 3).

Stability of resistance across 3 years

From 2008 to 2010, resistance of Ae. albopictus to all
tested insecticides remained the same. There was no
indication of significant change (P > 0.05) in the rate of



Table 3 Pairwise comparisons of correlation coefficient between log LCs, (ug mL™) values of the tested insecticides in field populations of Ae. albopictus

Insecticide Chlorpyrifos Profenofos Triazofos Cypermethrin Deltamethrin Lambdacyhalothrin Methomyl Thiodicarb Indoxacarb Emamectin
Chlorpyrifos

Profenofos 033™

Triazofos -037™ 008"

Cypermethrin 0.28™ 069791 029"

Deltamethrin 007" 0.52700° 037™ 0.52700>

Lambdacyhalothrin 0.58<0% 047°9% 036" 037" 0.39"

Methomy! 002" 004" 027" 047°0% 0679 038™

Thiodicarb 027" -001™ 0.28" 027" 0.50°9% 0.24"™ 0.71°%9

Indoxacarb 04809 -008™ 0.54" -0.09™ -0.04™ -040™ -0.06™ 0.30™

Emamectin benzoate 0.18™ 0.52700° 041" 0.14™ 031™ 051700 0.08™ 007" -0.20™

Spinosad 034" 022" 035™ 007" 0.16™ -0.19"™ 041™ 049<005 062700 012"

(Superscripts indicate the significance of correlation)
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increase or decrease in resistance to the insecticides
tested (Table 1,2).

Discussion

Pakistan has a long history of insecticide resistance pro-
blems in cotton pests like Helicoverpa armigera, Bemisia
tabaci, Aphis gosypii [25], Spodoptera litura [24] and
even in the generalist predator, the green lacewing,
Chrysoperla carnea [16]. Here we have shown a strong
indication of resistance in Ae. albopictus collected from
areas of high agrochemical use compared to the Lab-PK
population with zero agrochemicals exposure. The pre-
sent experiments were carried out to evaluate the resis-
tance of three insecticides from each of
organophosphate, pyrethroid, new chemicals and two
from carbamates. These insecticides have intensively
been used to combat various cotton pests in Pakistan
for the last two decades [26]. The experiments were
conducted for 3 consecutive years (2008-2010), and the
results of bioassays showed varying degrees of resistance
in field populations. Resistance in Ae. albopictus to
chlorpyrifos was generally very high while moderate to
high levels of resistance were found with remaining
insecticides. Insect populations should be considered
susceptible if a resistance ratio of 10 is exhibited [27],
however, none of the field populations was found to
have resistance ratio 10 or below 10. The present stu-
dies suggest that Ae. albopictus might have evolved
resistance to agrochemicals due to possible cross resis-
tance mechanisms among various agrochemicals.

Pair wise correlation coefficient comparisons of log
LCs, values of insecticides for field populations showed
positive correlations among most of the insecticides
(Table 3), suggesting a cross resistance mechanism. The
presence of two divergent patterns of correlation within
agrochemicals indicates that more than one mechanism
of resistance exists for imparting resistance to agro-
chemicals in Ae. albopictus. High levels of resistance to
most of the insecticides might be due to multiple resis-
tance mechanism [17]. The mixing of new chemicals
with conventional insecticides could be responsible for
creating multiple resistance problems, which has been
reported in Spodoptera sp. from other parts of the
world [28]. Owing to the common practice of mixing
new compounds with conventional insecticides to con-
trol cotton pests in Pakistan [17] it would be untimely
to conclude that cross resistance exists in Ae. albopictus
against these agrochemicals. However further studies are
required to confirm whether the cross resistance
between insecticides exists by selecting Ae. albopictus
population in the laboratory with representative
insecticides.

In the present investigations Ae. albopictus larvae were
found resistant to all classes of tested chemicals which
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could be due to one or more than one resistance
mechanisms involved. The resistance of Aedes larvae to
pyrethroids and organophosphates has also been
reported from other parts of the world [1]. Insecticide
resistance mechanism in mosquitoes has extensively
been studied in the past [29]. The resistance to pyre-
throids in mosquitoes is mainly conferred by two
mechanisms: (a) mutation in the voltage-gated sodium
channel or (b) by elevated levels of monooxygenases
[30,31]. In contrast, over expression of esterases by gene
amplification or mutation provides considerable organo-
phosphate (and to some extent carbamate) resistance in
mosquitoes, and has been considered an evolutionary
response to selection by organophosphates and carba-
mates [31]. Monooxygenases play a minor role in orga-
nophosphate resistance, and little, if any, in resistance to
carbamates [32].

In the current study, rate of increase or decrease of
resistance to insecticides in the field population of Ae.
albopictus was minimal, suggesting that resistance was
stable in the populations collected from various loca-
tions. The stability of resistance in field collected sam-
ples conferred at least one justification. The resistance
might have been near fixation, leading to a very slow
increase in heterozygosity owing to combination of eco-
logical, biological and/or biochemical (reduced detoxifi-
cation capacity) factors [16,33].

Though the Aedes larvae have not been directly
exposed to agrochemicals applied for the cotton pest
management, the results of present study clearly showed
the field evolved resistance to agrochemicals. The use of
insecticides in agricultural crop protection could indeed
affects resistance development in disease vectors
[13,34,35]. The cotton crop in Pakistan is usually
sprayed with more than 34 insecticides of different che-
mical classes, including premix and tank mix products
[26]. These chemicals are mainly organophosphates, car-
bamates, pyrethroids, neonicotinoids and new chemis-
tries and are used either as a single formulation or in
combinations of two or three insecticides of different
classes, the final aim being to generate a synergistic
effect of insecticides for a better pest management.
After pesticide treatments in agricultural crops, insecti-
cides residues drift into mosquito breeding sites [9].
These residues have lethal effects on larvae of some
populations of mosquitoes whereas they exercise a selec-
tive pressure on other populations, leading to the emer-
gence of resistant populations [10]. Moreover,
considerable agrochemical-insect contact could occur
during mosquito flights between breeding habitats and
blood sources and resting places, potentially increasing
selection pressure to insecticides [9]. Moreover insecti-
cides used in public health programs against disease
vectors are similar to those used for years in agriculture
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[10]. Several hypotheses concerning the resistance in
disease vectors have emerged e.g. some researchers
incriminate pesticide use in cotton and rice fields as the
main source of resistance selection in several species of
mosquitoes in rural environments [35-39]. One impor-
tant threat that may compromise future control efforts
is the potential for cross resistance between organopho-
sphates and pyrethroids. Resistance to pyrethroids has
generally been associated with cross resistance to DDT
[40], however, an esterase-based resistance mechanism
in An. albimanus conferred cross resistance between
pyrethroid (deltamethrin) and organophosphate (feni-
throthion) [41]. In areas where organophosphate has
extensively been used for agricultural pest control, such
cross resistance may pose a potential threat to future
control of the dengue vector.

Conclusions

We now plan to look for pesticide residues in mosquito
breeding sites to confirm the actual involvement of
agrochemicals in the selection of resistance in Ae. albo-
pictus. In conclusion, it is recommended that regular
resistance surveillance should first be focused in areas
where dengue fever transmission and intensive chemical
agricultural pest control coincide, because these areas
are more prone to develop insecticide resistance in Ae.
albopictus. Continuous resistance monitoring will also
result to identify the efficacy of compounds for dengue
control and to facilitate selection of compounds with
the greatest promise to minimize dengue infections.
Moreover, public awareness about dengue, cooperation
with public health campaigns to eliminate larval Aedes
breeding habitats and Insecticide Resistance Manage-
ment in combination with Integrated Pest and Vector
Management are recommended strategies for controlling
dengue vectors and to reduce risks to humans as well as
environmental health.
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