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Abstract

Metabolic resistance to pyrethroids is jeopardizing the effectiveness of insecticide-based
interventions against malaria. The complexity of the Africa-wide spatio-temporal evolution of
the molecular basis of this resistance, the major genetic drivers should be detected to improve
resistance management. Here, we demonstrated that a single amino acid change G454A in the
cytochrome P450 CYP9K1 drives pyrethroid resistance in Anopheles funestus vector in East

and Central Africa.

Polymorphism analysis revealed drastic reduction of diversity of the CYP9KI gene in Uganda
(2014) with the selection of a predominant haplotype (90%), exhibited a G454A mutation.
However, 6 years later (2020) the Ugandan 454A-CYP9K 1 haplotype was also predominant in
Cameroon (84.6%), but absent in Malawi (Southern Africa) and Ghana (West Africa). In vitro
comparative heterologous metabolism assays revealed that the mutant-type 454A-CYP9K1 (R)
allele metabolises type II pyrethroid (deltamethrin) better than the wild-type G454-CYP9K]
(S) allele. Transgenic Drosophila melanogaster flies expressing the mutant-type 454A-
CYPYK] allele were significantly more resistant to both type I and II pyrethroids than the flies
expressing the wild-type G454-CYPYK allele. Genotyping with a newly designed DNA-based
diagnostic assay targeting the G454A replacement revealed that this mutation is strongly
associated with pyrethroid resistance as mosquitoes surviving pyrethroid exposure were
significantly more homozygote resistant (Odds ratio = 567, P<0.0001). Furthermore, Cone test
and experimental hut trials showed that 454A-CYP9K1 reduces the efficacy of LLINs. The
resistant allele (454A) is under directional selection in Eastern and Central Africa, present but

not strongly selected in Southern Africa and at very low frequency in West Africa.

This study reveals the rapid spread of P450-based metabolic pyrethroid resistance driven by
CYPYK 1, greatly reducing the efficacy of pyrethroid-based control tools. The new DNA-based
assay designed here will add to the toolbox to monitor resistance in the field and improve

resistance management strategies.
Author Summary

The complex molecular basis and genetic drivers of metabolic resistance in malaria vectors
should be detected to improve resistance management. Here, we established that allelic
variation by a single mutation G454A in P450 CYP9K 1 enzyme drives pyrethroid resistance in
Anopheles funestus. Drastic reduction of diversity was noted in Ugandan female An. funestus

samples collected in 2014, with a major haplotype (454A) already fixed but absent in other
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African regions. However, this Ugandan 454A-CYP9K1 haplotype was highly selected within
6 years in An. funestus samples from Cameroon (Central Africa), but still absent in Ghana
(West Africa) and Malawi (Southern Africa). Metabolism assays revealed that the 454A-
resistant allele metabolized pyrethroid better than the susceptible G454 allele and driving
higher pyrethroid resistance in transgenic Drosophila melanogaster flies. DNA-based
diagnostics designed around the G454A-CYP9KI marker strongly correlates with pyrethroid
resistance, reducing bed net efficacy indicating that this assay should be added to the toolbox
to monitor this 454A-CYP9K resistance which is rapidly spreading in An. funestus mosquito

populations from Eastern and Central Africa.
Introduction

Malaria is still a major public health concern despite significant progress made since the years
2000s to reduce the burden of this disease [1]. Globally, an increase in the number of cases was
recently recorded from 233 million cases in 2019 to 249 million cases in 2022, with 95% of
cases occurring in Africa [1]. Nevertheless, vector control mainly using Long Lasting
Insecticidal Nets (LLINs) and Indoor Residual Spraying (IRS) have proven to be effective in
reducing malaria burden and remains a vital component of malaria management and
elimination strategy. During the past two decades, nearly 2.5 billion LLINs have been delivered
to malaria endemic countries and this rapid scale-up has been by far the largest contributor to
the impressive drops seen in malaria incidence and mortality since the turn of the century [2].
These control tools were attributed more than 70% of the decrease in malaria mortality and

helped prevent more than 663 million clinical cases of malaria between 2000 and 2015 [3].

Unfortunately, Africa deviates from the set trajectory of the global technical strategy (GTS)
milestones to eradicate malaria by 2030 [2]. This is attributed to various factors including the
continuous spread and now escalation of resistance to pyrethroid insecticide by malaria vectors,
which is increasingly reported in different regions across Africa [4—11], presenting greater risk
of vector control failure [12]. Moreover, recent studies highlighted that pyrethroid-resistant
mosquitoes present a serious challenge to the efficacy of current standard pyrethroid LLINs
[8,13—16]. Studies to decipher survival strategies developed by resistant malaria vectors have
reported increased expression of detoxification genes mainly cytochrome P450s, glutathione-s
transferases and carboxylesterases, their overactivity and mutations [16—-18], as well as
insecticide target site modifications inhibiting productive insecticide binding, either in the

voltage gated sodium channels, knockdown resistance (kdr) [19,20] or in the acetylcholine
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95 esterase receptor (Ace-1) gene [21], etc, as the major resistance mechanisms. Other
96 mechanisms include changes in behaviour to avoid insecticide contact [22] and reduced
97 insecticide penetration through increased production of cuticular hydrocarbon [23].
98 Knockdown resistance highly prevalent and driving resistance in An. gambiae has been absent
99  in An. funestus from most African regions [24,25] and could indicate a more pronounced role

100 of metabolic-based resistance.

101  Previous transcriptional profiling studies have detected key An. funestus cytochrome P450
102  genes with evidence of differential expressions that could be linked to pyrethroid resistance
103 [15,16,26]. However, sharp regional contrast was reported with different CYP genes
104  overexpressed in different African regions [16,26]. Among these genes were the duplicated
105  CYPO6P9a/b and CYP6P4a/b respectively overexpressed in An. funestus mosquitoes from
106  Southern (Malawi and Mozambique) and West (Ghana) African regions, the CYP3254 was
107  overexpressed in central Africa (Cameroon) and the CYP9K I was reported to be the most up
108  regulated gene in resistant mosquitoes from Eastern Africa (Uganda) [16,26]. The molecular
109  bases of resistance mediated by the above P450s are gradually been deciphered revealing that
110  CYP325A contributes to resistance to both type I and II pyrethroid insecticide in central Africa
111 [27], while functional characterisation has also shown that allelic variants of CYP6P9a and
112 CYPG6PYb are major drivers of type I and type II pyrethroid resistance mainly in Southern
113 Africa [28,29]. Further studies targeting the Promoter and intergenic regions confirmed these
114  duplicated genes are the main drivers of pyrethroid resistance in An. funestus resulting to the
115  detection of the first P450-based molecular markers [15,16,30]. However, the resistance driven
116 by the CYP6P9a/b genes are limited to southern African region and the assays designed around
117  the detected markers of these genes are mainly used to track resistance in southern Africa.
118  Hence, there is an urgent need to detect new molecular markers driving resistance in other

119  African regions to facilitate resistance monitoring and management in these regions.

120 In this regard, an Africa-wide whole genome scan and targeted enrichment with deep
121 sequencing of permethrin-resistant An. funestus mosquitoes across Africa reported reduced
122 genetic diversity with signature of directional selection and gene duplication on the X-
123 chromosome spanning the CYP9KI locus [31,32]. We further analysed the genetic diversity
124  around the CYPYKI gene Africa-wide and identified a glycine to alanine amino acid change on
125  codon 454 that was fixed in Uganda, while at very low frequencies in other African regions
126 (Cameroon and Malawi) [31]. Here, we investigated the genetic polymorphism of the CYPIK/

127  gene in An. funestus across Africa. We then used comparative in vitro heterologous metabolism
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128 assay and in vivo transgenic Drosophila fly approach to assess the contribution of allelic
129  variation and overexpression of this gene to the observed resistance. Furthermore, we designed
130  a simple DNA-based diagnostic assay around the G454A mutation that we used to assess the
131  impact of this marker on the efficacy of LLINs using cone test and experimental hut trials

132 (EHTs) and also, to track the spread of this 454A-CYP9K resistant marker across Africa.
133 Results

134  Africa-wide temporal genetic variability of CYP9KI gene detected a rapidly spreading
135  454A dominant haplotype

136  Two sets of samples were analysed across different African regions; Eastern Africa (Uganda
137  mosquitoes collected in 2014 and 2020); Central Africa (Cameroon mosquitoes collected in
138 2014 and 2020); Southern Africa (Malawi mosquitoes collected in 2014 and 2020) and West
139  Africa (Ghana mosquitoes collected in 2020). Genetic analysis of CYP9K I from 2014 samples
140 revealed reduced diversity in Uganda 2014 samples, with 35 substitution sites and very low
141 haplotype diversity (hq = 0.19) (Table 1, Fig 1A). Contrasting pattern was observed in
142 Cameroon 2014 samples which were highly diversified with 123 substitution sites and very
143 high haplotype diversity (hg = 0.99). Interestingly, reduced genetic diversity of CYP9KI was
144  noticed in samples from Cameroon collected in 2020 exhibiting a pattern similar to Ugandan
145  samples from 2014 and 2020. Cameroon 2020 and Uganda 2020 samples registered zero
146  missense substitutions, both generating low haplotype and nucleotide diversities (hg = 0.295,
147 = 0.00019 for Cameroon 2020 and hy = 0.143, © = 0.00009 for Uganda 2020). However,
148  samples from Malawi 2020 (hy = 0.974, = = 0.00820) and Ghana 2020 (hy = 0.873, © = 0.0046)
149  registered higher haplotype and nucleotide diversities (Table 1, Fig 1A and B). Moreover,
150  analysis of all the 2020 sequences yielded a total of 55 substitution sites with 9 nonsynonymous
151  substitutions, mainly contributed by Malawi (2 substitutions), Ghana (2 substitutions) and

152 FANG (5 substitutions).

153  Interestingly, Ugandan 2014 samples clustered together forming a dominant clade, not
154  observed in Cameroon 2014 and Malawi 2014 with higher diversities and no signs of
155  directional selection (Fig 1C). However, analysis of 2020 samples revealed a clustering
156  between Cameroon 2020 and Uganda forming the same dominant clade, different from other
157  African regions, Southern Africa (Malawi 2020) and West Africa (Ghana 2020) that clustered
158  independently, forming minor clades per region (FiglD).
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159  Furthermore, haplotype network analysis of CYP9KI in 2014 samples revealed a dominant
160  haplotype (H;) present at 90% frequency in Uganda 2014 samples with a total of 5 haplotypes,
161  not observed in other African regions where the haplotype was completely absent (0%), like in
162  Cameroon 2014 and Malawi 2014 registering total of 38 and 29 haplotypes respectively (S1
163  Fig). Cameroon 2014 samples were highly diverse forming singleton haplotypes with no
164  dominant haplotype detected (Fig 1E). Haplotype networking using 2020 samples revealed
165  Cameroon 2020 and Uganda 2020 samples both shared the same dominant haplotype (H,) (Fig
166  1F). This was the same haplotype found at very high frequency in Uganda 2014 and completely
167  absent in Cameroon 2014 samples. By 2020 the H, haplotype has become predominant in
168  Cameroon with a frequency nearing fixation at 84.6%, while absent in Southern Africa
169  (Malawi) and West Africa (Ghana). Furthermore, haplotype network analysis of 2020 samples
170  generated a total of 29 haplotypes mainly distributed between more diverse samples from
171 Malawi (11 haplotypes), Ghana (7 haplotypes) and laboratory susceptible strain FANG (6
172 haplotypes) (Fig 1E, Table 1). Fewer haplotypes were detected in samples from Uganda (2
173 haplotypes) and Cameroon (3 haplotypes), while strong allelic variations were observed
174  between samples from Southern (Malawi) and West (Ghana) African regions, each forming

175  distinct minor haplotypes.

176  Sequence examination identified a point mutation guanine (G) to cytosine (C) nucleotides at
177  position 1361 (Fig 1G), leading to replacement of glycine (G) to Alanine (A) on codon 454
178  (Fig 1H). This mutation was fixed in Uganda in 2014 (40/40), at low frequency in Cameroon
179  in 2014 (9/40) and Malawi in 2014 (13/40) (Fig S1). However, analysis of 2020 sequences
180  revealed the mutation was fixed in Uganda (14/14, 100%) and Cameroon (13/13, 100%) cDNA
181  samples, but still at low frequency in Malawi (4/13, 30.7%) and completely absent in both
182  Ghana (0/11, 0%) and FANG (0/14, 0%) (Fig 1H). Another point mutation guanine to adenine
183  (A) nucleotides at position 979, resulting to amino acid change valine (V) to isoleucine (I) on
184  codon 327 detected at high frequency (9/11, 81.8%) in samples from Ghana (West Africa) and

185  absent in samples from Cameroon, Malawi and Uganda (Fig 1H).

186
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188  Fig 1. Africa-wide temporal genetic variability and haplotype representation of CYPIKI
189  gene. Spatio-temporal variation of (A) Haplotype diversity (Hq) and (B) nucleotide diversity
190 of CYPY9KI showing signatures of strong directional selection in Uganda and Cameroon
191  between 2014 and 2020. (C) Maximum likelihood tree of CYP9K coding length across Africa
192 using 2014 samples. (D) Maximum likelihood tree of CYP9K! coding length across Africa
193  using 2020 samples. (E) Haplotype network representation of CYP9KI coding across Africa
194  using 2014 samples showing dominant haplotype shared between Uganda samples. (F)
195  Haplotype network representation of CYP9KI coding across Africa using 2020 samples
196  showing dominant haplotype shared between Cameroon 2020 and Uganda 2020. (G)
197  polymorphic positions of CYPY9KI cDNA sequences in 2020 samples showing nucleotide
198  changes, the guanine to adenine nucleotide at position 979 (highlighted in orange colour) and
199  guanine to cytosine nucleotide at position 1361 (highlighted in green colour). (H) polymorphic
200 positions of CYPIK I amino acid sequences 2020 samples highlighting the V3271 (highlighted
201  in blue) and G454A (highlighted in yellow) amino acid changes.

202
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207  Table 1: Africa-wide Polymorphism parameters of CYPIK1

Sample n S h Hy Syn  Nsyn T D D*
FUMOZ 15 1 2 024 1 0 0.00015 -0.391s  0.70m
FANG 14 13 6 078 8 5 0.00221 -0.51  -1.20™
Cameroon 2014 40 107 38 099 / / 0.01346 -0.740s  -1.09m™
Cameroon 2020 13 2 3 029 2 00 0.00019 -1.460  -1.77m
Uganda 2014 40 29 5 0.19 16 19 0.00113 S2.51%Hk 3 g*k*
Uganda 2020 14 1 2 0.14 1 00 0.00009 -1.15  -1.39m
Malawi 2014 40 39 29 097 37 2 0.00932 2.24ns 1.06 1
Malawi 2020 1333 11 097 31 2 0.0082 1.07ms 1.19ns
Ghana 2020 11 23 7 0.87 21 2 0.0046 -0.250s 1.021s
Total All 80 55 29 087 47 9 0.0098 1.320s 0.08 s

208  * n number of sequences (2n); S, number of polymorphic sites; Syn, Synonymous mutations;
209 h haplotype; Hgy haplotype diversity; Nsyn, Non-synonymous mutations; 7, nucleotide
210  diversity; D and D* Tajima’s and Fu and Li’s statistics; ns, not significant.

211 Comparative in vitro assessment of metabolic activity of CYPIK] allelic variants
212 Expression pattern of recombinant CYP9IK] alleles

213 Co-expression of recombinant CYPIK I with CPR revealed optimal expression between 22-24
214  h post induction with 1 mM IPTG and 0.5 mM d-ALA. Importantly, both alleles of CYPIK
215  when complexed with standard P450 carbon monoxide (CO) generated similar difference
216  spectra with absorbance peaks at 450nm wavelength (Fig 2A and B), with comparable
217  concentrations of 3.27 uM for mutant allele (454A-CYP9K1) and slightly higher concentration
218  of 3.67 uM for the wild allele (G454-CYP9K1).

219  Preliminary metabolism assays revealed that the recombinant 454A-CYP9K1 depleted higher
220 amount (29.7%) of deltamethrin compared to the G454-CYP9K allele that depleted only 8.5%
221 of'this type II pyrethroid (Fig 2C). Depletion of deltamethrin was 21.10% significantly greater
222 (SE = 3.68) in the mutant-type allele than in the wild-type allele (¢-test: # =5.73; df =2.59;, P =
223 0.01) demonstrating that mutant-type 454A-CYP9KI/CPR allele is better metabolizer of
224  deltamethrin in vitro than the wild-type allele G454-CYP9K1/CPR. However, as previously
225  established in previous studies both alleles did not deplete permethrin, suggesting lack of

226  metabolic activity towards this type I pyrethroid.
227

228
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229  Comparative assessment of CYPIKI alleles to confer pyrethroid resistance using

230 GAL4/UAS transgenic expression in D. melanogaster
231 Contact bioassays with pyrethroid insecticides

232 Bioassays with alphacypermethrin, deltamethrin and permethrin revealed that transgenic
233 Drosophila melanogaster flies overexpressing both alleles confer pyrethroid resistance, with
234  the flies expressing the mutant 454A-CYP9K] allele significantly more resistant to all
235  pyrethroids tested than those expressing G454-CYP9K I wild allele and control. The type 454A-
236 CYPY9KI flies exhibited significantly lower mortalities on average, of 18.26%+5.33
237 (P<0.0004), 16.83%+2.41 (P<0.0006) and 11.44%=1.15 (P<0.0006) respectively, for
238  alphacypermethrin, deltamethrin and permethrin compared to G454-CYP9KI flies, with
239  mortalities for the above pyrethroids respectively of 37.27%+4.73, 32.77%+4.76 and
240  23.36%=3.24 (Fig 2D). Compared to control groups with average mortalities of 48.26%+4.49
241 (P<0.0055), 46.87%+3.66 (P = 0.0009), and 36.36%+2.69 (P<0.0001), respectively for

242 alphacypermethrin, deltamethrin and permethrin.

243 Bioassays with alphacypermethrin: Time-course assay revealed that the transgenic 454A-
244  CYPYKI were more resistant to alphacypermethrin, with mortalities of less than 10%
245  (P<0.0001), 20% (P = 0.002) and 30% (P = 0.0066) in the first 2h, 6h and 12h, respectively,
246 compared with higher mortalities at the same time point recorded in the G454-CYP9K1 flies
247 (20%, 30% and 45% mortalities, respectively), while both experimental flies exhibited

248  significantly lower mortalities when compared with control flies (Fig 2E).

249  Bioassays with deltamethrin: Similar to alphacypermethrin, bioassay results with deltamethrin
250 revealed lower mortality in flies expressing mutant allele (454A) than those expressing wild
251  allele (G454) and control flies. Transgenic 454A-CYP9K] flies registered mortalities around
252 10% (P = 0.0057), 20% (P = 0.0038), less than 30% (P = 0.0054) in the first 2hrs, 6hrs and
253  12hrs respectively, compared to significantly higher mortalities recorded in flies expressing the
254  wild allele (with 20%, 35%, 50% mortalities respectively at the same time). Interestingly, flies
255  expressing either the mutant (454A) or wild allele (G454) registered significantly lower
256  mortalities compared to control flies (Fig 2F).

257  Bioassays with permethrin: Bioassays with permethrin resulted to similar patterns observed
258  with type II pyrethroids, with lower percentage mortality rates for flies expressing the CYPIK ]
259  mutant allele when compared to the mortality rate in flies expressing the wild allele. Transgenic

260 454A-CYPYK1 flies registered less than 2% (P = 0.0009) mortality in the first 3h after exposure

9
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261  to permethrin, less than 10% (P = 0.0049), less than 20% (P = 0.0219), and 40% (P<0.0001)
262  respectively after 6hrs, 12hrs and 24hrs compared to flies expressing the G454-CYPIK 1 wild
263  allele that registered higher mortalities (around 22%, 32%, and 62% mortalities respectively at
264  the same time) (Fig 2G).

265  Validation of overexpression of transgenes by qRT-PCR

266  Overexpression of CYPYK I was confirmed in the F; progenies of the GAL4/UAS crosses using
267  RT-qPCR. Both alleles were overexpressed in the F; progenies when compared to the control
268  (generated from the crossing between the UAS line without the gene and the ActSC-GAL4
269  driver line) (Fig 2H). Interestingly, no significant difference (t-test = 0.14, df = 3.15) was
270  observed in the expression levels between the G454-CYPIK flies (FC = 87.3) and the 454 A-
271 CYPYK]I flies (FC = 83.17).
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273 Fig 2. Comparative in vitro and in vivo assessment of CYP9K1 alleles to confer pyrethroid
274  resistance. (A) Co-difference spectra of membranes expressing recombinant CYP9K ] mutant-
275  type (454A) allele from Uganda and Cameroon and (B) Wild-type (G454) allele from
276  Laboratory susceptible strain FANG. (C) Percentage depletion of 20 uM deltamethrin by
277  recombinant CYPY9K] membranes. Horizontal bar represents the mean percentage depletion,
278  and the error bars represent the 95% confidence intervals of the mean. The p value is calculated
279  using a Welch’s t test. Results are average of three replicates compared between the two groups.
280 (D) Average percentage mortality of CYP9K] allelic variants 24 hours after exposure to

281  pyrethroid insecticide; Comparative mortalities of F; transgenic progenies of crosses between
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282 Actin5C-GAL4 and UAS-CYPYK1 on exposure to (E) 0.0007% alphacypermethrin; (F) 0.2%
283  deltamethrin and (G) 4% permethrin; (H) Comparative relative expression of G454-CYP9K]
284  and 454A-CYP9K1 in Drosophila flies. Data are represented as mean + SEM: *P<0.05, **
285  P<0.01 and *** P<(.001.

286  Design of G454A-CYPIK]I diagnostic assay and correlation with pyrethroid resistance

287  To detect and track resistance driven by 454A-CYP9K 1 allele, two PCR-based assays: an allele
288  specific PCR (AS-PCR) and a probe-based locked nucleic acid (LNA) were successfully
289  designed (Fig 4A and B), targeting the glycine (1361-GGA) to alanine (1361-GCA) codon 454
290 mutation. Using genomic DNA samples extracted from Uganda female An. funestus
291  mosquitoes (Mayuge F, 2021), these assays revealed that the 454A mutation was present at
292 fixation with 100% frequency, with all the samples harbouring the resistant allele exhibiting a
293  single band at 216 bp corresponding to homozygote resistant genotype 454A/A-CYPI9K1 (RR)
294  and a common band around 639 bp on gel image. This was confirmed with LNA-assay where
295  all samples clustered together on the y-axis in the LNA dual scatter plot. On the other hand, all
296  the laboratory susceptible samples FANG genotyped were homozygote wild-type G/G454-
297  CYPYKI genotype (SS), with the wild-type band size around 434bp with a common band
298  around 639bp on gel image and clustering together on the x-axis in the LNA dual scatter plot
299  (S2A and B Fig).

300 To obtain a more robust genotype segregation FANG strain were crossed with Mayuge
301 mosquitoes and reared to F5 generation, which were genotyped with Figure 4A and B depicting

302  better segregation of genotypes (Fig 3A and B).

303 Assessment of association between the G454A-CYP9KI mutation and pyrethroid

304 resistance
305 The G454A-CYPYIKI strongly correlates with pyrethroid resistance phenotype

306 To assess correlation between the G454A mutation and pyrethroid resistance phenotype, a
307  WHO tubes bioassays was conducted with 0.75% permethrin and using Fs hybrid progenies
308 generated from crosses between FANG and Mayuge An. funestus. Female mosquito samples
309  highly resistant (78%=4 mortalities, alive following 1 h permethrin 0.75% exposure) and
310  highly susceptible (26%+2 mortalities, dead following 30 minutes exposure) were genotyped.
311 A clear distribution of genotype was observed with 55% of permethrin alive female mosquitoes

312 being homozygote resistant (RR = 22/40), 42.5% heterozygote (RS = 17/40), and only a single
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313  alive female was homozygote susceptible (SS = 1/40) genotype. In Contrary, 72.5% of the
314  permethrin-dead female mosquitoes (SS = 29/40) harboured the homozygote susceptible
315  genotype, 25% were heterozygotes (10/40), with only a single dead female homozygote
316  resistant (1/40) (Fig 3C).

317  Allele frequency distribution revealed a strong positive association between mosquitoes
318  harbouring the mutant allele (R) and ability to survive permethrin exposure (OR: 19.45; CI:
319  9.25-38.48; P<0.0001) (Fig 3D). Mosquitoes carrying the homozygote resistant genotype (RR)
320  significantly survived exposure to permethrin than heterozygotes (RS) (OR: 9.88; CI: 1.485-
321 114.1; P = 0.025, Fisher’s exact test) (S1 Table) and the homozygote susceptible (SS) (OR:
322 567; CI: 34.03-5831; P<0.0001, Fisher’s exact test) genotype (Fig 3E). Furthermore, the
323  heterozygotes (RS) were predominant in the alive mosquitoes (68%) than in the dead (32%)
324  and revealing a strong association between harbouring the heterozygote genotype (RS) and
325  ability to survive than the homozygote susceptible genotype (SS) (OR: 57.38; CI: 7.47-617.6;
326  P<0.001, Fisher’s exact test).

327 A similar pattern was observed for female An. funestus mosquitoes exposed to alpha-
328  cypermethrin alive after 1 h exposure (highly resistant) and dead after 10 minutes exposure
329  (highly susceptible), with 90% of the homozygote mutant genotype (RR) recorded for the alive
330 female mosquitoes versus 10% frequency in the dead (Fig 3F). Moreover, female mosquitoes
331  alive to alphacypermethrin were scored with 55% of the mutant (R) allele, while 77% of the
332 wild (S) allele was recorded in the dead female An. funestus mosquitoes (Fig 3G). Statistical
333  analysis revealed an increase survivorship to alphacypermethrin in mosquitoes harbouring
334  homozygote mutant-type genotype (RR) when compared to the homozygote wild-type
335  genotype (SS) (OR: 50; CI: 5.23-566.4; P<0.0001, Fisher’s exact test) (S1 Table). Moreover,
336  significant increase in survival was registered for the heterozygote (RS) genotype when
337  compared to the homozygote wild genotype counterpart (OR: 11.11; CI: 3.31-32.28; P<0.0001,
338  Fisher’s exact test) (Fig 3H).

339  454A-CYPY9KI mutant-type allele (S) correlates with resistance using field samples

340 We further assessed the association between the G454A-CYP9K I marker and resistance to
341  pyrethroid using field samples from Elende (F;) collected in 2022 (Central Cameroon). WHO
342  tube test using Elende F; samples with 0.75% permethrin revealed 59.55+1.7% mortality after
343 60 minutes exposure, 0.05% deltamethrin and 0.05% alphacypermethrin revealed 70.21+2.5%

344  and 34.4+2.8% mortalities respectively after 60 minutes exposure.
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345  Genotype frequency distribution of G454A-CYP9K1 mutation in field samples exposed to
346  alphacypermethrin alive and dead after 60 minutes revealed 71.4% frequency of homozygote
347  mutant-type genotype (RR) in alive female An. funestus samples (5/7) and only 28.6% in dead
348  (2/7). In the contrary, homozygote wild genotype (SS) was more abundant with 72%frequency
349  in dead samples (18/25) than in alive (7/25) (Fig 31). Allele frequency revealed 71.4% of the
350 wild (S) allele in dead samples and only 27% of the mutant (R) allele in dead (Fig 3J).
351  Statistically, a significant increase in survival ability was recorded between the homozygote
352  mutant-type genotype (RR) compared to the homozygote wild (SS) genotype (OR: 7.1; CI: 2.2-
353  22.64; P=0.0006, Fisher’s exact test) (S1 Table). Similarly, heterozygotes (RS) revealed
354  significantly higher survivorship to alphacypermethrin when compared to the homozygote

355  wild-type (SS) genotype (OR: 6; CI: 1.897-17.42; P<0.001, Fisher’s exact test) (Fig 3K).

356  Similar pattern was obtained for female An. funestus mosquito samples alive and dead to 0.75%
357  permethrin with 83% of the homozygote mutant (RR) genotype detected in alive mosquitoes,
358  while dead mosquitoes were more homozygote wild (SS) genotype with 71% frequency (Fig
359  3L). The wild (S) allele was more associated with susceptibility to permethrin, with 75% of
360 this allele registered in dead samples (Fig 3M). Indeed, field mosquitoes bearing the
361  homozygote mutant genotype (RR) were significantly more resistant to permethrin compared
362  those harbouring the wild-type (SS) genotype (OR: 12.14; CI: 1.55-49.4; P<0.025, Fisher’s
363  exact test) (Fig 3N).

364  Genotyping samples alive and dead to 0.05% deltamethrin revealed 86% of the homozygote
365 resistant (RR) genotype in alive samples. In the contrary, 66% of the homozygote wild (SS)
366  genotype scored in dead samples (Fig 30). Percentage allele frequency distribution revealed
367  72% of the susceptible (SS) in the dead mosquitoes (Fig 3P). A significant increase in survival
368  capacity to deltamethrin was recorded in mosquitoes bearing the homozygote resistant (RR)
369  genotype compared to mosquitoes carrying the homozygote susceptible (SS) genotype (OR:
370 11.33; CI: 1.25-134.1; P=0.03, Fisher’s exact test) (Fig 3Q).
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372 Fig 3. Design of DNA-based diagnostic assay for G454A-CYP9KI genotyping and
373  correlation with pyrethroid resistance phenotype. (A) Agarose gel image of G454A-
374  CYPY9KI AS-PCR showing homozygote mutant-type 454A/A-CYP9KI (RR, with band size
375 216 bp and a common band 639 bp), heterozygote G/A454-CYPYKI (RS, band sizes 216 bp
376  and 434 bp with at common band 639 bp), homozygote wild-type G/G454-CYP9K (SS, with
377  band size 434 bp plus a common band 639 bp) genotypes, (B) Dual colour scatter plot of
378  CYPY9KI-probe based locked-nucleic acid (LNA) showing homozygote mutant-type 454A/A-
379  CYPY9KI (RR) genotypes clustered on the y-axis and homozygote wild-type G/G454-CYP9K ]
380  (SS) genotypes clustered on the x-axis, heterozygotes (RS) in between the x-axis and y-axis
381 and negative controls (NC), (C) G454A-CYP9K1 percentage genotype frequency distribution
382 in FANG x Mayuge Fs permethrin alive and dead female mosquitoes. (D) Percentage allele
383  frequency distribution FANG x Mayuge Fs permethrin alive and dead female mosquitoes. (E)
384  Estimation of odds ratio (OR) and associated significance between different CYP9K I genotype
385 in permethrin alive and dead FANG x Mayuge Fs female mosquitoes. The arrow within the
386 triangle indicates the direction of OR estimation and ORs are given with asterisks indicating
387 level of significance. (F) G454A-CYPY9KI genotype frequency distribution in FANG x
388  Mibellon F; alphacypermethrin alive and dead female mosquitoes. (G) Percentage allele
389  frequency distribution FANG x Mibellon F; alphacypermethrin alive and dead female
390 mosquitoes. (H) Estimation of odds ratio (OR) and associated significance between different
391  CYPYKI genotype alphacypermethrin alive and dead female mosquitoes. (I) G454A-CYP9K ]
392  genotype frequency distribution in Elende 2022 F; alphacypermethrin alive and dead female
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393  mosquitoes. (J) Allelic frequency distribution in Elende 2022 F, alive and dead to
394  alphacypermethrin exposure. (K) Estimation of odds ratio (OR) and associated significance
395  Dbetween different CYP9K 1 genotype in Elende 2022 F, alphacypermethrin alive and Dead. (L),
396 (M), (N) are respectively the same as (I), (J), (K) using Elende 2022 F, permethrin alive and
397 dead and (O), (P), (Q) are respectively the same as (L), (M), (N) using Elende 2022 F,
398  deltamethrin alive and dead.

399  Correlation between the G454A-CYP9K1 mutation and resistance to LLINs using WHO

400  cone bioassays

401  Cone assay results with F; Elende samples revealed very low mortality rate with pyrethroid
402  only nets with mortality 8.3+2.3% for PermaNet 3.0 side (without PBO), PermaNet 2.0
403  registered mortality 10.53+1.5%, Royal sentry, Olyset and DuraNet registered mortalities
404  13.56+3.1%, 18.33+£2.2% and 10.23£2.7% respectively. Nevertheless, PermaNet 3.0 top and
405  Olyset plus, both containing PBO were the most effective nets both registering 100% mortality.

406  Assessment of the genotype distribution in samples alive and dead to Royal sentry net exposure
407 revealed 89% of the homozygote mutant genotype (RR) in alive samples and oppositely, 72%
408  of the wild genotype (SS) was registered in dead female An. funestus mosquito samples (Fig
409  4A). Moreover, 77% of the wild (S) allele was scored in dead samples (Fig 4B). A statistically
410  significant increase in the ability to survive Royal sentry exposure was observed for mosquito
411 samples harbouring homozygote mutant genotype (RR) compared to the homozygote wild
412 genotype (SS) (OR: 20; CI: 2.57-230.3; P<0.0023, Fisher’s exact test) (S1 Table). Also,
413  harbouring a single copy of the CYP9KI confers an increase survivorship as heterozygote
414  mosquitoes (RS) were more in alive compared to homozygote susceptible (SS) (OR: 3.5; CI:
415  1.18-9.51; P<0.02, Fisher’s exact test) (Fig 4C).

416  Similar pattern was reported for samples alive and dead to Olyset net exposure, with 83% of
417  the mutant genotype (RR) in alive samples and in the contrary, 70% of the wild-type (SS)
418  genotype was registered in dead samples (Fig 4D). Furthermore, 84% of the wild-type G454-
419  CYPYKI (S) allele was scored in dead samples (Fig 4E). A significant increase in the ability to
420  survive Olyset exposure for samples carrying the homozygote mutant genotype (RR) compared
421  to the homozygote wild-type genotype (SS) (OR: 11.5; CI: 1.48-140.0; P<0.023, Fisher’s exact
422  test) (S2 Table). Heterozygotes (RS) were also significantly more alive than dead post exposure
423  to Olyset when compared to homozygote wild genotype (SS) samples (OR: 4.31; CI: 1.43-
424  12.79; P<0.014, Fisher’s exact test) (Fig 4F).
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425  Correlation between the G454A-CYPIK1 and insecticide treated bed net using EHT's

426  Genotype distribution of samples alive and dead to Royal sentry (both room and veranda)
427  revealed higher frequency of the homozygote mutant (RR) genotype in alive samples (78%)
428 and only 22% frequency in dead samples (Fig 4G). However, even though the mutant-type
429  454A-CYPY9KI (R) allele frequency was higher in the alive samples (35%) than in the dead
430  samples (27%), the wild type G454-CYP9IK (S) allele was more prevalent in both phenotypes
431  with a higher frequency in dead samples (73%) than alive samples (65%) (Fig 4H).
432  Nevertheless, statistical analysis revealed mosquitoes bearing homozygote mutant-type
433 genotype (RR) to be 3.8 times more likely to survive exposure than homozygote wild genotype

434 (SS) (OR: 3.81; CI: 0.82-19.29; P=0.14, Fisher’s exact test) (Fig 4I).

435  Genotyping female An. funestus samples alive and dead from huts treated with PBO-net
436  PermaNet 3.0 revealed equal distribution of the homozygote mutant genotype (RR) in alive
437  (50%) and dead (50%) samples. However, the heterozygote genotype (RS) was more prevalent
438  in alive (69%) than in dead samples (31%) (Fig 4J). Similarly, the homozygote wild genotype
439  (SS) was more represented in dead samples (61%) than in alive samples (39%) (Fig 4J).
440  Furthermore, allele frequency distribution revealed higher frequency of mutant (R) allele in
441  alive samples (44%) than dead samples (35%), while the wild-type allele was more prevalent
442  in dead samples (65%) than alive samples (56%) (Fig 4K). Interestingly, heterozygotes (RS)
443  registered a significant increase survivorship to PermaNet 3.0 compared to the homozygote

444 wild genotype (SS) (OR: 3.43; CI: 1.5-7.64; P=0.0057, Fisher’s exact test) (Fig 4L, S2 Table).
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446  Fig 4. Correlation between the G454A-CYP9KI1 mutation and resistance to LLINs using
447  cone test and EHTs samples. (A) CYPIKI percentage Genotype frequency distributions in
448  Elende F, alive and dead to Royal sentry using cone test. (B) CYPI9KI percentage allele
449  frequency distributions in Elende F; alive and dead to Royal sentry using cone test. (C)
450 Estimation of odds ratio (OR) and associated significance between different CYP9K]
451  genotypes and the ability to survive exposure to Royal sentry using cone test. The arrow within
452 the triangle indicates the direction of OR estimation and ORs are given with asterisks indicating
453  level of significance. (D), (E), (F) are respectively the same as (A), (B), (C) using Elende 2022
454  F; alive and Dead to Olyset exposure. (G) CYP9KI percentage Genotype frequency
455  distributions in Elende 2022 F, free-flying alive and dead to Royal sentry using EHT. (H)
456  CYPYKI percentage allele frequency distributions in Elende 2022 FO free-flying alive and dead
457  to Royal sentry using EHT. (I) Estimation of odds ratio (OR) and associated significance
458  between different CYP9K 1 genotypes and the ability to survive exposure to Royal sentry using
459  EHT. The arrow within the triangle indicates the direction of OR estimation and ORs are given
460  with asterisks indicating level of significance. (J), (K), (L) are respectively the same as (G),
461  (H), (I) using Elende 2022 F free-flying alive and Dead to PermaNet 3.0 exposure using EHTs.

462  Africa-wide spatio-temporal distribution of the G454A-CYP9KI marker

463  Application of this novel diagnostic assay to assess the distribution and temporal evolution of
464  G454A-CYPY9KI marker in female An. funestus samples collected at different time points in
465  different regions in Africa revealed marked differences according to regions (Fig 5A).
466  Investigation of the percentage genotype of G454A-CYP9KI marker in samples from West
467  Africa revealed 83% and 97% of the samples were homozygote wild genotype (SS) in Ghana
468 2021 and Benin 2021 respectively, with no female An. funestus mosquito being homozygote
469  mutant genotype (RR) (Fig 5A). However, the marker was detected at moderate frequencies
470  for the homozygote mutant genotype (RR) in samples from southern Africa, 28% frequency in
471  Zambia 2014, 10% in Mozambique 2020 and 27% in Malawi 2021. Genotyping samples from
472  Eastern Africa revealed the homozygote mutant genotype (RR) was present at 58% in Tanzania
473  in female An. funestus mosquito samples collected in 2018. The marker is present at fixation,
474  100% frequency in Uganda 2021 with all female An. funestus mosquito samples genotyped
475  bearing the homozygote mutant genotype (RR). This was similar to samples from Central
476  Africa, Cameroon (Mibellon 2021) where the homozygote mutant genotype (RR) was detected
477  near fixation at 90% frequency (Fig 5A). Nevertheless, the homozygote mutant genotype (RR)
478  was detected at lower frequency of 30% in DRC 2021.
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479  Investigation of the distribution of this marker across Cameroon revealed its circulation across
480  the country with varying frequencies according to regions (Fig 5B). Genotyping samples from
481  Penja 2021 (Littoral region) revealed the marker was present at moderate frequency, 39% for
482  the homozygote mutant genotype (RR) and very low frequency of 7% of the homozygote wild
483  genotype (SS). The homozygote mutant genotype (RR) was detected at moderate frequency of
484  27% in Elende 2023 (Centre region). Assessing its distribution in other regions revealed the
485  homozygote mutant genotype (RR) at very low frequencies 5% and 3% in Tibati 2021
486  (Adamawa region) and Gounougou 2021 (North region), respectively. The heterozygote (RS)
487 and homozygote wild genotypes (SS) were the most abundant in Tibati 46% and 49%,
488  respectively and in Gounougou 49% and 48%, respectively (Fig 5B).

489  Percentage allele frequency assessment revealed a high frequency of the mutant allele in
490 samples from Eastern Africa (Uganda since 2010, Tanzania 2018) and Central Africa
491  (Cameroon Mibellon 2021 and Elende 2023), moderate frequencies of both alleles in Southern
492 Africa (Mozambique 2021 and Malawi 2021) and high frequency of wild allele in West Africa
493  (Ghana 2021) (Fig 5C).

494  Temporal analysis of Ugandan samples (Eastern Africa) revealed increase in the frequency of
495  the homozygote mutant genotype (RR) from 80% in 2010 to 93% in 2016 and 100% in 2021
496  (Fig 5D). Similar pattern was observed in Tanzania, with an increase in the frequency of mutant
497  genotype (RR) from 17% in 2014 to 58% in 2018, respectively. Analysis of allele frequencies
498  revealed an increase in the resistant 454A-CYP9KI (R) allele from 91% to 95% to 100% in
499  samples from Uganda collected in 2010, 2016 and 2021 respectively (Fig SE). Similarly,
500 samples from Tanzania registered an increase in the mutant allele frequency (R) from 46% in

501 female mosquito samples collected in 2014 to 68% in samples collected in 2018.

502  Monitoring of samples from Mibellon district (Adamawa region, Cameroon) registered a
503 remarkable increase in percentage frequency of the homozygote mutant genotype (RR) from
504  10% in samples collected in 2014 to 25% in 2018 samples and 90% in 2021 female An. funestus
505 mosquito samples (Fig 5F), leading to a massive increase in the percentage frequency of the
506  mutant allele (R) in Mibellon from 28% in 2014 samples to 62% in 2018 samples and 94% in
507 2021 samples (Fig 5G).

508 In the same line, female An. funestus samples from Elende district (Centre region, Cameroon)
509 registered a continuous increase in the percentage frequency of the homozygote mutant

510 genotype (RR) from 8% in 2019 to 15% in 2021 and now 27% in 2023 (Fig SH). This resulted
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525

in an increase in the percentage frequency of the mutant 454A-CYP9KI (R) allele in Elende

from 28.5% in 2019 to 35% in 2021 and recently 53% in (Fig 5I). In the contrary, the wild

G454-CYPIK 1 allele frequency gradually decreased from 50% to 44% in 2021 and 20% in

2023 (Fig 51). Similar pattern was recorded Gounougou district (North region, Cameroon),

with an increase in the percentage frequency of the mutant allele (R) from 13% in samples

collected in 2017 to 24% in 2021.

Temporal monitoring of samples from Southern Africa from Malawi revealed an increase in

percentage frequency for the homozygote mutant genotype (RR) from 15% in 2014 samples to

27% in 2021 samples (Fig 5J). Similar to Mozambique where we observed slight increase in

percentage frequency of the homozygote mutant genotype (RR) from 6% in 2016 to 10% in

2020 and. However, at the allelic level no significant change in the percentage frequency of

the mutant allele (R) was recorded in Malawi, from 42% in 2014 to 43% in 2021 (Fig 5K),

similar to Mozambique where the percentage frequency of the mutant allele (R) slightly

reduced from 34% in 2016 to 33% in 2021.
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526  Fig 5. Spatio-temporal distribution of G454A-CYP9K1 marker across Africa. (A) Africa-
527 wide spatio-temporal percentage genotype distribution of G454A-CYP9KI marker, (B)
528 Cameroon-wide spatio-temporal percentage genotypes distribution of CYPIKI-G454A
529  marker, (C) Heat map showing Geographical and temporal evolution of CYP9K] percentage
530 alleles frequency in An. funestus mosquito populations across Africa, showing increase in the
531 frequency of the mutant 454A-CYP9K] allele in Uganda, Tanzania and Cameroon with time,
532  presence but no change in frequencies of both alleles in Malawi and Mozambique with time
533 and very low frequency of the mutant-type 454A-CYP9K1 allele in Ghana (D) Temporal
534  genotype distribution of G454A-CYP9KI marker in Uganda showing fixation of the mutant
535  454A/A-CYPY9KI genotype in Uganda 2021, (E) Temporal evolution of CYPY9KI alleles
536  frequencies in Uganda showing fixation of mutant 454A-CYP9K (R) allele and reduction to
537  zero of the wild-type G454-CYP9K1 (S) allele (F) and (G) are respectively same as (D) and
538 (E) in Cameroon Mibellon showing increase in frequency of mutant 454A/A-CYP9KI
539  genotype and 454A-CYPY9K1 allele with time and decrease in the frequency of the wild G454-
540 CYPYK] allele with time. (H) and (I) are respectively same as (D) and (E) in Cameroon Elende
541  showing increase in frequency of mutant 454A/A-CYP9K 1 genotype and 454A-CYPIK]1 allele
542  with time and decrease in the frequency of the wild G454-CYP9K1 allele with time. (J) and
543  (K) are respectively same as (D) and (E) in Malawi showing increase in the frequencies of both
544  the mutant 454A/A-CYPY9KI and wild G/G454-CYP9K1 genotypes with time (J) and no
545  change in the frequencies of both the mutant-type 454A-CYP9KI and wild G454-CYPY9K]
546  alleles in Malawi between 2014 and 2021 (K).

547  Discussion

548 Dissecting the genetic bases of insecticide resistance is imperative for the identification of
549  molecular markers required for the design molecular diagnostics, which is indispensable for
550 the detection and monitoring of genes driving insecticide resistance. In this study, we unwound
551 the role of the P450 G454A-CYP9KI marker in resistance to pyrethroid insecticide in An.
552  fumestus by in vitro comparative metabolism assays and in vivo comparative transgenic fly
553  approach, highlighting the contribution of allelic variation (G454A) of CYP9KI gene as a key
554  mechanism driving pyrethroid resistance. This facilitated the design of simple DNA-based
555  molecular diagnostics around the G454A-CYP9K1 marker. Applying this assay in the field to
556  tract resistance revealed the mutant-type (454A-CYP9K]) allele is under strong directional
557  selection in central and eastern Africa, strongly associated to pyrethroid resistance in these

558  regions and reducing the efficacy of control tools (LLIN).
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559  The 454A-CYPI9KI haplotype selected in Eastern Africa has spread to Central Africa

560 The low genetic polymorphism of CYPY9K! originally recorded only in Uganda (Eastern
561  Africa)in 2014 is now common to Cameroon (Central Africa). The fact that the same haplotype
562 is predominant in both regions suggests that this 454A-CYP9K I mutant allele (R) has spread
563 from East to West across the Equatorial zone of the continent. This similar to recent
564  observations made for 4.3kb transposon-based pyrethroid resistant allele in An. funestus [33]
565  suggesting that there is extensive gene flow between these regions from Uganda to Cameroon
566 in line with genetic structure patterns reported in this species [32,34]. In previous whole
567 genome association studies and targeted enrichment with deep sequencing, we reported
568 reduced genetic diversity on the X-chromosome spanning the CYP9K locus and the selection
569  of the same haplotype in samples permethrin alive and dead from Uganda collected in 2014
570  whereas Cameroon samples were still very polymorphic [31,32]. Moreover, the high genetic
571  polymorphism of the CYPIKI gene observed in Malawi (Southern Africa), and in laboratory
572 mosquito strains FANG (Laboratory susceptible) highlights the little role played by the
573  resistant allele of this gene in these regions in 2014. Previous studies have reported rapid
574  selection of resistance with evidence of marked increase in the frequency of the An coluzzii
575  CYPY9KI haplotype in Bioko Island, Equatorial Guinea between 2011 and 2015 following
576  reintroduction of pyrethroid-based control interventions [35], and in Selinkenyi, Mali before

577 and after 2006 bed net scale up in this locality [36].

578  Furthermore, genetic variability analysis identified a single haplotype of this gene (454A)
579  selected to fixation in mosquito samples from Uganda and Cameroon underlining the alarming
580 rate at which this resistant allele could be rapidly spreading from Eastern to Central Africa.
581  Polymorphism studies on other 4An. funestus cytochrome P450 monooxygenases CYP6P9a/b,
582  CYP6ZI, CYP6Z3 and the and the glutathione S-transferase gene epsilon 2 loci (GSTe?2) genes
583  highlighted selection of resistant alleles for each of these genes [28,29,37-39]. Conversely,
584  genetic diversity studies of CYP6M2 and CYP6P4 in An. coluzzii and An. gambiae s.s. and
585  some An. funestus cytochrome P450 genes, CYP6Z1, CYP6Z3 and CYP3254 have been shown

586  to confer pyrethroid resistance but with no selection of dominant allele [27,28,40,41].
587  The highly selected 454A-CYPY9KI mutant-type allele is a better pyrethroid metabolizer

588  Comparative metabolism of recombinant CYP9K alleles towards pyrethroid revealed higher
589  metabolism for the mutant-type 454A-CYP9IK allele towards type II pyrethroid (deltamethrin)

590  where metabolism of type I (permethrin) was lower. These findings support the evidence that
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591 allelic variation is greatly impacting the metabolic activity of the CYP9K gene and increase
592  in resistance driven by this allele. We had previously reported that 454A-CYP9KI allele
593  coupled with An. gambiae CPR was mainly a type II (deltamethrin) metabolizer [31]. Similarly,
594  An. coluzzii CYP9K 1 was reported to deplete deltamethrin at a similar rate [35]. Moreover, An.
595  arabiensis CYP6P4 gene was reported to metabolize permethrin (type I pyrethroid) with no
596  metabolic activity towards deltamethrin (type II pyrethroid) [42] further supporting differential
597  metabolism potential of certain genes between type I and II pyrethroids. Nevertheless, 454A-
598 CYPY9KI mutant-type allele could contribute to permethrin resistance by sequestration
599 mechanism preventing the insecticides from reaching its target in significant amounts or by
600 further detoxification of toxic metabolites produced from the action of other detoxification
601  enzymes like the CYP6P5 or CYP325A4 reported to be overexpressed in the same regions like
602 the CYP9KI [16,26]. Several studies have laid evidence on allelic variation as a major
603  mechanism driving differences in metabolic efficiencies for resistant genes like the
604  CYP6P9a/b, CYP325A4 and GSTe2 [27,28,38,43]. However, comparative metabolism of An.
605  gambiae 1236M-CYP6P4 allelic variants reported both alleles were metabolisers of type I
606  (permethrin) and II (deltamethrin) pyrethroids with no significant difference in the metabolic

607 activity of both alleles towards pyrethroids [44].

608  Allelic variation in CYP9KI combines with its over-transcription to confer higher

609  pyrethroid resistance intensity

610  This study revealed that although both alleles (G454A) can confer resistance independently to
611  both type I (permethrin) and type II (deltamethrin and alphacypermethrin) pyrethroids, greater
612  resistance level was registered for flies expressing the mutant-type 454A-CYP9KI allele
613  compared to those expressing the wild-type G454-CYPIK 1 allele. This enumerates the strong
614  contribution of allelic variation (G454A) in addition to overexpression to confer even higher
615  resistance levels in the flies carrying the mutant-type 454A-CYP9K1 allele. Previous findings
616  have reported transgenic Drosophila flies independently expressing the resistant alleles of the
617  duplicated CYP6P9a and CYP6P9b genes to confer higher resistance level to
618  pyrethroid,[28,29] and cross resistance to carbamate insecticide [43]. These findings correlates
619  with studies of Riveron et al. (2014) [38] who reported that a single mutation L119F in GSTe2
620  gene from An. funestus population is responsible for high resistance to both DDT and cross
621  resistance pyrethroid [26,38]. Also, transgenic expression of brain-specific P450 CYPBQ9 of
622  Tribolium castaneum in D. melanogaster resulted in increased tolerance and lower mortality

623  to deltamethrin insecticide compared to control flies [45]. Transgenic expression of other
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624  cytochrome P450s CYP6GI, CYP6G2 and CYP12D1 independently in D. melanogaster flies
625  were shown to confer increased survival to at least one class of insecticide among DDT,
626  nitenpyram dicyclanil and diazinon compared to control flies [46]. However, flies over-
627  expressing CYP6A2, CYP6AS8, CYP6T3 or CYP6A19 recorded no increased survival on any
628  insecticide [46].

629  Novel G454A-CYPIK] diagnostics are reliable DNA-based tools to detect and track the

630  spread of metabolic resistance to pyrethroid insecticides

631  The design of this new cytochrome P450 DNA-based diagnostic tool G454A-CYPY9KI AS-
632 PCR and CYP9KI-LNA TagMan assay greatly contributes to the efforts to detect and monitor
633  the spread of metabolic resistance in the field. This marker correlates strongly with pyrethroid
634  resistance using hybrid strains, as well as with field strains. This strong correlation with
635 resistance to pyrethroid insecticide indicates allelic variation mechanism significantly
636  contribute to the observed resistance driven by CYP9K 1. This newly designed CYP9K1 assay
637  will supplement other known P450-based assays already in use, the CYP6P9a and CYP6P9b
638 in An. funestus currently used to track resistance in Southern Africa [15,16]. Additionally,
639 DNA-based diagnostic tools of metabolic resistance were previously designed for a 6.5kb
640  structural variant insertion between CYP6P9a/b genes shown to contribute to resistance in
641  Southern Africa [30], the recently detected 4.3kb transposon-based marker in East/Central
642  African An. funestus populations [33] and the glutathione S-transferase gene epsilon 2 loci
643  (GSTe2) in An. funestus conferring pyrethroid/DDT resistance and currently used to track
644  resistance in West and Central Africa [38].

645  Mutant-type 454A-CYPIK]I allele reduces the efficacy of pyrethroid nets

646  The G454A molecular marker of CYP9KI significantly impacts the efficacy of some
647  insecticide treated nets through cone test and experimental hut trials using free-flying F field
648  An. funestus mosquitoes. PCR genotyping of the G454A-CYP9KI marker in alive and dead
649  samples associates this reduced efficacy to the presence of 454A-CYPYK resistant allele. This
650 study carried out on field An. funestus (Fy) samples in semi-field conditions spotlights the
651 increasing challenge imposed by metabolic resistance on malaria vector control, contributing
652  recent increase in malaria incidence and mortality in Africa [1]. Previous studies have also
653  associated reduction of pyrethroid insecticide treated nets efficacy to metabolic resistant An.
654  funestus markers CYP6P9a, the 6.5kb structural variant insertion and CYP6P9b [13,15,16,30].

655  Nevertheless, nets treated with the synergist PBO were shown to be much more effective than
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656  conventional pyrethroid-only nets in killing mosquitoes in populations where the G454A-
657  CYPY9KI mutant allele is present. Therefore, the use of PBO bed nets should be prioritized in

658 the regions where this mutation is present.

659  Africa-wide distribution pattern of G454A-CYP9K1 supports the existence of barriers of

660  gene flow in An. funestus across the continent

661  Assessment of spatio-temporal distribution of CYP9K1-G454 A marker revealed increase in the
662  frequency of the mutant-type allele with time in Eastern Africa (Tanzania and Uganda) and
663  Central Africa (Cameroon). This highlights the intense selection of this allele in the field,
664  mainly driven by the high selective pressure mostly from the scale up of insecticide-based
665  interventions. This intense selection is more evident in Cameroon as the frequency of the 454 A-
666  CYPY9KI moved from 28.5% in 2014 to 94% in 2021 highlighting the imperative needs to
667 implement a robust surveillance of resistance in the field notably for new insecticides that are
668  currently been introduced such as chlorfenapyr. The near fixation of 454A-CYPY9KI in
669  Cameroon (Mibellon), provides evidence of the major resistance role played by this gene in
670  these localities. Transcriptomic and genomic studies have highlighted this gene as a potential
671  candidate driver of resistance in these localities but requiring functional validation for further
672  evidences [9,31,32]. Contrastingly, no evidence of directional selection of this mutant-type
673  454A-CYPYK] allele was observed in Southern Africa (Malawi and Mozambique) and Western
674  Africa (Benin and Ghana), marked by the unchanging frequency of this mutant allele between
675 2014 and 2021 in these localities. This pinpoints the very little role played by this gene in these
676  regions, with evidence that resistance in these regions is mainly driven by other genes notably
677  the duplicated CYP6P9a/b [15,16,28,32,43]. The striking regional compartmentalisation of
678  metabolic resistance markers in African populations of An. funestus highlights the challenge
679 that barriers of gene flow may pose to future interventions such as gene drive or sterile insect
680  techniques (SIT) which require these interventions to be implemented in different regions in

681  parallel to overcome these barriers of gene flow.
682  Conclusion

683  This study has demonstrated that allelic variation of CYP9KI gene is a major mechanism
684  driving pyrethroid resistance in East and Central Africa. We showed that the resistant 454A-
685  CYPYK] allele is a major driver of pyrethroid resistance illustrated by its close to fixation
686  selection across these regions. The simple DNA-based molecular diagnostic designed here is a

687  robust tool to detect and track the G454A-CYP9K] resistance in the field and assess it impact.
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688 Interestingly, this resistant 454A-CYP9K] allele was shown to reduce efficacy of pyrethroid
689  treated LLINs, but PBO-based nets were shown to have high efficacy even with the samples
690  harbouring the mutant allele. This study offers a new DNA-based assay to track resistance in

691 the field and improve resistance management strategies.
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718  Materials and Methods
719  Mosquito samples collection and rearing

720  Mosquito samples used for this study were collected across different geographical regions in
721  sub-Saharan Africa. Field mosquitoes An. funestus were collected from Eastern Africa Uganda,
722 in Tororo district (0°45'N, 34°5'E) in March 2014 [52] and in Mayuge district (0°23010.8'N,
723 33°37016.5'E) in September 2020 [9], Southern Africa Malawi, Chikwawa district (12°19'S,
724  34°01'E) in January 2014 [53] and in June 2021 [11], Central Africa, Cameroon Mibellon
725  (6°46'N, 11°70'E) in February 2015 [54] and in October 2020. and Elende districts
726 (3°41'57.27°N, 11°33'28.46'E) in April 2019 [55], and in Western Africa, Ghana in Atatam
727  village close to Obuasi district (06°17.377' N, 001°27.545" W) in July and in October 2021 [5].
728 The two An. funestus laboratory colonies used in this study were the FANG strain (fully
729  susceptible to all insecticide classes) originated from Calueque district of Southern Angola
730 (16°45'S, 15°7'E) and had been colonised in laboratory since 2002 [47]. and the FUMOZ
731 (Pyrethroid resistant) colony derived from southern Mozambique that is highly resistant to

732 pyrethroids and carbamates [47].

733 Adult Blood-fed female An. funestus were collected indoor in houses using electric aspirators
734  between 06:00AM-10.00AM in each location. Females were left to become fully gravid within
735 4 days and then introduced into 1.5 ml Eppendorf tube to lay eggs following the forced-egg
736  laying protocol [56]. The eggs were allowed to hatch and the larvae were reared to generate
737  F; adults used WHO bioassays. The field mosquito populations samples have been shown to

738  be resistant to pyrethroids insecticide [5,8,9,11,54,55].
739  Crossing between field and laboratory mosquitoes to generate hybrid strains

740  To segregate the various CYP9KI genotypes, two reciprocal crosses were generated in the
741  insectary of the centre for research in infectious diseases (CRID). The first crossing was made
742 between the female laboratory susceptible strain FANG and field male resistant strains An.
743 funestus from Mibellon, Cameroon (FANG x Mibellon) and the second crossing was set up
744  between the female laboratory strain FANG and the male resistant field strain from Mayuge,
745  Uganda (FANG x Mayuge). These crossings were set up as described previously [51]. To
746  achieve this, 100 F; adult male 4n. funestus mosquitoes from Mayuge and from Mibellon were
747  separately crossed with 120 females FANG. The crossings were followed up to F5 generation
748  for FANG x Mibellon and the F5 generation for FANG x Mayuge. These crosses were used to
749  make the correlation between CYP9K1-G454A mutation and resistance to pyrethroid.
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750  WHO insecticide susceptibility tests

751  The resistance profile to public health insecticides was determined using the WHO
752  susceptibility bioassays protocol [57]. About 4 replicates each containing at least 20-25 female
753 mosquitoes (either from field or hybrids from crossing) aged 2-5 days old were exposed to the
754  insecticide(s) for either 10 minutes, 30 minutes or 1 hour, then transferred to holding tubes and
755  provided with 10% sucrose solution. Four replicates of 20 mosquitoes each exposed to non-
756  impregnated papers were used as control groups. The knockdown effect was recorded 1 hour
757  after exposure time, while the mortality rates were recorded 24 hours post-exposure. These
758  bioassays were conducted under standard conditions at 26 + 2°C and 80 + 10% relative

759  humidity.
760  Africa-wide temporal polymorphism analysis of CYPIK1

761 To assess the association between genetic diversity and resistance to insecticide, the
762  polymorphism pattern of the CYP9KI gene was analysed across Africa firstly using target
763  enrichment with deep sequencing (Sure Select) data for samples collected in 2014 across Africa
764  and resistant to Permethrin insecticide. The sequence polymorphisms of a 1614 bp coding
765  fragment spanning the full CYP9KI gene was analyzed between permethrin-resistant female
766  An. funestus mosquitoes from each of the three countries (Uganda, Cameroon and Malawi) and
767  in laboratory susceptible and resistant strains FANG and FUMOZ respectively. CYP9K]
768  genetic diversity were retrieved from the SNP Multi-sample report file generated through
769  Strand NGS 3.4 for each population. Bioedit [50] was used to input various polymorphisms in
770  the vector base reference sequence using ambiguous letter to indicate heterozygote positions.
771 Secondly, the full-length cDNA of this gene was amplified from permethrin-resistant An.
772 fumestus mosquitoes from Uganda 2020 (Mayuge), Cameroon 2020 (Mibellon), Ghana 2020
773 (Obuasi) and Malawi 2020 (Chikwawa). To provide additional contrast in the polymorphism
774  analysis, full-length cDNA of CYP9KI was also amplified from laboratory fully susceptible
775  strain FANG and the laboratory resistant strain FUMOZ. Full length coding sequences
776  of CYPYKI was amplified separately from cDNA of 10 mosquitoes using the Phusion high
777 fidelity DNA polymerase (Thermo Scientific) (primers sequences: Table S2). The PCR mixes
778  comprised 3ul of 5x HF buffer (containing 1.5 mM MgCl,), 0.12ul of 25mM dNTPs, 0.51ul
779  of 10mM forward and reverse primers, 0.15ul Phusion Taq, 9.71ul of deionised water and 1ul
780  of DNA for a total 15pul reaction volume. Amplification was carried out using the following

781  conditions: one cycle at 98°C for 1 min; 35 cycles each of 98°C for 20 s (denaturation), 60°C
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782  for 30 s (annealing), and extension at 72°C for 2 min; and one cycle at 72°C for 10 min (final
783  elongation). PCR products were gel-purified using the QIAquick Gel Extraction Kit (Qiagen,
784  Hilden, Germany), and ligated into pJET1.2/blunt cloning vector using the CloneJET PCR
785  Cloning Kit (Fermentas). The recombinant CYP9KI-pJETI.2 were used to transform
786  cloned E. coli DH5a cells, recombinant plasmids miniprepped using the QIAprep Spin
787  Miniprep Kit (Qiagen) and sequenced on both strands using the pJETI.2 specific primers
788  pJETI1.2F and R primers provided in the cloning kit (Table S2). Sequences analysis involved
789  manual examination using BioEdit version 7.2.3.0 [50] and aligned by multiple sequence
790 alignments using Clustal W [58]. Population genetic parameters were assessed using DnaSP
791  version 6.12.03 [49]. A haplotype network was built using the TCS program [59] to compare
792  different haplotypes and a maximum likelihood phylogenetic tree was constructed using

793  MEGA X [48].
794  In vitro comparative assessment of metabolic activity of G454A-CYPIK]1 allelic variants
795  Cloning and heterologous expression of recombinant CYPIK] alleles in E. coli.

796  Recombinant enzymes of both alleles of CYPY9K] were expressed as previously described for
797  other P450s with slight modifications [27-29]. Expression plasmids pB13.::ompA+2-CYPIK]
798  for both alleles of CYPYKI: mutant-type (454A) allele from Uganda and Cameroon (454A-
799  CYPY9KI-UGA) and the wild-type (454G) allele from FANG (G454- CYP9KI-FANG) were
800 constructed by fusing cDNA fragment from a bacterial ompA+2 leader sequence with its
801 downstream ala-pro linker to the NH,-terminus of the P450 cDNA, in frame with the P450
802 initiation codon, as previously described [60], this was then cloned into Ndel and EcoRI
803  linearised pCW-ori+ expression vector [61]. To express the two recombinant alleles of
804 CYPYKI, each allele was coupled with An. funestus cytochrome P450 reductase cloned in
805 pACYC plasmid initially fused to the pelB leader sequence and used to co-transform E. coli
806  JMI109 cells [62]. Membrane expression, preparations and measurement of P450 content were

807  carried out as previously described [28,29,63] with slight modifications.
808 Comparative assessment of pyrethroids metabolism of recombinant CYP9K1 alleles

809  Metabolism assays using recombinant enzymes of CYP9K] allelic variants (G454 and 454A)
810  with permethrin (type I pyrethroid insecticide) and deltamethrin (type II pyrethroid) were
811  conducted following protocols described previously with some modifications [28,29,31]. To
812 perform comparative metabolism assay, 0.2M KH2PO4 and NADPH-regeneration
813  components (ImM glucose-6-phosphate, 0.25mM MgCl,, and 0.ImM NADP and 1U/ml
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814  glucose-6-phosphate dehydrogenase) were added to the bottom of 1.5ml tube chilled on ice.
815  Membrane expressing recombinant G454-CYP9KI (wild-type) and 454A-CYP9KI (mutant-
816  type) alleles, AfCYPR, reconstituted cytochrome bs were added to the side of the tube and pre-
817  incubated for 5 minutes at 30°C, with shaking at 1,200 rpm to activate the membrane. 20uM
818  of test insecticide was then added into the final volume of 0.2ml (~2.5% v/v acetonitrile), and
819  reaction started by vortexing at 1,200 rpm and 30°C for 1 hour. Reactions were quenched with
820  0.1ml ice-cold acetonitrile and incubated for 5 more minutes. Tubes were then centrifuged at
821 16,000 rpm and 4°C for 15 minutes, and 150ul of supernatant transferred into HPLC vials for
822  analysis. Reactions were carried out in triplicates with experimental samples (+NADPH) and
823  negative controls (-NADPH). 100ul of sample was loaded onto an isocratic mobile phase
824  (90:10 v/v acetonitrile to water) with a flow rate of 1ml/min, monitoring wavelength of 226nm
825 and peaks separated with a 250mm C18 column (Acclaim 120, Dionex) on Agilent 1260
826 Infinity at 23°C. Enzyme activity was calculated as percentage depletion (the difference in the
827  amount of insecticide remaining in the +NADPH tubes compared with the -NADPH) and a t-

828  test used for statistical analysis.

829  Comparative in vivo assessment of the ability of CYP9K]I allelic variants to confer

830 pyrethroid resistance using GAL4/UAS transgenic expression in Drosophila

831  Transgenic D. melanogaster flies expressing CYP9KI1 were used to investigate whether the
832  over-expression of this gene could independently confer resistance to pyrethroid insecticide.
833  Furthermore, to assess whether allelic variation in the CYP9K1 significantly contributed to the
834  resistance level, a mutant-type (Uganda) and a wild-type (FANG) alleles of this gene were
835 independently expressed in D. melanogaster, using the GAL4/UAS system.

836  Cloning and construction of transgenic lines

837 Two CYPY9KI Drosophila melanogaster transgenic lines, a mutant-type field line (454A4-
838  CYPYKI-UAS-UGA) and a wild-type laboratory line (G454-CYP9KI-UAS-FANG) were
839  constructed. Cloning techniques, construction of transgenic flies and contact bioassays with
840 transgenic flies was proceeded as described in previous studies [28,29,38]. The full-length
841  CYPYKI was amplified from miniprep templates of the corresponding dominant alleles, using
842  Phusion high fidelity DNA polyme rase (Thermo Scientific) and primers containing restriction
843  enzyme sites for EcoRI and Xbal (Table S1). The PCR product was gel-purified using the
844  QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany), and ligated into pJET1.2/blunt
845  cloning vector using the CloneJET PCR Cloning Kit (Fermentas). The CYP9K] alleles were
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846  then digested from the pJET1.2/blunt vector using restriction enzymes EcoRI and Xbal,
847  purified and cloned in the pUASattB expression vector. These constructs were used to generate
848  the transgenic lines 454A-CYPIKI1-UAS-UGA and G454-CYPIKI1-UAS-FANG. The primers
849 wused are listed in Table S2. Ubiquitous expression of CYP9KI candidate alleles in the
850 transgenes in adult F1 progeny (the experimental group) was achieved after crossing
851  homozygote males (UAS line with gene of interest) with virgin females from the driver strain
852  ActinSC-GALA. For control group, flies with the same genetic background as the experimental
853  group but devoid of the UAS and gene of interest (pUASattb-CYP9K ] insertion) construct were
854  crossed with the driver ActinSC-GAL4 lines to generate null-Actin5C-GAL4 lines without the

855  gene. All flies were maintained at 25°C in plastic vials with food.
856 Insecticide contact Bioassays with transgenic flies

857  Drosophila melanogaster flies expressing the CYPIKI mutant-type (454A-CYPYIKI-UAS-
858 UGA) and wild-type (G454-CYPIK1-UAS-FANG) alleles were used for insecticide contact
859  bioassays. Insecticide papers (2% permethrin, 0.2% alphacypermethrin and 0.2% deltamethrin-
860 impregnated) filter papers were prepared in acetone and Dow Corning 556 Silicone Fluid
861 (BDH/Merk, Germany) and kept at 4°C prior to bioassay as described previously [29]. These
862  papers were rolled and introduced into 45cc plastic vials. The vials were then plugged with
863  cotton wool soaked in 5% sucrose. 20-25 (2-4 days old post-eclosion D. melanogaster females)
864  were selected for the bioassays and introduced into the vials. Mortality plus knockdown was
865 scored after 1 hour, 2hours, 3hours, 6hours, 12hours and 24hours post-exposure to the
866  discriminating doses of the insecticides. For each assay, at least six replicates were performed
867 and t-test was used to carry out statistical analysis of mortality plus knockdown obtained

868  between experimental groups and control.
869 qRT-PCR validation of over-expression of transgenes

870  To confirm the expression of the candidate genes in the experimental flies and devoid in the
871  control groups, qRT-PCR was carried out as described previously for other genes [29,64]. RNA
872  was extracted separately from three pools of 5 F1 generation of experimental and control flies
873  andused for cDNA synthesis. QRT-PCR for the CYP9K ] was conducted using primers (primers
874  listed in Table S3), with normalization using housekeeping genes RPLI 1.

875  Design of DNA-based genotyping assay around the G454A marker of CYPIK]
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876  To facilitate the detection and monitoring of resistance driven by the CYP9K gene, two simple
877 DNA-based PCR diagnostic assays; an allele specific PCR (AS-PCR) assay and a probe-based
878  locked nucleic acid (LNA) assay were designed around the G/C-CYP9K nucleotide SNP at
879  position 1361 in the coding sequence of CYPIKI gene.

880  Allele specific PCR (AS-PCR) design for G454A-CYP9K1 mutation

881 The CYPY9KI AS-PCR assay mainly reside on the use of two pairs of primers manually
882  designed, a pair of outer primers made of an outer forward primer (9K1_OF: 5’-ACTGGACC
883 GATGATGATTTGAC-3’) and an outer reverse primer (9K1_OR: 5’-ATCCAGAAGCC CTT
884  CTCTGC-3’) and a pair of inner primers designed to match the mutation, comprised of an inner
885  forward primer (9K1 IF: 5’-GGATCGTTTCTGG CCGGAACGGTTGGC-3’) and an inner
886  reverse primer (9K1 IR: 5’-TATCGATCGGT GTCGGGCTGTC CGCTC-3") as previously
887  described [65]. An additional mismatched nucleotide (underlined) was added in the
888 third nucleotide from the 3’ end of each inner primer (9K1 _IF: 5’~-GGATCGTTTCTGGCCGG
889 AAGGTTGGC-3’ and 9KI1 IR: 5’-TATCGATCGGT GTCG GGCTGTCCG CTC-3’ to
890 enhance the specificity.

891  Locked nucleic acid (LNA) assay design for genotyping of G454A-CYP9K1 marker

892 A locked nucleic acid was also designed around the G454A-CYP9KI marker to provide
893 alternative and additional PCR-based diagnostic assay for CYPIK] to track resistance in the
894  field. This assay relies mainly on a pair of LNA probes and primers designed around this
895  (G454A-CYPY9KI mutation. LNA primers for this assay were designed to amplify 95 bp product
896  surrounding the G454A-CYP9KI codon, and LNA probes were designed according to
897  previously suggested parameters with slight modifications [66]. The CYPI9KI-LNA probes
898 (LNA9KI1-Gly: Hex: TCCGG+T+C+CGAAC and LNA9KI1-Ala: Fam: TCCGG+
899 T+G+CG+AA) and primers (LNA-9KIF: 5’-CGTGATCCGCAACTGTTTC-3" and LNA-
900 9KIR: 5’-GTAAGGATGGACGCGGTATC-3’) were synthesised by integrated DNA
901 technologies (IDT) (http://biophysics.idtdna.com/) (Table S4). Each assay was prepared to

902  contain a final concentration of 1x PrimeTime Master Mix (IDT) or 1x Luna Universal qPCR
903 Master Mix (NEB), 0.1 uM for each of the two probes (LNA9K1-Gly: Hex and LNA9K1-Ala:
904  Fam), 0.2 uM of primers (LNA-9K1F and LNA-9K1R) in a total reaction volume of 10 pl with
905 1 pl of DNA template. Reactions were set up in optical PCR tubes and run on an AriaMX Real-
906  Time qPCR cycler (Agilent, USA) with Fam and Hex filters. The G454A-CYPY9KI-LNA assay

907 consisted of a 3 minute denature at 95°C; 20 cycles of denaturation for 15 seconds at 95°C,
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908 annealing for 30 seconds at 66°C; 23 cycles of denaturation for 10 seconds at 95°C, annealing

909 for 20 seconds at 58°C, and an extension of 10 seconds at 72°C.
910  Correlation between the G454A-CYP9K1 mutation and resistance phenotype

911  Two hybrid strains (FANG x Mibellon and FANG x Mayuge) and field strains (Elende 2022)
912  were used to assess genotype phenotype association. This mutation was genotyped in alive and
913  dead samples generated from FANG x Mayuge at F5 generation bioassayed to permethrin and
914  FANG x Mibellon F; generation bioassayed to alphacypermethrin by WHO tube test. Genomic
915 DNA was extracted following Livak protocol [67] and used for PCR genotyping using the
916 newly designed assays. PCR genotyping was carried out using 10 mM of each primer and 1ul
917  of genomic DNA as template in 15 pl reaction mix containing 10X Kapa Taq buffer A, 0.2
918 mM dNTPs, 1.5 mM MgCl2, 1U Kapa Taq (Kapa biosystems). The cycle parameters were: 1
919 cycle at 95 °C for 2 min; 30 cycles of 94 °C for 30 s, 59 °C for 30 s, 72 °C for 1 min and then
920 a final extension step at 72 °C for 10 min. PCR products were separated on 1.5% agarose gel
921  electrophoresis, stained with Midori Green advance DNA Stain (Nippon Genetics Europe
922  GmbH) and visualised on a UV transilluminator. To make the correlation between the CYPIK ]
923  (G454A marker and resistance in the field conditions, Elende (Cameroon) field mosquito
924 samples (F;) generations collected in 2022 were used for bioassays with 0.05%
925 alphacypermethrin insecticide. Genomic DNA was extracted from mosquito samples alive and
926  dead after bioassays and used for CYPIKI genotyping using the newly designed CYP9KI AS-
927 PCR assay. The various genotypes from alive and dead samples were used to make the

928  correlation between this marker and resistance in the field mosquito samples.

929  Assessment of the impact of G454A-CYP9KI1 marker on the efficacy of LLINs using Cone
930 Dbioassays

931  The efficacy of some standard pyrethroid and PBO-pyrethroid was evaluated using F; Elende
932  field samples and following the WHO cone assay protocol [68]. The nets tested included,
933 PermaNet 2.0  (Deltamethrin), Duranet (Alphacypermethrin), = Royal sentry
934  (Alphacypermethrin), Olyset (Permethrin), Olyset plus (Permethrin with PBO), PermaNet 3.0
935 top (Deltamethrin with PBO), PermaNet 3.0 side (containing only deltamethrin). Five
936 replicates of 10 mosquitoes each were exposed to 30 cm x 30 cm pieces of each of the nets
937  through the cone for 3 minutes and transferred into paper cups. The knockdown effect was
938 recorded 1 hour after exposure and the mortality rate was recorded 24 hrs post-exposure.

939  Controls comprise 4 replicates of 10 mosquitoes exposed to 2 pieces of untreated nets.
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940  Assessment of the impact of G454A-CYP9K1 marker on LLINs through EHTs

941  The experimental hut study was performed in Elende (3°4157.27'N, 11°3328.46'E), a district
942 in the Centre region of Cameroon, where 12 experimental hut stations were recently
943  constructed with concrete bricks and a corrugated aluminium roof, following the specific
944  designs elaborated for West African region experimental huts constructions [68]. Three
945 treatments were compared in this study, comprised of an untreated polyethylene net; a standard
946 net, Royal sentry (alphacypermethrin impregnated polyethylene net); and a PBO-net,
947  PermaNet 3.0 (PBO + Deltamethrin incorporated into polyethylene net). To reflect a worn net,
948 six 4cm x4 cm holes were made on each net according to WHO guidelines. Three adult
949  volunteers were recruited from Elende village to sleep under the nets and collect mosquitoes
950 in the morning. Each volunteer was provided a written consent to participate in this study and
951  were also given chemoprophylaxis during the trial. Ethical approval for this study was obtained
952  from the national ethics committee for health research of Cameroon (ID: 2021/07/1372/
953  CE/CNERSH/SP). Early in the morning, mosquitoes were collected using glass tubes from the
954  room (the floor, walls, and roof of the hut), inside the bed net, and from the exit traps on the
955  veranda. Surviving mosquitoes were provided with sugar solution and held for 24 hours in
956  paper cups after which delayed mortality was assessed. Samples were recorded in observation
957  sheets as dead/blood-fed, alive/blood-fed, dead/unfed, and alive/unfed. The effect of each

958  treatment was expressed relative to the control by assessing the killing effect.
959  Genotyping of G454A-CYP9KI marker in EHT samples

960  To assess the impact of the CYP9K [-mediated resistance to pyrethroids on the effectiveness of
961 the insecticide-treated nets (Royal sentry, PermaNet 3.0), the newly designed AS-PCR assay
962  was used to genotype a subset of each treatment mainly the dead and alive mosquitoes on the
963  veranda, in the net and in the room.

964  Africa-wide spatio-temporal assessment of the Spread of G454A-CYPY9KI marker

965 To assess the spread and temporal changes in the frequency of the G454A-CYP9K I marker in
966  Africa, An. funestus samples previously collected at different time points in the same localities
967  across Africa [5,7,9,11,32,54,55], involving eastern Africa (Uganda 2010, 2016 and 2021 and
968 Tanzania 2014 and 2018), central Africa (Cameroon (Mibellon 2016, 2018 and 2021, Elende
969 2019, 2021 and 2023, Gounougou 2017 and 2021, Tibati 2021, Penja 2021) and DRC 2021),
970  southern Africa (Zambia 2014, Malawi 2014 and 2021 and Mozambique 2016 and 2020) and
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971  western Africa (Benin 2021 and Ghana 20121) were used for the study. Genomic DNA

972  extracted from these samples were genotyped using the newly designed assay.
973  Data Analysis

974  Statistical analysis was performed with Prism 8 (GraphPad Software, San Diego, California
975  USA, www.graphpad.com) and alpha values for significance were taken at P < 0.05, with all
976  confidence intervals (CI) at 95%. Student’s ¢ test was used to compare two columns of data
977  generated from metabolism assays and contact bioassays with transgenic D. melanogaster flies.
978  Fisher’s exact test was used to determine whether any difference in proportion observed for the
979  genotype contingency tables was significant. Statistical significance was denoted by asterisks:
980 P> 0.05, *P<0.05, **P < 0.01, and ***P < 0.001. QGIS version 3.14.16 (www.qgis.org),
981  was used to generate the map presenting the percentage frequency of various genotypes of
982  G454A-CYPY9KI marker per genotyping sites across Africa.
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Figure 4. Correlation between the G454A-CYP9K1 mutation and
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Figure 5. Africa-wide Spatio-temporal distribution of G454A-CYP!
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