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Abstract: Assessing the genetic diversity of metabolic resistance genes, such as cytochrome P450s,
helps to understand the dynamics and evolution of resistance in the field. Here, we analyzed the
polymorphisms of CYP6M?2 and CYP6P4, associated with pyrethroid resistance in Anopheles coluzzii and
Anopheles gambiae, to detect potential resistance markers. Field-caught resistant mosquitos and susceptible
lab strains were crossed, and F4 was exposed to permethrin for 15 min and 90 min to discriminate highly
susceptible (HS) and highly resistant (HR) mosquitos, respectively. Significant permethrin mortality
reduction was observed after pre-exposure to PBO, suggesting the gene involvement of P450s. gPCR
analysis revealed significant overexpression of CYP6M2 (FC = 19.57 [95% CI 13.96-25.18] for An. coluzzii;
10.16 [7.86-12.46] for An. gambiae) and CYP6P4 (FC = 6.73 [6.15-7.30] An. coluzzii; 23.62 [26.48-20.76]
An. gambiae). Full-gene and ~1 kb upstream were sequenced. For CYP6M2, the upstream region shows
low diversity in HR and HS (overall Hd = 0.49, 7t = 0.018), whereas the full-gene shows allelic-variation
but without evidence of ongoing selection. CYP6P4 upstream region showed a lower diversity in HR
(Hd = 0.48) than HS (Hd = 0.86) of An. gambiae. These results highlighted that CYP6P4-associated
resistance is potentially driven by modification in upstream region. However, further work is needed to
determine the real causative variants that will help design rapid detection tools.

Keywords: CYP6M2; CYP6P4; polymorphism; metabolic resistance; pyrethroid; Anopheles coluzzii;
Anopheles gambiae

1. Introduction

Malaria cases significantly decreased from 2000 to 2015, mainly due to the scaling
up of vector control interventions. This decrease was attributed largely to the enormous
distribution of Insecticidal Treated Nets (ITNs) with the number of households in sub-
Saharan Africa having at least one net increasing from 5% in 2000 to 65% in 2020 [1,2].
Unfortunately, the indiscriminate use of pesticides in the agricultural sector combined with
indoor residual spraying (IRS) and the massive distribution of pyrethroid-impregnated nets
selected resistance in vector populations in endemic areas [3—6]. Moreover, the COVID-19
pandemic disrupted vector control activities in most countries, leading to a rebound in
mortality from 409,000 malaria associated deaths in 2019 to 627,000 in 2020 [2]. Insecticide
resistance, which now extends to almost all classes of insecticides used in public health,
remains a major concern for the effectiveness of vector control tools [7]. It is therefore
imperative to implement appropriate insecticide resistance management strategies as a
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proactive approach to maintain the effectiveness of these interventions and to reduce the
negative impact of resistance.

The development of insecticide resistance is a complex process depending directly
on genetic, physiological, behavioral and ecological factors [8]. In Anopheles mosquitos,
resistance is mainly conferred by target site and metabolic mechanisms [6,9]. Metabolic
resistance involves an increase in production, or more efficient forms, of detoxication en-
zymes capable of breaking down the insecticide before it reaches its target; the cytochrome
P450 family is commonly considered the most important in insecticide detoxification, espe-
cially for the metabolism of pyrethroid [9,10]. Cytochrome P450-mediated resistance can
often be reversed by the use of synergists, such as piperonyl butoxide (PBO), which inhibit
the activity of this enzyme family. Large-scale field trials by Protopopoff et al. [11] and
Staedke et al. [12] have shown that nets incorporating this synergist are effective against
P450-mediated resistance. Given the continued importance of pyrethroids in ITN, it is
imperative to understand the genetic mechanisms that impact their efficacy to optimize the
deployment of PBO-nets and to establish good insecticide resistance management protocols.

Members of the CYP family, including CYP6M?2 and CYP6P4, have been functionally
associated with metabolic resistance to at least one class of insecticides widely used in
vector control, and both are pyrethroid metabolizers [13,14]. CYP6M2 is overexpressed in
multiple populations resistant to type I and II pyrethroids [13,15], organochlorines [16] and
carbamates [17]. Interrogation of the Anopheles gambiae 100 Genomes project (Ag1000G)
identified several amino acid substitutions within CYP6M2, grouping into 5 haplotype
groups, but none of these was directly linked with resistance [18]. The CYP6P4 gene has
been established as a resistance-associated gene that explains the resistance to permethrin
observed in the field in An. arabiensis populations in the Sudano-Sahelian region [14,19].
Recently, Njoroge et al. [20] identified in An. gambiae a selective sweep localized within a
cluster of P450 genes including CYP6P4 in mosquitos from Uganda. A haplotype, contain-
ing three mutations, 1236M in CYP6P4, an upstream transposable element (TE) insertion
and a CYP6AA1 duplication is strongly associated with pyrethroid resistance in An. gambiae
from Uganda. In particular, the I1236M mutation is strongly associated with increased over-
expression of the CYP6P4 gene capable of metabolizing pyrethroids, notably deltamethrin.
Moreover, the overexpression of a group of genes, including CYP6P4 in Anopheles popula-
tions, was associated with the loss of efficacy of some ITNs in Tanzania [21].

In Cameroon, P450s have been found widely implicated in metabolic resistance to
pyrethroids, DDT and Bendiocarb in An. gambiae s.1. populations [22-24] and are at least
partially responsible for the reduced efficacy of bed nets for An. gambiae s.s. [25]. The
challenge in detecting simple point-mutation markers for metabolic resistance in contrast
to target-site resistance, such as knockdown resistance (kdr), includes the size of the gene
families involved in the detoxication process, the redundancy between their members
and the multiple mechanisms by which metabolic resistance can arise [26]. A major
milestone was recently reached with the development of field-applicable diagnostic tools
for P450-mediated resistance in An. funestus, taking advantage of a mutation linked to the
overexpression of CYP6P9a and the variants in cis-regulatory elements of CYP6P9b [27-29].
Such tools are less readily available for An. gambiae although, as described above, a triple
mutant haplotype in CYP6P4 was recently linked to resistance in East Africa [20].

Transcriptomic analysis in field populations of An. gambiae, An. coluzzii and An. arabiensis
have revealed several overexpressed detoxication genes, irrespective of the presence of kdr-
mutations [4,17,22,30]. Similarly, studies conducted by the Ag1000G have identified strong
selective sweeps in clusters of CYPs known to be implicated in resistance [31]. The elucidation
of the roles played by major resistance genes and the changes in the genetic diversity under-
lying their expression are essential to design DN A-based diagnostic tools to detect and track
metabolic resistance in the field.

In this study, we analyzed the polymorphism of CYP6M2 and CYP6P4 in An. gambiae
and An. coluzzii to detect potential resistance markers following the same approach as
Weedall et al. [29] based on target DNA-sequencing of highly permethrin-resistant and
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highly susceptible samples selected from reciprocal crosses. We report a comprehensive
analysis of the putative promoter and full-gene region of these genes in An. coluzzii and An.
gambiae from Yaoundé-Cameroon.

2. Materials and Methods
2.1. Ethical Clearance

The National Ethics Committee for Health Research of Cameroon approved the pro-
tocol of the study under the ethical clearance No. 2019/10/1195/CE/CNERSH/SP and
reference No. 0977 /MINSANTE/SESP/SG/DROS/.

2.2. Mosquito Samples Processing
2.2.1. Mosquito Collection

Mosquito collections were carried out from December 2018 to March 2019 (dry season)
and from July to August 2019 (rainy season) in Ngousso (3°54/22.36" N, 11°32/20.36” E) and
Nkolondom (3°57'6.99” N, 11°29'51.67" E), two neighborhoods of Yaoundé, the capital city
of Cameroon. These collection areas have been chosen based on species distribution and the
detection of pyrethroid resistance as described in previous studies [22,32,33] predicting the
presence of An. coluzzii in Ngousso and An. gambiae in Nkolondom, with detected metabolic
resistance. Larvae were sampled by dipping methods [34], in more than 20 breeding sites
and pooled areas, then taken to the insectarium of the Centre for Research in Infectious
Diseases (CRID) in Yaoundé, where they were reared under standard laboratory conditions
to the adult stage.

2.2.2. Insecticide Bioassays and PBO-Based Synergist Test

Bioassays were conducted with female mosquitos obtained from field-collected larvae.
Two- to five-day-old, unfed Fy females of An. coluzzii and An. gambiae were exposed for 1 h
in WHO tube tests according to WHO procedures to 0.75% permethrin (1x). After observ-
ing resistance (mortality less than 95% [35]), we followed up with higher concentrations
(3.5% (5x), then 7.5% (10x)) for the evaluation of resistance intensity [35].

To determine the possible implication of cytochromes P450 in the observed phenotypic
resistance to pyrethroids, a test with synergist (PBO) that inhibits the effect of those P450s
was done. Fj females were exposed to 4% PBO [36] for 1 h followed by an immediate
second exposure to permethrin (0.75%) for another 1 h. The mortality was determined 24 h
post-exposure and compared with mortality obtained for the mosquitos exposed to the
0.75% permethrin only using a Chi-square test of significance.

2.2.3. Mosquito Selection

In the high pyrethroid resistance context of our collection areas, it was difficult to
have enough susceptible samples from the field to run a comparative analysis between
resistant and susceptible. Therefore, crossings between selected field permethrin-resistant
and lab-susceptible strains from the same species were done as follows: An. coluzzii with
Ngousso lab strain; An. gambige with Kisumu lab strain. This follows the process described
by Wondji et al. [37] and Cattel et al. [38]. To have distinguished phenotypes, F4 individual
progenies obtained from those crosses were then segregated based on their resistance
phenotype by exposing 3- to 5-day-old females to 0.75% permethrin at two different
exposure times: 15 min and 90 min. After 24 h, dead individuals from the 15 min exposed
batch were considered highly susceptible (HS) groups, while those who survived after the
90 min exposure time were considered highly resistant (HR) groups [37]. Samples were
then stored on silica gel for the dead and in RNAlater® for the survivors for subsequent
molecular analysis.

2.3. Molecular Analysis

Genomic DNA (gDNA) was extracted using the LIVAK method [39] from 30 female
mosquitos (Fg) morphologically identified as belonging to the An. gambiae complex [40,41]
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originating from both collection sites and two sets each of 60 HR and HS mosquitos (Fy)
for both An. coluzzii and An. gambiae. Molecular identification was achieved through a
polymerase chain reaction (PCR) described by Santolamazza et al. [42].

2.3.1. Genotyping of Kdr-Mutation Alleles

To establish the frequency of each of the kdr-mutations (L1014F, L1014S, N175Y),
genomic DNA of previously extracted samples were used to run the TagMan assays
described by Bass et al. [43] and Jones et al. [44]. The reaction mixture of 10 pL final volume
containing 1 x Sensimix (Bioline), 1 X primer/probe mix and 1 puL template DNA was used
for this assay. The probes were labeled with two distinct fluorophores [43]: FAM to detect
the resistant alleles (L1014F-kdr and L1014S-kdr) and HEX to detect the susceptible allele
(L1014). For N1575Y, the detection was performed by using the primer/probe described by
Jones et al. [44]. The assay was performed following cycling conditions of 95 °C for 10 min,
40 cycles at 95 °C for 15 s and 60 °C for 1 min.

2.3.2. Investigation of the Expression Profile of Six Main Candidate-Resistance Genes

The expression profiles of six genes were investigated by quantitative Reverse Transcrip-
tase PCR (qPCR): CYP6M2, CYP6P3, CYPIK1, CYP6Z1, CYP6Z2 and CYP6P4. For three biolog-
ical replicates of 10 Fy females that recovered 24 h post-exposure to permethrin and 3 batches
of 10 susceptible females of laboratory Ngousso (An. coluzzii) or Kisumu (An. gambiae), to-
tal RNA was extracted using the Arcturus PicoPure RNA isolation kit (Life Technologies,
Carlsbad, CA, USA), followed by cDNA synthesis using Superscript III (Invitrogen®) with
oligo-dT,o and RNase H, according to the manufacturer instructions. A qPCR reaction was
performed following the protocol of Riveron et al. [45]. Fold changes and expression levels
of each gene in field-caught permethrin-resistant (R) mosquitos and susceptible laboratory
strain (S) samples were computed for both An. coluzzii and An. gambiae according to the
2-AACT method [46] following standardization with the housekeeping genes ribosomal protein
57 (RPS7; VectorBase assession number: AGAP010592) and Elongation factor (VectorBase
assession number: AGAP005128). The primers used here are those previously described by
Mavridis et al. [47].

2.3.3. Amplification and Direct Sequencing of Upstream and Full Gene Regions of CYP6M2
and CYP6P4

Exploiting the An. gambiae reference genome (VectorBase accession number: AGAP008212
and AGAP002867, respectively), both An. coluzzii and An. gambiae primers were designed
for the amplification of a 1-kb upstream and full-gene length of CYP6M2 and CYP6P4 using
Primer3 online software (v4.0.0; http:/ /bioinfo.ut.ee/primer3/, accessed on 23 August
2019). The upstream region and full-gene length of each species were amplified from the
gDNA of 10 samples of susceptible strain and two sets each of 10 HR and 10 HS female
F4 mosquitos. The reaction mixture comprised 1.5 pL of 10x Buffer A (Kapa Biosystems,
Wilmington, MA, USA); 0.75 uL of 25 mM MgCly; 0.12 uL of 25 mM dNTPs; 0.12 uL
of 5 U/uL Kapa Taq DNA polymerase; 0.51 pL each of the forward and reverse primer;
10.49 uL of double distilled water; and 1 pL of genomic DNA template. The thermocycling
conditions of upstream and gene were the same for both An. coluzzii and An. gambige.
However, the annealing temperature (Ta) was different (Supplementary Table S1). Briefly,
the conditions are: initial denaturation at 95 °C for 5 min followed by 35 cycles each
of 30 s at 94 °C (denaturation), 2 min at primer annealing temperature, 1 min 30 s at
72 °C (elongation) and a final extension step at 72 °C for 10 min. All the PCR products
CYP6M2 and CYP6P4 were purified using QIAquick® PCR Purification Kit (Qiagen, Hilden,
Germany) and ExoSAP-ITTM, respectively, according to the manufacturer’s protocol, and
sent for sequencing at GENEWIZ UK LTD® using the same PCR primers.
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2.3.4. In Silico Prediction of Promoter Region of CYP6M2 and CYP6P4

The CYP6M?2 and CYP6P4 1-kb upstream region was analyzed to identify any regula-
tory features, such as TATA box, CCAAT box and GC box, found in the sequence using
GPMiner [48] as done to detect key resistance variants for CYP6P9a/b in An. funestus [28,29].
Additionally, the potential transcription factor binding sites (TFBSs) involved in the regula-
tory mechanism of resistance were identified in each upstream sequence [49,50], using a
prediction software ALGGEN Promo (http://alggen.lsi.upc.es/cgi-bin/promo_v3/, ac-
cessed on 20 June 2022) in which positional weight matrices (PWM) are constructed from
eukaryotic binding sites extracted from TRANSFAC [51], with a focus on human and mouse.

2.3.5. Polymorphism-Based Analysis of Genomic DNA Sequence

Polymorphism analysis was carried out through the manual examination of the se-
quence traces using BioEdit version 7.2.3.0 [52] and/or nucleotides/amino acid differences
from multiple sequence alignments. Genetic parameters, such as the number of hap-
lotypes (h) and their diversity (Hd); number of polymorphic sites (S); and nucleotide
diversity (7r) were computed using DnaSP v6 [53]. Population Analysis with Reticulate
Trees (PopART) version 1.7 software was used to construct haplotype networks showing
the distribution of haplotypes per study site or species. MEGA 6.06 software was used
to construct the Maximum Likelihood tree based on a specific parameter distance model
according to the specific region with 1000 bootstrap replicates [54].

After polymorphism analysis, simple assays of Restriction fragment length polymor-
phism (RFLP) or Allele-specific PCR (AS-PCR) based on key mutations consistently found
in higher frequencies in HR than in HS from F4 populations and the susceptible lab strain
were designed to assess their frequency in field-caught populations.

2.3.6. Detection of Key Polymorphisms in An. gambiae CYP6M2 and CYP6P4

PrimerQuest tools (https:/ /eu.idtdna.com/Primerquest/ accessed on 20 June 2022)
were used to design a PCR-RFLP and AS-PCR that could detect the key mutations found
in CYP6M?2 and CYP6P4 genes. These mutations were selected based on their frequency of
occurrence by comparing HR, HS and susceptible lab strain Kisumu. AS-PCR assays were
then designed for the genotyping of non-synonymous mutations A392S in CYP6M?2 and
C168S in CYP6P4, using different sets of primers (Supplementary Table 52). Primers were
designed manually to match the mutation, and an additional mismatched nucleotide was
added in the 3rd nucleotide from the 3’ end of each inner primer to enhance the specificity
as done previously by Tchouakui et al. [55]. RFLP PCRs, capable of discrimination between
the mutant allele of the upstream region of CYP6M?2 and for both upstream and gene
regions of CYP6P4, were designed based on specific restriction enzymes: BsrDI for the
upstream region of CYP6M2, Pvull and Eagl for CYP6P4, respectively. The restriction site
was identified in the sequences of HR samples and absent in the sequences of Kisumu.
Ten microliters of the digestion mix made of 1 uL of 10x NEBuffer 2.1, 0.2 uL of 2 U of
respective restriction enzymes (New England Biolabs, Ipswich, MA, USA), 5 uL of PCR
product and 3.8 uL of dH,O was incubated at specific temperatures for 2 h, as presented in
Supplementary Table S2. According to the specific region, PCR products obtained in all the
assays were separated on 2% agarose gel, stained with Midori Green Advance DNA Stain
(Nippon Genetics Europe GmbH) and visualized using a gel imaging system to confirm
the product sizes (Supplementary Table S2).

To evaluate the assay described above, the F4 progeny from a cross between field-
caught permethrin-resistant from Nkolondom and susceptible laboratory strain was geno-
typed for 30-50 mosquitos and correlated with the established resistance phenotype using
the odds ratio and Fisher’s exact test [56].

2.4. Data Analysis

The results of bioassays were interpreted based on percentage mortalities with stan-
dard error on the means (SEM) calculated and corrected when needed following WHO
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Mortality rate (%)

protocol [35]. Results of mortalities from synergist-permethrin exposure were compared
with values obtained from exposure to pyrethroid alone using a two-tailed Chi-Square test
of independence, with a level of significance set as p < 0.05, then implemented in GraphPad
Prism 7.02 (GraphPad Inc., La Jolla, CA, USA). To investigate the association between spe-
cific mutations and the ability of the mosquitos to survive, Vassarstats was used to estimate
the Odds Ratio (OR) based on a fisher exact probability test with a 2 x 2 contingency table.

3. Results
3.1. Species Identification and Susceptibility to Insecticides

The molecular identification of collected mosquitos confirmed the spatial distribution
of the two species of An. gambige complex: on 90 randomly tested samples per area,
An. coluzzii was found exclusively in Ngousso, the urban area, whereas An. gambiae was
found exclusively in Nkolondom, the peri-urban area.

Fo populations of An. coluzzii showed resistance to permethrin with a mortality rate of
8.33% = 1.43% for all the samples tested. A pre-exposure to PBO revealed a 23.67% recovery
of susceptibility (Figure 1a), with mortality rising to 32% = 2.74% (x* = 64.37, p < 0.0001).
The susceptibility of Fy An. gambiae to permethrin, showed a similar trend to what was
observed in An. coluzzii with a mortality of 9.98% =+ 3.43%. An increase in mortality with
PBO was also observed, up to 25% + 9.65% (x? = 56.39, p < 0.0001), representing a recovery
of 16% (Figure 1a). These results suggest an involvement of cytochromes P450 in the
resistance pattern observed in this population.

3 cyrem2 B cypP6P4 W cyr6z1
[ Permethrin 0.75% [ Permethrin 7.50% 3 cypsP3 3 cyPoki1 W cvpPe22
[ Permethrin 3.75% [J PBO4%+Permethrin0.75% £ 7
1009 - oo £
.......................... 254 T
I ns
o -
80+ ]
a
2 20
2
60 a
8 154
°
404 % P
a
E 104 {
8
204 s ”
c 4
=) B
o *
n=268 n=169 n=189 n=513 n=327 n=197 n=84 n=223 %
An. coluzzii FO An. gambiae FO * x
from Ngousso from Nkolondom An. coluzzii FO An. gambiae FO
Ngousso Nkolondom
(a) (b)

Figure 1. Resistance profile of An. coluzzii and An. gambiae to Permethrin. (a) Activities of PBO
combined to permethrin on An. coluzzii from Ngousso and An. gambiae from Nkolondom, Cameroon.
Data are shown as median + SEM. (b) Differential expression of some metabolic resistance genes
among the Ngousso and Nkolondom resistant mosquito populations as compared with Ngousso or
Kisumu laboratory strain, respectively, to the species. Degree of significance of differential expression in

ey

comparison with susceptible strains: “***”” < 0.0005 p-values, “**” < 0.005, “*” < 0.05, “ns”: non-significant.

The resistance intensity test with 5x and 10x concentrations of permethrin revealed a
high level of resistance in both species. In An. coluzzii, the mortality rate increased from
62.73% (£3.99) for 5x permethrin to 85.41% (£2.49) for 10x permethrin. In An. gambiae,
the mortality rate increased from 75.02% (£3.49) to 96.33% (£9.79) for permethrin 5x and
10x, respectively (Figure 1a).

3.2. Expression Profile of CYP6M?2 and CYP6P4

Resistant Anopheles populations from Nkolondom and Ngousso showed significant
variation in metabolic gene expression between the two species for some of the tested
genes. Both CYP6P4 and CYP6M?2 were overexpressed in An. coluzzii Fy at a significant
level (p < 0.05) with a fold change (FC) of 19.57 [95% CI 13.96-25.18] for CYP6M?2 and
6.73 [6.15-7.30] for CYP6P4 compared to the susceptible laboratory colony (Figure 1b).
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In An. gambiae, those genes were also found to be overexpressed (CYP6M2: FC = 10.16
[7.86-12.46] and CYP6P4: FC = 23.62 [26.48-20.76]) (Figure 1b).

Moreover, in An. coluzzii, a significant over-expression of CYP9K1 and CYP6Z1 was
observed in resistant compared to the Ngousso laboratory strain mosquitos (FC = 15.95
[9.48-22.43], p = 0.0168; FC = 11.53 [9.20-1386], p = 0.0015, respectively); and for An. Gambiae,
CYP6Z2 and CYP6P3 were significantly overexpressed in resistant compared to Kisumu
lab strain mosquitos (FC = 19.54 [14.83-24.24], p = 0.0024; FC = 2.23 [1.49-2.96], p = 0.0443,
respectively) (Figure 1b).

3.3. Detection of the Knockdown Resistance Mutations

Among the three kdr mutations tested, only the 1014F kdr-mutations were detected
in any of the sites/species. This mutation was found fixed in the An. gambiae population
from Nkolondom (1.00) and nearly fixed (0.93) in the An. coluzzii population from Ngousso
(Supplementary Table S3). In F4 from crosses for both species, the HR samples showed the
highest 1014F allelic frequency, 0.80 for An. coluzzii and 0.84 for An. gambiae (Figure 2), while
in the HS sample, we obtained 0.07 for An. coluzzii to 0.10 for An. gambiae on 30 samples
per batch.

W HR 3 HS

100 100

1014F Frequency
1014F Frequency

(a1) (a2) (a3)

1014F Frequency

1024F Frequency

permethrin

[ T T
FF FIL |.'|. HR HS infinty (11.92- infinity) ****

(b1) (b2) (b3)

Figure 2. Correlation between L1014F kdr and permethrin-resistance phenotype in An. coluzzii and
An. gambiae from F4. (a1,b1) Distribution of kdr L1014F genotypes in dead and alive F4 mosquitos
from An. coluzzii and An. gambiae crossings, respectively, after WHO bioassays with 0.75% permethrin.
(a2,a3,b2,b3) Association between frequency of 1014F and ability of F4 mosquitos, respectively,
from An. coluzzii and An. gambiae crossings to survive to WHO bioassays with 0.75% permethrin,
showing a very strong link between 1014F kdr mutation and permethrin-resistance phenotype. HR,
Highly resistant; HS, Highly susceptible; FF, homozygous resistant; FL, heterozygous resistant; LL,
homozygous susceptible; F, resistant allele (L1014F); L, susceptible allele (L1014). Significance is
shown by * p < 0.05, **** p < 0.0001, as estimated using Fisher’s exact test.

3.4. Association of Polymorphisms in CYP6M?2 and Pyrethroid Resistance
3.4.1. Polymorphism Analyses of the Upstream Region of CYP6M?2

To have a view of the potential regulatory elements driving the overexpression of
CYP6M?2, An. gambiae mosquito samples were used as a model. After cleaning and aligning
the sequences, an indel of 8 bp (TAGTTACT) was found and is linked to the presence of the
G/T mutation (Guanine replaced Thymine at position 316) in the HR (7/8 sequences) and
HS samples (5/6). This Indel was absent for all the Kisumu tested as the G/T mutation is
here absent. Supplementary Table S4 shows the frequency of this indel across the groups
used. The core promoter elements detected by GPMiner include TATA boxes (9 in the
insertion carriers and 6 in the others), CCAAT box (1 in the insertion carriers and 2 in
deletion carriers) and 1 GC box (Supplementary Figure S1). Furthermore, the CYP6M2
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upstream region also contains transcription factors binding sites in all the samples tested,
including 2 AhR/ARNT, 4 nrf2/MAF as well as several minority sites for GATA and MYB
transcription factors (Supplementary Figure S1).

The 932 bp upstream sequences of CYP6M?2 were aligned for 20 individuals of An. coluzzii
(5 HR, 8 HS and 7 Ngousso strain) and 17 of An. gambiae (8 HR, 6 HS and 6 Kisumu lab
strain) (Supplementary Figure S2). For An. coluzzii, we observed that HR mosquito samples
exhibited a low genetic diversity marked by a reduced haplotype diversity with one haplotype
and no polymorphic sites detected (Table 1, Supplementary Figure S3), compared to HS
where 23 polymorphic sites were found in 4 haplotypes (h) with a high haplotype diversity
(Hd =0.60) and to the Ngousso strain (h = 3; Hd = 0.44). The haplotype network (Figure 3(al))
and phylogenetic tree (Figure 3(a2)) showed a predominance of Hap_1 (75%) in the HR
mosquitos compared to other groups with a marked difference in the haplotype diversity,
suggesting that a possible selection could be acting on this gene or in nearby genes. Higher
diversity is observed in the HS group with a high number of mutational steps between
haplotypes, with the presence of two Indels of 3 bp and 8 bp. A positive Tajima’s D was
observed in An. Coluzzii, indicating a decrease in population size and/or balancing selection.

Table 1. Summary statistics for the polymorphism of CYP6M?2 upstream region in permethrin highly
susceptible and highly resistant.

Species (Size) Populations 2n S H (Hd) I1 D D *
HR F,4 10 0 1 (0.000) 0.00000 na n.a
An. coluzzii HSFy 16 23 4 (0.600) 0.01221 2.387 * 1.592 **
(932 bp) Ngousso 14 1 2 (0.440) 0.00049 0.842 1.581
All 40 24 5(0.431) 0.00645 0.103 1.722 **
HR Fy4 16 23 2(0.233) 0.00583 —0.917 1.623 **
An. gambiae HSFy4 12 20 2(0.303) 0.00659 —0.373 1.593 **
(932 bp) Kisumu 6 1 2(0.533) 0.00057 0.851 1.053
All 34 49 5(0.492) 0.01831 1.474 1.859 **

2n, number of unphased sequences; D, Tajima’s statistics; D *, Fu and Li’s statistics; H, number of haplotypes; 7, nucleotide
diversity; S, number of polymorphic sites; n.a = non-attributed; Hd, haplotype diversity; * = p < 0.05; ** = p < 0.02.

In An. gambiae, no difference was observed when comparing the polymorphism
parameters of the HR and HS groups, with a similar number of polymorphic sites (23 vs. 20)
and a low haplotype diversity, 0.23 and 0.30 in HR and HS, respectively. However, a
difference was observed between these groups and the susceptible lab Kisumu where
the number of haplotypes is h = 4 with an equivalent high haplotype diversity Hd = 0.60
(Table 1). The haplotype network (Figure 3(b1)) and phylogenetic tree (Figure 3(b2)) showed
that Hap_3 was the most represented (70%) and shared by HR and HS. Other haplotypes,
such as Hap_1 (12%) and Hap_2 (6%), were found in the HS group, while Hap_5 was only
found in the HR group (Figure 3(b1), Supplementary Figure S3). This Hap_3 has the same
sequence as the main haplotype (Hap_1) found in An. coluzzii. The negative values of the
neutral test Tajima are indicative of purifying selection in HR and HS groups but are not
statistically significant.

3.4.2. Polymorphism Analyses of the Full-Gene Region of CYP6M?2

The full-gene of CYP6M?2 was successfully sequenced in 21 and 28 individuals of
both An. coluzzii (10 HR, 9 HS, 9 Ngousso strain) and An. gambiae (7 HR, 7 HS, 7 Kisumu
lab strain), respectively (Supplementary Figure S2). The nucleotide sequence analysis of
this fragment exhibited a lower number of haplotypes (8) and polymorphic sites (20) in
An. coluzzii HR as compared to 14 haplotypes and 27 polymorphic sites in HS individuals
(Table 2, Supplementary Figure S4). This is evident in the lower number of synonymous
(11 and 13) and non-synonymous (7 and 10, respectively) mutations but not when compared
with lab strain Ngousso (Table 2). The haplotype network (Figure 4(al)) and phylogenetic
tree (Figure 4(a2)) analysis showed a predominance of Hap_3 (21%), which was shared
by all mosquito groups tested. Most haplotypes are separated from each other by 1 to
4 mutational steps and have probably derived from common ancestral susceptible strains.
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In An. gambige, HR mosquitos showed 36 polymorphic sites with 14 non-synonymous
mutations compared to 44 polymorphic sites giving all 14 non-synonymous mutations in
HS (Table 2). The haplotype network and phylogenetic profile showed two clear clusters
among 20 An. gambiae haplotypes, a resistant cluster with 6 haplotypes and a susceptible
cluster with 5 haplotypes (Figure 4(b1,b2)). But, in both species, a star-like shape of the
haplotype network indicates a high frequency of intermediate variants, which can be an
indication of population expansion.

1sample

Hap_3
(a2) (b1) (b2)

Figure 3. Patterns of the genetic variability and polymorphism of the upstream region of CYP6M2.
(al) TCS-network of the An. coluzzii sequences showing haplotypes and their respective frequencies
(Hap_1, inset); (a2) a maximum likelihood phylogenetic tree of An. coluzzii sequences generated using
Tamura 3-parameter model; (b1) TCS-network of the An. gambiae sequences showing haplotypes
and their respective frequencies (Hap_3, inset); (b2) a maximum likelihood phylogenetic tree of
An. gambiae sequences generated using Tamura 3-parameter model. Hap, Haplotype; NGL, Ngousso
lab strain; HR, Highly resistant; HS, Highly susceptible; Kis, Kisumu lab strain.

Table 2. Summary statistics for full CYP6M2-gene polymorphism in permethrin highly susceptible
and highly resistant.

Species (Size) Populations 2n S H (Hd) Syn NSyn L D D* pKa/pKs
HRF, 18 20 8(0.915) 11 7 0.0064 0.799 1.497 ** 0.46
) HS Fy 20 27 14(0.953) 13 10 0.0099 1.715 1.592 ** 0.38
An. coluzzit (1104bp) 1o 6o 18 17 7(0.889) 9 7 0.0045 0.059 1.4973 ** 0.37
All 56 32 27(0.944) 15 13 0.0097 1.238 1.8745 ** 0.34
HR Fy 14 36 11(0.967) 17 14 0.0102 1.621 1.493 ** 0.26
4 HS F, 14 44 6(0.879) 23 14 0.0122 1.515 1.493 ** 0.19
An. gambiae (1528bp) 5y 14 2 6(0.879) 14 5 0.0064 1.728 1.493 ** 0.11
All 42 51 20 (0.948) 26 23 0.0124 2.124% 1.929 ** 0.24

2n, number of unphased sequences; D, Tajima’'s statistics; D *, Fu and Li’s statistics; H, number of haplotypes;
n.a = non-attributed; Hd, haplotype diversity; Syn, Synonymous mutations; Nsyn, Non-synonymous mutations;
7, nucleotide diversity; S, number of polymorphic sites; pKa, Synonymous polymorphism per site; pKs, non-
Synonymous polymorphism per site; * = p < 0.05; ** = p < 0.02.

Moreover, the GCC-> TCC polymorphism in codon 392-CYP6M?2, inducing an amino
acid change of alanine to serine A392S (Supplementary Table S4 and Figure S5), was
observed in An. gambiae samples, with a frequency of 71.43% (5/7) in the HR and 57.14%
(4/7) in HS but not observed in Kisumu lab strain (0/7) as shown in Supplementary
Table S4. Samples carrying the 392A allele were more polymorphic (S = 33, Hd = 0.89
and 7t = 0.0089; Figure 4(b3)) than 392S allele carriers (S = 25, Hd = 0.88 and 7 = 0.0059;
Figure 4(b3)), suggesting a purifying or balancing selection in mosquitos carrying the A32S
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and confirmed by a positive value obtained for the Tajima’s D and Fu and Li statistics
(Supplementary Table S4).
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Figure 4. Pattern of the genetic variability and polymorphism of full-gene length of CYP6M2.
(al) TCS-network of the An. coluzzii sequences showing haplotypes and their respective frequencies
(Hap_3, inset); (a2) a maximum likelihood phylogenetic tree of An. coluzzii sequences generated using
Tamura 3-parameter model; (b1) TCS-network of the An. gambiae sequences showing haplotypes
and their respective frequencies (Hap_7 and Hap_8, inset); (b2) a maximum likelihood phylogenetic
tree of An. gambine sequences generated using Kimura 2-parameter model; (b3) TCS-network of
the A3925-CYP6M2 mutation per allele in An. gambiae. Hap, Haplotype; NGL, Ngousso lab strain;
HR, Highly resistant; HS, Highly susceptible; Kis, Kisumu lab strain.

3.5. Genetic Polymorphisms Analysis of CYP6P4 Associated to Pyrethroid Resistance
3.5.1. Polymorphism Analyses of the Upstream Region of CYP6P4

The CYP6P4 upstream region (the intergenic region between CYP6P4 and CYP6P5) was
amplified and sequenced for individual HR and HS mosquitos. As above, An. gambiae
mosquito samples were used as a model to characterize this intergenic region. After aligning
sequences, an indel of 7 bp (GGGGTGC) was consistently observed with a deletion associated
with an A/T substitution in all the HR (6/6) and less than 50% in HS, and present in susceptible
strain Kisumu. Supplementary Table S5 shows the frequency of this indel across the groups
used. Overall, the core elements detected by GPMiner include TATA boxes (5), CCAAT
box (3), and 3 GC box (Supplementary Figure 56). The CYP6P4 upstream also exhibits several
transcription factors binding sites in An. gambiae (Supplementary Figure S6), including several
sites for GATA, MYB or AHR and nrf2/MAF (5 in HR samples and 4 in the other groups).
This additional nrf2 /MAF site detected in all the HR samples included an A/T substitution at
position 273 (Supplementary Table S5).

Regarding the 870-bp of the intergenic region between CYP6P4 and CYP6P5, a compar-
ative analysis was done using 18 sequences (6 HR, 4 HS and 8 Ngousso) and 22 (6 HR, 9 HS
and 7 Kisumu), respectively, for An. coluzzii and An. gambiae (Supplementary Figure 57). In
An. coluzzii, HR and HS mosquitos revealed a high haplotype diversity of 0.88 and 0.71,
respectively (Table 3). The haplotype 2 was predominant (39%) and shared by all groups,
while Hap_3 (22%) and Hap_1 (5%) were specific to susceptible Ngousso lab strain; Hap_4
(5%) and Hap_5 (5%) to HS; and the rest to HR (Figure 5(al,a2), Supplementary Figure S8).
In addition, most HR haplotypes are separated from each other and from other haplotypes
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by a large number of mutational steps confirming the high genetic diversity observed in
their sequences.

Table 3. Summary statistics for polymorphism of CYP6P4 upstream region in permethrin highly
susceptible and highly resistant.

Species (Size) Population 2n S H (Hd) 1 D D *

HR F, 12 22 7 (0.879) 0.00935 0.3557 1.509
) HS F, 8 20 3 (0.714) 0.01071 1.1576 1.558 **
An. coluzzii (870 bp) Ngousso 16 15 3(0.630) 0.00822 2.3509 * 1.509 **
All 36 29 11 (0.803) 0.01015 0.8198 1.749

HRF, 12 2 2 (0.489) 0.00112 1.356 1.195
. HS F, 18 17 7 (0.856) 0.00952 2.529 * 1.348 **
An. gambiae (880 bp) Kisumu 14 15 5 (0.703) 0.00754 1.537 1.288 **
All 44 19 11 (0.838) 0.00828 2.047 * 1.655 **

(a1)

2n, number of unphased sequences; D, Tajima’s statistics; D *, Fu and Li’s statistics; H, number of haplotypes; 7, nucleotide
diversity; S, number of polymorphic sites; n.a. = non-attributed; Hd, haplotype diversity; * = p < 0.05; ** = p < 0.02.

In An. gambiae, the number of haplotypes for this region was low in HR (2 haplotypes)
with a low Hd of 0.485 for 2 polymorphic sites, compared to HS (7 haplotypes) with Hd = 0.85
(Table 3, Supplementary Figure S8) and 17 polymorphic sites, suggesting a possible ongoing
directional selection in resistant mosquitos. The haplotype Hap_2 (34%) was shared by all
groups with Hap_3 (13%), present only in the susceptible groups (HS and susceptible lab
strain Kisumu), while Hap_11 (9%) was only found in the HR groups (Figure 5(b1,b2)).
This Hap_2 corresponds to the main haplotype (Hap_2) found in An. coluzzii. This reduced
diversity in An. gambiae HR groups supports the hypothesis of ongoing selection, but it is
not confirmed by the positive values of both neutrality tests. In addition, based on the allelic
profile at position 273 (Supplementary Table S5), the genetic variability parameters showed
that a higher number of haplotypes occurs in 273-A allele carriers (h = 7), with an equivalent
high haplotype diversity, Hd = 0.84, and nucleotide diversity, 7t = 0.0096, while the lowest
haplotype diversity and nucleotide diversity (h = 5, Hd = 0.58, 7 = 0.0013) were found in
273-T allele carriers (Figure 5(b3), Supplementary Table S5).

.....

®  (a2) ° b2) ¢ ° -

Figure 5. Pattern of the genetic variability and polymorphism of the upstream region of CYP6P4.
(al) TCS-network of the An. coluzzii sequences showing haplotypes and their respective frequencies
(Hap_2, inset); (a2) a maximum likelihood phylogenetic tree of An. coluzzii sequences generated using
Kimura 2-parameter model; (b1) TCS-network of the An. coluzzii sequences showing haplotypes and
their respective frequencies for An. gambiae (Hap_2, inset); (b2) a maximum likelihood phylogenetic
tree of An. gambiae sequences generated using Juke- Cantor model. (b3) TCS-network of the upstream
region of CYP6P4 mutation per allele in An. gambiae. Hap, Haplotype; NGL, Ngousso lab strain;
HR, Highly resistant; HS, Highly susceptible; Kis, Kisumu lab strain.
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3.5.2. Polymorphism Analyses of the Full-Gene Region of CYP6P4

Analysis of variability of a 1051 bp-fragment of the CYP6P4-gene (1521 bp) was
done on 58 individual sequences from An. coluzzii (9 HR, 10 HS, 10 Ngousso strain) and
An. gambiae (10 HR, 9 HS, 10 Kisumu lab strain) (Supplementary Figure S7). In An. coluzzii,
HR mosquitos showed a lower number of haplotypes (8) than the HS individuals (9)
(Table 4, Supplementary Figure S9). The haplotype network analysis and phylogenetic
tree for this fragment showed that the observed haplotypes are genetically diverse and
do not cluster according to resistance phenotype (Figure 6(al,a2)). However, Hap_2 was
predominant (14%) and shared by all sample groups tested, the others being distributed as
shown in Figure 6(al,a2) below. The absence of predominant haplotypes indicates that this
gene is not subject to selection pressure in An. coluzzii specimens from Yaoundé, Cameroon.

The HR sequences of An. gambiae exhibited 11 polymorphic sites with 12 haplo-
types (Table 4, Supplementary Figure S9). For the HS and Kisumu lab strain, sequences
were most polymorphic with 13 and 16 polymorphic sites, respectively (Supplementary
Figure S9). The maximum likelihood phylogenetic tree generated shows a small cluster
associated with HR mosquitos (4 out of 10 sequences) (Figure 6(b1,b2)). Hap_24 was
predominant (14%) followed by Hap_14 (5.2%) and Hap_19 (3.4%), shared by the HR and
HS samples. On the other hand, Hap_4 (5.2%) and Hap_10 (5.2%) were predominant in HS
specimens or the Kisumu specimens.

In addition, two synonymous and one non-synonymous mutations were identified
(Supplementary Figure 510) in the An. gambiae CYP6P4 gene. The synonymous substitution
GCG- > GCA in codon 115 was linked to the mutation of TGC- > AGC in codon 168,
which led to an amino acid change of cysteine to serine (C168S) substitution; the two
mutations were found with a frequency of 70% in the HR, 28% in HS and 15% in Kisumu
(Supplementary Table S6). The carriers of 168C allele show the highest polymorphism with
23 haplotypes (Hd = 0.97, t = 0.0005) in 17 polymorphic sites (Supplementary Table S6)
compared to samples carrying the 168S allele where 11 haplotypes (Hd = 0.86, 7 = 0.0003)
(Figure 6(b3) and Supplementary Table S6). The non-synonymous GGC- > GGT at codon
144 was found with a frequency of 95% HR compared to HS and Kisumu of 50% and 20%
frequency respectively (Supplementary Table S6).

Table 4. Summary statistics for polymorphism of CYP6P4-gene in permethrin highly susceptible and

highly resistant.
Species (Size) Population  2n S H (Hd) Syn NSyn fud D D * pKa/pKs
HR Fy 18 21 8(0.915) 19 2 0.0076 1114 1.246 ** 0.002
) HS F, 20 20 9 (0.921) 21 0 0.0078 1.365 1.268 0.000
An. coluzzii (1037 bp) Ngousso 20 25 9(0.922) 19 7 0.0076 0.095 1.246 * 0.078
All 58 33 25(0.963) 25 9 0.0084 0610 1.614 % 0.003
HR Fy 20 11 12 (0.905) 10 1 0.0041 1.324 1.007 0.030
. HS Fy 18 13 13(0.967) 11 2 0.0048 1.275 0.667 * 0.055
An. gambige (1051bp) il v 20 16 13(0.947) 13 3 0.,0059 1415 1.007 ** 0.070
All 58 17 33(0.969) 14 3 00062  2385*  1.632* 0.065

2n, number of unphased sequences; D, Tajima’s statistics; D *, Fu and Li’s statistics; H, number of haplotypes;
n.a = non-attributed; Hd, haplotype diversity; Syn, Synonymous mutations; Nsyn, Non-synonymous mutations;
7, nucleotide diversity; S, number of polymorphic sites; pKa: Synonymous polymorphism per site; pKs: non-
Synonymous polymorphism per site; * = p < 0.05; ** = p < 0.02.

3.6. Distribution of Key Mutations Found in CYP6M?2 and CYP6P4 Genes among the Populations
of An. gambiae

The presence of mutations in the upstream and the full-gene length regions of CYP6M2
and CYP6P4 were in the HS and HR strains, and direct field-collected samples from Nkolon-
dom (Table 5, Supplementary Figures S11 and S12) were determined. No significant link
between any of the mutations was identified, and pyrethroid resistance was detected (Table 5).
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Figure 6. Pattern of the genetic variability and polymorphism of full-gene length of CYP6P4. (a1) TCS-
network of the An. coluzzii sequences showing haplotypes and their respective frequencies (Hap_2,
inset); (a2) a maximum likelihood phylogenetic tree of An. coluzzii generated using Tumura 3-
parameter model; (b1) TCS-network of the An. gambiae sequences showing haplotypes and their
respective frequencies (Hap_24, inset); (b2) a maximum likelihood phylogenetic tree of An. gambiae
sequences generated using Tumura 3-parameter model; (b3) TCS-network of the C168S-CYP6P4
mutation per allele in An. gambiae. Hap, Haplotype; NGL, Ngousso lab strain; HR, Highly resistant;
HS, Highly susceptible; Kis, Kisumu lab strain.

Table 5. Frequencies of key mutations found in CYP6M?2 and CYP6P4 in An. gambiae.

Indel of 8 bp in Upstream of CYP6M2

Allele

Groups N 2N OR (CI) p Value
D/D D/1 7 D 1
Kisumu 0 3 14 17 34 0.09 091 11.40 0.0001
Fo 6 8 5 19 38 0.53 0.47 (5.18-25.11) <
HR Fy 18 21 15 54 108 0.53 047 0.73 032
HSFq 10 32 16 58 116 0.45 0.55 (0.42-1.27) :
Groups Amino Acid Residue at 392 CYP6M2-Gene N IN Allele OR (CD) p Value
S/S S/A A/A S A
Kisumu 0 8 22 30 60 0.13 0.87 0.50 023
Fo 1 6 49 56 112 0.07 0.93 (0.19-1.32) ’
HR F, 13 23 14 50 100 0.49 0.51 0.59 0.09
HSF, 8 21 22 51 102 0.36 0.64 (0.33-1.03) .
Groups Indel of 7 bp in Upstream of CYP6P4 N IN Allele OR (CD) p Value
t/t t/a ala t a
Kisumu 0 6 6 12 24 0.25 0.75 1.46 032
Fy 3 5 11 20 40 0.29 0.71 (0.76-2.80) :
HRF, 5 25 16 46 92 0.38 0.62 1.39 032
HSF, 8 21 11 40 80 0.46 0.54 (0.79-2.44) :
Groups t/c Mutation at Codon 144 CYP6P4-Gene N IN Allele OR (CD p Value
t/t tlc c/c t c
Kisumu 0 8 16 24 48 0.21 0.79 1.46 032
Foy 3 5 12 20 40 0.28 0.72 (0.76-2.80) :
HR Fy 25 19 0 44 88 0.78 0.22 0.52 0.06
HSFq 16 23 3 42 84 0.65 0.35 (0.28-0.98) ’
Groups Amino Acid Residue at 168 CYP6P4-Gene N IN Allele OR (CD) p Value
C/C C/S S/S C S
Kisumu 0 8 12 20 40 0.20 0.80 1.00 1.00
Fo 0 10 15 25 50 0.20 0.80 (0.50-1.99) .
HR Fy 3 22 5 30 60 0.47 0.53 1.00 1.00
HSFE, 6 16 8 30 60 0.47 0.53 (0.57-1.74) :

D, Deletion; I, insertion; S, Serine; A, Alanine; C, Cysteine; S, Serine; t, thymine; a, adenine; ¢, cytosine; N = total

number of samples tested; OR, odds ratio; CI, confidence interval.
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4. Discussion

Insecticide resistance is a major threat to the effectiveness of insecticide-based malaria
control tools. Besides the already well-studied target site mutations, metabolic resistance is
one of the most important mechanisms. Although the expression of cytochrome P450 genes,
such as CYP6M?2 and CYP6P4, capable of breaking down the insecticide before it reaches
its target is a well-known mechanism of insecticide resistance, the underlying factors
modulating the expression of this enzyme family are poorly understood. The present study
analyzed the polymorphisms of these two cytochrome-P450s to detect potential mutations
that are linked to their overexpression and may be used as resistance markers in two main
malaria vectors populations in Yaoundé, Cameroon.

The study shows resistance to permethrin in both species in line with previous reports
in different studies in the country [23-25,57,58] and highlighted an escalation of resistance
over years in the country with observed resistance to higher insecticide concentrations [32].
Additionally, pre-exposure to PBO reveals a partial recovery of susceptibility to permethrin in
both collection sites, indicating an involvement of oxidases, such as cytochromes P450 in the
observed resistance. However, the recovery of susceptibility after PBO is moderate (<20%)
showing that other mechanisms than P450s are involved, including kdr, which were found
fixed in An. gambiae. The escalation in resistance could be explained by the insecticide selection
pressure due to the scale up of control interventions with the distribution of ITNs taking
place in Cameroon since 2011 and also by the presence of pesticide residues or components
associated with anthropogenic activities (soapy water, organic waste) in the urban breeding
sites. Those residues may activate certain detoxication enzymes in mosquitos by oxidative
stress, enzymes being also active against insecticides molecules [59,60].

The consistent over-expression of CYP6M?2 and CYP6P4 genes in field permethrin-
resistant An. gambiae and An. coluzzii, among all the up-regulated genes found in this
study, shows their link with resistance patterns in Cameroon. These two genes have
been firstly recorded upregulated in Cameroon DDT and pyrethroid resistant An. gambiae
and An. coluzzii mosquitos [22], and more recently, in An. gambiae populations from the
same peri-urban area [23,24]. Meanwhile, Ibrahim et al. [14] have already established
that CYP6P4 is responsible for resistance to permethrin in An. arabiensis populations
from Central Africa. Many studies have shown that the up-regulation of certain P450s
can be modulated by mutations of cis-regulatory elements in the promoter regions of
P450 genes and/or changes in the expression level of transcription factors binding to
these cis-regulatory elements [28,61,62]. Knowing that other mechanisms, such as allelic
variations of resistance genes, may also be involved, we decided in this study to amplify
around 1 kb of the putative promoter and full-gene region of CYP6M2 and CYP6P4 in both
An. coluzzii and An. gambiae to detect any variations that might influence their expression
in resistant individuals.

Polymorphism analysis of CYP6M2 sequences in An. coluzzii from Ngousso, Yaoundé,
revealed that for both the upstream and the full-gene length regions, the HS strain was
more polymorphic than the HR, but the predominant haplotype was shared by both HR
and HS. In An. gambiae the upstream region of CYP6M?2 in HS mosquitos showed a similar
polymorphism to that in HR, and this, coupled with the high diversity in HR samples
compared to HS, suggests that there is not a strong selective sweep acting upon CYP6M2
in either species in Yaoundé. The absence of polymorphisms associated with resistance in
the coding region or in the 1 kb upstream may indicate that the emergence of CYP6M2-
associated resistance is due to selection pressures acting on genes encoding distantly related
regulatory proteins in trans position, as concluded in a similar study comparing CYP6M2
sequences of An. gambiae s.1. sampled from 13 countries [18]. This larger study identified
6 amino acid polymorphisms within CYP6M2, none of which were detected in the current
study. The mutation A392S was found to be the most frequent in F4 HR (50%) of An. gambiae
from Nkolondom crossing and was also detected in field Fy populations (7%).

A detailed analysis of the polymorphisms in both the upstream and full-gene regions
of CYP6P4 revealed that the HS was more polymorphic than HR samples of An. gambiae
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populations. The key amino acid change (C168S) observed in CYP6P4 and substitution
mutations in the nrf2/MAF TFBs of their upstream region appear to be subject to positive
selection in An. gambiae populations and could signal a directional selection as seen
for CYP6P9a/b [45].

In the full-gene region, one major amino-acid change at codon 168 where cysteine
(C) is replaced by serine (S) were found in almost all the HR sequences. This amino-acid
change was different from what has been seen in Uganda with the 122*M mutation [20],
with only the susceptible allele 2361 found in all the An. coluzzii and An. gambiae sequence
from Yaoundé, Cameroon. The impact of such allelic variation on the metabolic efficiency
of detoxication genes has previously been demonstrated in An. funestus for P450s, such
as CYP6P9a/b [27], and is similar to the case of CYP6A2 in Drosophila melanogaster for
which 3 amino acid substitutions located close to the active site in the allele predominant
in DDT-resistant flies have been shown to confer the increased metabolism of DDT [62].
Further studies on the variants are needed to determine whether they vary in their ability
to detoxify pyrethroids.

5. Conclusions

This study explored the genetic diversity of two cytochrome P450s associated with
pyrethroid resistance in An. gambiae s.1. revealing some potentially interesting molecular
markers in CYP6P4 that merit further investigation in the resistance context in Cameroon.
No molecular markers associated with resistance were found in CYP6M?2 in either species
agreeing with previous studies. Further studies need to be performed to detect the specific
genetic variants driving the overexpression of both CYP6M?2 and CYP6P4 in the central
African population of An. gambiae s.l., exploring structural variants and both cis- and
trans- regulatory loci. Such work will help design robust DNA-based assays to detect and
track resistance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes14010052 /s1, Figure S1: Nucleotide sequence of the 881 bp
of the upstream region of CYP6M2 showing (a) the regulatory sequences identified by GPMiner
and (b) the transcription factors binding sites using Alggen; Figure S2: PCR amplification of the
upstream and full-gene region of CYP6M2; Figure S3: Polymorphic sites and haplotypes of the
CYP6M?2 upstream region in (a) An. coluzzii and (b) An. gambiae from F4; Figure S4: Polymorphic
sites and haplotypes of the full-gene length of CYP6M?2 in (a) An. coluzzii and (b) An. gambiae
from F4; Figure S5: Sequencing of the portion of the full CYP6M2-gene length spanning the A3925
mutation. (a) Sequence alignment of the full CYP6M2-gene length at the A392S point mutation in
HR, HS and Kisumu susceptible laboratory strain; (b) amino-acid change of the full CYP6M2-gene
length at the A392S point mutation according to their phenotype and (c) Chromatogram traces
showing the two genotypes at the 392-codon position; Figure S6: Nucleotide sequence of the 868 bp
of the upstream region of CYP6P4 showing (a) the regulatory sequences identified by GPMiner and
(b) the transcription factors binding sites using Alggen; Figure S7: PCR amplification of the putative
promoter and full-gene region of CYP6P4; Figure S8: Polymorphic sites and haplotypes of the CYP6P4
upstream region in (a) An. coluzzii and (b) An. gambiae from F4; Figure S9: Polymorphic sites and
haplotypes of the 1051 bp fragment of CYP6P4 gene in (a) An. coluzzii and (b) An. gambiae from
F4; Figure S10: Sequencing of the portion of the CYP6P4-gene length spanning all the mutations
found. (a) Sequence alignment of the CYP6P4-gene length at point mutation in HR, HS and Kisumu
strain; (b) amino-acid change at the C168S point mutation according to their phenotype; Figure S11:
Representative diagram of DNA-based assay to genotype a key mutation in An. gambiage CYP6M2.
(a) CYP6M?2 upstream region: alignment of sequences showing differences by resistance phenotype
including the deletion of 7 bp found in HR and HS groups link to the G/A variant generating a
restriction site for the BsrDI restriction enzyme; a schematic representation of the CYP6M2 promoter
PCR-RFLP illustration digestion of the PCR amplicon and genotyping results for F4 field-resistant
from Nkolondom and Susceptible Kisumu crossing. (b) CYP6M2-gene region: alignment of sequences
showing A392S-mutation differences by resistance phenotype; a schematic representation of the
CYP6M2-gene AS-PCR illustration digestion of the PCR amplicon and genotyping results for F4 field-
resistant from Nkolondom and Susceptible Kisumu crossing; Figure S12: Representative diagram of


https://www.mdpi.com/article/10.3390/genes14010052/s1
https://www.mdpi.com/article/10.3390/genes14010052/s1

Genes 2023, 14, 52 16 of 19

DNA-based assay to genotype a key mutation in An. gambiae CYP6P4. (a) CYP6P4 upstream region:
alignment of sequences showing differences by resistance phenotype linked to the A/T (A-273-T)
variant generating a restriction site for the Pvull restriction enzyme; a schematic representation
of the CYP6P4 promoter PCR-RFLP illustration digestion of the PCR amplicon and genotyping
results for F4 field-resistant from Nkolondom and Susceptible Kisumu crossing. CYP6P4 gene
region: (b) alignment of sequences showing the differences in codon 144 (C-432-T) by resistance
phenotype; a schematic representation of the CYP6P4-gene RFLP-PCR illustration digestion of the
PCR amplicon and genotyping results for F4 field-resistant from Nkolondom and Susceptible Kisumu
crossing; (c) alignment of sequences showing C168S-mutation differences by resistance phenotype; a
schematic representation of the CYP6P4-gene AS-PCR illustration digestion of the PCR amplicon and
genotyping results for F4 field-resistant from Nkolondom and Susceptible Kisumu crossing; Table
S1: Primers of the promoter region of CYP6M?2 and CYP6P4; Table S2: Specific primers of CYP6M2
and CYP6P4 diagnostic assays; Table S3: Genotype and allele frequencies of 1014F kdr mutations in
An. gambige and An. coluzzii populations; Table S4: Frequency of key mutations found and genetic
variability parameters of CYP6M?2 per allele in An. gambiae; Table S5: Frequency of key mutations
found and genetic variability parameters of the intergenic region between CYP6P4 and CYP6P5 per
allele in An. gambiae; Table S6: Frequency of key mutations found and genetic variability parameters
of the upstream region of mutation per allele in An. gambiae.

Author Contributions: Conceptualization, B.T.-F.; methodology, Y.E-T., M.]J.W. and B.T.-E; software,
Y.E-T. and B.T.-F; validation, B.T.-F. and C.S.W.; formal analysis, Y.F.-T., L M.J.M. and B.T.-E,; investi-
gation, Y.E-T. and B.T.-F,; resources, M.].W., B.T.-F. and C.5.W.; data curation, Y.F.-T.; writing—original
draft preparation, Y.F-T. and B.T.-F,; writing—review and editing, Y.F-T., B.T.-F,, LM.J.M., EN., H.R.
and C.S.W.; visualization, B.T.-F.; supervision, B.T.-F., H.R. and C.S5.W.; project administration, B.T.-F.
and C.S.W.; funding acquisition, B.T.-F. and C.S.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Medical Research Council, UK, and Global Challenges
Research Fund, through the PIIVeC (grant number MR /P027873/1) and the Wellcome Trust through
a Senior Research Fellowship awarded to CSW (217188/Z/19/Z). The funders had no role in study
design, data collection and analysis, decision to publish or preparation of the manuscript.

Data Availability Statement: All data generated or analyzed during this study are included within the
article and its additional files. The sequences generated have been deposited in the GenBank database
(study accession numbers: OP779727-OP779746; OP797835-OP797861; OP797862-0P797886; OP811275-
OP811307; OP846110-OP846114; OP846115-OP846119; OP857148-OP857158; OP857159-OP857169).

Acknowledgments: We thank the inhabitants of Ngousso and Nkolondom communities for their
acceptance during the sample collection; Francis Nongley for his assistance in drafting the article,
and all members of the PIIVeC consortium.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bhatt, S.; Weiss, D.J.; Cameron, E.; Bisanzio, D.; Mappin, B.; Dalrymple, U.; Battle, K.E.; Moyes, C.L.; Henry, A.; Eckhoff, P.A ; et al.
The effect of malaria control on Plasmodium falciparum in Africa between 2000 and 2015. Nature 2015, 526, 207-211. [CrossRef]

2. WHO. World Malaria Report 2021; World Health Organization: Geneva, Switzerland, 2021.

3. Antonio-Nkondjio, C.; Sonhafouo-Chiana, N.; Ngadjeu, C.S.; Doumbe-Belisse, P.; Talipouo, A.; Djamouko-Djonkam, L.; Kopya,
E.; Bamou, R.; Awono-Ambene, P.; Wondji, C.S. Review of the evolution of insecticide resistance in main malaria vectors in
Cameroon from 1990 to 2017. Parasites Vectors 2017, 10, 472. [CrossRef]

4. Djouaka, RE; Bakare, A.A.; Coulibaly, O.N.; Akogbeto, M.C.; Ranson, H.; Hemingway, J.; Strode, C. Expression of the cytochrome
P450s, CYP6P3 and CYP6M? are significantly elevated in multiple pyrethroid resistant populations of Anopheles gambiae s.s.
from Southern Benin and Nigeria. BMC Genom. 2008, 9, 538. [CrossRef]

5. Hemingway, J. The role of vector control in stopping the transmission of malaria: Threats and opportunities. Philos. Trans. R. Soc.
B Biol. Sci. 2014, 369, 20130431. [CrossRef]

6. Ranson, H.; Lissenden, N. Insecticide Resistance in African Anopheles Mosquitoes: A Worsening Situation that Needs Urgent
Action to Maintain Malaria Control. Trends Parasitol. 2016, 32, 187-196. [CrossRef]

7. WHO. World Malaria Report 2019; World Health Organization: Geneva, Switzerland, 2019.

8. Zhu, F,; Lavine, L.; O’'Neal, S.; Lavine, M.; Foss, C.; Walsh, D. Insecticide resistance and management strategies in urban

ecosystems. Insects 2016, 7, 2. [CrossRef]


http://doi.org/10.1038/nature15535
http://doi.org/10.1186/s13071-017-2417-9
http://doi.org/10.1186/1471-2164-9-538
http://doi.org/10.1098/rstb.2013.0431
http://doi.org/10.1016/j.pt.2015.11.010
http://doi.org/10.3390/insects7010002

Genes 2023, 14, 52 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Hemingway, J.; Hawkes, N.J.; McCarroll, L.; Ranson, H. The molecular basis of insecticide resistance in mosquitoes. Insect Biochem.
Mol. Biol. 2004, 34, 653-665. [CrossRef]

WHO. Global Plan for Insecticide Resistance Management in Malaria Vectors: Executive Summary; World Health Organization: Geneva,
Switzerland, 2012.

Protopopoff, N.; Mosha, J.E.; Lukole, E.; Charlwood, J.D.; Wright, A.; Mwalimu, C.D.; Manjurano, A.; Mosha, EW.; Kisinza, W,;
Kleinschmidt, I. Effectiveness of a long-lasting piperonyl butoxide-treated insecticidal net and indoor residual spray interventions,
separately and together, against malaria transmitted by pyrethroid-resistant mosquitoes: A cluster, randomised controlled,
two-by-two factorial design trial. Lancet 2018, 391, 1577-1588.

Staedke, S.G.; Gonahasa, S.; Dorsey, G.; Kamya, M.R.; Maiteki-Sebuguzi, C.; Lynd, A.; Katureebe, A.; Kyohere, M.; Mutungi,
P,; Kigozi, S.P. Effect of long-lasting insecticidal nets with and without piperonyl butoxide on malaria indicators in Uganda
(LLINEUP): A pragmatic, cluster-randomised trial embedded in a national LLIN distribution campaign. Lancet 2020, 395,
1292-1303. [CrossRef]

Adolfi, A.; Poulton, B.; Anthousi, A.; Macilwee, S.; Ranson, H.; Lycett, G.J. Functional genetic validation of key genes conferring
insecticide resistance in the major African malaria vector, Anopheles gambiae. Proc. Natl. Acad. Sci. USA 2019, 116, 25764-25772.
[CrossRef]

Ibrahim, S.S.; Riveron, ].M.; Stott, R.; Irving, H.; Wondji, C.S. The cytochrome P450 CYP6P4 is responsible for the high pyrethroid
resistance in knockdown resistance-free Anopheles arabiensis. Insect Biochem. Mol. Biol. 2016, 68, 23-32. [CrossRef]

Stevenson, B.].; Bibby, J.; Pignatelli, P., Muangnoicharoen, S.; O’Neill, PM.; Lian, L.Y.; Muller, P.; Nikou, D.; Steven, A.; Hemingway,
J.; et al. Cytochrome P450 6M2 from the malaria vector Anopheles gambiae metabolizes pyrethroids: Sequential metabolism of
deltamethrin revealed. Insect Biochem. Mol. Biol. 2011, 41, 492-502. [CrossRef]

Mitchell, S.N.; Stevenson, B.]J.; Muller, P.; Wilding, C.S.; Egyir-Yawson, A.; Field, S.G.; Hemingway, J.; Paine, M.].; Ranson, H.;
Donnelly, M.J. Identification and validation of a gene causing cross-resistance between insecticide classes in Anopheles gambiae
from Ghana. Proc. Natl. Acad. Sci. USA 2012, 109, 6147-6152. [CrossRef]

Edi, C.V,; Djogbenou, L.; Jenkins, A.M.; Regna, K.; Muskavitch, M.A.; Poupardin, R.; Jones, C.M.; Essandoh, J.; Ketoh, GK,;
Paine, M.J.; et al. CYP6 P450 enzymes and ACE-1 duplication produce extreme and multiple insecticide resistance in the malaria
mosquito Anopheles gambiae. PLoS Genet. 2014, 10, €1004236. [CrossRef]

Wagah, M.G.; Korlevi¢, P.; Clarkson, C.; Miles, A.; Lawniczak, M.K.; Makunin, A. Genetic variation at the Cyp6m?2 putative
insecticide resistance locus in Anopheles gambiae and Anopheles coluzzii. Malar. |. 2021, 20, 234. [CrossRef]

Witzig, C.; Parry, M.; Morgan, J.C.; Irving, H.; Steven, A.; Cuamba, N.; Kerah-Hinzoumbé, C.; Ranson, H.; Wondji, C.S. Genetic
mapping identifies a major locus spanning P450 clusters associated with pyrethroid resistance in kdr-free Anopheles arabiensis
from Chad. Heredity 2013, 110, 389-397. [CrossRef]

Njoroge, H.; Van’t Hof, A.; Oruni, A.; Pipini, D.; Nagi, S.C.; Lynd, A.; Lucas, E.R.; Tomlinson, S.; Grau-Bove, X.; McDermott, D.;
et al. Identification of a rapidly-spreading triple mutant for high-level metabolic insecticide resistance in Anopheles gambiae
provides a real-time molecular diagnostic for antimalarial intervention deployment. Mol. Ecol. 2022, 31, 4307-4318. [CrossRef]
Matowo, J.; Weetman, D.; Pignatelli, P.; Wright, A.; Charlwood, J.D.; Kaaya, R.; Shirima, B.; Moshi, O.; Lukole, E.; Mosha, J.
Expression of pyrethroid metabolizing P450 enzymes characterizes highly resistant Anopheles vector species targeted by successful
deployment of PBO-treated bednets in Tanzania. PLoS ONE 2022, 17, e0249440. [CrossRef]

Tene-Fossog, B.; Poupardin, R.; Costantini, C.; Awono-Ambene, P.; Wondji, C.S.; Ranson, H. Resistance to DDT in an urban
setting: Common mechanisms implicated in both M and S forms of Anopheles gambiae in the City of Yaoundé, Cameroon. PLoS
ONE 2013, 8, 61408. [CrossRef]

Bamou, R.; Sonhafouo-Chiana, N.; Mavridis, K.; Tchuinkam, T.; Wondji, C.S.; Vontas, J.; Antonio-Nkondjio, C. Status of insecticide
resistance and its mechanisms in Anopheles gambiae and Anopheles coluzzii populations from forest settings in South-Cameroon.
Genes 2019, 10, 741. [CrossRef]

Piameu, M.; Nwane, P; Toussile, W.; Mavridis, K.; Wipf, N.C.; Kouadio, P.E.; Mbakop, L.R.; Mandeng, S.; Ekoko, W.E.; Toto,
J.C.; et al. Pyrethroid and Etofenprox Resistance in Anopheles gambine and Anopheles coluzzii from Vegetable Farms in Yaoundé,
Cameroon: Dynamics, Intensity and Molecular Basis. Molecules 2021, 26, 5543. [CrossRef]

Menze, B.D.; Wondji, M.].; Tchapga, W.; Tchoupo, M.; Riveron, ].M.; Wondji, C.S. Bionomics and insecticides resistance profiling
of malaria vectors at a selected site for experimental hut trials in central Cameroon. Malar. J. 2018, 17, 317. [CrossRef]

Liu, N. Insecticide resistance in mosquitoes: Impact, mechanisms, and research directions. Annu. Rev. Entomol. 2015, 60, 537-559.
[CrossRef]

Ibrahim, S.S.; Riveron, ].M.; Bibby, J.; Irving, H.; Yunta, C.; Paine, M.].; Wondji, C.S. Allelic variation of cytochrome P450s drives
resistance to bednet insecticides in a major malaria vector. PLoS Genet. 2015, 11, e1005618. [CrossRef]

Mugenzi, L.M.; Menze, B.D.; Tchouakui, M.; Wondji, M.].; Irving, H.; Tchoupo, M.; Hearn, J.; Weedall, G.D.; Riveron, ].M.; Wondji,
C.S. Cis-regulatory CYP6P9b P450 variants associated with loss of insecticide-treated bed net efficacy against Anopheles funestus.
Nat. Commun. 2019, 10, 4652. [CrossRef]

Weedall, G.D.; Mugenzi, L.M.; Menze, B.D.; Tchouakui, M.; Ibrahim, S.S.; Amvongo-Adjia, N.; Irving, H.; Wondji, M.].; Tchoupo,
M.; Djouaka, R. A cytochrome P450 allele confers pyrethroid resistance on a major African malaria vector, reducing insecticide-
treated bednet efficacy. Sci. Transl. Med. 2019, 11, eaat7386. [CrossRef]


http://doi.org/10.1016/j.ibmb.2004.03.018
http://doi.org/10.1016/S0140-6736(20)30214-2
http://doi.org/10.1073/pnas.1914633116
http://doi.org/10.1016/j.ibmb.2015.10.015
http://doi.org/10.1016/j.ibmb.2011.02.003
http://doi.org/10.1073/pnas.1203452109
http://doi.org/10.1371/journal.pgen.1004236
http://doi.org/10.1186/s12936-021-03757-4
http://doi.org/10.1038/hdy.2012.112
http://doi.org/10.1111/mec.16591
http://doi.org/10.1371/journal.pone.0249440
http://doi.org/10.1371/journal.pone.0061408
http://doi.org/10.3390/genes10100741
http://doi.org/10.3390/molecules26185543
http://doi.org/10.1186/s12936-018-2467-2
http://doi.org/10.1146/annurev-ento-010814-020828
http://doi.org/10.1371/journal.pgen.1005618
http://doi.org/10.1038/s41467-019-12686-5
http://doi.org/10.1126/scitranslmed.aat7386

Genes 2023, 14, 52 18 of 19

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Yunta, C.; Hemmings, K.; Stevenson, B.; Koekemoer, L.L.; Matambo, T.; Pignatelli, P.; Voice, M.; Nasz, S.; Paine, M.].I. Cross-
resistance profiles of malaria mosquito P450s associated with pyrethroid resistance against WHO insecticides. Pestic. Biochem.
Physiol. 2019, 161, 61-67. [CrossRef]

Ag1000G Anopheles gambiae Genomes Consortium: Genetic diversity of the African malaria vector Anopheles gambiae. Nature
2017, 552, 96. [CrossRef]

Tene-Fossog, B.; Fotso-Toguem, Y.G.; Amvongo-Adjia, N.; Ranson, H.; Wondji, C.S.J.M.; Entomology, V. Temporal variation
of high-level pyrethroid resistance in the major malaria vector Anopheles gambiae sl in Yaoundé, Cameroon, is mediated by
target-site and metabolic resistance. Med. Vet. Entomol. 2022, 36, 247-259. [CrossRef]

Kamdem, C.; Tene Fossog, B.; Simard, F.; Etouna, J.; Ndo, C.; Kengne, P.; Bousses, P; Etoa, F.X.; Awono-Ambene, P.; Fontenille,
D.; et al. Anthropogenic habitat disturbance and ecological divergence between incipient species of the malaria mosquito
Anopheles gambiae. PLoS ONE 2012, 7, €39453. [CrossRef]

Service, M. Sampling the larval population. Mosq. Ecol. Field Sampl. Methods 1993, 75-209. [CrossRef]

WHO. Test Procedures for Insecticide Resistance Monitoring in Malaria Vectors; World Health Organization: Geneva, Switzerland,
2016; Volume 55.

WHO. Standard Operating Procedure for Determining the Ability of PBO to Restore Susceptibility of Adult Mosquitoes to Pyrethroid
Insecticides in WHO Tube Tests; 9240043853; World Health Organization: Geneva, Switzerland, 2022.

Wondji, C.S.; Morgan, J.; Coetzee, M.; Hunt, R.H.; Steen, K.; Black, W.C.t.; Hemingway, J.; Ranson, H. Mapping a quantitative
trait locus (QTL) conferring pyrethroid resistance in the African malaria vector Anopheles funestus. BMC Genom. 2007, 8, 34.
[CrossRef]

Cattel, J.; Faucon, F.; Le Péron, B.; Sherpa, S.; Monchal, M.; Grillet, L.; Gaude, T.; Laporte, E; Dusfour, I.; Reynaud, S. Combining
genetic crosses and pool targeted DNA-seq for untangling genomic variations associated with resistance to multiple insecticides
in the mosquito Aedes aegypti. Evol. Appl. 2020, 13, 303-317. [CrossRef]

Livak, K.J. Organization and mapping of a sequence on the Drosophila melanogaster X and Y chromosomes that is transcribed
during spermatogenesis. Genetics 1984, 107, 611-634. [CrossRef]

Gillies, M.; Coetzee, M. A supplement to the Anophelinae of Africa south of the Sahara (Afrotropical region). Publ. S Afr. Inst.
Med. Res. 1987, 55, 1-143.

Gillies, M.T.; De Meillon, B. The anophelinae of Africa south of the Sahara (Ethiopian zoogeographical region). Anophelinae Afr.
South Sahara (Ethiop. Zoogeogr. Reg.) 1968, 54, 1-343.

Santolamazza, F.; Mancini, E.; Simard, E; Qi, Y; Tu, Z.; della Torre, A. Insertion polymorphisms of SINE200 retrotransposons
within speciation islands of Anopheles gambiae molecular forms. Malar. ]. 2008, 7, 163. [CrossRef]

Bass, C.; Nikou, D.; Donnelly, M.].; Williamson, M.S.; Ranson, H.; Ball, A.; Vontas, J.; Field, L.M. Detection of knockdown
resistance (kdr) mutations in Anopheles gambiae: A comparison of two new high-throughput assays with existing methods.
Malar. |. 2007, 6, 111. [CrossRef]

Jones, C.M.; Liyanapathirana, M.; Agossa, ER.; Weetman, D.; Ranson, H.; Donnelly, M.].; Wilding, C.S. Footprints of positive
selection associated with a mutation (N1575Y) in the voltage-gated sodium channel of Anopheles gambiae. Proc. Natl. Acad. Sci.
USA 2012, 109, 6614-6619. [CrossRef]

Riveron, ].M,; Irving, H.; Ndula, M.; Barnes, K.G.; Ibrahim, S.S.; Paine, M.].1.; Wondji, C.S. Directionally selected cytochrome P450
alleles are driving the spread of pyrethroid resistance in the major malaria vector Anopheles funestus. Proc. Natl. Acad. Sci. USA
2013, 110, 252-257. [CrossRef]

Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C (T) method. Nat. Protoc. 2008, 3, 1101-1108.
[CrossRef]

Mavridis, K.; Wipf, N.; Medves, S.; Erquiaga, I.; Muller, P; Vontas, J. Rapid multiplex gene expression assays for monitoring
metabolic resistance in the major malaria vector Anopheles gambiae. Parasites Vectors 2019, 12, 9. [CrossRef]

Lee, T.Y.,; Chang, W.C.; Hsu, ].B.K.; Chang, T.H.; Shien, D.M. GPMiner: An integrated system for mining combinatorial cis-
regulatory elements in mammalian gene group. BMC Genom. 2012, 13 (Suppl. 1), S3. [CrossRef]

Farré, D.; Roset, R.; Huerta, M.; Adsuara, J.E.; Rosell6, L.; Alba, M.M.; Messeguer, X. Identification of patterns in biological
sequences at the ALGGEN server: PROMO and MALGEN. Nucleic Acids Res. 2003, 31, 3651-3653. [CrossRef]

Messeguer, X.; Escudero, R.; Farré, D.; Nufiez, O.; Martinez, J.; Alba, M.M. PROMO: Detection of known transcription regulatory
elements using species-tailored searches. Bioinformatics 2002, 18, 333-334. [CrossRef]

Kel-Margoulis, O.V.; Kel, A.E.; Reuter, I.; Deineko, I.V.; Wingender, E. TRANSCompe1®: A database on composite regulatory
elements in eukaryotic genes. Nucleic Acids Res. 2002, 30, 332-334. [CrossRef]

Hall, T.A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic
Acids Symp. Ser. 1999, 41, 95-98.

Rozas, J.; Ferrer-Mata, A.; Sanchez-DelBarrio, J.C.; Guirao-Rico, S.; Librado, P.; Ramos-Onsins, S.E.; Sanchez-Gracia, A. DnaSP 6:
DNA Sequence Polymorphism Analysis of Large Data Sets. Mol. Biol. Evol. 2017, 34, 3299-3302. [CrossRef]

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 2016, 33, 1870-1874. [CrossRef]


http://doi.org/10.1016/j.pestbp.2019.06.007
http://doi.org/10.1038/nature24995
http://doi.org/10.1111/mve.12577
http://doi.org/10.1371/journal.pone.0039453
http://doi.org/10.1007/978-94-011-1868-2_1
http://doi.org/10.1186/1471-2164-8-34
http://doi.org/10.1111/eva.12867
http://doi.org/10.1093/genetics/107.4.611
http://doi.org/10.1186/1475-2875-7-163
http://doi.org/10.1186/1475-2875-6-111
http://doi.org/10.1073/pnas.1201475109
http://doi.org/10.1073/pnas.1216705110
http://doi.org/10.1038/nprot.2008.73
http://doi.org/10.1186/s13071-018-3253-2
http://doi.org/10.1186/1471-2164-13-S1-S3
http://doi.org/10.1093/nar/gkg605
http://doi.org/10.1093/bioinformatics/18.2.333
http://doi.org/10.1093/nar/30.1.332
http://doi.org/10.1093/molbev/msx248
http://doi.org/10.1093/molbev/msw054

Genes 2023, 14, 52 19 of 19

55.

56.

57.

58.

59.

60.

61.

62.

Tchouakui, M.; Chiang, M.-C.; Ndo, C.; Kuicheu, C.K.; Amvongo-Adjia, N.; Wondji, M.].; Tchoupo, M.; Kusimo, M.O.; Riveron,
J.M.; Wondji, C.S. A marker of glutathione S-transferase-mediated resistance to insecticides is associated with higher Plasmodium
infection in the African malaria vector Anopheles funestus. Sci. Rep. 2019, 9, 5772. [CrossRef]

Kwiatkowska, R.; Platt, N.; Poupardin, R.; Irving, H.; Dabire, R.; Mitchell, S.; Jones, C.; Diabate, A.; Ranson, H.; Wondji, C.
Dissecting the mechanisms responsible for the multiple insecticide resistance phenotype in Anopheles gambiae s.s., M form, from
Vallee du Kou, Burkina Faso. Genes 2013, 519, 98-106. [CrossRef]

Antonio-Nkondjio, C.; Fossog, B.T.; Ndo, C.; Djantio, B.M.; Togouet, S.Z.; Awono-Ambene, P.; Costantini, C.; Wondji, C.S.; Ranson,
H. Anopheles gambiae distribution and insecticide resistance in the cities of Douala and Yaounde (Cameroon): Influence of urban
agriculture and pollution. Malar. J. 2011, 10, 154. [CrossRef]

Ndo, C.; Kopya, E.; Donbou, M.A.; Njiokou, F.; Awono-Ambene, P.; Wondji, C. Elevated Plasmodium infection rates and high
pyrethroid resistance in major malaria vectors in a forested area of Cameroon highlight challenges of malaria control. Parasites
Vectors 2018, 11, 157. [CrossRef]

Subra, R.; Mosha, F. The effect of domestic detergents on the population dynamics of the immature stages of two competitor
mosquitoes, Culex cinereus Theobald and Culex quinquefasciatus Say (Diptera, Culicidae) in Kenya. Acta Trop. 1984, 41, 69-75.
Antonio-Nkondjio, C.; Youmsi-Goupeyou, M.; Kopya, E.; Tene-Fossog, B.; Njiokou, E; Costantini, C.; Awono-Ambene, P.
Exposure to disinfectants (soap or hydrogen peroxide) increases tolerance to permethrin in Anopheles gambiae populations from
the city of Yaoundé, Cameroon. Malar. J. 2014, 13, 296. [CrossRef]

Maitra, S.; Dombrowski, S.M.; Basu, M.; Raustol, O.; Waters, L.C.; Ganguly, R. Factors on the third chromosome affect the level of
Cypb6a2 and Cyp6a8 expression in Drosophila melanogaster. Gene 2000, 248, 147-156. [CrossRef]

Li, X.; Schuler, M.A.; Berenbaum, M.R. Molecular mechanisms of metabolic resistance to synthetic and natural xenobiotics. Annu.
Rev. Entomol. 2007, 52, 231-253. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/s41598-019-42015-1
http://doi.org/10.1016/j.gene.2013.01.036
http://doi.org/10.1186/1475-2875-10-154
http://doi.org/10.1186/s13071-018-2759-y
http://doi.org/10.1186/1475-2875-13-296
http://doi.org/10.1016/S0378-1119(00)00129-3
http://doi.org/10.1146/annurev.ento.51.110104.151104

	Introduction 
	Materials and Methods 
	Ethical Clearance 
	Mosquito Samples Processing 
	Mosquito Collection 
	Insecticide Bioassays and PBO-Based Synergist Test 
	Mosquito Selection 

	Molecular Analysis 
	Genotyping of Kdr-Mutation Alleles 
	Investigation of the Expression Profile of Six Main Candidate-Resistance Genes 
	Amplification and Direct Sequencing of Upstream and Full Gene Regions of CYP6M2 and CYP6P4 
	In Silico Prediction of Promoter Region of CYP6M2 and CYP6P4 
	Polymorphism-Based Analysis of Genomic DNA Sequence 
	Detection of Key Polymorphisms in An. gambiae CYP6M2 and CYP6P4 

	Data Analysis 

	Results 
	Species Identification and Susceptibility to Insecticides 
	Expression Profile of CYP6M2 and CYP6P4 
	Detection of the Knockdown Resistance Mutations 
	Association of Polymorphisms in CYP6M2 and Pyrethroid Resistance 
	Polymorphism Analyses of the Upstream Region of CYP6M2 
	Polymorphism Analyses of the Full-Gene Region of CYP6M2 

	Genetic Polymorphisms Analysis of CYP6P4 Associated to Pyrethroid Resistance 
	Polymorphism Analyses of the Upstream Region of CYP6P4 
	Polymorphism Analyses of the Full-Gene Region of CYP6P4 

	Distribution of Key Mutations Found in CYP6M2 and CYP6P4 Genes among the Populations of An. gambiae 

	Discussion 
	Conclusions 
	References

