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The resistance to dieldrin (RDL) receptor is an insect
γ-aminobutyric acid (GABA) receptor, characterized by the
dieldrin resistance mutation that was pivotal to understanding
target based insecticide resistance. RDL is the target for various
non-competitive antagonists, including dieldrin and fipronil,
as well as novel acting compounds such as the meta-diamides
and isoxazolines. Therefore the RDL receptor has returned to
center stage as a relevant and effective insecticide target. Our
understanding of the function of RDL in vivo is still unfolding,
with the discovery of species specific post-transcriptional
modifications such as alternative splicing and RNA editing,
modifications shown to influence the pharmacology of the
receptor. Exposing these receptors to insecticides also evokes
ever evolving mechanisms of mutagenesis, and a number of
contributory mutations have been identified both in field and
laboratory resistant insects, occurring in parallel to the dieldrin
resistance mutation. We present an overview of these variations
and discuss the impact on the pharmacology of GABA and
various insecticides.



Introduction

The targeting of insect neuronal receptors is one of the main mechanisms
of insecticidal action. However, our understanding of these neuronal receptors
and their functions in vivo are still unfolding, with the continuing discovery
and functional analysis of post-transcriptional modifications such as alternative
splicing and RNA editing. By the same token, exposing these receptors to
insecticides evokes ever evolving mechanisms of mutagenesis by nature,
contributing to insecticide resistance or offsetting the fitness costs of other
mutations. An overview of these variations and their effects on receptor
pharmacology are provided on the resistance to dieldrin (RDL) receptor, the most
studied of the insect γ-aminobutyric acid (GABA) receptors and the target for
both historic and novel non-competitive antagonists (NCAs) (1).

The RDL receptor is involved in rapid inhibitory synaptic transmission,
utilizing GABA as its neurotransmitter. As the first invertebrate GABA receptor
to be identified, most sequence and functional analysis has been conducted in the
fruit fly model Drosophila melanogaster, in which the subunit was first identified
and functionally expressed (2, 3). The RDL receptor plays a key role in various
processes, most notably the regulation of sleep (4), aggression (5) and olfaction
(6, 7), and in D. melanogaster, RDL is expressed both in the embryonic and adult
central nervous system (8, 9).

As amember of the cys-loop ligand-gated ion channel (cysLGIC) superfamily,
the RDL receptor consists of a pentameric subunit structure, centered around
a central pore. In turn, the RDL subunit is composed of extracellular N- and
C-termini, four transmembrane domains (M1 – M4), the second of which lines the
ion channel; and a large intracellular loop between M3 and M4 (10). The agonist
binding site is located in the N-terminal extracellular domain and consists of
distinct regions (loops A-F) (11). Also in the N-terminal domain is the dicysteine
loop, which is characteristic of the cysLGIC superfamily. In addition to RDL, the
cysLGIC superfamily contains other receptor targets for insecticides, including
the glutamate gated chloride channels and nicotinic acetylcholine receptors (1,
12, 13).

GABA binds at the subunit interface, altering the conformation of the receptor
and allowing the passage of chloride ions, which initiate the cascade of inhibitory
action. By this function, the insect RDL receptor is most related to vertebrate
GABAA receptors, though pharmacologically it does have some differences (14,
15).

The RDL receptor was identified and characterized following the discovery
of a mutation located in the ion channel pore forming M2 (amino acid position
301) of D. melanogaster Rdl. This mutation rendered the RDL receptor resistant
to the antagonistic effects of 10 μM dieldrin, which is a cyclodiene insecticide (3).
The Rdl subunit has since been cloned from several insect orders, including those
of agricultural pests (e.g. red flour beetle Tribolium castaneum and planthopper
Laodelphax striatellus (16, 17)), pests afflicting domesticated animals (cat flea,
Ctenocephalides felis (18)), human and animal disease vectors (house fly Musca
domestica, and mosquitoes Anopheles gambiae and Aedes aegypti (19–21)) and
beneficial species (miridbugCyrtorhinus lividipennis and honeybee Apis mellifera
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(22, 23)). In most cases, an insect has only one Rdl gene, however, there are
exceptions, such as the presence of two Rdl genes in the pea aphid (Acyrthosiphon
pisum) (24) and the diamondback moth (Plutella xylostella) (25), while the silk
worm (Bombyx mori) possesses three Rdl genes (26). The coding sequence of Rdl
is remarkably conserved between diverse insect species, usually showing 70-90%
identity at the amino acid level (27, 28). The M2 mutation in the RDL subunit
(commonly referred to as the A2′ mutation, which signifies an alteration in the
second amino acid position of the ion channel domain) (15) has been extensively
studied since its discovery, and is utilized as a diagnosticmarker for resistance (29).
However, several other RDL subunit mutations have recently been discovered in
field and laboratory selected resistant insects, and interestingly always in parallel
with the A2′ mutation (30–32).

The RDL receptor is a target for a number of neuromodulatory and
insecticidal compounds including lindane (33), picrotoxin (34), cyclodienes (e.g.
dieldrin, endosulfan) (2), phenylpyrazoles (e.g. fipronil) (35) and macrocyclic
lactones (e.g. ivermectin) (36). Recently, the RDL receptor has returned to center
stage as a novel target for the isoxazolines (37, 38), meta-diamides (39) and
meroterpenoid chrodrimanins (40), that target different binding sites and have
the distinct advantage of acting on RDL bearing subunits containing the M2
resistance mutation (15, 40).

The study of RDL receptor is facilitated by the ability to express high levels of
the homomeric receptor in Xenopus laevis oocytes and other expression systems
(41–44), but the exact composition of the subunits in vivo remains unknown.
These homomeric receptors maintain most of the pharmacological properties
of native insect GABA receptors but their response to some benzodiazepines is
different (14, 15), suggesting that other subunits may co-assemble with RDL in
vivo. This is supported by in vitro studies showing that RDL can co-express with
the GABA receptor subunits GRD (GABA/glycine-like receptor of Drosophila)
(45) and LCCH3 (ligand-gated chloride channel homologue 3) (46) as well as
the glutamate gated chloride channels (GluCls) (21, 47). However, there is other
evidence to suggest that these subunits may not necessarily co-assemble in vivo
(48, 49).

The RDL receptor is likely to be far more complex than is suggested by the
common perception that it is a homomeric. This is because alternative splicing and
RNA editing have been found to increase the diversity of the Rdl transcriptome
(15, 50). In addition, evidence has come to light that these variations can affect
the pharmacology of the receptor and influence the actions of insecticides (51, 52).

In the following chapter we will consider the recent molecular variations
identified in the insect RDL receptor and discuss the impact of these variations on
the receptor pharmacology of GABA and various insecticides.



Environmentally-Induced Variations: The Effects of RDL
Resistance Mutations on Receptor Pharmacology

It is 24 years since the original dieldrin resistance mutation at position 301
(A2′S/G) was identified in an RDL subunit (3), and it is one of the most significant
examples of direct target site resistance to date. Dieldrin was removed from
the market several decades ago, but may persist in the environment (53). This
combined with the potential for cross-resistance with currently used insecticides
such as endosulfan and fipronil (32, 54), may suggest why the dieldrin resistance
mutation still persists in insect populations (55, 56). With novel insecticides
emerging that target the RDL receptor, albeit with different mechanisms of
action (57), it seems timely to review the presence of novel insecticide associated
mutations that have been discovered in recent years (summarized in Table 1).

The amino acid alanine in the channel forming M2 domain, corresponding
to position 301 (A2′) in the D. melanogaster RDL subunit, is mutated most often
to serine (18, 58, 59) or glycine (58, 60) to confer resistance to channel blocking
insecticides such as dieldrin and at varying levels to fipronil (15, 58, 61). It was
recently found that the glycine mutation in fact facilitated a greater resistance to
fipronil than the serine mutation (both in vivo and in vitro) inD. melanogaster (62).
More recently, in 2010 and 2011, another mutation at the same site was observed
in two fipronil resistant field populations of planthopper, in which alanine at the
same position was mutated to asparagine (A2′N) (44, 63).

The first mutation reported to co-exist with the A2′ mutation was T350M
(Table 1), isolated from a laboratory selected Drosophila simulans population
resistant to dieldrin, also showing a high level of resistance to fipronil (31). This
mutation, located in the M3 domain, was always found in the presence of A2′G.
Functional experiments with electrophysiology applied to expressed RDL subunit
isoforms in X. laevis oocytes revealed that the T350M mutation contributed to
fipronil resistance, as the IC50 of the A2′G/T350M isoform for fipronil (221 nM)
was significantly increased from that of A2′G alone (93 nM) and wild-type (31
nM) (31). Furthermore, expression of an RDL subunit isoform containing only
T350M also showed reduced sensitivity to fipronil (IC50 215 nM), suggesting that
the mutation may also individually contribute to resistance.

The Drosophila T350 double resistance profile was also found to be
conserved in RDL subunits of the malaria mosquito An. gambiae, that were
highly resistant to dieldrin (20). Here, the M3 mutation T345M in the An.
gambiae RDL subunit (Table 1), which is equivalent to T350M in D. simulans,
was also found in the presence of the A2′G mutation (20). As the mosquitoes in
this study were collected from wild populations showing phenotypic resistance to
dieldrin, the mutations observed here may represent resistance mutations present
in the field. In contrast with the double mutant RDL isoform from D. simulans
however, the T345M mutation in An. gambiae did not appear to contribute to
fipronil resistance, as a double mutation or individually (20). This supports
observations in transgenic D. melanogaster, whereby fipronil resistance was not
heightened by the presence of the T-M mutation, both alone and in combination
with A2′G (62). It is speculated that the T-M mutation in An. gambiae may
therefore play a structural rather than functional role, potentially offsetting the
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fitness costs imposed by A2′G (20, 62). Modeling of the receptor indicates that
the two mutations are indeed in close proximity and hence capable of functional
interaction (62). The EC50 of A2′G (60 μM) for GABA was also found to
be significantly lower than that of the A2′G/T345M double mutant (198 μM),
indicating that the T-M mutation may serve to offset the heightened sensitivity to
GABA, that would otherwise be detrimental to neuronal signaling (20).

A D. melanogaster Rdl subunit mutation, M360I, in the intracellular loop
between M3 and M4, was observed alongside the A2′S mutation (Table 1) in a
gene duplication that contained one wild type copy and one double mutant (A2′S/
M360I) copy of Rdl (64). This duplication was associated with intermediate levels
of dieldrin resistance and heat shock recovery, suggesting that the duplication may
offset the temperature sensitive fitness cost associated with the A2′Smutation (64).
Interestingly, M360 can be recoded to valine through RNA A-to-I editing (51).
It was found that in the duplicated Drosophila Rdl, there were greater levels of
RNA editing at I360 than at the wild-type M360 copy (64), which may suggest
a link between RNA editing and the A2′S resistance mutation. However, the
individual contribution of M360I to insecticide resistance has yet to be determined
at a molecular/functional level.

In Anopheles funestus Rdl, a V327I substitution was found to be associated
with the A2′S mutation in field collected samples of dieldrin resistant mosquitoes
in Cameroon and Burkina Faso (Table 1) (56). The valine to isoleucine substitution
is present in the loop between the M2 andM3 domains. Interestingly, the mutation
was always found in conjunction with the A2′S mutation, but at a lower frequency
than was observed for A2′S (56). The link between this mutated isoform and the
resistance phenotype, as well as the functional consequences of this mutation, have
however not as yet been investigated.

A number of different contributory mutations to the less common A2′N
mutation have also been identified Rdl subunits from various species of
planthopper (Table 1) (65–67). An R340Q mutation was found in the presence of
A2′N in an RDL subunit of fipronil resistant Sogatella furcifera collected from a
rice paddy in Japan (65). The mutation is present in the intracellular loop between
the M3 and M4 domains, in relative close proximity to the T345M/T350M
mutations found in An. gambiae and D. simulans (20, 31). As with the V327I
mutation in An. funestus RDL, the R340Q mutation was present at a lower
frequency than A2′N, being present in only 9 of 17 cDNA clones carrying the
A2′N mutation (65). Using a membrane potential assay and Drosophila Mel-2
cells stably expressing the homomeric RDL mutant isoforms, it was shown
that the R340Q did not contribute significantly to fipronil resistance, both in
combination with A2′N and alone. This result, combined with the location in
the intracellular loop suggest, as with the T345M/T350M mutation, that this
substitution may have a more subtle structural role and/or play a role in offsetting
the fitness costs of the A2′N mutation.

In the brown planthopper Nilaparvata lugens, another recent study revealed
a mutation in combination with A2′S, a Q359E mutation between M3 and M4
of the RDL subunit (Table 1) (30). The mutations were observed when field
collected insects were driven to resistance using the fiprole insecticide ethiprole.
Ethiprole has particular relevance to N. lugens, as along with fipronil it has
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replaced imidacloprid as a method of insect control in Asia, following resistance
to neonicotinoids (68). There were differential effects of the A2′S mutation on
the sensitivity of ethiprole and fipronil, a somewhat unexpected finding as the
structures differ only by an ethylsulfinyl substituent in ethiprole, compared to
a trifluoromethylsulfinyl moiety in fipronil (for structures see reference (69)).
Both in vitro (homomeric RDL expressed in X. laevis oocytes) and in vivo (D.
melanogaster insecticide bioassays) methods demonstrated that the A2′S mutation
contributes to ethiprole resistance (30). This effect was most pronounced in vivo,
whereby D. melanogaster with the A2′S mutation exhibited 4000-fold resistance
in comparison to the wild-type strain. The Q359E mutation, however, did not
contribute significantly to resistance in vitro, indicating that the A2′S mutation
is the main mechanism of target site resistance. The authors speculate that the
presence of the Q359E mutation may be owing to a structural linkage between
the two mutations, or that the Q359E mutation confers a fitness advantage. It
is difficult to envisage how Q359E may offset any fitness associated with A2′S
considering that the mutation, both singly and as a double mutant, did not impact
on the potency of GABA (30).

Secondary mutations were also found in the M2 domain of the RDL subunit
from the planthopper L. striatellus (66). Sequencing of the Rdl gene from field
collected insects driven to 87-fold resistance to fipronil revealed the A2′Nmutation
in combination with either an R305Q or R305W mutation (Table 1). The strain
exhibited low cross-resistance to dieldrin and endosulfan and resistance was not
affected by detoxification enzymes, suggesting that target site mutations are likely
to be responsible for fipronil resistance (66).

In N. lugens, an R299Q mutation, also in the M2 domain of the RDL
subunit, was recently identified in addition to the A2′S mutation (Table 1) (67).
The A2′S/R299Q double mutant was found in insect populations from China,
Thailand and Vietnam, with R299Q occurring at a lower frequency than A2′S.
In addition, the R299Q mutation was identified during laboratory selection with
fipronil (up to a resistance ratio of 237-fold) after the A2′S mutation had reached
100% penetrance. This suggests that R299Q is a secondary mutation potentially
associated with persistent fipronil exposure. The mutations, as in previous
studies, were only found in parallel, which the authors speculate may be because
of the fitness costs associated with the R299Q mutation alone. Indeed, expression
of the R299Q mutant subunit expressed as a homomeric receptor individually
reduced the GABA potency almost 11 times (EC50 = 413 μM) to that of wild type
receptors (38 μM), suggesting a high fitness cost. This is a much larger reduction
in potency than was observed with the A2′S mutation (EC50 = 19 μM, 2 times
lower). In contrast, the double mutant receptor restored the GABA potency to
comparable levels with the wild-type (EC50 = 54 μM), perhaps offsetting the
fitness costs associated with increased sensitivity to GABA. In addition, the A2′S
mutation conferred low levels of resistance to fipronil (IC50 45 nM compared to
20 nM in wild-type). However, in combination with R299Q, the sensitivity to
fipronil was significantly decreased (IC50 96 nM), suggesting the double mutant
also contributes to fipronil resistance. Therefore the A2′S and R299Q subunit
mutations are likely to have both a compensatory and synergistic relationship; to
offset fitness costs and increase fipronil resistance, respectively.
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Table 1. Resistance Mutations Found in Association with the A2′ Mutation in the RDL Subunit of Various Insect Species. The
Mutations Are Listed in Order of Position within the Protein Sequence, with the Insect Species Detected, Resistance Ratio if
Calculated and Geographical Location from Which They Were Isolated, unless They Were Obtained via Laboratory Selection.

RDL mutation
associated with A2′ Insect species Resistance ratio Geographical location isolated

M2 domain

A2′S and R299Q N. lugens Fipronil: 237 China, Vietnam, Thailand, plus via
laboratory selection (67)

A2′S and R305Q
or R305W L. striatellus Fipronil: 87 Laboratory selection (field collected strain

from Japan) (66)

Loop between M2-M3 domains

A2′S and V327I An. funestus Not determined Africa (Burkina Faso and Cameroon) (56)

M3 domain

A2′G and T345M An. gambiae Not determined Laboratory selection (field collected strain
from Democratic Republic of Congo) (20)

A2′G and T350M D. simulans (Eyguières 42) Fipronil: 20,000 Laboratory selection (31)

Intracellular loop between M3-M4 domains

A2′N and R340Q S. furcifera Not determined Japan (65)

Continued on next page.
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Table 1. (Continued). Resistance Mutations Found in Association with the A2′ Mutation in the RDL Subunit of Various Insect
Species. The Mutations Are Listed in Order of Position within the Protein Sequence, with the Insect Species Detected, Resistance
Ratio if Calculated and Geographical Location from Which They Were Isolated, unless They Were Obtained via Laboratory

Selection.

RDL mutation
associated with A2′ Insect species Resistance ratio Geographical location isolated

A2′S and Q359E N. lugens
Under ethiprole selection:

Ethiprole: >14,000
Fipronil: >860

Laboratory selection (field collected strain
(Nl55) from India) (30)

A2′S and M360I D. melanogaster Dieldrin: >4000 USA (64)
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Naturally-Occurring Variations: Alternative Splicing and RNA
Editing

Alternative splicing and RNA editing are post-transcriptional modifications
that enhance the diversity of the transcriptome, thereby increasing the number
of products from a single gene (70, 71). Ion channel proteins functioning in
the nervous system undergo a notably high level of RNA editing, commonly in
functionally significant regions, which may serve as a mechanism for facilitating
rapid neuronal signaling (72). The importance of alternative splicing and RNA
editing is highlighted by their dysregulation, which results in neurodegenerative
phenotypes (73–75). These mechanisms may also be particularly influential in
insect genomes, serving to expand the repertoire of what would otherwise be a
small complement of proteins. For example, insects possess less than 30 cysLGIC
subunit genes, as opposed to 102 in Caenorhabditis elegans and 45 in humans
(27, 76, 77).

The Effects of Alternative Splicing on RDL Receptor Pharmacology

Alternative splicing is the process in pre-messenger RNA (mRNA), whereby
introns are spliced out and various exons are introduced, removed or substituted
to form the final processed mRNA. In this way, a single gene codes for multiple
proteins, as a result of the alternatively spliced exons forming multiple protein
products (78, 79).

D. melanogaster Rdl is composed of nine exons, two of which, exons 3
(variants a and b) and 6 (variants c and d) (Figure 1) are alternatively spliced
to produce subunit isoforms ac, ad, bc and bd, all of which are transcribed in
vivo (50, 51). Real time PCR and analyses of clones amplified from adult D.
melanogaster and An. gambiae cDNA reveal that the Rdlbd variant is the most
prevalent splice form in vivo (51, 80). However the preference for the splice
variant transcript appears to be different at the embryonic stage, with Rdlbc being
the most abundant (50), indicating varying requirement for the different isoforms
at different stages of development.

Alternative splicing of exons 3 and 6 is conserved in diverse insect species
including the African malaria mosquito An. gambiae (80), the small brown
planthopper L. striatellus (81), the silkworm B. mori (26), the honeybee A.
mellifera (28), beetles T. castaneum andOulema oryzae (82, 83) and the parasitoid
wasp Nasonia vitripennis (27) also revealed these common splice regions. In
contrast, the white-backed planthopper S. furcifera has an additional splice variant
at exon 3 (65). The diamondback moth, P. xylostella, has two Rdl-encoding
genes, both of which are alternatively spliced at only exon 3 (25). This suggests
that even within insect orders, the level of alternative splicing can differ, creating
species specific RDL subunit isoforms.
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Figure 1. Schematic illustration showing how post-transcriptional modifications
can diversify the insect RDL subunit, in this case that of D. melanogaster.

Alternative splicing yields two variants each for exons 3 (variants a and b) and 6
(variants c and d) changing amino acid residues in the N-terminal extracellular
domain where agonist binding occurs. Residues that are different in alternative
exons are shown in bold. Differential splicing generates M3-M4 intracellular
loops of different lengths as shown by sequences with the accession numbers
NP_729462.2 and NP_523991.2 (sequences directly submitted to the NCBI
database). RNA editing leads to the R122G substitution in the N-terminal
extracellular domain, I283V in M1, whereas N294D and M360V occur in

intracellular domains.

Exons 3 and 6 are located in the N-terminal extracellular domain, within
proximity of agonist binding. In particular, exon 6 contains loops C and F, which
contribute to the ligand-binding site (15). It was therefore not surprising to find
that the splice isoforms in Drosophila differed in their sensitivity to GABA and
various GABA analogues when expressed using the X. laevis expression system
and two-electrode voltage clamp electrophysiology (51, 84–86). The sensitivity to
GABA was in the order bc>ac>ad>bd, ranging in EC50 from 20 ± 0.2 µM (RDLbc)
to 152 ± 10 µM (RDLbd) (51).

More recently it has been shown that different subunit isoforms of RDL
can also arise from variation in the large intracellular loop between M3 and
M4. Here, instead of using alternative exons, the use of different splice acceptor
sites generates intracellular loops of varying lengths (Figure 1). For example,
the miridbug C. lividipennis contains two RDL subunit isoforms differing by
a 31 amino acid insertion in the intracellular loop (23, 28). Two-electrode
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voltage-clamp electrophysiology applied to C. lividipennis Rdl expressed in X.
laevis oocytes showed that these two isoforms significantly differed in their
sensitivity to fipronil, with the presence of the insertion significantly increasing
the IC50 from 6.47 ± 1.12 µM to 16.83 ± 2.30 µM. This suggests that diversity
in this large intracellular loop may enhance the tolerance to fipronil or other
insecticides. Another insect species, A. mellifera, has three differentially spliced
M3-M4 isoforms of RDL (22, 28). These variants, unlike those in C. lividipennis,
did not differ in their sensitivity to fipronil (22). Interestingly, the site of insertion
disrupts a putative protein kinase C phosphorylation consensus site, conserved in
both A. mellifera, C. lividipennis andD. melanogasterRDL (22). Phosphorylation
of the intracellular loop can influence events such as protein assembly, receptor
desensitization and insecticide sensitivity (87–90). Therefore differential splicing
has the potential to affect insecticide actions in a species specific manner.

The differential effects of species specific subunit isoforms on insecticide
sensitivity described above are highly pertinent, since species such as C.
lividipennis and A. mellifera are both beneficial insects. This is highly relevant
considering that the use of fipronil has been restricted by the European Union
(91) for its suspected negative effects on bees.

These findings hint at the complex level of species specific differential
splicing that can occur in insects, which may impact on the response of receptors
to insecticides. It remains to be seen whether differential splicing of the
intracellular loop of RDL subunits are highly conserved in diverse insects,
including pest species, and whether this presents another route to reducing
sensitivity to insecticides.

The Effects of RNA Editing on RDL Receptor Pharmacology

RNA editing also diversifies the number of products produced from a single
gene, but via single nucleotide substitutions, initiated by adenosine deaminases
acting on RNA (ADAR) enzymes (92, 93). In the most prevalent form of RNA
editing, known as A-to-I editing, ADAR enzymes deaminate adenosine to inosine,
which is then translated as guanosine (94). The result is a sequence transcript
dissimilar to that of the genomic DNA, potentially changing amino acid residues
that may affect protein structure and function.

For example, four RNA editing sites that alter amino acid residues were
identified in clones amplified from D. melanogaster Rdl cDNA (51, 72) (Figure
1). In an analysis of >100 clones, the edit sites R122G, I283V, N294D andM360V
were found in 16 different combinations, predominantly in the bd splice variant
background (51). These amino acid substitutions are in structurally significant
regions, making it likely that they will affect receptor function. For instance,
R122G is located between ligand binding loops D and A, suggesting that it may
influence agonist binding. Es-Salah et al. confirmed this finding by showing
that when the arginine is replaced with glycine the GABA EC50 is significantly
increased (52). Functional expression of the different editing isoforms also
generated a range of sensitivities to GABA in D. melanogaster RDL (EC50s of
3-193 μM), showing that singly and in combination, the edit sites directly affect
agonist potency (51).
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Interestingly, the choice of splice variant arising from the alternative use of
exons 3 and 6 influenced the potency of GABA in addition to RNA editing. This
was shown by significantly different GABAEC50s for the ad and bd splice variants
with the same edit combination, suggesting that editing and splicing may act in
concert to further broaden the functional diversity of the RDL receptor (51).

Resistance mutations in RDL subunits were also investigated in combination
with RNA editing. The N-terminal R122G edit was investigated in comparison
with an A2′G/T350M mutated RDL receptor isoform (52). The sensitivity to
both GABA and fipronil was significantly reduced by the R122G addition,
suggesting that RNA editing is able to affect insecticide sensitivity in RDL
receptor isoforms bearing resistance mutations. The authors speculate that as
fipronil acts preferentially on agonist-bound receptors and R122G reduces the
potency of GABA, the reduction in the proportion of agonist bound receptors
may affect fipronil binding (52). Lees et al. also investigated the effect of
the RNA edit site I283V on fipronil sensitivity in A2′S mutant homomeric D.
melanogaster RDL and found that this edit site did not affect GABA binding or
fipronil sensitivity (36). This difference in effect may be due to the position of
I283V in the M1 domain of the subunit, as it is not in close proximity to locations
of agonist or antagonist binding.

RNA editing can generate isoforms that are highly species specific. For
example, one of the two Rdl genes (RDL 1) from B. mori generates transcripts
with two potential RNA editing sites that alter two amino acid residues at the
C-terminal end, a region completely different to those altered in D. melanogaster
RDL (26). Recently, RNA editing sites were also found in the RDL subunit
of various mosquito species, which are not completely conserved with D.
melanogaster (80). In this study, a comprehensive sequence analysis was
conducted on the RDL subunit from the mosquito disease vectors; An. gambiae,
Culex pipiens and Ae. aegypti. Nine putative RNA editing sites were observed
in Rdl cDNA sequences; five in Ae. aegypti, seven in Cx. pipiens and eight
sites in An. gambiae. Two of these, I278V and N289D, were conserved in
D. melanogaster (51). Therefore the remaining sites were not only mosquito
specific, but also in some cases mosquito species specific. The functional effects
of different RNA editing isoforms in RDL subunits from An. gambiae were
investigated in the bd splice variant background (80). As with D. melanogaster,
the edit combination generated a spectrum of potencies to GABA, with EC50s
ranging from 5 ± 1 to 246 ± 41 μM in the 18 isoforms tested. Interestingly,
the EC50 increased in line with an increase in the number of RNA edited sites.
RNA editing did not however have an effect on the sensitivity of fipronil. This is
perhaps unsurprising as none of the editing sites are in the pore-lining M2 region
important for fipronil binding (15).

The macrocyclic lactone ivermectin also acts on the GABA receptor, but
the exact mechanisms of action are not clear. Ivermectin has been found to
potentiate the GABA response of vertebrate GABA receptors (95) and the D.
melanogaster RDL receptor (96) using patch clamp electrophysiology applied to
cell lines and the FLIPR membrane potential assay. ForM. domestica homomeric
RDL receptors expressed in X. laevis oocytes, ivermectin was also found to
potentiate currents induced by low concentrations of GABA (EC5) (97). However,
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ivermectin has been shown to act as an antagonist on An. gambiae (80), D.
melanogaster (36) and M. domestica (97) RDL currents, as homomeric receptors
expressed in Xenopus oocytes, when induced by a GABA concentration higher
than the EC50.

RNA editing of An. gambiae RDL isoforms influences the potency of
ivermectin, where it was shown to significantly reduce the IC50 of the unedited
receptor from 457 ± 118 nM to 50 ± 24 nM in the completely edited isoform (80).
Ivermectin was also found to directly activate the An. gambiae RDL receptor
as well as potentiate the GABA-induced responses at concentrations below the
EC50 (80). Differences between the edited and unedited isoforms were also
observed under these experimental conditions. Concentrations of 0.01 μM and
0.03 μM ivermectin potentiated currents induced by GABA at the EC20 in the
unedited receptor isoform, but not in the edited isoform (80). The triple actions
(agonistic, potentiating and antagonistic) of ivermectin were also observed for the
M. domestica RDL receptor (97) where the authors speculated that the number
of orthosteric binding sites in the pentamer occupied by GABA, may determine
whether ivermectin is a potentiator or antagonist. It remains to be seen whether
RNA editing sites in An. gambiae RDL subunits contribute individually or in
conjunction to elicit changes in the sensitivity to ivermectin. Of particular interest
would be the N183G edit site of the RDL subunit from An. gambiae, which is
within the cys-loop, and therefore could influence communication between the
GABA binding regions and the transmembrane domain (98). This information
may have relevance to controlling vector-borne diseases as ivermectin has been
shown to reduce the longevity of An. gambiae mosquitoes (99).

Intriguingly, not all insect species contain an RDL receptor that is RNA edited.
For instance, RNA A-to-I editing sites have not been detected in RDL from the
honey bee (A. mellifera), the red flour beetle (T. castaneum) and the parasitoid
wasp (N. vitripennis) (27, 28, 82). RNA editing, therefore, can recode the highly
conserved genomic sequence for Rdl in a species-specific manner. Why RDL
subunits of some insect species undergo RNA editing and others do not remains a
mystery. The finding that RNA editing generates numerous receptor isoforms of
RDL in An. gambiae suggests that the mosquito GABA receptor requires a higher
level of plasticity than that of the honey bee.

Conclusions and Future Prospects

Identification of the dieldrin resistance mutation in the RDL receptor was
pivotal to understanding themechanism of target site resistance in insects. Dieldrin
is no longer in use, however fipronil, which also shows varying levels of cross-
resistance to the RDL receptor, is used worldwide in various applications ranging
from the control of agricultural pests to the treatment of various parasitic diseases
(100). Therefore understanding variations in the structure and function of the RDL
receptor is relevant to understanding mechanisms of resistance in the field, as well
as a target for emerging novel classes of insecticides (39, 40).
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Future investigations of the RDL receptor will likely continue to reveal
further resistance associated mutations. The A2′S/G/N are the common variants
of the classically conserved RDLmutation in M2, although a number of additional
mutations have recently been identified in highly insecticide resistant insects
(Table 1). In all instances, the second mutations were associated in parallel
with the A2′ mutation. Identification of these mutations may indicate a gradual
adaptive response to changing levels of insecticides in the environment. However,
it may also be possible that these mutations have been present in populations for
some time, but were not previously identified as the entire coding region of the
Rdl gene is commonly not sequenced. To presume that the A2′ mutation is central
to RDL receptor-based insecticide resistance may encourage diagnostic checks
for resistance to concentrate solely on the M2 domain. This has the danger to
miss other mutations that may be important (32).

There is increasing evidence that post-transcriptional modifications can
impact on RDL receptor pharmacology, providing another reason to sequence the
whole coding region to identify subunit isoforms that may arise from alternative
splicing and RNA editing. There is no doubt that in the future novel splicing
and editing isoforms of the RDL receptor will continue to be identified as more
cDNA clones are investigated. It would be additionally advantageous to further
investigate the effects of splicing and editing in pest species in order to investigate
their contribution as potential factors in altering the tolerance to insecticides.
Future experiments with potentially new insecticides that act on the RDL receptor
could include elucidating whether splicing and RNA editing affect the potency of
these novel compounds. Can the findings of species-specific splicing and RNA
editing of RDL subunits be exploited? Perhaps future insecticide discovery efforts
may identify compounds preferentially acting on RDL receptor isoforms found
only in pest species. This is considerably timely since the use of fipronil and
neonicotinoids have been restricted amidst fears that they are having a detrimental
effect on non-target organisms (100).

References

1. ffrench-Constant, R. H.; Williamson, M. S.; Davies, T. G.; Bass, C. Ion
channels as insecticide targets. J. Neurogenet. 2016, 30, 163–177.

2. ffrench-Constant, R. H.; Mortlock, D. P.; Shaffer, C. D.; MacIntyre, R. J.;
Roush, R. T. Molecular cloning and transformation of cyclodiene resistance
in Drosophila: an invertebrate γ-aminobutyric acid subtype A receptor locus.
Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 7209–7213.

3. ffrench-Constant, R. H.; Rocheleau, T. A.; Steichen, J. C.; Chalmers, A. E. A
point mutation in a Drosophila GABA receptor confers insecticide resistance.
Nature 1993, 363, 449–451.

4. Liu, S.; Lamaze, A.; Liu, Q.; Tabuchi, M.; Yang, Y.; Fowler, M.;
Bharadwaj, R.; Zhang, J.; Bedont, J.; Blackshaw, S.; Lloyd, T. E.; Montell, C.;
Sehgal, A.; Koh, K.; Wu, M. N. WIDE AWAKE mediates the circadian
timing of sleep onset. Neuron 2014, 82, 151–166.

14



5. Yuan, Q.; Song, Y.; Yang, C. H.; Jan, L. Y.; Jan, Y. N. Female contact
modulates male aggression via a sexually dimorphic GABAergic circuit in
Drosophila. Nat. Neurosci. 2014, 17, 81–88.

6. Choudhary, A. F.; Laycock, I.; Wright, G. A. γ-Aminobutyric acid receptor
A-mediated inhibition in the honeybee’s antennal lobe is necessary for the
formation of configural olfactory percepts. Eur. J. Neurosci. 2012, 35,
1718–1724.

7. Dupuis, J. P.; Bazelot, M.; Barbara, G. S.; Paute, S.; Gauthier, M.; Raymond-
Delpech, V. Homomeric RDL and heteromeric RDL/LCCH3GABA receptors
in the honeybee antennal lobes: two candidates for inhibitory transmission in
olfactory processing. J. Neurophysiol. 2010, 103, 458–468.

8. Aronstein, K.; ffrench-Constant, R. Immunocytochemistry of a novel GABA
receptor subunit Rdl in Drosophila melanogaster. Invert. Neurosci. 1995, 1,
25–31.

9. Harrison, J. B.; Chen, H. H.; Sattelle, E.; Barker, P. J.; Huskisson, N. S.;
Rauh, J. J.; Bai, D.; Sattelle, D. B. Immunocytochemical mapping of a C-
terminus anti-peptide antibody to the GABA receptor subunit, RDL in the
nervous system in Drosophila melanogaster. Cell Tissue Res. 1996, 284,
269–278.

10. Nys, M.; Kesters, D.; Ulens, C. Structural insights into Cys-loop receptor
function and ligand recognition. Biochem. Pharmacol. 2013, 86, 1042–1053.

11. Corringer, P. J.; Le Novere, N.; Changeux, J. P. Nicotinic receptors at the
amino acid level. Annu. Rev. Pharmacol. Toxicol. 2000, 40, 431–458.

12. Wolstenholme, A. J. Glutamate-gated chloride channels. J. Biol. Chem. 2012,
287, 40232–40238.

13. Jones, A. K.; Sattelle, D. B. Diversity of insect nicotinic acetylcholine receptor
subunits. Adv. Exp. Med. Biol. 2010, 683, 25–43.

14. Hosie, A.M.; Aronstein, K.; Sattelle, D. B.; ffrench-Constant, R. H.Molecular
biology of insect neuronal GABA receptors. Trends Neurosci. 1997, 20,
578–583.

15. Buckingham, S. D.; Biggin, P. C.; Sattelle, B. M.; Brown, L. A.; Sattelle, D.
B. Insect GABA receptors: splicing, editing, and targeting by antiparasitics
and insecticides. Mol. Pharmacol. 2005, 68, 942–951.

16. Thompson, M.; Steichen, J. C.; ffrench-Constant, R. H. Conservation of
cyclodiene insecticide resistance-associated mutations in insects. Insect Mol.
Biol. 1993, 2, 149–154.

17. Narusuye, K.; Nakao, T.; Abe, R.; Nagatomi, Y.; Hirase, K.; Ozoe, Y.
Molecular cloning of a GABA receptor subunit from Laodelphax striatella
(Fallen) and patch clamp analysis of the homo-oligomeric receptors expressed
in a Drosophila cell line. Insect Mol. Biol. 2007, 16, 723–733.

18. Bass, C.; Schroeder, I.; Turberg, A.; Field, L. M.; Williamson, M. S.
Identification of the Rdl mutation in laboratory and field strains of the cat flea,
Ctenocephalides felis (Siphonaptera: Pulicidae). Pest Manage. Sci. 2004,
60, 1157–1162.

19. Thompson, M.; Shotkoski, F.; ffrench-Constant, R. Cloning and sequencing
of the cyclodiene insecticide resistance gene from the yellow fever mosquito

15



Aedes aegypti. Conservation of the gene and resistance associated mutation
with Drosophila. FEBS Lett. 1993, 325, 187–190.

20. Taylor-Wells, J.; Brooke, B. D.; Bermudez, I.; Jones, A. K. The neonicotinoid
imidacloprid, and the pyrethroid deltamethrin, are antagonists of the insect Rdl
GABA receptor. J. Neurochem. 2015, 135, 705–713.

21. Eguchi, Y.; Ihara, M.; Ochi, E.; Shibata, Y.; Matsuda, K.; Fushiki, S.;
Sugama, H.; Hamasaki, Y.; Niwa, H.; Wada, M.; Ozoe, F.; Ozoe, Y. Functional
characterization of Musca glutamate- and GABA-gated chloride channels
expressed independently and coexpressed in Xenopus oocytes. Insect Mol.
Biol. 2006, 15, 773–783.

22. Taylor-Wells, J.; Hawkins, J.; Colombo, C.; Bermudez, I.; Jones, A. K.
Cloning and functional expression of intracellular loop variants of the honey
bee (Apis mellifera) RDL GABA receptor. Neurotoxicology 2017, 60,
207–213.

23. Jiang, F.; Zhang, Y.; Sun, H.; Meng, X.; Bao, H.; Fang, J.; Liu, Z. Identification
of polymorphisms in Cyrtorhinus lividipennis RDL subunit contributing to
fipronil sensitivity. Pestic. Biochem. Physiol. 2015, 117, 62–67.

24. Dale, R. P.; Jones, A. K.; Tamborindeguy, C.; Davies, T. G.; Amey, J. S.;
Williamson, S.; Wolstenholme, A.; Field, L. M.; Williamson, M. S.; Walsh, T.
K.; Sattelle, D. B. Identification of ion channel genes in the Acyrthosiphon
pisum genome. Insect Mol. Biol. 2010, 19 (Suppl 2), 141–153.

25. Yuan, G.; Gao, W.; Yang, Y.; Wu, Y. Molecular cloning, genomic structure,
and genetic mapping of two Rdl-orthologous genes of GABA receptors in the
diamondback moth, Plutella xylostella. Arch. Insect Biochem. Physiol. 2010,
74, 81–90.

26. Yu, L. L.; Cui, Y. J.; Lang, G. J.; Zhang, M. Y.; Zhang, C. X. The ionotropic
γ-aminobutyric acid receptor gene family of the silkworm, Bombyx mori.
Genome 2010, 53, 688–697.

27. Jones, A. K.; Bera, A. N.; Lees, K.; Sattelle, D. B. The cys-loop ligand-gated
ion channel gene superfamily of the parasitoid wasp, Nasonia vitripennis.
Heredity (Edinb) 2010, 104, 247–259.

28. Jones, A. K.; Sattelle, D. B. The cys-loop ligand-gated ion channel superfamily
of the honeybee, Apis mellifera. Invert. Neurosci. 2006, 6, 123–132.

29. Hansen, K. K.; Kristensen, M.; Jensen, K. M. Correlation of a resistance-
associated Rdl mutation in the German cockroach, Blattella germanica (L),
with persistent dieldrin resistance in two Danish field populations. Pest
Manage. Sci. 2005, 61, 749–753.

30. Garrood, W. T.; Zimmer, C. T.; Gutbrod, O.; Lüke, B.; Williamson, M. S.;
Bass, C.; Nauen, R.; Emyr Davies, T. G. Influence of the RDLA301Smutation
in the brown planthopperNilaparvata lugens on the activity of phenylpyrazole
insecticides. Pestic. Biochem. Physidol. 2017In Press.

31. Le Goff, G.; Hamon, A.; Berge, J. B.; Amichot, M. Resistance to fipronil in
Drosophila simulans: influence of two point mutations in the RDL GABA
receptor subunit. J. Neurochem. 2005, 92, 1295–1305.

32. Feyereisen, R.; Dermauw, W.; Van Leeuwen, T. Genotype to phenotype, the
molecular and physiological dimensions of resistance in arthropods. Pestic.
Biochem. Physiol. 2015, 121, 61–77.

16



33. Zhang, H. G.; ffrench-Constant, R. H.; Jackson, M. B. A unique amino acid
of the Drosophila GABA receptor with influence on drug sensitivity by two
mechanisms. J. Physiol. 1994, 479, 65–75.

34. Olsen, R. W. Picrotoxin-like channel blockers of GABAA receptors. Proc.
Natl. Acad. Sci. U.S.A. 2006, 103, 6081–6082.

35. Cole, L. M.; Nicholson, R. A.; Casida, J. E. Action of phenylpyrazole
insecticides at the GABA-gated chloride channel. Pestic. Biochem. Physiol.
1993, 46, 47–54.

36. Lees, K.; Musgaard, M.; Suwanmanee, S.; Buckingham, S. D.; Biggin, P.;
Sattelle, D. Actions of agonists, fipronil and ivermectin on the predominant in
vivo splice and edit variant (RDLbd, I/V) of the Drosophila GABA receptor
expressed in Xenopus laevis oocytes. PLoS One 2014, 9, e97468.

37. Ozoe, Y.; Asahi, M.; Ozoe, F.; Nakahira, K.; Mita, T. The antiparasitic
isoxazoline A1443 is a potent blocker of insect ligand-gated chloride channels.
Biochem. Biophys. Res. Commun. 2010, 391, 744–749.

38. Asahi, M.; Kobayashi, M.; Matsui, H.; Nakahira, K. Differential mechanisms
of action of the novel γ-aminobutyric acid receptor antagonist ectoparasiticides
fluralaner (A1443) and fipronil. Pest Manage. Sci. 2015, 71, 91–95.

39. Nakao, T.; Banba, S.; Nomura, M.; Hirase, K. Meta-diamide insecticides
acting on distinct sites of RDL GABA receptor from those for conventional
noncompetitive antagonists. Insect Biochem. Mol. Biol. 2013, 43, 366–375.

40. Xu, Y.; Furutani, S.; Ihara, M.; Ling, Y.; Yang, X.; Kai, K.; Hayashi, H.;
Matsuda, K. Meroterpenoid chrodrimanins are selective and potent blockers
of insect GABA-gated chloride channels. PLoS One 2015, 10, e0122629.

41. Buckingham, S. D.; Hosie, A. M.; Roush, R. L.; Sattelle, D. B. Actions of
agonists and convulsant antagonists on a Drosophila melanogaster GABA
receptor (Rdl) homo-oligomer expressed in Xenopus oocytes. Neurosci. Lett.
1994, 181, 137–140.

42. Grolleau, F.; Sattelle, D. B. Single channel analysis of the blocking actions
of BIDN and fipronil on a Drosophila melanogaster GABA receptor (RDL)
stably expressed in a Drosophila cell line. Br. J. Pharmacol. 2000, 130,
1833–1842.

43. Lee, H. J.; Rocheleau, T.; Zhang, H. G.; Jackson, M. B.; ffrench-Constant, R.
H. Expression of a Drosophila GABA receptor in a baculovirus insect cell
system. Functional expression of insecticide susceptible and resistant GABA
receptors from the cyclodiene resistance gene Rdl. FEBS Lett. 1993, 335,
315–318.

44. Nakao, T.; Kawase, A.; Kinoshita, A.; Abe, R.; Hama, M.; Kawahara, N.;
Hirase, K. The A2′N mutation of the RDL γ-aminobutyric acid receptor
conferring fipronil resistance in Laodelphax striatellus (Hemiptera:
Delphacidae). J. Econ. Entomol. 2011, 104, 646–652.

45. Gisselmann, G.; Plonka, J.; Pusch, H.; Hatt, H.Drosophila melanogasterGRD
andLCCH3 subunits form heteromultimericGABA-gated cation channels. Br.
J. Pharmacol. 2004, 142, 409–413.

46. Zhang, H. G.; Lee, H. J.; Rocheleau, T.; ffrench-Constant, R. H.; Jackson, M.
B. Subunit composition determines picrotoxin and bicuculline sensitivity

17



of Drosophila γ-aminobutyric acid receptors. Mol. Pharmacol. 1995, 48,
835–840.

47. Ludmerer, S. W.; Warren, V. A.; Williams, B. S.; Zheng, Y.; Hunt, D. C.;
Ayer, M. B.; Wallace, M. A.; Chaudhary, A. G.; Egan, M. A.; Meinke, P.
T.; Dean, D. C.; Garcia, M. L.; Cully, D. F.; Smith, M. M. Ivermectin
and nodulisporic acid receptors in Drosophila melanogaster contain both
γ-aminobutyric acid-gated Rdl and glutamate-gated GluCl α-chloride channel
subunits. Biochemistry 2002, 41, 6548–6560.

48. Aronstein, K.; Auld, V.; ffrench-Constant, R. Distribution of two GABA
receptor-like subunits in the Drosophila CNS. Invert. Neurosci. 1996, 2,
115–120.

49. Kita, T.; Ozoe, F.; Azuma, M.; Ozoe, Y. Differential distribution of glutamate-
andGABA-gated chloride channels in the houseflyMusca domestica. J. Insect
Physiol. 2013, 59, 887–893.

50. ffrench-Constant, R. H.; Rocheleau, T. A. Drosophila γ-aminobutyric acid
receptor gene Rdl shows extensive alternative splicing. J. Neurochem. 1993,
60, 2323–2326.

51. Jones, A. K.; Buckingham, S. D.; Papadaki, M.; Yokota, M.; Sattelle, B. M.;
Matsuda, K.; Sattelle, D. B. Splice-variant- and stage-specific RNA editing of
the Drosophila GABA receptor modulates agonist potency. J. Neurosci. 2009,
29, 4287–4292.

52. Es-Salah, Z.; Lapied, B.; Le Goff, G.; Hamon, A. RNA editing regulates insect
γ-aminobutyric acid receptor function and insecticide sensitivity. Neuroreport
2008, 19, 939–943.

53. US Environmental Protection Agency. Persistent Organic Pollutants: A
Global Issue, A Global Response [Online] 2009. https://www.epa.gov/
international-cooperation/persistent-organic-pollutants-global-issue-global-
response.

54. Domingues, L. N.; Guerrero, F. D.; Becker, M. E.; Alison, M. W.; Foil, L.
D. Discovery of the Rdl mutation in association with a cyclodiene resistant
population of horn flies, Haematobia irritans (Diptera: Muscidae). Vet.
Parasitol. 2013, 198, 172–179.

55. Dabire, K. R.; Baldet, T.; Diabate, A.; Dia, I.; Costantini, C.; Cohuet, A.;
Guiguemde, T. R.; Fontenille, D. Anopheles funestus (Diptera: Culicidae)
in a humid savannah area of western Burkina Faso: bionomics, insecticide
resistance status, and role in malaria transmission. J. Med. Entomol. 2007,
44, 990–997.

56. Wondji, C. S.; Dabire, R. K.; Tukur, Z.; Irving, H.; Djouaka, R.; Morgan, J.
C. Identification and distribution of a GABA receptor mutation conferring
dieldrin resistance in the malaria vector Anopheles funestus in Africa. Insect
Biochem. Mol. Biol. 2011, 41, 484–491.

57. Casida, J. E. Golden age of RyR and GABA-R diamide and isoxazoline
insecticides: common genesis, serendipity, surprises, selectivity, and safety.
Chem. Res. Toxicol. 2015, 28, 560–566.

58. ffrench-Constant, R. H.; Steichen, J. C.; Rocheleau, T. A.; Aronstein, K.;
Roush, R. T. A single-amino acid substitution in a γ-aminobutyric acid
subtype A receptor locus is associated with cyclodiene insecticide resistance

18



in Drosophila populations. Proc. Natl. Acad. Sci. U.S.A. 1993, 90,
1957–1961.

59. Anthony, N.; Unruh, T.; Ganser, D.; ffrench-Constant, R. Duplication of the
Rdl GABA receptor subunit gene in an insecticide-resistant aphid, Myzus
persicae. Mol. Gen. Genet. 1998, 260, 165–175.

60. Du, W.; Awolola, T. S.; Howell, P.; Koekemoer, L. L.; Brooke, B. D.;
Benedict, M. Q.; Coetzee, M.; Zheng, L. Independent mutations in the Rdl
locus confer dieldrin resistance to Anopheles gambiae and An. arabiensis.
Insect Mol. Biol. 2005, 14, 179–183.

61. Hosie, A. M.; Baylis, H. A.; Buckingham, S. D.; Sattelle, D. B. Actions of
the insecticide fipronil, on dieldrin-sensitive and- resistant GABA receptors
of Drosophila melanogaster. Br. J. Pharmacol. 1995, 115, 909–912.

62. Remnant, E. J.; Morton, C. J.; Daborn, P. J.; Lumb, C.; Yang, Y. T.; Ng, H. L.;
Parker, M. W.; Batterham, P. The role of Rdl in resistance to phenylpyrazoles
in Drosophila melanogaster. Insect Biochem. Mol. Biol. 2014, 54, 11–21.

63. Nakao, T.Mutation of theGABA receptor associatedwith fipronil resistance in
the whitebacked planthopper, Sogatella furcifera. Pestic. Biochem. Physiol.
2010, 97, 262–266.

64. Remnant, E. J.; Good, R. T.; Schmidt, J. M.; Lumb, C.; Robin, C.; Daborn, P.
J.; Batterham, P. Gene duplication in the major insecticide target site, Rdl,
in Drosophila melanogaster. Proc. Natl. Acad. Sci. U.S.A. 2013, 110,
14705–14710.

65. Nakao, T.; Hama, M.; Kawahara, N.; Hirase, K. Fipronil resistance in
Sogatella furcifera: Molecular cloning and functional expression of wild-type
and mutant RDL GABA receptor subunits. J. Pestic. Sci. 2012, 37, 37–44.

66. Gao, C.; Chen, Y.; Dong, Y.; Su, J. Mechanism of Fipronil Resistance in
Laodelphax striatellus (Hemiptera: Delphacidae). J. Entomol. Sci. 2014,
49, 1–10.

67. Zhang, Y.; Meng, X.; Yang, Y.; Li, H.; Wang, X.; Yang, B.; Zhang, J.; Li, C.;
Millar, N. S.; Liu, Z. Synergistic and compensatory effects of two point
mutations conferring target-site resistance to fipronil in the insect GABA
receptor RDL. Sci. Rep. 2016, 6, 32335.

68. Zhang, X. L.; Liu, X. Y.; Zhu, F. X.; Li, J. H.; You, H.; Lu, P. Field evolution
of insecticide resistance in the brown planthopper (Nilaparvata lugens Stal) in
China. Crop Protect. 2014, 58, 61–66.

69. Caboni, P.; Sammelson, R. E.; Casida, J. E. Phenylpyrazole insecticide
photochemistry, metabolism, and GABAergic action: ethiprole compared
with fipronil. J. Agric. Food Chem. 2003, 51, 7055–7061.

70. Nilsen, T. W.; Graveley, B. R. Expansion of the eukaryotic proteome by
alternative splicing. Nature 2010, 463, 457–463.

71. Gommans, W. M.; Mullen, S. P.; Maas, S. RNA editing: a driving force for
adaptive evolution? Bioessays 2009, 31, 1137–1145.

72. Hoopengardner, B.; Bhalla, T.; Staber, C.; Reenan, R. Nervous system targets
of RNA editing identified by comparative genomics. Science 2003, 301,
832–836.

73. Keegan, L. P.; McGurk, L.; Palavicini, J. P.; Brindle, J.; Paro, S.; Li, X.;
Rosenthal, J. J.; O’Connell, M. A. Functional conservation in human and

19



Drosophila of Metazoan ADAR2 involved in RNA editing: loss of ADAR1
in insects. Nucleic Acids Res. 2011, 39, 7249–62.

74. Licatalosi, D. D.; Darnell, R. B. Splicing regulation in neurologic disease.
Neuron 2006, 52, 93–101.

75. Buckingham, S. D.; Kwak, S.; Jones, A. K.; Blackshaw, S. E.; Sattelle, D. B.
Edited GluR2, a gatekeeper for motor neurone survival? Bioessays 2008, 30,
1185–1192.

76. Jones, A. K.; Sattelle, D. B. The cys-loop ligand-gated ion channel gene
superfamily of the nematode, Caenorhabditis elegans. Invert. Neurosci.
2008, 8, 41–47.

77. Hobert, O. The neuronal genome of Caenorhabditis elegans. In WormBook:
The Online Review of C. elegans Biology [Online] Pasadena, CA, 2013. https:/
/www.ncbi.nlm.nih.gov/books/NBK154158/.

78. Kornblihtt, A. R.; Schor, I. E.; Allo, M.; Dujardin, G.; Petrillo, E.; Munoz, M.
J. Alternative splicing: a pivotal step between eukaryotic transcription and
translation. Nat. Rev. Mol. Cell Biol. 2013, 14, 153–165.

79. Li, Q.; Lee, J. A.; Black, D. L. Neuronal regulation of alternative pre-mRNA
splicing. Nat. Rev. Neurosci. 2007, 8 (11), 819–831.

80. Taylor-Wells, J.; Bermudez, I.; Jones, A. K. RNA A-to-I editing: A
mechanism that broadens the pharmacological properties of the mosquito
GABA receptor. In 252nd ACS National Meeting, American Chemical
Society, Philadelphia, PA, August 21−25, 2016.

81. Wei, Q.; Wu, S. F.; Niu, C. D.; Yu, H. Y.; Dong, Y. X.; Gao, C. F. Knockdown
of the ionotropic gamma-aminobutyric acid receptor (GABAR) RDL gene
decreases fipronil susceptibility of the small brown planthopper, Laodelphax
striatellus (Hemiptera: Delphacidae). Arch. Insect Biochem. Physiol. 2015,
88, 249–261.

82. Jones, A. K.; Sattelle, D. B. The cys-loop ligand-gated ion channel gene
superfamily of the red flour beetle, Tribolium castaneum. BMC Genomics
2007, 8 (327).

83. Nakao, T.; Naoi, A.; Hama, M.; Kawahara, N.; Hirase, K. Concentration-
dependent effects of GABA on insensitivity to fipronil in the A2′S mutant
RDL GABA receptor from fipronil-resistant Oulema oryzae (Coleoptera:
Chrysomelidae). J. Econ. Entomol. 2012, 105, 1781–1788.

84. Hosie, A. M.; Buckingham, S. D.; Presnail, J. K.; Sattelle, D. B. Alternative
splicing of a Drosophila GABA receptor subunit gene identifies determinants
of agonist potency. Neuroscience 2001, 102, 709–714.

85. Hosie, A. M.; Sattelle, D. B. Agonist pharmacology of two Drosophila GABA
receptor splice variants. Br. J. Pharmacol. 1996, 119, 1577–1585.

86. Chen, R.; Belelli, D.; Lambert, J. J.; Peters, J. A.; Reyes, A.; Lan, N. C.
Cloning and functional expression of a Drosophila γ-aminobutyric acid
receptor. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 6069–6073.

87. Stokes, C.; Treinin, M.; Papke, R. L. Looking below the surface of nicotinic
acetylcholine receptors. Trends Pharmacol. Sci. 2015, 36, 514–523.

88. Talwar, S.; Lynch, J. W. Phosphorylation mediated structural and functional
changes in pentameric ligand-gated ion channels: implications for drug
discovery. Int. J. Biochem. Cell Biol. 2014, 53, 218–223.

20



89. Bermudez, I.; Moroni, M. Phosphorylation and function of α4β2 receptor. J.
Mol. Neurosci. 2006, 30, 97–98.

90. Thany, S. H.; Lenaers, G.; Raymond-Delpech, V.; Sattelle, D. B.; Lapied, B.
Exploring the pharmacological properties of insect nicotinic acetylcholine
receptors. Trends Pharmacol. Sci. 2007, 28, 14–22.

91. European Union. Commission Implementing Regulation (EU) No 781/2013.
In Off. J. Eur. Union [Online] 2013. http://publications.europa.eu/resource/
cellar/b0582ba2-058e-11e3-a352-01aa75ed71a1.0006.03/DOC_1

92. Keegan, L. P.; Leroy, A.; Sproul, D.; O’Connell, M. A. Adenosine deaminases
acting on RNA (ADARs): RNA-editing enzymes. Genome Biol. 2004, 5
(209).

93. Li, X.; Overton, I. M.; Baines, R. A.; Keegan, L. P.; O’Connell, M. A. The
ADAR RNA editing enzyme controls neuronal excitability in Drosophila
melanogaster. Nucleic Acids Res. 2014, 42, 1139–1151.

94. Hoopengardner, B. Adenosine-to-inosine RNA editing: perspectives and
predictions. Mini Rev. Med. Chem. 2006, 6 (11), 1213–1216.

95. Estrada-Mondragon, A.; Lynch, J. W. Functional characterization of
ivermectin binding sites in α1β2γ2L GABA(A) receptors. Front. Mol.
Neurosci. 2015, 8 (55).

96. Nakao, T.; Banba, S.; Hirase, K. Comparison between the modes of action of
novel meta-diamide and macrocyclic lactone insecticides on the RDL GABA
receptor. Pestic. Biochem. Physiol. 2015, 120, 101–108.

97. Fuse, T.; Kita, T.; Nakata, Y.; Ozoe, F.; Ozoe, Y. Electrophysiological
characterization of ivermectin triple actions on Musca chloride channels
gated by L-glutamic acid and γ-aminobutyric acid. Insect Biochem. Mol.
Biol. 2016, 77, 78–86.

98. Althoff, T.; Hibbs, R. E.; Banerjee, S.; Gouaux, E. X-ray structures of GluCl
in apo states reveal a gating mechanism of Cys-loop receptors. Nature 2014,
512, 333–337.

99. Chaccour, C.; Lines, J.; Whitty, C. J. Effect of ivermectin on Anopheles
gambiae mosquitoes fed on humans: the potential of oral insecticides in
malaria control. J. Infect. Dis. 2010, 202, 113–116.

100. Simon-Delso, N.; Amaral-Rogers, V.; Belzunces, L. P.; Bonmatin, J. M.;
Chagnon,M.; Downs, C.; Furlan, L.; Gibbons, D.W.; Giorio, C.; Girolami, V.;
Goulson, D.; Kreutzweiser, D. P.; Krupke, C. H.; Liess, M.; Long, E.;
McField, M.; Mineau, P.; Mitchell, E. A.; Morrissey, C. A.; Noome, D. A.;
Pisa, L.; Settele, J.; Stark, J. D.; Tapparo, A.; Van Dyck, H.; Van Praagh, J.;
Van der Sluijs, J. P.; Whitehorn, P. R.; Wiemers, M. Systemic insecticides
(neonicotinoids and fipronil): trends, uses, mode of action and metabolites.
Environ. Sci. Pollut. Re.s Int. 2015, 22, 5–34.

21


