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Abstract
Background: Anopheles culicifacies s.l. is one of the primary vectors of malaria in India responsible for the highest
number of malaria cases. This vector is resistant to DDT in most parts of the country with indication of emerging
resistance to pyrethroids. Since knockdown resistance (kdr) is known to confer cross-resistance between DDT and
pyrethroids owing to a common target site of action, knowledge of prevalence of knockdown resistance (kdr) alleles
is important from insecticide resistance management point of view.
Methods: Nine populations of An. culicifacies belonging to five states of India, representing northern, western and
central-east India, were screened for the presence of two alternative kdr mutations L1014F and L1014S using
PCR-based assays. Dead and alive mosquitoes, following WHO standard insecticide susceptibility test against
deltamethrin and DDT, were tested for allelic association.
Results: L1014F mutation was recorded in all populations studied except from Haryana and Rajasthan states
in northern India, with low frequencies ranging between 0.012 and 0.076; whereas presence of L1014S mutation was
recorded in five populations only belonging to central-east India, with allelic frequencies ranging between 0.010 and
0.046. Both the kdr mutant alleles were found mostly in heterozygous condition without deviating from Hardy-Weinberg
equilibrium. Both mutations showed protection against deltamethrin whereas only L1014S mutation showed protection
against DDT when tested using additive model.
Conclusions: The two L1014-kdr mutations, L1014F and L1014S, co-occurred in five populations belonging to
Chhattisgarh and Odisha states of India whereas L1014F was present in all populations studied except populations from
northern states. Both kdr mutations were found with very low allelic frequencies mostly in heterozygous condition and
exhibited protection against deltamethrin.
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Background
Anopheles culicifacies sensu lato is one of the major
malaria vectors in the Indian subcontinent accounting
for 60–65 % malaria cases in India [1] mainly in rural
and forested areas and prevalent in most parts of
mainland India.
Vector control is an essential component of any
malaria control programme. In India, control of malaria
vectors, mainly in rural areas, relies on Indoor Residual
Spray (IRS) and use of insecticide treated nets (ITN). Of
the four insecticide groups approved for IRS, currently
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organochlorine (DDT), organophosphate (malathion)
and synthetic pyrethroids (SP) are being used in
India. Carbamates have yet not been introduced for
public health sprays in India [2]. Resistance to DDT
in An. culicifacies was reported as early as in the late
sixties [3] and to malathion in 1973 [4] and currently
this vector is resistant to DDT and malathion in most
parts of India [5]. Synthetic pyrethroids are now being
used to tackle DDT- and malathion-resistant mosquitoes either in the form of IRS or as impregnated
mosquito nets. Pyrethroids are the only insecticide
group, which have been recommended by World Health
Organization (WHO) for treatment of mosquito nets due
to their rapid knockdown effect and relatively lower
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mammalian toxicity [6]. Use of long-lasting insecticidal
nets (LLIN), is now expanding in India, with the government’s target to cover most of the endemic areas having
Annual Parasite Incidence (API) >5 [7]. Since alternative
insecticides are not currently available to replace pyrethroids, judicious and conscientious use of pyrethroids is
essential to prevent or slowdown the development of
resistance.
DDT and pyrethroids are neurotoxins which act on
the voltage-gated sodium channels (VGSC) by altering
their gating kinetics, resulting in prolonged opening
of individual channels leading to paralysis and eventual death of the insect [8]. Pyrethroids are still an
effective insecticide group against An. culicifacies and
reports of resistance against synthetic pyrethroids is
scarce except in Surat district of Gujarat, which arose
after the use of SP in the form of IRS and insecticide
treated mosquito nets and possibly in the agricultural
sector [9]. There is an urgent need of monitoring pyrethroid resistance across the country since the use of
pyrethroids is expanding in public health as well as in
the agricultural sector. The development of insecticide
resistance will be a major setback to the national malaria control programme due to the unavailability of
alternative insecticides, which are safe and cost effective. Pyrethroids are the best insecticides ever developed for public health use from the point of view of
both safety and effectiveness. It is therefore essential
to use this important group of insecticides judiciously
and cautiously, with regular monitoring of the status
of insecticide resistance in vector populations for an
effective vector control programme.
Knockdown resistance (kdr) against DDT and pyrethroids is one of the resistance mechanisms in insects
including anophelines. Knockdown resistance to DDT
and the pyrethroids was first described in the housefly
Musca domestica L. [10]. This trait confers reduced
neuronal sensitivity to these insecticides and subsequently leads to development of cross-resistance to all
synthetic pyrethroid insecticides [11]. The mutations
that cause resistance are most commonly found in domain II region (between IIS4-5 linker and IIS6) of the
VGSC protein where five residues have been implicated
for resistance to date: Met918 in the IIS4-IIS5 linker,
Leu925, Thr929 and Leu932 in IIS5 and Leu1014 in IIS6
[12, 13]. The L1014F/S in IIS6 which is referred to as
kdr mutation, confers knockdown resistance phenotype in
anophelines [14, 15] and has been reported in Anopheles
gambiae, [16, 17], Anopheles arabiensis [18], Anopheles
stephensi [19, 20], Anopheles sinensis and many other
anophelines [21, 22]. Recently L1014F/S mutation was
reported in An. culicifacies [23, 24]. However, the prevalence and incidence of these mutations in India is not
known. We therefore surveyed various populations from
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India to study the distribution and frequency of kdr alleles
in India.

Methods
Mosquito collection and processing

Anopheles culicifacies samples were collected from nine
populations belonging to five states of India representing
north (Haryana and Rajasthan states), west (Gujarat
state) and central-east India (Chhattisgarh and Orissa
states). These are: Sonepat (28.98° N and 77.02° E)
district of Haryana, Alwar (27°26’N–27°29’N and 76°
31’E–76°35’E) district of Rajasthan, Surat (21–22°N and
73–74°E) district of Gujarat, Malkangiri (17°45’N–18°
40’N and 81°10’E–82°00’E) and Koraput (18° 10’N–20°
10’N, and 82° 10’E–83° 20’ E) districts of Odisha, Raipur
(22°33’N–21°14’N and 82°6’E–81°38’E), Dantewada (18°
46’N–19°28’N, and 80°15’E–81°58’E), Gidam (18.98°N
and 81.40°E) and Bilaspur (21°47’N–23°8’N and 81°
14’E–83°15’E) districts of Chhattisgarh, Adult female
mosquitoes were collected from cattle sheds and human dwellings in the morning (6:00–8:00 AM) using
a mouth aspirator and a flash torch. Mosquitoes from
Dantewada and Malkangiri were transported to the
laboratory and F1 progeny was obtained for bioassay
with insecticides. A proportion of the mosquitoes
from Koraput and Sonepat which had an appropriate
gonotrophic stage (semi-gravid) for polytene chromosome squash preparation were processed for ovary
extraction. Remaining mosquitoes were individually
kept in a microcentrifuge tube containing a piece of
silica gel.
For extraction of ovaries, blood-engorged field collected female mosquitoes were kept in a cage at room
temperature for 6 to 10 h till attainment of semigravid (Christophers’ stage late III) condition. Ovaries
from individual semi-gravid mosquitoes were extracted,
preserved in modified Carnoy’s fixative (1:3 glacial acetic
acid and methanol) and transported to the laboratory at
Delhi. The remaining carcass of individual mosquitoes
was preserved in isopropanol for DNA isolation.
Species identification
Morpho-taxonomy

The adult mosquitoes collected from field were identified
to species level (sensu lato) using keys by Christophers
(1933) [25].
Sibling species identification

Squashed polytene preparations from ovarian nurse
cells were prepared and stained following method described by Green and Hunt [26]. Polytene chromosome arrangement was checked for inversions present
on chromosome X and 2 and identified at sibling
species level using species-specific inversions which
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are ‘X+a+b, 2+g1+h1’ for Species A, ‘Xab, 2g1+h1’for
Species B, ‘Xab, 2+g1h1’ for Species C and ‘X+a+b, 2i1
+h1’ for Species D following Subbarao et al. [27].
Mosquitoes collected from Alwar were subjected to
allele-specific PCR (ASPCR) for identification of sibling species by the method developed by Singh et al.
[9, 28]. Species diagnostic multiplex PCR based on
mitochondrial cytochrome oxidase subunit II (COII)
[29] was not employed for sibling species identification in
this study since the SNP markers earlier reckoned to be
species specific were later found to be unreliable (Singh
et al., unpublished observation).
Insecticide bioassay

Field collected An. culicifacies mosquitoes from Dantewada
and Malkangiri were brought to the laboratory and F1
generation was obtained for insecticide bioassay. Bioassay
was not carried out for other populations. Three-to-four
day old and sugar-fed mosquitoes were exposed to insecticide impregnated papers using WHO’s standard
insecticide susceptibility test kit. The insecticide impregnated papers used for bioassay were 4 % DDT
and 0.05 % deltamethrin. Batches of 15–25 mosquitoes were transferred carefully into a holding tube
lined with normal paper which was then transferred
to an exposure tube lined with insecticide impregnated paper and finally transferred back to holding
tube after 1-h exposure to the insecticide. Similarly,
at least 20 mosquitoes were exposed to control papers
in each experiment. The mosquitoes were provided
with 10 % glucose soaked in a cotton pad and kept
for 24 h in holding tube at room temperature for
recovery. The dead and alive mosquitoes in each tube
were separated and individually preserved in isopropanol for DNA isolation.
DNA isolation

Prior to DNA isolation, except for those mosquitoes
which were subjected to cytotaxonomy, one third of the
abdomen of female mosquitoes containing spermatheca
was removed to eliminate DNA content originating from
sperms of sexual counterpart. DNA isolation from individual mosquito was carried out following the method
by Livak [30].
kdr genotyping

Genotyping of L1014-kdr mutations was done using
Amplification Refractory Mutation System (ARMS) for
L1014F mutation [23] and Primer Introduced Restriction
Analysis PCR (PIRA-PCR) for L1014S mutation [24].
Other PCR-based assays (ASPCR and PIRA-PCR) developed by Singh et al. [23] for L1014F genotyping are no
longer suitable after discovery of 1014S allele because
one of the primers used in these assays will not anneal
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to 1014S allele resulting in null allele. Samples were not
genotyped for V1010L mutation as this is linked to
L1014S [23].
DNA sequencing

A total of 15 samples from Dantewada were sequenced
for domain II of the VGSC using primers KdrF and KdrR
following Singh et al. [24] to validate kdr-genotyping
result.
Genetic analysis

Hardy-Weinberg equilibrium was tested based on exact
tests with a Markov chain of 1,000,000 steps and
100,000 dememorization steps using software Arlequin
ver 3.5 [31]. Allelic association studies were performed
using Fisher’s exact test and odds ratio test.

Results
The results of genotyping of mosquitoes for kdr
alleles (wild, 1014 F and 1014S), distribution of different genotypes and allelic frequencies for 9 Indian
populations are provided in Table 1. It was observed
that kdr allele 1014 F was present in Surat, Malkangiri,
Koraput, Bilaspur, Raipur and Dantewada with allele
frequencies ranging between 0.012 and 0.074. The allele
was absent from Alwar, and Sonepat. The highest allelic
frequencies of 1014 F were noted in Dantewada and
Malkangiri populations with allelic frequencies ranging
between 0.071–0.074. The other allele 1014S was present
in Malkangiri, Bilaspur and Raipur populations, but absent
in Surat, Alwar and Koraput populations. The highest
allelic frequencies of 1014S were found in Malkangiri and
Dantewada, which are 0.045 and 0.046 respectively. In
Malkangiri, Bilaspur, Gidam, Dantewada and Raipur
both alleles (1014 F and 1014S) were present.
Sequencing results of representative samples of each
genotype as determined by PCR-based assays (L/L = 5,
L/S = 5, L/F = 4 and F/F = 1) were in agreement with
PCR-based kdr-genotyping.
Distribution of allelic frequencies of different L1014alleles is presented in Fig. 1. The kdr mutant alleles in
all populations were mostly in heterozygous condition
with wild, without deviating from Hardy-Weinberg
equilibrium.
A total of 44 samples of An. culicifacies were examined for polytene chromosome from two areas, 29
from Koraput, Odisha and 15 from Sonepat, Haryana
(Table 2). Of the 29 samples examined for ovarian polytene chromosomes from Koraput, 20 were successfully
identified as species B while all 15 samples from Sonepat
were identified as species A. Among these, only one specimen of species B from Koraput was found with 1014-L/F
genotype while the rest were L1014. All samples from
Sonepat identified as species A were wild type for kdr. No
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Table 1 Allelic frequencies of L1014, 1014 F and 1014S and in different populations of An. culicifacies in India
Locality

n

Genotypes
L/L

Allelic frequencies
L/F

L/S

F/S F/F

HWE parameters

S/S L1014 L1014F L1014S HO

HE

p

Surat (Gujarat)

186 167 (0.898) 18 (0.097) 0

0

1 (0.005) 0

0.946

0.054

0.000

0.0968 0.1020 0.4091

Malkangiri (Odisha)

90

71 (0.788) 11 (0.122) 8 (0.088)

0

0

0

0.894

0.061

0.044

0.1056 0.1013 0.9058

Koraput (Odisha)

76

71 (0.934) 5 (0.066)

0

0

0

0

0.967

0.033

0.000

0.0658 0.0640 1.0000

Bilaspur (Chhattisgarh)

100

91 (0.91)

2 (0.02)

0

0

0

0.955

0.035

0.010

0.0900 0.0871 1.0000

Raipur (Chhattisgarh)

43

41 (0.953) 1 (0.023)

1 (0.023)

0

0

0

0.977

0.012

0.012

0.0465 0.0462 1.0000

Dantewada PHC, (Chhattisgarh) 108

7 (0.07)

1 (0.009) 0

0.880

0.074

0.046

0.2222 0.2196 0.6353

Gidam PHC, (Chhattisgarh)

234 200 (0.855) 24 (0.102) 10 (0.043) 0

83 (0.769) 14 (0.130) 10 (0.093) 0

0

0

0.906

0.073

0.021

0.1453 0.1372 1.0000

Sonepat (Haryana)

15

15 (1.000) 0

0

0

0

0

1.000

0.000

0.000

0.0000 0.0000 1.0000

Alwar (Rajasthan)

82

81 (0.988) 0

0

0

0

0

0.994

0.000

0.000

0.0000 0.0000 1.0000

Figures in parenthesis indicate genotype frequencies
n number of samples assayed, L leucine, F phenylalanine, S serine, HWE Hardy-Weinberg equilibrium, HO observed heterozygosity, HE expected heterozygosity,
p probability value

Sonepat

Alwar
Bilaspur
Raipur

Surat
Gidam
Dantewada

Koraput

Malkangiri

LEGENDS
L1014
1014F
1014S
Fig. 1 Frequency distribution of kdr alleles in An. culicifacies populations from different parts of India
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Table 2 Distribution of L1014, 1014F and 1014S kdr alleles in different sibling species of An. culicifacies
A. Species identified by polytene chromosome examination
Species A

Species B

UIa

Locality

n

Species C

L/L

L/F

L/S

F/S

F/F

S/S

L/L

L/F

L/S

F/S

F/F

S/S

L/L

L/F

L/S

F/S

F/F

S/S

Koraput (Odisha)

29

-

-

-

-

-

-

19

1

-

-

-

-

-

-

-

-

-

-

Sonepat (Haryana)

15

15

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

9

B. Species identified by ASPCR
Locality

Alwar (Rajasthan)

n

82

Species A/D

Species B/C

L/L

L/F

L/S

F/S

F/F

S/S

L/L

L/F

L/S

F/S

F/F

S/S

58

0

1

0

0

0

23

0

0

0

0

0

n number of samples assayed, L leucine, F phenylalanine, S serine
a
UI unidentified

ovaries could be collected from Alwar populations and
therefore ASPCR assay which discriminates species A/D
from species B/C/E was used to identify sibling species
[28]. Of the 82 samples analyzed through ASPCR assay,
23 were identified as species B/C/E and 58 as species A/D.
Only one specimen identified as species A/D was genotyped as L/S, the rest were wild (L/L).
The distribution of various kdr genotypes in dead and
alive mosquitoes after 1-h exposure to deltamethrin
(0.05 %) and DDT (4 %) has been shown in Table 3.
Allelic association studies (additive model) using fisher’s
exact test and odds ratio showed that L1014F and
L1014S kdr mutations have significant protection against
deltamethrin however, only L1014S showed significant
protection against DDT. The results of statistical analyses have been shown in Table 3. The kdr factor is
known to be recessive or incompletely recessive. However we failed to perform association studies using recessive model due to the absence of homozygotes for
mutant kdr alleles.

Discussion
In this study, attempts were made to monitor the frequency distribution of kdr alleles in different populations
of a major malaria vector An. culicifacies in India which
revealed widespread presence of the two types of kdr
mutations—1014 F and 1014S, the most common kdr
mutations reported in insects including anophelines.
However, regional differences were noticed both in

terms of allelic frequencies as well as type of mutations
present.
In a north Indian An. culicifacies population i.e. Alwar
and Sonepat, none of the two kdr mutations were found.
It is interesting to note that these populations comprised
of species A or A/D. Species A has been reported to be
comparatively susceptible to DDT as compared to species
B [32] and has not been reported to be resistant to pyrethroids so far.
In Surat population (western India), only one mutation, i.e. 1014 F, was present with allelic frequency of
0.05. The Surat population was found to be resistant to
DDT as well as pyrethroids in a study carried out by
Singh et al. [9]. This is the population where a high level
of pyrethroid resistance was reported for the first time
with only 60–78 % mortalities with standard WHO
susceptibility test and high knockdown time (KDT50
ranging from 74–81 min). The An. culicifacies population in this area comprised of species B and C only with
preponderance of the former [9].
In central-eastern India, both kdr mutations (1014 F
and 1014S) were observed in most of the populations
such as Malkangiri of Odisha, Dantewada, Raipur and
Bilaspur of Chhattisgarh except in Koraput of Odisha
where only one mutation, i.e. 1014 F, was recorded. It
was surprising to note that 1014S mutation was
present in Malkangiri population and absent in
Koraput both of which are geographically close with a
distance of ~100 kms. However differences exist in

Table 3 Association of kdr alleles with insecticide resistance
Locality

Insecticide
used

Exposure
time

Dantewada (Chhattisgarh) DEL (0.05 %) 1 h

Genotypes

n

294 Alive

LL

LF FF LS SS FS L vs. F

30

13 0

Dead 218 16 0
Malkangiri (Odisha)

DDT (4 %)

1h

Allelic association (additive model)
Fisher’s exact test

90

Alive

7

0

0

10 0

0

29

6

0

7

0

0

Dead 42

5

0

1

0

0

L vs. S

Odds ratio (95 % CI)
L vs. F

L vs. S

p < 0.001 p < 0.01 5.03 (2.32–10.89) 4.66 (1.72–12.66)

NS

<0.05

1.67 (0.49–5.71)

DEL deltamethrin, n number of samples, L leucine, F phenylalanine, S serine, CI confidence interval, p probability value, NS non-significant

9.15 (1.10–76.27)
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sibling species composition in both areas where
Koraput population comprised of species B only
whereas Malkangiri population comprised of species
B and C with preponderance of species B [24]. However, it will be misleading to conclude on the basis of
this finding that 1014S is absent in species B because both
species had both kdr mutations in Malkangiri [24].
So far we could not find kdr mutation in species A or D
of An. culicifacies and both kdr mutations were noticed in
populations with species B and C. However, it is premature to conclude that kdr mutations are found in species B
and C only, due to limited data on species A and D.
The frequency of kdr mutations L1014F and L1014S
was very low in the populations studied and these alleles
were found mostly in heterozygous conditions with
less than 1 % homozygotes. The alleles were, however,
well in agreement with HWE (p = 0.4–1.0). This is
contrary to a report by Hoti et al. [33] carried out in
the same area, where the frequency of homozygous
RR (1014 F) was too high (71 %) as compared to
heterozygotes (4 %), resulting in significant departure
from HWE (p = 0.00000, Fisher’s exact-test) due to severe deficiency of heterozygotes. One possible reason
for this departure may be genotyping error due to
several mismatches in flanking primers that were basically designed for An. gambiae and used for An.
culicifacies due to non-availability of DNA sequence
of VGSC for An. culicifacies.
Allelic association tests in this study showed that both
L1014-kdr mutations had protection against deltamethrin but we did not observe protection by L1014F allele
against DDT using additive model. The kdr factor is
reportedly recessive [15] or incompletely recessive, [34]
however, it was not possible to test the effect of kdr
alleles on protection on insecticide resistance using recessive model due to lack of homozygous mutant alleles
in our bioassay results. The exact nature of protection
can best be studied in a population where sufficient
numbers of homozygous individuals for kdr alleles are
present. In this study area, the frequency of homozygous
mutant alleles is extremely low (<1 %). Colonization of
pure lines of An. culicifacies having different kdr mutations may be one alternative to establish phenotypic
response of kdr alleles.
The present study reveals widespread presence of kdr
alleles with very low frequencies. Thus kdr factor is not
an important mechanism of resistance so far. However,
in recent years there has been an increase in the use of
ITNs in public health in India with an aim to cover the
population under the risk of malaria with API >5. With
increased use of pyrethroids in public health, such widespread presence of kdr alleles may result in their positive
selection. In a longitudinal study made in Kenya, dramatic increase in kdr allele frequency in An. gambiae
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from 1996 through 2010 has been shown which coincided with the scale up use of insecticide-treated nets
and by 2009–2010 the kdr L1014S allele was nearly fixed
[35]. Regular monitoring on the relative role of kdrbased resistance and metabolic-detoxification mechanisms is important in a vector population where both
DDT and pyrethroids are used for selection of appropriate insecticide to prevent or delay the occurrence of insecticide resistance.

Conclusion
Two L1014-kdr mutations, L1014F and L1014S, cooccurred in five populations belonging to Chhattisgarh
and Odisha states of India whereas L1014F was present
in all populations studied except from Haryana and
Rajasthan. Both kdr mutations were found with very low
allelic frequencies mostly in heterozygous condition and
exhibited significant protection against deltamethrin.
Widespread presence of low frequencies of kdr mutations may lead to fixation of these alleles in presence of
selection pressure. The data generated in this study will
be helpful in the successful implementation of integrated
vector management of An. culicifacies, a main malaria
vector in India.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
OPS conceived and designed the study and wrote first draft, CL and RBS
performed laboratory experiments, MKD, SNT, RMB participated in field
works, RMB, SNT did bioassay, VV, OPA and TA contributed to the
manuscript. All authors read and approved the final version of the
manuscript.
Acknowledgements
Authors are thankful to Mr Uday Prakash and Mr Shri Bhagwan for rendering
excellent technical assistance and Dr Prerna Bali for help in manuscript
preparation. CLD and RBSK were supported by the Defence Research &
Development Establishment (DRDE) and Indian Council of Medical Research
(ICMR) respectively
Author details
1
National Institute of Malaria Research, Sector 8, Dwarka, Delhi, India.
2
National Institute of Malaria Research Field Unit TB Sanatorium complex, Itki,
Ranchi, India. 3National Institute of Malaria Research Field Unit, RLTRI campus,
Raipur, India. 4Defence Research Laboratory, Tezpur, Assam, India. 5School of
Studies in Zoology, Jiwaji University, Gwalior, India.
Received: 10 April 2015 Accepted: 10 June 2015

References
1. Sharma VP. Fighting malaria in India. Curr Sci. 1998;75:1127–40.
2. National Vector Borne Disease Control Programme. Indoor Residual spray
(IRS) in Malaria Control. http://nvbdcp.gov.in/Doc/Director%20Desk/
Indoor%20Residual%20Spray%20-%205.doc (accessed: 17 May 2015).
3. Rahman J, Roy ML, Singh K. Development of increased tolerance to DDT in
Anopheles culicifacies Giles, in the Panch Mahals district of Bombay state
(India). Indian J Malariol. 1959;13:125–30.
4. Rajgopal R. Malathion resistance in Anopheles culicifacies in Gujarat. Indian J
Med Res. 1977;66:27–8.
5. Dash AP, Valecha N, Anvikar AR, Kumar A. Malaria in India: Challenges and
opportunities. J Biosci. 2008;33:583–92.

Dykes et al. Parasites & Vectors (2015) 8:333

6.

7.

8.

9.

10.
11.
12.

13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

United States Agency for International Development (USAID). Integrated
vector management programs for malaria vector control Programmatic
environmental assessment, vol 1 of 2: main document. 2012.
Anonymous. Strategic Action Plan for Malaria in India 2007–2012.
Directorate of National Vector Borne Disease Control Programme (NVBDCP),
22, Sham Nath Marg, Delhi-110054 (India).
Lund ΑΕ, Narahashi Τ. Kinetics of sodium channel modification as the basis
for the variation in nerve membrane, effects of the Pyrethroids and DDT
analogs. Pestic Biochem Physiol. 1983;20:203–16.
Singh OP, Raghavendra K, Nanda N, Mittal PK, Subbarao SK. Pyrethroid
resistance in Anopheles culicifacies in Surat district, Gujarat, West India.
Curr Sci. 2002;82:547–50.
Busvine JR. Mechanisms of resistance to insecticide in houseflies. Nature.
1951;168:195–6.
Soderlund DM. Pyrethroids, knockdown resistance and sodium channels.
Pest Manag Sci. 2008;64:610–6.
O’reilly AO, Khambay BP, Williamson MS, Field LM, Wallace BA, Davies TG.
Modelling insecticide-binding sites in the voltage-gated sodium channel.
Biochem J. 2006;396:255–63.
Davies TGE, Williamson MS. Interactions of pyrethroids with the voltage-gated
sodium channel. Bayer Crop Sci J. 2009;62:159–78.
Soderlund DM, Knipple DC. The molecular biology of knockdown resistance
to pyrethroid insecticides. Insect Biochem Mol Biol. 2003;33:563–77.
Davies TG, Field LM, Usherwood PN, Williamson MS. A comparative study of
voltage-gated sodium channels in the Insecta: implications for pyrethroid
resistance in Anopheline and other Neopteran species. Insect Mol Biol.
2007;16:361–75.
Martinez-Torres D, Chandre F, Williamson MS, Darriet F, Bergé JB,
Devonshire AL, et al. Molecular characterization of pyrethroid knockdown
resistance (kdr) in the major malaria vector Anopheles gambiae s.s.
Insect Mol Biol. 1998;7:179–84.
Ranson H, Jensen B, Vulule JM, Wang X, Hemingway J, Collins FH.
Identification of a point mutation in the voltage-gated sodium channel
gene of Kenyan Anopheles gambiae associated with resistance to DDT and
pyrethroids. Insect Mol Biol. 2000;9:491–7.
Diabaté A, Baldet T, Chandre F, Dabire KR, Simard F, Ouedraogo JB, et al.
First report of a kdr mutation in Anopheles arabiensis from Burkina Faso,
West Africa. J Am Mosq Control Assoc. 2004;20:195–6.
Enayati AA, Vatandoost H, Ladonni H, Townson H, Hemingway J. Molecular
evidence for a kdr-like pyrethroid resistance mechanism in the malaria
vector mosquito Anopheles stephensi. Med Vet Entomol. 2003;17:138–44.
Singh OP, Dykes CL, Lather M, Agrawal OP, Adak T. Knockdown resistance
(kdr)-like mutations in the voltage-gated sodium channel of a malaria vector
Anopheles stephensi and PCR assays for their detection. Malar J. 2011;10:59.
Silva AP, Santos JM, Martins AJ. Mutations in the voltage-gated sodium
channel gene of anophelines and their association with resistance to
pyrethroids - a review. Parasit Vectors. 2014;7:450.
Singh OP, Dykes CL, Sharma G, Das MK. L1014F-kdr mutation in Indian
Anopheles subpictus arising from two alternative transversions in the voltage
gated sodium channel and a single PIRA-PCR for their Detection.
J Med Entomol. 2015;52:24–7.
Singh OP, Bali P, Hemingway J, Subbarao SK, Das AP, Adak T. PCR-based
methods for the detection of L1014F kdr mutation in Anopheles culicifacies
sensu lato. Malar J. 2009;8:154.
Singh OP, Dykes CL, Das MK, Pradhan S, Bhatt RM, Agrawal OP, et al.
Presence of two alternative kdr-like mutations, L1014F and L1014S, and a
novel mutation, V1010L, in the voltage gated Na + channel of Anopheles
culicifacies from Orissa, India. Malar J. 2010;9:146.
Christophers SR. The Fauna of British India, Including Ceylon and
Burma,Diptera. 4th ed. Red Lion Court, Fleet Street, London: Family
Culicidae, Tribe Anophelini Taylor and Francis; 1933.
Green C, Hunt R. Interpretation of variation in ovarian polytene
chromosomes of Anopheles funestus Giles, A. parensis Gillies, and A. aruni?
Genetica. 1980;51:187–95.
Subbarao SK, Vasantha K, Sharma VP. Cytotaxonomy of certain malaria
vectors in India. In: Service MW, editor. Biosystematics of Haematophagous
Insects. Oxford: Clarendons; 1988. p. 25–37.
Singh OP, Goswami G, Nanda N, Raghavendra K, Chandra D, Subbarao SK.
An allele-specific polymerase chain reaction assay for the identification of
members of Anopheles culicifacies complex. J Biosci. 2004;29:275–80.

Page 7 of 7

29. Goswami G, Singh OP, Nanda N, Raghavendra K, Gakhar SK, Subbarao SK.
Identification of all members of the Anopheles culicifacies complex using
allele-specific polymerase chain reaction assays. Am J Trop Med Hyg.
2006;75:454–60.
30. Livak KJ. Organization and mapping of a sequence on the Drosophila
melanogaster X and Y chromosomes that is transcribed during
spermatogenesis. Genetics. 1984;107:611–34.
31. Excoffier L, Laval G, Schneider S. Arlequin ver. 3.0. An integrated software
package for population genetics data analysis. Evol Bioinform Online.
2005;1:47–50.
32. Subbarao SK, Adak T, Vasantha K, Joshi H, Raghavendra K, Cochrane AH,
et al. Susceptibility of Anopheles culicifacies species A and B to P. vivax and
P. falciparum as determined by immunoradiometric assay. Trans Roy Soc
Trop Med Hyg. 1988;82:394–7.
33. Hoti SL, Vasuki V, Jambulingam P, Sahu SS. kdr allele-based PCR assay for
detection of resistance to DDT in Anopheles culicifacies sensu lato Giles
population from Malkangiri District, Orissa, India. Curr Sci. 2006;91:658–61.
34. Chandre F, Darriet F, Duchon S, Finot L, Manguin S, Carnevale P, et al.
Modifications of pyrethroid effects associated with kdr mutation in
Anopheles gambiae. Med Vet Entomol. 2000;14:81–8.
35. Mathias DK, Ochomo E, Atieli F, Ombok M, Bayoh MN, Olang G, et al. Spatial
and temporal variation in the kdr allele L1014S in Anopheles gambiae s.s.
and phenotypic variability in susceptibility to insecticides in Western Kenya.
Malar J. 2011;10:10.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

