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Abstract

Recently, resistance to diamide insecticides (IRAC group 28) has been reported in various lepidopteran pests,
including Spodoptera exigua. 1In the present study, susceptibility of six field populations was evaluated to two
diamide insecticides: chlorantraniliprole and flubendiamide. The bioassay test for resistance revealed a high
level of diamide resistance and helped to select a diamide resistant (Di-R) strain, whose LCso values against
chlorantraniliprole and flubendiamide were 28,950- and 135,286-fold higher, respectively, than those of
susceptible strains. In the ryanodine receptor, instead of the G4946E mutation, one of the well-known diamide
resistance mechanisms, we found a 14790M mutation and identified the resistance allele-specific indel linked to
it. Resistance allele diagnostic primers were designed using this distinct region and applied in loop-mediated
isothermal amplification (LAMP) and general PCR. LAMP accurately detected the specific indel when
conducted for 2 h at temperature range from 63 °C to 65 °C and using four LAMP primers; its efficiency was
further amplified by an additional loop primer. A broad range of DNA concentrations was workable in the LAMP
assay, with the minimum detectable DNA concentration of 100 pg. The new DNA releasing method used for the
LAMP assay consisted of 5 min of incubation of a larva or adult tissue at 95°C. The entire diagnostic process,
which included the DNA releasing technique and LAMP, lasted only 100 min.  This simple and accurate LAMP
assay can be applied to monitor diamide resistance and for integrated resistance management of S. exigua in the

field.
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Introduction

Diamide insecticides are one of the major class of insecticides targeting ryanodine receptors (RyRs) that have
been introduced to the market to control a broad range of herbivorous pests, particularly those in the order
Lepidoptera (Nauen 2006; Sattelle 2008). The anthranilic diamides, including chlorantraniliprole and
cyantraniliprole, were discovered and developed commercially by Dupont (Cordova et al. 2005; Lahm et al. 2005;
Froster et al. 2012; Liu et al. 2018). A third systemic anthranilic diamide, cyclaniliprole, was developed by
Ishihara Sangyo Kaisha (ISK) biosciences corporation in 2004. The phthalic acid diamide flubendiamide was
discovered by Nihon Nohyaku and co-developed with Bayer (Tohnishi et al. 2005). These insecticides were
commercialized and rapidly gained market share exceeding US $1.4 billion, accounting for approximately 8% of
the insecticide market in 2013 (Sparks and Nauen 2015).

The target site of diamide RyR 1is the largest known ligand-gated calcium channel found in the
sarcoplasmic/endoplasmic reticulum membrane in muscle and nervous tissue (Sun & Xu, 2019). RyR controls
the release of calcium from intracellular stores and regulates a variety of cellular and physiological activities, such
as gene expression, neurotransmitter release, hormone secretion, muscle contraction, cell proliferation, and finally
insect death (Coronado et al. 1994; Nauen and Steinbach 2016). Diamides are broad spectrum insecticides,
affecting lepidopterans, with a high safety profile (Jeanguenat, 2013). Because of these advantages, diamides
are widely used worldwide. However, after only a few years of application, field-evolved resistance to diamides,
such as chlorantraniliprole, has been reported in several lepidopteran pests including Spodoptera exigua (Lai et
al. 2011), S. frugiperda (Boaventura et al. 2020), Plutella xylostella (Troczka et al. 2012), and Tuta absoluta
(Roditakis et al. 2015).  The target-site mutation conferring the amino acid substitution G4946 was first identified
in a diamide-resistant strain of diamondback moth P. xylostella from the Philippines and Thailand (Troczka et al.
2012), and subsequently detected in field populations in many other countries (Guo et al. 2014a, 2014b; Steinbach
et al. 2015). Three additional substitutions (I4790M, E1338D, and Q4594L) associated with diamide resistance
were found in a field population of P. xylostella collected from Yunnan Province of China (Guo et al. 2014a).
Diamide resistance mechanism was functionally confirmed by recombinant expression of mutant RyR variants
stably expressed in Sf9 cells (Troczka et al. 2015), and by CRISPR/Cas9 genome editing in transgenic Drosophila
melanogaster and S. exigua carrying RyR 14790M and G4946E mutations, respectively (Douris et al. 2017; Zuo
et al. 2017). Although the metabolic resistance mechanisms to diamides in S. exigua remain largely unknown

(Nauen and Steinbach 2016), there is little doubt that it is conferred by a mutation in RyR.
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The beet armyworm, Spodoptera exigua (Hiibner), is a pest of global importance in cultivation of numerous crops,
including cotton, tomato, lettuce, cabbage, and ornamentals (CABI 2020). Frequent applications of diamide in
Korea selected for field strains of S. exigua with high levels of diamide insecticide resistance, exceeding 10,000-
fold when compared with that of a susceptible reference strain. However, the G4946E mutation was not detected
in all tested resistant strains and/or populations (Cho et al. 2018). Therefore, we examined the toxicity of two
major diamide insecticides (chlorantraniliprole and flubendiamide) to six field populations of S. exigua larvae to
identify populations susceptible to the insecticides. We aimed to identify additional mutations and a resistance-
specific indel in RyR in diamide-resistant strains and populations. We also developed a molecular diagnostic
method to detect diamide resistance in the field that can be used for more effective pest resistance management

and sustainable control of S. exigua.

Materials and methods

Insects

Eleven field populations of Spodoptera exigua were collected in significantly damaged potato, cabbage, and green
onion fields from May to August in 2019. These comprised three sites in Gangwon-do (Hongcheon, Gangneung,
Hoengseong), three sites in Gyunggi-do (Yeoju, Anseong, Icheon), one site in Chungcheongbuk-do (Cheongju),
one site in Gyeongsangnam-do (Miryang), and two sites in Jeollanam-do (Haenam, Jindo) (Fig. 1a). We
collected larvae from heavily damaged plants, and some adults were captured using pheromone traps. Six
populations were used for bioassay test of resistance and genotyping: Anseong (AS), Cheongju (CJ), Gangneung
(GN), Icheon (IC), Jindo (JD), and Yeoju (YJ). Five additional populations were used for genotyping: Haenam
(HN), Hoengseong (HS), Hongcheon (HC), Miryang (MY), and Pyeongchang (PC).  For bioassays, we collected
more than 1,000 larvae of S. exigua to calculate the insecticide resistance ratio based on the first generation of
indoor breeding. The larvae were collected from two different sites in each region (Jindo, Pyeongchang,
Hoengseong, Gangneung, and Hongcheon), and collections from the two sites were pooled into a single population.
Two susceptible strains were used. One was reared at Chungbuk National University without insecticide
exposure (Cho et al. 2018; thereafter referred to as CNU strain) and used in most experiments; the other susceptible

lab strain was obtained from the National Institute of Agricultural Sciences (thereafter, NAS strain) and used as a
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reference strain in genotyping and molecular diagnosis. A diamide-resistant strain (Di-R) was selected among
individuals of Jindo populations that survived two treatments with a recommended concentration of
chlorantraniliprole (25 ppm) or flubendiamide (100 ppm). This selection was repeated for four generations.
Di-R and the susceptible CNU strain were used as basic strains for elucidating resistance mechanisms. A F1
hybrid was produced by single pair mating of a resistant and susceptible strain (15 pairs of R3 x SQ and S& x
RQ each). Selected diamide-resistant strains of S. exigua and field-collected resistant populations were raised
in both the Highland Agriculture Research Institute and Chungbuk National University on an artificial diet (Cho

et al. 2018).

Chemicals
Two types of diamide insecticides were used, commercial insecticides (chlorantraniliprole WG and flubendiamide
SC) and technical grade insecticide (>99% pure; Sigma-Aldrich, Saint Louis, MO, USA). The former was used

in the selection of resistant strain, and latter for bioassay test of resistance.

Bioassay test of resistance

For the bioassay, six populations collected in the field (AS, CJ, GN, IC, JD, YJ) were reared on artificial diet for
at least one generation post-procedure in the lab to obtain third instar larvae. Technical-grade insecticides were
dissolved in acetone to 10,000 ppm concentration and dissolved in distilled water mixed with triton (0.2%) to
appropriate concentrations. A three-piece artificial diet (a 3 cm® cube) was immersed in insecticide for 30 s and
transferred into a Petri dish (10 cm diameter, 4 cm height). Afterward, 10 S. exigua larvae were transferred into
the Petri dish.  All experiments were performed with four replicates. Mortality rate was determined after 72 h
of treatment, and the value was used to calculate median lethal concentration (LCso) using the SAS program based
on probit model (SAS Institute 9.1, Cary, NC, USA). The resistance ratio was calculated by dividing the LCs

value of the population by that of the CNU susceptible strain.

Phylogenetic relationship
About 2.5 kb partial sequences of mitochondrial DNA were analyzed to identify the genetic characteristics of each
strain. Total DNA was extracted from three individuals randomly selected from each collection site to represent

the region by using DNAzol, and then amplified with KOD FX polymerase (Toyobo Life Science, Osaka, Japan)
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and BAW _mtC2 F and BAW _mtC2 nR3 primer sets. PCR was conducted under the following thermal
conditions: initial denaturation at 95 °C for 2 min, followed by 35 cycles of 95 °C for 20 s, 57 °C for 20 s, and
68 °C for 90 s, and final extension for 60 s at 68 °C. The PCR products were directly sequenced (Macrogen,
Seoul, Korea). The PCR product was about 2.5 kb, and the entire sequence was analyzed by primer walking
using LCO1490 and HCO2198 primers.  After contig assembly, sequences were analyzed by Gene Runner ver.
6.5.52 (www.generunner.net), and molecular phylogenetic analysis of the mitochondrial genome was inferred by
using a maximum likelihood method implemented in MEGA 7 with bootstrapping (Sanderson and Wojciechowski

2000; Kumar et al. 2016).

Mutation survey in ryanodine receptors

Total RNA was isolated from five larvae (3rd instar) of susceptible and Di-R strains using a RNeasy Mini Kit
according to the manufacturer's protocol (Qiagen, Hilden, Germany). cDNA was synthesized using a TOP
script™ cDNA synthesis kit (Enzynomics, Daejeon, Korea). Genomic DNA (gDNA) was extracted by DNAzol
(Molecular Research Center, Cincinnati, OH, USA) from each strain and five larvae (3rd instar) of the 11
populations. c¢DNA and gDNA samples were quantified by using a Nanodrop (NanoDrop Technologies,
Wilmington, DE, USA).

Partial fragments of RyR were amplified using the appropriate primer sets (Table 1) with KOD FX polymerase
(TOYOBO). Primers RyR 4790UF and RyR_ mU_R were used to verify G496E and 14790M mutations, and
primers RyR 4790UF and RyR 14790M_R or RyR PASA R3 were used to identify only the [4790M mutation.
PCR was conducted under the following thermal conditions: initial denaturation at 95 °C for 2 min, followed by
35 cycles of 95 °C for 20 s, 57 °C for 20 s, and 68 °C for 90 s, and a final extension at 68 °C for 60 s. The PCR
products were directly sequenced (Macrogen). Contig assembly and amino acid sequence alignment were
conducted using Lasergene v14 (DNASTAR, Madison, WI, USA) with the neighbor-joining method (Saitou and

Nei 1987).

Diagnostic primer design for lamp loop-mediated isothermal amplification (LAMP) and multiplex PCR
The analysis of aligned partial sequences of susceptible and resistant strains confirmed the existence of a
resistance-specific indel (GenBank accession number of susceptible strain, MT292621 and that of Di-R,

MT292620). Based on the partial genomic RyR sequence alignment results, the partial sequences containing the
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resistant-specific indel were re-aligned to design LAMP primers in PrimerExplorer V5 (Eiken Chemical Co., Ltd.,
Tokyo, Japan). Forward and backward internal primers (FIP and BIP) with backward 3 (BAW_RyR B3) were
designed using the program with some modifications. The main diagnostic primer forward 3 (BAW_RyR F3)
was manually designed inside the resistance-specific region. The forward internal primer (FIP) was a
combination of Flc and F2, and the backward internal primer (BIP) was a combination of Blc and B2. Loop
primers (BAW_RyR LF and BAW_RyR LB) were located between Flc and F2 or between Blc and B2.
Multiplex PCR primers were designed manually using partial RyR sequences. A partial acel type
acetylcholinesterase gene sequence (DQ280488) was used to design the primers BAW acel DIF and

BAW acel DIR, which were used for positive control in multiplex PCR.

LAMP and multiplex PCR protocol

The general protocol of LAMP was conducted in a 25 pL reaction mixture using a WarmStart® LAMP Kit (New
England Biolabs, Ipswich, MA, USA) following the manufacture’s guideline (Kim et al. 2020). To test the DNA
releasing technique for insect tissue, approximately 10 mg of larval tissue or an adult leg or antenna was incubated
at 95 °C for 5 min with 30 pL nuclease-free water, and 2 pL of the resulting supernatant was then used in the
LAMP assay with each primer set.

For multiplex PCR, susceptible and resistance alleles in RyR, as well as partial acel, were amplified using the
appropriate primer sets (Table 1) with KOD FX polymerase (TOYOBO). PCR was conducted under the
following thermal conditions: initial denaturation at 95 °C for 2 min, followed by 35 cycles of 95 °C for 20 s,

57 °C for 20 s, and 68 °C for 20 s, and a final extension at 68 °C for 60 s.

Results

Bioassay and F1 hybrid screening

The difference in the level of chlorantraniliprole resistance between the susceptible strain and the six field
populations ranged from 600-fold (low) to 12,500-fold (high), and that of flubendiamide resistance ranged from
428-fold (low) to 129,186-fold (high) (Table 1). The resistance ratios in all populations differed between the

two diamide insecticides; for example, Anseong showed higher resistance to chlorantraniliprole, and Cheongju
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had higher resistance to flubendiamide. However, all six populations exhibited cross-resistance to both diamide
insecticides.  Similar results and cross-resistance were reported by Cho et al. (2018) in their bioassay using two
representative diamide insecticides cyantraniliprole, cyclaniliprole, and tetraniliprole. ~ Among the six
populations, Yeoju had the highest resistance ratio to chlorantraniliprole and Gangneung to flubendiamide.
Despite its high resistance to both insecticides, the Yeoju population could not recover during the resistance
selection test because of its small size at the time of collection. The Jindo population, which had the largest
population size at the time of collection, maintained its size even after resistance selection for four subsequent
generations for each insecticide. ~After the fifth generation was exposed to resistance selection, the resistance
ratio of the Jindo population was 29,950-fold for chlorantraniliprole and 135,286-fold for flubendiamide,
increasing 4.3-fold for chlorantraniliprole and 8.8-fold for flubendiamide compared with that of the 4th generation.
This selection system was designated as Diamide resistant (Di-R) strain and used as a basic strain for the resistance
mechanism along with the susceptible strain. In the case of F1 hybrids, 12 out of 15 pairs of RS x SQ and eight
pairs of S3 x RQ hatched successfully; the total number of larvae was higher in R x S combinations (data not
shown).

Although the experiments were not sufficiently repeated due to deficiency in populations, there was no statistically
significant difference in the resistance of each R x Sand S x R combination. The resistance ratio was 10,000-
fold for chlorantraniliprole (20-30 mg L) and 40,000-fold for flubendiamide (30-50 mg L?). Therefore, we
conclude that the inheritance of the two diamide-related genes is partially recessive, as reported for other insects

(Richardson et al. 2020).

Phylogenetic relationships

Partial mt genome (approximately 2.5 kb) sequences of the field populations were compared with those of the two
susceptible strains, Di-R derived from Jindo population, and four F1 hybrids. There were 22 single nucleotide
polymorphisms (SNPs) among the 2,544 nucleotide sequences. The largest sequence variation was detected in
the Anseong population; this sequence contained 15 SNPs compared with the reference susceptible strain. The
SNP pattern may be different even though samples were collected from different regions of the city, such as from
Gangneung and Jindo. Some level of nucleotide sequence diversity was observed between Di-R and the
susceptible strain after four generations of resistance selection, but no SNPs were found in Yeoju, Icheon, and

Miryang populations. Seven SNPs were identified in the NAS susceptible strain.  This strain was used as
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another reference strain for LAMP and multiplex PCR.

14790M mutation and indel in ryanodine receptors

The partial genome sequence analysis of RyR based on cDNA and gDNA revealed no G4946E mutation in the
susceptible strain and Di-R, but confirmed the presence of the 14790M mutation in Di-R (Fig. 2A). The PCR
using gDNA as a template and RyD_4790UF and RyR _14790M_R primers further confirmed the presence of only
the 14790M mutation. The PCR product size of the susceptible and resistant strains was different (Fig. 2B) and
resistant specific indel was confirmed via sequencing. The resistance-specific band obtained using cDNA was
similar in size (about 0.5 kb, Fig. 2C) and identical in sequence composition to that of gDNA. The part of intron
that was not spliced remained intact. Therefore, it was confirmed that resistance-specific indel exists and is
partially transcribed. The resistance-specific indel was verified in gDNA and in ¢cDNA by PCR using

BAW_RyR_F3 and B3 primers, the two primers specific for this indel (Fig. 2C).

LAMP and multiplex PCR

The bioassay identified the 14790M mutation and the resistance-specific indel in all resistant populations (Fig. 3).
The intron length of susceptible and resistant strains was 1110 nt and 693 nt, respectively (susceptible, MT292621;
Di-R, MT292620), and no SNPs were found between the two susceptible strains. Some SNPs existed among
the resistant populations, and a few SNPs were unique to the Anseong population (Fig. 3). The general PCR
using F3 and B3 LAMP primers confirmed the presence of resistance-specific traits (Fig. 2C), and then LAMP
was performed using four primers (two internal primers, FIP and BIP) (Fig. 4). After 2 h of incubation at 61, 63,
and 65 °C, the best primer sensitivity was obtained at 65 and 63 °C, whereas false positives were observed at
61 °C. Therefore, additional LAMP experiments were conducted at 65 °C. To verify the effectiveness of the
loop primers LF and LB, the experiments were run using four primers, only LF, only LB, and both LF and LB,
and the incubation time was reduced from 2 h to 1 h 30 min (Fig. 5). The amplification efficiency visibly
increased with addition of LF, whereas the amplification efficiency of LB was low when compared with that of
LF. The addition of a loop primer may reduce the reaction time by 30 min (Fig. 5).

To validate the diagnostic concentration limit of LAMP, the initial DNA concentration of 10 ng was decreased 10-
fold at each run. Diagnosis was possible for a DNA concentration of at least 100 pg (Fig. 6). Using the DNA

releasing technique reported by Kim et al. (2020), sufficient DNA was obtained in the supernatant from larvae
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and adult tissue after their incubation at 95 ° C for 5 min (Fig. 7). Resistance traits were diagnosed in all 11
populations (Fig. 8). Because LAMP can only confirm the presence of a resistance trait, we developed a
multiplex PCR method to detect the heterozygotes. The primer set was selected based on the diagnostic purpose:
to diagnose resistance or susceptible traits only, for positive control, or for positive control with either resistance

or susceptible traits (Fig. 9).

Discussion

Insecticide resistance of S. exigua, especially diamide-based, has been reported in many regions worldwide. In
Korea, the resistance to diamide in 2014, especially against chlorantraniliprole, was minimal, but 3 years later,
highly resistant strains to chlorantraniliprole, over 2,500-fold, were detected in some regions, including Jindo
(Cho et al. 2018). We compared the resistance levels reported in 2017 with those in major regions affected by
S. exigua in 2019 and detected a difference in resistance levels among the regions; the resistance level remained
high. Six populations exhibited high cross-resistance to diamide in regions where the management of diamide-
based insecticide was exigent. The G4964E mutation in RyR, which is a known diamide resistance mechanism
of S. exigua, was not identified either in the 2017 populations or in the 2019 populations. This phenomenon has
already been reported in Plutella xylostella, in which mutations other than G4964 were reported (Guo et al. 2014a).
The 14790M mutation was recently identified as a new, major resistance-related mutation in a resistant population
of S. exigua in China (Zuo et al. 2019) and a population of S. frugiperda in Brazil (Boaventura et al. 2020). This
mutation was functionally identified via a Drosophila melanogaster expression system (Douris et al. 2017).  The
14970M mutation was confirmed in Di-R and six populations (Fig. 3), and it was characterized by the presence of
a resistance-specific indel in the intron section (Fig. 2). The presence of this indel in the six populations despite
their different genetic background, as well as its expression in the intron, indicates that it is closely related to
resistance (Fig. 2). However, how this mutation confers resistance is yet to be revealed. G4964E, 14790M, and
other mutations in RyR are the main elements of diamide-resistance mechanism in Lepidoptera, with some of
them causing over-expression of detoxifying enzymes, such as cytochrome P450s. The transcriptome analysis
of resistance mechanisms is currently in progress and is expected to provide insight into the role of the indel in

resistance. RyR upregulation has been associated with diamide resistance in S. exigua (Sun et al. 2015).
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However, we detected no difference in RyR expression between resistant and susceptible strains (data not shown).
The presence of 14790M mutation and resistance-specific indel was confirmed through expression at cDNA and
gDNA levels (Fig. 2C).

Four primers, two internal primers (FIP and BIP) and two resistance-specific indel primers (BAW_RyR F3,
BAW_RyR B3), used in LAMP successfully diagnosed the resistance-specific marker at 65 °C and 63 °C.
Although, LAMP is less sensitive to reaction temperature compared with general PCR, it is important to optimize
the reaction conditions for a given primer or other reaction parameters. The highest sensitivity of the LAMP
reaction was achieved at 65°C, and addition of a loop primer known to increase the amplification efficiency further
improved the diagnostic properties of this protocol. The addition of the loop primer LF reduced the reaction
time by about 30 min, suggesting high amplification efficiency of this primer, whereas LB showed a relatively
low efficiency (Fig. 5). LAMP was successfully applied to an extensive range of DNA concentrations, from the
initial amount of 100 ng to the minimum required DNA concentration of 100 pg when using five primers, four
basic primers and LF (Fig. 6). Thus, this protocol is suitable for samples obtained by simple incubation without
DNA extraction, in which DNA concentrations are not constant. Sufficient DNA was released by incubation of
larval and adult tissues, rendering this method, which requires only a heat block for temperature control, suitable
in the field. LAMP, as a time- and labor-efficient protocol, has been utilized in various fields, including ecology,
medicine, diagnostic of plant viruses inside insect bodies, and identification of pest species such as Spodoptera
frugiperda (Lee et al. 2017; Kim et al. 2020), as well as in insecticide resistance allele diagnosis (Badolo et al.
2012, 2015; Choi et al. 2018). Besides LAMP, resistance diagnostics and detection of homotraits or heterotraits
can be performed by multiplex PCR and other techniques, but unlike LAMP, these methods can be performed
only in a laboratory.

The development of diamide resistance in S. exigua is gradually expanding, and resistant strains have been
identified in many crops and regions in Korea. According to the Insecticide Resistance Action Committee,
insecticide selection is one of the most important factors in resistance management (IRAC 2019). Prior
information on the level of resistance distribution is essential for selection of insecticides, especially for diamide
resistance, because diamide insecticides are one of the most widely used pesticides in Lepidopteran pest control.
In this study, we developed an effective LAMP protocol that can be applied directly in the field without a technical
DNA extraction process. Multiplex PCR can be used if a more detailed diagnosis is necessary. A next step is

to identify how the resistance-specific indel operates in diamide-resistant S. exigua. The presence of indels
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affects P450 gene expression, such as that of CYP6g! in fruit fly (Daborn et al. 2002; Le Goff and Hilliou 2017),
or genomic changes associated with insecticide resistance (Faucon et al. 2015; Berger et al. 2016; Duneau et al.
2018; Lucas et al. 2019). Mechanisms responsible for the difference between the RyR mutation and the
expression of detoxifying enzyme have been partially revealed (Wang et al. 2016, 2018), but as a kind of long
non-coding RNA (IncRNA), there are no reports on the indel in intron and IncRNA expression from S. exigua.

Functional analysis of this IncRNA will help to elucidate more specific mechanisms of diamide resistance.
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Fig. 1 Local populations of Spodoptera exigua (A) collection sites and their (B) phylogenetic relationship with

two susceptible strains (Susceptible and Susceptible NAS) and diamide resistant strain (Diamide-R) based on

partial sequences of the mitochondrial genome. In total 11 local populations collected in 2019 were used.  Six

populations, indicated by red dots, were used for bioassay test of resistance and genotyping: Anseong (AS),

Cheongju (CJ), Gangneung (GN), Icheon (IC), Jindo (JD), and Yeoju (YJ). Five additional populations,

indicated with blue dots, were used for genotyping: Haenam (HN), Hoengseong (HS), Hongchen (HC), Miryang

(MY), and Pyeongchang (PC). The phylogenetic relationship was inferred from 22 single nucleotide

polymorphisms of the 2,544 nucleotide sequences by using the maximum likelihood method based on the Tamura-

Nei model.
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Fig. 2 Representative chromatograms of direct sequencing for 14790M mutation genotyping in ryanodine
receptors from (A) susceptible and diamide-resistant strains of Spodoptera exigua. Green and red boxes denote
the 14790M mutation sites in susceptible and resistant strains, respectively. (B) Diamide-resistant strain-specific
transcript variants and existence of indels were confirmed via gel electrophoresis of PCR results using gDNA as
atemplate. (C) Resistant alleles were amplified from cDNA and gDNA templates of the diamide resistant strain
and its F1 hybrids, SR (male susceptible X female resistant strain) and RS (male resistant x female susceptible
strain). F1 hybrids generated by single pair mating using susceptible and diamide-resistant strains. Primer

information is documented in Table 2
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14790M F3
LHSIVSLAMLTIGYJYHTLEK.YV ——————
ACTACACTCTATCGTGTCCCTTGCCATGCT TATTGGGTACTACCATCT TAAAGTAAGT TTTAGCTGGCTATATTCATAGGTATTATTAATGACTTATT TTAAATGTCCTCTTGAGAGATGATAATGTAT Diamide-R
ACTACACTCTATCGTGTCCCTTGCCATGCTTATTGGGTACTACCATCTTAAAGTAAGT T T TAGCTGGCTATATTCATAGGTATTATTAATGACTTATT T TAAATGTCCTCTTGAGAGATGATAATGTAT Anseong
ACTACACTCTATCGTGTCCCTTGCCATGCTTATTGGGTACTACCATCTTAAAGTAAGTTTTAGCTGGCTATATTCATAGGTATTATTAATGACTTATTTTAAATGTCCTCTTGAGAGATGATAATGTAT  cheongju
ACTACACTCTATCGTGTCCCTTGCCATGCT TATTGGGTACTACCATCT TAAAGTAAGT TTTAGCTGGCTATATTCATAGGTATTATTAATGACTTATTTTAAATGTCCTCTTGAGAGATGATAATGTAT Gangneung
ACTACACTCTATCGTGTCCCTTGCCATGCT TAT TGGGTACTACCATCT TAAAGTAAGT TTTAGCTGGCTATATTCATAGGTATTATTAATGACT TATT T TAAATGTCCTCTTGAGAGATGATAATGTAT Icheon
ACTACACTCTATCGTGTCCCTTGCCATGCTTATTGGGTACTACCATCTTAAAGTAAGTTTTAGCTGGCTATATTCATAGGTATTATTAATGACTTATTTTAAATGTCCTCTTGAGAGATGATAATGTAT  Jindo
ACTACACTCTATCGTGTCCCTTGCCATGCT TATTGGGTACTACCATCT TAAAGTAAGT TTTAGCTGGCTATATTCATAGGTATTATTAATGACTTATTTTAAATGTCCTCTTGAGAGATGATAATGTAT Yer u
ACTACACTCTATCGTGTCCCTTGCCATACTTATTGGGTACTACCATCTTAAGGTAAGTTTTAGCTGGCTAC--=-=~~ AAGTATTATTAATGA--=============o-ooccooooooo s TAATGTAT Susceptible
ACTACACTCTATCGTGTCCCTTGCCATACTTATTGGGTACTACCATCTTAAGGTAAGT TTTAGCTGGCTAC === AAGTATTATTAATGA= === === === === == mm oo e TAATGTAT  S_NAS
LHSIVSLATLTIGYVYHLEK.YV

AAGTATGTTATAGAATCTATTTTGAGTAAGT TATGGCAATAAGAATTGGTAACTAGT TGATTTT TTTTCTAAAAGAT TATTCATATTATT-TATATATT TATTAATTTATGCACACAAGATGTTAAACA Diamide-R
AAGTATGTTATAGAATCTATTTTGAGTAAGT TATGGCAATAAGAATTGGTAACTAGT TGATTTTTTTTCTAAAAGATTATTCATGTTATT-AATATTATTATTACTTTTATCCCCCCAGAAGGTAAACC  Anseong
AAGTATGTTATAGAATCTATTTTGAGTAAGT TATGGCAATAAGAATTGGTAACTAGT TGATTTT TTTTCTAAAAGATTATTCATATTATT-TATATATTTATTAATT TATGCACACCAGAAGTTAAACA Cheongju
AAGTATGTTATAGAATCTATT T TGAGTAAGT TATGGCAATAAGAATTGGTAACTAGT TGAT T T T T TTTCTAAAAGATTATTCATATTATT-TATATATT TATTAATTTATGCACACAAGATGTTAAACA Gangneung
AAGTATGTTATAGAATCTATTTTGAGTAAGT TATGGCAATAAGAATTGGTAACTAGT TGATTTTTTTTCTAAAAGAT TATTCATATTATT-TATATATTTATTAATTTATGCACACAAGATGTTAAACA  Icheon
AAGTATGTTATAGAATCTATTTTGAGTAAGT TATGGCAATAAGAATTGGTAACTAGT TGATTTT TTTTCTAAAAGATTATTCATATTATT-TATATATTTATTAATT TATGCACACAAGATGTTAAACA Jindo
AAGTATGTTATAGAATCTATTTTGAGTAAGT TATGGCAATAAGAATTGGTAACTAGT TGATTTTTTTTCTAAAAGATTATTCATATTATT-TATATATTTATTAATTTATGCACACAAGATGTTAAACA  Yeoju
TAGTATGTTATAGAATCTATTTTGAGTAAGT TATGGCAATAAGTAGCGGTAACTAGT TGATTTT TTTTCTAAAAGGT TATTCATGT TATTATATTTATTTATTCATT TATGCACACAAGATGTTAAACA susceptible
TAGTATGTTATAGAATCTATTTTGAGTAAGT TATGGCAATAAGTAGCGGTAACTAGT TGATT T T TTTTCTAAAAGGT TATTCATGTTATTATATTTATTTATTCATT TATGCACACAAGATGTTAAACA S_NAS

TATTTACAGTATTGTACATATTTATGTAAGTCTATG-TACTTATAACGTCTCTAATGATGCTTGT T TTGTGCACCTT-TATATTTATCTCTGCATCATCCAAAGGT TTGGCTGTCAGAGAATGCCCATG piamide-R
AATTTACCATAATGGACATATTTATGTAAGTCTATG-TACTTATAACGTCTCTAATGATGCTTGTTTTGGGCACCTT-TATATTTAACCTTGCCACATCCCAAGGGT TGGCCGGCAGAAAAAGCCCATG Anseong
TATTTACCGTATTGTACATATTTATGTAAGTCTATG-TACTTATAACGTCCCTAATGATGCTTGTTTTGTGCACCTT-TATATT TATCTCTGCATCATCCAAAGGT TTGGCTGTCAAAAAATGCCCATG Cheongju
TATTTACAGTATTGTACATATTTATGTAAGTCTATG-TACTTATAACGTCTCTAATGATGCTTGTTTTGTGCACCTT-TATATTTATCTCTGCATCATCCAAAGGT TTGGCTGTCAGAGAATGCCCATG Gangneung
TATTTACAGTATTGTACATATTTATGTAAGTCTATG-TACTTATAACGTCTCTAATGATGCTTGTTTTGTGCACCTT-TATATTTATCTCTGCATCATCCAAAGGT TTGGCTGTCAGAGAATGCCCATG Icheon
TATTTACAGTATTGTACATATTTATGTAAGTCTATG-TACTTATAACGTCTCTAATGATGCTTGT TTTGTGCACCTT-TATATTTATCTCTGCATCATCCAAAGGT TTGGCTGTCAGAGAATGCCCATG Jindo
TATTTACAGTAT TGTACATATTTATGTAAGTCTATG-TACTTATAACGTCTCTAATGATGCTTGTTTTGTGCACCTT-TATATTTATCTCTGCATCATCCAAAGGTTTGGCTGTCAGAGAATGCCCATG Yeoju
TATTTACAGTATTGTACATATTTATGTAAGTA-ATAATAATAATAAATTTAATAATAAATTTTATTAAAAACATTGAACACGTTTACAATTACAGATGGCTCAGATTTTATAGTAATAAAAAGTCTTAA Susceptible
TATTTACAGTATTGTACATATTTATGTAAGTA-ATAATAATAATAAATTTAATAATAAATTTTATTAAAAACATTGAACACGTTTACAATTACAGATGGCTCAGATTTTATAGTAATAAAAAGTCTTAA S_NAS

B1 LB B2 B3

-GTGCAATAAAGATATTAAATAAATAAACATTA- AAACACAATGAGACTGTGGTATCACTCCAGTCCAGCCGAAGCCTGGCTCTCCCACACTTTA  Diamide-R
GTGCAATTAAGAATT TAAATAAATAAACCT TA-AAACCCCATGAAAACGGGGTATCACTCCCATCCAACCCAAACCTGGCTCCTCCACCATTTA Anseong
GTGCAATAAAGATTTTAAATAAATAAACCTTA-AAACACCATGAAACTGTGGTATCACTCCCGTCCAGCCCAAGCCTGGCTCTCCCACACTTTA  Cheongju
GTGCAATAAAGATATTAAATAAATAAACATTA-AAACACAATGAGACTGTGGTATCACTCCAGTCCAGCCGAAGCCTGGCTCTCCCACACTTTA Gangneung

~GTGCAATAAAGATATTAAATAAATAAACATTA-AAACACAATGAGACTGTGGTATCACTCCAGTCCAGCCGAAGCCTGGCTCTCCCACACTTTA Icheon

GCATTAAGCCCACCTTTGTACATTTGTTTT- -GTGCAATAAAGATATTAAATAAATAAACATTA-AAACACAATGAGACTGTGGTATCACTCCAGTCCAGCCGAAGCCTGGCTCTCCCACACTTTA  Jindo

GCATTAAGCCCACCTTTGTACATTTGTTTT- ~GTGCAATAAAGATATTAAATAAATAAACAT TA-AAACACAATGAGACTGTGGTATCACTCCAGTCCAGCCGAAGCCTGGCTCTCCCACACTTTA  Yeoju

TAATAACAATCGTAATAGT TAACT TAATCTAGTCTAATACAATACATATATGAGGAAATAACGT TCTTAGTCTAAATATTAGGGACTACCCGAACTAGGT TTATTTAAACCTGTGTTTCAGGCTATCAA susceptible

TAATAACAATCGTAATAGT TAACT TAATCTAGTCTAATACAATACATATATGAGGAAATAACGT TCTTAGTCTAAATATTAGGGACTACCCGAACTAGGT TTATTTAAACCTGTGTTTCAGGCTATCAA S_NAS

GCATTAAGCCCACCTTTGTACATTTGTTTT-
GAAATTAACCCCCCCTTGGACCTTTGGTTT-
GCATTAAGCCCACCTTTGTACATTTGTTTT-
GCATTAAGCCCACCTTTGTACATTTGTTTT-
GCATTAAGCCCACCTTTGTACATTTGTTTT-

Fig. 3 Location of primers and primer binding regions on partial sequences of ryanodine receptors of Spodoptera
exigua. Sequence alignment of six local populations with two susceptible and a diamide-resistant strain. The
14790M mutation was found in the diamide-resistant strain and six local populations. Amino acid sequences
annotated according to the DNA sequence. Lamp loop-mediated isothermal amplification (LAMP) primers
designed on the intron region. Internal primer FIP consists of Flc (complementary sequences of F1) and F2.
Internal primer BIP is composed of Bl and B2c (complementary sequences of B2). Four essential LAMP
primers (F3, FIP, BIP, and B3) generate the dumbbell structure and two loop primers, LF and LB, accelerate the
LAMP reaction (see Nagamine et al. 2002 for details). Additional information about primers is documented in

Table 2
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Fig. 4 Sensitivity of the lamp loop-mediated isothermal amplification (LAMP) assay results at three temperatures
under (A) visible light, (B) ultraviolet light with Cyber Green, and (C) for diamide-resistance allele detection.
The sensitivity of the LAMP assay was tested using four primers (BAW_RyR F3, BAW_RyR B3, FIP and BIP)
at three incubation temperatures, 65, 63 and 61°C for 2 h. The original pink color of the reaction mixture turned
yellow in a positive reaction when product was formed but remained pink in negative reactions. NC: negative

control; S: susceptible strain; Di-R: diamide-resistant strain
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Fig. 5 The lamp loop-mediated isothermal amplification (LAMP) assay results with (A) four primers, (B)
additional loop primers, (C) loop forward, LF, or (D) loop backward, LB and LF, under visible light (left side) or
ultraviolet light with Cyber Green (right side). LAMP assay was tested at incubation temperature of 65°C for 90
min. NC: negative control; S: susceptible strain; Di-R: diamide-resistant strain; Sn: susceptible stain obtained

from the National Institute of Agricultural Sciences; SR and RS: F1 hybrid between S and Di-R
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Fig. 6 Identification of the detection limit of genomic DNA in the lamp loop-mediated isothermal amplification
(LAMP) assay from 10 ng to 1 fg under (A) visible light, (B) ultraviolet light with Cyber Green, and (C) gel

electrophoresis. The LAMP assay was tested at an incubation temperature of 65 °C for 90 min with six primers
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Fig. 7 Sensitivity of the lamp loop-mediated isothermal amplification (LAMP) assay results using DNA samples
obtained by the DNA releasing technique from insect tissue. (A) About 10 mg of larval tissue or adult leg (or
antenna) were incubated in 95 °C for 5 min. LAMP products under (B) visible light, (C) ultraviolet light with
Cyber Green, and (d) gel electrophoresis. Abbreviations are as in Fig. 4; PC positive control (isolated DNA from

diamide-resistant strain, Di-R)
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Fig. 8 Sensitivity of the lamp loop-mediated isothermal amplification (LAMP) assay results for the resistance
allele survey in field-collected local populations with susceptible and diamide-resistant strains under (A) visible
light, (B) ultraviolet light with Cyber Green, and (C) gel electrophoresis. NC: negative control; S: susceptible
strain; Di-R: diamide resistant strain; Sn: susceptible stain from the National Institute of Agricultural Sciences;
SR and RS: F1 hybrids between S and Di-R. L1-L11: field-collected local populations, Anseong (AS), Cheongju
(CJ), Gangneung (GN), Icheon (IC), Jindo (JD), Yeoju (YJ), Haenam (HN), Hoengseong (HS), Hongchen (HC),
Miryang (MY), and Pyeongchang (PC)
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Fig. 9 Multiplex PCR results for (A) susceptible and resistance alleles diagnostic combination with positive

control or (B) without positive control.

(C) shows the resistant allele possibly amplified with positive control.

Acel type acetylcholinesterase gene was used as positive control. Panel

Abbreviations are as in Fig. 8
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Table 1 Susceptibility of susceptible and diamide-resistant (Diamide-R) strains and six local populations of

Spodoptera exigua to two diamide insecticides

Chlorantraniliprole Flubendiamide
Strains LCso(mgL? LCso(mgL?

(95‘; (?L)a) RR (9502 (?L)a) RR
Susceptible 0.002 1 0.0007 1
Diamide-R 57.9 (35.4 - 89.7) 28,950 94.7 (79.2-118.9) 135,286
Anseong 8 (5.3-12.5) 4,000 0.3 (0.2-0.5) 428
Cheongju 1.2(0.3-2.7) 600 10.5 (7.0-14.4) 14,957
Gangneung 6.6 (5.3-8.2) 3,300 210.1 (71.7-295.1) 300,143
Icheon 4.6 (2.3-7.0) 2,300 52.31 (32.1-70.0) 74,729
Jindo 13.4 (7.6-25.3) 6,700 27.9 (24.1-32.2) 39,929
Yeoju 21.2 (9.9-498.0) 12,500 90.4 (67.8-132.0) 129,186

2 CL: Confidence limits.

b Resistance ratio = LCs of the resistant strain or local populations/LCso of the susceptible strain.
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Table 2 Primers used for lamp loop-mediated isothermal amplification (LAMP), multiplex PCR, and mutation

survey in ryanodine receptor

Purpose Primers Sequence (5'—3)

for LAMP
BAW_RyR_F3 GGTTAAATGTCCTCTTGAGAGATGA
BAW_RyR B3 GGCTTCGGCTGGACTGGAGT
BAW_RyR _FIP CATGGGCATTCTCTGACAGCGTGCACCTTTATATTTATCTCTGC
BAW_RyR_BIP GCATTAAGCCCACCTTTGTACAACCACAGTCTCATTGTGTT
BAW_RyR _LF GACAGCCAAACCTTTGGATGAT
BAW_RyR LB GTGCAATAAAGATATTAAATAAATAAAC

for multiplex PCR

RyR_4790UF GCATTGGAAGTGGTCCATATAGA
BAW_RyR_RR TACATTATCATCTCTCAAGAGGACAT
BAW_RyR_SF GCTGGCTACAAGTATTATTAATGATA
BAW_RyR_SR TGCATTGATAGCCTGAAACACAG

BAW _acel D1F

GGAGGGAACCCGCACAATATAA

BAW _acel D1R

CCAACGTCGTTCACATACGGAT

for mutation survey in ryanodine receptor

RyR_I14790M_R GAATGACTTGGCAGATATAACGA
RyR_mU_R CACGTAGAACTTGCGGAAGAAG
RyR_PASA_R3 CCAGCATGTTGGATATGGAATC

for partial mitochondrial genome analysis

BAW_mtC2_F TGGAGGGTTAAATCAAACATCATTAC
BAW_mtC2_nR3 ACTTCAATATCATTGATGACCAATTG
LCO1490 GGTCAACAAATCATAAAGATATTGG
HCO2198 TAAACTTCAGGCTGACCAAAAAATCA

Gs at the 5 end depicted in red were added to adjust the primer melting temperature.
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