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8Lead contact

*Correspondence: magellan.tchouakui@crid-cam.net (M.T.), charles.wondji@lstmed.ac.uk (C.S.W.)
https://doi.org/10.1016/j.celrep.2024.114566
SUMMARY
Novel insecticides were recently introduced to counter pyrethroid resistance threats in African malaria
vectors. To prolong their effectiveness, potential cross-resistance from promiscuous pyrethroid metabolic
resistance mechanisms must be elucidated. Here, we demonstrate that the duplicated P450s CYP6P9a/-b,
proficient pyrethroid metabolizers, reduce neonicotinoid efficacy in Anopheles funestus while enhancing
the potency of chlorfenapyr. Transgenic expression of CYP6P9a/-b in Drosophila confirmed that flies
expressing both genes were significantly more resistant to neonicotinoids than controls, whereas the con-
trasting pattern was observed for chlorfenapyr. This result was also confirmed by RNAi knockdown experi-
ments. In vitro expression of recombinant CYP6P9a and metabolism assays established that it significantly
depletes both clothianidin and chlorfenapyr, with metabolism of chlorfenapyr producing the insecticidally
active intermediate metabolite tralopyril. This study highlights the risk of cross-resistance between pyre-
throid and neonicotinoid and reveals that chlorfenapyr-based control interventions such as Interceptor G2
could remain efficient against some P450-based resistant mosquitoes.
INTRODUCTION

Reduction in malaria transmission in Africa before 2015 was pre-

dominantly due to increased use of pyrethroid-impregnated bed

nets.1 Out of the 663 million malaria cases averted in sub-Sa-

haran Africa between 2001 and 2015, it was estimated that

nearly 80 percent were due to the use of insecticide-treated

nets (ITNs) and indoor residual spraying (IRS).1 Despite the gains

achieved by cost-effective vector control interventions, multiple

factors threaten future progress among which insecticide

resistance, residual transmission, and invasive vector species2

take the front seat. Among all these factors, the continuous

spreading/escalation of resistance to pyrethroid insecticides in

major malaria vectors3–5 is a big obstacle to vector control.6

Since 2010, resistance to at least one class of insecticide has

been reported in 61 countries arising mainly through increased

expression of detoxification genes (metabolic resistance),

including cytochrome P450s, glutathione S-transferases, and
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carboxylesterases.7,8 This has been amajor contributor to vector

control failure leading to malaria resurgence in recent years.6

Insecticide resistance can also arise through insecticide target

site modifications, which reduce insecticide binding, either in

the voltage-gated sodium channels, e.g., the knockdown resis-

tance (kdr) mutations,9 or in the acetylcholine esterase receptor

(Ace-1) gene10; behavioral avoidance, which reduces contact

with the insecticides11; and reduced insecticide penetration

through increased production of cuticular hydrocarbons.12

Consequently, it is imperative to design novel molecules with

completely different modes of action tomitigate the growing chal-

lenge of pyrethroid resistance. To delay or reverse the spread of

resistance, novel insecticides are gradually being introduced by

manufacturers and recommended by WHO for vector control, to

be used either in rotation or in mixture with existing insecticides.13

Among these novel insecticides, chlorfenapyr (CFP), a pyrrole

insecticide that works by disrupting respiratory pathways and

proton gradients in mitochondria,14,15 and the neonicotinoids
gust 27, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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targeting nicotinic acetylcholine receptors (nAChRs)16 are new

recommended insecticides by WHO for vector control. These

insecticide chemistries have been presented as good alternatives

as they have different mechanisms of action and unique tar-

gets.17,18 Interceptor G2 (IG2) net treatedwith alpha-cypermethrin

and CFP is one example of a long-lasting dual insecticide mixture

net that has shown great promise at controlling pyrethroid-resis-

tant malaria vectors in randomized cluster control trials (RCTs)

conducted in Benin and Tanzania19–21 and several experimental

hut trials (EHTs) across the continent.21–24 The new insecticide

formulation combining the neonicotinoid clothianidin (CLTD) and

the pyrethroid deltamethrin (8:1 w/w) under the brand name Flu-

dora Fusion developed by Bayer (Bayer CropScience, Monheim,

Germany) for IRS as a tool for insecticide resistancemanagement

has also demonstrated its high efficacy against various malaria

vectors, including pyrethroid-resistant populations.17,18 As these

new products are introduced, it is vital to evaluate their efficacy

against pyrethroid-resistant mosquitoes, notably populations in

which P450-based resistance mechanism is predominant, and

to investigate thepotential positive/negative impact ofP450-resis-

tance markers on their performance.

Ample evidence, using population genetics/genomics, and

functional genomics have established that allelic variants of CY-

P6P9a and CYP6P9b25,26 (hereby after CYP6P9a/-b) are major

drivers of pyrethroid resistance in An. funestus in a large swarth

of Africa. Significant progress has been made in recent

years with the detection of the first P450-based molecular

markers for An. funestus CYP6P9a27 and CYP6P9b28 and for

the 6.5-kb structural variant insertion acting as an enhancer for

both CYP6P9a and CYP6P9b expression.29 Despite this major

achievement, the direct phenotypic impact of major pyrethroid

resistance P450 genes on the efficacy of novel insecticides

such as CFP and clothianidin remains relatively unknown in ma-

laria vectors, although some studies have explored this question

using heterologous expression assays.30 In this study, we used

recently detected DNA-basedmarkers of P450-linked pyrethroid

resistance in An. funestus, coupled with extensive in vivo and

in vitro function validation to directly establish the impact of the

major pyrethroid resistance P450s on novel insecticides with

the goal of informing control programs of the risk of cross-resis-

tance or to highlight the potential antagonistic effect that could

boost the efficacy of new-generation insecticides. We observed

that the duplicated CYP6P9a/b pyrethroid-resistance genes are

driving cross-resistance to clothianidin but, in contrast, signifi-

cantly boosting the insecticidal efficacy of CFP.

RESULTS

Susceptibility profile ofAn. funestus to chlorfenapyr and
neonicotinoids
The Malawi field An. funestus was fully susceptible to CFP

(mortality = 100%), regardless of the solvent used (Figure 1A).

This population was also fully susceptible to the neonicotinoids

clothianidin and imidacloprid when using acetone + vegetable

oil ester (MERO) as a solvent, with a mortality rate of 100% after

a holding period of 24 h (Figure 1B). However, when dissolved in

acetone alone, a mortality rate of 58.4% ± 8.5% was observed

for clothianidin and 34.8% ± 2.0% for imidacloprid (Figure 1B),
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thus exhibiting a reduced susceptibility. In this population, we

noticed that marked aggravation of pyrethroid resistance

between 2014 and 2021was partly linked with increased expres-

sion of CYP6P9a/b-P450 alleles.31

Susceptibility profiling of the hybrid strain FANGG/
FUMOZ to chlorfenapyr, neonicotinoids, and other
insecticide classes
The hybrid strain FANG/FUMOZ was fully susceptible to the

diagnostic dose (DD) of CFP (100 mg/ml), and dose-response

tests revealed that the LC50 is obtained with 20 mg/ml of CFP

and the LT50 obtained after 15-min exposures to the DD

(Figures 1C and 1D). Partial recovery of susceptibility was

observed when mosquitoes were pre-exposed to PBO and later

to a sub-lethal dose of CFP (mortality = 58.2% for 20 mg/ml CFP

only vs. 70.7% for pyperonyl butoxide (PBO) + 20 mg/ml CFP; p =

0.06) (Figure 1E). Resistance to neonicotinoids was observed in

this strain when the insecticideswere diluted in acetone only with

mortality rates of 40.3% ± 13.2% for clothianidin, 43.3% ±

11.4% for imidacloprid, and 41.4% ± 8.5% for acetamiprid.

Interestingly, partial recovery of susceptibility was obtained

with PBO pre-exposure for all three neonicotinoid insecticides

(55.3%–64.4% mortality, p > 0.05) indicating the contribution

of P450s to neonicotinoid resistance (Figure 1F). However, full

susceptibility was observed when MERO was added to the sol-

vent with 100% mortality recorded 24 h post exposure (Fig-

ure 1F). A moderate pyrethroid resistance was observed with

mortality rates of 86.9% ± 2.2%, 77.9% ± 2.2%, and 83.9% ±

5.3% 24 h after exposure to 13 permethrin (0.75%), 13 delta-

methrin (0.05%) and 13 alpha-cypermethrin (0.05%), respec-

tively (Figure S1). This hybrid strain was also resistant to the

carbamate, bendiocarb (13, 0.1%), with a mortality rate of

78.1% ± 2.9%, but fully susceptible to the organophosphate pyr-

imiphos-methyl 13 (mortality = 100%) (Figure S1). PBO pre-

exposure induced full susceptibility to all the pyrethroids tested

(Figure S1), confirming the role of CYP450s as the major contrib-

utors to pyrethroid resistance in this strain.

Impact of CYP6P9a_R/-b_R markers on the ability to
survive chlorfenapyr exposure in CDC bottle assays
Mosquitoes with contrasting phenotypes (alive and dead) after

20-min exposure to 100 mg/mL CFP were used to establish the

impact of CYP6P9a_R/-b_Rmarkers on CFP susceptibility. Gen-

otyping of 32 alive and 40 dead females after exposure to 20 mg/

ml CFP revealed that homozygote-resistant individuals for CY-

P6P9a marker (CYP6P9a_RR) had a significantly higher mortal-

ities upon CFP exposure, compared to the individuals carrying

the homozygote susceptible allele (odds ratio [OR] = 0.1;

p < 0.0001) (Figure 2A; Table S1). An additive effect of this disad-

vantageous property of CYP6P9a was seen in the homozygote

pyrethroid-resistant mosquitoes, which died significantly more

than heterozygotes (OR= 0.1; p < 0.0001) (Table S1), with the fre-

quency of the dead mosquitoes correlating with possessing the

CYP6P9a_R allele, and alive mosquitoes being predominantly

CYP6P9a_S allele carriers (Figure 2B; Table S1). For CYP6P9b,

higher mortality was also obtained in the pyrethroid-resistant ho-

mozygote RR mosquitoes upon CFP exposure compared to the

homozygote susceptible mosquitoes (OR = 0.2; p = 0.0003) and



Figure 1. Susceptibility profile of the An. funestus from Malawi and the hybrid strain FG/FZ (F3) to neonicotinoid insecticides and chlorfe-

napyr

(A–F) Mortality rate of F1 progeny from field-collected An. funestus in Malawi after exposure to chlorfenapyr (A); clothianidin and imidacloprid diluted in acetone

only and acetone + MERO (B); time-response mortality after exposure of FG/FZ (F3) to 100 mg/mL CFP (C); dose-response results of FG/FZ (F3) after exposure to

CFP (D); pyperonyl butoxide (PBO) synergist assay with 20 mg/mL CFP (E); and mortality rate after exposure to PBO/MERO + neonicotinoids (F). In this figure,

values represent the mean mortality of 4–5 biological replicates, and error bars represent ±SE of mean. c2 test was used to discern significant differences.
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heterozygotes (OR = 0.3; p = 0.002) (Figures 2C and 2D;

Table S1). Moreover, this negative impact of these two P450s

with respect to CFP was further exacerbated when both alleles

were combined (c2 = 38.6; p < 0.0001). Double homozygote sus-

ceptible (SS/SS) mosquitoes had highest chance of surviving

CFP exposure (OR = 5.7; p < 0.0001) compared with their double

homozygote pyrethroid-resistant (RR/RR) counterparts (Fig-

ure 2F). Also, double heterozygote (RS/RS) mosquitoes had

more chance of survival than RR/RR (OR = 4.2; p < 0.0001) (Fig-

ure 2F), with RS/RR also having higher tolerance compared with

the RR/RR individuals (OR = 0.1; p < 0.0001). All these data

confirmed that possessing pyrethroid-resistant allele for CY-

P6P9a/-b increases the insecticidal potency of CFP.

Impact of CYP6P9a/-b_R on the efficacy of
chlorfenapyr-based nets compared to pyrethroid only
Tunnel tests were performed for IG2 and Royal Guard nets using

field An. funestus mosquitoes from Malawi, and similar tests

were performed against pyrethroid-only net Interceptor (n =

215), CFP-based net (100 mg/m2, n = 108 and 200 mg/m2, n =

73), and the dual LLINs IG2 (n = 232) on the hybrid strain

FANG/FUMOZ. In addition, around 1,400 mosquitoes (267 in

the control hut, 312 in the hut with Interceptor, 322 in the hut

with IG2, and 501 in the hut with CFP-100 net) from the hybrid
strain were released and recaptured in EHT for 1 week to estab-

lish the impact of CYP6P9a/b on the efficacy of these tools in

semi-field conditions.

Tunnel assay results

High mortality rates were observed in the hybrid FUMOZ/FANG

strain against the CFP-only nets (100mg/m2, 57.9%, confidence

interval [CI] = 48.2–67.8 and 200 mg/m2, 77.2%, CI = 68.9–85.4)

(Figure S2A). The dual AI net IG2 also induced a significantly

higher mortality (80.6%) compared to pyrethroid-only net Inter-

ceptor (52.4%) (c2 = 27.6; p < 0.0001) and control (25.2%)

(c2 = 244.07; p < 0.0001) (Figure S2A). The penetration rate

was significantly higher in 100 mg/m2 CFP-only net in tunnel

tests compared to all other nets (IG2 and Interceptor;

p < 0.0001) and consequently with higher blood-feeding rate

(p < 0.0001) (Figure S2A). The An. funestus population from

Malawi displayed a mortality rate of 44.93% for IG2 and

40.83% for Royal Guard in tunnel test (Figure S2B), and no blood

feeding was recorded in these field mosquitoes for all the nets

tested. Genotyping of An. funestus from Malawi after exposure

to Interceptor G2 in tunnel revealed very high frequency

(>95%) of both CYP6P9a and CYP6P9b in dead and alive,

blood-fed and unfed mosquitoes (Figures S3A–S3D) preventing

us from establishing the association between these markers and

the efficacy of the CFP-based net IG2. Genotyping of these
Cell Reports 43, 114566, August 27, 2024 3



Figure 2. Impact of CYP6P9a/-b on the efficacy of chlorfenapyr using CDC bottle assays

(A–F) Distribution of theCYP6P9a genotypes (A) and alleles (B) between alive and deadmosquitoes after exposure to CFP; distribution of theCYP6P9b genotypes

(C) and alleles (D) between alive and deadmosquitoes after exposure to CFP; distribution of the combined genotypes at theCYP6P9a_R and CYP6P9b_R alleles

between alive and dead mosquitoes after exposure to CFP (E); and odds ratio calculations comparing the ability of double homozygote resistant mosquitoes to

survive CFP exposure to other genotype combinations (F). n = total number of mosquitoes from each phenotype that were successfully genotyped. Fisher test

was used to discern significant differences.
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markers in the FG/FZ strain revealed a highly significant differ-

ence in the distribution of genotypes between the dead and alive

mosquitoes for all the nets (c2 > 20; p < 0.0001) (Figure S4).

Analysis of the correlation between genotypes and mortality re-

vealed that CYP6P9a homozygous resistant mosquitoes (RR)

exhibited higher survival rate on exposure to the pyrethroid-

only net Interceptor (Figure S4A) compared to homozygote sus-

ceptible mosquitoes (SS) (OR = 123; CI = 18–1,273; p < 0.0001)

(Table S4). Also, heterozygote mosquitoes (RS) had higher

survival rate from exposure to this net compared to homozygote

susceptible ones (OR = 66; CI = 10–684; p < 0.0001) (Table S4).

However, mosquitoes with homozygote-resistant genotype (RR)

had less chance of surviving CFP-only net (CFP-100 net) than

heterozygotes (OR = 0.3; CI = 0.1–0.8; p = 0.02) and homozygote

susceptible (OR = 0.8; CI = 0.3–1.9; p = 0.8) indicating the high

insecticidal potency of CFP on pyrethroid-resistant mosquitoes.

No difference was observed for the dual AI interceptor G2

(Table S4), suggesting a balancing effect between pyrethroid

and CFP. Contrary to CYP6P9a, CYP6P9b had less pronounced

impact on the CFP-based nets (Figure S5A), with analysis of the

correlation between genotypes and mortality revealing no differ-

ence between RR and SS (OR = 0.8; CI = 0.3–1.9; p = 0.8) for

CYP6P9b.

The blood-feeding rate was significantly lower in tunnels with

treated nets (Interceptor = 40.3%, IG2 = 31.3%, CFP-100 =

57.9%, and CFP-200 = 2.4%) compared to the untreated

(73.1%) (p < 0.05), and the blood-feeding success of CFP-200
4 Cell Reports 43, 114566, August 27, 2024
was significantly lower compared to all other nets (p < 0.0001)

(Figure S3A). Genotyping of blood-fed and unfed mosquitoes re-

vealed that homozygote-resistant mosquitoes (bearing CY-

P6P9a_R and CYP6P9b_R markers) were significantly more

likely to blood feed than RS (OR = 4.5; p < 0.001) in the presence

of Interceptor (Table S4). Also, RS ones were more able to blood

feed in the presence of this net compared to SS mosquitoes

(OR = 2.0; p < 0.001). The mosquitoes harboring the resistant

allele were alsomore able to blood feed in tunnel with Interceptor

(Figures S4D and S5D) and IG2 net (Figures S4E and S5E) than

those with the wild-type allele, showing that in addition to

increased survival,CYP6P9a/-b confer blood feeding advantage

in the presence of pyrethroid-based nets (Table S4). However,

no significant difference was observed in the blood-feeding abil-

ity of RR (forCYP6P9a) compared to RS or SSmosquitoes for the

CFP-only net CFP-100 (Figure S4F; Table S4) despite the slight

trend observed for CYP6P9b (Figure S5F; Table S4).

Experimental hut trial results

Similar patterns in mortality rates were observed for the hybrid

strain using EHT, with all the CFP-based nets inducing signifi-

cantly higher mortality (p < 0.0001) than pyrethroid-only nets

(Figure S2C). A mortality rate of 92.6% (CI = 90.3–94.9) was ob-

tained for CFP-only net (100 mg/m2), 83.4% (CI = 79.3–87.5) for

IG2, and 66.5% (CI = 61.3–71.7) for the pyrethroid-only net Inter-

ceptor (Figure S2C). Because genotyping of CYP6P9a_R/b_R

markers using mosquitoes from Malawi revealed a very high fre-

quency of the mutant allele close to fixation, the impact of



Figure 3. Impact of the CYP6P9a/-b on the efficacy of CFP-based nets on An. funestus in EHT

(A–I) CYP6P9a genotype distribution between alive and dead mosquitoes after exposure to Interceptor (A), IG2 (B), and CFP-100 (C); CYP6P9b genotype dis-

tribution between alive and dead mosquitoes after exposure to Interceptor (D), IG2 (E), and CFP-100 (F); and combined CYP6P9a and CYP6P9b genotype

distribution between alive and dead mosquitoes after exposure to Interceptor (G), IG2 (H), and CFP-100 (I). For genotype: RR, homozygote resistant; RS, het-

erozygote; and SS, homozygote susceptible. n = total number from each phenotype that were successfully genotyped. Fisher test was used to discern significant

differences.
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CYP6P9a/b on the efficacy of CFP-based control tools was only

performed using the F3 of the FG/FZ hybrid strain in EHT. A total

of 385 mosquitoes were successfully genotyped for Interceptor

net (n = 150), IG2 (n = 114), and CFP-100 (n =121), revealing a

highly significant difference in the distribution of genotypes be-

tween the dead and alive mosquitoes for all the nets (c2 > 20;

p < 0.0001) in EHT (Figure 3). CYP6P9a homozygous resistant

mosquitoes (RR) exhibited higher survival rate on exposure to

the Interceptor net (Figure 3A) compared to homozygote sus-

ceptible mosquitoes (SS) (OR = 47.5; CI = 7.6–497.8; p <

0.0001) (Table S5). Also, heterozygote mosquitoes (RS) had

higher survival rate from exposure to this net compared to homo-

zygote susceptible (OR = 27.1; CI = 4.5–285.4; p < 0.0001)

(Table S5). However, mosquitoes with homozygote-resistant ge-

notype (RR) had less chance of surviving CFP-only (CFP-100 net)

than heterozygotes (OR = 0.1; CI = 0.04–0.2; p < 0.0001) and ho-

mozygote susceptible (OR = 0.3; CI = 0.3–1.1; p = 0.1), confirm-

ing the high insecticidal potency of CFP on pyrethroid-resistant

mosquitoes. As observed with CYP6P9a, a similar pattern was

noticed for CYP6P9b (Figures 3B andS5A), with analysis of the

correlation between genotypes and mortality revealing that

CYP6P9b homozygous resistant mosquitoes (RR) had higher

chances to survive exposure to the Interceptor compared to ho-

mozygote susceptible mosquitoes (OR = 47.5; CI = 7.6–497.8;

p < 0.0001) (Table S5). For the dual AI net IG2, having the resis-
tant allele did not significantly confer increased survival advan-

tage (OR = 1.7; CI = 1–3.06; p = 0.06) as observed in tunnel tests,

although here, RR and RS individuals had a higher chance of

surviving than their SS (RR vs. SS: OR = 13.2; CI = 2.2–44.3;

p = 0.003, RS vs. SS: OR = 13.2; CI = 2.2–44.3; p = 0.003) coun-

terparts (Table S5).

In EHT, theblood-feeding ratewas significantly lower in treated

huts (Interceptor = 15.4%, IG2 = 10.6%, and CFP-100 = 14.6%)

compared to the hut with untreated net (68.5%) (p < 0.0001).

However, blood-feeding success did not significantly differ be-

tween treatments (p > 0.05) (Figure S2C). CFP-100 net had a

higher blood-feeding rate compared to other treatments (Fig-

ure S2C). Genotyping revealed that homozygote-resistant

mosquitoes (bearing CYP6P9a_R and CYP6P9b_R markers)

were significantly more likely to blood feed than RS (OR = 3.7; p

< 0.0001) and SS (OR = 5.1; p < 0.001) when exposed to Inter-

ceptor (Table S5). The mosquitoes harboring the resistant allele

were more able to blood feed in Interceptor-treated hut than

those with the wild-type allele (OR = 2.7; CI = 0.3–1.7; p =

0.001) confirming that in addition to increased survival, the

CYP6P9a/b confer blood-feeding advantage in the presence of

a pyrethroid-only net (Table S5). A similar trend was observed

for IG2, but no differencewas observed in the blood-feeding abil-

ity of RR compared to RS or SS mosquitoes for the CFP-based

nets CFP-100 (Figures S6 and S7).
Cell Reports 43, 114566, August 27, 2024 5
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The exophily rate in the hut with untreated net (10.10%) was

significantly lower than that in the IG2 hut (27%) (p < 0.0001),

CFP-100 hut (18%; p = 0.003), and Interceptor one (33%; p <

0.0001) (Figure S2C). Genotyping results revealed that homozy-

gote-resistant mosquitoes (RR) for both CYP6P9a (Figure S6)

and CY6P9b (Figure S7) had a greater ability to stay in the

room with Interceptor compared to RS (OR = 1.7; p =0.08) and

SS ones (OR = 0.3; p = 0.004), which tended mainly to exit

from the treated huts. The same trend was observed for the

IG2 (Figures S6 and S7), but no difference was observed for

the CFP-100 net (Figures S6 and S7) as this insecticide does

not have any repellency effect. At the allelic level, no difference

was observed between R and S for all the nets.

Combined impact of CYP6P9a and CYP6Pb on the
efficacy of chlorfenapyr-based nets in experimental hut
trial
Wealso assessed how combinations of genotypes at both genes

impact the efficacy of a CFP-based net, focusing mainly on

mortality and blood feeding. Analysis of the impact of combined

genotypes on mortality/blood feeding after exposure to Inter-

ceptor, IG2, or CFP-100 net confirmed the independent segre-

gation of genotypes at both genes with several combinations

of genotypes observed, including RR/RR, RR/RS, RS/RS, RS/

SS, and SS/SS (Figure 3). Comparison of the distribution of com-

bined genotypes revealed that double homozygote resistant

(RR/RR) mosquitoes at both loci had a greater ability to survive

exposure to Interceptor than most of the other combinations

(Figure 3G), particularly when compared to double susceptible

mosquitoes (SS/SS) (OR = 25.04; CI = 4.1–271.2; p < 0.0001).

This genotype combination had less impact on interceptor G2

(Figure 3H), whereas a strong negative association was

observed for CFP-100 net (Figure 3I), particularly in RR/RR vs.

RS/RS comparison (OR = 0.1; CI = 0.05–0.3; p < 0.0001). This

negative association was even stronger in tunnel assay where

analysis of the combined genotype distribution for blood feeding

also revealed a significantly increased ability of RR/RR mosqui-

toes to blood feed in the presence of Interceptor (OR = 3.2; CI =

1.2–7.6; p = 0.01) or IG2 (OR = 5.9; CI = 1.6–17.4; p = 0.002)

compared to SS/SS mosquitoes (Table S7), but the difference

was not significant for CFP-only net (OR = 2.5; CI = 0.8–7.01;

p = 0.01). In EHT, no difference was observed in the blood

feeding of resistant mosquitoes compared to the susceptible

ones for all the nets (Table S8).

Association between CYP6P9a/b markers and
clothianidin resistance after CDC bottle assays
As the frequency of the resistant allele was very high inMalawiAn.

funestus (CYP6P9a_R = 73% and CYP6P9b_R = 99%), no signif-

icant differences (p=0.4)wereobtained in thedistributionof geno-

types between dead and alive mosquitoes following exposure to

neonicotinoids (Figure S2). However, homozygote-resistant

mosquitoes for CYP6P9a were predominantly alive compared to

the dead ones (OR = 1.1; CI = 0.7–2.8; p = 0.3), indicating that

the resistant allele for this gene could confer survival advantage,

though not significant. To better establish the impact of these

markers on neonicotinoid resistance, the hybrid FG/FZ mosqui-

toes were used for further analysis. In this strain, theCYP6P9a ho-
6 Cell Reports 43, 114566, August 27, 2024
mozygous resistant mosquitoes (RR) and heterozygous ones (RS)

were significantly more able to survive clothianidin exposure than

homozygote susceptiblemosquitoes (Figure 4A). A strong associ-

ation between theCYP6P9a resistance allele and the ability to sur-

vive CLTD exposurewas noted for RR vs. SS (OR = 7.5; p = 0.001)

andRSvs.SS (OR=3.5;p=0.02) (TableS2).Thiswasconfirmedat

theallelic level (OR=2.2;p<0.005 forRvs.S) (TableS2;Figure4C).

ForCYP6P9b, homozygous resistantmosquitoes (RR)andhetero-

zygousones (RS)werealsosignificantlymoreable tosurviveCLTD

exposure than the homozygous susceptible mosquitoes (SS): RR

vs. SS (OR = 7.08; p = 0.002) and RS vs. SS (OR = 3; p = 0.05)

(Table S2; Figure 4B). When combining both markers, double

homozygote resistant individuals (RR/RR) had more chance to

survive clothianidin exposure compared to all other genotypes

(Figures 4E and 4F).

Impact of CYP6P9a_R/-b_R markers on clothianidin-
based IRS interventions in experimental hut trials
Figure 2D summarizes the results of the efficacy of IRS products

in experimental huts using the FG/FZ hybrid strain. Compared to

the untreated hut, all experimental huts induced significantly

higher mortality (p < 0.0001). The mortality was significantly

higher in clothianidin- and Fludora Fusion-treated huts (72.5%

and 79.6%, respectively) compared to deltamethrin-sprayed

huts (43.8%). Also, a significant reduction in the blood-feeding

rate was observed in the treated huts compared to the untreated

hut (p < 0.05), which was more pronounced in the case of huts

sprayed with Fludora Fusion (p < 0.001). Although the induced

exophily was significantly elevated (p < 0.05) in the treated

huts compared to the untreated one, no differencewas observed

between treated huts (Table S4).

After genotyping, a significant association was found between

possession of the resistant allele for both genes and the ability of

mosquitoes to survive exposure to deltamethrin indoor spray

(c2 = 21.3; p < 0.0001) (Figure 5). Comparison of allele fre-

quencies showed that possessing the resistant allele increased

the chance of surviving exposure to deltamethrin more than

3-fold (Table S6). Less impact was observed for clothianidin

and Fludora Fusion where comparison of genotypic and allelic

frequencies revealed that possessing CYP6P9a_R/-b_R did

not increase significantly the ability to survive exposure to

clothianidin (c2 = 1.3; p = 0.5) and Fludora Fusion (c2 = 1.02;

p = 0.06) (Figures 5B, 5C, 5E, and 5F; Table S6). This shows

that although CYP6P9a/b-resistant mosquitoes are more able

to withstand deltamethrin and clothianidin exposure in CDC bot-

tle assay, they remain susceptible to the new IRS formulation

Fludora Fusion in the EHT.

A significant association was observed between possession

of the resistance alleles (CYP6P9a/b_R) and the ability to take

blood meals in the presence of deltamethrin (c2 = 21.7; p <

0.0001) (Figures S8and S9) but not Fludora Fusion and clothiani-

din (Table S6).

Assessing the impact ofCYP6P9a/-b on clothianidin and
chlorfenapyr resistance using transgenic Drosophila

flies
Bioassays performed with 50 mg/mL clothianidin and 10 mg/mL

of CFP revealed that flies expressing CYP6P9a and CYP6P9b



Figure 4. Impact of the duplicated CYP6P9a/b on the efficacy of clothianidin on An. funestus in CDC bottle assays

(A and B) Distribution of the CYP6P9a genotypes and alleles between alive and dead mosquitoes after exposure to CLTD.

(C and D) Distribution of the CYP6P9b genotypes and alleles between alive and dead mosquitoes after exposure to CLTD.

(E) Distribution of the combined genotypes at the CYP6P9a and CYP6P9b loci between alive and dead mosquitoes after exposure to CLTD.

(F) Odds ratio calculations comparing the ability of double homozygote resistant mosquitoes to survive CLTD exposure to other genotype combinations. n = total

number from each phenotype that were successfully genotyped. Fisher test was used to discern significant differences.
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were significantly more resistant to clothianidin 12 h post expo-

sure than the control flies, with average mortalities at 12 h

of 45.05% ± 7.03% for CYP6P9a (p < 0.001) and 30.1% ±

2.9% for CYP6P9b (p < 0.001) compared to the control flies

(73.9% ± 3.3%) (Figure 6A). However, no differences were ob-

tained between these transgenic flies and control at 24-h expo-

sure (Figure 6A). In contrast experimental flies overexpressing

these two P450s were more susceptible to CFP at 6 h, 12 h,

and 24 h post exposure compared to control flies, with average

mortalities at 12 h of 62.3% ± 4.1% for CYP6P9a (p < 0.001) and

61.1% ± 5.9% for CYP6P9b (p < 0.001) compared to the control

(37.6% ± 5.6%) (Figure 6B). This indicates that the overexpres-

sion of these P450s alone can confer clothianidin resistance

while increasing the susceptibility to CFP.

Assessing the impact ofCYP6P9a/-b on clothianidin and
chlorfenapyr resistance after gene knockdown through
RNAi
CYP6P9a knockdown using RNAi confirmed the above pheno-

types in An. funestus mosquitoes, with mortalities increasing

significantly in mosquitoes injected with dsCYP6P9a compared

to mosquitoes injected with ds-GFP and non-injected mosqui-

toes (Figure 6C). In the ds-CYP6P9a-injected mosquitoes,

mortality rates were 51.5% ± 3.4%; 78.4% ± 9.1%, and

94.7% ± 7.8% at 24 h, 48 h, and day 3 post exposure to clothia-

nidin and then 100% after day 3 (Figure 6C). In the ds-GFP, the

mortality was significantly lower (p < 0.0001) varying from
35.9% ± 4.9% at 24 h to 95.1% ± 4.22% at day 6 and then

100% at day 7 post exposure. A similar trend was observed in

non-injected mosquitoes where a mortality rate of 35.9% ±

4.9% was obtained at 24 h, 89.3% ± 8.9% at day 6, and then

100% at day 7 post exposure. The opposite pattern was seen

for CFP where the mortality in dsCYP6P9a was significantly

lower than in the ds-GFP-injected and non-injected mosquitoes

(Figure 6D). A mortality rate of 11% ± 3.4%was recorded at 24 h

post exposure to CFP in ds-CYP6P9a-injected mosquitoes

compared to 22.5% ± 4.9% for ds-GFP-injected (p < 0.05) and

21.05% ± 2.3% for non-injected mosquitoes (p < 0.05). At day

7 post exposure, the mortality of 38% ± 4.4% was recorded in

dsCYP6P9a-injected mosquitoes compared to 77.7% ± 6.3%

for ds-GFP-injected (p < 0.0001) and 95.4% ± 4.6% for non-in-

jected mosquitoes (p < 0.0001). Unfortunately, due to the low

number of mosquitoes, RNAi assay was performed only for

CYP6P9a.

In vitro validation of clothianidin and chlorfenapyr
metabolism using recombinant CYP6P9a
Substrate depletion assays with the recombinant An. funestus

CYP6P9a revealed moderate metabolism of both clothianidin

and CFP, with 26.5% ± 4.8% clothianidin depleted (p < 0.05

versus �NADP+ incubation) and 34.09% ± 3.08% CFP depleted

(p < 0.02 vs. �NADP+ incubation) following incubation for

90 min (Figure 6E). Further, metabolism of CFP was confirmed

from the appearance of tralopyril (a bioactivated product of
Cell Reports 43, 114566, August 27, 2024 7



Figure 5. Impact of CYP6P9a/-b on the efficacy of CFP-based nets on An. funestus in EHT

(A–F) CYP6P9a genotype distribution between alive and dead mosquitoes after exposure to deltamethrin (A), Fludora Fusion (B), and clothianidin (C) and

CYP6P9b genotype distribution between alive and deadmosquitoes after exposure to deltamethrin (D), Fludora Fusion (E), and clothianidin (F). For genotype: RR,

homozygote resistant; RS, heterozygote; and SS, homozygote susceptible. n = total number from each phenotype that were successfully genotyped. Fisher test

was used to discern significant differences.
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N-dealkylation of the ethoxymethyl group of CFP), which eluted

around the 14th minute in the +NADP+ incubation samples

(Figure 6F).

DISCUSSION

Using DNA-based markers and extensive functional analyses,

this study established that the duplicated cytochrome P450

genes, CYP6P9a and CYP6P9b, known as proficient pyrethroid

metabolizers, are driving cross-resistance to clothianidin but, in

contrast, boost the efficacy of CFP.

The pyrethroid-resistant An. funestus strains exhibit a
greater susceptibility to chlorfenapyr than
neonicotinoids
Both An. funestus populations from Malawi and the crosses

were susceptible to CFP (100 mg AI/bottle). This susceptibility of

An. funestus to CFP has been previously reported in many other

countries,32supporting thechoiceof this insecticide fornewvector

control tools. Large-scale susceptibility testing of this insecticide

with 100 mg AI/bottle as done in this study revealed susceptibility

against malaria vector populations from about 16 countries,

including mosquitoes with multiple resistance mechanisms to py-

rethroids.33 This high susceptibility toCFP ismainly due to the fact

that it is a pro-insecticide that becomes toxic when the N-ethoxy

methyl group is removed through P450-mediated oxidation
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creating the toxic metabolite tralopyril (CL303268). The resulting

tralopyril disrupts the proton gradient across the mitochondrial

membranes and impairs the production of ATP (oxidative phos-

phorylation),34,35 leading to cell death. This mode of action of

CFP is completely different from standard neurotoxic insecticides

such as DDT and pyrethroids, etc., assuming less chance for

cross-resistance, although some An. gambiae populations from

the Agréby-Tiassa region of southeast Côte d’Ivoire and agricul-

tural settings from Cameroun, Ghana, and DRC presented a

reduced susceptibility to the DD of CFP.32,36,37 In contrast to

CFP, neonicotinoids induced lowmortality inAn. funestuspopula-

tions fromMalawi and the hybrid strain FANG/FUMOZwhen using

absolute ethanol/acetone alone as solvent, although the addition

of MERO significantly increases the efficacy. The 24-h to 7-day

post-exposure mortality has revealed in general low mortality of

mosquitoes in thesestrainsagainst the threeneonicotinoids tested

(clothianidin, imidacloprid, and acetamiprid) when these insecti-

cideswerediluted inacetone/ethanol alone,withaslight increased

mortality from day 1 to day 7. This confirms the slow-acting effect

of neonicotinoids as previously reported by several studies38,39

and indicates that the addition of MERO to acetone/ethanol while

maximizing the efficacy of clothianidin can also prevent early

detection of resistance. In fact, the addition of MERO (89 PPM)

to acetone significantly increased the efficacy of neonicotinoids

on the mosquitoes tested, with 100% mortality observed 24 h

post exposure for both strains. As previously reported, the high



Figure 6. In vivo and in vitro functional validation of the role of CYP6P9a/b in clothianidin and chlorfenapyr resistance

(A–F)Mortality pattern of GAL4 xUAS-CYP6Pa andGAL4 xUAS-CYP6P9b transgenic flies exposed to clothianidin (A) and chlorfenapyr (B); mortality of the hybrid

FANG/FUMOZ after RNAi knocked down each of the duplicated CYP6P9a genes 7 days post exposure to clothianidin (C) and chlorfenapyr (D); and percentage

depletion (mean ± standard deviation [SD]) of clothianidin and chlorfenapyr at 90 min (E) with formation of tralopyril as the primary product of bioactivation of

chlorfenapyr (F). Asterisks indicate the difference between each ds-P450 gene in comparison to ds-GFP control and un-injectedmosquitoes (*p < 0.05, **p< 0.01,

***p < 0.001). In this figure, values represent the mean of 4–5 biological replicates, and error bars represent ±SD of mean. c2 test was used to discern significant

differences.
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mortalityobservedwhenusingacetone+MEROasasolventcould

beexplainedby thepropertiesofMEROto increase thesolubilityof

neonicotinoids,40 preventing the crystallization.41,42 Such high ef-

ficacy induced by acetone + MERO as solvent confirms that this

is a suitable solvent for neonicotinoids, as previously reported

by Tchouakui and collaborators and the recent WHO manual for

monitoring insecticide resistance in mosquito vectors.42,43

However, ethanol or acetone alone is still very useful in capturing

variability between populations and establishing the impact of

some markers on mosquitoes’ ability to withstand exposure to

these insecticides. Moreover, pre-exposure to PBO significantly

restored the susceptibility to the three neonicotinoids (when using

acetonealoneassolvent), indicating the implicationofP450s to the

reduced susceptibility observed.

Chlorfenapyr-based tools are turning mosquito
molecular defense against them, explaining their
reported efficacy
To combat the increasing insecticide resistance in mosquitoes,

new insecticide molecules and combinatorial strategies have

now been adopted. In this study, the dual AI net IG2 combining

CFP and alpha-cypermethrin and the CFP-only net induced

significantly higher mortality on the strains tested both in tunnel

tests and EHTs compared to the pyrethroid-only net. In the

hybrid strain, FANG/FUMOZ, a mortality rate of 80.6% was ob-
tained for IG2 and 77.2% for the CFP-only net (200 mg)

compared to the pyrethroid-only net Interceptor where only

52.4% mortality was obtained. The low mortality response ob-

tained with the pyrethroid-only net could be associated to pyre-

throid resistance driven by CYP6P9a/b as previously reported in

this strain27,28 and the An. funestus from Malawi.31 The greater

efficacy of the CFP-based net observed in this study as previ-

ously reported in Benin, Tanzania, and Cameroon24,44,45 should

be therefore attributed to the potential bioactivation of CFP by

P450s in pyrethroid-resistant mosquitoes. IG2 could therefore

be an efficient replacement for pyrethroid-only ITNs for the

reduction of malaria transmission malaria vectors as observed

in Benin and Tanzania.19,46 In Tanzania, RCTs highlight that

An. funestus was the dominant vector, where previous work

showed that CYP6p9a/-b were the main drivers of pyrethroid

resistance.26 This explains the high efficacy of IG2 on the strain

tested. For Benin, the predominant vector was rather An. gam-

biae, and probably the same effect as for CYP6P9a/b is

observed, but more work is needed to validate the role of the

main pyrethroid resistance genes on susceptibility to CFP.

Cytochrome P450 substrate promiscuity is a double-
edged sword for the success of vector control
After CDC bottle assays, mosquitoes harboring the CY6P9a/b-

resistant allele had a higher ability to survive CLTD exposure.
Cell Reports 43, 114566, August 27, 2024 9
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The association between CY6P9a/b-resistant allele and resis-

tance to clothianidin could be associated with the metabolism

of neonicotinoids by CY6P9a/b as previously shown for carba-

mates. A recent study by Mugenzi et al.47 revealed after RNA

sequencing that cytochrome P450s, notably the duplicated CY-

P6P9a and -b in Southern Africa, are playing a major role in

carbamate resistance in An. funestus. They demonstrated

through in vivo and in vitro functional analyses that CYP6P9a

and -b metabolize carbamates and that their overexpression is

sufficient to confer resistance to this insecticide class similar to

the pyrethroids. In this study, we notice that CYP6P9a also me-

tabolizes clothianidin at a higher rate than carbamate. This is the

first study showing a cross-resistance between pyrethroid-resis-

tant genes and neonicotinoid resistance. This was confirmed by

the transgenic flies’ assays and RNAi wheremosquitoes/flies ex-

pressing theCYP6P9a-resistant genes had higher survival ability

against clothianidin. Our results highlight the potential danger

that complex evolution of resistance to an insecticide class

intensely used in the field such as pyrethroids could pose to

the efficacy of new insecticides. Such cross-resistance issues

should be taken into account to implement robust insecticide-

based intervention using molecular tools available for informed

decision-making.

Interestingly, we observed in this study for the first time a

negative association between these pyrethroid resistance

markers and CFP resistance. Mosquitoes harboring the resistant

allele for both CYP6P9a and CYP6P9b markers were less

tolerant to CFP in CDC bottle assay, tunnel tests, and EHTs.

This was further confirmed by the knockdown of these genes

in mosquitoes as well as the transgenic flies. Furthermore, heter-

ologous analysis of CFP metabolism indicates that the principal

metabolite produced by these CYP6P9a was tralopyril, the

N-dealkylated insecticidal form that disrupts oxidative phos-

phorylation. This is the first study establishing such negative

association between pyrethroid-resistance markers and CFP

resistance, although CYP6P3, CYPJ5, and CYP9K1 in An.

gambiae and CYP9J32 in Ae. aegypti were recently shown to

bio-activate the CFP30 as noticed here with CYP6P9a. Previous

studies have also indicated that CFP is more toxic to pyrethroid-

resistant pests including cattle horn fly or the tobacco budworm

where resistance to pyrethroid is driven by P450 overexpres-

sion.48,49 All this shows that pyrethroid-resistant populations of

An. funestusmosquitoes where CYP6P9a/-b are overexpressed

may have an enhanced capacity to activate CFP, resulting there-

fore in improved susceptibility to a novel WHO-recommended

insecticide. However, caution must be applied in correlating

metabolic pyrethroid resistance with CFP activation as recent

in vitro metabolism assay revealed that only four of the nine

P450s tested were capable of metabolizing CFP, and rates of

metabolism differed widely.30 By showing negative cross-resis-

tance with CFP, it goes further by allowing a control program to

take advantage of this in the context of such a phenomenon

based on evidence from the field before implementing a strategy

where CFP-based tools could be promoted. Therefore, similar

work with other markers is needed to show the extent of such

negative cross-resistance in line with contrasting patterns of

resistance as seen in An. funestus where contrasting resistance

fronts are present with different resistance genes driving it, for
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example, the CYP9K1 predominant in east Africa,50 CYP6P4 in

the west,27 and CYP325A and 4.3kb-SV in central Africa.27

Similar work should be also extended to other major vectors

such as gambiae, etc. This is also an advantage of such markers

over relying on whole-genome sequencing as they provide easy

use to tackle key questions with field samples.

Conclusion
This study using recently detected DNA-basedmarkers of P450-

linked pyrethroid resistance to directly establish how pyrethroid-

resistant mosquitoes interact with novel insecticides revealed

that the duplicated CYP6P9a/b pyrethroid-resistance genes

are driving cross-resistance to clothianidin but, in contrast,

boost the efficacy of CFP. This highlights the risk that pyrethroid

resistance escalation poses to the efficacy of other classes of in-

secticides such as neonicotinoids but at the same time reveals

that CFP-based control interventions such as IG2, which is

currently largely distributed across Africa for malaria control,

could be very efficient against some P450-based pyrethroid-

resistant mosquitoes.

Limitations of the study
One of the major limitations of this study is the lack of metabolite

identifications using mass spectrometry. Specifically, tralopyril

serves as the diagnostic metabolite for CFP metabolism. In the

case of clothianidin, mass spectrometry analysis could have

been carried out to identify its metabolites. Additionally, insecti-

cide metabolites generated by the transgenic Drosophila flies

could have been determined using needle biopsy spray mass

spectrometry. These important studies will be the subject of

future work.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli JM109 competent cells Promega, United Kingdom Cat# P9751

Biological samples

Mosquitoes RNA and cDNA Our lab NA

Mosquitoes DNA Our lab NA

Chemicals, peptides, and recombinant proteins

DH5a competent cells Thermo Scientific (MA, USA) Cat#18265017

pACYC-184 ATCC (USA) Cat# 37033

Clothianidin Sigma Aldrich, (Hilden, Germany) Cat# 33589

Chlorfenapyr Sigma Aldrich (Hilden, Germany) Cat# 37913

Potassium Phosphate monobasic Sigma Aldrich (Hilden, Germany) Cat# 7778-77-0

Potassium Phosphate dibasic Sigma Aldrich (Hilden, Germany) Cat# 7758-11-4

Leupeptin hemisulfate Thermo Scieintfic (MA, USA) Cat# J61188.MC

Glucose-6-phosphate dehydrogenase Sigma Aldrich (Hilden, Germany) Cat# G7877

5-aminolevulinic acid hydrochloride (ALA) Sigma Aldrich (Hilden, Germenay) Cat# A3785

Cytochrome P450 Reductase Our lab expression NA

Cytochrome P450 Our lab expression NA

Cytochrome b5 Our lab Expression NA

Isopropyl B-D-1-thiogalactopyranoside

(IPTG)

Sigma Aldrich (Hilden, Germany) Cat# I6758

Aprotinin from bovine lung Sigma Aldrich Cat# 9087-70-1

Acetonitrile HPLC grade Agilent Technologies EC# 200-835-2

Water HPLC grade Agilent Technologies EC# 5191-5120

EDTA Promega, United Kingdom Cat#V4231

D-glucose 6 phosphate sodium salt Sigma Aldrich (Hilden, Germany) Cat#54010-71-8

Critical commercial assays

PicoPure RNA isolation kit Arcturus KIT0204

Super-Script III for CDNA synthesis Invitrogen 18080051

QIAquick� Gel Extraction Kit QIAGEN 28704

QIAprep� Spin Miniprep Kit QIAGEN 27104

MEGAscriptTM RNAi-Kit ThermoFisher AM1626

Deposited data

Raw and analyzed data This paper NA

Experimental models: Organisms/strains

FANG strain CRID insectary N.A

FUMOZ strain CRID insectary N.A

Anopheles funestus from Malawi CRID insectary N.A

Oligonucleotides

Forward Primer for genotyping of CYP6Pa

marker

TCCCGAAATACAGCCTTTCAG N.A

Reverse Primer for genotyping of CYP6Pa

marker

ATTGGTGCCATCGCTAGAAG

Forward Primer for genotyping of CYP6Pb

marker

CCCCCACAGGTGGTAACTATCTGAA

Reverse Primer for genotyping of CYP6Pb

marker

TTATCCGTAACTCAATAGCGATG

(Continued on next page)
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Restriction enzyme for CYP6Pa: Taq I (cut

site, 50-TCGA-30)
New England Biolabs Cat# R0149S

Restriction enzyme for CYP6Pb: NmuCl

(Tsp45I) (cut site 50-GTSAC-30)
New England Biolabs Cat# R0583S

Software and algorithms

Prism Graphpad 8.0 N/A NA
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Ma-

gellan Tchouakui, magellan.tchouakui@crid-cam.net.

Materials availability
This study did not generate new or unique reagents.

Data and code availability
d All the relevant datasets supporting the conclusions of this article are included within the article.

d This paper does not report original code

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Trials design
The huts were built following the prototype recommended by WHO for the West African region as previously described. The hut was

constructed on a concrete base of cement surrounded by a drain channel to trap aunt. Thewalls weremade from concrete bricks and

plastered inside and outside with a plaster made from amixture of cement and sand, the roof wasmade from corrugated iron and the

ceiling was made from plywood. In the context of this trial since we released mosquitoes in the huts all the windows opening were

closed to avoid mosquitoes escaping.

Anopheles funestus strain used
Both field and laboratory samples of An. funestuswere used in this study. Fieldmosquitoeswere collected in Southern Africa [(Malawi

(MWI), Chikwawa (16�10 S, 34�470 E) in 202131 and reared at CRID insectary, in Cameroon. The laboratory strain was the FANG/

FUMOZ (FG/FZ) hybrid colony resulting from the crossing between FANG, a completely insecticide-susceptible colony originating

from Angola, and the FUMOZ, a pyrethroid-resistant colony from Southern Africa Mozambique.51 The crossing between FANG

and FUMOZ created a heterogeneous population segregating the genotypes of duplicated CYP6P9a_R, and CYP6P9b_R variants

which are closed to fixation in Chikwawa, completely fixed in FUMOZ, but absent in FANG.27,28 Blood-fed and gravid female

mosquitoes were collected indoor in houses in Chikwawa using electric aspirators. Fully gravid females were introduced into

1.5mL Eppendorf tubes to lay eggs using the forced-egg laying protocol.52

Ethical approval
The national and regional (Center region) ethics committee for health research of CaMEROon approved the protocol of the study (ID:

2021/07/1372/CE/CNERSH/SP and CE No: 0803/CRERSHC/2021). Written, informed and signed consent was obtained from

sleepers before starting the trials. All methods were performed per the relevant guidelines and regulations.

METHOD DETAILS

Assessing the impact of CYP6P9a_R/-b_R on the efficacy of chlorfenapyr and clothianidin using CDC bottle assay
The F1 adult female mosquitoes from field and F3/F4 generation of the hybrid FG/FZ were used to assess clothianidin and CFP

susceptibility patterns in CDC bottle assays using established protocols32,53,54 after establishing their resistance profiles to the pre-

viously WHO-recommended insecticides in WHO-tube tests.55 Approximately 24h after coating bottles with insecticide, 25 females

(2–5 d old) were exposed to 150 mg/ml clothianidin (using acetone alone as solvent) or 4 mg/ml (using acetone +MERO (81% rapeseed

oil methyl ester; manufactured by Bayer CropScience) as solvent) for 1h, and the knocked-down were recorded at the end of the
Cell Reports 43, 114566, August 27, 2024 15
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60min (Kd-60), and mortality at 24h or 7d, respectively acetone +MERO as solvent and for acetone only as solvent. For CFP, we first

established the LC50 (with 10, 20, 30, 50, and 100 mg/mLCFP), using the hybrid strain, FG/FZ, and the LT50 (using 100 mg/mLCFPwith

varying exposure time, from 10 to 60min). Experiments were repeated with LC50/LT50 until enough alive and dead mosquitoes

were obtained and genotyped27,28 for CYP6P9a_R/-b_R markers, allowing us to establish their impact on the ability of mosquitoes

to survive CFP and CLTD exposures.

Assessing the impact of CYP6P9a_R/-b_R on the efficacy of chlorfenapyr-based nets using tunnel tests
Comparative tunnel assays were performed using: i. Control net (bed nets without insecticide); ii. Interceptor net (200 mg/m2

Alpha-cypermethrin); iii. Interceptor G2 (100 mg/m2 Alpha-cypermethrin +200 mg/m2 chlorfenapyr); and iv. In-house, custom

made impregnated chlorfenapyr-only net (100 mg/m2 and 200 mg/m2 chlorfenapyr) to establish the impact of CYP6P9a/-b on the

efficacy of CFP-based nets. On average 100 mosquitoes (sugar-starved for 1h), aged 5–8 days were released in the long section

of the glass tunnel at 06:00 p.m. with a guinea pig bait positioned on the other side of the net so that mosquitoes must pass through

the holed net to access the bait. The following morning, between 06:00 and 09:00a.m., mosquitoes were removed (separately from

each section of the tunnel) using a mouth aspirator, counted, and scored as alive or dead, blood-fed or unfed, after which they were

held for 72h to evaluate the final mortality. Themain outcomemeasures were 12 hmortality, 72h post-exposure mortality, and blood-

feeding inhibition.56 The impact of CYP6P9a/-b on the efficacy of the nets was evaluated by comparing the genotype and allele fre-

quency for these markers between dead and alive, as well as blood-fed vs. unfed.

Assessing the impact of CYP6P9a_R/-b_R on the efficacy of CFP-based nets using experimental hut trials
The experimental hut trial (EHTs) was performed in Elende (3�41057.2700N, 11�33028.46’’E), a rural village in central CaMEROon, close

to Yaoundé where we recently built 12 experimental West Africa type huts (42) made of concrete bricks to confirm the impact of the

duplicated genes on the efficacy of various nets. The study was carried out with the FG/FZ hybrid strain against the following net

treatments: i. Control; ii. Interceptor; iii. Interceptor G2; and iv. In-house, custom made impregnated chlorfenapyr-only net

(100 mg/m2 chlorfenapyr), to better capture the effect of resistance markers on the CFP net without pyrethroid).

The F3 generation of the hybrid strain was released in the huts with each treatment for one week as previously described27,28,.57

Mosquitoeswere released in the hut in the evening and collected early in themorning using glass tubes from the room (the floor, walls,

and roof of the hut), inside the bed net, and from the exit traps in the veranda. Each compartment of the hut had its bag to avoidmixing

samples. Surviving mosquitoes were provided with sugar solution and held for 72 h in paper cups after which delayed mortality was

assessed. Sampleswere recorded in observation sheets as dead/blood-fed, alive/blood-fed, dead/unfed, and alive/unfed. The effect

of each treatment was expressed relative to the control (untreated net) by assessing induced exophily (the proportion of mosquitoes

that exited early through the exit traps because of the treatment); the mortality rate, an indicator of the potential killing effect of the

insecticide-treated bed nets; and the rate of blood feeding, an indicator of insecticide resistance and personal protection. To estab-

lish the impact of the CYP6P9a/b-mediated metabolic resistance to pyrethroids on the effectiveness of various nets, the PCR-RFLP

diagnostic assay27,28 was used to genotype a subset of each treatment including the dead, alive, blood-fed, and unfed mosquitoes.

Odds Ratio and Fisher’s exact test were used to assess the impact of CYP6P9a_R and CYP6P9b_R on the ability of mosquitoes to

survive and blood feed after exposure to insecticide-treated bed nets.

Assessing the impact of CYP6P9a_R/-b_R on the efficacy of clothianidin-based IRS using experimental hut trials
To establish the impact ofCYP6P9a/-b on the efficacy of CLTD-based IRS, hut trials was also conducted. The F3 hybrid strain of FG/

FZ crosses were released in 4 experimental huts with the following insecticide treatments: i. Unsprayed hut (control); ii. Deltamethrin

sprayed at 25 mg/m2; clothianidin sprayed at 200 mg/m2; and Fludora Fusion sprayed at 25 mg/m2 of deltamethrin +200 mg/m2 of

clothianidin. Mosquitoes were released in the treated huts in the evening, and they were collected early in the morning using glass

tubes, from the rooms, and from the exit traps on the veranda. Surviving mosquitoes were provided with sugar solution and held for

72 h in paper cups after which delayed mortality was assessed. Samples were recorded in observation sheets as alive/dead and

blood-fed/unfed and the CYP6P9a_R and CYP6P9b_R markers were genotyped on the respective phenotype to establish their

impact on the efficacy of these CLTD-based IRS.

Assessing the impact of CYP6P9a/-b on efficacy of chlorfenapyr and clothianidin using in vivo transgenic expression
in with Drosophila melanogaster

To further assess the role of CYP6P9a/-b on the efficacy of CFP/CLTD against An. funestus, transgenic D. melanogaster expressing

CYP6P9a or CYP6P9bwere used to screen for resistance phenotype, to validate if over-expression of each of these genes alone can

confer resistance to these insecticides, as previously done for permethrin and deltamethrin.58 Two transgenic lines, UAS-CYP6P9a

and UAS-CYP6P9b were generated, with injection, balancing and crosses conducted as was done in our previous studies. Ubiqui-

tous expression of each transgene in adult F1 progeny (experimental group) was obtained after crossing virgin females from the driver

strain Act5C-GAL4 ["y [1] w [*]; P(Act5C-GAL4-w) E1/CyO","1; 2"] (Bloomington Stock Center, IN, USA) with UAS-CYP6P9a/b males.

Similarly, adult F1 control progeny (control group) with the same genetic background as the experimental group but without CYP6P9a

or -b insert was obtained by crossing virgin females from the driver strain Act5C-GAL4 and UAS recipient line males (which do
16 Cell Reports 43, 114566, August 27, 2024
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not carry the pUASattB-CYP6P9a or -b insertion). These different lines were comparatively exposed to chlorfenapyr (10 mg/ml) and

clothianidin (50 mg/ml) and the mortality was monitored up to 24 h.

Assessing the impact of CY6P9a/-b on efficacy of chlorfenapyr and clothianidin using RNA-interference
To further validate the influence of CYP6P9a/b clothianidin and chlorfenapyr resistance, RNAi knockdown approach was also ex-

ploited. Gene-specific primers for double-stranded RNA (dsRNA) synthesis were designed with BLOCK-iT RNAi Designer (Thermo

Fisher Scientific, UK). The dsRNA was synthesised using an in vitro Transcription T7 MEGAscript RNAi-Kit (for siRNA Synthesis)

(Thermo Fisher Scientific, UK) following the manufacturer’s instructions. The dsRNA of the green fluorescent protein gene was

also synthesised and utilised as a negative control.59,60 NanoDrop 2000 spectrophotometer was used to measure the concentration

and the purity of dsRNA samples, and RNA quality was established by 2% agarose gel electrophoresis, and dsRNA samples was

stored at� 20�C until use. A total of 3 mg dsRNA (0.69nL) was injected into 2–5 days old femalemosquitoes using a Nanoject II micro-

injector (Drummond, Burton, OH, USA). The injectedmosquitoes were used for susceptibility testing 4 days post-injection of ds-RNA

or dsGFP, using bottles treated with either 10mg chlorfenapyr or 150mg clothianidin (acetone only as solvent) following the protocol

described above.43 Following exposure, they were transferred to paper cups and supplied with sugar thenmortality was recorded up

to 7 days post-exposure. Each RNAi treatment was replicated four times and each replicate comprised 20–25 mosquitoes.

Investigating chlorfenapyr and clothianidin metabolising activity of CYP6P9a using in vitro protein expression and
metabolism assays
Expression plasmid was created by fusing the CYP6P9a cDNA NH2-terminus in frame with the P450 initiation codon to a fragment

from a bacterial ompA+2 leader sequence with its downstream ala-pro linker, following established protocols.61,62 This P450

construct was cloned into the expression vector pCW-ori+ and co-expressed as membrane proteins in E. coli JM109, together

with An. funestus cytochrome P450 reductase (AfCPR). Strategy for cloning of AfCPR into the expression pACYC-184 followed a

modified protocol of Pritchard and colleagues61 with details to be provided in a separate publication (in preparation). Metabolism

assays were conducted with clothianidin, and chlorfenapyr following protocols described previously.62 The assay was carried out

in 0.1 M potassium phosphate buffer (KPi, pH 7.4) and NADPH regeneration buffer, which were added to the bottom of chilled

1.5 mL tubes. Membranes expressing the recombinant CYP6P9a and AfCPR, were added to the side of the tube, to which An. gam-

biae cytochrome b5 was also reconstituted in a ratio 1:4. These were pre-incubated for 5 min at 30�C, with shaking at 1,200 rpm,

before adding 20 mM of clothianidin or chlorfenapyr, with continuous shaking at 1,200 rpm and 30�C for 1.5 h. Reactions were

quenched with 0.1 mL ice-cold acetonitrile and incubated for 5 min at 1200 rpm. Tubes were centrifuged at 16,000 rpm and 4�C
for 15min, and 150 mL of supernatant transferred into HPLC vials. For clothianidin,100 mL samples were injected into isocratic mobile

phase (15:85% acetonitrile to water containing 0.1% phosphoric acid), with column temperature set to 40�C, detection wavelength

set to 254 nm, and a flow rate set to 1 mL/min. Similar approach was used for chlorfenapyr, but with mobile phase comprised of

80:20% acetonitrile to water, column temperature set at 35�C, and detection wavelength set to 210 nm. Peaks were separated

with a 250 mm C18 column (Acclaim 120, Dionex) on an Agilent 1260 Infinity HPLC machine (Agilent, city, country). All reactions

were carried out in triplicate with experimental samples (+NADPH containing the NADPH regeneration buffer) and negative controls

(-NADPH not containing NADP+ in the regeneration buffer). Enzyme activity was calculated as percentage depletion (difference in the

amount of clothianidin and chlorfenapyr remaining in the +NADPH tubes compared with the –NADPH), and a student’s t-test was

used to estimate significance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental hut trial
To calculate the proportion of each entomological outcomes and the level of significance between the treatments and between the

control for each entomological outcomes, the XLSTAT software was used as done previously.27,63–65

Test of association between the P450 genes (CYP6P9a/-b) and the entomological outcomes
To investigate the association between the P450 alleles and mosquito’s ability to survive, blood feed or exit the room with bed nets,

VassarStats66 was used to estimate the odds ratio based on a fisher exact probability test with a 2x2 contingency table as previously

described.27,65 All the proportions were compared using Chi-square test.
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