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Abstract
The overexpression and overactivity of key cytochrome P450s (CYP450) genes are major drivers of metabolic resistance to insecticides in African malaria vectors such as Anopheles funestus s.s. Previous RNAseq-based transcription analyses revealed elevated expression of CYP325A specific to Central African populations but its role in conferring resistance has not previously been demonstrated. In this study, RT-qPCR consistently confirmed that CYP325A is highly over-expressed in pyrethroid-resistant An. funestus from Cameroon, compared with a control strain and insecticide-unexposed mosquitoes. A synergist bioassay with PBO significantly recovered susceptibility for permethrin and deltamethrin indicating P450-based metabolic resistance. Analyses of the coding sequence of CYP325A Africa-wide detected high-levels of polymorphism, but with no predominant alleles selected by pyrethroid resistance. Geographical amino acid changes were detected notably in Cameroon. In silico homology modelling and molecular docking simulations predicted that CYP325A binds and metabolises type I and type II pyrethroids. Heterologous expression of recombinant CYP325A and metabolic assays confirmed that the most-common Cameroonian haplotype metabolises both type I and type II pyrethroids with depletion rate twice that the of the DR Congo haplotype. Analysis of the 1kb putative promoter of CYP325A revealed reduced diversity in resistant mosquitoes compared to susceptible ones, suggesting a potential selective sweep in this region. The establishment of CYP325A as a pyrethroid resistance metabolising gene further explains pyrethroid resistance in Central African populations of An. funestus. Our work will facilitate future efforts to detect the causative resistance markers in the promoter region of CYP325A to design field applicable DNA-based diagnostic tools.
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1. Introduction
Malaria remains a major cause of death in Africa which shoulders about 94% of the global burden with 229 million malaria cases and  409,000 deaths recorded worldwide in 2019, mostly among pregnant women and children under five years of age (WHO, 2020). Cameroon bears approximately 3% of this global burden accounting for 23.6% of consultations in health centres, 68.7% of deaths in children below five years and 16.9% of deaths in pregnant women (Diengou et al., 2020; Tonye et al., 2018). Major vectors of malaria across Africa and in Cameroon are An. gambiae s.l. and An. funestus, which are both widely distributed (Antonio-Nkondjio et al., 2012), have high vector competences for Plasmodium, are highly anthropophilic (Tchuinkam et al., 2015) and thrive in urban and rural environments (Djouaka et al., 2016). The relative abundance of these vectors due to favourable climatic conditions and abundant breeding sites, is directly linked to malaria incidence rates in endemic areas and therefore a major public health concern (Antonio-Nkondjio et al., 2011).
Malaria prevention relies heavily on the use of insecticide-based interventions such as long lasting insecticidal nets (LLINs) and IRS (Indoor Residual Spraying) (Mendis et al., 2009). Pyrethroids remain the most widely used and main class of insecticides recommended by WHO for adult vector control through bed net treatment and IRS (WHO, 2020). However an alarmingly rapid increase and spread of pyrethroid resistance in malaria vectors An. gambiae and An. funestus poses a huge threat to the continued efficacy of current pyrethroid-based interventions (Riveron et al., 2013). 
[bookmark: article1.body1.sec1.p3]The two major mechanisms of insecticide resistance in mosquitoes are target-site resistance in the voltage-gated sodium channel (kdr) and metabolic resistance (Riveron et al., 2018a). Cytochrome P450 monooxygenase (CYP)-mediated detoxification is a major mechanism driving pyrethroid resistance in mosquitoes (Riveron et al., 2016), more so, in An. funestus where there is currently no evidence of target-site resistance (kdr) implying the resistance mechanism is principally metabolic (Hemingway, 2014; Moyes et al., 2020). Several studies already confirmed through QTL mapping and other analyses, the role of CYP6 cluster genes in An. funestus (Wondji et al., 2007) and An. gambiae (Nikou et al., 2003) pyrethroid-based resistance. Genome-wide transcriptomic analyses have implicated many over-expressed CYP450s in metabolic resistance in An. funestus across Africa (Riveron et al., 2017). The over-expression of these P450s has been characterised by a regional split as specific genes are over-expressed in different regions (Riveron et al., 2017; Weedall et al., 2019).  This is supported by the massive over-expression of CYP6P9a/b duplicated genes in southern Africa which does not occur in other regions. Recent progress has led to extensive characterisation of the CYP6P9a/b driven resistance with detection of DNA-based markers driving this resistance (Mugenzi et al., 2019; Weedall et al., 2019) allowing the use of PCR-based assays to detect such resistance in individual mosquitoes. However, separate assays must be designed for other regions such as Central Africa where different genes have been shown to be over-expressed. Among CYP450s, CYP325A has been shown to have the greatest fold change among P450s in the Central Africa region versus a susceptible strain of An. funestus (Mugenzi et al., 2019; Weedall et al., 2020). Several studies have characterised the role of Anopheles CYP450s in insecticide resistance, using in silico homology modelling/substrate docking, in addition to heterologous expression of recombinant CYP450s and activity assays.  For example, CYP6P3 and CYP6M2 shown to confer pyrethroid resistance in Anopheles gambiae (Müller et al., 2008; Stevenson, B. et al., 2011; Stevenson, Bradley J et al., 2011) and CYP6Z1 shown to metabolise DDT in the same species (Chiu et al., 2008). In An. funestus previous study has used docking and activity assays to establish allelic variation impacting pyrethroid resistance in the resistance genes, CYP6P9a and CYP6P9b (Ibrahim et al., 2015) as well as the role of the CYP6Z1 in cross-resistance to pyrethroid and bendiocarb (Ibrahim et al., 2016a). Also, in silico analysis of the 5’UTR regulatory element of the major An. funestus pyrethroid resistance gene CYP6P9a, coupled with promoter activity assay (dual luciferase reporter assay) has recently led to the discovery of the first metabolic resistance marker in CYP450s (Mugenzi et al., 2019; Weedall et al., 2019). However, the ability of this gene CYP325A to confer pyrethroid resistance and the underlying molecular process remain uncharacterised.
[bookmark: article1.body1.sec1.p4][bookmark: article1.body1.sec1.p5]Therefore, to fill this gap in knowledge, we investigated the role played by CYP325A in pyrethroid resistance in resistant populations of An. funestus from Cameroon, Central Africa. Up-regulation of this gene is highly associated with resistance to both type I and II pyrethroids in field populations of An. funestus in Cameroon. Through in vitro recombinant protein expression, metabolic assays, and modelling and molecular docking simulations we showed that CYP325A can metabolise both type I and II pyrethroids, albeit with greater efficient against type I. 
2. Materials and methods
2.1. Study sites
Blood-fed female Anopheles mosquitoes were collected from Mibellon (6°46’N, 11° 70’E), a rural village in Cameroon, Adamawa Region, (Figure S1A). This region forms a transition between forested south and northern savannah of Cameroon and comprises of several water bodies such as lakes and swamplands which act as suitable breeding sites for mosquitoes (Menze et al., 2018) Major activities in this region include subsistence farming, fishing, and hunting. Menze et al. (2018) identified high use of insecticides in agriculture, mainly pyrethroids, neonicotinoids and carbamates in this region (Menze et al., 2018). Other mosquito samples used in this study are samples collected during previous studies conducted across Africa (Figure S1B)  (Ibrahim et al., 2019; Ibrahim et al., 2016a; Menze et al., 2018; Riveron et al., 2015; Riveron et al., 2017; Riveron et al., 2016; Riveron et al., 2018b). Field mosquitoes from four different regions of Africa with different resistant profiles were utilized, together with the susceptible laboratory strain FANG, originally from Angola, as well as the resistant laboratory strain FUMOZ originating in Mozambique. The field resistant mosquitoes were from Southern Africa: Chikwawa in Malawi (Barnes et al., 2017); East Africa: Tororo in Uganda (Okia et al., 2018); West Africa: Kpome in Benin (Tchigossou et al., 2018) and Obuasi in Ghana (Riveron et al., 2016); Central Africa: Mibellon in Cameroon (Menze et al., 2018) and Kinshasa in DRC. The pyrethroid resistance profiles of these mosquito populations have been previously established. 
2.2. Mosquito collection and rearing
Blood fed, indoor resting female An. funestus mosquitoes were collected early morning, between 06:00 and 11:00 in the houses after verbal consent was obtained from household heads. Mosquitoes were collected in Mibellon in March 2018 using the Prokopack electrical aspirator (John W. Hook, Gainesville, FL, USA) and kept in netted paper cups that were stored in a cool box. Samples were transported to the insectary of Centre for Research in Infectious Disease (CRID) Yaoundé, Cameroon. Fully gravid mosquitoes, obtained after 4-5 days were induced to lay eggs using the forced egg-laying method (Morgan et al., 2010) in cups containing mineral water for hatching. After hatching, the larvae were reared to adult and mosquitoes mixed in cages  (Cuamba et al., 2010; Morgan et al., 2010). 
2.2.1. Species identification
All female mosquitoes used for individual ovipositing were morphologically identified as belonging to the An. funestus group according to the identification key of Coetzee (Coetzee, 2020). The genomic DNA was extracted using the Livak method (Livak, 1984; Livak & Schmittgen, 2001) and a cocktail PCR assay (Koekemoer et al., 2002) was used to confirm that all females that laid eggs were An. funestus sensu stricto.
2.3. Insecticide resistance profile of field population of An. funestus in Mibellon 
Insecticide susceptibility bioassays were conducted using 2- to 5-day-old F1 adult female mosquitoes from pooled F1 mosquitoes, following the WHO protocol (WHO, 2016). For each insecticide approximately 20 to 25 female mosquitoes per tube were exposed to either permethrin (0.75%) or deltamethrin (0.05%) impregnated papers for 30 min, 1 h and 1.5 h, and transferred to a clean holding tube immediately, supplied with 10 % sugar solution, and mortality determined 24 h later. For each test, mosquitoes exposed to untreated papers were used as controls. The assay was carried out at temperatures of 25 °C ± 2 and 80 % ± 10 relative humidity.
As P450 monooxygenases have previously been involved in pyrethroid resistance in An. funestus  (Riveron et al., 2013) their potential involvement in resistance was assessed in the Mibellon mosquito population using PBO (piperonyl butoxide), a synergist/inhibitor of P450s (Feyereisen, 2012; Menze et al., 2018). 100 female mosquitoes were pre-exposed to 4 % PBO papers for 1 h and immediately exposed to 0.75 % permethrin or 0.05 % deltamethrin for 1 h. Mortality was assessed after 24 h and compared to the results obtained without PBO (Menze et al., 2018). Significance levels were assessed using the chi-squared test at p < 0.05 (McHugh, 2013).
2.4. Comparative investigation of expression profile of CYP325A Africa-wide
The expression profile of CYP325A was investigated by qRT-PCR using mosquitoes from six different locations in Africa, to confirm its higher overexpression in Central Africa (Cameroon and Congo) compared with East (Uganda) and southern Africa (Malawi) (Weedall et al., 2019). Primers used are listed in Table 1 in Figure S2. Total RNA was extracted from three biological replicates (three pools of 10 females) of the mosquitoes that survived exposure following the WHO test procedures for insecticide resistance monitoring in malaria vector mosquitoes (WHO, 2016)  to permethrin and DDT from Cameroon, Malawi, Uganda, Ghana, and Benin; and bendiocarb from Malawi and Ghana. For each insecticide/location a control of same replicates of unexposed females were used. The FANG susceptible strain was used as control susceptible An. funestus population. One microgram of the RNA was used for cDNA synthesis using SuperScript III (Invitrogen) with oligo-dT20 and RNAase H following the manufacturer’s instructions. Using the standard protocol (Kwiatkowska et al., 2013; Riveron et al., 2013) for qRT-PCR, the amplification was conducted after establishing the standard curve for CYP325A. Relative expression and fold change of CYP325A for the test sample and control were established by comparisons to expression levels from FANG susceptible colony, after normalization with the housekeeping genes ribosomal protein S7 (RSP7; AFUN007153) and actin 5C (AFUN002505).
2.5. Africa-wide genetic polymorphism analysis of CYP325A
2.5.1. Polymorphism analysis of CYP325A alleles: cDNA of permethrin-resistant samples from Cameroon, Benin, Uganda, Malawi, Congo, the resistant FUMOZ laboratory colony and the susceptible FANG laboratory colony were used to assess the role of allelic variation in resistance. The amplification was done with the cDNA from section 2.4, using Phusion Taq polymerase. Primers are provided in Table 1 of Figure S2. The PCR products were cloned into PJET1.2 blunt end vector, miniprepped and plasmids sequenced using the above primers. The sequences were cleaned using Chromas version 2.6.2 (Joó & Clark, 2012) and BioEdit (Hall, 1999) then aligned in multiple alignments using ClustalW (Thompson et al., 2003). Population genetic parameters, including nucleotide diversity and haplotype diversity were assessed using DnaSP version 6.12.03 (Rozas et al., 2003). A haplotype network was built using the TCS program (Clement et al., 2000) and a maximum likelihood phylogenetic tree was constructed using MEGA X  (Kumar et al., 2018).
In addition, to assess the potential association between polymorphisms in the promoter region and pyrethroid resistance, a 1 kb genomic fragment upstream of CYP325A was amplified, cloned as above, and sequenced in 19 susceptible (dead after 30 min exposure to permethrin) and 16 resistant (alive after 90 minutes exposure to permethrin) mosquitoes from Cameroon. The primers used are listed in the Figure S2.
[bookmark: _Hlk62198856]2.6. Prediction of activity of CYP325A using in silico analysis
2.6.1. Homology modelling and docking
To predict the potential pyrethroid metabolising capability of CYP325A, models were created using MODELLER 9v25 (Fiser & Šali, 2003; Webb & Sali, 2014), using human CYP3A4 (PDB: 1TQN) (Yano et al., 2004), which shares 25.63 % identity, as a template. 20 models were generated for each sequence and the most qualitative models selected based on Errat version 2.0 (Colovos & Yeates, 1993) assessment. Ligand structures were retrieved from ZINC15 library (https://zinc.docking.org/) (Sterling & Irwin, 2015). The 3D protein models and ligands were prepared for docking using Molegro Molecular Viewer 2.5 (http://www.clcbio.com/). To predict the pattern of interactions between the enzymes and insecticides, docking was carried out with Molegro Virtual Docker 7.0.0 (Bitencourt-Ferreira & de Azevedo, 2019), with MolScore scoring function  (Eldridge et al., 1997) and active site defined as a cavity of 20Å radius centred above the haem iron. 50 binding poses were obtained for each ligand for 1R-cis permethrin, (ZINC01850374), deltamethrin (ZINC01997854) α-cypermethrin (ZINC2526765), bendiocarb (ZINC02015426), and DDT (ZINC01530011), which were sorted according to hybrid MolDockGRID score (Korb et al., 2009) and the conformation of ligands in the active site of CYP325A. Figures were prepared using the PyMOL 2.4 (DeLano & Bromberg, 2004) and Molegro Molecular Viewer 7 (http://www.clcbio.com/).
2.7. Comparative sequence characterisation of An. funestus CYP325A to its orthologs
Additionally, to identify the  features of CYP325A which could impact its activity, its coding sequence was compared to other closely related P450s. Putative substrate recognition sites 1 to 6 of An. funestus CYP325A, An. gambiae CYP325A (AGAP002208), An. stephensi CYP325A (ASTE004501) and An. epiroticus CYP325A (AEPI000241) were compared by mapping their amino acid sequences to that of Pseudomonas putida CYP101A (P450cam) (Ibrahim et al., 2016a; Poulos et al., 1987). The locations of amino acid differences in the sequences were mapped by identifying helices A-L and substrate recognition sites (SRS1-6) using crystal structures of CYP2 family (Gotoh, 1992), and structurally conserved regions of the were also predicted using an online tool, CYPED (http://www.cyped.uni-stuttgart.de/) (Poulos et al., 1985; Šali et al., 1995; Sirim et al., 2010a).
2.8. Assessment of metabolic activity of CYP325A
2.8.1. Heterologous expression of recombinant CYP325A in E. coli and metabolic assays
A recombinant CYP325A gene was expressed for the predominant haplotypes where this gene was differentially expressed (Cameroon and DR Congo). Expression plasmids pB13::ompA+2-CYP325A were prepared for Cameroon-CYP325A (hereby CMR-CYP325A) and DRC-CYP325A (DRC-CYP325A). The CYP325A sequences from the susceptible colony, FANG could not be expressed because the sequences retained all three introns. The recombinant plasmids were constructed by fusing cDNA fragment from a bacterial ompA+2 leader sequence with its downstream ala-pro linker to the NH2-terminus of the CYP325A cDNA, in frame with the P450 initiation codon, as described (Pritchard et al., 1997); and then cloned into NdeI- and EcoRI-linearised pCW-ori+ vector (McLaughlin et al., 2008). Details of PCR conditions used to create this type of expression plasmid cassettes have already been described (Ibrahim et al., 2015; Riveron et al., 2013) and list of primers are provided in Figure S2. The E. coli JM109 cells were co-transformed with the P450 expression cassettes and a plasmid containing the An. gambiae cytochrome P450 reductase in pACYC-184 expression vector (pACYC-AgCPR) fused to pelB leader sequence (Pritchard et al., 1997; Willats et al., 1999). Membrane expression and preparations, measurement of P450 content, measurement of cytochrome c reductase activity, cytochrome b5 expression and measurement of its content were carried out as previously described (Guengerich et al., 2009; Omura & Sato, 1964; Sato, 1964; Stevenson, Bradley J. et al., 2011). Metabolic assays were conducted as previously described (Ibrahim et al., 2015; Riveron et al., 2014a). 0.2 M Tris-HCl and NADPH regeneration components (1 mM glucose-6-phosphate, 0.25 mM MgCl2, 0.1 mM NADP and 1 U/ml glucose-6-phosphate dehydrogenase) were added to the bottom of 1.5 ml tube chilled on ice. Membrane expressing recombinant CYP325A and AgCPR, and reconstituted cytochrome b5 were added to the side of the tube and pre-incubated for 5 min at 30 °C, with shaking at 1200 rpm to activate the membrane. 20 μM of test insecticides (permethrin or deltamethrin) was added into the final volume of 0.2 ml (~2.5% v/v methanol), and reaction started by vortexing at 1200 rpm and 30 °C for 1 h. Reactions were quenched with 0.1 ml ice-cold methanol and incubated for 5 more min. Tubes were then centrifuged at 16000 rpm and 4 °C for 15 min, and 150 μl of supernatant transferred into HPLC vials for analysis. Reactions were carried out in triplicates with experimental samples (+NADPH) and negative controls (-NADPH). 100 μl of sample was loaded onto an isocratic mobile phase (90:10 v/v methanol to water) with a flow rate of 1 ml/min, monitoring wavelength of 226 nm and peaks separated with a 250 mm C18 column (Acclaim 120, Dionex) on Agilent 1260 Infinity at 23 °C. Enzyme activity was calculated as percentage depletion (the difference in the quantity of insecticide(s) remaining in the +NADPH tubes compared with the –NADPH) and a t-test used to assess significance (Kim, 2015). For permethrin, deltamethrin and α-cypermethrin using the Cameroon and DRC recombinant CYP325A, steady state kinetic parameters were determined by measuring the rate reaction for 20 min at varying substrate concentrations (0 – 30 µM) in presence of 50 pmol recombinant CYP325A. Reactions were replicated in triplicate for both +NADPH and –NADPH at each concentration. Km and Vmax were established from the plot of substrate concentrations against the initial velocities and fitting of the data to the Michaelis-Menten module using the least squares non-linear regression in GraphPad Prism 6.03 Software (Swift, 1997).
2.9. Analysis of selective sweep spanning CYP325A using PoolSeq
2.9.1. Genetic diversity of CYP325A
Reads from pooled population data were aligned to the AfunF1 chromosomal assembly of Anopheles funestus (Ghurye et al., 2019) using bwa (Li & Durbin, 2009). Variants were called at a minor allele frequency of 0.01 in Varscan (Koboldt et al., 2009) and SNPs within 20bp of indels removed using bcftools (Li et al., 2009). Variants were annotated in snpEff  (Cingolani et al., 2012) and coding sequence SNP variants for CYP325A input to SNPGenie  (Nelson et al., 2015). Non-synonymous site diversity (πn) and synonymous diversity (πs) were extracted from SNPGenie results per population for CYP325A (AFUN015966), and diversity estimates compared between populations. We compared diversity estimates at CYP325A with three genes CYP9K1, CYP6P9a and CYP6P9b, which we know to have undergone selective sweeps across Africa  (Mugenzi et al., 2019; Weedall et al., 2019; Weedall et al., 2020). Alignments were also inspected visually in IGV (Robinson et al., 2011) for a region 10,000bp up- and down-stream of the CYP325A to identify any structural variation and gene duplication events.
2.10. Polymorphism analysis of 1 kb putative promoter in Cameroon in relation to resistance phenotype 
Assessment of the correlation of polymorphism of CYP325A and pyrethroid resistance was conducted by individually amplifying and direct sequencing a 5′UTR segment of the promoter region of CYP325A, 1061 bp upstream of the ATG codon. This was done using 19 mosquitoes dead after 30 min exposure to permethrin (susceptible) and 15 mosquitoes alive after 90 min exposure to permethrin (resistant) from Mibellon. Amplification was carried out using the following conditions: initial denaturation of one cycle at 94 °C for 3 min; followed by 35 cycles each of 95 °C for 30 s (denaturation), 60 °C for 30 s (annealing), and extension at 72 °C for 1 min; and one cycle at 72 °C for 5 min (final elongation). PCR products were cleaned individually with QIAquick® PCR Purification Kit (QIAGEN, Hilden, Germany) and cloned into pJET1.2/blunt according to manufacturer’s protocol (ThermoFisher Scientific, MA, USA). These were then used to transform the Escherichia coli DH5α, plasmids miniprepped with the QIAprep Miniprep Kit (QIAGEN, Hilden, Germany). Three clones per sample were sequenced on both strands using the pJET1.2 sequencing primers. The polymorphic positions were detected through a manual analysis of sequence traces using BioEdit 7.2.5 (Hall et al., 2011) and as sequence differences and multiple alignments using ClustalW, DnaSP 6.12.03 (Rozas et al., 2017) was used to define and to assess genetic parameters, such as nucleotide diversity (π), haplotype diversity and the D and D* selection estimates. A maximum likelihood tree of the haplotypes for both cDNA and genomic amplifications was constructed using MEGA 10.0.4, (Kumar et al., 1994) and a haplotype network was built using the TCS program (95% connection limit, gaps treated as a fifth state) to assess the potential connection between haplotypes and resistance phenotypes (Clement et al., 2002). The data was represented in histograms using GraphPad Prism 7.0  (Swift, 1997).
3. Results
3.1. Characterisation of the Anopheles funestus population from Mibellon 
3.1.1. Mosquito identification and insecticide resistance profile: Cocktail PCR of the indoor collected F0 females confirmed all 288 mosquitoes collected at Mibellon as An. funestus s.s. 
The Mibellon An. funestus mosquitoes showed very high resistance to permethrin (mortality = 28.6 % ± 4.13 for 60 min exposure and 50 % ± 17.57 for 90 min) and deltamethrin (mortality = 16.8 % ± 5.05 for 60 min and 52.3 % ± 8.3 for 90 min) (Figure 1A). Pre-exposure of mosquitoes to PBO restored full susceptibility to both pyrethroids (mortality = 98.8 % ± 3.77 for permethrin and 96.5 % ± 1.16 for deltamethrin at 60 min exposure, respectively) (Figure 1B), suggesting the role of cytochrome P450s resistance to pyrethroids in this population. 
3.2. Expression profile of CYP325A 
3.2.1. Pattern of expression of CYP325A across Africa.
qRT-PCR confirmed the overexpression of CYP325A in Central Africa Cameroon with fold-change of ~45 in permethrin resistant mosquitoes. In contrast the expression level was low in other regions of Africa, for example, southern region (Malawi), East (Uganda) and West Africa (Ghana and Benin), with fold changes < 5 in line with prior RNA-Seq analyses (Mugenzi et al., 2019). Moreover, a greater over-expression of CYP325A was observed in Cameroonian mosquitoes that survived exposure to permethrin than in those not exposed to insecticide (control) (p < 0.05) (Figure 1C). 
3.2.2. Detection of transcripts presenting a similar expression pattern to CYP325A in An. funestus populations
STRAND NGS software, version 3.4 (Strand Life Sciences, Bangalore, India) was used to detect the list of entities (transcripts) exhibiting a similar expression pattern to CYP325A and likely to be involved in the same molecular pathway. AFUN015966 (CYP325A) was selected in the permethrin-resistant samples and a criteria of similarity index of > 0.7 was set comparing expression in mosquitoes resistant to permethrin, resistant to DDT, control mosquitoes not exposed to insecticides in Cameroon and to the FANG susceptible strain.  A total of 148 transcripts were found to have index of similarity of > 0.7 with CYP325A. Among these, detoxification genes were detected including cytochrome P450s, glutathione S-transferases (GSTs), ABC transporters. Among P450s, CYP6P5 had the highest similarity expression to CYP325A [Similarity Index (SI) = 0.8] followed by CYP6P9b (SI = 0.73). The GSTs included GSTe2 (SI = 0.75) and GSTe6 (SI = 0.74). Two transcription factors also presented a similar expression pattern to CYP325A, notably CCAAT/enhancer-binding protein gamma (SI = 0.78) and transcription factor Adf-1 both known to bind to the promoter and the enhancer regions of target genes. The list also includes other genes such as serine proteases (Trypsin and Chymotrypsin 2), an ABC transporter (AFUN019220) and two microRNAs (mir-279 and mir-71). 
A Gene Ontology (GO) enrichment analysis of the list of the 148 similarly expressed genes to CYP325A revealed an over-representation of 10 GO terms (Figure 1D) reflecting the function of those transcripts including detoxification (haem binding, tetrapyrrole binding) and serine protease activity (serine-type endopeptidase activity, serine hydrolase activity, proteolysis).
3.3. Africa-wide genetic polymorphism analysis of CYP325A
3.3.1. Polymorphism analysis of cDNA. 
Screening for the genetic variability of 1512 bp CYP325A cDNA for 9 clones for FUMOZ, 7 clones for FANG, 8 clones for DRC and 16 clones for Cameroon revealed a relatively high polymorphism in this gene (Table 1). The Cameroon samples had a reduced variation when compared to the other localities with 2 haplotypes and the lowest haplotype diversity (Hd) (Figure 2B, Table 1) and nucleotide diversity (Figure S3), while samples from DRC were the most polymorphic. Tajima’s D was negative for all the populations but significantly so only for Cameroon and FUMOZ suggesting a recent population expansion possibly after a bottleneck or a selective sweep. This is reflected in the presence of a major clade for the Cameroon samples (which cluster separately from field sequences from resistant populations in all the other countries) in the maximum likelihood phylogenetic tree (Figure 2A).
3.3.2. Whole genome PoolSeq analysis of selective sweep across CYP325A
Analyses of whole genome PoolSeq sequences from 12 populations across Africa revealed that diversity estimates of each site type were no different between Cameroon and other populations (Figure S4). By contrast a very clear decrease was seen in diversity in Uganda, for CYP9K1 and in Southern African populations and the FUMOZ resistant strain for CYP6P9a and CYP6P9b. Inspection of read alignments in IGV did not reveal any difference between Cameroon and other populations across the region inspected.
3.3.3. Polymorphism analysis of 1 kb putative promoter 
An. funestus mosquitoes from Mibellon, Cameroon exposed to permethrin were used to establish the polymorphism patterns of a 1 kb promoter region upstream of the 5’-UTR of CYP325A. The results revealed significant differences between alive and dead mosquitoes (Table 2).  Analysis of the upstream region (1 kb) showed reduced diversity in the resistant samples compared to the susceptible. This is evident in a lower number of haplotypes (3 vs 8) and polymorphic sites (13 vs 46) suggesting a possible ongoing directional selection in resistant mosquitoes, although the positive values obtained for the Tajima’s D and Fu and Li statistics points towards a balancing selection. The haplotype network (Figure 2C) and phylogenetic tree (Figure 2D) showed a predominance of haplotype H1 (73 %) in the alive mosquitoes compared to the dead ones with a marked difference in haplotype diversity (Figure S5C).  Other haplotypes were only specific to the resistant (H2 and H3) and susceptible (H4, H5, H6, H7, and H8) (Figure S5, A and B) with susceptible haplotypes presenting the highest number of mutational steps (5 haplotypes with >20 mutational steps) to the major H1 haplotype further supporting the reduced diversity in resistant mosquitoes. 
3.4. Amino Acid Sequence Characterisation of An. funestus CYP325A
Comparison of An. funestus CYP325A to other closely related sequences revealed it is 72.8 % identical to An. gambiae CYP325A (AGAP002208), 74.8 % identical to An. epiroticus CYP325A (AEPI000241) and 81.9 % identical to An. stephensi CYP325A (ASTE004501) (Figure S6). Apart from An. epiroticus CYP325A (499 amino acids) and An. gambiae CYP325A (505 amino acids), the other two P450s are made of 503 amino acids. Sequence-to-sequence mapping reveals that the WxxxR motif, the signatory oxygen-binding pocket (AGFETS)/proton transfer groove, the ExxR motif which stabilises the haem structural core, the cysteine pocket/haem-binding region (PFxxGxxxCxG), which forms the fifth axial ligand to the haem iron were all identical and conserved in the three different Anopheles sequences. Major variations which could impact the activity of An. funestus CYP325A compared with An. gambiae CYP325A were not observed in all the substrate recognition sites (SRSs) and helices except the αK helix (Ala371 in An. funestus CYP325A and Gly371 in An. gambiae) and the SRS-2 (Gly205 in An. stephensi and Cys205 in the others). In the meander at positions 424 and 425, amino acid variations were observed S424Q in An. epiroticus and S424A in An. gambiae. 
3.5. Prediction of activity of CYP325A using in silico analysis
3.5.1. Homology modelling and docking
The models of CYP325A alleles from Cameroon and DRC were used to predict ability to metabolise insecticides. Docking simulation was carried out using permethrin, α-cypermethrin, deltamethrin, bendiocarb and DDT. The calculated binding parameters for each insecticide, demonstrating their most favourable, productive, and properly oriented poses, are given in Figure S8. 
Permethrin, deltamethrin and α-cypermethrin exhibited high scores compared to bendiocarb and DDT consistent with the resistance profile in Mibellon population, where DDT resistance has been shown to be driven by GSTe2 (D Menze et al., 2018; Menze et al., 2018; Riveron et al., 2014b). Comparison of the different conformations of the insecticide molecules in the active site of CYP325A revealed the possible mechanisms through which this gene could drive pyrethroid resistance. For permethrin, the CMR_CYP325A model was exhibited in the correct orientation with the benzyl ring located within 3-5Å of the haem catalytic site as shown in the binding pose (Figure 3A and Figure 3B). These poses predict a ring hydroxylation to produce 2-hydroxypermethrin. The permethrin productive poses show three major amino acids involved, namely Serine208 and Serine207, with the latter forming a H-bond interactions with the ester oxygen, at 2-4Å.
For type II pyrethroids deltamethrin and α-cypermethrin, a different pattern was observed. Deltamethrin docked with the phenoxy ring above the haem and the 4’spot located within 4.5Å from the haem iron (Figure 3C and Figure S9B). In this posture, the ring hydroxylation to generate 4’-hydroxydeltamethrin is possible. Also, the benzyl ring docked within 5Å of the haem iron with the possibility of hydroxylation. Like the permethrin docking, deltamethrin and α-cypermethrin were found to dock productively in several binding modes mainly interacting with Ser207, Ser208 and Arg115 with strong H-bonds and near the haem catalytic site. (Figure 3D and Figure S9C). 
Bendiocarb docked very close (3Å), with the aromatic ring oriented to the haem catalytic site and forms very strong H-bond interactions with the Ser207, Ser208 and Arg115 in some suggestively productive poses in the proper orientation. The carbamic ester group oriented away from the haem iron (Figure 3E and Figure S9D). 
DDT docked in the CYP325A Cameroon model unproductively with the trichloromethyl group positioned approximately 7Å away from the haem catalysis centre. No non-bonded interactions, e.g., H-bond or VDW interactions was observed between DDT and the nearby amino acids (Figure 3F and Figure S9E). The postures show there is a very low possibility of reductive dichlorination to produce DDE due to the distance from the haem catalysis site. 
3.6. Assessment of metabolic activity of CYP325A
3.6.1. Protein expression pattern of CYP325A:  CYP325A expressed with concentrations of 9.606 ± 0.0.71 nmol protein for Cameroon and 2.29 ± 0.40 nmol protein for Congo.
3.6.2. Validation of the role of An. funestus CYP325A in metabolism of insecticides using in vitro metabolism assays
Disappearance of 20 µM insecticides substrates was determined after 90 min of incubation with the recombinant CYP325A in the presence of cytochrome b5 and NADPH regeneration system. CYP325A-CMR significantly metabolized permethrin with depletion of 76.5% ± 0.6 (p < 0.0001), deltamethrin at 55.4% ± 6.9 (p < 0.0634) and α-cypermethrin at 14.7% ± 1.0 (p < 0.0001), while CYP325A-DRC metabolized permethrin with only a depletion of 30.8% ± 3.4 (p < 0.0001) and deltamethrin at 31.2% ± 1.6 (p < 0.0001) but showed no activity towards α-cypermethrin (Figure 4E). For the non-pyrethroid (bendiocarb and propoxur), no depletion was observed indicating lack of enzymatic activity toward carbamate insecticides. Initial analysis of reaction rates established that the CYP325A-CMR metabolised both permethrin and deltamethrin with turnovers of Kcat = 0.613 min-1 ± 0.005939 (95% CI (0.4815-0.8163)) and Kcat = 0.2571 min-1 ± 0.0290 (95% CI (0.199-0.3458)), respectively (Figure 4A and 4B). Reaction follows Michaelis-Menten pattern, with a low catalytic rate; Kcat = 0.613 min-1 ± 0.006 and Kcat = 0.2571 min-1 ± 0.03 respectively, for permethrin and deltamethrin (Figure 4C and 4D). Reaction speed was more than double for permethrin compared to deltamethrin. However, the affinity (Km) for deltamethrin was double that of permethrin; Km = 4.597 µM ± 1.819 and Km = 2.349 µM ± 1.261, respectively. The Km values were within the normal range of 1 – 50 µM, associated with substrate binding and P450 metabolism (Stevenson et al., 2012). Turnover kinetic studies determined Km and Vmax values of CYP325A showing enzyme-substrate affinity for pyrethroid however,  Kcat values obtained for CYP325A are lower than those obtained for CYP6P9a (5.77 ± 1.48 min−1 and 5.91 ± 1.64 min−1 for permethrin and deltamethrin, respectively), CYP6P9b (6.43 ± 1.40 min−1 and 7.041 ± 1.98 min−1 with permethrin and deltamethrin, respectively), CYP6M7 (5.71 ± 1.52  min−1 for permethrin and 6.25 ± 1.67  min−1 for deltamethrin) and CYP6AA1 (Kcat) of 11.99 min−1 ± 2.17 and 15.65 min−1 ± 2.642, respectively for permethrin and deltamethrin) (Ibrahim et al., 2018; Riveron et al., 2014a). 
Thus, the recombinant CYP325A exhibited comparable catalytic efficiency (Kcat/Km) of 0.1333 min-1µM-1 ± 0.0527 for permethrin and 0.109 min-1µM-1 ± 0.060 for deltamethrin. 
In this study, it was impossible to use FANG as control because all six FANG sequences obtained had retained all three introns possessed by this gene (Figure S10). 
4. Discussion
Elucidation of resistance mechanisms to insecticides in mosquito vectors of tropical diseases such as malaria is a prerequisite for better management of the growing problem of resistance to existing insecticide classes. If progress has been made in elucidating the molecular basis of pyrethroid resistance in southern African populations of An. funestus, little progress has been made in other African regions, most notably Central Africa. This study investigated the role of the overexpressed CYP325A P450 in pyrethroid resistance in An. funestus mosquito population in Cameroon, revealing that this gene likely contributes to resistance to types I and II pyrethroids in this region.
4.1. CYP325A over-expression is observed only in Central Africa
qRT-PCR expression patterns revealed a stark contrast in the expression pattern of CYP325A with high over-expression in Cameroon, Central Africa as previously reported by RNAseq (Mugenzi et al., 2019; Weedall et al., 2019) whereas other populations from other regions exhibit a low expression (Nkemngo et al., 2020). This contrasting expression profile is like that of other Africa-wide transcriptomic analyses which have consistently shown a drastic difference of expression between African regions. This is the case with the duplicated P450s CYP6P9a and CYP6P9b highly over-expressed mainly in southern Africa (Riveron et al., 2013; Weedall et al., 2019). Similarly, GSTe2 was shown to be massively over-expressed mainly in An. funestus populations from West Africa, notably in Benin, whereas CYP9K1 is predominantly overexpressed mainly in East Africa (Tchouakui et al., 2021). This contrasting expression of major resistance genes further support evidence that pyrethroid resistance has been independently selected across these regions while also highlighting the potential restriction to gene flow between populations of An. funestus across the continent. Such contrast in expression of metabolic resistance genes is also observed in other major malaria vectors including An. gambiae, An. coluzzii, An. albimanus and An. arabiensis (Dia et al., 2018; Gueye et al., 2020; Mackenzie-Impoinvil et al., 2019; Mitchell et al., 2012). Interestingly, the CYP6P5 gene was shown to have the most similar expression pattern to CYP325A in Cameroon, where it is also overexpressed (Weedall et al., 2019). This could be linked to their potential common role in resistance as is the case in the Mibellon (Weedall et al., 2020) population. Two transcription factors CCAAT/enhancer binding protein gamma and Adf-1 also showed a high similarity in expression to CYP325A, a possible link between gene expression and regulation (Amador et al., 2001). 
4.2. CYP325A metabolism of pyrethroids establishes its role in resistance in Central African An. funestus 
Both modelling and in vitro studies showed that CYP325A alleles from Cameroon and DRC can metabolise type I pyrethroids (permethrin) and type II pyrethroids (deltamethrin). The depletion rates observed against permethrin and deltamethrin are lower than that of other P450s previously shown to metabolise pyrethroids in An. funestus such as CYP6P9a (Riveron et al., 2014a), CYP6P9b (Riveron et al., 2013), CYP6M7 (Riveron et al., 2014a), CYP9J11 (Riveron et al., 2017), CYP6AA1 (Ibrahim et al., 2018). This level of depletion is also like that of other genes from An. gambiae such as CYP6M2 and CYP6P3 found to mediate metabolic resistance to both type I and II pyrethroids  (Müller et al., 2008; Wagah et al., 2021). However, the low depletion rate of CYP325A against alphacypermethrin suggests that it does not confer alphacypermethrin resistance. The inability of CYP325A to metabolise all pyrethroids is similar to previous reports that some genes could metabolise one type of pyrethroid insecticides but not the other as seen for CYP6P4’s ability to metabolise permethrin but not deltamethrin in An. arabiensis in Chad (Ibrahim et al., 2016b). The inability of CYP325A to metabolise efficiently α-cypermethrin in An. funestus mosquitoes could be an advantage for the use of LLINs impregnated with this insecticide such as Interceptor G2 as a vector control tool in the localities where CYP325A-based pyrethroid resistance is predominant in An. funestus. However, because other genes may confer alpha-cypermethrin resistance the susceptibility of field populations to this insecticide should be monitored before making any decision.  The CYP325A allele from DRC exhibited a significantly lower efficiency in breaking down pyrethroids than the CMR allele. This is likely due to the allelic variation (E331Q) observed between the sequences from Cameroon and DRC. This allelic variation is due to a key mutation E331Q observed between Cameroon and DRC alleles. The almost fixed nature of  E331Q mutations in Cameroon compared to their low frequency in DRC suggests this allele is under selection and will increase over time like the case of CYP6P9a/b in southern Africa (Weedall et al., 2019) and GSTe2 in Benin (Riveron et al., 2014b). The mutations selected and almost fixed in the Cameroon sequences V21L, R22K, A29K and E331Q, however, the key mutation is at position 331 where glutamic acid (E) is replaced by glutamine (Q) in almost all the Cameroon sequences. This mutation is a major change from an acidic amino acid to a basic amino acid which could greatly impact the physio-chemical properties of this enzyme. Even though it is not located in any substrate recognition site (SRS), it is in very close proximity to the SRS-4 and the αJ loop comprised in the proposed reductase interaction phase playing a role in substrate specificity and their electron transfer partners as part of the haem-binding core along with the αD, αE, αI, αL and αK loops (Sirim et al., 2010b). The impact of allelic variation on the metabolic efficiency of detoxification genes have previously been shown in An. funestus for P450s such as CYP6P9a/b (Ibrahim et al., 2015) and for the GSTe2 for which a single L119F amino acid change was shown to drive DDT and pyrethroid resistance in West/central Africa. Such role of allelic variation is also similar to the case of CYP6A2 in Drosophila melanogaster for which three amino acid substitutions located close to the active site in the allele predominant in DDT-resistant flies, have been shown to confer the increasing metabolism of DDT (Feyereisen, 2012; Li et al., 2007). Further study, such as site-directed mutagenesis could confirm the role of CYP325A overexpression in pyrethroid resistance and the E331Q mutation in the activity of CYP325A. Some CYP450 genes have been established as non-metabolisers of pyrethroids even though they bind productively such as An. gambiae CYP6Z2  for permethrin and α-cypermethrin (McLaughlin et al., 2008) and An. arabiensis CYP6P4. Our modelling in this study supports productive binding modes for permethrin, deltamethrin and α-cypermethrin, with possibility of biding to bendiocarb, but not DDT. However, the low similarity between CYP325A and the template, CYP3A4 could have resulted in a model with lower quality, which would impact the molecular docking resolution. 
4.3. Lack of strong signatures of selective sweep around CYP325A:
 Polymorphism analyses of the CYP325A full-length gene in An. funestus mosquitoes from across Africa revealed an overall absence of selection across this gene highlighted by the lack of a predominant resistance haplotype despite the previous observation that the E331Q was conferring a greater catalytic ability to the allele from Cameroon. The absence of such positive selection could suggest that the selective pressure is still relative recent on the population from Cameroon supported by moderate resistance levels observed in Mibellon (Menze et al., 2018). The lack of selection on CYP325A could also suggest that this gene acts through increased expression and bioavailability similar to the highly polymorphic CYP6M7 (Riveron et al., 2014a), and contrary to the observation made for CYP6P9a/b for which allelic variation in the drives resistance through directionally selected alleles now nearly fixed in field populations from southern Africa (Riveron et al., 2013; Weedall et al., 2019; Weedall et al., 2020). 
 Furthermore, the regional comparison of the transcription profile of pyrethroid resistance in An. funestus cDNA across Africa and 1kb putative promoter in permethrin susceptible (dead) and resistant (alive) mosquitoes from Mibellon, Cameroon revealed several facts. The polymorphism pattern analysis revealed a possible selection in the promoter region notably in Cameroon although further analyses are needed to confirm the extent of this selection and its impact on the cis regulation of CYP325A. A preliminary screening of the transcription factors binding sites in this promoter region using Alggen online software revealed the presence of binding site for Cncc/Maf, H96, Dfd-1 and AHR/Arnt; all xenobiotic sensors previously implicated in regulation of detoxification genes like P450s (Hu et al., 2021; Hu et al., 2019). Further promoter activity analyses will establish the impact of these polymorphisms on the activity of CYP325A across Africa potentially helping detect causative markers driving CYP325A-based pyrethroid resistance as done for CYP6P9a/b (Mugenzi et al., 2019; Weedall et al., 2019).  
5. Conclusion
Knowledge of the underlying mechanisms and molecular drivers of insecticide resistance is crucial in the efficient management of insecticide resistance in malaria vectors. However, such knowledge requires understanding the molecular basis of the resistance. Which can then be applied by vector control programs for more effective intervention and management strategies. Here, we established that the P450 CYP325A is highly implicated in the resistance against the bed net insecticides permethrin and deltamethrin in the An. funestus mosquito population in Cameroon, Central Africa. These findings will help pave the way to detect the associated molecular markers to facilitate the design of DNA-based diagnostic tools to track this resistance in the field. 
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Figure legends
Figure 1: Susceptibility profile of An. funestus mosquitoes to insecticide.   A. Recorded mortalities following 30 min, 60 min and 90 min exposure of An. funestus s.s. from Mibellon to different insecticides B. Activities of PBO combined to permethrin and deltamethrin on An. funestus s.s. from Mibellon, Cameroon C. Differential expression of CYP325A in the An. funestus s.s. Mibellon population in Cameroon, measured by qRT-PCR. *p < 0.05, **p < 0.01 and ***p < 0.001, X2 = 14.245. The p-value is 0.00016 and significant at p-value p<0.05 D. Gene ontology (GO) for CYP325A entity similarity.
Figure 2: Population studies of CYP325A coding and upstream region across Africa. A. Phylogenetic tree for CYP325A cDNA across Africa. B. Haplotype diversity network of CYP325A cDNA for FANG, FUMOZ, Cameroon, Malawi, Benin, Uganda, and Congo. C. Haplotype diversity network analysis of upstream region of CYP325A between permethrin alive and dead samples, D. Phylogenetic tree of upstream region of CYP325A between permethrin alive and dead samples revealing a dominant haplotype being shared between the resistant and the susceptible.
Figure 3: Comparative in silico docking of (A) Permethrin_CMR, (B) Permethrin_DRC, (C) Deltamethrin_CMR, (D) α-Cypermethrin_CMR, (E) Bendiocarb_CMR and (F) DDT_CMR to CYP325A Cameroon model.  Poses showing permethrin and deltamethrin in the active site of CYP325A. Permethrin (yellow) and deltamethrin(red), α-cypermethrin (pink), bendiocarb (purple) and DDT (green) is in stick format while CYP325A amino acids are in white stick format. Haem atoms are in stick format and grey/red/blue. Distance between possible sites of metabolism and haem iron is annotated in Angstrom.
Figure 4: In vitro assay results. Functional confirmation of the metabolic activity of CYP325A conducted for permethrin and deltamethrin using protein membranes. (A) Permethrin metabolism by recombinant CYP325A-CMR (B) Deltamethrin metabolism by recombinant CYP325A-CMR. Michaelis-Menten plot of permethrin and deltamethrin metabolism by recombinant CYP325A-CMR protein. Values are mean ± SEM of three experimental replicates compared with negative control without NADPH (-NADPH). (C). Permethrin (D). Deltamethrin *** p<0.0001
Supplementary File: Figure/Table Legend
Figure S1: Study sites in Cameroon and across Africa. A. West Africa: Ghana-Obuasi and Benin - Kpome; Central Africa: Cameroon-Mibellon and DRC-Kinshasa; East Africa: Uganda -Tororo; Southern Africa: Malawi-Chikwawa. FANG Susceptible strain-Angola; FUMOZ resistant strain –Mozambique. B. Cameroon- Mibellon.
Table S2:  Primer sets designed and used in this study
Figure S3: Genetic diversity of CYP325A cDNA. A. Nucleotide diversity for CYP325A cDNA sequences. B. Nucleotide diversity for CYP325A cDNA sequences. C. Haplotype diversity ratio of CYP325A cDNA for FANG, Cameroon, and DRC.
Table S4: Whole genome PoolSeq data of selective sweep across CYP325A in Africa
Figure S5: Genetic diversity of the 1kb putative promoter upstream of ATG (A) Nucleotide diversity for CYP325A cDNA sequences. (B) Nucleotide diversity for CYP325A cDNA sequences. (C) Haplotype diversity ratio of CYP325A cDNA for FANG, Cameroon, and Congo.
Figure S6: Comparison of An. funestus CYP325A amino acid sequences with orthologs from An. gambiae, An. epiroticus and An. stephensi. The solid, red lines represent helices A-L, while dashed blue lines correspond to the substrate recognition sites 1-6. Solid purple lines identified the structurally conserved motifs of the P450s. Variable residues are highlighted in pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
Figure S7: Comparison of An. funestus CYP325A amino acid sequences from Cameroon and DRC alleles. The solid, red lines represent helices A-L, while dashed blue lines correspond to the substrate recognition sites 1-6. Solid purple lines identified the structurally conserved motifs of the P450s. Variable residues are highlighted in pink. 
Table S8: In silico results-MolDock Scores for docking poses for permethrin, deltamethrin, α – cypermethrin, bendiocarb and DDT.
Figure S9: Comparative in silico docking of permethrin (A), deltamethrin (B), α-cypermethrin (C), bendiocarb (D) and DDT (E) to CYP325A DR Congo model.  Poses showing permethrin and deltamethrin in the active site of CYP325A. Permethrin (yellow) and deltamethrin(red), α-cypermethrin (pink), bendiocarb (purple) and DDT (green) is in stick format while CYP325A amino acids are in white stick format. Haem atoms are in stick format and grey/red/blue. Distance between possible sites of metabolism and haem iron is annotated in Angstrom.
Figure S10: Intron retained in CYP325A cDNA sequences from FANG. Dotted lines represent absence of intron 1 (template sequence) and AFUN015966-RA is the reference sequence of CYP325A cDNA.
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