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PREFACE 

I started my research work in 2017 which has been documented in this thesis 

entitled “Study of resistance and underlying mechanisms against common 

insecticides in Culex quinquefasciatus Say, from different districts of northern part 

of West Bengal, India” under the supervision of Dr. Dhiraj Saha, Department of 

Zoology, University of North Bengal, Darjeeling, West Bengal, India. 

Vector-borne diseases especially those transmitted by mosquitoes are a serious 

threat to humans. Abundance of mosquito vectors throughout the tropical and 

subtropical regions of the world has resulted in the proliferation of dreaded mosquito-

borne diseases i.e., dengue, chikungunya, malaria, lymphatic filariasis, Japanese 

Encephalitis, zika, West Nile fever and many other in these regions. Annual infection 

rate of the diseases are quite high along with the mortality caused mainly by dengue 

and malaria. Apart from high mortality rate, morbidity and disability associated with 

diseases like lymphatic filariasis can also not be neglected.  

Mosquito-borne diseases are usually spread in developing countries with poor 

sanitation and lack of proper infrastructures. The cost associated with disease treatment 

and long term morbidity associated with lymphatic filariasis, negatively impacts upon 

the socio-economic status of an individual. Moreover, only few treatment facilities are 

available for combating the mosquito-borne diseases. As such, efforts for efficient 

management of disease mainly include the control of mosquito vectors responsible for 

transmission of disease-causing pathogens. 
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Vector control strategies rely on the application of chemical insecticides 

targeted against the mosquito larvae and adults throughout the world. However, the 

continuous and unrestrained exploitation of chemical insecticides against the mosquito 

vectors has led to the development of insecticide resistance. Insecticide resistance in 

Culex quinquefasciatus – a vector of lymphatic filariasis is reported from different 

regions worldwide. This resistance against insecticides in Cx. quinquefasciatus is an 

important issue of concern as lymphatic filariasis is endemic in 72 countries in the 

world with highest infection rate in India. 

In West Bengal, lymphatic filariasis is endemic in 12 districts and apart from 

few medications available, vector control through the use of insecticides continues to be 

a preferred choice of disease elimination. Endemicity of various mosquito-borne 

diseases with high prevalence of the mosquito vectors in northern region of West 

Bengal has created pressure on excessive use of insecticides against the mosquito 

vectors. Moreover, survey of different mosquito vectors and study of resistance status 

against commonly used insecticides is the need of the hour.  

Therefore, this study incorporates the survey of Cx. quinquefasciatus – a vector 

of lymphatic filariasis in northern districts of West Bengal. It further highlights the 

assessment of resistance status of the vectors against commonly used insecticides along 

with the probable mechanisms of resistance development. This study provides 

information upon which future strategies of efficient vector control may be based upon 

in northern region of West Bengal. 



V | P a g e  
 

ACKNOWLEDGEMENT 

  

I would like to express my sincere gratitude towards Dr. Dhiraj Saha, 

Associate Professor, Insect Biochemistry and Molecular Biology Laboratory, 

Department of Zoology, University of North Bengal for his valuable guidance and 

continuous motivation during the course of my research work. 

 I am also grateful towards the teachers of the Department, Prof. Min 

Bahadur, Prof. Soumen Bhattacharjee, Dr. Tilak Saha, Dr. Sourav Mukherjee, Dr. 

Ritwik Mondal and Dr. Arpan Kumar Maity for their encouragement and guidance. 

I am also grateful towards my M.Sc. teachers Prof. Joydeb Pal, Prof. Tapas 

Kumar Chaudhuri, Prof. Ananda Mukhopadhyay and Prof. Sudip Barat from the 

Department of Zoology, University of North Bengal for their valuable suggestions 

and support.  

I would also like to extend my gratitude to my undergraduate teachers, St. 

Joseph’s College, Darjeeling, especially Mr. Sonam Lama, for sowing in me an 

interest and enthusiasm in the subject Zoology.  

I am highly indebted and extremely grateful to my lab mates Dr. Minu 

Bharati, Mr. Abhisekh Subba, Miss Nupur Mondal, Mr. Bhaskar Paul, Mr. Manas 

Pratim Modak, Miss Prerana Bhujel, Miss Nilu Limboo and Miss Prapti Das for their 

support in my research work and for all the good memories of my research 

experiences. 

 

 



VI | P a g e  
 

I am also grateful towards all the Research Scholars in the Department of 

Zoology Miss Sutanuka Chattaraj, Mr. Bappaditya Ghosh, Mr. Tanmay Dutta, Mrs 

Swati Singh Dey, Mr. Subhashish Paul, Miss Uttara Dey Bhowmik, Mrs. Trishita 

Majumdar, Mr. Sagar Sarkar, Mr. Debabrata Modak, Mr. Amlan Jyoti Ghosh and Mr. 

Rejuan Islam for helping me with different aspects of my research work. 

I am grateful to the Head, Department of Biotechnology, University of North 

Bengal for granting permission to use the microplate reader during initial research 

period. 

I am thankful towards UGC (University Grants Commission), New Delhi, India 

for providing me the financial assistance that has facilitated me to conduct my research 

smoothly.  

I express my sincere gratitude to the non-teaching staffs of the Department for 

their help.  

Last but not the least I am thankful to my father Mr. Niresh Rai, mother Mrs. 

Sashi Rai, brother Mr. Abhishek Rai and sister Miss Pritika Rai for their unending 

support, encouragement and love during my research work. Sincere appreciation is 

extended to my family and friends for their encouragement which has helped me in 

times of need.    



VII | P a g e  
 

ABSTRACT 

 

Mosquito-borne diseases pose a serious threat in the tropical and sub-tropical 

regions of the world and infect more than a billion people every year globally with 

around a million deaths. People inhabiting areas with poor sanitation and those with a 

low socio-economic status are more vulnerable to vector-borne diseases. As the growth 

and survival of both the pathogen and mosquito vector relies on suitable climatic 

conditions, the risk of proliferation of mosquito-borne diseases with an increase in 

temperature and precipitation associated with recent global climatic change is not 

negligible.  

Lymphatic filariasis caused by a nematode Wuchereria bancrofti is one of the 

most important neglected tropical diseases and is endemic in many tropical and sub-

tropical countries. The disease is endemic in 72 countries affecting approximately 120 

million people and keeping approximately 120 billion people at the risk of infection.  In 

Southeast Asian countries, 15 million people are infected with Wuchereria bancrofti 

while about 70% of the global infection is reported from India, Nigeria, Bangladesh and 

Indonesia. Highest number of lymphatic filariasis cases in the world is reported from 

India and the country stands second to sub-Saharan Africa in terms of disease 

prevalence rate. 

In India, lymphatic filariasis is endemic in 257 districts in 21 states and Union 

Territories of India thereby posing threat of infection to about 650 million people. 

Around one third of the lymphatic filariasis infected individuals of the world is from 

India. Twelve districts in West Bengal are endemic to lymphatic filariasis. In the 
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Southeast Asian countries and many African countries, Culex quinquefasciatus 

commonly known as the Southern house mosquito is the predominant vector of 

lymphatic filariasis. 

Apart from lymphatic filariasis, Cx. quinquefasciatus is a potential vector of 

arboviruses like West Nile virus, Japanese Encephalitis virus, St. Louis Encephalitis 

virus, Western equine encephalitis virus and Ross River virus. The mosquito vector is 

also reported to transmit the protozoan Plasmodium relictum – causative agent of avian 

malaria. Apart from its significant role in public health, Cx. quinquefasciatus is a major 

urban house hold pest because of its biting nuisance.  

Though lymphatic filariasis does not account for direct mortality, the disease is 

considered one of the leading causes of permanent morbidity and long-term disability. 

Approximately, 40 million people worldwide are either disabled or incapacitated due to 

lymphatic filariasis infection. Morbidity and long-term disability associated with the 

disease results in negative social stigma of the patient, reduced labour time, impact on 

daily income of an individual and associated burden of treatment cost. Moreover, a 

severe psychological and negative socioeconomic impact burdens the infected 

individual because of the economic stress posed by physical deformities post infection. 

The Government of India has formulated ‘Twin Pillar strategies’ for elimination 

of lymphatic filariasis i.e., Mass Drug Administration and Morbidity Management and 

Disability Prevention (MMDP). Though preventive chemotherapy is exercised in the 

country to eliminate infection of lymphatic filariasis, control of disease transmission 

through vector control strategies remains an important aspect of controlling the spread 

of lymphatic filariasis. 
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The strategies for control of mosquito vectors mainly include use of mosquito 

repellents in the form of creams, liquids, coils and insecticide treated bed nets (ITNs) 

for personal prophylactic measures along with the application of chemical and 

biological control of mosquito vectors. Control of mosquito larvae is done by the 

application of chemical insecticides in mosquito breeding sites, in Indoor Residual 

Spray (IRS), use of insecticide treated bed nets (ITNs), long lasting insecticide treated 

nets (LLINs), indoor space spray and fogging. In India, chemical insecticides belonging 

to three classes i.e., synthetic pyrethroids, organophosphates and organochlorines are 

used for mosquito control. 

The unrestrained and continuous use of chemical insecticides to control 

mosquito vectors has led to the development of resistance development in the mosquito 

vectors against chemical insecticides. Development of insecticide resistance in 

mosquito vectors is associated with the re-emergence of mosquito-borne diseases with 

several reports on resistance in Aedes sp., Culex sp. and Anopheles sp., around the 

globe. As such, insecticide resistance in mosquito vectors provides a hurdle in efficient 

control of mosquito-borne diseases throughout the tropical and sub-tropical countries of 

the world. 

Insecticide resistance in the mosquito vectors occurs through four mechanisms 

of resistance development - i) behavioral resistance, ii) cuticular resistance, iii) 

metabolic detoxification and iv) target-site insensitivity. The first two mechanisms of 

resistance in mosquitoes are less studied while the latter two mechanisms i.e., metabolic 

detoxification and target-site insensitivity are thought to be the main mechanisms of 

insecticide resistance development.  
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Increased activity of major detoxifying enzymes mainly carboxylesterases 

(CCEs), cytochrome P450 monoxygenases (CYP450s) and glutathione S-transferases 

(GSTs) are associated with insecticide resistance in mosquito vectors. Transcriptional 

up-regulation of the enzyme gene family results in production of detoxifying enzymes 

in a comparatively higher amount with increased enzyme copy number than the normal 

production rate. The increased number of detoxifying enzymes along with enhanced 

activity, actively and efficiently metabolizes the insecticide thereby preventing it from 

reaching its target site through rapid hydrolysis and transformation.  

Metabolic detoxification of insecticides usually occurs in two ways either by 

enhanced activity of detoxifying enzymes due to a certain mutation that increases the 

detoxifying activity or by an increase in the copy number of a specific enzyme which 

results from an augment in transcription rate of the enzymes. The overproduction of 

non-specific CCEs is primarily linked to organophosphate insecticides and secondarily 

to carbamates in Cx. quinquefasciatus. Elevated activity of CYP450 monooxygenases is 

reported to be linked to pyrethroid resistance in mosquitoes. Moreover, increase in 

GSTs activity might be due to elevated amount of GSTs enzymes resulting either from 

an increase in the transcriptional rate or due to gene amplification. 

Insensitivity of insecticide’s target site in mosquitoes and other insects occurs 

due to certain structural modifications in the target protein because of point mutation(s) 

occurring in the gene encoding the target proteins. Structural modification of target 

proteins hampers the normal binding of insecticides to its target and such reduced 

binding affinity affects the effect of insecticides on mosquito physiology thereby 

resulting in resistance development. 
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Synthetic pyrethroids and DDT binds with the voltage-gated sodium channel 

and prolongs its opening, leading to continuous discharge of nerve impulses in 

mosquitoes, resulting in paralysis and ultimately death. However, mutation in the 

voltage-gated sodium channel gene with structural modification in channel protein 

causes reduced binding affinity of DDT and synthetic pyrethroids to the sodium 

channel. Moreover, the inability of insecticides to bind with channel proteins and 

disrupt nerve impulse flow results in resistance of the mosquito vectors to DDT and 

synthetic pyrethroids. 

The most widely studied knock down resistance (kdr) mutation in Cx. 

quinquefasciatus is the substitution of Leucine by Phenylalanine in 1014 codon 

(L1014F). Apart from L1014F mutation, several other mutations in the sodium channel 

are reported to occur and be associated with insecticide resistance in mosquito vectors. 

Co-occurrence of multiple mutations in the voltage-gated sodium channel gene is 

thought to provide synergistic effect on development of insecticide resistance. 

Keeping in mind the trend of insecticide resistance in Cx. quinquefasciatus and 

the endemicity of lymphatic filariasis in India and West Bengal, the current study was 

designed to assess the susceptibility status of Cx. quinquefasciatus to commonly used 

insecticides from northern districts of West Bengal. Populations of Cx. 

quinquefasciatus were surveyed and collected from six different districts of northern 

West Bengal and susceptibility assays performed against 7 insecticides belonging to 4 

different classes of insecticides. The insecticides include – temephos for larval 

bioassay, deltamethrin (0.05%), lambdacyhalothrin (0.05%), permethrin (0.75%), DDT 

(4%), malathion (5%) and propoxur (0.1%) for the adult bioassays. 
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The role of major detoxifying enzymes – carboxylesterases, CYP450s and GSTs 

were assessed in the development of resistance to the insecticides used. Knock down 

resistance (kdr) mutations in the voltage-gated sodium channel were also studied i.e., 

L1014F and L1014S mutations.  

In the study, Cx. quinquefasciatus populations were collected mainly from 

cemented and earthen drains from 16 sites belonging to 6 different districts in northern 

West Bengal i.e., Alipurduar, Coochbehar, Darjeeling, Jalpaiguri, Malda and Uttar 

Dinajpur. The larval populations of Cx. quinquefasciatus were found to be susceptible 

to WHO recommended dose of temephos (0.02 ppm) except Tufanganj (TFG) showing 

incipient resistance with 92.31% mortality and Shivmandir (SHM) showing resistance 

to temephos with 80% mortality. Lethal concentration (LC50) values of the studied 

populations ranged from 0.001 – 0.011 ppm. Resistance Ratio (RR50) values was 

recorded to be highest in SHM thereby showing severe resistance to temephos. 

Adult bioassays performed against 6 insecticides showed severe resistance in 

Cx. quinquefasciatus to all 6 adulticides used except in JPT which showed incipient 

resistance to permethrin with 95.65% mortality. Knock down time (KDT) taken by the 

studied populations of Cx. quinquefasciatus was higher than that recorded in 

susceptible population (SP). Furthermore, none of the studied populations showed less 

than 60 minutes KDT50.   

Chopra (CPR) in Uttar Dinajpur district showed the lowest KDT50 value for 

deltamethrin and lambdacyhalothrin. Moreover, Jalpaiguri town (JPT) in Jalpaiguri 

district showed lowest KDT50 value for permethrin and Alipurduar (APD) in 

Alipurduar district had lowest KDT50 value for DDT. Highest KDT99 values were 
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recorded in Mekhliganj (MEK) and TFG in Coochbehar district, Samsi (SAM) in 

Malda district and SHM in Darjeeling district for deltamethrin, permethrin, 

lambdacyhalothrin and DDT respectively. 

Though an increase in mortality percent was observed with the use of two 

synergists – 4% PBO and 10% TPP, restoration of susceptibility status to the 

insecticides was not observed. However, 100% mortality was observed in JPT against 

permethrin after exposure to 4% PBO and in the same population, susceptibility against 

deltamethrin was also restored with prior exposure to PBO. 

In the present study, quantitative analysis of biochemical assays involving major 

detoxifying enzymes showed a varied expression pattern. The field collected mosquito 

populations showed a maximum of 49.66 fold higher α-CCEs activity and 22.46 fold 

higher β-CCEs activity when compared to SP. Highest activity of α-CCEs was shown 

by Harishchandrapur (HCP) in Malda district with 9.535 mM mg protein
-1

 min
-1

 and 

Bidhannagar (BDN) in Darjeeling district with 9.140 mM mg protein
-1

 min
-1 

while a 

lowest activity of 0.743 mM mg protein
-1

 min
-1

 and 0.749 mM mg protein
-1

 min
-1

 in 

Malda town (MLT) and SAM respectively. Similarly, SAM showed least β-CCEs 

activity (0.3321 mM mg protein
-1

 min
-1

) while highest activity was recorded in 

Islampur (ISL) (4.537 mM mg protein
-1

 min
-1

).  

Gel electrophoresis on 8% polyacrylamide gel of the homogenates from the 

studied populations showed a total of 7 isozymes for α-CCEs and 8 isozymes for β-

CCEs based on the relative mobility (Rm) of individual band. A maximum of 4 α-CCEs 

isozymes were expressed in SHM, Fulbari (FLB), MLT, SAM and CPR while MEK 

and HCP expressed only a single isozyme for α-CCEs. Similarly, ISL showed highest 
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number of isozymes for β-CCEs while Dhupguri (DPG), HCP, MLT, SAM and CPR 

expressed only a single β-CCEs isozyme. The bands obtained in the study varied in 

staining intensity among each other. 

CYP450 monooxygenses activity ranged from 0.274 nM mg protein
-1

 min
-1

 to 

3.016 nM mg protein
-1

 min
-1

 with 4.42 – 48.65 fold higher activity than that of SP. In 

the studied mosquito populations, GSTs activity was recorded to be highest in SHM 

(181.2×10
-4 

mM mg protein
-1

 min
-1

) and lowest in SAM (4.58×10
-4 

mM mg protein
-1

 

min
-1

). The GSTs activity was at a maximum 80 times higher than that of SP (0.22×10
-4

 

mM mg protein
-1

 min
-1

). 

Study of kdr mutation through allele-specific PCR (AS-PCR) analysis showed the 

presence of both L1014F and L1014S mutations in Cx. quinquefasciatus populations of 

northern West Bengal. L1014F mutation was observed in all of the studied populations 

with resistant homozygote genotype (F/F) frequency to be maximum in MLT (30%) 

while absent in TFG and FLB populations. TFG and CPR showed the highest 

heterozygote genotype frequency (L/F) of 35% followed by APD, SHM, Siliguri (SLG), 

DPG and JPT (30%).  

Comparatively, L1014S mutation was observed to be present in a relatively lower 

frequency than L1014F with highest heterozygote genotype frequency (L/S) of 30% in 

TFG. In the susceptible population (SP), neither of the mutations was found to be present. 
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1. INTRODUCTION: 

1.1. Mosquito-borne diseases: 

The emergence and re-emergence of mosquito-borne diseases is a severe 

threat to the human society having a negative impact on both health and socio-

economic status of mankind. Various mosquito-borne diseases vectored by three 

genera of mosquitoes i.e., Aedes, Anopheles and Culex, pose a substantial threat 

throughout the tropical and sub-tropical regions of the globe (Figure 1). 

Approximately, 16.6% of the total diseases in the world accounts to the vector-borne 

diseases (WHO, 2014). Vector-borne diseases, particularly those, transmitted through 

mosquito vectors infect more than a billion people every year globally with around a 

million deaths (WHO, 2014). People with a low socio-economic status and inhabiting 

the developing countries with poor sanitation are usually vulnerable to vector-borne 

diseases. The transmission of vector-borne diseases depends upon three requirements 

– disease pathogen, an established or newly introduced mosquito vector population 

and a suitable environment for proper survival of disease causing pathogen and the 

disease transmitting vector (Randolph and Rogers, 2010). As the growth and survival 

of both the pathogen and mosquito vector relies on suitable climatic conditions, 

preferably hot and humid environments. Therefore, mosquito-borne diseases are more 

prevalent in the tropics and sub-tropics. Moreover, mosquitoes usually breed in warm 

regions with high humidity and precipitation. This fact also provides a hint on the risk 

of higher prevalence of mosquito-borne diseases with an increase in temperature and 

precipitation associated with recent global climatic change (Servadio et al., 2018). 
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Figure 1: Global incidence of mosquito-borne diseases. C-Chikungunya; D-Dengue; M-

Malaria; Z-Zika; LF-Lymphatic Filariasis; JE-Japanese Encephalitis; YF-Yellow 

Fever. (Source: WHO, 2020)  

 

 

Mosquito-borne diseases are transmitted from its region of origin to other 

nations rapidly through the increasing trade and travel around the world. 

Globalization largely facilitates the spread of mosquito-borne diseases as air travel 

and sea route trade increases the risk of importation of invasive mosquito species to 

new regions where such species of vectors were not present earlier. A remarkable 

example in favour of the above statement is provided by the abrupt outbreak of 

Chikungunya vectored by Aedes mosquitoes in Italy in the year 2007 and 2017 

(Rezza et al., 2007; Venturi et al., 2017). The Chikungunya vector in Europe – Aedes 

albopictus mosquitoes were introduced in the early 1990s along with the importation 
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of tyres from Asia (Semenza and Suk, 2018). As climatic condition of Europe was 

favourable for growth and proliferation of Aedes albopictus mosquitoes, the 

transmission of Chikungunya virus through air travel of infected people, led to the 

introduction of the virus into its vector and thereafter an outbreak of disease in human 

population of Europe. 

  

1.1.1. Dengue: 

Aedes mosquitoes are a vector to few arboviruses like Dengue, yellow fever, 

Chikungunya and Zika. Two species of Aedes, namely, Aedes aegypti (yellow fever 

mosquito, Stegomyia) and Ae. albopictus (Asian tiger mosquito) are reported as the 

primary vectors of dengue fever in humans globally. With approximately 30-fold 

increase in worldwide incidence in the last 50 years, dengue remains the most rapidly 

spreading mosquito-borne diseases with around 100 – 390 million annual infection 

reports globally (Caminade, 2019). Mutations of dengue virus into many serotypes 

present a major obstacle in the development of an effective vaccine against this 

disease. As such, studies are being conducted worldwide for vaccine development, 

though a fully effective vaccine for dengue has not been developed till date. Hence, 

the strategy to deal with dengue fever lies on the treatment of symptoms in infected 

person and precautionary control of mosquito vector – Ae. aegypti and Ae. albopictus.  

As mentioned earlier, the spread of dengue infection into new areas occurred 

as a result of globalization and international trade and travel. There are several reports 

of dengue outbreaks worldwide in the past years. Dengue outbreaks were reported in 

France and Croatia during 2010, in United States during 2012, in Laos during the year 
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2010 and 2013, in Japan during 2014 with the largest dengue outbreak in China in the 

2014 (Servadio et al., 2018). All adults over the age of 45 years in Thailand are 

seropositive for dengue virus (Servadio et al., 2018). 

In India, at the present scenario, dengue is endemic in all states and Union 

territories (NVBDCP, 2020) (Figure 2). Current status of dengue in India has been 

shifted to category A of public health from category B by the World Health 

Organization (WHO) in 2010 indicating it as a major health problem in the country. 

Infection rate of the disease increased from 0.13 million cases of infection in 2016 to 

0.16 million in 2019 (NVBDCP, 2020). This increase in transmission rate might be 

because of increased mobility and travel and also the changing climatic conditions of 

our country. In the recent years, the southern and western parts of India have reported 

to face dengue burden throughout the year whereas, earlier the transmission in these 

regions were purely seasonal.  

 

1.1.2. Chikungunya: 

The re-emergence of Chikungunya fever in several parts of India in the year 

2006 after about three decades of quiescent period was alarming as approximately 

1.39 million cases of infection was reported from the country. The epidemiology 

continued post re-emergence event and in 2019 a total of 81,914 cases of 

Chikungunya infection was reported from India (NVBDCP, 2020). Though 

Chikungunya fever resembles dengue fever and is characterized by persistent joint 

pain in patients, mortality related to Chikungunya fever is not reported from any state. 

At the present scenario, Chikungunya is endemic in 32 states and Union Territories of 
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India (NVBDCP, 2020) (Figure 2). Following the unprecedented outbreak in 2006, 

Chikungunya outbreak was also reported from Italy and France in 2007, 2010, 2014, 

2015 and 2017 (Semenza and Suk, 2018). The United States reported its first local 

transmission of Chikungunya in 2014 followed by Chikungunya epidemics in the 

regions of Central and South America (Caminade, 2019).  

 

 

 

Figure 2: Prevalence of vector-borne diseases in India.  VBDs: Vector Borne 

Diseases; M: Malaria; C: Chikungunya; D: Dengue; J: Japanese 

Encephalitis; K: Kala azar; F: Filariasis (Source: NVBDCP, 2020) 
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1.1.3. Zika: 

After the occurrence of Zika epidemic in Brazil in 2015 (Faria et al., 2017), in 

February 2016, it was declared as a public health emergency of international concern 

by WHO (Caminade, 2019). Zika virus though primarily transmitted by Aedes 

mosquitoes can be sexually transmitted as well (Caminade, 2019). Zika outbreak 

subsequently spread to the Caribbean and South and Central American countries. 

Factors that aided in Zika virus pandemic in these regions were anthropophilic 

behavior of Ae. aegypti and storage of water in artificial containers during drought 

period in the urban slum areas (that facilitate mosquito breeding) along with other 

favourable parameters of disease outbreak. Subsequently, zika virus was reported 

from Africa and Southeast Asian countries (Cambodia, Philippines, Indonesia) also. 

 Zika virus causes severe neurological complications and Gullain-Barre 

syndrome – a paralytic autoimmune disorder. Though the number of zika infection 

cases decreased significantly in Brazil in 2016, the disease is still a burden on public 

health globally. In the year 2017, increase in the transmission rate of zika virus was 

reported from countries like Argentina, Peru and Ecuador (WHO, 2021a). In India, 

few cases of zika virus infection were reported in 2017 – 2018 from Gujarat, Tamil 

Nadu, Rajasthan and Madhya Pradesh (NVBDCP, 2020). Fortunately, there were no 

new cases of zika virus infection in 2019 in the country.  
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1.1.4. Malaria: 

Malaria is a major public health issue because of the involvement of multiple 

vectors – Anopheles culicifacies, An. fluviatilis, An. minimus, An. philippinensis, An. 

dirus, An. stephensi, An. annularis, An. varuna and An. sundaicus. The malarial 

parasite Plasmodium falciparum is widespread in the tropics and sub-Saharan Africa 

and is responsible for 90% of the total malarial cases globally. Though the 

implementation of strict control measures has led to a decrease in global disease 

endemicity, yet complete eradication of malarial infection is still not accomplished 

(Figure 1). Drug resistance in the malarial pathogen – Plasmodium parasites and 

insecticide resistance in the mosquito vectors worsens the problem. Infection rates are 

increasing in sub-Saharan Africa (WHO, 2017a). Globally, an increase of 5 million 

cases in a year was reported in 2016 as compared to 2015 (WHO, 2017a). There are 

several reports on increasing malarial infection in tropical highlands of Nepal, 

Colombia and Eastern Africa as well (Dhimal et al., 2015; Siraj et al., 2014). 

However, in India, the total number of infection cases per year is decreasing 

as evident from 10,87,285 cases in 2016 to 3,38,494 cases in 2019. Mortality related 

to malaria has also decreased in the subsequent years (NVBDCP, 2020).  At present, 

malaria is reported from all states and Union territories of India (Figure 2). In 2016, 

the Government of India has formed a framework for elimination of malaria from 

India by the year 2030 with a milestone of zero indigenous transmission in the 

country by 2027 (NVBDCP, 2020).  
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1.1.5. Japanese Encephalitis: 

Japanese Encephalitis Virus (JEV) is a flavivirus like dengue virus and is 

transmitted by Culex sp. particularly Culex tritaeniorhynchus, Cx. vixhnui and Cx. 

pseudovishnui (NVBDCP, 2021a). Apart from mosquito vectors, pigs and water birds 

act as amplifying hosts for JEV. Mortality rate of Japanese Encephalitis can be about 

30% while 30 – 50% of the infected individuals show permanent neurological 

disorders. This disease is endemic in 24 countries in Southeast Asia, Western Pacific 

region and Northern Australia (WHO, 2019), thereby posing a risk of infection to 

approximately 3 billion people. The annual incidence of Japanese Encephalitis (JE) 

ranges from <1 to >10 per 0.1 million population with approximately 13,600-20,400 

deaths per year (WHO, 2019) (Figure 3). JE cases are reported from Bangladesh, 

Bhutan, China, Japan, South Korea, Taiwan, Thailand, Russia, Pakistan, Nepal, North 

Vietnam and North India occasionally with seasonal outbreaks and follow the 

epidemic epidemiological patterns (Figure 1). However, other countries like 

Australia, Burma, Cambodia, Malaysia, Indonesia, Singapore, Laos, Sri Lanka, South 

India and South Thailand are endemic to the disease with incidences of JEV infection 

throughout the year (Figure 1). JE vaccines are available for immunization and the 

World Health Organization recommends vaccination drive in disease endemic areas 

and in regions where JE remains an important health issue (WHO, 2019). However, 

when infection with JEV occurs, there is no cure and the treatment procedures 

primarily focus on minimizing the symptoms. 
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Figure 3: Annual infection rate of vector-borne diseases on a global scale. (Source: WHO, 2020) 

 

 

In India, JE is one of the major public health problems and is endemic in 22 

states with Assam, Bihar, Tamil Nadu, Uttar Pradesh and West Bengal showing 

highest endemicity comparatively (NVBDCP, 2020) (Figure 2). The first outbreak of 

JE in India was observed in West Bengal in 1973 and subsequently in the Southern 

and Western states with mortality as high as 34% in a hospital (Wang and Liang, 

2015). In 2016, 1,676 cases of JE infection were reported with 283 deaths and the 

number of cases increased to 2,545 cases in 2019 with 266 deaths (NVBDCP, 2020). 

In 2020, infection rate was dramatically reduced to 691 cases with 79 deaths. Prime 

strategy to curb JE epidemiology incorporated by the Government of India is 

immunization of populations in the endemic region along with vector control 

measures. 
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1.1.6. West Nile fever: 

West Nile Virus (WNV) is the most widely distributed flavivirus and infects 

birds, horses and other mammals apart from humans. WNV is transmitted by Culex 

quinquefasciatus and other species of Culex mosquitoes worldwide. West Nile fever is 

endemic in Africa and large outbreaks are also reported from Asian countries, 

Australia and Middle-East (Caminade, 2019). Frequent outbreaks since 2010 have 

been reported in eastern and southern Europe as well (Semenza and Suk, 2018). WNV 

infections though usually remain asymptomatic (60% of infection cases), but can be 

severe particularly in aged patients and those on immunosuppressive drugs. Similar to 

other flaviviruses, an effective antiviral treatment for WNV encephalitis has not been 

established at the current state. As such, primary focus still remains in the control of 

mosquito vectors with little success. In India, reports on West Nile encephalitis are 

recorded from Karnataka, Andhra Pradesh, Maharashtra and Assam since the 1970s 

(NVBDCP, 2020).  

 

1.1.7. Lymphatic Filariasis: 

Lymphatic Filariasis (LF) is the most common filarial disease in humans 

where the parasitic nematode worm – filariae infects the human lymphatic system. LF 

is a helminth disease and one of the most important Neglected Tropical Diseases 

(NTDs) transmitted through mosquito vectors. The filarial worms responsible for the 

disease are Wuchereria bancrofti, Brugia malayi and B. timori that belong to family 

Onchocercidae. Among the three causative agents, about 90% of infection is caused 
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by W. bancrofti alone (WHO, 2016a) and results in damage of lymphatic system. 

Apart from human host, macaques and leaf monkeys are also known to be reservoirs 

of W. bancrofti and B. malayi in few regions of the world (Chandy et al., 2011). The 

disease is prevalent and endemic in many tropical and sub-tropical countries affecting 

approximately 120 million people globally (Figure 4). 

 

Figure 4: Infection rate of Lymphatic filariasis in the world. (Source: Institute for Health Metrics and  
Evaluation, 2018) 

 

 

The filarial nematodes are carried and transmitted by various species of 

mosquito vectors – Cx. quinquefasciatus, Anopheles gambiae, Aedes polynesiensis and 

Mansonia sp. (NVBDCP, 2020) although An. funestus, An. gambiae and An. 

arabiensis are the primary vectors in Zambia (Chanda et al., 2011). In the Southeast 
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Asian countries and many African countries, Cx. quinquefasciatus remains the 

predominant vector of LF. 

LF does not develop with a single bite of an infected mosquito vector rather 

continuous exposure to several bites by infected mosquitoes for many years is 

essential for the disease to occur. Reason behind this long infection period is that the 

filarial parasite does not multiply inside mosquito vector and several bites are as such 

needed to have sufficient parasite load in humans. For a new LF infection to develop 

approximately 15,500 bites of infected Cx. quinquefasciatus is needed (Chandy et al., 

2011). 

On tracing the history of LF, first written document of the disease is provided 

from the Ancient Greek and Roman civilizations (Chandy et al., 2011). However, the 

association of mosquitoes in transmission of LF was only known in 1877 when Sir 

Patrick Manson detected the filarial parasite in mosquitoes. This finding is important 

and needs mention because it was a first ever discovery of an arthropod acting as a 

vector of human disease. Following this discovery, mosquito vectors for other 

tropical diseases like malaria and dengue were identified. In 1900, the correct mode 

of filarial transmission was reported by George Carmichael Low with his discovery of 

the filarial pathogen in mosquito’s proboscis. 

Though LF affects individuals of all age groups and both genders, it is 

reported to be comparatively more common in males than females with predominant 

association of people having low socioeconomic status (Lenka et al., 2017). The 

disease does not usually result in mortality. However, morbidity rate is high in the 

infected individuals due to clinical manifestations. Moreover, a severe psychological 
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and negative socioeconomic impact burdens the infected individual because of the 

economic stress posed by physical deformities post infection. Hence, the economic 

burden associated with LF is quite high. 

Microfilariae – sheathed egg of filarial nematode is introduced into mosquito 

vector from the human peripheral blood when a mosquito bites a LF infected 

individual for blood meal. Along with human blood, microfilariae are also taken up 

by the mosquito vector and after 1 – 2 weeks of ingestion, the microfilariae shed its 

sheath in the midgut of mosquito vector and make its way to the thoracic muscles. In 

the thoracic muscle, microfilariae develop into first, second and third stage larva also 

known as filariform larva. Third stage larva is the infective stage of filarial worm and 

migrates to the mosquito proboscis from thoracic muscles through haemocoel.  

During blood meal, the infected mosquito vector transmits the infective larva 

into human’s body which ultimately reach the lymph glands where they mature into 

adults. This entire process is slow and might take 5 – 8 months. Male and female 

worm after maturation copulate to produce microfilariae which circulate in the 

peripheral blood usually at night. This periodicity of microfilariae is directly related 

to the feeding behavior of its vector as all LF vectors are nocturnal feeders except Ae. 

polynesiensis (Chandy et al., 2011). Periodicity is the time period during which 

microfilariae are more prevalent in human blood. Adult filarial worms live up to 10 – 

15 years and a mature female produces microfilariae for about 5 years. Therefore, it 

hinders the smooth removal of microfilariae from human body and eradication of the 

disease is quite challenging. 
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Acute infection of filarial worms in humans causes local skin inflammation 

with sporadic and irregular inflammation of lymph glands termed as lymphadenitis 

and inflammation of lymph channels termed as lymphangitis (Addiss et al., 2010). 

Few individuals also experience extreme pain in the genital area along with the 

formation of pus-filled nodules. Chronic infection occurs when the adult filarial 

worms accumulate in the lymph glands and vessels obstructing the lymphatic flow. 

Accumulation of lymph in the affected areas result in enormous tissue swelling 

leading to a condition termed lymphoedema (Witt and Ottesen, 2001). With an 

increase in infection rate, the lymph vessels are invaded by plasma cells, eosinophils 

and macrophages which ultimately lead to lymphatic damage and lymph leakage into 

tissues. This condition is followed by thickening of the skin and underlying tissue 

with increasing bacterial and fungal infections ultimately developing elephantiasis. 

Elephantiasis is the most striking symptom of LF and commonly occurs in the lower 

limbs and genitalia (Chandy et al., 2011). Scrotal enlargement due to microfilarial 

infection is termed as filaricele and the accumulation of fluid in the scrotum and 

nearby areas is known as hydrocele (Mand et al., 2011). Sometimes, leakage of chyle 

occurs due to lymphatic blockage and this pathological condition is termed as 

chyluria (Kabatereine et al., 2010). 

 

1.2. Lymphatic Filariasis – a global burden: 

 LF is endemic in 72 countries and is considered as one of the most 

important infectious diseases (WHO, 2021b). About 120 million people around the 

world are infected with LF and approximately 120 billion i.e., 20% of the world’s 
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populations are considered vulnerable to infection (Addiss et al., 2010). The disease 

is endemic in central African countries: Madagascar, Turkey, Nile delta, Thailand; 

Southeast Asian countries: Malaysia, South Korea, Indonesia, Brazil, Philippines, 

Southern China etc (Utzinger et al., 2010) (Figure 4). Though LF is endemic in 72 

countries, about 70% of the global infection is reported from India, Nigeria, 

Bangladesh and Indonesia.  In Southeast Asian countries, 15 million people are 

infected with the nematode parasite causing LF (Sudomo et al., 2010). Among the 38 

least developed countries of the world, LF is endemic in 32 countries (Chu et al., 

2010; Utzinger et al., 2010) thereby posing a substantial threat of infection to people 

dwelling in these regions. A report from the World Health Organization (WHO) had 

estimated a considerable majority of LF cases from India on a global scale (Joshi, 

2018).  

 

Though highest number of LF cases in the world is reported from India with 

4505 million cases and followed by sub-Saharan Africa (40 million cases), rate of 

disease prevalence is highest in sub-Saharan Africa (8% prevalence). India ranks 

second in the world with 5% disease prevalence rate (Chandy et al., 2011). In sub-

Saharan Africa LF is one of the major public health problems as the region has 

highest number of LF endemic countries with moderate to high disease prevalence 

rate. Mosquitoes belonging to genus Anopheles are observed to be more efficient 

vector of LF parasites on comparison to Culex sp. As such, transmission efficiency of 

LF is higher in African countries than in Asia where Cx. quinquefasciatus is the 

predominant vector. Availability of different vectors to transmit parasites for LF 
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infection in two distinct geographical areas might be the reason behind differences in 

disease transmission efficiency (De Almeida and Freedman, 1999). 

LF is considered as one of the leading cause of permanent morbidity and long-

term disability. Approximately, 40 million people worldwide are either disabled or 

incapacitated due to LF infection (WHO, 2013). Though LF does not account for 

direct mortality, morbidity and long-term disability associated with the disease results 

in negative social stigma of the patient, reduced labour time, impact on daily income 

of an individual and associated burden of treatment cost (Keating et al., 2014). 

Moreover, LF imparts a considerable economic burden on individual level, country 

level and at a global scale. With the advancement of infection in patients, painful 

swellings and hydrocele results in inability of the individual to perform daily 

domestic activity and economic activity to earn a living. This lost economic 

productivity and educational impairment in affected children gives rise to the 

economic burden of LF. 

A case study conducted in India reported that LF patients with chronic 

symptoms spent 2.7 – 3.6 hour less per day on economic activities compared to 

healthy workers (Babu and Nayak, 2003). The study also documented absence of 

88% of LF patient from work and inability to perform domestic activities by 55.1% of 

female patients (Babu and Nayak, 2003). Apart from economic burden in affected 

individuals, a bulk of cost related to LF infection is involved in its treatment and 

control (Keating et al., 2014). A study in South India reported an expenditure of US$ 

1.81 – 5.63 per treatment of hydrocele on an average excluding the surgical expenses 

(Nanda and Krishnamoorthy, 2003). The treatment cost was estimated to be 1.5 - 4 
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times higher than the daily income of the patient. Another study in 2002 documents a 

cost of US$ 0.14 – 25.39 for non-surgical treatment of hydrocele in rural areas of 

India (Babu et al., 2002).   

Prevention and control of LF transmission is executed under two categories or 

strategies – Mass Drug Administration (MDA) and morbidity management and vector 

control. MDA of anti-helminth drugs like albendazole, diethylcarbamazine (DEC) 

and ivermectin in the endemic areas initially for a period of 5 years is the principle 

approach in community control of transmission of LF. MDA is usually given 

annually or semi-annually to all individuals in LF endemic regions except pregnant 

women and children under 2 years of age. Morbidity management focuses on 

reducing suffering and disability with improved hygiene, proper skin care and surgery 

from hydrocele patients.  

With a prime objective to eliminate LF as a major health issue by the year 

2020, WHO launched Global Programme to Eliminate Lymphatic Filariasis (GPELF) 

in 2000. GPELF works with the same two strategies of MDA and morbidity 

management along with vector control (WHO, 2010). WHO also launched water, 

sanitation and hygiene (WASH) campaigns for preventing LF transmission because 

apart from MDA and vector control, focus on improved water quality, sanitation, 

hygiene and general living standard were also required (Rebollo and Bockarie, 2013). 

Elimination of LF from Australia and significant reduction of LF transmission in 

Brazil were accounted to improved sanitation drives against Cx. quinquefasciatus 

(Bockarie et al., 2009). 
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GPELF resulted in a significant rise in MDA from 3 million people in 12 

countries in 2000 to 466 million people in 2010 covering 53 countries (Centers for 

Disease Control and Prevention, 2011). However, efforts on morbidity management 

were not remarkable. WHO recommends preventive chemotherapy and control of 

disease transmission as prime strategy for curbing the spread of LF. Preventive 

chemotherapy includes MDA in endemic countries and control of disease 

transmission relies largely on vector control strategies and improved sanitation.  

 

1.3. Current scenario of Lymphatic Filariasis in India: 

LF is the second most important Neglected Tropical Diseases (NTDs) next to 

malaria to cause morbidity and is endemic in 257 districts in 21 states and Union 

Territories of India (NVBDCP, 2021b) (Figure 2). Approximately, 650 million people 

in India are at a risk of LF infection. Highest endemicity is reported from Bihar while 

Goa showed comparatively lowest endemicity (<1%) (NVBDCP, 2020). LF in India 

is caused by W. bancrofti transmitted by Cx. quinquefasciatus and by B. malayi 

transmitted by Mansonia annulifera, Mn. uniformis and Mn. indiana (NVBDCP, 

2020). In Andaman and Nicobar islands W. bancrofti is reported to be transmitted by 

Ae. niveus (NVBDCP, 2020). 

LF endemic states are Andhra Pradesh (10 districts), Assam (7 districts), 

Bihar (38 districts), Chhattisgarh (9 districts), Gujarat (11 districts), Goa (2 districts), 

Jharkhand (18 districts), Karnataka (8 districts), Kerala (11 districts), Madhya 

Pradesh (11 districts), Maharashtra (17 districts), Orissa (20 districts), Telangana (7 

districts), Tamil Nadu (20 districts), Uttar Pradesh (51 districts) and West Bengal (12 
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districts) (Figure 5). Five union territories, namely Puducherry, Andaman and 

Nicobar islands, Daman and Diu, Dadra and Nagar Haveli and Lakshadweep islands 

are also endemic to LF (NVBDCP, 2021b). Apart from infections of W. bancrofti, B. 

malayi infection is reported to be prevalent in Kerala, Tamil Nadu, Andhra Pradesh, 

Orissa, Assam, Madhya Pradesh and West Bengal. 

 

 
 

Figure 5: Lymphatic filariasis endemic districts in India. (Source: NVBDCP, 2021b) 

 

 

Lymphatic Filariasis Endemic Districts 
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India with highest number of infection cases (45.5 million) contributes 

significantly to the global burden of LF. The country stands only second to sub-

Saharan Africa in terms of disease transmission rate. Around one third of the LF 

infected person is in India (Upadhyayula et al., 2012). In West Bengal, 12 districts are 

endemic to LF (Figure 6). These districts are 24-Paraganas North, 24-Paraganas 

South, Bankura, Burdwan, Birbhum, Coochbehar, Malda, Medinipur East, Medinipur 

West, Murshidabad, Nadia and Purulia (NVBDCP, 2021b).  

 

 

Figure 6: Map of West Bengal showing lymphatic filariasis endemic districts. 

(Source: NVBDCP, 2021b)  

   

Elimination of LF in India started after the formation of GPELF in 2000. In 

India, ‘Twin Pillar strategies’ of LF elimination i.e., MDA for interrupting disease 
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transmission and Morbidity Management and Disability Prevention (MMDP) for 

taking care of the infected individuals is followed. 

The Government of India started MDA in 2004 in LF endemic areas with a 

single dose of diethylcarbamazine (DEC). With a coverage rate of 72.6%, only 202 

districts were covered in the initial year. In 2007, DEC was co-administered with 

albendazole for MDA and 256 districts were covered with drug administration. The 

tenth Global Alliance for Elimination of LF (GAELF) meeting held in New Delhi on 

2018 launched an Accelerated Plan for the elimination of LF (APELF) with the 

introduction of Triple Drug Therapy, i.e.,  Ivermectin, Diethylcarbamazine and 

Albendazole (IDA). IDA was approved by the Ministry of Health and Family 

Welfare, Government of India as an approach for MDA. IDA has been successfully 

implemented in five districts in 2019.  

MDA coverage rate increased from 72.65% in 2004 to 87.33% in 2019, 

though cent percent coverage rate is yet to be achieved. In 2012, after MDA in 

Bankura – a district in West Bengal, a survey conducted in the district reported 98.8% 

drug distribution (Ghosh et al., 2013). However, 94.8% individuals were reported to 

be drug compliant i.e., took both DEC and albendazole. Remaining 4% took none of 

the drugs due to fear of side effects, lack of counseling for MDA in the area and 

absence at the time of drug delivery (Ghosh et al., 2013).   

Second strategy of LF elimination is Morbidity Management and Disability 

Prevention (MMDP) where the Government of India focusses on increasing 

hydrocele surgeries and home-based morbidity management. Various states have 

started awareness campaigns and demonstration programmes to manage morbidity 
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associated with lymphoedema through proper foot hygiene and personal care of LF 

patients. A total of 1,48,877 surgeries for hydrocele is documented to have been 

performed from 2004 – 2018 (NVBDCP, 2020). 

Vector control strategies include the use of mosquito repellents in the form of 

creams, liquids, coils and insecticide treated bed nets (ITNs) for personal prophylactic 

measures along with the application of chemical and biological control of mosquito 

vectors. The Government also focuses on imparting knowledge on vector-borne 

diseases to common people through various awareness programmes and involving the 

community in control of mosquito vectors. 

  

1.4. Culex quinquefasciatus – a primary vector of LF: 

Culex quinquefasciatus commonly known as the Southern house mosquito is 

the principal vector of LF and one of the most widely distributed mosquito species 

globally. The southern house mosquito vectors a number of diseases affecting humans 

and animals. It is a potential vector of arboviruses like West Nile virus (WNV),  

Japanese Encephalitis virus (JEV), St. Louis Encephalitis virus (SLEV) in southern 

United States, Western equine encephalitis virus and Ross River virus (Bhattacharya 

and Basu, 2016; Lopes et al., 2019). This species is also considered as a potential 

vector of dogheart worm Dirofilaria immitis (Lai et al., 2000) and known to be 

involved in the transmission of arbovirus responsible for Rift valley fever (Lindahl, 

2012). Cx. quinquefasciatus were also detected with ZIKV and Mayaro virus 

infection in Brazil (Lopes et al., 2019) and is reported to transmit the protozoan 

Plasmodium relictum – causative agent of avian malaria. 
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Cx. quinquefasciatus was first described by Thomas Say in 1823 from a 

specimen in Southern United States. It is a member of the widely distributed Cx. 

pipiens complex and was earlier regarded as a subspecies of Cx. pipiens hence, 

named as Cx. pipiens quinquefasciatus. This is because the two species are 

morphologically similar and hybrids are also well documented. Later, with 

advancement in studies, it was found that Cx. pipiens and Cx. quinquefasciatus are 

two different sympatric species. These species showed remarkable differences in 

genetic constituent and was thus given the status of a distinct species (Bhattacharya 

and Basu, 2016). 

Cx. pipiens complex is regarded as a controversial chapter in mosquito 

taxonomy because species belonging to this complex have similar morphology 

(Gopalakrishnan and Veer, 2018). Differentiation between Cx. p. pipiens and Cx. 

quinquefasciatus is based on the DV/D ratio which is the relative overlap and 

measurement of dorsal and ventral arms of mosquito male genitalia (Gopalakrishnan 

and Veer, 2018). Values obtained from DV/D ratio are used to distinguish the two 

species as Cx. p. pipiens will give a value of <0.2 and Cx. quinquefasciatus will have 

>0.4 value. Hybrids of Cx. p. pipiens and Cx. quinquefasciatus  have a DV/D ratio 

value ranging from 0.2 – 0.4. PCR amplification of acetylcholinesterase gene is also 

used as a tool to distinguish the two species as both generate amplicons of different 

sizes specific to the species (Diaz-Badillo et al., 2011). 

Cx. quinquefasciatus was earlier believed to originate in Africa and thereafter 

spread to the tropical and sub-tropical regions through human activity. However, 

recent studies stated that Cx. quinquefasciatus originated in Southeast Asia and then 
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through merchant ships, military aircraft, ships and airline travel for trade spread to 

Africa, New Zealand, Hawaii islands, United States and islands in the Indian and 

Pacific oceans (Bhattacharya and Basu, 2016; Gopalakrishnan and Veer, 2018). At 

present Cx. quinquefasciatus is found throughout the tropical, sub-tropical and 

warmer temperate regions of the world confined from 36°N to 36°S lattitude. It is a 

dominant indoor resting mosquito species in India and in West Bengal this species is 

predominantly present in and around human habitation and cattle sheds 

(Gopalakrishnan and Veer, 2018). 

Apart from its significant role in public health, Cx. quinquefasciatus is a major 

urban house hold pest because of its biting nuisance. The vector has a biting activity 

on humans in both indoor and outdoor environments with preferences of biting on the 

ankle and foot of humans (Oduola and Awe, 2006). Cx. quinquefasciatus is an 

opportunistic feeder and feeds efficiently on birds, cattle, sheep, pigs, horses, dogs 

and amphibians. In a study conducted in West Bengal, Cx. quinquefasciatus was 

found to be the predominant species constituting 97% of the nocturnal human-biting 

mosquitoes. The species fed upon several host with different preferences – ruminants 

(46.25%), humans (26.45%), pigs (14.19%) and birds (6.47%) (Bhattacharya and 

Basu, 2016). While in Southern India, the vector was highly anthropophilic with 50-

76% feeding rate on humans. A high man-mosquito contact was evident with 63.56% 

anthropophilic index in West Bengal which is highly advantageous for disease 

transmission (Azmi et al., 2015). 

Feeding of Cx. quinquefasciatus on various mammalian and avian host makes 

this mosquito species an important bridge vector with significant role in the 
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transmission of zoonotic diseases (Uttah et al., 2013). Moreover, biting at night 

causes discomfort along with allergic reactions in few individuals. Nocturnal biting 

habit of Cx. quinquefasciatus coincides with microfilariae periodicity. As such, 

probability of LF disease transmission remains quite high.  

Cx. quinquefasciatus is usually observed to enter household at evening period 

of the day and feed on human blood during night time leaving the household 

subsequently in the morning. In urban areas, the mosquitoes have started to stay back 

and feed on humans even during the daytime. This change in the feeding behaviors 

even during day hours increases nuisance and irritation among human host 

(Gopalakrishnan and Veer, 2018).      

Different geographical populations of Cx. quinquefasciatus have distinct 

feeding preferences and feed on different host thereby having a direct impact on 

disease transmission. In Southeast Asia, Cx. quinquefasciatus is the principal vector 

of LF and feeds predominantly on humans whereas birds are its preferred host in 

Hawaii therefore acting as an important vector of Plasmodium relictum that causes 

avian malaria and also as a vector of avian pox. This mixed feeding pattern is 

observed not only in Cx. quinquefasciatus but in entire Cx. pipiens complex thus 

acting as a bridge for transmission of zoonotic diseases to birds (Farajollahi et al., 

2011).     

Cx. quinquefasciatus preferentially habituate stagnant water bodies rich in 

organic content like domestic water storage, flooded drains, cemented channels, 

ground pools, puddles, shallow wells, ditches and cesspools. Females lay eggs in 

polluted and organically rich water bodies, small containers and artificial containers 
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though it can breed in clean water as well (Mishra, 2014). Moreover, this species is an 

opportunistic breeder and might breed in any temporary or permanent water storage 

or collection (Lopes et al., 2019). Cx. quinquefasciatus is an invasive species and 

found to co-occur with other mosquito species like Cx. nigripalpus, Cx. australicus, 

Ae. polynesiensis etc in peri-domestic habitats. This mosquito species is also observed 

to co-exist with Ae. aegypti and Ae. albopictus in water containers of household use 

(Bhattacharya and Basu, 2016). 

After oviposition and hatching of the eggs, development from larvae to adult 

may take a minimum of 7 days at 30°C (Mishra, 2014). Hatching takes place post one 

day after egg laying. After emergence of adults from pupae, male and female feed on 

sugar diet from source and after 48 hours, females feed on blood meal and mate 

within 2 – 6 days of emergence (Bhattacharya and Basu, 2016). A gravid female lays 

single egg raft in a gonotrophic cycle and an egg raft contains 155 eggs on an 

average. The eggs are loosely attached to one another to form oval raft and are 

whitish when freshly laid which darkens within few hours of egg laying. Blood 

source, amount of blood feed and age of mosquito affect the quality and quantity of 

eggs laid in the egg raft (Day, 2016). In India, during summer 2 – 3 gonotrophic 

cycles are completed in a lifetime and in winter the cycle number is increased to 4 – 8 

(Bhattacharya and Basu, 2016). A single female lays up to 5 egg rafts in a lifetime. 

Females feeding on birds lay comparatively more number of eggs than those feeding 

on humans which is an evidence that mosquito is primarily a bird feeder 

(Gopalakrishnan and Veer, 2018). There are four larval stages or instars in the 

mosquito life cycle and larvae feed on biotic material in the water. Cx. 
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quinquefasciatus are reported to host 83 bacterial species belonging to 31 genera in 

the midgut. This gut bacterial diversity may be one of the reasons for variation in 

vector competence in this mosquito vector (Chandel et al., 2013). 

 

Cx. quinquefasciatus larvae have a stout head with eight segments in the 

abdomen each with a unique pattern of setae arrangement. Dorsal side of abdomen 

has a siphon with multiple setae tufts. Head and thorax is fused in the pupal stage. 

Adult Cx. quinquefasciatus is brown in colour with light brown head. Proboscis, 

thorax, wings and tarsi are darker than rest of the body parts (Tyagi et al., 2015). 

Pale, narrow, rounded bands are present on the basal side of abdominal tergite and 

narrow, curved scales are present in the thorax. 

On molecular level, Cx. quinquefasciatus has three metacentric chromosomes 

with increasing length from chromosome 1 to chromosome 3 (Bhattacharya and Basu, 

2016). Cx quinquefasciatus has 18,883 number of protein coding genes which is 22% 

more than Ae. aegypti and 52% more than An. gambiae. Studies have shown that this 

mosquito species among all dipterans has the highest number of olfactory receptors 

related to preferences of host and oviposition site (Arensburger et al., 2010). Diverse 

host preference of Cx. quinquefasciatus suggests the presence of large number of 

proteins for digestion of blood intake from various hosts (Arensburger et al., 2010). 

 

1.5. Vector control in combating the mosquito-borne diseases:  

One of the key components of managing the mosquito-borne diseases and 

other vector-borne diseases is vector control. Vector control programme is 
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implemented to reduce the risk of disease transmission by keeping in check the 

growth and proliferation of disease causing vectors. Efficient strategies of vector 

control aims to i) prevent disease outbreaks, ii) check mortality and morbidity 

associated with vector-borne diseases, iii) reduce the rate of disease transmission and 

iv) avoid resurgence of vector-borne diseases in near future. 

Vector control programmes are region specific and execution of control 

actions depend on the current status of disease causing vectors in that particular area 

and also the type of vector that is to be targeted. The strategies undertaken at one 

region with positive result may not be effective enough in another region even if the 

same disease vector is being targeted. As such, while designing vector control 

strategies for a particular site, factors like disease epidemiology, ecology of the region 

along with housing conditions and proper sanitation facilities, vector biology and 

behavior, agricultural practices and trend of insecticide application history are to be 

considered. 

Vector control measures are usually divided into two categories. Active 

measures include the use of chemical and biological control strategies to kill 

mosquito vectors in larval or adult stage and habitat destruction by elimination of 

probable mosquito breeding sites. Passive control however, involve prophylactic 

measures like the use of mosquito repellents, insecticide-treated bed nets, screening 

of windows and ventilators with mosquito nets and use of clothing with minimum 

skin exposure to reduce man-mosquito contact. 

Control of mosquito larvae is done by the application of chemical insecticides 

and oils in mosquito breeding sites, water containers in coolers and areas with 
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stagnant water. The use of Mosquito Larvicidal Oil (MLO), 50% emulsifiable 

concentration (EC)  temephos and 1% granules of temephos, Bacillus thurengiensis 

israeliensis (Bti) and Insect Growth Regulators (IGRs) like diflubenzuron and 

pyripoxyfen are recommended by National Vector-Borne Disease Control 

Programme (NVBDCP, 2020), Government of India for the control of larvae 

belonging to Culex, Anopheles and Aedes genera of mosquitoes (Table 1). Use of 

larvivorous fishes like Gambusia affinis and Poecillia reticulata especially against 

Ae. aegypti and An. stephensi larvae are also practiced in many parts of India. 

 

Table 1: NVBDCP recommended strategies for mosquito larvae control (NVBDCP, 2020) 

 

Insecticide  Insecticide 

class 

Frequency of 

application 

Applied 

substratum 

Mosquito Larvicidal 

Oil (MLO) 

 

 

---------- 

Weekly Edge of larval 

habitat 

Temephos 50% EC*  

 

 

Organophosphate Weekly Clean water 

Diflubenzuron 25% WP 

 

 

Insect growth 

regulator 

Weekly Clean and polluted 

water 

Pyriproxifen 

 

 

Insect growth 

regulator 

3 weeks interval Clean and polluted 

water 

Bacillus thuringiensis var 

israelensis 5% (strain- 164 

Serotype H-14) 

 

Biolarvicide Fortnightly Clean and polluted 

water 

Bacillus thuringiensis var 

israelensis 5% WP (strain-

ABIL Serotype H-14) 

 

Biolarvicide Weekly Clean and polluted 

water 

Bacillus thuringiensis var 

israelensis 12 Aqueous 

suspension 

 

Biolarvicide Weekly Clean and polluted 

water 

*EC- emulsifiable concentration; WP- wettable powder 



30 | P a g e  
 

For the control of adult mosquitoes, Indoor Residual Spray (IRS), use of 

insecticide treated bed nets (ITNs), long lasting insecticide treated nets (LLINs), 

indoor space spray and fogging are usually applied methodologies of insecticide use. 

In India, chemical insecticides belonging to three classes i.e., synthetic pyrethroids, 

organophosphates and organochlorines are used for mosquito control (Table 2). 

 

Table 2: NVBDCP recommended insecticides for control of adult mosquito vectors  

(NVBDCP, 2020) 

Sl. 

No. 

Insecticides Insecticide class Vector control 

techniques 

Recommended 

dose 

 

1 DDT  

 

Organochlorine Indoor 

Residual spray 

(IRS) 

50% WP* 

2 

 

Malathion  Organophosphate 25% WP 

3 

 

Deltamethrin  Synthetic Pyrethroid 2.5%WP 

4 

 

Cyfluthrin  Synthetic Pyrethroid 10%WP 

5 

 

Lambdacyhalothrin  Synthetic Pyrethroid 10% WP 

6 

 

Alphacypermethrin  Synthetic Pyrethroid 5% WP 

7 

 

Bifenthrin  Synthetic Pyrethroid 10%WP 

8 

 

Cypenothrin  Synthetic Pyrethroid Indoor space 

spray, Outdoor 

fogging 

 

5% EC 

9 

 

Pyrethrum 

extract 

 

---------- 

Indoor space 

spray 

 

2% WP 

10 Technical 

Malathion 

Organophosphate Outdoor 

fogging 

 

 

------- 

11 Synthetic pyrethroids Long lasting 

insecticide 

treated 

mosquito nets 

(LLINs) 

 

 

 

 

------ 

*WP- wettable powder; EC- emulsifiable concentration 



31 | P a g e  
 

  

Apart from the chemical and biological control of mosquito vectors, new tools 

of vector control include the use of bacteria – Wolbachia sp. against Aedes 

mosquitoes, the release of sterile male mosquitoes to reduce vector mosquito 

proliferation and vector traps to attract the gravid female mosquito vectors. However, 

further research and implementation plan is needed for the involvement of these new 

tools in vector control programme. 

 

1.6. Insecticide resistance in mosquito vectors:  

Vector control remains a primary strategy of managing vector-borne diseases 

for most of the diseases including mosquito-borne diseases. Combating mosquito 

vectors through the use of chemical insecticides is the most important component of 

global strategy for managing vector-borne diseases. Lack of proper medication and 

vaccination for mosquito-borne diseases has forced our dependence on the application 

of synthetic insecticides for controlling mosquito vectors of dreaded mosquito-borne 

diseases like dengue, chikungunya, lymphatic filariasis, malaria, West Nile fever, 

Japanese Encephalitis and Rift Valley fever. Insecticides belonging to six classes – 

organophosphates, carbamates, synthetic pyrethroids, organochlorines, pyrroles and 

phenyl pyrazoles are recommended for application against mosquito vectors mainly 

Aedes, Anopheles and Culex sp (WHO, 2016b).  

Continuous and uncontrolled exploitation of these synthetic insecticides in the 

form of indoor residual spraying, ITNs, LLINs, mosquito repellents, creams, oil, coil 

and sprays over many decades to avoid man-mosquito contact and disease outbreak 
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has led to the development of resistance in mosquito vectors against these 

insecticides. After the first report of resistance in Aedes mosquitoes against DDT in 

1952 (Giullin and Peters, 1952), there have been several such reports of insecticide 

resistance in mosquito vectors to all classes of insecticides from various regions of 

the world.  

Though in past years, the application of chemical insecticides were helpful in 

successfully controlling mosquito-borne diseases, the development of insecticide 

resistance on a global scale in mosquito vectors is now a serious issue of concern 

(Hemingway et al., 2002). Recently, there are even reports on disease outbreaks 

related to the development of resistance in mosquito vectors to commonly used 

insecticides (Hemingway et al., 2002; Kelvin, 2011). 

Resistance development in mosquito vectors is of prime concern due to lack 

of proper medication for mosquito-borne diseases. This further makes insecticide 

application the most reliable source of vector control even today particularly during 

major outbreaks. Likewise, resistance to synthetic pyrethroids puts an enormous 

pressure on vector management as synthetic pyrethroids are the only class of 

insecticides recommended for use in ITNs and LLINs due to its efficacy and safety 

towards humans. ITNs and LLINs forms an important tool in checking the man-

mosquito contact for indoor resting mosquito vectors especially the malarial vector 

Anopheline mosquitoes and lymphatic filariasis vector Cx. quinquefasciatus (WHO, 

2007; WHO, 2009a). 

The re-emergence of mosquito-borne diseases in various regions around the 

globe is associated with resistance to synthetic pyrethroids and related cross 
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resistance to other insecticide classes (Zaim and Guillet, 2002; Butler, 2011). The 

increasing trend of insecticide resistance to all classes of insecticides have been 

reported from more than 60 countries in the world with resistance development in all 

known species of mosquitoes acting as vector for one or more than one of the 

mosquito-borne diseases (Liu, 2015). 

Insecticide resistance in mosquitoes is defined as a mosquito’s ability to 

endure the toxic effects of an insecticide either through adaptive natural selection or 

mutations (Hemingway et al., 2004). 

Insecticide resistance in mosquito vectors is a pre-adaptive phenomenon (Liu, 

2015). Prior to insecticide exposure few individuals with resistant genotype are 

present in a mosquito population that survives insecticide application because of the 

presence of resistant allele. With continuous use of insecticides, the mosquito 

population undergoes a selection pressure and mosquitoes with resistant allele 

increase in number. Offsprings of resistant mosquitoes will have more survival rate in 

insecticide exposed environment and gradually mosquitoes with resistant alleles form 

the predominant population. Inheritance of insecticide resistance in mosquito vectors 

is highlighted in a study of reciprocal crosses in permethrin-selected Cx. 

quinquefasciatus populations. The study revealed that inheritance pattern of 

permethrin resistance in Cx. quinquefasciatus is autosomal and incompletely 

recessive (Li and Liu, 2014). 
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1.6.1. Mechanisms of Insecticide Resistance Development: 

Development of insecticide resistance in mosquitoes occurs through four 

mechanisms –  

i) behavioral resistance,  

ii) cuticular resistance,  

iii) metabolic detoxification and  

iv) target-site insensitivity.  

 

1.6.1.1. Behavioral resistance: 

Behavioral resistance refers to the avoidance behavior in mosquitoes to 

insecticides on contact with prior exposure history. The ability of mosquito vectors to 

recognize chemical insecticides on second or third encounter makes the mosquito 

avoid further contact with insecticide sprayed surfaces like curtains, bed nets etc. This 

resistance mechanism makes the commonly used insecticides inefficient for mosquito 

control thereby causing hindrance in vector management strategies and in turn in 

combating the vector-borne diseases. 

 

1.6.1.2. Cuticular resistance: 

Cuticular resistance is the thickening of mosquito cuticle which in turn affects 

the entry of chemical insecticides through the thickened cuticle. This results in more 

time taken by insecticides in entering the mosquito’s body, less probability of 

insecticide intake by the vector and inefficiency of the insecticide to tackle the vector 

control issues. Cuticular resistance though less studied is reported from the malarial 
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vector An. gambiae where mosquitoes with less permeable cuticle were found to have 

more survival rate in insecticide exposed environment than the mosquito population 

with normal cuticle (Yahouedo et al., 2017).  

These two mechanisms of resistance in mosquitoes are less studied while the 

latter two mechanism i.e., metabolic detoxification and target-site insensitivity are 

studied worldwide and are thought to be the main mechanism of insecticide resistance 

development in not only mosquitoes but other arthropod vectors as well. There are 

several reports on involvement of major detoxifying enzymes and target-site 

insensitivity in the development of insecticide resistance in all three prime vector 

genera of mosquitoes – Aedes, Anopheles and Culex (Ishak et al., 2015; Soko et al., 

2015; Scott, 2019). Insecticide resistance in the mosquito vectors is the result of 

either metabolic enzymes or target-site insensitivity or a combination of both 

mechanisms. 

 

1.6.1.3. Metabolic detoxification / Insecticide detoxifying enzymes:  

In mosquitoes, insecticide detoxification involves three major detoxifying or 

metabolic enzymes or gene families – Carboxylesterases, Cytochrome P450 

monoxygenases (CYP450s) and Glutathione S-transferases (GSTs) (Liu, 2015). These 

enzymes are involved in the detoxification of xenobiotics and other endogenous 

compounds in the insect’s body. Insecticide resistance associated with the major 

detoxifying enzymes occurs either due to an increased production of these enzymes as 

a response to insecticide exposure or an increase in the enzyme activity leading to 

enhanced detoxification of insecticides and plant toxins. Transcriptional up-regulation 
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of the enzyme gene family results in production of detoxifying enzymes in a 

comparatively higher amount with increased enzyme copy number than the normal 

production rate. Amplification or duplication of genes that encode the three major 

detoxifying enzymes – esterases, CYP450s and glutathione S-transferases (GSTs) 

resulting in increased production of enzymes and enhanced activity are reported to be 

one of the prime mechanisms of insecticide resistance development in mosquito 

vectors (Liu, 2015; Soko, 2015; Scott, 2015).  

The increased number of detoxifying enzymes along with enhanced activity, 

actively and efficiently metabolizes the insecticide thereby preventing it from 

reaching its target site through rapid hydrolysis and transformation. The three major 

metabolic enzymes are reported to either detoxify a specific class of insecticide 

(Strode et al., 2008) or associated with all insecticide classes showing diverse 

specificity (Hemingway et al., 2004; Soko, 2015). 

 

1.6.1.4. Target-site insensitivity:  

Apart from rapid detoxification of insecticides by metabolic enzymes, another 

important mechanism of insecticide resistance development in mosquitoes and other 

arthropod vectors is the insensitivity of insecticide’s target site. This occurs due to 

certain structural modifications in the target protein because of point mutation(s) 

occurring in the gene encoding the target proteins (Casida and Durkin, 2013). 

Structural modification of target proteins hampers the normal binding of insecticides 

to its target and such reduced binding affinity affects the effect of insecticides on 

mosquito physiology thereby resulting in resistance development. 
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1.6.1.4.1. Voltage-gated sodium channel:  

Voltage-gated sodium channel (vgsc) are target of synthetic pyrethroids and 

DDT which upon binding to channel protein prolongs the channel opening leading to 

continuous discharge of nerve impulses in mosquitoes, resulting in paralysis and 

ultimately death. However, mutation in the vgsc gene with structural modification in 

channel protein causes reduced binding affinity of DDT and synthetic pyrethroids to 

vgsc with normal neurophysiology of mosquito vector. Moreover, the inability of 

insecticides to bind with channel proteins and disrupt nerve impulse flow results in 

resistance of the mosquito vectors to DDT and synthetic pyrethroids. Resistance to 

synthetic pyrethroids and DDT in mosquitoes and other arthropod vectors because of 

insensitive vgsc is referred to as knockdown resistance (kdr) (Scott, 2019). Mutation 

from Leucine to Phenylalanine in 1014 codon (L1014F) of segment II of vgsc is the 

first reported target-site mutation in insects and is also the most widely studied 

mutation. In mosquitoes, apart from L1014F mutation, Leucine to cysteine / serine / 

tryptophan (L1014C/S/W); isoleucine to methionine or valine, valine to glycine and 

phenylalanine to cysteine are reported to occur in one or more than one of the 

mosquito vector species (Liu, 2015). Co-occurrence of multiple mutations in vgsc 

gene is regarded as a key factor in conferring resistance development in mosquitoes 

with synergistic effect (Scott, 2019). 

 

1.6.1.4.2. Insensitive acetylchlolinesterase (AChE):  

Resistance to organophosphate and carbamate insecticides is related to 

insensitivity of acetylcholinesterase enzyme encoded by the acetylcholinesterase 



38 | P a g e  
 

gene. Mutation from glycine to serine (G119S) codon of acetylcholinesterase gene 

results in reduced affinity of the enzyme to insecticides and associated resistance 

development reported in An. gambiae, Cx. vishnui, Cx. pipiens, Cx. quinquefasciatus 

(Wondji et al., 2011). However, in Cx. tritaeniorhynchus, substitution of 

phenylalanine by tryptophan (F455W) of ace gene is related to organophosphate 

resistance (Nabeshima et al., 2004). 

 

1.6.1.4.3. γ – amino butyric acid (GABA) receptors:  

Cyclodiene insecticides like dieldrin and phenyl pyrazoles like fipronil target 

the γ – amino butyric acid (GABA) receptors that act as receptor for the inhibitory 

neurotransmitter GABA and is involved in the opening of chlorine channel (Liu, 

2015). Mutation from alanine to glycine in 296 codon of GABA receptor gene is 

related with dieldrin resistance in An. gambiae and A296S (alanine to serine) 

substitution is associated with dieldrin resistance in Ae. aegypti, An. stephensi and An. 

funestus (Du et al., 2005). Furthermore, in Cx. quinquefasciatus and An. stephensi, 

fipronil resistance is linked to insensitive GABA receptor (Davari et al., 2007). 

The mostly studied target-site insensitivity in mosquito vectors is the voltage-

gated sodium channel conferring resistance to synthetic pyrethroids and an 

organochlorine DDT.  In Cx. quinquefasciatus, the presence of L1014S mutation in 

voltage-gated sodium channel has not been reported earlier while there are several 

reports on L1014F kdr mutation in this vector ( Corbel et al., 2009; Sarkar et al., 

2009; Kudom et al., 2015; Yadouletan et al., 2015; Yanola et al., 2015; Lopes et al., 

2019). 
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REVIEW OF LITERATURE 



39 | P a g e  
 

2. REVIEW OF LITERATURE: 

2.1. Insecticide resistance in Culex quinquefasciatus: 

Chemical insecticides are used to control mosquito vectors since many decades 

in order to suppress the transmission of various vector-borne diseases. Broadly, four 

different classes of insecticides have been approved for application against mosquito 

vectors in and around the globe. The use of synthetic insecticides in the past have proved 

fruitful in combating the deadly mosquito-borne diseases like dengue, malaria, filariasis, 

Chikungunya etc., when medical treatment for those diseases were scarce. Even in the 

present scenario, there are many mosquito-borne diseases lacking vaccination and proper 

medical treatment thereby putting the entire focus alone on the control of mosquito 

population through use of chemical insecticides. 

With excessive and unrestrained use of the insecticides against vector 

population, the first report on resistance to DDT in Aedes mosquitoes was in the early 

1950s (Giullin and Peters, 1952). Since then, there are several reports on resistance to 

chemical insecticides in the mosquito vectors from different corners of the world. The 

resistance status reported by different research studies is an important issue and a major 

topic of concern because as the resistant population grows, the mosquito vectors might 

become inevitable and without proper medical facilities the vector-borne diseases may 

become difficult to handle causing many fatalities and economic loss to mankind. 

Resistance against synthetic insecticides in Culex quinquefasciatus are reported 

from various regions of the world. Unlike the resistance reported in Aedes mosquitoes, 

many researchers support the idea of resistance development in Cx. quinquefasciatus due 
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to the indirect exposure of the vector to insecticides that were applied and targeted 

against Aedes mosquito vectors. Because of lack of proper knowledge and training of the 

manpower, insecticides directed against Aedes mosquitoes are still being applied on the 

drains irrespective of their natural habitats being tree holes, discarded tyres, plastic 

containers and all other such habitats that contain clear water for the Aedes mosquitoes to 

breed in. Cx. quinquefasciatus is a highly opportunistic mosquito with an ability to breed 

in any form of temporary body of stagnant water that is a bit dirty, opaque and rich in 

organic content apart from natural breeding habitats like muddy drains, cemented 

channels, sewers, earthern pools of water, small puddles and plastic containers with dull 

opaque water.  

Cx. quinquefasciatus is an indoor resting, anthropophilic mosquito that feed on 

human and avian blood thereby forming a zoonotic bridge between human and aves. 

Resistance to insecticides in Cx. quinquefasciatus is therefore a prime problem which if 

been unable to tackle, would bring about major health issues as WHO has claimed Cx. 

quinquefasciatus to be one of the most important and highly adaptive urban vectors 

which may cause several vector-borne diseases in days to come (WHO, 2017b). Rapid 

and unplanned urbanization in the developing tropical and sub-tropical countries 

combined with the growing threat of resistance development in the vector population 

hints upon some major problem to be faced in the near future pertaining to mosquito 

vectors and different vector-borne diseases those mosquitoes carry.  

The present review work compiles information on insecticide resistance in Cx. 

quinquefasciatus from different parts of the world since the year 2000. Though there 

were various reports of insecticide resistance in Cx. quinquefasciatus earlier to the above-
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mentioned year, yet to constrain the length and information inclusion of the review, data 

from the year 2000 onwards are included here. This might be helpful in providing a 

current trend of insecticide resistance and in understanding the evolution of resistance 

development in Cx. quinquefasciatus in the past twenty years of insecticide use. 

2.1.1. Resistance to organophosphates: 

The organophosphate class of insecticides is used widely not only in the vector 

management programs but also in the agricultural sector to combat agricultural pests in 

India and around the globe. Such reliance on the use of organophosphate insecticides has 

led to the development of resistance in the pest population against different insecticides 

belonging to this class. Likewise, there are several reports on resistance to 

organophosphate insecticides in Cx. quinquefasciatus larvae and adults (Table 3). 

Table 3: Insecticide resistance status against Organophosphates in Cx. quinquefasciatus. 

Sl. 

no. 

Insecticides 

used 

Life 

stages 

Mortality 

(%) 

Status  Country  References  

1 Malathion  Adults 22 R Sri Lanka  Karunaratne and 

Hemingway, 2001 

2 Fenitrothion Adults 93.5-96 IR Thailand Somboon et al., 2003 

Malathion  Adults 47.1-100 R/IR/S 

3 Fenitrothion Adults 
  

Malaysia  Nazni et al., 2005 

Malathion  Adults 0 R 

4 Malathion  Adults 0 R India  

(Andhra  Pradesh)  

Mukhopadhyay et al., 

2006 

5 Fenitrothion Adults 21.2-100 R/IR/S Thailand Sathantriphop et al., 

2006 

Malathion Adults 100 S 

6 Chlorpyrifos-

methyl 

Adults 71-100 R/IR/S Benin Corbel et al., 2007 
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Malathion Adults 95-100 IR/S 

7 Malathion  Adults 84.5-100 IR/S Thailand Thanispong et al., 

2008 

8 Malathion Adults 9.75 R India 

(Chhattisgarh)  

Raghavendra et al., 

2011 

9 Malathion Adults 33.3 R India (Gujarat) Raghavendra et al., 

2011 

10 Malathion  Adults 27.50 R India  

(Uttar Pradesh)  

Kumar et al., 2011 

11 Malathion  Adults 100 S Zambia Norris and Norris, 

2011 

12 Naled Adults 3.2-12 R Louisiana, United 

States 

Gordon and Ottea, 

2012 

13 Malathion Adults 73.33 R Malaysia Chen et al., 2013 

Fenitrothion Adults 100 S 

14 Malathion  Adults 4.44-100 R/IR/S Malaysia Low et al., 2013a 

15 Malathion  Adults 44-100 R/IR/S Ghana Kudom et al., 2013 

16 Malathion  Adults 30 R Pakistan  Tahir et al., 2013 

17 Malathion  Adults 0-53 R United States Richards et al., 2017 

18 Pirimiphos-

methyl  

Larvae 0.04* 
 

India (Delhi)  Ansari et al., 2004 

19 Malathion  Larvae 109.62-

140.31* 

R Malaysia  Nazni et al., 2005 

Temephos  Larvae 26.3* R 

20 Temephos  Larvae 100 S India  

(Andhra Pradesh) 

Mukhopadhyay et al., 

2006 

Fenthion Larvae 100 S 

Fenitrothion Larvae 8 R 

Malathion  Larvae 14 R 

21 Malathion  Larvae 1.498* R India  

(Rajasthan) 

Bansal and Singh, 

2007 

Fenitrothion Larvae 0.0719* R 

Fenthion Larvae 0.0817* R 

Temephos  Larvae 0.0056* R 
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22 Temephos  Larvae 0.0162* R India (Jodhpur)  Suman et al., 2010 

Larvae 0.0086* R India (Bikaner) 

Larvae 0.0048* R India (Jamnagar) 

Larvae 0.0136* R India (Bathinda) 

Fenthion Larvae 0.0792* R India (Jodhpur)  

Larvae 0.0470* R India (Bikaner) 

Larvae 0.0461* R India (Jamnagar) 

Larvae 0.0238* R India (Bathinda) 

23 Temephos  Larvae 0.0031-

0.0044* 

R La Reunion Tantely et al., 2010 

Malathion  Larvae 0.0012-

0.0028* 

R 

Chlorpyrifos Larvae 0.0018-

0.0098* 

R 

24 Temephos  Larvae 30 R India  

(Uttar Pradesh) 

Kumar et al., 2011 

25 Temephos  Larvae 0.0008-

0.0083* 

R India (Bengaluru)  Shetty et al., 2013 

Fenthion Larvae 0.00012-

0.8492* 

R 

26 Temephos  

 

Larvae 2.8-71 R India (Delhi)  Thomas et al., 2013 

Larvae 82.1 R India  

(Uttar Pradesh)  

Larvae 81.5 R India (Haryana) 

27 Malathion  Larvae 0.1* 
 

India (Pune) Gokhale et al., 2013 

28 Malathion  Larvae 0.045-1.65* R Malaysia Low et al., 2013b 

29 Temephos  Larvae 0.002 – 

0.56* 

R Brazil  Amorim et al., 2013 

30 Chlorpyrifos Larvae 0.56 R Nigeria  Anogwih et al., 2015 

Pirimiphos-

methyl  

Larvae 30.47 R 

31 Temephos  Larvae 24-77 R Southern 

Louisiana 

Delisi et al., 2017 
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32 Chlorpyrifos Larvae 0.0056* 
 

Bukina Faso Skovmand and 

Sanago, 2018 

Malathion  Larvae 0.043*  

Temephos  Larvae 0.0011-

0.0068* 

 

*Lethal concentration (LC50) value in ppm; R: resistance; IR: intermediate resistance; S: susceptible 

Temephos is the most widely used organophosphate larvicide worldwide and is 

approved by WHO for use against larvae of mosquito vectors – Aedes sp., Anopheles sp., 

and Culex sp. In India, the National Vector Borne Disease Control Programme 

(NVBDCP) has also approved and provided a diagnostic dose for the use of temephos for 

mosquito larval control.  Cx. quinquefasciatus - a vector of lymphatic filariasis in the 

South-East Asian countries, is reported to be resistant to temephos since many decades. 

Thereby imposing a threat on the extensive use of this insecticide and a need for 

developing and discovering alternative chemical substances that are comparatively more 

efficient in suppressing the larval growth and proliferation and in turn transmission of 

lymphatic filariasis and other vector-borne diseases. 

In India, resistance to temephos in Cx. quinquefasciatus is reported from several 

states in the past twenty years. Bansal and Singh (2007) reported temephos resistant Cx. 

quinquefasciatus populations in Jodhpur (Rajasthan, India) with a LC50 value of 0.0056 

ppm and immediately after two years resistance to temephos in Cx. quinquefasciatus was 

again reported from Jodhpur, Bikaner, Jamnagar and Bathinda with RR50 (resistance 

ratio) values of 10.8, 5.73, 3.2, 9.06 respectively in Rajasthan (Suman et al., 2010). 

Similar reports on temephos resistance in Cx. quinquefasciatus are recorded from Uttar 

Pradesh with 30% mortality rate (Kumar et al., 2011) and 82.1% mortality rate (Thomas 

et al., 2013), Bengaluru in Karnataka with an RR50 value of 10.37 (Shetty et al., 2012), 
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Delhi with 71% mortality and Haryana with mortality rate of 81.5 (Thomas et al., 2013). 

However, the sole susceptible population to temephos in India was reported from Andhra 

Pradesh with cent percent larval mortality (Mukhopadhayay et al., 2006). Apart from 

India, temephos resistance in Cx. quinquefasciatus has also been reported from various 

countries like Malaysia (Nazni et al., 2005), Japan (Kasai et al., 2007), La Reunion 

(Tantely et al., 2010), Brazil (Amorim et al., 2013), Southern Lousiana (Delisi et al., 

2017) and Burkino Faso (Skovmand and Sango 2018). 

Malathion, an organophosphate is known for its toxicity not only to mosquito 

vectors and other insect pests but also to higher vertebrates including humans. The 

insecticide malathion is used both as a larvicide and adulticide and is considered as one 

of the most potent chemicals against mosquito vectors. Unfortunately, due to unrestrained 

use of malathion, the mosquito vector Cx. quinquefasciatus has acquired resistance to this 

insecticide as evident from various data reported from different parts of India.  There are 

reports on malathion resistance from Andhra Pradesh (Mukhopadhyay et al., 2006), 

Rajasthan (Bansal and Singh 2007), Chhattisgarh with 9.75% mortality rate in adults, 

Gujarat with 33.33% adult mortality (Raghavendra et al., 2011), Uttar Pradesh (Kumar et 

al., 2011) and Pune (Gokhale et al., 2013). Similar reports on resistance development 

from other countries viz., Sri Lanka, Iran, Benin, La Reunion, Ghana, Malaysia, Pakistan, 

United States and Burkino Faso are also recorded in many studies (Table 3). On the 

contrary, there are few cases of susceptible Cx. quinquefasciatus populations to 

malathion in Malaysia (Nazni et al., 2005), Thailand (Sathantriphop et al., 2006) and 

Zambia (Norris and Norris, 2011). 
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Apart from temephos and malathion, the organophosphate class of insecticides 

contain various other insecticides that are applied against the mosquito vectors in 

different regions of the world i.e., fenitrothion, fenthion, chlorpyrifos etc. Similar to the 

resistance report against temephos and malathion, resistance of Cx. quinquefasciatus to 

other organophosphorus insecticides have been reported both in India and worldwide 

(Table 3) (Figure 7). However, there are few cases on the susceptible status of Cx. 

quinquefasciatus to an organophosphate - fenitrothion from Andhra Pradesh, India where 

cent percent mortality in the larval population was observed after exposure to the 

insecticide (Mukhopadhyay et al., 2006), Japan (Kasai et al., 2007) and Thailand with 98 

– 100 percent adult mortality rate (Sathantriphop et al., 2006). The organophosphate 

group of insecticides, works by attacking the acetylcholinesterase enzyme and are 

therefore, known as acetylcholinesterase inhibitor. Resistance of Cx. quinquefasciatus to 

this group of insecticides might become a major issue of concern due to its worldwide 

application including India, being the only efficient insecticide group targeted against 

mosquito larvae. Moreover, there are high risks of cross resistance with other insecticides 

that have similar mode of action and target-site on the mosquito vectors. The 

phenomenon of cross resistance in the insecticides will render many groups of 

insecticides to become inefficient in controlling a vector population at a given time. This 

simultaneous failure of insecticide groups to counter upon mosquito vectors during major 

disease outbreak would result in uncontrolled spread of disease pathogen and thereafter, 

high fatality rate in poor and developing countries where medical facilities and 

infrastructure remain low and scarce. 
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Figure 7: Resistance percentage against organophosphate insecticides in Cx. quinquefasciatus.  

 

2.1.2. Resistance to synthetic pyrethroids: 

Synthetic pyrethroids are applied against different mosquito vectors and also for 

various agricultural pests including lepidopteran pests. The rapid action of synthetic 

pyrethroids on the pests’ nervous system makes it an efficient group of insecticides to be 

used against a wide array of insects and other arthropod pests. Synthetic pyrethroids are 

derived from pyrethrins that is found in pyrethrum extract of Chrysanthemum sp. (Dong, 

2007). This insecticide group is further sub-divided into two categories based on their 

chemical structure and mode of action on the target site. The difference in their chemical 

structure is the presence of an α-cyano group at phenylbenzyl alcohol position in Type II 

pyrethroids and the same lacking in Type I pyrethroids. Type I pyrethroids act by causing 

repetitive discharge in response to a single stimulus whereas Type II pyrethroids act by 
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causing membrane depolarization subsequently followed by a decline in the nerve action 

potential (Dong, 2007). 

Though synthetic pyrethroids are used against both adult and larval mosquitoes, it 

is more commonly applied as an adulticide due to its rapid action compared to other 

insecticides. Synthetic pyrethroids, moreover, are the primary insecticide group used till 

date in insecticide treated bed nets and LLINs though carbamates are also used in a lesser 

frequency. As such, resistance to this insecticide group is a prime issue as there is no 

potential substitute to synthetic pyrethroids in terms of insecticide treated bed nets 

(ITNs). Apart from ITNs, synthetic pyrethroids form the main composition of household 

mosquito repellent creams, oils, fumigants, sprays, coils, etc. Resistance to synthetic 

pyrethroids in Cx. quinquefasciatus is obvious owing to the wide and frequent use of this 

insecticide in the domestic areas, Cx. quinquefasciatus being anthropophilic and indoor 

resting. Therefore, there are many studies and reports of resistance to various synthetic 

pyrethroids in Cx. quinquefasciatus (Table 4). 

Table 4: Insecticide resistance status of Cx. quinquefasciatus against synthetic pyrethroids and 

pyrroles. 

Sl. 

no. 

Insecticides used Life 

stages 

Mortality 

(%) 

Status  Country  References  

1 Deltamethrin  Adults 50.4 R Malawi  Adams et al., 

2002  
Alphacypermethrin 56.4 R 

Cyfluthrin 63.1 R 

2 Cyfluthrin Adults 28.59-

29.95 

R Malaysia Nazni et al., 

2005 

Lambdacyhalothrin  34.38-

36.43 

R 

Permethrin  78.15-

79.82 

R 
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3 Permethrin  Adults 96.5-100 IR/S Thailand  Somboon et 

al., 2003 
Deltamethrin  97.6 IR 

Lambdacyhalothrin 100 S 

Etofenprox 66.7-70.4 R 

4 Deltamethrin  Adults 11 R Thailand Sathantriphop 

et al., 2006 
Permethrin  10.1 R 

5 Permethrin  Adults 35-93 R/IR Benin  Corbel et al., 

2007 

6 Deltamethrin  Adults 11.1 R Tanzania Mosha et al., 

2008 
Chlorfenapyr 30.8 R 

7 Permethrin Adults 67.4-80.6 R/IR Thailand Thanispong et 

al., 2008 

8 Permethrin  Adults 1 R Sri Lanka Wondji et al., 

2008 

9 Deltamethrin  Adults 30-35 R Pakistan  Tahir et al., 

2009 

10 Deltamethrin  Adults 12-54.7 R Thailand  Sathantriphop 

et al., 2006 

11 Deltamethrin Adults 96.2-100 IR/S India 

(Assam)  

Sarkar et al., 

2009 

12 Permethrin  Adults 80-96 R/IR Zambia Norris and 

Norris, 2011 
Deltamethrin  97-98 IR 

13 Deltamethrin  Adults 44.9 R India 

(Chhattisgarh)  

Raghavendra 

et al., 2011 

14 Deltamethrin Adults 75 R India 

(Gujarat) 

Raghavendra 

et al., 2011 

15 Deltamethrin  Adults 96.66 IR India  

(Uttar 

Pradesh) 

Kumar et al., 

2011 
Cyfluthrin 98.33 IR 

Permethrin  95.83 IR 

Lambdacyhalothrin  98.33 S 

16 Resmethrin Adults 5.8-96.7 R/IR Louisiana, 

United States 

Gordon and 

Ottea, 2012 

17 Deltamethrin  Adults 19.4 R Zanzibar, 

Tanzania 

Jones et al., 

2012 
Lambdacyhalothrin  24 R 
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Permethrin  14 R 

18 Permethrin Adults 66.67 R Malaysia Chen et al., 

2013 
Deltamethrin 33.33 R 

Cyfluthrin 26.67 R 

Lambdacyhalothrin 80 IR 

Etofenprox 93.33 IR 

19 Deltamethrin  Adults 91-97 IR/S Ghana  Ekloh et al., 

2013 

20 Permethrin  Adults 36.67-100 R/IR/S Malaysia Low et al., 

2013b 

21 Alphacypermethrin Adults 24.61 R India 

(Maharastra)  

Karlekar et al., 

2013 
Deltamethrin  72.73 R 

22 Permethrin  Adults 91.11-

95.56 

IR Malaysia  Wan-

Norafikah et 

al., 2013 

23 Permethrin  Adults 4-100 R/IR/S Ghana Kudom et al., 

2013 

24 Permethrin  Adults 39-96 R/IR Ghana Kudom et al., 

2015 
Deltamethrin  23-58 R 

25 Permethrin  Adults 4-24 R Benin Yadouletan et 

al., 2015 
Deltamethrin 24-48 R 

26 Deltamethrin  Adults 12.9-93.4 R/IR Thailand  Yanola et al., 

2015 

Permethrin  11.4 R 

27 Permethrin  Adults 45.6 - 85.5 R/IR Thailand Boonyuan et 

al., 2016 

28 Bifenthrin Adults 6-88 R/IR United States Richards et al., 

2017 
Deltamethrin  17-98 R/IR 

Etofenprox 0-28 R 

Permethrin  0-84 IR 

Phenothrin 0-52 R 
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29 Permethrin  Adults 43 R Burkina Faso Skovmand and 

Sanago, 2018  

30 Deltamethrin  Adults 20 R Cameroon  Nchoutponen 

et al., 2019 
Permethrin  18 R 

31 Permethrin  Larvae 0.8-7.5* R Alabama  Xu et al., 2005 

32 Alphamethrin Larvae 0.0002*  India 

(Rajasthan) 

Bansal and 

Singh, 2007 

Deltamethrin  0.00007*  

Fanvalerate 0.0112*  

33 Deltamethrin  Larvae 0.0008* R Mysore Fakoorziba et 

al., 2009 

34 Permethrin  Larvae 0.5-8.2*  United States 

of America 

Liu et al., 2009 

35 Permethrin  Larvae 0.01* R United States 

of America 

Li and Liu, 

2014 

36 Permethrin  Larvae 0.0025-

0.0029* 

R La Reunion Tantely et al., 

2010 

Deltamethrin  Larvae 0.0019-

0.0038* 

R 

37 Deltamethrin  Larvae 0.00062* 
 

India 

(Mysore) 

Kumar et al., 

2011 
Lambdacyhalothrin  Larvae 0.00001* 

 

38 Chlorphenapyr Adults 100 S India 

(Chhattisgarh)  

Raghavendra 

et al., 2011 

39 Chlorphenapyr Adults 100 S India 

(Gujarat)  

Raghavendra 

et al., 2011 

40 Lambdacyhalothrin  Larvae 0.0006-

0.0041* 

R India 

(Bengaluru) 

Shetty et al., 

2012 

Deltamethrin  Larvae 0.0016-

0.0065* 

R 

41 Permethrin  Larvae 0.049-

0.803* 

R Malaysia Low et al., 

2013b 

42 Lambdacyhalothrin  Larvae 0.0002*  India (Pune) Gokhale et al., 

2013 

43 Permethrin  Larvae 1.62-1.78* R Malaysia  Wan-

Norafikah et 

al., 2013  

44 Deltamethrin  Larvae 0.18* S Thailand  Yanola, 2015 
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45 Permethrin  Larvae 0.033-

0.041*  
Bukina Faso Skovmand and 

Sanago, 2018 

46 

 

 

 

 

Meperfluthrin Larvae 

 

 

 

 

12.37* R China 

 

 

 

 

Yuan et al., 

2019 

 

 

 

Dimefluthrin 15.8* R 

Heptafluthrin 40.11* R 

Metofluthrin 62.46* R 

Transfluthrin 66.43* R 

*LC50 value in ppm; R: resistance; IR: intermediate resistance; S: susceptible 

In India, resistance to synthetic pyrethroids in Cx. quinquefasciatus larvae is reported from 

different cities in various states (Table 4). The researchers have provided LC50 values and 

RR values of few synthetic pyrethroids like deltamethrin, lambdacyhalothrin, alphamethrin 

and fanvalerate thereby, reporting the resistance level of synthetic pyrethroids in Cx. 

quinquefasciatus from Rajasthan  (Bansal and Singh, 2007), Mysore (Harish Kumar et al., 

2011), Bengaluru (Shetty et al., 2013), Gorakhpur and Pune (Gokhale et al., 2013). On the 

other hand, intermediate resistance to susceptible status against four commonly used 

synthetic pyrethroids were also reported in adult Cx. quinquefasciatus from Uttar Pradesh 

(Kumar et al., 2011) and against deltamethrin from Assam (Sarkar et al., 2009). Thereafter, 

various reports on resistance in Cx. quinquefasciatus was reported against deltamethrin in 

Chhattisgarh and Gujarat (Raghavendra et al., 2011) and against alphacypermethrin, and 

deltamethrin in Nagpur (Karlekar et al., 2013). Likewise, there are several reports on 

resistance to synthetic pyrethroids from different corners of the world (Table 4) (Figure 8). 
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.Figure 8: Resistance percentage against Synthetic Pyrethroids in Cx. quinquefasciatus.  

 

Apart from direct exposure to synthetic pyrethroids in the domestic household 

applicants and resting on the pyrethroid-treated bed nets, indirect and a higher 

concentration of exposure of Cx. quinquefasciatus to synthetic pyrethroids is also due to 

the agricultural run-off. Synthetic pyrethroids are applied extensively in the agricultural 

sector and the washed away residues accumulate in the adjoining drains where the 

lymphatic filariasis vector Cx. quinquefasciatus dwell. Moreover, this scenario 

aggravates the already serious problem of synthetic pyrethroids resistance in Culex 

mosquitoes. As such, taking care of the household mosquitocidal products and insecticide 

treated bed nets (ITNs) alone will not be enough to solve the present problem of 

resistance. However, this condition if unchecked will pose a serious threat of vector-

borne diseases in the near future as we already know about synthetic pyrethroids being 
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the only insecticide group to be used in ITNs. Furthermore, its rapid mode of action 

might be hard to be substituted by any other insecticide group in immediate future.  

2.1.3. Resistance to Organochlorines: 

The most commonly used organochlorine in the control of mosquito vectors 

include DDT and dieldrin. Ever since the first report on DDT resistance in mosquito in 

1950s (Giullin and Peters, 1952), there has been several cases of resistance to chemical 

insecticides which might be because of the overexploitation of this insecticide class in 

vector control programmes and the agricultural sector. Few years later in 1952, resistance 

to DDT was reported in Cx. quinquefasciatus from a village in Delhi, India as well 

(Gopalakrishnan and Veer, 2018). This resistance trend was immediately followed with 

new reports on resistance in the same mosquito vector from other three Indian cities – 

Pune, Nagpur, and Patna against DDT and dieldrin (Gopalakrishnan and Veer, 2018). 

Unfortunately, with a history of resistance dating almost 70 years back, organochlorine 

insecticides are still used against the insect vectors of medical importance though being 

banned for use in the agricultural sectors. The continuous use of DDT led to resistance 

development even in the last 20 years and there are several reports on resistance to DDT 

in India and other countries worldwide (Table 5). 

Table 5: Insecticide resistance status of Cx. quinquefasciatus against Organochlorines. 

Sl. 

no. 

Insecticides 

used 

Life 

stages 

Mortality (%)  Status  Country  References  

1 DDT Adults 2-68.8 R Thailand Somboon  et al., 

2003 

2 DDT Adults 100 S Malaysia Nazni et al., 

2005 

3 DDT Adults 0 R India (Andhra 

Pradesh)  

Mukhopadhyay 

et al., 2006 
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4 DDT Adults 0 R Thailand  Sathantriphop et 

al., 2006 

5 DDT  Adults 5-54 R Benin Corbel et al., 

2007 
Dieldrin Adults 86-99 IR/S 

6 DDT Adults 2.2-8.3 R Thailand  Thanispong et 

al., 2008 

7 DDT Adults 1 R Sri Lanka Wondji et al., 

2008 

8 DDT Adults 11.9-50 R India (Assam)  Sarkar et al., 

2009 

9 DDT Adults 28.33 R India (Uttar 

Pradesh)  

Kumar et al., 

2011 

10 DDT Adults 13-69 R Zambia  Norris and 

Norris, 2011 

11 DDT Adults 0 R India 

(Chhattisgarh)  

Raghavendra et 

al., 2011 

12 DDT Adults 3.3 R India (Gujarat)  Raghavendra et 

al., 2011 

13 DDT Adults 3.2 R Tanzania Jones et al., 2012 

14 DDT Adults 33.33 R Malaysia Chen et al., 2013 

Dieldrin 33.33 R 

15 DDT Adults 12.3 R India 

(Maharastra)  

Karlekar et al., 

2013 

16 DDT Adults 1.3-95.7 R/IR Ghana  Kudom et al., 

2013 

17 DDT Adults 2.22-40 R Malaysia  Low et al., 2013 

18 DDT Adults 13-75 R Ghana  Kudom et al., 

2015 

19 DDT Adults 4-12 R Benin  Yadouletan et 

al., 2015 

20 DDT Larvae  0.51* 
 

India (Pune)  Gokhale et al., 

2013 

21 DDT Larvae 0.725-4.205* R Malaysia  Low et al., 2013 

22 DDT Larvae 2.67* R Bukina Faso Skovmand and 

Sanago, 2018 

23 Dieldrin Larvae 0.0014-

0.009* 

R La Reunion Tantely et al., 

2010 
*LC50 value in ppm; R: resistance; IR: intermediate resistance; S: susceptible 
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The adults of Cx. quinquefasciatus were reported to show severe resistant status 

against DDT with zero percent mortality in Andhra Pradesh (Mukhopadhyay et al., 2006). 

Similar resistance status with cent percent mortality was reported from Raipur as well in 

the year 2011 and Kheda, Gujarat (3.3% mortality) (Raghavendra et al., 2011). Cx. 

quinquefasciatus was also found to exhibit high resistance level against DDT from Assam 

(11.9-50% mortality) (Sarkar et al., 2009), Uttar Pradesh with 28.33% mortality (Kumar et 

al., 2011) and Nagpur (12.3% mortality) (Karlekar et al., 2013). Likewise, larvae of Cx. 

quinquefasciatus were reported to be resistant to the insecticide DDT from Gorakhpur and 

Pune (Gokhale et al., 2013). 

The hurdle of organochlorine resistance is not only confined to India but is 

widespread in various countries (Figure 9) with reports on DDT resistance in larval 

population of Cx. quinquefasciatus in Burkina Faso (Skovmand and Sango, 2018) and 

resistance against dieldrin in La Reunion (Tantely et al., 2010). Similarly, the adults of 

lymphatic filariasis vector Cx. quinquefasciatus have been reported to possess 100% 

mortality against DDT and dieldrin in both laboratory and semi field environment in 

Malyasia (Nazni et al., 2005). However, in the year 2013 there were reports on DDT 

resistance in Cx. quinquefasciatus from Malaysia with a low mortality percent of 33.33 

(Low et al., 2013b).  
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Figure 9: Resistance percentage against organochlorine insecticides in Cx. quinquefasciatus.  

 

This unfortunate change of status from susceptible to resistance in just 7 years is 

an important matter of concern and presents a huge obstacle in tackling with the control 

and management of vector-borne diseases. Similar reports on DDT resistance in Cx. 

quinquefasciatus were recorded from Thailand (Somboon et al., 2003), Benin (Corbel et 

al., 2007), Sri Lanka (Wondji et al., 2008), Zambia (Norris and Norris, 2011), Zanzibar 

(Jones et al., 2012) and Ghana (Kudom et al., 2013). The adult Cx. quinquefasciatus from 

Benin with 86-99% mortality (Corbel et al., 2007)) showed a probability of the incipient 

insecticide resistance / susceptible status to be directed towards either way – resistance or 

susceptible. Though the application of DDT has decreased to medical sectors only, the 

existence of DDT resistance even today in mosquito vectors might be linked to the use of 

DDT 
91% 

Dieldrin 
9% 
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the insecticide or to the phenomenon of cross-resistance with other organochlorines or 

with synthetic pyrethroids. 

2.1.4. Resistance to carbamates: 

Carbamate insecticides are a derivative of carbamic acid and are used for insect 

and other pest control in the household and agricultural practices because of its rapid 

killing effect. When compared to the other three groups of insecticides, reports on 

resistance/susceptibility status of mosquito vectors to this group of insecticide is few 

(Figure 10).  

 

 

Figure 10: Resistance percentage against Carbamates in Cx. quinquefasciatus.  

 

This might be because of lesser exploitation of carbamates in vector control 

programmes. However, due to its less toxicity on human skin and lower neurotoxic 

Propoxur 
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properties as compared to the organochlorine insecticides, carbamates are also 

recommended for the purpose of mosquito control (WHO, 2016b). There are two broad 

applications of carbamate insecticides; first the use of this insecticide in the making of 

cockroach poison for household like various kinds of sprays and chalks. Secondly, 

carbamate is used along with synthetic pyrethroids in treating mosquito bed nets and also 

during indoor and outdoor residual spray programmes. Two prime carbamate insecticides 

used in mosquito control programmes worldwide are bendiocarb and propoxur. 

In India, severe resistance to bendiocarb – a carbamate insecticide was reported 

from two states in adult Cx. quinquefasciatus with 5.7 mortality percentage in Raipur, 

Chhattisgarh and 16.2 mortality percentage in Kheda, Gujarat (Raghavendra et al., 2011). 

The larval stages were also studied for their resistance/susceptible status to propoxur and 

was found to be resistant with LC50 values of 0.00013 ppm in Mysore (Kumar et al., 

2011) and 0.0001-0.1166 ppm in Bengaluru (Shetty et al., 2013). The resistance to adult 

mosquitoes might be due to a cross-resistance phenomenon because of the use of other 

pest control products in the household and presence of carbamate insecticides in 

agricultural and aquatic environment because of its long residual effect. Apart from India, 

resistance to carbamate insecticides in Cx. quinquefasciatus is reported from several 

tropical and sub-tropical countries (Table 6).  
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Table 6: Insecticide resistance status of Cx. quinquefasciatus against Carbamates and Insect 

Growth Regulators (IGRs). 

Sl. 

no. 

Insecticides used Life 

stages 

Mortality 

(%)  

Status  Country  References  

1 Propoxur  Adults 
  

Malaysia Nazni et al., 2005 

2 Carbosulfan  Adults 30-75 R Benin Corbel et al., 2007 

3 Propoxur  Adults 77-93.3 R/IR Thailand Sathantriphop et 

al., 2006 

4 Propoxur Adults 81.6-100 IR/S Thailand Thanispong et al., 

2008 

5 Bendiocarb Adults 5.7 R India 

(Chhattisgarh)  

Raghavendra et 

al., 2011 

6 Bendiocarb Adults 16.2 R India 

(Gujarat)  

7 Bendiocarb Adults 52.4 R Tanzania Jones et al., 2012 

8 Propoxur Adults 20 R Malaysia Chen et al., 2013 

Bendiocarb Adults 93.33 IR 

9 Propoxur  Adults 3.34-68.89 R Malaysia Low et al., 2013b 

10 Bendiocarb Adults 12-100 R/IR/S Ghana Kudom et al., 

2013 

11 Bendiocarb Adults 52-76 R Benin Yadouletan et al., 

2015 

12 

 

 

 

 

 

 

 

 

 

 

 

 

 

Diflubenzuron Larvae 0.0005* R India 

(Jodhpur)  

Suman et al., 2010 

 

 

 

 

 

 

 

 

 

 

 

 

 

Larvae 0.0006* R India 

(Bikaner)  

Larvae 0.0003* S India 

(Jamnagar)  

Larvae 0.0005* R India 

(Bathinda) 

Iufenuron Larvae 0.0006* R India 

(Jodhpur)  

Larvae 0.0005* R India 

(Bikaner)  

Larvae 0.0005* R India 

(Jamnagar)  
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Larvae 0.0006* R India 

(Bathinda) 

 

 

 

 

 

Triflumuron Larvae 0.0002* R India 

(Jodhpur)  

Larvae 0.0002* R India 

(Bikaner)  

 Larvae 0.0002* R India 

(Jamnagar)  

Larvae 0.0003* R India 

(Bathinda) 

13 

 

Lufenuron Larvae 0.000048* S Pakistan 

 

Shah et al., 2016 

 
Methoxyfenozide Larvae 0.004* S 

Pyriproxyfen Larvae 0.00008* S 

Cyromazine Larvae 0.022* S 

14 Propoxur  Larvae 0.00013* 

 

India 

(Mysore) 

Kumar et al., 2011 

15 Spinosad Larvae 0.000002* S India 

(Mysore) 

Kumar et al., 2011 

16 Propoxur  Larvae 0.0001-

0.1166*  
Bengaluru Shetty et al., 2013 

17 Propoxur  Larvae 0.092-

0.708*  
Malaysia Low et al., 2013b 

18 Propoxur  Larvae 0.116-

0.389* 

R Bukina Faso Skovmand and 

Sanago, 2018 

*LC50 value in ppm; R: resistance; IR: intermediate resistance; S: susceptible 

2.2. Mechanisms of insecticide resistance development: 

Resistance development in insects against the insecticides is reported to occur 

through four different mechanisms: i) Behavioral resistance – where the insects avoid and 

deter the source of insecticide for direct contact in order to be safe from the toxic effects 

of the insecticides; ii) Cuticular resistance – the mosquitoes alter insecticide penetration 

by decreasing the intake of insecticides or penetration of chemicals through its surface, 

by increasing the thickness of the cuticle (Yahouedo et al., 2017); iii) Metabolic 

detoxification through the increasing activity of major metabolic/ detoxifying enzymes 

and iv) Target-site insensitivity by alternation of the insecticide’s binding site due to 
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various kinds of point mutations. The latter two mechanisms are considered as the most 

important mechanisms of insecticide resistance and have been widely studied.  

2.2.1. Role of major detoxifying enzymes in insecticide resistance development:  

Detoxifying enzymes or metabolic enzymes are naturally occurring enzymes in all 

living organisms, which protects an individual against the damage caused by xenobiotics 

and other metabolites that are endogenously produced. However, resistance to 

insecticides occur when there is an increase in the normal functioning of detoxifying 

enzymes. This increased activity of detoxifying enzymes lead to metabolic resistance in 

the pest population against insecticides and pesticides. Detoxification of insecticides in 

mosquito vectors and other insect pest due to increased enzyme activity has been linked 

to cytochrome P450 monooxygenases (CYP450s), carboxylesterases (CCEs) and 

glutathione-S-transferases (GSTs) group of enzymes (Scott et al., 2015; Soko et al., 

2015).  This phenomenon of metabolic resistance in mosquito vectors develop due to 

over exploitation and uncontrolled use of insecticides against mosquito vectors and other 

insect and arthropod pests. Apart from synthetic insecticides, toxic compounds of plant 

source and other chemical pollutants also add up in the development of resistance in 

vectors and other insect pests. 

Insecticide resistance through detoxifying enzymes in the mosquito vectors occur 

due to enhanced functioning of metabolic enzymes in preventing the insecticides from 

reaching their target through rapid transformation and excretion out of the body. This 

might occur in two ways either by enhanced activity of detoxifying enzymes due to a 

certain mutation that increases the detoxifying activity or by an increase in the copy 

number of a specific enzyme which results from an augment in transcription rate of the 
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enzymes. The detoxifying enzymes like GSTs, CCEs, and CYP450s comprise of numerous 

genes belonging to supergene families that might have resulted from gene duplication in 

the course of evolution and there are even independent duplications specific to a 

particular species (Liu, 2015). On the molecular level of insecticide resistance, prominent 

query on mechanism lies on which gene or how many genes are actually responsible for 

directing the resistance phenotype; the type and number of mutations selected within the 

genes and whether these genes are appearing at multiple times or simply escalating from 

a single origin (Scott, 2019). 

Any xenobiotic upon entering an insect body undergoes a series of enzymatic 

reactions that modify the polarity of the compound in order to make the compound water 

soluble for rapid and efficient excretion from the body (Hemingway et al., 2004). This 

enzymatic action is divided into three phases of transformation and mainly includes the 

three major enzyme groups GSTs, CCEs and CYP450s. Phase I reaction includes the 

multiple function oxidases enzymes: Mixed Function Oxidases or CYP450s which 

functions by chemically modifying the xenobiotics by catalyzing its oxidation and 

creating a reactive site to which phase II enzymes bind. The modified products then enter 

phase II reaction where they undergo conjugation reaction brought about by the action of 

GSTs enzyme group. In phase III of transformation reaction, the modified water-soluble 

metabolites are finally excreted from the cells through ABC (ATP- binding cassette) 

transporters (Hemingway et al., 2004). Hydrolysis of ester bonds in the xenobiotic 

compounds is carried upon by esterases and this group of enzyme actively participates in 

both phase I and II enzymatic reactions. 
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2.2.1.1. Carboxylesterases:  

Enhanced activity of CCEs has been linked to organophosphate resistance in not 

only mosquito vectors but also other insect pests of medical and agricultural importance 

(Lopes et al., 2019). In mosquitoes, this overproduction of non-specific CCEs is an 

evolutionary response, primarily to organophosphate insecticides and secondarily to 

carbamates though conferring resistance to pyrethroids as well in other insect pests 

(Gopalakrishnan and Veer, 2018). Organophosphate insecticides can be hydrolyzed by 

CCEs as these insecticides are esters of phosphoric acid. Usually, organophosphates are 

administered in its phosphorothionate form which in the phase I enzymatic reaction of 

xenobiotic transformation is converted to the active organophosphate form by Mixed 

Function Oxidases. The activated form is more toxic compared to the phosphorothionate 

form. 

CCEs were earlier classified into two types. CCEs that were inhibited by 

paraoxon were termed as B esterases and those that were not inhibited by paraoxon were 

termed A esterase. In addition, B esterase have an active site serine residue. This 

nomenclature was modified in Culex mosquitoes based in the hydrolysis of α and β 

napthyl acetate and on the electrophoretic mobility of the enzyme (Hemingway et al., 

2004). Esterases that hydrolyzed α-napthyl acetate were termed Estα and those 

hydrolyzing β-napthyl acetate were termed Estβ. According to the mobility of CCEs on 

the native PAGE (Polyacrylamide Gel Electrophoresis), the enzymes were numerically 

labelled with the slowest one termed as Estα1 or Estβ1. 
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2.2.1.1.1. Quantitative resistance mechanism: 

The organophosphate and carbamate insecticides in mosquito inhibit CCEs by 

rapid esterification of serine residue present on active site of esterases with the help of the 

insecticides’ active oxon analogue. These insecticides have high affinity for CCEs but are 

poor substrates due to the slow rate of hydrolysis thus acting as esterase inhibitor. The 

binding of esterases to organophosphate and carbamate insecticides though rapid results 

in slow hydrolysis thereby making it a rate limiting step. In order to overcome this 

inhibitory action, CCEs act by rapid sequestration of the oxon analogues of insecticides. 

The term sequestration is rapid binding of CCEs to an insecticide and thereafter slow 

release of the metabolite. However, for this rapid sequestration to be carried upon, 

increased quantities of CCEs are needed because of the irreversible 1:1 stoichiometry of 

the enzymatic reaction and longer time taken for metabolism of the insecticide. Thus, 

mosquitoes resistant to organophosphate and carbamate insecticides possess huge 

quantities or over production of non-specific CCEs that prevent the insecticides from 

reaching the target site i.e., AChE (acetylcholinesterase) (Hemingway et al., 2004). 

The involvement of esterase in insecticide resistance in Cx. quinquefasciatus  and 

other mosquito vectors can be detected classically by use of synergists like TPP 

(Triphenyl phosphate), DEF (S,S,S-tributylphosphorothioate) and IBP (S-benzylO,O-

diisopropyl) along with the insecticide and thereafter recording the mortality rate of 

mosquito population. Presence of CCEs in resistant mosquito population can be detected 

quantitatively with the help of biochemical microplate assays or qualitatively through the 

use of native PAGE (Polyacrylamide Gel Electrophoresis) by using α- napthyl acetate or 

β- napthyl acetate as substrate (Hemingway and Karunaratne, 1998). 
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Overproduction of CCEs in insecticide resistance population of Cx. 

quinquefasciatus results from the amplification of genes that encode the esterase enzymes 

within the mosquito genome (Cui et al., 2006). Moreover, this results in increase in the 

transcription rate of mRNA specific for the enzymes thereby producing high quantities of 

CCEs. Out of the many esterase genes and alleles that are associated with insecticide 

resistance in Cx. quinquefasciatus, the co-amplification of estα2 and estβ2 up to 80 times 

in highly resistant Cx. quinquefasciatus population is noteworthy (Paton et al., 2000). 

This resistant genotype was found to be present in about 90% of Cx. quinquefasciatus 

populations that were resistant to insecticides. The close association of transposable 

elements or long interspersed repetitive elements (LINES) termed Juan-C with amplified 

Estβ1' have been reported from TEMR strain Cx. quinquefasciatus (Hemingway and 

Karunaratne, 1998). These transposable elements accelerate the frequency of mutation 

and amplification of CCEs genes and are influenced by environmental factors like 

insecticide selection pressure on the mosquito population. 

Elevated activity of CCEs, Mixed Function Oxidases (MFO) and GSTs have been 

linked to the development of resistance to DDT, permethrin and carbosulfan in Cx. 

quinquefasciatus from Benin, Africa (Corbel et al., 2007). Likewise, increased esterase 

activity detected in Cx. quinquefasciatus from Louisiana, United States was linked to 

naled (an organophosphate) resistance in the mosquito vector while suggesting other 

mechanisms of resistance towards synthetic pyrethroids and organophosphates (Gordon 

and Ottea, 2012). This observation was further supported by electrophoretic banding 

patterns, which revealed darkly stained bands in resistant mosquito vectors (Gordon and 

Ottea, 2012) and similar observation was reported from Pakistan (Tahir et al., 2009). In a 
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study conducted in Ghana (Kudom et al., 2015) elevated activity of both α and β 

esterases is correlated with DDT and synthetic pyrethroids resistance along with 

increased GSTs level in the mosquito vector. 

Low et al., 2013 reported a significant increase in esterase activity in Cx. 

quinquefasciatus with higher activity of α-est than β-est. This increase in enzymatic 

activity is linked to malathion resistance in the studied mosquito population and to 

organophosphate resistance (Low et al., 2013a). On contrary to this finding, there was a 

significant correlation between the elevated activities of α and β esterase (Norris and 

Norris, 2011), which might be due to co-amplification of estα2' and estβ2' gene leading to 

organophosphate resistance in Cx. quinquefasciatus (Hemingway et al., 2004). High 

CCEs activity is also a major mechanism of resistance development to DDT in mosquito 

vectors (Hemingway and Ranson, 2000; Sarkar et al., 2009). 

2.2.1.1.2. Qualitative mechanism:  

Enzymes, which hydrolyze carboxylic ester bonds, are collectively termed as 

CCEs. Apart from the overproduction of non-specific CCEs for rapid sequestration of 

organophosphate and carbamate insecticides in few resistant populations of mosquito 

vector, rapid hydrolysis of insecticide occurs through elevated activity of CCEs. This 

mechanism of resistance involving CCEs is usually specific to malathion insecticide 

rather than a broad non-specific CCEs based resistance mechanism. This malathion-

specific resistance mechanism of CCEs has been reported from malarial vector Anopheles 

sp. as well (Claudianos et al., 2000). Karunaratne and Hemingway 2001 have reported 

the involvement of malathion-specific CCEs in development of malathion resistance in 

Cx. quinquefasciatus and other mosquito vectors like Cx. gelidus, Cx. tritaeniorynchus, 
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Anopheles culicifacies, An. subpictus, Aedes aegypti, Ae. albopictus with St. Mal strain of 

An. stephensi as a positive control for the study. Quantitative and qualitative mechanism 

of CCEs are not exclusive to one another as both have been found to occur in Cx. tarsalis 

(Hemingway et al., 2004). 

Though increased activity of CCEs is related to organophosphate and carbamate 

insecticide in Cx. quinquefasciatus, the esterases are reported to be ineffective against 

synthetic pyrethroids in the same vector. Moreover, a study reports negative correlation 

between increased CCEs activity and survival of filarial agent Wuchereria bancrofti in its 

vector Cx. quinquefasciatus. However, its effect on disease transmission, still remains 

vague. 

2.2.1.2. Cytochrome P450 (CYP450) Monooxygenases:  

Cytochrome P450 (CYP450) – dependent monooxygenases are haem containing 

hydrophobic metabolic enzymes that catalyze detoxification of a number of xenobiotics 

(Hemingway et al., 2004) with an exception for the activation of organophosphate 

insecticides to its toxic oxon form. Apart from the involvement of CYP450s 

monooxygenase in detoxification of plant toxins and insecticides, this enzyme group is 

also involved in the synthesis and degradation of insect hormones i.e., ecdysteroids 

(Gilbert et al., 2004) and juvenoids (Helvig et al., 2004). 

Elevated activity of CYP450 monooxygenases is reported to be linked to 

insecticide resistance in mosquito vectors (Hemingway et al., 2004) along with other 

metabolic enzymes. The increased function of CYP450 monoxygenases is particularly 

related to pyrethroid resistance in mosquitoes. For example, elevated levels of CYP450 
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monooxygenase has been reported from permethrin resistant Anopheles gambiae (Muller 

et al., 2008), Aedes aegypti (Strode et al., 2008) and resistant strain of german cockroach, 

Blatella germanica (Pridgeon et al., 2003). In Cx. quinquefasciatus, there are various 

reports on the positive correlation of pyrethroid resistance and overproduction of CYP450 

monoxygenases (Komagata et al., 2010; Liu et al., 2011; David et al., 2013; Delannay et 

al., 2018; Fagbohun et al., 2019). 

Several CYP450s genes are found to be associated with insecticide resistance in 

mosquito vectors. Many studies have reported various genes involved in detoxification of 

insecticides and other xenobiotics. Earlier, Cyp6 gene family of CYP450 monooxygenase 

was reported to be linked with elevated CYP450s activity in response to insecticide 

resistance in insects. CYP6D1 protein was reported to be overproduced in pyrethroid 

resistant Musca domestica (Kasai and Scott, 2000). Cyp6z1 was overexpressed due to 

elevated transcription level in pyrethroid resistant An. gambiae population of East Africa 

(Nikou et al., 2003). Likewise, Cyp6f1 gene in permethrin resistant Cx. quinquefasciatus 

strain was reported to be involved in resistance development with elevated levels of 

Cyp6f1 transcript (Kasai et al., 2000). Another species of Culex, Cx. pallens was reported 

from China to be resistant to deltamethrin (Gong et al., 2005). Cx. pallens showed the 

association of Cyp4 gene family with deltamethrin resistance (Shen et al., 2003). Cyp4 

gene family is reported to have the largest number of CYP450s genes in Drosophila 

melanogaster, An. gambiae and Ae. aegypti (Strode et al.,2008). In deltamethrin resistant 

strain of Cx. pipiens pallens five Cyp4 genes were reported to be overexpressed (Shen et 

al., 2003). These genes are Cyp4h21, Cyp4h22, Cyp4h23, Cyp4j4 and Cyp4j6. However, 

none of the genes are found to be upregulated and overexpressed in permethrin resistant 
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strain (JPal-per) of Cx. quinquefasciatus larvae (Komagata et al., 2010). Similarly, 

Cyp6f1 previously reported to be overexpressed in permethrin resistant strain (Kasai et 

al., 2000) was not found to have significant overexpression in the same vector (Komagata 

et al., 2010) and this might be due to change in expression pattern of permethrin resistant 

strain of Cx. quinquefasciatus over years of culture in the laboratory. Komagata et al., 

2010 reported elevated expression of three CYP450s genes, Cyp9m10, Cyp4h34, and 

Cyp6z10 in permethrin resistant Cx. quinquefasciatus. Cyp4h34 and Cyp9m10 were 

reported to show highest elevated levels in larval stages that decreased drastically in 

pupal and adult stages of permethrin resistant strain of Cx. quinquefasciatus. Hardstone et 

al., (2007) reported higher resistance level in permethrin resistant Cx. quinquefasciatus 

larvae and a decrease in resistance level in adult Cx. quinquefasciatus. Thus, when 

correlating the findings of these two studies, it can be concluded that Cyp9m10 and 

Cyp4h34 monooxygenases genes are involved in pyrethroid resistance in permethrin 

resistant Cx. quinquefasciatus strain (JPal-per). However, overproduction of CYP450s 

genes cannot be related with insecticide resistance always. This is because a single 

mutation occurring in transcription factor associated with expression levels of CYP450s 

genes might also cause an overproduction of CYP450s gene products without a stimulus of 

insecticide exposure.  

2.2.1.3. Glutathione-S-transferases (GSTs):  

Glutathione-S-transferases are dimeric proteins with a crucial role in metabolism, 

detoxification and excretion of various xenobiotic compounds. GSTs are soluble protein 

and are classified into three categories – microsomal, cytosolic and mitochondrial based 

on their location in the cell, majority of the GSTs being cytosolic in nature (Che-



71 | P a g e  
 

Mendoza et al., 2009). However, till date only microsomal and cytosolic GSTs are 

reported in insects. Cytosolic GSTs are the major GSTs group to be involved in 

insecticide detoxification (Claudianos et al., 2006; Che-Mendoza et al., 2009). Six 

different classes of insect GSTs have been reported in An. gambiae (Ranson et al., 2002), 

among which Delta and Epsilon classes are the largest. 

Cytosolic GSTs are primarily involved in the detoxification of both endogenous 

and exogenous compounds either directly or by secondary metabolism of wide range of 

compounds that are earlier oxidized by CYP450s enzyme family (Enayati et al., 2005). 

Cytosolic GSTs metabolize an array of hydrophobic and hydrophilic compounds by 

catalyzing conjugation of reduced glutathione (GSH) with the xenobiotic compounds like 

insecticides and reactive oxygen species (ROS) including superoxide anions, hydroxide 

radicals and hydrogen peroxide (Lumjuan et al., 2007; Reddy et al., 2011). As mentioned 

earlier, the general purpose of these enzymatic reactions remain an increase in the 

compound solubility for rapid excretion from the body (Ranson and Hemingway, 2005).  

A GST subunit comprise of two domains i) N- terminus which has GSH binding 

site (G-site) and is a highly conserved domain; ii) C- terminus that provides hydrophobic 

substrate binding site (H-site) and is variable (Lumjuan et al., 2007). Variation in the C-

terminus of GSTs subunit results in diverse substrate specificity of the GST supergene 

family in insects. Moreover, few amino acid substitutions might result in dramatic change 

in the substrate specificity of GSTs family (Ortelli et al., 2003) 

An increase in the normal GSTs activity in insects has been linked to resistance to 

all four classes of insecticides in general (Hemingway et al., 2004). The increase in GSTs 
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activity might be due to elevated amount of GSTs enzymes resulting either from an 

increase in the transcriptional rate or due to gene amplification. However, possibility of 

quantitative change in individual GSTs enzyme, which in turn results in elevated GSTs 

activity in insects have not been reported (Hemingway et al., 2004). 

Since its first identification in insect species, increased GSTs activity in insects 

has been linked to organophosphorous insecticide (Hayes and Wolf, 1988). 

Organophosphate insecticides are usually applied in non-toxic phosphorothionate form 

which are later in the insects’s body converted to its active form by the action of CYP450s. 

The GSTs are also involved in secondary metabolism of organophosphate insecticides as 

this enzyme family is reported to detoxify the active oxon analogue of organophosphate 

insecticides leading to organophosphate resistance in mosquito vectors with increased 

GSTs activity. Apart from organophosphate insecticides, GSTs play a role in the 

mechanism of DDT resistance also by catalyzing the dehydrochlorination of DDT 

thereby leading to resistance development in mosquito vectors to DDT (Hemingway et 

al., 2004). Although GSTs are not directly involved in detoxification of synthetic 

pyrethroids, they catalyze detoxification of lipid peroxidation products that are produced 

by the induction of synthetic pyrethroids (Vontas et al., 2001). As such, this enzyme 

group also play an important role in the onset of resistance to synthetic pyrethroids in 

mosquito vectors. GSTs might also sequester synthetic pyrethroids in the insect body and 

in turn protect insects from toxicity of synthetic pyrethroids (Kostaropoulos et al., 2001). 

In Cx. quinquefasciatus, elevated levels of GSTs have been recorded in 

populations resistant to DDT, carbosulfan and permethrin along with increased esterases 

activity (Corbel et al., 2007). Similar involvement of GSTs in resistance development in 
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Cx. quinquefasciatus have been reported from Malaysia where elevated GSTs activity 

were observed for the first time on contrary to previous studies where post propoxur 

inhibition, there was no increase in the GSTs activity of Cx. quinquefasciatus populations 

(Low et al., 2013b). Elevated levels of GSTs enzyme was reported as a secondary 

mechanism of resistance development against DDT, deltamethrin and permethrin in Cx. 

quinquefasciatus populations of Macha district in Zambia (Norris and Norris, 2011). 

Moreover, increased level of GSTs activity of the field collected population when 

compared to SLAB (laboratory reared susceptible) population was found to be correlated 

with DDT resistance in the Cx. quinquefasciatus population of Assam, India (Sarkar et 

al., 2009). The result of enzyme activity level is also dependent on the age of mosquitoes 

used for the biochemical assay. With increasing age of the mosquito population, 

susceptibility towards insecticides is reported to increase (Rajatileka et al., 2011). 

Decrease in the amount of detoxifying enzymes in older mosquitoes when compared to 2-

3 days old ones is thought to be the reason behind such decrease in insecticide resistance 

(Rajatileka et al., 2011). Elevated GSTs activity was also reported from Ghana in Cx. 

quinquefasciatus populations that were resistant to DDT and synthetic pyrethroids 

(Kudom, 2015). 

2.2.2. Target-site insensitivity: 

A mutation (point mutation) in the genes that encode proteins at the target-site of 

insecticides results in target-site insensitivity. Any structural modification in the target 

protein resulting from mutation in the genes encoding such proteins inhibit the normal 

interaction of target proteins with insecticides. The inability of applied insecticide to bind 

with a receptor at its specific target site results in the development of resistance due to 
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target-site insensitivity. Every insecticide on entering an insect’s body bind to a particular 

receptor to exert its toxic effect on the insect. DDT and insecticides belonging to the 

synthetic pyrethroids group target the voltage-gated sodium channels (vgsc) in insects 

including mosquitoes. Binding of DDT and synthetic pyrethroids in the voltage-gated 

sodium channel results in prolonged opening of the channel. This prolonged 

depolarization of the nerve membrane causes the insect’s nervous system to discharge 

repetitively resulting in paralysis and then death of the insect. Likewise, organophosphate 

and carbamate insecticides target the acetylcholinesterase (AChE) enzyme. AChE is a 

key enzyme in the nervous system which terminates nerve impulses by catalyzing the 

hydrolysis of acetylcholine neurotransmitters. Organophosphate and carbamate 

insecticides on binding with AChE enzyme inhibit the enzyme’s activity by covalent 

phosphorylation by carbamylation of serine residues in the enzyme’s active site. Inability 

of AChE to terminate nerve impulse in the insect’s nervous system leads to continuous 

transmission of nerve impulse and ultimately death. Cyclodiene insecticides such as 

dieldrin and phenylpyrazzole insecticides such as fipronil target the GABA (ɤ-amino 

butyric acid) receptor. Binding of neurotransmitter GABA with its Type A GABA 

receptor causes rapid closure of the pentameric transmembrane chlorine channel. 

Insecticides like dieldrin and fipronil bind with GABA receptors thereby inhibiting the 

binding of neurotransmitter GABA with its receptor and gating of the chlorine channel. 

Any mutation in the GABA receptor leads to its structural modification and renders the 

protein unable to bind with insecticides. Therefore, structural modification of receptor 

proteins because of mutation in the genes that encode those proteins make the target 
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protein insensitive to the insecticides targeting those sites ultimately leading to 

development of resistance phenomenon in insects against the insecticides applied. 

2.2.2.1. Voltage-gated sodium channel (vgsc): 

The vgsc is a critical component of the insect nervous system and is required for 

the initiation and propagation of action potentials (electrical impulse). Action potentials 

across membrane are generated to conduct electrical information throughout the nervous 

system. When the membrane of excitable cell is at resting potential, the cell is in an 

inactive state and the sodium channel is closed. Upon activation, the cell membrane is 

depolarized leading to opening of sodium channel. Sodium channels open to allow the 

flow of sodium ions into the cell causing further depolarization of the membrane. This 

generation of transient sodium current results in action potential of the nerve impulse. 

However, after few milliseconds of channel activation, due to a conformational change in 

sodium channel, entry of sodium ions across the cell membrane is blocked. This process 

of fast inactivation is responsible for the falling phase of action potential (Dong, 2007) 

and when the membrane potential reaches its resting state, the sodium channel closes 

(Vais et al., 2001).  

Volatge-gated sodium channel (vgsc) comprises four homologous domains (I – 

IV) with six transmembrane helices or segments (S1 – S6) in each of the four domains. 

Most insects have a single copy of vgsc gene which encodes a protein – vgsc of ~2050 

amino acids. Vgsc protein is a highly conserved protein and diversity in vgsc protein 

between species or between cells of an individual may result from mutually exclusive 

exons, exons with variable 3', 5' splice sites, optional exons, and RNA editing that 

produces sodium channels with different gating properties and neuronal excitability 
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(Scott, 2019). The vgsc protein diversity can also be measured by the identification of 

different number of haplotypes. Study upon vgsc diversity is important, as a vivid 

knowledge on vgsc variation will be fruitful in predicting the role of new mutations 

discovered in the development of insecticide resistance. 

As the vgsc play an important role in the membrane excitability and transmission 

of nerve impulse, it is a target for many neurotoxins such as tetrodotoxin, batrachotoxin, 

and scorpion toxin produced either for defense or for predation (Wang and Wang, 2003). 

Insecticides belonging to synthetic pyrethroid class and DDT also target the sodium 

channel. Synthetic pyrethroids and DDT prolong the opening period of sodium channel 

by inhibiting channel deactivation and stabilization of channel open configuration 

resulting in prolonged membrane depolarization and ultimately death of the insect. DDT 

and synthetic pyrethroids modify the gating kinetics of sodium channel as these 

insecticides slow both the activation and inactivation of the channel (Hemingway et al., 

2004). Type II pyrethroids (like deltamethrin) prolong the opening of sodium channel 

during an action potential for a much longer time than Type I pyrethroids. However, the 

half activation potential i.e. the membrane potential where 50% of the sodium channels 

are open is greater on the application of Type I pyrethroids (Vais et al., 2001). Because of 

the binding of pyrethroids and DDT with sodium channel receptor protein, depolarization 

of nerve membrane continues even when the cell is at resting potential thereby causing 

repetitive discharges of electrical impulse and eventually paralysis and death of the 

insect. Apart from synthetic pyrethroids and DDT, vgsc blockers (eg. oxadiazine 

indoxacarb and semicarbazone metaflumizone) are another group of insecticides that 

upon binding with the sodium channel protein causes slow activation of the channel and 



77 | P a g e  
 

impair the conduction of sodium ions thereby eventually causing death of the insect. Lack 

of cross resistance in the target site between these two different groups of insecticides 

suggest different role of synthetic pyrethroids/DDT and the vgsc blockers in mosquito 

vgsc (Shono et al., 2004) though an exception has also been reported (Smith et al., 2018). 

Unrestrained use of insecticides since many decades, to control insects and other 

arthropod pests in both agricultural and health sectors have led to the development of 

resistance. A major mechanism of resistance due to intensive use of pyrethroid 

insecticides and DDT is the knockdown resistance (kdr). Kdr results from reduced 

sensitivity of sodium channels (primary target-site of synthetic pyrethroids and DDT) 

which arises due to point mutation(s) in the insect sodium channel. Decades of over 

exploitation of synthetic pyrethroids and DDT has led to kdr development in insects 

including the mosquito vectors and as such 61 mutations or combination of mutations in 

the vgsc protein has been reported (as reviewed by Scott, 2019) many of which confer 

resistance to synthetic pyrethroids and DDT. Rest of the mutations are yet to be tested for 

their ability to cause target-site insensitivity to synthetic pyrethroids and DDT (Scott, 

2019). 

Molecular analysis of the sodium channel revealed kdr mutation with a 

substitution of leucine by phenylalanine in the 1014 codon position in the sixth segment 

of domain II of the sodium channel gene in housefly Musca domestica and German 

cockroach Blatella germanica that were resistant to pyrethroids (Miyazaki et al., 1996). 

After this first discovery of L1014F kdr mutation in pyrethroid resistant housefly and 

cockroach, the same mutation was also reported from various insect pests over the 

following years – diamondback moths Plutella xylostella, peach-potato aphids Myzus 
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persicae, western flower thrips Frankliniella occidentalis and Colorado potato beetles 

Leptinotarsa decemlineata (as reviewed by Dong, 2007). The kdr mutation was also 

reported from mosquitoes Anopheles gambiae (Martinez-Torres et al., 1998), Culex 

pipiens (Martinez-Torres et al., 1999) and Cx. quinquefasciatus (Xu et al., 2005). 

Substitution of leucine by serine, histidine, cysteine and tryptophan (L1014F/H/C/W) has 

also been reported in the mosquito vectors (Scott, 2019). The substitution by serine in the 

1014 codon position of sodium channel was earlier reported in Cx. pipiens (Martinez-

Torres et al., 1999) and in An. gambiae (Ranson et al., 2000). 

Eleven synonymous mutations have been identified in pyrethroid resistant 

mosquito vectors so far (Scott, 2019). These include, mutation from leucine to 

phenylalanine / serine / histidine / cysteine / tryptophan (L1014F/S/H/C/W), from 

isoleucine to methionine / valine (I1014M/V), from valine to glycine (V1016G), from 

phenylalanine to cysteine (F1534C), from serine to proline (S989P), from valine to 

leucine (V1010L), from asparagine to tyrosine (N1575Y) and from asparagine to tyrosine 

(N1794Y). 

The common L1014F kdr mutation studied and reported in Culex and Anopheles 

mosquitoes was not found to be present in Aedes aegypti. Synthetic pyrethroids and DDT 

resistant strains of Ae. aegypti did not report any mutations at 1014 codon, the reason 

behind was regarded to be codon bias (Scott, 2019). This may be due to the need of 

simultaneous double nucleotide substitution at the 1014 codon in Ae. aegypti needed in 

order to have the required amino acids for kdr mutation and associated insecticide 

resistance. Instead of L1014 mutation, other kdr mutations such as V1016G, S989P, 
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F1534C, and V410L are in Ae. aegypti that confers resistance to synthetic pyrethroids 

and DDT.  

The most common and widely studied L1014F mutation in Cx. quinquefasciatus 

associated with insecticide resistance to synthetic pyrethroids and DDT have been 

reported from different regions of the world and its presence has also been linked to 

resistance development in the vector population. Other substitutions like histidine and 

serine in place of leucine (L1014H/S) was reported from other mosquito vectors like An. 

gambiae and Cx. pipiens complex. However, these kdr mutations have not been reported 

in Cx. quinquefasciatus until date. 

In highly resistant mosquito strains, combination of more than one mutations has 

been reported to co-confer insecticide resistance like S989P + V1016G in Ae. aegypti, 

V1010L + L1014S in An. culicifacies, L1014F + N1575Y in An. gambiae and V1016G + 

D1794Y in Ae. aegypti (Liu, 2015). Moreover, triple mutations in the sodium channel 

gene – S989P + V1016G + F1534C in Ae. aegypti is reported to cause highest levels of 

resistance to synthetic pyrethroids when compared to S989P + V1016G mutations (Scott, 

2019) where a cut and paste pattern of mutations is suggested that causes an increase in 

the resistance level. In super kdr house flies i.e., house fly strain exhibiting higher 

resistance to synthetic pyrethroids and DDT as compared to kdr houseflies, an additional 

mutation from methionine to threonine (M918T) occurs in segment IV-V of domain II of 

the vgsc along with the common L1014F mutation in segment six of domain II in the 

vgsc (Dong, 2007). 
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Collection of Cx. quinquefasciatus from fields having low insecticide resistance, 

susceptible strain and permethrin-selected strain having high insecticide resistance and 

studies conducted, showed the presence of nine mutations in the entire sodium channel. 

Three non-synonymous mutations, from alanine to serine (A109S), leucine to 

phenylalanine (L982F), tryptophan to arginine (W1573R) and six synonymous mutations 

are identified. Positive correlation between different levels of permethrin resistance 

observed in different mosquito strains and distribution of polymorphism frequency of 

both mutations suggest a great possibility of synonymous and non-synonymous mutations 

to be directly linked to not only the evolution of insecticide resistance but also to the 

inheritance of resistance pattern among insecticide selected generation of Cx. 

quinquefasciatus. The coexistence of nine mutations (synonymous and non-synonymous) 

in different strains of Cx. quinquefasciatus revealed 13 possible mutation combinations 

(Li et al., 2012; Liu, 2015). Moreover, non-synonymous mutations apart from resistance 

development may be associated with different biological factors thus significantly 

altering gene functions, indulging in the formation of protein secondary structures, 

protein folding and interaction of protein with its substrate (Gupta et al., 2000; Kimchi-

Sarfaty et al., 2007; Liu, 2015). However, synonymous mutations are believed to have no 

role in insecticide resistance as these mutations do not change the codon sequence and as 

such cannot alter the protein function (Kimchi-Sarfaty et al., 2007). Apart from the large 

number of mutations in the vgsc and their association with resistance development 

against synthetic pyrethroids and DDT, the onset of resistance through inheritance 

because of mutation in vgsc is reported to be incompletely recessive (Scott, 2019). 
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2.2.2.2. Acetylcholinesterase (AChE) receptor:  

Insensitive AChE – the target site of organophosphate and carbamate insecticides 

confer insecticide resistance in various mosquito species. Organophosphate and 

carbamate insecticides target AChE by inhibiting the enzyme’s activity of terminating 

nerve impulses through hydrolysis of acetylcholine by covalent phosphorylation of the 

serine residue in active site of the enzyme. Insensitive AChE is reported to be the most 

common mechanism of resistance against organophosphate and carbamate insecticides in 

several mosquito species including Cx. quinquefasciatus (Hemingway et al., 2004). 

Insecticide resistance in mosquito species due to insensitive AChE usually confers high 

carbamate resistance and comparably lower organophosphate resistance (Russell et al., 

2004). 

Although two AChE genes ace-1 and ace-2 is reported in different mosquito 

species, which encode AChE1 and AChE2 proteins, resistance to organophosphate and 

carbamate insecticides in mosquitoes is linked to only AChE1 (Liu, 2015). In 

mosquitoes, two different types of mutations in AChE1 are reported until date to confer 

resistance to organophosphate and carbamates through insensitivity to the applied 

insecticides.  Mutation in the 119 codon in AChE1 from glycine to serine (G119S) is 

reported to be associated with high levels of resistance to organophosphate and carbamate 

insecticide in Cx. quinquefasciatus and other mosquito species like Cx. pipiens, Cx. 

vishnui and An. gambiae as well (Liu, 2015). Glycine to Serine substitution in AChE1 

protein causes steric hindrance that in turn reduces the affinity of AChE1 to its substrates 

and inhibitors thereby making the protein insensitive (Alout and Weill, 2008). The 

second mutation in AChE1 to confer resistance to organophosphate insecticides in Cx. 
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tritaeniorhynchus is substitution of Phenylalanine by Tryptophan (F by W) in 455 codon 

of AChE1 (F455W). Similar mutation (F455W) is reported to confer organophosphate 

and carbamate resistance in several insects thereby indicating the involvement and 

importance of this mutation in the development of insecticide resistance. 

2.2.2.3. GABA receptors: 

Cyclodiene insecticides such as dieldrin and phenyl pyrazole insecticide such as 

fipronil target the GABA receptor which is the binding site of neurotransmitter GABA 

that function as an agonist to open the pentameric transmembrane chlorine channel. A 

point mutation at 296-codon position in Rdl (resistance to dieldrin) gene in GABA 

receptor because of substitution of alanine by serine / glycine is reported to confer 

insecticide resistance in many insects including mosquito vectors (Liu, 2015). The A296S 

(alanine – serine) mutation is studied in Anopheles and Aedes mosquitoes and reported to 

cause dieldrin resistance (Du et al., 2005) however, A296G (alanine – glycine) is 

reported from An. gambiae only (Du et al., 2005). A296 mutation occurs in second 

transmembrane region of RDL subunit that forms the principal component of ion-channel 

and hence is associated with not only insecticide insensitivity but also to decreased 

desensitization rate (Hemingway et al., 2004). In Cx. quinquefasciatus and An. stephensi 

resistance to fipronil is reported (Davari et al., 2007; Liu et al., 2005) despite the absence 

of any specific mutation in GABA receptor associated with fipronil resistance (Liu, 

2015). This finding suggests the involvement of other mechanisms of resistance to 

fipronil in mosquito vectors. Moreover, similar mode of action and target site of both 

dieldrin and fipronil suggest the application of the latter insecticide with outmost 
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precaution keeping in mind the previously developed resistance against dieldrin in the 

mosquito vectors. 

2.3. Biolarvicides: 

Biolarvicides such as Bacillus thuringiensis var. israelensis (Bti) and 

Lysinibacillus sphaericus (Lbs) produce bacterial endotoxin that is activated by the 

mosquito larval intestinal proteases. The activated endotoxins bind to specific receptors 

of the epithelial lining of larval intestine gradually resulting in death of the larvae (Lopes 

et al., 2019). Apart from its toxic effects on mosquito larvae, biolarvicides are applied for 

vector control because of their non-hazardous property towards the environment; high 

target specificity and low cost of management. Bti and Lbs are used for the control of 

mosquito vectors like Cx. quinquefasciatus, Aedes sp. and Anopheles sp. since the late 

1980s. Lbs is generally used to control Culex and Anopheles mosquitoes and has a 

property of self-recycling in water with high organic content i.e., an ideal breeding 

habitat of Cx. quinquefasciatus. Biolarvicides can be used to control mosquito species 

like Culex and Anopheles that have already developed resistance to chemical insecticides. 

Compared to Bti, Lbs appears more efficient and promising in controlling Cx. 

quinquefasciatus as this bacteria is stable and has greater activity in polluted organic rich 

water where Cx. quinquefasciatus habitat. Lbs was applied in a large scale in Germany 

(Becker, 2000) and France to control Cx. pipiens that showed resistance to temephos, 

which is an organophosphate insecticide. It was applied in the tropical countries against 

Culex and Anopheles species in order to control the transmission of vector-borne diseases 

– malaria and filariasis as well. Recently Lbs was efficiently used to control Cx. 
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quinquefasciatus and Ae. aegypti populations in Columbia thereby paving an alternative 

pathway of vector control (Ahmed et al.,2007). However, the mosquito populations 

started developing resistance against biolarvicides as well. Resistance against Lbs has 

been reported in Cx. pipiens and Cx. quinquefasciatus since 1990s, first in laboratory 

selected Culex population and later in field treated populations from France, India, Brazil, 

China and Thailand (Charles and Nielsen-Leroux, 2005). However, there are no reports 

on resistance to Lbs in Anopheles populations and on resistance to Bti in mosquito 

vectors. In Cx. quinquefasciatus cqm1 gene encodes a protein for intestinal epithelium 

and any mutation in the gene results in resistance against Lbs (Lopes et al., 2019). 

2.4. Cost of resistance development (Fitness cost): 

Resistance developed against insecticides may cause some alterations in the 

normal physiology and life history traits of the insects. The primary aim of studying 

fitness cost of insecticide resistance in mosquito vectors is to examine the time-based 

resistance level in field populations of vectors that are exposed to insecticides (Belinato 

and Martins 2016). Information on the fitness cost of resistance and knowledge on which 

physiological parameters are affected by a particular resistance mechanism is important 

in designing better strategies of mosquito control. Several parameters like larvae 

development time, fecundity, chitin synthesis, life span, width of wings, blood feeding, 

adult longevity, mating competition, ability to avoid predators and the amount of ingested 

blood is usually studied for analysis of the fitness cost related to a particular resistance. 

Cx. quinquefasciatus populations that were resistant to synthetic pyrethroids showed 

longer larval development time when studied in the laboratory (Li et al., 2002). Likewise, 

Cx. pipiens populations having resistant ace-1
R 

(insensitive AChE) and over production 
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of esterase (Ester
1
, Ester

4
) also showed a longer development time-period for larval 

growth (Belinato et al., 2016). Cx. pipiens populations with resistant ace-1
R
 allele that 

codes for G119S mutation in the AChE, showed severe fitness cost as the frequency of 

resistant allele decreased on removal of insecticide selection pressure (Berticat et al., 

2004).  There are also reports on organophosphate resistant Aedes aegypti populations 

showing low reproductive capacity as the resistant males fecundate few numbers of 

females only (Belinato et al., 2012). Carbamate and synthetic pyrethroid resistant 

populations of Cx. quinquefasciatus mosquitoes showed cost of resistance development 

because fewer adult females emerged in insecticide-free environment as compared to the 

susceptible population (Berticat et al., 2008).  Moreover, the study also reported the 

compensation of fitness cost due to the presence of ace-1
R
 by Kdr

R 
allele (altered sodium 

channel gene conferring knockdown resistance) when present together in an insecticide-

free environment (Berticat et al., 2008). This is a major issue of concern and studies 

directed towards fitness cost associated with resistance  in mosquito vectors has to be 

carried out in a more vigorous manner so that a definite strategy is build up in the control 

of mosquito vectors. 
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3. OBJECTIVES OF THE RESEARCH: 

 

The objectives of the present study are as follows-  

 To survey and sample Culex quinquefasciatus populations from different districts of 

northern part of West Bengal, India. 

 To evaluate the insecticide susceptibility status of both wild and laboratory cultured 

Culex quinquefasciatus populations against a larvicide and six different adulticides. 

 To study the role of major detoxifying enzymes i.e., Carboxylesterases, Glutathione S-

transferases and Cytochrome P450 monooxygenases in the development of resistance 

through quantitative enzyme assays and electrophoretic study for Carboxylesterases. 

 To assess the presence of mutation in target-site voltage gated sodium channel gene 

(L1014F) and its role in conferring insecticide resistance among different Culex 

quinquefasciatus populations. 
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4. MATERIALS AND METHODS: 

4.1. Mosquito sampling area: 

Field populations of Cx. quinquefasciatus were collected from six different districts of 

northern region of West Bengal, India namely: Alipurduar, Coochbehar, Darjeeling, 

Jalpaiguri, Malda and Uttar Dinajpur owing to the prevalence of vector-borne diseases 

in these districts (Figure 11).  

 

Figure 11: Different sampling sites of Cx. quinquefasciatus from six districts of northern West 

Bengal, India. 1-Alipurduar (APD); 2-Coochbehar Town (COB); 3-Mekhliganj 

(MEK); 4-Tufanganj (TFG); 5-Bidhannagar (BDN); 6-Shivmandir (SHM); 7-Siliguri 

(SLG); 8-Dhupguri (DPG); 9-Fulbari (FLB); 10-Jalpaiguri Town (JPT); 11-

Harishchandrapur (HCP); 12-Malda Town (MLT); 13-Samsi (SAM); 14-Chopra 

(CPR); 15-Dalkhola (DLK); 16-Islampur (ISL) 
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 Out of the six districts surveyed for Culex mosquitoes, Coochbehar and Malda 

are endemic to lymphatic filariasis apart from other vector-borne diseases. Details of the 

sampling districts along with other factors relevant to the present study are given in 

Table 7. 

 

Table 7:  Details of the sampling districts of Cx. quinquefasciatus from West Bengal. 

 
Districts Geographical 

coordinates 

Disease 

endemicity 

Sampling sites Abbreviation 

used 

Generation 

used 

Alipurduar 26.40˚N - 26.83˚N; 

89.0˚E - 89.9˚E 

Dengue, 

Malaria, 

JE 

Alipurduar APD F1 

Coochbehar 25.57˚N - 26.22˚N; 

88.44˚E  - 89.29˚E 

Dengue, 

Malaria, 

JE, 

Filariasis 

Coochbehar 

Town 

COB F1 

Mekhliganj MEK F1 

Tufanganj TFG F1 

Darjeeling 26.31˚N - 27.13˚N; 

87.59˚E  - 88.56˚E 

Dengue, 

Malaria, 

JE, AES 

Bidhannagar BDN F1 

Shivmandir SHM F1 

Siliguri SLG F1 

Jalpaiguri 26.16˚N  - 27˚N; 

88.4˚E - 89.53˚E 

Dengue, 

Malaria, 

JE, AES 

Dhupguri DPG F1 

Fulbari FLB F1 

Jalpaiguri Town JPT F1 

Malda 24.4˚N - 25.32˚N; 

87.45˚E  - 88.28˚E 

Dengue, JE, 

Malaria, 

Filariasis 

Harishchandrapur HCP F1 

Malda Town MLT F1 

Samsi SAM F1 

Uttar 

Dinajpur 

25.11˚N - 26.49˚N; 

87.49˚E  - 90˚E 

Dengue, 

Malaria, 

JE, AES 

Chopra CPR F1 

Dalkhola DLK F1 

Islampur ISL F1 

*JE: Japanese Encephalitis, AES: Acute Encephalitis syndrome, F1: First filial generation 

 

Except from Alipurduar district, more than one field population of Cx. 

quinquefasciatus were collected from three sites including different blocks and areas 
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from each district. A total of sixteen different populations of Cx. quinquefasciatus were 

collected from six districts of Northern West Bengal. The mosquito populations 

collected from a particular site was named after the name of collection area in 

abbreviated form. The sampling sites include: APD from Alipurduar, COB, MEK, TFG 

from Coochbehar, BDN, SHM, SLG from Darjeeling, FLB, DPG, JPT from Jalpaiguri, 

HCP, MLT, SAM from Malda and CPR, DLK, ISL from Uttar Dinajpur.  

 

4.2. Mosquito collection: 

 Larvae and pupae of Cx. quinquefasciatus were collected from sixteen densely 

populated areas from six districts of Northern West Bengal, India. The sampling sites 

were surveyed for all possible mosquito breeding habitats with favourable environment 

and shady areas without direct sunlight. Sampling was conducted from February 2017 - 

March 2020 from various breeding habitats of Cx. quinquefasciatus such as drains, 

stagnant water, pools, plastic containers, discarded buckets, earthen pots, sewers and 

cemented channels (Figure 12). A 500 ml plastic beaker was used for the purpose and 8-

10 dips were made at a particular sampling site. After a first stroke, initial identification 

of larvae and pupae collected were done and then transferred to plastic containers and 

brought to the laboratory. Average larval and pupal density of Cx. quinquefasciatus from 

each sampling sites were calculated. Prior permission from the land owner was taken 

whenever sampling was performed in private land and also from the Officer-in-charge 

when sampling in government areas. 
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Figure 12: Collection of Cx. quinquefasciatus larvae from its habitat. 

 

 

4.3. Rearing of field caught mosquito populations: 

 The field collected mosquito larvae and pupae were identified to species level 

following standard mosquito identification keys (Tyagi et al., 2015) in the laboratory 

and those identified as Cx. quinquefasciatus were reared to F1 generation under 

controlled laboratory conditions. Different bioassays and biochemical tests were 

performed with the F1 generation in order to maintain homogeneity of the population. 
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4.4. Rearing of susceptible reference population: 

For the laboratory rearing of susceptible mosquito population to be used as a 

control reference in experiments, Culex mosquito populations were surveyed and 

collected from different areas in and around the University campus with no or least 

possibility of insecticide exposure. The field collected Culex larvae after identification 

as Cx. quinquefasciatus (Tyagi et al., 2015) were kept in rearing cage in the laboratory 

under controlled temperature (252⁰C) and relative humidity (70-80%) and was referred 

to as F0 generation (Figure 13A). The mosquito culture was reared to F1 generation and 

was then subjected to insecticide susceptibility bioassays. The mosquito population that 

showed highest susceptibility status as compared to other populations were further 

reared in the laboratory up to the 10
th

 generation (F10) without the interference and 

exposure of insecticides. 

 The F0 larvae were kept in 1000 ml glass beakers and ground fish feed powder 

was provided for the mosquito larvae to feed upon. After pupation of the fourth instar 

larvae, the pupae were separately kept in another glass beaker in order to avoid 

overcrowding. Five percent sucrose solution soaked in cotton balls was provided as 

sugar source for the newly emerged adult mosquitoes.  The emerged adults were then 

cross checked with adult identification keys for authenticity of the work. After two days 

of sucrose feeding, the adults were starved on the third day to make them ready for 

blood meal to be provided on the fourth day of emergence. Clean, trimmed and 

anesthetised albino rat was kept in the mosquito rearing cage for blood feeding by the 

female mosquitoes. Albino rat was collected from the Animal Rearing Centre, 

Department of Zoology, University of North Bengal. Along with the blood meal source, 

an egg laying apparatus for adult females was also kept inside the rearing set up.  
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Figure 13A: Laboratory culture setup for rearing of Cx. quinquefascaitus (a); Egg rafts  

        obtained from culture (b); Larva from the laboratory culture (c). 

 

 Dried hay was soaked in water and boiled till the colour of water turned 

brownish and turbid. The water was then allowed to cool at room temperature and then 

placed in glass beakers inside the rearing cage as the egg laying apparatus. The egg 

laying apparatus having egg rafts were taken out of the rearing set up and the egg rafts 

placed in enamel trays which were filled with water (Figure 13 B). Hatching of first 

instar larvae from the egg rafts marked the beginning of the next filial generation (Figure 

14). 
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Figure 13B: Shifting of egg rafts from the egg laying apparatus to 

enamel trays for hatching and subsequent growth of larvae 

in the laboratory mosquito rearing. 
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Figure 14: Life cycle of laboratory reared Cx. quinquefasciatus under controlled room  

temperature and relative humidity. 

 

 

The entire process was repeated for several generations till F10 generation of 

susceptible population of Cx. quinquefasciatus was obtained. The laboratory reared F10 

generation were considered as laboratory reared susceptible population (SP) and used as 

control for insecticide susceptibility bioassays and biochemical studies involving the 

metabolic enzymes. 
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4.5. Survey of mosquito larvae: 

 Mosquito larvae belonging to genus Culex were collected from mosquito 

breeding habitats like drains, cemented tanks, channels, artificial containers, muddy 

pools, stagnant water bodies, puddles etc. The sampling sites were screened once in 

every two months for the presence of Culex larvae. Residential areas with both proper 

and poor drainage system were visited for the purpose of mosquito sampling. A 

minimum of 50 houses or premises were included for random collection of mosquito 

larvae in a particular sampling site. Drains along highways and roads were also screened 

for the presence of Culex larvae. Larvae collection was done using a 500 ml plastic 

beaker and 8-10 random dips were made at a particular sampling site. Total larvae were 

kept in plastic containers and brought to the laboratory for identification. Average larval 

density index (total number of larvae collected / total number of random dips made at a 

sampling site) was calculated for each sampling site. Preferred breeding habitat of Culex 

mosquitoes and co-existence of other insect vectors and insect species were also studied 

in the laboratory from the sample collected.   

 

4.6. Insecticide susceptibility assays (Bioassays): 

 

4.6.1. Insecticide source: 

Larval bioassay for insecticide susceptibility test was performed against one 

commonly used larvicide i.e., temephos which is an organophosphate insecticide. Six 

different adulticides belonging to four different classes of insecticides for adult bioassay 

were used: 

i) Malathion (5%) an organophosphate,  

ii) Deltamethrin (0.05%), Lambdacyhalothrin (0.05%) and Permethrin (0.75%) – 

synthetic pyrethroids,  
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iii) Propoxur (0.1%) a carbamate and 

iv) DDT (4%) an organochlorine.   

The insecticides mentioned above were purchased from Vector control unit, Universiti 

Sains Malaysia (a WHO Collaborating Centre). Temephos was purchased as 156.25 g/ml 

solution while the adulticides were purchased as insecticide impregnated papers. 

 

4.6.2. Larval bioassay:  

 Larval susceptibility to temephos in Cx. quinquefasciatus from different districts 

of northern West Bengal were tested in the laboratory following WHO guidelines (WHO 

2005). WHO recommended dose of 0.02 ppm and National Vector Borne Disease 

Control Programme recommended dose of 0.0125 ppm were prepared in test vials 

having 200 ml water for assessing the susceptibility status of Cx. quinquefasciatus 

larvae collected from different districts. Thirty late third – early fourth instar larvae of 

Cx. quinquefasciatus from each sampling site were exposed to two different 

concentrations of temephos in the test vials (Figure 15a). The experiment was performed 

in triplicate to avoid any handling error and a control was set up using the laboratory 

reared susceptible population with the exposure to ethanol in water only. After 24 hours 

of temephos exposure, mortality percentage of larvae was calculated. The larvae were 

considered dead or moribund if they failed to respond when stimulated or touched by a 

fine brush (WHO, 2005). 

The larval population of Cx. quinquefasciatus were also tested against other 

different dosages of temephos in water for determination of lethal concentration LC50 

(concentration at which 50% larvae are dead) and LC90 (concentration at which 90% 

larvae are dead) values of a particular population. For determination of LC50 and LC90 

values of each population, six dosages lower than the above mentioned dosages of 
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temephos were prepared. To test the mortality percentage of mosquito larvae, 25-30 late 

third instar – early fourth instar larvae from each field collected population and 

laboratory reared susceptible population were kept in test vials containing six different 

concentrations of temephos. The experiment was repeated thrice and a set of control was 

run where mosquito larvae were exposed to ethanol (pure solvent) in water only.  

Figure 15: Setup for insecticide susceptibility assays. a. Larval bioassay; b. Adult bioassay. 

After 24 hours of temephos exposure, larval mortality was calculated. During 

the exposure period if any larva pupated, the pupa was not included in the mortality 

calculation. In the control set up, if larval mortality was less than 5% then Abbott’s 

correction was not applied. 

 

4.6.3. Adult bioassay:  

The mosquito adult bioassay tests were performed following standard WHO 

protocol (WHO, 2006; WHO, 2016b). Twenty five to thirty, 2-3 days old adult non 

blood-fed mosquitoes from each field population and also from SP were exposed for an 

hour to particular insecticide-treated paper placed inside bioassay tube (Figure 15b). 

Insecticide dose for adult exposure was used following the WHO recommended dose 

i.e., 0.05% deltamethrin, 0.05% lambdacyhalothrin, 0.75% permethrin, 5% malathion, 
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0.1% propoxur and 4% DDT. After 1 hour of insecticide exposure the adults were 

shifted to a retention tube and cotton balls soaked with 10% sucrose solution was 

provided as food source.  Mortality percentage was calculated after 24 hours of post 

insecticide exposure period in the retention tube. A control was set up where mosquitoes 

were exposed to acetone-impregnated filter papers (control for synthetic pyrethroid and 

organochlorines) and ethanol–impregnated filter papers (control for organophosphate 

and carbamate insecticides). Three replicates were run for each experiments and the 

experimental set up was left undisturbed at laboratory condition. Mean value of three 

experiments performed for each insecticide was taken as mortality percentage of a 

mosquito population against that insecticide.   

For the calculation of knockdown time (KDT) of the synthetic pyrethroids and 

DDT in adult mosquitoes, knocked down mosquitoes (paralysed and unable to retain 

flight) were calculated after every 10 minutes during the 1 hour exposure to insecticides. 

 

4.7. Synergist assays:  

The synergist assays were conducted using two most commonly used synergists 

Piperonyl butoxide (PBO, 90% from Sigma-Aldrich, Switzerland) – cytochrome P450s 

(CYP450s) inhibitor and Triphenyl phosphate (TPP, 99% from Sigma-Aldrich, Germany) 

– carboxylesterases (CCEs) inhibitor. The test was conducted in order to study the 

effectiveness of synergists in increasing the mortality rate of field collected adult 

mosquitoes against insecticides by affecting the detoxifying enzymes. Synergists were 

used in their sub-lethal dose i.e., 4% PBO and 10% TPP which does not harm the 

mosquito’s survival rate but inhibits detoxifying enzymes in conferring resistance to 

insecticides. Thirty non-blood fed adults were exposed to synergist-impregnated paper 

for an hour in bioassay tubes and then were exposed to insecticide-impregnated paper 
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for an hour. After an hour of insecticide exposure the mosquitoes were then shifted to 

retention tube like in the adult bioassay test and mortality counted after 24 hours post 

exposure. The insecticide bioassay tests were taken as positive control and the control 

used in adult bioassay test as negative control. 

 

4.8. Major insecticide detoxifying enzymes’ activity: 

Thirty non blood fed adult Cx. quinquefasciatus mosquitoes from each 

sampling site were taken and homogenized individually in a 1.5 ml centrifuge tube. 

Each mosquito was homogenized in 100 μl 0.02 M sodium phosphate buffer (pH 7.2) 

with a teflon micro pestle and then the pestle was washed with additional 100 μl 0.02 M 

sodium phosphate buffer (pH 7.2) to make a total solution of 200 μl homogenate. After 

homogenisation of individual mosquitoes, the homogenate was centrifuged at 5,000 rpm 

(rotation per minute) for 10 minutes in a high speed refrigerated centrifuge (SIGMA 

3K.30). The supernatent was collected in a fresh and autoclaved 1.5 ml centrifuge tube 

and stored at -20˚C for further use in detoxifying enzyme quantification assays.  

The enzyme activity assays were conducted using a single substrate each for 

cytochrome P450 (CYP450s) monooxygenases and glutathione S-transferases (GSTs) and 

two substrates for carboxylesterases (α-CCEs and β-CCEs). Two technical replicates 

were run for all of the enzyme quantification assays. 

4.8.1. Total soluble protein estimation: 

Total protein content of individual mosquitoes was calculated following the 

protocol of Lowry et al., 1951 from the homogenate / enzyme source. For protein 

estimation alkaline solution was prepared freshly by mixing solution A (2% sodium 

carbonate and 0.1 N sodium hydroxide) and solution B (0.5% copper sulphate and 1% 
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sodium potassium tartarate) in a 50:1 ratio. In a microplate with 96 wells, 2 μl of the 

homogenate was added for individual mosquito followed by 250 μl of the alkaline 

solution. The mixture was left for incubation at room temperature for 10 mins and then 

50 μl of Folin Ciocalteau reagent was added as the staining solution (Figure 16). After 

30 mins of incubation, absorbance was taken at 630 nm (Spectrostar Nano, BMG 

Labtech). Two blanks were prepared with distilled water in place of the mosquito 

homogenate.  Bovine serum albumin in different concentrations was taken as a standard 

in the assay for preparation of a standard curve. 

 

Figure 16: Enzyme assays performed in 96 wells microplate. 
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Total protein content of individual mosquitoes from each sampling site was 

calculated in order to cancel out the size differences of each mosquito and to get a 

precise estimation of enzyme activity or quantification. Therefore, the enzyme activities 

were expressed as per mg protein. 

4.8.2. Non-specific esterase assay: 

 Non-specific esterase or carboxylesterases (CCEs) activity was assayed 

following the protocol of Van Asperen (Van Asperen, 1962) with a slight modification 

of using 96 wells microplate. Two substrates – α-napthyl acetate and β-napthyl acetate 

were used for measuring the activity of α-CCEs and β-CCEs respectively.  Substrate 

solution was prepared in acetone and 0.1 M sodium phosphate buffer. Twenty (20) μl of 

the homogenate was mixed with 200 μl of substrate solution. The mixture was incubated 

at room temperature for 15 mins and 50 μl staining solution (Fast Blue B salt in 5% SDS 

solution) was added. SDS in the staining solution acts as a reaction stopping agent. After 

30 mins of incubation (Figure 16), absorbance was taken at 540 nm in microplate reader 

(Spectrostar Nano, BMG Labtech). For blank preparation, distilled water was used 

instead of the homogenate. 

Standard solution was prepared using α- and β- napthol in varying 

concentration (0.1 µM – 1 µM) for obtaining a standard curve with an absorbance at 540 

nm. The unknown concentrations of esterase enzyme in Cx. quinquefasciatus 

mosquitoes were determined by plotting the optical density data on the standard curves. 
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4.8.3. CYP450s monooxygenases estimation 

Standard protocol of Brogdon et al., 1997 that estimated heme peroxidase 

activities was followed for the estimation of CYP450 monooxygenases. 3,3',5,5'-

Tetramethyl benzidine (TMBZ) in sodium acetate buffer was used as the substrate 

working solution and 200 μl of the working solution was mixed with 20 μl of the 

homogenate. Thereafter, 25 μl of 3% H2O2 was added as the staining solution and the 

mixture was incubated for 2 hours (Figure 16). Absorbance was taken at 630 nm in 

microplate reader. Different concentrations (0.0025 nM – 0.0200 nM) of cytochrome C 

horse heart type VI (Sigma Aldrich) was used for the preparation of standard curve to 

estimate the total CYP450 concentration expressed as equivalent units (EUs) per mg 

protein of individual mosquitoes. Blanks were prepared with distilled water instead of 

using the mosquito homogenate. 

4.8.4. Glutathione S-transferases (GSTs) estimation:  

  Estimation of GSTs activity was performed following the standard 

protocols (Habig et al., 1974; WHO, 1998). CDNB-GSH conjugate was used as the 

substrate working solution. Ten (10) μl of the homogenate was mixed with 200 μl of the 

working solution in a quartz cuvette. Then 2.7 ml of distilled water was added in order 

to make the total volume of 2.91 ml. Absorbance of cuvette was recorded at 340 nm for 

5 mins at an interval of every 1 min. Change in absorbance per minute and rate of GSTs 

activity (μM mg protein
-1

 min
-1

) was calculated using an extinction coefficient of 9.6 

mM
-1

cm
-1

. For preparation of blanks, 10 μl of distilled water was used in place of the 

mosquito homogenate. 
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4.9. Analysis of α-CCEs and β-CCEs through Electrophoresis: 

Native PAGE (Polyacrylamide Gel Electrophoresis) of both field collected and 

laboratory reared populations of Cx. quinquefasciatus was carried on using equal 

amount of protein in tris-glycine (pH 8.3) buffer at 120V for 4-5 hours at 4˚C.  8% 

polyacrylamide gel was prepared to visualize the pattern of elevated esterase isozymes 

present in different field collected and laboratory reared populations of Cx. 

quinquefasciatus. Individual mosquitoes were homogenized in 100 μl 0.02 M sodium 

phosphate buffer and then centrifuged at 5,000 rpm for 5 minutes. The homogenate was 

taken as the protein source and equal amount was loaded in each lane of the 

polyacrylamide gels.  

The gels were thereafter stained following the staining protocol of Carvalho et 

al., 2003. For staining, the gels were first incubated in a staining box having 0.02 M 

sodium phosphate buffer (pH 7.2) for 15 mins. For analysis of α-CCEs isozymes, the 

gels were transferred to another staining box containing 20 mg α-napthyl acetate in 5 ml 

acetone and 50 ml of 0.02 M sodium phosphate buffer (pH 7.2). For analysing the 

isozymes of β-CCEs, β-napthyl acetate was used instead of α-napthyl acetate. The gels 

were incubated for 15 mins after which the working solution was drained off and 5% 

Fast Blue B salt (FBBS) solution was added for staining. The relative mobility (Rm) of 

various bands designated as isozymes of α-CCEs and β-CCEs were calculated based on 

mobility of esterases from anode to cathode using the formula: individual band position 

divided by dye font. The bands on polyacrylamide gels were designated as α-EST I, II, 

β-EST I, II and so on based on the calculated Rm values. 
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4.10. DNA extraction: 

 Genomic DNA of 10 adult mosquitoes from each field collected mosquito 

population that were alive even after 24 hours post exposure to synthetic pyrethroids and 

DDT was extracted following the High Salt protocol (Barik et al., 2013) with minor 

modifications. Individual mosquito was homogenized in a 1.5 ml micro-centrifuge tube 

using digestion buffer. Twenty (20) μl proteinase K was added and the samples 

incubated at 55 - 60˚C in a water bath for at least 2 hours. The sample was centrifuged at 

14000 rpm for 15 minutes after addition of chloroform and sodium chloride solution. 

The supernatant was transferred to a new micro-centrifuge tube, chilled 70% ethanol 

added and centrifuged at 10000 rpm for 5 minutes. The supernatant was discarded and 

pellet was suspended in autoclaved distilled water and stored at –20˚C as stock solution 

(25-30 ng/μl) for further use. DNA concentration was measured using a 

spectrophotometer at 260 nm. 

 

4.11. Detection of kdr mutation:  

Allele-specific PCR (AS-PCR) reactions were performed using the extracted 

genomic DNA individually to detect the presence of two kdr mutations at the sodium 

channel gene i.e., L1014F and L1014S, with minor modifications in the protocol of 

Martinez-Torres et al., (1999) and Sarkar et al., (2009). Five different primers were used 

for the experiment namely: Cgd1, Cgd2, Cgd3, Cgd4 and Cgd5 (Table 8). Four PCR 

reactions were run in parallel. Cgd1 and Cgd2 primers were combined in the first 

reaction for the amplification of kdr region in the sodium channel, Cgd2 and Cgd3 in the 

second for detection of L1014F mutation, Cgd2 and Cgd4 in third reaction analysing the 

wild L1014L genotype and Cgd2 and Cgd5 primers combined in the fourth reaction for 

detection of L1014S mutation. Each reaction was performed in 25 μl volume having 25-
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30 ng genomic DNA,  0.25 μM  primer, 1.5 mM MgCl2, 0.2 units Taq polymerase 

(Promega, USA. Cat no. M7401), 200 μM dNTP mixture (Promega, USA. Cat no. 

U1511) and 1x PCR buffer (Promega, USA. Cat no. D2301). PCR conditions were an 

initial denaturation at 95˚C for 15 min, followed by 30 cycles at 94˚C for 45 seconds, 

49˚C for 45 secs, 72˚C for 45 secs, and a final extension of 10 mins at 72˚C. The 

amplified fragments were loaded on 3% agarose gel, run in TAE buffer at 90-100 V for 

an hour and analysed under UV light with ethidium bromide as stain. The amplified 

products were differentiated based on differences in size because of primers with 

varying lengths of GC-rich tails. Cgd1 and Cgd2 amplified bands at 540 bp while Cgd3-

Cgd5 amplified at 380 bp (Sarkar et al., 2009). To confirm the presence of mutations, 

two Cgd1 and Cgd2 amplified PCR products from each population were sequenced 

(Bioserve Biotechnologies (I) Pvt. Ltd.). 
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Table 8: Details of primers used in the knockdown resistance (kdr) mutation genotyping of L1014F and L1014S mutations in Cx. 

quinquefasciatus from northern districts of West Bengal 

 

Sl no. Primer name kdr mutation Primer sequence Annealing 

temperature 

Product size 

(bp) 

1 Cgd1 (Forward) kdr mutation 

site 

5- GTG GAA CTT CAC CGA CTT C -3  

 

49˚C 

540 

2 Cgd2 (Reverse) 5- GCA AGG CTA AGA AAA GGT TAA G -3 540 

3 Cgd3 (Forward) L1014F 5- CCA CCG TAG TGA TAG GAA ATT TA -3 380 

4 Cgd4 (Forward) L1014L 5- CCA CCG TAG TGA TAG GAA ATT TT -3 380 

5 Cgd5 (Forward) L1014S 5- CCA CCG TAG TGA TAG GAA ATT C-3 380 
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4.12. Calculation of data and statistical analysis: 

 The mortality values of larval bioassay were calculated and the respective 

LC50 and LC99 values were estimated by putting log dose and mortality percentage 

against probit at 95% confidence interval in SPSS 21.0 software. The linear regression 

coefficient (r
2
) obtained from the calculation was then used to assess the linearity of 

the experimental data for all of the field collected populations and laboratory reared 

susceptible population (SP). Twice the value of LC99 (LC99 х 2) for each population 

was taken as the recommended diagnostic dose / discrimination dose for that 

particular mosquito population. Resistance ratio 50 (RR50), an indirect measurement 

of insecticide resistance was calculated by dividing the LC50 value of each field 

population with the LC50 value of susceptible population. 

 Mortality percentages of larval and adult bioassay tests were calculated and 

populations with <90% mortality were marked as resistant population, 98 – 100% 

were taken as susceptible population and populations showing mortality percentages 

between 90 – 98 were considered as incipient / unconfirmed resistance with the 

probability of either becoming resistant or susceptible (WHO, 2016). KDT50 and 

KDT90 values of synthetic pyrethroids and DDT were calculated by subjecting the 

time dependent knockdown percentage to probit analysis in SPSS 21.0 software 

version at 95% confidence level. The linear regression coefficient (r
2
) obtained from 

the analysis was used to check the linearity of data.  

 In the insecticide assays, in case of mortality exceeding 10%, the data of 

mortality percentage was corrected using Abbott’s correction. The average values and 

standard errors were calculated using Microsoft Excel, MS Office 2016. 
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 Comparision of means obtained from all sampling sites were subjected to One 

Way ANOVA and Tukey’s test in SPSS 21.0 and Addinsoft XLSTAT 2021.1.1.  

Correlation of the observed resistance status in larvae and adults along with the 

studied enzyme activity and kdr mutations in different field collected populations was 

analysed by Principal Component Analysis in Addinsoft XLSTAT 2021.1.1.  
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5. RESULTS: 

5.1. Survey and collection of mosquito larvae: 

The presence of mosquito larvae and pupae belonging to Culex sp. were 

surveyed across different districts of northern part of West Bengal from March, 2017 to 

February, 2020.  Cx. quinquefasciatus larvae and pupae were collected from sixteen 

sites belonging to six different districts of West Bengal (Figure 11). Though survey was 

conducted in Kalimpong district as well, enough samples for the experiment were not 

available. As such, Cx. quinquefasciatus larvae were not collected from this district. 

Mosquito larvae were collected mostly from drains both cemented and earthen in and 

around the residential areas and from drains adjoining the highways. Moreover, a small 

fraction of collection was also done from stagnant water bodies, muddy puddles, 

narrow channels running across grasslands, plastic containers, pools and sewers in 

shady areas. Apart from larvae and pupae of Cx. quinquefasciatus, larval stages of drain 

flies, chironomids and Anopheles sp. were also found in the mosquito breeding habitat 

of few sampling sites, though in comparatively lesser number. Details of the mosquito 

sampling site, habitat from where the mosquitoes were collected and co-existence of 

other species in the mosquito breeding habitat along with the average larval density of 

each site is provided in Table 9.  
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Table 9: Details of sampling sites and co-existence of other species with Cx. quinquefasciatus in 

northern districts of West Bengal.  

Sampling site Geographical 

coordinates 

Nature of habitat Average larval 

density/500 ml 

Co-existence of 

other species 

Alipurduar 

 (APD) 

26.49˚N, 

89.53˚E 

Cemented drains along 

the residential areas 

658.40 ____ 

Coochbehar 

Town (COB) 

26.34˚N, 

89.45˚E 

Muddy drains, stagnant 

water body 

798.20 Anopheles sp., 

chironomids 

Mekhliganj 

(MEK) 

26.35˚N, 

88.91˚E 

Muddy pool of water, 

channels 

822.10 Drain flies 

Tufanganj 

(TFG) 

26.33˚N, 

89.67˚E 

Cemented drains, 

channels 

841.40 Chironomids, 

drain flies 

Bidhannagar 

(BDN) 

26.49˚N, 

88.22˚E 

Cemented drains along 

the residential areas 

897.42 ____ 

Shivmandir 

(SHM) 

26.71˚N, 

88.35˚E 

Cemented channels, 

earthern drains, muddy 

pools  

654.28 ____ 

Siliguri  

(SLG) 

26.73˚N, 

88.40˚E 

Cemented drains 

adjoining the highway 

746.28 Drain flies 

Dhupguri  

(DPG) 

26.58˚N, 

89.00˚E 

Muddy drains and 

cemented channels in 

residential areas 

814.10 Chironomids 

Fulbari  

(FLB) 

26.69˚N, 

88.45˚E 

Muddy drains and 

cemented drains along the 

highway 

564.80 ____ 

Jalpaiguri Town 

(JPT) 

26.54˚N, 

88.72˚E 

Cemented drains in town 

area 

613.84 ____ 

Malda town  

(MLT) 

25.02˚N, 

88.13˚E 

Stagnant puddles, 

cemented drains 

813.30 Anopheles sp., 

drain flies 

Samsi  

(SAM) 

25.27˚N, 

88.00˚E 

Cemented channels, 

muddy drains 

769.50 Chironomids, 

drain flies 

Harishchandrapur 

(HCP) 

25.41˚N, 

87.86˚E 

Muddy drains, muddy 

pool  

489.20 Drain flies 

Chopra  

(CPR) 

26.37˚N, 

88.31˚E 

Stagnant puddles, 

cemented drains 

674.32 ____ 

Dalkhola  

(DLK) 

25.87˚N, 

87.84˚E 

Cemented drains 752.20 Drain flies 

Islampur  

(ISL) 

26.25˚N, 

88.19˚E 

Cemented channels along 

national highway 

538.10 Anopheles sp., 

drain flies 
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5.2. Larval bioassay: 

In the larval bioassay test against WHO recommended dose of temephos (0.02 

ppm), almost all of the studied populations were susceptible with mortality ranging 

between 98.5 – 100% except TFG in Coochbehar district with 92.31% mortality 

(incipient resistance / resistance not confirmed) and SHM in Darjeeling district with 

80% mortality (resistant). In the NVBDCP recommended temephos dose (0.0125 ppm), 

more than half of the studied populations were susceptible showing 100% mortality 

while TFG in Coochbehar district, SHM and SLG in Darjeeling district showed 

resistance to temephos with 85.71%, 44.23% and 88.2% mortality respectively (Table 

10). Four populations i.e., COB, DPG, DLK and ISL showed incipient resistance to 

temephos with mortality percent ranging from 92.3 – 96 (Table 10). 

The LC50 values of the field collected mosquito populations showed a maximum 

of 10 fold higher value than SP with LC50 values ranging from 0.001 – 0.011 ppm 

(Table 10).  Similarly, site-specific diagnostic dose of temephos for Culex mosquitoes 

ranged from 0.008 ppm in JPT in Jalpaiguri district to 0.138 ppm in SAM in Malda 

district of West Bengal (Table 10).  RR50 values of the studied populations ranged from 

1 in APD, JPT and FLB to 11 in SHM in Darjeeling district. Larval populations with 

RR50 value of >2 are considered to be resistant as RR value is an indirect method of 

analyzing resistance status. In the control setup, larval mortality was below 5% and 

therefore, mortality correction was not needed. 
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Table 10: Larval bioassay of Cx. quinquefasciatus against temephos. 

Sampling 

sites 

WHO 

M (%)* ± S.E. 

NVBDCP 

M (%) ± S.E. 

LC50 (ppm) ± S.E. LC99 (ppm) ±S.E. Diagnostic 

dose (ppm) 

RR50 r
2
 χ 

APD 100 ± 0.00 100 ± 0.00 

 

 

0.001 ± 3.85×10
-4

 0.005 ± 3.2×10
-4

 0.010
f
 1.00 1.00 0.935 

COB 100 ± 0.00 

 

 

96 ± 0.81 0.002 ± 2.36×10
-4

 0.059 ± 1.5×10
-3

 0.118
a,b

 2.00 

 

0.802 7.561 

MEK 

 

 

100 ± 0.00 100 ± 0.00 0.003 ± 1.02×10
-3

 0.009 ± 4.57×10
-4

 0.018
e
 3.00 

 

0.999 1.181 

TFG 

 

 

92.31 ± 0.74 85.71 ± 0.68 0.005 ± 5.9×10
-4

 0.013 ± 1.83×10
-4

 0.026
e
 5.00 

 

0.91 13.26 

BDN 

 

 

100 ± 0.00 100 ± 0.00 0.004 ± 3.7×10
-4

 0.011 ± 3.37×10
-3 

0.022
e
 4.00 0.92 27.22 

SHM 

 

 

80.00 ± 0.06 44.23 ± 0.02 0.011 ± 6.0×10
-4

 0.053 ± 2.6×10
-3

 0.106
b
 11.00 1.00 13.817 

SLG 

 

 

100 ± 0.00 88.20 ± 0.04 0.005 ± 3.0×10
-4

 0.035 ± 3.2×10
-3

 0.070
c
 3.00 0.795 29.21 

DPG 

 

 

98.5 ± 0.96 94.30 ± 1.23 0.003 ± 2.25×10
-4

 0.020 ± 8.0×10
-3

 0.040
d
 3.00 0.968 2.52 

FLB 

 

 

100 ± 0.00 100 ± 0.00 0.001 ± 1.25×10
-4

 0.021 ± 2.5×10
-2

 0.042
d
 1.00 0.971 .522 
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Table 10 (continued): Larval bioassay of Cx. quinquefasciatus against temephos. 

Sampling 

sites 

WHO 

M (%)* ± S.E. 

NVBDCP 

M (%) ± S.E. 

LC50 (ppm) ± S.E. LC99 (ppm) ±S.E. Diagnostic 

dose (ppm) 

RR50 r
2
 χ 

JPT 

 

 

100 ± 0.00 100 ± 0.00 0.001 ± 5.0×10
-4

 0.004 ± 1.0×10
-3

 0.008
f
 1.00 1.00 1.013 

HCP 

 

 

100 ± 0.00 100 ± 0.00 0.003 ± 3.85×10
-4

 0.016 ± 2.07×10
-4

 0.032
d
 3.00 0.958 10.223 

MLT 

 

 

100 ± 0.00 100 ± 0.00 0.003 ± 4.8×10
-4

 0.017 ± 5.31×10
-4

 0.034
d
 3.00 0.821 35.88 

SAM 

 

 

100 ± 0.00 100 ± 0.00 0.006 ± 2.47×10
-4

 0.069 ± 2.64×10
-3

 0.138
a
 6.00 0.913 10.71 

CPR 

 

 

100 ± 0.00 100 ± 0.00 0.002 ± 2.0×10
-4

 0.005 ± 2.5×10
-4

 0.010
f
 2.00 1.00 0.163 

DLK 

 

 

100 ± 0.00 96 ± 1.58 0.002 ± 2.4×10
-4

 0.010 ± 5.1×10
-3

 0.020
e
 2.00 0.967 5.675 

ISL 

 

 

100 ± 0.00 92.30 ± 1.57 0.007 ± 5.0×10
-3

 0.035 ± 1.4×10
-2

 0.070
c
 7.00 0.868 11.13 

SP 

 

 

100 ± 0.00 100 ± 0.00 0.001 ± 4.0×10
-4

 0.002 ± 1.0×10
-3

 0.004
g
  1.00 0.847 

*M%: Mortality percentage; S.E. - Standard error; LC - Lethal Concentration; r
2 

- Regression coefficient; χ - Chi value;    

RR - Resistance ratio 

Within columns, means followed by the same letter do not differ significantly (p≤0.05) in Tukey’s multiple comparison 

test. 
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5.3. Adult bioassay: 

The adult bioassays performed against three synthetic pyrethroids showed that 

all of the studied mosquito populations are resistant to all three synthetic pyrethroids 

used in the study with mortality percentage ranging from 7.69 to 83.33 except JPT 

population in Jalpaiguri district with 95.65 mortality percentage against permethrin 

(Figure 17), thereby depicting incipient resistance or unconfirmed resistance (Table 

11). Similarly, bioassay results of adult Cx. quinquefasciatus mosquito populations 

against three other insecticides i.e., DDT, propoxur and malathion showed that the 

studied populations are resistant to all three insecticides as evident from their low 

mortality rates (Table 12) (Figure 18).  

Knockdown time (KDT) was studied against three synthetic pyrethroids 

deltamethrin, lambdacyhalothrin, permethrin and an organochlorine - DDT. KDT50 

and KDT99 values were calculated for the studied populations (Table 13). Both 

KDT50 and KDT99 values of all studied populations were many folds higher than that 

of SP. CPR in Uttar Dinajpur district showed the lowest KDT50 value for deltamethrin 

and lambdacyhalothrin. Moreover, JPT in Jalpaiguri district showed lowest KDT50 

value for permethrin whereas APD in Alipurduar district had lowest KDT50 value for 

DDT (Table 13). Highest KDT99 values were recorded in MEK and TFG in 

Coochbehar district, SAM in Malda district and SHM in Darjeeling district for 

deltamethrin, permethrin, lambdacyhalothrin and DDT respectively. 
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5. RESULTS: 

5.1. Survey and collection of mosquito larvae: 

The presence of mosquito larvae and pupae belonging to Culex sp. were 

surveyed across different districts of northern part of West Bengal from March, 2017 to 

February, 2020.  Cx. quinquefasciatus larvae and pupae were collected from sixteen 

sites belonging to six different districts of West Bengal (Figure 11). Though survey was 

conducted in Kalimpong district as well, enough samples for the experiment were not 

available. As such, Cx. quinquefasciatus larvae were not collected from this district. 

Mosquito larvae were collected mostly from drains both cemented and earthen in and 

around the residential areas and from drains adjoining the highways. Moreover, a small 

fraction of collection was also done from stagnant water bodies, muddy puddles, 

narrow channels running across grasslands, plastic containers, pools and sewers in 

shady areas. Apart from larvae and pupae of Cx. quinquefasciatus, larval stages of drain 

flies, chironomids and Anopheles sp. were also found in the mosquito breeding habitat 

of few sampling sites, though in comparatively lesser number. Details of the mosquito 

sampling site, habitat from where the mosquitoes were collected and co-existence of 

other species in the mosquito breeding habitat along with the average larval density of 

each site is provided in Table 9.  
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Table 9: Details of sampling sites and co-existence of other species with Cx. quinquefasciatus in 

northern districts of West Bengal.  

Sampling site Geographical 

coordinates 

Nature of habitat Average larval 

density/500 ml 

Co-existence of 

other species 

Alipurduar 

 (APD) 

26.49˚N, 

89.53˚E 

Cemented drains along 

the residential areas 

658.40 ____ 

Coochbehar 

Town (COB) 

26.34˚N, 

89.45˚E 

Muddy drains, stagnant 

water body 

798.20 Anopheles sp., 

chironomids 

Mekhliganj 

(MEK) 

26.35˚N, 

88.91˚E 

Muddy pool of water, 

channels 

822.10 Drain flies 

Tufanganj 

(TFG) 

26.33˚N, 

89.67˚E 

Cemented drains, 

channels 

841.40 Chironomids, 

drain flies 

Bidhannagar 

(BDN) 

26.49˚N, 

88.22˚E 

Cemented drains along 

the residential areas 

897.42 ____ 

Shivmandir 

(SHM) 

26.71˚N, 

88.35˚E 

Cemented channels, 

earthern drains, muddy 

pools  

654.28 ____ 

Siliguri  

(SLG) 

26.73˚N, 

88.40˚E 

Cemented drains 

adjoining the highway 

746.28 Drain flies 

Dhupguri  

(DPG) 

26.58˚N, 

89.00˚E 

Muddy drains and 

cemented channels in 

residential areas 

814.10 Chironomids 

Fulbari  

(FLB) 

26.69˚N, 

88.45˚E 

Muddy drains and 

cemented drains along the 

highway 

564.80 ____ 

Jalpaiguri Town 

(JPT) 

26.54˚N, 

88.72˚E 

Cemented drains in town 

area 

613.84 ____ 

Malda town  

(MLT) 

25.02˚N, 

88.13˚E 

Stagnant puddles, 

cemented drains 

813.30 Anopheles sp., 

drain flies 

Samsi  

(SAM) 

25.27˚N, 

88.00˚E 

Cemented channels, 

muddy drains 

769.50 Chironomids, 

drain flies 

Harishchandrapur 

(HCP) 

25.41˚N, 

87.86˚E 

Muddy drains, muddy 

pool  

489.20 Drain flies 

Chopra  

(CPR) 

26.37˚N, 

88.31˚E 

Stagnant puddles, 

cemented drains 

674.32 ____ 

Dalkhola  

(DLK) 

25.87˚N, 

87.84˚E 

Cemented drains 752.20 Drain flies 

Islampur  

(ISL) 

26.25˚N, 

88.19˚E 

Cemented channels along 

national highway 

538.10 Anopheles sp., 

drain flies 
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5.2. Larval bioassay: 

In the larval bioassay test against WHO recommended dose of temephos (0.02 

ppm), almost all of the studied populations were susceptible with mortality ranging 

between 98.5 – 100% except TFG in Coochbehar district with 92.31% mortality 

(incipient resistance / resistance not confirmed) and SHM in Darjeeling district with 

80% mortality (resistant). In the NVBDCP recommended temephos dose (0.0125 ppm), 

more than half of the studied populations were susceptible showing 100% mortality 

while TFG in Coochbehar district, SHM and SLG in Darjeeling district showed 

resistance to temephos with 85.71%, 44.23% and 88.2% mortality respectively (Table 

10). Four populations i.e., COB, DPG, DLK and ISL showed incipient resistance to 

temephos with mortality percent ranging from 92.3 – 96 (Table 10). 

The LC50 values of the field collected mosquito populations showed a maximum 

of 10 fold higher value than SP with LC50 values ranging from 0.001 – 0.011 ppm 

(Table 10).  Similarly, site-specific diagnostic dose of temephos for Culex mosquitoes 

ranged from 0.008 ppm in JPT in Jalpaiguri district to 0.138 ppm in SAM in Malda 

district of West Bengal (Table 10).  RR50 values of the studied populations ranged from 

1 in APD, JPT and FLB to 11 in SHM in Darjeeling district. Larval populations with 

RR50 value of >2 are considered to be resistant as RR value is an indirect method of 

analyzing resistance status. In the control setup, larval mortality was below 5% and 

therefore, mortality correction was not needed. 
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Table 10: Larval bioassay of Cx. quinquefasciatus against temephos. 

Sampling 

sites 

WHO 

M (%)* ± S.E. 

NVBDCP 

M (%) ± S.E. 

LC50 (ppm) ± S.E. LC99 (ppm) ±S.E. Diagnostic 

dose (ppm) 

RR50 r
2
 χ 

APD 100 ± 0.00 100 ± 0.00 

 

 

0.001 ± 3.85×10
-4

 0.005 ± 3.2×10
-4

 0.010
f
 1.00 1.00 0.935 

COB 100 ± 0.00 

 

 

96 ± 0.81 0.002 ± 2.36×10
-4

 0.059 ± 1.5×10
-3

 0.118
a,b

 2.00 

 

0.802 7.561 

MEK 

 

 

100 ± 0.00 100 ± 0.00 0.003 ± 1.02×10
-3

 0.009 ± 4.57×10
-4

 0.018
e
 3.00 

 

0.999 1.181 

TFG 

 

 

92.31 ± 0.74 85.71 ± 0.68 0.005 ± 5.9×10
-4

 0.013 ± 1.83×10
-4

 0.026
e
 5.00 

 

0.91 13.26 

BDN 

 

 

100 ± 0.00 100 ± 0.00 0.004 ± 3.7×10
-4

 0.011 ± 3.37×10
-3 

0.022
e
 4.00 0.92 27.22 

SHM 

 

 

80.00 ± 0.06 44.23 ± 0.02 0.011 ± 6.0×10
-4

 0.053 ± 2.6×10
-3

 0.106
b
 11.00 1.00 13.817 

SLG 

 

 

100 ± 0.00 88.20 ± 0.04 0.005 ± 3.0×10
-4

 0.035 ± 3.2×10
-3

 0.070
c
 3.00 0.795 29.21 

DPG 

 

 

98.5 ± 0.96 94.30 ± 1.23 0.003 ± 2.25×10
-4

 0.020 ± 8.0×10
-3

 0.040
d
 3.00 0.968 2.52 

FLB 

 

 

100 ± 0.00 100 ± 0.00 0.001 ± 1.25×10
-4

 0.021 ± 2.5×10
-2

 0.042
d
 1.00 0.971 .522 
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Table 10 (continued): Larval bioassay of Cx. quinquefasciatus against temephos. 

Sampling 

sites 

WHO 

M (%)* ± S.E. 

NVBDCP 

M (%) ± S.E. 

LC50 (ppm) ± S.E. LC99 (ppm) ±S.E. Diagnostic 

dose (ppm) 

RR50 r
2
 χ 

JPT 

 

 

100 ± 0.00 100 ± 0.00 0.001 ± 5.0×10
-4

 0.004 ± 1.0×10
-3

 0.008
f
 1.00 1.00 1.013 

HCP 

 

 

100 ± 0.00 100 ± 0.00 0.003 ± 3.85×10
-4

 0.016 ± 2.07×10
-4

 0.032
d
 3.00 0.958 10.223 

MLT 

 

 

100 ± 0.00 100 ± 0.00 0.003 ± 4.8×10
-4

 0.017 ± 5.31×10
-4

 0.034
d
 3.00 0.821 35.88 

SAM 

 

 

100 ± 0.00 100 ± 0.00 0.006 ± 2.47×10
-4

 0.069 ± 2.64×10
-3

 0.138
a
 6.00 0.913 10.71 

CPR 

 

 

100 ± 0.00 100 ± 0.00 0.002 ± 2.0×10
-4

 0.005 ± 2.5×10
-4

 0.010
f
 2.00 1.00 0.163 

DLK 

 

 

100 ± 0.00 96 ± 1.58 0.002 ± 2.4×10
-4

 0.010 ± 5.1×10
-3

 0.020
e
 2.00 0.967 5.675 

ISL 

 

 

100 ± 0.00 92.30 ± 1.57 0.007 ± 5.0×10
-3

 0.035 ± 1.4×10
-2

 0.070
c
 7.00 0.868 11.13 

SP 

 

 

100 ± 0.00 100 ± 0.00 0.001 ± 4.0×10
-4

 0.002 ± 1.0×10
-3

 0.004
g
  1.00 0.847 

*M%: Mortality percentage; S.E. - Standard error; LC - Lethal Concentration; r
2 

- Regression coefficient; χ - Chi value;    

RR - Resistance ratio 

Within columns, means followed by the same letter do not differ significantly (p≤0.05) in Tukey’s multiple comparison 

test. 
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5.3. Adult bioassay: 

The adult bioassays performed against three synthetic pyrethroids showed that 

all of the studied mosquito populations are resistant to all three synthetic pyrethroids 

used in the study with mortality percentage ranging from 7.69 to 83.33 except JPT 

population in Jalpaiguri district with 95.65 mortality percentage against permethrin 

(Figure 17), thereby depicting incipient resistance or unconfirmed resistance (Table 

11). Similarly, bioassay results of adult Cx. quinquefasciatus mosquito populations 

against three other insecticides i.e., DDT, propoxur and malathion showed that the 

studied populations are resistant to all three insecticides as evident from their low 

mortality rates (Table 12) (Figure 18).  

Knockdown time (KDT) was studied against three synthetic pyrethroids 

deltamethrin, lambdacyhalothrin, permethrin and an organochlorine - DDT. KDT50 

and KDT99 values were calculated for the studied populations (Table 13). Both 

KDT50 and KDT99 values of all studied populations were many folds higher than that 

of SP. CPR in Uttar Dinajpur district showed the lowest KDT50 value for deltamethrin 

and lambdacyhalothrin. Moreover, JPT in Jalpaiguri district showed lowest KDT50 

value for permethrin whereas APD in Alipurduar district had lowest KDT50 value for 

DDT (Table 13). Highest KDT99 values were recorded in MEK and TFG in 

Coochbehar district, SAM in Malda district and SHM in Darjeeling district for 

deltamethrin, permethrin, lambdacyhalothrin and DDT respectively. 
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Table 11: Mortality rate (in percent) of Cx. quinquefasciatus from six districts of sub-Himalayan 

West Bengal, against three synthetic pyrethroids.  

Sampling 

site 

Deltamethrin 

M%* ± S.E. 

 

Status Lambdacyhalothrin 

M% ± S.E. 

Status Permethrin 

M% ± S.E. 

Status 

APD 24.14 ± 1.87
k
 

(n=87) 

R 14.28 ± 0.54
j
 

(n=78) 

R 19.23 ± 0.81
k
 

(n=93) 

R 

COB 

 
8.00 ± 0.62

n
 

(n=90) 

R 11.11 ± 0.64
k
 

(n=84) 

R 23.08 ± 0.10
j
 

(n=78) 

R 

MEK 7.69 ± 0.15
n
 

(n=85) 

R 9.67 ± 0.90
l
 

(n=90) 

R 31.03 ± 0.81
i
 

(n=84) 

R 

TFG 36.36 ± 0.37
h
 

(n=87) 

R 34.61 ± 0.40
g
 

(n=79) 

R 36.36 ± 1.83
h
 

(n=90) 

R 

BDN 82.86 ± 1.07
b
 

(n=95) 

R 66.67 ± 0.86
c
 

(n=102) 

R 50.00 ± 0.51
f
 

(n=90) 

R 

SHM 33.33 ± 0.85
i
 

(n=98) 

R 48.27 ± 1.35
e
 

(n=96) 

R 7.69 ± 0.65
n
 

(n=93) 

R 

SLG 65.00 ± 1.65
e
 

(n=102) 

R 28.00 ± 0.84
h
 

(n=93) 

R 73.91 ± 1.24
d
 

(n=98) 

R 

DPG 68.00 ± 0.61
d
 

(n=104) 

R 41.67 ± 0.46
f
 

(n=95) 

R 43.48 ± 1.08
g
 

(n=94) 

R 

FLB 47.83 ± 1.07
g
 

(n=94) 

R 41.67 ± 1.09
f
 

(n=95) 

R 13.33 ± 0.91
l
 

(n=99) 

R 

JPT 83.33 ± 0.58
b
 

(n=99) 

R 77.27 ± 0.23
b
 

(n=91) 

R 95.65 ± 0.46
b
 

(n=101) 

IR 

HCP 14.28 ± 0.73
l
 

(n=87) 

R 34.61 ± 1.28
g
 

(n=90) 

R 20.00 ± 0.52
k
 

(n=78) 

R 

MLT 12.00 ± 0.61
l,m

 

(n=90) 

R 4.00 ± 0.13
n
 

(n=86) 

R 11.11 ± 0.64
m
 

(n=82) 

R 

SAM 11.54 ± 1.85
m
 

(n=90) 

R 7.32 ± 0.67
m
 

(n=78) 

R 14.28 ± 0.37
l
 

(n=89) 

R 

CPR 76.92 ± 0.84
c
 

(n=96) 

R 53.85 ± 0.63
d
 

(n=95) 

R 80.55 ± 1.02
c
 

(n=93) 

R 

DLK 29.63 ± 1.24
j
 

(n=90) 

R 17.39 ± 1.09
i
 

(n=89) 

R 35.38 ± 1.62
h 

(n=95) 

R 

ISL 56.52 ± 0.98
f
 

(n=90) 

R 33.33 ± 1.85
g
 

(n=100) 

R 67.78 ± 0.64
e
 

(n=93) 

R 

SP 100 ± 0.00
a
 

(n=90) 

S 99.36 ± 0.26
a
 

(n=90) 

S 100 ± 0.00
a
 

(n=90) 

S 

*M% - Mortality percentage; S.E. - Standard error; n -total number of mosquito adults for the 

particular assay; R - resistant; S - susceptible; IR - incipient resistance.  

Within columns, means followed by the same letter do not differ significantly (p≤ 0.05) in 

Tukey’s multiple comparison test. 
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Table 12: Mortality rate (in percent) of Cx. quinquefasciatus from six districts of sub-Himalayan 

West Bengal, against DDT, propoxur and malathion. 

Sampling 

site 

DDT 

M%* ± S.E. 

Status Propoxur 

M% ± S.E. 

Status Malathion 

M% ± S.E. 

Status 

APD 3.70 ± 0.31
j,k

 

(n=90) 

R 9.09 ± 0.52
j
 

(n=85) 

R 7.69 ± 0.94
j
 

(n=88) 

R 

COB 

 
4.00 ± 0.09

j
 

(n=86) 

R 18.18 ± 0.13
h
 

(n=90) 

R 3.70 ± 0.28
k
 

(n=82) 

R 

MEK 

 
6.25 ± 0.12

i
 

(n=76) 

R 3.57 ± 0.17
k
 

(n=81) 

R 3.22 ± 0.56
k
 

(n=78) 

R 

TFG 

 
34.61 ± 0.41

d
 

(n=78) 

R 10.00 ± 0.09
j
 

(n=90) 

R 0.00 ± 0.00
l
 

(n=79) 

R 

BDN 

 
3.03 ± 0.81

k
 

(n=99) 

R 39.13 ± 1.52
f
 

(n=94) 

R 28.57 ± 0.68
g
 

(n=96) 

R 

SHM 

 
18.18 ± 0.64

f
 

(n=94) 

R 35.71 ± 0.07
g
 

(n=97) 

R 70.58 ± 0.82
d
 

(n=100) 

R 

SLG 

 
14.28 ± 0.36

h
 

(n=96) 

R 62.50 ± 0.84
b
 

(n=96) 

R 12.50 ± 1.34
i
 

(n=90) 

R 

DPG 

 
61.29 ± 0.67

c
 

(n=103) 

R 44.44 ± 0.63
e
 

(n=98) 

R 33.33 ± 0.61
e
 

(n=104) 

R 

FLB 

 
3.57 ± 0.54

j,k
 

(n=94) 

R 40.00 ± 1.01
f
 

(n=93) 

R 30.77 ± 1.12
f
 

(n=100) 

R 

JPT 

 
16.00 ± 1.08

g
 

(n=99) 

R 51.85 ± 0.92
d
 

(n=102) 

R 75.00 ± 1.37
c
 

(n=92) 

R 

HCP 

 
0.00 ± 0.00

l
 

(n=90) 

R 12.90 ± 0.16
i
 

(n=81) 

R 0.00 ± 0.00
l
 

(n=83) 

R 

MLT 

 
0.00 ± 0.00

l
 

(n=82) 

R 3.45 ± 0.28
k
 

(n=83) 

R 8.00 ± 0.41
j
 

(n=90) 

R 

SAM 

 
3.57 ± 0.10

j,k 

(n=84) 

R 0.00 ± 0.00
l
 

(n=89) 

R 0.00 ± 0.00
l
 

(n=85) 

R 

CPR 

 
71.87 ± 0.72

b
 

(n=100) 

R 53.12 ± 0.76
d
 

(n=105) 

R 23.53 ± 0.52
h
 

(n=99) 

R 

DLK 

 
6.67 ± 0.43

i
 

(n=90) 

R 58.82 ± 0.14
c
 

(n=95) 

R 76.47 ± 1.86
b
 

(n=90) 

R 

ISL 

 
20.00 ± 0.81

e
 

(n=98) 

R 40.00 ± 0.94
f
 

(n=96) 

R 3.22 ± 0.18
k
 

(n=98) 

R 

SP 

 
98.92 ± 0.09

a
 

(n=90) 

S 100 ± 0.00
a
 

(n=90) 

S 100 ± 0.00
a
 

(n=90) 

S 

*M% - mortality percentage; S.E. - Standard error; n - total number of mosquito adults used for 

the particular assay. R - resistant; S - susceptible. 

Within columns, means followed by the same letter do not differ significantly (p≤0.05) in 

Tukey’s multiple comparison test. 
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Figure 17: Mortality percentage of Cx. quinquefasciatus populations from northern West Bengal 

against three synthetic pyrethroids. 
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Figure 18: Mortality percentage of Cx. quinquefasciatus populations from northern West Bengal    

against DDT, propoxur and malathion. 
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Table 13: KDT50 and KDT99 values (in minute) of Cx. quinquefasciatus populations against 

synthetic pyrethroids and DDT from six different districts of West Bengal. 

Sampling 

site 

Deltamethrin Lambdacyhalothrin Permethrin DDT 

KDT*50 

 

KDT99 KDT50 KDT99 KDT50 KDT99 KDT50 KDT99 

APD 254.87 

 

1141.91 316.78 1987.01 123.55 401.11 180.08 620.42 

COB 189.38 

 

416.07 199.48 663.16 221.19 672.28 378.90 2318.98 

MEK 378.90 

 

2764.10 157.04 557.77 129.57 416.08 221.19 896.40 

TFG  199.80 

 

1034.24 378.90 2764.10 212.91 1457.91 378.89 2764.10 

BDN 232.92 

 

547.12 94.88 247.89 294.81 713.55 231.50 970.77 

SHM 87.75 

 

242.62 88.66 242.11 231.49 970.77 378.89 2764.10 

SLG 200.44 

 

489.88 316.78 987.01 207.48 1105.01 355.81 1866.60 

DPG  81.99 

 

207.52 316.78 1987.01 210.27 819.50 296.63 1763.90 

FLB 93.68 

 

242.85 176.11 905.33 199.48 745.77 180.09 620.42 

JPT 73.09 

 

198.22 90.75 301.55 87.09 805.19 344.49 2318.98 

HCP 141.01 

 

456.23 116.31 336.23 103.53 281.98 ……. ……. 

MLT 344.56 

 

2426.14 344.50 2318.98 171.30 566.74 ……. ……. 

SAM 130.05 

 

390.51 391.12 3246.88 143.17 462.18 248.85 1855.24 

CPR 64.61 

 

174.35 74.85 273.39 99.72 385.75 221.19 896.41 

DLK 243.18 

 

1792.61 171.30 566.74 ……. …….. 199.48 745.77 

ISL 101.12 

 

320.09 120.54 532.54 96.19 497.48 200.45 1330.13 

SP 42.30 83.56 44.89 121.57 36.19 155.62 107.28 258.17 

*KDT – knockdown time  
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5.4. Synergist assays: 

Synergist assays using two synergists – 4% PBO and 10% TPP showed a non-

significant increase in the mortality rate for most of the studied populations (Table 14, 

15). Highest mortality rate was observed in JPT with 100% mortality against 

permethrin after PBO exposure (Table 14). Likewise, in the same population, 

susceptibility against deltamethrin was also restored after exposure to PBO (Table 

14). However, in rest of the studied populations, susceptibility to insecticides could 

not be restored with the use of 4% PBO (Figure 19). Similarly, the studied 

populations of Cx. quinquefasciatus did not show susceptibility to the insecticides 

used after the exposure to TPP (Table 15). TFG in Coochbehar district showed a 

decrease in the mortality percent against deltamethrin after PBO exposure (Table 14). 
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Table 14: Mortality rate (in percent) of Cx. quinquefasciatus populations against insecticides, with 

prior exposure to a synergist PBO (4%). 

Sites Deltamethrin 

M%* ± S.E. 

Lambdacyhalothrin 

M% ± S.E. 

 

Permethrin 

M% ± S.E. 

DDT 

M% ± S.E. 

Propoxur 

M% ± S.E. 

Malathion 

M% ± S.E. 

APD 72.41 ± 0.08 35.48 ± 0.34 53.33 ± 1.02 14.28 ± 0.27 6.67 ± 0.67 20 ± 0.21 

COB 30.43 ± 0.82 29.24 ± 0.58 32.81 ± 0.05 7.73 ± 0.04 31.03 ± 0.21 20.80 ± 0.34 

MEK 93.10 ± 1.92 

 

51.35 ± 2.84 9.00 ± 0.19 87.50 ± 0.06 78.79 ± 0.76 85.18 ± 0.45 

TFG 9.09 ± 0.06 

 

35.00 ± 1.63 75.00 ± 0.72 5.56 ± 0.17 23.08 ± 0.57 3.20 ± 0.03 

BDN 96.42 ± 0.34 81.46 ± 1.12 81.26 ± 0.92 12.57 ± 0.37 58.24 ± 0.66 36.27 ± 0.25 

SHM 57.38 ± 1.24 57.12 ± 1.04 22.47 ± 1.11 37.25 ± 0.21 6.43 ± 1.27 82.84 ± 0.88 

SLG 72.54 ± 1.33 42.00 ± 0.42 79.51 ± 0.38 46.51 ± 0.18 68.95 ± 0.56 53.72 ± 0.72 

DPG 77.83 ± 0.61 67.28 ± 0.56 63.27 ± 0.65 70.18 ± 1.26 71.45 ± 0.91 65.21 ± 1.34 

FLB 62.49 ± 0.82 53.46 ± 0.27 39.86 ± 0.52 19.82 ± 1.20 78.42 ± 0.47 74.36 ± 0.08 

JPT 98.71 ± 0.43 97.25 ± 0.31 100 ± 0.00 46.38 ± 0.58 60.28 ± 0.33 87.29 ± 0.52 

HCP 88.46 ± 0.54 

 

68.75 ± 0.68 61.90 ± 0.61 20.00 ± 0.16 48.39 ± 0.63 21.30 ± 0.17 

MLT 23.85 ± 0.18 

 

16.22 ± 0.67 21.36 ± 0.42 7.54 ± 0.76 14.81 ± 0.07 14.81 ± 1.29 

SAM 21.43 ± 0.36 

 

12.00 ± 0.94 19.23 ± 0.42 9.57 ± 0.05 15.21 ± 0.43 10.71 ± 0.08 

CPR 84.26 ± 0.91 74.21 ± 0.26 88.16 ± 0.33 64.81 ± 0.34 75.26 ± 0.28 46.13 ± 0.83 

DLK 64.19 ± 0.16 35.91 ± 0.64 57.67 ± 0.52 27.43 ± 0.56 61.83 ± 0.33 85.27 ± 0.37 

ISL 79.47 ± 0.06 48.24 ± 1.24 85.23 ± 0.41 51.49 ± 0.25 58.17 ± 1.20 28.36 ± 0.61 

*M% - mortality percentage; S.E. - Standard error 
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Table 15: Mortality rate (in percent) of Cx. quinquefasciatus populations against insecticides, with 

prior exposure to a synergist TPP (10%). 

Sites Deltamethrin 

M%* ± S.E. 

Lambdacyhalothrin 

M% ± S.E. 

 

Permethrin 

M% ± S.E. 

DDT 

M% ± S.E. 

Propoxur 

M% ± S.E. 

Malathion 

M% ± S.E. 

APD 22.72 ± 0.06 37.04 ± 0.34 70 ± 0.27 23.08 ± 1.20 29.36 ± 0.24 15.10 ± 0.28 

COB 22.83 ± 0.28 

 

35.31 ± 1.57 27.73 ± 0.18 6.91 ± 0.06 29.42 ± 0.82 21.74 ± 0.43 

MEK 87.50 ± 0.54 

 

86.21 ± 0.43 60.00 ± 1.57 84.85 ± 1.59 79.17 ± 1.81 83.33 ± 2.57 

TFG 15.00 ± 0.16 

 

85.71 ± 0.09 70.37 ± 0.49 25.00 ± 0.18 5.26 ± 0.46 11.11 ± 0.08 

BDN 89.26 ± 0.09 92.31 ± 1.25 65.47 ± 0.25 12.13 ± 0.08 46.27 ± 0.34 66.27 ± 0.22 

SHM 53.21 ± 0.08 64.21 ± 0.82 15.15 ± 0.08 28.41 ± 0.31 69.86 ± 0.57 86.27 ± 0.38 

SLG 72.34 ± 1.27 78.59 ± 0.04 84.21 ± 1.37 37.21 ± 0.04 73.94 ± 1.07 27.12 ± 1.24 

DPG 77.93 ± 1.10 74.83 ± 0.52 57.36 ± 0.28 69.83 ± 1.27 67.28 ± 0.83 81.25 ± 1.36 

FLB 59.26 ± 0.35 55.26 ± 1.11 25.26 ± 0.83 65.18 ± 0.63 53.14 ± 1.82 52.12 ± 1.44 

JPT 92.83 ± 1.25 89.27 ± 1.28 97.41 ± 1.05 32.73 ± 0.28 88.56 ± 1.37 78.21 ± 37 

HCP 77.5 ± 0.25 

 

73.91 ± 0.24 30.77 ± 1.23 4.00 ± 0.03 3.33 ± 0.06 11.29 ± 1.90 

MLT 10.34 ± 1.37 

 

15.00 ± 0.04 4.76 ± 0.83 12.50 ± 0.48 10.71 ± 0.75 13.04 ± 0.46 

SAM 15.79 ± 0.08 

 

12.12 ± 0.81 24.24 ± 0.07 6.91 ± 0.08 17.24 ± 0.31 18.37 ± 0.32 

CPR 88.25 ± 1.22 86.51 ± 0.83 92.53 ± 0.21 85.16 ± 0.13 67.41 ± 1.37 57.43 ± 1.28 

DLK 56.37 ± 0.26 59.24 ± 0.13 56.74 ± 0.25 72.42 ± 1.05 63.84 ± 0.95 85.42 ± 0.08 

ISL 74.28 ± 0.08 73.28 ± 1.33 77.21 ± 0.39 54.26 ± 0.16 66.38 ± 0.54 9.50 ± 1.43 

*M% - mortality percentage; S.E. - Standard error 
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Figure 19: Comparative mortality percentage against the insecticides alone and with the use of    

        synergists. 
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5.5. Biochemical assays: 

Quantitative analysis of biochemical assays involving major detoxifying 

enzymes showed a varied expression pattern in the studied populations (p≤0.05) 

(Table 16). Highest activity of α-CCEs was shown by HCP in Malda district with 

9.535 mM mg protein
-1

 min
-1

 and BDN in Darjeeling district with 9.140 mM mg 

protein
-1

 min
-1 

while a lowest activity of 0.743 mM mg protein
-1

 min
-1

 and 0.749 mM 

mg protein
-1

 min
-1

 was noted in MLT and SAM respectively. Similarly, SAM showed 

least β-CCEs activity (0.3321 mM mg protein
-1

 min
-1

) while highest activity was 

recorded in ISL (4.537 mM mg protein
-1

 min
-1

). The field collected mosquito 

populations showed a maximum of  49.66 fold higher α-CCEs activity and  22.46 

fold higher β-CCEs activity when compared to SP (Table 16). CYP450 

monooxygenases activity ranged from 0.274  nM mg protein
-1

 min
-1

 (in COB) to 

3.016  nM mg protein
-1

 min
-1

 (in DLK) with  4.42 – 48.65 fold higher activity than 

that of SP (Table 16). In the studied mosquito populations, GSTs activity was 

recorded to be highest in SHM (181.2×10
-4 

mM mg protein
-1

 min
-1

) and lowest in 

SAM (4.58×10
-4 

mM mg protein
-1

 min
-1

). The GSTs activity was at a maximum of 

 80 times higher than that of SP (0.22×10
-4

 mM mg protein
-1

 min
-1

). 
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Table 16: Quantitative activity of major detoxifying enzymes in Cx. quinquefasciatus from six districts of northern West Bengal. 

Sampling 

sites 

α-Carboxyesterases activity 

(mM mg protein
-1

 min
-1 

± 

S.E.) 

β-Carboxyesterases activity 

(mM mg protein
-1

 min
-1 

± S.E.) 

CYP450 monooxygenases 

activity 

(nM mg protein
-1 

± S.E.) 

GSTs activity 

(mM mg protein
-1

 min
-1  

± 

S.E.) 

APD 3.052 ± 0.299
f*

 1.536 ± 0.132
j
 1.216 ± 0.634

i
 5.39×10

-4
 ± 0.8×10

-4n
 

COB 2.599 ± 0.380
f
 1.976 ± 0.214

g
 0.274 ± 0.061

p
 9.57×10

-4
 ± 3.6×10

-5j
 

MEK 6.130 ± 0.166
c
 2.736 ± 0.238

e
 0.722 ± 0.107

n
 70.20×10

-4
 ± 1.1×10

-4c
 

TFG 7.946 ± 0.208
b
 4.304 ± 0.587

c
 1.895 ± 0.416

d
 12.84×10

-4
 ± 2.3×10

-4i
 

BDN 9.140 ± 0.470
a
 2.580 ± 0.179 

f
 2.135 ± 0.233

c
 31.72×10

-4
 ± 3.9×10

-4f
 

SHM 5.948 ± 0.761
c
 3.428 ± 0.317

d
 1.523 ± 0.041

f
 181.2×10

-4 
± 2.1×10

-4a
 

SLG 4.088 ± 0.237
e
 2.857 ± 0.463

e
 0.929 ± 0.072

k
 15.41×10

-4
 ± 2.6×10

-4h
 

DPG 5.166 ± 0.410
d
 1.840 ± 0.067

h
 1.298 ± 0.145

h
 48.34×10

-4 
± 1.8×10

-4d
 

FLB 5.213 ± 0.361
d
 2.522 ± 0.145

f
 1.337 ± 0.338

g
 7.98×10

-4 
± 3.6×10

-5k
 

JPT 0.759 ± 0.047
h
 0.713 ± 0.032

k
 0.358 ± 0.091

o
 7.66×10

-4
 ± 1.4×10

-4l
 

HCP 9.535 ± 1.135
a
 5.241 ± 0.586

a
 2.847 ± 0.442

b
 8.11×10

-4
 ± 1.6×10

-4k
 

MLT 0.743 ± 0.169
h
 0.450 ± 0.048

l
 1.813 ± 0.309

e
 6.31×10

-4
 ± 3.9×10

-5m
 

SAM 0.749 ± 0.114
h
 0.321 ± 0.041

l
 0.784 ± 0.165

m
 4.58×10

-4
 ± 0.8×10

-4o
 

CPR 1.390 ± 0.040
g
 0.640 ± 0.030

k
 0.841 ± 0.083

l
 33.0×10

-4
 ± 6.4×10

-4e
 

DLK 1.330 ± 0.503
g
 1.683 ± 0.129

i
 3.016 ± 0.492

a
 19.86×10

-4
 ± 9.2×10

-5g
 

ISL 5.293 ± 0.123
d
 4.537 ± 0.401

b
 0.980 ± 0.082

j
 113.8×10

-4
 ± 2.9×10

-3 b
 

SP 0.192 ± 0.031
i
 0.202 ± 0.025

m
 0.062 ± 0.021

q
 0.22×10

-4
 ± 1.4×10

-6p
 

*Within columns, means followed by the same letter do not differ significantly (p≤0.05) in Tukey’s multiple comparison test. 
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5.6. Native polyacrylamide gel electrophoresis (PAGE) (Non-denaturing): 

A total of 7 isozymes for α-Carboxylesterases (α-CCEs) and 8 isozymes for β-

Carboxylesterases (β-CCEs) were observed in the studied populations (Table 17, 18) 

based on the relative mobility (Rm) of individual band on polyacrylamide gel (8%).  

The obtained isozymes were named accordingly as α-EST I, α-EST II, α-EST III, α-

EST IV, α-EST V, α-EST VI, α-EST VII for α-CCEs (Table 17) and β-EST I, β-EST II, 

β-EST III, β-EST IV, β-EST V, β-EST VI, β-EST VII and β-EST VIII for the β-CCEs 

(Table 18). A maximum of 4 α-CCEs isozymes were expressed in a population (SHM, 

FLB, MLT, SAM and CPR) while MEK and HCP expressed only a single isozyme for 

α-CCEs (Figure 20). Likewise, highest number of isozymes for β-CCEs was shown by 

ISL (5) while five other populations i.e., DPG, HCP, MLT, SAM and CPR expressed a 

single β-CCEs isozyme only (Figure 21). None of the studied populations showed all of 

the isozymes for both α-CCEs and β-CCEs. Moreover, the bands expressed by all of the 

field collected populations differed in intensity (Figure 20, 21). 
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Figure 20: Qualitative analysis of α-Carboxylesterases in different populations of Cx. quinquefasciatus 

from northern West Bengal. 
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Table 17: α-Carboxylesterases (α-CCEs) isozymes in Cx. quinquefasciatus populations from six 

districts of northern West Bengal. 

Sites α-EST I α -EST II α -EST III α -EST IV α -EST V α -EST VI α -ESTVII 

APD _* + + +++ _ _ _ 

COB _ _ + _ + +++ _ 

MEK _ _ + _ _ _ _ 

TFG + + _ ++ _ _ _ 

BDN _ _ + + +++ _ _ 

SHM + + _ ++ _ _ +++ 

SLG _ + _ ++ _ +++ _ 

DPG _ + _ + _ ++ _ 

FLB _ + + + _ +++ _ 

JPT _ _ _ _ + _ ++ 

HCP _ _ _ ++ _ _ _ 

MLT + + + +++ _ _ _ 

SAM + + + +++ _ _ _ 

CPR + + + +++ _ _ _ 

DLK + ++ ++ _ _ _ _ 

ISL + _ + _ ++ _ ++ 

SP _ _ _ _ + ++ _ 

*+++ denotes high intensity, ++ denotes moderate intensity, + denotes low intensity and – denotes 

absence of α -CCEs isozymes. 
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Figure 21: Qualitative analysis of β-Carboxylesterases in different populations of Cx. quinquefasciatus 

from northern West Bengal. 
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Table 18: β-Carboxylesterases (β-CCEs) isozymes in Cx. quinquefasciatus populations from six 

districts of northern West Bengal. 

Sites β-EST I β-EST II β-EST III β-EST IV β-EST V β-EST VI β-ESTVII β-ESTVIII 

APD _* ++ ++ ++ _ _ _ _ 

COB _ _ + _ _ ++ _ _ 

MEK _ ++ ++ ++ _ _ _ _ 

TFG + + ++ _ _ _ _ _ 

BDN + _ + _ _ ++ +++ _ 

SHM _ ++ _ + _ _ ++ +++ 

SLG _ _ _ _ + _ +++ _ 

DPG _ _ _ _ _ _ ++ _ 

FLB + _ + _ ++ ++ +++ _ 

JPT _ _ _ + _ + _ ++ 

HCP _ _ ++ _ _ _ _ _ 

MLT _ _ ++ _ _ _ _ _ 

SAM _ _ ++ _ _ _ _ _ 

CPR _ _ _ _ _ _ +++ _ 

DLK + _ _ ++ _ _ _ _ 

ISL _ + + _ _ + +++ +++ 

SP _ _ _ _ + _ + _ 

*+++ denotes high intensity, ++ denotes moderate intensity, + denotes low intensity and – denotes 

absence of β-CCEs isozymes. 
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5.7. Detection of L1014F and L1014S mutations:  

Allele-specific PCR analysis of the mosquito sodium channel gene showed the 

presence of maximum five genotypes in the studied populations (Figure 22). Out of the 

16 study sites, 9 populations showed the presence of 4 genotypes, 6 populations 

expressed 5 genotypes while TFG in Coochbehar district showed the presence of only 3 

genotypes (Table 19). L1014F mutation was observed in all of the studied populations 

with resistant homozygote genotype (F/F) frequency to be maximum in MLT (30%) in 

Malda district while absent in TFG and FLB populations (Table 19). TFG and CPR 

showed the highest heterozygote genotype frequency (L/F) of 35% followed by APD, 

SHM, SLG, DPG and JPT (30%).  

The L1014S mutation was also observed in the studied populations but in a 

comparatively lower frequency (Table 19). Highest heterozygote genotype frequency 

(L/S) was observed in TFG (30%) followed by FLB and CPR populations with 20% 

genotype frequency. Mutated homozygote genotype (S/S) frequency was found to 

range from 5 – 10% and was found in only 7 of the studied populations. The susceptible 

wild homozygote genotype (L/L) frequency was the highest observed genotype 

frequencies and ranged from 35 – 65%. Mutated resistant allele frequency (F) was 

recorded to be highest in MLT (37.5%) while lowest in FLB (5%) and resistant allele 

frequency (S) ranged from 2.5% in JPT to 15% in MEK, TFG, FLB, HCP and MLT. 

Chromatograms obtained from sequencing of PCR products confirmed the presence of 

mutations (Figure 23). Neither of the mutations was found in SP (susceptible 

population). 

 



132 | P a g e  
 

Table 19: Genotype frequency and allele frequency of L1014F and L1014S kdr mutations in Cx. 

quinquefasciatus from six districts of northern West Bengal. 

Sampling 

site 

Genotype frequency (%) Allele frequency  

FIS* 
LL LF FF LS SS L F S 

APD 45 30 10 15 0 0.675 0.25 0.075 -1.880 

COB 50 25 10 10 5 0.675 0.225 0.1 -0.447 

MEK 40 15 25 10 10 0.525 0.325 0.15 0.161 

TFG 35 35 0 30 0 0.675 0.175 0.15 -1.646 

BDN 45 25 20 10 0 0.625 0.325 0.05 -1.386 

SHM 55 30 5 10 0 0.75 0.2 0.05 -1.025 

SLG 40 30 15 10 5 0.6 0.3 0.1 -0.481 

DPG 50 30 5 15 0 0.725 0.2 0.075 -1.099 

FLB 65 10 0 20 5 0.8 0.05 0.15 -0.791 

JPT 60 30 5 5 0 0.775 0.2 0.025 -0.951 

HCP 40 15 25 10 10 0.525 0.325 0.15 0.161 

MLT 35 15 30 10 10 0.475 0.375 0.15 0.182 

SAM 40 20 20 15 5 0.575 0.3 0.125 -0.242 

CPR 35 35 10 20 0 0.625 0.275 0.1 -1.100 

DLK 40 25 20 15 0 0.6 0.325 0.075 -0.513 

ISL 50 25 10 15 0 0.7 0.225 0.075 -0.763 

*FS individuals were not found in the studied populations. FIS - Wright Index of inbreeding 

coefficient; FIS measures the probability of inbreeding in a population due to non-random 

mating. A negative FIS value indicates an outbreed population; FIS ˂ 0.3 indicates within range 

inbreeding.  
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Figure 22: 3% Agarose gel showing DNA ladder and allele-specific PCR (AS-PCR) 

products of kdr mutation in Cx. quinquefasciatus from northern West 

Bengal. Lane 1, 4, 8 and 11: fragment of sodium channel gene containing 

the kdr mutation site (540 bp); Lane 2: L1014F kdr mutation (380 bp); 

Lane: 3, 6, 10 and 13: susceptible L1014L (380 bp); Lane 5: L1014S kdr 

mutation (380 bp); Lane 7: 100-1500 bp DNA ladder. 
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Figure 23: Chromatogram obtained from sequencing of PCR product. a: no mutation in 

the 312 position (leucine); b: mutation from A to T in 312 position 

(phenylalanine); c: mutation from T to C in 311 position (serine).  
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5.8. Correlation between different populations of Cx. quinquefasciatus for 

insecticide resistance and associated mechanisms: 

 

Principal component analysis (PCA) was performed using 14 different 

variables i.e., LC50 and RR50 values against temephos, mortality percentage against 6 

different adulticides, quantitative activity of major detoxifying enzymes and kdr 

mutation in Cx. quinquefasciatus from 16 study sites of northern West Bengal. The 1
st 

PCA axis represented 70.26% information and 2
nd

 axis represented 13% information. 

The 1
st
 and 2

nd
 axis together explained 83.27% information about the correlation 

between different populations under study. The result of PCA showed positive 

correlation in all of the studied populations of Cx. quinquefasciatus to each other 

(Figure 24). Highest correlation was observed between SLG and ISL [correlation (r) 

= 0.968, p≤0.05)], between APD and BDN (r = 0.962, p≤0.05) and between DPG and 

CPR (r = 0.958, p≤0.05). However, least correlation was observed between MEK and 

SHM (r = 0.072, p≤0.05), SHM and SAM (r = 0.129, p≤0.05), SAM and DLK (r = 

0.141, p≤0.05) and between DLK and TFG (r =   0.157, p≤0.05). 
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Figure 24: Biplot axis showing correlation between different populations of Cx. 

quinquefasciatus obtained through Principal Component Analysis. APD: 

Alipurduar; COB: Coochbehar Town; MEK: Mekhliganj; TFG: Tufanganj; 

BDN: Bidhannagar; SHM: Shivmandir; SLG: Siliguri; DPG: Dhupguri; 

FLB: Fulbari; JPT: Jalpaiguri Town; HCP: Harishchandrapur; MLT: Malda 

Town; SAM: Samsi; CPR: Chopra; DLK: Dalkhola; ISL: Islampur. 
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6. DISCUSSION: 

6.1. Survey of Cx. quinquefasciatus: 

During the survey of Cx. quinquefasciatus larvae and pupae in northern 

region of West Bengal, this mosquito vector was mostly found occurring in high 

densities in cemented drains and muddy channels with high organic content. 

Throughout the study sites, Cx. quinquefasciatus was collected from polluted drains 

and was rarely found in clean water bodies.  However, Cx. quinquefasciatus being an 

opportunistic breeder, may breed on any temporary or permanent water collection 

(Lopes et al., 2019). In the present study, BDN in Darjeeling district had the highest 

larval density among all other study sites followed by TFG in Coochbehar district 

(Table 9). Presence of such high larval densities may create a hurdle for vector 

management during disease outbreaks and also to check the biting nuisance of this 

mosquito vector. 

Cx. quinquefasciatus are usually found in abundance in drains that are in 

close vicinity to human residential areas. Moreover, this mosquito vector is the most 

anthropophilic and abundantly found species of the genus Culex (Bhattacharya and 

Basu, 2016). As such, vector control strategy against Cx. quinquefasciatus should also 

focus on the elimination of probable breeding habitats along with improvement in 

community hygiene and waste water management (Lopes et al., 2019). Failure in the 

management of Cx. quinquefasciatus populations is a direct result of unplanned and 

rapid urbanization in different parts of West Bengal similar to other tropical and low-

income countries of the world.  
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In the present study, Cx. quinquefasciatus was found in abundance after the 

rainy season i.e., from mid October to March in all sampling sites as compared to the 

monsoon period. Similar observance with high density of Cx. quinquefasciatus in the 

post-monsoon season as compared to the monsoon and pre-monsoon seasons was 

reported by Korgaonkar et al., 2012. Similar abundance of Cx. quinquefasciatus post 

monsoon is reported earlier from sub-Himalayan West Bengal (Rudra and 

Mukhopadhyay, 2010). Abundance of Cx. quinquefasciatus during the post-monsoon 

season is also thought to be one of the reasons behind higher resistance in this vector 

against synthetic pyrethroids like permethrin and deltamethrin as compared to other 

mosquito vectors (Uttah et al., 2013).  

The mosquito vector Cx. quinquefasciatus is reported to exist with several 

other mosquito species such as Cx. nigripalpus, Cx. australicus, Cx. pervigilans, Ae. 

polynesiensis, Ae. notoscriptus etc in various regions (Bhattacharya and Basu, 2016). 

Association of Ae. aegypti and Ae. albopictus larvae in the domestic water containers 

and larvae of psychodid moth fly in sewages is also common (Hribar et al., 2004; 

Bhattacharya and Basu, 2016). However, in the present study, Cx. quinquefasciatus 

larvae were observed to co-exist with Anopheline mosquitoes, drain flies and 

chironomid larvae in few of the sampling sites (Table 9). Furthermore, the co-existence 

frequency of Cx. quinquefasciatus with drain flies was highest and that with 

Anopheline mosquitoes was least. Strong adaptation of Cx. quinquefasciatus to climate 

change and unplanned urbanization coupled with low sanitation may have led to co-

existence of this vector with earlier unreported species in the larval habitat. 
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6.2. Insecticide resistance in Cx. quinquefasciatus populations from northern 

districts of West Bengal. 

6.2.1. Resistance to Temephos – an organophosphate: 

In the larval susceptibility assay, Cx. quinquefasciatus larvae of most of the 

studied populations showed susceptible status to temephos – an organophosphate in 

WHO recommended dose i.e., 0.02 ppm. SHM population in Darjeeling district was 

resistant to temephos as evident from only 80% mortality rate and TFG in Coochbehar 

district showed unconfirmed resistance with 92.31% mortality rate. However, when 

tested against NVBDCP recommended dose of temephos i.e., 0.0125 ppm, only 9 

populations of Cx. quinquefasciatus was fully susceptible to temephos with 100% 

mortality. Three populations i.e., TFG, SHM and SLG showed resistance to NVBDCP 

recommended dose of temephos while other 4 populations COB, DPG, DLK and ISL 

were on the intermediate range of resistance with the possibility of either moving 

towards resistance or susceptible status. On the basis of RR (resistance ratio) calculated 

as RR50 in the study, only 3 populations i.e., APD in Alipurduar district, FLB and JPT 

in Jalpaiguri district were completely susceptible to temephos while COB in 

Coochbehar district, CPR and DLK in Uttar Dinajpur showed mild resistance to 

temephos (RR50=2). Severe resistance to temephos was observed in SHM as evident 

from highest RR50 value of 11 among all of the studied sites followed by ISL (RR50=7) 

and SAM in Malda district (RR50=6). As such, the studied populations showed a higher 

resistance ratio against temephos.  
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The present findings of resistance development in Cx. quinquefasciatus in the 

northern districts of West Bengal suggest the ineffectiveness of this organophosphate in 

controlling the lymphatic filariasis vector in the near future. Ineffectiveness of 

temephos is alarming because of the fact that two of the 6 districts under study are 

endemic to lymphatic filariasis and disease control mainly relies on vector control 

approaches. Similar resistance development against temephos in the dengue vector 

Aedes aegypti from the northern districts of West Bengal is also reported (Bharati and 

Saha, 2018), posing a serious threat in terms of mosquito-borne diseases in West 

Bengal.  

This observed resistance to temephos in many studied populations of Cx. 

quinquefasciatus from northern districts of West Bengal, India is an important issue and 

needs immediate attention as temephos is the most commonly used chemical larvicide 

in India owing to its cost effectiveness and easy availability in the market place 

(Grisales et al., 2013). Temephos or O,O,O’O’- tetramethyl  O,O’- thiodi- p- 

phenylenebis (phosphorothiate) is also used to control mosquito larvae in different 

corners of the world because it is efficient in controlling mosquito larvae, is easily 

available and budget friendly (Grisales et al., 2013).  

In India, temephos is usually applied to check the outbreak of dengue and 

malaria. However, the application of temephos in drains and water containers of the 

housing complexes, adjoining residential areas and commercial areas as a larvicide for 

dengue and malaria mosquito vectors also indirectly affects the lymphatic filariasis 

vector - Cx. quinquefasciatus. This is because drains are the most preferred habitat of 

Culex mosquitoes while dengue vector – Aedes sp. and malarial vector – Anopheles sp. 
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are found in other habitats like tree holes, tyres, plastic containers, shallow streams, 

channels along agricultural lands etc.  

The non-targeted exposure of Cx. quinquefasciatus to temephos might be 

considered as the main reason behind the observed resistance in Cx. quinquefasciatus in 

the current study. The six districts incorporated in the present study from West Bengal, 

India is endemic to both dengue and malaria and as such, the region experiences heavy 

and regular spray of temephos for controlling the mosquito larvae and the spread of  

associated mosquito-borne diseases.  Moderate to high levels of temephos resistance in 

the studied Cx. quinquefasciatus populations may therefore, be related to continuous 

application of temephos by the Government and other vector control agencies to keep 

in check the growth and proliferation of dengue and malaria.  

Similar resistance to temephos in larval population of Cx. quinquefasciatus 

were reported from different parts of India. In Uttar Pradesh, Cx. quinquefasciatus 

larvae were reported to be resistant to temephos with a low mortality rate of 30% 

(Kumar et al., 2011). Likewise, with mortality rate ranging from 2.8% to 71%, 

temephos resistant populations of Cx. quinquefasciatus were reported from Delhi and 

from Haryana with 81.5% mortality (Thomas et al., 2013). However, in Andhra 

Pradesh, temephos susceptible population of Cx. quinquefasciatus was reported with 

100% mortality when the mosquito population was exposed to 0.125 ppm temephos 

concentration (Mukhopadhyay et al., 2006).  Apart from India, temephos resistance in 

Cx. quinquefasciatus is reported from Malaysia where the mosquito larval mortality 

was calculated to be 26.03% (Nazni et al., 2005). Severe resistance to temephos was 

recorded in larvae of Cx. quinquefasciatus in Japan with zero mortality (Kasai et al., 
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2007) and resistance to temephos was also reported from Southern Louisiana with 

mortality percentage ranging from 24 – 77 (Delisi et al., 2017). 

The LC50 values in the studied populations ranged from 0.001 – 0.011 ppm 

(Table 10). Similar LC50 values of Cx. quinquefasciatus larvae are reported from 

Rajasthan with 0.0056 ppm (Bansal and Singh, 2007), 0.0008 – 0.0083 ppm in 

Bengaluru (Shetty et al., 2013), 0.0162 ppm, 0.0086 ppm, 0.0048 ppm and 0.0136 ppm 

from four Indian cities viz., Jodhpur, Bikaner, Jamnagar and Bathinda respectively 

(Suman et al., 2010). Cx. quinquefasciatus larvae in Brazil were reported with LC50 

value ranging from 0.002 – 0.036 ppm when tested with temephos (Amorim et al., 

2013) while a comparatively lower LC50 value ranging from 0.0011 – 0.0068 ppm was 

reported by Skovmand and Sango (2018) from Burkino Faso. Similar low LC50 value of 

0.0031 – 0.0044 ppm was recorded in Cx. quinquefasciatus from La Reunion (Tantely 

et al., 2010).  

The LC99 values for temephos in larval populations of Cx. quinquefasciatus 

from 6 different districts of West Bengal was observed to be ≈34.5 times higher than 

the susceptible laboratory reared population (Table 10). A hundred fold higher LC99 

value in Cx. quinquefasciatus larvae was reported from Japan as compared to the 

susceptible population resulting in severe resistance to temephos (Kasai et al., 2007). 

Likewise, there was similarity in the RR50 value obtained in the current study with RR50 

values of Cx. quinquefasciatus populations from few other Indian cities viz., Bengaluru 

(RR50=1-10.37), Jodhpur (RR50=10.8), Bikaner (RR50=5.73), Jamnagar (RR50=3.2), 

Bathinda (RR50=9.06) (Suman et al., 2010; Shetty et al., 2013). Resistance ratio (RR) is 
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widely applied as an indirect method of resistance analysis in mosquito populations 

with RR>2 considered to be resistant for that particular insecticide.   

The World Health Organization recommends temephos for control of other 

insect vectors like flea, midge and blackfly apart from mosquito vectors – Aedes sp., 

Anopheles sp. and Culex sp. (WHO, 2009b). This organophosphate insecticide is also 

applied in the agricultural sector to control thrips and cutworms (WHO, 2009b). As 

such, the wide application of temephos has resulted in the development of resistance in 

the target organisms over time (Shetty et al., 2013; Soltani et al., 2015). Resistance 

development to temephos in mosquito vectors and other insect vectors of public health 

is of prime concern as it may act as a hurdle in the efficient implementation of vector 

control strategies.  

Prevalence of temephos resistance in Cx. quinuefasciatus in the current study 

along with reports on temephos resistance in dengue vector Ae. aegypti from the same 

region (Bharati and Saha, 2018) suggests the use of other insecticides that will be more 

effective against the mosquito larvae in the northern region of West Bengal, India. 

6.2.2. Resistance to malathion: 

The susceptibility assay of Cx. quinquefasciatus against another 

organophosphate – malathion showed that adult mosquitoes of all of the studied 

populations were resistant to malathion.  Out of the 16 study sites, moderate resistance 

to malathion was observed in 3 populations i.e., SHM with 70.58% mortality, JPT with 

75% mortality and DLK with 76.47 mortality percent having comparatively higher 

mortality rate than the other studied populations. However, rest of the 13 populations 
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showed severe resistance to malathion with 100% survival rate in TFG, HCP and SAM. 

This severe resistance to malathion observed from different district of West Bengal as 

evident from very low mortality percentage may be because of malathion exposure in 

mosquitoes that accumulates in drains after being washed off from nearby agricultural 

fields. Moreover, development of insecticide resistance in mosquito vectors is reported 

to occur due to cross exposure of insecticides in the mosquito habitats from the 

agricultural run-offs (Philbert et al., 2014). 

The NVBDCP, Government of India recommends the use of malathion in 

indoor residual spray (IRS) and this insecticide is also used in the agricultural sector to 

control insect pests of economic importance (NVBDCP, 2020). Out of the 6 districts of 

West Bengal under study, application of malathion against mosquito vectors is 

practiced only in Alipurduar district (personal communication). This application history 

may be the reason behind resistance development to malathion in Cx. quinquefasciatus 

from Alipurduar. However, in the other 5 districts, use of malathion to control mosquito 

vectors was not known. Therefore, malathion resistance in these districts may be linked 

to application of this insecticide in the agricultural sector. Four districts in the current 

study i.e., Alipurduar, Darjeeling, Jalpaiguri and Uttar Dinajpur depend largely on tea 

plantation for their economy (Saha and Mukhopadhyay, 2013). Moreover, Jalpaiguri 

district and Uttar Dinajpur also partially depends on jute cultivation and pineapple 

cultivation respectively (Das et al., 2011; Das et al., 2016). Coochbehar district mainly 

depends on the cultivation of paddy, tobacco and jute while Malda district relies on 

prime orchard crops like mango, banana and litchi for their economy (Das et al., 2013). 

As such, the use of malathion in huge amount for controlling insect pest in tea 
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plantation and other agricultural practices (Saha and Mukhopadhyay, 2013) may be the 

reason of severe resistance development in Cx. quinquefasciatus from these districts. 

Moreover, excessive malathion spread in the tea gardens and other agricultural 

practices seeps into nearby drains and contaminates the habitat of Cx. quinquefasciatus 

and other drain dwelling insect species. 

Low mortality rate against malathion observed in the present study correlates 

with similar report on resistance to malathion in Cx. quinquefasciatus from other 

regions of the country. Cx. quinquefasciatus adults from Andhra Pradesh were reported 

to be resistant to malathion with zero mortality (Mukhopadhyay et al., 2006) similar to 

the finding of this study. With a mortality percent of 9.75, 33.3 and 27, malathion 

resistance in adult Cx. quinquefasciatus populations were reported from Chhattisgarh, 

Gujarat (Raghavendra et al., 2011) and Uttar Pradesh (Kumar et al., 2011) respectively. 

Malathion resistance in the lymphatic filariasis vector - Cx. quinquefasciatus is reported 

from neighbouring countries Sri Lanka with 22% mortality rate (Karunaratne and 

Hemingway, 2001) and Pakistan with only 30% mortality in the adult population (Tahir 

et al., 2013). Similar resistance to malathion in adult Cx. quinquefasciatus is reported 

from Malaysia with 100% survival rate (Nazni et al., 2005) and United States with 0-

53% mortality (Richards et al., 2017). However, malathion susceptible population of 

Cx. quinquefasciatus with 100% mortality when exposed to malathion was also 

reported in Thailand (Sathantriphop et al., 2006) and Zambia (Norris and Norris, 2011). 

Apart from the adults of Cx. quinquefasciatus resistance to malathion has 

also been observed in the larval population in Andhra Pradesh with 14% larval 

mortality (Mukhopadhyay et al., 2006) and also in Rajasthan (Bansal and Singh, 2007). 
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Similar malathion resistance in Cx. quinquefasciatus larvae are reported from Malaysia 

with high LC50 value of 109.62 - 140.31 ppm (Nazni et al., 2005; Low et al., 2013), La 

Reunion with LC50 value of 0.0012 - 0.0028 ppm (Tantely et al., 2010) and with 0.043 

ppm LC50 in Bukina Faso (Skovmand and Sanago, 2018). 

This observed resistance to malathion in the lymphatic filariasis vector - Cx. 

quinquefasciatus from all 6 districts under study implies the phenomenon of resistance 

development due to cross exposure of insecticides applied in the agricultural sector 

(Philbert et al., 2014). The ineffectiveness of this insecticide to control Cx. 

quinquefasciatus in the studied region is evident from the current resistance status of 

the mosquito vector. Similar resistance to malathion in dengue vector – Ae. aegypti was 

reported from Alipurduar and Darjeeling district (Bharati and Saha, 2018). Malathion is 

toxic not only to the mosquito vectors and agricultural pests but also to other non-target 

organisms and humans (Kesavachandran et al., 2009). Therefore, the use of this 

insecticide has been banned in few parts of the world (Kesavachandran et al., 2009). 

6.2.3. Resistance to propoxur: 

Propoxur – a carbamate insecticide is recommended for mosquito vector 

control in many countries of the world because of its rapid killing effect and lower 

toxicity on non-target organisms (Food and Agricultural Organization, 2002; WHO, 

2016). Propoxur and bendiocarb are two prime carbamate insecticides to be used in 

vector control along with synthetic pyrethroids in indoor residual spray and outdoor 

spray activities like fogging (WHO, 2016b). However in India, only bendiocarb is 

recommended for mosquito control while propoxur is used in controlling other 



147 | P a g e  
 

household pests like cockroaches, termites and bedbugs but not against mosquito vector 

(WHO, 2016b; NVBDCP, 2020).  

In the present study, field collected population of Cx. quinquefasciatus were 

tested against 0.1% propoxur in order to assess the probability of future application of 

this insecticide to control the lymphatic filariasis vector in West Bengal. Though, the 

World Health Organization Pesticide Evaluation Scheme (WHOPES) recommends an 

exposure period of 2 hours to propoxur for Cx. quinquefasciatus, 1 hour exposure time 

was followed for all six insecticides in order to maintain the homogenity of the 

experiment. Insecticide susceptibility assay of adult Cx. quinquefasciatus from 6 

districts of West Bengal against propoxur showed severe resistance to this carbamate 

insecticide with mortality percentage ranging from 0 – 62.5 (Table 12). SAM showed 

the highest resistance level among all of the studied population with zero mortality.  

This result of resistance development against propoxur in Cx. 

quinquefasciatus complies with similar report of resistance development from other 

countries of the world. In Thailand, susceptibility test of adult Cx. quinquefasciatus 

against 0.1% propoxur resulted in resistance status with 77 – 93.3% mortality 

(Sathantriphop et al., 2006), however, propoxur susceptible populations of Cx. 

quinquefasciatus were also reported (Thanispong et al., 2008). With 3.24% – 68.89% 

mortality, adult Cx. quinquefasciatus population showed resistance to propoxur in 

Malaysia (Chen et al., 2013; Low et al., 2013b). 

In India, there is no report on resistance to propoxur in Cx. quinquefasciatus 

adults. However, susceptibility assay against propoxur in the larval population was 
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studied and reported from Mysore with 0.00013 ppm LC50 (Kumar et al., 2011), LC50 

value ranging from 0.0001 – 0.1166 ppm from Bengaluru (Shetty et al., 2013)   

Carbamate resistance in adult Cx. quinquefasciatus is reported in India 

against bendiocarb from Chhattisgarh with a low mortality rate of 5.7% thereby, 

indicating severe resistance (Raghavendra et al., 2011). Similar resistance to 

bendiocarb was also reported from Gujarat where the adult Cx. quinquefasciatus 

showed 16.2% mortality when exposed to bendiocarb (Raghavendra et al., 2011). 

Compared to other three classes of insecticide recommended for mosquito control, 

reports on carbamate resistance though few, are severe when present with less mortality 

percentage. Comparatively fewer reports on the susceptibility status of Cx. 

quinquefasciatus against propoxur suggest the less exploitation of this insecticide in 

vector control. 

Severe resistance to propoxur in this study from all of the sites suggest cross 

resistance in Cx. quinquefasciatus to bendiocarb as there is no history of propoxur 

application in India against the mosquito vectors (NVBDCP, 2020). Second reason of 

resistance development might be the use of propoxur containing repellent sprays and 

chalks to keep in check cockroaches, termites and bedbugs in the household. Cx. 

quinquefasciatus being anthropophilic and indoor resting mosquitoes are at a higher 

risk of exposure to propoxur-containing insect repellents and as such develop secondary 

resistance to propoxur. These insect repellent chalks and sprays contain propoxur in a 

higher dose formulated for larger insects like termites and cockroaches. Therefore, the 

untargeted exposure of Cx. quinquefasciatus to such high dose of propoxur may be the 
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reason behind severe resistance to propoxur observed in the present study with low 

mortality percent. 

Low mortality rate in adult Cx. quinquefasciatus ranging from 0 – 18.18% in 

two lymphatic filariasis endemic districts i.e., Coochbehar and Malda in the study is 

alarming with a negative probability of propoxur application for controlling mosquito 

vector in the near future. Ineffectiveness of carbamate insecticides against Cx. 

quinquefasciatus narrows the application of only three insecticide class for lymphatic 

filariasis control in the studied region. 

6.2.4. Resistance to DDT: 

The onset of DDT resistance was first reported in dengue vector – Ae. 

aegypti in the early 1950s (Liu, 2015) and thereafter, several reports on DDT resistance 

in mosquito vectors were recorded from different parts of the world. In India, first 

report of DDT resistance in Cx. quinquefasciatus dates back to the year 1952 from a 

small village in Delhi (Gopalakrishnan and Veer, 2018). With almost 70 years of 

resistance history to DDT in the lymphatic filariasis vector - Cx. quinquefasciatus, this 

insecticide is still being used for vector control in the country. Application of DDT in 

the agricultural sector is banned while this insecticide along with another 

organochlorine insecticide – dieldrin is recommended for mosquito control in India 

(NVBDCP, 2020). Worldwide use of DDT as an effective insecticide in both public 

health and agricultural sector since the 20
th

 century resulted in intense selection 

pressure on mosquito vectors resulting in resistance development across various regions 

of the world (Vontas et al., 2012).  
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Severe resistance to DDT was observed in the present study in adult Cx. 

quinquefasciatus populations from six districts of northern West Bengal. HCP and 

MLT populations in Malda district showed severe resistance to DDT with zero 

mortality (Table 12) (Figure 18). This low mortality rate may indicate the implication 

of DDT- based mosquito control strategies in the past years as these districts apart from 

being endemic to lymphatic filariasis are also endemic to dengue, malaria and Japanese 

Encephalitis (NVBDCP, 2020).  

Similar resistance to DDT in adult Cx. quinquefasciatus populations are 

reported from the neighbouring state Assam with 11.9 – 50% mortality rate (Sarkar et 

al., 2009) and from Andhra Pradesh with zero mortality rate (Mukhopadhyay et al., 

2006). In Uttar Pradesh, adult Cx. quinquefasciatus was observed to be resistant to 

DDT with 28.33% mortality (Kumar et al., 2011) and similar resistance status was 

reported by Raghavendra et al., (2011) from Chhattisgarh and Gujarat with zero 

mortality and 3.3% mortality in adult Cx. quinquefasciatus populations. Similar 

resistance was also reported from Maharashtra with a mortality percent of 12.3 when 

exposed to DDT (Karlekar et al., 2013). 

With mortality rate of 1%, severe resistance to DDT was reported from Sri 

Lanka (Wondgi et al., 2008) and similar resistance was reported from Thailand, Benin, 

Tanzania and Ghana (Somboon et al., 2003; Corbel et al., 2007; Jones et al., 2012; 

Kudom et al., 2015; Yadouletan et al., 2015). Susceptibility to DDT with 100% 

mortality was reported in Cx. quinquefasciatus population from Malaysia in the year 

2005 (Nazni et al., 2005). However the Cx. quinquefasciatus adults were found to be 

resistant to DDT with only 33.33% mortality (Chen et al., 2013). This unfortunate 
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change from susceptible to resistance in less than 10 years indicates the rapid onset of 

insecticide resistance in the mosquito vectors. In the current study mortality percentage 

of laboratory reared susceptible population (SP) was 98.92 and not 100% as the 

mortality of SP against other insecticides used. This finding highlights upon the heavy 

intensity of DDT resistance in Cx. quinquefasciatus from the study region.  

KDT50 and KDT99 value of Cx. quinquefasciatus against DDT in the study 

was found to be many times higher than that of SP. Highest KDT50 value of 378.90 

minutes was recorded in COB population in Coochbehar district among all of the 

studied populations with a mortality of only 4% thereby showing severe resistance to 

DDT (Table 13). Similarly, TFG in Coochbehar district and SHM in Darjeeling district 

showed highest KDT99 value of 2764.10 minutes. Higher KDT50 and KDT99 values 

indicate longer time taken by the insecticide to knockdown the mosquito vector and 

therefore inefficiency of the insecticide in controlling the vector population.  

6.2.5. Resistance to Synthetic Pyrethroids: 

In the present study, field collected populations of Cx quinquefasciatus were 

tested against 3 synthetic pyrethroid insecticides. One of the insecticide i.e., permethrin 

belongs to type I pyrethroid group and the other two insecticides – deltamethrin and 

lambdacyhalothrin are Type II pyrethriods. These 3 synthetic pyrethroids used in the 

study are recommended for mosquito control (NVBDCP, 2020) and also the most 

common pyrethroids used in both public health and agricultural practices. The 

mosquito populations exhibited similar resistance to all the 3 synthetic pyrethroids used 
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in the study (Table 11). This finding highlights the use of these insecticides in the 

studied region for mosquito vector control. 

Susceptibility assay of adult Cx. quinquefasciatus against Type I pyrethroid 

permethrin showed that all of the studied populations were resistant to permethrin 

except JPT with 95.65% mortality which was in the intermediate resistance or 

unconfirmed resistance state (Table 11). Apart from JPT in Jalpaiguri district, CPR and 

SLG populations showed moderate resistance to permethrin with a mortality rate of 

80.55% and 73.91% respectively (Figure 17). Severe resistance to permethrin with 

7.69% mortality was observed in SHM population in Darjeeling district. Distribution of 

permethrin and deltamethrin-impregnated mosquito nets by Government health workers 

including the Aganwadi workers in various districts of West Bengal might be linked to 

the observed permethrin resistance in this study. The distribution of synthetic 

pyrethroids-impregnated bed nets as a part of vector control strategy in India 

(NVBDCP, 2021c) in a continuous manner as such, may result in development of 

resistance in indoor mosquito vectors. The observed permethrin resistance in field 

collected Cx. quinquefasciatus populations may have a negative impact on vector 

control strategies, rendering the application of permethrin in the present dose 

ineffective against mosquito vectors in West Bengal. Permethrin resistance from this 

studied region in dengue vector – Ae. aegypti has also been reported earlier (Bharati 

and Saha, 2018). Moreover, the ineffectiveness of permethrin in checking the mosquito 

populations may have a serious consequence during disease outbreaks in West Bengal. 

Incipient or intermediate resistance to permethrin in Cx. quinquefasciatus 

with 95.83% mortality is reported from Uttar Pradesh (Kumar et al., 2011). Resistance 
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to permethrin in Cx. quinquefasciatus is spread worldwide with several reports from 

different parts of the world. However, in Thailand, Cx. quinquefasciatus was found to 

be susceptible to permethrin and also the presence of incipient resistance in the same 

population (Somboon et al., 2003). Likewise, incipient resistance against permethrin in 

Cx. quinquefasciatus was reported from Zambia (Norris et al., 2011) while the 

mosquito population was moderately resistant to permethrin in Malaysia with mortality 

percentage lower than 79.82 (Nazni et al., 2005; Chen et al., 2013). With mortality 

percent ranging from 35 – 93, Cx. quinquefasciatus populations in Benin showed both 

resistance and incipient resistance to a synthetic pyrethroid – permethrin (Corbel et al., 

2007). Reports on severe resistance to permethrin in Cx. quinquefasciatus are also 

common with 1% mortality in Sri Lanka (Wondji et al., 2008), 14% mortality in 

Zanzibar (Jones et al., 2012), mortality percentage ranging from 4-24 in Benin 

(Yadouletan et al., 2015), 11.4% in Thailand (Yanola et al., 2015) and in Cameroon 

with 18% mortality (Nchoutponen et al., 2019). Few populations of Cx. 

quinquefasciatus exhibited all three status of resistance, susceptible and incipient 

resistance when tested against permethrin in Ghana, Malaysia and Thailand (Kudom et 

al., 2013; Low et al., 2013b, Boonyuan et al., 2016). 

The KDT50 and KDT99 values of studied Cx. quinquefasciatus populations 

were lower than that of DDT (Table 13). BDN in Darjeeling district showed highest 

KDT50 value of 294.81 minutes. However none of the studied populations exhibited 

KDT50 values lower than 60 minutes in the present study. On the contrary, a low KDT50 

value of 22.37 minutes was reported in Cx. quinquefasciatus from Selangor, Malaysia 

(Chen et al., 2013). This indicates a degradation of rapid knockdown effect of 
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permethrin in the mosquito vectors. Highest KDT99 value of 1457.91 minutes was 

observed in TFG in Coochbehar district. This long time exposure required for 

knockdown of mosquito vectors in TFG is alarming as Coochbehar district is endemic 

to lymphatic filariasis and prolonged use of permethrin treated bed nets might be the 

cause of this very high KDT99 value in the study site. Permethrin resistance is not 

confined to Cx. quinquefasciatus but present in Aedes sp. (Ishak et al., 2015; Ishak et 

al., 2017), Anopheles sp. (Mittal et al., 2004) and other insect vectors as well 

(Hemingway et al., 2002). 

Resistance to two Type II pyrethroids i.e., deltamethrin and 

lambdacyhalothrin is evident from low mortality rates in field collected populations of 

Cx. quinquefasciatus in the study (Table 11). Three of the studied populations i.e., 

BDN, JPT and CPR showed moderate resistance to deltamethrin with mortality rate of 

82.86%, 83.33% and 76.92% respectively. Rest of the 13 study sites showed severe 

resistance to deltamethrin with mortality percentage as low as 7.69 in MEK of 

Coochbehar district. This observed resistance to deltamethrin in the present study may 

also be linked to the prolonged use of permethrin and deltamethrin-impregnated 

mosquito nets in northern districts of West Bengal.  

Resistance to deltamethrin in Cx. quinquefasciatus is spread across the 

country with reports on resistance from Chhattisgarh and Gujarat with 44.9% and 75% 

mortality rate (Raghavendra et al., 2011). Similar resistance to deltamethrin in Cx. 

quinquefasciatus was also reported from Maharashtra showing 72.73% mortality 

(Karlekar et al., 2013). However, in the neighbouring state, Assam Cx. 

quinquefasciatus population was reported to have either incipient resistance or 
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complete susceptibility to deltamethrin with 96.2 - 100% mortality (Sarkar et al., 2009). 

Deltamethrin resistance in India is reported not only in the adults of Cx. 

quinquefasciatus but also in their larval population with 0.0008 ppm LC50 value in 

Mysore (Fakoorziba et al., 2008) and Bengaluru with 0.0016 - 0.0065 ppm LC50 

(Shetty et al., 2013). Resistance to deltamethrin was reported from Uttar Pradesh with 

96.66% mortality (Kumar et al., 2011).  

Deltamethrin resistance in Cx. quinquefasciatus is spread on the global scale 

and various reports from Zanzibar with only 19.4% mortality in Cx. quinquefasciatus 

when exposed to deltamethrin (Jones et al., 2012), Ghana with 23 - 58% mortality 

(Kudom et al., 2015), Benin with 24 - 48% mortality (Yadouletan et al., 2015) and 

Cameroon with 20% mortality (Nchoutponen et al., 2019) have come to the limelight. 

However, there are also reports on incipient resistance to deltamethrin from Zambia 

with mortality percentage of 97 - 98 (Norris et al., 2011), Thailand (Yanola et al., 

2015) and United States (Richards et al., 2017). 

In the present study, MLT and SAM population in Malda district and COB 

and MEK populations in Coochbehar district showed severe resistance to 

lambdacyhalothrin with mortality percentage below 12 for all 4 study sites (Table 11). 

This finding indicates serious problems related to mosquito vector control in these two 

districts using synthetic pyrethroids. Coochbehar and Malda are the only two districts to 

be endemic to lymphatic filariasis in the northern region of West Bengal, India 

(NVBDCP, 2020). As such, severe resistance to lambdacyhalothrin may act as a hurdle 

in combating the disease through vector control plans in these two lymphatic filariasis 

endemic districts.  
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Compared to all three synthetic pyrethroids used in this study, lowest 

mortality rate was observed against lambdacyhalothrin with maximum mortality 

percentage of 77.27 in JPT (Table 11). Moreover, least mortality percentage of 4 was 

also observed against lambdacyhalothrin among the three synthetic pyrethroids in MLT 

population from Malda district. On contrary to this finding, susceptible population of 

Cx. quinquefasciatus to lambdacyhalothrin was reported from Indian state of Uttar 

Pradesh where the mosquito vectors showed 98.33% mortality (Kumar et al., 2011). 

However, Shetty et al., (2013) reported lambdacyhalothrin resistant Cx. 

quinquefasciatus from Bengaluru with 0.0006 - 0.0041 ppm LC50 value. 

Few reports on lambdacyhalothrin resistance in Cx. quinquefasciatus across 

different countries of the world complies with the current finding. Lambdacyhalothrin 

resistance was reported from Malaysia with 34.38 - 36.43% mortality (Nazni et al., 

2005) and also incipient resistance with 80% mortality (Chen et al., 2013). Similar 

reports on lambdacyhalothrin resistance were recorded from Zanzibar with 24% 

mortality (Jones et al., 2012). However, with 100% mortality, Cx. quinquefasciatus 

from Thailand was reported to be susceptible to lambdacyhalothrin (Somboon et al., 

2003). 

The observed resistance to synthetic pyrethroids in Cx. quinquefasciatus 

population from all 6 districts of West Bengal is an important issue of concern because 

synthetic pyrethroids are the sole insecticide class to be used for impregnation of 

mosquito nets as recommended by WHO as a major control strategy against malaria in 

not only West Bengal but around the globe (WHO, 2007; WHO, 2009a; WHO, 2016b; 

NVBDCP, 2020). This insecticide class is also recommended for IRS (indoor residual 
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spray) to control mosquito vectors due to their rapid action and minimal toxicity to 

humans (NVBDCP, 2020). Inefficiency of synthetic pyrethroid-impregnated mosquito 

nets to check the malarial vector Anopheles gambiae and lymphatic filariasis vector Cx. 

quinquefasciatus have already been reported (Guillet et al., 2001; Kudom et al., 2015). 

In West Bengal, there are no reports on direct application of synthetic 

pyrethroids against Cx. quinquefasciatus. However, the use of synthetic pyrethroids in 

domestic household to control disease-causing mosquito vectors and also to counter the 

nuisance caused by mosquito biting may be the probable reason of resistance 

development in Cx. quinquefasciatus in this study. This statement holds true due to the 

anthropophilic and indoor resting behavior of Cx. quinquefasciatus. The indoor resting 

habit of Cx. quinquefasciatus prolongs the exposure time of this mosquito vector to 

various kinds of synthetic pyrethroids-containing anti-mosquito products like coils, 

mosquito repellent oils, sprays, fumigants and creams (Zinser et al., 2004). Direct 

contact of adult Cx. quinquefasciatus to such products in household activities results in 

the onset of resistance development in this vector to synthetic pyrethroids. In India, the 

most commonly used mosquito repellent coil which is available in the market place 

under the brand name ‘Mortein’ contains a mixture of permethrin and transallethrin. 

Similarly, the famous mosquito spray used in domestic household under the brand 

name ‘Hit’ contains transallethrin and the liquid fumigant sold under the brand name 

‘All-Out’ usually contains allethrin. 

Apart from the impregnation of long lasting insecticidal nets (LLINs) with 

synthetic pyrethroids and its presence in all mosquitocidal tools used in household, this 

insecticide class is also frequently used in the agricultural sector to combat insect pests 
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of economic importance (Gurusubramanian et al., 2008). As stated earlier, 5 districts 

under study i.e., Alipurduar, Coochbehar, Darjeeling, Jalpaiguri and Uttar Dinajpur 

relies mainly on tea plantation for their economy as these districts are located in the tea 

belt region of northern part of West Bengal (Saha and Mukhopadhyay, 2013). Malda 

district however, mainly depends on orchard crops for its economy and Jalpaiguri 

district partly relies on jute cultivation while Uttar Dinajpur on pineapple cultivation 

(Das et al., 2011). 

Synthetic pyrethroids along with organophosphate insecticides are mainly 

used to control insect pests in tea gardens and pineapple cultivation (Das et al., 2011). 

Use of synthetic pyrethroids in fruit orchards is also a common practice in West 

Bengal. Therefore, the accumulation of synthetic pyrethroids from the agricultural 

fields to nearby drains may provide cross resistance to Cx. quinquefasciatus that usually 

dwell in such drains and channels (Nkya et al., 2013). Moreover, the insecticide 

selection pressure created on Cx. quinquefasciatus due to intensive use of these two 

insecticide classes on the agricultural sector in the studied districts might be the reason 

behind severe resistance to synthetic pyrethroids in this study. Similar reports on 

secondary resistance in Cx. quinquefasciatus to synthetic pyrethroids used in the 

agricultural sector from different corners of the world is common (Nkya et al., 2013; 

Lopes et al., 2019). Cx. quinquefasciatus are opportunistic breeders and may habitat 

drains in the vicinity of agricultural fields thereby developing non-targeted resistance to 

synthetic pyrethroids and organophosphate insecticides applied in the tea gardens, 

pineapple fields and fruit orchards in West Bengal.  
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6.3. Mechanisms involved in the development of resistance against insecticides in 

Cx. quinquefasciatus populations from northern West Bengal: 

 

6.3.1. Mechanisms involved in the development of resistance against Temephos: 

Larval populations of Cx. quinquefasciatus from different districts of West 

Bengal was mostly found to be susceptible to WHO recommended dose of temephos 

except SHM which was resistant with 80% mortality (Table 10). Likewise, in the 

NVBDCP recommended temephos dose only three of the tested populations (TFG, 

SHM and SLG) were observed to be resistant to temephos (Table 10). In mosquitoes 

and other insect species elevated activity level of non-specific esterases are linked to 

the development of resistance to temephos and other organophosphate insecticides 

(Hemingway et al., 2004; Liu, 2015; Goindin et al., 2017). As such, ≈30 fold higher α-

CCEs activity and ≈17 fold higher β-CCEs activity recorded in SHM population as 

compared to SP may positively correlate with the observed resistance to temephos in 

the same population. TFG and SLG populations also showed higher α-CCEs and β-

CCEs activity compared to that of SP.  

Though only few populations were resistant to temephos yet many populations 

had diagnostic dose greater than WHO recommended dose i.e., 0.02 ppm. Higher 

values of diagnostic dose also indirectly indicate development of resistance in 

mosquitoes (Yadav et al., 2015). Highest recommended dose of 0.138 ppm was 

calculated for SAM (Table 10). Out of the 16 populations under study, 11 populations 

had diagnostic dose that was greater than WHO recommended dose. The presence of 

higher elevated α-CCEs and β-CCEs activity in most of the tested populations 

therefore, may be taken as the reason behind diagnostic dose of temephos for most of 
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the study sites. Involvement of elevated levels of non-specific CCEs to temephos 

resistance in Cx. quinquefasciatus has been reported from various corners of the world 

(Pietrantonio et al., 2000; Corbel et al., 2007; Tantley et al., 2010; Delisi et al., 2017). 

In mosquitoes, apart from enhanced esterase activity insensitive 

acetylcholinesterase (AChE) is also reported to be associated with organophosphate 

resistance (Weill et al., 2003; Low et al., 2013a; Liu, 2015). Highest diagnostic dose of 

0.138 ppm temephos in SAM with significantly lower α-CCEs and β-CCEs activity 

level as compared to other tested populations (Table 10) might suggest the involvement 

of other mechanisms of resistance particularly insensitive AChE in the studied 

population. However, the amplification and over expression of non-specific CCEs is 

observed to be the most common mechanism of resistance in mosquito vectors against 

temephos and other organophosphate insecticides (Liu, 2015). Moreover, studies on the 

molecular level have revealed the over expression of 2 major CCEs genes i.e., ccae3A 

and ccae6A in mosquitoes showing resistance to temephos (Poupardin et al., 2014; 

Grigoraki et al., 2015).  

Qualitative study of CCEs through native PAGE revealed the presence of 

varying number of α-CCEs and β-CCEs isozymes in the studied populations. Five of 

the studied populations i.e., SHM, MLT, SAM, FLB and CPR showed a maximum of 4 

isozymes for α-CCEs (Table 17). Similarly, SHM, BDN and FLB showed 4 isozymes 

of β-CCEs in the present study while ISL showed five isozymes. Presence of maximum 

4 bands indicating 4 different isozymes for both α-CCEs and β-CCEs in SHM 

population may be linked to the association of these esterase isozymes in resistance 

development to temephos in the same population. Furthermore, presence of darkly 
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stained bands in gel electrophoresis is reported to indicate over expression of a 

particular CCE isozyme and its involvement in resistance development to temephos in 

Ae. aegypti (Lima et al., 2004). Similar involvement of elevated CCEs isozymes in 

organophosphate resistance development in field collected Cx. quinquefasciatus are 

reported by Pietrantonio et al., 2000; Gorden and Ottea, 2012. Presence of only 2 

lightly stained bands for α-CCEs isozymes in JPT which is completely susceptible to 

temephos furthermore supports the association of CCEs with organophosphate 

resistance in Cx. quinquefasciatus. 

Moreover, single isozyme of β-CCEs observed in HCP, MLT and SAM 

positively correlates to lower esterase activity of these study sites on quantitative 

analysis of enzyme activity (Table 18). Association of different isozymes of CCEs with 

resistance to temephos is also reported in the dengue vector Ae. aegypti worldwide 

(Bisset et al., 2013; Muthusamy et al., 2014; Grigoraki et al., 2015). 

Though most of the studied populations of Cx. quinquefasciatus are susceptible 

to temephos, higher values of site specific diagnostic dose of this insecticide calculated 

in the study might lead to problems in mosquito vector control in the studied districts 

with temephos. Therefore, rotational use of other larvicides such as Insect Growth 

Regulators (IGRs) and biolarvicides may be helpful in checking the mosquito 

population and prolonging the onset of temephos resistance in the studied area. 

6.3.2. Mechanisms involved in the development of resistance against Malathion: 

Development of resistance to malathion in the mosquito population is coupled 

by enhanced level of CCEs (Hemingway et al., 2002). The comparatively higher α-



162 | P a g e  
 

CCEs and β-CCEs of the studied populations to that of SP might be linked to the 

observed resistance of Cx. quinquefasciatus populations against malathion (Table 12). 

HCP showed the highest value for both α-CCEs and β-CCEs activity among all of the 

studied populations (Table 16). Severe resistance to malathion with zero mortality rate 

in HCP may thus be correlated with higher esterase activity observed in that population. 

Similarly, higher mortality rate (>70%) in DLK and JPT with significantly lower 

esterase activity as compared to other populations might indicate the role of CCEs in 

resistance development against malathion in Cx. quinquefasciatus (Hemingway et al., 

2004).  

However, higher mortality rate against malathion (70.58%) in SHM, though 

with the presence of higher elevated levels of α-CCEs and β-CCEs hints upon the 

involvement of malathion-specific esterase in resistance development to malathion 

(Karunaratne and Hemingway, 2001). Malathion is an open chain organophosphate and 

resistance to malathion involves a separate esterase group known as malathion-specific 

esterases (Zeigler et al., 1987; Hemingway et al., 2004). Open chain organophosphate 

like malathion are usually reported to involve a separate esterase group different from 

those involved in other organophosphate insecticides like temephos (Gelasse et al., 

2017). Present study focuses on measuring the quantitative activity of entire CCEs 

enzymes in the mosquito population. In SHM, therefore, other non-specific esterases 

may have elevated activity while the malathion-specific esterase may be present in 

lower amount thereby showing more than 70% mortality against malathion. 

In this study, presence of malathion-specific esterases in study sites except 

SHM is evident from low mortality percent of Cx. quinquefasciatus adults when 



163 | P a g e  
 

exposed to malathion (Table 12). Similar involvement of malathion-specific CCEs in 

resistance development to malathion in Cx. quinquefasciatus is reported by Karunaratne 

and Hemingway in 2001. Moreover, association of elevated esterase activity and 

resistance development to malathion in Cx. quinquefasciatus are reported from various 

countries (Corbel et al., 2007; Norris et al., 2011; Low et al., 2013b; Tahir et al., 2013). 

Electrophoretic analysis of CCEs isozymes reveal the presence of a maximum 4 

different isozymes of α-CCEs in a single population while 5 different isozymes of β-

CCEs in ISL (Table 17, 18). Malathion resistance in this study may be linked to varying 

number of α-CCEs and β-CCEs isozymes observed with different band intensities 

(Figure 20, 21). CPR with complete susceptibility to temephos showed 4 isozymes of 

α- CCEs and one darkly stained isozyme of β-CCEs (Table 17, 18). This suggests the 

presence of malathion-specific esterases in the population as the population showed 

resistance to malathion with only 23.53% mortality (Table 12). The result obtained in 

qualitative analysis of esterase isozymes revealed involvement of mostly β-EST VII 

and β-EST VIII in resistance development to malathion with the presence of deeply 

stained bands. However, α-EST I, II and III were usually present in most of the studied 

populations indicating its role in resistance development to organophosphates. 

  Results of synergist assays using 10% TPP- an inhibitor of CCEs activity and 

4% PBO- inhibitor of CYP450s monooxygenases also provides hints on the mechanisms 

of resistance to malathion in Cx. quinquefasciatus. Though the exposure of adult 

mosquitoes to the synergists prior to exposure of malathion resulted in an increase in 

the mortality percentage, yet complete susceptibility of mosquito populations to 

malathion could not be obtained (Table 14). A significant increase in mortality 
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percentage was observed in MEK but with no restoration of the susceptibility status to 

malathion. 

This finding suggests the presence of other resistance mechanisms apart from 

elevated CCEs activity against malathion. As stated earlier, resistance to 

organophosphates occurs either by elevated activity of CCEs or through insensitive 

AChE (Weill et al., 2003; Hemingway et al., 2004; Liu, 2015). However, involvement 

of target-site insensitivity in resistance development to malathion in mosquito vectors is 

rarely reported (Moyes et al., 2017). 

From the present observation, application of malathion in combination with 

synergists or enzyme blockers is not suggested in northern districts of West Bengal. 

However, new insecticide formulations with slightly different target sites might be the 

more probable choice of vector control. Furthermore, insensitive AChE in Cx. 

quinquefasciatus should also be screened and studied in this region for a better 

conclusive action to be proposed. 

Higher values of GSTs as compared to SP in the present study, suggests the role 

of this enzyme group in resistance development to malathion (Table 16) as GSTs 

overproduction in mosquito vectors is associated with organophosphate resistance 

(Hayes and Wolf, 1988).  

6.3.3. Mechanisms involved in the development of resistance against Propoxur: 

Elevated esterase activity is not only associated with resistance to 

organophosphates but also confers resistance to carbamate insecticides (Karunaratne 

and Hemingway, 1998; Hemingway et al., 2004). In addition to CCEs, propoxur 
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resistance in mosquito vectors is also reported to occur though in few cases through the 

elevation of CYP450s and GSTs activity (Ishak et al., 2015). Therefore, the significantly 

higher CCEs activity observed in the study might be linked to propoxur resistance as 

well in the examined populations along with resistance to organophosphates. 

Furthermore, higher CYP450s activity may also be associated with the observed 

resistance to propoxur in the studied populations. This suggests the combined action of 

both CCEs and CYP450s in conferring resistance to propoxur in Cx. quinquefasciatus 

populations of northern West Bengal. 

The synergist assays using 4% PBO and 10% TPP increased mortality 

percentage of Cx. quinquefasciatus when exposed to propoxur but only to some extent 

with no significant difference (Table 14, 15). As such, the major detoxifying enzymes 

are not the only mechanisms of resistance development to propoxur in the studied 

districts. Resistance to propoxur may also develop as a result of insensitive AChE as 

this insecticide share a common target site with organophosphates. Moreover, similar 

target site of two insecticide groups also suggest the cross resistance of mosquito 

population to propoxur and temephos. 

Apart from these mechanisms of resistance, some other resistance mechanisms 

may also be involved in resistance development to propoxur in the studied populations 

as the elevated enzyme levels and mortality percentage could not be fully correlated. 

Any other resistance mechanism (if present) needs to be studied and examined for 

proper vector control in near future and in turn to combat the dreaded mosquito-borne 

diseases in West Bengal.  
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Though the isoforms of α-CCEs and β-CCEs are rarely reported to be associated 

with propoxur resistance (Karunaratne and Hemingway, 1998), presence of 4 α-CCEs 

isozymes in SAM may be correlated to some extent with observed severe resistance to 

propoxur in the population with zero mortality. However, further studies are needed for 

better understanding of CCEs isozymes and its association with propoxur resistance. 

6.3.4. Mechanisms involved in the development of resistance against Pyrethroids: 

Resistance to synthetic pyrethroids in mosquitoes and other insect vectors are 

brought about either by an increased activity of CYP450s enzyme family (Amenya et al., 

2008) or by mutations in the voltage-gated sodium channel (vgsc) gene resulting in 

insensitive target site (Liu, 2015; Scott, 2019). The combination of these two 

mechanisms is usually reported to confer resistance against synthetic pyrethroids in the 

mosquito vectors (Marcombe et al., 2012; Vontas et al., 2012).  

The studied populations of field collected Cx. quinquefasciatus was found to be 

resistant to permethrin – a Type I pyrethroid. Low mortality rate observed against 

permethrin in all of the study sites except JPT, showed resistance against this 

insecticide (Table 11). JPT however, showed incipient resistance or unconfirmed 

resistance to permethrin with 95.65% mortality. Higher values of CYP450s activity 

obtained in the study may be attributed to the observed permethrin resistance as 

comparatively higher CYP450s activity in BDN, HCP and DLK do coincide with lower 

mortality rate in those populations (Table 11, 16).  

Similarly, JPT with incipient resistance to permethrin showed a significantly 

lower CYP450s activity thereby, indicating the involvement of CYP450s in resistance 
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development to permethrin. Similar instances of elevated CYP450s activity linked to 

permethrin resistance in Cx. quinquefasciatus are reported from different regions 

around the globe (Corbel et al., 2007; Low et al., 2013b; Wan-Norafikah et al., 2013). 

However, Kudom et al., (2015) reported permethrin resistance in Cx. quinquefasciatus 

with lower CYP450s activity which might be the case in COB, MEK and SAM 

populations (Table 16). Lower mortality rates in these populations with lower values of 

CYP450s activity indicates the involvement of other mechanisms of resistance mainly 

target-site insensitivity (Liu, 2015; Scott, 2019).  

Elevated activity of CCEs observed in this study could not be correlated with 

permethrin resistance thereby, indicating the CCEs to be ineffective against pyrethroid 

resistance in Culex mosquitoes. Similar observation on no correlation of elevated CCEs 

with pyrethroid resistance in Cx. quinquefasciatus was reported from USA (Gordon and 

Ottea, 2012). On the contrary, elevated activity of CCEs is linked to pyrethroid 

resistance in Cx. quinquefasciatus by Kudom et al., (2015). 

Similar to permethrin resistance, resistance to two Type II pyrethroids - 

deltamethrin and lambdacyhalothrin in Cx. quinquefasciatus observed in this study may 

be linked to the many fold high CYP450s activity in the field collected populations as 

compared to SP (Table 16). The presence of lower CYP450s activity in JPT population 

with significantly highest mortality percentage against both deltamethrin and 

lambdacyhalothrin also suggest the role of CYP450s in resistance development against 

these insecticides particularly and synthetic pyrethroids in general. 
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Moreover, higher CYP450s activity observed in DLK, BDN and HCP also 

coincides with lower mortality rate of these three populations upon exposure to 

deltamethrin and lambdacyhalothrin.  

Several studies have reported a positive correlation between overproduction of 

CYP450s enzyme family and resistance to synthetic pyrethroids in Cx. quinquefasciatus 

(Komagata et al., 2010; Liu et al., 2011; David et al., 2013; Delannay et al., 2018; 

Fagbohun et al., 2019). The elevated CYP450s activity in Cx. quinquefasciatus is 

attributed to overexpression of mainly 2 CYP450s genes – cypm10 and cyph34 resulting 

in resistance to synthetic pyrethroids (Komagata et al., 2010). The study leading to this 

finding was conducted in permethrin selected strain of Cx. quinquefasciatus (JPal-per). 

However, elevated level of CYP450s due to overexpression of CYP450s genes is not 

always related to pyrethroid resistance as a single mutation in transcription factor of 

these genes may result in overproduction of CYP450s enzyme family even in the 

absence of insecticide exposure (Komagata et al., 2010). 

In the present study, COB with comparatively lowest value of CYP450s activity 

was observed to have lowest mortality rate against deltamethrin among all other tested 

populations (Table 16). This indicates that deltamethrin resistance in COB is not due to 

elevated activity of CYP450s but because of some other mechanisms of resistance. 

The use of 2 synergists – PBO and TPP in the study was unable to restore 

susceptibility of Cx. quinquefasciatus populations to synthetic pyrethroids except in 

BDN, MEK and JPT, though increase in mortality rate was observed (Table 16) (Figure 

19). Inefficiency of the synergists used to revert resistance status of studied populations 
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of Cx. quinquefasciatus against synthetic pyrethroids indicates only a partial 

involvement of major detoxifying enzymes in the development of observed resistance 

to synthetic pyrethroids in the lymphatic filariasis vector from 6 northern districts of 

West Bengal. 

Insecticide resistance in insects against synthetic pyrethroids occurs due to an 

elevated CYP450s activity (Hemingway and Ranson, 2000; Amenya et al., 2008) and 

PBO is reported to inhibit CYP450s enzyme family (Kudom et al., 2015). This indicated 

the involvement of other resistance mechanisms along with metabolic enzymes in the 

studied populations. 

There are reports on resistance in Cx. quinquefasciatus even after prior exposure 

to PBO (Corbel et al., 2007; Skovmand et al., 2018). However, in BDN and MEK, 

though susceptibility status was not achieved with the use of PBO yet, these 2 

populations showed incipient resistance to deltamethrin in the synergist assay (Table 

14). Moreover, the use of PBO in JPT along with synthetic pyrethroids for an efficient 

vector control may be suggested as JPT showed susceptibility towards deltamethrin and 

permethrin while incipient resistance to lambdacyhalothrin when prior treated with 

PBO (Table 14). This finding do correlated with similar increase in mortality 

percentage of Cx. quinquefasciatus when exposed to PBO prior to the exposure of 

synthetic pyrethroids in Malaysia (Norafikah et al., 2013) and Nigeria (Fagbohun et al., 

2019).  

In rest of the 12 populations under study, combination of PBO with synthetic 

pyrethroids for impregnation of Long Lasting Insecticide Treated nets (LLINs) (Gleave 
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et al., 2018) may not provide a positive outcome in checking the growth and 

proliferation of lymphatic filariasis vector and in turn the disease. 

Higher KDT50 and KDT99 values obtained in the study indicate longer time 

taken by synthetic pyrethroids to knock down Cx. quinquefasciatus populations. None 

of the study sites was found to have <60 minutes KDT50 value (Table 13) suggesting 

the inefficiency of synthetic pyrethroids in these populations as KDT assay is also a 

good indicator of the onset of insecticide resistance (Elissa et al., 1993). Longer knock 

down time of synthetic pyrethroids in mosquito vector suggests insensitive receptor as 

these insecticides are well known for their rapid action (Vontas et al., 2018). 

Allele-specific PCR (AS-PCR) of L1014F mutation in the voltage-gated sodium 

channel (vgsc) gene showed the presence of maximum 5 genotypes in the populations 

under study (Table 19). Mutated resistant homozygote (F/F) was found to be 30% in 

MLT from Malda district, the highest among all other study sites while TFG and FLB 

showed absence of F/F genotype (Table 19). Presence of the resistant homozygote (F/F) 

in all of the studied populations except TFG and FLB is of prime concern owing to 

inefficiency of synthetic pyrethroids in controlling the mosquito vectors. The 

occurrence of L1014F mutation in vgsc of Cx. quinquefasciatus is reported earlier from 

India (Sarkar et al., 2009) and also around the globe (Corbel et al., 2007; Wondji et al., 

2008; Liu et al., 2009; Norris et al., 2011; Jones et al., 2012; Chen et al., 2013; Kudom 

et al., 2015; Yadouletan et al., 2015; Yanola et al., 2015; Chi-Chim et al., 2018; 

Delannay et al., 2018; Maestre-Serrano et al., 2020). However, resistance to 

pyrethroids and DDT due to mutations in vgsc occurs only in the presence of resistant 

homozygote genotypes. This is because of the fact that insecticide resistance due to 
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mutations in vgsc of mosquito vectors through inheritance is incompletely recessive 

(Scott, 2019). However, recently novel mutations in the voltage-gated sodium channel 

i.e., L932F and I936V of Cx. quinquefasciatus are reported to also be associated with 

pyrethroid resistance (Sugiura et al., 2021). 

Though kdr mutation is a recessive trait, presence of high heterozygote 

frequency (L/F) of 35% in TFG and CPR (Table 19) should not be neglected as the 

absence of susceptible mosquito or presence of lower wild homozygote frequency may 

result in the development of irreversible resistance to insecticides due to a heavy 

selection pressure (Soko et al., 2015). Apart from L1014F mutation, other mutations in 

vgsc i.e., L1014H, L1014C and L1014S are also reported to occur in An. gambiae and 

Cx. pipiens (Scott et al., 2015). However, these mutations are not reported to occur in 

Cx. quinquefasciatus. 

The present study observed occurrence of L1014S mutation (though in a less 

frequency) along with L1014F mutation in Cx. quinquefasciatus populations from 

northern districts of West Bengal (Table 19). Co-occurrence of the these 2 mutations 

might be correlated with observed resistance to synthetic pyrethroids as L1014F is 

reported to be associated with resistance to pyrethroids and DDT in the LF vector - Cx. 

quinquefasciatus (N’Guessan et al., 2009; Bkhache et al., 2016; Liu et al., 2019). 

However, reports with high mortality in mosquito vectors to synthetic pyrethroids even 

with the presence of kdr mutations (Asidi et al., 2005; Matambo et al., 2007) indicates 

inadequency of kdr mutations at DNA level alone in resistance development without 

RNA transcription leading to overproduction of detoxifying enzymes (Xu et al., 2006). 

Thus, resistance to synthetic pyrethroids in Cx. quinquefasciatus occurs mainly by the 
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combination of increased CYP450s activity and mutation in vgsc leading to kdr in the 

vector (Corbel et al., 2007; Kudom et al., 2015; Lopes et al., 2019). 

6.3.5. Mechanisms involved in the development of resistance against DDT: 

In mosquitoes and other insect vectors, DDT resistance is attributed to elevated 

activity of major detoxifying enzymes (Hemingway and Ranson, 2000; Hemingway et 

al., 2004) mainly GSTs (Hemingway et al., 2004; Marcombe et al., 2014) and due to 

mutation in vgsc leading to kdr in the vector (Vontas et al., 2012; Scott, 2019). The 

combination of both high activity of detoxifying enzymes and mutation in vgsc is also 

reported as the mechanisms behind DDT resistance (Aponte et al., 2013). Low 

mortality rate against DDT in the study depicting severe resistance to DDT may be 

linked to elevated detoxifying enzyme activity to some extent (Hemingway and 

Ranson, 2000). Highest esterase activity in HCP population from Malda district 

coupled with zero mortality against DDT may be attributed to the association of α-

CCEs in DDT resistance (Table 16). Though, increase in GSTs activity is associated 

with DDT resistance (Marcombe et al., 2014), positive correlation between elevated 

GSTs activity with observed mortality percentage in the studied populations could not 

be obtained (Table 16). Failure to correlate GSTs activity with DDT resistance in this 

study hints upon the involvement of target-site insensitivity behind observed resistance 

to DDT. Results of synergist assays also provide similar conclusion as the use of PBO 

and TPP partially increased mortality percentage of Cx. quinquefasciatus populations 

against DDT (Table 14, 15). Furthermore, higher KDT50 and KDT99 values (Table 13) 

against DDT in the studied populations also indicate the presence of mutation in vgsc 

of the mosquito populations under study. 
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Two kdr mutations in vgsc observed in the study i.e., L1014F and L1014S in all 

of the studied populations may be linked to DDT resistance along with resistance to 

synthetic pyrethroids (N’Guessan et al., 2009; Bkhache et al., 2016; Liu et al., 2019). 

L1014S mutation in the vgsc of mosquito vectors confers comparatively higher 

resistance to DDT than to synthetic pyrethroids (Martinez-Torres et al., 1999; 

Hemingway et al., 2004; Liu et al., 2019). As such, severe resistance to DDT with 

lower mortality percentage compared to that of pyrethroids in the study and also higher 

KDT values for DDT may be due to the presence of L1014S mutation in the studied 

populations. The occurrence of both L1014F and L1014S mutations also imparts upon 

the phenomenon of cross resistance between synthetic pyrethroids and DDT (Fagbohun 

et al., 2019) due to their same target site i.e., vgsc. However, lower frequency of 

L1014S in the present study indicates the role of metabolic enzymes as well in 

resistance development (Hemingway and Ranson, 2000; Hemingway et al., 2004) 

though to a little extent. Therefore, DDT resistance in Cx. quinquefasciatus populations 

from northern districts of West Bengal may be due to the combination of both kdr 

mutations (mainly) and metabolic enzymes (partially). As such, use of enzyme blockers 

in combination with DDT might not yield positive result in controlling Cx. 

quinquefasciatus in the study region. 

 Mutations in vgsc of mosquito vectors leading to kdr are dependent on 

selection pressure of insecticides used and also on the environmental factors (Davies et 

al., 2008). However, the level of insecticide resistance brought about by mutations in 

1014 codon of mosquito vgsc, increases with the presence of secondary cytoplasmic 

mutations in vgsc that occur simultaneously (Tan et al., 2002). 
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7. RESEARCH HIGHLIGHTS: 

 In the study, Cx. quinquefasciatus populations were surveyed and collected from six 

districts of northern West Bengal: Alipurduar, Coochbehar, Darjeeling, Jalpaiguri, Malda 

and Uttar Dinajpur. Except for Alipurduar, Cx. quinquefasciatus larvae were collected 

from 3 sites each from a particular district. 

 Though survey was done in Kalimpong district as well, mosquito larvae were scarce and 

as such, adequate number of mosquito larvae for performing the experiments was not 

available. 

 Throughout the study sites, Cx. quinquefasciatus larvae and pupae were mostly collected 

from cemented and earthen drains from residential areas and from drains along the 

highways. 

 In the larval habitat of Cx. quinquefasciatus, larval stages of drain flies, chironomids and 

Anopheles sp. were also found to co-exist in a comparatively lesser number. 

 In larval bioassay test against temephos (0.02 ppm), almost all of the studied populations 

showed susceptibility with 98.5-100% mortality except TFG (92.31% mortality) and SHM 

(80% mortality). 

 However, 3 populations i.e., TFG, SHM and SLG showed resistance to NVBDCP 

recommended temephos dose (0.0125 ppm) with 85.71%, 44.23% and 88.2% mortality 

respectively. Other four populations, COB, DPG, DLK and ISL showed incipient 

resistance to temephos with 92.3% – 96% mortality. 

 The LC50 and RR50 values of the studied populations were significantly higher than that of 

SP with highest RR50 value (11) in SHM. Moreover, the site-specific diagnostic dose 
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calculated for the study sites ranged from 0.008 ppm in JPT in Jalpaiguri district to 0.138 

ppm in SAM in Malda district. 

 Susceptibility assays against 3 synthetic pyrethroids used, showed that all of the 

populations under study showed resistance to pyrethroids except JPT in Jalpaiguri district 

with 95.65% mortality against permethrin, thereby depicting incipient resistance or 

unconfirmed resistance towards permethrin. 

 MEK and COB in Coochbehar district showed severe resistance to deltamethrin with 

mortality as low as 7.69%. Similar resistance to lambdacyhalothrin was observed in the 

studied populations with lowest mortality of 4% in MLT of Malda district. Resistance to 

permethrin – a Type I pyrethroid was also found with lowest mortality percent of 7.69 in 

SHM.  

 Adult bioassays performed against DDT revealed severe resistance in Cx. 

quinquefasciatus to DDT in all of the studied populations with even zero mortality in HCP 

and MLT populations of Malda district. Similar resistance was also observed against 

propoxur – a carbamate insecticide and malathion – an organophosphate.  

 Cx. quinquefasciatus populations from six different districts of northern West Bengal in 

the present study showed multiple resistance to seven different insecticides belonging to 

four insecticide class with populations even showing zero mortality rate against DDT, 

propoxur and malathion in few study sites. 

 KDT50 and KDT99 values of Cx. quinquefasciatus populations in the study were found to 

be many folds higher than that of SP. CPR in Uttar Dinajpur district showed the lowest 

KDT50 value for deltamethrin and lambdacyhalothrin. Similarly, JPT in Jalpaiguri district 
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showed lowest KDT50 value for permethrin and APD in Alipurduar district had lowest 

KDT50 value for DDT. 

 Highest KDT99 values were recorded in MEK, TFG, SAM and SHM for deltamethrin, 

permethrin, lambdacyhalothrin and DDT respectively. In none of the studied populations 

KDT50 was recorded to be below 60 minutes. 

 The use of two synergists – 4% PBO and 10% TPP showed a non-significant (p≤0.05) 

increase in the mortality rate of most of the studied populations. Exposure to PBO prior 

adult bioassay in JPT restored the susceptibility status to permethrin and deltamethrin. 

However, in rest of the studied populations, susceptibility to insecticides could not be 

restored with the use of 4% PBO.  

 Similarly, the exposure to TPP prior susceptibility assays in the studied populations of Cx. 

quinquefasciatus could not restore susceptibility to the insecticides used. TFG in 

Coochbehar district showed a decrease in the mortality when exposed to deltamethrin 

following PBO exposure. 

 Quantitative enzyme activity showed highest activity of α-CCEs in HCP with 9.535 mM 

mg protein
-1

 min
-1

 and in BDN with 9.140 mM mg protein
-1

 min
-1 

while a lowest activity 

of 0.743 mM mg protein
-1

 min
-1

 and 0.749 mM mg protein
-1

 min
-1

 in MLT and SAM 

respectively. SAM also showed least activity (0.3321 mM mg protein
-1

 min
-1

) of β-CCEs 

while highest activity was recorded in ISL (4.537 mM mg protein
-1

 min
-1

). A maximum of 

≈49.66 fold higher α-CCEs activity and ≈22.46 fold higher β-CCEs activity was observed 

in the studied field populations when compared to SP. 
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 In the present study, ≈4.42 – 48.65 fold higher activity of CYP450s activity than that of SP 

was observed with activity ranging from 0.274 nM mg protein
-1

 min
-1

 in COB to 3.016 nM 

mg protein
-1

 min
-1

 in DLK. 

 Quantitative GSTs assay showed GSTs activity to be a maximum of ≈80 folds higher than 

SP. Highest activity of GSTs was recorded in SHM (18.12×10
-3 

mM mg protein
-1

 min
-1

) 

and lowest in JPT (76.68×10
-5 

mM mg protein
-1

 min
-1

). 

 Based on the relative mobility (Rm) of individual bands on polyacrylamide gel, highest 

number of α-CCEs isozymes was recorded in SHM, FLB, MLT, SAM and CPR while 

only a single isozyme for α-CCEs was observed in MEK and HCP. Similarly, highest β-

CCEs isozymes were observed in ISL while DPG, HP, MLT, SAM and CPR expressed 

only a single β-CCEs isozyme. 

 The isozyme bands obtained for both α-CCEs and β-CCEs varied in staining intensity 

showing the presence of esterase isozymes in different amount. Furthermore, none of the 

studied populations showed all of the isozymes for both α-CCEs and β-CCEs. 

 L1014F mutation was observed in all of the studied populations and maximum mutated 

homozygote (F/F) frequency of 30% was observed in MLT while was absent in TFG and 

FLB. Highest heterozygote genotype frequency (L/F) of 35% was recorded in CPR. 

 L1014S mutation was observed in a comparatively lower frequency with mutated 

homozygote genotype (S/S) frequency ranging from 5% - 10%. Highest heterozygote 

genotype (L/S) frequency of 30% was found in TFG. The wild susceptible homozygote 

genotype (L/L) frequency was the highest observed genotype frequencies in Cx. 

quinquefasciatus populations under study and ranged from 35% – 65%. 
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 Resistant allele (F) frequency was found to be highest in MLT (37.5%) and highest 

resistant allele (S) was found in MEK, TFG, FLB, HCP and MLT. L1014F and L1014S 

mutations were not observed in SP. 
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Abstract

Culex quinquefasciatus is a vector of lymphatic filariasis and vector control strategies nor-

mally involve the use of synthetic insecticides targeted against them. Extensive and uncon-

trolled use of these synthetic insecticides has led to the development of insecticide

resistance in the mosquito vectors. In this context, to study the resistance status of Cx. quin-

quefasciatus, field populations were collected from three districts of Northern part of West

Bengal and tested against insecticides (5% malathion, 0.05% deltamethrin, 0.05% lambda-

cyhalothrin,0.75% permethrin, 0.1% propoxur, 4% DDT and Temephos). Qualitative and

quantitative enzyme assay was also conducted in order to find the role of detoxifying

enzymes behind the development of insecticide resistance. This study revealed the pres-

ence of widespread resistance amongst the field populations of Cx. quinquefasciatus

throughout the studied regions. Moreover, the result of native PAGE and biochemical

enzyme assay may be linked to some extent in the involvement of the detoxifying enzymes

in conferring resistance against insecticides in most of the tested Cx. quinquefasciatus pop-

ulations. The present study involving the survey of resistance status may be of immense

help during the implementation of vector control strategies throughout this region.

Introduction

Vector-borne diseases are associated with major public health problems, mainly in the tropical

and sub-tropical countries due to favourable climatic condition for the growth and prolifera-

tion of insect vectors and lack of proper sanitation. Among different insect vectors, mosquitoes

are responsible for many dreaded tropical diseases like dengue fever, malaria, lymphatic filar-

iais, west nile fever, Japanese encephalitis, chikungunya, yellow fever, zika, etc causing several

million deaths and medical cases around the globe [1]. In the absence of proper treatment,

some of these diseases may prove to be fatal while others might leave the patient with lifelong

disability and impairment.
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India due to its high relative humidity and lack of proper hygiene in some parts of the coun-

try is endemic to five mosquito-borne diseases i.e., dengue fever, Malaria, chikungunya, lym-

phatic filariasis and Japanese encephalitis [2]. The mosquito genus Culexhas recorded 550

species and species like,Culex quinquefasciatus, Cx. Vishnui, Cx. tritaenorhynchus, Cx. pseudo-
vishnui, Cx. gelides and Cx. fuscocephala are known to act as a vector for diseases like bancrof-

tian filariasis, Japanese encephalitis, St Louis encephalitis virus and West Nile virus [3–5].

Culex quinquefasciatus Say in Southeast region of Asia is a vector for a filarial worm

Wuchereriabancrofti that causes lymphatic filariasis [6]. In India, lymphatic filariasis or ban-

croftian filariasis is endemic in 20 states and 5 union territories thereby posing a threat of

infection to about six hundred million people [7]. Mosquito-borne diseases in addition to hav-

ing negative impact in the human health, hampers the socio-economic status of the affected

people in a high rate and India being a developing country faces problems in combating these

issues. Apart from this, the vector has also been a continuous biting nuisance mostly in and

around areas near the mosquito breeding habitats. Lymphatic filariasis is in the list of one of

the most important neglected tropical diseases, being the second leading cause of permanent

and long-term disability in the world. India stands second after South Africa in the endemicity

and transmission intensity of the disease [3].

Mosquitoes being vectors for a number of diseases have been a threat to the human society

since last century. Though the severity of a disease depends upon the type of disease caused,

control measures to avoid the spread and intensity of disease has always been one of the most

important steps towards vector-borne disease control and management program. While there

are many integrative preventive techniques that can be used for mosquito control, time and

again the only effective way to control vector populations in disease endemic areas and

decrease the densities of nuisance mosquitoes, is the application of synthetic chemical insecti-

cides. Therefore, in order to control the vectors, chemical insecticides are extensively used

against the vector population in the form of larvicides, indoor residual spraying (IRS), insecti-

cides treated bed nets (ITNs) and long lasting insecticide treated bednets (LLITNs). Though

there are mass chemotherapy programs for elimination of lymphatic filariasis at different

regions of the country, yet vector control through the application of insecticides has still been

the prime objective and strategy of filariasis control around the globe. Although insecticides

play a central role in controlling vectors of diseases moreover, the unrestrained and unman-

aged use of the chemical insecticides has resulted in the development of resistance in the mos-

quito population against these chemical insecticides in different corners of the world.

Insecticide resistance is defined as the ability of an insect to withstand the effects of an

insecticide by becoming resistant to the toxic effects caused by them by means of adaptive nat-

ural selection and mutations [8]. Insects have developed resistance towards insecticides

through four mechanisms i.e., behavioral modification, reduced penetration, metabolic detoxi-

fication and target-site insensitivity [9]. The latter two plays important role in the development

of resistance and is widely studied. Reduced penetration of insecticides into the body is carried

out by modifying the composition of the cuticle or increasing its thickness, mainly through

enhanced deposition of structural components, such as epicuticular lipids and/or structural

cuticular proteins [10]. This slow-down mechanism can delay insecticide molecules from

reaching their protein targets thereby allowing detoxification enzymes more time to act and

resulting in stronger resistant phenotypes. Development of insecticide resistance in mosqui-

toes occur mainly due to two major mechanisms i.e., target-site insensitivity and metabolic

detoxification [11]. The former inhibits binding of the insecticides in the target site and the lat-

ter results in increased or modified activities of some detoxifying enzymes i.e., esterases, cyto-

chromeP450 monooxygenases (CYP450) and glutathione S-transferases (GSTs).
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Keeping in view the resistance development against insecticide in the vector population, the

current study was conducted in Culex quinquefasciatus mosquitoes from total eight different

sites in three districts of West Bengal to assess the insecticide susceptibility status and to find

out the underlying biochemical mechanism of resistance development.

Methodology

Mosquito collection

Field population of mosquitoes was collected in the month of April to November 2018 from

eight different sites belonging tothree districts of sub-Himalayan region of West Bengal, India

(Fig 1). Mosquito collection for the study was done from three densely populated areas of both

Darjeeling district and Jalpaiguri district and two densely populated regions of Uttar Dinajpur

district (S1 Table). Larvae and pupae were collected from various breeding habitats of Culex
quinquefasciatus such as polluted drains, muddy pool containing stagnant water, plastic con-

tainers and cemented channels. Standard larval and adult identification keys of Tyagi et al.,
2015 was followed to identify Cx. quinquefasciatus larvae and pupae [12]. Prior permission

was taken from the land owner whenever a private land was examined. The collected mosquito

population was reared to F1 generation in the laboratory under controlled temperature

Fig 1. Map showing the sampling sites of Culex quinquefasciatus populations. Mosquitoes were collected from the natural breeding habitats from eight

different sampling sites in three districts of northern region of West Bengal.

https://doi.org/10.1371/journal.pone.0217706.g001
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(25 ± 5˚C) and relative humidity (70 ± 10%). F1 generation of each population was then used

for the bioassay test and biochemical tests to maintain the homogeneity of the population.

Rearing of susceptible population in the laboratory

Cx. quinquefasciatus larvae and pupae were collected from stagnant water bodies and drains in

and around the university premises. In the laboratory, pupae were separated and kept in glass

containers having sufficient amount of water to avoid over-crowding and larvae was kept in an

enamel tray. A mosquito net was used to cover the entire setup. Powdered yeast and ground

fish food was used as larval food and for the newly emerged adults, cotton balls soaked in 5%

sugar solution were kept as food source. After the adults were 3–4 days old, blood food to the

matured female mosquitoes was provided by placing a clean and trimmed rat in a small cage

inside the rearing setup. Egg laying apparatus was set in a beaker containing tap water boiled

with hay and then cooled down to room temperature. After 2–3 days the beaker was examined

for egg rafts. Once egg rafts were found they were subsequently transferred to enamel trays

containing tap water and ground fish food. After 1–2 days the eggs hatched into first instar lar-

vae. The culture was carried on for subsequent generations and the tenth generation was used

as the laboratory control/ susceptible population. The rearing was maintained under con-

trolled temperature of 25 ± 2˚C and relative humidity of 70–80%.

Insecticide susceptibility tests

Insecticides. Temephos used for larval bioassay and impregnated papers of insecticides

(0.05% Deltamethrin, 0.05% Lamdacyhalothrin, 0.75% Permethrin, 0.1% Propoxur, 5% Mala-

thion and 4% DDT) used for adult bioassays were purchased from University Sains Malaysia.

Larval bioassay. Bioassay test against temephos was conducted as per the WHO guide-

lines [13]. Thirty late third instar to early fourth instar larvae of each population were exposed

to two different doses of temephos i.e. 0.0200 ppm (WHO recommended dose) and

0.0125 ppm [National Vector-Borne Disease Control Programme recommended dose] in a

500mL glass beaker containing 249mL of dechlorinated tap water and 1 mL of the required

concentration of temephos. Powdered yeast and ground fish food was provided as larval diet.

Four other subsequent doses i.e. 0.0094, 0.00625, 0.0031, 0.0015 ppm were also prepared and

used in order to determine the LC50, LC90 and LC99 values of each population. A control was

set up using dechlorinated tap water and every experiment had three replicates. Mortality per-

centage was calculated after 24 hours of exposure to larvicide.

Adult bioassay. WHO guidelines [14] were followed while performing the adult bioassay

tests. Each insecticide impregnated papers were placed in susceptibility test vials into which

30non blood-fed 2–3 days old adult females from each population were introduced and

exposed for an hour. The mosquitoes were then shifted to retention tube containing cotton

ball soaked in 5% sucrose solution and maintained at laboratory conditions. Mortality percent-

age was recorded after 24 hours of exposure. Each experiment was performed in triplicates. In

order to calculate the knock down time (KDT) of the synthetic pyrethroids and DDT counting

of knocked down mosquitoes was done after every 10 minutes during one hour of insecticide

exposure. A control was setup in which mosquitoes were exposed to acetone sprayed filter

paper.

Enzyme extraction

Individual non blood-fed adult Cx. quinquefasciatus were taken and homogenized in 200 μL of

0.02M ice cold sodium phosphate buffer (pH 7.2) with a teflon micro-pestle in a 1.5 mL centri-

fuge tube. The homogenate was centrifuged at 12000 rpm for 15 minutes in a centrifuge
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(eppendorf centrifuge r2418). The supernatant was stored at -20˚C for further use in quantita-

tive enzyme analysis.30 individual homogenate from each population was used for every assay.

Carboxylesterase activity assay. Minor modifications in the method of Van Asperen

(1962) were used in a microplate reader to quantitate Carboxylesterases (CCEs) activity [15].

20 μl enzyme source from each individual (n>30) was taken and mixed with 200 μl of working

solution of α-napthyl acetate (α-NA) or β-napthyl acetate (β-NA). After 15 minutes 50μl of

staining solution was added. The staining solution used was prepared by mixing two parts of

0.1% Fast Blue BB salt (FBBS) with five parts of 5% sodium dodecyl sulphate (SDS). Absor-

bance was recorded at 540 nm after 30 minutes of incubation period using microplate reader

(Spectrostar nano, BMG labtech). Substrates used for α- Carboxylesterases and β- Carboxyles-

terases were α-napthyl acetate (α-NA) and β-napthyl acetate (β-NA) respectively. Standard

curves of α-napthol and β-napthol were also prepared for the estimation of carboxylesterases

activity. Blanks were set up using the same reaction mixture excluding the homogenate.

Monooxygenase activity assay. Cytochrome P450 (CYP450) activity was measured accord-

ing to Brogdon et al., 1997 [16]. 20μl of the enzyme source was mixed with 200 μl of working

solution of 3,3’,5,5’-Tetramethyl benzidine (TMBZ) and 50μl3% H2O2 was used as a staining

solution. Absorbance was recorded at 630nm using the microplate reader (Spectrostar nano,

BMG labtech) after 2 hours of incubation. A standard curve for heme peroxidase activity was

also prepared using cytochrome C horse heart type VI to quantitate the enzyme activity levels.

Blanks were prepared using the reaction mixture without the enzyme homogenate.

Glutathione S-transferases (GSTs) activity assay. GSTs activity assay was carried out fol-

lowing the method of Habig, 1974 [17]. 3ml reaction mixture containing 0.05ml of 50mM

CDNB (1-chloro-2, 4-dinitrobenzene), 0.15ml of reduced glutathione (GSH) was added to

2.79ml of 40mM potassium phosphate buffer (pH 7.2). After adding the homogenate, the mix-

ture was kept in incubation for 2–3 minutes at 20˚C and the increase in absorbance value was

recorded for 5 minutes at 1 minute interval. The GST activity (μM mg protein-1 min-1) was

then calculated.

Protein quantification. Total protein content of the individual adult Culex quinquefascia-
tus was estimated using Folin-Lowry method [18] and absorbance taken at 630nm. Bovine

serum albumin was used as a standard to obtain correct expression and specific activities of

enzymes.

Electrophoretic study of carboxylesterases

Native PAGE (Polyacrylamide gel electrophoresis) was carried on using equal amount of pro-

tein in tris-glycine (pH 8.3) at 120V for 4–5 hours at 4˚C. 8% polyacrylamide gel was prepared

to visualize the pattern of elevated esterase isozymes present in different populations. The gel

was then stained according to Carvalho et al., 2003 [19]. The relative mobility (Rm) of various

esterase isozyme bands were calculated based on mobility of esterases from anode to cathode

using the formula individual band position� dyefont. According to the Rm values, esterase

isozymes were designated as EST I, II, and so on.

Calculations

For the adult and larval bioassay, population showing mortality percentage of less than 90 is

taken to be resistant population, above 98 as susceptible and mortality percentage between 90

and 98 is considered as having incipient resistance or resistance not confirmed [20]. Dose

dependent mortality percentage was subjected to statistical analysis using probit in SPSS 21.0

software at 95% confidence interval in order to find out different LC50, LC90, LC99 values

in ppm and KDT50 and KDT99 in minutes. The linear regression coefficient (r2) obtained was
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then used to calculate the linearity of experimental data. Resistance ratio (RR) was calculated

by dividing the specific LC value of each wild population by that of SP, i.e. (RR90 = LC90 of
wildpopulation� LC99 of SP; RR50 = .LC50 of wildpopulation� LC50 of SP). Twice the value

of LC99 of each population was taken to be their respective diagnostic dose. In order to find

out the association of all studied factors and insecticide resistance in Culex quinquefasciatus
from the Northern districts of West Bengal, a Principal Component Analysis was performed

in XLSTAT 2019.1 software.

Results

Larval bioassay

The result of larval bioassay against temephos in WHO recommended dose showed that all

field populations were susceptible to temephos with mortality percentages ranging from 98.5–

100 except SHM population from Darjeeling district with mortality percentage of 80 and

therefore lying in resistance state (Table 1). Mortality of field population larvae in NVBDCP

recommended dose varied as 4 of the tested populations i.e., BDN, JPT, FLB and CPR showed

susceptibility towards temephos with cent percent mortality while DPG and ISL population

showed intermediate resistance towards temephos with mortality percentage of 94.30 and

92.30 respectively and SLG population was resistant with 88.20% mortality rate. SHM popula-

tion with only 44.23% mortality was found to be resistant towards NVBDCP i.e., Indian Gov-

ernment recommended dose of temephos.

LC50 values of the studied population ranged from 0.001–0.011 ppm with a maximum of 10

fold higher values when compared to LC50 value of SP (Table 1). Likewise, LC90 value ranged

from 0.002–0.027 ppm and LC99 from 0.004–0.053 ppm. The site-specific recommended dose

was higher for most of the studied population than the WHO recommended dose of temephos

as an effective mosquito larvicide except for JPT and CPR (Table 1). RR90 values ranged from

1.33 in JPT population to 18 in SHM population. RR90 value <2 indicates susceptible popula-

tion and population with RR90>2 is said to be resistant. Mortality percentage in the control

setup was found to be below 5% therefore, no correction in calculation was needed.

Adult bioassay

Result of adult bioassay against six different insecticides is tabulated in (Table 2). Mortality

percentage of all the studied populations against synthetic pyrethroids was less than 85%

except for JPT (permethrin) (Fig 2). All of the studied populations showed resistance to Syn-

thetic pyrethroids as evident by their lower mortality rates. Mortality percent of all of the

Table 1. Larval bioassay of Culex quinquefasciatus against temephos.

Sites WHO

M (%) ± S.E

NVBDCP

M (%) ± S.E

LC50 (ppm) ± S.E LC90 (ppm)± S.E LC99 (ppm) ±S.E Recommended dose (ppm) RR50 RR90

SHM 80.00 ± 0.06 44.23 ± 0.02 0.011 ± 6.0×10−4 0.027 ± 1.8×10−3 0.053 ± 2.6×10−3 0.106 11.00 18.00

SLG 100 ± 0.00 88.20 ± 0.04 0.001 ± 3.0×10−4 0.008 ± 1.3×10−3 0.035 ± 3.2×10−3 0.070 1.00 5.33

BDN 100 ± 0.00 100 ± 0.00 0.004 ± 3.7×10−4 0.007 ± 1.12×10−3 0.011 ± 3.37×10−3 0.022 4.00 4.67

JPT 100 ± 0.00 100 ± 0.00 0.001 ± 5.0×10−4 0.002 ± 3.0×10−4 0.004 ± 1.0×10−3 0.008 1.00 1.33

FLB 100 ± 0.00 100 ± 0.00 0.001 ± 1.25×10−4 0.004 ± 6.25×10−4 0.021 ± 2.5×10−2 0.042 1.00 2.67

DPG 98.5 ± 0.96 94.30 ±1.23 0.003 ± 2.25×10−4 0.008 ± 1.5×10−3 0.020 ± 8.0×10−3 0.040 3.00 5.33

CPR 100 ± 0.00 100 ± 0.00 0.002 ± 2.0×10−4 0.003 ± 1.25×10−4 0.005 ± 2.5×10−4 0.010 2.00 2.00

ISL 100 ± 0.00 92.30 ± 1.57 0.007 ± 5.0×10−3 0.017 ± 6.4×10−3 0.035 ± 1.4×10−2 0.070 7.00 11.33

SP 100 ± 0.00 100 ± 0.00 0.001 ± 4.0×10−4 0.0015 ± 9.0×10−4 0.002 ± 1.0×10−3 0.004 —— —-

https://doi.org/10.1371/journal.pone.0217706.t001
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studied populations against malathion, propuxur and DDT was less than 90 thereby revealing

resistance against the same (Fig 3). KDT50 and KDT99 values of deltamethrin, lambdacyhalo-

thrin, permethrin and DDT have been calculated and was found to be more than 60 minutes

for all studied populations except SP.

Detoxifying enzymes’ activity assays

The quantitative activity of major detoxifying enzymes upon statistical analysis (p = 0.05)

revealed varied level of expression in different populations (Table 3). α-CCEs activity ranged

from a lowest of 0.759 mM mg protein-1 min-1 (in JPT) to a highest value of 5.948 mM mg pro-

tein-1 min-1 (in SLG) and β-CCEs activity was recorded to be least in CPR (0.640 mM mg

Table 2. Susceptibility status of adult populations of Culex quinquefasciatus against six adulticides. (M–Mortality, n–total number).

sites Deltamethrin Lambdacyhalothrin Permethrin Malathion Propoxur DDT

M (%) ± S.E M (%) ± S.E M (%) ± S.E M (%) ± S.E M (%) ± S.E M (%) ± S.E

SHM 33.33 ± 0.85

(n = 98)

48.27 ± 1.35

(n = 96)

7.69 ± 0.65

(n = 93)

70.58 ± 0.82

(n = 100)

35.71 ± 0.07

(n = 97)

18.18 ± 0.64

(n = 94)

SLG 65.00 ± 1.62

(n = 102)

28.00 ± 0.84

(n = 93)

73.91 ± 1.24

(n = 98)

12.50 ± 1.34

(n = 90)

62.50 ± 0.84

(n = 96)

14.28 ± 0.36

(n = 96)

BDN 82.86 ± 1.07

(n = 95)

66.67 ± 0.86

(n = 102)

50.00 ± 0.51

(n = 90)

28.57 ± 0.68

(n = 96)

39.13 ± 1.52

(n = 94)

3.03 ± 0.81

(n = 99)

JPT 83.33 ± 0.58

(n = 99)

77.27 ± 0.23

(n = 91)

95.65 ± 0.46

(n = 101)

75.00 ± 1.37

(n = 92)

51.85± 0.92

(n = 102)

16.00 ± 1.08

(n = 99)

FLB 47.83 ± 1.07

(n = 94)

41.67 ± 1.09

(n = 90)

13.33 ± 0.91

(n = 99)

30.77 ± 1.12

(n = 100)

40.00 ± 1.01

(n = 93)

3.57 ± 0.54

(n = 94)

DPG 68.00 ± 0.61

(n = 104)

41.67 ± 0.46

(n = 95)

43.48 ± 1.08

(n = 94)

33.33 ± 0.61

(n = 104)

44.44 ± 0.63

(n = 98)

61.29 ± 0.67

(n = 103)

CPR 76.92 ± 0.84

(n = 96)

53.85 ± 0.63

(n = 95)

80.55 ± 1.02

(n = 93)

23.53 ± 0.52

(n = 99)

53.12 ± 0.76

(n = 105)

71.87 ± 0.72

(n = 100)

ISL 56.52 ± 0.98

(n = 90)

33.33 ±1.85

(n = 100)

67.78 ± 0.64

(n = 93)

3.22 ± 0.18

(n = 98)

40.00 ± 0.94

(n = 96)

20.00 ± 0.81

(n = 98)

SP 100 ± 0.00

(n = 92)

99.36 ± 0.26

(n = 90)

100 ± 0.00

(n = 90)

100 ± 0.00

(n = 91)

100 ± 0.00

(n = 93)

98.92 ± 0.09

(n = 90)

https://doi.org/10.1371/journal.pone.0217706.t002

Fig 2. Chart depicting mortality rates against three synthetic pyrethroids (deltamethrin, lambdacyhalothrin and permethrin) in wild and SP of Culex
quinquefasciatus.

https://doi.org/10.1371/journal.pone.0217706.g002

Insecticide resistance mapping in Culex quinquefasciatus Say

PLOS ONE | https://doi.org/10.1371/journal.pone.0217706 May 29, 2019 7 / 17

https://doi.org/10.1371/journal.pone.0217706.t002
https://doi.org/10.1371/journal.pone.0217706.g002
https://doi.org/10.1371/journal.pone.0217706


protein-1 min-1) and highest in ISL (4.537 mM mg protein-1 min-1). The studied populations

of mosquito showed 3.95–30 fold higher α-CCEs activity and 3.17–15.65 times higher β-CCEs

activity when compared to the α-CCEs activity (0.192 mM mg protein-1 min-1) and β-CCEs

activity (0.202 mM mg protein-1 min-1) of SP. CYP450 activity values ranged from 0.358 nM

mg protein-1 min-1 to 2.135 nM mg protein-1 min-1 and showed a maximum of 34 times higher

value than the CYP450 activity of SP (0.062 nM mg protein-1 min-1). Quantitative activity of

GSTs was found to be 80 fold higher than SP (22.43×10-6mM mg protein-1 min-1) in SHM

(18.12×10-3mM mg protein-1 min-1) that showed the highest GSTs activity among all of the

studied field populations.

Native polyacrylamide gel electrophoresis

Based on the Rm of each band obtained in 8% polyacrylamide gel, the studied populations

expressed a total of 7 different isozymes for α-esterases and 8 different bands for isozymes of

β-esterases (Tables 4 and 5). The isozymes have been named subsequently as α-EST I, α-EST

II, α-EST III, α-EST IV, α-EST V, α-EST VI, α-EST VII for α-esterases (Fig 4) and for the

Fig 3. Chart depicting mortality rates against propoxur, malathion and DDT in wild and laboratory cultured populations of Culex quiquefasciatus.

https://doi.org/10.1371/journal.pone.0217706.g003

Table 3. Quantitative activity of major detoxifying enzymes in Culex quinquefasciatus populations.

sites α-carboxyesterases activity

(mM mg protein-1 min-1 ± S.E)

β-carboxyesterases activity

(mM mg protein-1 min-1 ± S.E)

Monooxygenases activity

(nM mg protein-1 ± S.E)

GSTs activity

(mM mg protein-1 min-1 ± S.E)

SHM 5.948 ± 0.761d 3.428 ± 0.317d 1.523 ± 0.041d 18.12×10−3± 2.1×10-3d

SLG 4.088 ± 0.237c 2.857 ± 0.463c 0.929 ± 0.072c 15.41×10−4 ± 2.6×10-4b

BDN 1.914 ± 0.147b 2.580 ± 0.179c 2.135 ± 0.233e 31.72×10−4 ± 3.9×10-4c

JPT 0.759 ± 0.047b 0.713 ± 0.032b 0.358 ± 0.091b 76.68×10−5 ± 1.4×10−4 b

FLB 5.213 ± 0.361d 2.522 ± 0.145c 1.337 ± 0.338d 79.81×10−5± 3.6×10-5b

DPG 5.166 ± 0.410d 1.840 ± 0.067c 1.298 ± 0.145d 48.34×10−4 ± 1.8×10-4c

CPR 1.390 ± 0.040b 0.640 ± 0.030b 0.841 ± 0.083c 33.00×10−4 ± 6.4×10-4c

ISL 5.293 ± 0.123d 4.537 ± 0.401d 0.980 ± 0.082c 11.38×10−3 ± 2.9×10-3d

SP 0.192 ± 0.03a 0.202 ± 0.025a 0.062 ± 0.021a 22.43×10−6 ± 1.4×10−6 a

Within columns, means followed by the same letter do not differ significantly (P = 0.05) in Tukey’s multiple comparison test (HSDa)

https://doi.org/10.1371/journal.pone.0217706.t003
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enzyme β-esterases as β-EST I, β-EST II, β-EST III, β-EST IV, β-EST V, β-EST VI, β-EST VII

and β-EST VIII (Fig 5). None of the tested population expressed all the bands. Maximum

number of α-esterases isozymes expressed was calculated to be 4 in an individual population

while JPT showed a minimum of 2 bands. Moreover, a maximum of 5 different isozymes have

been expressed for β-esterases in a single population whereas, CPR and DPG populations

expressed a single band only (Table 5).However, the bands expressed for both α-esterases and

β-esterases of all studied sites showed varying intensities (Tables 4 and 5).

Association between the observed insecticide resistance in Cx.

quinquefasciatus and the quantitative activity of major detoxifying

enzymes

Principal Component Analysis was performed using 12 different variables i.e; (i) LC90 and

RR90 values of Culex quinquefasciatus populations against WHO recommended dose of teme-

phos (ii) mortality percentage of adult mosquitoes against deltamethrin, lambdacyhalothrin,

permethrin, malathion, propoxur and DDT and (iii) quantitative activity of major detoxifying

enzymes (Fig 6). The 1st PCA axis represented 63.09% of the information while the 2nd and 3rd

axis represented 15.56% and 8.27% respectively. The 1st and 2nd axis together explained

Table 4. Different α-CCEs isozymes in Culex quinquefasciatus populations.

SHM SLG BDN JPT FLB DPG CPR ISL SP

α-EST I + − − − − − + + −
α-EST II + + − − + + + − −
α-EST III − − + − + − + + −
α-EST IV ++ ++ + − + + +++ − −
α-EST V − − +++ + − − − ++ +

α-EST VI − +++ − − +++ ++ − − ++

α-ESTVII +++ − − ++ − − − ++ −

+++ denotes high intensity

++ denotes moderate intensity

+ denotes low intensity and

–denotes absence of α-CCEs isozymes.

https://doi.org/10.1371/journal.pone.0217706.t004

Table 5. Different β-CCEs isozymes in Culex quinquefasciatus populations.

SHM SLG BDN JPT FLB DPG CPR ISL SP

β-EST I − − + − + − − − −
β-EST II ++ − − − − − − + −
β-EST III − − + − + − − + −
β-EST IV + − − + − − − − −
β-EST V − + − − ++ − − − +

β-EST VI − − ++ + ++ − − + −
β-EST VII ++ +++ +++ − +++ ++ +++ +++ +

β-EST VIII +++ − − ++ − − − +++ −

+++ denotes high intensity

++ denotes moderate intensity

+ denotes low intensity and

–denotes absence of β-CCEs isozymes.

https://doi.org/10.1371/journal.pone.0217706.t005
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78.66% of the information about the study. LC90 and RR90 values against temephos in the lar-

val population of Cx. quinquefasciatus showed significant positive correlation with the elevated

level of GSTs activity [correlation (r) = 0.97, p = 0.05]. Likewise, positive correlation was also

observed between larval resistance and the elevated levels of α-CCEs (r = 0.71, p = 0.05) and

β-CCEs (r = 0.76, p = 0.05). However, no significant correlation was found between the larval

resistance and adult resistance against the insecticides used in the study. Mortality percentages

of three synthetic pyrethroids were positively correlated with one another [deltamethrin

and permethrin (r = 0.83, p = 0.05), deltamethrin and lambdacyhalothrin (r = 0.74, p = 0.05),

lambdacyhalothrin and permethrin (r = 0.50, p = 0.05)] thereby showing the development of

resistance against synthetic pyrethroids. Moreover, the quantitative activity levels of α-carbox-

ylesterases and β-carboxylesterases did not correlate with resistance to synthetic pyrethroids.

Resistance to DDT and propoxur was also found to be positively correlated (r = 0.72, p = 0.05)

indicating multiple resistance to different groups of insecticides.

Discussions

Ever since the first report of resistance in the mosquito vectors in 1950s, research works have

been carried on throughout the world to elucidate and clarify the mechanisms behind

Fig 4. Qualitative analysis of α- carboxylesterases in Culex quinquefasciatus populations from three districts of West Bengal.

https://doi.org/10.1371/journal.pone.0217706.g004
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insecticide resistance development. Research unveiling the resistance mechanism holds impor-

tance by directing towards new techniques and strategies of insecticide application against the

mosquito vectors. The current study reports insecticide susceptibility/resistance status of the

vector Culex quinquefasciatus against four different classes of insecticides i.e.,

Fig 5. Qualitative analysis of β- carboxylesterases in Culex quinquefasciatus populations from three districts of West Bengal.

https://doi.org/10.1371/journal.pone.0217706.g005

Fig 6. Biplot axis showing the association of different studied variables and insecticide resistance in Culex
quinquefasciatus through principal component analysis.

https://doi.org/10.1371/journal.pone.0217706.g006
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organophosphate (temephos and malathion), carbamate (propoxur), synthetic pyrethroids

(deltamethrin, lambdacyhalothrin and permethrin) and an organochlorine (DDT) from the

highly populated areas of three districts of Northern part of West Bengal, India.

The susceptibility assays of Cx. quinquefasciatus larvae against temephos shows that the

field populations have developed resistance against this organophosphate evident by RR90 val-

ues of the tested samples. Out of the eight field population under study, JPT with RR90 = 1.33

was found to be the sole temephos susceptible population while CPR showed a sign of mild

resistance (RR90 = 2). With RR90 values 18 and 11.33, SHM and ISL populations showed severe

resistance to temephos. Similar resistance to another organophosphate used in the study (mal-

athion) was assessed in Cx. quinquefasciatus adults with mortality rate found to be as low as

3.22% in ISL population. This observed resistance against malathion in all of the tested popula-

tions (Table 2) may be due to the exposure of mosquitoes to malathion from agricultural run-

off. The three districts of West Bengal under study namely Darjeeling, Jalpaiguri and Uttar

Dinajpur rely on the agricultural sector for a huge part of their economy. Moreover, these dis-

tricts are heavily dependent on tea plantation practices which are widely spread among the

entire region and also partly on pineapple cultivation (Uttar Dinajpur) and areas in Jalpaiguri

district upon jute cultivation. The insecticide malathion used in huge amount for the agricul-

tural purposes might be the reason behind resistance development of Cx. quinquefasciatus
against it owing to the close vicinity of human dwellings and residential areas and the tea plan-

tation areas and other agricultural fields [21]. The contamination of breeding habitat of Cx.

quinquefasciatus by the accumulation of malathion used in agricultural sector leads to indirect

exposure of mosquitoes and in turn to the development of resistance against the same. Similar

findings of resistance development to agriculturally sprayed malathion in Aedes aegypti popu-

lation of this region has already been reported by Bharati and Saha (2018) [22]. Furthermore,

there are similar reports on the development of resistance by field populations of Cx. quinque-
fasciatus vectors owing to the indirect exposure of malathion used primarily for agricultural

practices in India [23] and worldwide [24].

Moderate to high level of resistance towards temephos found in the Cx. quinquefasciatus
larvae may be related to the regular use of this organophosphate for dengue and malarial vec-

tor control both by the Government and other vector management agencies. This resistance

reported is of concern because temephos being easily available in the market and budget

friendly is one of the most widely used larvicide in India [7] mainly for the control of dengue

and malaria. Application of temephos in the drains and stagnant water bodies in and around

the residential areas in addition to the targeted dengue and malarial vectors, also indirectly tar-

gets the filarial vector Cx. quinquefasciatus. This non targeted exposure of the vector to teme-

phos might be the reason behind temephos resistance found in the current study from three

districts of West Bengal which being dengue endemic region has regular and heavy spray of

temephos in order to subside the disease vectors.

In mosquitoes and other insect species, elevated level and over expression of non specific

carboxylesterases is associated with the development of resistance to organophosphate insecti-

cides [11]. Therefore, in the present study, highest quantitative value of α-CCEs and β-CCEs

activity found in SHM and ISL population as compared to the other tested populations might

be linked to higher level of temephos resistance in SHM and ISL. Likewise, low mortality rates

suggesting severe resistance to malathion in ISL and FLB may also be coupled with enhanced

activity of both α-CCEs and β-CCEs of these populations among all other tested populations

(Tables 4 and 5). Associations of similar kind in organophosphate resistant mosquitoes to ele-

vated levels of non specific CCEs have been reported around the globe [22, 25–26]. Amplifica-

tion of non specific esterases is the most frequently observed resistance mechanism in

organophosphate resistant populations of Culex and Aedes[27].
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Moreover, the different number of isozymes in the qualitative study through NATIVE

PAGE should also be reflected upon. In this study, SHM, ISL, FLB and CPR was found to

express four different bands for α-CCEs thereby expressing higher number of isozymes

thought to be associated with resistance development against organophosphates (Fig 4)

(Table 4). On contrary, JPT expressed only two bands for α-CCEs and three bands for β-CCEs

which were not as deeply stained as those of SHM and ISL (Figs 4 and 5). Presence of darkly

stained bands in SHM and ISL may correspond to the over expression of that particular α-

CCEs isozyme. Similar association of organophosphate resistance with elevated level of ester-

ases in field population of Cx. quinquefasciatus was studied and reported by Pietrantonio et al.,
2000 [26]. The expression of four different bands for α-CCEs and one deeply stained band for

β-CCEs in CPR population in spite of its very slight resistance to temephos might be suggestive

of the role of non specific esterases in resistance development towards malathion as adult Cx.

quinquefasciatus of CPR expressed low mortality rate when assayed against malathion

(Table 2). Furthermore, higher number of bands for α-CCEs and β-CCEs in FLB and BDN

(Tables 4 and 5) might also be taken to be associated with malathion resistance to some extent.

However, higher number and also the greater intensity of bands for both α-CCEs and β-CCEs

of all the studied field populations of Cx. quinquefasciatus when compared to that of SP might

itself impart light upon the association of elevated levels of CCEs with resistance of mosquitoes

to organophosphate insecticides [11]

Overproduction of a major detoxifying enzyme group GSTs was reported to be associated

with resistance development in mosquito vectors to organophosphates [28]. Maximum of 80 fold

higher quantitative values of GSTs calculated in the present study, on comparison to GSTs activity

level of SP might be considered for its association with resistance development to organophos-

phates among the tested populations. Higher values of GSTs activity in SHM and ISL similar to

the elevated esterase value of the same suggest the role of this enzyme in the onset of resistance.

Bioassay tests in the current study of field populations against propoxur—a carbamate

insecticide showed severe resistance to propoxur with mortality percentage below 63 for all of

the tested populations (Table 2). There are similar reports of resistance to propoxur in Cx.

quinquefasciatus from different parts of the world [29–30]. In India, till date, propoxur has not

been used as a mosquitocidal tool [7], however, severe resistance to propoxur found in this

study may be due to indirect exposure to other propoxur-containing insect repellents used

domestically. In addition, Cx. quinquefasciatus being indoor mosquito is prone to untargeted

exposure to such repellents used in households thereby developing secondary resistance.

Resistance to carbamates in mosquitoes and other arthropod species has generally been

associated with increased level of CCEs activity [11] and seldom through CYP450s and GSTs

[31]. Since, the quantitative levels of detoxifying enzymes studied varied among the tested pop-

ulation, on contrary to a similar mortality rate against propoxur in the population examined,

no correlation could be established between the observed pattern of propoxur resistance and

overproduction of metabolic enzymes.

The present study shows resistance to three synthetic pyrethroids used (deltamethrin, lamb-

dacyhalothrin and permethrin) by field populations of Cx. quinquefasciatus. JPT population

with mortality rate of 95.65% lies in the intermediate / incipient resistance state to permethrin,

rest of the populations have developed resistance to all three synthetic pyrethroids tested. Simi-

lar results encasing pyrethroid resistance in Cx. quinquefasciatus have been reported world-

wide [32–35]. Resistance to pyrethroids in Cx. quinquefasciatus from three districts of West

Bengal and also from around the globe is of major concern since pyrethroids are the sole insec-

ticides used in LLITNs. Reports on low efficacy of pyrethroid impregnated bed nets against

Cx. quinquefasciatus have already come to limelight [36–37] and this could hamper the success

of vector control programs in near future. The observed resistance to pyrethroids may be the
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result of selection mainly from the domestic use of mosquito repellents, coils, oils and sprays

that usually contain pyrethroids. Cx. quinquefasciatus being anthropophilic and indoor resting

mosquitoes are more likely to get exposed to these household mosquito repellents than any

other mosquito species. Furthermore, application of synthetic pyrethroids in the agricultural

sector may also be involved in resistance development [38], as the residue collects and accu-

mulates in the adjoining drains–the most preferred habitat of Cx. quinquefasciatus thereby

building a selection pressure in the vector.

CYP450 family of metabolic enzymes is involved and found to be associated with pyrethroid

resistance in mosquito vectors [39]. In this study, elevated CYP450 level might thereafter indi-

cate a possibility of CYP450 enzyme group to be involved in pyrethroid resistance. The higher

quantitative values of CYP450s in SHM, FLB, BDN and DPG (Table 3) do coincide with the

lower mortality rates of these populations against three pyrethroids used (Fig 2). Studies on

the involvement of CYP450 enzyme group in pyrethroid resistance in Cx. quinquefasciatus and

also the different type of CYP450 involved confers positive correlation between resistance and

increased enzyme activity [9]. Quantitative esterase activity could not be linked with pyre-

throid resistance in the present study thereby suggesting inefficacy of Culex esterases against

pyrethroids [40]. Similarly no correlation between elevated esterase level and pyrethroid resis-

tance was observed in Cx. quinquefasciatus from USA [41].

Apart from the detoxifying enzymes, another mechanism underlying pyrethroid resistance

is target-site insensitivity of the voltage-gated sodium channel [11]. Mutation in the voltage-

gated sodium channel gene termed as knock down resistance (kdr) mutation leads to the

development of resistance to synthetic pyrethroids [11]. Hence, along with metabolic enzymes,

studies on kdr mutation should also be equally emphasized upon. KDT50 and KDT99 values

(>60 minutes) of the tested population against pyrethroids suggests lower efficiency of pyre-

throids and prolonged exposure needed to control Cx. quinquefasciatus as study of KDT for

the detection of resistance in WHO test tubes is a good indicator of resistance [42].

Severe resistance to an organochlorine (DDT) in the studied population may be associated

with widespread use of this insecticide in the vector management programs [33]. Mortality

rate as low as 3.03% (BDN) has been observed in the present study and similar DDT resistant

populations have also been reported from various region worldwide [43]. Association of GSTs

with DDT resistance could not be positively correlated thereupon imparting the thought on

the involvement of kdr mutation in Cx. quinquefasciatus populations of the studied region.

Comparatively higher KDT50 and KDT99 values of DDT than those of the synthetic pyre-

throids from the study suggest the inefficiency of DDT as an insecticide in vector control.

However, studies on synergist assay and presence of major kdr mutations might provide a

clear insight into the mechanism conferring resistance.

Conclusion

The present study provides the first ever report of varied level resistance in Cx. quinquefascia-
tus towards few insecticides belonging to four different classes from three districts of northern

region of West Bengal. This multiple resistance in Cx. quinquefasciatus from the Northern

part of West Bengal is usually a secondary resistance due to indirect exposure to insecticides.

Coupling the over-expression of metabolic enzymes to resistance as reported in the present

study might help in designing new vector management strategies in this region. Besides, the

over-production of metabolic enzymes upon insecticide exposure should be further investi-

gated for better characterization of their role in resistance development Therefore, regular sur-

veillance of resistance status to different insecticides in the field collected populations of

mosquito vectors is vital for proper management of vectors and in turn vector-borne diseases.
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Abstract
Vector-borne diseases pose serious threat to life and socio-economic status of an individual and application of insecticides has
always been a prime strategy to control the vectors. However, with frequent use of insecticides the vectors develop resistance
towards the same. It is therefore necessary to evaluate the resistance status of vectors against such chemicals for proper
management of vector-borne diseases. As such, field populations of Culex quinquefasciatus a vector of lymphatic filariasis were
collected 3 districts of West Bengal and mortality percentage was studied against 6 insecticides. Quantitative assay of major
detoxifying enzymes was also studied to unveil their association with insecticide resistance and the presence of mutation in the
voltage-gated sodium channel (L1014F) was also evaluated. This study showed multiple resistance to all of the insecticides used
i.e., deltamethrin, lambdacyhalothrin, permethrin, DDT, propoxur and malathion). The presence of high frequency of L1014F
mutant allele and enhanced enzyme activity may indicate their involvement in the development of insecticide resistance.

Keywords Insecticide resistance . Lymphatic filariasis . Insecticide detoxifying enzymes . Sodium channel . kdr

Introduction

Mosquitoes among different insect vectors are associated with
diseases such as dengue fever, malaria, chikungunya, lym-
phatic filariasis, West Nile fever, Japanese Encephalitis, yel-
low fever and Zika. These dreaded diseases mainly in the
tropical and subtropical regions of the world are responsible
for several million deaths of human beings and also a few
severe medical cases sometimes leading towards lifelongmor-
bidity and disability in the affected individuals (Rozendaal
1997). Out of 550 species of the genus Culex, species like
Culex quinquefasciatus, Cx. Vishnui, Cx. tritaenorhynchus,
Cx. pseudovishnui, Cx. gelides and Cx. fuscocephala are
known to act as a vector for dieases like bancroftian filariasis,

Japanese encephalitis, St Louis encephalitis virus and West
Nile virus (Rai et al. 2018).

Lymphatic filariasis caused by a nematode worm
Wuchereria bancrofti (Sudomo et al. 2010) is one of the most
important Neglected Tropical Diseases (NTDs) and a prime
cause of permanent impairment. In the Asian continent,
Lymphatic filariasis/ bancroftian filariasis is mainly transmit-
ted by the vector Culex quinquefasciatus and India stands
second after South Africa in the endemicity and transmission
intensity of the disease (Rai et al. 2018). In India, lymphatic
filariasis or bancroftian filariasis is endemic in 20 states and 5
union territories thereby posing a threat of infection to about
six hundred million people (National Vector Borne Disease
Control Programme, India 2018).

Since many decades, the principal step towards manage-
ment of vector-borne diseases has been the application of syn-
thetic insecticides against the vector population. Though there
are mass drug administration campaigns for the elimination of
lymphatic filariasis all around the globe, people have always
relied upon insecticides to keep in control these mosquitoes
and spreading the diseases. Synthetic insecticides are thus
used against mosquito vectors in the form of larvicides,
adulticides, indoor residual sprays (IRS), insecticides treated
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bed nets (ITNs), long lasting insecticide treated bednets
(LLINs). However, the over application and unrestrained uti-
lization of these chemical insecticides gradually led to the
development of resistance in the vector population thereby
intensifying the impact and challenge of vector-borne diseases
on mankind.

Development of resistance in insects towards insecticides
occurs through four different machanisms (either singly or by
the combination of any two or three). Themechanisms include
i) behavourial modification ii) reduced penetration – by in-
creasing cuticular thickness or modification of cuticular com-
position in order to slow down the entry of insecticides into
the body (Balabanidou et al. 2018) iii) metabolic detoxifica-
tion of the insecticides by the enhanced activity of major
d e t ox i f y i ng en zyme s l i k e c a r boxy l e s t e r a s e s ,
cytochromeP450 monooxygenases (CYP450) and glutathi-
one S-transferases (GSTs) iv) target-site insensitivity
through mutation in the target site leading to its alteration
which inhibit the binding of insecticides and hence in-
creases resistance by the vector population (David et al.
2013). The major mechanisms that occur in resistance
development of insects to chemical insecticides are meta-
bolic detoxification by enzymes and mutation in the in-
secticide target site. The last two are the most important
and widely studied mechanisms of insecticide resistance
(Hemingway et al. 2004).

Resistance development to insecticide inCx. quinquefasciatus
have been reported from different regions of the world (Chandre
et al. 1998; Asidi et al. 2004; N’Guessan et al. 2009; Oxborough
et al. 2010) and similar insecticide resistance have also been
earlier reported from certain parts of India (Thavaselvam et al.
1993). Therefore, this study was carried out to evaluate the resis-
tance status ofCx. quinquefasciatus from theNorthern regions of
West Bengal, India and to find out the underlyingmechanisms of
insecticide resistance.

Methodology

Collection of mosquito samples

Eight densely populated sampling sites belonging to three
districts of sub-Himalayan region of West Bengal, India were
selected for mosquito collection (Fig. 1). The selected districts
were Darjeeling, Jalpaiguri and Uttar Dinajpur. Various mos-
quito breeding habitats such as polluted drains, muddy pool
containing stagnant water, plastic containers and cemented
channels were critically examined for the presence of imma-
ture life stages of mosquitoes i.e. larvae and pupae. The mos-
quitoeswere collected in plastic containers andwere identified
with the help of standard larval and adult identification keys of
Tyagi et al. 2015. Once identified as Culex quinquefasciatus,
the collected mosquito population was reared in the laboratory

under controlled physical parameters to F1 generation which
was then used for the bioassay and biochemical tests. The
sampling of mosquito population was performed from the
month of April to November 2018.

Rearing of susceptible population (control)
in the laboratory

Cx. quinquefasciatus larvae and pupae were collected from
insecticide unexposed water bodies and drains in and around
the university premises. After mosquito collection and identi-
fication, larval instars were kept in an enamel tray (containing
powdered yeast and ground fish feed larval feed), whereas,
50–100 pupae were separated and kept in glass containers
having sufficient amount of water to avoid over-crowding.
The beakers containing pupae were placed in larger containers
and the whole set up was covered with mosquito net. For the
newly emerged adults, cotton balls soaked in 5% sugar solu-
tion as food source were also kept inside the large container.
Approximately 3–4 days old female mosquitoes were provid-
ed with blood, by placing a trimmed rat in a small cage inside
the rearing setup. After successful blood feeding of the adult
females, an egg laying apparatus was set in a beaker contain-
ing tap water with hay infusions. After 2–3 days, the beakers
were then was examined for the presence of egg rafts, which
once.observed were collected and transferred to enamel trays
containing tap water and ground fish feed for successful
hatching of larvae. After 1–2 days the first instar larvae were
observed in the trays which were again reared to adults and the
whole culture was carried on for successive generations.The
tenth generation of this culture was used as the laboratory
control/ susceptible population. The culture setup was main-
tained under controlled physical parameters, i.e. temperature
of 25 ± 2 °C and relative humidity of 70–80%.

Insecticides Insecticide impregnated papers (0.05%
Deltamethrin, 0.05% Lamdacyhalothrin, 0.75% Permethrin,
0.1% Propoxur, 5% Malathion and 4% DDT) used for adult
bioassays were purchased from University Sains Malaysia.

Insecticide susceptibility tests

Adult bioassay WHO guidelines (WHO 2016) were followed
while performing the adult bioassay tests. Thirty non blood-fed
adult mosquitoes (2–3 days old) from each population were
placed in 500 ml beaker containing insecticide impregnated
papers and exposed to the insecticides for an hour. The mos-
quitoes were then shifted to retention tube with cotton ball
soaked in 5% sucrose solution and maintained at laboratory
conditions. After 24 h, the mortality percentage was calculated
and the experiment was repeated thrice for every insecticide. In
order to calculate the knock down time (KDT) of the synthetic
pyrethroids and DDT counting of knocked down mosquitoes
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was done after every 10 min during 1 hour of insecticide expo-
sure. Acetone sprayed filter paper in the place of insecticicde
impregnated papers was used in the control set up.

Enzyme extraction Single non blood-fed 2–3 days old adult Cx.
quinquefasciatus were collected and homogenized in 200 μL of
0.01 M ice cold sodium phosphate buffer (pH 7.2) with a teflon
micro-pestle in a 1.5 mL centrifuge tube. The homogenate was
then subjected to centrifugation in eppendorf centrifuge r2418 at
12000 rpm for 15 min The supernatant was collected and stored
at -20 °C to be used as the enzyme source in quantitative enzyme
analysis. Thirty individuals from each population were subjected
to each biochemical assay.

Carboxylesterase act iv i ty assay To measure the
Carboxylesterases (CCEs) activity, the protocol of Van
Asperen (1962) was used with minor modifications to be used
in a microplate reader. The substrate used were α-napthyl
acetate (α-NA) and β-napthyl acetate (β-NA) for α- CCEs
and β-CCEs respectively whereas 0.1% Fast Blue BB salt
(FBBS) was used as the staining solution. Blanks were set
using the same reaction mixture replacing the enzyme source
with sodium phosphate buffer. Standard curves of the end
products, i.e. α-napthol and β-napthol were also prepared
for the estimation of carboxylesterases activity. After 30 min
of incubation, the absorbance was recorded at 540 nm using
Spectrostar nano microplate reader (BMG labtech).

Fig. 1 Map showing the sampling sites
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Monooxygenase activity assay Cytochrome P450 (CYP450) ac-
tivity was measured according to Brogdon and Janet 1997
using 3,3′,5,5’-Tetramethyl benzidine (TMBZ) as a substrate
and 3% H2O2 as the staining solution. Blanks were set using
the same reaction mixture replacing the enzyme source with
sodium phosphate buffer. After 2 h of incubation of the
enzyme-substrate complex the absorbance was recorded at
630 nm. A standard curve for heme peroxidase activity was
prepared using cytochrome C horse heart type VI to quantitate
the CYP450 activity levels.

Glutathione S-transferases (GSTs) activity assay GSTs activity
was assessed following the protocol of Habig et al. (1974).
Homogenate was added to the reaction mixture containing
CDNB (1-chloro-2, 4-dinitrobenzene) - glutathione (GSH)
conjugate in 40 mM potassium phosphate buffer (pH 7.2).
After an incubation period of 2–3 min the increase in absor-
bance values were recorded at 1 min interval for 5 min and the
GST activity (μM mg protein−1 min−1) was then calculated.

Protein quantification Total protein content of the individu-
al adult Culex quinquefasciatus was estimated following
Folin-Lowry method (Lowry et al. 1951) and absorbance
taken at 630 nm.

Data analysis For the adult bioassay, population showing mor-
tality percentage of less than 90 was taken to be resistant
population, above 98 as susceptible and mortality percentage
between 90 and 98 as having incipient resistance or resistance
not confirmed (WHO 2016). Time dependent mortality per-
centage was subjected to statistical analysis using probit in
SPSS 21.0 software at 95% confidence interval in order to
find out KDT50 and KDT99 in minutes. The linear regression
coefficient (r2) obtained was then used to assess the linearity
of experimental data.

DNA isolation and allele-specific PCR (AS-PCR) assay to detect
kdr mutation Genomic DNA of individual mosquito was ex-
tracted following the SDS extraction protocol (Barik et al.
2013) with minor modifications. Adults resistant to synthetic
pyrethroids and DDT i.e., mosquitoes that were alive after
24 h of insecticide bioassay were used. Purity of DNA sample
was checked using spectrophotometer at A260 nm. AS-PCR
was performed to detect kdr mutation (L1014F) in a single
mosquito following the protocol of Martinez-Torres et al.
(1999), Sarkar et al. (2009) with minor modifications. Four
primers, Cgd1 (5_ - GTGGAACTT CACCGACTTC - 3_),
Cgd2 (5_ - GCAAGG CTA AGA AAA GGT TAA G - 3_),
Cgd3 (5_ - CCA CCG TAG TGA TAGGAA ATT TA - 3_)
and Cgd4 (5_ - CCA CCG TAG TGATAG GAA ATT TT -
3_) as described by Martinez-Torres et al. (1999) were used.
25 ng/μl genomic DNAwas taken in a 25 μl volume mixture
with 1xPCR buffer, 1.5 mMMgCl2, 0.2 mM dNTPs, 0.4 μM

of each primer and 0.2 unit Taq Polymerase (Promega). Three
PCR reactions were run with the primers Cgd1 and Cgd2 in
the 1st reaction, in the second reaction Cgd2 and Cgd3 were
combined and Cgd3 and Cgd4 were combined in the third
reaction. The amplification condition was one cycle at 95 °C
for 15 min, 30 cycles at 94 °C for 45 s, 49 °C for 45 s, 72 °C
for 45 s, and an extension of 10 mins at 72 °C. The DNA
fragments were separated by electrophoresis on 3% agarose
gels and visualized by ethidium bromide staining under UV
light. PCR assay of 3 populations i.e.,BDN, FLB and ISL was
not performed due to unavailability of enough samples.

Results

Adult bioassay Mortality percent of all of the studied popula-
tions against malathion, propoxur and DDT was less than 90
thereby revealing resistance against these three insecticides
(Table 1). Moreover, resistance from all studied popultaions
was also shown against synthetic pyrethriods with least mortal-
ity percent of 33.33 against deltamethrin in SHM, 28 against
lambdacyhalothrin in SLG and 13.33 against permethrin in
FLB population except JPT and CPR with mortality percent
of 95.65 and 80.55 respectively (Table 1). KDT50 and KDT99
values of deltamethrin, lambdacyhalothrin, permethrin and
DDT have been calculated and given in Table 2. CPR popula-
tion showed least KDT50 value for deltamethrin and
lambdacyhalothrin as compared to other field populations,
JPT for permethrin and FLB for DDT. Moreover, the highest
value of KDT50 was calculated to be 232.92 min (BDN),
316.78 (SLG), 294.81 (BDN) and 387.89 (SHM) for delta-
methrin, lambdacyhalothrin, permethrin and DDT
rerspectively. Likewise, KDT99 values of deltamethrin,
lambdacyhalothrin, permethrin and DDT was highest in BDN
(547.12), DPG (1987.01), SLG (1105.01) and SHM (2764.10).

Detoxifying enzymes’ activity assays The quantitative activity
of major detoxifying enzymes upon statistical analysis
(p < 0.05) revealed varied level of expression in different pop-
ulations (Table 3). α-CCEs activity was found to be lowest in
JPT population, i.e. 0.759 mM mg protein−1 min−1 whereas
the highest activity was exhibited by SLG population with the
activity approximately 30 fold higher than SP. For β-CCEs
activity the highest activity level was noted in ISL
(4.537 mM mg protein−1 min−1). Amongst the studied popu-
lations around 3.17–15.65 fold higher activities of β-CCEs
were exhibited by different field populations. The CCEs ac-
tivity in SP was noted to be 0.192 mMmg protein−1 min−1 for
α-CCEs and 0.202 mM mg protein−1 min−1 for β-CCEs. The
highest CYP450 activity was reported in BDN population
exhibiting ≈34 times higher value than that of SP. The
CYP450 activity ranged from 0.358 nM mg protein−1 min−1

to 2.135 nM mg protein−1 min−1 amongst different field
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populations of Cx. quinquefasciatus. SHM populations re-
ported the highest activity of GSTs i.e. 18.12 × 10−3 mM mg
protein−1 min−1 which was ≈80 fold higher than SP.

Genotyping of L1014F kdr mutation PCR results showed the
presence of all three genotypes i.e., wild type susceptible ho-
mozygote (L/L), heterozygote L1014F mutant (F/L) and the
homozygote L1014F resistant mutant (F/F) (Table 4).
Moreover, a high frequency of L1014F mutation was ob-
served in the studied region. The resistant homozygote (F/F)
was found in all five populations (10–30% individuals)
(Fig. 2). The susceptible wild homozygote genotype (L/L)

was also observed in all populations (10–30% individuals).
However, heterozygote individuals were found in highest pro-
portion among other genotypes (as high as 70% of individuals
in CPR).

Discussions

In this study, the insecticide resistance status of Culex
quinquefasciatus was investigated from northern region of
West Bengal, India against some of the commonly used

Table 2 KDT50 and KDT99

values (in minutes) of three
synthetic pyrethroids and an
organochlorine (DDT) insecticide
in Culex quinquefasciatus

Sites Deltamethrin Lambdacyhalothrin Permethrin DDT

KDT50 KDT99 KDT50 KDT99 KDT50 KDT99 KDT50 KDT99

SHM 87.75 242.62 88.66 242.11 231.49 970.77 378.89 2764.10

SLG 200.44 489.88 316.78 987.01 207.48 1105.01 355.81 1866.60

BDN 232.92 547.12 94.88 247.89 294.81 713.55 231.50 970.77

JPT 73.09 198.22 90.75 301.55 87.09 805.19 344.49 2318.98

FLB 93.68 242.85 176.11 905.33 199.48 745.77 180.09 620.42

DPG 81.99 207.52 316.78 1987.01 210.27 819.50 296.63 1763.90

CPR 64.61 174.35 74.85 273.39 99.72 385.75 221.19 896.41

ISL 101.12 320.09 120.54 532.54 96.19 497.48 200.45 1330.13

SP 42.30 83.56 44.89 121.57 36.19 155.62 107.28 258.17

KDT Knocked-down time

Table 1 Insecticide resistance/
susceptibility status of Culex
quinquefasciatus against six
adulticides

Sites Deltamethrin Lambdacyhalothrin Permethrin Malathion Propoxur DDT
M (%) ± S.E M (%) ± S.E M (%) ± S.E M (%) ± S.E M (%) ± S.E M (%) ± S.E

SHM 33.33 ± 0.85

(n = 98)

48.27 ± 1.35

(n = 96)

7.69 ± 0.65

(n = 93)

70.58 ± 0.82

(n = 100)

35.71 ± 0.07

(n = 97)

18.18 ± 0.64

(n = 94)

SLG 65.00 ± 1.62

(n = 102)

28.00 ± 0.84

(n = 93)

73.91 ± 1.24

(n = 98)

12.50 ± 1.34

(n = 90)

62.50 ± 0.84

(n = 96)

14.28 ± 0.36

(n = 96)

BDN 82.86 ± 1.07

(n = 95)

66.67 ± 0.86

(n = 102)

50.00 ± 0.51

(n = 90)

28.57 ± 0.68

(n = 96)

39.13 ± 1.52

(n = 94)

3.03 ± 0.81

(n = 99)

JPT 83.33 ± 0.58

(n = 99)

77.27 ± 0.23

(n = 91)

95.65 ± 0.46

(n = 101)

75.00 ± 1.37

(n = 92)

51.85 ± 0.92

(n = 102)

16.00 ± 1.08

(n = 99)

FLB 47.83 ± 1.07

(n = 94)

41.67 ± 1.09

(n = 90)

13.33 ± 0.91

(n = 99)

30.77 ± 1.12

(n = 100)

40.00 ± 1.01

(n = 93)

3.57 ± 0.54

(n = 94)

DPG 68.00 ± 0.61

(n = 104)

41.67 ± 0.46

(n = 95)

43.48 ± 1.08

(n = 94)

33.33 ± 0.61

(n = 104)

44.44 ± 0.63

(n = 98)

61.29 ± 0.67

(n = 103)

CPR 76.92 ± 0.84

(n = 96)

53.85 ± 0.63

(n = 95)

80.55 ± 1.02

(n = 93)

23.53 ± 0.52

(n = 99)

53.12 ± 0.76

(n = 105)

71.87 ± 0.72

(n = 100)

ISL 56.52 ± 0.98

(n = 90)

33.33 ± 1.85

(n = 100)

67.78 ± 0.64

(n = 93)

3.22 ± 0.18

(n = 98)

40.00 ± 0.94

(n = 96)

20.00 ± 0.81

(n = 98)

SP 100 ± 0.00

(n = 92)

99.36 ± 0.26

(n = 90)

100 ± 0.00

(n = 90)

100 ± 0.00

(n = 91)

100 ± 0.00

(n = 93)

98.92 ± 0.09

(n = 90)

M% Mortality percentage, n total number, S.E Standard Error
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insecticides targeted either against the mosquito vectors or
other pests of economic importance.

Insecticides used in the bioassay tests of adult field popu-
lations of Cx. quiquefasciatus belong to four different classes
i.e., carbamate (propoxur), organophosphates (malathion),
synthetic pyrethroids (deltamethrin, lambdacyhalothrin, per-
methrin) and organochlorine (DDT). The bioassay tests
showed that the studied populations have developed resis-
tance to all of the insecticides used in the study (Table 1).
The mosquito populations showed resistance to propoxur (a
carbamate insecticide) with low mortality rates. This report on
propoxur resistance complies with other reports on resistance
by Cx. quiquefasciatus to propoxur from around the world
(Hemingway et al. 2004, Bisset et al. 1990). Development of
propoxur resistance in mosquitoes might be a case of second-
ary insecticide resistance because in India, there is no report
on the use of propoxur against the mosquito vectors
(NVBDCP 2018). The observed resistance may be due to
indirect exposure to other insect-repellents that contain propo-
xur and are frequently used in household.

With mortality percentage as low as 3.22 in ISL popula-
tion, Cx. quinquefasciatus showed severe resistance to

malathion, an organophosphate in the present study. This
resistance may also be accounted to indirect exposure of
mosquito vectors to malathion used in the agricultural sector.
Insecticides from agricultural run-off contaminate the breed-
ing habitats and thus lead to untargeted and indirect exposure
to certain insecticides (Philbert et al. 2014). The three dis-
tricts under study Darjeeling, Jalpaiguri and Uttar Dinajpur
depend mostly on agricultural practices, the major practice
being tea plantation followed by pineapple and jute cultiva-
tion (Saha and Mukhopadhyay 2013; Das et al. 2016). The
huge amount of malathion sprayed for the agricultural pur-
pose later accumulates in the adjoining drains and canals
thereby gradually increasing the selection pressure of the
inhabitants i.e. mosquitoes. As such, these vectors develop
secondary resistance against the same. There are similar re-
ports on resistance development against malathion owing to
the indirect exposure of Cx. quinquefasciatus to malathion
applied on the agricultural sector in India (Thavaselvam et al.
1993) and other parts of the world (Stark et al. 2017). In
insects, high quantitative level and over expression of non-
specific carboxylesterases is known to be associated with the
development of resistance to organophosphate insecticides
(Hemingway et al. 2004). In this study, comparatively severe
resistance to malathion in ISL and FLB (Table 3) may be
linked with enhanced activity of both α-CCEs and β-CCEs
of these populations among all other tested populations as
amplification of non specific esterases is the most frequently
observed resistance mechanism in organophosphate resistant
populations of Culex sp and Aedes sp (Liu 2015). Similar
findings on the association of organophosphate resistance
and higher quantitative expressions of esterases have been
reported worldwide (Pietrantonio et al. 2000; Goindin et al.
2017; Bharati and Saha 2018). Likewise, elevated levels of
GSTs have also been reported to be associated with organo-
phosphate resistance in mosquito vectors (Hayes and Wolf
1988). Involvement of the detoxifying enzyme GSTs in the

Table 3 Quantitative activity of major detoxyfying enzymes in Culex quinquefasciatus populations

Sites α-carboxyesterases activity
(mM mg protein−1 min−1 ± S.E)

β-carboxyesterases activity
(mM mg protein−1 min−1 ± S.E)

Monooxygenases activity
(nM mg protein−1 ± S.E)

GSTs activity
(mM mg protein−1 min−1 ± S.E)

SHM 5.948 ± 0.761 d* 3.428 ± 0.317 d 1.523 ± 0.041 d 18.12 × 10−3 ± 2.1 × 10–3 d

SLG 4.088 ± 0.237 c 2.857 ± 0.463 c 0.929 ± 0.072 c 15.41 × 10−4 ± 2.6 × 10–4 b

BDN 1.914 ± 0.147 b 2.580 ± 0.179 c 2.135 ± 0.233 e 31.72 × 10−4 ± 3.9 × 10–4 c

JPT 0.759 ± 0.047 b 0.713 ± 0.032 b 0.358 ± 0.091 b 76.68 × 10−5 ± 1.4 × 10–4 b

FLB 5.213 ± 0.361 d 2.522 ± 0.145 c 1.337 ± 0.338 d 79.81 × 10−5 ± 3.6 × 10–5 b

DPG 5.166 ± 0.410 d 1.840 ± 0.067 c 1.298 ± 0.145 d 48.34 × 10−4 ± 1.8 × 10–4 c

CPR 1.390 ± 0.040 b 0.640 ± 0.030 b 0.841 ± 0.083 c 3.30 × 10−3 ± 6.4 × 10–4 c

ISL 5.293 ± 0.123 d 4.537 ± 0.401 d 0.980 ± 0.082 c 11.38 × 10−3 ± 2.9 × 10–3 d

SP 0.192 ± 0.031 a 0.202 ± 0.025 a 0.062 ± 0.021 a 22.43 × 10−6 ± 1.4 × 10–6 a

*Within columns, means followed by the same letter do not differ significantly (P < 0.05) in Tukey’s multiple comparison test (HSDa)

Table 4 Genotypic and allelic frequencies of L1014F resistant and
susceptible populations of Culex quinquefasciatus from districts of
West Bengal, India

Sites Genotype frequency (%) Allele frequency (%)

FF LF LL F L

SHM 10.0 60.0 30.0 0.40 0.60

SLG 30.0 60.0 10.0 0.60 0.40

JPT 11.1 55.6 33.3 0.39 0.61

DPG 10.0 60.0 30.0 0.40 0.60

CPR 20.0 70.0 10.0 0.55 0.40
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development of resistance to organophosphate insecticides
may be related with high quantitative value of GSTs activity
in ISL population which is similar to the enhanced CCEs
activity in the same population.

In the present study, field populations ofCx. quinquefasciatus
from all sampling sites showed resistance to the synthetic pyre-
throids (deltamethrin, lambdacyhalothrin, permethrin) except
JPT population which showed intermediate resistance or uncon-
firmed resistance towards permethrin with amortality percentage
of 95.65. This observed resistance to synthetic pyrethroids is of
prime concern because synthetic pyrethroids are the only insec-
ticides that are used in LLINs. Therefore, resistance to synthetic
pyrethroids would result in inefficiency of LLINs and such inef-
ficiency of pyrethroid-impregnated bed nets have already been
reported (Guillet et al. 2001; Kudom et al. 2015). Resistance to
pyrethroids in the studied area may be due to the exposure ofCx.
quinquefasciatus to pyrethroid-containing mosquito repellents
like coils, oils and mosquito sprays which are usually used in
the domestic household and Cx. quinquefasciatus being indoor
resting mosquito are highly prone to such exposure. Moreover,
use of synthetic pyrethroids in the agricultural field might also
contribute to the development of resistance to these insecticides
in the vector population (Corbel et al. 2007). There are similar
reports on resistance development in Cx. quinquefasciatus to
synthetic pyrethroids from different regions of the world
(Yadouléton et al. 2015, Delannay et al. 2018, Skovmand and
Sanogo 2018). Low mortality rate against DDT in the studied
population confirms severe resistance to DDTwhich may be the
outcome of widespread use of this organochlorine to control
mosquito vectors and similar resistance to DDT in Cx.
quinquefasciatus have been reported worldwide (Hemingway
and Ranson 2000).

Resistance to synthetic pyrethroids in the mosquito vec-
tors occur due to the enhanced activity of CYP450 family of
metabolic enzymes (Amenya et al. 2008). Likewise, com-
paratively elevated level of CYP450 in SHM, BDN and
DPG population and lower mortality rate against synthetic
pyrethroids do hint upon the association of CYP450 enzyme
group and resistance development to pyrethroids. Apart
from the detoxifying enzymes, target-site insensitivity of
the voltage-gated sodium channel (Vgsc) also plays a role
in the development of resistance against pyrethroids and
DDT (Hemingway et al. 2004; Tan et al. 2005). Many fold
higher KDT50 and KDT99 values of the tested population
(Table 2) against pyrethroids as compared to the KDT50

and KDT99 values of SP suggest lower efficiency of pyre-
throids and prolonged exposure needed to control Cx.
quinquefasciatus as study of KDT for the detection of re-
sistance in WHO test tubes is a good indicator of resistance
(Elissa et al. 1993). Comparatively higher KDT50 and
KDT99 values of DDT than those of the synthetic pyre-
throids from the study suggest the inefficiency of DDT as
an insecticide in vector control.

Synthetic pyrethroids and DDT both target the Vgsc
(Hemingway et al. 2004) and have rapid knock-down effect
on the insects by prolonged depolarization of nerve mem-
brane. The extensive use of these insecticides i.e., pyre-
throids and DDT has led to the development of knock down
resistance (kdr) in insect species including the mosquito vec-
tors (Liu and Yue 2000, Hemingway et al. 2004). Kdr occurs
due to structural modification of target proteins or point mu-
tation in the genes that encode these target proteins to which
the insecticides bind (Liu 2015). In insects, the most com-
mon kdr mutation is a substitution of phenylalanine to

Fig. 2 Genotype proportions of
L1014F kdr mutation in five of
the studied populations of Culex
quinquefasciatus. LL: susceptible
wild homozygote genotype; FF:
resistant homozygote genotype;
LF: resistant heterozygote
genotype
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leucine in the S6 hydrophobic segment of domain II of so-
dium channel (Ranson et al. 2000; Hemingway et al. 2004)
resulting in reduced binding affinity of insecticides to nerve
membrane (Liu 2015). This study assessed the presence of
L1014F kdr mutation in Cx. quinquefasciatus from five dif-
ferent regions in West Bengal and found that the mutant
allele (F) was present in a much higher frequency.
Homozygote mutant genotype (F/F) was observed in all of
the populations though in lesser proportion than the hetero-
zygote genotype (L/F). L1014F mutation in Vgsc in Culex
and Anopheles mosquitoes have previously been reported
from around the globe (Martinez-Torres et al. 1999,
Enayati et al. 2003, Sarkar et al. 2009, Kudom et al. 2015,
Delannay et al. 2018) and the association of this mutation to
pyrethroid resistance in Cx. quinquefasciatus has also been
reported (Xu et al. 2006, Li and Liu 2014, Kudom et al.
2015). Moreover, kdr might be the major mechanism of re-
sistance against DDT and also be involved in resistance de-
velopment against the pyrethroids in Cx. quinquefasciatus
from the studied area owing to no correlation of GSTs activ-
ity and DDT resistance in the study. However, further study
is needed in order to find out its association and mechanism
of resistance.

Conclusion

Among the six insecticide classes i.e., organophosphates, car-
bamate, synthetic pyrethroids, organochlorine, pyrroles and
phenyl pyrazole used against mosquito vectors, this study
provides report on resistance in Cx. quinquefasciatus from
three districts of northern region of West Bengal to multiple
insecticides belonging to four different classes. The present
study also reports the first ever presence of L1014F kdr mu-
tation in Cx. quinquefasciatus from West Bengal, India. The
inefficiency of current insecticides to control the vector pop-
ulationmight be due to enzymatic detoxification of these com-
pounds and inability of the protein to bind to their respective
target because of mutation in the binding sites. Therefore,
research work on the mechanisms of resistance development
is a prime step towards creation of novel and more efficient
vector control strategies globally.
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Abstract
Culex quinquefasciatus Say is a vector for lymphatic filariasis in human populations throughout the world. Vector control, a
major strategy for eradication of filariasis mainly involves the application of chemical insecticides giving rise to resistance against
insecticides. In this context, a study was conducted to find out the resistance status of Cx. quinquefasciatus populations from
seven densely populated sites in Siliguri sub division, West Bengal. Larval bioassay against temephos and adult bioassay against
5% malathion, 0.05% deltamethrin and 0.05% lambdacyhalothrin was performed following the standard WHO protocol. A total
of 630 larvae and 360 adults were tested from one sampling site. The activity of major insecticide detoxifying enzymes i.e.,
carboxylesterases and monooxygenases was also assessed through biochemical assay. The seven tested populations were found
to exhibit moderate to severe resistance (27.27% - 83.33% mortality) against deltamethrin, lambdacyhalothrin and temephos.
However, all of the seven populations were found to be completely susceptible to malathion. This study provides new informa-
tion on the current status of insecticide resistance in Cx. quinquefasciatus from this area, which may be helpful to the concerned
authorities to design an effective mosquito control strategy for efficient management of vector-borne diseases.

Keywords Lymphatic filariasis . Deltamethrin . Lambdacyhalothrin .Metabolic enzymes . Knock down time .Malathion

Introduction

Culex quinquefasciatus is the primary vector for lymphatic
filariasis and a major concern to human health due to its role
in transmission of the filarial nematode. Lymphatic filariasis is
endemic in tropical and sub-tropical areas of the world and is
more prevalent in 32 of the world’s 38 least developed coun-
tries (Utzinger et al. 2010). Approximately 15 million people
with lymphatic filariasis live in Southeast Asian countries
(Sudomo et al. 2010). In India, the disease is prevalent in 20
states and union territories, putting about 600million people at
the risk of infection (National Vector Borne Disease Control
Programme, India 2018).

There are mainly four genera ofmosquitoes in India that act
as vector for different disease causing pathogens i.e.,

Anopheles, Aedes, Culex and Mansonia. Culex mosquito is
of concern due to its role in the transmission of bancroftian/
lymphatic filariasis, St Louis encephalitis virus, West Nile
virus and Japanese encephalitis (Farid et al. 2001; Gottlieb
2000). In India and Southeast Asia, Cx. quinquefasciatus is
a primary vector of Wuchereria bancrofti (Utzinger et al.
2010) and its breeding habitats are mainly sewage channel,
plastic containers, drains, stagnant- water bodies. Also known
as the southern house mosquito, Cx. quinquefasciatus is a
major biting nuisance in the tropical and sub-tropical region
with a nocturnal indoor biting habit (Rai et al. 2018). This
species ofCulex thus possess major threat to the human health
bringing about morbidity andmortality alongwith a hampered
socio-economic condition (NVBDCP 2018).

Though anaphylactic treatments are available for lymphatic
filariasis, many global programs targeting the eradication of
this disease and also, other vector borne diseases have been
relying on the vector control strategies as one of the prime
approaches in reducing the rate of transmission. Vector control
aims to restrict the disease transmission either by destroying
the mosquito breeding sites or through the use of insecticides
against both adults and larvae. The use of synthetic
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insecticides as larvicide, indoor residual spraying (IRS),
insecticide-treated bed nets (ITNs) and long lasting
insecticide-treated nets (LLITNs) represent a key strategy in
the management of the vector population. For this purpose,
insecticide groups like organophoshates, organochlorines, car-
bamates and synthetic pyrethroids are commonly used around
the globe against the mosquito vectors (Hemingway and
Ranson 2000). Consequently, the long term and unrestrained
use of these chemical insecticides against the vector has re-
sulted in the development of resistance in the vector
population.

Resistance in insects develops through four mechanisms,
one involving the detoxifying enzymes like carboxylesterases,
cytochrome P450 oxidases and glutathione S-transferases
(Hemingway and Ranson 2000). The metabolic resistance to
insecticide is brought about by the alteration or overproduc-
tion of these detoxifying enzymes (David et al. 2013;
Hemingway et al. 2004). The second being target site insen-
sitivity through mutations in the structural genes of synaptic
acetylcholinesterases, Gama-aminobutyric acid receptor and
voltage dependent sodium channel protein. The other two
mechanisms of resistance include reduced penetration of the
insecticide into the body of targeted organism and behavioral
avoidance (Hemingway et al. 2004; Li et al. 2007; Donnelly
et al. 2009). The first two mechanisms have been mostly
found to be responsible in conferring the development of in-
secticide resistance worldwide.

When assessing the insecticide susceptibility/resistance
status, Cx. quinquefasciatuswas of particular interest because
of its most preferred breeding habitat – drains that collect
polluted water from the adjoining areas. Therefore, in this
study, Cx. quinquefasciatus populations were collected from
seven densely populated areas of Siliguri sub-division to map
the resistance status against two synthetic pyrethroids (delta-
methrin, lambdacyhalothrin) and two organophosphates (mal-
athion and temephos). The quantitative expression of major

detoxifying enzymes was also studied as higher quantitative
values of these enzymes is said to be one of the main mecha-
nisms governing resistance development in mosquitoes.

Materials and methods

Mosquito collection and study area

Larvae, pupae and adult mosquitoes were collected in the
month of March 2017 to January 2018 from seven sampling
sites from Siliguri sub-division covering an area of 260 km2.
Sampling was performed year round and a particular site was
visited once every two months. Seven densely populated sites
were chosen for the study: University of North Bengal (NBU),
Bagdogra (BAG), Matigara (MAT), Mallaguri (MLG),
Baghajatin park (BJP), Deshbandhupara (DBP), Medical col-
lege (MED). Details of the sampling sites are given in Table 1.
Larvae and pupae were collected from various breeding hab-
itats mainly the sewage, cemented channels and drains, and
also from plastic containers. A 1000 ml plastic container was
used for collection of larvae and pupae and 4–5 strokes were
taken at one time of sampling at a particular site. Prior permis-
sion was taken from the property owner whenever private land
was investigated. Collected larvae and pupae were brought to
the laboratory and Cx. quinquefasciatuswere sorted out using
standard larval and adult identification keys (Tyagi et al.
2015). Pupae were separated and reared to F1 generation in
order to maintain the homogeneity of the population.

Rearing of susceptible population in the laboratory

Larvae of Culex sp. from drains and cemented channels of the
campus area were brought to the laboratory and those identi-
fied as Cx. quinquefasciatus were kept in an enamel tray in
order to set up a laboratory colony. Ground fish meal was

Table 1 Sampling sites of Culex quinquefasciatus in Siliguri sub-division

Collection sites Coordinates Collected from Stages collected Generation used

University of North Bengal (NBU) 26.7095° N, 88.3542° E Drains and cemented channels near
canteen and student hostel areas.

Larvae, pupae F1

Bagdogra (BAG) 26.6986° N, 88.3117° E Drains in and around the town area
and highway.

Larvae, pupae F1

Matigara (MAT) 26.7223° N, 88.3810° E Cemented drains in and around the
residential areas.

Larvae, pupae F1

Mallaguri (MLG) 26.7438° N, 88.4137° E Cemented drains in and around the
residential areas.

Larvae, pupae F1

Baghajatin park (BJP) 26.7084° N, 88.4318° E Cemented drains surrounding the
park and some plastic containers.

Larvae, pupae F1

Deshbandhupara (DBP) 26.7003° N, 88.4335° E Cemented drains in and around the
residential areas.

Larvae, pupae F1

Medical college (MED) 26.6907° N, 88.3849° E Muddy pool of water near
North Bengal Medical College.

Larvae, pupae F1

Susceptible population (SP) – – – F10
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given as food source for the larvae. From the second day of
rearing, pupae were separated and kept in glass containers
with sufficient amount of water to avoid over-crowding in
1000 ml glass beakers containing 700–800 ml water. A mos-
quito net was used to cover the entire setup. After the pupae
had moulted into adults, cotton balls soaked in 5% sucrose
solution were kept for the newly emerged adults to feed upon.
When the adults were 3–4 days old, a clean and trimmed rat in
a small cage was also kept inside the rearing setup as blood
source for the adult female mosquitoes. Dried hay cut into
small pieces was mixed in tap water and boiled then kept at
room temperature to cool down. The water was then strained
into a glass beaker to be used as the egg laying apparatus. Egg
rafts were collected and kept in enamel trays. Eggs hatched
into first instar larvae within 1–2 days. In this way, the rearing
was carried on and the adults from the tenth generation (F10)
were used as a susceptible population (SP). A temperature of
25 ± 2 °C and relative humidity of 70–80% was maintained
throughout the rearing period.

Insecticide susceptibility tests

Larval bioassay

Larval bioassay against temephos was performed following
the WHO guidelines (WHO 2005) using two different doses
of temephos i.e. 0.0200 ppm (WHO recommended dose) and
0.0125 ppm (National Vector Borne Disease Control
Programme, NVBDCP). Thirty larvae (late third instar to ear-
ly fourth instar) of each population were kept in beakers con-
taining 200 mL tap water with respective doses of insecticide.
The experiment was run thrice and control was set up in lab-
oratory conditions using tap water. Mortality percentage was
calculated after 24 h of temephos exposure. Larvae were con-
sidered dead if they failed to respond when touched by a brush
(WHO 2005). Four other subsequent doses were used in order
to determine the LC50, LC90 and LC99 values and site-specific
diagnostic dose.

Adult bioassay

Adult bioassays were performed following WHO guidelines
(WHO 2006). Insecticide-impregnated papers (0.05% delta-
methrin, 0.05% lambda cyhalothrin and 5% malathion) were
purchased from Universiti Sains Malaysia. Twenty five to
thirty non blood-fed adults (from each population) were ex-
posed to insecticide impregnated papers each placed in a
500 mL beaker for an hour and was performed in triplicates.
Counting of knocked down mosquitoes was done after every
10 min to calculate the knock down time (KDT) of the insec-
ticide against the mosquito population. The mosquitoes were
then shifted to retention tubes and maintained at laboratory
conditions. Cotton balls soaked in 5% sucrose solution were

provided during the retention period. Mortality percentage
was recorded after 24 h of exposure. A control was setup in
which mosquitoes were exposed to acetone sprayed filter pa-
pers. The calculations were subjected to statistical analysis
using regression and probit in SPSS 21.0 Software at 95%
confidence.

Biochemical assays

Enzyme extraction

Non blood-fed adults (30 from each population) were taken
and homogenized in 100 μL of 0.02 M sodium phosphate
buffer (pH 7.2) with a teflon micro-pestle in a 1.5 mL centri-
fuge tube. The micro-pestle was then washed with another
100 μL of 0.02 M sodium phosphate buffer (pH 7.2). The
homogenate was centrifuged at 12000 rpm for 15 min in a
centrifuge (Eppendorf centrifuge r2418). The supernatant
was stored at -20 °C for further use in quantitative enzyme
analysis.

Carboxylesterase assay

Carboxylesterase (CCEs) activity was assayed using α-
napthyl acetate (α-NA) and β-napthyl acetate (β-NA) as
substrate according to the method of Van Asperen (Van
Asperen 1962), with minor modifications for using micro-
plate reader. The staining solution used was prepared by
mixing two parts of 0.1% Fast Blue BB salt (FBBS) with
five parts of 5% sodium dodecyl sulphate (SDS).
Absorbance was recorded using microplate reader
(OpsysMR, DYNEX Techologies) at 540 nm. For the es-
timation of carboxylesterase activity, standard curves of
α-napthol and β-napthol were prepared. Blanks were set
using a reaction mixture without the enzyme extract.

Monooxygenase assay

Cytochrome P450 (CYP450) activity using 3,3′,5,5’-
Tetramethyl benzidine (TMBZ) as a substrate was measured
according to Brogdon and Janet 1997. Then 3% H2O2 was
used as a staining solution. After 2 hour, absorbance was re-
corded at 630 nm using the microplate reader (OpsysMR,
DYNEX Techologies). A standard curve was also prepared
using cytochrome C horse heart to quantitate the enzyme ac-
tivity levels.

Protein content

Total protein content of the homogenate was estimated using
Folin-Lowry method (Lowry et al. 1951). Bovine serum albu-
min was used as a standard.
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Calculation

Following the WHO guidelines (WHO 2006), population
showing mortality less than 80% was taken to be resistant
population, mortality more than 80% and equal to 98% inter-
mediate resistant or resistance not confirmed and mortality
>98 as susceptible population. Resistance ratio 50 (RR50)
was calculated by comparing the LC50 value of respective
population to the LC50 value of SP. RR50 ≤ 1 indicates suscep-
tible population and RR50 > 1 indicates resistant population.

Results

Larval bioassay

The larval susceptibility test against temephos for the different
populations, according to WHO dose showed that three out of
the seven tested field populations were susceptible to
temephos while the other four expressed incipient resistance
or unconfirmed resistance towards the same (Table 2). NBU
and MAT populations had 80% mortality, MLG 84%, BAG
92% and the rest three populations showed 100%mortality on
temephos exposure. Out of the seven sites, NBU and MLG
populations showed resistance to temephos in NVBDCP rec-
ommended dose with mortality rate of 44.23% and 73% re-
spectively. DBP population with 100% mortality showed
complete susceptibility and the remaining five populations
exhibited incipient resistance, thereby showing the trend to-
wards resistance (Table 2). LC50, LC90 and LC99 values
against temephos were also calculated for every population
in SPSS 21.0 Software at 95% confidence interval and given
in Table 2. The recommended dose or the site-specific diag-
nostic dose calculated as twice the LC99 values of each pop-
ulation, showed a maximum of 100-fold higher value for
NBU population when compared to the lab reared population.

Adult bioassay

Mortality percentages of Cx. quinquefasciatus populations
when treated with 0.05% deltamethrin, 0.05% lambda
cyhalothrin and 5% malathion along with the KDT50 and
KDT90 values of synthetic pyrethroids is given in Table 3.
Result of adult bioassays against three insecticides showed
that mosquito populations of the studied area have developed
moderate to severe resistance against two synthetic pyre-
throids (deltamethrin and lambda cyhalothrin) but are
completely susceptible to malathion (an Organophosphate)
as evident from 100% mortality of the tested mosquito popu-
lation against malathion (Fig. 1). The bioassay tests in the
current study of field populations revealed that BAG popula-
tion comparatively showed least mortality rate (27.27%)
against deltamethrin and likewise against lambda cyhalothrin,
BJP showed least mortality of 20.83%. This resistance status
has been assigned following the WHO guidelines (WHO
2006) which states a population resistant for having mortality
less than 80% of the total tested individual, susceptible for
mortality of 98–100% and mortality ranging from 80 to 98%
is considered as incipient or intermediate resistant population.

Biochemical assay

Quantitative estimation of the enzymes CCEs and CYP450
showed varied enzyme levels for different collection sites.
The α- CCEs activity ranged from 0.192–0.572 mMmg
protein−1 min−1 and β-CCEs activity ranged from 0.225–
0.857 mMmg protein−1 min−1 (Table 4). Among the seven
different populations, BJP showed the highest α-CCEs activ-
ity followed by MLG and BAG (Table 4). The CYP450 activ-
ity for the tested population ranged from 0.114–0.403 nMmg
protein−1. DBP population showed the highest level of
CYP450 activity followed by MED. As compared to the sus-
ceptible culture, the α- CCEs activity and β-CCEs activity
were found to be 1.05 to 2.98 fold and 1.26 to 4.24 folds

Table 2 Larval bioassay of Culex quinquefasciatus populations against temephos

Collection
sites

0.02 ppm
Mortality(%) ± SD

0.0125 ppm
Mortality(%) ± SD

LC50

(ppm) ± SD
LC90

(ppm) ± SD
LC99

(ppm) ± SD
RR50 Diagnostic dose

(ppm) ± SD

NBU 80.00 ± 1.8 44.23 ± 0.6 0.0110 ± 0.0030 0.0370 ± 0.0090 0.1030 ± 0.0140 11 0.2060 ± 0.0020

BAG 92.80 ± 0.9 86.96 ± 1.2 0.0025 ± 0.0005 0.0160 ± 0.0049 0.0600 ± 0.0071 2.5 0.1200 ± 0.0007

MAT 80.00 ± 1.8 82.66 ± 0.9 0.0030 ± 0.0022 0.0080 ± 0.0033 0.0190 ± 0.0038 3.0 0.0380 ± 0.0015

MLG 84.00 ± 0.6 73.00 ± 1.5 0.0070 ± 0.0016 0.0200 ± 0.0092 0.0630 ± 0.0115 7.0 0.1260 ± 0.0023

BJP 100 ± 0.0 88.20 ± 1.2 0.0010 ± 0.0016 0.0080 ± 0.0007 0.0350 ± 0.0170 1.0 0.0700 ± 0.0028

DBP 100 ± 0.0 100 ± 0.0 0.0020 ± 0.0022 0.0170 ± 0.0044 0.0060 ± 0.0038 2.0 0.0120 ± 0.0017

MED 100 ± 0.0 96.40 ± 1.8 0.0013 ± 0.0027 0.0052 ± 0.0027 0.0160 ± 0.0076 1.3 0.0320 ± 0.0021

SP 100 ± 0.0 100 ± 0.0 0.0010 ± 0.0011 0.0015 ± 0.0011 0.0020 ± 0.0022 ____ 0.0040 ± 0.0005

*LC- lethal concentration, RR- resistance ratio, SD- standard deviation of mean
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higher respectively. Similarly, the activity of CYP450 ranged
from 1.98 to 5.93 folds higher than that of SP.

Discussion

This study was conducted to assess the insecticide
resistance/susceptibility status of Culex quinquefasciatus
from seven different localities of Siliguri region. From the
above study, it was found that four populations i.e. NBU,
BAG, MAT and MLG have developed incipient resistance
against temephos. Temephos, an organophosphate, is a
prime larvicide used in India mainly to control the malaria
and dengue vectors (Bharati and Saha 2017). Application
of this insecticide in the different larval habitats of dengue
vectors led to the untargeted exposure of the filarial vec-
tor, Cx. quinquefasciatus, as the insecticide residues from
various applied areas eventually accumulate in the drains
where these mosquitoes inhabit. This holds true even for

the insecticide residues run off from the agricultural sec-
tor, such as tea plantations across the studied sites, into
the mosquito breeding habitats thereupon unknowingly
leading to the development of insecticide resistance in
the mosquito population (Nkya et al. 2013; Philbert
et al. 2014). Targeted exposure to temephos also occurs
near residential areas in order to check upon the biting
nuisance caused by this vector. Recently, the use of
temephos as mosquito larvicide by Governmental and
non-Governmental pest control services have grown sig-
nificantly in the Siliguri region (Bharati and Saha 2017).
This may be the reason for intermediate resistance to
temephos in four of the tested populations as continuous
exposure of an insecticide plays a vital role in resistance
development by the vector (Hemingway and Ranson
2000). Resistance to temephos by Cx. quinquefasciatus
larvae has also been reported from India (Kumar et al.
2011; Thomas et al. 2013) and from other parts of the
world (Tantely et al. 2010; Daaboub et al. 2017).

Fig. 1 Chart depicting the
mortality percentages against
deltamethrin, lambda cyhalothrin
and malathion in adult Culex
quinquefasciatus from Siliguri
sub-division

Table 3 Adult bioassay of Culex quinquefasciatus populations against three adulticides and the knock down time (kdt) of synthetic pyrethroids

Collection
sites

Deltamethrin Lambdacyhalothrin Malathion

Mortality(%) ± SD KDT50
(minutes)

KDT90

(minutes)
Mortality(%) ± SD KDT50

(minutes)
KDT90
(minutes)

Mortality(%) ± SD

NBU 66.67 ± 0.89 54.63 93.29 83.33 ± 0.81 112.95 429.61 100 ± 0.0

BAG 27.27 ± 2.01 67.02 96.59 65.00 ± 1.03 102.36 165.99 100 ± 0.0

MAT 50.00 ± 1.04 198.35 474.50 48.15 ± 0.98 184.01 789.81 100 ± 0.0

MLG 40.00 ± 1.61 253.13 470.16 53.00 ± 1.10 91.36 147.19 100 ± 0.0

BJP 65.00 ± 1.18 143.13 215.49 20.83 ± 1.91 35.92 94.26 100 ± 0.0

DBP 30.00 ± 1.54 208.87 368.49 28.00 ± 1.81 175.12 433.33 100 ± 0.0

MED 32.25 ± 1.74 225.56 764.86 36.00 ± 1.97 183.42 413.86 100 ± 0.0

SP 100 ± 0.0 16.47 45.30 99.36 ± 0.12 24.99 69.73 100 ± 0.0

+KDT- knock-down time, SD- standard deviation of mean
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The adult bioassay study showed that mosquitoes of
Siliguri region have developed resistance towards two syn-
thetic pyrethroids (deltamethrin and lambda cyhalothrin).
There are reports of incipient res is tance in Cx.
quinquefasciatus against deltamethrin and lambda cyhalothrin
in the filarial endemic region of North India (Kumar et al.
2011) and North-East India (Sarkar et al. 2009). Moreover,
studies around the globe have also reported the development
of resistance to deltamethrin and lambda cyhalothrin in the
filarial vector Cx. quinquefasciatus (Tantely et al. 2010;
Jones et al. 2012; Yanola et al. 2015). This is of great concern
as synthetic pyrethroids are the only insecticides recommend-
ed by WHO to be used for ITNs (David et al. 2013; Hougard
et al. 2003). Pyrethroids are also mainly used as adulticides in
the form of mosquito repellent coils and other types of IRS
against indoor biting mosquito species. Siliguri sub division
sharing both national and international borders has become a
trade hub and the rate of urbanization in this area in the past
decade attracts workers, traders and even students resulting in
overpopulation. The domestic use of mosquito repellents and
coils by the growing population might also have contributed
to the observed resistance status in Culex quinquefasciatus to
synthetic pyrethroids.

Themosquito populations of all seven sites under study have
shown to be completely susceptible to malathion thereby sug-
gesting the use of malathion as a potent insecticide against Cx.
quinquefasciatus in the Siliguri region. However, minimal use
of malathion is advised since it causes severe human health
hazards and is banned for use in many parts of the world
(Kesavachandran et al. 2009). Therefore, its use against the
mosquito population should be done only during major disease
outbreaks and in time if the prime need arises. In the current
study area, the two synthetic pyrethroids – deltamethrin and
lambdacyhalothrin is mainly used as adulticides and also in
the agricultural sector while malathion is solely for agricultural
purposes. Hence, Culex quinquefsciatus being anthropophilic
indoor mosquito might have gained exposure to synthetic py-
rethroids frequently than compared to malathion.

Studies around the globe have suggested that elevated ac-
tivity of CCEs account for the development of resistance to
organophosphate and carbamate insecticides (Hemingway
and Karunaratne 1998). Similarly, in this study the high level
of bothα- and β-CCEs expressed by the populations seems to
play some role in the gradual onset of resistance against
temephos. The complete susceptibility to malathion by all of
the populations irrespective of different levels of esterases
quantified, suggests, the presence of malathion specific
CCEs (as reviewed by Hemingway et al. 2004), in a very
low level among the studied populations. CCEs conferring
resistance particularly to malathion have been found and stud-
ied in the genus Anopheles (Herath et al. 1987) and other
arthropods (Claudianos et al. 2001). The development of re-
sistance through malathion specific CCE and general CCEs
together has also been found in Cx. tarsalis (Ziegler et al.
1987). Hydrolysis of pyrethroids by esterase lead to detoxifi-
cation of the insecticide and is thought to develop resistance
against pyrethroid insecticides in An. gambiae (Vulule et al.
1999) and Ae. aegypti (Somwang et al. 2011). Nevertheless, in
this study, no correlation was found between elevated esterase
level andmortality rate of different population against synthet-
ic pyrethroids. This may be due to the fact thatCulex esterases
are ineffective against pyrethroids (Karunaratne et al. 1993).
This observation does comply with another study in Cx.
quinquefasciatus from USA (Gordon and Ottea 2012) in
which no correlation was found between elevated esterase
level and pyrethroid resistance.

Elevated level of CYP450 in a population may result in
increased detoxification of pyrethroid in mosquitoes (David
et al. 2013). The association of CYP450 with resistance to
synthetic pyrethroids in Cx. quinquefasciatus is studied
worldwide and reported from USA, Saudi Arabia, Ghana,
Japan, Malaysia, Zambia and the African island of La
Reunion (Tantely et al. 2010; Scott et al. 2015). In this study,
mosquitoes of seven different sites showed varying levels of
CYP450 expression (p ≤ 0.05) where all of the populations
were found to be resistant to deltamethrin and lambda

Table 4 Biochemical assay of
Culex quinquefasciatus
populations from Siliguri sub-
division

Population α-carboxyesterases activity
(mMole mg
protein−1 min−1 ± SD)

β-carboxyesterases activity
(mMole mg
protein−1 min−1 ± SD)

Monooxygenase activity
(nMole mg
protein−1 ± SD)

NBU 0.448 ± 0.011 c 0.513 ± 0.015d 0.123 ± 0.070 a

BAG 0.559 ± 0.025d 0.857 ± 0.034e 0.158 ± 0.006 a

MAT 0.393 ± 0.015 c 0.562 ± 0.016 d 0.114 ± 0.004 a

MLG 0.553 ± 0.026 d 0.631 ± 0.041 d 0.140 ± 0.006 a

BJP 0.572 ± 0.023 d 0.639 ± 0.031d 0.211 ± 0.009 b

DBP 0.289 ± 0.012b 0.363 ± 0.015c 0.403 ± 0.013 c

MED 0.202 ± 0.018 a 0.255 ± 0.014 b 0.368 ± 0.018 c

SP 0.192 ± 0.016a 0.202 ± 0.014 a 0.062 ± 0.001 a

++ Within columns, means followed by the same letter do not differ significantly (P = 0.05) in Tukey’s multiple
comparison test (HSDa)
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cyhalothrin. Though the higher level of CYP450 expression of
BJP, DBP and MED populations may be related to some ex-
tent with comparatively lower mortality rates against synthetic
pyrethroids yet, the lower mortality percentage against delta-
methrin in BAG population and lower expression level of
CYP450 is indicative of other mechanisms of resistance devel-
opment, mainly target-site insensitivity (Tantely et al. 2010).
This finding suggests that apart from detoxifying enzymes,
mutations in the target site may also be involved in the devel-
opment of resistance to synthetic pyrethroids by Cx.
quinquefasciatus of Siliguri region.

The Siliguri region in West Bengal with about 0.7 million
inhabitants and sub-tropical climate provides a healthy envi-
ronment for the mosquitoes to breed. Apart from the rapid
urbanization, tea plantations and other agricultural practices
like jute and pineapple cultivation in the periphery and adjoin-
ing regions, the area utilizes chemical insecticides on a regular
basis. Therefore this study was conducted to survey the insec-
ticide resistance level of Cx. quinquefasciatus, which is the
most abundantly occurring mosquito in this region.

Conclusion

From this study, it can be concluded that there is a widespread
resistance against two synthetic pyrethroids i.e., deltamethrin
and lambdacyhalothrin in Siliguri region. This multiple resis-
tance in Cx. quinquefasciatus from the Siliguri region of West
Bengal could be a secondary resistance due to indirect expo-
sure to untargeted insecticides. Application of site-specific
insecticide dosage may be effective in the control of Cx.
quinquefasciatus population throughout the studied region.
Moreover, further research on the mechanisms underlying in-
secticide resistance may also prove useful in this regard.
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