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Abstract 21 

Elucidating the complex evolutionary armory that mosquitoes deploy against insecticides is 22 

crucial to maintain the effectiveness of insecticide-based interventions. Here, we deciphered 23 

the role of a 6.5kb structural variation (SV) in driving cytochrome P450-mediated pyrethroid 24 

resistance in the malaria vector, Anopheles funestus. Whole genome pooled sequencing 25 

detected an intergenic 6.5kb SV between duplicated CYP6P9a/b P450s in pyrethroid resistant 26 

mosquitoes through a translocation event. Promoter analysis revealed a 17.5-fold higher 27 

activity (P<0.0001) for the SV-carrying fragment than the SV-free one. qRT-PCR expression 28 

profiling of CYP6P9a/b for each SV genotype supported its role as an enhancer since 29 

SV+/SV+ homozygote mosquitoes had significantly greater expression for both genes than 30 

heterozygotes SV+/SV- (1.7-2-fold) and homozygotes SV-/SV- (4-5-fold). Designing a PCR 31 

assay revealed a strong association between this SV and pyrethroid resistance (SV+/SV+ vs 32 

SV-/SV-; OR=2079.4, P=<0.001). The 6.5kb SV is present at high frequency in southern 33 

Africa (80-100%) but absent in East/Central/West Africa. Experimental hut trials revealed 34 

that homozygote SV mosquitoes had significantly greater chance to survive exposure to 35 

pyrethroid-treated Nets (OR 27.7; P < 0.0001) and to blood feed than susceptible. 36 

Furthermore, triple homozygote resistant (SV+/CYP6P9a_R/CYP6P9b_R) exhibit a higher 37 

resistance level leading to a far superior ability to survive exposure to nets than triple 38 

susceptible mosquitoes, revealing a strong additive effect. This study highlights the important 39 

role of structural variations in the development of insecticide resistance in malaria vectors 40 

and their detrimental impact on the effectiveness of pyrethroid-based nets. 41 
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Introduction  43 

Malaria control programs rely heavily on insecticide-based vector control 44 

interventions including the mass distribution of long lasting insecticidal nets (LLINs) 45 

impregnated with pyrethroids [1]. Unfortunately, the increased use of LLINs over the years 46 

has contributed, among other factors, to the selection of pyrethroid resistant mosquitoes [2]. 47 

The widespread of resistance to insecticides in major malaria vectors including An. gambiae 48 

and An. funestus is probably one of the main factors behind the recent increase in malaria 49 

cases across the world, from 214 million in 2015 to 219 million in 2017 [3] or the stagnation 50 

of such control effort [4]. Such growing resistance reports calls for urgent action to 51 

implement suitable resistance management strategies to reduce the impact on the 52 

effectiveness of current and future insecticide-based tools as highlighted by the WHO global 53 

plan for insecticide resistance management [5]. Elucidating the molecular and genetic basis 54 

of insecticide resistance is a key step to understanding factors driving resistance and to design 55 

diagnostic tools to better detect and track the spread of such resistance in the field as well as 56 

better assess its impact on the effectiveness of control tools [5]. 57 

The two major insecticide resistance mechanisms are target-site resistance and 58 

metabolic resistance. Target-site resistance mechanisms including the knockdown resistance 59 

(kdr) in the sodium channel gene are well characterized in most mosquito species [6]. 60 

However, for other species such as An. funestus, kdr has been shown to be absent with 61 

resistance mainly conferred by metabolic resistance [7]. Three classes of enzymes are mainly 62 

conferring metabolic resistance notably cytochrome P450 monooxygenases (P450s), 63 

glutathione S-transferases and esterases [8]. However, the molecular drivers of metabolic 64 

resistance have been more difficult to decipher due to the greater complexity of this 65 

mechanism with several genes involved and various molecular processes potentially 66 

implicated. Nevertheless, progress has been made recently in elucidating the molecular basis 67 
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of metabolic resistance in malaria vectors. For example, amino acid changes associated with 68 

increased metabolic activity of detoxification genes have been detected notably in the GSTe2 69 

gene with L119F detected in An. funestus [9] and I114T in An. gambiae [10]. The L119F-70 

GSTe2 was confirmed to confer cross resistance to pyrethroids and DDT [9]. An allelic 71 

variation of detoxification genes has also been  shown to confer insecticide resistance as 72 

described in the case of the P450 genes CYP6P9a and CYP6P9b [11] and for GSTe2 in the 73 

dengue vector Aedes aegypti [12]. Recently, causative mutations located in the cis-regulatory 74 

region of key P450 genes were shown to drive the over-expression of the P450s CYP6P9a 75 

[13] and CYP6P9b [14] in An. funestus. Moreover, evidence that copy number variation of 76 

detoxification genes was also playing a role in the observed insecticide resistance in 77 

mosquitoes was shown in the An. gambiae and An. coluzzii  [15]. Additionally, key 78 

transcription binding factors notably Maf-S/CncC [13, 16] have been associated with 79 

insecticide resistance in major malaria vectors. In the case of An. funestus, a major structural 80 

variation  (SV) in the shape of a 6.5kb insertion was reported in pyrethroid resistance 81 

mosquitoes in the intergenic regions of two P450s (CYP6P9a and CYP6P9b) [13] raising the 82 

prospect that such structural variation could also be an key factor driving metabolic resistance 83 

in mosquitoes. Establishing the potential role of such structural variations could help 84 

elucidate the molecular basis of resistance and also design robust diagnostic tools to detect 85 

and track resistance in the field for current and future insecticides. 86 

Therefore, to elucidate the potential role of structural variation in pyrethroid 87 

resistance, we assess the contribution of the 6.5kb insertion at the vicinity of key P450 88 

resistance genes in resistant An. funestus mosquitoes. We demonstrate using functional assays 89 

and genotype/phenotype studies that the 6.5kb is playing a key role in the over-expression of 90 

P450 resistance genes. We designed a PCR-based diagnostic that allows to track this SV-91 

based resistance and use it to show that this 6.5kb acts as an enhancer significantly 92 
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contributing to increase pyrethroid resistance and to exacerbate the loss of efficacy of long-93 

lasting insecticidal nets against malaria vectors. 94 

RESULTS 95 

Identifying the presence or absence of the insertion in samples from different 96 

geographical locations in Africa:  97 

By aligning the intergenic region between CYP6P9a and CYP6P9b for FUMOZ and 98 

FANG, the insertion point was identified at 851 bp from the stop codon of CYP6P9b and 840 99 

bp from the start codon of CYP6P9a. To determine the geographical extent of the 6.5k SV 100 

across African populations of An. funestus, pooled-template whole genome sequencing 101 

alignments to the 120kb rp1 BAC from several locations across the range of An. funestus 102 

were inspected. This rp1 BAC spans the cytochrome P450 cluster where both CYP6P9a and 103 

CYP6P9b are located [17]. Fig 1 shows alignments for FUMOZ-R and FANG, which show 104 

both anomalous features. S1A and S1B Fig shows the putative left and right ends of the 105 

insertion, defined by the presence of “clipped” reads, where the alignment software aligns a 106 

part of the read to the reference and “clips” off part of the read that does not align. The 107 

FUMOZ-R alignment contains reads that are left-clipped (the leftmost part of the read, as 108 

aligned to the reference, is clipped irrespective of the read’s orientation: so the 5’ end of a 109 

read aligned to the positive strand and the 3’ end of a read aligned to the negative strand) 110 

between BAC sequence positions 37409 and 37410 (37410 being the leftmost base included 111 

in the insertion). It also contains reads that are right clipped between positions 43954 and 112 

43955. This defines a region of 6545 bp. The presence of only left-clipped reads on the left of 113 

the region and right-clipped reads on the right of the region indicates two things in FUMOZ-114 

R: (i) that the “insertion” form of the indel is fixed in the FUMOZ-R sample (there is no 115 

evidence for presence of the “deletion” form), and (ii) that the inserted sequence is 116 
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homologous to part of a larger sequence found elsewhere in the genome (indicated by the 117 

“clipped” parts of the reads). In the susceptible FANG the situation is more complicated. At 118 

the left end of the insertion there are reads left-clipped between positions 37409 and 37410 119 

(as for FUMOZ-R) but also some reads right-clipped slightly further left, between positions 120 

37404 and 37405.  At the right end of the insertion there are reads right-clipped between 121 

positions 43954 and 43955 (as for FUMOZ-R) but also some reads left-clipped between the 122 

same positions. In addition, further to the right there are some reads right-clipped between 123 

positions 44053 and 44054 and some left-clipped between positions 44070 and 44071. 124 

Detailed inspection of the clipped reads showed that the reads right-clipped at 37404/37405 125 

and left-clipped at 43954/43955 indicate the “deletion” form of the indel, as the clipped parts 126 

of the reads from the left and right end of the insertion overlap each other (but also contain a 127 

short length of DNA that does not match FUMOZ-R). The clipping at 44053/44054 and 128 

44070/44071 is due to a region of 35 bp in FANG (TAA TAC CGG GAG ATA CAT GGA 129 

GCT CGT GTA AAA GA) that does not align with the FUMOZ reference (ATA TGT CGG 130 

AGG TTT AT) at the same location. Overall, FANG shows evidence of the “deletion” form 131 

of the indel in addition to the presence of the large homologous sequence elsewhere in the 132 

genome (Fig 1A). This makes simple inspection of the alignment misleading, as rather than a 133 

loss of coverage across the 6.5 kb indel, coverage is seen due to reads originating from 134 

sequence elsewhere in the genome. This is illustrated in S1A Fig. Overall, FUMOZ-R 135 

exhibits an increased coverage depth of reads between CYP6P9a and CYP6P9b in with a loss 136 

of polymorphism compared to the susceptible FANG strain (Fig 1B). The same contrast is 137 

observed between the 2002 sample from Mozambique before the scale up of LLIN (2002) 138 

with a low coverage of read depth contrary to the 2016 sample showing a greater coverage 139 

depth at the intergenic region corresponding to the insertion of the 6.5kb fragment.  140 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 7, 2020. ; https://doi.org/10.1101/2020.05.05.078600doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.05.078600
http://creativecommons.org/licenses/by/4.0/


The results also indicate that the 6.5 kb insertion between CYP6P9a and CYP6P9b 141 

was present only in southern Africa population of Malawi, where it was nearly fixed (only a 142 

single read in Malawi supported the deletion haplotype) (Table S1). However, populations 143 

from other parts of Africa showed no evidence of the insertion haplotype. Evidence that the 144 

insertion existed (albeit at low frequency) in the early 2000s comes from its presence in the 145 

FUMOZ-R colony, which was colonized from the field in Mozambique in 2000, and 146 

subsequently selected for insecticide resistance, which appears to have fixed the insertion 147 

haplotype in colony. 148 

Investigating the genomic origin of the 6.5kb insertion: To identify the genomic 149 

origin of the inserted 6.5 kb sequence, its entire sequence was used to search the An. funestus 150 

FUMOZ AfunF3 reference genome assembly using BLASTn implemented in the VectorBase 151 

web resource. The results indicated that the sequence occurred at another different location in 152 

the genome, on scaffold CM012071.1 (S2A Fig). That location is between 8,296,288 and 153 

8,555,956, approximately 260 kb away from the CYP6 cluster on the same scaffold 154 

(therefore, on the same chromosome 2). Both locus are on the chromosome 2R in the same 155 

genomic region as the P450s cluster rp1 QTL [17] which confers high pyrethroid resistance 156 

and shown to have undergone a major selective sweep. In addition, short (100 bp) sequences 157 

from the left and right ends of the insertion were used to conduct BLASTn searches of 158 

AfunF3 and confirmed the results obtained with the full-length insertion sequence. Finally, 159 

clipped sequences from immediately to the left and right of the insertion were used to 160 

conduct BLASTn searches of AfunF3. The results (matches only adjacent to the 161 

CM012071.1:8,296,288-8,555,956 region) confirmed that the “parent” sequence of the 162 

insertion between CYP6P9a and CYP6P9b came from CM012071.1:8,296,288-8,555,956. 163 

This putative genomic “parent” sequence of the insert contains no annotated protein coding 164 

genes but there is a large assembly gap in the region. The orthologous region in the 165 
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Anopheles gambiae genome is also on chromosome arm 2R (S2B Fig). The protein coding 166 

genes flanking the insertion sequence, AFUN008344 and AFUN008346, are orthologous to 167 

AGAP002842 and AGAP002845, respectively. An. gambiae also have no annotated protein 168 

coding genes between AGAP002842 and AGAP002845, suggesting that An. funestus may 169 

not have also. Two micro-RNAs annotated in both species are outside of the insertion 170 

sequence. Despite the lack of annotated genes, the region is transcribed as supported by 171 

FUMOZ-R RNAseq showing a large transcribed region (S2C Fig), with some evidence of 172 

splicing, covering the two annotated micro-RNAs. Whether this transcript is processed to 173 

form mature micro-RNAs is not known. 174 

Comparative promoter analysis of the CYP6P9a-CYP6P9b intergenic region 175 

The location of the 6.5kb insertion in the intergenic region between CYP6P9a and 176 

CYP6P9b (Fig 1C) indicated that this insertion could impact the regulation of these genes. 177 

This is strongly supported by their high expression in FUMOZ-R and Southern Africa 178 

mosquito populations. To verify this hypothesis, the full length intergenic fragment (8.2kb) 179 

was successfully PCR amplified and cloned (S2D Fig) and used for a luciferase reporter 180 

assay (Pgl3 FZ6P9a8.2) comparatively with three other construct vectors without the 6.5kb 181 

SV (Pgl3 FZ6P9a0.8, Pgl3 FG6P9a0.8, and Pgl3 LRIM). These constructs were transfected 182 

alongside Renilla luciferase plasmid in An. gambiae 4a-2 cell line. The samples were lysed 183 

and luciferase activity was measured and normalized against Renilla activity. The luciferase 184 

activity of the construct with the 6.5 kb SV from FUMOZ-R, Pgl3 FZ6P9a8.2, was 5-fold 185 

significantly higher (P=0.00012) than that of the same strain without it, FZ6P9a0.8 and 17.5-186 

fold higher than the FANG fragment, Pgl3 FG6P9a0.8 (P<0.0001). This result implies that 187 

this insertion likely contains cis-regulatory elements acting as gene regulation enhancers and 188 

driving the high expression of CYP6P9a and CYP6P9b observed (Fig 2A). 189 
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A simple PCR assay to detect 6.5 kb structural variant and associated pyrethroid 190 

resistance. 191 

The 8.2kb (SV+) and 1.7 kb (SV-) intergenic regions were used to design a simple 192 

PCR assay capable of detect the 6.5kb structural variant. The PCR is comprised of 3 primers, 193 

two in the flanking region and one in the 6.5kb region (Fig 2B). The presence of the SV is 194 

shown by the amplification of a fragment of 596 bp (SV+) whereas the absence is shown by a 195 

band at 266 bp (SV-) (Fig 2C). To assess the efficacy of this novel PCR, we genotyped the 196 

FANG-S and FUMOZ-R strains for the 6.5 kb structural variant and found that all FUMOZ-197 

R mosquitoes genotyped were homozygous for insertion (SV+/SV+) while all the FANG 198 

where homozygous without insertion (SV-/SV-). 199 

To assess the association between this 6.5kb SV and pyrethroid resistance in An. 200 

funestus, F8 mosquitoes obtained from crossing FANG and FUMOZ-R which had been 201 

exposed to permethrin 0.75% for 180 minutes to get highly resistant mosquitoes and 30 202 

minutes to get highly susceptible mosquitoes were genotyped for this SV. The results 203 

revealed that those alive after 180 minutes exposure were mainly homozygote (21/45) and 204 

heterozygote (22/45) for the 6.5kb SV. Only 2/45 alive were lacking the 6.5kb SV. 205 

Genotyping of the 41 highly susceptible mosquitoes, 40/41 were homozygote without the 206 

6.5kb SV and 1/41 heterozygote (Fig 2D). Consequently, a strong association was found 207 

between permethrin resistance and 6.5kb SV genotype with a highly significant odds ratio 208 

when comparing the homozygote (SV+/SV+) to the homozygote (SV-/SV-) (SS) 209 

(OR=2079.4, P<0.001, Fischer’s exact test). Similarly, a significantly higher ability to 210 

survive was observed for heterozygote (SV+/SV-) when compared to homozygote (SV-/SV-) 211 

(OR=600.25, P<0.001, Fischer’s exact test) (Fig 2D) (S2 Table). Moreover, analysis of the 212 

combined effect of the 6.5kb SV with the two nearby P450s revealed an increased 213 

survivorship when the 6.5kb SV is combined to either CYP6P9a (Fig 2E: S2 Table) or 214 
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CYP6P9b (S2 Table) with an even greater chance to survive when a mosquito is triple 215 

homozygotes for the resistant allele at the three loci (Fig 2F: S2 Table). 216 

Enhancer’s effect of the 6.5kb structural variant on the expression of nearby 217 

genes. 218 

To confirm the potential enhancer role of the 6.5kb SV on the regulation of nearby 219 

P450 genes as suggested by the luciferase promoter assay, quantitative real time PCR was 220 

used to compare the expression of the nearby CYP6P9a and CYP6P9b P450 genes. 221 

Mosquitoes obtained from F2 crossing of FUMOZ-R and FANG were pooled into three 222 

groups based on their genotypes (SV+/SV+, SV+/SV- and SV-/SV-) for the 6.5kb SV (Fig 223 

3A and 3B). Analysis revealed that the mosquitoes possessing the 6.5 kb SV (SV+/SV+ and 224 

SV+/SV) had a significantly higher expression level for CYP6P9a and CYP6P9b as opposed 225 

to those without the 6.5kb SV (SV-/SV-) (Fig 3C). Expression level of CYP6P9a for 226 

mosquitoes with SV+/SV+ genotype was about 1.7-fold (P=0.03) higher than that of 227 

SV+/SV- heterozygote genotype and 5.2-fold higher than the homozygote without SV (SV-228 

/SV-) (P=0.005). A similar pattern was observed for CYP6P9b with homozygote SV+/SV+ 229 

genotype expressing CYP6P9b about 2-fold higher than heterozygote mosquitoes (P=0.003) 230 

and 4-fold higher than the homozygote SV-/SV- (P=0.001). This suggests a strong 231 

association between the 6.5kb SV and increased expression of CYP6P9a and CYP6P9b likely 232 

as a result of the presence of cis-regulatory elements in the 6.5kb acting as enhancers. 233 

Geographic distribution of 6.5kb structural variant across Africa 234 

This novel diagnostic PCR was tested on field mosquitoes collected from various 235 

African regions to determine the spread of this insertion across the continent. Genotyping of 236 

the 6.5kb SV was successful in all the 7 countries revealing that this structural variant is 237 

present in Southern Africa mosquito populations while absent from those collected in the 238 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 7, 2020. ; https://doi.org/10.1101/2020.05.05.078600doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.05.078600
http://creativecommons.org/licenses/by/4.0/


Central and Western Africa (Fig 4A). The frequency of 6.5 kb SV was very high in southern 239 

Africa ranging from 82% in Zambia, 92% in Malawi and 100% in Mozambique (Fig 4B). 240 

Tanzania and Eastern Democratic Republic of Congo presented intermediate frequencies 241 

(43.94%) and (72.2%) respectively. The 6.5kb SV was completely absent in Western 242 

(Ghana), Eastern (Kenya, Uganda) and Central Africa (Cameroon and DRC-Kinshasa). 243 

Hence this structural variant is confined to Southern Africa like the CYP6P9a and CYP9P9b 244 

P450 based pyrethroid resistance [13, 14] and contrary to the L119F and A296S resistance-245 

to-dieldrin (RDL) mutation, which confer DDT and dieldrin resistance respectively [9]. 246 

Samples from Tanzania and DRC-Mikalayi that show a segregation of different genotypes, 247 

were further used to assess the potential association between the 6.5kb SV, CYP6P9a and b 248 

(Fig 4C; S3A and S3B Fig). In Tanzania, a greater linkage of the three markers was observed 249 

with 54.8% (17/31) identical genotypes detected while the value was lower in DRC-Mikalayi 250 

with 32% (8/25). Considering only CYP6P9a and the 6.5kb SV, 12% (3/25) and 16% (5/31) 251 

had the same genotype for both markers for DRC-Mikalayi and Tanzania respectively. A low 252 

genotypic frequency of 8% (2/25) was obtained for samples with the same genotype for 253 

CYP6P9b and the 6.5kb SV for DRC- Mikalayi. With regard to CYP6P9a and CYP6P9b, 254 

48% (12/25) and 25.81% (8/31) from DRC-Mikalayi and Tanzania respectively had the same 255 

genotype (Fig 4C).  256 

6.5kb Structural variant is associated with reduced bed net efficacy  257 

The association between the 6.5 kb SV and the efficacy of bed net was assessed using 258 

mosquitoes previously used to validate CYP6P9a [13] and CYP6P9b [14]. Briefly, 259 

mosquitoes were obtained from crossing the susceptible FANG laboratory strain (where the 260 

6.5kb is totally absent) and highly pyrethroid resistant laboratory FUMOZ-R (where the 261 

6.5kb SV is fixed). Mosquitoes from the crossing were reared to the F6, which was used for 262 

cone assays and to perform a release recapture in experimental huts.  263 
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Cone assays: To validate the ability of the 6.5kb SV marker to predict the impact of 264 

resistance on the efficacy of LLINs, we genotyped F6 samples obtained from cone assay with 265 

PermaNet 2.0.and PermaNet 3.0 (side). The mortality rates were 31.1% and 40.7% for 266 

PermaNet 2.0.and PermaNet 3.0 respectively with no significant difference (P value = 0.380). 267 

With PermaNet 2.0, a significant difference in the distribution of genotypes of the SV was 268 

observed between dead and alive mosquitoes (Chi2=892; P<0.0001, Chi-square) (Fig 5A). 269 

Comparing the proportion of each SV genotype between alive and dead mosquitoes revealed 270 

that SV+/SV+ homozygote mosquitoes were significantly more likely to survive exposure to 271 

PermaNet 2.0 than those completely lacking the SV (SV-/SV-) (OR=1798.3; CI=97.6-33141; 272 

P<0.0001, Fisher’s exact test). Heterozygote mosquitoes were also more able to survive 273 

exposure to PermaNet 2.0 than homozygotes lacking the SV (SV-/SV-) (OR=261.5; CI=15.4-274 

4447.3; P<0.0001, Fisher’s exact test). SV+/SV+ homozygote mosquitoes were also more 275 

able to survive than heterozygotes (OR=7.4; CI=2.5-21.5; P=0.0002, Fisher’s exact test) 276 

showing an additive effect of the 6.5kb SV on the resistance phenotype. When comparing at 277 

the allelic level, it was observed that possessing a single SV+ allele provides a significant 278 

ability to survive exposure to PermaNet 2.0 compared to the SV- allele (OR=27.7; CI=12.9-279 

59.0 ; P<0.0001, Fisher’s exact test) (Fig  5A; S3 Table). A similar trend was observed with 280 

PermaNet 3.0 (side) (Fig 5A; S4 Table) whereas we could not assess PermaNet 3.0 (Top) as 281 

there was no survivor after exposure. 282 

Experimental hut trial: Mosquitoes previously collected from experimental huts 283 

after 4 consecutive nights of release-recapture and used to validate the CYP6P9a and 284 

CYP6P9b were analysed for the 6.5kb SV. The mortality rate were 98.7% for PermaNet 3.0 285 

and 33.3% for PermaNet 2.0 [13]. To avoid the bias due to exophily and feeding status, only 286 

samples that were unfed and in the room were used. A significant difference was observed in 287 

the distribution of genotypes of the SV among the alive and dead mosquitoes  (Chi2=40.2; 288 
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P<0.0001, Chi-square) (Fig 5B and 5C).Comparison of the proportion of different genotypes 289 

among the dead and alive revealed that 6.5kb SV homozygote (SV+/SV+) were able to 290 

significantly survived exposure to PermaNet 2.0 more than those without the 6.5kb SV (SV-291 

SV-) [OR =27.7; CI: 13.0-59.0; P < 0.0001, Fisher’s exact test] (Table 1). Mosquitoes 292 

heterozygote for the 6.5kb SV (SV+/SV-) also survived exposure to PermaNet 2.0 more than 293 

those homozygote without the 6.5 SV (SS) [OR = 7.5; CI:3.8-14.8; P < 0.0001, Fisher’s exact 294 

test]. However, the 6.5kb SV heterozygote (SV+/SV-) survived less than the 6.5kb SV 295 

homozygote (SV+/SV+) (OR =3.7; CI = 1.9-7.1; P =0.0001, Fisher’s exact test) suggesting 296 

that there is an additive effect associated with possessing 2 copies rather than 1. This was 297 

further demonstrated by the ability of mosquitoes having a single 6.5kb structural variant to 298 

survive more than those without (Fig 5B). A similar trend was observed when the analysis 299 

was performed without excluding the exophilic status and blood-fed (S5 Table) as well as for 300 

PermaNet 3.0 (S4A Fig; S6 and S7 Table).  301 

The distribution of the 6.5kb SV in blood-fed mosquitoes was assessed to determine 302 

any association between this structural variant and the ability of mosquitoes to blood feed in 303 

the presence of the bed-net. A greater number of mosquitoes were able to blood-fed with 304 

PermaNet 2.0 (14.8 %) compared to PermaNet 3.0 (6.8%) [13]. A significant difference was 305 

observed for the distribution of the 6.5kb SV genotypes between blood-fed and unfed 306 

collected from huts with both PermaNet 3.0 (chi square=18.4; P<0.0001) and PermaNet 2.0 307 

(chi square= 60.2; P<0.0001). A significant association was observed between the 6.5kb SV 308 

genotypes and the ability of mosquitoes to blood feed when exposed to PermaNet 3.0. 309 

Mosquitoes homozygote for the 6.5kb SV (SV+/SV+) were more likely to blood feed in the 310 

presence of PermaNet 3.0 than those homozygote without (SV-/SV-) (OR=355.2; CI=21.4-311 

5889.4; P < 0.0001) and heterozygote for the 6.5kb SV (SV+/SV-) (OR=2.6; CI=1.3-4.0; P = 312 

0.00489). Mosquitoes heterozygote for the 6.5 SV (SV+/SV-) were also able to blood feed 313 
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more that those without the structural variant (SV-/SV-) (OR=158.3; CI=9.6-2620.0; P = 314 

0.0004) (Fig. 5D; Table 2). Analysis of genotype distribution for PermaNet 2.0 gave similar 315 

trends but these were not significant apart from SV+/SV- vs SV-/SV- (S4B Fig, S8 Table).  316 

6.5kb Structural variant combines with CYP6P9a and CYP6P9b to further 317 

reduce LLIN efficacy. 318 

We next assessed the impact of different combinations of genotypes for the 3 loci on 319 

the efficacy of LLINs. The cone assays results revealed an increased survivorship when the 320 

6.5kb SV is combined to CYP6P9a for PermaNet 2.0 (S5A Fig; S3 Table) and PermaNet 3.0 321 

(side) (S5B Fig; S4 Table). Similar patterns were observed when combined to CYP6P9b 322 

(S5C and S5D Fig; S3 and S4 Table). Mosquitoes with triple homozygotes for the resistant 323 

allele at the three loci exhibited a greater ability to survive than all other genotype 324 

combinations for both nets (S5E and S5F Fig; S3 and S4 Table). 325 

Experimental hut trials also showed that triple homozygote RR/RR/SV+SV+ were 326 

more likely to survive exposure to PermaNet 2.0 than any other combined genotype (Fig 6A; 327 

Table 1). The RR/RR/SV+SV+ survived more than the SS/SS/SV-SV- (OR=2505.8; CI: 328 

141.1-44486.7; P<0.0001), RR/RS/SV+SV- (OR=31.0; CI=1.8 to 529.3; P = 0.0177) and 329 

RS/RS/SV+SV- (OR= 134.6CI: 8.1-2228.4; P = 0.0006). There was no significant difference 330 

between the RR/RR/SV+SV+ and RR/RR/SV+SV- genotypes (OR= 1; CI= 0.02 to 50.9; P= 331 

1.0) and both had a similar trend in terms of survival with the same odds ratio (Fig 6B; Table 332 

1). Hence, there is an additive advantage associated with the mosquito combined genotype at 333 

the 3 loci which confers higher level of pyrethroid resistance leading to a greater reduction in 334 

bednet efficacy. The impact decreased in the order RR/RR/SV+SV+=RR/RR/SV+SV-335 

>RR/RS/SV+SV-> RS/RS/SV+SV-> SS/SS/SV-SV-. This additive effect was also observed 336 

for the PBO-based PermaNet 3.0 net although at a lower extent (OR=423; P<0.0001; 337 
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RRR/RR/SV+/SV+ vs SS/SS/SV-/SV-)(S4C Fig; S6 and S7 Table). Moreover, an increased 338 

ability to survive exposure to LLIN is even observed when combining genotypes of the 6.5kb 339 

SV only to either of CYP6P9a (S6A and S6B Fig) or CYP6P9b (S7A and S7B Fig).  340 

In addition to the ability to survive bednet exposure, RR/RR/SV+SV+ also had a 341 

higher ability to blood feed compared to SS/SS/SV-SV- (OR=5.0; CI: 2.7-9.0; P < 0.0001) 342 

and the other combinations in the presence of PermaNet 3.0 (Fig 6C and 6D). This additive 343 

effect was also observed when combining genotypes of the 6.5kb SV only to either of 344 

CYP6P9a (S6C and S6D Fig) or CYP6P9b (S7C and S7D Fig). For PermaNet 2.0 no 345 

significant association was observed (S4D Fig; S8 Table). 346 

Scale-up of bednets is driving combined selection of 6.5kb SV, CYP6P9a and 347 

CYP6P9b 348 

We assessed how these three loci are being selected in the field by insecticide-based 349 

interventions using mosquito samples (27) dating before (2002) and after scale-up of bed nets 350 

(30) in southern Africa (2016) more precisely in Mozambique. The results revealed that 351 

before the introduction of bed nets the distribution of genotypes were skewed towards the 352 

SS/SS/SS (92.59%) and RS/SS/SS (11.76%) combined genotype than the RR/RR/RR (0%). 353 

Genotyping of the mosquitoes collected after scale-up of bed nets showed that the 354 

distribution of the combined genotype frequencies had completely changed with the 355 

RR/RR/RR becoming fixed among mosquitoes in 2016 (100%) (Fig 6E and S8 Fig). 356 

 357 

Discussion 358 

This study investigated the role that structural variations in cis-regulatory regions play 359 

in cytochrome P450-mediated metabolic resistance to pyrethroids in mosquitoes by focusing 360 
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on a 6.5kb intergenic insertion between two duplicated P450 in the malaria vector An. 361 

funestus. This work showed that the 6.5kb SV acts an enhancer for nearby duplicated P450 362 

genes CYP6P9a and CYP6P9b leading to their increased overexpression. This 6.5kb SV is 363 

strongly associated with an aggravation of pyrethroid resistance which reduces the efficacy of 364 

pyrethroid-only nets but also to some extent that of PBO-nets. This study improves our 365 

understanding of the molecular processes that drive P450-based resistance to insecticides in 366 

mosquitoes while providing an additional marker for monitoring pyrethroid resistance in wild 367 

An. funestus populations.  368 

1-The 6.5kb SV acts as an enhancer for the up-regulation of duplicated P450 369 

genes 370 

The whole genome Pool-seq confirmation of the 6.5kb insertion in field populations 371 

of An. funestus supported the previous report in the lab pyrethroid resistant FUMOZ-R strain 372 

[13]. This study has revealed that this insertion acts as an enhancer to the over-expression of 373 

both duplicated P450 genes CYP6P9a and CYP6P9b which are key pyrethroid resistance 374 

genes in FUMOZ-R [17, 18] and in southern Africa [13, 19]. The first line of evidence that 375 

the 6.5kb insertion serves as an enhancer was provided by the comparative promoter assays 376 

performed between the promoter with the 6.5kb SV and the core promoter region of 377 

CYP6P9a. The greater promoter activity observed in the presence of the SV than in the 378 

absence shows that this insertion increases the over-expression of these P450 genes. This is 379 

further supported by the previous report that the 6.5kb is highly enriched with regulatory 380 

elements including several transcription factors binding sites as well as several TATA (35), 381 

CCAAT (12) and GC (11) sequences. Furthermore, the presence of 51 sites for the Cap n 382 

Collar C (CnCC) and the Muscle aponeurosis fibromatosis (Maf) transcription factors sites 383 

which are known xenobiotic sensors in insects [13, 16] supports the role likely played by this 384 

insertion in enhancing the regulation of neighbouring genes. The analysis of the composition 385 
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of the 6.5kb insertion provides a good insight into the  architectural characteristics of 386 

enhancers in mosquitoes which is similar to that of mammalians which have also be shown to 387 

include the multiple transcription factor binding sites as well as transcriptionally activating 388 

and repressing domains in the same enhancer [20]. 389 

Secondly, at the transcriptional level, the relative expression of CYP6P9a and 390 

CYP96P9b were shown to correlate with the 6.5kb SV genotypes. The presence of this SV is 391 

strongly associated with increased expression of these two genes (SV+/SV+>SV+/SV->SV-392 

/SV-) which are located upstream and downstream of this SV. It is well documented that 393 

insertions by introducing novel cis-acting elements into the regulatory regions can either alter 394 

expression of a gene or disrupt it [21]. The fact that this 6.5kb is enhancing the expression of 395 

two genes is in line with what is already known about enhancers which have be shown to be 396 

able to regulate genes in cis- position in either upstream  (e.g CYP6P9a) or downstream (e.g 397 

CYP6P9b) or even in intron [22]. The fact that the presence of the 6.5kb SV impacts the two 398 

genes is also in line with previous reports stating that enhancers can regulate the expression 399 

of multiple genes [22]. It will be good to establish whether this 6.5kb regulates the expression 400 

of other genes besides CYP6P9a/b notably on the cluster of P450s in this rp1 resistance locus 401 

[17].  402 

Thirdly, the geographical distribution of the 6.5kb SV tightly correlated with the high 403 

over-expression of CYP6P9a and CYP6P9b in the FUMOZ-R strain and across southern 404 

African countries [13, 19] but a low expression elsewhere in Africa where this SV is absent 405 

such as in Central Africa, East and West Africa [23]. This observation further supports that 406 

the 6.5kb is driving the up-regulation of both genes. This is similar to what was reported in 407 

Drosophila melanogaster where over-expression of the cytochrome P450 gene Cyp6g1, 408 

conferring DDT resistance, correlated with insertion of a long terminal repeat (LTR) of an 409 

Accord retrotransposon in the regulatory region of this gene [24, 25]. However, contrary to 410 
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other insertion elements linked with over-expression identified so far, this 6.5kb insertion 411 

does not contain a transposable element but mainly  putative cis-regulatory elements [13].  412 

2-Role of 6.5kb and aggravation of pyrethroid resistance 413 

The design a simple PCR diagnostic assay to genotype the 6.5kb SV has allowed to 414 

establish its contribution to the resistance phenotype. First, it has been shown that the 6.5kb 415 

SV segregates independently from CYP6P9a and CYP6P9b and thus that it is an additional 416 

genetic factor driving pyrethroid resistance beside the allelic variation of both genes 417 

previously reported [11]. The independent segregation of the 6.5kb SV is also shown by the 418 

increased pyrethroid resistance that it confers either when using WHO bioassays or cone 419 

assays. The fixation of this SV besides the resistant alleles of CYP6P9a and CYP6P9b could 420 

explain the resistance escalation currently reported in several mosquito populations of An. 421 

funestus such as in Mozambique [26] and Malawi [27] and which is reducing the efficacy of 422 

insecticide-treated nets [26]. The near fixation of the 6.5kb SV seen here in South 423 

Mozambique post bed nets (2016) while it was absent before bed net scale up (2002) is an 424 

indication that this SV is strongly associated with resistance exacerbation. The fixation of the 425 

6.5kb in highly resistant wild populations also suggests that escalation of pyrethroid 426 

resistance could be driven, among others, by an increased metabolic resistance through 427 

genetic elements such as enhancers.  428 

The strong association observed between this structural variation and pyrethroid 429 

resistance either with WHO bioassays or cone assays shows that this SV can be used as a 430 

resistance marker for monitoring pyrethroid resistance. This comes to add up to the CYP6P9a 431 

[13] and CYP6P9b [14] markers previously identified in the promoters of these genes. This 432 

novel assay is even simpler than the PCR-RFLPs previously designed for CYP6P9a and 433 

CYP6P9b as it does not require restriction enzymes.  434 
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The detection of this 6.5kb enhancer in the cis-regulatory region of major resistance 435 

genes further supports that genetic variations in this region play a major role in driving 436 

metabolic resistance as seen for several resistance genes including the P450 CYP9M10 in 437 

Culex quinquefasciatus [28] GSTe2 in An. funestus (Mugenzi et al submitted), CYP6G1 in 438 

Drosophila [24]. Therefore, cis-regulatory region of major metabolic resistance genes should 439 

be thoroughly investigated to identify more markers to design simple DNA-based assay to 440 

detect such resistance in mosquitoes.  441 

3. Geographical distribution confirms restriction of gene flow in An. funestus 442 

The geographical distribution of the 6.5kb across Africa mirrors closely that of the 443 

resistance alleles of both CYP6P9a and CYP6P9b P450s [13, 14] with the highest frequency 444 

observed from southern Mozambique (100%) up to Eastern DRC (72.2%). It also correlates 445 

with the Africa-wide distribution of the N485 Ace-1 carbamate resistance allele in this 446 

species [29] supporting the existence of an insecticide resistance front in southern Africa 447 

which significantly differs to other regions. The South/North clinal increase of frequency in 448 

the spread of this SV supports that this resistance likely originated in Southern Mozambique 449 

and gradually migrated northwards in combination with local selection forces. The absence of 450 

6.5kb SV in other African regions is in line with barriers of gene flow between populations in 451 

this species across the continent with southern African populations consistently differentiated 452 

from other regions [30-32]. In contrast, the 6.5kb SV distribution is opposite to that of other 453 

markers in this species notably the L119F-GSTe2 conferring DDT/pyrethroid resistance [9] 454 

and the A296S-RDL dieldrin resistance marker [33]. Because the 6.5kb SV allele was 455 

completely absent in 2002 before LLIN scale up while both CYP6P9a and CYP6P9b were 456 

already detectable although at low frequency (10.9 % and 5.2%) it is likely that this SV was 457 

selected later as resistance level increased potential after greater selection pressure. Analysis 458 

of larger temporal samples will further help to track the selection of this SV.  459 
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Analysis of the distribution of the 6.5kb SV and that of CYP6P9a and CYP6P9b in 460 

natural populations revealed that alleles at these markers do segregate independently in the 461 

field as also seen in the hybrid strain FUMOZ-R/FANG at F4 where most of the genotypic 462 

combinations were observed. This suggests that regardless of the close proximity of the 3 loci 463 

(a total span of 12kb), the three loci are not physically linked. The higher linkage frequency 464 

observed in Mozambique and Tanzania can be due to stronger insecticide selection applied 465 

against these populations as a consequence of the scale-up of vector control interventions 466 

[31]. To determine which gene between CYP6P9a and CYP6P9b is more linked to the 6.5kb 467 

SV, the percentage linkage for CYP6P9a and the 6.5kb SV was compared with that for 468 

CYP6P9b and the 6.5kb SV in the DRC-Mikalayi and Tanzania. For DRC-Mikalayi, 469 

CYP6P9a and the 6.5kb SV had more identical genotypes (12%) than for CYP6P9b and the 470 

6.5kb SV (8%) while in Tanzania, only CYP6P9a and the 6.5kb SV identical genotypes 471 

(16%) were identified and none for  CYP6P9b and the 6.5kb SV (0%). Hence this SV 472 

although impacting both genes as shown by the comparative qRT-PCR, appears to have a 473 

greater linkage to CYP6P9a. This could also support a higher fold-change observed for 474 

CYP6P9a in the field in southern Africa [2, 13, 19]. This could be due to the fact that the 475 

6.5kb is located upstream of the 5’ UTR of CYP6P9a but downstream of the 3’UTR of 476 

CYP6P9b.  477 

4. The 6.5kb aggravates the loss of efficacy of insecticide-treated nets 478 

The design of the simple PCR-based assay to genotype the 6.5kb enabled us to assess 479 

the impact of such structural variation on the efficacy of insecticide-treated nets including the 480 

pyrethroid-only and the PBO-synergist nets. The greater reduction of efficacy that the 6.5kb 481 

was shown to cause on pyrethroid-only nets than PBO-based nets is similar to that observed 482 

with CYP6P9a [13] and CYP6P9b [14] in terms of reduction of mortality rate and blood 483 

feeding inhibition. It further supports the view that PBO-based nets should be more deployed 484 
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to control P450-based metabolically resistant mosquito populations such as An. funestus 485 

throughout southern Africa. The fact that triple homozygote resistant mosquitoes have a 486 

greater ability to survive exposure to LLINs shows that resistance escalation in field 487 

populations of vectors is likely to significantly reduce the effectiveness of current pyrethroid-488 

based LLINs as recently shown for a population of An. funestus in southern Mozambique 489 

which was even able to survive exposure to some PBO-based nets [26] due partially to the 490 

over-expression of CYP6P9a and CYP6P9b and the fixation of all three resistance alleles 491 

(6.5kb SV, CYP6P9a-R and CYP6P9b-R). The availability of additional DNA-based markers 492 

such as these  will now enable control programs to assess how resistance is impacting the 493 

efficacy of the bed nets in their country and decide whether to adopt PBO-based nets or even 494 

new generation nets with another class of insecticide than just pyrethroids.  495 

In conclusion, by elucidating the role of a 6.5kb structural variant in the pyrethroid 496 

resistance in An. funestus, this study highlighted the important contribution of structural 497 

variations in cis-regulatory regions in metabolic resistance in mosquitoes. It also highlighted 498 

the role of enhancers in the over-expression of metabolic resistance genes. This study 499 

designed a simple molecular diagnostic assay to easily monitor this P450-based metabolic 500 

resistance in wild populations. The additive resistance confers by this 6.5kb in the presence of 501 

cis-regulatory promoter factors at CYP6P9a and CYP6P9b as well as allelic variation in 502 

coding regions [11] highlights the complex array of evolutionary tools that mosquitoes 503 

deploy to survive the scale up of insecticide-based control interventions such as LLINs. The 504 

near fixation of triple resistant (SV/CYP6P9a/CYP6P9b) in southern Africa calls for urgent 505 

action in using alternative insecticides than pyrethroids for IRS and new generation LLINs 506 

with PBO and more preferably with new another insecticide class.  507 

 508 
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Materials and methods 509 

Mosquito laboratory strains and field populations 510 

Two An. funestus laboratory colonies of FUMOZ-R and FANG, which are resistant and 511 

susceptible to pyrethroids respectively, were used [34]. Available DNA samples from 512 

previous studies including F8 generation samples derived from the reciprocal crosses between 513 

the FUMOZ and FANG [17] were used. Additionally, field collected mosquito samples from 514 

several countries across Africa were also used for genotyping including Democratic Republic 515 

of Congo (DRC) (2015), Cameroon (2016) for central Africa, Ghana (2014) for West Africa, 516 

Uganda (2014) and Tanzania (2015) for East Africa, Zambia (2015), Malawi (2014) and 517 

Mozambique (2016) for Southern Africa. These field samples were collected indoor using 518 

electric aspirators as previously described [13]. 519 

Furthermore, reciprocal crosses between FUMOZ-R and FANG were carried out to assess the 520 

correlation between the 6.5kb SV and pyrethroid resistance phenotype. To perform these 521 

crosses, 30 males FUMOZ-R and 30 virgin females FANG where allowed to mate and the 522 

eggs reared to the next generation and adults of following generations inter-crossed until up 523 

to the F6 generation. 524 

Insecticide susceptibility assays  525 

The resistance level of mosquitoes from F4 to F6 generation was tested using WHO bioassays 526 

performed according to WHO protocols [35]. Briefly, 2-5 day-old, unfed female mosquitoes 527 

were exposed for 1h to papers impregnated with the pyrethroids permethrin (0.75%) and 528 

deltamethrin (0.05%). Moreover, these mosquitoes were also exposed to the same papers for 529 

30 min and 90 min to generate highly susceptible and highly resistant individuals. An 530 

untreated paper was also used as negative control. 531 
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WHO cone bioassays 532 

The efficacy of insecticide-treated net against the strains used was tested using cone assay 533 

following the WHO protocol [36]. Mosquitoes from the 6th generation of the FUMOZ-R and 534 

FANG crosses were tested against two WHO recommended LLINs PermaNet 2.0 and 535 

PermaNet 3.0. PermNet 2.0 nets consist of polyester coated with the deltamethrin to a target 536 

dose of 55 mg/m2 (±25%) while PermaNet 3.0 has a higher dose of deltamethrin of 85 mg/m2 537 

(±25%) and piperonyl butoxide (PBO) a synergist incorporated with deltamethrin in the 538 

polyethylene roof (Vestergaard, Frandsen, Lausanne, Switzerland). Briefly, 5 replicates of 10 539 

F6 females (2–5 days old) were placed in plastic cones attached to 30cm x 30cm pieces of 540 

nets PermaNet 2.0, PermaNet 3.0 (side) and PermaNet 3.0 (roof), and an insecticide free net 541 

as a control. After 3 minutes exposure, the mosquitoes were transferred in holding paper cups 542 

and provided with cotton soaked in 10% sugar solution. Mortality was recorded 24 hours post 543 

exposure. 544 

Confirmation of the presence of 6.5kb SV from whole genome sequences from different 545 

regions of Africa 546 

The Pool-Seq data from several populations of An. funestus were analysed to confirm the 547 

presence and distribution of the 6.5kb insert Africa-wide following protocol described 548 

recently [13]. Initial processing and quality assessment of the sequence data was performed 549 

as described recently [13]. Pool-Seq R1/R2 read pairs and R0 reads were aligned to the 550 

reference sequence using bowtie2 [37]. Variant calling was carried out using SNVer version 551 

0.5.3, with default parameters [38]. SNPs were filtered to remove those with total coverage 552 

depth less than 10 and more the 95th centile for each sample as the allele frequency estimates 553 

could be inaccurate due to low coverage or misaligned paralogous sequence, respectively. 554 

Amplification and cloning of CYP6P9a and CYP6P9b intergenic region 555 
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The Livak protocol [39] was used to extract DNA from the collected samples. The extracted 556 

DNA was quantified using NanoDrop lite™ spectrophotometer (Thermo Scientifc, 557 

Wilmington, USA). The intergenic region between CYP6P9a and CYP6P9b was amplified 558 

for both the pyrethroid resistant lab strain FUMOZ-R and the FANG pyrethroid susceptible 559 

lab strain. The intergenic region for the FANG was amplified using 6P9a5F and GAP3R (S1) 560 

primers using the 1U KAPA Taq polymerase (Kapa Biosystems, Boston, MA, USA) in 1X 561 

buffer A, 25mM MgCl2, 25mM dNTPs, 10 mM of each primer was used to constitute a 15 562 

µL PCR reaction mix using the following conditions, initial denaturation step of 3 min at 95 563 

°C, followed by 35 cycles of 30 s at 94 °C, 2 minutes s at 58 °C, and 60 s at 72 ◦C, with 10 564 

minutes at 72 ◦C for final extension.  The FUMOZ-R was amplified with GAP1F and GAP3R 565 

(S1) primers using Phusion high-fidelity DNA polymerase (Thermos Scientific, Waltham, 566 

Massachusetts, United States). The mix was made using the GC buffer, 3% DMSO, 25mM 567 

dNTPs, 10 mM of each primer and DNA from FUMOZ as template. The PCR conditions 568 

were as follows 10 minutes at 98°C pre-denaturation, 35 cycles 10 seconds at 98°C 569 

denaturation, 30 seconds at 62°C annealing, 4 minutes at 72°C extension and a final 570 

extension at 72°C for 10 minutes. The PCR product was run on a 1% gel and visualized on 571 

ENDUROTMGDS (labnet, Edison, New Jersey, USA) UV transilluminator. The PCR product 572 

was gel purified and ligated to PJET1.2 blunt end vector and sequenced. Sequencing data 573 

were analysed with Bioedit [40]. 574 

Cloning of the intergenic CYP6P9a-CYP6P9b for promoter activity assay  575 

The 8.2 kb intergenic region of CYP6P9a and CYP6P9b of the FUMOZ-R colony was 576 

amplified using the primers 6P9bUTR8.2F CGA GCT CGT AAG TAA CAC ACA AAA 577 

TGG T and 6P9aUTR8.2R CGG CTA GCC GAT TTC GTT CGC CGA ATT CCA, using 578 

Phusion high-fidelity DNA polymerase (Thermo Scientific) with the GC buffer, 3% DMSO, 579 

25mM dNTPs, 10 mM of each primer and DNA from FUMOZ-R as template. The PCR 580 
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conditions were as follows; 10 minutes at 98°C pre-denaturation, 35 cycles 10 seconds at 581 

98°C denaturation, 30 seconds at 62°C annealing, 4 minutes at 72°C extension and a final 582 

extension at 72°C for 10 minutes. The PCR product was run on a 1% gel and visualized on 583 

UV transilluminator. The band at 8.2 kb was gel purified and ligated to pjet1.2 vector (Figure 584 

S3a). The recombinant plasmid was digested with Sac1 and Nde1 restriction enzyme and sub-585 

cloned in pGL3 Basic luciferase vector (Promega, Madison, USA). 586 

Luciferase reporter assay 587 

The transfection and the luciferase assay was done as previously described [13] using An. 588 

gambiae 4a-2 cell line (MRA-917 MR4, ATCC® Manassas Virginia). Due to the large 589 

difference in size between the recombinant promoter constructs, equimolar amount of each 590 

constructs was used for the transfection. Luciferase assay compared the 8.2 kb intergenic of 591 

the FUMOZ-R to the 0.8 kb CYP6P9a promoter constructs for FUMOZ-R and FANG. Five 592 

independent transfections were carried out. The 0.8kb CYP6P9a recombinant promoter 593 

construct of FUMOZ-R contained the core promoter of CYP6P9a before the insertion point. 594 

Briefly, 600 ng of each promoter construct were transfected using the effectene transfection 595 

reagent (Qiagen, Hilden, Germany). Two additional plasmids were used, the LRIM promoter 596 

construct which served as a positive control and the actin-Renilla internal control which is 597 

used for normalization. A luminometer (EG & G Berthold, Wildbad, Germany) was used to 598 

measure luciferase activity two days post transfection.  599 

Development of a PCR for genotyping the 6.5 kb structural variant between CYP6P9a 600 

and CYP6P9b. 601 

A PCR was designed to discriminate between mosquitoes with the 8.2kb (FUMOZ-R) and 602 

1.7kb (FANG) CYP6P9a and CYP6P9b intergenic region. Briefly three primers where 603 

designed, two (FG_5F: CTT CAC GTC AAA GTC CGT AT and FG_3R: TTT CGG AAA 604 
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ACA TCC TCA A) at region flanking the insertion point and a third primer (FZ_INS5R: 605 

ATATGCCACGAAGGAAGCAG) in the 6.5kb insertion (Figure 2b). 1U KAPA Taq 606 

polymerase (Kapa Biosystems, Boston, MA, USA) in 1X buffer A, 25mM MgCl2, 25mM 607 

dNTPs, 10 mM of each primer was used to constitute a 15 µL PCR reaction mix using the 608 

following conditions; initial denaturation step of 3 min at 95 °C, followed by 35 cycles of 30 609 

s at 94 °C, 30 s at 58 °C, and 60 s at 72 ◦C, with 10 min at 72 ◦C for final extension. The 610 

amplicon was revolved on a 1.5% agarose gel stained with Midori Green Advance DNA 611 

Stain (Nippon genetics Europe GmbH) and revealed on UV transilluminator.  612 

To assess the ability of the assay to discriminate between mosquitoes with the structural 613 

variant and those without, the assay was tried on genomic DNA extracted from 48 FUMOZ-614 

R and 50 FANG female mosquitoes. And later on, mosquitoes for 8th generation of crosses 615 

between FUMOZ-R and FANG which had been exposed to 0.75% permethrin for 180 min 616 

(alive providing the highly resistant) and 30 min (the dead being the highly susceptible) were 617 

genotyped for this SV to assess the correlation between the insertion genotype and the 618 

insecticide susceptibility phenotype.  619 

Correlation between the 6.5kb PCR assay and the CYP6P9a/b PCR-RFLP: The efficacy 620 

of the newly designed PCR for the 6.5kb SV was compared with the PCR- RFLP methods for 621 

detecting CYP6P9a and CYP6P9b resistant allele to check the association between the 6.5k 622 

SV and each of the P450s and also for the combined effect of these three markers as 623 

described in previously [13, 14]. DNA samples from previous studies were used as test 624 

materials to compare the three assays. 625 

Quantitative real time PCR 626 

Total RNA was extracted from F2 generation of FUMOZ-R and FANG crosses which had 627 

been genotyped using the newly designed 6.5k SV detection PCR and grouped in three sets: 628 
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homozygous for 6.5kb SV (SV+/SV+), heterozygous (SV+/SV-) and homozygous without 629 

the SV (SV-/SV-). DNA was extracted from the legs. Briefly 4 to 6 legs were pulled from 630 

each mosquito and placed in 1.5 ml tube. 25μl of 1X PCR buffer B (Kapa Biosystems, 631 

Boston, MA, USA) pre-warmed at 65°C was added then the legs were ground. After the 632 

grinding the tubes were centrifuged at 13000rpm for 2 minutes. The samples were then 633 

incubated at 95°C for 30 minutes in a thermocycler. The remaining body of the mosquito was 634 

kept in RNAlater individually.  From each group, 30 mosquitoes were pooled in sets of 10 635 

females and RNA was extracted using the Arcturus PicoPure RNA Isolation Kit (Life 636 

Technologies Carlsbad, California, United States). cDNA were synthesised from each RNA 637 

pool using the Superscript III (Invitrogen, Carlsbad, California, United States) as previously 638 

described [27]. The expression pattern of CYP6P9a and CYP6P9b was assessed by 639 

quantitative real time PCR (qRT-PCR) (Agilent MX3005) to assess the correlation between 640 

the presence of the 6.5kb SV and the expression pattern of these two resistance genes. 641 

Experimental hut trials 642 

To assess the association between the 6.5kb SV and a potential reduction in the efficacy of 643 

insecticide treated nets, an experimental hut trial was performed in a field station (possessing 644 

12 huts) located at Mibellon (6°4′60′′N, 11°30′0′′E), a village in Cameroon located in the 645 

Adamawa Region; Mayo Banyo division and Bankim Sub-division. A release recapture 646 

experiment was done using 5th and 6th generations of the FANG/FUMOZ-R crosses where 647 

about 50 to100 female mosquitoes were released in each hut in the evening at 8:00pm with a 648 

volunteer sleeping under each net. Both alive and dead, blood fed and unfed mosquitoes were 649 

collected in the morning. 650 

Statistical analysis 651 
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Statistical analysis including student’s t test, Fisher exact test and odd ratio were done using 652 

the online MEDCALC (https://www.medcalc.org/index.php), vassarstats 653 

(http://vassarstats.net/) and GraphPad prism 7.05 softwares 654 
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Figure legends 782 

 783 

Figure 1: Detection of the 6.5kb intergenic insertion between CYP6P9a and CYP6P9b in 784 

An. funestus mosquitoes. (A) Screenshot from the integrative genomics viewer (IGV), 785 

showing the coverage depth and aligned reads for the pyrethroid resistant FUMOZ-R strain 786 

(upper) and the fully susceptible FANG (lower) using the pooled template whole genome 787 

sequence alignments (Pool-seq). The coverage depth plots show deeper coverage in this 788 

region in FUMOZ-R but not in FANG. The FANG alignment contains read pairs with 789 

unusually long insert sizes, indicated in red in the lower panel (thick lines represent reads, 790 

read pairs are linked by thin lines). (B) IGV screenshot showing an increase coverage depth 791 

of reads between CYP6P9a and CYP6P9b in FUMOZ-R with a loss of polymorphism (grey) 792 

compared to the susceptible FANG strain using Pool-seq data. The same contrast is observed 793 

between the 2002 sample from Mozambique before LLIN scale up (MOZ-2002) (high 794 

diversity and low coverage of read depth) 2016 sample (MOZ-2016) where a greater 795 

coverage depth is observed at the intergenic region corresponding to the insertion of the 796 
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6.5kb fragment. (C) Schematic representation of the 6.5kb insertion in FUMOZ-R in 797 

comparison to FANG. 798 

799 

Figure 2: Functional characterization of the 6.5 kb SV and design of a PCR diagnostic 800 

assay. (A) Comparative Luciferase reporter assay (normalised to renilla fluorescence) of 801 

various intergenic fragments between CYP6P9a and CYP6P9b. Pgl3 FZ6P9a8.2 is the 802 

fragment for the full 8.2 intergenic region containing the 6.5kb insertion showing a very 803 

elevated activity compared to others. Pgl3 FZ6P9a0.8 is the 800 bp region upstream of 804 

CYP6P9a containing cis-regulatory elements used to design PCR-assay for CYP6P9a [13]  805 

whereas Pgl3 FG6P9a0.8 is the FANG version. Error bars show +/- SD. (B) Schematic 806 

representation of the design of the PCR assay to detect the 6.5 kb insertion using three 807 

primers two located immediately outside of the SV (FG_5’ and FG_3’; size of 266bp if no 808 

SV) and one located within the 6.5kb SV allowing to detect its presence (expected band 809 

596bp). (C) Agarose gel showing the three genotypes indicating the presence (+) or absence 810 

(-) of the insertion using F8 FUMOZ-R x FANG crosses. Ladder: 100bp, n.c.: negative 811 

control. (D) Distribution of the 6.5 kb SV genotypes between susceptible (Dead) and resistant 812 
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(Alive) mosquitoes after WHO bioassays with 0.75% permethrin showing a very strong 813 

correlation between the 6.5 kb SV and pyrethroid resistance phenotype. (E) Distribution of 814 

the combined genotypes of 6.5 kb SV and that of CYP6P9a after WHO bioassays with 0.75% 815 

permethrin showing that genotypes of both loci combined to increase the pyrethroid 816 

resistance. (F) Distribution of the combined triple genotypes of 6.5kb besides that of both 817 

P450s CYP6P9a and CYP6P9b after WHO bioassays with 0.75% permethrin showing that 818 

the triple resistance genotypes combined to further increase the pyrethroid resistance 819 

 820 

Figure 3: Investigation of the enhancer role of the 6.5kb SV using comparative gene 821 

expression profile of the three SV genotypes on CYP6P9a and CYP6P9b: (A) Schematic 822 

representation of the three 6.5kb SV genotypes expected in An. funestus mosquitoes during 823 

the crossing process. (B) Experimental design of the crossing between the pyrethroid resistant 824 

strain FUMOZ-R (with 100% SV) and the fully susceptible FANG (no SV) up to the F3 825 

generation. Expected segregation of genotypes is shown. (C) Differential qRT-PCR 826 

expression for different insertion genotypes of two cytochrome P450 genes at the immediate 827 

vicinity of the 6.5 kb SV. Error bars represent standard deviation (n = 3).  P<0.05 is 828 

represented by *, ** for p< 0.01, *** for p<0.001. 829 

 830 
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 831 

Figure 4: Geographical distribution of the 6.5 kb SV across Africa; (A) Map of Africa 832 

showing the genotypic distribution of the 6.5kb SV across the continent which correlated 833 

with the CYP6P9a_R and CYP6P9b_R allele distribution. (B) Histogram showing the 834 

frequency of the SV+ and SV- alleles across Africa revealing a clear gradient from 835 

Mozambique (100% SV+) to West/Central Africa (0% SV+). (C) Distribution of the 836 

combined genotypes CYP6P9a, CYP6P9b and 6.5kb SV in Tanzania and DRC Mikalayi 837 

showing and extensive segregation of the genotypes to these loci in the field. 838 
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 839 

Figure 5: Impact of the 6.5 kb enhancer on the efficacy of insecticide-treated nets using 840 

experimental hut trials: (A) Distribution of 6.5kb SV genotypes among mosquitoes that 841 

survive exposure to PermaNet 2.0 (P2) and PermaNet 3.0 (side) (P3) and those that died 842 

using cone assays showing an increase ability to withstand exposure to bed net when 843 

possessing one and two copies of the 6.5 kb SV. (B) Distribution of 6.5 kb SV genotypes 844 

between dead and alive mosquitoes after exposure to PermaNet 2.0 net in huts showing that 845 

the 6.5 kb SV significantly allows mosquitoes to survive exposure to this bed net. (C) 846 

Correlation between frequency of 6.5 kb SV alleles and ability to survive exposure to 847 

PermaNet 2.0. (D) Distribution of the 6.5 kb SV genotypes between blood fed and unfed 848 

mosquitoes after exposure to the PBO-based net PermaNet 3.0 in huts showing that SV+ 849 

allele increases the ability to take a blood meal even for PBO-based nets. 850 

 851 

 852 
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 853 

Figure 6: The 6.5 kb SV combines with both CYP6P9a_R and CYP6P9b_R P450 alleles 854 

to further reduce the efficacy of insecticide-treated nets: (A) Distribution of combined 855 

genotypes for the 6.5 kb SV CYP6P9a and CYP6P9b showing that three markers combine to 856 

increase survivorship in the presence of PermaNet 2.0. (B) Ability to survive exposure to 857 

PermaNet 2.0 for the various combined genotypes for the 6.5 kb SV CYP6P9a and CYP6P9b. 858 

*P < 0.05, **P < 0.01, ***P < 0.001. (C) Distribution of  the combined genotypes for the 6.5 859 

kb SV, CYP6P9a and CYP6P9b  in mosquitoes collected after exposure to PermaNet 3.0 in 860 

huts show that the 3 loci combine to increase blood feeding ability. (D) The triple 861 

RR/RR/SV+SV+ homozygote mosquitoes for the 6.5 kb SV, CYP6P9a and CYP6P9b exhibit 862 

a greater blood feeding ability than other genotypes. (E) Impact of bed net scale up in 863 

Mozambique on selection of the 6.5 kb SV, CYP6P9a and CYP6P9b genotypes with no triple 864 

homozygote genotype before (Pre Moz) and 100% after (Post Moz) scale-up of insecticide-865 

treated nets  866 
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Tables 867 

Table 1: Correlation between genotypes of the 6.5kb SV and ability to survive exposure to 868 

PermaNet 2.0 in experimental huts using unfed samples. 869 

Genotype comparison OR CI P value 

6.5 SV 

SV+/SV+ vs SV-/SV- 27.7 13.0-59.0 P < 0.0001 

SV+/SV+ vs SV+/SV- 3.7 1.9-7.1 P = 0.0001 

SV+/SV- vs SV-/SV- 7.5 3.8-14.8 P < 0.0001 

SV+ vs SV- 5.8 3.1-10.7 P < 0.0001 

CYP6P9a/SV 

RR/SV+SV+ vs SS/SV-SV- 17.2 7.8-38.2 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 8.6 3.9-19.0 P < 0.0001 

RR/SV+SV+ vs RS/SV+SV- 2.0 1.1-3.5 P = 0.0163 

CYP6P9b/SV 

RR/SV+SV+ vs SS/SV-SV- 1936.0 111.1-33734.8 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 22.5 10.1-50.4 P < 0.0001 

RR/SV+SV+ vs RS/SV+SV- 91.1 5.5-1513.9 P = 0.0017 

CYP6P9a/CYP6P9b/SV 

RR/RR/SV+SV+ vs SS/SS/SV-SV- 2505.8 141.1-44486.7 P < 0.0001 

RS/RS/RS vs SS/SS/SV-SV- 19.9 8.4 -47.4 P < 0.0001 

RR/RR/RR vs RS/RS/SV+SV- 134.6 8.1-2228.4 P = 0.0006 

  870 
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Table 2: Correlation between genotypes of the 6.5kb SV and ability to blood-feed when 871 

exposed to PermaNet 3.0 in experimental huts. 872 

Genotype comparison OR CI P value 

6.5 SV 

SV+/SV+ vs SV-/SV- 355.2 21.4-5889.4 P < 0.0001 

SV+/SV+ vs SV+/SV- 2.6 1.3-4.0 P = 0.0048 

SV+/SV- vs SV-/SV- 158.3 9.6-2620.0 P = 0.0004 

SV+ vs SV- 2.5 1.4-4.4 P = 0.0020 

CYP6P9a/SV 

RR/SV+SV+ vs SS/SV-SV- 4.5 2.5-8.2 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 2.0 1.1-3.6 P = 0.0205 

RR/SV+SV+ vs RS/SV+SV- 2.3 1.3-4.0 P = 0.0047 

CYP6P9b/SV 

RR/SV+SV+ vs SS/SV-SV- 4.5 2.5-8.3 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 2.3 1.3-4.1 P = 0.0062 

RR/SV+SV+ vs RS/SV+SV- 2.0 1.1-3.6 P = 0.0159 

CYP6P9a/CYP6P9b/ SV 

RR/RR/SV+SV+ vs SS/SS/SV-SV- 5.0 2.7-9.0 P < 0.0001 

RS/RS/RS vs SS/SS/SV-SV- 2.1 1.2-3.7 P = 0.0141 

RR/RR/RR vs RS/RS/SV+SV- 2.4 1.3-4.3 P = 0.0029 

 873 

  874 
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 875 

 876 

S1 Fig: Insertion of a 6.5kb intergenic fragment between CYP6P9a and CYP6P9b in 877 

southern African mosquitoes. (A) IGV screenshot showing the left breakpoint of the 878 

insertion in FUMOZ-R (upper) and FANG (lower) reads. The large number of “soft-clipped” 879 

reads (all clipped bases shown in colour in the reads) indicates the putative breakpoint. In 880 

FUMOZ, some reads are left-clipped at BAC sequence positions 37409/37410.  In FANG, 881 

some reads are left-clipped at the same position, and some right-clipped at 37404/37405. (B) 882 

IGV screenshot showing the right breakpoint of the insertion in FUMOZ-R (upper) and 883 

FANG (lower) reads. In FUMOZ, some reads are right-clipped at BAC positions 884 

43954/43955. In FANG, some reads are right-clipped and some left-clipped at the same 885 

positions. In addition, in FANG there are right-clipped reads at 44053/44054 and left-clipped 886 

reads at 44070/44071.  887 
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 888 

S2 Fig:  Genomic context of the “parent” region from which the CYP6 insertion was 889 

derived.  (A) Anopheles funestus CM012071.1 :8,296,288-8,555,956 at the top, showing the 890 

region inserted into the CYP6 cluster in the red box.  (B) is the orthologous region in 891 

Anopheles gambiae at chromosome 2R:28217050-28291000. (C) The 6.5 kb insertion comes 892 

from a transcribed region of the genome.  IGV screenshot showing a representative RNAseq 893 

alignment (FUMOZ) against the AfunF1 genome assembly in the insertion “parent” region. 894 

Annotated genes are indicated by blue boxes at the bottom of the image. RNAseq reads 895 

aligned to the negative strand are shown in blue and to the positive strand in red. Thin lines 896 

indicate reads spanning an intron. A large region, including three micro-RNAs, is transcribed 897 

on the negative strand. Splicing is seen near the 5’ end, around mir-317. The true pattern of 898 

splicing may be hidden by the assembly gap within the transcribed region. (D) PCR 899 

amplification of the 8.2kb (FUMOZ-R) and 1.7kb (FANG) intergenic fragment between 900 

CYP6P9a and CYP6P9b for subsequent cloning and sequencing. 901 
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 902 

S3 Fig: Illustration of the segregation of the genotypes of the 6.5kb SV with those of the 903 

duplicated P450 CYP6P9a and CYP6P9b in Democratic Republic of Congo (DRC) and 904 

Tanzania. (A) Contrasting genotypic distribution between West (Kinshasa) and East 905 

(Mikalayi) populations from DRC. (B) Segregation of genotypes at the three loci in 906 

Bagamoyo in Tanzania. 907 
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 908 

S4 Fig: Impact of the 6.5kb enhancer on the ability to survive and blood feed in the 909 

presence of PermaNet 2.0 and PermaNet 3.0 in experimental hut trials: (A) Distribution 910 

of the 6.5kb SV among mosquitoes alive and dead after exposure to PermaNet 3.0 (B) 911 

Distribution of the 6.5kb SV genotypes between mosquitoes that bloodfed in presence of 912 

PermaNet 2.0. (C) Distribution of the combined genotype for the CYP6P9a, CYP6P9b and 913 

6.5kb SV among mosquitoes alive and dead after exposure to PermaNet 3.0. (D) Prevalence 914 

of combined genotypes of CYP6P9a, CYP6P9b and 6.5kb SV in blood-fed and unfed 915 

mosquitoes for PermaNet 2.0 showing no significant difference.  916 
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 917 

S5 Fig: Combined effects of 6.5kb and each of the P450 genes CYP6P9a and CYP6P9b 918 

using cone assays: (A) Distribution of the combined genotypes of 6.5kb SV and CYP6P9a 919 

showing that both genotypes combined to increase the ability to withstand PermaNet 2.0 920 

exposure and  (B) for PermaNet 3.0. (C) is the same for SV with CYP6P9b for PermaNet 2.0 921 

also showing that both SV/CYP6P9b genotypes combined to increase the ability to withstand 922 

PermaNet 2.0 exposure. (D) Distribution of the combined genotypes of 6.5kb SV and 923 

CYP6P9b showing that both genotypes combined to increase the ability to withstand 924 

exposure to PermaNet 3.0 (side). (E) Distribution of the combined genotypes for the 925 

CYP6P9a, CYP6P9b and 6.5kb SV among mosquitoes alive and dead after exposure to 926 

PermaNet 2.0. (F) is the distribution for the combined genotypes of all three loci for 927 

PermaNet 3.0 (side). 928 
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 929 

S6 Fig: 6.5kb SV combines with CYP6P9a to further reduce the efficacy of insecticide-930 

treated nets (A) Distribution of the combined genotypes of both CYP6P9a and 6.5kb SV 931 

showing that genotypes at both genotypes combined to additively increase the ability to 932 

survive after exposure to PermaNet 2.0. (B) Ability to survive exposure to PermaNet 2.0 933 

(Odds ratio) of the double homozygote resistant (RR/SV+SV+) genotypes of CYP6P9a and 934 

6.5kb SV compared to other genotypes supporting the additive resistance effect of both genes. 935 

(C) Distribution of the combined genotypes of both CYP6P9a and 6.5 kb SV after exposure to 936 

PermaNet 3.0 revealing an additive effect of both genes in increasing ability to blood feed. 937 

(D) Comparison of blood feeding ability of combined genotypes of CYP6P9a and 6.5 kb SV  938 

showing a significantly higher ability (odd ratio) to blood feed for mosquitoes double 939 

homozygote resistant (RR/RR). 940 
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 941 

S7 Fig: The 6.5kb SV combines with CYP6P9b to further reduce the efficacy of 942 

insecticide-treated nets (A) Distribution of the combined genotypes of both CYP6P9b and 943 

6.5 kb SV  showing that genotypes at both genotypes combined to additively increase the 944 

ability to survive after exposure to PermaNet 2.0. (B) Ability to survive exposure to 945 

PermaNet 2.0 (Odds ratio) of the double homozygote resistant (RR/RR) genotypes of 946 

CYP6P9b and 6.5 kb SV  compared to other genotypes supporting the additive resistance 947 

effect of both genes. (C) Distribution of the combined genotypes of both CYP6P9b and 6.5 kb 948 

SV after exposure to PermaNet 3.0 revealing an additive effect of both genes in increasing 949 

ability to blood feed. (D) Comparison of blood feeding ability of combined genotypes of 950 

CYP6P9b and 6.5 kb SV  showing a significantly higher ability (odd ratio) to blood feed for 951 

mosquitoes double homozygote resistant (RR/RR). 952 
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 953 

S8 Fig: Contrasting distribution of genotypes of the 6.5kb SV and that of CYP6P9a and 954 

CYP6P9b before the scale up of bed nets in Mozambique (2002) and after the scale up 955 

(2016) showing that these alleles have been selected to fixation in south Mozambique. 956 
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S1 Table:  Counts of reads aligned at the left and right breakpoints of the 6.5 kb insertion supporting different haplotypes: “Insertion”=insertion present 957 

between CYP6P9a and b; “Deletion”=insertion absent between CYP6P9a and b; “Parental”=read originating from elsewhere in the genome, from where the 958 

inserted sequence was derived. 959 

 960 

Location/Colony Year Genomes Insertion (left) Insertion (right) Deletion (left) 
Deletion 

(right) 

“Parental” 

(left) 

“Parental” 

(right) 

FUMOZ n/a 38 43 44 0 0 22 16 

FANG n/a 40 0 0 24 30 15 23 

Malawi 2014 40 11 15 0 1 9 12 

Uganda 2014 40 0 0 17 24 22 22 

Cameroon 2014 40 0 0 15 20 21 20 

Benin 2015 40 0 0 24 20 18 30 

Ghana 2014 40 0 0 19 18 13 14 

 961 

 962 
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S2 Table: Correlation between genotypes of the 6.5kb SV and pyrethroid resistance phenotype after WHO bioassays and additive effect to CYP6P9a and 964 

CYP6P9b 965 

 966 

Genotype comparison OR CI P value 

6.5 kb SV 

SV+SV+ vs SV-SV- 2079.4 109.7 -39422.6 P<0.0001 

SV+SV+ vs SV+SV- 4.8                 0.2-102.6 P<0.0001 

SV+SV- vs SV-SV- 600.3 106.2-3391.6 P<0.0001 

SV+ vs SV- 242.4 32.3-1821.1 P<0.0001 

CYP6P9a/SV 

RR/SV+SV+ vs SS/SV-SV- 1300.2 59.7-28314.5 P<0.0001 

RS/SV+SV- vs SS/SV-SV- 1445.5 198.3-10536.9 P<0.0001 

RR/SV+SV+ vs RS/SV+SV- 1.3 0.1-30.3 P=0.8355 

CYP6P9b/SV 

RR/SV+SV+ vs SS/SV-SV- 906.2 40.9-20060.3 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 4137 195.0-87777.5 P < 0.0001 

RR/SV+SV+ vs RS/SV+SV- 0.219 0.0041 to 11.6247 P = 0.4536 

SV/CYP6P9a/CYP6P9b 

RR/RR/SV+SV+ vs SS/SS/SV-SV- 748.6 33.4360 to 16760.4431 P < 0.0001 

RS/RS/SV+SV-RS vs SS/SS/SV-SV- 3979.4 187.5 to 84473.7 P < 0.0001 

RR/RR/SV+SV+ vs RS/RS/SV+SV- 0.2 0.0035 to 10.1 P = 0.4107 

 967 
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S3 Table: Correlation between genotypes of the 6.5kb SV and pyrethroid resistance phenotype after PermaNet 2.0 cone assays and additive effect to 969 

CYP6P9a and CYP6P9b 970 

 971 

Genotype comparison OR CI P 

6.5 kb SV 

SV+SV+ vs SV-SV- 1798.3 97.6 -33141.8 P<0.0001 

SV+SV+ vs SV+SV- 7.4 2.6-21.5 P<0.0002 

SV+SV- vs SV-SV- 261.5 15.4-4447.3 P<0.0001 

SV+ vs SV- 27.7 13.0-59.0 P<0.0001 

SV/CYP6P9a 

RR/SV+SV+ vs SS/SV-SV- 12727 248.1-652982.0 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 281.9 16.5-4827.0 P = 0.0001 

RR/SV+SV+ vs RS/SV+SV- 45.1 2.6-777.4 P = 0.0087 

SV/CYP6P9b 

RR/SV+SV+ vs SS/SV-SV- 11929 232.3-612667.4 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 336.1 19.5-5780.6 P = 0.0001 

RR/SV+SV+ vs RS/SV+SV- 35.5 2.0-615.4 P = 0.0142 

SV/CYP6P9a/CYP6P9b 

RR/RR/SV+SV+ vs SS/SS/SV-SV- 10439 203.0-536880.0 P < 0.0001 

RS/RS/SV+SV- vs SS/SS/SV-SV- 243.5 14.2-4168.1 P = 0.0001 

RR/RR/SV+SV+ vs RS/RS/SV+SV- 42.9 2.5-740.6 P = 0.0097 
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 973 

S4 Table: Correlation between genotypes of the 6.5kb SV and pyrethroid resistance phenotype after PermaNet 3.0 side cone assays and additive effect to 974 

CYP6P9a and CYP6P9b 975 

 976 

Genotype comparison OR CI P 

6.5 kb SV 

SV+SV+ vs SV-SV- 413.4 23.8-7190.2 <0.0001 

SV+SV+ vs SV+SV- 17.6 8.0-38.6 <0.0001 

SV+SV- vs SV-SV- 24.7 1.4-422.0 0.0 

SV+ vs SV- 12.1 5.8-25.5 <0.0001  

SV/CYP6P9a 

RR/SV+SV+ vs SS/SV-SV- 374.7 21.6-6490.1 <0.0001 

RS/SV+SV- vs SS/SV-SV- 25.9 1.5 to 443.2 0.0248 

RR/SV+SV+ vs RS/SV+SV- 15.2 6.9 to 33.5 <0.0001 

SV/CYP6P9b 

RR/SV+SV+ vs SS/SV-SV- 379.7 22.0-6575.3 <0.0001 

RS/SV+SV- vs SS/SV-SV- 26.4 1.5-450.9 0.0237 

RR/SV+SV+ vs RS/SV+SV- 15.0 6.9-32.6 <0.0001 

SV/CYP6P9a/CYP6P9b 

RR/RR/SV+SV+ vs SS/SS/SV-SV- 374.7 21.6-6490.1 <0.0001 

RS/RS/SV+SV- vs SS/SS/SV-SV- 25.8 1.5-443.2 0.0248 

RR/RR/SV+SV+ vs RS/RS/SV+SV- 15.2 6.9-33.5 <0.0001 
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S5 Table: Correlation between genotypes of the 6.5kb SV and ability to survive exposure to PermaNet 2.0 in experimental huts using all samples. 978 

Genotype comparison OR CI P 

6.5 SV 

SV+/SV+ vs SV-/SV- 27.7 13.0-59.0 P < 0.0001 

SV+/SV+ vs SV+/SV- 3.7 1.9-7.1 P = 0.0001 

SV+/SV- vs SV-/SV- 7.5 3.8-14.8 P < 0.0001 

SV+ vs SV- 5.8 3.1-10.7 P < 0.0001 

CYP6P9a/SV 

RR/SV+SV+ vs SS/SV-SV- 9.0 4.4-18.4 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 3.6 1.7-7.5 P = 0.0006 

RR/SV+SV+ vs RS/SV+SV- 2.5 1.4-4.4 P = 0.0019 

CYP6P9b/SV 

RR/SV+SV+ vs SS/SV-SV- 41.6 18.4-93.9 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 8.6 4.2 to 17.7 P < 0.0001 

RR/SV+SV+ vs RS/SV+SV- 4.8 2.5-9.5 P < 0.0001 

CYP6P9a/CYP6P9b/SV 

RR/RR/SV+SV+ vs SS/SS/SV-SV- 28.5 12.8-63.3 P < 0.0001 

RS/RS/SV+SV- vs SS/SS/SV-SV- 6 2.8-12.9 P < 0.0001 

RR/RR/SV+SV+ vs RS/RS/SV+SV- 4.8 2.6-8.7 P < 0.0001 
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S6 Table: Correlation between genotypes of the 6.5kb SV and ability to survive exposure to PermaNet 3.0 in experimental huts using unfed samples. 980 

Genotype comparison OR CI P 

6.5 SV 

SV+/SV+ vs SV-/SV- 370.9 22.4-6151.4 P < 0.0001 

SV+/SV+ vs SV+/SV- 4.1 2.3-7.5 P < 0.0001 

SV+/SV- vs SV-/SV- 158.3 9.6-2619.9995 P = 0.0004 

SV+ vs SV- 3.8 1.9-7.6 P = 0.0001 

CYP6P9a/SV 

RR/SV+SV+ vs SS/SV-SV- 423.6 25.5-7036.2 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 118.7 7.2-1967.5 P = 0.0009 

RR/SV+SV+ vs RS/SV+SV- 3.6 2.0-6.5 P < 0.0001 

CYP6P9b/SV 

RR/SV+SV+ vs SS/SV-SV- 4.5 2.5-8.3 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 2.3 1.3-4.1 P = 0.0062 

RR/SV+SV+ vs RS/SV+SV- 2.0 1.1-3.6 P = 0.0159 

CYP6P9a/CYP6P9b/SV 

RR/RR/SV+SV+ vs SS/SS/SV-SV- 423.6 25.5-7036.2 P < 0.0001 

RS/RS/SV+SV- vs SS/SS/SV-SV- 118.7 7.2-1967.5 P = 0.0009 

RR/RR/SV+SV+ vs RS/RS/SV+SV- 3.6 2.0-6.5 P < 0.0001 
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 983 

S7 Table: Correlation between genotypes of the 6.5kb SV and ability to survive exposure to PermaNet 3.0 in experimental huts using all samples. 984 

Genotype comparison OR CI P 

6.5 SV 

SV+/SV+ vs SV-/SV- 443.5 26.7-7369.5 P < 0.0001 

SV+/SV+ vs SV+/SV- 4.1 2.3-7.5 P < 0.0001 

SV+/SV- vs SV-/SV- 108.9 6.6-1807 P = 0.0011 

SV+ vs SV- 3.8 1.9-7.6 P = 0.0001 

CYP6P9a/SV 

RR/SV+SV+ vs SS/SV-SV- 511.3 30.7-8512.7 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 79.0 4.7-1315.5 P = 0.0023 

RR/SV+SV+ vs RS/SV+SV- 6.6122 3.6-12.3 P < 0.0001 

CYP6P9b/SV 

RR/SV+SV+ vs SS/SV-SV- 511.3 30.7-8512.7 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 118.7 7.2-1967.5 P = 0.0009 

RR/SV+SV+ vs RS/SV+SV- 4.3 2.4-7.8 P < 0.0001 

SV/CYP6P9a/CYP6P9b 

RR/RR/SV+SV+ vs SS/SS/SV-SV- 537.2 32.2-8950.6 P < 0.0001 

RS/RS/SV+SV- vs SS/SS/SV-SV- 82.9 5.0-1379.7 P = 0.0021 

RR/RR/SV+SV+ vs RS/RS/SV+SV- 6.6 3.6-12.7 P < 0.0001 
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S8 Table: Correlation between genotypes of the 6.5kb SV and ability to blood-feed in the presence of PermaNet 2.0 in experimental huts 987 

Genotype comparison OR CI P 

6.5 SV 

SV+/SV+ vs SV-/SV- 2.1 1.2-3.8 P = 0.0101 

SV+/SV+ vs SV+/SV- 0.8 0.5-1.4 P = 0.3956 

SV+/SV- vs SV-/SV- 2.7 1.5-4.8 P = 0.0007 

SV+ vs SV- 1.3 0.8-2.3 P = 0.3226 

CYP6P9a/SV 

RR/SV+SV+ vs SS/SV-SV- 4.1 2.3-7.4 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 2.7 1.5-4.8 P = 0.0007 

RR/SV+SV+ vs RS/SV+SV- 1.5 0.9-2.7 P = 0.1480 

CYP6P9b/SV 

RR/SV+SV+ vs SS/SV-SV- 405 24.4-6723.3 P < 0.0001 

RS/SV+SV- vs SS/SV-SV- 265.7 16.1-4397.7 P = 0.0001 

RR/SV+SV+ vs RS/SV+SV- 1.5 0.9-2.7 P = 0.1461 

SV/CYP6P9a/CYP6P9b 

RR/RR/SV+SV+ vs SS/SS/SV-SV- 2.3 1.3-4.0 P = 0.0047 

RS/RS/SV+SV- vs SS/SS/SV-SV- 1.5 0.9-2.7 P = 0.1462 

RR/RR/SV+SV+ vs RS/RS/SV+SV- 1.7 1.0-3.0 P = 0.0620 
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