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RNA-seq data analysis of cigarette beetle (Lasioderma serricorne) strains having different sensitivi-
ties to pyrethroids identified sodium channel mutations in strains showing pyrethroid resistance: 
the T929I and F1534S mutations. These results suggest that reduced sensitivity of the sodium 
channel confers the pyrethroid resistance of L. serricorne. Results also showed that the F1534S 
mutation mostly occurred concurrently with the T929I mutation. The functional relation between 
both mutations for pyrethroid resistance is discussed.
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Introduction

The cigarette beetle, Lasioderma serricorne (Fabricius) (Cole-
optera: Anobiidae), which inhabits tropical to temperate zones 
worldwide, is recognized as the most serious pest affecting 
stored tobacco.1) Lasioderma serricorne infests tobacco leaves 
during curing, handling, and storage in tobacco manufacturers’ 
warehouses and production facilities.1) Pesticide application to 
stored tobacco leaves and products in the warehouses is legally 
restricted. Consequently, phosphine fumigation has been ad-
opted as the application method for L. serricorne disinfestation. 
However, continuous and extensive use of phosphine has pro-
duced insects showing phosphine resistance.2)

Application of contact insecticides by spraying them onto 

building surfaces (walls and floors) has been another key mea-
sure used to control L. serricorne in warehouses.1) Pyrethroids 
have been used as effective sprayed agents since the 1970s. In 
addition, pyrethroid-treated nets have recently been proposed 
as a means of mechanical and chemical control in L. serricorne 
disinfestation.3)

Pyrethroids act on voltage-sensitive sodium channels to keep 
them open, inducing hyperexcitation and/or conduction block 
in the nervous system, causing knockdown and/or death of the 
targeted insects.4) Pyrethroid resistance has been reported in di-
verse insects, including Coleoptera. The L1014F mutation in the 
sodium channel has been linked to nerve-insensitive pyrethroid 
resistance in Sitophilus oryzae,5) Brassicogethes aeneus,6) Psyl-
liodes chrysocephala,7) and Leptinotarsa decemlineata.8) The in-
volvement of the T929I mutation has been reported in Sitophilus 
zeamais9) and L. decemlineata.8) In L. decemlineata, some insects 
have the T929N mutation together with the L1014F mutation.8) 
The pyrethroid resistance of L. serricorne has also been reported 
in Germany.10) Nevertheless, no resistance mechanism for the 
pyrethroid resistance has been elucidated. This report describes, 
for the first time, study results demonstrating that L. serricorne 
strains showing resistance to pyrethroids have the T929I and 
F1534S mutations in the sodium channel.
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Materials and methods

1.  Insecticides
Pyrethroids bifenthrin (Telstar 7.2% FL), cyfluthrin (Baythroid 
5.0% EW), etofenprox (Trebon 20.0% EC), and silafluofen (Mr. 
Joker 19.0% EW) were purchased, respectively, from Ishihara 
Sangyo Kaisha, Ltd., Osaka, Japan; Agro Kanesho Co., Ltd., 
Tokyo, Japan; Mitsui Chemicals Agro Inc., Tokyo, Japan; and 
Bayer Crop Science K.K., Tokyo, Japan. Permethrin (Adion 
20.0% EC) and cypermethrin (Agrothrin 6.0% EC) were pur-
chased from Sumitomo Chemical Co., Ltd., Osaka, Japan.

2.  Insects and insecticidal assay
The seven L. serricorne strains used for this study are presented 
in Table 1. Insects were maintained on 10% yeast-added corn 
flour at 27°C and 60% relative humidity without insecticide se-
lection.

An insecticidal assay was conducted for the six pyrethroids 
described above. A group of 30 adult insects was dipped in one 
of seven to eight insecticide concentrations for 10 sec. After 
24 hr, the numbers of dead or moribund insects and surviving 
insects were recorded. Using probit analysis, the LC50 value was 
estimated for each strain.11)

3.  RNA extraction for RNA-seq and data analysis
Total RNAs were extracted from the whole bodies of three adult 
insects for each strain using an RNeasy Mini Kit (Qiagen K.K., 
Tokyo, Japan). Then cDNA libraries prepared from the total 

RNAs were subjected to nucleotide sequencing using an Illu-
mina NovaSeq 6000 (paired-end, 150 bp; Macrogen Japan Corp., 
Kyoto, Japan). The obtained raw reads of the respective strains 
were filtered using Trimmomatic ver. 0.3612) to remove adapter 
sequences and low-quality ends (quality score, <15). The result-
ing reads with high quality were de novo assembled into contigs 
(unigenes) using Trinity ver. 2.9.1.13) To determine the nucleo-
tide sequence of the sodium channel in each unigene, a blastn 
search was performed against a manually prepared sodium 
channel nucleotide database derived from several insect species 
(GenBank/EMBL/DDBJ accession nos. KJ699123, MG813770, 
MG813771, M32078, KY123916, JX424546, and EU822499). 
Amino acid sequences of extracted transcript sequences encod-
ing sodium channels were predicted using TransDecoder ver. 
5.5.0 (https://github.com/TransDecoder/TransDecoder/releases). 
Based on the extracted transcript sequences, specific primers 
were designed for PCR amplification as described below.

4.  RNA extraction and cloning of the sodium channel gene 
sequences

Total RNA was also extracted from the whole bodies of three 
adult insects for each strain using Sepasol RNA I Super G (Na-
calai Tesque Inc., Kyoto, Japan). Then cDNA was constructed 
from 1 µg of total RNA using a ReverTra Ace qPCR RT Master 
Mix with gDNA Remover (Toyobo Co., Ltd., Osaka, Japan). The 
309 bp DNA fragments with the T929I site were amplified from 
the seven strains using primers: 5′-tggccgacactaaacttgc-3′ and 
5′-agcaacgccaagaagagattga-3′. Similarly, PCR amplification of 

Table  1.  Susceptibilities of Lasioderma serricorne strains to pyrethroids

Strain
Permethrin Bifenthrin Cypermethrin Cyfluthrin

n LC50 (mg/L)  
(95% CL) RR n LC50 (mg/L)  

(95% CL) RR n LC50 (mg/L)  
(95% CL) RR n LC50 (mg/L)  

(95% CL) RR

TSC 209 120.8 (107.4–136.8) 1.7 240 6.2 (5.6–6.9) 1.1 240 0.6 (0.5–0.8) 1.3 240 0.4 (0.4–0.4) 1.4
NGY 210 79.3 (67.5–91.0) 1.1 240 7.0 (6.1–7.9) 1.2 240 0.5 (0.4–0.5) 1 240 0.3 (0.3–0.3) 1
IWT 209 69.0 (58.6–78.8) 1 240 6.3 (5.4–7.2) 1.1 238 0.6 (0.4–0.6) 1.1 240 0.3 (0.3–0.3) 1
THR 209 97.2 (87.8–107.4) 1.4 240 5.9 (5.2–6.6) 1 241 0.7 (0.6–0.8) 1.1 240 0.4 (0.3–0.4) 1.3
SKG 90 >10000 (—) >144.8 120 >10000 (—) >1696.5 239 754.8 (629.7–911.6) 1584.2 240 759.8 (684.1–853.0) 2584.1
C87 90 >10000 (—) >144.8 119 >10000 (—) >1696.5 240 595.6 (547.9–645.6) 1250.0 240 655.7 (570.6–763.5) 2230.0
MLY 89 >10000 (—) >144.8 120 >10000 (—) >1696.5 238 539.3 (484.0–597.7) 1131.9 240 735.7 (634.3–879.9) 2502.0

Strain
Etofenprox Silafluofen Origin and collected year

n LC50 (mg/L)  
(95% CL) RR n LC50 (mg/L)  

(95% CL) RR

TSC 211 123.0 (106.6–141.6) 1.3 239 197.2 (167.2–231.3) 1.1 Tokyo, Japan, 1991
NGY 210 105.6 (91.4–120.9) 1.1 240 177.6 (152.9–204.0) 1 Aichi, Japan, 1997
IWT 210 95.0 (82.1–108.4) 1 238 253.4 (229.2–278.7) 1.4 Shizuoka, Japan, 1999
THR 210 121.2 (106.9–137.0) 1.3 240 225.4 (198.4–254.3) 1.3 Tokyo, Japan, 1999
SKG 241 4953.4 (4470.7–5487.1) 52.2 119 >10000 (—) >56.3 Fukushima, Japan, 2010
C87 239 3790.2 (3400.9–4156.6) 39.6 121 >10000 (—) >56.3 Thika, Kenya, 2001
MLY 240 4451.7 (3943.2–4981.7) 46.9 119 >10000 (—) >56.3 Shah Alam, Malaysia, 2012

Resistance ratio (RR): LC50 of each strain/ LC50 of the most susceptible strain. CL: confidence limit. n: The number of insects examined.
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the 325 bp DNA fragments with the F1534S site was conducted 
using 5′-cgatcacgtcggaaaggctt-3′ and 5′-ttcgaagaggatcgcttgtg-3′. 
The PCR conditions were 1 cycle of 3 min at 94°C, followed by 
40 cycles of 15 sec at 94°C, 30 sec at 50°C, and 1 min at 72°C, 
and a final extension of 72°C for 7 min. Quick Taq HS DyeMix 
(Toyobo Co., Ltd.) was used for PCR amplification. The ampli-
fied DNA fragments were cloned into a pMD20 Vector (Takara 
Bio Inc., Kusatsu, Japan) according to the manufacturer’s in-
structions.

5.  Genomic DNA extraction and PCR amplification of sodium 
channel gene sequences

Genomic DNA was extracted individually using a sample-prep-
aration reagent (PrepMan Ultra; Thermo Fisher Scientific K.K., 
Tokyo, Japan). Briefly, a single insect was introduced into 20 µL 
of the reagent and incubated at 95°C for 10 min, followed by 
standing at room temperature for 2 min. After centrifugation at 
15,000×g for 2 min, the supernatant was recovered as a DNA 
sample. The DNA sample (0.5 µL) was used for PCR amplifica-
tion of the sodium channel gene fragments.

The 606 bp DNA fragments with the T929I site were amplified 
using the primers 5′-agaagccagcatgaagctgg-3′ and 5′-ctcaagag-

caacgccaagaa-3′. Subsequently, a nested PCR was conducted 
using primers 5′-actacttccaggaaggctgg-3′ and 5′-cgatgactact-
gtcgctaga-3′ to amplify the 465 bp DNA fragments. Similarly, for 
amplification of the 383 bp DNA fragments with the F1534S site, 
a first PCR using 5′-cgatcacgtcggaaaggctt-3′ and 5′-caccaaac-
gaagaactctgc-3′ was followed by a second PCR using 5′-cgatcac-
gtcggaaaggctt-3′ and 5′-ttcgaagaggatcgcttgtg-3′. The PCR con-
ditions were as described above. A Tks Gflex DNA polymerase 
(Takara Bio Inc.) was used for PCR amplification. When a suffi-
cient amount of DNA with high purity is extracted, the first PCR 
might be avoided.

6.  Genotyping for the T929I and F1534S sites
The DNA fragments with the T929I site (465 bp) amplified from 
genomic DNA were digested with a restriction enzyme, HpyAV. 
Then 5 µL of PCR products out of 10 µL was incubated at 37°C 
for 3 hr with 0.4 units of enzyme and 0.5 µL of the manufacturer-
supplied buffer. Reliability of the method was confirmed by nucle-
otide sequencing using some amplified DNA fragments (data not 
shown). The F1534S sites on the amplified DNA fragments were 
sequenced directly using the primer 5′-tttccatcttggtcgcgg-3′.

Fig.  1.	 Deduced amino acid sequences of the domain IIS4–IIS6 (A) and IIIS6 (B) regions in the sodium channels of seven L. serricorne strains. The se-
quences encoded in the DNA fragments amplified from cDNAs are shown. Identical amino acids are represented by dots. The positions of the T929I and 
F1534S mutations are represented by triangles.
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7.  Plasmid preparation and nucleotide sequencing
The plasmid DNA used for nucleotide sequencing was purified 
using a Plasmid Mini Extraction Kit (Bioneer Corp., Daejeon, 
South Korea). The nucleotide sequence was determined using a 
dye terminator cycle sequencing kit (Thermo Fisher Scientific 
K.K., Tokyo, Japan) and a DNA sequencer (3500 Genetic Ana-
lyzer; Applied Biosystems, Waltham, MA, USA). Nucleotide and 
deduced amino acid sequences were analyzed using software 
(Genetyx ver. 13; Genetyx Corp., Tokyo, Japan).

Results and discussion

Based on LC50 values for six pyrethroids, the seven L. serricorne 
strains were divided into two groups: pyrethroid resistant (SKG, 
C87, and MLY) and pyrethroid susceptible (TSC, NGY, IWT, 
and THR) (Table 1). The three resistant strains were collected in 
Japan, Malaysia, and Kenya. The pyrethroid resistance of L. serri-
corne was also reported in Germany.10) These results suggest the 
worldwide prevalence of pyrethroid-resistant insects in L. serri-
corne.

The numbers of RNA-seq reads (raw reads and filtered reads) 
of each strain are presented in Supplemental Table S1. Sequence 
data have been deposited in the DDBJ Sequence Read Archive 
(DDBJ Sequence Read Archive accession nos. DRR299545–
DRR299551). The predicted amino acid sequence obtained from 
the NGY strain (1,801 amino acids) was found to have the high-
est identity (87.1%) with that of B. aeneus (UniProtKB acces-
sion no. AJM87404). Comparison of the predicted amino acid 
sequences revealed mutations in the resistant SKG (T929I and 
F1534S mutations), C87 (T929I mutation), and MLY (F1534S 
mutation) strains (numbering according to Musca domestica) 
(data not shown). The transcript sequences obtained from the 
MLY and C87 strains did not include the T929I and F1534S 
sites, respectively, possibly because of the shortage of RNA-seq 
reads corresponding to the sodium channel (data not shown).

DNA fragments amplified from the cDNA of the seven strains 
were cloned and sequenced. The predicted amino acid sequenc-
es of the amplified DNA fragments confirmed the presence of 
the T929I and F1534S mutations for the SKG strain, the T929I 
mutation for the C87 strain, and the F1534S mutation for the 
MLY strain and indicated the presence of the T929I mutation 

for the MLY strain and the F1534S mutation for the C87 strain 
(Fig. 1).

The importance of the T929I mutation, located at domain 
IIS5, in the channel properties and sensitivities to pyrethroids 
has been elucidated by electrophysiological studies using Xeno-
pus oocytes.14–17) The T929I mutation was found together with 
the L1014F mutation in pyrethroid-resistant strains of Plutella 
xylostella18) and Pediculus humanus capitis.19) Similarly, the 
T929C and T929N mutations located at the same position were 
linked with the L1014F mutation in Frankliniella occidentalis20) 
and L. decemlineata.8) In some insects, such as Thrips tabaci,21) 
Thrips palmi,22) and S. zeamais,9) the T929I mutation was found 
as a single mutation. In this study, the L1014F mutation was not 
found in any of the seven strains. Consequently, the T929I mu-
tation is not linked with the L1014F mutation in L. serricorne.

The association of the F1534S mutation, located at domain 
IIIS6, with pyrethroid resistance has been reported in Aedes 
albopictus23) and Tetranychus urticae.24) In Ae. albopictus, the 
F1534S mutation was found as a single mutation. However, the 
F1534S mutation was found together with the F1538I mutation 
in T. urticae. To ascertain the conjunctive relation between the 
T929I and F1534S mutations in L. serricorne, the DNA frag-
ments with the T929I site or those with the F1534S site were am-
plified from individually extracted genomic DNA for the seven 
strains. The T929I site of the amplified fragments was examined 
by digesting it with HpyAV. HpyAV digestion produced a single 
465 bp fragment (no restriction site) for resistant homozygotes, 
fragments of 218 bp and 247 bp for susceptible homozygotes, 
and all fragments for heterozygotes (Supplemental Fig. S1). It 
should be noted that fragments of 218 bp and 247 bp might be 
observed as a single band on an agarose gel, as shown in Supple-
mental Fig. S1B. The amplified DNA fragments with the F1534S 
site were sequenced directly. The results revealed that the T929I 
mutation is mostly found together with the F1534S mutation, 
but not always (Table 2). Insects homozygous for I929 and 
F1534 were found in the SKG and C87 strains. However, no in-
sect homozygous for T929 and S1534 was found in any resistant 
strain. Insects homozygous for the I929 mutation and heterozy-
gous for the F1534S site were found in the C87 and MLY strains. 
The cause of detection of the T929I mutation in the susceptible 

Table  2.  Genotyping of the T929I and F1534S sites in the sodium channel genes of L. serricorne strains

Strain n
T929I F1534S

SS (T929/T929) SR (T929/I929) RR (I929/I929) SS (F1534/F1534) SR (F1534/S1534) RR (S1534/S1534)

TSC 10 10 10
NGY 16 16 16
IWT 11 11 11
THR 10 9 1 10
SKG 21 21 3 18
C87 23 2 1 20 3 1 19
MLY 23 23 1 22

SS: Susceptible homozygote, SR: heterozygote, RR: resistant homozygote. n: The number of insects examined.
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THR strain remains unclear.
Reportedly, the F1534S mutation substantially reduced so-

dium channel sensitivity to type I pyrethroids, permethrin and 
bifenthrin, in Ae. albopictus but not to type II pyrethroids, del-
tamethrin and cypermethrin.25) In the present study, the LC50 
values against type I pyrethroids, permethrin and bifenthrin, 
were found to be greater than those against type II pyrethroids, 
cypermethrin and cyfluthrin (Table 1). The T929I mutation is 
known to reduce the sensitivity to both types of pyrethroids.15) 
These observations suggest that the F1534S mutation plays an 
important role in enhancing resistance to type I pyrethroids, 
while the T929I mutation confers a basal level of resistance to 
pyrethroids in L. serricorne. If this is the case, detection of the 
T929I mutation using the PCR-RFLP method, as in this study, 
might be useful as a primary tool for detecting resistant insects. 
Further analyses of their functional relations remain tasks for 
future investigations.

For this study, we identified the T929I and F1534S muta-
tions associated with the target-site-insensitive pyrethroid resis-
tance of L. serricorne. Reportedly, cytochrome P450 (CYP450)-
mediated detoxification is involved in the pyrethroid resis-
tance of diverse insect pests.26) To examine the involvement of 
CYP450 in the pyrethroid resistance of L. serricorne, synergism 
tests using piperonyl butoxide, an inhibitor of CYP450, and 
RNA-seq data analyses using more biological replicates must be 
conducted in future studies.

Acknowledgements

The authors thank Dr. Debbie Collins, Fera Science, Ltd., U.K., for provid-
ing the L. serricorne C87 strain.

Electronic supplementary materials

The online version of this article contains supplementary materials 
(Supplemental Table S1 and Supplemental Fig. S1), which is available at 
https://www.jstage.jst.go.jp/browse/jpestics/.

References

  1)	 L. Ryan, L. (ed.): “Post-harvest tobacco infestation control,” Kluwer-
Academic Publishers, Dordrecht, NL, 155 pp, 1995.

  2)	 Ö. Sağlam, P. A. Edde and T. W. Phillips: Resistance of Lasioderma 
serricorne (Coleoptera: Anobiidae) to fumigation with phosphine. J. 
Econ. Entomol. 108, 2489–2495 (2015).

  3)	 C. I. Rumbos, M. Sakka, S. Schaffert, T. Sterz, J. W. Austin, C. Bozo-
glou, P. Klitsinaris and C. G. Athanassiou: Evaluation of Carifend®, 
an alpha-cypermethrin-coated polyester net, for the control of Lasio-
derma serricorne and Ephestia elutella in stored tobacco. J. Pest Sci. 
91, 751–759 (2018).

  4)	 T. Narahashi: Neuroreceptors and ion channels as the basis for drug 
action: Past, present and future. J. Pharmacol. Exp. Ther. 294, 1–26 
(2000).

  5)	 K. Haddi, W. R. Valbon, L. O. Viteri Jumbo, L. O. de Oliveira, R. N. 
C. Guedes and E. E. Oliveira: Diversity and convergence of mecha-
nisms involved in pyrethroid resistance in the stored grain weevils, 
Sitophilus spp. Sci. Rep. 8, 16361 (2018).

  6)	 R. Nauen, C. T. Zimmer, M. Andrews, R. Slater, C. Bass, B. Ekbom, 
G. Gustafsson, L. M. Hansen, M. Kristensen, C. P. W. Zebitz and M. 

S. Williamson: Target-site resistance to pyrethroids in European pop-
ulations of pollen beetle, Meligethes aeneus F. Pestic. Biochem. Physiol. 
103, 173–180 (2012).

  7)	 C. T. Zimmer, A. Müller, U. Heimbach and R. Nauen: Target-site re-
sistance to pyrethroid insecticides in German populations of the cab-
bage stem flea beetle, Phylliodes chrysocephala L. (Coleoptera: Chrys-
omelidae). Pestic. Biochem. Physiol. 108, 1–7 (2014).

  8)	 F. D. Rinkevich, C. Su, T. A. Lazo, D. J. Hawthorne, W. M. Tingey, S. 
Naimov and J. G. Scott: Multiple evolutionary origins of knockdown 
resistance (kdr) in pyrethroid-resistant Colorado potato beetle, Lepti-
notarsa decemlineata. Pestic. Biochem. Physiol. 104, 192–200 (2012).

  9)	 R. A. Araújo, M. S. Williamson, C. Bass, L. M. Field and I. R. Duce: 
Pyrethroid resistance in Sitophilus zeamais is associated with a mu-
tation (T929I) in the voltage-gated sodium channel. Insect Mol. Biol. 
20, 437–445 (2011).

10)	 G. Flingelli: Effect of deltamethrin and spinosad on phosphine re-
sistant strains in comparison with laboratory strains of four stored 
product pest species. IOBC WPRS Bull. 98, 331–336 (2014).

11)	 M. Sakuma: Probit analysis of preference data. Appl. Entomol. Zool. 
33, 339–347 (1998).

12)	 A. M. Bolger, M. Lohse and B. Usadel: Trimmomatic: A flexible trim-
mer for 494 Illumine sequence data. Bioinformatics 30, 2114–2120 
(2014).

13)	 M. G. Grabherr, B. J. Haas, M. Yassour, J. Z. Levin, D. A. Thompson, 
I. Amit, X. Adiconis, L. Fan, R. Raychowdhury, Q. Zeng, Z. Chen, E. 
Mauceli, N. Hacohen, A. Gnirke, N. Rhind, F. di Palma, B. W. Bir-
ren, C. Nusbaum, K. Lindblad-Toh, N. Friedman and A. Regev: Full-
length transcriptome assembly from RNA-Seq data without a refer-
ence genome. Nat. Bioinformatics 14, 219 (2013).

14)	 H. Vais, M. S. Williamson, A. L. Devonshire and P. N. Usherwood: 
The molecular interactions of pyrethroid insecticides with insect and 
mammalian sodium channels. Pest Manag. Sci. 57, 877–888 (2001).

15)	 P. N. R. Usherwood, T. G. E. Davies, I. R. Mellor, A. O. O’Reilly, F. 
Peng, H. Vais, B. P. S. Khambay, L. M. Field and M. S. Williamson: 
Mutations in DIIS5 and the DIIS4-S5 linker of Drosophila melano-
gaster sodium channel define binding domains for pyrethroids and 
DDT. FEBS Lett. 581, 5485–5492 (2007).

16)	 H. Vais, S. Atkinson, F. Pluteanu, S. J. Goodson, A. L. Devonshire, 
M. S. Williamson and P. N. R. Usherwood: Mutations of the para-
sodium channel of Drosophila melanogaster identify putative binding 
sites for pyrethroids. Mol. Pharmacol. 64, 914–922 (2003).

17)	 K. S. Yoon, S. B. Symington, S. H. Lee, D. M. Soderlund and J. M. 
Clark: Three mutations identified in the voltage-sensitive sodium 
channel a-subunit gene of permethrin-resistant human head lice re-
duce the permethrin sensitivity of housefly Vssc1 sodium channels 
expressed in Xenopus oocytes. Insect Biochem. Mol. Biol. 38, 296–306 
(2008).

18)	 T. H. Schuler, D. Martinez-Torres, A. J. Thompson, I. Denholm, A. 
L. Devonshire, I. R. Duce and M. S. Williamson: Toxicological, elec-
trophysiological, and molecular characterization of knockdown resis-
tance to pyrethroid insecticides in the diamondback moth, Plutella 
xylostella (L.). Pestic. Biochem. Physiol. 59, 169–182 (1998).

19)	 S. H. Lee, K. S. Yoon, M. S. Williamson, S. J. Goodson, M. Takano-
Lee, J. D. Edman, A. L. Devonshire and J. M. Clark: Molecular analy-
sis of kdr-like resistance in permethrin-resistant strains of head lice, 
Pediculus capitis. Pestic. Biochem. Physiol. 66, 130–143 (2000).

20)	 D. Forcioli, B. Frey and J. E. Frey: High nucleotide diversity in the 
para-like voltage-sensitive sodium channel gene sequence in the 
western flower thrips (Thysanoptera: Thripidae). J. Econ. Entomol. 95, 
838–848 (2002).

http://dx.doi.org/10.1093/jee/tov193
http://dx.doi.org/10.1093/jee/tov193
http://dx.doi.org/10.1093/jee/tov193
http://dx.doi.org/10.1007/s10340-017-0947-8
http://dx.doi.org/10.1007/s10340-017-0947-8
http://dx.doi.org/10.1007/s10340-017-0947-8
http://dx.doi.org/10.1007/s10340-017-0947-8
http://dx.doi.org/10.1007/s10340-017-0947-8
http://dx.doi.org/10.1038/s41598-018-34513-5
http://dx.doi.org/10.1038/s41598-018-34513-5
http://dx.doi.org/10.1038/s41598-018-34513-5
http://dx.doi.org/10.1038/s41598-018-34513-5
http://dx.doi.org/10.1016/j.pestbp.2012.04.012
http://dx.doi.org/10.1016/j.pestbp.2012.04.012
http://dx.doi.org/10.1016/j.pestbp.2012.04.012
http://dx.doi.org/10.1016/j.pestbp.2012.04.012
http://dx.doi.org/10.1016/j.pestbp.2012.04.012
http://dx.doi.org/10.1016/j.pestbp.2013.11.005
http://dx.doi.org/10.1016/j.pestbp.2013.11.005
http://dx.doi.org/10.1016/j.pestbp.2013.11.005
http://dx.doi.org/10.1016/j.pestbp.2013.11.005
http://dx.doi.org/10.1016/j.pestbp.2012.08.001
http://dx.doi.org/10.1016/j.pestbp.2012.08.001
http://dx.doi.org/10.1016/j.pestbp.2012.08.001
http://dx.doi.org/10.1016/j.pestbp.2012.08.001
http://dx.doi.org/10.1111/j.1365-2583.2011.01079.x
http://dx.doi.org/10.1111/j.1365-2583.2011.01079.x
http://dx.doi.org/10.1111/j.1365-2583.2011.01079.x
http://dx.doi.org/10.1111/j.1365-2583.2011.01079.x
http://dx.doi.org/10.1303/aez.33.339
http://dx.doi.org/10.1303/aez.33.339
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1002/ps.392
http://dx.doi.org/10.1002/ps.392
http://dx.doi.org/10.1002/ps.392
http://dx.doi.org/10.1016/j.febslet.2007.10.057
http://dx.doi.org/10.1016/j.febslet.2007.10.057
http://dx.doi.org/10.1016/j.febslet.2007.10.057
http://dx.doi.org/10.1016/j.febslet.2007.10.057
http://dx.doi.org/10.1016/j.febslet.2007.10.057
http://dx.doi.org/10.1124/mol.64.4.914
http://dx.doi.org/10.1124/mol.64.4.914
http://dx.doi.org/10.1124/mol.64.4.914
http://dx.doi.org/10.1124/mol.64.4.914
http://dx.doi.org/10.1016/j.ibmb.2007.11.011
http://dx.doi.org/10.1016/j.ibmb.2007.11.011
http://dx.doi.org/10.1016/j.ibmb.2007.11.011
http://dx.doi.org/10.1016/j.ibmb.2007.11.011
http://dx.doi.org/10.1016/j.ibmb.2007.11.011
http://dx.doi.org/10.1016/j.ibmb.2007.11.011
http://dx.doi.org/10.1006/pest.1998.2320
http://dx.doi.org/10.1006/pest.1998.2320
http://dx.doi.org/10.1006/pest.1998.2320
http://dx.doi.org/10.1006/pest.1998.2320
http://dx.doi.org/10.1006/pest.1998.2320
http://dx.doi.org/10.1006/pest.1999.2460
http://dx.doi.org/10.1006/pest.1999.2460
http://dx.doi.org/10.1006/pest.1999.2460
http://dx.doi.org/10.1006/pest.1999.2460
http://dx.doi.org/10.1603/0022-0493-95.4.838
http://dx.doi.org/10.1603/0022-0493-95.4.838
http://dx.doi.org/10.1603/0022-0493-95.4.838
http://dx.doi.org/10.1603/0022-0493-95.4.838


Vol. 46,  No. 4,  360–365  (2021)	 Sodium channel mutations in the cigarette beetle   365

21)	 S. Toda and M. Morishita: Identification of three point mutations on 
the sodium channel gene in pyrethroid-resistant Thrips tabaci (Thy-
sanoptera: Thripidae). J. Econ. Entomol. 102, 2296–2300 (2009).

22)	 W. X. Bao and S. Sonoda: Resistance to cypermethrin in melon 
thrips, Thrips palmi (Thysanoptera: Thripidae), is conferred by re-
duced sensitivity of the sodium channel and CYP450-mediated de-
toxification. Appl. Entomol. Zool. 47, 443–448 (2012).

23)	 H. Chem, K. Li, X. Wang, X. Yang, Y. Lin, F. Cai, W. Zhong, C. Lin, Z. 
Lin and Y. Ma: First identification of kdr allele F1534S in VGSC gene 
and its association with resistance to pyrethroid insecticides in Aedes 
albopictus populations from Haikou City, Hainan Island, China. In-

fect. Dis. Poverty 5, 31 (2016).
24)	 M. Wu, A. W. Adesanya, M. A. Morales, D. B. Walsh, L. C. Lavine, M. 

D. Lavine and F. Zhu: Multiple acaricide resistance and underlying 
mechanisms in Tetranychus urticae on hops. J. Pest Sci. 92, 543–555 
(2019).

25)	 R. Yan, Q. Zhou, Z. Xu, G. Zhu, K. Dong, B. Zhorov and M. Chen: 
Three sodium channel mutations from Aedes albopictus confer re-
sistance to Type I, but not Type II pyrethroids. Insect Biochem. Mol. 
Biol. 123, 103411 (2020).

26)	 J. G. Scott: Cytochrome P450 and insecticide resistance. Insect Bio-
chem. Mol. Biol. 29, 757–777 (1999).

http://dx.doi.org/10.1603/029.102.0635
http://dx.doi.org/10.1603/029.102.0635
http://dx.doi.org/10.1603/029.102.0635
http://dx.doi.org/10.1007/s13355-012-0141-7
http://dx.doi.org/10.1007/s13355-012-0141-7
http://dx.doi.org/10.1007/s13355-012-0141-7
http://dx.doi.org/10.1007/s13355-012-0141-7
http://dx.doi.org/10.1186/s40249-016-0125-x
http://dx.doi.org/10.1186/s40249-016-0125-x
http://dx.doi.org/10.1186/s40249-016-0125-x
http://dx.doi.org/10.1186/s40249-016-0125-x
http://dx.doi.org/10.1186/s40249-016-0125-x
http://dx.doi.org/10.1007/s10340-018-1050-5
http://dx.doi.org/10.1007/s10340-018-1050-5
http://dx.doi.org/10.1007/s10340-018-1050-5
http://dx.doi.org/10.1007/s10340-018-1050-5
http://dx.doi.org/10.1016/j.ibmb.2020.103411
http://dx.doi.org/10.1016/j.ibmb.2020.103411
http://dx.doi.org/10.1016/j.ibmb.2020.103411
http://dx.doi.org/10.1016/j.ibmb.2020.103411
http://dx.doi.org/10.1016/S0965-1748(99)00038-7
http://dx.doi.org/10.1016/S0965-1748(99)00038-7

