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Abstract

Insect cytochrome P450 monooxygenases (P450s) perform a variety of im-
portant physiological functions, but it is their role in the detoxification of
xenobiotics, such as natural and synthetic insecticides, that is the topic of
this review. Recent advances in insect genomics and postgenomic functional
approaches have provided an unprecedented opportunity to understand the
evolution of insect P450s and their role in insect toxicology. These ap-
proaches have also been harnessed to provide new insights into the genomic
alterations that lead to insecticide resistance, the mechanisms by which
P450s are regulated, and the functional determinants of P450-mediated in-
secticide resistance. In parallel, an emerging body of work on the role of
P450s in defining the sensitivity of beneficial insects to insecticides has been
developed.The knowledge gained from these studies has applications for the
management of P450-mediated resistance in insect pests and can be lever-
aged to safeguard the health of important beneficial insects.
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1. INTRODUCTION

Cytochrome P450 monooxygenases (P450s; encoded by the CYP genes) make up a remarkable
superfamily of enzymes found in all kingdoms of life that can catalyze a diverse array of oxidative
transformations of both endogenous and exogenous substrates (79). This includes the detoxifica-
tion of pesticides in crop pests and disease vectors, leading to resistance (22, 113), and in bees (7),
where P450s have recently been shown to act as key determinants of insecticide selectivity (6, 66).
The recent explosion in research on the complete complement of P450 genes, the CYPome, in
arthropods is, in part, a reflection of the dramatic increase in the number of invertebrate genomes
sequenced (87).Furthermore, the development of advanced protein and genetic approaches for the
functional characterization of P450s has provided unprecedented opportunities for researchers to
study their regulation, molecular physiology, and functional relevance for xenobiotic metabolism.

2. GENOMIC INSIGHTS INTO THE DIVERSITY OF P450S ASSOCIATED
WITH PESTICIDE RESISTANCE

The CYPome of most arthropods generally comprises between 60 and 100 genes but ranges from
lows of 23 in the eriophyoid mite Aculops lycopersici and 36 in the body louse Pediculus humanus
to highs of well over 200 in some ticks, collembolans, and culicine mosquitoes (22). CYPomes
are commonly composed of few CYP families with many genes and many CYP families with
few, often single-copy genes. In insects, most of the single-copy genes belong to the CYP2 clan
and the mitochondrial CYP clan, and most of the multiple-copy paralogs belong to the CYP3
and CYP4 clans (22, 29) and are often arrayed in clusters on chromosomes (101). Many of the
closely paralogous genes are part of lineage-specific family expansions, called P450 blooms (28).
The P450s that have been implicated in xenobiotic metabolism and pesticide resistance are often
found in such blooms.

These notably include members of the CYP6 and CYP9 families in Anopheles and Aedes
mosquito disease vectors (113), members of the lepidopteran-specific CYP6AE subfamily inHeli-
coverpa armigera (102, 116), members of the CYP392 family in Tetranychus urticae (109), Tribolium
castaneum CYP6BQ9 (126), Bemisia tabaci CYP6CM1 (51), Myzus persicae nicotianae CYP6CY3
(5), and Apis mellifera CYP9Q3 and CYP9Q2 (66). A variety of different P450s have been asso-
ciated with resistance across mosquito species and geographical regions (113). In contrast, pesti-
cide resistance mediated by P450s in several agricultural pests appears to more commonly result
from the same P450s being selected across different settings and continents (47, 88, 114). There
is no apparent relationship between the phylogenetic relatedness and the catalytic competence of
pesticide- and xenobiotic-metabolizing P450s (22).While pesticide- and xenobiotic-metabolizing
P450s have to date been found mostly in the CYP6 and CYP9 families of the CYP3 clan, these
findings are biased by early work on fly and mosquito insecticide resistance. In fact, such P450s
are present in all four major clans, like the CYP2 clan in mites, often in very close phylogenetic
proximity with P450s acting on endogenous substrates and biosynthetic pathways; i.e., there is no
distinct clade for P450s involved in pesticide resistance (22).

Because assigning functions to P450 enzymes is technically demanding (see Section 4), it is dif-
ficult to predict which P450 is most likely to metabolize a pesticide in any of the many insect pest
species. The majority of the P450s in the insect model Drosophila are of unknown function (i.e.,
orphans), but approximately a third of the CYPome has been implicated in xenobiotic metabolism
(97). Some P450 blooms (and genomic clusters) may be relatively ancient, such that they can be
recognized as orthologous, and indeed, resistance-linked P450s are found in both theCeratitis capi-
tata andMusca domestica CYP6A blooms. This genomic clustering can facilitate functional screen-
ing by knockout (116), as is described below. Perhaps more importantly, only a subset of P450
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genes are transcriptionally inducible by xenobiotics, or constitutively overexpressed in pesticide-
resistant strains, thus often restricting the search for genes involved in xenobiotic tolerance or
resistance.

3. CHANGES RESPONSIBLE FOR P450-MEDIATED RESISTANCE
OR TOLERANCE

Changes leading to P450-based pesticide resistance (a selected, heritable change) or tolerance (a
reversible, physiological change) may result from constitutive or induced changes in P450 ex-
pression, respectively, that increase the amount of P450 available to metabolize an insecticide or
via qualitative changes that enhance the capacity of a P450 to utilize an insecticide as a substrate
(Figure 1). Less frequently, in a process only recently detected at the molecular level, downregu-
lation of a P450 involved in propesticide activation can also mediate resistance.

3.1. Quantitative Changes

Metabolic resistance has long been associated with elevated enzyme activities; however, more re-
cently, the diversity of mechanisms underpinning quantitative changes in P450 expression has
become clearer.

3.1.1. Changes responsible for constitutively higher P450 expression levels. Constitutive
quantitative change in the expression of one or more P450 genes is one of the most common
mechanisms underpinning insect resistance to xenobiotics and may result from cis-acting and/or
trans-acting regulatory factors or from gene duplication or amplification (Figure 1). Cis-acting
regulators are sequence elements located in proximity to the gene itself, while trans-acting reg-
ulators are diffusible elements, often transcription factors, that may be encoded anywhere in the
genome and may affect more than one target gene.

3.1.1.1. Cis-regulatory transcriptional factors. A landmark study of P450 resistance mediated
by cis-regulatory change characterized the mechanisms leading to the overexpression of CYP6G1
in DDT-resistantDrosophila (20, 98; for a review, see 57). Overexpression was initially reported to
be mediated by the insertion of an Accord transposable element (TE) upstream of the CYP6G1
gene, with subsequent work revealing alleles of this P450 with additional TE insertions (20, 98).
Since this study, in silico analyses have revealed that TEs are commonly enriched within, or in
close proximity to, xenobiotic-metabolizing P450 genes (10, 13). A range of other mutations in
P450 regulatory regions have also been shown to lead to P450 overexpression and resistance (85,
115, 120, 128). These include point mutations, such as the single-nucleotide substitution located
near the transcription start site of CYP9M10 (44, 120), and larger indels, such as the expansion of a
dinucleotide microsatellite in the promoter of CYP6CY3 in nicotine- and neonicotinoid-resistant
peach potato aphid,M. persicae nicotianae (5).

3.1.1.2. Trans-acting regulating factors. More than two decades ago, studies first linked the
overexpression of P450s that confer insecticide resistance to trans-acting factors. For example, in
M. domestica, constitutive overexpression of CYP6A1, which confers diazinon resistance and maps
to chromosome 5, was shown to be controlled by one or more loci located on chromosome 2
(11) at, or close to, the ali-esterase (MdαE7) gene (94). However, the precise trans-acting genetic
change(s) involved have not been definitively identified. Surprisingly, despite advances in insect
genomics, the nature of the specific trans-acting mutations that lead to constitutive P450 upregu-
lation continues to remain an important knowledge gap.Despite this, recent work has significantly
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enhanced our understanding of the role of transcription factors and their binding sites in regulat-
ing P450s and other detoxification genes implicated in resistance (for a review, see 2). These are
found in three main superfamilies: nuclear receptors (NRs), basic-helix-loop-helix/per-ARNT-
SIM (bHLH-PAS), and basic-leucine zipper (bZIP) (74). RNA interference (RNAi) knockdown
of members of all three superfamilies in the red flour beetle, T. castaneum, revealed that it is the
bZIP transcription factor Cap n’ Collar isoform-C (CncC) and its heterodimer partner Muscle
Aponeurosis Fibromatosis (Maf ) that regulate P450s of the CYP6BQ subfamily that confer resis-
tance to pyrethroids (49, 50). Since then, CncC andMaf have been implicated in the upregulation
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Figure 1 (Figure appears on preceding page)

Molecular mechanisms of P450-mediated resistance to xenobiotics. (a) Regulation of a P450 gene in a
wild-type (insecticide-susceptible) insect strain by a trans-acting transcription factor. Activity in the bar chart
refers to P450-specific catalytic activity (not total activity). (b–e) A variety of mutations can result in
quantitative or qualitative changes in insect P450s leading to xenobiotic resistance. These include
(b) cis-acting mutations in regulatory regions that increase P450 expression; (c) gene duplications or gene
amplifications that increase P450 gene dosage; (d) mutations that alter P450 coding sequence and enhance
activity against xenobiotics, which can be one or more point mutations or affect larger portions of the coding
sequence via gene conversion; and (e) mutations that affect the expression of trans-acting factors that regulate
P450 genes. In the example shown in panel e, the mutation leads to the increased expression of a positive
regulator, leading to increased P450 expression; however, a mutation that decreased the expression of a
negative regulator would have the same effect. Similarly, a mutation in the coding sequence of a
trans-regulator may affect its binding to cis-regulatory elements. In panels b, c, and e, the specific activity of
the P450 is unchanged, whereas in panel d, P450 expression is unchanged, but the specific activity is
increased.

of P450s in a range of insect and mite species (for reviews, see 80, 119), further emphasizing their
important role as key regulators of xenobiotic-metabolizing P450s.Whether the CncC–Maf path-
way chiefly regulates some P450s in response to oxidative stress caused by the toxicant, as recently
reported in Spodoptera litura (65), or whether it also operates in induction of P450s by nontoxic
chemicals is currently unknown. Interestingly, CncC and, indeed, other transcription factors are
often themselves constitutively upregulated in resistant arthropods that overexpress resistance-
conferring P450s (see 119 and references therein). Other transcription factors (74) have been
implicated in the regulation of insect P450s, including the nuclear receptor HR96 (55). Most re-
cently, 3,5-cyclic adenosine monophosphate (cAMP)-response element binding protein (CREB)
(123) has been shown to regulate CYP6CM1, a P450 that confers resistance to several insecti-
cides in the whitefly B. tabaci (51). Like CncC and Maf, CREB is constitutively upregulated in
a resistant strain (123), but, as in previous studies, the genetic alteration leading to the observed
overexpression remains unknown.

3.1.1.3. Upstream regulators and signal transduction. The transcription factors that regulate
P450s may be themselves regulated by upstream signaling pathways. Studies of pyrethroid resis-
tance in the mosquito Culex quinquefasciatus first implicated Rhodopsin-like G protein–coupled
receptors (GPCRs), membrane proteins that detect a range of molecules outside the cell and acti-
vate signal transduction pathways, in regulating P450s involved in resistance (58–60). Subsequent
studies suggested thatGPCRs can upregulate P450s via a signaling pathway comprisingGPCR/Gs

alpha subunit protein/adenylyl cyclase/cAMP-protein kinase A. In the case of the regulation of
CYP6CM1 in B. tabaci by the transcription factor CREB, a marked increase was observed in the
activated (phosphorylated) form of this transcription factor in resistant B. tabaci (123). Further
work with inhibitors, RNAi, and biochemical assays provided strong evidence that the mitogen-
activated protein kinases (MAPKs) ERK and p38 positively regulate CYP6CM1 expression by
phosphorylating CREB (123), implicating the MAPK signaling pathway in the regulation of this
P450.

3.1.1.4. Gene duplication and amplification. Several studies have demonstrated that structural
duplication or amplification of P450 genes can play an important role in the evolution of insecti-
cide resistance (5, 43, 98, 118, 121, 128). In most of these cases, gene duplication or amplification
results in adaptation to insecticide selection by increasing gene dosage.

The mechanisms by which P450s may be duplicated or amplified in resistant strains are not
fully understood; however, recent work has shown that they can be copied as part of large or small
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amplicons. For example, CYP9M10 is duplicated as part of an amplicon approximately 100 kb in
length in resistant C. quinquefasciatus (43), and CYP6CY3 and CYP6CY4 are amplified 3–5-fold
as a part of a region approximately 325 kb in length in M. persicae nicotianae (103). In the latter
example, additional copies of CYP6CY3 were found at a novel locus as part of a much smaller
(approximately 14 kb) amplicon associated with two TE insertions. These nested insertions oc-
cur immediately adjacent to the 5′ breakpoint, strongly suggesting that they played a role in the
mobilization of CYP6CY3 to the new loci, either indirectly by acting as substrates for nonallelic
homologous recombination or directly via alternative transposition (103). The work on CYP6CY3
and other insect P450s has also demonstrated that duplication may act in concert with other cis-
acting mutational events to progressively increase the expression of key resistance genes. An ele-
gant example of this comes from work on Drosophila CYP6G1, where an allelic series comprising
at least four sequential mutations, including gene duplication and at least three TE insertions, was
shown to progressively increase resistance to DDT (98). Another,more recent, study in Spodoptera
frugiperda (fall armyworm) suggested that the adaptive evolution of CYP9A genes by copy number
variation mediates deltamethrin resistance (32).

3.1.2. P450 induction. P450 genes may also be induced upon exposure to a xenobiotic (19,
33, 61, 63, 110). However, while induced tolerance to plant allelochemicals is common (110), a
similar protection afforded by exposure to a pesticide is not. This is likely because insecticides
applied at (high) recommended label rates may not allow sufficient time for protective P450s to
be upregulated in the window between exposure and irreversible toxicity. In contrast, in the case
of exposure to host plant toxins, insects may control (i.e., limit) the dose by modifying feeding be-
havior (105). Induction of insect P450s by plant chemicals has long been known (8), and there are
now several well-characterized examples of P450 induction to overcome plant chemical defenses,
such as the CYP6B genes in Papilio (swallowtail butterflies) by furanocoumarins, which have
xanthotoxin-responsive elements in their promoters (17, 31, 40, 62, 69), and CYP6AE89 of the
parsnip webworm,Depressaria pastinacella, which is induced by bergapten (9). Examples of induced
expression of P450s leading tomarked changes in toxicity of synthetic insecticides are rarer.While
a range of insecticides have been shown to induce P450 genes (usually when applied at sublethal
doses) (39; see 63 and references therein), the practical significance of the level of resistance con-
ferred has been less well established. Furthermore, if differential induction is not a heritable trait
in resistant strains, then induction is not resistance sensu stricto, but instead is transient tolerance.

Recent work has also revealed a link among insect and mite host plant adaptation, P450 induc-
tion, and sensitivity to synthetic insecticides. In both the two-spotted spider mite, T. urticae, and
the whitefly B. tabaci, transcriptome profiling revealed that transfer to more or less challenging
host plants resulted in significant changes in tolerance to synthetic insecticides, with up to 50-fold
shifts in sensitivity to certain compounds observed (23, 86). Finally, a growing body of work has
also demonstrated that P450s can be induced by non-insecticidal xenobiotics in the environment.
For example, exposure of larvae of the mosquito Aedes aegypti to xenobiotics including the her-
bicide atrazine, the polycyclic aromatic hydrocarbon fluoranthene, and copper induced a range
of P450 genes and increased the tolerance of larvae to subsequent pyrethroid exposure (albeit
modestly) (84).

3.1.3. Decreased P450 expression–mediated resistance. A coumaphos-resistant Varroa de-
structor population was recently shown to escape organophosphate toxicity via reduced proinsec-
ticide activation by downregulating one of the only 26 P450s in its genome, CYP4EP4, leading
to resistance to the organophosphate coumaphos (111). This case study is discussed further in
Section 4.2.2.
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3.2. Qualitative Changes in P450 Coding Sequences

Measuring the levels of P450 transcripts or activity is much easier than measuring the biochem-
ical characterization of recombinant P450s expressed in vitro. It is therefore not surprising that
evidence for a causal relationship between changes in P450 coding sequence and resistance has
only emerged recently.

3.2.1. P450 allelic variants. Qualitative changes that cause resistance by modifying the cat-
alytic activity or metabolic profile of P450s are less commonly reported than quantitative changes
in P450 expression. An early report of point mutations enabling DDT resistance in a Drosophila
P450 (3) has been invalidated by a transgenic approach (29, 83). However, work on the mosquito
Anopheles funestus has identified allelic variants of CYP6P9a andCYP6P9b in resistant populations,
with multiple amino acid alterations that enhance the activity of these variants against pyrethroids
(41).Work on CYP6ER1, which is overexpressed in brown planthopper,Nilaparvata lugens, popu-
lations that are resistant to neonicotinoid insecticides, has provided another example of how qual-
itative changes in P450s can evolve from ancestral enzymes that lack the capacity to break down
insecticides (128). In this case, the variants overexpressed in resistant populations across Asia are
characterized by profound amino acid alterations in substrate recognition sites that confer the ca-
pacity to detoxify the neonicotinoid imidacloprid. In addition,CYP6ER1 is duplicated in resistant
strains, with resistant individuals carrying one copy with the gain-of-function mutations and one
without. This observation strongly suggests that gene duplication was required to free CYP6ER1
from functional constraint and permit the acquisition of mutations that led to the novel function
(resistance). Interestingly, in this example of P450 resistance by neofunctionalization, the resis-
tant CYP6ER1 copy is highly overexpressed relative to the wild-type copy in resistant individuals.
This finding, together with previous studies (41, 72), demonstrates that qualitative and quantitative
changes are not mutually exclusive and may act in tandem to enhance P450-mediated resistance.

3.2.2. Gene conversion. Improvement or acquisition of pesticide-metabolizing activity via
qualitative changes may be constrained by the number of mutations required for gain of function
or by the requirement to preserve the native function of the enzyme. Recent work has highlighted
novel mechanisms by which P450s have escaped these constraints. In a process more complex than
a single nonsilent nucleotide change, a recent example of gene conversion involving two adjacent,
recently duplicated P450 genes was reported in the cotton bollworm, H. armigera. Resistance to
pyrethroids was found to result from a chimeric P450 gene, CYP337B3 (48), which has arisen
multiple times (88, 114) by unequal crossing-over between two parental P450 genes. The unique
amino acid sequence of CYP337B3 is directly responsible for its ability to metabolize pyrethroids,
as neither parental enzyme has this ability in vitro (47).

4. FROM GENE TO FUNCTION: TOOLS
AND MECHANISMS OF RESISTANCE

4.1. Tools for Functional Characterization of P450s

Despite the substantial progress achieved in the molecular analysis of P450-mediated insecticide
resistance in arthropods and the identification of several P450s that are associated with the trait,
the exact role of P450s and their actual contribution to the phenotype remain largely unknown.
In silico approaches; recombinant expression; and functional in vitro characterization of P450s,
RNAi-based reverse genetics, in vivo overexpression, and genetic knockout have provided differ-
ent levels of validation for the involvement of P450s in insecticide resistance.
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4.1.1. In vitro validation by recombinant protein expression. Several expression systems
and strategies, including modifications of the protein sequence or electron delivery method, have
been employed for successful P450 functional expression in arthropods. These have been recently
reviewed in Reference 78, including a critical summary of the importance of selection of host or-
ganisms, strains and vectors,N-terminal modifications, and optimization of NADPH-cytochrome
P450 reductase (CPR) coupling.

Some recent examples of successful expression and biochemical characterization of recom-
binant P450s in different systems include Anopheles gambiae CYP6P3, CYP6M2, and CYP9K1,
which were expressed in Escherichia coli with an N-terminal OmpA signal peptide to direct the
P450 to the bacterial membranes (73, 112, 124); the entire A. mellifera CYP3 clan (encompassing
27 CYP genes), including CYP9Q1, CYP9Q2, and CYP9Q3 (66, 67); N. lugens CYP6ER1 (128),
Laodelphax striatellus CYP6AY3v2 (117), P. humanus CYP6CJ1 (53), and the successful expression
ofH. armigeraCYP6AEs in insect cells using the baculovirus expression system (102);H. armigera
CYP337B3 (47) and B. tabaciCYP6CM1 expressed in stable cell lines (35); andA. aegyptiCYP6Z8,
which was expressed in Saccharomyces cerevisiae, in combination with A. aegypti CPR in the yeast
genome (14).

These studies illustrate how in vitro characterization approaches can be used to validate dif-
ferentially regulated P450s or different allelic variants associated with resistance. However, the
precise prediction of the resistance phenotype conferred by a P450 variant in vivo from its activi-
ties in vitro and levels of differential expression is not a trivial task (113).

4.1.2. Approaches for in vivo functional validation. Functional validation of the role of P450s
in resistance in vivo has been achieved by RNAi-based suppression, transgenic overexpression, and
P450 gene knockouts. For example, RNAi silencing of the pyrethroid metabolizer CYP6BQ9 in
T. castaneum resulted in a dramatic drop (>100-fold) in resistance (126). Silencing of CYP6ER1
by RNAi in N. lugens was also used to suggest that the expression of CYP6ER1 is sufficient to
confer neonicotinoid resistance (81, 107).While RNAi is a quick and easy way to provide reliable
functional links between certain P450s and resistance in vivo, it does not work equally efficiently
in all insect orders (18, 54).

The integration of the molecular genetic toolbox developed in Drosophila (24, 100) into P450
resistance research has facilitated approaches such as conditional expression in vivo for the val-
idation of P450 genes (for reviews, see 38, 82). One important tool is the bipartite GAL4/UAS
expression system (for a review, see 25), which allows the temporal and tissue-specific ectopic ex-
pression of CYP genes in Drosophila. Examples include the ectopic expression of the A. gambiae
P450s CYP6M2 and CYP6P3; A. funestus CYP6P9a and CYP6P9b (27, 41, 92); and P450s from
agricultural pests, such as CYP6CM1 (B. tabaci), CYP6AY3v2 (L. striatellus), and CYP6ER1 (N.
lugens) (82, 117, 128). Although this approach has been shown to be a useful tool for validating
the functional role of candidate pest and pollinator P450s (e.g., 66, 108), the altered levels of
toxicity achieved in transgenic Drosophila are frequently much lower than those observed in the
native species (70). Recently, Samantsidis et al. (96) generated transgenic Drosophila lines express-
ing pyrethroid-metabolizing P450s along with engineered mutations in the voltage-gated sodium
channel (para) and showed that these mechanisms acted synergistically. This confirmed previous
hypotheses that combinations of P450s with other co-selected resistance factors may be necessary
to provide high levels of resistance (104).

The utility of GAL4/UAS-based tools to characterize P450s directly in non-model species has
been demonstrated, and these tools allow the resistance-conferring capacity of a candidate P450
to be examined in its native environment. For example, these tools validated insecticide resis-
tance phenotypes conferred by increased expression of two P450 genes (CYP6M2 and CYP6P3) in
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A. gambiae (1). In agricultural pests, a genome editing CRISPR/Cas9-based reverse genetics ap-
proach was used in the cotton bollworm H. armigera to knock out a cluster of nine genes of the
CYP6AE subfamily and showed that this knockout significantly increases sensitivity against two
classes of insecticides and phytochemicals (116).

4.2. Functional and Biochemical Mechanisms of P450-Mediated Resistance

Many P450s upregulated in resistance phenotypes have been functionally described as directly de-
grading insecticides and thus conferring insecticide resistance. In contrast, P450-mediated insec-
ticide resistance linked to reduced levels of P450 expression and indirect P450-drivenmechanisms
affecting pesticide penetration were less common.

4.2.1. Increased metabolism of insecticides to less toxic metabolites. In general, P450
metabolism converts a substrate into a more polar product or introduces a functional group facil-
itating conjugation, thus rendering the insecticide molecule more excretable and less toxic (29).
Overexpression of a P450 that metabolizes an insecticide can therefore tip the toxicokinetic bal-
ance toward resistance. For instance, populations of the pollen beetle,Meligethes aeneus, can vary
widely in their resistance levels to pyrethroids, and increasing expression levels of a single P450
gene, CYP6BQ23, are sufficient to explain both increasing deltamethrin detoxification and resis-
tance levels (127).

The cross-catalytic spectrum of P450s involved in insecticide resistance is variable and
unpredictable. For example, A. gambiae CYP6P3 metabolizes both α-cyano and non-α-cyano
pyrethroids (73), as well as the carbamate bendiocarb (124), while CYP6M2 metabolizes
pyrethroids and DDT (71). The activity of 10 H. armigera CYP6AEs toward 10 different sub-
strates is highly variable, apparently following no pattern of sequence similarity (22, 102, 116).
Similarly, B. tabaci CYP6CM1 has a wide spectrum of activity against many, but not all, neonico-
tinoids (93), as well as pyriproxyfen and pymetrozine (76, 77). However, in the mite T. urticae,
certain P450s seem to have a specialized catalytic role against specific acaricides; for example,
CYP392A16, CYP392A11, and CYP392E7 metabolize abamectin, METIs, and spirodiclofen, re-
spectively (21, 89–91), but not other compounds from different insecticide classes. Interestingly,
four members of the large CYP9J subfamily in A. aegypti can metabolize pyrethroids with similar
catalytic efficiencies (106), demonstrating that these P450s have a considerable degree of func-
tional redundancy in terms of xenobiotic metabolism.

4.2.2. Reduced propesticide activation. Propesticides need to be bioactivated either in planta
or in pests to become intrinsically active (95). Decreased bioactivation of propesticides as a mech-
anism of resistance is rare, but a growing tendency in propesticide development may change this.
Early reports provided biochemical support for such a mechanism (56); however, it has only re-
cently been unequivocally demonstrated. Investigation of resistance to the acaricide coumaphos
in Varroa mites (111) by transcriptome analysis revealed the underexpression of CYP4EP4 in re-
sistant mites. Subsequent functional validation by RNAi-mediated silencing of CYP4EP4 in the
susceptible population, to mimic underexpression, prevented coumaphos activation and substan-
tially decreased coumaphos toxicity, confirming that the suppression of the P450-mediated acti-
vation step caused resistance (111). Similarly, bioactivation of the neonicotinoid nitenpyram by
CYP12A5, a mitochondrial P450 inDrosophila (36), suggested that underexpression of such P450s
may be found to underlie nitenpyram resistance.
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4.2.3. Identification of key amino acid determinants of insecticide metabolism. Despite
progress in expression and characterization of arthropod P450s, very few studies have identified
the key amino acid determinants of insecticide metabolism or explained the functional contri-
bution of point mutations to insecticide resistance (99). Docking of fenvalerate isomers into the
active center of the H. armigera CYP337B3, in comparison with substrate recognition sites of
CYP6Z1 of A. gambiae, suggested 9–10 amino acids that could explain differences in substrate
specificity with its parental enzymes, of which Thr102 may be essential for fenvalerate recogni-
tion and binding (47). Site-directed mutagenesis and functional analyses demonstrated that three
amino acid changes (Val109Ile, Asp335Glu, and Asn384Ser) from the resistant allele of the A. fu-
nestus CYP6P9b were key mutations for inducing high metabolic efficiency (41). Unfortunately,
our current ability to predict and understand the role of key determinants in the substrate speci-
ficity of a P450 for insecticides is hindered by the lack of a crystal structure for any insect P450.

4.2.4. Indirect mechanisms of resistance. In the examples described above, P450s play a role
in pesticide resistance via direct metabolism of the toxin. However, recent work has provided
evidence that they can also play indirect roles in insecticide resistance. Transcriptome profil-
ing of the mosquitos A. gambiae and Anopheles arabiensis has shown that two CYP4G subfamily
genes, CYP4G16 and CYP4G17, are frequently overexpressed in resistant populations (42, 46).
These P450s were subsequently shown to be oxidative decarbonylases that catalyze the last step in
cuticular hydrocarbon (CHC) synthesis (4, 52).Biochemical analysis revealed that the cuticle of re-
sistant mosquitoes is thicker and has a significantly increased CHC content compared to suscepti-
ble mosquitoes, and this was associated with a significantly reduced rate of pyrethroid penetration
through the cuticle (4). Taken together, these and other findings (for a review, see 30) strongly
suggest that the overexpression of P450s of the CYP4G subfamily, mostly in insect oenocytes,
may play an indirect role in resistance by enhancing CHC production, which was shown to re-
duce insecticide penetration. Furthermore, control of CYP4G expression by other P450s, such as
CYP303A1 in Locusta migratoria (122), suggests a regulatory cascade in CHC production and thus
indirectly in insecticide penetration rates.

5. LOCALIZATION AND PHYSIOLOGY OF P450S MEDIATING
RESISTANCE

5.1. Spatial Expression of P450s Associated with Resistance

Just as important as howmuch of an insecticide-metabolizing P450 is expressed is where and when
that P450 is expressed. Indeed, recent work has illustrated the extraordinary spatial- and temporal-
specific expression exhibited by some insecticide-metabolizing P450s and how this expression can
change under insecticide selection (e.g., 39). Studies on several insect species have revealed that
P450s associated with insecticide metabolism are expressed not only in first line of defense tissues
that are involved in xenobiotic detoxification, but also at sites of insecticide action. Thus,CYP6G1
is highly expressed in the midgut, Malpighian tubules (MTs), and fat body in resistant Drosophila
melanogaster—all tissues that play an important role in the biotransformation of xenobiotics in in-
sects (16). In contrast, CYP6BQ9 is predominantly expressed in the brain of pyrethroid-resistant
T. castaneum in a tissue enriched in the target protein of this insecticide class—the voltage gated
sodium channel (126). Variable levels of expression in different tissues and life stages were also
demonstrated for CYP6 genes suggested to be involved in insecticide sensitivity in L. migratoria
(125). Tissue-specific expression was also observed for honey bee CYP9Q3, known to metabolize
N-cyano neonicotinoids; in this case, the expression levels were significantly higher in brain (and
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MT) compared to midgut tissue, suggesting higher detoxification capacity at the site of neonicoti-
noid action in the honey bee brain (66).

Recent work on CYP6CY3 in M. persicae revealed that the native sites of expression of this
P450 are aphid bacteriocytes—specialized aphid cells that house the obligate endosymbiont Buch-
nera aphidicola, which provides essential amino acids and other nutrients to its host (103). En-
hanced expression of CYP6CY3 in this tissue was observed in the tobacco-adapted subspecies
M. persicae nicotianae. Furthermore, very high levels of CYP6CY3 were also observed in the gut
of this subspecies (>2,500-fold higher than in guts of M. persicae sensu stricto). Together, these
changes in expression appear to protect both the aphid host and its essential symbiont from the
toxic or inhibitory effects of nicotine (103). In combination with previous studies of CYP6G1 in
D.melanogaster, these findings also illustrate how the spatial expression of insect P450s can be fun-
damentally altered during the evolution of resistance. Interestingly, in both cases, this alteration
appears to have been mediated by TE bringing tissue-specific enhancer sequences into close prox-
imity with the P450 genes (16, 103).

Some evidence of tissue specificity of P450s associated with insecticide resistance is also avail-
able for A. gambiae (42). A key pyrethroid metabolizer, CYP6P3, was highly expressed in the
midgut of the resistant strain; in contrast, CYP6M2 had a broader upregulation in the midgut,
MTs, and abdomen, and CYP6Z2 was overexpressed in the MTs and gut (42). Intriguingly, trans-
genic overexpression of CYP6M2 or CYP6P3 in the midgut does not result in resistant phe-
notypes, despite leading to high levels of protein expression in this tissue. Furthermore, it was
concluded that the insecticides were not metabolized in the MTs (1). These studies thus suggest
that P450 expression in unidentified tissues may also be critical for insecticide detoxification in
mosquitoes.

5.2. Temporal Expression of P450s Associated with Resistance

P450s involved in resistance may exhibit marked temporal changes in their expression, with im-
plications for the resistance exhibited by different insect life stages. In the best example of this,
CYP6CM1 expression in B. tabaci was shown to be higher in adult whiteflies than in nymphs, and
this was correlated with age-specific resistance to imidacloprid (45, 75). Similar mechanismsmight
also operate in other species where the age-specific expression of resistance is of major operational
importance, such as in Anopheles vectors of malaria, where resistance seems to be compromised by
mosquito age (15).

6. P450S AS DETERMINANTS OF INSECTICIDE SELECTIVITY

In common with pest insects, beneficial insects have evolved P450s that can detoxify many of
the natural xenobiotics that they encounter in their environment (7), an asset that could be ex-
ploited in the design and development of pest-selective insecticidal compounds (12). A recent
but growing body of work has demonstrated that some of these P450s are preadapted to protect
bees from certain insecticides from multiple classes. In the honey bee, CYP9Q2 and CYP9Q3
are highly expressed in the brain and MTs (66) but also in the hind legs, which collect pollen in
foraging bees (68). CYP9Q2 and CYP9Q3 readily detoxify thiacloprid and acetamiprid (but not
imidacloprid) by hydroxylation and N-demethylation, respectively (66). Similar work on bum-
blebees, Bombus terrestris, and red mason bees, Osmia bicornis, has identified CYP9Q4, CYP9Q6,
and the related CYP9BU1 as functional orthologs of honeybee CYP9Q2/3 and key metabolic
determinants of neonicotinoid sensitivity in these species (6, 66, 108). Thus, these P450s explain,
in part, why these bee species are orders of magnitude more sensitive to imidacloprid than to N-
cyano neonicotinoids.However, in the alfalfa leafcutter bee,Megachile rotundata, the CYP9Q/9BU
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subfamilies are absent, and all neonicotinoids are equally toxic (37). These examples show that,
while P450s that are close in sequence can maintain some degree of functional conservation, the
dynamics of births and deaths of P450 genes in species-rich lineages such as Hymenoptera makes
it hazardous to extrapolate findings across species. Moreover, honey bee CYP9Q1–3 metabolize
the pyrethroid tau-fluvalinate and the organophosphate coumaphos, as well as some phytochem-
icals (67, 99); thus, while they can be seen as generalist P450s, it is also hazardous to predict their
specificity, as shown by their differential activity toward neonicotinoids. Screening of functionally
expressed pollinator P450s may become a standard procedure in future insecticide development,
just as screening of the major human liver P450s is now standard in the development of new drugs
(64). For instance, screening of azole fungicides revealed that those synergizing neonicotinoids in
vivo are also potent inhibitors of bee CYP9Q2 and CYP9Q3 (34).

7. CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

7.1. Conclusions

Our understanding of the role of P450s in insect toxicology over the past decade has advanced
greatly. There has been an explosion in the numbers of genomes that have been sequenced and
CYPomes that have been annotated, and as outlined in this review, a large body of evidence sup-
ports the importance of P450-mediated adaptation to pesticides. This research has revealed a lack
of correlation between CYPome size and xenobiotic tolerance. Furthermore, while xenobiotic-
metabolizing P450s are present in all four major CYP clans, there is no clear distinction from
P450s that metabolize endogenous substrates. Despite the difficulty of P450 biochemistry and the
great diversity of P450s in arthropod pests, emerging evidence suggests that only a subset of P450
genes are associated with pesticide resistance. Cases of differential up- and/or downregulation
of P450s responsible for resistance have been resolved, while recent work has also demonstrated
that qualitative (i.e., amino acid differences in the coding sequence) and quantitative changes may
act in tandem to enhance P450-mediated resistance. Cis-, trans-, and signal transduction mech-
anisms have been studied extensively in recent years, resulting in the identification of promotor
changes and transcription factors (such as CncC and Maf ) and the elucidation of gene amplifi-
cation events. Several in vitro and in vivo tools have been developed to validate and/or measure
the role and contribution of certain P450s, alone or in combination with other mechanisms in the
resistance phenotype, with partial success and limitations (in vitro systems, RNAi, and Drosophila
model) or more robust outcomes (genome editing of non-model organisms). Finally, one of the
most exciting findings in the past decade, the documentation of P450-based pesticide selectivity in
bee pollinators at the molecular level, has opened up novel molecular options for mechanistic pes-
ticide risk assessment in honey bees using recombinant P450 libraries (34). Similar tool sets have
been developed for pest species that can be used to test the metabolic lability of novel insecticidal
leads (12) and screen for synergists to block resistance, or even to explore negative cross-resistance
concepts (70, 113).

7.2. Key Knowledge Gaps: Priorities for Future Research

The diversity of arthropod CYPomes has only been broadly outlined, and even in some major
crop pests and disease vectors, the key P450s that determine pesticide sensitivity have not all been
identified. Global and unbiased biochemical and genomic approaches will help identify which
P450s are likely to mediate resistance, facilitating the implementation of simple diagnostics to
study the spread of resistance alleles.
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The precise mutational events that are responsible for the constitutive trans-regulation of P450
genes up (or down) in pesticide-resistant strains remain obscure, despite the plethora of such
documented cases.

Standardization of insect P450 expression is also desirable to exploit the technological potential
of insect P450s for industrial and research applications, such as the construction of libraries of
recombinant P450s (e.g., libraries of all 57 human P450s; 26).

The further development and use of efficient genetic transformation systems (e.g.,
CRISPR/Cas9) in non-model organisms will facilitate our understanding of the role of P450s
in pesticide resistance either alone or in combination with other mechanisms.

Insect P450 structures co-crystallized in complex with ligands will be needed to predict and
understand the determinants of substrate specificity of the enzymes, as researchers currently rely
on homology models based on distant vertebrate P450 structures.

SUMMARY POINTS

1. Arthropods have widely diverse CYPomes, with xenobiotic-metabolizing P450s inter-
mingled with P450s catalyzing endogenous physiological reactions in all fourmajor CYP
clans.

2. Assigning functions to P450 enzymes remains difficult using heterologous expression of
recombinant enzymes in vitro, but complementary in vivo tools have been used to vali-
date the role of P450s in resistance, with partial success and limitations (RNAi and trans-
genic expression in Drosophila) or more robust outcomes (genome-edited non-model
organisms).

3. Qualitative and quantitative changes in P450s may act individually or in tandem to en-
hance P450-mediated resistance.

4. The predictive value of P450-based diagnostics needs careful consideration, as epistasis
(i.e., different phenotypes depending on the genetic background) is present, and many
resistance markers may be required for diagnosis in each case.

5. Cis-, trans-, and signal transduction or gene amplification mechanisms have been stud-
ied extensively in recent years, resulting in the identification of promotor changes and
transcription factors (such as CncC and Maf ) and the elucidation of gene amplification
events.

6. The documentation of P450-based pesticide selectivity in bee pollinators at the molecu-
lar level has opened up novel molecular options for mechanistic pesticide risk assessment
in bees by exploiting recombinant P450 libraries.

FUTURE ISSUES

1. Global and unbiased biochemical and genomic approaches will facilitate the further in-
vestigation of which P450s are likely to mediate resistance.

2. The reconstruction or destruction of complex resistance phenotypes by functional ge-
netic approaches in non-model insects will enhance our ability to elucidate the contri-
bution of each individual molecular mechanism in the resistance phenotype.
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3. Extensive lineage-specific genome sequencing and cell-based functional work are needed
to decipher the mutational events that are responsible for the regulation of P450 genes
involved in pesticide resistance.

4. Standardization of insect P450 expression will increase the technological potential of in-
sect P450s for industrial applications, e.g., their exploitation for the discovery of selective
insecticides and risk assessment.

5. The development and use of efficient genetic transformation systems in non-model
organisms will facilitate our understanding of the function and physiology of P450-
mediated resistance.

6. Crystal structures from insect P450s in complex with ligands are needed to predict and
understand the determinants of substrate specificity.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

The research of J.V. and C.B. has been supported by the European Union Horizon 2020 Frame-
work Program, grants 688207-SuperPests and 101007917 CypTox. C.B. also received funding
from the European Research Council (ERC) under the European Union’s Horizon 2020 research
and innovation program (grant 646625).

LITERATURE CITED

1. Adolfi A, Poulton B, Anthousi A, Macilwee S, Ranson H, Lycett GJ. 2019. Functional genetic
validation of key genes conferring insecticide resistance in the major malaria vector, Anopheles
gambiae. PNAS 116:25764–72

1. Overexpression of
individual P450s in
genetically modified
Anopheles gambiae
determines their
contribution to
resistance when
expressed in different
tissues.

2. Amezian D,Nauen R, Le Goff G. 2021. Transcriptional regulation of xenobiotic detoxification genes in
insects: an overview. Pestic. Biochem. Physiol. 174:104822

3. Amichot M, Tarès S, Brun-Barale A, Arthaud L, Bride JM, Bergé JB. 2004. Point mutations associated
with insecticide resistance in the Drosophila cytochrome P450 Cyp6a2 enable DDT metabolism. Eur. J.
Biochem. 27:1250–57

4. Balabanidou V, Kampouraki A, MacLean M, Blomquist GJ, Tittiger C, et al. 2016. Cytochromes P450
associated with insecticide resistance catalyze cuticular hydrocarbon production in Anopheles gambiae.
PNAS 113:9268–73

5. Bass C, Zimmer CT, Riveron JM, Wilding CS, Wondji CS, et al. 2013. Gene amplification and
microsatellite polymorphism underlie a recent insect host shift. PNAS 110:19460–65

5. P450 enzymes that
detoxify plant defense
chemistry can be
preadapted to confer
resistance to synthetic
insecticides.

6. Beadle K, Singh KS,Troczka BJ,Randall E,ZaworraM, et al. 2019.Genomic insights into neonicotinoid
sensitivity in the solitary bee Osmia bicornis. PLOS Genet. 15:e1007903

7. Berenbaum MR, Johnson R. 2015. Xenobiotic detoxification pathways in honey bees. Curr. Opin. Insect
Sci. 10:51–58

8. Brattsten LB,Wilkinson CF, Eisner T. 1977.Herbivore-plant interactions: mixed-function oxidases and
secondary plant substances. Science 196:1349–52

9. Calla B, Wu WY, Dean CAE, Schuler MA, Berenbaum MR. 2020. Substrate-specificity of cytochrome
P450-mediated detoxification as an evolutionary strategy for specialization on furanocoumarin-
containing hostplants: CYP6AE89 in parsnip webworms. Insect Mol. Biol. 29:112–23

118 Nauen et al.



10. Carareto CM, Hernandez EH, Vieira C. 2014. Genomic regions harboring insecticide resistance-
associated Cyp genes are enriched by transposable element fragments carrying putative transcription
factor binding sites in two sibling Drosophila species.Gene 537:93–99

11. Carino FA,Koener JF, Plapp FW Jr., Feyereisen R. 1994.Constitutive overexpression of the cytochrome
P450 gene CYP6A1 in a house fly strain with metabolic resistance to insecticides. Insect Biochem. Mol.
Biol. 24:411–18

12. Casida JE. 2018. Pesticide detox by design. J. Agric. Food Chem. 66:9379–83
13. Chen S, Li X. 2007. Transposable elements are enriched within or in close proximity to xenobiotic-

metabolizing cytochrome P450 genes. BMC Evol. Biol. 7:46
14. Chandor-Proust A,Bibby J,Régent-KloecknerM,Roux J,Guittard-Crilat E, et al. 2013.The central role

of mosquito cytochrome P450 CYP6Zs in insecticide detoxification revealed by functional expression
and structural modelling. Biochem. J. 455:75–85

15. Chouaibou MS, Chabi J, Bingham GV, Knox TB, N’Dri L, et al. 2012. Increase in susceptibility to
insecticides with aging of wild Anopheles gambiaemosquitoes from Côte d’Ivoire.BMC Infect. Dis. 12:214

16. ChungH,BogwitzMR,McCart C,Andrianopoulos A,Ffrench-Constant RH, et al. 2007.Cis-regulatory
elements in the Accord retrotransposon result in tissue-specific expression of theDrosophila melanogaster
insecticide resistance gene Cyp6g1.Genetics 175:1071–77

17. CohenMB,SchulerMA,BerenbaumMR.1992.A host-inducible cytochromeP-450 from a host-specific
caterpillar: molecular cloning and evolution. PNAS 89:10920–24

18. Cooper AMW, Silver K, Zhang J, Park Y, Zhu KY. 2019. Molecular mechanisms influencing efficiency
of RNA interference in insects. Pest Manag. Sci. 75:18–28

19. Cui S, Wang L, Ma L, Geng X. 2016. P450-mediated detoxification of botanicals in insects.
Phytoparasitica 44:585–99

20. Daborn PJ, Yen JL, Bogwitz MR, Le Goff G, Feil E, et al. 2002. A single P450 allele associated with
insecticide resistance in Drosophila. Science 297:2253–56

21. Demaeght P,DermauwW,Tsakireli D,Khajehali J,NauenR, et al. 2013.Molecular analysis of resistance
to acaricidal spirocyclic tetronic acids in Tetranychus urticae: CYP392E10 metabolizes spirodiclofen, but
not its corresponding enol. Insect Biochem. Mol. Biol. 43:544–54

22. DermauwW,Van Leeuwen T, Feyereisen R. 2020.Diversity and evolution of the P450 family in arthro-
pods. Insect Biochem. Mol. Biol. 127:103490

23. Dermauw W, Wybouw N, Rombauts S, Menten B, Vontas J, et al. 2013. A link between host plant
adaptation and pesticide resistance in the polyphagous spider mite Tetranychus urticae. PNAS 110:E113–
22

24. Douris V, Denecke S, Van Leeuwen T, Bass C, Nauen R, Vontas J. 2020. Using CRISPR/Cas9 genome
modification to understand the genetic basis of insecticide resistance: Drosophila and beyond. Pestic.
Biochem. Physiol. 167:104595

25. Duffy JB. 2002. GAL4 system in Drosophila: a fly geneticist’s Swiss army knife.Genesis 34:1–15
26. Durairaj P, Fan L, DuW, Ahmad S,Mebrahtu D, et al. 2019. Functional expression and activity screen-

ing of all human cytochrome P450 enzymes in fission yeast. FEBS Lett. 593:1372–80
27. Edi CV, Djogbénou L, Jenkins AM, Regna K, Muskavitch MAT, et al. 2014. CYP6 P450 enzymes and

ACE-1 duplication produce extreme and multiple insecticide resistance in the malaria mosquito Anophe-
les gambiae. PLOS Genet. 10:e1004236

28. Feyereisen R. 2011. Arthropod CYPomes illustrate the tempo and mode in P450 evolution. Biochim.
Biophys. Acta Proteins Proteom. 1814:19–28

29. Feyereisen R. 2012. Insect CYP genes and P450 enzymes. In Insect Molecular Biology and Biochemistry, ed.
LI Gilbert, pp. 236–316. Amsterdam: Elsevier

30. Feyereisen R. 2020.Origin and evolution of the CYP4G subfamily in insects, cytochrome P450 enzymes
involved in cuticular hydrocarbon synthesis.Mol. Phylogenet. Evol. 143:106695

31. Fogleman JC, Danielson PB, Macintyre RJ. 1998. The molecular basis of adaptation in Drosophila: the
role of cytochrome P450s. Evol. Biol. 30:15–77

32. Gimenez S, Abdelgaffar H, Le Goff G, Hilliou F, Blanco CA, et al. 2020. Adaptation by copy number
variation increases insecticide resistance in the fall armyworm. Commun. Biol. 3:664

www.annualreviews.org • P450s in Insect Toxicology and Resistance 119



33. Giraudo M, Hilliou F, Fricaux T, Audant P, Feyereisen R, Le Goff G. 2015. Cytochrome P450s from
the fall armyworm (Spodoptera frugiperda): responses to plant allelochemicals and pesticides. Insect Mol.
Biol. 24:115–28

34. Haas J, Nauen R. 2021. Pesticide risk assessment at the molecular level using honey bee cy-
tochrome P450 enzymes: a complementary approach. Environ. Int. 147:106372

34. First description of a
mechanistic approach
for bee pollinator risk
assessment and
azole-mediated
neonicotinoid
synergism by CYP9Q
enzyme inhibition.

35. Hamada A,Wahl GD, Nesterov A, Nakao T, Kawashima M, Banba S. 2019. Differential metabolism of
imidacloprid and dinotefuran by Bemisia tabaci CYP6CM1 variants. Pestic. Biochem. Physiol. 159:27–33

36. Harrop TWR, Denecke S, Yang YT, Chan J, Daborn PJ, et al. 2018. Evidence for activation of niten-
pyram by a mitochondrial cytochrome P450 in Drosophila melanogaster. Pest Manag. Sci. 74:1616–22

37. Hayward A, Beadle K, Singh KS, Exeler N, Zaworra M, et al. 2019. The leafcutter bee,Megachile
rotundata, is more sensitive to N-cyanoamidine neonicotinoid and butenolide insecticides than
other managed bees.Nat. Ecol. Evol. 3:1521–24

37. P450s that are
preadapted to detoxify
certain insecticides are
not ubiquitous across all
managed bee species.

38. Homem RA, Davies TGE. 2018. An overview of functional genomic tools in deciphering insecticide
resistance. Curr. Opin. Insect Sci. 27:103–10

39. Hu B, Zhang SH, Ren MM, Tian XR,Wei Q, et al. 2019. The expression of Spodoptera exigua P450 and
UGT genes: tissue specificity and response to insecticides. Insect Sci. 26:199–216

40. Hung CF, Holzmacher R, Connolly E, Berenbaum MR, Schuler MA. 1996. Conserved promoter el-
ements in the CYP6B gene family suggest common ancestry for cytochrome P450 monooxygenases
mediating furanocoumarin detoxification. PNAS 93:12200–5

41. Ibrahim SS, Riveron JM, Bibby J, Irving H, Yunta C, et al. 2015. Allelic variation of cytochrome P450s
drives resistance to bednet insecticides in a major malaria vector. PLOS Genet. 11:e1005618

42. InghamVA, Jones CM,Pignatelli P, Balabanidou V,Vontas J, et al. 2014.Dissecting the organ specificity
of insecticide resistance candidate genes in Anopheles gambiae: known and novel candidate genes. BMC
Genom. 15:1018

43. Itokawa K, Komagata O, Kasai S, Okamura Y, Masada M, Tomita T. 2010. Genomic structures of
Cyp9m10 in pyrethroid resistant and susceptible strains of Culex quinquefasciatus. Insect Biochem. Mol.
Biol. 40:631–40

44. Itokawa K, Komagata O, Kasai S, Tomita T. 2015. A single nucleotide change in a core promoter is
involved in the progressive overexpression of the duplicated CYP9M10 haplotype lineage in Culex quin-
quefasciatus. Insect Biochem. Mol. Biol. 66:96–102

45. Jones CM, Daniels M, Andrews M, Slater R, Lind RJ, et al. 2011. Age-specific expression of a P450
monooxygenase (CYP6CM1) correlates with neonicotinoid resistance in Bemisia tabaci. Pestic. Biochem.
Physiol. 101:53–58

46. Jones CM, Haji KA, Khatib BO, Bagi J, Mcha J, et al. 2013. The dynamics of pyrethroid resistance in
Anopheles arabiensis from Zanzibar and an assessment of the underlying genetic basis.Parasit. Vectors 6:343

47. Joußen N, Agnolet S, Lorenz S, Schöne SE, Ellinger R, et al. 2012. Resistance of Australian
Helicoverpa armigera to fenvalerate is due to the chimeric P450 enzyme CYP337B3. PNAS
109:15206–11

47. Novel P450s that
confer resistance to
insecticides can arise
from unequal
crossing-over between
two parental P450
genes, resulting in a
chimeric enzyme.

48. Joußen N, Heckel DG. 2021. Saltational evolution of a pesticide-metabolizing cytochrome P450 in a
global crop pest. Pest Manag. Sci. 77:3325–32

49. Kalsi M, Palli SR. 2015. Transcription factors, CncC and Maf, regulate expression of CYP6BQ genes
responsible for deltamethrin resistance in Tribolium castaneum. Insect Biochem. Mol. Biol. 65:47–56

50. Kalsi M, Palli SR. 2017. Transcription factor cap n collar C regulates multiple cytochrome P450 genes
conferring adaptation to potato plant allelochemicals and resistance to imidacloprid in Leptinotarsa de-
cemlineata (Say). Insect Biochem. Mol. Biol. 83:1–12

51. Karunker I, Benting J, Lueke B, Ponge T, Nauen R, et al. 2008. Over-expression of cytochrome P450
CYP6CM1 is associated with high resistance to imidacloprid in the B and Q biotypes of Bemisia tabaci
(Hemiptera: Aleyrodidae). Insect Biochem. Mol. Biol. 38:634–44

52. Kefia M, Balabanidou V, Douris V, Lycett G, Feyereisen R, Vontas J. 2019. Two functionally distinct
CYP4G genes ofAnopheles gambiae contribute to cuticular hydrocarbon biosynthesis. Insect Biochem.Mol.
Biol. 110:52–59

53. Kim JH, Gellatly KJ, Nauen R, Kohler M, Lueke B, et al. 2018. Detoxification of ivermectin by ABC
transporter C4 and CYP6CJ1 in the human body louse, Pediculus humanus. Insect Mol. Biol. 27:73–82

120 Nauen et al.



54. Kim YH, Issa MS, Cooper AMW,Zhu KY. 2015. RNA interference: applications and advances in insect
toxicology and insect pest management. Pestic. Biochem. Physiol. 120:109–17

55. King-Jones K,Horner MA, Lam G, Thummel CS. 2006. The DHR96 nuclear receptor regulates xeno-
biotic responses in Drosophila. Cell Metab. 4:37–48

56. Konno T, Hodgson E, Dauterman WC. 1989. Studies on methyl parathion resistance in Heliothis
virescens. Pestic. Biochem. Physiol. 33:189–99

57. Le Goff G, Hilliou F. 2017. Resistance evolution in Drosophila: the case of CYP6G1. Pest Manag. Sci.
73:493–99

58. LiT,CaoC,YangT,ZhangL,HeL, et al. 2015.AG-protein-coupled receptor regulation pathway in cy-
tochrome P450-mediated permethrin-resistance in mosquitoes, Culex quinquefasciatus. Sci. Rep. 5:17772

59. Li T, Liu L, Zhang L, Liu N. 2014. Role of G-protein-coupled receptor-related genes in insecticide
resistance of the mosquito, Culex quinquefasciatus. Sci. Rep. 4:6474

60. Li T, Liu N. 2017. Regulation of P450-mediated permethrin resistance in Culex quinquefasciatus by the
GPCR/Gαs/AC/cAMP/PKA signaling cascade. Biochem. Biophys. Rep. 12:12–19

61. Li X, Schuler MA, Berenbaum MR. 2007. Molecular mechanisms of metabolic resistance to synthetic
and natural xenobiotics. Annu. Rev. Entomol. 52:231–53

62. Li X, Shan C, Li F, Liang P, Smagghe G,Gao X. 2019. Transcription factor FTZ-F1 and cis-acting ele-
ments mediate expression of CYP6BG1 conferring resistance to chlorantraniliprole in Plutella xylostella.
Pest Manag. Sci. 75:1172–80

63. Liu N, Li M, Gong Y, Liu F, Li T. 2015. Cytochrome P450s: their expression, regulation, and role in
insecticide resistance. Pestic. Biochem. Physiol. 120:77–81

64. Lopez-Osorio F, Wurm Y. 2020. Healthy pollinators: evaluating pesticides with molecular medicine
approaches. Trends Ecol. Evol. 35:380–83

65. Lu K, Cheng Y, Li W, Li Y, Zeng R, Song Y. 2020. Activation of CncC pathway by ROS burst regulates
cytochrome P450 CYP6AB12 responsible for λ-cyhalothrin tolerance in Spodoptera litura. J. Hazard.
Mater. 387:121698

66. Manjon C, Troczka BJ, Zaworra M, Beadle K, Randall E, et al. 2018. Unravelling the molecular
determinants of bee sensitivity to neonicotinoid insecticides. Curr. Biol. 28:1137–43

66. Recombinant
expression of the entire
honey bee CYP3 clan
revealed CYP9Q2/3 to
be the key determinants
of bee sensitivity to
neonicotinoids.

67. Mao W, Schuler MA, Berenbaum MR. 2011. CYP9Q-mediated detoxification of acaricides in
the honey bee (Apis mellifera). PNAS 108:12657–62

67. First description of
CYP9Q enzymes
involved in honey bee
sensitivity to acaricides.

68. Mao W, Schuler MA, Berenbaum MR. 2015. Task-related differential expression of four cytochrome
P450 genes in honey bee appendages. Insect Mol. Biol. 24:582–88

69. McDonnell CM, Petersen Brown R, Berenbaum MR, Schuler MA. 2004. Conserved regulatory ele-
ments in the promoters of two allelochemical-inducible cytochrome P450 genes differentially regulate
transcription. Insect Biochem. Mol. Biol. 34:1129–39

70. McLeman A, Troczka BJ, Homem RA, Duarte A, Zimmer C, et al. 2020. Fly-Tox: a panel of transgenic
flies expressing pest and pollinator cytochrome P450s. Pestic. Biochem. Physiol. 169:104674

71. Mitchell S, Stevenson B, Muller P, Wilding C, Yawson A, et al. 2012. Identification and validation of
a gene causing cross-resistance between insecticide classes in Anopheles gambiae from Ghana. PNAS
109:6147–52

72. Mugenzi LMJ, Menze BD, Tchouakui M, Wondji MJ, Irving H, et al. 2019. Cis-regulatory
CYP6P9b P450 variants associated with loss of insecticide-treated bed net efficacy against
Anopheles funestus. Nat. Commun. 10:4652

72. This study showed
that cis-regulatory P450
variants confer
operationally relevant
pyrethroid resistance in
Anopheles funestus.

73. Muller P, Warr E, Stevenson BJ, Pignatelli PM, Morgan JC, et al. 2008. Field-caught permethrin-
resistant Anopheles gambiae overexpress CYP6P3, a P450 that metabolizes pyrethroids. PLOS Genet.
4:e1000286

74. Nakata K, Tanaka Y, Nakano T, Adachi T, Tanaka H, et al. 2006. Nuclear receptor-mediated transcrip-
tional regulation in Phase I, II, and III xenobiotic metabolizing systems. Drug Metab. Pharmacokinet.
21:437–57

75. Nauen R,Bielza P,Denholm I,GormanK. 2008.Age-specific expression of resistance to a neonicotinoid
insecticide in the whitefly Bemisia tabaci. Pest Manag. Sci. 64:1106–10

76. Nauen R, Vontas J, Kaussmann M, Wölfel K. 2013. Pymetrozine is hydroxylated by CYP6CM1, a cy-
tochrome P450 conferring neonicotinoid-resistance in Bemisia tabaci. Pest Manag. Sci. 69:457–61

www.annualreviews.org • P450s in Insect Toxicology and Resistance 121



77. Nauen R, Wölfel K, Lueke B, Myridakis A, Tsakireli D, et al. 2015. Development of a lateral flow test
to detect metabolic resistance in Bemisia tabacimediated by CYP6CM1, a cytochrome P450 with broad
spectrum catalytic efficiency. Pestic. Biochem. Physiol. 121:3–11

78. Nauen R, Zimmer C, Vontas J. 2021. Heterologous expression of insect P450 enzymes that metabolize
xenobiotics. Curr. Opin. Insect Sci. 43:78–84

79. Nelson DR. 2018. Cytochrome P450 diversity in the tree of life. Biochim. Biophys. Acta Proteins Proteom.
1866:141–54

80. Palli SR. 2020. CncC/Maf-mediated xenobiotic response pathway in insects.Arch. Insect Biochem. Physiol.
104:e21674

81. Pang R,ChenM,Liang Z, Yue X,Ge H, ZhangW. 2016. Functional analysis of CYP6ER1, a P450 gene
associated with imidacloprid resistance in Nilaparvata lugens. Sci. Rep. 6:34992

82. Perry T, Batterham P. 2018. Harnessing model organisms to study insecticide resistance. Curr. Opin.
Insect Sci. 27:61–67

83. Perry T,BatterhamP,Daborn PJ. 2011.The biology of insecticidal activity and resistance. Insect Biochem.
Mol. Biol. 41:411–22

84. Poupardin R, Reynaud S, Strode C, Ranson H, Vontas J, David JP. 2008. Cross-induction of detoxifica-
tion genes by environmental xenobiotics and insecticides in the mosquito Aedes aegypti: impact on larval
tolerance to chemical insecticides. Insect Biochem. Mol. Biol. 38:540–51

85. Pu J, SunH,Wang J,WuM,Wang K, et al. 2016.Multiple cis-acting elements involved in up-regulation
of a cytochrome P450 gene conferring resistance to deltamethrin in small brown planthopper,Laodelphax
striatellus (Fallén). Insect Biochem. Mol. Biol. 78:20–28
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