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Abstract 

Aedes aegypti mosquitoes are vectors of enormous public health importance, because of their ability to 

transmit different serotypes of viral pathogens in West Africa and the continent. Insecticide based control 

strategies for these vectors have led to the rapid spread of resistance constituting point mutations (Knock-

down resistance or kdr), and the upregulation of detoxifying enzymes to nullify insecticide effects. This 

study was conducted to assess the influence effected by one of the paramount tools in controlling mos-

quito vectors – the pyrethroid based mosquito coil. Susceptibility to deltamethrin, leading to the devel-

opment of kdr mutations from interaction to pyrethroid containing was determined: the influence of con-

tinuous pickup of sublethal insecticide doses by Aedes aegypti on the enzyme activities leading to insec-

ticide resistance were also elucidated. The exposure in the laboratory constituted a determination of a 

lethal time for 50% of vector population to attain mortality (LT50) following exposure to insecticide in a 

Peet Grady chamber and the continuous generational exposure of the laboratory colony along a genera-

tional path to the 16th generation with LT50 determined at every 6th generation. Running concurrently was 

the determination of susceptibility profile of Aedes aegypti colonies along the coastal areas of Ghana. The 

prior determination of the LT50 rose from 8 minutes (95% CI; 6–9) at F0 to 28 minutes (95% CI; 23–34) at 

F6.  Along the coast of Ghana, the resistance to deltamethrin was coupled frequencies of V1016I, V410L 

and F1534C kdr mutations. There was evidence of higher frequencies of 1016I mutations, which also had 

a corresponding increase in alpha esterase activity. This study brought to light the increased level of del-

tamethrin resistance and the implicitness of the pyrethroid-based mosquito coil in resistance selection. 
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2. Introductory summary 

2.1  Background 

Chikungunya, dengue fever, yellow fever, and other arboviral illnesses are all primarily spread by the vec-

tor mosquito Aedes aegypti. The primary means of control for this vector are currently chemical sub-

stances known as insecticides. Nevertheless, most insecticide-based protocols are becoming less effective 

due to an increase in resistance in the African Aedes aegypti population. It has been discovered that the 

Aedes aegypti population in Ghana is highly resistant to DDT, carbamates, pyrethroid insecticides, and 

organophosphate insecticides (Ablorde et al., 2023; Kawada et al., 2016; Kudom, 2020; Kwame Amlalo et 

al., 2022). The Ghanaian populations have shown evidence of target mutations, including F1534C, V1016I, 

and V410I, as well as metabolic resistance mechanisms (Ablorde et al., 2023; Kawada et al., 2016; Kudom, 

2020; Kwame Amlalo et al., 2022; Owusu-Asenso et al., 2022). There have been reports of an equivalent 

degree of pyrethroid resistance in Aedes aegypti from other parts of Africa, notably, Cape Verde and An-

gola (Ayres et al., 2020), Cote d'Ivoire (Konan et al., 2021) and Cameroon  (Yougang et al., 2020). In mos-

quito vectors, overuse of chemical insecticides has been the primary cause of resistance. Insecticides, 

especially pyrethroids, are heavily used in organised vector control programmes against Ae. aegypti, for 

example in dengue control programmes. According to Kawada et al. (Kawada et al., 2009), this is thought 

to be a primary cause of pyrethroid-resistant vector populations in numerous South American and Asian 

nations. For example, the IRS programme against dengue vectors employed about 21,000 litres of pyre-

throid pesticides in the southern sector of Vietnam in 2007 alone (Pasteur Institute, 2008). Thus, it was 

not shocking when Kawada et al. (Kawada et al., 2009) demonstrated that IRS was the primary cause of 

the F1534C mutation in Vietnam. In Ae. aegypti, the mutation is the main cause for pyrethroid resistance. 

The rise of resistance in mosquito vectors has also been linked to urbanisation and the pollution that goes 

along with it. (Huber et al., 2003) proved dengue vectors at large urban areas encompassing diverse in-

habitants acquired higher resistance levels than those in rural areas. According to Satoto et al.(Satoto et 

al., 2019), urbanisation in Indonesia is the main factor contributing to the rise of resistance in Magelang. 

It's interesting to note the precise reason why African populations of Ae. aegypti are resistant to insecti-

cides is yet unknown (Weetman et al., 2018). Most African nations lack structured vector control initia-

tives that specifically target Ae. aegypti. Despite this, several studies have linked the use of insecticides in 

homes as a primary selection pressure on Ae. aegypti because of the species' rather close relationship to 

human dwellings (Boakye et al., 2009; Kudom et al., 2013; Toé et al., 2022).  (Gray et al., 2018), discovered 

that pyrethroid-resistant Ae. aegypti field strains showed considerably lower mortality rates than the un-

exposed strains following exposure to household aerosol insecticidal products containing pyrethroid, as 
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active components. Results from our earlier investigation demonstrated that after six generations of ex-

posure to sublethal dosages of mosquito coil fumes, Ae. aegypti developed a two-fold increase in re-

sistance to meperfluthrin-based mosquito coils (Ablorde et al., 2023). Nonetheless, the mosquito popula-

tion's level of resistance to the insecticide deltamethrin was not significantly impacted by the tolerance 

to the coil. A very particular widely utilised insecticidal tool for household in several African nations is the 

mosquito coil. Over 2 billion individuals use 45 to 50 billion mosquito coils annually to avoid mosquito 

bites, according to estimates (Zhang et al., 2010). According to reports, over 40% of Ghanaian families use 

a mosquito coil every day to avoid mosquito bites (Boakye et al., 2009; Kudom et al., 2013). In addition to 

local habitations, using a coil to ward off houseflies and other bothersome insects is increasingly wide-

spread in the neighbourhood marketplaces. An intriguing question is, could sublethal exposure to mos-

quito coil result in widespread insecticide resistance in the vector mosquito population: since our recent 

findings, showed a twofold tolerance increase of Ae. aegypti to mosquito coil (Ablorde et al., 2023). Semi-

volatile pyrethroids, which are frequently used as mosquito coil active ingredients, typically diffuse over 

open areas, and repel or kill mosquitoes that come into contact with the cloud (Ritchie & Devine, 2013; 

Xue et al., 2012). A mosquito's ability to successfully establish contact with its host may be hindered by 

this mechanism of action (WHO, 2009). Nonetheless this form of action also runs the risk of exposing the 

mosquito population to sublethal concentrations of pyrethroid pesticides, which could eventually lead to 

complete resistance in the vector population. Thus, the work of this investigation is to assess sublethal 

mosquito coil exposure on the development insecticide resistance in Ae. aegypti. A deeper comprehen-

sion of any potential elements that may contribute to the development of insecticide resistance in mos-

quito vectors is necessary considering the emergence of insecticide resistance in Ae. aegypti from Africa. 

2.2  Statement of the problem 

Uncertainty surrounds the precise cause of Ae. aegypti resistance in Africa. Nevertheless, given the vec-

tor's proximity to homes, household insecticide use, such as mosquito coils, may significantly contri-

bute to Ae. aegypti resistance (Boakye et al., 2009; Kudom et al., 2013; Toé et al., 2022). Several countries 

across Africa, Asia and South America depend on mosquito coil in controlling vector mosquitoes. For ex-

ample, in Ghana, about 40% of the population depends on mosquito coil as a personal protective measure 

against vector mosquitoes. The onset and quick spreading of kdr mutations (F1534C, V1016I, V410L) 

within Aedes populations in Africa, demands much elucidation of one of the main vector control tools.   
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2.3  Objectives 

This study provides the present-day frequencies and distribution of knock-down resistant muta-

tions within local Ae. aegypti population along the coast of Ghana and the role of mosquito coil 

in the increase of pyrethroid resistance in Aedes aegypti.  

The main questions investigated within this study are: 

• The frequency of the main kdr mutations (V1016I, V410L and F1534C,) implicated in resistance in 

Ae. aegypti. 

• The change in deltamethrin resistance in local Aedes aegypti populations along the coast of Ghana 

on after exposure to pyrethroid based mosquito coils. 

• The lethal time (LT50) of deltamethrin exposed Aedes aegypti populations. 

• Investigate the role of biochemical enzymes in the loss of susceptibility in local populations. 

• Investigate the associations between the kdr mutations and the impact of their co-occurrence.   

2.4 Methods 

2.4.1 Methods used in Paper A  

2.4.1.1 Study sites 

Four urban centers in Ghana's coastal regions—Aflao, Accra, Tema, and Elmina—were the sites of the 

study. Between 2020 and 2022, mosquito larvae were gathered from abandoned automobile tyres. The 

larvae were raised into adults in a lab after being transported there. Additionally, the mosquito coil ex-

periment's laboratory colony was formed in 2019 using field data collected from Elmina. The colony was 

raised under laboratory settings (Temp: 29±1 °C / RH: 75±10%) to the 7th generation before experimen-

tations begun.   

  

2.4.1.2 WHO susceptibility test against Aedes aegypti from coastal areas in Ghana  

The WHO susceptibility test kit with insecticide impregnated papers, which contain deltamethrin (0.05%) 

as the main ingredient were used with 3-to-5-day old adult females for the susceptibility test. For another 

set for replications, an exposure to a synergist (4% PBO) for one hour, preceded the exposure to the active 

ingredient (deltamethrin). Following exposure, 10% sugar solution were administered to mosquitoes. 

Knockdown and mortalities were read after 60 minutes and 24 hours respectively. Mosquitoes that were 

slated for biomolecular assays were stored at -20°C.  
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2.4.1.3 Laboratory evaluation of the effect of sublethal exposure to mosquito coil on multiple genera-

tions of Aedes aegypti   

With reference to the WHO (WHO, 2009) guidelines, the Peety-Grady chamber was used in conducting 

the mosquito coil bioassays. The Peety-Grady chamber is a box of perfect square measuring 180cm on all 

sides with each of the four upright standing sides having a glass observation window (Kudom, 2020). Four 

holding cages containing female mosquitoes, were then introduced into the chamber. Following expo-

sure, mosquitoes were withdrawn from the cage and fed on 10% sugar solution. The above process was 

run for 5-, 10-, 15- and 20-minutes exposure times to establish the LT50. The LT50 value (7 minutes) served 

as a the sublethal time for the entire study. Fully lab established mosquitoes begun the serial exposure, 

where surviving populations of the female mosquitoes exposed in the Peety-Grady chamber, were blood 

fed, into another generation. This cycle was repeated till the end of the sixth generation when another 

LT50 was determined. For both selected and control colonies, susceptibility levels to deltamethrin (0.05%), 

deltamethrin (0.05%) plus PBO (4%), and the mosquito coil during the whole diagnostic exposure time (1 

hour) were assessed. For every bioassay, knockdown was noted at 60 minutes, and the ultimate mortality 

was measured at 24 hours.   

2.4.1.4 qPCR screening for F1534C, V1016I, and V410L Kdr mutation among the field and laboratory 

populations (DNA extraction and kdr genotyping) 

About 200 female mosquitoes (50 from every study site – both experimental and control colonies) were 

collected. These mosquitoes were sequenced and genotyped for V1016I, V410L and F1534C kdr muta-

tions. Using 2% CTAB, DNA was extracted from each mosquito identical to the method by(Healey et al., 

2014)(Healey et al., 2014). Using qPCR melting curve analysis described by (Estep et al., 2018) V1016 and 

F1534C and (Saavedra-Rodriguez et al., 2018)V410L, the kdr mutations were screened.  Melting curve 

analysis followed PCR cycle with mutant and wild type V410L mutations peaking at 83◦C and 86.5◦C re-

spectively. For V1016I and F1534C, their wild types peaked at 83◦C and 78◦C respectively whilst their mu-

tant types peaked at 76◦C and 82◦C respectively.  

2.4.1.5 Data Analysis 

Percentages of mosquito coil and deltamethrin (0.05%) based mortalities were expressed. Using Gene-

Calc, a chi-test of ascertaining  Hardy-Weinberg equilibrium was elucidated (Bin ́kowski & Miks, 2018). An 

association between phenotypes (both susceptible/resistant) and genotypes were elucidated (Fisher’s 

test). GraphPad Prism was used. The two-sided test was employed with p-value < 0.05, considered to be 

significant.  
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2.4.2 Methods used in Paper B 

2.4.2.1 WHO susceptibility bioassay against the control and exposed colonies 

In ascertaining levels of resistance among Ae. aegypti population, female mosquitoes were exposed to 

(0.05% and 0.25%) Deltamethrin and (0.75%, and 3.75%) Permethrin, DDT, Fenitrothion and carbamates. 

WHO test kits and insecticide-treated papers were used for the test (World Health Organization, 2016) 

which comprised of four replications of 25 female mosquitoes in each replication for each insecticide. 

After experimentation, mosquitoes were fed on glucose solution (10% sugar). Rates of knockdown and 

mortality were taken 60 minutes and 24 hours respectively after each experiment. 

  

2.4.2.2 Laboratory evaluation of the effect of full exposure time of mosquito coil on control and 

exposed colonies of Aedes aegypti 

Samples of both the experimental and control colonies, were exposed to the mosquito coil for one hour. 

Four cages, with 100 mosquitoes each were introduced into the Peety Grady chamber for 1 hour. 10% 

sugar solution was fed to mosquitoes after exposure. Knockdown and mortalities were read 60 minutes 

and 24 hours following the end of the exposure. This was done for both the experimental and control 

colonies alike. 

 

2.4.2.3 Biochemical assay  

Two-to-five-day old mosquitoes that had not been exposed to any insecticide were used in the biochem-

ical microplate analysis in detecting elevated metabolic enzyme activities (Leong et al., 2018). 50 mosqui-

toes each from the experimental and control groups were sampled and assayed for non-specific elevated 

(α- and β) esterase, Mixed Function Oxidase, Glutathione-S-Transferases (GST) and insensitive acetylcho-

linesterase. Susceptible reference strain from Cote d’Ivoire was also investigated as an outgroup. The 

Spectra Max 340PC spectrophotometer with microplate reader and the SoftMax Pro 5.0 software were 

used for measuring the absorbance.  

2.4.2.4 Data analysis 

GraphPad prism was used to compute Fisher’s exact test to ascertain a correlation that exist among phe-

notypes(resistant) and alleles. Gene-Calc (Bin ́kowski & Miks, 2018) was used to ascertain deviation from 

Hardy-Weinberg equilibrium. As a second line of checks, Man-Whitney test was used to compare enzyme 

activities because the dataset failed Shapiro Wilks test for normality.   



Does household use of mosquito coil influence insecticide susceptibility in vector mosquitoes? A 
laboratory investigation with Aedes aegypti population   16 

 

 

 2.4.3 Ethical Considerations 

There were no ethical considerations in the carrying out of this study because there were no human sub-

jects involved. However, proposals were submitted to the Institutional Review Board (IRB) of the Univer-

sity of Cape Coast for ethical approval. The ethical approval from the University of Cape Coast was sub-

mitted to the Munich Medical Research School (MMRS) for further approval. The Munich Medical Re-

search School issued the final approval on 03.03.2022 (Project Nr: 21-1290) for the study as well.  

2.5 Results 

2.5.1 Paper A 

Mosquito population from study location. 

The three main mutations, namely V1016I, V410L and F1534C were discovered as mostly spread along 

coastal areas of southern Ghana as well as in the exposed laboratory bred population. It was discovered 

that the F1534C mutant type was widely fixated in nearly all colonies including the laboratory populations. 

At codon positions 410, 1534 and 1016 the allelic frequencies were 31.6%, 85.5% and 12.9% respectively. 

Identified from 185 mosquitoes across the four study sites, were twelve different genotypes. For full kdr 

homozygosity (II/LL/CC), only 1 mosquito was identified just as in the case of 1 mosquito been identified 

as homozygous susceptible (VV/VV/FF). The most observed genotypic combination was the VV/VV/CC 

(27%, n = 185). 
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Figure 2.1: Susceptibility to deltamethrin (0.05%) of Aedes aegypti populations from four urban towns 

along the coastal areas in Ghana 

Laboratory colonies 

Hardy-Weinberg equilibrium was established with respect to V1016I distribution in both colonies but in 

the reference to F1534C and V410L, there was a divergence from the equilibrium. The selected co-

lony showed higher mutant allelic frequencies for codon 1016 than the control. For both colonies, allelic 

frequencies of F1534C and V410L were much alike. The control colony had five genotypic combinations 

whereas there were only three genotypic combinations in the selected one.  

2.5.2 Paper B 

WHO susceptibility Test 

Both exposed and control colonies had high resistance to the insecticides (carbamates, deltamethrin and 

DDT) with that of Fenitrothion been moderate (Fig 1).  However, mortality caused by deltamethrin was 

extreme for the control colony but not the exposed colony (T-test, p = .03) although the knockdown effect 

of the insecticide was similar in both colonies (T-test, p = .09). Within the exposed colony, the knockdown 
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effect was higher than the final mortality (T-test, p = .01). However, the mortalities caused by DDT, car-

bamate and fenitrothion were similar in both exposed and control colonies. For the mosquito coil bioas-

say, the one-hour exposure to both mosquito colonies caused 100% knockdown. Nevertheless, complete 

mortality was observed in amongst the controls whereas a lower 68% mortality was recorded for the 

exposed. 

  

Distribution of F1534C, V1016I and V410L and metabolic resistance  

A total of 100 individual female mosquitoes each from the exposed and control colonise got screened for 

V1016I, V410L and F1534C mutations. The distribution of resistant alleles of the kdr mutations, F1534C 

and V410L, were similar for both colonies. However, the frequency of 1016I resistant allele were not ele-

vated for controls like the exposed (X2 = 7.7, p = .006) (Table 1). The enzyme activities of alpha and beta 

esterase, MFO, ACT and GST for both colonies had been summarised in Fig 5. Alpha esterase activity was 

elevated for the exposed colony (Dunn’s test, p = .0008). However, the other four enzyme activities were 

similar in both colonies.   

                          

Figure 2.2: Median distribution of activity of the various enzymes 
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2.6 Discussion      

Excessive use of insecticides to control mosquito vectors can cause the evolution of resistance in the vec-

tor populations reducing the efficacy of interventions based on these substances. The paper of Kawada 

(Kawada et al., 2016) was the first to report kdr in Aedes aegypti in Ghana. This has similarly been followed 

by other studies on the continent (Ayres et al., 2020; Konan et al., 2021). The study explored the how 

implicit a pyrethroid containing coil, got in driving resistance with respect to V1016I, V410L and F1534C 

mutations. On the field work along the coast of Ghana, the indication of a higher frequencies of mutations 

than any preceding works was evidenced. This study elucidated a broader range of frequencies and oc-

currences in terms of kdr mutations than from a previous study by Amlalo (Kwame Amlalo et al., 2022) 

reported in the past. For instance, in the work by Amlalo there was evidence of the presence of double 

mutant (II/CC) in two mosquitoes whereas in this study, about half of the total population in the study 

were totally susceptible (homozygous) to V1016I and of total resistance (homozygous) to F1534C. This 

was represented as (VV/CC). These extensive changes in mutations, are clear evidence of widespread var-

iations along the coast of Ghana. Due to this, increased attention needs to be given to resistance manage-

ment before these mutants become fully fixated in the local population in Ghana. The laboratory experi-

mentations were encompassed with the colonies being exposed to sublethal levels of meperfluthrin-

based mosquito coils. These effects were mainly hormetic. These included flight distractions, distorted 

behaviour and to some extent, insect fitness was bargained (Ablorde et al., 2023; Boonyuan et al., 2011) 

just like in the case of the larvae of Colorado potato beetle (Leptinotarsa decemlineata), where adults 

from larvae previously exposed to insecticide, had higher body mass and higher survival. It was discovered 

that, the sublethal levels increased the mosquitoes’ resistance to deltamethrin. Just like the work by Wag-

man (Wagman et al., 2015) where susceptibility of Aedes aegypti was considerably lower on exposure to 

transfluthrin. This increase in loss of susceptibility to deltamethrin is evident through similar knockdowns 

recorded for both control and exposed colonies. This is associated with the suggestion that such an in-

crease in resistance to deltamethrin is mediated by metabolic regulation phenotypes. For instance, in this 

study, there was limited alpha-esterase activity in the control in comparison to experimental colonies, 

indicating a possible role of deltamethrin resistance. This suggests a major problem because of the pro-

pensity of cross resistance to other insecticides. Other examples, are the study by Cuamba and Wondji a 

decade ago (Cuamba et al., 2010; Wondji et al., 2012) who found increased esterase activity in pyrethroid 

and carbamate resistant An. funestus populations from Mozambique and Malawi. 
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2.7 Conclusion 

A persistent exposure of the household used mosquito coil results in the development of resistance to 

the coil and an increase in deltamethrin resistance. Moreover, the continual exposing of Aedes aegypti to 

sublethal quantities of this household mosquito coil revealed a greater tolerance to the coil but deltame-

thrin resistant levels remained about equal. Nonetheless, its dominating role as the principal tool for vec-

tor control in Ghanaian households makes it a candidate for vector control that requires a widescale prob-

ing. The higher esterase activity of the V1016I without increased deltamethrin resistance should be con-

sidered widely due to the endangerment of cross resistance.     
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A B S T R A C T   

The rapid spread of knockdown-resistance (kdr) mutations in Africa calls for monitoring and investigation into 
the cause of pyrethroid resistance to inform management strategies. This study investigated the pyrethroid 
resistance profile of Aedes aegypti from coastal towns in Ghana and the impact of mosquito coil, a popular 
household pyrethroid-based anti-mosquito tool, on the development of pyrethroid resistance. Susceptibility to 
deltamethrin and the presence of kdr mutations was determined in adult female mosquitoes reared from larvae. 
Furthermore, the LT50 of a mosquito coil (0.08% meperfluthrin) against a laboratory colony was determined, and 
the value was used as a sublethal dose in an experimental study. The laboratory colony of Ae. aegypti was exposed 
to the sublethal dose of the coil once per generation for six generations (F6). The susceptibility of the exposed 
colony to deltamethrin (0.05%) was determined. The Ae. aegypti populations from the coastal towns were 
resistant to deltamethrin with co-occurrence of F1534C, V1016I and V410L kdr mutations. In the experimental 
study, the LT50 (95% CI) of the selected colony against the coil rose from 8 minutes (95% CI; 6–9) at F0 to 28 
minutes (95% CI; 23–34) at F6. Nonetheless, deltamethrin caused similar mortalities in the selected and control 
colonies. The mutant allele frequencies of 1534C and 410L were similar but 1016I was higher in the selected 
colony (17%) than in the control (5%). However, the increased tolerance to the coil and high mutant allele 
frequency of 1016I in the selected colony did not affect the mosquito’s resistance level to deltamethrin insec-
ticide. Further study is needed to elucidate the role of pyrethroid-based mosquito coils in the development of 
insecticide resistance in mosquito vectors.   

Introduction 

Aedes aegypti is an important vector of yellow fever, dengue, Zika and 
chikungunya viruses. Several epidemics of Ae. aegypti-borne diseases 
have been reported in many countries within the last decade. For 
example, in West Africa, there were confirmed cases in Ghana (Amoako 
et al., 2018) as well as outbreaks of dengue in Burkina Faso (Tarnagda 
et al., 2018), Cote d’Ivoire (Fofana et al., 2019) and Senegal (Dieng 
et al., 2021). Emergency control measures against this vector depend on 
the use of chemicals, particularly, pyrethroid insecticides. The major 
vector control tools including insecticide-treated bed nets and indoor 

residual spraying, until recently, mainly depended on pyrethroid in-
secticides. However, the emergence of pyrethroid resistance in this 
vector population threatens the efficacy of such control tools. 

Pyrethroid insecticides target the voltage-gated sodium channel 
(VGSC) in the nervous system of the mosquito (Liu et al., 2006). The 
insecticide acts in disrupting the sodium channel by depolarizing neu-
rones, paralysing and eventually killing the mosquito (Narahashi, 1996). 
However, a single substitution in the amino acid sequence at key posi-
tions within the sodium channel proteins can cause a resistance 
phenotype known as knockdown resistance (kdr) (Liu et al., 2006). 
About ten major kdr mutations have been detected in Ae. aegypti (Moyes 

* Corresponding author, Andreas A. Kudom, Department of Conservation Biology and Entomology, University of Cape Coast, Cape Coast, Ghana 
E-mail address: akudom@ucc.edu.gh (A.A. Kudom).  

Contents lists available at ScienceDirect 

Acta Tropica 

journal homepage: www.elsevier.com/locate/actatropica 

https://doi.org/10.1016/j.actatropica.2023.106937 
Received 18 February 2023; Received in revised form 1 May 2023; Accepted 2 May 2023   



Does household use of mosquito coil influence insecticide susceptibility in vector mosquitoes? A 
laboratory investigation with Aedes aegypti population   25 

 

 

Acta Tropica 243 (2023) 106937

2

et al., 2017). These mutations vary in frequency, geographical distri-
bution, and impact on resistance phenotype (Moyes et al., 2017). For 
instance, the F1534C mutation has a worldwide distribution with at 
least two independent origins (Cosme et al., 2020) whereas V1016G is 
found in Asia and V1016I in the Americas and Africa (Moyes et al., 
2017). Furthermore, F1534C is known to confer a low resistance 
phenotype but in combination with V1016I confers higher pyrethroid 
resistance (Vera-Maloof et al., 2015). It has been postulated that 
knowledge of the frequencies of both F1534C and V1016I mutations is 
important to predict the potential of a population to evolve a pyrethroid 
resistance phenotype (Vera-Maloof et al., 2015). 

The most widespread kdr mutation in Ae. aegypti populations from 
Africa is the F1534C mutation, which together with V1016I was first 
detected in Africa from Ae. aegypti populations from Ghana (Kawada 
et al., 2016). The mutation has since been found in Cote d’Ivoire (Konan 
et al., 2021), Cameroon (Yougang et al., 2020), Angola and Cape Verde 
(Ayres et al., 2020). In Burkina Faso, the F1534C was found to be almost 
fixed in the populations of Ae. aegypti from the capital city, Ouagadou-
gou (Sombié et al., 2019). A third mutation V410L, which was discov-
ered in Brazil (Haddi et al., 2017), is now spreading in Africa with 
reported cases from Ghana (Amlalo et al., 2022), Angola (Ayres et al., 
2020), Cote d’Ivoire (Konan et al., 2021) and Burkina Faso (Toé et al., 
2022). The exact cause of resistance in Ae. aegypti in Africa remains 
unclear. However, owing to the vector’s close association to houses, 
domestic use of insecticides including mosquito coils could be a very 
important cause of resistance in Ae. aegypti (Boakye et al., 2009; Kudom 
et al., 2013; Toé et al., 2022). The emergence and rapid spread of kdr 
mutations in Africa call for an investigation into the cause of resistance 
to inform resistance management strategies. In this study, we provide 
the current distribution of kdr mutations in the Ae. aegypti population 
from coastal areas in Ghana and the impact of mosquito coil on the 
development of pyrethroid resistance in the vector population. 

Materials and Methods 

Study site 

The study was conducted in four urban towns in the coastal areas of 
Ghana, namely Aflao, Accra, Tema and Elmina. Aflao is in the Volta 
region of Ghana and is a border town with Togo to the east of the 
country. Accra is the capital of Ghana and together with Tema are in the 
Greater Accra region. Elmina is an important tourist destination located 
in the Central region towards the western part of Ghana. These areas 
constitute the coastal parts of Ghana which were not entirely captured in 
the previous studies in Ghana. The previous study assessed the insecti-
cide resistance status of the vector from northern part of Ghana to Accra 
(Kawada et al. 2016). Mosquito larvae were collected from abandoned 
car tires from April to September 2020 in Accra and Tema and 
September 2021 to February 2022 in Aflao and Elmina. The larvae were 
brought to the laboratory and reared into adults. Furthermore, the 
laboratory colony used for the mosquito coil experiment was established 
in 2019 from field collection from Elmina. The colony was raised to the 
7th generation and subsequently used for the experiments conducted in 
this study. The adults were fed on 10% sugar solution. The laboratory 
conditions for breeding were maintained at 29±1◦C with a relative 
humidity of 75±10%. 

WHO susceptibility test against Aedes aegypti from coastal areas in Ghana 

The susceptibility of adult females from the four urban coastal areas 
was determined using a WHO susceptibility test kit and deltamethrin- 
impregnated papers at the diagnostic concentration of 0.05%. The 
experiment was conducted according to the protocol described by WHO 
(WHO/ZIKV/VC/16.1). About 25 unfed 3-to-5-day-old female Ae. 
aegypti, were released into the susceptibility test tubes containing the 
impregnated papers. The untreated paper was used as a control. The 

experiment was replicated four times for each location. The synergist 
bioassay was conducted for the Ae. aegypti populations from Aflao, Tema 
and Elmina. The 3-to-5-day-old female mosquitoes were exposed to 4% 
piperonyl butoxide (PBO) paper or untreated paper for 1 h before being 
exposed to 0.05% deltamethrin. The laboratory conditions for the 
bioassay were 29 ± 1◦C and a relative humidity of 75 ± 10%. After the 
exposure, mosquitoes were transferred to holding tubes and fed with 
10% sugar solution. Knockdown was read after one hour and total death 
or mortality was recorded after 24 hours. Mosquitoes were stored at 
-20◦C for the molecular assay. 

Laboratory evaluation of the effect of sublethal exposure to mosquito coil 
on multiple generations of Aedes aegypti 

Mosquito coil bioassays were conducted in a Peet-Grady chamber 
according to the protocol described by WHO (WHO/HTM/NTD/ 
WHOPES/2009.3). The Peet-Grady chamber was constructed with wood 
with a dimension of 180 cm x 180 cm x 180 cm with four glass obser-
vation windows as described in Kudom (2020). A single coil was fitted to 
its metal holder and lit. The coil was allowed to smoulder for five mi-
nutes and then placed in the chamber on a flat platform. The mosquitoes 
in four holding cages were suspended 10 cm from the sides of the 
chamber and 80 cm from the ceiling. A small electric fan was placed 
inside the chamber to ensure uniform dispersion of the smoke emitted 
from the coil inside the chamber. 

Ae. aegypti colony, originally collected from Elmina (Ghana) were 
severally exposed to a sublethal dose of a mosquito coil (Sasso®, 0.08% 
meperfluthrin, Samara company Ltd); once per generation for six gen-
erations. The LT50 of the coil against the Ae. aegypti Elmina colony was 
determined and the value was used as a sub-lethal exposure time for the 
experiment. 

In determining the LT50, four experiments were conducted with the 
following exposure time: 5, 10, 15 and 20 minutes. Each experiment was 
conducted with 2-5 day old 100 females (25 females each in a cage). 
After each experiment, the door to the Peet-Grady chamber was open to 
allowed for ventilation for two days before the next experiment was set- 
up. After the exposure, mosquitoes were transferred from the cage to 
plastic cups and given 10% glucose solution. Knockdown was recorded 
at 60 minutes and the final mortality was read at 24 hours. 

For the exposure of the colony to sublethal doses, four hundred fe-
male mosquitoes were randomly collected from the colony using an 
aspirator. Hundred female mosquitoes each were placed in the four 
different cages and exposed to the coil for 7 minutes, the LT50 exposure 
time that was previously determined. The mosquitoes that survived 
were blood-fed to lay eggs. The eggs were raised into adults to form the 
F1 generation of the experimental colony. From the F1 generation, 
another set of 400 females was randomly collected and exposed to the 
sub-lethal dose of the mosquito coil in the Peet-Grady chamber. Again, 
the survivors were blood-fed to start the next generation. This cycle was 
repeated to the 6th generation. At the end of the 6th generation, LT50 of 
the mosquito coil against the selected colony was determined again. 
Susceptibility levels to deltamethrin (0.05%) and deltamethrin (0.05%) 
plus PBO (4%), as well as the susceptibility level to the mosquito coil at 
full diagnostic exposure time (1 hour), were evaluated for the selected 
and control colonies. Knockdown was recorded at 60 minutes and the 
final mortality was read at 24 hours for all the bioassays. 

qPCR screening for F1534C, V1016I, and V410L Kdr mutation among the 
field and laboratory populations 

DNA extraction 
Fifty female mosquitoes each from the four locations as well as the 

selected and the control colonies were randomly taken from the 
mosquitoes used for the susceptibility bioassay and stored in the freezer. 
If available 25 each from the dead and survivors were taken from each 
location and were genotyped for the F1534C, V1016I, and V410L kdr 

A. Ablorde et al.                                                                                                                                                                                                                                



Does household use of mosquito coil influence insecticide susceptibility in vector mosquitoes? A 
laboratory investigation with Aedes aegypti population   26 

 

 

Acta Tropica 243 (2023) 106937

3

mutations. DNA from each mosquito was extracted using 2% CTAB 
(Cetyltrimethyl Ammonium Bromide) as described by Healey et al. 
(2014). The kdr mutations were screened using qPCR melting curve 
analysis based on the protocols described by Saavedra-Rodriguez et al. 
(2018) (V410L) and Estep et al. (2018) (V1016 and F1534C). V410fw 
and L410fw primers and 0.1µM of primer 410rev, 9.5µL of 2x Sybr 
Hi-Rox Mix (Bioline), 1µL of genomic DNA and DNase-free water. 
V1016I detection was done in a 20µL reaction consisting of 8.2µL of 2x 
Sybr Hi-Rox Mix (Bioline), 0.15µM of Val1016f primer, 0.2µM each of 
lle1016f and lle1016r primers, 2µL DNA template and DNase-free water. 
The cycling condition for this procedure is 95ºC for 3 minutes, 40x (95 ºC 
:10sec, 60 ºC:10sec,72 ºC :30sec) 95 ºC with the melting condition of 
65º-95º inc 0.2 ºC per 10sec. Each 20µL reaction for V1016I consisted of 
8µL of 2x Sybr Hi-Rox Mix (Bioline), 0.15µM of Val1016f primer, 0.2µM 
each of lle1016f and lle1016r primers, 2µL DNA template and 
DNase-free water, with the same cycling conditions as the V410L. 
F1534C was screened in a reaction volume of 20µL containing 8µL of 2x 
Sybr Hi-Rox Mix (Bioline), 0.3µM of Cys1534+ primer, 0.3µM each of 
Phe1534+ and 1534- primers, 2µL DNA and DNase-free water. The 
cycling conditions for F1534C included 3min at 95◦C, 37 cycles of (10 
sec at 95◦C, 10 sec at 57◦C, 30 sec at 72◦C) and 95 ºC for 10 seconds. A 
melting curve analysis was performed at the end of the PCR cycle at 65◦C 
- 95 ºC. The mutant gene (resistant) and wild type (susceptible) 
respectively produced melting curve peaks at 83◦C and 86◦C for V410L, 
80◦C and 86◦C for V1016I, and 86◦C and 82◦C for F1534C. The negative 
controls consisted of master mix with DNase-free water, whilst the 
positive controls were positive DNA samples from a previous study 
(Amlalo et al. 2022). 

Data analysis 

The mortalities caused by deltamethrin (0.05%), and the mosquito 
coil were expressed in percentages. A chi-square test for deviation from 
Hardy-Weinberg equilibrium was performed using Gene-Calc 
(Bińkowski and Miks, 2018). Fisher’s exact test was computed for an 

association between genotype and the resistance/susceptible phenotype 
using GraphPad Prism. Tests were two-sided, p-value < 0.05 was 
considered significant. 

Results 

Susceptibility to deltamethrin among field populations 

The female Ae. aegypti populations from the coastal areas were 
resistant to deltamethrin (Fig. 1). The level of resistance was higher in 
the population from Accra, Tema and Aflao (22-36% mortality) than in 
the population from Elmina (93% mortality). However, pre-exposure of 
the Tema and Aflao populations to PBO increased the mortality from 
32% to 66% and from 36% to 96% respectively while mortality for the 
Elmina population was restored to 100%. 

Mosquito coil bioassay on the control and experimental colony 

The LT50 (95% CI) of the coil against the selected colony rose from 
7.8 (95% CI; 6.14 – 9.41) minutes from the beginning of the experiment 
(F0 generation) to 28.3 minutes (95% CI; 23.11 – 33.58) at the 6th 
generation of the colony. Mortality resulting from the sub-lethal expo-
sure time chosen in this study (7 mins) decreased from 41% of the F0 
generation to 20% at the 6th (F6) generation. 

The exposure of the control colony and the selected colony to a 
mosquito coil for 1 hour caused a mean mortality (± SD) of 95.8% (±
8.3) and 55% (± 24.5) respectively and the difference was significant 
(Mann-Whitney U = 0.00, P = 0.018) (Fig. 2). Exposure of the selected 
and control colonies to deltamethrin (0.05%) caused a mortality of 72% 
and 68% respectively. However, pre-exposure to PBO restored their 
susceptibility to 100% for both colonies. 

Fig. 1. Susceptibility to deltamethrin (0.05%) of Aedes aegypti populations from four urban towns along the coastal areas in Ghana from April to September 2020 
(Accra, Tema) and from September 2021 to February 2022 (Aflao, Elmina). 
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Distribution of F1534C, V1016I, and V410L Kdr in coastal areas of 
Ghana 

Using the allele-specific RT-PCR, a total of 197, 198, and 200 wild 
mosquitoes were genotyped for the V1016I, V410L and F1534C muta-
tions respectively. The genotypic frequencies of the F1534C, V1016I, 
and V410L have been summarised in Table 1. The three kdr alleles were 
present in Ae. aegypti population from the four populations with a high 
frequency of F1534C. However, only a few wild types (about 3.5%) of 
the F1534C were detected for the four locations. A homozygous mutant 
was found in a single mosquito for codon 410 and two mosquitoes for 
codon 1016. Overall, 12.9%, 31.6% and 85.5% of the kdr allele fre-
quencies were recorded for codons 1016, 410 and 1534 respectively. 

Twelve genotypes across the three kdr mutations were identified 
from the 185 Ae. aegypti from the four locations (Fig 4). Only one in-
dividual was homozygous for the three kdr mutations (II/LL/CC) and 
another single mosquito was found to be homozygous susceptible for all 
three mutations (VV/VV/FF). The VV/VV/CC genotype combination 
was the most frequently observed genotype (27%, n = 185). However, 
the genotype combinations differed among the four locations. Accra had 
the least variable genotype combinations (4) whereas the most variable 
genotype combinations were recorded at Elmina (9). Only two of the 
genotype combinations (VV/VL/CC and VV/VV/CC) were common 
among the four locations (Fig. 3). The VV/VV/CC was the dominant 
genotype combination in both Accra and Tema, VI/VL/CC also domi-
nated in Aflao whiles VV/VL/FC was the dominant genotype combina-
tion in Elmina. 

Seven genotype combinations were found in the dead and alive 
mosquitoes that were exposed to deltamethrin insecticides (Fig. 4). 
However, VI/VL/CC, VV/VV/CC and VV/VL/CC constituted more than 
80% of the combinations in each group. There was no association 

Fig. 2. A box plot of (%) knockdown and mortality of the control or selected 
(experimental) laboratory strain of Aedes aegypti exposed to a diagnostic dosage 
(1-hour exposure time) of mosquito coil in a Peet-Grady chamber. 

Table 1 
The frequencies of V1016I, V410L and F1534C kdr genotypes in Aedes aegypti from four urban areas and experimental populations.  

Location V1016I V410L F1534C 
SS RS RR I (freq%) SS RS RR L (freq%) SS RS RR C (freq%) 

Field populations 
Accra 38 10 1 10 22 27 1 30 0 1 49 99 
Aflao 20 29 1 31 5 45 0 45 1 10 39 88 
Elmina 43 7 0 7 9 41 0 41 2 33 15 64 
Tema 47 1 0 1 38 10 0 11 1 6 43 92 
Laboratory populations 
unexposed 45 5 0 5 6 44 0 44 0 1 49 99 
exposed 31 16 0 17 6 40 0 43 0 0 46 100  

Fig. 3. Frequency of the combined V410L, V1016I and F1534C genotypes from 
the four coastal areas in Ghana (Accra, Tema, Aflao and Elmina) 

Fig. 4. Frequency of the combined V410L, V1016I and F1534C genotypes from 
the mosquitoes that died or survived the exposure to deltamethrin (0.05%) 
insecticide from the four urban areas. 

Table 2 
Chi-test of association between alleles and resistant phenotypes for dead and 
alive Aedes aegypti mosquitoes after exposure to deltamethrin (0.05%).  

Delta F1534C V410L V1016I 

(0.05%) F C X(p) V L X(p) V I X(p) 
Dead 9 93 1.23 

(0.27) 
69 31 0.05 

(0.819) 
94 8 1.389 

(0.238) Alive 5 97 58 28 86 14 

*p-values in brackets 
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between each of the mutant genotypes and the resistant phenotype for 
each of the mutations (Table 2). 

Distribution of F1534C, V1016I, and V410L Kdr in the experimental and 
control colonies coastal 

Overall, 97, 96, and 96 mosquitoes were genotyped for V1016I, 
V410L and F1534C respectively. The genotypic frequencies of the 
F1534C, V1016I, and V410L of the selected and control colonies have 
been summarised in Table 1. For both colonies, the distribution of 
V1016I genotypes was consistent with Hardy-Weinberg equilibrium 
whereas the distribution of V410L and F1534C genotypes deviated from 
Hardy-Weinberg equilibrium. The mutant allelic frequencies for the 
codon 1016 were higher in the selected colony compared to the control. 
However, allelic frequencies of V410L and F1534C in both the selected 
and the control colonies were similar. 

Five genotype combinations were found in the control colony 
compared to three found in the selected colony. The VV/VL/CC was the 
dominant genotype combination in the colonies. 

Discussion 

The first kdr mutation in Ae. aegypti population from Africa was re-
ported in Ghana about half a decade ago (Kawada et al., 2016). Since 
then, different studies have reported multiple kdr mutations in Ae. 
aegypti populations from several African countries (Ayres et al., 2020; 
Konan et al., 2021; Sombié et al., 2019; Toé et al., 2022). In this study, 
we report the detection and co-occurrence of F1534C, V1016I and 
V410L kdr mutations in Ae. aegypti population from coastal areas in 
Ghana. These three mutations were recently detected in Ae. aegypti 
populations from Accra (Amlalo et al., 2022). However, this study shows 
a wider distribution of the multiple mutations in Ghana than in any 
previous study. The first report on the detection of V1016I mutation in 
Africa in 2016 found the mutation in a single Ae. aegypti mosquito from 
Accra (Ghana). It is alarming to observe a high frequency of the muta-
tion in Accra and other coastal towns within this short time. In this 
study, we found a high frequency of V1016I in the Ae. aegypti population 
from Aflao, which is 187 km from Accra and shares a border with Lomé 
the capital town of Togo. Both Ae. aegypti populations from Aflao and 
Accra also recorded the highest mutant allele frequency for the V410L. 
However, F1534C was the most widely spread kdr mutation in Ae. 
aegypti from the four study locations, which is consistent with the pre-
vious studies in the country (Kawada et al., 2016; Kudom, 2020; Amlalo 
et al., 2022). 

Single or multiple of the kdr mutations detected in this study have 
been associated with resistance to different pyrethroid insecticides and 
DDT (Toé et al., 2022; Vera-Maloof et al., 2015; Yanola et al., 2011). 
However, our present study did not find any association between each of 
the mutations and the deltamethrin-resistant phenotype. In a similar 
study in the city of Ouagadougou in Burkina Faso, the double mutant 
genotype II/CC (V1016I and F1534C) was associated with permethrin 
resistance but not deltamethrin resistance (Sombié et al., 2019). Meta-
bolic resistance mechanisms were not determined in this study but the 
result from the PBO synergist bioassay indicates a possible role of the 
mechanism in the deltamethrin resistance in the study population. For 
instance, after pre-exposure to PBO, the mortality to deltamethrin rose 
from 36% to 96% for the Aflao population and mortality for the Elmina 
population was restored to 100%, suggesting that the multiple kdr mu-
tations did not have sufficient influence on the deltamethrin resistance 
phenotype in the study population. On the other hand, it could be 
inferred from the result that the study population is at its early stages of 
evolution of pyrethroid resistance. Vera-Maloof et al. (2015) postulated 
that high pyrethroid resistance in Ae. aegypti requires the sequential 
evolution of F1534C and V1016I mutations where the F1534C mutation 
evolved first but conferred only a low level of resistance but appears to 
enable the V1016I mutation to survive. The double mutants confer 

higher pyrethroid resistance in the vector population than the single 
F1534C mutation. In this study, only two individual mosquitoes had the 
double mutants (II/CC) whereas 50% were homozygote susceptible to 
V1016I but homozygote resistant to F1534C (VV/CC). This calls for 
resistance management measures before the evolution reaches advanced 
stages and fully compromises the efficacy of pyrethroid insecticides. 

The main cause of resistance in Ae. aegypti in Ghana has not been 
fully established. This could partly be a result of a lack of accurate data 
on the general use of pesticides in the country. Notwithstanding, 
household use of insecticide has been cited as a potential cause of 
resistance among the vector population. Mosquito coil is one of the most 
popular insecticide-based tools used in Ghanaian households. About 
40% of households in the country have been reported to use the coil 
daily as their main personal anti-mosquito measure and each household 
could use up to 2 coils per night (Boakye et al., 2009; Kudom et al., 
2013). It has been suggested that such a high level of mosquito coil usage 
could cause the development of pyrethroid resistance in mosquitoes 
(Boakye et al., 2009; Kudom et al., 2013; Toé et al., 2022). 

From the results of this study, the persistent exposure of Ae. aegypti to 
sublethal doses of mosquito coil resulted in a twofold tolerance to the 
coil after six generations but did not affect the mosquito’s resistance to 
deltamethrin substantially. Moreover, pre-exposure to the synergist PBO 
before deltamethrin caused complete mortality in both selected and 
control colonies. This shows that the three kdr mutations detected in 
both the selected and control colonies did not have much influence on 
the deltamethrin resistance observed in the colonies. The role of 
F1534C/S in deltamethrin resistance among Aedes species is yet to be 
fully elucidated. While Kasai et al. (2019) found that an Ae. albopictus 
strain homozygous for the F1534C mutation was 11-fold resistance to 
deltamethrin plus PBO, Stenhouse et al. (2013), found that F1534C 
mutation was not associated with deltamethrin resistance in Ae. aegypti. 
However, Yang et al. (2021) linked the high levels of resistance in Ae. 
albopictus to deltamethrin to detoxification metabolism but not the 
F1534S mutation, which is consistent with the results from this study. 
Pyrethroid insecticide are grouped into two; type I and type II, based on 
their structures. There are also new generation of pyrethroids that are 
known to be semi-volatile in nature and mainly used in household 
insecticide products. They are largely polyfluorinated benzyl com-
pounds (transfluthrin, metofluthrin, meperfluthrin etc.). The structural 
differences among pyrethroids could influence the level of resistance 
caused by a particular resistance mechanism. For instance, some studies 
have showed that pyrethroid insecticides with polyfluorobenzyl alco-
hols can withstand P450 metabolism (Tan and McCaffery 2007, Horst-
mann and Sonneck 2016). Thus, P450-mediated metabolically resistant 
mosquitoes could be susceptible to polyfluorobenzyl based pyrethroid 
insecticides but resistant to deltamethrin. These findings suggest that 
pyrethroid resistance status determined for the selected colony in this 
study based on single insecticide (deltamethrin) may not give a true 
picture of the situation. The use of multiple pyrethroid insecticide from 
the different groups may give a better understanding of the pyrethroid 
resistance status of the selected colony. 

A major limitation of this study is that the exact contact time of 
mosquitoes to insecticide fumes from mosquito coil in real life is not 
known. Thus, the sublethal exposure time used in this study as well as 
the condition in the exposure chamber simulated in this study may not 
reflect the true condition in real-life situations for the mosquitoes. 
Furthermore, the sublethal exposure selection experiment should have 
been done on multiple lines to rule out stochastic effects. Thus, care 
should be taken in interpreting the results outside laboratory settings. A 
more robust testing in a future study should include exposure condition 
closer to a real-life situation and selection of experimental colonies in 
multiple mosquito lines. Notwithstanding, the study has provided some 
valuable insight into the interaction between Ae. aegypti and mosquito 
coil usage. As spatial repellents, mosquitoes are likely to be exposed to 
sublethal dosages of insecticides from the coil in real life. The study has 
shown that Ae. aegypti that survived exposure to a mosquito coil could 
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still produce viable offspring and may develop tolerance to the coil 
under continuous exposure of the coil to the subsequent generations. But 
the question as to whether the mosquito’s tolerance to the coil could 
lead to insecticide resistance under continuous exposure may require 
further studies to answer it. Perhaps, the six generations used in this 
study were not long enough to see a significant effect on pyrethroid 
resistance. Owing to the excessive use of mosquito coils in Ghana and 
many other countries, it is important to have a full understanding of the 
coil’s impact on the development of resistance in mosquito vectors. 

Conclusion 

In effect, F1534C, V1016I and V410L kdr mutations were found to be 
widely distributed in the urban coastal areas in Ghana. However, the 
influence of the mutations on deltamethrin needs better investigation, 
particularly, since the concentration used in this study (0.05%) is 1.6 
times higher than the WHO diagnostic concentration (0.03%). A 
nationwide survey is needed to know the extent of the spread of these 
mutations to inform a resistance management plan. Furthermore, the 
persistent exposure of sublethal dosage of mosquito coil to Ae. aegypti 
showed an increase in their tolerance to the coil but did not change their 
resistance status to a pyrethroid insecticide. Further studies are needed 
to elucidate the impact of mosquito coil usage on insecticide resistance 
development in mosquito vectors, particularly in countries where 
households excessively use the coil. 
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Abstract 24 

Mosquito coil is commonly used in many African households for protection against mosquito 25 

bites. The coil usually has semi-volatile pyrethroids as an active ingredient, which usually diffuse 26 

across open space, and the cloud either kills mosquitoes that are exposed, or mosquitoes can be 27 

exposed to sublethal doses of the insecticides. This study was conducted to assess the impact of 28 

sublethal doses of mosquito coil on the development of insecticide resistance in Aedes aegypti, a 29 

major vector for dengue fever and several other arboviral diseases. A laboratory colony of Ae. 30 

aegypti was exposed to sublethal doses of a meperfluthrin-based mosquito coil in a Peet-Grady 31 

chamber once per generation for 16 generations. The susceptibility of the exposed colony to a 32 

diagnostic dose of the mosquito coil as well as to three other insecticides were determined. Three 33 

different kdr mutations and five enzyme activities were evaluated in both the exposed and control 34 

colonies. After 16 generations of sublethal exposure to mosquito coils, the full diagnostic dose of 35 

the coil caused 68% mortality to the exposed colony compared to 100% mortality in the control 36 

colony. Mortality caused by deltamethrin (0.05%) was also significantly lower in the exposed 37 

colony. The frequency of 1016I kdr mutation as well as MFO and alpha esterase activities were 38 

higher in the exposed colony compared to the control colony. This study provides evidence of the 39 

development of pyrethroid resistance in an Ae. aegypti population due to sublethal exposure to 40 

mosquito coil for 16 generations. Given the large-scale use of mosquito coils in many African 41 

households, its role as a pyrethroid resistance selection source should be taken into consideration 42 

when designing resistance management strategies. 43 

Keywords: Aedes mosquitoes, insecticide resistance, kdr-mutation, metabolic resistance, 44 

meperfluthrin, pyrethroid resistance, semi-volatile pyrethroid, vector control  45 
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Introduction 47 

Aedes aegypti is a major vector for several arboviral diseases including yellow fever, dengue fever 48 

and chikungunya. Insecticides are the main control measures against this vector. However, 49 

insecticide resistance is increasing in Ae. aegypti populations worldwide, threatening the 50 

effectiveness of most insecticide-based tools. In Ghana, Ae. aegypti populations are highly 51 

resistant to pyrethroid insecticides, DDT, carbamates, and organophosphate insecticides (Ablorde 52 

et al., 2023; Kawada et al., 2016; Kudom, 2020; Amlalo et al., 2022). Target mutations comprising 53 

F1534C, V1016I and V410I as well as metabolic mechanisms have been detected in the Ghanaian 54 

populations (Ablorde et al., 2023; Kawada et al., 2016; Kudom, 2020; Amlalo et al., 2022; Owusu-55 

Asenso et al., 2022). Similar levels of pyrethroid resistance have been reported in Ae. aegypti 56 

populations from different African countries including Cote d’Ivoire (Konan et al., 2021), 57 

Cameroon (Yougang et al., 2020) Angola, and Cape Verde (Ayres et al., 2020).  58 

Excessive use of insecticides has been the main drive of resistance in mosquito vectors. Organised 59 

vector control programs targeting Ae. aegypti such as dengue control programs depend on heavy 60 

use of insecticides, particularly pyrethroids. This is suspected to be a major driver of pyrethroid-61 

resistant vector populations in many countries in Asia and South America (Kawada et al. 2009). 62 

For instance, about 21,000 litres of pyrethroid insecticides were used in the southern sector of 63 

Vietnam in 2007 alone for the Indoor Residual Spraying (IRS) program against dengue vectors 64 

(Pasteur Institute, 2008). It was therefore not surprising that Kawada et al., (2009) showed that 65 

IRS was the driving factor behind the F1534C mutation in Vietnam, a mutation linked to 66 

pyrethroid resistance in Ae. aegypti. Urbanization with its associated pollution has also been linked 67 

to the emergence of resistance in vector mosquitoes. Huber et al., (2003) showed that the dengue 68 

vectors in huge cities with cosmopolitan populations developed elevated levels of resistance in 69 
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comparison to the countryside. In Indonesia, Satoto et al., (2019) identified urbanization as the 70 

principal cause of the emergence of resistance in the city of Magelang. Interestingly, the exact 71 

cause of insecticide resistance in Ae. aegypti populations from Africa remains unclear (Weetman 72 

et al., 2018). Most African countries do not have organized vector control programs that target Ae. 73 

aegypti. Notwithstanding, many studies have implicated household use of insecticides as a major 74 

selection pressure on Ae. aegypti owing to this species’ close association with human habitation 75 

(Boakye et al., 2009; Kudom et al., 2013; Toé et al., 2022). Gray et al., (2018) found that after 76 

exposure to household aerosol insecticide products containing pyrethroid active ingredients, 77 

pyrethroid-resistant Ae. aegypti field strains had significantly lower mortality rates compared to 78 

the unexposed strains. Findings from our previous study showed a two-fold increase in tolerance 79 

to meperfluthrin based mosquito coil by Ae. aegypti after being exposed to a sublethal doses of the 80 

mosquito coil for six generations (Ablorde et al., 2023). However, the tolerance to the coil did not 81 

substantially affect the level of resistance of the mosquito population to the insecticide 82 

deltamethrin.  83 

Mosquito coil is one of the most popular insecticide-based tools used in households in many 84 

African countries. It is estimated that 45 to 50 billion mosquito coils are used annually by over 2 85 

billion people worldwide in preventing mosquito bites (Zhang et al., 2010). In Ghana, about 40% 86 

of households have been reported to use the coil daily in preventing mosquito bites (Boakye et al., 87 

2009; Kudom et al., 2013). Besides residential areas, it is becoming common for local markets to 88 

use mosquito coils to drive away houseflies and other nuisance insects. Based on our previous 89 

findings that found a twofold tolerance increase in Ae. aegypti to sublethal doses of mosquito coil 90 

(Ablorde et al., 2023), the question is, could sublethal exposure of mosquito coil lead to broader 91 

insecticide resistance in the vector mosquito population?  92 
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Mosquito coils commonly have semi-volatile pyrethroids as active ingredients, which usually 93 

diffuse across open space, and the cloud either repels or kills mosquitoes that are exposed (Ritchie 94 

& Devine, 2013; Xue et al., 2012). While the insecticidal cloud can prevent mosquitoes from 95 

successfully making contact with their host (WHO, 2009), the outer edges of the plume could 96 

expose mosquitoes to sublethal doses of pyrethroid insecticides. This formulation has the potential 97 

to contribute to the development of pyrethroid resistance in the vector population. This study was 98 

therefore conducted to assess the impact of such sublethal exposure to mosquito coil on the 99 

development of insecticide resistance in Ae. aegypti populations. The emergence of insecticide 100 

resistance in Ae. aegypti from Africa call for a better understanding of any potential factors that 101 

could contribute to the development of insecticide resistance in the mosquito vectors. 102 

 103 

 104 

Materials and methods 105 

Laboratory exposure of Aedes aegypti to sublethal doses of mosquito coil  106 

The Ae. aegypti colony, originally collected from abandoned car tires within the Elmina 107 

municipality in the Central region of Ghana was established in 2019 in the Vector Biology and 108 

Control Insectary in the University of Cape Coast. The mosquito population is resistant to various 109 

pyrethroid insecticides (Kudom, 2020) as well as to DDT (organochlorine), bendiocarb 110 

(carbamate) and shows moderate resistance to fenitrothion (organophosphate) insecticides. Three 111 

target-site mutations (F1534C, V1016I and V410I) as well as metabolic mechanisms have been 112 

detected in the population (Ayettey et al., 2023; Kudom, 2020). The colony was raised to the 7th 113 

generation and subsequently used for the test in this study. The adults were fed on 10% sugar 114 
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solution. The laboratory conditions for breeding were maintained at 29±1◦C with a relative 115 

humidity of 75±10%. 116 

From the colony, two separate populations were established. One population was exposed to the 117 

coil (exposed colony) and the other population served as a control (control colony). Sasso® 118 

mosquito coil (0.08% meperfluthrin, Samara company Ltd) was used for the experiment. The 119 

WHO diagnostic time (full lethal dose) of mosquito coil against mosquito population in a Peet-120 

Grady chamber is 60 minutes (WHO/HTM/NTD/ WHOPES/2009.3). Thus, any time below 60 121 

minutes becomes a sublethal dose. In this study, a 7-minute exposure time was used as a sublethal 122 

dose. The sublethal dose exposure time was based on results from a previous experiment on the 123 

colony that established the LT50 from Sasso mosquito coil exposure to be 7 minutes (Ablorde et 124 

al., 2023).  125 

The mosquito coil bioassay was conducted in a Peet-Grady chamber according to the protocol 126 

described by WHO (WHO/HTM/NTD/ WHOPES/2009.3). The Peet-Grady chamber was 127 

constructed of wood and had a dimension of 180 cm x 180 cm x 180 cm with four observation 128 

glass windows as described in Kudom (2020). A single coil was fitted to its metal holder and lit 129 

and allowed to smoulder for five minutes before it was placed in the chamber on a flat platform. 130 

The mosquitoes in four holding cages (30 cm x 30cm x 30 cm BugDorm-1 cages) were suspended 131 

10 cm from the sides of the chamber and 80 cm from the ceiling. An electric fan was placed on 132 

the floor inside the chamber to ensure uniform dispersion of the smoke emitted from the coil inside 133 

the chamber. 134 

For the exposure of sublethal doses of coil to the colony, four hundred, 2–5-day old female 135 

mosquitoes were randomly collected from the colony using an aspirator into the BugDorm-1 cages. 136 

One hundred female mosquitoes were placed in each of the four cages and exposed to the coil for 137 
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7 minutes in the Peet-Grady chamber. After the exposure, mosquitoes were transferred from the 138 

cage to new cages and given 10% glucose solution. Knockdown was recorded at 60 minutes and 139 

the final mortality was read at 24 hours. The mosquitoes that survived were blood-fed to lay eggs. 140 

The eggs were raised into adults to form the next generation of the exposed colony. This cycle was 141 

repeated for 16 generations. In parallel, the same procedure was carried out for the control colony 142 

without the exposure to the coil for 16 generations. At the end of the 16th generation, susceptibility 143 

of the female mosquitoes in each of the colony to three insecticides and the diagnostic dose of the 144 

coil was determined. Furthermore, the frequencies of three kdr-mutations as well as the level of 145 

activities of five metabolic enzymes were also evaluated in the individual female mosquitoes from 146 

each colony.  147 

WHO insecticide susceptibility bioassay against exposed and control colonies 148 

Standard WHO susceptibility bioassays comprising exposure tubes and WHO impregnated papers 149 

of deltamethrin (5%), bendiocarb (0.1%) and fenitrothion (1%) were conducted on 100 female 150 

mosquitoes for each insecticide for each colony respectively. The susceptibility of bendiocarb 151 

(carbamate) and fenitrothion (organophosphate) insecticides were performed to check for cross 152 

resistance with the pyrethroid insecticides. The impregnated papers and the tubes were purchased 153 

from a WHO distributor (Vector Control Research Unit, University of Malaysia, Malaysia). The 154 

experimental procedure followed the WHO protocol described in WHO/ZIKV/VC/ 16.1. In 155 

summary, 3–5-day-old, non-blood fed females were used for the bioassay. Up to 25 individuals 156 

were exposed to the impregnated paper in the exposure tube for 60 minutes. After the exposure, 157 

the mosquitoes were transferred into a holding tube and fed with 10% sugar solution. Four 158 

replicates were done for each of the insecticides. The experiment set-up was run in parallel with 159 

an untreated paper as a control. 160 
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For the full diagnostic mosquito coil bioassay, twenty-five female mosquitoes each were placed in 161 

four BugDorm-1 cages and exposed to the coil for 60 minutes in the Peet-Grady chamber. After 162 

the exposure, mosquitoes were transferred from the cage to new cages and given 10% glucose 163 

solution. The experiment was repeated once for each colony. 164 

For both insecticide and coil bioassays, the knockdown and total mortality were recorded 60 165 

minutes and 24 hrs after exposure to the insecticide or the coil respectively. 166 

 167 

qPCR screening for F1534C, V1016I, and V410L Kdr mutation among the field and 168 

laboratory populations 169 

One hundred female mosquitoes each from the exposed and the control colonies were randomly 170 

sampled and genotyped for the F1534C, V1016I, and V410L kdr mutations. DNA from each 171 

mosquito was extracted using 2% CTAB (Cetyltrimethyl Ammonium Bromide) as described by 172 

Healey et al. (2014). The kdr mutations were screened using qPCR melting curve analysis based 173 

on the protocols described by Saavedra-Rodriguez et al., (2018) for V410L  target-site mutation  174 

and Estep et al. (2018) for V1016 and F1534C target-site mutations. The detection of target site 175 

mutation V410L was done with each reaction containing 50μM of each forward primers, V410 fw 176 

and L410 fw, and 100 μM of the reverse primer, 410 rev, 9.5μL of 2x Sybr Hi-Rox Mix (Bioline), 177 

1μL of genomic DNA and 7μL of DNase-free water. The V1016I target-site mutation detection 178 

was done in a 20μL reaction consisting of 8.2μL of 2x Sybr Hi-Rox Mix (Bioline), 0.15μM of 179 

Val1016f primer, 0.2μM each of lle1016f and lle1016r primers, 2μL DNA template and DNase-180 

free water. The cycling conditions for this procedure were 95oC for 3 minutes, 40x (95 oC :10sec, 181 

60 oC:10sec, 72 oC :30sec) 95 oC with the melting condition of 65-95oC in 0.2 oC per 10 sec. Each 182 

20 μL reaction for V1016I consisted of 8μL of 2x Sybr Hi-Rox Mix (Bioline), 0.15μM of Val1016f 183 
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primer, 0.2 μM each of lle1016f and lle1016r primers, 2μL DNA template and DNase-free water, 184 

with the same cycling conditions as the V410L. F1534C was screened in a reaction volume of 185 

20μL containing 8μL of 2x Sybr Hi-Rox Mix (Bioline), 0.3μM of Cys1534+ primer, 0.3μM each 186 

of Phe1534+ and 1534- primers, 2μL DNA and DNase-free water. The cycling conditions for 187 

F1534C included 3min at 95°C, 37 cycles of (10 sec at 95°C, 10 sec at 57°C, 30 sec at 72°C) and 188 

95°C for 10 seconds. A melting curve analysis was performed at the end of the PCR cycle at 65°C 189 

- 95 °C. The mutant gene (resistant) and wild type (susceptible) respectively produced melting 190 

curve peaks at 83°C and 86°C for V410L, 80°C and 86°C for V1016I, and 86°C and 82°C for 191 

F1534C. The negative controls consisted of master mix with DNase-free water, whilst the positive 192 

controls were positive DNA samples from a previous study (Ablorde et al., 2023).  193 

 194 

Assessment of the levels of enzyme activities in the exposed and control colonies. 195 

Five enzyme activities (alpha- and beta-esterases (NSEs), glutathione S- transferase (GST), mixed 196 

function monooxygenase (MFO) and insensitive acetylcholinesterase were assessed in 100 197 

individual females each from the exposed and control colonies. The mosquitoes were randomly 198 

selected from each colony at about 3-5-days of age and non-blood fed. Biochemical microplate 199 

assays were used to assess the metabolic enzyme activities as described by Leong et al., (2019). 200 

Each mosquito was homogenised in 1000 µl of (K3PO4) buffer and 100 µl of the homogenates 201 

were aliquoted on to a 96-well microplate in triplicates of 30 mosquitoes on each plate with two 202 

adjacent homogenate buffers for controls. Alpha- and beta-naphthyl were used as the substrates 203 

for NSEs; for the GSTs, reduced glutathione and cDNB (1-Chloro-2,4-dinitrobenzene) were used 204 

as substrate. TMBZ (3,3'-,5,5'-Tetramethylbenzidine,) was used as a substrate for the oxidase assay 205 

and DTNB (5,5-dithio-bis-(2-nitrobenzoic acid) was used for insensitive acetylcholinesterase. 206 
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Protein content for individual mosquitoes was determined with Coomassie Protein assay reagent® 207 

(Thermo Scientific) following the protocol described by the manufacturer. Absorbance was read 208 

using the SpectraMax 340PC microplate reader.  209 

Data Analysis 210 

The mortalities from the WHO susceptibility tests for both the control and experimental colonies, 211 

were analyzed in percentages. A chi-test of association between alleles and resistant phenotypes 212 

was conducted using GraphPad prism. Gene-Calc (Bin ́kowski & Miks, 2018) was used to 213 

ascertain deviations from the Hardy-Weinberg equilibrium. The median enzyme activities 214 

significantly above that of the reference mosquito colony were considered elevated. The Mann-215 

Whitney test was used to compare mortalities caused by both insecticide and the mosquito coil 216 

between the exposed and control colonies. The Dunn test was also used to compare the enzyme 217 

activities between the exposed and control colonies. 218 

 219 

Results 220 

WHO susceptibility test against exposed and control colonies of Aedes aegypti 221 

Both exposed and control colonies were highly resistant to deltamethrin, and carbamate with 222 

moderate resistance to fenitrothion (Fig 1, 2).  However, mortality caused by deltamethrin was 223 

significantly higher in the control colony than in the exposed colony (Mann-Whitney test, p = 224 

0.04). The knockdown effect of the insecticide was similar in both colonies (Mann-Whitney test, 225 

p = 0.1). Within the exposed colony, the knockdown effect was higher than the final mortality 226 

(Mann-Whitney test, p = 0.02). However, the mortalities caused by carbamate and fenitrothion 227 

were similar in both exposed and control colonies. For the mosquito coil bioassay, the one-hour 228 

exposure to both mosquito colonies caused 100% knockdown. However, complete mortality was 229 
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observed in the control colony whereas the exposed colony had only 68% (± 4.6) mean percentage 230 

mortality (± SD).  231 

 232 

Distribution of F1534C, V1016I and V410L and metabolic resistance  233 

A total of 100 individual female mosquitoes each from the exposed and control colonies were 234 

genotyped for F1534C, V1016I and V410L mutations (Table 1). The distribution of resistant 235 

alleles of V410L and F1534C kdr mutations were similar in both colonies. However, the frequency 236 

of the 1016I resistant allele was higher in the exposed colony than in the control colony (X2 = 7.7, 237 

p = 0.006) (Table 2). The enzyme activities of alpha- and beta-esterase, MFO, ACT and GST for 238 

both colonies had been summarised in Fig 3. Alpha-esterase (Dunn’s test, p = 0.01) and MFO 239 

(Dunn’s test, p = 0.04) activities were significantly higher in the exposed colony than in the control 240 

colony. However, the other three enzyme activities were similar in both colonies.  241 

 242 

Discussion 243 

Based on the WHO guidelines on the assessment of biological efficacy of a mosquito coil, an 244 

exposure of mosquito populations to a coil for 60 minutes in a Peet Grady chamber should cause 245 

98-100% mortality to susceptible populations (WHO/HTM/NTD/WHOPES/2009.3). In this study, 246 

while the control colony had complete mortality to the coil, the exposed colony recorded only 68% 247 

(± 4.6) mean percentage mortality (± SD), suggesting the development of increased tolerance or 248 

resistance to the coil. Although, this is a first laboratory-based study showing that the continuous 249 

exposure to mosquito coil could cause resistance in Ae. aegypti, resistance to different pyrethroid 250 

based mosquito coils have been reported in both Ae. aegypti and other mosquito vectors before 251 

(Amelia-Yap et al., 2018; Avicor et al., 2017; Lukwa et al., 2014). Ae. aegypti populations from 252 
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Indonesia were found to be resistant to d-allethrin, transfluthrin, and metofluthrin based mosquito 253 

coils (Amelia-Yap et al., 2018). Also, Anopheles gambiae populations from Ghana and Tanzania 254 

have shown resistance to d-allethrin (Avicor et al., 2017), metofluthrin, esbiothrin (Lukwa et al, 255 

2008) and dimefluthrin  based mosquito coils. Many households in Africa and Asia countries 256 

depend on mosquito coil for the protection against mosquito bites, particularly outdoor biting 257 

mosquitoes such Ae. aegypti. Thus, the potential decrease in effectiveness of the coil against 258 

mosquito vectors due to resistance could have a major public health implication. On the other hand, 259 

development of insecticide resistance in the vectors due to excessive use of mosquito coil could 260 

also affect the efficacy of other insecticide-based mosquito control tools including insecticide 261 

treated bed net. 262 

The effect of the exposure of sublethal doses of insecticides on insects has not been fully 263 

elucidated. Nonetheless, several studies have shown that such exposure could have differential 264 

effect on insect’s fitness, behaviour and tolerance to insecticides (Ablorde et al., 2023; Boonyuan 265 

et al., 2011; S. Ritchie et al., 1997). For example, the sublethal exposure of pyrethroid insecticides 266 

on the larvae of the Colorado potato beetle (Leptinotarsa decemlineata) caused higher adult 267 

survival and higher adult body mass than those not exposed to the insecticide (Margus et al., 2019). 268 

Also, sublethal exposure to metofluthrin, a semi-volatile pyrethroid did not affect the fitness of Ae. 269 

aegypti. On the contrary, chronic exposure to sublethal concentrations of chlorpyrifos or 270 

imidacloprid insecticide had an adverse effect on the development and reproductive fitness of 271 

Culex pipiens (Naggar et al., 2019). In this study, exposure of Ae. aegypti to a sublethal dose of a 272 

meperfluthrin based mosquito coil did not only cause resistance to the coil but increased the 273 

mosquito’s resistance to deltamethrin. In a related experiment, sublethal exposure to transfluthrin, 274 
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also a semi-volatile pyrethroid, resulted in a decrease of the susceptibility of Ae. aegypti to the 275 

insecticide after nine generations (Wagman et al., 2015).  276 

Target-site mutations F1534C, V1016I and V410I have been identified in pyrethroid resistant Ae. 277 

aegypti populations from Ghana. The F1534C mutation is the most widely distributed kdr mutation 278 

and close to fixation in many parts of the country (Ablorde et al., 2023; Ayettey et al., 2023; 279 

Amlalo et al., 2022).  A combination of F1534C and V1016I have been reported to confer higher 280 

resistance to pyrethroid insecticides than F1534C alone (Moyes et al., 2017). In this study, the 281 

frequency of F1534C kdr mutation were high in the exposed and control colonies, which is 282 

consistent with what is found in the wild population in Ghana (Ablorde et al., 2023; Ayettey et al., 283 

2023; Kudom, 2020). However, the frequency of the 1016I resistant allele was higher in the 284 

exposed colony than the control. In Wagman et al. (2015), the decrease in susceptibility to 285 

pyrethroid insecticide of the transfluthrin-selected colony had a higher frequency of the 1016I kdr 286 

allele than the control group. Also, application of household aerosol sprays led to a significant 287 

increase in the frequency of 1016I kdr homozygotes in the surviving Ae. aegypti population from 288 

Mexico (Gray et al., 2018). Results from this study and previous studies (Gray et al., 2018; 289 

Wagman et al., 2015) suggest a strong selection pressure for the 1016I resistant allele from 290 

pyrethroid-based household insecticide products.  291 

In our study, the knockdown effect of the coil and deltamethrin insecticide on both mosquito 292 

colonies was not substantially affected. Mosquitoes were completely knocked down after exposure 293 

to the coil and the knockdown observed after exposure to deltamethrin was similar in both exposed 294 

and control colonies. This may suggest that the increase in deltamethrin resistance and the 295 

resistance to the coil in the exposed colony may be largely mediated by metabolic resistance 296 

mechanisms or other unknown mechanisms, which were not determined in this study. The 297 
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monooxygenase, esterase, and glutathione-S-transferase activities have all been shown to be 298 

associated with pyrethroid-resistance in Ae. aegypti (Pimsamarn et al., 2009). Several PBO 299 

synergists and enzyme activity assays give evidence of the role of metabolic resistance 300 

mechanisms in pyrethroid resistance in the Ae. aegypti population from Ghana (Abdulai et al., 301 

2023; Ablorde et al., 2023; Ayettey et al., 2023; Kudom, 2020; Amlalo et al., 2022). However, the 302 

two studies that performed enzyme activity assays with Ae. aegypti populations from the country 303 

did not compare the field caught mosquitoes to an appropriate susceptible Ae. aegypti reference 304 

strain (Kudom, 2020; Amlalo et al., 2022). Thus, the specific enzyme(s) responsible for the 305 

pyrethroid resistance in Ghanaian Ae. aegypti population remain unclear. However, in the present 306 

study, alpha-esterase and MFO activities were higher in the exposed colony than in the control 307 

colony, suggesting their possible role in the increased deltamethrin resistance as well as resistance 308 

to the coil. The high activity of alpha-esterase in the exposed colony is a major cause for concern 309 

since it can quickly lead to cross resistance in other classes of insecticides. For instance, increased 310 

esterase activity had been recorded in pyrethroid and carbamate resistant Anopheles funestus 311 

populations from Mozambique and Malawi (Cuamba et al., 2010; Wondji et al., 2012). However, 312 

resistance to bendiocarb and fenitrothion were not affected substantially in the exposed colony 313 

compared to the control colony in this study. 314 

In Ghana, households use mosquito coils by placing them outdoors or indoors with open windows. 315 

In such situations, the exposure concentration for mosquitoes could vary greatly, with sublethal 316 

doses being the most encountered concentration. However, the degree to which natural mosquito 317 

populations would experience the selective pressure observed in this experiment may differ under 318 

natural settings. For example, the behaviour of mosquitoes under restrain in cages during the 319 

experiment may not be the same as free flying mosquitoes under natural conditions. Also, 320 
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environmental conditions under laboratory setup may differ from natural conditions. All these 321 

factors could affect the amount and duration a mosquito is exposed to an insecticide from a 322 

mosquito coil. Hence, care should be taken in interpreting the results from this study outside 323 

laboratory settings. Also, we exposed female mosquitoes mainly under the assumption that due to 324 

host seeking behaviour they would be drawn towards the human hosts and thus closer to the coils, 325 

whereas the exposure of males is likely less intense. However, a co-exposure of males might speed 326 

up the generation of genetic resistance by removing susceptible males and thus facilitating 327 

homogeneous offspring. The amount of exposure of male mosquitoes to mosquito coil vapours 328 

however is even more unclear than the female exposure and was thus neglected in this study to 329 

remove confounding. 330 

Despite this limitation, the result from this study gives an insight into the interaction between Ae. 331 

aegypti mosquitoes and mosquito coil as well as other semi-volatile pyrethroids commonly used 332 

in domestic anti-mosquito products. More work is needed to define the observations from this 333 

study within the larger landscape of pyrethroid use. Future studies should investigate how 334 

prolonged exposure to sub-lethal doses of semi-volatile pyrethroids might impact insecticide 335 

resistance in natural vector populations and how existing pyrethroid-resistant populations might 336 

respond to mosquito coils or a given spatial repellent product in real life field settings.  337 

 338 

Conclusion 339 

This study shows that under laboratory settings, a persistent exposure of meperfluthrin-based 340 

mosquito coil to Ae. aegypti for 16 generations resulted in 1) the development of resistance to the 341 

coil as well as an increased resistance to deltamethrin insecticide, 2) higher frequency of V1016I 342 

kdr mutation as well as higher alpha-esterase and MFO activities in the exposed population 343 
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compared to the control. Given the large-scale use of mosquito coil in many African households, 344 

its role as a pyrethroid resistance selection source should be taken into consideration when 345 

designing resistance management strategies. 346 
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Figures  509 
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 511 

 512 

Figure 1: Percentage mean mortality or knockdown after exposure of exposed and control colonies 513 

to deltamethrin (0.05%). 514 
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 516 

Figure 2: Percentage mean mortality after exposure of exposed and control colonies to bendiocarb 517 

(0.1%) and fenitrothion (1%). 518 

 519 

 520 

 521 
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 523 

Figure 3: The enzyme activities of alpha- and beta-esterase, glutathione S- transferase (GST), 524 

mixed function monooxygenase (MFO) and insensitive acetylcholinesterase (ACHE) for exposed 525 

(E.C) and control colonies (C.C) (the red line denote the median enzyme activity). 526 

 527 

 528 

Tables 529 

 530 

Table 1: Genotype and allele frequencies for the exposed and control colonies of Aedes aegypti 531 

Colony 
F1534C V410L V10161 

SS RS RR C 
(freq%) 

SS RS RR L 
(freq%) 

SS RS R
R 

I 
(freq%) 

control               0 4 46 96 2 48 0 48 48 2 0 2 

exposed     1 0 48 96 1 49 0 49 38 12 0 12 

 532 

 533 

 534 
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Table 2: Chi-test association between allelic frequencies of three kdr mutations of exposed and 535 

control colonies of Aedes aegypti 536 

Colony 
F1534C V410L V10161 

F C X2(p) V L X2(p) V I X2(p) 

control 4 96 
0.687(P=0.407) 

52 48 
0.02 (P=0.8875) 

98 2 
7.68 (P=0.0056) 

exposed 2 98 51 49 88 12 

 537 
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