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Background

Neonicotinoids are gradually being introduced into malaria vector control due to their mode of action that targets insect nicotinic acetylcholine receptors (nAChRs). However, prior to scaling up novel insecticides, it is important to assess the susceptibility of the mosquito population to this molecule. The present study aimed to determine the susceptibility level of mosquitos collected from agricultural and urban sites against neonicotinoids in Benin.





Material and methods

An. gambiae sl. larvae were collected from three urban sites and two agricultural sites in southern Benin. An. gambiae sl. larvae collected from three urban and two agricultural sites in southern Benin were exposed to neonicotinoids (clothianidin, acetamiprid, and imidacloprid) for 1 hour, and mortality rates were monitored from 24h to day 7 post-exposure. After molecular identification of the samples, Taqman assays were used to genotype key pyrethroid-resistant markers, and qPCRs were performed to establish the level of expression of detoxification enzymes in resistant mosquitoes.





Results

Overall, resistance to acetamiprid and imidacloprid was observed in the five study sites surveyed whereas full susceptibility was recorded to clothianidin. Anopheles coluzzii was the only species found in all sites. TaqMan genotyping showed a very low presence of key pyrethroid-resistant markers suggesting that metabolic resistance is more implicated in neonicotinoid resistance in Anopheles. coluzzii populations from southern Benin. qPCR performed revealed overexpression of P450 genes (CYP6M2, CYP6P4, CYP6Z1, CYP6Z2, and CYP4G16) and sensory proteins (Sap1, Sap2, and Sap3).





Conclusion

This first assessment of neonicotinoid resistance in Benin showed evidence of neonicotinoid resistance in both agricultural and urban areas. However, full susceptibility to clothianidin was observed, showing that this insecticide could be used to enhance the efficacy of control tools. In addition, there is a need of an integrated approach, including coordinated education on pesticide use, to improve the overall management of insecticide resistance in both agricultural and public health sectors.
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Background

Despite widespread strategies to reduce the incidence of malaria in Africa, there was an increase in malaria cases from 227 million in 2019 to 247 million in 2022 with most of this increase coming from countries in the World Health Organization (WHO) African Region (1). In Benin, mosquitoes from An. gambiae s.l. and An. funestus group are the main vectors responsible of malaria transmission in several regions of the country (2–5). Control of malaria relies largely on the use of insecticides to prevent mosquitoes from transmitting the malaria parasite to humans (6, 7). Four main classes of insecticides are recommended by the World Health Organization Pesticide Evaluation Scheme (WHOPES) for use in public health programs: organochlorines, organophosphates, pyrethroids, and carbamates (8, 9). These insecticides are used to saturate bednets (LLINs) or for indoor residual spraying (IRS) (8, 9). Pyrethroids are the main insecticides used because of their relative safety for humans, rapid knock-down effects, and cost effectiveness (10). Unfortunately, resistance to pyrethroids is widespread in African malaria vectors and varying levels of resistance to the other insecticides used for vector control (carbamates, organophosphates, and organochlorines) have been recorded. Insecticides to which vectors are resistant include pyrethroids such as permethrin, deltamethrin, and alphacypermethrin which are commonly incorporated into mosquito nets (11–13) (Corbel et al., 2007; Ngufor et al., 2015, Sovi et al., 2020). In southern Benin, many studies have reported high resistance in populations of An. gambiae s.l., causing a threat to malaria control (11–18). Malaria vector control relies on the mass distribution of LLINs and IRS operations. From 2011 to 2016, an IRS program was implemented with funding from the US President’s Malaria Initiative (PMI), in North Benin and targeted all houses in the Atacora region. During the 6 years of the IRS campaign, two insecticides with different modes of action were used in rotation: bendiocarb (a carbamate) and pirimiphos methyl (an organophosphate), due to the emergence and expansion of resistance of Anopheles vectors to insecticides, especially pyrethroids (19–21). Six years post-IRS implementation (2011–2016), a significant reduction in malaria transmission in the Atacora region was noted (2, 22). In 2017, the IRS program was moved to two other regions (Donga and Alibori) in the North, with hopes that the gains would relatively be sustained because of the seasonality of malaria transmission. However, some studies have already reported resistance to carbamate and organophosphates in malaria vectors (23). This stresses the need for a judicious application of non-pyrethroid insecticides to delay the onset of resistance and preserve efficacy of malaria control tools. Therefore, it is important that regular monitoring is carried out to detect the early occurrence of resistance in malaria vectors. This will better guide National Malaria Control Programs (NMCP) in their choice of insecticide-based tools. In regard to this challenge, there are urgent needs for new tools for vector control to improve the management of malaria transmission. Thus, the WHO has recently recommended the introduction of neonicotinoids, a class of neuro-active insecticides chemically similar to nicotine. Neonicotinoid pesticides were developed in 1980s, were first registered for use in agriculture in the 1990s, and are now the most widely used insecticide in the world, replacing organophosphate and carbamate insecticides (24) with large-scale applications ranging from plant protection, veterinary application, and biocides for invertebrate pest control in fish farming (25). Neonicotinoid insecticides are of great interest due to their different mode of action, preventing cross-resistance with pyrethroids. They selectively bind and interact with the insect nicotinic acetylcholine receptor site (nAChRs), affecting the synapses in the central nervous system (26). Neonicotinoids cause nervous stimulation at low concentrations, but receptor blockage, paralysis, and death at higher concentrations. Neonicotinoids have a high target specificity to insects, a relatively low risk for nontarget mammalian species and the environment, and a versatility in application methods (27). At low doses, neonicotinoids cause decreased activity and tremors, mydriasis or miosis, and incoordination; and at higher doses, they cause hypothermia, staggering gait, salivation, trembling, and spasms. At lethal doses, death is observed within 4 h (28). Neonicotinoids bind more strongly to insect nAChRs than to those of vertebrates, so they are selectively more toxic to insects (29, 30). Due to their low mammalian toxicity (including other non-target species), these insecticides are widely used in agricultural pest management (31). The neonicotinoid class of insecticides includes acetamiprid, clothianidin, dinotefuran, imidacloprid, nitenpyram, thiacloprid, and thiamethoxam, among which clothianidin is mainly used for vector control. Clothianidin was developed alone under the name of SumiShield by Sumitomo and in combination with deltamethrin by Bayer under the name of Fludora Fusion for monitoring insecticide resistance in malaria vectors. A study in Benin showed that the mixture of clothianidin and deltamethrin induced high mortality and has demonstrated a residual efficacy of 8 to 9 months on pyrethroid-resistant An. gambiae sl. (32). In view of the performance of this insecticide, clothianidin was recently recommended by the WHO for indoor residual spraying (33). However, with the increase of insecticide resistance due to agricultural practices, it is important to monitor the efficacy of insecticides in order to improve malaria control strategies. Three neonicotinoids were assessed in this study: clothianidin, acetamiprid, and imidacloprid. We evaluated the resistance level of An. gambiae sl. to neonicotinoids in different agriculture and urban areas to generate data that could serve as a basis for discussion of novel neonicotinoid-based vector control strategies.





Materials and methods




Study sites

This study was conducted in three urban sites, namely, Akogbato (N 06°21.694’, E 002°21.552’), Fifadji (N 06°23.691’, E 002°23.992’), and Ladji (N 06°23.357’, E 002°25.791’) and two agricultural sites: Houeyiho (6°22′ 21″N, 2° 23′ 38″E) and Sèdjè-Denou (6°32’ 87″N, 2°13′ 26″E). The three urban sites are located in Cotonou at least 10 kilometers from each other. Houeyiho is a vegetable farm also located in Cotonou while Sedjè-Denou is a rice farm in Abomey-Calavi (situated 15km from Cotonou) as no rice field could be found in Cotonou near to the other selected sites (Figure 1). Previous studies reported the use of insecticides and fertilizers in rice and vegetable farms (34) whereas no agricultural activities were observed in urban sites. Urban and agricultural sites were chosen in this study to compare the resistance status at the two sites in order to establish whether agriculture or urbanization alone or combined can select for resistance in malaria vectors.




Figure 1 | Map showing the study sites.







Mosquito collection

Immature stage mosquitos (larvae and pupae) were collected at the study sites using dipping methods (35) from July 2021 to May 2022. Larvae sampled from each site were reared separately to the adult stage for molecular identification and insecticide susceptibility testing. Mosquito larvae were reared under standard insectary conditions (25–27°C and 70–75% relative humidity) and fed daily with powdered Tetramin® baby fish food (Charterhouse Aquatics, London, UK) until their progression to the adult mosquito stage (34). Adult mosquitoes were identified morphologically and An. gambiae sl. were sorted using the identification keys of Gillies and De Meillon (36) and Gillies and Coetzee (37).





Molecular analysis




Species identification

The genomic DNA was extracted from a subset of mosquitoes randomly selected from alive and dead mosquitoes in each of the collection sites. In total, 75 mosquitoes each from Houeyiho and Fifadji, 60 from Ladji, and 100 each from Akogbato and Sèdjè were analyzed using the Livak method (38) and the members of the An. gambiae complex were identified by polymerase chain reaction (PCR) (39, 40). Furthermore, DNA extracted from specimens of Anopheles gambiae sensu stricto were subjected to PCR for identification of ‘Anopheles coluzzii’ and ‘Anopheles gambiae’ (26).






CDC bottles bioassays

The bioassays were performed using Center for Disease Control (CDC) bottles with discrimination concentrations of 75ug and 200ug for acetamiprid and imidacloprid respectively as described by Chouaïbou et al. (41). The bottles used for the bioassay need to be coated inside with a diagnostic dose of the insecticide under evaluation. Stock solutions were prepared from technical-grade insecticide. In this study, the technical grade insecticide was solid with a purity between 97–98%. Therefore, calculations were made based on the purity of the insecticide and a stock solution was prepared. One ml of the stock solution contained the desired amount of insecticide to be added to the bottle. The treatment of bottles was conducted following the CDC guidelines (42, 43). Technical grade neonicotinoids were purchased from Sigma with a purity between 97–98%. The solutions (insecticides mixed with solvents) were conserved at 4°C in the dark for 24 h before use to maximize the solubility (44). The bottles were coated with 1ml of each insecticide under evaluation. The bottles were protected from light using aluminum foil and allowed to dry overnight for complete evaporation of the solvent before use. The different concentrations were first tested on the susceptible Anopheles gambiae Kisumu for quality control of the insecticide solution and 100% mortality was obtained. For each bioassay with field mosquitoes, we used four treated bottles coated with the target insecticide and two control bottles (one coated with acetone only and the second without any substance). The susceptibility tests were carried out as follows: 3–4 replicates of 20 to 25 (3 to 5-day-old) females were transferred from mosquito cages and gently released into test bottles where they were exposed to the active ingredient or into control bottles. The knockdown effect was recorded during 1 hour of exposure and the mosquitoes were transferred into a paper cup and provided with a 10% sugar solution. Mortality was monitored every day for 7 consecutive days under standard laboratory conditions.

Clothianidin tends to crystallize when diluted in acetone alone and the uptake of the active ingredient by the mosquitos becomes low. Therefore, Mero carrier was used together with acetone to prevent crystallization and is manufactured by Bayer Crop Science. Technical grade clothianidin dissolved in a mixture of Mero® (81% Rapeseed oil methyl ester) and acetone was prepared. CDC bottles are treated with the diagnostic dose of 4 μg/bottle of clothianidin as recommended by the WHO. Serial dilutions (1/2, 1/4, 1/8) were made from the diagnostic dose (4ug) and were also tested. One ml of the clothianidin solution (4μg/bottle) was transferred using a pipette and coated a 250ml glass bottle. Two control bottles were also used, one treated with a solution of acetone/Mero mixture and the second without no substance. The exposure time is 60 minutes. Knock-down was recorded at 30 minutes and at 60 minutes. After the 1h exposure period, the mosquitoes were transferred into paper cups and provided with lightly moistened cotton wool containing a 10% sugar solution. Mortality was recorded 24h after exposure.





Genotyping assessment of target-site mutations in field An. gambiae sl.

A TaqMan-based approach was conducted for the genotyping of selected known target-site resistance markers in An. gambiae sl. to determine their frequencies in the mosquito populations. For this analysis, dead and alive mosquitoes were randomly selected from mosquitoes exposed to neonicotinoids in general (acetamiprid, imidacloprid, and clothianidin). The kdr mutations L1014F, L1014S and N1575Y (45), as well as the G119S-Ace1 mutation (46), were then screened in the An. gambiae sl. mosquitoes as previously described using the TaqMan PCR assay. Two fluorophore-labeled specific TaqMan probes were used, FAM to detect the homozygous resistant genotype and HEX to detect the homozygous susceptible genotype, while both FAM and HEX were used to detect the heterozygous genotype. A negative control (water) and positive controls (known as FAM, HEX, and both) were also used in a 10 µl volume that also contained SensiMix (Applied Biosystems, California, USA). The endpoint fluorescence was evaluated using Agilent MXPro software and the relationship between the frequency of the resistant alleles and the insecticide-resistant phenotypes was assessed (47). The total volume of PCR mix was 10ul containing 5μl of SensiMix DNA kit (catalog: SM2–717104), 0.125μl of each probe, 3.875 μl of sigma water, and 1 μl of genomic DNA as described by Tchouakui et al. (48).





Transcriptional profile of metabolic resistant genes in clothianidin-resistant mosquitoes

The expression level of 13 resistant candidate genes previously reported to be associated with pyrethroid resistance in An. gambiae sl. (CYP6M2, CYP6K1, CYP6Z1, CYP6Z2, CYP4G16, CYP6P1, CYP6P2, CYP6P3, GSTe2, GSTD3, Sap1, Sap2, Sap3) were assessed by a quantitative reverse transcription PCR (qRT-PCR) for one urban site (Fifadji) and one agricultural site (Sèdjè) where the highest resistance level was recorded. As described by Tepa et al. (49), three biological replicates of surviving mosquitoes after exposure to clothianidin (survivors from diluted diagnostic dose) and those unexposed were compared to the susceptible strain An. gambiae Kisumu with two housekeeping genes: Elongation factor (AGAP000883) and Ribosomal Protein S7 (AGAP010592). Total RNA was extracted from 3 batches of 10 mosquitoes each and similarly from the susceptible laboratory strain Kisumu, using the Arcturus PicoPure RNA isolation kit (Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s instructions. cDNA (complementary Deoxyribonucleic acid) was synthesized from the purified RNA by reverse transcriptase-PCR using the SuperScript III (Invitrogen, Waltham, MA, USA) and the oligo-dT207 of 19 and RNAse H (New England Biolabs, Ipswich, MA, USA) kit in a total reaction volume of 20 μL. Amplification was performed in an Agilent Mx3005 qRT-PCR thermocycler (Santa Clara, CA, USA) with the following conditions: 95°C for 3 min followed by 40 cycles of 10 s at 95°C and 10 s at 60°C; 1 min at 95°C; 30 s at 55°C and 30 s at 95°C. Samples were amplified in three technical replicates, using three biological replicates for gene expression analysis for each population. MxPRO software (Santa Clara, CA, USA) was used for the calculation of the Ct values for each reaction. Standard curves of assessed genes were established. As the efficiency was different from 100%, the Ct value was adjusted according to efficiency as previously done by Riveron et al. (50). The relative expression was calculated individually according to the 2-DDCT method (51) and plotted with R studio software. Genes were considered as relatively overexpressed to An. gambiae Kisumu when their relative fold changes (FCs) were more than a 2 fold-change (49).





Data analysis

Following the WHO guidelines on insecticide susceptibility, mosquito populations were considered susceptible if mortality at day 7 or 24h post-exposure was ≥98% and resistant if mortality was less than 90%. Mortality rates between 90% and 97% indicate the presence of resistant genes. Fisher’s exact test was used to establish statistical significance between mortality rates. Student’s t test was performed to determine whether the difference observed in the expression level after RT-qPCR was significant. The mean of the three replicates of each sample after normalization with housekeeping genes was used for this analysis.






Results




Molecular identification of mosquitoes tested

PCR assays revealed that all the mosquitoes tested from Houeyiho (n=75), Fifadji (n=75), Ladji (n=60), Akogbato (n=100), and Sèdjè (n=100) were all An. coluzzii (Figure 2).




Figure 2 | Species of Anopheles gambiae sl. Found in the surveyed sites.







Susceptibility profile to acetamiprid

Bioassays using acetamiprid revealed resistance to this insecticide in the five study sites surveyed. The highest mortality rate (49%) was observed in Ladji, (urban site) (P<0.0001). There was no statistically significant difference in mortality among sites (P=0.6914) except between Ladji (urban site) and the other study sites. The results showed that mosquitoes from both urban and agricultural sites were resistant to acetamiprid (Figure 3).




Figure 3 | Susceptibility profile of An. Coluzzii to acetamiprid and imidacloprid in urban and agrilcultural sites in Benin. (*) indicates significance difference between treatments.







Susceptibility profile to imidacloprid

Resistance was observed in An. coluzzii population from Ladji (urban site) and suspected in Sèdjè (rice field) with mortality rates of 76.23% and 97.44% respectively. Mortality rates ranging from 76.23% to 86.96% were recorded in Fifadji, Akogbato (urban site), and Houeyiho (agricultural site). A significant difference was observed between mortality rates observed in Ladji (P=0.0035) and Sèdjè (P<0.0001) and the other study sites. Overall, resistance to imidacloprid was low in all surveyed sites compared to acetamiprid (Figure 3).





Susceptibility profile to clothianidin

Full susceptibility was observed for all An. coluzzii populations with a mortality rate of 100% when exposed to clothianidin dissolved in acetone + Mero at a concentration of 4 µg/ml as recommended by the WHO with a gradual decrease in mortality proportionally to the different dilutions made from the diagnostic dose (Figure 4). No mortality was observed in the control bottles. Results of bioassays are summarized in Tables 1A, B.




Figure 4 | Assessment of clothianidin resistance using acetone and MERO as solvent. Percentage mortality (24 h) of field collected mosquitoes after exposure to each of the four concentrations of clothianidin (with acetone + MERO assolvent).




Table 1 | A and B: Susceptibility to neonicotinoids profile of An. gambiae sl. collected at surveyed sites.







Genotyping of target site mutations

The frequencies of target-site mutations (Kdr west L1014F, Kdr East L1014S, N1575Y, and Ace1 G119S) were monitored in An. coluzzii populations exposed to neonicotinoids. The allelic frequency of the Kdr west L1014F mutation remain was almost the same in dead and alive mosquitoes. The other mutations (Kdr East L1014S, N1575Y, and Ace1 G119S) were very low or absent. These findings suggest that metabolic mechanisms may be more involved in the observed resistance to neonicotinoids (Table 2).


Table 2 | Allelic frequencies of Kdr west L1014F, Kdr East L1014S, N1575Y, and Ace1 G119S in dead and alive mosquitoes exposed to neonicotinoids.







Metabolic gene expression

The expression pattern of known resistance-associated genes was evaluated in resistant samples compared to the unexposed control and susceptible An. gambiae kisumu using the RT-qPCR. This analysis was performed for some selected metabolic genes that were previously associated with pyrethroid resistance in An. gambiae sl. mosquitoes. The results from this experiment showed significant overexpression of three sensory appendage protein encoding genes with the following FC, sap1 (FC=9.45, P<0.0001); sap2 (5.61, P=0.025), and sap3 (4.58, P=0.0001), as well as two cytochromes P450, CYP6M2 (6.89, P<0.0001) and CYP4G16 (2.59 P<0,0001), in resistant mosquitoes compared to unexposed mosquitoes at the Sèdjè rice field. At the urban site Fifadji we also observed significant overexpression of sensory protein sap2 (14.60, P=0.006), and two cytochromes P450, CYP6Z1 (19.51, P=0,01) and CYP6Z2 (10.53, P=0,001) in resistant mosquitoes compared to the unexposed (Figures 5, 6). At Fifadji, there was overexpression of Sap3, Sap1 and Cyp6M2 with no significant difference between unexposed and resistant mosquitoes. A similar observation was recorded at Sèdjè with GSTe2, GSTD3, CYP6P1, CYP6Z1, and CYP6Z2. Overall, P450 genes are more overexpressed at both agricultural and urban sites suggesting that the mechanisms underlying neonicotinoid resistance remain the same everywhere. However, more experiments should be carried out through analyses tof more detoxification genes at many sites to confirm this observation.




Figure 5 | Differential expression by quantitative reverse-transcription polymerase chain reaction of the major insecticide resistance genes in An. gambiae sl. From Fifadji compared to susceptible An. gambiae Kisumu. (*) indicates significant overexpression of the enzyme.






Figure 6 | Differential expression by quantitative reverse-transcription polymerase chain reaction of the major insecticide resistance genes in An. gambiae sl. From Sèdjè comapared to susceptible An. gambiae Kisumu. (*) indicates significant overexpression of the enzyme.








Discussion

Prior to scaling up novel insecticides, it is vital to assess if their use in agriculture has already selected mosquito populations with reduced susceptibility in some areas. The present study is the first that explores the resistance to neonicotinoids in the main malaria vector An. coluzzii in Benin and raised the importance of the impact of insecticides used in agriculture on the development of resistance in insects of public health interest.

The susceptibility tests performed in this study confirmed the slower-acting effect of neonicotinoids compared to neurotoxic insecticides such as pyrethroids (47, 52). Indeed, pyrethroids are known to induce rapid mortality within 24 hours whereas acetamiprid/imidacloprid gradually induced mortality which increases over days and final mortality was recorded 7 days post-exposure (53). However, specifically, a new protocol was set-up by the WHO for clothianidin and mortality can be recorded 24h post-exposure. Clothianidin tends to crystallize if used with acetone alone and the uptake of the active ingredient by the mosquito becomes low, causing biases in the mortality rate. Therefore, a Mero carrier was used together with acetone to prevent crystallization. Ongoing activities are being performed to optimize the protocol of the other neonicotinoids (acetamiprid and imidacloprid). Hence, the difference observed in the susceptibility pattern to the three neonicotinoids tested was mainly due to the solvents used, leading to a possibly overestimated resistance (48). This situation makes monitoring resistance to this insecticide class very challenging. Full susceptibility was recorded with clothianidin at all surveyed sites. This observation is in line with results obtained by Chouaibou et al. (41) and Tchouakui et al. (48) confirming that Mero displays strong efficacy with clothianidin whereas ethanol or acetone as a solvent over-estimate the level of resistance in mosquitos due to crystallization. A recent study conducted by Ekra et al. (2024) (54) in three localities in Côte d’Ivoire showed a higher lethal effect of clothianidin on An. gambiae populations. This molecule could support a resistance management plan by being used in an insecticide rotation strategy for vector control interventions and in new types of net incorporating clothianidin. Clothianidin 50 WG was introduced for public health use in Benin in 2021 as part of large-scale community-based IRS campaigns. However, an integrated vector control framework and careful monitoring are important for managing insecticide resistance in malaria vectors. The results revealed resistance to neonicotinoids (acetamiprid and imidacloprid) at all the surveyed sites (urban and agricultural). This observation showed widespread neonicotinoid resistance in both urban and agricultural sites. Resistance against acetamiprid and imidacloprid was also recorded in An. gambiae sl. from Cameroon and Côte d’Ivoire (41, 48) raising the importance of an integrated approach in the control of malaria vectors. The spread of resistance could be due to rapid urbanization and extensive agriculture and results from this study showed the impact of agriculture on public health. Neonicotinoids especially acetamiprid and imidacloprid have never been involved in any vector control strategy in Benin so the resistance observed in Anopheles gambiae sl. vectors to these products could only be attributed to their use in agriculture. The association between the agricultural usage of pesticides and the development of insecticide resistance in Anopheles mosquitoes is widely documented (55–57). The overuse of pesticides in agricultural areas has led to Anopheles mosquito exposure to a diversity of xenobiotic compounds over the last few decades (58). Several studies have hypothesized that pesticide residues contaminate mosquito breeding sites and contribute to resistance selection to insecticides in mosquito populations (34, 58). In addition, neonicotinoids are highly soluble in water and can persist for months in aerobic soils, therefore contaminating mosquito breeding sites following agricultural use (59). An. coluzzii collected from urbanized areas were also resistant to neonicotinoids. These results suggest that others factors such as pollution and xenobiotics present in breeding sites may contribute to the selection of neonicotinoid-resistant vector populations. Indeed, many authors have reported high resistance of An. gambiae sl collected in polluted environments to several classes of insecticides, suggesting that other xenobiotics that are not insecticides, such as petroleum products, could select for insecticide resistance (60–63). In addition, urban agriculture has intensified the use of pesticides in urban areas which can lead to mosquito breeding sites and enhance their tolerance to new insecticides (64, 65). It is important to extend the study to many sites (urban and agricultural) to better appreciate the spread of this resistance in order to design the best strategies.

TaqMan genotyping was used to detect the underlying mechanisms of the observed resistance to neonicotinoids. Kdr East, N1575Y, and Ace-1 allelic frequencies were low or absent, and only kdr West was present with almost equal allelic frequency in alive and dead mosquitoes, suggesting that this mutation is playing little or no role in resistance to neonicotinoids in An. coluzzii populations.

The expression of the metabolic enzymes examined in this study showed the upregulation of almost the same genes in urban and agricultural sites, showing that An. coluzzii uses the same mechanisms against neonicotinoid insecticides everywhere. This information is crucial for designing suitable strategies for malaria vector control. The results from this study showed that resistance is widespread in both agricultural and urban sites. Therefore, it is important to implement an intersectoral collaboration between the Ministry of Health, Ministry of Agriculture, Ministry of Education, Ministry of Urban Planning, municipalities, and farmers organizations through educational programs, community engagement sessions, and field-based farmer field school learning programs. These different sectors should discuss, interact, actively engage, and empower farming communities with basic knowledge and skills regarding malaria issues, crop pests, pesticide management, and general good agricultural practices. These actions could contribute to preventing insecticide resistance in malaria vectors.





Conclusion

These findings showed that agricultural and environmental factors coupled with the misuse and overuse of insecticides by farmers might contribute to the spread of insecticide resistance in malaria vectors. However, full susceptibility was obtained with clothianidin at 4ug/L. This useful information could help policymakers to better plan insecticide resistance management using clothianidin in combination with pyrethroids or in rotation with the current insecticides used to enhance the efficacy of vector control tools and delay the spread of vector resistance. Insecticide resistance is a real threat to malaria control interventions and new tools and approaches are needed to address this issue. The data generated from this study could serve as a baseline in the development of vector control strategies based on the use of neonicotinoids.
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