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ABSTRACT 

Background: Anopheles gambiae mosquitoes are one of the best-known of the genus Anopheles because of their 
predominant role in transmitting the most dangerous malaria parasite species (to humans), Plasmodium falcipa-
rum. Unfortunately, An. gambiae mosquitoes have grown resistant to the most popular and widely used insecti-
cides, particularly Permethrin, spreading across Africa. The current study sought to determine the lowest Perme-
thrin concentrations that could be a selection pressure for metabolic resistance development in the renowned adult 
An. gambiae (Kisumu) mosquito population. 

Methods: Established, insectary-reared, and fully susceptible strains of Kisumu populations were reared, and 
exposed for mortality assay and Lowest Sub-lethal Concentrations (LSLCs) determination at the adult stage. Var-
ious exposure concentrations were achieved by slightly modifying the Centre for Disease Control (CDC) proto-
col. Adult Kisumu mosquitoes exposed to the same LSLC over generations were compared with unexposed con-
trol populations by way of resistance status and correlating levels of esterase, monooxygenase, and Glutathione-S
-transferases (GST) metabolic enzymes. Information obtained was analysed using SPSS 16.0 and Analysis of 
Variance at P=0.05 with the aid of Graph-Pad prism 8. 

Results: The LSLCs of Permethrin with mortality rates not significantly (P> 0.05) different from control Kisumu 
strains (0.00) were 0.2µg (0.00) and 0.4µg (0.00) per CDC bottle, i.e., LSLC 1 and LSLC 2 respectively. The 
LSLC 1 exposure lasted five generations (f0-f4), during which resistance statuses were consistently below 
1.00±0.82 (4.0%) after 1 hour. There was no significant difference (P>0.05) in the levels of esterase across gener-
ations, while monooxygenase and GST levels were significantly up-regulated (P<0.05) in subsequent generations 
of LSLC 1-treated mosquitoes. However, there was a consistent and progressive increase in GST level with ad-
vancing generations. 

Conclusion: It may be concluded that the P450 monooxygenase enzyme mechanism is a prelude to the overex-
pression of the GST enzyme. Hence, if the development of the GST resistance enzyme can be inhibited or 
stopped in An. gambiae mosquito vector populations, multiple resistance and cross-resistance mechanisms in ma-
laria vectors could be effectively regulated. 
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1.0 INTRODUCTION 

Anopheles mosquito vectors spread a life-threatening dis-

ease – malaria, caused by the Plasmodium parasite be-

cause of the vectors’ hematophagous behaviour [1]. 

Anopheles gambiae complex is best known of the genus 

Anopheles because the group constitutes the main vectors 

that transmit one of the most threatening Plasmodium 

species – P.  falciparum around the world and most espe-

cially in sub-Saharan Africa [1, 2]. Malaria is the world’s 

most important parasitic disease of public health interest 

[3, 4]. Adeogun et al. [3] reported that members of An. 

gambiae complex constituted the majority of the popula-

tions of Anophelines collected during their study 

(occurring in all 12 States) and may be responsible for 

malaria transmission within Nigeria. This is not surpris-

ing as members of the complex have been implicated as 

the most important vectors of malaria in sub-Saharan. 

Malaria is the world’s most important parasitic disease of 

public health interest [5]. According to a recent world 

malaria report, Africa continues to have an alarmingly 

high incidence rate of malaria – 92% of malaria cases and 

93% of malaria deaths [1]. Nigeria accounts for 25% of 

the cases in Africa [5]. A malaria prevalence of 6.4 % has 

been recently reported in Lagos (Southwestern Nigeria) 

[6], 43.3 % in Borno (Northeastern Nigeria) [5], and 38.8 

% malaria prevalence in Ilorin – North central Nigeria 

despite the high frequency of use of Insecticide-treated 

Nets (ITNs) and Indoor Residual Spraying (IRS) in the 

area [6, 7].  

Pyrethroid is the only Class of insecticide approved by 

the World Organization (WHO) for the treatment of Long

-Lasting Insecticide bed Nets (LLINs) and the production 

of household aerosol insecticides [1]. Permethrin (a Pyre-

throid), because of its fast-acting properties, relative safe-

ty to human health, bio-efficacy, and vector-repellent 

properties, made it one of the most frequently used insec-

ticides in public health [8, 9]. Permethrin resistance in 

wild An. gambiae vectors, however, has been reported 

across Nigeria [10,11] and Africa [11,12], and it is in-

creasing [13]. Permethrin resistance, like other pyre-

throids, arises when susceptible An. gambiae vectors are 

exposed to the insecticide or its chemical derivatives in 

tolerating quantity (sub-lethal concentration) as a selec-

tion pressure, which will not necessarily lead to their 

mortality but improve their ability over generations to 

tolerate the chemical insecticide even in higher concen-

trations [13]. Research reports have it that one of the fac-

tors responsible for resistance development in An. gambi-

ae mosquitoes is multiple, complex resistance mecha-

nisms, in particular, increased metabolic detoxification of 

insecticide through Esterase, Monooxygenase, and Gluta-

thione-S-transferases (GST) enzymes. These are termed 

metabolic resistance mechanisms in mosquito vectors [9, 

14, 15]. Hence, activities or expressions of these detoxi-

fying enzymes are the indexes of pyrethroid resistance in 

An. gambiae mosquitoes. Individual mosquitoes with de-

veloped resistant traits adopted in their genetic constitu-

tion are subsequently responsible for amplifying the trait 

as described by the Hellenic Centre for Disease Control 

and Prevention [16].  

Like other pyrethroids in the environment, the level of 

Permethrin insecticide remains on the increase, and An. 

gambiae has developed what it takes to survive in a Per-

methrin insecticide and its derivatives-laden system. Un-

fortunately, man is paying dearly for this as the burden of 

malaria that was thought to be under control [11] may 

have been lost due to Pyrethroids, especially Permethrin 

resistance development. New synthetic and costly insecti-

cides are resorted to. Unfortunately, resistance to the new 

insecticide will eventually result in the mechanisms de-

ployed by the mosquitoes. Man is, therefore, trapped in a 

cycle in which a change is not in sight. 

Over the years, man has seen the advent of insecticide 

development in Anopheles mosquitoes as a win-win situ-

ation for vectors. Believing since this is the case with Py-

rethroids and other common WHO-recommended insecti-

cide groups, the only way forward is to alter these or 

combine them and wait for possible resistance. It is, 

therefore, imperative for scientists not to concede this as 

a total victory for the malaria vectors but to seek to un-

derstand the response of the mosquitoes to the insecticide 

by way of resistance. A profound understanding of the 

process of resistance development begins with the deter-

mination of a Pyrethroid concentration using a renowned 

susceptible strain such as An. gambiae (Kisumu) exposed 

to sub-lethal concentrations of Permethrin to select re-

sistance at the adult stage and allowed to survive over 

several generations under laboratory conditions. This can 

be done by determining the lowest sub-lethal insecticide 

concentrations (LSLCs) and comparing the resistance 

status of LSLCs in exposed and unexposed adult mosqui-

toes. In this work, we induced resistance in susceptible 

populations (Kisumu strains) of Anopheles gambiae by 

exposing adults to sub-lethal concentrations of Perme-

thrin and monitored generational changes in resistance 

mechanisms. 
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2.0 METHODOLOGY 

2.1 Source of An. gambiae (Kisumu) Population  

A large population of An. gambiae (Kisumu) has been 

maintained in the insectary at the Nigerian Institute of 

Medical Research (NIMR) since 2012. After each of four 

Kisumu generations, the resistance profile is confirmed in 

the laboratory, and the results have indicated over the 

years that the mosquitoes are fully susceptible to pyre-

throids, including Permethrin. Separately, a large stock 

culture population of Anopheles gambiae (Kisumu) was 

maintained. 1, 300 susceptible adults were obtained from 

the insectary of the Molecular Entomology and Vector 

Control Laboratory, Nigerian Institute of Medical Re-

search, Yaba Lagos (NIMR). 

2.2 Rearing of  Immature and Adult Mosquitoes and 

Insectary Maintenance 

The rearing of mosquitoes was carefully and meticulously 

done to reduce mortality to an absolute minimum and to 

ensure a successful population is maintained. Standard 

mosquito culture practices were observed as described by 

Adeogun et al. [17]. The insectary was maintained under 

standard insectary conditions of 25-28 oC of temperature 

and ~70-80% relative humidity, with a 12-hour day and 

night light cycle. Sanitation practices that included insec-

tary flow and wall cleaning were conducted at 24-hour 

hours. There was no use of deodorants, including alcohol-

ic-based perfumes, around and within the insectary, which 

could result in undesirable mortality of mosquitoes. Adult 

mosquitoes were fed a 10% sugar solution prepared by 

dissolving 10 grams of sugar (granular sucrose) in 80 ml 

water adjusted to 100 ml after the complete dissolution of 

the solute.  

2.3 Mosquito Exposure to Permethrin Insecticide 

Over Generation 

Blood meal was provided for the mosquito population 

once daily at dusk for two days using the hand-in-cage 

method for about 45 minutes in each blood meal session. 

Active female mosquitoes fly towards the hand to have a 

blood meal. An egg plate (Oviposition medium) made up 

of soaked cotton wool with distilled water and covered 

with filter paper was provided within the cage on the 

morning of the following day.  Also, the populations were 

fed with sugar solution for at least 24 hours after any pos-

sible insecticide exposure before blood meal provision. 

This was to make the mosquitoes acclimatised before they 

were provided with a blood meal. Control of such expo-

sure experiment comprised 50 samples of An. gambiae 

(Kisumu) mosquitoes exposed to CDC glass bottles coat-

ed with 1ml pure acetone with no insecticide for each 

concentration. The eggs laid were carefully transferred by 

rinsing the surface of the oviposition medium into the egg 

bowl with distilled water. The egg bowl comprises about 

1-litre transparent plastic bowl with a small aperture half-

filled with distilled water. Eggs within this bowl were 

refreshed with distilled water from washed bottles every 

other 2 hours to prevent eggs from dryness until another 

48hours when the eggs hatched into larvae within the egg 

bowl as described by Olayemi and Ande [18] and Min-

Lin et al. [19].  

2.4 Insecticide Source and Dilutions 

1ml from the original stock liquid solution of technical 

grade Permethrin supplied by the Centre for Disease Con-

trol (CDC) was diluted with 49ml (100%) acetone to give 

a standard concentration of 21.50µg/ml to be used to coat 

a 25ml capacity CDC bottle according to Brogdon and 

Chan [20].  Various wall coating concentrations of Per-

methrin were obtained by slightly modified CDC proce-

dures [21] to obtain 1ml each of 15 µg/bottle, 5 µg/bottle, 

1 µg/bottle, 0.9 µg/bottle, 0.8 µg/bottle, 0.6 µg/bottle, 0.4 

µg/bottle, 0.2 µg/bottle and 0 µg/bottle (control). This 

modification to the CDC procedure became necessary so 

that the population could produce subsequent generations 

after 24 hours of exposure.  

2.5 Coating of Exposure Chambers  

The 25 ml capacity CDC bottles were used as exposure 

bottles. Each bottle had a thorough cleaning, numerous 

rinses with distilled water, and an hour of drying in an 

oven at 100 0C. The inner lining of each clean and dried 

exposure bottle was subsequently allowed to cool, and 

then the desired volume of prepared Permethrin was ap-

plied accordingly. The exposure bottles were rocked 

around and rolled over gently to allow even spread of the 

insecticide within the chamber. After allowing a uniform 

spread, the bottles were allowed to evaporate overnight 

undercover. Mosquitoes were exposed to previously men-

tioned concentrations in four replicates to determine the 

minimal concentration the mosquito population can be 

exposed to over generations, significantly different from 

control with little or no mortality.  

Situations where mortality rates through Permethrin con-

centrations were significantly higher than in control treat-

ments were discarded and discontinued after 24 hours. 

The Lowest Sub-lethal insecticide Concentrations 

(LSLCs) that produce mortality rates that were insignifi-
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cantly different from control treatments were noted and 

adopted for the generational exposure of the Anopheles 

gambiae (Kisumu) population in this study. Adult mor-

tality was indicated by no movements, dropping to the 

base of the exposure bottle, and confirmed by rocking 

the bottle. All survivors out of 100 exposed mosquito 

samples of each Permethrin concentration and their cor-

responding replicate were subsequently pooled in a well-

labelled rearing cage.  

Survivor adults were subsequently monitored and seen 

through egg-laying, larval, pupal, and adult stages of 

development. Egg to larval, larval to pupal, and pupal to 

adult developmental stages were monitored. The result-

ing adults were described as the f1 generation. The f1 

survivor adults were exposed similarly and reared and 

monitored the same way through subsequent generations 

that were tagged f2, f3, and f4 generations. This proce-

dure is only done with the concentrations selected during 

the range-finding tests of LSLCs. Mortality in each gen-

eration, as from the f0 generation, was also monitored 

and recorded. 

2.6 Handling and Maintenance of Exposed Mosquito 

Culture  

Adult Anopheles gambiae (Kisumu) exposed to the earli-

er determined Lowest sub-lethal Permethrin Concentra-

tions (LSLCs) were bred to monitor population mortality 

over numerous generations. The 24-hour adult mosquito 

survivors of the LSLCs were pooled into designated 

adult-rearing cages. Adult mosquitoes were adjusted up-

ward by exposing individuals from the population until 

the total numbers were running above 2,500 individuals 

per concentration treatment. The exposed mosquitoes 

were handled carefully and discretely. Each was pains-

takingly reared through all developmental stages, as de-

scribed earlier. The cultures of exposed mosquitoes were 

raised alongside unexposed mosquitoes, and various dy-

namics presented by each were noted for comparison. 

The adults raised as f1 generation were exposed to the 

same concentration of Permethrin treatment described 

earlier and returned to the adult rearing cages. They were 

subsequently handled through other developmental stag-

es described in the stock culture and closely monitored.  

2.7 Measurement of Activities of Detoxification En-

zymes in An. gambiae (Kisumu) Population  

Thirty non-blood female adult mosquitoes were selected 

from the reared population of Permethrin exposed to the 

lowest sub-lethal concentrations (LSLCs) and analysed 

for detoxifying enzyme activities. Control of these ex-

periments was made of 30 non-blood female adult mos-

quitoes not exposed to the insecticide. Assays of 

monooxygenase (P450), GST, and esterase, the major 

detoxification enzymes, were carried out using proce-

dures described by WHO [22]. Thirty adult mosquitoes 

per generation were each homogenised in an ice-cold 

buffer of phosphate (0.1M; pH 7.2) in 1.5ml microfuge 

tubes with Pellet Pestle Motor (Kontes Anachem, Met-

tler Toledo, Luton, Bedfordshire, UK). After the homog-

enisation, in a refrigerated centrifuge (Eppendorf Centri-

fuge 5417R, Motor Park Way, New York, United 

States), the resulting homogenates were centrifuged for 

one minute, and the supernatants were used for the as-

says. All of the assays were three-fold duplicates. To 

assess the activities of the esterase enzyme, absorbance 

levels for each sample were compared with standard ab-

sorbance curves for known concentrations of - naphthol. 

The results were reported as micromols (μmol) of the 

product formed/min/mg protein [22]. 

2.8 Data Analysis 

Information obtained was calculated as means and per-

centages and expressed in tables and charts using SPSS 

16.0. These were compared statistically using Analysis 

of Variance at P=0.05 with the aid of Graph-Pad prism 8. 

 

3.0 RESULTS 

3.1 Obtained Sub-lethal Concentrations of Perme-

thrin 

If C2 = re-calculated concentration; C1 = 21.50 

(recommended concentration); V2= 1ml of each concen-

tration of dilution; V1 = Quantity of the original stock 

solution of Permethrin to be used. Thus, sub-lethal con-

centrations of Permethrin were obtained using the dilu-

tion formulae:  

  C1V1=C2V2  

 A summary of the derivations of various lethal and sub-

lethal exposure concentrations of Permethrin is presented 

in Table 1.   

3.2 Mortality Responses of An. gambiae (Kisumu) to 

Various Concentrations of Permethrin and Sub-

lethal Concentration Determination 

Table 2 shows the mortality responses of An. gambiae 

(Kisumu) adult population exposed to permethrin at vari-

ous quoting concentrations in CDC bottles. The CDC 

recommended Permethrin concentration of 21.5µg per 

Adesoye et al Pan African Journal of Life Sciences (2023): 7(3): 750-758 
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CDC bottle elicited 25±0.00 (100%) mortality of  of An. 

gambiae (Kisumu) mosquitoes after 30 minutes of expo-

sure. A similar mortality trend with insignificantly differ-

ent (P>0.05) values was observed at 15.0µg Permethrin 

concentration.  At a concentration of 1.0 µl/bottle, a sig-

nificantly higher (P<0.05) concentration of 1.0 µl/bottle, a 

significantly higher (P<0.05) average mortality of 

36.00±1.42 (36.00%) compared with insignificantly dif-

ferent values of between 1.00±0.83 (4.00%) was obtained. 

No mortality (0.00%) was recorded at all other lower con-

centrations (0.9µg, 0.8µg, 0.6, 0.4µg and 0.2µg per bot-

tle) after 1-hour exposure. The same mortality was sus-

tained for 24 hours and beyond at Permethrin concentra-

tions lower than 0.9µg per bottle. Hence, these were con-

sidered and taken as sub-lethal concentrations for the test-

ed An. gambiae Kisumu population. A closer look at the 

mortalities of the various sub-lethal concentrations after 

24 hours showed that, even though not significantly dif-

ferent (P<0.05), no mortalities (0.00±0.00; 00.0%) were 

recorded at 0.4 µg and 0.2µg per bottle while 4.00±0.83 

(4.00%) each were recorded at 0.9µg, 0.8µg and 0.6 µg 

per bottle.  

Thus, the lowest sub-lethal Permethrin exposure concen-

trations A closer look at the mortalities of the various sub-

lethal concentrations after 24 hours showed that, even 

though not significantly different (P<0.05), no mortalities 

(0.00±0.00; 00.0%) were recorded at 0.4 µg and 0.2µg 

per bottle while 4.00±0.83 (4.00%) each were recorded at 

0.9µg, 0.8µg and 0.6 µg per bottle. These were also readi-

ly expressed in Figure 1, where the expression after one 

hour and 24 hours of exposure was similar to that of the 

unexposed or control experiment. Thus, the lowest sub-

lethal Permethrin exposure concentrations that resulted in 

mortality rates comparable to those of unexposed suscep-

Adesoye et al Pan African Journal of Life Sciences (2023): 7(3): 750-758 

S/N Sub-Lethal Con-

centrations (µg/

bottle) 

Quantity of 

Stock Taken 

(ml) 

Added Vol. of 

Acetone (ml) 

1 15.0 0.6970 0.3030 

2 10.0 0.6970 0.4650 

3 5.0 0.6970 0.7670 

4 1.0 0.0465 0.9530 

5 0.9 0.0418 0.9580 

6 0.8 0.0372 0.9620 

7 0.6 0.0279 0.9720 

8 0.4 0.0186 0.9810 

9 0.2 0.0465 0.0093 

Control 0.0       - 1.0000 

Table 1. Re-calculated Sub-lethal Concentration of Permethrin  

Subscripts with different alphabets along the row are significantly different at P˂0.05; n= 100; µg/b= Microgram per 25ml CDC bottle  

Time

(min) 

21.5µg/b 15.0µg/b 10.0µg/b 5.0µg/b 1.0µg/b 0.9µg/b 0.8µg/b 0.6µg/b 0.4µg/b 0.2µg/b Control 

0 0.00±0.0

0a(0) 

0.00±0.0

0a(0) 

0.00±0.0

0a(0) 

0.00±0.00

a(0) 

0.00±0.0

0a(0) 

0.00±0.

00a(0) 

0.00±0.

00a(0) 

0.00±0.0

0a(0) 

0.00±0.

00a(0) 

0.00±0.0

0a(0) 

0.00±0.00

a(0) 
15 27.00±0.

50a(27) 

33.00±1.

71a(33) 

0.00±0.0

0d(0) 

10.00±0.5

8c(10) 

1.00±0.5

0a(1) 

0.00±0.

01d(0) 

0.00±0.

01d(0) 

0.00±0.0

0d(0) 

0.00±0.

00d(0) 

0.00±0.0

0d(0) 

0.00±0.00

d(0) 

30 100.00±0

0a(100) 

90.80±2.

22a

(90.8) 

26.00±0.

50a(26) 

10.80±0.9

6b(10.8) 

1.00±0.5

1b(1) 

0.00±0.

02b(0) 

0.00±0.

02b(0) 

0.00±0.0

0b(0) 

0.00±0.

00b(0) 

0.00±0.0

0b(0) 

0.00±0.00

b(0) 

35 100.00±0

.00a (100) 

100.00±

0.00a

(100) 

42.00±0.

58a(42) 

72.75±12.

50a(72) 

7.00±1.5

0b(7) 

1.00±0.

50b(1) 

0.00±0.

00b(0) 

0.00±0.0

0b(0) 

0.00±0.

00b(0) 

0.00±0.0

0b(0) 

0.00±0.00

b(0) 

40 100.00±0

.00a(100) 

100.00±

0.00a

(100) 

42.00±0.

58a(42) 

72.75±12.

50a(72) 

7.00±1.5

1b(7) 

1.00±0.

50b(1) 

0.00±0.

00b(0) 

0.00±0.0

0b(0) 

0.00±0.

00b(0) 

0.00±0.0

0b(0) 

0.00±0.00

b(0) 

45 100.00±0

.00a(100) 

100.00±

0.00a

(100) 

84.75±1

2.51a(84) 

80.00±0.0

2a(80) 

15.00±1.

89b(15) 

3.00±0.

50b(3) 

0.00±0.

00b(0) 

0.00±0.0

0b(0) 

0.00±0.

00b(0) 

0.00±0.0

0b(0) 

0.00±0.00

b(0) 

60 100.00±0

.00a 

100.00±

0.00a

84.75±1

2.51a(84) 

80.00±0.0

2a(80) 

37.00±1.

41a(37) 

4.00±0.

82b(4) 

0.00±0.

00b(0) 

0.00±0.0

0b 

0.00±0.

00b(0) 

0.00±0.0

0b(0) 

0.00±0.00

b(0) 

24hrs 100.00±0

.00a 

(100) 

100.00±

0.00a 

(100) 

100.00±

0.00a

(100) 

100.00±0.

00a(100) 

36.00±1.

42a(36) 

4.00±0.

83b(4) 

4.00±0.

82b(4) 

4.00±0.8

2b(4) 

0.00±0.

00b(0) 

0.00±0.0

0b(0) 

0.00±0.00

b(0) 

Table 2. Mean Mortality and Mortality Rates (%) of An. gambiae (Kisumu) Population Exposed to Various Permethrin Concentrations  
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tible An. gambiae Kisumu strains are 0.2µg and 0.4µg 

per bottle, and these were subsequently referred to as 

LSLC 1 and LSLC 2, respectively. 

3.3 Mortality Rate of Anopheles gambiae (Kisumu) 

Population Exposed to Permethrin Sub-lethal Expo-

sure Concentration  

After exposure of the f0 generation of Anopheles gambi-

ae (Kisumu) population to the lowest Permethrin Sub-

lethal Exposure Concentration of 0.4 µg/bottle (LSLC 2), 

the population could not lay eggs and produce f1 and 

subsequent generations. Mosquitoes exposed to 0.2µg/

bottle Permethrin Sub-lethal Exposure Concentration 

(LSLC 1) survived four filial generations but did not 

make the fifth under this study.   

Table 3 shows the mean mortality of Anopheles gambiae 

(Kisumu) Populations exposed persistently to LSLC 1 

(0.2 µg/bottle) over generations with no significant mor-

tality. Correlation with Abbott’s formula was unneces-

sary, as control mortalities were less than 5% throughout 

the test [23]. As shown in Table 4, the mean GST en-

zyme activity obtained from unexposed (Control) mos-

quitoes was 1.13±0.77 mmol/min/mg/protein. GST en-

zyme, unlike monooxygenase and esterase enzymes, 

showed significant (P< 0.05) upregulation as the genera-

tion of An. gambiae (Kisumu) mosquito progresses.  

Esterase enzyme activity over generation was not signifi-

cantly different from each other and from the control ex-

periment. Monooxygenase activity only increases signifi-

cantly (P< 0.05) after the third generation of persistent 

exposure to the 0.2 µg/bottle of Permethrin. 

 

4.0 DISCUSSION  

Mosquito vectors would have remained susceptible if not 

for their exposure to resistance selection pressures in one 

way or another. This in An. gambiae mosquitoes includes 

insecticide usage in human vector and or pest control and 
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Figure 1. Mortality Rates of Adults An. gambiae (Kisumu) after 1hr 

and 24hrs Exposure to Standard and Sub-Lethal Concentrations of 

Permethrin Ns = non-significant; P=0.005; µg/B = Microgram per 25ml 

CDC bottle 

Subscripts with different alphabets along the row are significantly different at P˂0.05; n= 100 

Time (min/hrs) fo f1 f2 f3 f4 Control 

0 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 
15 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 

30 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 

35 0.00±0.00a(0) 4.00±0.82a(4) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 

40 0.00±0.00a(0) 4.00±0.82a(4) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 

45 0.00±0.00a(0) 4.00±0.82a(4) 4.00±0.82a(4) 0.00±0.00a(0) 0.00±0.00a(0) 0.00±0.00a(0) 

60 0.00±0.00a(0) 4.00±0.82a(4) 4.00±0.82a(4) 0.00±0.00a(0) 0.00±0.00a(0) 4.00±0.82a(4) 

24hrs 0.00±0.00a(0) 4.00±0.82a(4) 4.00±0.82a(4) 0.00±0.00a(0) 0.00±0.00a(0) 4.00±0.82a(4) 

Table 3. Mean Mortality and Mortality Rates (%) of An. gambiae (Kisumu) Exposed Persistently to LSLC 1 (0.2µg/bottle) over Generations  

Detoxifying Enzymes F0 (0.4µg/b) F0(0.2µg/b) F1 (0.2µg/b) F2(0.2µg/b) F3 (0.2µg/b) Control 

Monooxygenase 

(P450/mg protein) 

0.014±0.029a 0.003±0.003b 0.003±0.003b 0.004±0.002b 0.005±0.002c 0.001±0.001bc 

Esterase 

(μmol/min/mg protein) 

5.350±10.22a 4.720±9.93a 2.500±1.25b 2.670±1.69b 2.880±1.40b 2.770±2.30ab 

 GST 

(mmol/min/mg/protein) 

1.950±0.93a 1.990±0.82a 2.60±1.46b 3.06±1.45c 3.52±1.25bc 1.130±0.77d 

Table 4. Mean Activities of Detoxifying Enzymes in Anopheles gambiae (Kisumu) Mosquitoes Exposed to LSLCs over Generations 

n = 30; Subscripts with different alphabets along a row are significantly different at P˂0.05 
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management, presence of Xenobiotics in mosquitoes' 

habitat, urban and industrial pollutants (Anthropogenic 

pollutants), biotic interactions between other organisms 

and vectors, and climate change [13]. High LLINs and 

IRS coverage have been repeatedly implicated in the Per-

methrin resistance development in An. gambiae or recur-

rent space control interventions [9]. The population of 

Anopheles gambiae (Kisumu) used for this research work 

is susceptible to the standard CDC-recommended con-

centration of Permethrin. This is evident in 100 % mor-

tality recorded after the population was exposed to the 

standard discriminating concentration (21.5µg/bottle) of 

Permethrin for 30 minutes [23, 24]. It could be inferred 

that human interference in the natural activities of the 

ecosystem mainly led to the development of resistance in 

the major malaria vector populations.  

Permethrin insecticide, as recommended by WHO [24], 

even at a lower concentration of 15µg/bottle, was 100% 

effective against the susceptible Kisumu mosquitoes. 

However, lower sub-lethal concentrations of 0.9 µg, 0.8 

µg, 0.6 µg, 0.4 µg, and 0.2 µg of Permethrin per CDC 

bottle brought about insignificant differences in the % 

mortality of An. gambiae (Kisumu) mosquitoes as com-

pared to the control experiment. Some authors have also 

described Permethrin as an effective insecticide against 

malaria vectors [24, 25]. The Centre for Disease Control 

supplied the original liquid stock solution used in this 

study, and it was confirmed to be very effective against 

the malaria vector. Paaijmans et al.’s [27] observation 

also corroborates reports of the effectiveness of Perme-

thrin insecticide. They reported in their study that most 

household mosquito species in Catalonia were highly 

DDT-resistant, though this insecticide has been banned 

and not used since the 70s. Meanwhile, in the case of 

organophosphorus in the experiment, the result was nev-

er expected, as it was revealed that most mosquito vec-

tors are almost insensitive to this product; in some sam-

ples, mortality was 0%. However, 95% of the mosquito 

species were susceptible to the pyrethroid (Permethrin) 

insecticide. Unfortunately, five years later, the mosquito 

population in the same region has developed significant 

insensitivity to the pyrethroid insecticide.  

Persistent use of any chemical insecticide in the control 

of An. gambiae vectors leads to the development of re-

sistance mechanisms in them, and this applies to their 

sibling species – An. coluzzii, which is now reported by 

Adeogun et al. [3] to be significantly replacing An. gam-

biae in some States as LLINs interventions scaled up in 

Nigeria.  Individual mosquito populations have evolved 

resistant qualities in their genetic constitution due to ex-

posure to sub-lethal amounts of insecticide over genera-

tions. They are multiplied over time by the subsequent 

amplification of resistant traits [16]. This study, there-

fore, provides 0.2 µg/bottle of Permethrin as the lowest 

sub-lethal concentration of Permethrin that An. gambiae 

mosquito vectors are subjected to in the wild on account 

of persistent sub-lethal dose exposure, thus developing 

resistance mechanisms to various insecticides over time 

as illustrated by Adi and Murad, [28].  When a particular 

insecticide is being administered for vector control, pop-

ulation sections of different mosquito species in the wild 

would be subjected to a sub-lethal concentration of the 

insecticide; this encourages resistance development if the 

population over generations is exposed to the sub-lethal 

concentration of the insecticide.  

The activity of enzymes through the exposure of the 

mosquito population to 0.2µg/bottle had an effect on 

their reproduction ability, as demonstrated in Laodelphax 

striatellus by Zhang et al. [29]. Hence, a significant con-

centration in the LSLC 2 (0.4 µg/bottle) exposed popula-

tion could be responsible for the inability of the mosqui-

toes to produce subsequent generations and also for the 

mosquito population under LSLC 1 not to make it up to 

the 6th generation of persistent exposure. There was no 

significant mortality record as the same An. gambiae 

(Kisumu) population was exposed to LSLC 1 (0.2 µg/

bottle of Permethrin) over generations. However, the 

population responded to the insecticide concentration in 

terms of developing metabolic mechanisms (Metabolic 

resistance selection) to detoxify the insecticide through 

the activities of enzymes. The present study expresses 

what occurs in the background of mosquito vector popu-

lations when they are exposed to insecticide-impregnated 

nets as well as other vector chemical repellent materials 

that are in domestic use. Also, unprofessional/ indiscrim-

inate use of rodenticides, herbicides as well as improper 

disposal of oil and insecticide containers lead to exposure 

of mosquitoes to sub-lethal concentrations of insecticides 

that will select metabolic resistance response in them. 

Excessive activity of the monooxygenase enzyme in con-

junction with other two enzymes in the present study is 

in correlation with some past reports establishing elevat-

ed P450 monooxygenase activity levels in insecticide-

resistant mosquitoes in conjunction with increased levels 

of activities of other enzymes [30]. For instance, Vulule 

et al. [31] demonstrated elevated esterase and P450 oxi-

dase activity levels in An. gambiae resistant to Perme-

thrin, suggesting co-enzymatic regulation. There was 
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also a report of oxidase-based and esterase-based re-

sistance mechanisms separately and jointly in An. albi-

manus in Guatemala resistant to Permethrin [32]. In their 

recent study, this phenomenon is what Awolola et al. [9] 

referred to as multiple resistance mechanisms in malaria 

vectors. In addition, increase in monooxygenase enzyme 

and GST enzyme activities can confer cross-resistance on 

any mosquito population [27]. This is because P450s can 

metabolise a wide range of substrates, raising concerns 

about their ability to produce cross-resistance. Also, the 

principal function of GSTs is thought to be the detoxifi-

cation of both endogenous and xenobiotic chemicals, 

either directly or via catalysing the secondary metabo-

lism of a wide range of substances oxidised by the cyto-

chrome P450 family. Increased GST activity has, there-

fore, been linked to cross-resistance of at least four kinds 

of insecticides [32, 33] more so that its development has 

been reported by Adeogun et al. [3] in 2023 to be synon-

ymous with Knockdown – Kdr resistance mechanism in 

An. gambiae mosquitoes.  

In conclusion, managing insecticide resistance is a signif-

icant difficulty in vector management. Fortunately, the 

current work clarifies essential mechanisms that underlie 

resistance, allowing for the management of insecticide 

resistance to be achieved as envisaged by Reid et al. 

[33]. There was no significant difference (P>0.05) in the 

esterase levels across generations. In contrast, monooxy-

genase and GST levels were significantly up-regulated 

(P<0.05) in subsequent generations of 0.2 µg/bottle-

treated mosquitoes. However, there was a consistent and 

progressive increase in GST level with advancing gener-

ations. Therefore, it may be inferred that the P450 

monooxygenase enzyme mechanism is a prelude to the 

overexpression of the GST enzyme. Hence, if the devel-

opment of the GST metabolic resistance enzyme can be 

inhibited or stopped in An. gambiae mosquito vector 

populations, multiple resistance and cross-resistance 

mechanisms in malaria vectors could be effectively regu-

lated. 
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