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Abstract: (1) Background: Malaria remains a global public health problem. Unfortunately, the re-
sistance of malaria vectors to insecticides commonly used threatens disease control and elimination
efforts. Molecular mechanisms helping some malaria vectors to now survive to greater doses of
insecticides remains poorly understood. Here, we elucidated the pattern of resistance escalation in
the main malaria vector Anopheles gambiae in a pesticide-driven agricultural hotspot in Cameroon
and its impact on vector control tools; (2) Methods: Larval stages and indoor blood-fed females (Fo)
were collected in Mangoum in May and November and forced to lay eggs; the emerging mosquitoes
were used for WHO tube, synergist and cone tests. Molecular identification was done using SINE
PCR whereas TagMan-based PCR was used for genotyping of L1014F/S and N1575Y kdr and the
G119S-ACET1 resistance markers. Transcription profile of candidate resistance genes was performed
using qRT-PCR methods. Characterization of the breeding water and soil from Mangoum was also
performed using HPLC technique; (3) Results: An. gambiae s.s. was the only species in Mangoum
with 4.10 % infection with Plasmodium. These mosquitoes were resistant to all the four classes of
insecticides with mortality rates <7% for pyrethroids and DDT and <54% for carbamates and organ-
ophophates. This population also exhibited high resistance intensity to pyrethroids (permethrin,
alpha-cypermethrin and deltamethrin) after exposure to 5X and 10X discriminating doses and Syn-
ergist assays with PBO revealed only a partial recovery of susceptibility to permethrin, alpha-cy-
permethrin and deltamethrin. Only PBO-based nets (Olyset plus and permaNet 3.0) and Royal
Guard showed an optimal efficacy. A high amount of alpha-cypermethrin was detected in breeding
sites (5.16 fold LOD) suggesting ongoing selection from agricultural pesticides. The 1014F-kdr allele
was fixed (100%) whereas the 1575Y-kdr (37.5%) and the 119S Ace-1R (51.1%) are moderately pre-
sent. Elevated expression of P450s respectively in permethrin and deltamethrin resistant mosquitoes
[CYP6M2 (10 and 34-fold), CYP6Z1(17 and 29-fold), CYP6Z22 (13 and 65-fold), CYPIK1 (13 and 87-fold)]
supports their role in the observed resistance besides other mechanisms including chemosensory
genes as SAP1 (28 and 13-fold), SAP2 (5 and 5-fold),SAP3 (24 and 8-fold) and cuticular genes as
CYP4G16 (6 and 8-fold) and CYP4G17 (5 and 27-fold). However, these candidate genes were not asso-
ciated with resistance escalation as expression level did not differ significantly between 1x, 5x and
10x surviving mosquitoes. (4) Conclusions: Intensive and multiple resistance is being selected in
malaria vectors from pesticide-based agricultural hotspot of Cameroon leading to loss of efficacy of
pyrethroid-only nets. Further studies are needed to decipher the molecular basis underlying such
resistance escalation to better assess its impact on control interventions.
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1. Introduction

Malaria remains a global public health problem with about 228 million cases world-
wide and 213 million cases (93%) recorded in Africa [1]. Scale up of insecticide-based in-
terventions using Long-Lasting Insecticide Nets (LLINs) and Indoor Residual Spraying
(IRS) in Africa, has driven the significant reductions in malaria cases in the 21st century
[2]. Pyrethroid is the main insecticide class approved for LLINs impregnation, as well as
the most common insecticide class used in IRS [1].

Unfortunately, the high selective pressure caused by the threatening the effectiveness
of malaria control and elimination efforts.

Between 2013 and 2014, insecticide resistance assessment followed the WHO proto-
col published in 2013 which recommended exposing insects to predefined discriminating
doses and reporting mortality thereafter [3]. However, it was soon evident that this
methodology was limited to really alert on the impact of resistance observed on malaria
control tools. In Burkina Faso, the comparative analysis of resistance data based either on
discriminant doses or on the assessment of resistance intensity showed that the latter pro-
vides a better overview of the impact of resistance on malaria control tools [4,5]. Up to
10 fold increase in the level of resistance to pyrethroids was noted in Anopheles gambiae
collected in Vallée de Nkou in southwest Burkina Faso over a short period of one year [5].
This resistance escalation could have a drastic impact in the development of multiple re-
sistance to other insecticide classes and negatively impact the success of current and fu-
ture insecticide-based interventions. Between 2009 and 2014, there was an increase in re-
sistance to pyrethroids and carbamates in Anopheles funestus from Malawi which resulted
in 2014 to the incidence of multiple resistance including Organochlorines (DDT and diel-
drin) [6]. This observation suggests that the rise of resistance to an insecticide because of
selective pressure on insect populations could be at the origin of the emanation of new
mosquito populations capable of resisting several other classes of insecticides due to po-
tential cross-resistance mechanisms between these insecticides classes. In the same line,
there is evidence that the use of organic fertilizers in areas of intense agricultural activities,
use of pesticides in agricultural areas in addition to the selective pressure exerted by vec-
tor control interventions, increases resistance to insecticides and generates multiple re-
sistances in adult mosquitoes. In an experimental study, it was shown that adults emerg-
ing from Anopheles arabiensis larvae exposed to organic fertilizers had a high level of re-
sistance to deltamethrin and permethrin, while those emerging from larvae not exposed
to fertilizers had a low and moderate level of resistance to deltamethrin and permethrin
respectively [7]. Other field studies have also shown that agricultural areas present a high
risk of insecticide resistance, such as Tambacounda in Senegal [8], Dabou and Tiassalé in
Cote d'Ivoire [9] and Nkolandom in Cameroon [10]. This phenomenon of multiple and
elevated resistance is all the more alarming as the last WHO report on malaria noted that
several countries in Asia and Africa are already experiencing multiple resistance to all
four classes of commonly used insecticides [11]. Early identification of resistance escala-
tion in the field would be an alternative to limit the effect of the emergence of these super-
resistant mosquitoes (mosquitoes surviving higher doses of insecticides) on malaria con-
trol tools.

Very few studies have so far attempted to explain the molecular basis of the re-
sistance escalation observed in several countries. In Burkina Faso, several detoxification
genes in An. gambiae, including CYP4G16, CYP9]5, CYPIM1, COEAE3G and GSTE5 have
been identified as potential drivers of escalation. Other cuticular genes and enzymes such
as CPR 73, CPAPA3-Ala, CPAPA3-A1b, the chymotrypsin-1, aquaporin and ATP synthase
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were also implicated [12]. In Malawi, CYP6M?7 was also associated with resistance escala-
tion in An. funestus [6]. Although CYP9K1, CYP6P9a and CYP6P9b have been associated
with deltamethrin resistance in An. funestus from Uganda, no evidence for their role in
resistance escalation in this locality has been found [13]. Recently, the potential involve-
ment of three candidate resistance genes (CYP6M2, CYP6P3 and GSTD3) on resistance
escalation in An. gambiae in Ghana was investigated. No significant differences in the ex-
pression of these genes were observed between susceptible and resistant or super-re-
sistant mosquitoes [14]. Much remains to be done to elucidate the molecular basis of re-
sistance escalation in the two major malaria vectors. The present study therefore aims at
assessing resistance intensity in an agriculture hotspot in Western Cameroon and the con-
tribution of known resistance genes in the development of such a phenomenon.
Knowledge generated here could help better inform control programs and farmers or bet-
ter manage new and future insecticides between both sectors.

2. Materials and Methods
2.1. Study site

Indoor blood fed An. gambiae s.1. mosquitoes were collected in Mangoum (5°29'09.2"N
10°3520.8"E) situated in the western region of Cameroon at 1054m altitude from the sea.
It is characterized by extensive manual and mechanized agricultural settings producing
spices, vegetables and cereals (Figure 1). There are four seasons in this area: Two rainy
seasons (from March to June and from September to November) and two dry seasons
(from December to February and from July to August).
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Figure 1. Map of the sampling sites. The study site where the samples were collected is represented
by a blue point. The map was constructed for this publication in QGIS 3.14
(https://www.qgis.org/fr/site/index.html) using country and regional boundaries from GADM
(https://gadm.org/download_country_v3.html).

2.2. Samples Collection

Adult and Larval collection were conducted in Mangoum in November 2020 and
May 2021. November was characterized by the beginning of the dry season and May by
the rainy season. Adult female blood fed mosquitoes were collected indoors (on the walls
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and the roof of different houses across the village between 6:00 AM and 10:00 AM) using
electric aspirators (Prokopack Aspirator, Model 1419). Mosquitoes were transported to the
insectary of the Centre for Research in Infectious Diseases (CRID) in Yaoundé where they
were morphologically identified and sorted by species according to the morphological
identification keys of Gillies and De Meillon [15] and Gillies and Coetzee [16]. Anopheles
gambige mosquito larvae were collected fromponds randomly selected from Mangoum in
May and November 2021. A 35 ml dipper was used to collect larvae from the water. The
larvae were collected in basins and then transferred with a small pipette into bottles for
easy transport to the laboratory. Mosquitoes breeding water and soil were sampled in
November 2021 from the farms in IRAD and Djincha, two locations in Mangoum.

2.3. Mosquito rearing

Eggs were obtained from collected adult Fo using the tube forced oviposition method
as developed by Morgan et al. [17]. Larvae were fed with Tetramin™ baby fish food. Lar-
vae collected were taken to the insectary and allowed to develop into pupae. The Fo and
F1 adults were kept in different cages for subsequent experiments.

2.4. Mosquito species identification

Female mosquitoes (randomly selected) that successfully laid eggs were dissected,
and the heads/thoraces separated from the abdomens. Genomic DNA was extracted from
heads/thoraces of field-collected adult mosquitoes (Fo) using the Livak protocol [18]. Iden-
tification of species within An. gambiae s.1. were determined using the Short INterspersed
Elements (SINE) PCR protocol [19].

2.6. Determination of pesticide residues in mosquito breeding water and soil samples

Based on the most agrochemicals used by the farmers, two compounds were
screened: deltamethrin and alpha-cypermethrin (type II pyrethroid insecticides). Two
replicates of 5 g of soil samples and three replicates of 50-500 ml of breeding site water
were collected following the method previously described by Djouaka et al. (2018) [20].
Solid phase extraction (SPE) was performed as described previously by Guan and Chai,
(2011) [21], using Supelco Visiprep™ dispositive for separation, purification and pre-con-
centration of insecticide residues before the HPLC quantification. Briefly, the SPE solid
sorbent (column) was activated by methanol followed by addition of 30ml of sample. The
next step consisted of eluating the insecticide residues using acetonitrile solvent for HPLC
gradient grade (299.9% purity, CHROMASOLV™), then the pre-concentration of insecti-
cide residues was obtained by evaporation of acetonitrile until a final volume of 1ml that
was used for HPLC detection and quantification of insecticide residues in the sample. The
samples were quantified alongside two standard solutions of deltamethrin and alpha-cy-
permethrin. Prior to injection, a two-fold dilution of the standards was performed (with
concentrations ranging from 0.625 pg/ml to 40 pg/ml). The injections of 20 pl of each
standard concentration allowed the generation of calibration curve from which the linear
regression equation was obtained as follow: y=ax+b (y represents the area of the peak, x,
the concentration (ug/ml) where “a” and “’b”" are constants. The detection limit of the
method was determined using the ICH guideline for the detection limit parameters of the
analytical method validation as described previously by Shrivastava and Gupta, (2011)
[22]. The Limit of Detection (LOD) and limit of quantification (LOQ) can be expressed as
LOD=30/a and LOQ=100/a, where o is the standard deviation of the response and a is
the slope of the calibration curve. HPLC analysis was performed with a reverse phase
HPLC machine Agilent technology 1260 infinity (Agilent Technologies Deutschland
GmbH & Co. KG, Waldbronn, Germany). The HPLC column used was C18, 5 um 120 A,
4.6 x 250 mm (Thermo Fisher scientific, Waltham, MA, USA).
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2.5. Estimation of Sporozoite Rate

The presence of the salivary sporozoites was investigated using a TagMan genotyp-
ing protocol, established by Bass et al. [23]. Primers described by Bass were used, together
with two probes labeled with fluorophores, FAM to detect Plasmodium falciparum, and
HEX to detect the combination of P. ovale, P. vivax and P. malariae. Positive controls (known
FAM+ and OVM+) were used, in addition to a negative control, in which 1 pL of ddH20
was added. To validate the findings of the TagMan assay, a nested PCR of Snounou et al.
[24] was carried out, using all the samples that were tested positive with TagMan. The
sporozoite rate was calculated as the percentage of positive females, relative to the total
number of the females examined.

2.7. Susceptibility Tests and Resistance Intensity

Fo and F1 females An. gambiae s.s were used for insecticide resistance monitoring. Sus-
ceptibility tests were carried out using WHO protocol for adults [25]. The four major pub-
lic health insecticides classes were tested including (i) the type I pyrethroid: permethrin
(0.75%); (ii) the type II pyrethroid: alphacypermethrin (0.05%) and deltamethrin (0.05%);
(iii) the organochloride: DDT (4%); (iv) the carbamate: bendiocarb (0.1%); and (v) the or-
ganophosphate: malathion (5%). All insecticide-impregnated papers were sourced from
the WHO/Vector Control Research Unit (VCRU) of the University of Sains Malaysia (Pe-
nang, Malaysia). Four replicates of 2025 F1 females (3—4 days old) per tube were used for
each insecticide. To establish the strength of pyrethroid resistance, additional bioassays
were performed, with permethrin ([5X (3.75%) and 10X (7.5%)], alphacypermethrin [5X
((0.25%) and 10X (0.5%)] and deltamethrin [5X (0.25%) and 10X (0.5%)]. The mosquitoes
were transferred to tubes with insecticide-impregnated papers and exposed for 1 h. The
number of mosquitoes knocked down by the insecticide was recorded after 1h of expo-
sure; next, mosquitoes were fed with a 10% sugar solution, and the number of dead mos-
quitoes was recorded 24 h post-exposure and the Abbot’s formula was used to correct for
control mortality when required. Tests with untreated papers were systematically run as
controls. The mosquitoes were deemed susceptible to an insecticide when mortality was
>98%, suspected to be possible resistant when mortality was between 90-98% and re-
sistant when mortality was <90% [25]. Figures were prepared using R studio 4.0 software.
All mosquitoes alive and dead 24 hours after the end of the bioassay were preserved in
RNAlater (Qiagen) and silicagel respectively, for molecular analyses.

2.8. Synergist test

To investigate the potential role of cytochrome P450 monooxygenases in pyrethroid
resistance, a synergist bioassay was carried out using 4% Piperonyl Butoxide (PBO) [an
inhibitor of CYP450s [26]] against 1X permethrin (0.75%), 1X alphacypermethrin (0.05%)
and 1X deltamethrin (0.05%). The insecticides and PBO were sourced from the WHO/Vec-
tor Control Research Unit (VCRU) of the University of Sains Malaysia (Penang, Malaysia).
Four replicates of 2025 F1 females (3—4 day old) were pre-exposed to PBO for 1 h, and
then transferred to tubes containing permethrin, alphacypermethrin, and deltamethrin,
respectively [25]. Mosquitoes were treated as in the WHO bioassays described above, and
mortalities scored after 24 h. Two replicates of 25 females each were exposed to PBO only,
as a control.

2.9. Determination of LLINS efficacy with cone test

To investigate the efficacy of commonly distributed long-lasting insecticidal nets
(LLINSs), a cone test was conducted following the WHOPES protocol [27,28], using 3-4
days old F1 females. Five replicates of 9-12 mosquitoes were placed in a plastic cone at-
tached to insecticide-containing bed net and tested. The LLINs include: the Olyset® Net
(containing 2% permethrin), Olyset® Plus (containing 2% permethrin combined with 1%
of the synergist, piperonyl butoxide, PBO), PermaNet® 2.0 (containing 1.4-1.8 g/kg + 25%
deltamethrin), PermaNet® 3.0 side (containing 4.0 g/kg + 25% deltamethrin), PermaNet®
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3.0 roof (containing 4.0 g/kg + 25% deltamethrin, combined with 25 g/kg + 25% of PBO),
Duranet (containing 261 mg/m?alphacypermethrin), Interceptor (containing 200 mg/m?
* 25% alpha-cypermethrin), Interceptor G2 (containing 100 mg/m? + 25% alpha-cyperme-
thin and 200 mg/m?+ 25% chlorfenapyr) and Royal Guard (containing 209 mg/m? alpha-
cypermethrin and 225 mg/m? pyriproxyfen). For each standard, PBO and novel nets, five
different pieces cut from an LLIN brand were used for the five technical replicates. Mos-
quitoes were exposed for 3 min and immediately transferred to paper cups. They were
supplied with 10% sucrose and mortalities recorded after 24 h and specially for Intercep-
tor G2 at 48 h and 72 h since this net contains a slow acting ingredient (chlorfenapyr). For
the control, five replicates of ten mosquitoes were exposed to an untreated net.

2.10. Genotyping of the target site resistant markers in An. gambiae s.s. from Mangoum

The L1014F-kdr, L1014S-kdr, and N1575Y mutations responsible for pyrethroid re-
sistance, and G1195-ACE 1 responsible for carbamate and organophosphate resistance
in An. gambiae s.s. were genotyped in Mangoum Fomosquitoes using Taqgman assay [23].
Considering the sample size available in alive and dead mosquitoes after 1 h of exposure
to permethrin and deltamethrin (1x, 5x and 10x), we also assessed the ability of mosqui-
toes with the 1575Y-kdr mutant allele to survive to insecticides. The reaction mixture of
10 pl final volume containing 1xSensimix (Bioline), 80xprimer/probe mix, and 1 pl tem-
plate DNA was used for this assay. The probes were labeled with two distinct fluoro-
phores: FAM to detect the resistant allele and HEX to detect the susceptible allele. The
assay was performed on an Agilent MX3005 real-time PCR machine with cycling condi-
tions of 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min as
previously described [23]. Association between genotypes and resistant phenotype was
assessed by calculating the odds ratio of alive and dead individuals between the homozy-
gous resistant, heterozygote and homozygous susceptible individuals. Statistical signifi-
cance was computed based on the Fisher’s exact probability test.

2.11. Polymorphism analysis of the Voltage-Gated Sodium Channel gene in An. gambiae from
Mangoum

The genetic diversity of the voltage-gated sodium channel (VGSC) gene was investi-
gated for An. gambiae s.s from Mangoum. Exon 20 of the VGSC gene (including the 1014
codon associated with kdr) was amplified in 15 field-collected females An. gambiae s.s.
females, purified, and sequenced as previously described [29,30]. Sequences were aligned
using ClustalW under BioEdit v.7.2.5 [31], whereas haplotype reconstruction and poly-
morphism analysis were done using DnaSPv6 [32]. Mangoum haplotypes were compared
to the 5 kdr haplotypes previously detected across Africa as containing either the L1014,
1014S or the 1014F mutations [29,33-35].

2.12. Transcription profile of metabolic resistance genes in An. gambiae s.s.

The transcription patterns of 13 resistant candidates gene previously shown to be
associated with pyrethroid resistance in An. gambiae s.s. (CYP4G16, CYP4G17, CYP6M?2,
CYP6Z1, CYP6Z2, CYPIK1, GSTe2, SAP1, SAP2, SAP3, CYP6P1, CYP6P3 and CYP6P4)
were assessed by a quantitative reverse transcription PCR (qQRT-PCR) in permethrin 1x
alive, 5x alive, 10x alive, deltamethrin 1x alive, 5x alive, 10x alive and unexposed mosqui-
toes relatively to the susceptible strain KISUMU and using two housekeeping genes: Elon-
gation factor (AGAP000883) and Ribosomal Protein S7 (AGAP010592). Total RNA was
extracted from 3 batches of 10 mosquitoes each and similarly from the susceptible labora-
tory strain KISUMU, using the Arcturus PicoPure RNA isolation kit (Life Technologies,
Carlsbad, CA, USA), according to the manufacturer’s instructions. cDNA (complemen-
tary Deoxyribonucleic acid) was synthesized from the purified RNA by Reverse transcrip-
tase-PCR using the SuperScript III (Invitrogen, Waltham, MA, USA) and the oligo-dT20
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and RNAse H (New England Biolabs, Ipswich, MA, USA) kit in a total reaction volume of
20 uL. Amplification was performed in Agilent Mx3005 qRT-PCR thermocycler (Santa
Clara, CA, USA) with the following conditions: 95 °C for 3 min followed by 40 cycles of
10 s at 95 °C and 10 s at 60 °C; 1 min at 95 °C; 30 s at 55 °C and 30 s at 95 °C. Samples were
amplified in at least two technical replicates, using three biological replicates for gene ex-
pression analysis for each population. MxPRO software (Santa Clara, CA, USA) was used
for the calculation of Ct values for each reaction. Standard curves of assessed genes were
established. As the efficiency was different from 100%, Ct value was adjust according to
efficiency as previously done [36]. The relative expression was calculated individually ac-
cording to the 2-DDCT method [37] and plot with R studio software. Genes were consid-
ered as relatively overexpressed to Kisumu when their relative fold changes (FCs) were
more than 2 Fold-change.

3. Results
3.1. Species Composition and plasmodium infection rate

A total of 3,289 specimens were collected indoor using electric aspirators, 668 in No-
vember 2020 and 2621 in May 2021, respectively.

DNA was extracted from 195 (94 from November and 101 from May) Fo blood fed
mosquitoes from Mangoum. Molecular identification of 94 Fo An. gambiae s.I mosquitoes
from both two collection periods using SINE PCR, revealed that 100% (94/94) were An.
gambiaes.s. Overall, 6/198 (3.07%) mosquitoes were infected with Plasmodium. In Novem-
ber, Overall 2/94 (2.12%) mosquitoes were found infected with Plasmodium falciparum and
none was found infected with Plasmodium ovale, vivax or malarige. In May, 4/101 (3.96%)
and 2/101 (1.98%) were respectively infected by Plasmodium falciparum and malariae. No
significant difference was found between the infection rate according to the season (p-
value>0.05).

3.2. Agrochemical’s residues concentration in mosquitoes breeding water and soil

In the soil sample collected in IRAD and Djincha, we found no traces of deltamethrin
residues. In the mosquito breeding water, we noticed the absence of deltamethrin residues
in the two locations while we observed a higher amount of alpha-cypermethrin in water
collected in IRAD with a concentration higher than that of LOD of the method (2.903
ug/ml = 5.16 fold LOD) compared to Djincha with concentration of 0,443 pg/ml (0.78 fold
LOD) (Table 1). Figure 1 shows the chromatogram overlay of the serial dilutions and the
standard curve of Alpha-cypermethrin (standard solution) used for insecticide residue
concentration extrapolation.

Table 1. Agrochemical’s residues concentration and linearity parameters.

Alpha-cypermethrin Deltamethrin
Breeding water Soil sediment Breeding water Soil sediment
pg/ml pg/ml pg/ml pg/ml
IRAD 2.903+0.06 ND ND ND
Djincha 0.443+0.002 ND ND ND
LOD 0.563 0.563 1.899 1.899
LOQ 52.918 52.918 5.754 5.754

LOD limit of detection; LOQ limit of quantification; ND not detected
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Figure 1. The chromatogram overlay of the serial dilutions of alpha-cypermethrin (A) and Standard
curve of alpha-cypermethrin used for concentration extrapolation (B).

3.3. Insecticide resistance profile
3.3.1. Susceptibility profile and resistance intensity

F1 progeny from Mangoum field-collected females An. gambiae s.s. were resistant to
permethrin (6.58 +o 0.25%), alpha-cypermethrin (1.18 o 0.08%), deltamethrin (0.02
1o 0.21%), bendiocarb (27.50 to 0.35%), propoxur (33.33 to 0.55%), DDT (1.18 o 0.08%)
and malathion (53.62 +e 0.44%) (Figure 2). Because of the high level of resistance observed
to pyrethroids, intensity bioassays were carried out with 5x diagnostic concentration (DC)
and 10x DC of permethrin (3.75% and 7.5%), alpha-cypermethrin (0.25% and 0.5%) and
deltamethrin (0.25% and 0.5%). A high intensity of resistance to permethrin (5x: 58.51 +
0.61%; 10x: 93.27 o 0.21%), alpha-cypermethrin (5x: 63.88 + 0.44%; 10x: 83.10 o 0.31%)
and deltamethrin (5x: 29.87 + 0.46%; 10x: 37.23 £ 0.31%) were found (Figure 2). We also
assessed seasonal variation in permethrin susceptibility. A significant effect of collection
period on the susceptibility of An. gambiae s.s. to permethrin was observed in Fomosqui-
toes coming from larval collection (p-value < 0.05), but no with the F1 coming from indoor
aspiration (Figure 3.A). No significant difference was found between Foand F1in Novem-
ber collection, but in May, there were a significant difference between Fo and F1 with per-
methrin 1x in May collection (p-value < 0.01).
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Figure 2. Susceptibility profile of Anopheles gambiae s.s. to insecticides and effect of pre-exposure to
synergist PBO against permethrin, alphacypermethrin and deltamethrin. Recorded mortalities fol-
lowing 60-min exposure of Anopheles gambiae s.s. from Mangoum to different insecticides. Data are
shown as mean * standard error of the mean (SEM). Blue line corresponds to 80% mortality and red
line to 98% mortality.
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Figure 3. A. Temporal variation in susceptibility profile of Anopheles gambiae s.s. (Fo & F1) to different
doses of permethrin. B. Susceptibility profile of Foand F1 Anopheles gambiae s.s. to different doses of
permethrin per collection time point (May & November). Recorded mortalities following 60-min
exposure of Anopheles gambiae s.s. from Mangoum. Data are shown as mean + standard error of the
mean (SEM).
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3.3.1. Synergist Bioassay with PBO

To assess the implication of the cytochrome P450s in the resistance observed to per-
methrin, alphacypermethrin and deltamethrin, mosquitoes collected from Mangoum
were pre-exposed to PBO then to permethrin, alphacypermethrin or deltamethrin. A par-
tial recovery of the susceptibility was observed after pre-exposure to the PBO (mortality:
15.48 + 1.20%, 23.38 = 0.84% and 45.65 + 1.49% respectively) compared to the result of
permethrin, alphacypermethrin and deltamethrin alone (mortality: 6.58 +o 0.25%, 1.18
o 0.08% and 0.02 +o 0.21% respectively) (Figure 2).

3.4. Bioefficacy of Insecticide-Treated Bed Nets

Very-low efficacy of standard pyrethroid-only nets was also observed against An.
gambiae s.s.: no mortality for Olyset and DuraNet respectively, and 4.0 + 0.17% for Perma-
Net 2.0. However, PBO-based nets (Olyset Plus, and PermaNet 3.0) showed an increased
efficacy (Olyset Plus: 92.0 + 0.26% mortality; PermaNet 3.0-roof: 100.0 + 0.0%) (Figure 4).
The mortality with PermaNet 3.0 side did not differs from that of PermaNet 2.0 (4.0 +
0.17% vs. 4.08 + 0.28%) in Mangoum indicating the high intensity of resistance in this lo-
cation. Pyrethroid-only and PBO-nets used in this study induced total mortality against
the control Kisumu susceptible An. gambiae s.s mosquitoes. We found that the mortality
rate of Interceptor was higher than Interceptor G2 (18.75 + 0.56% vs 5.0 + 0.17%) (Figure
4).

Untreated net
Royalguard
Interceptor G2 -
Interceptor 4
Duranet
Permanet 3.0 top

Permanet 2.0 side

mosquito bed nets tested

Permanet 2.0 4

Qlyset plus

Olyset

50 75 100
% Mortality

(=]
P |
4]

Figure 4. Bio-efficacy of different commercial LLINs against Anopheles gambiae s.s. in Mangoum.
Results of cone bioassays with Olyset®Net, Olyset®Plus, PermaNet®2.0, PermaNet®3.0 (side and
roof), Duranet®, Inteceptor® and Interceptor G2® (% Mortality 72h). Results are average of per-
centage mortalities + SEM of five replicates. Mortality <50% (blue line): No efficient, 50% < Mortality
< 80%: minimal efficacy, Mortality > 80% (green line): optimal efficacy.

3.5. Target Site Resistance Markers in An. gambiae from Mangoum

In total, 48 oviposited Fo females An. gambiae s.s from Mangoum were genotyped for
target site resistance markers. The 1014F-kdr resistant allele was found as fixed in
Mangoum with 100% (48/48) homozygotes RR. All samples were homozygote SS for the
L1014S genotyping. Out of 44 oviposited females which successfully amplified for the
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N1575Y-kdr mutation, 11 were heterozygote resistant (25%) and 33 were homozygote sus-
ceptible (75%). The allelic frequency of the resistant G119S mutation was 51.1% (23/45 RR
and 22/45 SS) in Mangoum (Figure 5). No significant association was found between the
1575Y-kdr and the ability to survive exposure to permethrin 5x and Deltamethrin 10x.
However mosquitoes having the 1575Y-kdr allele had 4 time more chance to survive del-
tamethrin 5x exposure [OR = 4.01 (1.29 - 13.90); p-value = 0.03] (Table 2). To assess the
genetic diversity and detect potential signatures of selection acting on the voltage-gated
sodium channel, a portion of this gene spanning exon 20 was sequenced in 15 An. gambiae
s.s. from Mangoum. Sequencing of a 498-bp fragments of the VGSC spanning the 1014
codon revealed signature of selection in the VGSC in An. gambiae s.s. from Mangoum with
a lack of genetic diversity shown by a single predominant haplotype (Figure 6). Compar-
ison of the Mangoum-VGSC haplotype with six kdr bearing haplotypes previously de-
tected across Africa revealed that the 1014F haplotype found in Mangoum belong to the
H3-1014F haplotype, predominant in West/Central Africa [30].

N1575Y -

L10145
E Genotype
£ M =
g [rs
= o

55
L1014F §
G1195

0% 25% 50% 75% 100%
Frequency

Figure 5. Genotyping of resistance markers in Fo An. gambiae s.s. from Mangoum.

Table 2. Allelic frequency of 1575Y-kdr between alive and death mosquitoes from Mangoum exposed to pyrethroids.

Alive Death
Insecticides OR (95% CI) P value
NY NN Frequency (%) NY NN  Frequency (%)

Permethrin 5X 10 20 16.67% 12 18 20.00% 0.75 (0.25 - 2.19) 0.79
Deltamethrin 5X 14 14 25.00% 6 25 9.68% 4.01 (1.29 - 13.90) 0.03

Deltamethrin 10X 11 17 19.64% 10 21 16.13% 1.35(0.46 - 4.04) 0.6
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- An. gambiae Mangoum

Figure 6. Analysis of the polymorphism of a portion of the voltage-gated sodium channel (VGSC) gene spanning the
L1014F/S mutation. A. Maximum likelihood phylogenetic tree of VGSC fragment with previously recorded 1014F/S hap-
lotypes across Africa. B. Templeton-Crandall Singh network for the VGSC haplotypes in FO mosquitoes from Mangoum.

3.6. Transcriptional profiling of metabolic resistance genes in An. gambiae s.s.

The expression level of CYP4G16, CYP4G17, CYP6M2, CYP6Z21, CYP6Z2, GSTe2,
CYPI9K1, CYP6P1, CYP6P3, CYP6P4, SAP1, SAP2 and SAP3 was evaluated in An. gambiae
from Mangoum relatively to laboratory strain (Kisumu) and using two housekeeping
gene (EF and RSP7). For the permethrin-exposed mosquito populations, we noted the
overexpression of four metabolic genes [CYP6M?2 (10-fold), CYP6Z1 (17-fold), CYP6Z2
(13-fold), and CYPIK1 (13-fold)], two cuticular resistance encoding genes [CYP4G16 (6-
fold) and CYP4G17 (5-fold)] and tree sensory appendage protein encoding genes [SAP1
(28-fold), SAP2 (5-fold) and SAP3 (24-fold)] (Figure 8A). However, we did not observe
any significant difference in the expression of these genes between unexposed and ex-
posed (p-value > 0.05). For deltamethrin exposed mosquitoes, overexpression was also
found in four metabolic genes [CYP6M2 (34-fold), CYP6Z1 (29-fold), CYP6Z2 (65-fold),
and CYPIK1 (87-fold)], two cuticular resistance encoding genes [CYP4G16 (8-fold) and
CYP4G17 (27-fold)] and tree sensory appendage protein encoding genes [SAP1 (13-fold),
SAP2 (5-fold) and SAP3 (8-fold)] (Figure 8B). There was a significant difference between
the expression levels of CYP6M2, CYP6Z2, CYPIKI and CYP4G17 between the exposed
and unexposed groups respectively. However, this difference was not observed between
populations of mosquitoes exposed to increasing doses of insecticide (1x, 5x and 10x).
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Figure 8. Differential expression by quantitative reverse-transcription polymerase chain reaction of the major insecticide
resistance genes in An. gambige in Mangoum compared with the susceptible Kisumu. A) Permethrin, B) DelTable 95. con-
fidence interval. The red line represent the 2 fold change threshold.

4. Discussion

There are growing evidences of the emergence of high resistance to pyrethroids in
major malaria vectors including An. gambiae leading to the low efficiency of commonly
used pyrethroid-only bed-net [8,38]. It is thus urgent to establish the magnitude of résis-
tance aggravation and to investigate the potential drivers of such escalation in natural
populations of malaria vectors. Some studies demonstrated that mosquito larvae recur-
rently exposed to agricultural pesticides could develop resistance against public health
insecticide classes and could constitute a factor of resistance aggravation[39]. Herein, we
aimed to assess resistance intensity, highlight the molecular drivers of the resistance esca-
lation in the main malaria vector An. gambiae and their impact on control tools in an agri-
cultural hotspot such as Mangoum in Cameroon.
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4.1. An. gambiae is driving malaria transmission in a context of intense agricultural activities

An. gambiae s.s. was the only species found in Mangoum. Surrounded by the river
Noun, the locality of Mangoum is intensely irrigated and constitutes a site of predilection
for market gardening. Tomato cultivation is the predominant agricultural activity, along
with corn and beans. The creation of numerous watering holes used to water the fields is
the major cause of stagnation of the Noun's water flowing in this locality. The constant
presence of retention water in the fields and swamp makes this locality a particularly risky
area for the proliferation of An. gambiae species as observed in our study. Moreover, this
risk is all the more alarming since some of these sites are subject to a high selective pres-
sure due to the massive use of certain pesticides containing, among others, alphacyper-
methrin also used as active ingredient in many LLINs. Despite the presence of An. gambiae
adults in the households, we noted a low frequency of Plasmodium infection in these mos-
quitoes. The low Plasmodium infection rate found in An. gambiae from Mangoum was
lower than the infection rate found by Atangana et al. (2010)[40] ten years before the im-
plementation of LLINSs as a vector control strategy in Mangoum. They found that infection
rate was 8.9% in 2010 compared to 1.51% found in the present study. Many reasons could
explain this difference. First of all, the role played by the LLINs intervention. It is known
that LLINs play a double role by protecting humans from mosquito bites and by killing
mosquitoes that encounter the net. In addition, the method used by Antangana and col-
leagues was ELISA CSP looking for the Plasmodium protein in the salivary gland of mos-
quitoes. This technique could show a high level of false positive particularly in case of
zoophilic bloodfeeding [41].

4.2. An. gambiae in Mangoum exhibits high resistance to the four classes of insecticides

Very low mortality rate was observed in An gambige from Mangoum mosquito pop-
ulation against the discriminating concentrations of pyrethroids but also the other three
classes of insecticides (Carbamate, Organophosphate and Organochlorine). This is among
the first studies in Cameroon reporting resistance to all the four classes of insecticides
commonly used in public health. Many studies reported escalation of resistance to pyre-
throid across the country in An. coluzzii [29,42] and An. funestus [43] but it is the first time
resistance have been noticed for organophosphates. The high intensity of pyrethroid re-
sistance observed in An gambige from Mangoum was also reported in An. gambiae s.1.
and An. funestus across the continent [8,10,38,43]. This multiple and high level of resistance
has drastic consequences on malaria control tools. As previously mentioned in other coun-
tries [38,44], the efficacy of insecticidal treated LLINs in An. gambiae s.s from Mangoum
were significantly reduced. However, PBO-based net (Olyset plus® and PermaNet® 3.0)
induced a higher mortality in this population showing that these second generation LLINs
could be suitable for vector control in this locality. This greater efficacy of PBO-based
LLINs further supports the contribution of cytochrome P450s enzymes in the high re-
sistance level observed in Mangoum. However, WHO tube tests showed a partial recov-
ery of susceptibility when exposed to PBO, suggesting that beside P450s other mecha-
nisms are potentially involved [45]. The same result was observed in Kedougou (Senegal)
[8]. Furthermore, our results showed a loss efficacy of the new generation bed net Inter-
ceptor G2® in Mangoum with very low mortality 72h post exposure to this net. This re-
duced efficacy of new generation bed nets could be linked first to the widespread use of
alphacypermethrin based net and pesticides in this locality although cone assays are not
the best method for these chlorfenapyr-based nets [46]. Nevertheless, in this study, we
found residual alphacypermethrin in the water coming from breeding site of larvae in
Mangoum. It could be a result of the intensive use of insecticides from agricultural activ-
ities. It is worth mentioning that during soil and water collection in farms, we also noticed
the presence of many pyrethroid-based packaging materials such as containers suggesting
of intensive use of such pesticides in the collection sites especially in IRAD. This could
justify the higher concentration of insecticide residues found in that site compared to Djin-
cha where agricultural activity is moderate. The presence of insecticide residues precisely
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in breeding water where the larval stages of mosquitoes develop, must have built an in-
creased and permanent insecticide pressure driving the escalation of resistance observed
in this study. The absence of insecticide residues in soil as revealed by our study is in line
with a previous report by Pal and colleagues [47]. Insecticides have been shown to de-
grade faster in soil due to the physicochemical properties and microbial biomass of the
soil [47]. Although in this study, the presence in water and soil of type I pyrethroid-based
pesticides was not tested, that does not mean they are not being used in the study site.
They could as well be contributing to insecticide pressure involved in the observed re-
sistance escalation. Another justification for the reduced efficacy of new generation bed
nets could be the inadequacy of cone assays to assess efficacy of slow acting insecticides
such as chlorfenapyr. Normally, Chlorfenapyr has a reputation for slow action and ‘de-
layed’ toxic activity 2-3 days post exposure. It will be good to try experimental huts and
or tunnel assays to check blood feeding inhibition and repellency.

4.3. Molecular drivers of resistance escalation are likely complex combining several mechanisms

In Mangoum, the 1014F resistance allele was fixed as increasing reported on the con-
tinent [38,48]. Polymorphic analysis of the exon 20 of the VGSC gene showed that the
fixation of 1014F allele is associated with reduced genetic diversity with a predominant
haplotype as reported in several studies [29,33]. This is an evidence of extensive selection
on this population in Mangoum likely from both LLINs and agriculture. Our results
showed a significant association between the N1575Y mutation and pyrethroid resistance.
Available data showed that the 1575Y allele conferred to mosquitoes the ability to survive
to the deltamethrin 5x exposure suggesting that increase frequency of this allele is con-
tributing to resistance escalation. It had been found elsewhere, that N1575Y could com-
pensate for the fitness cost incurred by the L1014F kdr mutation and provide additional
pyrethroid resistance [49], therefore the frequency of this allele should be further moni-
tored as an indicator of resistance aggravation.

The results of the expression of candidate genes involved in metabolic, cuticular and
sensory resistance, revealed the over-expression of several cytochrome P450s notably
CYPI9K1, CYP6M2, CYP6Z1 and CYP622; which is similar to previous studies highlighting
the contribution of P450-based résistance to résistance either in An. gambiae [50], An.
coluzzii [29] or An. funestus [38]. Similarly the over-expression of other gene families
point to the fact that the multiple resistance observed in Mangoum is multifactorial sup-
porting the partial recovery from PBO synergist assays. Similar observations have been
made in multiple resistant populations such as in Tiassale [50] in Ivory Coast or in Vallee
du Kou in Burkina Faso [5,51]. However, no significant difference in expression was ob-
served between different mosquitoes surviving different doses suggesting that the under-
lying molecular mechanisms of this résistance escalation remain unclear. This is similar to
work done in An. funestus in Uganda where the major résistance P450 CYP9K1 is highly
expressed but equally in all samples [38]. The lack of correlation of the expression of major
genes with résistance intensity suggest that the underlying mechanisms remain to be elu-
cidated. However, the fact that some resistance alleles are already fixed such as kdr could
make it difficult to assess their contribution to résistance escalation using these field sam-
ples. It could be useful to consider other strategies including use of crossing to decipher
what molecular factor contributes the most to the growing résistance escalation in natural
populations of malaria vectors.

5. Conclusions

The extremely high intensity of resistance coupled with the loss of efficacy of impreg-
nated bed nets against An. gambiae s.s. in Mangoum represents a serious threat for vector
control. PBO-based nets could be used as an alternative measure to sustain malaria control
in the study area. Multiple metabolic resistance mechanisms were found to be involved
in resistance. However, the common resistant P450-based mechanisms were not found to
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play a role in this resistance escalation highlighting the need for alternative approaches to
elucidate the main molecular drivers of resistance aggravation.
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