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Abstract
Metabolic resistance to pyrethroids driven by cytochrome P450s is threatening malaria control interventions and 
may provide cross-resistance to insecticides with unrelated modes of action. Here, we show that cytochrome 
P450 genes CYP6P9a/b associated with pyrethroid resistance in Anopheles funestus also confer cross-resistance to a 
novel mitochondrial complex I inhibitor insecticide, code-named Sherlock. Using standard bioassays (CDC bottle 
bioassays, WHO cone bioassays, and WHO tunnel tests), the Sherlock and pyrethroid insecticides were tested 
against pyrethroid-resistant An. gambiae s.s. (Nkolondom, Cameroon) and An. funestus s.s. (Mibellon, Cameroon) and 
FUMOZ-R). Molecular assays (genotyping of P450 markers and qRT-PCR expression) were performed to investigate 
the underlying resistance mechanisms and cross-resistance in An. funestus. Field sampled strains of An. gambiae s.s. 
and An. funestus s.s. from Cameroon were fully susceptible to Sherlock, whereas moderate resistance was observed 
in the FUMOZ-R An. funestus strain. Genotypic analysis of hybrid mosquitoes demonstrated a correlation between 
pyrethroid-resistance markers and reduced susceptibility to Sherlock. Individuals carrying one CYP6P9a_R allele 
had significantly higher odds of surviving exposure to Sherlock compared to those lacking this allele, as evidenced 
by CDC bottle bioassays (1xDC: OR = 5.3, CI = 2.7–9.8, p < 0.0001; 5xDC: OR = 18.6, CI = 7.8–46.4, p < 0.0001)), cone 
bioassays (OR = 5.1, CI = 2.7–9.8, p < 0.0001), and tunnel tests (OR = 6.6, CI = 3.4–12.6 p < 0.0001). qRT-PCR analysis 
revealed elevated expression of CYP6P9a in surviving hybrid mosquitoes exposed to Sherlock and permethrin, 
as observed in CDC bottle bioassays (1xDC: FC = 24.7; 5xDC: FC = 45.6; permethrin: FC = 35.4) and cone bioassays 
(FC = 9.8; FC = 4.8, respectively). These findings were consistent with the patterns of CYP6P9b and the 6.5 kb 
insertion. The L119F_GSTe2 pyrethroid resistance marker did not confer cross-resistance to Sherlock. These findings 
highlight the importance of considering cross-resistance patterns in the development and deployment of new 
insecticides for malaria vector control.
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Background
Malaria remains a major debilitating disease that contin-
ues to plague the tropical world and was responsible for 
over 597,000 deaths and approximately 263 million cases 
in 2023 [1]. Efforts to reduce the malaria burden rely 
extensively on better diagnosis and treatment of malaria, 
and mosquito vector control involving the scale-up of 
interventions including indoor residual spraying (IRS), 
and insecticide-treated nets (ITNs), with many of the 
products including pyrethroid insecticides [1]. The scale-
up of vector control interventions, especially ITNs, has 
been shown to result in a significant decrease in malaria 
cases across sub-Saharan Africa [2]. This, however, has 
been accompanied by increased insecticide selection 
pressure which has resulted in the evolution and spread 
of resistance mechanism to the pyrethroid class of insec-
ticides [3–7]. There have been reports not only failures of 
pyrethroid-based control interventions but also of cross-
resistance to other classes of insecticides with unrelated 
modes of action [8–12]. This has contributed to the stall-
ing of the progress in reducing global malaria incidence 
and mortality rates against the target of an at least 90% 
reduction by 2030 [1, 13–15]. This has reinforced the 
need for malaria control programmes to implement 
resistance management strategies to preserve the effec-
tiveness of current and future vector control tools [1].

One route to insecticide resistance management is 
the use of new insecticides with novel modes of action 
in addition to current insecticides, to sustain the effec-
tiveness of ITN and IRS interventions [3]. Accordingly, 
the Global Plan for Insecticide Resistance Management 
(GPIRM) encouraged manufacturers or Product Devel-
opment Partnerships such as the Innovative Vector 
Control Consortium (IVCC) to develop products con-
taining insecticides novel to vector control to help man-
age resistance [13, 16]. IVCC, which was established in 
2005, is integral to facilitating the development of novel 
insecticide products with the aspiration of eliminat-
ing malaria by managing resistance and, hence, main-
taining the effectiveness of vector control tools [3, 17]. 
Many of the insecticides currently used in public health 
have been repurposed from crop protection or animal 
health. IVCC has also engaged with several agrochemi-
cal companies to generate a pipeline of novel insecticides 
for use in vector control products [3, 17]. As these novel 
vector control products exit the development pipeline, 
it is important that they be integrated into resistance 
management strategies [3, 17, 18]. The development of 
a new insecticide is a high-risk venture with high costs 
of development and long timelines from initial screening 
through to product launch [16]. It is, therefore, important 
to adopt strategies to detect and screen out compounds 
that can’t meet the target product profile before signifi-
cant resources have been devoted to its development. 

One cost-efficient approach is to evaluate the efficacy of 
novel compounds of interest against pyrethroid resistant 
vector strains and wild populations to assess the risk of 
cross-resistance via the mechanisms of resistance they 
possess [16, 19]. This will help save time and money by 
stopping the further development of compounds already 
vulnerable to cross-resistance in some mosquito popula-
tions. Furthermore, growing reports of the escalation of 
resistance to pyrethroids might be associated with the 
selection of resistance mechanisms conferring a broader 
spectrum of cross-resistance to insecticides with other 
modes of action, including those still under develop-
ment. Among known pyrethroid resistance mechanisms, 
metabolic resistance driven by upregulated cytochrome 
P450s (CYPs) is more likely to confer cross-resistance to 
a broad range of compounds owing to the ability of these 
enzymes to detoxify a range of substrates [20, 21]. This 
highlights the risk of cross-resistance to other insecti-
cide classes, including Mitochondrial Complex I inhibi-
tors [19]. Lees et al. (2020) used in vitro depletion assays 
to show that some Complex I inhibitor insecticides were 
highly susceptible to metabolism by pyrethroid resis-
tance-associated CYPs, such as CYP6M2 and CYP6P3 
in An. gambiae and CYP6P9a in An. funestus. Further-
more, transgenic mosquitoes overexpressing these CYPs 
exhibited reduced mortality, whereas piperonyl-butoxide 
(PBO)-synergist assays restored susceptibility, confirm-
ing the role of CYP-based metabolic cross-resistance 
[19]. Recent research has led to the detection of several 
DNA markers of resistance in detoxification enzymes in 
some malaria vector species, particularly An. funestus [9, 
22–26]. These markers include those from the tandemly 
duplicated P450 genes CYP6P9a/b [24, 25] shown to con-
fer pyrethroid resistance through allelic variation [27] 
and overexpression [28]. Furthermore, structural variants 
(SV) associated with enhanced expression of CYPs have 
also been detected including a 6.5 kb insertion in the pro-
moter region of CYP6P9a [26], providing further meth-
ods to detect CYP-based resistance and assess its role in 
cross-resistance, as recently shown against carbamates 
[10].

This study aimed to establish a susceptibility profile of 
pyrethroid-resistant field collected and laboratory strains 
to a novel mitochondrial complex I inhibitor insecticide 
(Sherlock) under development by IVCC. The study evalu-
ated the efficacy of Sherlock (active ingredient and in 
insecticide-treated nets) using CDC bottle assays, WHO 
cone bioassays and tunnel tests. The molecular basis of 
resistance and cross-resistance in pyrethroid-resistant 
strains generated from these assays was assessed using 
previously established DNA-based pyrethroid-resistance 
markers. Using CDC bottle assays, we demonstrated that 
the pyrethroid-resistant An. funestus strain FUMOZ-
R laboratory strain was cross-resistant to the Sherlock 
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insecticide, whereas pyrethroid-resistant An. gambiae s.s. 
and An. funestus s.s. strains sampled from populations 
in Cameroon were largely susceptible. We also observed 
a lower efficacy of Sherlock-impregnated ITNs against 
An. funestus s.s. laboratory strains. Efforts to delimit 
the molecular basis of this resistance demonstrated a 
strong correlation between the duplicated CYP6P9a/b 
genes associated with pyrethroid resistance; and the 
survival of An. funestus s.s. mosquitoes following expo-
sure to Sherlock. This investigation not only elucidated 
the pivotal role of key pyrethroid resistance-associated 
CYP genes (CYP6P9a/b) in reducing susceptibility to the 
novel insecticide Sherlock but also highlighted the util-
ity of integrating standard bioassays with molecular diag-
nostics as a cost-effective strategy to assess the biological 
efficacy and vulnerability to cross-resistance of insecti-
cidal compounds during early-stage development.

Methods
Mosquito strains
Field strains: Two pyrethroid-resistant field strains col-
lected in Cameroon were used to assess susceptibility 
to the mitochondrial complex I inhibitor, Sherlock: An. 
gambiae s.s. from Nkolondom (3o57′05″, 11 o 29′24″) 
[29] and An. funestus s.s. from Mibellon (6o46’N, 11o70’E) 
[12], a village in the Adamawa region (Mayo Banyo 
division). The larvae of An. gambiae s.s. (F0) were col-
lected from breeding sites and brought to the Centre 
for Research in Infectious Diseases (CRID) laboratory 
in Yaoundé, where they were reared to the adult stage 
using Tetramin™ fish food. The F0 adults obtained were 
aspirated with a mouth aspirator into an adult cage and 
provided with a 10% sugar solution in preparation for use 
in susceptibility bioassays. Blood-fed indoor resting adult 
females of An. funestus s.s. (F0) were collected using an 
electric aspirator from homes (with consent from occu-
pants) and put into paper cups. The collected adults were 
brought to the laboratory and maintained in cages for 
5 days to allow for egg maturation. The fully gravid adult 
F0 females were subjected to forced oviposition [30] to 
obtain the F1 progeny that were then reared to the adult 
stage as previously described [30].

Lab strains: Two pyrethroid-resistant laboratory strains 
of An. funestus were colonised in CRID’s insectary; 
FUMOZ-R which was originally colonised from southern 
Mozambique and selected with 0.1% lambda-cyhalothrin 
to generate this highly pyrethroid resistant strain[31] 
and a hybrid strain generated from reciprocal crosses 
between the highly pyrethroid-resistant FUMOZ-R strain 
(possessing the CYP6P9a_R and CYP6P9b_R alleles)) and 
the fully insecticide susceptible laboratory FANG strain 
(possessing the CYP6P9a_S and CYP6P9b_S alleles) 
which was originally colonised in 2002 from Colueque, 
Southern Angola [31, 32]. To allow for substantial genetic 

recombination events, the obtained F1 progeny were 
intercrossed and reared until the fourth generation (F4) 
[26]. The F4 hybrid strain, comprising a mixture of dif-
ferent genetic recombinations, was used to establish an 
association between the different genotypes of the meta-
bolic genes and the resistance phenotype (since these 
CYPs are fixed in the FUMOZ-R resistant strain).

Susceptibility profile of mosquito strains against 
pyrethroids and Sherlock insecticides
Three standard bioassays were used to assess the suscep-
tibility of field and laboratory strains to pyrethroids and 
to the Sherlock insecticide; CDC bottle bioassays, WHO 
cone bioassays, and WHO tunnel tests.

CDC bottle assays: To determine the susceptibility 
of field collected and laboratory strains to the Sherlock 
insecticide, a CDC bottle bioassay [33] was performed 
using bottles treated with the diagnostic concentration of 
Sherlock (1xDC; calculated as 3 × the LC95 for Sherlock in 
dose response bottle bioassays), and five times the diag-
nostic concentration (5xDC) for Sherlock (provided by 
IVCC). The strains were also exposed in bottles treated 
with permethrin (as a positive control) as well as a nega-
tive control bottle treated with only the solvent (acetone). 
Since the Sherlock insecticide bottles killed most of the 
mosquitoes exposed (except for the FUMOZ-R strain) 
using a 60 min exposure time, exposure time was reduced 
to 30  min to generate mosquito samples for genotyp-
ing and qRT-PCR (especially with hybrid strains having 
a reduced resistance background). Knockdown of mos-
quitoes was recorded 1-h post-exposure, and mortality 
was recorded 24  h post-exposure. Mosquitoes still alive 
at 24  h post-exposure were stored at −80  °C in RNAl-
ater® (Thermo Fisher Scientific, UK) whilst dead mos-
quito samples were stored at −20  °C in 80% ethanol for 
downstream analyses. Bioassays were conducted under 
standard laboratory conditions of 25 ± 2 °C and 75 ± 10% 
relative humidity (RH). Where mortality in acetone-only 
negative control bottles was > 5%, mortalities of mos-
quitoes exposed to insecticide-treated bottles were cor-
rected for control mortality using the Abbott’s formula 
[34].

WHO cone bioassays
The bio-efficacy of a prototype 0.7% incorporated Sher-
lock net formulation (provided by IVCC) against the 
field and laboratory strains was evaluated as previously 
described [35]. The strains were also exposed in cones to 
samples of WHO Prequalification Unit Vector Control 
Product Assessment Team (PQT/VCP) listed deltame-
thrin-treated ITNs: PermaNet 2.0 (55  mg/m2 (± 25%)) 
and PermaNet 3.0 (85 mg/m2 (± 25%) with PBO synergist 
(750 mg/m2) on the roof added to the insecticide), and, 
an untreated net was used as a control. Two to five (2–5) 
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days old unfed female mosquitoes were aspirated into 
paper cups (10 mosquitoes per cup) and tested against 
30 cm × 30 cm cut pieces of each net using plastic cones. 
After 3 min of exposure, mosquitoes were aspirated out 
of the cone, transferred back into paper cups and fed with 
cotton wool soaked with 10% sugar solution. The per-
centage mortality was recorded 24  h post-exposure. All 
net types were also tested against the insecticide-suscep-
tible An. gambiae s.s. Kisumu strain. Bioassays were con-
ducted under standard laboratory conditions of 25 ± 2 °C 
and 75 ± 10% RH and the samples were preserved as 
described above. Mortalities of mosquitoes exposed to 
insecticide-treated net samples were corrected for mor-
tality with untreated net samples using the Abbott’s for-
mula [34].

WHO tunnel tests
The WHO tunnel test was used to further evaluate the 
bio-efficacy of the different insecticide-treated nets 
against the field strain (Mibellon) and the laboratory 
strains (FUMOZ-R, FUMOZ-R/FANG F4 hybrids, and 
Kisumu) by evaluating the mortality and ability of host-
seeking mosquitoes to blood feed on an animal bait [35]. 
This test was conducted using a square tunnel made of 
glass panels with a size of 60 × 25 × 25  cm (L x W x H), 
following WHO guidelines [35] The tunnel has two com-
partments, one with the bait and the other in which the 
host-seeking mosquitoes are released to voluntarily cross 
a bed net barrier before reaching the animal bait. Sam-
ples of the different bed nets (0.7% incorporated Sherlock 
net, PermaNet 2.0 net, PermaNet 3.0 net (roof ), and an 
insecticide-free bed net) were cut into pieces measuring 
30 cm × 30 cm and nine holes (1 cm in diameter) were cut 
at an equidistance of 5 cm from the border, to allow the 
passage of mosquitoes. Tunnel tests bioassays were con-
ducted under standard laboratory conditions of 27 ± 2 °C 
and 75 ± 10% RH. One hundred (100) 5–8 days old unfed 
female mosquitoes were aspirated into paper cups before 
the tunnel apparatus was set up. They were briefly sugar-
starved before being released into the tunnel through 
the mosquito-release compartment. The mosquitoes 
were exposed to the cut sample of bed net overnight 
for 14  h (introduced at 19:00  h in the evening and col-
lected at 09:00 h the following morning) before mosquito 
knockdown was recorded. Mosquitoes were aspirated 
from each chamber of the tunnel into paper cups. They 
were fed with cotton wool soaked in a 10% sugar solu-
tion; the mortality was recorded 24  h post-exposure. 
The live and dead mosquito samples were preserved as 
described above for downstream analyses. Mortalities of 
mosquitoes exposed in tunnels to insecticide-treated net 
samples were corrected for mortality with untreated net 
samples (mortality ≤ 20%) using Abbott’s formula[34].

Genotyping of pyrethroid-resistant markers; the 
L119F_GSTe2 DDT/pyrethroid-resistant marker in the 
field samples, and, 6.5 kb SV, CYP6P9a and CYP6P9b in the 
hybrid samples
Genomic DNA was extracted from whole mosquitoes 
as previously described [36]. Since the CYP-resistance 
markers are absent in the field populations from Cam-
eroon [26], the L119F_GSTe2 DDT/pyrethroid-resis-
tance marker was genotyped in bioassay-generated field 
samples using an allele-specific PCR assay previously 
described by [37]. The allele-specific primers discrimi-
nate between mosquitoes with either the L119- or the 
119F-GSTe2 alleles. While all individuals present a com-
mon band at 849 bp, 119F/F and L/L119 individuals pres-
ent specific bands at 523 bp and 312 bp, respectively. A 
PCR reaction for gene amplification was set up using 
Kapa Taq polymerase (Thermo Fisher). The thermal 
cycler conditions were set to an initial denaturation at 
95 °C (for 5 min), 35 successive cycles of 94 °C (30secs), 
58  °C (1  min) and 72  °C (45  s) and a final extension at 
72 °C (2 min).

The CYP-resistance markers were genotyped in 
FUMOZ-R/FANG F4 hybrid mosquitoes to establish 
whether there was a correlation between these markers 
and the mosquitoes’ ability to survive insecticide expo-
sure. A PCR amplification followed by a restriction frag-
ment length polymorphism (PCR–RFLP) assay was used 
to distinguish the R- and S- alleles of CYP6P9a [24] and 
CYP6P9b [25]. An amplified fragment of the target genes 
was digested with a restriction enzyme to produce sepa-
rate bands of the R allele (CYP6P9a: 350 bp and 100 bp; 
CYP6P9b: 550  bp) and the S -allele (CYP6P9a: 450  bp; 
CYP6P9b: 400 bp and 150 bp). The thermal cycler condi-
tions were set as follows; initial denaturation at 95 °C for 
5 min, 35 cycles of 94 °C (30 s), 58 °C (1 min) and 72 °C 
(45 s), and a final extension at 72 °C for 10 min. For the 
6.5 kb SV, allele-specific primers previously designed by 
Mugenzi et al., [26] were used to distinguish between 
mosquitoes with (596  bp) and without (266  bp) the SV. 
The PCR products were resolved on a 1.5% agarose gel 
and then visualized in an EnduroTMGDS gel documenta-
tion system.

The expression levels of metabolic genes
The level of expression of the pyrethroid detoxifica-
tion genes was assessed by qRT-PCR to establish a link 
between gene expression and cross-resistance to Sher-
lock in hybrid lab and field (Mibellon) strains of An. 
funestus. RNA was extracted from live mosquito samples 
stored in RNAlater® using the Arcturus™PicoPure™ RNA 
isolation kit (ThermoFisher Scientific, USA). The RNA 
extracts were reverse transcribed into complementary 
DNA (cDNA) using the SuperScriptTMIII Reverse Tran-
scriptase cDNA synthesis kit (Invitrogen). A qRT-PCR 
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was performed to compare the gene expression level in 
exposed, unexposed, and susceptible control groups 
using the Agilent MX3005P thermocycler (Agilent) as 
previously described [28]. The obtained CT values were 
then analysed by the comparative C(t) (2−ΔΔCT) method 
while being normalized to 2 housekeeping genes; Actin 
5C (AFUN006819-RA) and RSP7 (AFUN007153-RA) 
[38].

Statistical analysis
All the statistical analyses and graphical illustrations 
of the results were performed using GraphPad Prism 
8.0.2. Fisher’s exact test was performed to assess any sig-
nificant difference in the distribution of proportions for 
genotype contingency between the dead and alive mos-
quito groups. The odds ratio was used to measure the 
strength of the association between a resistance marker 
and the ability to survive insecticide exposure. The Stu-
dent’s t-test was performed to evaluate any significant 
difference between the means of the data obtained for 
the qPCR expression analyses. The results for the alpha 

values were considered significant if the p-value was less 
than 0.05.

Results
Susceptibility bioassays against strains
CDC bottle assays
The An. gambiae s.s. strain collected from Nkolondom 
was resistant to permethrin (mortality 45.5 ± 10.98%) but 
was fully susceptible to both Sherlock insecticide doses 
(1xDC and 5xDC) 24 h post-exposure (Fig. 1A). Similarly, 
field collected An. funestus s.s. from Mibellon were resis-
tant to permethrin (mortality 55 ± 7.2%) but were almost 
fully susceptible to Sherlock 1xDC (mortality 98 ± 0.9%) 
and Sherlock 5xDC (mortality 98.3 ± 1.1%). The FUMOZ-
R laboratory strain was also resistant to permethrin 
(mortality 82.6 ± 9.1%), but, unlike the field strains from 
Cameroon, it showed cross-resistance to Sherlock with 
lower mortality with both the 1xDC (85 ± 6.1%) and 
5xDC (66.6 ± 2.96%) (Fig. 1A). These findings suggest that 
the mosquitoes exhibit high-intensity cross-resistance 
to the Sherlock insecticide. The FUMOZ-R/FANG F4 
hybrids showed possible resistance to permethrin, with 

Fig. 1  Insecticide susceptibility profile of mosquito strains. A CDC bottle bioassay showing mortality of FUMOZ-R/FANG F4 hybrids, pyrethroid-resistant 
FUMOZ-R laboratory strain and sampled pyrethroid-resistant field strains of An. funestus s.s. (Mibellon) and An. gambiae s.s. (Nkolondom) B) CDC bottle 
bioassays showing the mortalities of both FUMOZ-R/FANG F4 hybrids and sampled pyrethroid-resistant An. funestus s.s. field strain (Mibellon) to perme-
thrin and Sherlock doses after 30 min and 60 min exposure. C WHO cone bioassay showing mortality of FUMOZ-R/FANG F4 hybrids, pyrethroid-resistant 
laboratory strain FUMOZ-R, sampled pyrethroid-resistant field strains of An. funestus s.s. (Mibellon) and the insecticide susceptible laboratory strain KISU-
MU D) WHO tunnel test showing mortality, blood feeding and inhibition of the FUMOZ-R/FANG F4 hybrids, FUMOZ-R pyrethroid-resistant laboratory 
strain, field collected An. funestus s.s. (Mibellon) and KISUMU susceptible strain to different bed nets (The error bars indicate the standard error of the 
mean). NM: No mortality, ND: No Data
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a mortality rate of 92 ± 1.1%. Similarly, mortality was 
93 ± 0.8% with the Sherlock 1xDC dose and 97 ± 0.97% 
with the 5xDC dose, compared to the negative control 
(solvent only) with no mortality (Fig. 1A). These results 
suggest that the resistance mechanisms reducing sus-
ceptibility to Sherlock are present in An. funestus s.s. 
FUMOZ-R but absent in the An. gambiae s.s. and An. 
funestus s.s. populations in Cameroon.

To facilitate further molecular analyses, such as geno-
typing and qRT-PCR, the exposure time to the differ-
ent insecticides was shortened to 30  min for a subset 
of FUMOZ-R/FANG F4 hybrids and field (Mibellon) 
An. funestus strains. With this reduced exposure, lower 
mortality rates were observed for permethrin, Sherlock 
1xDC, and Sherlock 5xDC. The mortality rates were 
as follows; for Mibellon, 29.3 ± 10%, 88.5 ± 4.1% and 
92.3 ± 1.6%, respectively, and for FUMOZ-R/FANG F4 
hybrids 73 ± 6.2%, 67 ± 4.6%, and 80 ± 5.1%, respectively 
(Fig. 1B, Table in Sup. 1a).

WHO cone bioassays
Cone bioassays with An. funestus sampled from the 
population in Mibellon presented low mortality rates 
24  h post-exposure with percentage mortality rates 
11 ± 3.1%, 17 ± 5.5%, and 9 ± 3.1% against 0.7% incorpo-
rated Sherlock net, PermaNet 2.0, and PermaNet 3.0 
(side), respectively, when compared to the control net 
(2 ± 1.2%). However, they all died (100% mortality) when 
exposed to the PBO-containing compartment of Perma-
Net 3.0 (roof ) (Fig.  1C). The bed nets showed low effi-
cacy (0% mortality) against the FUMOZ-R strain, except 
for PermaNet 3.0 (roof ) (100% mortality). All bed nets 
also showed low efficacy against the FUMOZ-R/FANG 
F4 hybrids with percentage mortalities of 17 ± 3.5%, 
21 ± 4.9%, and 32 ± 4.6% corresponding to PermaNet 2.0, 
Sherlock and PermaNet 3.0 (side), respectively, compared 
to the untreated net (2 ± 0.9%). The PBO-containing 
PermaNet 3.0 (roof ) killed 96 ± 4.5% of the exposed F4 
hybrids (Fig. 1C). This suggests a major role of CYP genes 
in conferring pyrethroid resistance in this strain. WHO 
cone bioassays were not performed with the An. gambiae 
field strain since we did not find any resistance to Sher-
lock in the bottle assays.

WHO tunnel tests
Mortalities: Overall, mortalities in the tunnel tests were 
significantly higher than those in the cone tests. Simi-
larly to the results from WHO cone bioassays, PermaNet 
2.0, 0.7% incorporated Sherlock and PermaNet 3.0 (roof ) 
showed a lower efficacy against the Mibellon strain 24 h 
post-exposure with mortalities of 45.8 ± 6%, 52.81 ± 9.3%, 
and 83.8 ± 3.7%, respectively. Similarly, the FUMOZ-R 
and hybrid strains had low mortality rates against Perma-
Net 2.0 and Sherlock net but not PermaNet 3.0 net (roof ) 

with percentage mortalities: for FUMOZ-R mortalities 
were 6.9%, 64.7% and 90.1%, respectively. The percent-
age mortalities for the FUMOZ-R/FANG F4 hybrids to 
these nets was 30 ± 7%, 72 ± 2% and 100 ± 0%, correspond-
ing to PermaNet 2.0, Sherlock net and PermaNet 3.0 
(roof ), respectively. These percentage mortalities were 
computed using only the unfed mosquitoes, to remove 
possible bias and artifacts resulting from blood-feeding 
stress. While PermaNet 3.0 (roof with PBO) induced 
high mortality rates against the susceptible Kisumu strain 
(98.3 ± 0.8%), mortality with PermaNet 2.0 and Sherlock 
nets was lower (75.3 ± 1.3%, and 87.9 ± 4.9%, respectively) 
(Fig. 1D).

Blood feeding and blood-feeding inhibition: Only 
10 ± 4.6% of the field strain (Mibellon) successfully blood-
fed through the PermaNet 2.0 bed net, whereas blood 
feeding was completely inhibited by both the Sherlock 
and PermaNet 3.0 (roof ) nets. This finding indicates that 
Sherlock meets the WHO criteria, as it performs as well 
as or better than the reference ITN (PermaNet 2.0) in 
preventing blood-feeding and inducing mortality [35]. 
In contrast, a greater proportion of Mibellon mosquitoes 
(53 ± 1.4%) were blood-fed when exposed in tunnels to 
the untreated control net.

For the FUMOZ-R strain, the blood-feeding rates were 
70.3% for PermaNet 2.0, 37.3% for Sherlock, and 27.5% 
for PermaNet 3.0 (roof ), whilst the blood-feeding rate 
was 83% for the untreated control net. Notably, all treated 
bed nets effectively reduced blood-feeding in FUMOZ-
R, with inhibition rates of 29.7% (PermaNet 2.0), 62.7% 
(Sherlock), and 72.5% (PermaNet 3.0 (roof )), relative to 
the control net (16.8%) (Fig. 1D).

A similar trend was observed with the FUMOZ-R/
FANG F4 hybrids, as more mosquitoes were able to 
cross through the untreated net barrier and blood feed 
(82 ± 2.7%), than those exposed to insecticide-impreg-
nated bed nets (PermaNet 2.0 (67 ± 9%) and Sherlock 
(19 ± 2%)). Moreover, the insecticide containing bed nets 
better inhibited the blood-feeding ability of FUMOZ-R/
FANG F4 hybrid mosquitoes (33 ± 9% (PermaNet 2.0) and 
81 ± 2% (Sherlock net)) than did the untreated bed net 
(18 ± 2.7%). No FUMOZ-R/FANG F4 hybrids were able 
to blood feed through PermaNet 3.0 (roof ) (Fig. 1D). All 
insecticide-treated nets inhibited > 80% of blood-feeding 
in the susceptible Kisumu strain, suggesting that resis-
tance mechanisms present in the other mosquito strains 
contributed to higher blood feeding success despite 
insecticide exposure.

Genotyping of pyrethroid-resistance markers; 6.5 kb SV, 
CYP6P9a and CYP6P9b in bioassay-generated samples
CDC bottle bioassays
The genotyping of 6.5  kb SV, CYP6P9a, and CYP6P9b 
resistance markers compared FUMOZ-R/FANG F4 
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hybrid samples from permethrin, Sherlock 1xDC, 
and Sherlock 5xDC exposures between survivors and 
non-survivors.

Correlation between the 6.5 kb SV and the bio-efficacy of the 
permethrin and Sherlock insecticide bottles
Comparative genotyping of the 6.5  kb SV in the dead 
and live mosquito samples revealed a strong correlation 
between the presence of the 6.5  kb SV and mosquito 
survival following insecticide exposure. The hybrids 
homozygous for the 6.5  kb SV (SV+/SV+) genotype had 
a greater chance of surviving exposure to the different 
insecticides than did the heterozygous individuals (SV+/
SV−) (permethrin (OR = 23.6; CI = 10.1–53.7; p < 0.0001), 
Sherlock 1xDC (OR = 7.96; CI = 3.9–16.0; p < 0.0001), 
Sherlock 5xDC (OR = 17.4; CI = 8.2–36.8; p < 0.0001)) and 
those homozygous for the absence of the SV (SV−/SV−) 
(permethrin (OR = 30.9; CI = 9–100.7; p < 0.0001), Sher-
lock 1xDC (OR = Inf.; CI = 15.3-Inf.; p < 0.0001) and Sher-
lock 5xDC (OR = Inf.; CI = 31.9-Inf., p < 0.0001)) (Table 1). 
This suggests that FUMOZ-R/FANG F4 hybrids with two 
SV+ alleles have an added advantage in surviving expo-
sure to these two insecticides (Figures of frequencies in 
Sup.1b).

Similarly, mosquitoes with SV+/SV− genotype were sig-
nificantly more likely to survive Sherlock exposure than 
were SV−/SV− at both the 1xDC (OR = Inf.; CI = 1.7-Inf.; 
p = 0.0088) and 5xDC (OR = Inf.; CI = 1.9-Inf.; p = 0.0058). 
However, no significant difference in survival was 
detected between SV+/SV− and SV−/SV− mosquitoes 
following permethrin exposure (OR = 1.3; CI = 0.3–4.9; 
p > 0.9999). Overall mosquitoes carrying the (SV+) inser-
tion had a significantly greater survival chance against 
permethrin (OR = 13.8, CI = 5.8 to 34.3, p < 0.0001), the 
Sherlock 1xDC (OR = 9.8, CI = 4.4 to 20.8, p < 0.0001), and 
Sherlock 5xDC (OR = 11.5, CI = 5.0–22.4, p < 0.0001) than 
those with SV− (Table 1).

Correlation between CYP6P9a and the bio-efficacy of the 
permethrin and Sherlock insecticide bottles
The genotyping of the CYP6P9a resistance marker in 
both surviving and dead mosquito samples revealed a 
similar pattern. Hybrids homozygous for the resistance 
allele (RR) had a significantly greater survival ability 
across all insecticide exposures compared to heterozy-
gous (RS) individuals (permethrin (OR = 21.9; CI = 9.9–
47.9; p < 0.0001), Sherlock 1xDC (OR = 4.3; CI = 2.2–7.8; 
p < 0.0001), and Sherlock 5xDC (OR = 22.3; CI = 9.7–46.6; 
p < 0.0001)). Similarly, RR hybrids had a significantly 
greater survival advantage over homozygous susceptible 
(SS) mosquitoes (permethrin (OR = 44.6; CI = 11.2–149; 
p < 0.0001), Sherlock 1xDC (OR = Inf.; CI = 17.3-Inf.; 
p < 0.0001), Sherlock 5xDC (OR = Inf.; CI = 45.0-Inf.; 
p < 0.0001)) (Table  1). These findings suggest that car-
rying two resistance alleles provide an added survival 
advantage against exposure to these two insecticides 
(Figures of frequencies in Sup. 1c).

Furthermore, hybrids with the RS genotype also sur-
vived insecticide exposure better than those with the 
SS genotype (Sherlock 1xDC (OR = Inf.; CI = 4.1-Inf.; 
p < 0.0001), Sherlock 5xDC (OR = Inf.; CI = 2.0-Inf.; 
p = 0.0045)) suggesting that having one allele of this gene 
is sufficient to confer some level of cross-resistance to 
the Sherlock insecticide. Similarly to the 6.5  kb SV, no 
significant difference in survival was observed between 
the RS and SS genotypes following permethrin exposure 
(OR = 2.0; CI = 0.6–6.98; p = 0.3919). However, the R allele 
in general had a greater chance of surviving insecticide 
exposure than did the S allele (permethrin (OR = 8.96; 
CI = 4.4–18.0; p < 0.0001), Sherlock 1xDC (OR = 5.3; 
CI = 2.7–9.8; p < 0.0001) and Sherlock 5xDC (OR = 18.6; 
CI = 7.8–46.4, p < 0.0001)) (Table 1).

Table 1  Correlation between the genotypes of the 6.5 kb SV, CYP6P9a and CYP6P9b and the ability of FUMOZ-R/FANG F4 hybrids to 
survive exposure to Permethrin, Sherlock 1xDC, and Sherlock 5xDC bottles ('Inf.’ Stands for ‘Infinite values’)

OR CI P value OR CIP value OR CI P value
6.5 kb CYP6P9a CYP6P9b

Permethrin RR vs SS 30.9 9.0–100.7  < 0.0001 44.6 11.2- 149.0  < 0.0001 23.5 6.3–78.3  < 0.0001
RS vs SS 1.31 0.3–4.9 > 0.9999 2.0 0.6–6.98 0.3919 2.0 0.6–6.9 0.389
RR vs RS 23.6 10.1–53.7 < 0.0001 21.9 9.9–47.9 < 0.0001 11.7 5.7–23.7 < 0.0001
R vs S 13.8 5.8–34.3 < 0.0001 8.96 4.4–18.0 < 0.0001 7.05 3.4–14.2 < 0.0001

Sherlock
1xDC

RR vs SS Inf 15.3-Inf < 0.0001 Inf 17.3-Inf < 0.0001 Inf 19.7–Inf < 0.0001
RS vs SS Inf 1.7-Inf 0.0088 Inf 4.1-Inf < 0.0001 Inf 2.8-Inf 0.0008
RR vs RS 7.96 3.9–16.0 < 0.0001 4.3 2.2–7.8 < 0.0001 7.8 3.95–14.9 < 0.0001
R vs S 9.8 4.4–20.8 < 0.0001 5.3 2.7 – 9.8 < 0.0001 5.7 2.9–10.6 < 0.0001

Sherlock
5xDC

RR vs SS Inf 31.9-Inf < 0.0001 Inf 45.0-Inf < 0.0001 Inf 86.2-Inf < 0.0001
RS vs SS Inf 1.9-Inf 0.0058 Inf 2.0-Inf 0.0045 Inf 2.7-Inf 0.0009
RR vs RS 17.4 8.2–36.8  < 0.0001 22.3 9.7–46.6 < 0.0001 34.8 13.4–86.1 < 0.0001
R vs S 11 5.0–22.4 < 0.0001 18.6 7.8–46.4 < 0.0001 11.5 5.5–23.3 < 0.0001
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Correlation between CYP6P9b and the bio-efficacy of the 
permethrin and Sherlock insecticide bottles
A similar trend was observed after genotyping CYP6P9b 
in the dead and alive samples which was strongly cor-
related with the reduced efficacy of the different insec-
ticides. Compared with those with the RS genotype, 
hybrids with the RR genotype were more likely to sur-
vive exposure to the different insecticides (permethrin 
(OR = 11.7; CI = 5.7–23.7; p < 0.0001), 1 × DC (OR = 7.8; 
CI = 3.95–14.9; p < 0.0001), 5xDC (OR = 34.8; CI = 18.4–
86.1; p < 0.0001)) and those with the SS genotype (per-
methrin (OR = 23.5; CI = 6.3–78.3; p < 0.0001), 1xDC 
(OR = Inf.; CI = 19.7-Inf.; p < 0.0001), 5xDC (OR = Inf; 
CI = 86.2-Inf.; p < 0.0001)) (Table  1). This suggests an 
added survival advantage for mosquitoes possess-
ing two R alleles. Hybrids having the RS genotype were 
more likely to survive compared to those in the SS geno-
type (1xDC (OR = Inf.; CI = 2.8-Inf.; p = 0.0008), 5xDC 
(OR = Inf.; CI = 2.7-Inf.; p = 0.0009)). For permethrin 
exposed, there was no significant difference between the 
RS and SS genotypes (OR = 2.0; CI = 0.6–6.9; p = 0.389). 
Overall, the R allele could better survive exposure com-
pared to the susceptible allele (permethrin (OR = 7.1; 
CI = 3.4–14.2; p < 0.0001), 1xDC (OR = 5.7; CI = 2.9–
10.6; p < 0.0001) and 5xDC (OR = 11.5; CI = 5.5–23.3, 
p < 0.0001)) (Table 1, Figures of frequencies in Sup. 1d).

The 6.5 kb SV, CYP6P9a and CYP6P9b combined to reduce 
insecticide efficacy
Combining the three markers conferred a survival advan-
tage, which was most pronounced at the highest dose 
of the Sherlock insecticide (5xDC). Overall, mosquitoes 
possessing triple homozygous resistance alleles at the 
three different loci (SV+/SV+/RR/RR) had the greatest 
chance of surviving exposure to the different insecticides 
(Fig. 2 A, B and C), compared to mosquitoes triple homo-
zygous without any resistant allele (SV-/SV-/SS/SS) (Per-
methrin (OR = 38.4; CI = 17.1–79.7; p < 0.0001), Sherlock 
1xDC (OR = Inf.; CI = 120.8-Inf.; p < 0.0001), and Sherlock 
5xDC (OR = Inf.; CI = 1980-Inf.; p < 0.0001)). These results 
support the additive effect of resistance as possessing 6 
resistant alleles significantly reduces the efficacy of pyre-
throids and an overall greater level of cross-resistance to 
sherlock (Table of significance in Sup. 1e).

WHO cone bioassays
Genotyping of the L119F_GSTe2 resistance marker in the filed 
strains
Genotyping analysis revealed no significant associa-
tion between the L119F-GSTe2 marker and survival 
after exposure to the Sherlock net, although all mosqui-
toes with the RR genotype survived (100%). However, 
when examining mosquitoes exposed to PermaNet 2.0, 

Fig. 2  Genotype results for CDC bottle bioassay. The association of the combined three genotypes of the 6.5 kb SV, CYP6P9a_R and CYP6P9b_R alleles 
with the resistance phenotype. FUMOZ-R/FANG F4 hybrids exposed to A) Permethrin-impregnated bottles, B) Sherlock 1xDC, and C) Sherlock 5xDC. QRT-
PCR analyses of metabolic genes in D) FUMOZ-R/FANG F4 hybrids, and E) Mibellon field-collected strains alive after bottle bioassays
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a significant difference in genotype distribution was 
observed between the dead and alive groups for this 
marker (X2 = 39.56, p < 0.0001) (Figure in Sup.  2a). In 
comparison to the RS genotype, the RR genotype sig-
nificantly increased the likelihood of survival (OR = Inf.; 
CI = 1.49-Inf.; p = 0.0159), as did the SS genotype 
(OR = Inf.; CI = 1.96-Inf.; p = 0.0059). However, no signifi-
cant difference in survival was observed between the RS 
and SS genotypes (OR = 1.23; CI = 0.67–2.25; p = 0.5454) 
(Table of significance in Sup. 2b).

Correlation between the 6.5 kb SV and the bio-efficacy of 
pyrethroid and Sherlock bed net
Genotyping the 6.5  kb SV between dead and alive 
FUMOZ-R/FANG F4 hybrids revealed a significant geno-
type distribution (PermaNet 2.0 (X2 = 191.6, p < 0.0001) 
and Sherlock net (X2 = 116.7, p < 0.0001)), indicating a 
strong association with bed net bio-efficacy (Table  2, 
Fig. 3).

With PermaNet 2.0, hybrids homozygous for the 
6.5 kb (SV+/SV+) had a significantly higher survival odds 
than heterozygotes (SV+/SV−) (OR = Inf.; CI = 11.56-
Inf. p < 0.0001) and those without the SV (SV−/SV−) 
(OR = Inf.; CI = 318.8-Inf. p < 0.0001). Similarly, SV+/

Table 2  Correlation between genotypes of the 6.5 kb SV, CYP6P9a and CYP6P9b and the ability of FUMOZ-R/FANG F4 hybrids to 
survive exposure to 0.7% incorporated Sherlock net and PermaNet 2.0 (WHO cone bioassays) ('Inf.’ Stands for ‘Infinite values’)

OR CI P value OR CI P value OR CI P value
6.5 kb CYP6P9a CYP6P9b

0.7% incorporated Sherlock net RR vs SS 57.5 21.3–156.4 < 0.0001 22.6 6.8- 65.2 < 0.0001 72.6 16.6–315 < 0.0001
RS vs SS 3.4 1.5–8.1 0.0046 9.7 4.8–19.6 < 0.0001 5.1 2.5–9.9 < 0.0001
RR vs RS 16.9 5.8–47.3 < 0.0001 2.3 0.8–6.7 0.2067 14.2 3.4–62.3 < 0.0001
R vs S 16.2 8.1–32.1 < 0.0001 5.1 2.7–9.8 < 0.0001 7.13 3.7–13.8 < 0.0001

PermaNet 2.0 RR vs SS Inf 318.8-Inf < 0.0001 134.3 48–351.4 < 0.0001 96.2 33.96–256.2 < 0.0001
RS vs SS 38.4 15.5–91.7 < 0.0001 326.9 86.3–1059 < 0.0001 Inf 156.1-Inf < 0.0001
RR vs RS Inf 11.56-Inf < 0.0001 0.4 0.1–1.6 0.3311 0 0–0.7 0.0289
R vs S 326.9 86.3–1059 < 0.0001 36 12.4–96.02 < 0.0001 50.6 15.96–158.5 < 0.0001

Fig. 3  Genotype and allele frequencies of the 6.5 kb SV in WHO cone assays. Distribution of the 6.5 kb SV genotypes between the dead and alive F4 
hybrids exposed to A) PermaNet 2.0. D Sherlock net. Allele frequencies of 6.5 kb SV between the dead and alive FUMOZ-R/FANG F4 hybrids exposed to 
B) PermaNet 2.0 and E) Sherlock net. Estimation of odds ratio (OR) and associated significance between different genotypes and the ability to survive 
exposure to C) PermaNet 2.0 and F) Sherlock net. The level of significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001 as estimated by Fisher’s exact 
test, the arrows in the triangle indicate the direction of OR estimation and ‘Inf.’ Stands for infinity
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SV− hybrids had a significantly greater chance of sur-
vival than SV−/SV− hybrids (OR = 38.4; CI = 15.5–91.7; 
p < 0.0001). Overall, the SV+ allele was strongly associated 
with survival compared with the SV− allele (OR = 326.9; 
CI = 86.25–1059; p < 0.0001) (Fig. 3 B).

A similar pattern was observed with Sherlock net 
exposed hybrids. Hybrids with the SV+/SV+ genotype 
showed increased survival to exposure compared to 
those with the SV+/SV− genotype (OR = 16.9; CI = 5.8–
47.3; p < 0.0001), and those with the SV−/SV− genotype 
(OR = 57.5; CI = 21.3–156.4; p < 0.0001) (Figs.  3D and F). 
This finding suggests an added survival advantage when 
the two alleles are present. Additionally, the survival 
odds were significantly greater for the SV+/SV− hybrids 
than for the SV−/SV− hybrids (OR = 3.4; CI = 1.5–8.1; 
p = 0.0046). Overall, the SV+ allele was more associ-
ated with the resistance phenotype than the SV− allele 
(OR = 16.15; CI = 8.066–32.07; p < 0.0001) (Table  2, 
Fig. 3E).

Correlation between CYP6P9a and the bio-efficacy of 
pyrethroid and Sherlock bed nets
There was a similar observation with the CYP6P9a resis-
tance marker when comparing dead and alive FUMOZ-
R/FANG F4 hybrid samples generated from PermaNet 2.0 
exposure. The genotypes were significantly distributed 

between the dead and alive groups (X2 = 221.1, p < 0.0001). 
No significant difference in survival was observed 
between the homozygous resistant genotype (RR) and 
the heterozygous resistant genotype (RS) to PermaNet 
2.0 exposure (OR = 0.4; CI = 0.1–1.6; p = 0.3311) (Table 2, 
Figs.  4A and C). However, hybrids with the RR geno-
type had a greater chance of survival than hybrids with 
the homozygous susceptible (SS) genotype (OR = 134.3; 
CI = 48.01–351.4; p < 0.0001). Similarly, the RS hybrids 
revealed significant increased survival odds to PermaNet 
2.0 exposure compared to the SS hybrids (OR = 326.9, 
CI = 85.3–1059, p < 0.0001) implying that one resis-
tant allele of the CYP6P9a is sufficient to confer resis-
tance against PermaNet 2.0. In general, the R allele had 
a greater chance of surviving PermaNet 2.0 exposure 
than the S allele (OR = 36, CI = 12.35–96.02, p < 0.0001) 
(Table 2, Fig. 4B).

A similar trend was observed in FUMOZ-R/FANG 
F4hybrids exposed to the Sherlock net. There was a sig-
nificant distribution of genotypes between dead and alive 
mosquito samples (X2 = 98.97, p < 0.0001) (Figure D). 
Compared with those with the SS genotype, hybrids with 
the RR genotype survived Sherlock net exposure better 
(OR = 22.6; CI = 6.8–65.2; p < 0.0001) (Fig.  4F). Like Per-
maNet 2.0 exposure, no significant difference in survival 
ability was found between individuals with the RR and 

Fig. 4  Genotype and allele frequencies of CYP6P9a in WHO cone assays. Distribution of the CYP6P9a genotypes between the dead and alive FUMOZ-R/
FANG F4 hybrids exposed to A) PermaNet 2.0. D) Sherlock net Allele frequencies of CYP6P9a between the dead and alive FUMOZ-R/FANG F4 hybrids ex-
posed to B) PermaNet 2.0 and E) Sherlock net. Estimation of odds ratio (OR) and associated significance between different genotypes and the ability to 
survive exposure to C) PermaNet 2.0 and F) Sherlock net. The level of significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001 as estimated by Fisher’s 
exact test, the arrows in the triangle indicate the direction of OR estimation and ‘Inf.’ Stands for infinity
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the RS genotype and the survival of Sherlock net expo-
sure (OR = 2.3; CI = 0.8–6.7; p = 0.2067). However, hybrids 
with the RS genotype had a greater chance of surviv-
ing Sherlock net exposure than those with the SS geno-
type (OR = 9.7; CI = 4.8–19.6; p < 0.0001), suggesting that 
one allele is sufficient to confer cross-resistance to the 
Sherlock insecticide when incorporated into a bed net. 
Overall, the R allele was more associated with survival 
than the S allele (OR = 5.14; CI = 2.67–9.819; p < 0.0001) 
(Table 2, Fig. 4E).

Correlation between CYP6P9b and the bio-efficacy of 
PermaNet 2.0 and Sherlock bed net
A similar pattern was observed for the CYP6P9b pyre-
throid-resistance marker in the dead and live FUMOZ-R/
FANG F4 hybrid samples exposed to PermaNet 2.0. There 
was a strong significant association between this marker 
and survival. The genotypes were significantly distrib-
uted between the dead and alive groups (X2 = 216.8, 
p < 0.0001). Hybrids with the RR genotype for CYP6P9b 
had an increased chance to survive PermaNet 2.0 expo-
sure compared to those with the SS genotype (OR = 96.2; 
CI = 33.96–256.2; p < 0.0001) (Table  2, Fig.  5 A and C). 
There was a weaker, yet significant increased survival 
ability of the RR genotype compared to the RS genotype 
(OR = 0; CI = 0–0.7; p = 0.0289). Overall, the R allele was 

strongly associated with resistance, exhibiting better 
odds of survival than the S allele (OR = 50.57; CI = 15.96–
158.5; p < 0.0001) (Table 2, Fig. 5 B).

For the hybrids exposed to Sherlock bed net, there was 
a significant distribution of genotypes between the dead 
and alive groups (X2 = 113.5, p < 0.0001). Hybrids with 
the RR genotype were more likely to survive than those 
with the RS (OR = 14.2; CI = 3.4–62.3; p < 0.0001) and SS 
genotypes (OR = 5.1; CI = 2.5–9.9; p < 0.0001) (Table  2, 
Figs. 5D and F). In general, the allelic frequencies of the 
CYP6P9b resistance marker were strongly correlated 
with the R allele than with the S allele in terms of survival 
following Sherlock net exposure (OR = 7.1; CI = 3.7–13.8; 
p < 0.0001) (Table 2, Fig. 5E).

The combined effect of the three markers on the reduced 
efficacy of PermaNet 2.0 and to Sherlock net
Combining the three markers presented an additive 
advantage against the bio-efficacy of the PermaNet 2.0 
and the Sherlock bed nets (Fig. 6 A and B, respectively). 
Remarkably, mosquitoes possessing triple homozygous 
alleles (SV + /SV + /RR/RR) for the three markers were 
all alive after exposure to both nets (100%), and had a 
greater chance of surviving exposure to PermaNet 2.0 
and Sherlock bed net than those without any resis-
tant allele (SV-/SV-/SS/SS) (PermaNet 2.0 (OR = Inf.; 

Fig. 5  Genotype and allele frequences of CYP6P9b in WHO cone assays. Distribution of the CYP6P9b genotypes between the dead and alive FUMOZ-R/
FANG F4 hybrids exposed to A) PermaNet 2.0. D) Sherlock. Allele frequencies of CYP6P9b between the dead and alive FUMOZ-R/FANG F4 hybrids exposed 
to B) PermaNet 2.0 and E) Sherlock. Estimation of odds ratio (OR) and associated significance between different genotypes and the ability to survive ex-
posure to C) PermaNet 2.0 and F) Sherlock net. The level of significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001 as estimated by Fisher’s exact test, 
the arrows in the triangle indicate the direction of OR estimation and ‘Inf.’ Stands for infinity
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CI = 1980-Inf.; p < 0.0001), Sherlock (OR = Inf.; CI = 156.1-
Inf.; p < 0.0001)) (Table of significance in Sup. 2b). This 
suggests an added advantage to individual mosquitoes 
possessing the three markers against the bio-efficacy 
of PermaNet 2.0 and Sherlock nets. Overall, the com-
bined analysis of the three markers revealed that survival 
against PermaNet 2.0 exposure requires a minimum of 
three resistant alleles, while survival against the Sherlock 
bed net requires at least four resistant alleles (Fig. 6A and 
B, Table of significance in Sup.2c).

WHO tunnel tests
To evaluate the impact of CYP gene-mediated resistance 
on mortality and blood-feeding ability in host-seeking 
FUMOZ-R/FANG F4 hybrids, resistance markers were 
genotyped in both dead and surviving mosquitoes. To 
minimize bias from blood-feeding stress, only unfed 
mosquitoes were analysed for association between 

resistance markers and survival following insecticide 
exposure.

The role of 6.5 kb SV in the survival and blood-feeding ability 
of hybrids exposed to PermaNet 2.0 and Sherlock net
There was a significant distribution of genotypes between 
the dead and alive FUMOZ-R/FANG F4 hybrids (Per-
maNet 2.0 (X2 = 46.69, p < 0.0001), and Sherlock net 
(X2 = 134.5, p < 0.0001)). A comparative analysis of the 
6.5 kb SV distribution between the dead and alive groups 
exposed to both nets revealed a strong association 
between this SV and the resistance phenotype. (Figures in 
Sup. 3a and Sup 3b). There was no significant difference 
in survival ability between SV+/SV+ hybrids and SV+/SV− 
hybrids exposed to PermaNet 2.0 (OR = 1.23; CI = 0.64–
2.3; p = 0.619). However, hybrids with either of these 
genotypes had a greater survival chance for PermaNet 2.0 
exposure than SV−/SV− hybrids (OR = 13.4; CI = 4.7–33.8; 

Fig. 6  WHO Cone bioassay genotyping results showing association of the combined three genotypes of the 6.5 kb SV, CYP6P9a_R and CYP6P9b_R alleles 
with the resistance phenotype of FUMOZ-R/FANG F4 hybrids upon exposure to A) PermaNet 2.0, and B) 0.7% incorporated Sherlock net. QRT-PCR analyses 
of metabolic genes in C) FUMOZ-R/FANG F4 hybrids and D) Mibellon field-collected strains, alive after exposure to bed nets
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p < 0.0001 and OR = 10.9; CI = 4.0–27.1; p < 0.0001, for 
SV+/SV+ and SV+/SV−, respectively) (Table 3). However, 
hybrids with the SV+/SV+ genotype were more likely to 
survive Sherlock net exposure than those with the SV+/
SV− and SV−/SV− genotypes (OR = 6.7; CI = 3.2–13.4; 
p < 0.0001, and, OR = Inf.; CI = 34.7-Inf., p < 0.0001 for 
SV+/SV− and SV−/SV− respectively). Hybrids with the 
SV+/SV− genotype also exhibited greater survival ability 
against Sherlock net exposure than did those with the 
SV−/SV− genotype (OR = Inf.; CI = 5.8-Inf.; p < 0.0001). 
Overall, individuals having the SV+ allele showed an 
increased chance of surviving exposure compared 
with the SV− allele (PermaNet 2.0 (OR = 3; CI = 1.6–5.5; 
p = 0.0003), and Sherlock net (OR = 6.6; CI = 3.4–12.6; 
p < 0.0001)) (Table 3).

An additional analysis was conducted to assess the cor-
relation between the 6.5  kb SV and the blood-feeding 
success of mosquitoes. This approach involved com-
paring the distribution of the SV genotypes between 
blood-fed and unfed groups (Figures in sup. 3a and 
3b). Mosquitoes homozygous for the insertion (SV+/
SV+) had a significantly greater probability of successful 
blood-feed than did heterozygous (SV+/SV−) individuals 
when exposed to PermaNet 2.0 (OR = 2.1; CI = 1.1–3.97; 
p = 0.0261) and Sherlock net (OR = 2.8; CI = 1.5–5.1; 
p = 0.0014). Similarly, SV+/SV+ mosquitoes were signifi-
cantly more likely to blood-feed than SV−/SV− individuals 
(PermaNet 2.0 (OR = 4.5; CI = 1.9–10.5; p = 0.0006); Sher-
lock net (OR = Inf.; CI = 7.9-Inf.; p < 0.0001)). No signifi-
cant difference was observed between the SV+/SV− and 
SV−/SV− genotypes in their ability to traverse PermaNet 
2.0 and successfully blood-feed (OR = 2.2; CI = 0.9–5.2; 
p = 0.0974). However, SV+/SV− mosquitoes exhibited a 
significantly greater ability to penetrate the Sherlock net 
and blood-feed than SV−/SV− mosquitoes (OR = Inf.; 
CI = 2.7-Inf.; p = 0.001). Overall, the presence of the SV+ 
allele was significantly associated with an increased odds 
of crossing both bed nets and successful blood-feeding 
compared with the SV− allele (PermaNet 2.0 (OR = 2.3; 
CI = 1.3–4.1; p = 0.0078); Sherlock net (OR = 3.8; CI = 1.9–
7.4; p = 0.0001)).

The role of CYP6P9a in the survival and blood-feeding ability 
of hybrids exposed to PermaNet 2.0 and Sherlock net
There was no significant distribution of genotypes 
between dead and alive mosquitoes exposed to PermaNet 
2.0 (X2 = 3.316, p = 0.1905). However, mosquitoes with 
the RR genotype occupied the largest proportion in the 
alive group (60%) compared with those with the RS (48%) 
and SS (50%) genotypes (Figure in Sup. 3c). In contrast, 
there was a significant distribution of genotypes between 
the dead and alive mosquito groups exposed to Sherlock 
net (X2 = 134.5, p < 0.0001). Hybrids with the RR genotype 
for this marker had a greater chance to survive Sherlock 
net exposure than those with the SS genotype (OR = Inf.; 
CI = 6.3-Inf.; p < 0.0001) (figure in Sup. 3d). Similarly, the 
RS genotype had a greater chance of surviving exposure 
than the SS genotype (OR = Inf.; CI = 3.2- Inf.; p = 0.0003) 
suggesting that one R-allele is sufficient to confer cross-
resistance to Sherlock. Compared with the S-allele, the 
R-allele for CYP6P9a generally had a greater chance of 
surviving exposure to Sherlock net (OR = 6.6; CI = 3.4–
12.6; p < 0.0001) (Table 3).

There was no significant association between this 
marker and the ability of hybrids to successfully blood-
feed. However, a genotype–phenotype association was 
established by evaluating the survival of blood-fed mos-
quitoes post exposure. This analysis compared the pro-
portion of FUMOZ-R/FANG F4 hybrids that survived 
after blood-feeding to those that died after feeding (Fig-
ures in Sup. 3  g and table of significance in Sup.3  h). 
Hybrids with the RR genotype were significantly more 
likely to survive post blood-feeding than were those 
with the RS genotype when exposed to PermaNet 2.0 
(OR = 10.62; CI = 4.7–22.5; p < 0.0001) and Sherlock net 
(OR = 3.9; CI = 2.1–7.1; p < 0.0001). Similarly, RR hybrids 
presented a pronounced survival advantage over SS 
individuals (PermaNet 2.0 (OR = 46; CI 18.5–105.0; 
p < 0.0001) and Sherlock net (OR = 19.5; CI = 9.3–38.5; 
p < 0.0001). This finding suggests that possessing two 
resistant alleles provides an added survival advan-
tage post blood-feeding. Additionally, the RS hybrids 
had a significantly greater chance of survival than the 

Table 3  Correlation between genotypes of the 6.5 kb SV, CYP6P9a and CYP6P9b and the ability of FUMOZ-R/FANG F4 hybrids to 
survive exposure to 0.7% incorporated Sherlock net and PermaNet 2.0 (WHO tunnel bioassays) ('Inf.’ Stands for ‘Infinite values’)

OR CI P value OR CI P value OR CI P value
6.5 kb SV CYP6P9a CYP6P9b

0.7% incorporated Sherlock net RR vs SS Inf 34.72-Inf < 0.0001 Inf 6.28-Inf < 0.0001 Inf 3.97-Inf 0.0002
RS vs SS Inf 5.83-Inf < 0.0001 9.7 3.19-Inf 0.0003 Inf 3.08-Inf 0.001
RR vs RS 6.73 3.23–13.42 < 0.0001 1.7 0.93–3.02 0.1037 1.3 0.41–4.19 0.3843
R vs S 6.56 3.9–12.64 < 0.0001 6.56 3.39–12.64 < 0.0001 1.73 0.92–3.21 0.0892

PermaNet 2.0 RR vs SS 13.4 4.69–33.81 < 0.0001 1.5 0.53–4.51 0.5881 2.88 1.22–6.53 0.0186
RS vs SS 10.9 4.04–27.07 < 0.0001 0.93 0.44–1.96 > 0.9999 3.5 1.77–7.3 0.0004
RR vs RS 1.23 0.64–2.3 0.6187 1.6 0.68–3.84 0.3857 0.81 0.4–1.69 0.7054
R vs S 2.99 1.64–5.47 0.0003 1.11 0.63–1.95 0.7773 1.63 0.92–2.81 0.1168
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SS individuals (PermaNet 2.0 (OR = 4.3, CI 2.3 to 7.9, 
p < 0.0001); Sherlock net (OR = 5.03; CI = 2.55–10.12; 
p = 0.0177)) suggesting that possessing one R-allele could 
significantly reduce the efficacy of these bed nets by 
increasing the chance of successful penetration, blood-
feeding, and survival post -feeding.

The role of CYP6P9b in the survival and blood-feeding ability 
of hybrids exposed to PermaNet 2.0 and Sherlock net
There was a significant distribution of the differ-
ent genotypes in the dead and alive groups (Perma-
Net 2.0 (X2 = 16.9, p = 0.0002); Sherlock net (X2 = 78.74, 
p < 0.0001)). The hybrids possessing the RR geno-
type were more likely to survive exposure to Perma-
Net 2.0 than those with the SS genotype (PermaNet 
2.0 (OR = 2.9; CI = 1.2–6.5; p = 0.0186); Sherlock net 
(OR = Inf.; CI = 3.97-Inf., p = 0.0002)). Similarly, hybrids 
with the RS genotype were more likely to survive expo-
sure to bed nets than those with the SS genotype (Per-
maNet 2.0 (OR = 3.5; CI = 1.8–7.3; p = 0.0004); Sherlock 
net (OR = Inf.; CI = 3.08-Inf.; p = 0.001)) (Figures in Sup 3e 
and 3f ).

A similar trend was observed for the CYP6P9b (figures 
in Sup. 3e and Sup. 3f ) when assessing the effects of this 
marker on the ability of mosquitoes to survive insecticide 
exposure post-blood-feeding. Compared with hybrids 
with the SS genotype, those with the RR genotype were 
more likely to survive after successfully penetrating 
the bed net barrier and blood-feeding on bait (Perma-
Net 2.0 (OR = 3.5; CI = 1.9–6.2; p < 0.0001); Sherlock net 
(OR = 29.33; CI = 13.6–61.7; p < 0.0001)). Additionally, 
hybrids with the RR genotype had a more significant 
association than those with the RS genotype (OR = 13.04; 
CI = 6.3–26.6, p < 0.0001). Similarly, the RS genotype had 
a greater chance of successfully penetrating, blood feed-
ing and surviving than did the SS genotype (OR = 3.96, 
CI = 2.2 to 6.9, p < 0.0001) (Table of significance in Sup. 
3  h). This finding suggests that having two R-alleles for 
this gene provides an added advantage for penetration, 
blood-feeding, and survival after blood-feeding.

The combined effect of the three markers on the survival and 
blood-feeding ability of hybrids exposed to PermaNet 2.0 and 
Sherlock net
As with the other bioassays, combining the three mark-
ers resulted in an increased survival advantage against 
both PermaNet 2.0 and the Sherlock bed net in WHO 
tunnel tests (Figs. 7A and 7B, respectively). Overall, mos-
quitoes triple homozygous with 6.5  kb SV, CYP6P9a, 
and CYP6P9b (SV+/SV+/RR/RR) had the greatest chance 
of surviving exposure to the different bed nets (Table of 
significance Sup. 3i). This result suggests that there is an 
additive advantage in the resistance to pyrethroids and 

cross-resistance to Sherlock when the six resistant alleles 
are present.

Like the individual markers, the combination of the 
three resistance markers showed no clear correlation 
with blood-feeding ability. However, a high proportion 
of hybrids possessing triple homozygous resistant alleles 
successfully penetrated the net barrier, fed on the bait, 
and survived, with 89% survival following Sherlock net 
exposure and 100% survival with PermaNet 2.0 exposure 
(Fig.  7C and 7D). FUMOZ-R/FANG F4 hybrids triple 
homozygous with 6.5  kb SV, CYP6P9a, and CYP6P9b 
(SV+/SV+/RR/RR) had the highest chance of surviving 
post-exposure and blood feeding (Table of significance in 
Sup. 3j).

Relative expressions of CYP6P9a and CYP6P9b and reduced 
bio-efficacy of pyrethroid and Sherlock insecticides via qRT-
PCR
qRT-PCR was performed to assess the role of the upregu-
lation of metabolic genes in the resistance of field strains 
and hybrids exposed to insecticide-impregnated bot-
tles and bed nets. The expression profiles of the known 
genes associated with pyrethroid metabolism CYP325A, 
CYP9K1, GSTe2, Carboxylesterase 2514, CYP6P9a, and 
CYP6P9b were analysed in field strains, whereas the 
expression of CYP6P9a and CYP6P9b was evaluated in 
the F4 hybrid samples that were alive after exposure to 
the different insecticide bottles and bed nets.

For the bottle assays, qRT-PCR analysis revealed 
resistance-associated genes to be upregulated relative 
to the FANG (susceptible) strain and the negative con-
trol groups. The genes upregulated when the field sam-
ples were exposed to permethrin treated bottles were; 
CYP6P9a (FC = 28.3 ± 10.3), CYP6P9b (FC = 22.2 ± 3.6), 
CYP325A (FC = 20.3 ± 23.7), and CYP9K1 (FC = 11.3 ± 2.1) 
(Fig.  2D). Compared with the susceptible (FANG) and 
negative controls, the F4 hybrids presented a signifi-
cant upregulation of CYP6P9a and CYP6P9b (Fig.  2E). 
Survival of exposure to the 5xDC Sherlock showed 
the highest fold changes for CYP6P9a (FC = 45.6 ± 4.5; 
t = 12.97; p = 0.001; df = 3) and CYP6P9b (FC = 91.7 ± 33.4; 
t = 4.25; p = 0.0238; df = 3) compared to the nega-
tive control group (CYP6P9a (FC = 12.1 ± 1.5) and 
CYP6P9b (FC = 16.5 ± 1.5)). The 1xDC Sherlock exposed 
equally showed a significant upregulation of CYP6P9a 
(FC = 25 ± 1.8; t = 8.87; p = 0.003; df = 3) and CYP6P9b 
(FC = 44 ± 0.2; t = 24.04; p = 0.0002; df = 3) relative to the 
negative control. These genes were also significantly 
upregulated in the alive hybrids exposed to perme-
thrin-impregnated bottles (CYP6P9a (FC = 35.4 ± 4.1; 
t = 9.5; p = 0.0025, df = 3), and, CYP6P9b (FC = 61.6 ± 3.6; 
t = 20.4; p = 0.0003, df = 3)) compared to the negative 
control group (CYP6P9a; FC = 35.4 ± 4.1 and CYP6P9b; 
FC = 61.6 ± 3.6).
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For the alive PermaNet 2.0 net exposed field strains, 
only two genes presented a higher fold than the untreated 
net: CYP325A (FC = 68 ± 74.7) and carboxylesterase 2514 
(FC = 8.2 ± 3.7) (Fig. 2D). For the surviving Sherlock net-
exposed field strains, CYP6P9a was the most upregu-
lated gene (FC = 15.7 ± 2.6). However, no gene presented 
a significant increase in expression compared to that of 
the untreated net. qRT-PCR analysis of the alive hybrid 
strains exposed to bed nets revealed an increased expres-
sion of resistance genes, compared with those exposed to 
the untreated net, although the differences were not sta-
tistically significant (p > 0.05). The highest fold changes 
(FC) were observed in alive hybrids exposed to Sher-
lock net (9.8 ± 1.2 (CYP6P9a) and 8.4 ± 0.5 (CYP6P9b)) 
(Fig. 3C). These results suggest that there is no significant 
insecticide-induced expression of resistance genes in 
response to bed net exposure.

Discussion
In recent years, the fight against malaria via vector 
control has helped reduce the malaria burden with 
pyrethroid insecticides being at the top of the list of 

insecticides recommended in public health due to their 
safety. However, the emergence and spread of pyrethroid-
resistant mosquitoes remains a huge threat to the effi-
cacy of currently implemented pyrethroid-based vector 
control tools [39, 40]. This has resulted in setbacks in 
the gains previously made by malaria control programs 
toward malaria elimination. The objective of integrated 
resistance management (IRM) via the development of 
novel insecticide formulations has been strongly encour-
aged by the Global Plan for Insecticide Resistance Man-
agement. Since 2005, the IVCC with its main industry 
partners and funders has been working hard towards 
establishing a rich portfolio of novel insecticides and vec-
tor control products. This has included an exploration 
of the potential of the novel mitochondrial complex I 
inhibitor insecticide Sherlock, as a possible active ingre-
dient for sustained vector control and a move towards 
malaria eradication [17, 18]. One of the biggest chal-
lenges to these efforts, for both repurposed and novel 
insecticides, is the phenomenon of insecticide ‘cross-
resistance’ [41]. Overuse of pyrethroids has led to the 
evolution and spread of resistance mechanisms that act 

Fig. 7  WHO tunnel bioassay genotyping results showing association of the three markers combined with resistance. Genotype frequencies of the com-
bined genotypes 6.5 kb SV, CYP6P9a_R and CYP6P9b_R alleles among FUMOZ-R/FANG F4 hybrids exposed to A) Permanent 2.0, and B) 0.7% incorporated 
Sherlock net. Association of the combined three markers among FUMOZ-R/FANG F4 hybrids and ability to survive after successfully penetrating through 
bed net and blood-feeding C) 0.7% incorporated Sherlock net, and D) PermaNet 2.0
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not only to reduce the bio-efficacy of pyrethroids but also 
may reduce the bio-efficacy of other insecticides from 
different classes with unrelated modes of action [10, 41]. 
Therefore, before devoting significant resources to the 
development of a non-pyrethroid insecticide for vec-
tor control, it is essential to ensure that the target mos-
quito populations are not already cross-resistant and, 
if cross-resistance exists, to evaluate the impact that 
this would have on the bio-efficacy of any products into 
which they might be formulated. In this study, we first 
comparatively assessed the efficacy of the novel insecti-
cide Sherlock compared to that of a pyrethroid insecti-
cide via CDC bottle bioassays to detect cross-resistance. 
We then evaluated the efficacy of ITNs impregnated with 
the Sherlock insecticide. We investigated the molecular 
mechanisms involved in cross-resistance to Sherlock, 
focusing on known pyrethroid-resistance markers; 6.5 kb 
SV, CYP6P9a, CYP6P9b, and GSTe2. Finally, we assessed 
whether the upregulation of known detoxification genes 
in An. funestus s.s. mosquitoes contribute to resistance to 
pyrethroids and cross-resistance to Sherlock.

Laboratory An. funestus s.s. strains exhibit resistance to 
pyrethroids, and Sherlock contrasting to field-collected An. 
gambiae s.s. strains
Owing to the resistance phenotype of the An. funestus s.s. 
strains, there was an overall low bio-efficacy of the Sher-
lock insecticide, in bioassays due to cross-resistance. This 
was in contrast to our observations with the An. gambiae 
s.s. from Nkolondom following exposure to Sherlock, 
even though this population has been shown to be highly 
resistant to pyrethroids [29, 42]; this resistance was con-
firmed in the pyrethroid bioassay results obtained from 
this study.

The high-intensity cross-resistance observed in the 
pyrethroid-resistant An. funestus s.s. FUMOZ-R strain 
against Sherlock suggests the presence of strong resis-
tance mechanisms. The reduced efficacy at elevated diag-
nostic concentrations may reflect a combination of target 
saturation and insecticide-induced stress responses that 
activate alternative survival pathways in mosquitoes. 
This observation points to the need for deeper molecu-
lar investigations. Transcriptomic approaches, such as 
RNA sequencing, could further identify these pathways, 
potentially identifying upregulated genes beyond known 
detoxification gene families. Other protein families, such 
as oxidative stress, cuticular, digestive, and heat shock 
proteins, have been upregulated to pyrethroid insecticide 
resistance [22]. The poor performance of PermaNet 2.0, 
PermaNet 3.0 (side), and Sherlock nets in WHO cone 
bioassays highlights resistance in both laboratory hybrid 
strains and even higher in field-collected An. funes-
tus populations. The higher resistance/cross-resistance 
in field-collected strains may reflect the existence of 

multiple resistance mechanisms. A full recovery in sus-
ceptibility was observed when all strains were exposed 
to PermaNet 3.0 roof netting which includes the syner-
gist PBO, further implicating the role of CYP-mediated 
resistance and reinforcing the value of synergist-based 
nets in vector control. These results are consistent with 
previous studies evaluating the efficacy of these pyre-
throid/PBO-treated ITNs on An. funestus FUMOZ-R/
FANG hybrids with a similar genetic background [24–
26], as well as with Mibellon field strains [43]. The sig-
nificant role of CYP genes in insecticide resistance has 
also been demonstrated in An. funestus mosquito popu-
lations from Uganda [5], Ghana [6], and Malawi [7]. This 
further highlights the gross impact of CYP gene-medi-
ated resistance in An. funestus s.s. against pyrethroids. 
WHO tunnel tests generate bio-efficacy data that are 
typically more predictive of the bio-efficacy of bed nets 
under field conditions. These WHO tunnel tests revealed 
higher mortality rates in hybrids compared to WHO 
cone assays, likely due to the prolonged insecticide expo-
sure and repeated contact with ITNs during host-seeking 
behaviour. The Sherlock bed net performed particularly 
well, not only increasing mortality but also substantially 
inhibiting blood feeding of hybrids. These findings sug-
gest that, despite the partial resistance observed follow-
ing exposure to the Sherlock bed net, it could still offer 
significant personal protection against mosquito bites. 
The high blood feeding inhibition highlights the potential 
for the Sherlock net having a novel chemistry, to reduce 
malaria transmission even in the presence of moderate 
resistance. As previously reported, the PBO-containing 
roof panel of the PermaNet 3.0 net demonstrated com-
plete blood feeding inhibition and full mortality, reiterat-
ing the utility of synergists-incorporated nets to manage 
metabolic resistance [24, 26].

Pyrethroid resistance-associated CYP genes mediate 
the reduced bio-efficacy of pyrethroid and Sherlock net 
formulations
To understand the observed phenotypic resistance of 
FUMOZ-R/FANG F4 hybrids, the previously described 
southern African-originating pyrethroid-resistance 
markers in the intergenic region of CYP6P9a and 
CYP6P9b [24, 25] were comparatively genotyped 
between dead and alive bioassay-generated samples. 
CDC bottle bioassays and WHO cone bioassays revealed 
a strong association between these markers and the abil-
ity to survive pyrethroid and Sherlock bed net exposure. 
To further demonstrate the role of these markers in pyre-
throid and Sherlock efficacy, WHO tunnel tests revealed 
that An. funestus s.s. with resistant alleles survived 
exposure after blood feeding. This would not only lead 
to an increase in malaria transmission by resistant mos-
quitoes but also, they could either live long enough to 
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successfully produce more progeny or transmit malaria 
by biting other non-infected individuals. These results 
are similar to those previously obtained for 6.5  kb SV 
[26], CYP6P9a [24], and CYP6P9b [25], while perform-
ing experimental hut trials with the deltamethrin-treated 
bed net; PermaNet 2.0. This finding further highlights 
how such resistance markers could lead to a stagnation 
to the gains that have been made in reducing malaria 
transmission. Studies have linked these resistance mark-
ers in FANG/FUMOZ hybrids to an increased chance of 
blood-feeding [44] even in the presence of pyrethroid-
impregnated bed nets [24–26]. We also found that these 
markers are more strongly associated with pyrethroid 
resistance at shorter exposure times. In WHO cone bio-
assays with a short 3-min exposure time, we observed 
that the 6.5  kb insertion was more associated with Per-
maNet 2.0 reduced efficacy than with Sherlock. This 
insertion, located in the intergenic region of CYP6P9a 
and CYP6P9b, has been shown to significantly enhance 
the upregulation of these detoxification enzymes, with 
studies reporting up to a 5.2-folds (p = 0.005) and 4-folds 
(p = 0.001) increase in CYP6P9a and CYP6P9b expression 
levels comparing homozygotes with the SV to homozy-
gotes without the SV [26]. These enzymes may have a 
higher affinity for pyrethroids such as deltamethrin (the 
active ingredient in PermaNet 2.0) and can break them 
down more efficiently than Sherlock, resulting in higher 
survival rates when mosquitoes are exposed to PermaNet 
2.0 than when they are exposed to the Sherlock net [9, 
28]. However, with prolonged exposure in tunnel tests, 
these markers were strongly associated with a reduced 
efficacy of the Sherlock net. This difference may be attrib-
uted to the different modes of action of Sherlock and 
pyrethroid insecticides. While pyrethroids disrupt the 
voltage-gated sodium channels of insect nerve cells [45], 
Complex I inhibitors disrupt ATP synthesis by inhibiting 
NADH:ubiquione oxidoreductase activity, a critical step 
in the mitochondrial electron transport chain [19]. This 
inhibition disrupts electron transfer to downstream com-
plexes, preventing the establishment of a proton gradient 
essential for H + exchange and ATP production. This pro-
cess may exhibit a rather slower onset of action than the 
rapid-acting pyrethroid insecticides which cause imme-
diate neuronal hyperexcitation and insect paralysis. Addi-
tionally, the CYP genes may respond differently to the 
two insecticides, mechanistically. The molecular basis of 
CYP-gene mediated resistance may involve an increase in 
the copy number of metabolic enzymes, which can either 
sequester or rapidly metabolize various classes of insec-
ticides [41]. Furthermore, in the context of cross-resis-
tance, other studies have demonstrated that these CYPs 
confer cross-resistance to carbamate insecticides that 
normally target acetylcholinesterase in mosquito neuro-
nal cells [9, 10]. This further highlights the importance of 

assessing the risk of pyrethroid-resistance markers offer-
ing cross-resistance to other insecticide classes currently 
used or used in vector control tools. The impact of these 
markers in the context of Sherlock insecticide exposure 
could be further assessed in terms of fitness cost param-
eters, such as longevity, as has been demonstrated for 
pyrethroid-impregnated bed nets [46–48].

The L119F_GSTe2 DDT/pyrethroid-resistance marker 
mediates resistance against pyrethroids but not against 
Sherlock
Genotyping of the L119F_GSTe2 mutation in the cone 
bioassay samples generated from exposed field sam-
ples against PermaNet 2.0 revealed a clear correlation 
between this marker and pyrethroid resistance. The RR 
genotype had the greatest chance of surviving exposure 
than the RS. However, there was no association between 
this marker and Sherlock resistance, even though all the 
mosquitoes with the RR genotype were found in the alive 
group. Previous studies have also linked this marker to 
DDT resistance [28, 37]. This means that this marker 
could be used to evaluate the performance of other insec-
ticide-based vector control tools. We found no associa-
tion between this resistance maker and cross-resistance 
to the Sherlock insecticide.

The 6.5 kb SV, CYP6P9a and CYP6P9b combine to 
exacerbate resistance to pyrethroids and Sherlock 
insecticide
Evaluating the combined effect of these resistance mark-
ers on the efficacy of pyrethroids and Sherlock insecti-
cide clearly revealed that they collectively contribute to 
a significant degree of cross-resistance, as revealed by 
the genotyping results from the three bioassays. This 
could be partly because of the 6.5 kb SV located between 
CYP6P9a and CYP6P9b, which acts as an enhancer [26]. 
Previous reports have not only highlighted the impor-
tance of enhancers on neighbouring genes [20, 49] but 
also showed that this insertion contains cis-regulatory 
elements with transcription factor binding sites [26] such 
as CnCC/Maf [50], GC and CCAAT [24, 26]. Hence, the 
6.5 kb SV regulates the over-expression of the tandemly 
duplicated CYP genes CYP6P9a and CYP6P9b, which 
are key pyrethroid resistance genes [24, 25, 28, 51, 52]. 
Regardless of the enhancer effect of the 6.5  kb SV, the 
overexpression role of these CYP genes in pyrethroid 
resistance has already been well established via heter-
ologous expression in Escherichia coli [28] and molecu-
lar docking simulations [27], indicating that these genes 
directly metabolize pyrethroids. Evaluating the com-
bined effect of these markers on the ability to survive 
after blood feeding revealed that hybrids with the triple 
homozygous resistance genotype for the three markers 
had the greatest chance of surviving after exposure to the 
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deltamethrin- and sherlock-impregnated bed nets. This 
reflects a key challenge in vector control programs, hin-
dering progress in malaria elimination, and aligns with 
previous reports from Bioko Island linking the upregu-
lation of the pyrethroid-resistance gene CYP9K1 to 
reduced control effectiveness [53]. To avert the reduced 
efficacy of pyrethroid and Sherlock bed nets caused by 
CYP gene-mediated resistance, co-deploying with piper-
onyl butoxide, a CYP gene inhibitor, could be a potential 
solution.

The upregulation of CYP genes contributes to the reduced 
efficacy of pyrethroid and the Sherlock net formulations
The qRT-PCR results from mosquitoes exposed in 
the CDC bottle bioassay with the F4 hybrids exposure 
clearly revealed that the overexpression of CYP6P9a and 
CYP6P9b is linked to pyrethroid resistance and Sher-
lock cross-resistance. Previous studies have shown that 
the upregulation of these metabolic genes in An. funes-
tus strongly correlates to pyrethroid resistance [9, 24–26, 
28]. The increased expression observed in the hybrids 
exposed to insecticide bottles compared with the nega-
tive control suggests that these genes are induced in 
response to pyrethroid, and Sherlock insecticide and that 
the intensity of this induction increases with increased 
insecticide concentration. While previous studies have 
reported a correlation between the inducibility of these 
CYPs and their role in pyrethroid detoxification [9, 27, 
28], in vitro metabolic assays could provide direct evi-
dence confirming their involvement in detoxifying the 
Sherlock insecticide. The short duration of insecticide 
exposure with WHO cone assays limits the ability to 
detect the link between these genes' overexpression and 
the ITNs' bio-efficacy. Similarly, these markers have been 
reported to be overexpressed in pyrethroid-resistant An. 
funestus s.s. mosquitoes from southern Africa against 
pyrethroids [40, 54]. A recent report also revealed that 
the CYP6P9a marker is overexpressed in response to car-
bamates [10]. The link between increased overexpression 
of known detoxification genes and high pyrethroid resis-
tance was investigated in field strains with no differences 
observed between 1xDC and 5 × DC. The CYP gene; 
CYP325A which was previously shown to be involved in 
pyrethroid resistance among central African An. funes-
tus populations [55], was constitutively expressed in field 
strains exposed to permethrin and Sherlock bottles. Fur-
ther transcriptomics analyses can be performed with the 
mosquitoes resistant to sherlock to confirm the upregula-
tion of CYP6P9a/b genes against sherlock, identify other 
candidates involved in Sherlock resistance, as well as 
functionally validate via in vivo heterologous expression 
in Drosophila melanogaster to establish the exact role of 
detoxification genes in resistance.

Conclusion
This study explored the association between established 
resistance markers found in pyrethroid-resistant An. 
funestus s.s. and cross-resistance to a novel mitochon-
drial Complex I inhibitor insecticide, Sherlock. Standard 
susceptibility assays were used to establish that pyre-
throid-resistant An. funestus s.s. and An. gambiae s.s. 
field populations in Cameroon, in which these resistance 
markers are absent, are susceptible to this insecticide, 
whilst the pyrethroid-resistant An. funestus s.s. FUMOZ-
R strain, which possesses these resistance markers, 
exhibited cross-resistance. The Sherlock insecticide may, 
however, still be of use in localities where these resistance 
markers are absent. Further molecular investigations to 
delimit the molecular basis of cross-resistance revealed 
that both the presence and overexpression of pyrethroid 
resistance markers CYP6P9a/b are clearly associated 
with survival following exposure to the Sherlock insecti-
cide. These markers were also shown to be linked to the 
reduced efficacy of the prototype Sherlock net formula-
tion. Hence, maximising the utility of an incorporated 
Sherlock ITN formulation may require co-formulation 
with the synergist PBO.
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