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The fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith), is a pest of many important crops globally. Effective control is challenging, with the pest exhibiting resistance to different synthetic pesticides across various groups. However, the mechanisms employed by resistant insects for overexpression of relevant detoxification genes remain unclear. The activity of detoxification enzymes was investigated in this study. Additionally, using RNA interference (RNAi), a functional analysis was completed of two P450s genes in an indoxacarb resistant population of fall armyworms. Elevated resistance levels (resistance ratio = 31.37-fold) in indoxacarb-selected populations of FAW were observed after 14 generations. The qRT-PCR showed higher expression of two cytochrome P450 genes, CYP321A7 and CYP6AE43, in this selected population compared to the control population. RNAi was applied to knock down the P450 dsCYP321A7 and dsCYP6AE43 genes in the FAW larvae. Droplet feeding of the dsRNAs (CYP321A7 and CYP6AE43) via an artificial diet significantly increased mortality rates in the indoxacarb treated population. A shorter larval developmental time of FAW was detected in all dsRNAs-fed larvae. Correspondingly, larval mass was reduced by dsRNAs in indoxacarb resistant populations of fall armyworm. Larval feeding assays demonstrate that dsRNAs targeting, specifically of CYP321A7 and CYP6AE43 enzymes, could be a beneficial technique in the management of indoxacarb resistant populations. Further study on the potential use of dsRNA and its application should be conducted in efforts to counter the development of resistance in FAW against various insecticides in the field.
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INTRODUCTION
The fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith), is an invasive polyphagous insect pest, causing serious damage to major crops such as corn, rice, sorghum, and peanut (Goergen et al., 2016; Montezano et al., 2018). This pest, which originated in the Americas, has spread rapidly around the world, causing significant crop losses in each new location where it has been discovered (Goergen et al., 2016). FAW has spread in West and Central Africa in recent years, and it has recently been discovered in Indonesia and Southwest China (Southwest Yunnan province) (Goergen et al., 2016; Ginting et al., 2020; Li et al., 2020). FAW has the potential to cause 8.3 to 20.6 million tons of corn losses across Africa each year, according to the International Centre for Agricultural and Biological Sciences (Day et al., 2017).
Traditionally, various synthetic insecticides have been used to control insect pests in major crops (Desneux et al., 2007; Burtet et al., 2017; Hafeez et al., 2019b; Gul et al., 2021). Currently, the application of synthetic insecticides remains the primary approach to control FAW in China. However, the long-term use in large quantities of chemical insecticides could easily lead to resistance strains developing as well as create serious problems for human health, destruction of non-target organisms, hormesis and further environmental pollution (Desneux et al., 2006; Davis 1993; Aktar et al., 2009; Nawaz et al., 2018; Hafeez et al., 2019c; Ullah et al., 2019; Iftikhar et al., 2020). These issues are exacerbated once pests have developed resistance to large groups of insecticides, which directly reduces their efficacy (Mallet 1989; Zhang et al., 2020; Ullah et al., 2021). In the field, insecticides such as indoxacarb, chlorantraniliprole, emamectin benzoate, and Bacillus thuringiensis are mainly used to control lepidopteran pests (Cordova et al., 2006; Xiao et al., 2016; Wang et al., 2019; Hafez et al., 2020; Zhang et al., 2021). The genetic malleability and the exhaustive selection pressure of insecticide applications has led insect pests such as Plutella xylostella, Mythimna separate, Choristoneura rosaceana and S. frugiperda to develop effective resistance to chlorantraniliprole, emamectin benzoate, indoxacarb and Bacillus thuringiensis (Wang et al., 2013, 2019; Monnerat et al., 2015; Liu et al., 2016; Hafez et al., 2020). Indoxacarb is an oxadiazine insecticide discovered in 1992 by the E.I. DuPont Co. and commercialized to the open market in 2000 (McCann et al., 2001; Thompson and Dutton, 2003). Indoxacarb is highly active when ingested, but there have been few reports of contact activity when applied topically (Alves et al., 2008; Nehare et al., 2010). This is the premise for indoxacarb’s exceptional activity against several lepidopteran species, regardless of the fact that some field populations of major insect pests, including FAW, have evolved a high level of resistance to indoxacarb (Wing et al., 2000; Ahmad et al., 2008; Hafeez et al., 2020; Zhang et al., 2021). To develop effective FAW management practices, we must first understand the mechanisms underlying their resistance to these insecticides.
Insect resistance to synthetic insecticides is an ongoing challenge to sustainable pest management while also providing a suitable model system to study adaptive evolution. One of the molecular alterations frequently implicated in resistant insect populations is the increased production of metabolic enzymes that detoxify or sequester insecticides before they reach the target site (Feyereisen, 2012; Yang et al., 2020). High metabolic activity of detoxifying enzymes such as cytochrome P450 monooxygenase, esterases (Ests), and glutathione S-transferase (GSTs) has been identified as among the key mechanisms that underlie insecticide resistance (Li et al., 2007; Li and Liu, 2017). A key enzyme system in this regard is insect cytochrome P450s, which play a central role in the metabolism of a wide range of natural and synthetic xenobiotics, including insecticides, and have been classified into four major clades: CYP2, CYP3, CYP4, and the mitochondrial CYP (Scott, 1999a; Feyereisen, 2012). Among them, the clade CYP3 is further subdivided into different CYP families and subfamilies. The subfamilies CYP321 and CYP6 of clade CYP3 are known to play a significant role in the metabolism of xenobiotics and, accordingly, insecticide resistance (Feyereisen, 2006a; Li et al., 2007). Induction of P450 genes is commonly seen in insects and may be initiated by a variety of compounds found in their environment. For example, research has shown that increased metabolic enzyme activity caused by increased mRNA expression levels of detoxification genes facilitates insecticide resistance in insects (Vontas et al., 2000; Arain et al., 2018; Hafeez et al., 2019c). In Lepidoptera, numerous key P450 genes such as CYP6AB14 and CYP9A98 in Spodoptera exigua, CYP9A14, CYP337B1, CYP9A12, CYP6AE11 and CYP6B7 in Helicoverpa armigera, and CYP321A8, CYP321A9, and CYP321B1 in Spodoptera frugiperda were frequently identified as being associated with various insecticide resistance mechanisms (Hafeez et al., 2019d; Wee et al., 2008; Zhao et al., 2014; Bai-Zhong et al., 2020; Tang et al., 2020). As a result, it is critical to investigate the induction effect of this insecticide on FAW to assess its potential for use in pest control.
RNAi, which uses gene silencing based on the conserved biological defense response at the cellular level triggered by double-stranded RNA (dsRNA), is a promising technology in agriculture. This method could pave the way for the next generation of insect-resistant GM crops (Mello and Conte, 2004; Zhang et al., 2017; Chen et al., 2019; Bennett et al., 2020). The roles of multiple P450 genes of various insects in insecticide resistance and phytochemical detoxification have been functionally confirmed by the induction experiments. These demonstrate the increased larval sensitivity to toxins after RNAi-mediated silencing of specific P450 genes (Sun et al., 2019; Lu et al., 2020; Wang et al., 2022). When dsRNA is ingested via an artificial diet or through droplet feeding, it can knock down genes through the RNAi pathway, resulting in a reduction in the target pest’s growth and mortality (Ehrlich and Raven 1964; Ahmad et al., 2008; Lim et al., 2016; Zhang et al., 2017; Hafeez et al., 2019e; Ullah et al., 2020a).
The primary goal of this study was to identify the expression and function of P450 genes in an FAW population that has developed significant levels of resistance to indoxacarb in the laboratory. Two up regulated P450 genes (CYP321A7 and CYP6AE43) related to resistance were selected to study the expression and function in an indoxacarb resistant population of FAW. These findings provide a better understanding of the molecular functions of P450 genes and insecticide resistance mechanisms, findings that may facilitate future pest management strategies for FAW.
MATERIALS AND METHODS
Insect Collection and Rearing
In August 2019, 200 fall armyworm larvae of various instars were collected from two different cornfields in Ping Hu, Zhejiang province, to establish a laboratory population. Larvae were raised on a semi-solid artificial diet based on pinto bean powder, as previously described (Zhao et al., 2020). They were kept at 25 ± 2°C on a 14:10 h light: dark photoperiod in a climate control chamber. Following pupation, newly hatched adults were segregated into mating pairs and fed a 10% sugar solution as an additional food source. Two generations were reared before conducting selection bioassays. The population was divided into two subpopulations: those exposed to no insecticide treatment denoted as Indox-UNSEL and those exposed to indoxacarb denoted as Indox-SEL. After 14 generations of selection with indoxacarb, the Indox-SEL population were identified as a resistant strain.
Chemicals
Indoxacarb 15% (commercial formulation) was purchased from Mesa Tech International Inc (China). 7-ethoxycoumarin and 7-hydroxycoumarin were bought from Sigma-Aldrich (St. Louis, MO, United States). The synergist, piperonyl butoxide (PBO) was obtained from Shanghai Aladdin Bio-chem Technology Co., Ltd (China). Bovine serum albumin was purchased from Beyotime Biotechnology (Jiangsu, China).
Toxicity Bioassays
The toxicity bioassay at generation one (G1) on two-day-old second-instar larvae was conducted using the previously described diet incorporation method (Hafeez et al., 2019a). In brief, six concentrations of insecticide were diluted from the stock (via serial dilutions) with distilled water including a control (without insecticide). In each concentration, there were four replicates and the semisynthetic diet was thoroughly mixed using a well-established method (Gupta et al., 2005). The required concentrations were mixed gently before the agar solidified (40–45°C), then placed into new sterile transparent plastic cups to prevent cross-contamination (3 cm diameter, 3.5 cm height). The artificial diet without insecticide was established as a control treatment. Ten two-day-old second-instar larvae were placed in each transparent plastic cup containing an insecticide-supplemented diet. Four replicates were completed for each, providing a total of 40 larvae per concentration. Similarly, the control treatment was performed with larvae exposed to the artificial diet without insecticide. Control mortality was less than 10%. The bioassays were kept in a climate control chamber at 25 ± 2°C (14:10 h) light: dark photoperiod with 60 ± 5% RH. Mortality was evaluated 72 h after exposure to indoxacarb. Larvae that did not move after being touched with a fine paintbrush were deemed dead.
Resistance Selection of FAW to Indoxacarb
The selection with indoxacarb from generations 1–14 of S. frugiperda was done by a diet incorporation method as previously described to create the Indox-SEL population. From generation 1 to generation 14, two-day-old second-instar larvae were exposed to various concentrations (4–110 μg g−1) throughout their rearing. The field-collected population of FAW developed high levels of resistance to indoxacarb after 14 generations of continuous selection. The LC50 value was calculated 72 h after treatment to indoxacarb and the surviving larvae of every selection were raised on an artificial diet to obtain the next generation. Two-day-old second-instar larvae selected per generation ranged from 200 to 300 individuals. The laboratory reared population without exposure to any insecticide, Indox-UNSEL, was used as a reference strain for resistance monitoring.
Synergism Bioassay
To evaluate the metabolic resistance to indoxacarb, the larvae were exposed to known pesticide synergists, piperonyl butoxide (PBO), triphenyl phosphate (TPP) and diethyl maleate (DEM) then subjected to the test insecticide. Synergistic mechanisms associated with PBO, TPP and DEM were evaluated using a previously described method (Zhao et al., 2020). Solutions of PBO, TPP and DEM at the concentration of 50 mg/L, 50 mg/L and 100 mg/L were prepared in 1% (v/v) acetone. For both Indox-SEL and Indox-UNSEL groups, acetone solutions (1 μL) of PBO TPP and DEM were applied to the pronotum of individual third instar larvae using a hand applicator. Larvae were left for 2 h before indoxacarb treatment. There was no mortality in FAW after exposure to any of these synergists. The FAW larvae were then moved into the transparent plastic cup containing an indoxacarb-treated diet of different concentrations for 72 h. There were two control groups: one exposed and then fed an artificial diet containing 1% (v/v) acetone, and the other exposed and then fed an artificial diet only. All population were maintained in a controlled environment matching their rearing conditions.
Measurement of Enzyme Activity
Sample Preparation
The detoxification enzyme activity of P450 and esterase in the midgut homogenates of the Indox-SEL and Indox-UNSEL populations was measured. For the Indox-SEL population, late third-instar larvae of a similar size were selected and transferred into transparent plastic cups containing diets supplemented with an LC20 dose of indoxacarb. The Indox-UNSEL population was fed on control diet without insecticide for 48, 72, and 96 h. The midguts from treated (Indox-SEL population) and untreated (Indox-UNSEL population) groups were dissected and gently shaken to release their contents before being washed in a cold aqueous solution. The crude homogenates of FAW midguts from treated and untreated groups were prepared according to Liu et al. (2006). It was done in biological triplicate for every treatment that was given.
P450 Enzyme Activity Measurement
Evaluation P450 enzyme activity followed the methodology from Chen et al. (2018), with slight modification. A total of 100 µL of 2 mM p-nitroanisole solution was put into each well of a clear 96-well plate containing 90 µL of crude enzyme, and the microplate was incubated for 3 min at 27°C before adding 10 µL of 9.6 mM NADPH to initiate the reaction. The absorbance was measured using a microplate reader. The activity was recorded as nmol p-nitroanisole/min/mg protein.
Protein concentration was determined using the Bradford method (Bradford, 1976).
Measurement of the Activity of Esterase
The activity of the esterase (EST) enzyme was determined using established methodologies (van Asperen, 1962; Wu et al., 2011). A total of 200 µL of substrate solution (0.1 ml 100 mM a-NA, 10 mg 10 mg Fast Blue RR salt, and 5 ml 0.2 M pH 6.0 phosphate buffer) and 10 µL enzyme solution were gently mixed and added to each well. Enzyme activity was measured using an xMark Microplate Spectrophotometer (BIO-RAD) and recorded every 15 s. The activity of the enzyme was denoted as nmol a-naphthol/min/mg protein.
Extraction of RNA and Preparation of cDNA
Trizol reagent (Takara, Japan) was used to extract total RNAs from different tissues of larvae and adults (male and female) of Indox-UNSEL and Indox-SEL populations after 72 h following the manufacturer’s protocol. First-strand complementary DNA (cDNA) was synthesized by using TransScript® One-Step gDNA Removal and cDNA Synthesis SuperMix in 20 µL reactions containing 1 µg of total RNA (500 ng), 1 µL Anchord Oligo (dT)18 Prime (0.5 µg/uL), 10 µL 2xTS Reaction mixture, TransScript® RT/RI EnzymeMix and gDNA Remover at 42°C for 30 min and preserved until use.
Expression Analysis of P450 Genes in Indox-UNSEL and Indox-SEL Populations
qRT-PCR was performed using a CFX Connect TM Real-Time System (Bio-Rad, United States) to check the expression patterns of selected P450 genes. The RT-qPCR reaction mixtures contained 10 µL SsoFast EvoGreen® qPCR SuperMix, 0.5 μL forward and reverse primers (10 μM each), 1 μL of cDNA template, and nuclease free water to a total volume of 20 μL. The thermo cycling protocol used was 94°C for 3 min, followed by 40 cycles of 94°C for 15 s, 57–60°C for 30 s and 70°C for 30 s. The gene sequences were downloaded from NCBI and primers were designed using Primer Premier 5 software (Premier Biosoft, United States) (Supplementary Table S1). The mean expression of the two reference genes, GAPDH (KC262638.1) and ribosomal protein S30 (AF400225.1) were used for data normalization according to (Bustin et al., 2009) (Supplementary Table S1). The 2−ΔΔCt method described by Livak & Schmittgen (2001) was used to estimate mRNA expression levels. Three biological and three technical replicates were used in the qRT-PCR analysis.
Bioinformatic and Phylogenetic Analysis of Selected P450 Genes
The protein sequences of all selected P450 genes from CYP3, CYP2, CYP4 and Mito-clade were aligned using DNAMAN software. MEGA 7 software was used to construct a neighbour-joining tree with the Minimum-Evolution method (1000 bootstrap replications). The protein sequence was queried against the pdb database to find a template in NCBI blast. Then against both queries, 5cd1 was found to be highly homozygous with more than 30 percent sequence similarity. The modelling was performed using modeller 9.1.
dsRNA Preparation and Feeding Bioassays
For dsRNA synthesis, The ORF and the conserved domains of CYP321A7 and CYP6AE43 sequences were found using NCBI. Primer Premier 5 software (Premier Biosoft, United States) was used to design primers with respective fragment sizes of 506 bp and 679 bp and were amplified by PCR. In addition, pGEM T-easy plasmid carrying the dsRED gene with fragment sizes of 421 bp was used as the template for PCR of the products to synthesize dsRNA (Jan et al., 2017). The primers for the targets (CYP321A7 and CYP6AE43) and dsRED as a control gene amplification were designed using the T7 polymerase promoter sequence at the 5 ends of each strand (Table 1). To prepare dsRNA, we used the purified PCR-generated templates from T7-CYP331A7, T7-CYP6AE43, and T7-RED using the T7 RiboMAX Express RNAi System (Promega, Madison, WI, United States). MEGA clearTM Kit (Ambion) was used for the purification of dsRNA. The dsRNA was resuspended in diethyl pyrocarbonate (DEPC)-treated water to a final concentration of (500 ng/μL) and stored at 80°C for further use. In line with previous work, droplet-feeding was used for dsRNA feeding bioassays (Wang et al., 2018a; Hafeez et al., 2019c). The DEPC-treated water was used to prepare the dsRNA solution (500 ng/μL). The larvae were given 0.5 μL of dsRNA solution in droplets. A preliminary trial was performed to establish the effect of dsRNAs on mortality and development of FAW larvae. The artificial diet (1 g) was poured into each well of the sterilized 24-orifice tissue culture plate before solidification. A single drop of dsRNA solution 0.5 µL (500 ng/μL) was placed at the center of each well of diet using a 2 µL pipette (www.eppendorf.com) for 24 h followed by the exposure to an artificial diet supplemented with 6.84 μg g−1 of indoxacarb after 48, 72 and 96 h. The same method was applied for the dsRED as a control group. The artificial diet + DEPC without exposure to indoxacarb was also used as a control. Each treatment consisted of sixty starved larvae, three replicates of 20 larvae each. The mortality data were recorded at 48, 72 and 96 h. To evaluate the efficacy of RNAi-mediated knockdown of two selected P450 genes, the midguts were dissected from larvae that fed on dsRNAs (dsCYP332A7 and dsCYP6AE43, dsRED, and DEPC-water) for 24 h followed by the exposure to an artificial diet supplemented with 6.84 μg g−1 of indoxacarb after 48, 72 and 96 h for RNA extraction and RT-qPCR analysis.
TABLE 1 | Primers used in this study for RNAi.
[image: Table 1]The Single and Combined Effects of dsCYP332A1 and dsCYP6AE43 on Mortality and Development
To examine the combined effect of the two target genes, 250 ng of each dsRNA was used (dsCYP332A7 + dsCYP6AE43). The droplet-feeding method described above was used to administer dsRNA in all treatments.
The larval mortality, developmental time, and weight were observed after feeding larvae on dsRNAs for 24 h. A total of 60 FAW larvae from each treatment (three replicates each of 20 larvae) were individually transferred into a 24-orifice tissue culture plate containing artificial diet supplemented with indoxacarb LC50 as described above. All tests were done in triplicate. All treatment groups recorded mortality at 48, 72, and 96 h, and larval weight at 72 h after feeding on dsRNA of each target gene. The surviving larvae were used to estimate the larval developmental period, larval weight, midgut physiology and pupal duration. Three triplicates were used for each treatment in all experiments. Midguts of larvae were dissected after 72 h of treatment with dsRNAs and control. The physiology of the midgut from each treated and control larva was observed under the microscope (Olympus, SZX2-ILLK, Tokyo, Japan) using a digital camera fed into a computer.
Statistical Analysis
The lethal concentrations from the mortality bioassay data were estimated using Polo-PC software (Robertson and Preisler, 1992; Hafeez et al., 2019a). Data related to all experiments and the relative mRNA expression levels of P450 genes, were analyzed using SPSS 20.0 Software Package (SPSS Inc., Chicago, IL, United States).
RESULTS
Toxicity of Indoxacarb to Indox-UNSEL and Indox-SEL Populations of FAW
The indoxacarb resistance in FAW was obtained by continuous selection of the population for 14 generations under laboratory conditions (Table 2). The unselected population (Indox-UNSEL) was found to have a lower LC50 (0.67 μg g−1) to indoxacarb than the selected population (Indox-SEL) which, after 14 generations of exposure and selection, had an LC50 (21.02 μg g−1) (Table 2). This high level of resistance is 31.37-fold compared to the unselected control group.
TABLE 2 | Resistance to indoxacarb in field-collected populations of S. frugiperda after 14 generations of selection.
[image: Table 2]Synergistic Assessment
An assay was conducted on the effect of indoxacarb synergists PBO, TPP and DEM on the Indox-UNSEL and Indox-SEL population (Table 3). The highest synergistic ratio for the Indox-SEL population was found for PBO (2.39), followed by TPP (at 1.31) and DEM (at 1.04). Results suggest that the cytochrome P450 may be involved in the detoxification mechanism of indoxacarb causing resistance in FAW (Table 3).
TABLE 3 | Synergism by PBO, TPP and DEM in indoxacarb-treated larvae of S. frugiperda.
[image: Table 3]Detoxification Enzymes Activity of P450 and Esterase
Detoxification enzyme activity of P450 using 7-ethoxycoumarin (7-EC) as the substrate was assayed from the midgut of Indox-UNSEL and Indox-SEL populations (Figure 1A). The enzyme activity of cytochrome P450 with 7-EC substrate was significantly increased with time after an exposure to an LC20 (6.84 μg g−1) dosage of indoxacarb, whereas the highest P450 activity was noted after 96 h, in the midgut of the Indox-SEL larvae (Figure 1A). Similarly, higher activity of esterase was observed at 96 h for the Indox-SEL population after exposure to indoxacarb compared to the Indox-UNSEL population (Figure 1B).
[image: Figure 1]FIGURE 1 | Activity of P450 enzyme (A) and specific activity of esterase (B) in midguts of the fourth-instar larvae of Indox-UNSEL and Indox-SEL population of FAW after 48, 72 and 96 h exposure to LC20 (6.84 μg g−1) concentration of indoxacarb. The data were expressed as the means ± SE. The bars with lowercase letters indicate significant differences within the same treatment time at the p < 0.05 level, based on Student’s t test.
Expression pattern of P450s genes in the midgut of S. frugiperda and phylogenetic analysis
Expression patterns of selected P450s genes from FAW larvae midguts of both Indox-SEL and Indox-UNSEL populations were analyzed by qRT-PCR (Figure 2). The 14 selected genes from clade-3 were; CYP321A9, CYP6AN4, CYP6AE43, CYP337B5, CYP9A59, CYP321A7, CYP6AB12, CYP321B1, CYP321A10, CYP6B50, CYP321A8, CYP340L1, CYP321A9 and CYP6AN4. The eight selected genes from clade-4 were; CYP4L4, CYP4C3, CYP4G74, CYP4G108, CYP4CG16, CYP321B1, CYP366A1, and CYP341A11. The six selected genes from clade-2 were; CYP306A1, CYP307A1, CYP18A1, CYP305A1, CYP301B1 and CYP15C1. In addition, 5 genes from the mitochondrial clade were selected; CYP302A1, CYP49A1, CYP314A1, CYP315A1 and CYP12B1. It was shown that some cytochrome P450 genes from the four clades displayed significantly different expression patterns in the Indox-SEL population compared to the Indox-UNSEL population. Significantly higher mRNA transcript levels of two P450 genes, CYP321A7 and CYP6AE43, from clade-3 were detected (11.22 and 9.07) in the midgut of Indox-SEL compared to the UNSEL population (Figure 2). Similarly, the highest expression level of CYP6AE43 and CYP321A7 was observed in the midguts of the larvae compared to the other tissues (Figure 3A). Meanwhile, significantly higher relative expression level of CYP321A7 genes was detected in wings of adults as compared to other tissues (Figure 3B).
[image: Figure 2]FIGURE 2 | Midgut expression profiles of CYP4-clade (A), CYP3-clade (B), CYP2-clade (C) and Mito-clade (D) from S. frugiperda larvae. Bars represent relative expression (mean ± SE). All biological groups contained three replicates for each treatment, and there were three technical replicates. The transcription levels of all P450s genes determined by quantitative real-time PCR, normalized to two reference genes. The data were expressed as the means ± SE. The bars with astriks indicate significant differences within the same treatment at the p < 0.05 level, based on Student’s t test.
[image: Figure 3]FIGURE 3 | Tissue specific expression pattern of CYP6AE43 and CYP321A7 in midguts, bodies, malpighian tubules and cuticles of FAW larvae (A) and the heads, thoraxes and wings of adults (B). Data shown are means ± SE derived from three biological replicates. Bars represent relative expression (mean ± SE). All biological groups contained three replicates for each treatment, and there were three technical replicates. The relative expression was calculated using the 2−ΔΔCT method based on the value of the egg expression, which was ascribed an arbitrary value of 1. The astriks on the bar represent significant differences (p < 0.05) using one-way ANOVA, followed by Tukey’s HSD multiple comparison tests.
MEGA 7 was used to perform phylogenetic analysis with the Minimum-Evolution method based on the amino acid sequences of all selected P450 genes belonging to CYP3, CYP2, CYP4 and the Mito-clade. The results showed that the mitochondrial clan and CYP4 appeared to share the maximum sequence similarity (Supplementary Figure S2). Amino acid alignments with different P450s of the CYP6AE and CYP321A subfamilies also indicated that the CYP6AE43 and CYP321A7 protein contains shared conserved motifs found in other P450s, including the helix C motif WKVQR (WxxxR), the helix I motif GFETS (Gx [ED]T [TS]), the helix K motif EALR (ExLR), the PERF motif PEQFRPER (PxxFxP [ED]RE) and the heme-binding motif PFGEGPRLCIG (PFxxGxRxCx [GA]) (Figure 4 and Supplementary Figure S1).
[image: Figure 4]FIGURE 4 | Conserved motifs in S. frugiperda CYP6AE43 and CYP321A7. The protein sequences were queried against the pdb database to find template in ncbi blast.
The Integrity of Resulting dsRNAs
The integrity of all three resulting dsRNAs were analyzed by 1% agarose gel electrophoresis which showed the expected size of two P450 genes and control dsRED fragments as 679, 506 and 421 bp respectively (Supplementary Figure S3A and Supplementary Figure S3B).
RNAi-mediated downregulation of dsCYP321A7 and dsCYP6AE43 genes in S. frugiperda via qRT-PCR
Two target P450 genes were selected to evaluate their function in indoxacarb resistant FAW. To find the RNAi efficiency, qRT-PCR was conducted to check the relative change in mRNA expression of targeted genes in FAW larval fed on dsRNAs, dsCYP321A7 and dsCYP6AE43 along with the dsRED control for 48, 72 and 96 h (Figure 4A–C). Dramatically lower mRNA transcript levels of dsCYP321A7 and dsCYP6AE43 genes were observed in Indox-SEL after 48, 72 and 96 h compared with the dsRED control (Figure 4A–C). We evaluated the effect of two dsRNAs targeting CYP321A7 and CYP6AE43 on the mortality of the indoxacarb resistant FAW larvae at different time points after feeding on dsRNA-supplemented diet followed by exposure to a lethal concentration (21.02 μg g−1) of indoxacarb (Figure 5D–F). After 48 h, a significantly higher mortality rate was observed in the dsCYP321A7 and the dsCYP6AE43-fed larvae compared to the dsRED control (Figure 5D). The highest mortality was observed for the dsCYP321A7 treatment. Feeding on a dsCYP321A7+dsCYP6AE43-supplemented diet significantly increased the mortality rate compared to all other treatments (Figure 5D). Similarly, a significantly higher mortality rate was observed in dsCYP321A7 and dsCYP6AE43-fed larvae after 72 h compared to the dsRED control (Figure 5E). At 72 h, as previously, the highest mortality was observed in the combined treatment (Figure 5E). Furthermore, this trend was observed in the mortality rate recorded after 96 h (Figure 5F). The overall mortality rate was significantly increased in dsCYP321A7-fed larvae and, to a lesser extent, in dsCYP6AE43-fed larvae compared to the dsRED control (Figure 5F). However, the greatest mortality was observed when a combined treatment of dsCYP321A7+dsCYP6AE43 supplemented diet was used (Figure 5F).
[image: Figure 5]FIGURE 5 | The relative mRNA transcript levels in the midguts of S. frugiperda larvae (Indox-SEL population) after feeding on dsCYP321A7, dsCYP6AE43 and dsRED for 48 h (A), 72 h (B) and 96 h (C). Similarly, the single dsCYP321A7, dsCYP6AE43 and combined dsCYP321A7+dsCYP6AE43) or dsRED effect of dsRNAs on the sensibility to indoxacarb in third-instar larvae of S. frugiperda after exposure with LC20: 6.84 μg g−1 concentration of indoxacarb. After feeding with dsRNAs and dsRED for 24 h followed by the exposed third instar larvae were transferred individually into 12-oriface tissue culture plate containing artificial diets supplemented with LC20: 6.84 μg g−1 of indoxacarb for 48 h (D), 72 and 96 h (F). DEPC-Diet as a control (Indox-UNSEL population) without exposure to indoxacarb. The mortality data were recorded at 48, 72 and 96 h. Data shown are means ± SE derived from three biological replicates. The astriks on the bar represent significant differences (p < 0.05) using one-way ANOVA, followed by Tukey’s HSD multiple comparison tests.
The single and combined effect of dsRNA on the larval development, pupal development, and midgut physiology of FAW
The larval developmental period of FAW in different treatment groups was assessed. Larvae were fed with dsRNA-supplemented diets targeting dsCYP321A7 and dsCYP6AE43, or a combination of both, followed by exposure of LC20 (6.84 μg g−1) of indoxacarb after 3 days (Figure 6). It was found that these single target dsRNA-supplemented diets of dsCYP321A7, dsCYP6AE43 and combined target dsRNA-supplemented diets of dsCYP321A7+dsCYP6AE43 significantly reduced the larval duration in the Indox-SEL population compared to the dsRED and DEPC-water as control treatments (Figure 6A). While no significant decrease in larval duration between dsCYP321A7 and dsCYP6AE43 treatments was found (Figure 6A). Weight gain of the FAW larvae was found to be greatest in the control diet followed by the dsRED control group (Figure 6B). A significant reduction of the larvae weight gain was observed when the Indox-SEL population was fed on dsRNA-supplemented diet targeting dsCYP321A7, dsCYP6AE43, or a combination of both for 24 h followed by the exposure to LC20 (6.84 μg g−1) of indoxacarb after 3 days (Figure 6B). Furthermore, it was found that these single effects of dsCYP321A7 and dsCYP6AE43 did not affect the pupal duration, meanwhile pupal duration significantly increased when a combined dsCYP321A7+dsCYP6AE43 treatment was applied in the Indox-SEL population compared to the dsRED and DEPC-water control treatments (Figure 6C).
[image: Figure 6]FIGURE 6 | Single and combined effect of dsCYP321A7, dsCYP6AE43 and dsCYP321A7+dsCYP6AE43) or dsRED on larval duration (A), increased in larval weight (B) pupal duration (C) of Indox-SEL population after feeding on dsRNAs, or the dsRED for 24 h followed by the exposed larvae were transferred individually into 12-oriface tissue culture plate containing artificial diets supplemented with LC20: 6.84 μg g−1 of indoxacarb for 72 h. DEPC-Diet as a control (Indox-UNSEL population) without exposure to indoxacarb. Data shown are means ± SE derived from three biological replicates. The astriks on the bar represent significant differences (p < 0.05) using one-way ANOVA, followed by Tukey’s HSD multiple comparison tests.
The changes in the larval and midguts physiology of the FAW after feeding on dsCYP321A7 + dsCYP6AE43, dsCYP321A7, dsCYP6AE43 for 24 h followed by the exposure to an artificial diet supplemented with LC20 (6.84 μg g−1) of indoxacarb for 72 h was assessed (Figure 7A–E). After exposure to dsRNAs for 24 h followed by LC20 (6.84 μg g−1) of indoxacarb insecticide, toxic symptoms including reduced appetite, shorter body length of larvae, the development and growth of most FAW were delayed. Furthermore, damaged midguts can be observed in single and combined dsRNAs-treated groups compared to the dsRED and DEPC-water control treatments (Figure 7F–J).
[image: Figure 7]FIGURE 7 | The effect of dsCYP321A7+dsCYP6AE43, dsCYP321A7, dsCYP6AE43, dsRED on the S. frugiperda larvae physiology and growth (Indox-SEL population) after feeding on dsRNAs, or the dsRED as a control for 24 h followed by exposure to diet supplemented with LC20: 6.84 μg g−1 concentration of indoxacarb for 72 h (A,B,C,D). DEPC-Diet as a control (Indox-UNSEL population) without exposure to indoxacarb (E). Similarly, the effect of dsCYP321A7+dsCYP6AE43, dsCYP321A7, dsCYP6AE43 and dsRED on the midguts physiology of S. frugiperda larvae (Indox-SEL population) after feeding on dsRNAs, or the dsRED as a control for 24 h followed by exposure to diet supplemented with LC20: 6.84 μg g−1 concentration of indoxacarb for 72 h (F,G,H,I). DEPC-Diet as a control (Indox-UNSEL population) without exposure to indoxacarb (J).
DISCUSSION
Synthetic insecticides are still the mainstay of insect pest management. Synthetic insecticides, including indoxacarb, have been extensively used against a variety of agricultural insect pests (Zhao et al., 2020), however, due to the development of insecticide resistance, these synthetic insecticides often fail to provide effective control (Gutirrez-Moreno et al., 2019; Boaventura et al., 2020; Zhang et al., 2020). The fall armyworm (FAW) has developed resistance to a range of different groups of synthetic insecticides including pyrethroids. An example is the now commonly observed resistance of FAW to lambda-cyhalothrin (Zhao et al., 2020).
To understand more about the important phenomena of indoxacarb resistance, we looked at the effect of silencing two important encoding P450 genes in FAW: CYP321A7 and CYP6AE43. Our results indicated that PBO and TPP enhanced the toxicity of indoxacarb for the indoxacarb-resistant laboratory selected population (Indox-SEL). This indicates that cytochrome P450 monooxygenases may play a significant role in the resistance mechanism, because PBO as a synergist, can also block the non-specific esterase activity (Moores et al., 2009). It has been previously been identified that synthetic insecticides are converted into non-toxic compounds due to increased metabolic activity of detoxifying enzymes and reduced target sensitivity of pesticides, which is one of the key detoxification mechanisms in insect pests (Scott, 1999b; Feyereisen, 2006b; Li et al., 2007). We found that the enzyme activity of P450s monooxygenase in the Indox-SEL population was significantly enhanced after 24 h and up to 96 h following the exposure to indoxacarb. This pattern is similar to previous studies which have shown the greater detoxification activity of P450 enzymes in resistant populations of other insect pests (Chen et al., 2018; Wang et al., 2018c, 2018b). In addition to the involvement of P450s in resistance, the effects of esterase and GST contributing to indoxacarb resistance of FAW larvae should be further examined in future work.
The elevated activity of P450 enzymes due to the up-regulation of P450 genes is ostensibly a major mechanism for insecticide resistance (Elzaki et al., 2017; Ullah et al., 2020b). In the current study, we evaluated clades-3, 4, 2 and the mitochondrial clade P450 genes and found that two genes CYP321A7 and CYP6AE43 from clade CYP3 were associated with indoxacarb-resistant populations of FAW. Two P450 genes out of ten showed significantly higher expression levels in the midgut of FAW larvae after 14 generations of selection with indoxacarb. These findings were consistent with previous findings that some of the CYP321 subfamily genes, as well as the CYP6 and CYP9 subfamily genes, may be involved in mechanisms of detoxication or regulation of insecticides. These findings elucidated P450 functions on insect biology and physiology, and that the midgut and fat body tissue of insects are considered important as detoxification organs (Giraudo et al., 2015; Hou et al., 2021). It has been previously reported that the development of insecticide resistance by enhancing metabolic detoxification enzymes in various insects is closely related to the elevated expression of P450 genes and subsequent increases in P450 protein levels (Riveron et al., 2013; Xu et al., 2018). In this study, we tested whether the resistant populations of S. frugiperda differ in expression of P450 genes of CYP4, CYP6 and CYP9 subfamilies, which are expected to be associated with insecticide resistance (Bai-Zhong et al., 2020; Wang et al., 2022; Zhao et al., 2022). Among the differentially expressed S. frugiperda P450 genes identified in this study, CYP321A7 and CYP6AE43 genes were particularly overexpressed in larvae of indoxacarb-resistant populations (11.6 and 9.4 fold higher in resistant compared to control populations). These results are in line with previous findings showing that the insecticide-induced P450 genes (CYP6BG1, CYP321A8, CYP321B1, CYP9A32, CYP333B3, CYP9A26, CYP321A9, CYP337B5, and CYP6AE44) that play a role in insect metabolic resistance (Bautista et al., 2009; Giraudo et al., 2015; Bai-Zhong et al., 2020). Similarly, transcriptome analysis has revealed higher mRNA expression level of five P450 genes in indoxacarb-fed larvae of Spodoptera exigua (Hu et al., 2019). The induced mRNA expression of some P450 genes, CYP9A9, CYP321A1 and CYP321B1 has been reported in the midgut of FAW and Spodoptera litura after exposure to different insecticides (Nascimento et al., 2015; Wang et al., 2017). Taken together with the present results, this indicated that indoxacarb resistance in FAW is a more complex mechanism than initially considered. The phylogenetic tree (Supplementary Figure S3A) demonstrates that CYP6AE43 and CYP321A7 belong to the CYP6AE subfamily (CYP3 clan of insect P450s). P450s from the CYP6AE subfamily of insect P450s have been shown in a number of studies to play an important role in the development of insecticide resistance (Hu et al., 2017; Shi et al., 2018), this study was focused on CYP6AE43 and CYP321A7. The amino acid sequences of CYP6AE43 and CYP321A7 contain various shared conserved motifs including heme-binding predicted substrate recognition sites, suggesting that the enzyme is functional. These results are in line with previous findings (Guo et al., 2015; Hou et al., 2021).
To further explore if the indoxacarb-induced genes CYP321A7 and CYP6AE43 are involved in indoxacarb detoxification, we fed specific dsCYP321A7 and dsCYP6AE43 S. fugiperda larvae to silence target genes and then analyzed phenotypic effects. Greater larval mortality was observed in the resistant populations of FAW after feeding on dsRNAs-fed (CYP321A7 and CYP6AE43) followed by the exposure of an LC20 concentration of indoxacarb as compared to dsRED and Diet-DEPC as a control (Figure 5A–C). Similar findings have been seen previously by Naqqash et al. (2020) and Bai-Zhong et al. (2020) who reported that the subfamilies of the CYP321, CYP6, and CYP9 of P450 genes could be induced by insecticides. Similarly, we found that downregulation of P450 genes significantly reduced the larval developmental time, larval growth and larval weight following feeding on the dsRNAs-supplemented diet with subsequent indoxacarb exposure. Naqqash et al. (2020) and Zhao et al. (2016) also documented that the larval growth and development was significantly reduced in H. armigera and Leptinotarsa decemlineata due to dsRNAs feeding. Studies continue to reveal the dynamic role P450s play in the regulation of growth and the development of insecticide resistance in various insects. Therefore, it is understood that the downregulation of these genes via RNAi could result in higher mortality across various insect species (Zhang et al., 2013; Jin et al., 2015; Zhao et al., 2016; Bai-Zhong et al., 2020; Hafeez et al., 2020). Knocking down of P450 genes increased larval mortality, reduced developmental duration, and increased insecticide susceptibility, indicating the role of P450 genes in larval growth, development, and sensitivity to indoxacarb. Physiological and biochemical studies have shown that P450 enzymes are vital to in insect hormone metabolism pathways but details of the molecular processes remain unknown (Iga and Kataoka, 2012). The growth of FAW larvae was hindered after downregulation of CYP321A7 and CYP6AE43 by RNAi, but how these P450 genes regulate this process requires further study.
CONCLUSION
It was shown that the droplet feeding of dsRNAs (CYP321A7 and CYP6AE43) via artificial diet significantly increased mortality rates of indoxacarb-resistant larvae. Shorter larval developmental time was detected in the dsRNAs-exposed larvae of FAW. Similarly, larval weight was also reduced in the dsRNAs-exposed resistant population. To our knowledge, this is the first time an indoxacarb-resistant FAW population was used to evaluate the effects of different dsRNA on larval mortality, growth, and insecticide susceptibility. Our results elucidate some of the effects of the RNAi technique and the function of specific genes. The application of dsRNA may offer a route to reduce the development of resistance in FAW against various insecticides in the field. This paves the route for further study into the suppression of resistance in fall armyworm and various other important agricultural insect pests.
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