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Abstract

Indoxacarb and metaflumizone belong to a relatively new class of sodium channel blocker 

insecticides (SCBIs). Due to intensive use of indoxacarb, field-evolved indoxacarb resistance has 

been reported in several lepidopteran pests including the diamondback moth, Plutella xylostella, a 

serious pest of cruciferous crops. In particular, the BY12 population of P. xylostella, collected 

from Baiyun, Guangdong province of China in 2012, was 750-fold more resistant to indoxacarb 

and 70-fold more resistant to metaflumizone compared with the susceptible Roth strain. 

Comparison of cDNA sequences encoding the sodium channel genes of Roth and BY12 revealed 

two point mutations (F1845Y and V1848I) in the 6th segment of domain IV of the PxNav protein 

in the BY population. Both mutations are located within a highly conserved sequence region that 

is predicted to be involved in the binding sites of local anesthetics and SCBIs based on 

mammalian sodium channels. A significant correlation was observed among ten field-collected 

populations between the mutant allele (Y1845 or I1848) frequencies (1.7% to 52.5%) and 

resistance levels to both indoxacarb (34- to 870-fold) and metaflumizone (1- to 70-fold). The two 

mutant alleles were never found to co-exist in the same allele of PxNav, suggesting that they arose 

independently. This is the first time that sodium channel mutations have been associated with high 

levels of resistance to SCBIs. F1845Y and V1848I are molecular markers for resistance 

monitoring in the diamondback moth and possibly other insect pest species.
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Introduction

Voltage-gated sodium channels are a group of integral transmembrane proteins that are 

responsible for the initiation and propagation of action potentials in almost all excitable cells 

(Catterall, 2012). Due to their crucial role in regulating cell excitability, sodium channels are 
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the primary targets of several classes of chemical insecticides (Usherwood et al., 2007; 

Dong et al., 2014; Silver et al., 2014). DDT and pyrethroids are among the earliest synthetic 

compounds that were identified to target sodium channels and they prolong sodium channel 

opening resulting in repetitive nerve firing and membrane depolarization (Narahashi, 2000). 

Indoxacarb and metaflumizone, known as sodium channel blocker insecticides (SCBIs), 

represent a new class of sodium channel-targeting insecticides with a distinct mode of action 

from that of DDT and pyrethroids (Silver et al., 2010). SCBIs preferably bind to sodium 

channels in the slow-inactivated (non-conducting) state and block the channels (Wing et al., 

2005; Silver et al., 2010).

Indoxacarb is metabolized by insect esterases or amidases to a decarbomethoxylated 

metabolite (DCJW), which is a more active sodium channel blocker than indoxacarb, 

leading to flaccid paralysis and death of insects (Wing et al., 1998, 2005). Metaflumizone is 

a novel semicarbazone insecticide, sharing a common mode of action with indoxacarb 

(Salgado & Hayashi, 2007). Both indoxacarb and metaflumizone have a broad spectrum of 

insecticidal efficacy against a wide range of pests, and with good mammalian safety (Harder 

et al., 1996; BASF, 2007).

Diamondback moth, Plutella xylostella (L.) (Lepidoptera: Plutellidae) is one of the most 

destructive global pests of cruciferous vegetables (Talekar & Shelton, 1993; Furlong et al., 

2013). A conservative estimate of the global economy costs for this pest was around U.S.$ 

4–5 billion annually (Zalucki et al., 2012). Control of P. xylostella has relied heavily on 

chemical insecticides and Bt sprays for decades. This pest has evolved different levels of 

resistance to as many as 92 active ingredients to date (APRD, 2015), and has become one of 

the most difficult and expensive insect pests in the world to control.

Due to intensive use, resistance to SCBIs has evolved in the field in at least three 

lepidopteran pests, including P. xylostella (Sayyed & Wright, 2006; Zhao et al., 2006; 

Santos et al., 2011; Khakame et al., 2013), Spodoptera litura (Shad et al., 2012; Tong et al., 

2013) and Spodoptera exigua (Zhou et al., 2011; Che et al., 2013; Su & Sun, 2014). 

However, resistance mechanisms to SCBIs in these pests are poorly understood. Most of the 

evidence for resistance mechanisms has come from observations of synergistic effects of 

metabolic inhibitors on the toxicity of SCBIs (Ahmad & Hollingworth, 2004; Shono et al., 

2004; Sayyed & Wright, 2006; Nehare et al., 2010; Pang et al., 2012), which suggests 

metabolic detoxification is involved in resistance to SCBIs. To our knowledge, target site 

resistance to SCBIs has not yet been reported.

In the present study, we report for the first time the identification of sodium channel 

mutations that are associated with high levels of resistance to SCBIs in P. xylostella. Two 

point mutations (F1845Y and V1848I) in the sixth transmembrane segment of domain IV of 

the sodium channel gene of P. xylostella (named PxNav) were first detected at high 

frequencies in the BY12 population, which is highly resistant to indoxacarb. Subsequent 

screening of the two mutations in ten field populations of P. xylostella collected from China 

showed a significant correlation between the mutated allele frequencies of PxNav and the 

resistance levels to SCBIs. Our results provide valuable information for mapping the 
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receptor site of SCBIs and for developing molecular tools for SCBI resistance monitoring in 

P. xylostella and possibly in other insects.

Material and methods

Insects

The susceptible Roth strain of P. xylostella, which has been maintained in the laboratory for 

more than 20 years without exposure to any insecticide, was passed to our laboratory from 

Rothamsted Research (Herts, United Kingdom) in 2003.

Eleven field populations of P. xylostella were collected from Guangdong province (Baiyun, 

Zengcheng, Huizhou, Zhuhai and Shenzhen), Hainan province (Sanya), and Anhui province 

(Hefei) of China during 2012–2014 (Table 1). More than two hundred larvae or pupae were 

collected from each sampling site. Field-collected insects were mass mated and their F1 

larvae were used for bioassay (F5 for HZ13) and DNA-based genotyping for PxNav.

Adults were fed on 10% (w/v) honey solution and allowed to lay eggs on radish seedlings 

(Raphanus sativus L.). Larvae were fed on radish seedlings. All stages were maintained at 

25 ± 1°C, 60%–70% relative humidity (RH) and a photo period of 16 h light: 8 h dark.

Insecticides and chemicals

Formulated chemicals used for bioassay were metaflumizone (130 g/L EC, BASF 

Corporation, Research Triangle Park, NC), indoxacarb (50 g/L EC, IPP, Guangdong 

Academy of Agricultural Sciences, Guangzhou, China). The oxidase inhibitor piperonyl 

butoxide (PBO, 95%) was purchased from Endura (Ravenna, Italy), the esterase inhibitor 

S,S,S-tributyl phosphorothioate (DEF, 98%) was from Sigma (St. Louis, MO), and the 

glutathine S-transferase depletor diethyl maleate (DEM, 95%) was from the Shanghai 

Chemical Reagent Co. Ltd. (Shanghai, China).

Bioassay

The leaf dip method was used to determine the susceptibility of the third instar larvae of P. 

xylostella against indoxacarb and metaflumizone. The insecticides were diluted to generate 

five to seven serial dilutions with distilled water containing 0.1% Triton X-100 which 

facilitates uniform leaf disc coverage with the active ingredient. Cabbage (Brassica 

oleracea) leaf discs (diameter = 6.5 cm) were cut and dipped in an insecticide solution for 

10 s. Control discs were treated with 0.1% Triton X-100 solution in water only. The leaf 

discs were dried at room temperature for 1–2 h. Each treated leaf disc with ten third instar 

larvae was placed in a separate plastic petri dish, then kept at 25 ± 1°C and an RH of 60%–

70% with a photoperiod of 16 h light: 8 h dark. For each concentration, 3 replicates of 10 

third instar larvae were treated. For evaluation of the synergistic effect of inhibitors on the 

insecticide, 100 mg/L of PBO, DEM, and DEF were added to separate aliquots of each 

dilution. The mortality was assessed after 48 h. Larvae were counted as dead if they could 

not be induced to move when touched with a probe. Control mortality was less than 10% in 

all bioassays. The PoloPlus program (LeOra Software, 2002) was used for probit analysis of 

concentration-response data.
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Cloning and sequencing of PxNav cDNA

Total RNA was prepared from individual fourth instar larvae of P. xylostella with Trizol kits 

(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions and was reverse 

transcribed with the Moloney murine leukemia virus reverse transcriptase (Promega, 

Madison, WI). Seven overlapping cDNA fragments were amplified covering domains IS1-

IVS6 using the PCR primers and reaction conditions described by Sonoda et al. (2008). The 

cDNA fragments were cloned into a pGEM-T easy vector (Promega) and sequenced by Life 

Technologies (Shanghai, China). Sequence assembling and alignment were done using 

Geneious v7.1.4 Software (Biomatters Ltd., Auckland, New Zealand).

DNA-based genotyping assay for the F1845Y and V1848I mutations of PxNav

Genomic DNA was extracted from individual larvae of the susceptible Roth strain and 

eleven field populations of P. xylostella with the method described by Yuan et al. (2010). A 

pair of specific primers (forward: 5′-ATTTGGGATGTCCTTCTTC-3′; reverse: 5′-

TGTACTTGTTGGGCTTGTG-3′) was used to amplify a genomic DNA fragment of 654 

bp, which includes the location with two mutations (F1845Y and V1848I) of PxNav. The 

PCR reaction solution consisted of 12.5 μL 2×GC Buffer I (Takara, Japan), 1 μL of each 

primer (10 μmol/L), 1 μL of dNTP mixture (10 mmol/L), 1 μL template genomic DNA, 8.3 

μL sterile distilled water and 0.2 μL LA Taq DNA polymerase (Takara, Japan) in a final 

volume of 25 μL. The PCR amplification was performed for 35 cycles (94 °C for 30 s, 47 °C 

for 30 s, and 72 °C for 1 min) with a final extension at 72 °C for 10 min. The PCR products 

were purified using an AxyPrep™ DNA Gel Extraction Kit (Axygen Biosciences, Union, 

CA), and directly sequenced with the reverse primer by Life Technologies (Shanghai, 

China). Genotypes of PxNav for individual larvae were identified according to their 

sequence chromatograms.

Results

Identification of two novel sodium channel mutations in a field-collected strain of P. 
xylostella (BY12) with high levels of resistance to SCBIs

The BY12 strain of P. xylostella, collected from Baiyun, Guangdong province of China in 

2012, had developed 750- and 70-fold resistance to indoxacarb and metaflumizone, 

respectively (Table 1). Indoxacarb has been widely used to control P. xylostella, while use 

of metaflumizone is limited in the area where BY12 was sampled (Khakame et al., 2013), 

suggesting that selection of indoxacarb in the field may confer cross-resistance to 

metaflumizone in the BY12 population.

Because the two SCBIs, indoxacarb and metaflumizone, have a common target site (sodium 

channel) but distinct chemical structure, any cross-resistance between them would be most 

likely caused by target site alterations. To test this hypothesis, nearly full-length cDNA 

sequences (~1950 aa) encoding the sodium channel gene of P. xylostella (PxNav) were 

cloned from individual larvae of the susceptible reference Roth and BY12 populations, and 

their sequences were compared. The five individuals sequenced from the Roth strain all 

showed a consistent presence of an F at 1845 and a V at 1848 in PxNav. Positions are 

numbered according to the amino acid sequence of the PxNav sodium channel protein from 
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Roth (GenBank accession no. KM027335). However, one of the five individuals from the 

BY12 strain had a heterozygous mutation at position 1845 (F/Y) and the other four 

individuals had a heterozygous mutation at position 1848 (V/I). Both F1845Y and V1848I 

mutations are located in the 6th segment of domain IV (IVS6) of PxNav, and the amino acid 

sequences in this region are highly conserved among sodium channel proteins from different 

insect species (Fig. 1). Besides the two mutations in IVS6, we also detected two additional 

mutations, L1014F in IIS6 and T929I in IIS5 (Fig. 1) in the BY12 population. Both 

mutations have previously been confirmed to confer resistance to pyrethroids in P. xylostella 

(Schuler et al., 1998; Sonoda et al., 2008).

Association of the F1845Y and V1848I mutations with SCBI resistance among field 
populations of P. xylostella

A DNA-based genotyping assay for F1845Y and V1848I was developed through direct 

sequencing of the ~650 bp PCR product including IVS6 of PxNav. This assay allows 

identification of all three genotypes for each mutation in individual insects of P. xylostella 

(Fig. 2).

Ten field populations of P. xylostella, collected from three provinces of China during 2012–

2014, developed high levels of resistance to indoxacarb (34- to 870-fold, Table 1), but low 

to medium levels of resistance to metaflumizone (1- to 70-fold, Table 1). Frequencies of 

PxNav alleles with either F1845Y or V1848I mutations ranged from 1.7% to 52.5% among 

the ten populations (Table 2). The V1848I mutation was detected from all ten populations, 

but the F1845Y mutation was only detected from five of the ten populations. Mutation 

frequencies for V1848I (1.7% to 42.5%) were much higher than for F1845Y (0 to 11.7%) 

among the ten populations (Table 2). It should be noted that the SZ14 population (for which 

there is no bioassay data) had the highest frequency of mutation (60%, including 23.3% 

F1845Y mutation and 36.7% V1848I mutation), and this population may be expected to 

possess high levels of resistance to indoxacarb and metaflumizone.

Amongst mutation carrying individuals detected from the eleven populations, only 3 

individuals from the BY14 population and 4 individuals from the SZ14 population had dual 

mutations, being heterozygous for both F1845Y and V1848I. Five clones of the ~650 bp 

genomic DNA fragment used for genotyping were sequenced from each of the seven 

individuals to ascertain whether the dual mutations were in a single allele or in different 

alleles. Sequencing results showed that there were no PxNav alleles with dual mutations.

The hypothesis that the level of resistance (resistance ratio, RR) is positively associated with 

the pooled frequency of the two mutations was tested using Pearson’s correlation analysis. 

The results show a significant association between RR and the pooled mutation frequency 

for both indoxacarb (r2 = 0.716, df = 8, P = 0.001, one-tailed) and metaflumizone (r2 = 

0.886, df = 8, P < 0.0001, one-tailed). This indicates that the two mutations identified in this 

study are likely responsible for resistance to indoxacarb and metaflumizone in these P. 

xylostella.
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Differential contribution of sodium channel mutations to SCBI resistance in the BY12 and 
SY14 strains of P. xylostella

It is interesting to note that both BY12 and SY14 strains were highly resistant to indoxacarb 

(750- and 850-fold, respectively), but differentially resistant to metaflumizone (70-fold in 

BY12, and only 6-fold in SY14). The proportions of individuals with one of the two sodium 

channel mutations were 95% in the BY12 strain, but only 36.7% in the SY14 strain 

(calculated from the data in Table 2). This may indicate that target site resistance mediated 

by sodium channel mutations may make a greater contribution to SCBI resistance in the 

BY12 than in SY14. In other words, metabolic resistance or other mechanisms may be more 

important in SY14 than in BY12.

To determine if metabolic resistance is involved, the synergistic effects of three synergists to 

indoxacarb were tested for SY14 and to metaflumizone for BY12. In the SY14 strain, the 

oxidase inhibitor PBO and the esterase inhibitor DEF significantly reduced resistance levels 

to indoxacarb (by 10- and 4-fold respectively), and the glutathine S-transferase depletor 

DEM had no effect on resistance (Table 3). In the BY12 strain, PBO and DEM had no effect 

on metaflumizone resistance and DEF had a very limited effect (SR 2.5-fold) (Table 3). 

These suggest that target site resistance is a major mechanism of resistance to 

metaflumizone in the BY12 strain, whereas enhanced metabolic detoxification by both 

oxidases and esterases may be important mechanisms of resistance to indoxacarb in the 

SY14 strain.

Discussion

Metabolic mechanisms involved in resistance to SCBIs have been reported in several insect 

pest species. Resistance to indoxacarb in a field population of the oblique banded leafroller, 

Choristoneura rosaceana was reduced from 705- to 20-fold by PBO, suggesting enhanced 

detoxification mediated by oxidases is a major mechanism of resistance to indoxacarb 

(Ahmad et al., 2002; Ahmad & Hollingworth, 2004). A high level of resistance to 

indoxacarb (778-fold) in a field-derived population (Indoxa-DEL) of P. xylostella was 

largely inhibited by either PBO or a PBO analogue specific to the inhibition of esterases. 

The authors claimed that indoxacarb resistance in the Indoxa-SEL population was due to 

enhanced esterase activities (Sayyed & Wright, 2006). In a laboratory-selected strain of P. 

xylostella with a medium level of resistance to indoxacarb (31-fold), both synergistic 

suppression by metabolic inhibitors and increased metabolic enzyme activities were 

observed indicating that metabolic mechanisms were involved in resistance to indoxacarb in 

the selected strain (Nehare et al., 2010). Resistance to indoxacarb (118-fold) in a laboratory-

selected strain (NYINDR) of Musca domestica was partially overcome by PBO, but not by 

DEF or DEM, indicating oxidase-based detoxification is involved (Shono et al., 2004).

In the current study, two novel mutations associated with SCBI resistance were identified in 

IVS6 of the PxNav channel from several field-collected populations of P. xylostella. To our 

knowledge, this study is the first one that documents target-site modification as a 

mechanism of SCBI resistance. The IVS6 region of sodium channel (which includes the 

F1845Y and V1848I mutations) is highly conserved among Lepidoptera, Diptera, 

Hymenoptera, Blattodea and Coleoptera (up to 97% identity). Further, the two mutations are 
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in a region (IVS6) thought to be critical for SCBI binding in the mammalian sodium channel 

Nav1.4 (Silver and Soderlund, 2007). This led us to examine the effect of these two 

mutations on the sensitivity of a cockroach sodium channel to SCBIs. Indeed, we found that 

F1845Y and V1848I reduced the sensitivity of cockroach sodium channels to indoxacarb, 

DCJW and metaflumizone in Xenopus oocytes (Manuscript in preparation). In view of 

common and distinct sodium channel mutations that are involved in pyrethroid resistance 

(Dong et al., 2014), F1845Y and V1848I mutations could also be valuable molecular 

markers for screening homologous mutations in other insect pests. On the other hand, it is 

possible that additional new mutations may occur and confer resistance to SCBIs in P. 

xylostella and other pest species.

Field populations of P. xylostella collected from China during 2009–2011 had developed 

various levels of resistance to indoxacarb (5- to 110-fold), but no cross-resistance to 

metaflumizone (Khakame et al., 2013). In the present study, ten field populations collected 

from southern China during 2012–2014 had developed 34- to 870-fold resistance to 

indoxacarb, but only 1- to 70-fold resistance to metaflumizone. Resistance levels to both 

indoxacarb and metaflumizone were significantly correlated to frequencies of the two 

sodium channel mutations in the ten field populations. This is precisely the case for the 

BY12 and BY14 populations of P. xylostella, which have the highest mutant allele 

frequencies of PxNav (52.5% and 51.7%) and the highest resistance to metaflumizone (70- 

and 49-fold) among the ten populations screened. It suggests that sodium channel mutations 

may result in cross-resistance between the two SCBIs in P. xylostella.

Interestingly, one field population (HZ11) of S. exigua collected from Huizhou, Guangdong 

province of China in 2011 developed 942-fold resistance to metaflumizone, but only 16-fold 

resistance to indoxacarb (Su & Sun, 2014). Synergistic analysis with metabolic inhibitors 

suggested the role of detoxification was limited in metaflumizone resistance for the HZ11 

population (Su & Sun, 2014). It will be intriguing to check if there are any sodium channel 

mutations associated with the high level resistance to metaflumizone seen in S. exigua.

Pyrethroids have been used as a major class of insecticides for decades to control 

diamondback moth, and serious resistance to pyrethroids has been evolved in field 

populations worldwide (Talekar & Shelton, 1993; Furlong et al., 2013). A number of 

mutations (L1014F, T929I and M918I) in the sodium channel gene (PxNav) conferring 

nerve insensitivity have been associated with pyrethroid resistance in P. xylostella (Schuler 

et al., 1998; Sonoda et al., 2006, 2008, 2010, 2012). The three field populations (BY14, 

HZ14 and ZC14) collected in 2014 from Guangdong province showed very high levels of 

resistance to cypermethrin (300- to 680-fold) compared with the susceptible Roth strain 

(unpublished data), and we found that L1014F and T929I mutations were fixed (100%), but 

the M918I mutation was detected at very low frequencies (0 in ZY14, and 6.7% in HZ14 

and ZC14) (unpublished data). It shows the two mutations (1845Y and 1848I) associated 

with SCBI-resistance in P. xylostella occur on a 1014F-929I background, which confers 

resistance to pyrethroids. This is the first report that two sets of mutations are evolved 

sequentially in a single target gene (sodium channel) to cope with two different classes of 

insecticides (pyrethroids and SCBIs).
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Fig. 1. 
Positions of sodium channel mutations in P. xylostella and sequence alignment of the IVS6 

segment. A: The sodium channel consists of four main domains (I–IV) and six 

transmembrane segments (S1–S6) within each domain. The two mutations related to SCBI 

resistance are marked with solid pentacles, and the two mutations associated with pyrethroid 

resistance are marked with solid circles. The amino acid positions are numbered based on a 

PxNav sequence from the Roth strain of P. xylostella (GenBank accession no. KM027335). 

B: Sequence alignment of the IVS6 segment of sodium channels from 11 different insects. 

Two mutations sites (F1845Y and V1848I in grey) in PxNav were boxed. Polymorphic 

amino acids were in bold. PxNav: Plutella xylostella (GenBank accession no. KM027335); 

BmNav: Bombyx mori (NP_001136084.1); CmNav: Cnaphalocrocis medinalis 

(AGH70334.1); HvNav: Heliothis virescens (AAC26517.1); DmNav: Drosophila 

melanogaster (AAB59193.1); AaNav: Aedes aegypti (ACB37022.1); AgNav: Anopheles 

gambiae (CAM12801.1); AmNav: Apis mellifera (NP_001159377.1); NvNav: Nasonia 

vitripennis (NP_001128389.1); BgNav: Blattella germanica (AAC47484.1); TcNav: 

Tribolium castaneum (NP_001159380.1).
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Fig. 2. 
Chromatograms of the nucleotide sequences of a genomic DNA fragment including the 

F1845Y and V1848I mutation sites in the sodium channel gene of P. xylostella (PxNav). The 

triple codons corresponding to the F1845Y and V1848I mutations are boxed. A: the wild 

type homozygote (1845F, 1848V). B: heterozygous mutation at 1845 (F/Y). C: homozygous 

mutation at 1845 (Y). D: heterozygous mutation at 1848 (V/I). E: homozygous mutation at 

1848 (I). F: heterozygous mutations at both 1845 (F/Y) and 1848 (V/I).
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