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Fipronil resistance in Sogatella furcifera: Molecular cloning and functional 
expression of wild-type and mutant RDL GABA receptor subunits
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The whitebacked planthopper Sogatella furcifera is a serious pest of rice that has developed fipronil resistance in Asia. We found a 
novel R340Q mutation in the cytoplasmic loop between M3 and M4 of the S. furcifera RDL γ-aminobutyric acid (GABA) recep-
tor subunit (SF-RDL). The R340Q mutation was found in clones carrying the A2′N mutation, which was previously implicated 
in fipronil resistance and suggested to be a heterozygous mutation. To investigate the influence of mutations, Drosophila Mel-2 
cells were transfected with wild-type or mutant SF-RDL genes, either individually or together. A membrane potential assay 
showed that the influence of the A2′N·R340Q double mutation on fipronil resistance was more profound than that of the A2′N 
single mutation in the heterozygous expression of wild-type and mutant SF-RDL genes.　© Pesticide Science Society of Japan
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Introduction

Fipronil and cyclodienes are noncompetitive antagonists for 
the insect ionotropic γ-aminobutyric acid (GABA) receptor. 
The GABA receptor is a ligand-gated chloride channel, and in-
hibition of the GABA-induced influx of chloride ions into the 
nerve cells results in hyperexcitation of the nervous system. 
The insect GABA receptor subunit gene was first cloned from 
Drosophila melanogaster and designated Rdl (resistant to diel-
drin).1) The GABA receptor consists of five subunits; each sub-
unit contains a large extracellular agonist-binding N-terminal 
domain and four membrane-spanning regions (M1–M4). Al-
ternatively spliced exons (3a or 3b and 6c or 6d) were reported 
in D. melanogaster Rdl by ffrench-Constant and Rocheleau.2) 
Alternative splicing produces four variants: ac-, ad-, bc-, and 
bd-types.

Several noncompetitive antagonists for the GABA receptor, 
including fipronil and cyclodienes, have been suggested to 
bind to a site within the pore formed by the membrane-span-
ning region M2. A2′, T6′, and L9′ (index number for the M2 
membrane-spanning region)3) are particularly important for 
their binding.4–6) An A2′S mutation in M2 confers resistance 
to the cyclodienes in D. melanogaster.7) In this study, the index 
number for the M2 membrane-spanning region was used to 
aid in the comparison of M2 mutations in the GABA receptors 

from various species. The A2′S mutation of the RDL GABA 
receptor corresponds to the A302S mutation of the Drosophila 
Rdl gene.

Until recently, two amino acid substitutions (A2′S and 
A2′G) have been reported to associate with cyclodiene resis-
tance in various insect species.7–13) Hope et al.14) reported that 
the T6′L mutation was associated with dieldrin resistance in 
the cattle tick Rhipicephalus (Boophilus) microplus. Although 
A2′S and A2′G mutations show cross-resistance to fipronil, 
the level of resistance is low.11) A double mutation (A2′G and 
T351M) profoundly decreased the antagonist activity, but it 
was observed only in selected fipronil-resistant D. simulans in 
the laboratory.15)

The whitebacked planthopper Sogatella furcifera and the 
small brown planthopper Laodelphax striatellus are serious in-
sect pests of rice. They have developed resistance to fipronil 
and cause serious damage to the rice in Asia.16–19) In a previ-
ous study, the A2′N mutation was associated with fipronil re-
sistance and was suggested to be a heterozygous mutation in  
S. furcifera20) and L. striatellus.21) A membrane potential assay 
showed that the A2′N mutation in the L. striatellus RDL 
GABA receptor subunit (LS-RDL) confers fipronil resistance 
in the heterozygous expression of wild-type and A2′N mutant 
LS-RDL genes.21) In this study, we used heterozygous expres-
sion and heterozygous receptors to indicate GABA receptors 
expressed on co-transfected cells with an equal amount of 
wild-type and mutant genes. This notation was used to facili-
tate the description of the GABA receptors expressed on co-
transfected cells, and no genetic mechanism or specific assem-
bly patterns were implied.
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In this study, we cloned full-length cDNAs encoding the S. 
furcifera RDL GABA receptor subunit (SF-RDL) and found a 
novel R340Q mutation in SF-RDL from fipronil-resistant S. 
furcifera. This mutation was associated with the A2′N muta-
tion. Although mutations in the M2 membrane-spanning re-
gion, such as A2′S, A2′G, A2′N, and T6′L, have been reported 
previously, this is the first finding of the R340Q mutation in 
the cytoplasmic loop between M3 and M4. In addition, we 
showed that the influence of the A2′N·R340Q double muta-
tion on fipronil resistance is more profound than that of the 
single A2′N mutation in the heterozygous expression of wild-
type and mutant SF-RDL genes.

Materials and Methods

1.　Insects
One population of S. furcifera, resistant to fipronil, was collect-
ed from a paddy rice field in Fukuoka Prefecture in Japan in 
August, 2007, as described previously.20) A fipronil-susceptible 
strain of S. furcifera is the laboratory strain maintained at the 
Agrochemical Research Center, Mitsui Chemicals Agro, in Ja-
pan. Insects were reared on rice seedlings at 25°C under a 
16 : 8 light : dark regime and frozen before RNA was isolated.　

2.　Chemicals 
GABA was purchased from Wako Pure Chemical Industries, 
Ltd. (Osaka, Japan). Fipronil (92.8%) was synthesized at the 
Agrochemical Research Center, Mitsui Chemicals Agro (Mo-
bara, Chiba, Japan).

3.　Isolation of full-length cDNA clones encoding SF-RDL
The isolation of total cellular RNA from fipronil-susceptible 
and -resistant S. furcifera and the sequencing of about 0.9-kbp 
DNA fragments encoding the M1–M3 membrane-spanning 
region of SF-RDL were described previously.20)

To obtain the 3′ and 5′ ends of a cDNA encoding SF-RDL, a 
SMARTerTM RACE cDNA amplification kit (Clontech Labora-
tories, Inc., Mountain View, CA, USA) was used according to 
the manufacturer’s instructions. The 3′ end of the cDNA was 
amplified using nested PCR following RT-PCR. The primers 
used for the first PCR were a universal primer A mix (UPM) 
from the kit and a specific primer 5′Sf-1 (CAAACAGTAC-
GCTTCAAGGT). For the nested PCR, the primer set, nested 
universal primer A (NUP)/5′SfSal (ACACTGATGTCGTC-
GACGAAC) or NUP/Seji 5′-1 (AGTTCGTGCGCTCGATG-
GGTTAT), was used. The 5′ end of the cDNA was amplified 
by RT-PCR. PCR was performed using the primer UPM and 
the specific primer SfRD-RT (CGGGCCCTCATTCCATTTA-
TA). The PCR products were cloned into the plasmid pCR2.1 
TOPO-Vector (Invitrogen, Carlsbad, CA, USA), and the se-
quences were determined. To isolate a full-length cDNA en-
coding SF-RDL, PCR and nested PCR were performed. The 
primers used for the first PCR included 5′Sf-1 (GTGCAATG-
GAGACCTGTGATC) and 3′Sf-1 (CCTTTCGACTAAATC-
GTCATC). The primer set, 5′Sf-2 (GTGATCGGCGCTGTT-

GACAAG)/-3′Sf-2 (CAGGATTAAGTCAGCTTAGGT) or 5′Sf 
(ATGAGCCGAGCGTTGGCCTTG)/-3′Sf-2, was used for the 
nested PCR. PCR products were cloned into the plasmid 
pCR2.1 TOPO-Vector, and the sequences were determined.

4.　 Construction of vectors to express wild-type and mutant SF-
RDL homomers

To construct vectors to express the bd-type SF-RDL, three 
DNA fragments coding for the N-terminal, central, and C-ter-
minal regions were amplified. The PCR fragment coding for 
the N-terminal was prepared using the primers BaSf5′ 
(TTTGGATCCAAAAAACCTATAAAATGAGCCGAGC-
GTTGGCCTTG) and SfRD-RT and digested with BamHI and 
Hind III. The PCR fragments coding for the central region 
were amplified using the primers 5′Sf-Hin (ATAGA-
AAGCTTTGGGTATACCATGAGAGATATCCGCTA)　and 
3′Sf-SalXho (GTTCCTCGAGGACATCAGTGT). This PCR 
exchanged the Sal I site for the XhoI site without changing the 
amino acid sequence, and the resulting fragment was digested 
with Hind III–XhoI. To introduce the A2′N mutation, the cen-
tral region was amplified from the full-length cDNA contain-
ing the A2′N mutation and was used in place of the wild-type 
central region. To construct the wild-type SF-RDL gene, the 
DNA fragment encoding the C-terminal was amplified by 
PCR and nested PCR. The primers used for the first PCR in-
cluded 5′Sf-Sal (ACACTGATGTCGTCGACGAAC) and Sf3′-
flag11 (ATCGTCATCCTTGTAGTCTTTGTCTTCTTCGAG-
CAG). The primers used for the nested PCR included 5′-Sf-Sal 
and Sf3′-flag12 (TTTTGCGGCCGCCTACTTGTCATCGT-
CATCCTTGTAGTC). For the construction of mutant SF-RDL 
genes, the DNA fragment encoding the C-terminal was ampli-
fied by PCR and nested PCR. The primers used for the first 
PCR included 5′Sf-Sal and Sf3′-V5-1 (AGGGTTAGGGAT-
AGGCTTACCTTTGTCTTCTTCGAGCAG). The primers used 
for the nested PCR were 5′-Sf-Sal and Sf3′-V5-2 (TTTTGCG-
GCCGCCTACGTAGAATCGAGACCGAGGAGAGGGT-
TAGGGATAGGCTTACC). The fragment coding for the C-
terminal region carrying the R340Q mutation was amplified 
from the cDNA containing the R340Q mutation and was used 
in place of the wild-type C-terminal region to introduce the 
R340Q mutation. The amplified DNA fragments were digested 
with Sal I and Not I. The sequences of the amplified DNA were 
verified by sequencing. Three DNA fragments encoding the 
N-terminal, central, and C-terminal regions were then insert-
ed into the BamHI–Not I site of pENTR1A (Invitrogen, Carls-
bad, CA, USA). The resulting plasmid containing the wild-
type SF-RDL gene was designated pENTR1A-Sf-RDL. The 
resulting plasmids containing A2′N, A2′N·R340Q, and 
R340Q mutations were designated pENTR1A-Sf-RDL (A2′N), 
pENTR1A-Sf-RDL (A2′N·R340Q), and pENTR1A-Sf-RDL 
(R340Q), respectively. The plasmid pAc5.1-lac-Hygro22) con-
taining the bacterial hygromycin B phosphotransferase gene 
and attR1-lacZα-attR2 was used for the construction of a vec-
tor to express wild-type and mutant SF-RDL homomers. The 
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lacZα of pAc5.1-lac-Hygro was replaced with the wild-type 
SF-RDL gene or mutant SF-RDL genes using the Gateway 
cloning system (Invitrogen).

5.　 Construction of vectors to co-express wild-type and mutant 
SF-RDL genes

To co-express wild-type and mutant SF-RDL genes, the plas-
mid pENTR-pA-pAc21) was used. The plasmid pENTR1A-Sf-
RDL was digested with BamHI and Not I, and the BamHI–
Not I fragment containing the wild-type SF-RDL gene was 
inserted into the BamHI–Not I site of pENTR-pA-pAc; the  
resulting plasmid was designated as pENTR pA-pAc-Sf- 
RDL. Next, pENTR1A-Sf-RDL (A2′N), pENTR1A-Sf-RDL 
(A2′N·R340Q), and pENTR1A-Sf-RDL (R340Q) were digest-
ed with Sal I–XbaI, and the Sal I–XbaI fragments encoding the 
mutant SF-RDL gene were inserted into the Sal I–XbaI site of 
pENTR-pA-pAc-Sf-RDL. The lacZα of pAc5.1-lac-Hygro was 
replaced with a DNA fragment containing the mutant and 
wild-type SF-RDL genes using the Gateway cloning system 
(Invitrogen).

6.　 Generation of cell lines stably expressing wild-type and mu-
tant SF-RDL genes 

Cell lines stably expressing wild-type and mutant SF-RDL 
genes were constructed according to the methods described 
previously.20) In this study, 300 μg/mL of hygromycin was used 
for the selection and culture of stable cell lines.

7.　Membrane potential assay 
Cells that were transfected with wild-type and mutant SF-RDL 
genes were characterized using the FLIPR Membrane Potential 
Assay Kit (Molecular Devices Corp., Sunnyvale, CA, USA) ac-
cording to the methods described previously.20)

For the antagonism assay, cells were incubated with antago-
nists for 1 hr. The EC80 concentration of GABA was then add-
ed to the cells. The EC80 concentrations of GABA for wild-type 
SF-RDL, A2′N SF-RDL, A2′N·R340Q SF-RDL, R340Q SF-
RDL, wild-type/A2′N SF-RDL, wild-type/A2′N·R340Q SF-
RDL, and wild-type/R340Q SF-RDL were 1 μM, 12 μM, 16 μM, 
3 μM, 2 μM, 3 μM, and 1 μM, respectively. Experiments were 
performed in duplicate at least three times for each com-
pound.

Results

1.　Isolation of cDNA clones encoding SF-RDL
Ten cDNA clones of SF-RDL were isolated from fipronil-sus-
ceptible S. furcifera and sequenced (GenBank accession no. 
AB617631). Sequencing of cDNAs revealed that the open 
reading frame consisted of 1,437 bp, and the deduced amino 
acid sequence of SF-RDL was composed of 479 amino acids 
with a molecular weight of 54,059 (Fig. 1A). Deletion of the 
Glu residue at position 383 was observed in wild-type SF-RDL 
as a variation.

Alternative splicing of exon 3 (a and b) and exon 6 (c and d) 

was reported in D. melanogaster Rdl.2) As shown in Fig. 1B, 
analysis of the nucleotide sequences from cDNA clones en-
coding SF-RDL showed the presence of three possible alterna-
tive splice forms in exon 3 (designated as 3a, 3b, and 3b′) and 
two such forms in exon 6 (designated as 6c and 6d).

The percent identity in the protein sequence between the 
deduced bd-type SF-RDL and bd-type D. melanogaster RDL 
GABA receptor subunit (GenBank accession no. NM_079267) 
is 80.8%. The deduced bd-type SF-RDL shares 88.7%, 87.3%, 
88.6%, 80.8%, 85.7%, 79.6%, 80.6%, 84.9%, 82.5%, 80.5%, 
83.5%, and 68.2% identity with L. striatellus, Tribolium  
castaneum, Ctenocephalides felis, Heliothis virescens, Plutella  
xylostella, Spodoptera exigua, D. simulans, Musca domestica, 
Lucilia cuprina, Aedes aegipti, Anopheles gambiae, and  
Rhiphicephalus microplus RDL GABA receptor subunits,  
respectively (GenBank accession nos. AB253526, NM_ 
001114337, AX47745, AJ224513, EF156251, EF535530, 
AY017266, AB177547, AF024647, U28803, XM_001688723, 
and GQ39811, respectively).

The structural features of SF-RDL are similar to those of the 
RDL GABA receptor subunits from other species, including a 
putative signal sequence, a large extracellular agonist-binding 
N-terminal domain, four membrane-spanning regions, and a 
large intracellular loop between M3 and M4.

2.　Fipronil resistance-associated mutations
Total RNA was extracted from fipronil-resistant S. furcifera 
(about 50 mg) and cDNA clones encoding SF-RDL were isolat-
ed and sequenced. In a previous study, we observed the A2′N 
mutation in the M2 of SF-RDL, which was suggested to be a 
heterozygous mutation that conferred fipronil resistance to S. 
furcifera.20) In addition to the A2′N mutation, we found a nov-
el R340Q mutation in the cytoplasmic loop between M3 and 
M4 (Fig. 1A). The R340Q mutation was only identified in 
clones carrying the A2′N mutation. We found the R340Q mu-
tation in 9 of 17 cDNA clones carrying the A2′N mutation. 
However, none of the 16 cDNA clones which carried the Ala 
residue at the 2′ position contained the R340Q mutation. 
Thus, we found two types of mutant clones. One clone carries 
the single A2′N mutation, and the other carries the 
A2′N·R340Q double mutation.

In this study, we used about 50 mg of S. furcifera to extract 
the total RNA. As the average body weight of insects is 1.17 
mg,20) 50 mg of S. furcifera corresponds to about 40 insects. 
Thus, the results obtained here are expected to represent an 
average of 40 insects. Although we did not investigate the 
number of insects carrying the A2′N·R340Q mutation, it is 
likely that the A2′N·R340Q mutation is not rare and spreads 
among the fipronil-resistant S. furcifera investigated in this 
study.

In a previous study, the A2′N mutation was suggested to be 
heterozygous.20) It is likely that the native cells in fipronil-resis-
tant S. furcifera co-express the wild-type/A2′N SF-RDL or 
wild-type/A2′N·R340Q SF-RDL genes. To study the native 
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GABA receptor in fipronil-resistant S. furcifera, Drosophila 
Mel-2 cells were transfected with expression plasmids contain-
ing wild-type/A2′N SF-RDL, wild-type/A2′N·R340Q SF-
RDL, or wild-type/R340Q SF-RDL genes.

We found S35A and R347W mutations. Although the 
R340Q mutation appeared many times by using several inde-
pendent PCR assays, S35A and R347W mutations appeared 
only once. Because of the possibility that these mutations were 
introduced by PCR error, the mutations were not studied.

3.　 In�uence of the A2′N mutation on GABA and �pronil sen-
sitivities

The EC50 values of GABA for wild-type and A2′N mutant SF-
RDL homomers were 0.25±0.08 μM and 5.63±0.66 μM, re-
spectively (Table 1), indicating that the A2′N mutation caused 

Fig. 1.　Amino acid sequences of the wild-type SF-RDL gene. (A) Complete amino acid sequence of the bd-type SF-RDL gene (GenBank accession 
no. AB617631). The four membrane-spanning regions (M1–M4) are overlined. Two possible alternative splice regions (3b and 6d) are indicated with 
a broken overline. The positions of mutations A2′ and R340 are shown by one black star and two black stars, respectively. (B) Possible alternative 
splicing regions of the SF-RDL gene correspond to exon 3 and exon 6 of the Drosophila Rdl gene. Amino acids that differed among possible alterna-
tive exons (3a, 3b, 3b′, 6c, and 6d) are shown in bold and underlined.

Table 1.　GABA sensitivity of Drosophila Mel-2 cells transfected with 
wild-type or mutant SF-RDL genes, either individually or together

SF-RDL EC50 (μM) Hill coefficient

Wild-type 0.25±0.08 1.66±0.24

A2′N 5.63±0.66 1.82±0.53

A2′N·R340Q 6.00±1.00 1.50±0.05

R340Q 1.29±0.32 2.45±0.24

Wild-type/A2′N 0.37±0.10 1.24±0.04

Wild-type/A2′N·R340Q 0.83±0.10 1.36±0.36

Wild-type/R340Q 0.32±0.13 1.92±0.66

Data are shown as the mean±SEM.
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decreased activation by GABA. When cells were co-transfect-
ed with wild-type and A2′N mutant SF-RDL genes, the EC50 
value of GABA for GABA receptors on co-transfected cells 
was 0.37±0.10 μM (Table 1), showing that the concentration-
response curve for GABA of the GABA receptors on co-trans-
fected cells is similar to that of the wild-type SF-RDL ho-
momers (Fig. 2A).

Fipronil inhibited the wild-type SF-RDL homomers with an 
IC50 of 79±46 nM. GABA receptors on co-transfected cells 
were inhibited up to 40% by 3 μM of fipronil, although A2′N 
mutant SF-RDL homomers were not at all inhibited by 3 μM of 
fipronil (Fig. 2B).

4.　 In�uence of the A2′N and R340Q double mutation on 
GABA and �pronil sensitivities

The EC50 value of GABA for A2′N·R340Q double-mutant SF-
RDL homomers was 6.00±1.00 μM (Table 1), indicating that 
the A2′N·R340Q mutation caused the decreased activation by 

GABA. When cells were co-transfected with wild-type and 
A2′N·R340Q double-mutant SF-RDL genes, the EC50 value of 
GABA for the GABA receptors expressed on co-transfected 
cells was 0.83±0.10 μM (Table 1), showing that the concentra-
tion–response curve for GABA shifted to lower concentrations 
by co-transfection (Fig. 3A).

Unlike the A2′N single mutation, fipronil had no inhibitory 
effect on GABA receptors in the cells transfected with the 
A2′N·R340Q double-mutant SF-RDL gene with or without 
the wild-type SF-RDL gene (Fig. 3B).

Negative values of inhibition were observed in cells co-
transfected with wild-type and A2′N·R340Q SF-RDL genes, 
suggesting that the high concentration of fipronil facilitated 
the activation by GABA. The dual action of dieldrin on the 
GABA receptor was reported by the whole-cell patch-clamp 
technique using cockroach neurons.23) To confirm the potenti-

Fig. 2.　Influence of the A2′N mutation on GABA and fipronil sensitivi-
ties. (A) Concentration–response curves for GABA. Data are expressed as 
a percentage of the maximal response to GABA of wild-type SF-RDL ho-
momers (open circle), A2′N mutant SF-RDL homomers (closed square), 
and GABA receptors on cells co-transfected with wild-type and A2′N mu-
tant SF-RDL genes (open square). Vertical bars represent the SEM. (B) 
Concentration–response curves for the inhibitory effects of fipronil on 
wild-type SF-RDL homomers (open circle), A2′N mutant SF-RDL ho-
momers (closed square), and GABA receptors in cells co-transfected with 
wild-type and A2′N mutant SF-RDL genes (open square). The inhibitory 
effects of fipronil on the response to the EC80 concentrations of GABA are 
shown as the percentage different from control cells in the absence of 
fipronil. Vertical bars represent the SEM.

Fig. 3.　Influence of the A2′N·R340Q double mutation on GABA and 
fipronil sensitivities. (A) Concentration–response curves for GABA. Data 
are expressed as a percentage of the maximal response to GABA of 
A2′N·R340Q mutant SF-RDL homomers (closed square) and GABA re-
ceptors on cells co-transfected with wild-type and A2′N·R340Q mutant 
SF-RDL genes (open square). For comparison, the concentration– 
response curve for the GABA of wild-type SF-RDL homomers is also  
represented by a line. Vertical bars represent the SEM. (B) Concentration–
response curves for the inhibitory effects of fipronil on A2′N·R340Q  
mutant SF-RDL homomers (closed square) and GABA receptors on cells 
co-transfected with wild-type and A2′N·R340Q mutant SF-RDL genes 
(open square). For comparison, a concentration-response curve for fipro-
nil of wild-type SF-RDL homomers is also represented by a line. The  
inhibitory effects of fipronil on the response to the EC80 concentrations of 
GABA are shown as the percentage different from control cells in the ab-
sence of fipronil. Vertical bars represent the SEM.
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ating action of fipronil on wild-type/A2′N·R340Q SF-RDL, 
studies using the whole-cell patch-clamp technique will be re-
quired.

5.　 In�uence of the R340Q mutation on GABA and �pronil 
sensitivities

To examine the influence of the R340Q single mutation, a 
R340Q mutant SF-RDL was constructed, although the R340Q 
single mutation was not found in clones isolated from S.  
furcifera.

The EC50 value of GABA for R340Q mutant SF-RDL ho-
momers was 1.29±0.32 μM (Table 1), indicating that the 
R340Q mutation caused the decreased activation by GABA. 
When cells were co-transfected with wild-type and R340Q 
mutant SF-RDL genes, the EC50 value of GABA for GABA re-
ceptors on co-transfected cells was 0.32±0.13 μM (Table 1), 
showing that the concentration-response curve for GABA of 

the GABA receptors on co-transfected cells shifted to the left 
(Fig. 4A).

The IC50 values for GABA receptors on cells transfected 
with the R340Q mutant SF-RDL gene with and without the 
wild-type SF-RDL gene were 266±155 nM and 204±149 nM, 
respectively, showing that the influence of the R340Q single 
mutation on fipronil sensitivity was modest (Fig. 4B).

Discussion

In a previous study,20) sequence analysis of about 0.9-kbp DNA 
encoding the M1–M3 membrane-spanning region of SF-RDL 
from fipronil-susceptible and -resistant S. furcifera identified 
the A2′N mutation. The membrane potential assay using  
Drosophila Mel-2 cells stably expressing wild-type and A2′N 
mutant Drosophila RDL GABA receptors suggested that the 
A2′N mutation conferred fipronil resistance.

To better understand the mechanisms of fipronil resistance 
in S. furcifera, we isolated and sequenced full-length cDNA 
clones encoding SF-RDL from fipronil-susceptible and -resis-
tant S. furcifera. In addition to the A2′N mutation, a novel 
R340Q mutation was found in the cytoplasmic loop between 
M3 and M4. The R340Q mutation was only found in cDNA 
clones carrying the A2′N mutation. As the A2′N mutation 
was suggested to be heterozygous, 20,21) Drosophila Mel-2 cells 
were transfected with expression plasmids containing wild-
type/A2′N SF-RDL, wild-type/A2′N·R340Q SF-RDL, or wild-
type/R340Q SF-RDL genes.

Decreased activation by GABA in A2′N SF-RDL and 
A2′N·R340Q SF-RDL homomers (Figs. 2A and 3A, respec-
tively) might be disadvantageous and related to the heterozy-
gous state of the A2′N mutation in fipronil-resistant S.  
furcifera. However, the synaptic GABA contents have been re-
ported to be 1.5–3 mM,24) and this concentration range of 
GABA is much higher than the EC50 values for A2′N SF-RDL 
and A2′N·R340Q SF-RDL homomers. Further study is re-
quired to understand why S. furcifera with the homozygous 
state of the A2′N mutation has not been found.

The A2′N mutant SF-RDL and A2′N·R340Q double-mu-
tant SF-RDL homomers were not inhibited by fipronil (Figs. 
2B and 3B, respectively). However, fipronil sensitivity differed 
between heterozygous wild-type/A2′N SF-RDL and heterozy-
gous wild-type/A2′N·R340Q SF-RDL. Unlike heterozygous 
wild-type/A2′N·R340Q SF-RDL, heterozygous wild-type/
A2′N SF-RDL did not completely abolish the inhibitory effect 
of fipronil. The ratio of fipronil-susceptible and -resistant re-
ceptors seems to be important for fipronil sensitivity in hetero-
zygous expression. The R340Q mutation may alter this ratio by 
influencing the expression levels or assembly of receptors. It is 
interesting to note that the cytoplasmic loop between M3 and 
M4 of the mammalian GABA receptor is known to play a role 
in receptor trafficking and activity through control of surface 
expression.25–28) The T350M mutation in the RDL GABA re-
ceptor from D. simulans is located at the boundary of the M3 
membrane-spanning region and the cytoplasmic loop between 

Fig. 4.　Influence of the R340Q mutation on GABA and fipronil sensitiv-
ities. (A) Concentration–response curves for GABA. Data are expressed as 
a percentage of the maximal response to GABA of R340Q mutant SF-RDL 
homomers (closed square) and GABA receptors in cells co-transfected 
with wild-type and R340Q mutant SF-RDL genes (open square). For com-
parison, a concentration–response curve for the GABA of wild-type SF-
RDL homomers is also represented by a line. Vertical bars represent the 
SEM. (B) Concentration–response curves for the inhibitory effects of 
fipronil on R340Q mutant SF-RDL homomers (closed square) and GABA 
receptors on cells co-transfected with wild-type and R340Q mutant SF-
RDL genes (open square). For comparison, the concentration–response 
curve for fipronil of wild-type SF-RDL homomers is also represented by a 
line. The inhibitory effects of fipronil on the response to the EC80 concen-
trations of GABA are shown as the percentage different from control cells 
in the absence of fipronil. Vertical bars represent the SEM.
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M3 and M4 and influenced fipronil sensitivity.15) However, the 
role of the T350M mutation in fipronil resistance seems to be 
different from the role of the R340Q mutation because the 
T350M single mutation affected the fipronil sensitivity at the 
homozygous state, whereas the influence of the R340Q single 
mutation on the fipronil sensitivity was not significant (Fig. 
4B).

Although results showed that the influence of the 
A2′N·R340Q mutation on fipronil resistance was more pro-
found than that of the A2′N single mutation in the heterozy-
gous expression system used in this study, it is unknown 
whether a higher level of fipronil-resistant S. furcifera carries 
the A2′N·R340Q double mutation. Studies exploring the in  
vitro and in vivo expression level and the assembly of receptors 
will be needed. In this study, we attached the flag tag to the C-
terminal of wild-type SF-RDL and added the V5 tag to the  
C-terminal of mutant SF-RDL to investigate the expression 
level of receptors. However, we could not obtain reliable re-
sults from the immunostaining of cells expressing tag-attached  
receptors because of low signal (data not shown). To show  
that the A2′N·R340Q double mutation confers a higher level 
of fipronil resistance than the A2′N single mutation in S.  
furcifera, further studies are required.

Furthermore, the small brown planthopper L. striatellus has 
developed fipronil resistance. We identified the A2′N muta-
tion in LS-RDL.21) Moreover, the A2′N mutation in LS-RDL 
was suggested to be a heterozygous mutation. A membrane 
potential assay showed that fipronil had no inhibitory effect at 
10 μM on cells transfected with the A2′N mutant LS-RDL 
gene with or without the wild-type LS-RDL gene.21) In the case 
of LS-RDL, the A2′N single mutation was sufficient to abolish 
the inhibitory effect of fipronil in heterozygous expression. Be-
cause the R340Q mutation was not found in 6 clones from 
fipronil-resistant L. striatellus (data not shown), the influence 
of the R340Q mutation may be specific for SF-RDL.

In addition, glutamate-gated chloride channels (GluCls) are 
targets of fipronil in insects.29,30) However, it is disputable 
whether GluCl subunits co-assemble with GABA receptor 
subunits.31–34) It is not known whether the A2′N mutant SF-
RDL or the A2′N·R340Q mutant SF-RDL co-assembles with 
GluCl subunits and affects sensitivity to fipronil, but the effects 
of fipronil on GluCls can be considered an important factor af-
fecting fipronil resistance.

In conclusion, we found a novel R340Q mutation in SF-
RDL. This mutation was located in the cytoplasmic loop be-
tween M3 and M4 and was found only in clones carrying the 
A2′N mutation; the A2′N mutation was suggested to confer 
fipronil resistance and to be expressed in a heterozygous state. 
A membrane potential assay showed that the influence of the 
A2′N·R340Q double mutation on fipronil resistance was more 
profound than that of the A2′N single mutation in the hetero-
zygous expression of wild-type and mutant SF-RDL genes. 
Our finding of the A2′N·R340Q double mutation of SF-RDL 
will be useful in understanding the mechanisms and develop-

ment of fipronil resistance in S. furcifera.
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