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Abstract

Background Polycyclic aromatic hydrocarbons (PAHs) are a class of ubiquitous and recalcitrant environmental
pollutants generated from petroleum activities and/or biological conversion of organic materials. Environmental
exposure of mosquitoes to these pollutants can potentially select resistance to insecticides used in public health for
vector control. To understand the cross-resistance potentials between PAHs and pyrethroid insecticides, microsomal
fractions prepared from Anopheles coluzzii mosquitoes obtained from agricultural sites and a laboratory susceptible
strain, Ngousso, were tested with three major PAHs - fluorene, fluoranthene and naphthalene. Recombinant

P450s previously associated with pyrethroid resistance in Anopheles gambiae (CYPs 6M2, 622,673, 9J5, 6P3, 6P4, 6P5,
CYPI9K1) and Anopheles funestus CYP6P9a were also used to investigate metabolism of the above PAHs alongside the
microsome.

Results Microsomes prepared from pyrethroid-resistant Anopheles coluzzii significantly (P=0.001, r=0.99) depleted
fluorene and fluoranthene with percentage depletions of 73%=0.5 and 43%0.0 + 2.2, respectively. A Steady-state
kinetic study demonstrated that the microsome has a high affinity for fluorene with a Km and turnover of 58.69

UM £20.47 and 37.016 min-' +3.67, respectively. On the other hand, significant metabolism of fluorene up to
47.9%+2.3 (P=0.001,r=0.99) and 52.8%+0.8 (P=0.001, r=0.97) depletions were observed with recombinant CYP6P3
and CYP673, respectively. Other P450s showed little to no metabolism with fluorene. CYP672 and CYP673 metabolised
fluoranthene with percentage depletions of 50.4%+4.9 (P=0.003, r=0.96) and 60.3% +5.3 (P=0.002, r=0.84),
respectively. However, no metabolism of naphthalene was observed with all the recombinant P450s used in this
study.
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Conclusion This study demonstrates that P450 monooxygenases from the malaria vectors can metabolise PAHS,
highlighting the potential of these environmental pollutants selecting the P450s, driving insecticide resistance in field

populations of major malaria vectors.

Keywords Cytochrome P450, Microsome, Anopheles coluzzii, Polycyclic aromatic hydrocarbons, Cross-resistance,

Insecticide, Malaria

Background

Insecticide resistance poses a significant threat to the
gains made in malaria control through vector control
tools [1-3]. Insecticide-based interventions such as the
insecticide-treated nets (ITNs) and indoor residual spray-
ing (IRS) are being challenged by the evolution/escalation
of resistance even to newer chemistries [4]. Resistance
to at least one insecticide has been reported in virtually
all the WHO African regions, with strong indications
of cross-resistance to other insecticides in most areas
[2, 5, 6]. An. coluzzii, An. gambiae and An. funestus are
the major malaria vectors in Nigeria [7], with An. coluz-
zii becoming more predominant in all climates of West/
Central Africa [8]. Resistance to all classes of insecticides
has been reported in various studies with near fixed fre-
quencies of kdr mutations in some cases [9]. An. coluzzii
is highly adaptive to breeding in urban areas compared
to other vectors. This may be attributed to its increased
resistance to osmotic stress from anthropogenic pol-
lutants like the PAHs [10]. This suggests its widespread
exposure to urban pollution [11].

When a mosquito population becomes resistant to
insecticides, the same mechanism can confer resistance
to other insecticides [12]. Cross-resistance is most pro-
nounced through metabolic resistance mechanisms due
to the substrate specificity and/or promiscuity [13] of the
enzymes involved in the sequestration, metabolism and
excretion of xenobiotics, which can lead to the metabo-
lism of a wide range of compounds [14, 15]. The key
enzymes involved in insecticide metabolism and resis-
tance are the cytochrome P450 monooxygenases (P450s),
glutathione S-transferases (GSTs) and carboxylesterases
[16].

On the other hand, prior exposure to environmen-
tal pollutants and/or agrichemicals has been shown to
increase selection pressure on mosquito vectors, leading
to elevated levels of metabolic resistance genes, which
are linked to cross-resistance to vector control insecti-
cides. Several studies have demonstrated that survival
of mosquitoes in polluted breeding sites has led to an
increase in resistance and urban malaria transmission
[17-19]. Members of the Anopheles gambiae complex are
often implicated in this adaptation as they breed in pol-
luted waters [20-22]. Hence, it is crucial to understand
the molecular mechanisms through which environmen-
tal pollutants contribute to the selection of insecticide
resistance in malaria vectors, thereby unravelling the

cross-resistance potentials of individual compounds [23—
26]. Although many studies have documented a potential
link between exposure to pollutants such as polycyclic
aromatic hydrocarbons (PAHs) and insecticide resis-
tance, little is known of the underlying molecular mecha-
nisms driving cross-resistance in Anopheles mosquitoes.

Microsomes are subcellular fractions generated from
the ultracentrifugation of homogenised tissues con-
taining the membrane-bound enzymes, including the
cytochrome P450 monooxygenases [27]. Microsomal
fractions from higher organisms have been proven
very useful in the studies of drug and other compounds
metabolisms, as well as toxicity studies in drug discovery
and related disciplines [28—30]. Thus, they can poten-
tially be explored in the study of insecticide cross-resis-
tance in malaria vectors [29]. Microsomes isolated from
field-resistant populations of malaria vectors can be a
useful tool in determining the potential cross-resistance
of newer chemistries (e.g., synthetic insecticides) and
other environmental pollutants such as PAHs [31-33].

Several studies have implicated overexpression and
overactivity of key Anopheles cytochrome P450 mono-
oxygenases in insecticide resistance [34]. Some of these
P450s have been functionally validated in vitro using het-
erologous expression in E. coli [14, 35, 36] and in vivo,
using transgenic expression in Drosophila flies [37]. For
example, in An. funestus, for example, the duplicated
CYP6P9a/b genes are the major drivers of pyrethroid
resistance and demonstrate the ability to metabolize and
confer resistance to non-pyrethroid insecticides [13, 38—
40]. In addition, other P450s such as CYP9KI [41] have
been shown to metabolize a type II pyrethroid, delta-
methrin, but not a structurally similar type I pyrethroid,
permethrin. Others include the highly polymorphic
CYP6M7, which was shown to metabolise pyrethroids
[42] and CYP6AAI, which was shown to metabolise
pyrethroids as well as the carbamate bendiocarb [43].

In An. gambiae, several P450s have also been impli-
cated in the metabolism of pyrethroid insecticides, these
include CYP6M?2, a strong metaboliser of pyrethroids
including permethrin and deltamethrin [44], CYP6P3,
found to significantly metabolize types I and II pyre-
throids [45], CYP6P5 located on the pyrethroid resistance
locus with appreciable copy number variations [46] in
the CYP6 cluster [47]. Other important pyrethroid-asso-
ciated P450s include CYP6Z3 [48] and CYP6Z2, which
are found to have a broad range of substrate specificity,
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suggesting potential roles in survival at the larval stage
[49]. CYPI9K1 [50] and CYP9J5 [51] are also involved in
conferring resistance to pyrethroids.

Sixteen PAHs have been reported as being of envi-
ronmental concern by the US Environmental Protection
Agency due to their persistence and toxicity. The smaller
PAHs, with fewer benzene rings and no functional groups
substituting the hydrogens in their structures, tend to be
more persistent in the environment due to their poor
microbial bioremediation [52, 53]. These PAHs also have
greater access to the cellular membrane of mosquito lar-
vae in the breeding sites due to their higher hydropho-
bicity, an important requisite for easy access to the lipid
bilayer membrane. The main aim of the current study is
to investigate the cross-resistance potentials between this
class of ubiquitous pollutants and public health insecti-
cides using recombinant P450s and microsomes isolated
from resistant and susceptible strains of An. coluzzii. The
study informs on the role of these compounds as drivers
of metabolic insecticide resistance in An. coluzzii. To do
that, three lower molecular weight PAHs were selected
for these experiments due to their characteristics. Naph-
thalene with two fused benzene rings, fluorene with two
benzene rings fused to a five-membered ring and fluor-
anthene, consisting of a naphthalene moiety and a ben-
zene ring connected by a five-membered ring.

To study the cross-resistance between PAHs and pyre-
throids, a P450 panel comprising An. gambiae CYPs 622,
673, 6P5, 9K1, 6M2, 9J5, 6P3 and 6P4, and An. funestus
CYP6P9a was investigated for metabolic activities toward
the PAHs and pyrethroid insecticides.

Isolated microsomes prepared from the field popu-
lation as well as from the fully susceptible An. coluzzii
lab colony, Ngousso were used in metabolism assays to
investigate cross-resistance between pyrethroid insecti-
cides and the three PAHs. In addition, the above P450s
were heterologously expressed in E. coli and investigated
for their potential to confer cross-resistance to these two
unrelated groups of compounds.

Methods

Mosquito collection and rearing

Blood-fed, indoor resting female Anopheles mosquitoes
were caught using electric aspirators (John W. Hock,
Florida, USA) in Auyo town, Auyo Local Government,
Jigawa State, Nigeria in September 2019. This is a highly
irrigated site whose details have been described ear-
lier [9]. The F, female mosquitoes were morphologically
identified [54] as members of Anopheles gambiae com-
plex and kept in standard insectary conditions of 25 °C
and 75% relative humidity and 12:12 h light: dark cycles,
and maintained on 10% sucrose solution until they were
gravid. Gravid females were individually forced to lay eggs
[55] and the eggs were transported to Liverpool School
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of Tropical Medicine for the downstream analysis. Using
the genomic DNA extracted from the F individuals, spe-
cies were confirmed using SINE 200 PCR [56]. Eggs were
pooled into trays and allowed to hatch. The Auyo popula-
tion is highly resistant to pyrethroids and therefore used
for this study to understand the cross-resistance poten-
tials between pyrethroids and PAHs. The laboratory sus-
ceptible Anopheles coluzzii colony, Ngousso [57], which
is fully susceptible to all insecticides, was used for com-
parison to the field resistant populations.

Microsome preparation

The two strains of Anopheles coluzzii Auyo and Ngousso
were reared in the insectary under standard insectary
conditions to generate a substantial number of fourth
instar larvae for the microsome preparations. Microsome
preparation was conducted according to the method
reported earlier with some modifications [58]. About 600
of 4th instar larvae were homogenised in 20 ml of ice-
cold potassium phosphate buffer, pH 7.4, that has been
supplemented with 1x protease inhibitor (Roche com-
plete, ultra EDTA free, Sigma Aldrich, MA, USA). The
larvae were homogenized in a 40 ml Dounce homog-
enizer equipped with a loose B pestle (Wheaton Science,
Millville, NJ, USA). Filtration was conducted with layers
of nylon filters to remove the residual debris. The filtrate
was initially centrifuged at 10,000 xg for 10 min at 4 "C to
separate the cytosolic fractions (supernatant) from other
heavier cellular components. The supernatant was then
centrifuged at 200,000 xg for 45 min at 4 “C to collect the
pellet and discard the new supernatant. The pellet was
reconstituted in 0.1 M potassium phosphate buffer, pH
7.4, containing 20% glycerol. Total protein content of the
microsomes was determined using the Bradford method
[59]. Cytochrome P450 content (Cary WinUV Software,
Agilent Technologies) and microsomal P450 activity were
also determined using spectral activity assay [60, 61].

Heterologous expression of recombinant P450s

The recombinant P450s used in this study were acquired
from the enzyme characterization group (ECG) leader,
Dr. Mark J.I. Paine of the Vector Biology Department,
Liverpool School of Tropical Medicine. All the P450s
were expressed from field-resistant populations of An.
gambiae except for CYP6P9a, which was expressed from
An. funestus. The heterologous expression of the P450s
was conducted according to the previously described
approaches [35, 44, 49]. Briefly, P450s were expressed
by using ompA and pelB signal sequences to direct P450
and An. gambiae CPR (AgCPR), respectively, to the inner
membrane of E. coli a functional monooxygenase. The
P450 sequences were amplified from cDNA and fused to
the ompA signal peptides in simple PCR reactions. This
is followed by ligation of the digested fragments into
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linearized expression vector pCWori+, thereby creating a
construct pB13:ompA + 2-P450. Competent JM109 cells
were co-transformed with plasmids pB13:0ompA + 2-P450
and pACYC-AgCPR for the expression of functional
P450 and An. gambiae CPR, respectively. Colonies carry-
ing the two plasmids as confirmed by the colony PCR are
used for a 12-14 h starter culture overnight. Typically,
0.2 L cultures were supplemented with 2 mL from the
starter cultures and incubated at 37 °C and 200 rpm shak-
ing while the absorbance at 600 nm was being monitored.
When the OD reached 0.6-0.8, the cultures were cooled
down to 25 °C for 30 min with shaking at 150 rpm. Induc-
tion with 1 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) and 0.5 mM 5-aminolaevulinic acid (ALA) was
conducted. Determinations of the P450 content and CPR
activity were conducted using the procedure of [61] and
[60], respectively.

Measurement of microsomal P450 activity using model
probe substrate

P450 activity was determined in the prepared micro-
somes from both Auyo and Ngousso strains using
diethoxyfluorescein (DEF) as the model fluorogenic sub-
strate using the methods earlier described [15]. Briefly,
the enzyme-buffer mix consisted of 0.05 pM of cyto-
chrome P450 (microsomes), 50 mM potassium phos-
phate buffer, pH 7.4, 0.5 uM cytochrome b5 and 10 uM
DEF. To initiate the reactions in a 96-well plates (Thermo
Labsystems, Basingstoke, UK), a NADPH (nicotinamide
adenine dinucleotide) regeneration mix (consisting of
1mM glucose-6-phosphate, 0.1 M NADP+, 0.25mM
magnesium chloride, IU/ml glucose-6-phosphate dehy-
drogenase and 50 mM potassium phosphate buffer pH
7.4) was added in the positive replicates whereas the
same buffer with no NADPH was added in the nega-
tive wells. Using the excitation (482 nm) and emission
(520 nm) wavelengths of DEF, the absorbance was read
for 15 min, and the relative fluorescence unit per min
per picomole of the P450 (RFU/min/pmol of P450) was
determined.

In vitro metabolism assay of PAHs with heterologously
expressed P450s

To compare the metabolic activity of the microsomes and
the recombinant cytochrome P450s towards PAH metab-
olism assays were conducted side by side as described
earlier [38, 43]. The NADPH regeneration mixture (con-
sisting of 0.1 M NADP+, 50mM potassium phosphate
buffer, pH 7.4, 1 mM glucose-6-phosphate, 0.25 mM
magnesium chloride and 1U/ml glucose-6-phosphate
dehydrogenase) was used in the positive replicates. For
the negatives, the same buffer with no added NADP +
was used. Enzyme-buffer mix comprised of 0.05 pM
recombinant P450 or microsome, 0.4 pM cytochrome b5,
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50 mM potassium phosphate buffer pH 7.4 and 20 uM of
the PAH substrates. To initiate the reactions, regenera-
tion mixture was added to the enzyme-buffer mix in a 1:1
ratio (total of 200 pl) following activation for 5 min at 30
°C and 1200 rpm shaking. The reaction was run for 2 h
at 30 °C with 200 rpm shaking. To stop the reaction, 200
ul of ice-cold High Performance Liquid Chromatography
(HPLC) grade acetonitrile was added, followed by addi-
tional shaking for 5 min to precipitate the proteins. The
mixture was kept on ice for 10 min before centrifuging
at 16,000xg for 20 min. The supernatants were filtered
through 0.45 pm PTEE filters (ThermoFisher Scientific,
MA, USA) and filtrate transferred to HPLC vials for
onward analysis.

Using the Agilent HPLC 1200 infinity series, analy-
sis of the PAHs metabolism was conducted. The HPLC
conditions consisted of mobile phases of HPLC grade
acetonitrile and water in the ratio of 80/20 and detected
at a wavelength of 254 nm. 50 pl of the supernatant was
injected on the HPLC and peaks were separated on
a 250 x 4.6 mm (5 um) Supelcosil LC-18-DB column
(Supelco, Sigma-Aldrich, Gillingham, UK.) in a 20 min
run. Percentage depletions for each compound were cal-
culated in both the microsomal and recombinant P450
studies. Using pair-wise t-test, comparisons were made
between the positives (+ NADPH) (where reactions
were expected) and the negative controls (-NADPH)
(where no reactions were expected due to the absence of
NADPH source in the mix). The effect size between the
two means of each comparable group was calculated [62].
Comparisons were also made using the same parameters
between depletions in field resistant and laboratory sus-
ceptible microsomal metabolism of PAHs.

Fluorene turnover assay using microsomes

Because of the higher percentage of depletion observed
in the Auyo microsomal metabolism of fluorene, it was
chosen to be analysed further for its turnover and kinetic
studies. To understand the turnover rates of the fluorene
depletions, reaction run time was varied between 15 and
150 min. Specific points used were 15, 30, 45, 60, 90, 120
and 150 min while the fluorene concentration was main-
tained at 30 uM in all these time points.

Determination of steady-state kinetics parameters for the
microsomal metabolism of fluorene

For the determination of steady-state kinetic param-
eters, assays were conducted for 30 min with 0.05 uM
microsomal P450 while varying the concentrations of
fluorene (0—600 uM). Kinetics plot of velocity against
the substrate concentrations was made using the least
squares non-linear regression in GraphPad Prism 6.03
Software (GraphPad Inc., La Jolla, CA, USA) that fits
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into the canonical Michaelis-Menten model as previously
described for pyrethroid insecticides [43].

Results

P450 content and activity in microsomal fractions
Microsomal preparations from both the field-resistant
strain (Auyo) and laboratory susceptible strain (Ngousso)
of An. coluzzii produced P450 contents of 0.33 nmol
P450/mg and 0.226 nmol P450/mg m, respectively. The
microsomes were screened for P450 activities using the
model fluorogenic substrate diethoxyfluorescein (DEF).
DEEF activities of 4.9 RFU/min/pmole P450 and 4.4 RFU/
min/pmole P450, respectively (Fig. 1A), were established
for the Auyo and Ngousso microsomes, confirming the
presence of functional cytochrome P450s. A total pro-
tein content of 2.0 mg/ml/100 larvae and 2.3 mg/ml/100
larvae were also determined for the Auyo and Ngousso
microsomal preparations, respectively (Fig. 1A).
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Metabolism of the PAHs by microsomal fractions
Microsomal P450 demonstrated metabolic activity
towards PAHs (fluorene, fluoranthene and naphtha-
lene) with higher percentage depletions observed in the
Auyo microsomes. For example, significant depletion of
fluorene (73.3 +0.44%, P=0.0001, r=0.99) was seen with
the Auyo microsome compared to the Ngousso micro-
some (Fig. 1B). A Similar profile was obtained with flu-
oranthene, with 22.8+5.2% significantly depleted by
Auyo microsome (P=0.001, r=0.97), compared with the
Ngousso microsome. Similar pattern was observed with
naphthalene.

Steady-state kinetic parameters were investigated
with fluorene, the most significantly depleted PAH by
the Auyo microsomes. Turnover of 37.02 min™ + 3.67
was recorded. The microsome demonstrated moderate
affinity towards fluorene (Fig. 1C), with a Km value of
58.69 UM +20.47. Catalytic rate of (K,) of 4.196 min™*
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Fig. 1 Catalytic activity of the Auyo and Ngousso microsomes towards PAHs and the enzyme kinetics studies of the Auyo microsomes with fluorene
as substrate. A Def activity and the protein content of the isolated microsomes. B Percentage depletions of the metabolism of the select PAHs by the
microsomes isolated from the pyrethroid-resistant and susceptible strains of Anopheles coluzzii. Results are presented as mean+SD of three replicates
of the positives (+ NADPH) compared to the negatives (-NADPH). ** Significant difference between the Ngousso and Auyo percentage depletions for
each substrate. C Michaelis-Menten plot of fluorene metabolism by microsomes isolated from the field-resistant strain (Auyo). D Time course of fluorene
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+ 0.436 with a corresponding high catalytic efficiency of
0.0715+0.026 min! uM™* (Fig. 1D).

The metabolic activity of recombinant pyrethroid-
associated P450s towards PAHs

To understand the potential cross-resistance liabilities
between the recalcitrant environmental pollutant PAHs
and pyrethroids, cytochrome P450s previously impli-
cated in pyrethroid resistance/metabolism were recom-
binantly expressed and used for metabolism assays with
PAHs. The pyrethroid metabolism associated P450s
showed varied levels of metabolism towards the three
select PAHs, naphthalene (Fig. 2D), fluorene (Fig. 2B)
and fluoranthene (Fig. 2C). For example, none of the
P450s used in this study depleted up to 10% of naphtha-
lene, suggesting no cross-resistance towards this PAH
and pyrethroid insecticides through the P450 metabo-
lism route (Fig. 2D). On the other hand, fluoranthene was
significantly depleted by the recombinant CYP6Z2 and
CYP6Z3, with percentage depletions of 60% + 4.9 and
50.4% + 5.3, respectively (Fig. 2C). In the case of fluo-
rene, highest depletions were seen with the recombinant
CYP6Z3 (52.8+0.8%) and CYP6P3 (47.9+2.3%) (Fig. 2B),
with much lower depletions obtained from CYPIK1
(8.5% + 2.5), CYP6P4 (9.3% + 4.3), and CYP9IJ5 (7.7% +
2.5).

Discussion

Chemical insecticides used in vector control tools and
agriculture are considered the major drivers of insecti-
cide resistance alongside environmental pollutants [51,
63—65]. Microsomal fractions isolated from pyrethroid-
resistant and susceptible strains of An. coluzzii were
used to study the cross-resistance between pyrethroids
and PAHs as a class of ubiquitous environmental pollut-
ants. Microsomes are the cytoplasmic fractions of the
cells containing the membrane-bound enzymes, includ-
ing the cytochrome P450s, and their use in drug dis-
covery and toxicity studies has been well documented
[28, 30] compared to vector biology studies. They can
thus be explored for the studies of insecticide resistance
liabilities without the need for recombinant expression
of individual P450s. Successful isolations of microsomes
from different insect species have been reported, mainly
from Aedes aegypti mosquitoes [32, 33, 66—68]. In the
present study, microsomes with substantial P450 activity
and content were successfully isolated from the larvae of
pyrethroid-resistant and susceptible strains of An. coluz-
zii. The P450 yield and activity were higher (0.33 nmol
P450/mg protein for the resistant and 0.226 nmol P450/
mg for the susceptible) than those seen in a recent study
[66] but lower than what was obtained from southern



Muhammad et al. BMC Genomics (2025) 26:1018

armyworm (Spodeptera eridania) microsomal prepara-
tions [69].

Generally, metabolism of PAHs by cytochrome P450s
in different organisms, including insects, proceeds via
C-H activation [70, 71]. For example, the human CYP3A4
has been shown using HPLC coupled with NMR to gen-
erate a mono-hydroxylated product, fluorenol and a
9-oxo substituted product, fluorenone, from the fluo-
rene parent compound [70]. The microsomal fractions
from pyrethroid-resistant strains metabolised all three
PAHs significantly more than the pyrethroid susceptible
ones, suggesting there was pyrethroid cross-resistance
potential to environmental pollutants. In a related study
[33] in Aedes aegypti, the microsomes from pyrethroid-
resistant strains metabolised more permethrin than their
susceptible counterpart. These findings suggest that prior
exposure to pyrethroids can lead to resistance to other
pollutants/insecticides and vice-versa.

The highest percentage depletion in both studies with
microsomes and recombinant P450s was observed in the
Auyo microsomal metabolism of fluorene (73.3 + 0.4%)
and was thus further characterized to understand the
kinetics and turnover of this reaction. The Km (58.69
+ 20.47 pM) Kcat (4.20 + 0.44 min~') were higher than
those previously obtained with recombinant P450s
metabolism of insecticides. This might be because micro-
somal fractions contain a mixture of many P450s with
varied affinity towards the substrate, thereby compound-
ing the catalytic effects. Examples include the case of
metabolism of ecdysone by microsomes of the African
migratory locust [72], metabolism of permethrin and
deltamethrin by the duplicated An. funestus CYP6P9a/b
[42], permethrin and deltamethrin metabolism by An.
funestus CYP6AA1 [43] and deltamethrin metabolism by
An. minimus CYP6AA3.

Cytochrome P450 monooxygenases, are important
Phase I enzymes [73] in the metabolism of xenobiotics
and have been implicated as the major players in con-
ferring resistance to insecticides in disease vectors. A
large number have been extensively characterized and
found to confer resistance to certain insecticides through
metabolism, sequestration and excretion of the soluble
metabolites. Some of the notable ones associated with
pyrethroid resistance in An. gambiae and An. funes-
tus were investigated for their potential in metabolising
PAHs, thereby understanding their cross-resistance abili-
ties. CYP6P3 is one of the most extensively characterized
P450s in An. gambiae [74, 75] and promiscuous in its
ability to metabolise a wide range of compounds, includ-
ing type I and II pyrethroids [45]. In this study, it metab-
olised fluorene and fluoranthene with more than 40%
depletion, suggesting its potential role in cross-resistance
between PAHs and pyrethroids. An. funestus CYP6P9a is
an orthologue of the An. gambiae CYP6P3 and equally
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very promiscuous in metabolising a wide range of pyre-
throid and non-pyrethroid insecticides, however, it
did not metabolise the PAHs [37, 38, 40]. Furthermore,
despite the major role of CYP6M2 in pyrethroid metabo-
lism and resistance [44], there was no activity observed
with all three select PAHs, suggesting no direct activity
on PAHs despite its role in pyrethroid metabolism.
CYP6Z2 serves as an important marker of pyrethroid
resistance although it metabolises the carboxylesterase
metabolites of pyrethroid metabolism (3-phenoxyben-
zoic alcohol and 3-phenoxybenzaldehyde) rather than the
parent pyrethroid insecticides [49, 76]. Both CYP6Z2 and
CYP6Z3 demonstrated strong metabolic activity towards
fluorene and fluoranthene, indicating their potential
role in the survival of An. gambiae in polluted breeding
sites. Earlier studies have suggested that the CYP6Z fam-
ily of cytochrome P450s in An. gambiae are most nota-
bly expressed at the early life stages of larvae and pupae
[76, 77]. This means they inherently help mosquitoes’
timely survival in polluted breeding sites due to their
characteristic broad range substrate specificity capable
of metabolizing a wide range of compounds, including
plants’ secondary metabolites [78]. This similar trend
was also reported in Aedes aegypti mosquito’s CYP6Z8,
an orthologue of the An. gambiae CYP6Z2 showing cata-
lytic activity on a broad range of substrates, including
a-naphthoflavone, resveratrol, and diethylstilbestrol [76].
Naphthalene was not metabolized by any of the P450s
used in this study, indicating the lack of cross-resistance
potentials between pyrethroids and naphthalene. This
may be related to its characteristic chemical structure
that gives it an additional stability compared to higher
molecular weight PAHs. A similar trend has also been
observed in the case of some recombinant P450s metabo-
lising some compounds but not others in the same group.
For example, An. funestus CYP9K1 metabolises type II
pyrethroids (deltamethrin) but not type I pyrethroids like
permethrin [41]. Another example is also the metabolism
of all pyrethroids by recombinant An. arabiensis CYP6P4
except deltamethrin (a type II pyrethroid. Here, in both
microsome and recombinant P450s studies, fluorene was
more highly metabolized than fluoranthene, while naph-
thalene remained consistently the least metabolized of
them all. This differential metabolism may be related to
the fact that naphthalene, with lower molecular weight,
was less prone to metabolism by Anopheles P450s com-
pared to fluorene and fluoranthene. The findings in this
study indicate the potential mechanisms through which
environmental pollutants can serve as additional selec-
tion pressure in the evolution/escalation of insecticide
resistance. This will have an implication on the deploy-
ment of insecticide resistance management strategies.
However, some of the major limitations include the fail-
ure to establish the identity of metabolites generated by
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P450 depletion of PAHs to rule out a potential bioacti-
vation scenario. In vivo studies with PAHs to ascertain
phenotypes would also have added value to the findings.
Based on our findings, we recommend using synergists
in vector control tools, as the P450s (and other metabolic
genes) have evolved to have a wider range of substrate
specificities. Another recommendation is paying atten-
tion to environmental pollutants in resistance manage-
ment strategies instead of only focusing on insecticides.

Conclusion

Cytochrome P450s associated with pyrethroids resistance
were found to metabolise PAHs in metabolic assays, con-
firming the potential for cross-resistance between these
pollutants and insecticides of public health importance.
These findings highlight the importance of the early
assessment of the potential cross-resistance liabilities
of P450s associated with pyrethroid or other xenobiotic
metabolism to new chemistries being introduced for
vector control. Future studies that seek to establish the
resistance/or susceptibility of malaria vectors to major
environmental pollutants will be of great importance to
resistance management strategies currently in use. In vivo
validation of the role of metabolic P450s in the metabo-
lism/resistance to pollutants is also recommended. Wider
studies that include many metabolic enzymes, including
the P450s, GSTs, and carboxylesterases, to give a better
picture of the cross-resistance relationship between envi-
ronmental pollutants and public health insecticides.
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