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To avoid potential harm during pupation, the Colorado potato beetle Leptinotarsa decemlineata lives in two different habitats throughout its developmental excursion, with the larva and adult settling on potato plants and the pupa in soil. Potato plants and agricultural soil contain a specific subset of aromatics. In the present study, we intended to determine whether the stage-specific bacterial flora plays a role in the catabolism of aromatics in L. decemlineata. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the operational taxonomic units (OTUs) obtained by sequencing of culture-independent 16S rRNA region enriched a group of bacterial genes involved in the elimination of mono- and polycyclic aromatics at the pupal stage compared with those at the larval and adult periods. Consistently, metabolome analysis revealed that dozens of monoaromatics such as styrene, benzoates, and phenols, polycyclic aromatics, for instance, naphthalene and steroids, were more abundant in the pupal sample. Moreover, a total of seven active pathways were uncovered in the pupal specimen. These ways were associated with the biodegradation of benzoate, 4-methoxybenzoate, fluorobenzoates, styrene, vanillin, benzamide, and naphthalene. In addition, the metabolomic profiles and the catabolism abilities were significantly different in the pupae where their bacteria were removed by a mixture of three antibiotics. Therefore, our data suggested the stage-dependent alterations in bacterial breakdown of aromatics in L. decemlineata.
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INTRODUCTION

For holometabolous insect species, sessile pupae are defenseless against potentially harmful factors such as pathogen infection, parasitism, predation, and desiccation. Consequently, a lot of Holometabolans leave their host plants and pupate in soil, an adaptation termed as ontogenetic niche shift (ONS). For example, the final instar larval period of the Colorado potato beetle Leptinotarsa decemlineata is divided into two subphases, the feeding and wandering stages. Whereas, a feeding beetle continuously gnaws potato foliage, a wandering larva typically undergoes an ONS to pupate in the soil (Meng et al., 2019). Obviously, a L. decemlineata beetle lives in two different habitats throughout its developmental excursion, with the larva and adult settling on potato plants and the pupa in soil.

In the present paper, we focused on a serious challenge for L. decemlineata: degrading excessive aromatics derived from potato plants and agricultural soil. In potato plants, the metabolism of three aromatic amino acids (i.e., tyrosine, phenylalanine, and tryptophan) can produce large number of monoaromatics. These monoaromatics can be used to biosynthesize structurally complex substances. For instance, catecholamines, derived from tyrosine and phenylalanine, can be used to produce betalains, alkaloids, melanins, and hydroxycinnamic acid amides (Gandia-Herrero and Garcia-Carmona, 2013; Kostyn et al., 2020). To improve soil quality and increase crop yield, the plant residues, such as straws and stubbles after harvest, organic fertilizers, for example, manure and human excreta, and other organic landfills, are often applied to agricultural fields. These additives generate a variety of organic compounds incorporated into agricultural soil (Kumar and Goh, 2000; Hanselman et al., 2003; Kjaer et al., 2007). Among these organic pollutants are monoaromatics, for instance, benzene, toluene, ethylbenzene, xylene (collectively known as BTEX), styrene, and phenol and polycyclic aromatics such as naphthalene, dioxin, and steroids (Chen et al., 2017; Steinmetz et al., 2019).

Some aromatics are toxic, antinutritive, or/and repellent at high concentrations (Ceja-Navarro et al., 2015; Hammer and Bowers, 2015; Vilanova et al., 2016; Berasategui et al., 2017). Specifically, catecholamines are toxic and can pose a threat to cellular components (Kostyn et al., 2020). Moreover, quinones can lead to the formation of quinoprotein by a reaction between dopaquinone and the sulfhydryl groups of proteins and cause negative effects such as enzyme deactivation, mitochondrial dysfunction, DNA fragmentation, and apoptosis (Mushtaq et al., 2013; Kostyn et al., 2020). Furthermore, dopa may be incorporated into proteins via mimicking tyrosine or phenylalanine in the respective tRNA synthesis (Rodgers and Shiozawa, 2008), or serves as a deterrent to herbivores (Fürstenberg-Hägg et al., 2013; Kostyn et al., 2020). Therefore, these aromatics may adversely affect L. decemlineata when accumulated to high concentrations in the body.

It is well-known that insects have evolved different mechanisms to circumvent deleterious effects from the environment (Berasategui et al., 2017). One of the strategies is enlisting the cooperation of bacteria (Lesperance and Broderick, 2020). These bacteria dramatically change during development (Chen et al., 2016; Kang et al., 2021). For instance, a shift of microbial flora coupled with ONS has been documented in L. decemlineata, where a total of 18 bacteria genera are specifically distributed in pupae. In contrast, a subset of bacteria genera has larger populations in larvae and adults than those in pupae (Kang et al., 2021). Accordingly, we hypothesized that the stage-specific bacteria flora forms different symbiotic interplays with L. decemlineata to biodegrade stage-dependent aromatics from potato plant and agricultural soil, respectively.

The objective of our study was to test the hypothesis. First, we found that a group of bacterial genes involved in the catabolism of monoaromatics and polycyclic aromatics were abundantly expressed at the pupal stages. Second, we evaluated the metabolome profiles in the fourth-instar larvae, pupae, and adults by ultra-performance liquid chromatography–quadrupole–time of flight mass spectrometry (UPLC-Q-TOF MS). We identified stage-specific aromatic biomarkers and active pathways. Finally, we removed bacteria in the pupae by a mixture of three antibiotics, and compared the metabolome profiles between control and treated pupae. Our results revealed stage-dependent alterations in the bacterial breakdown of aromatics in L. decemlineata. We argue that the larvae and adults rely on two routes to deal with excessive aromatics, namely, bacterial biodegradation and intestinal excretion. In contrast, the pupae mainly depend on bacteria to catabolize aromatics since the alimentary canal is not well-developed.



METHODS AND MATERIALS


Insect Rearing and Sampling

The L. decemlineata beetles were routinely reared using a previously described method (Meng et al., 2019). Briefly, the beetles were maintained in an insectary at 28°C, under a 16:8 h (light/dark) photoperiod, and 50–60% relative humidity using potato foliage at the vegetative growth or young tuber stages to assure sufficient nutrition. At this feeding protocol, the larvae progressed the first-, second-, penultimate-, and final-instar stages with approximate periods of 2, 2, 2, and 4 days, respectively. On reaching full size, the final larval instars stopped feeding, dropped to the ground, burrowed to the soil, and entered the prepupal stage. The prepupae spent ~3 days to pupate. The pupae lasted about 5 days and the adults emerged.

All solvents used for UPLC-Q-TOF-MS analysis were of analytical or HPLC grade and purchased from Sigma-Aldrich Co., Ltd. (Shanghai, China).

The detailed procedure of sample preparation for UPLC-Q-TOF-MS was as follows: ten (5 males and 5 females) 2-day-old fourth-instar larvae, ten 4-day-old pupae, and ten 5-day-old adults were collected as a replicate. The collection continued for three consecutive generations to generate three biologically independent replicates. The specimens were individually weighed and then crushed in a pre-chilled mortar using a pellet pestle. Each sample was lyophilized, added with 1 ml of methanol/water (7:3, v/v), vortexed, and sonicated twice on ice for 30 min. Then the metabolite was incubated at −20°C for 1 h and centrifuged at 13,000 rpm at 4°C for 15 min. The supernatant was lyophilized and stored at −80°C.



Analysis for Operational Taxonomic Units Data From High-Throughput Sequencing of 16S rRNA Genes

Functional prediction was carried out based on the operational taxonomic units (OTU) data downloaded from the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA613266) (Kang et al., 2021). The OTU data were obtained by high-throughput sequencing of 16S rRNA genes from three biologically independent collections from three consecutive generations. Each collection included ten 2-day-old fourth-instar larvae, ten 4-day-old pupae, and ten 5-day-old adults with the sex ratio of 1:1 (5 males and 5 females). The PICRUSt algorithm was used to infer the functions of the bacterial communities through the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa et al., 2012).



Analysis Conditions of UPLC/Q-TOF-MS

The supernatant was reconstituted with 500 μl of methanol, vortexed, and centrifuged at 20,000 rpm at 4°C for 20 min. Then the supernatant was filtered through a 0.22 μm (nylon) syringe filter and analyzed by UPLC-Q-TOF-MS system (Waters). Each sample was analyzed six times (i.e., 2 μl aliquot of each sample was injected six times).

Since the retention times or even elution order in analytical system may vary during the UPLC-Q-TOF-MS analysis, it is necessary to monitor the system consistency. In this study, a 60 μl mixture of the control (30 μl) and treatment samples (30 μl) was used as a quality control (QC) sample for method validation. A QC sample ran four times prior to beginning the whole sample list. Moreover, a QC sample was run every six samples during the analytical run.

The analysis was performed on an HSS T3 column (2.1 × 100 mm, 1.8 μm; Waters Acquity), using an ACQUITY UPLC I-Class PLUS System (Waters) coupled with a Xevo® G2-XS QT of High-Definition Mass Spectrometer (Waters). Mobile phase A was water and mobile phase B was 0.1% formic acid acetonitrile solution. The gradient elution procedure was set as follows: 0–1 min, 0–2% B; 1–2 min, 2–25% B; 2–4 min, 25–60% B; 4–7.5 min, 60–90% B; 7.5–9.5 min, 90–99% B; 9.5–12.5 min, 99% B; 12.5–13 min, 99–2% B; and 13–16 min, 2% B. The flow rate was 0.4 ml/min, and the column temperatures were held constant at 45°C.

Each sample was detected by positive and negative ion modes using an electrospray ionization mass spectrometer (ESI-MS). The product ion scan was acquired using the first- and second-level mass spectrometry data acquisition method based on the Photodiode Array (PDA) detector.

The ESI conditions were as follows: nitrogen was used as cone gas and desolvation gas at a flow rate of 50 and 800 l/h, respectively. The source temperature was 120°C and desolvation gas temperature was 450°C. Quality scanning range was set m/z 50–1,200. In positive ion mode, capillary, cone, and extraction cone voltages were 3.0 kV, 40 V, and 5.0 V, respectively. In negative ion mode, capillary, cone, and extraction cone voltages were 2.0 kV, 40 V, and 5.0 V, respectively. MS data were acquired in full-scan mode from 100 to 1,000 Da.



Data Processing and Statistical Analysis of UPLC/Q-TOF-MS Data

The raw data detected by UPLC-Q-TOF-MS were loaded on the commercial metabolites database Progenesis QI (Waters Corporation, Milford, USA) for peak detection, alignment, and normalization, as well as the main information, such as the mass, retention time, and intensity of the peaks in each chromatogram. The metabolites were identified by comparing their retention times, m/z values, and MS fragmentation patterns with those of commercial standard compounds. Fragmentation patterns collected in online databases, such as MycompoundID (http://www.mycompoundid.org), MassBank (http://www.massbank.jp), ChemSpider database (www.chemspider.com), and METLIN (http://metlin.scripps.edu) were also considered, especially when no authentic standard compounds were available.

Before multidimensional statistical analysis, the data were processed: the missing values of the original data >50% were excluded. The processed data were then imported into SIMCA-P14.1 software (Umetrics, Umea, Sweden) for pattern recognition, and Pareto scaling was used to preprocess the data for principal component analysis (PCA) and orthogonal PLS-DA analysis (OPLS-DA). According to the Variable Importance for the Projection (VIP) obtained by the OPLS-DA model and Max Fold Change (MFC) from Progenesis QI, the influence intensity and explanatory ability of each metabolite on the classification and discrimination of each group of samples were evaluated, and the biologically significant differential metabolites were mined. The larger the VIP and MFC values, the greater the contribution of the metabolite in the differentiation of the sample, and the variable with VIP > 1 and MFC > 2 was generally considered to have a significant difference. In the experiment, based on the screening criteria of VIP > 1 and MFC > 2, the substances between the groups were initially screened. Next, the univariate statistical analysis was used to verify whether the selected metabolites had significant differences. Ions meeting VIP > 1, MFC > 2, and 0.05 < p < 0.1 were considered differential metabolites; VIP > 1, MFC > 2, and p < 0.05 were regarded as significantly different metabolites.

To highlight differential biomarker role, the resulting significant differential metabolites were analyzed in KEGG (http://www.kegg.jp) to resolve the topological trait of metabolic pathways.



Antibiotics Exposure and Examination of Bacteria in Resultant Beetles

The same method was used to expose the larvae to an antibiotic mixture (Löfmark et al., 2010; Xia et al., 2020). Briefly, a mixture containing three antibiotics (1 mg/ml ciprofloxacin, 1 mg/ml levofloxacin, and 2 mg/ml metronidazole) in 1% Tween 20 aqueous solution was used to immerse potato foliage. Tween 20 in sterile water (1%) was set as the control group. Ten newly ecdysed fourth-instar larvae were confined in a Petri dish (9 cm diameter and 1.5 cm height) containing five treated leaves. The larvae were allowed to feed on the treated leaves until they reached the prepupal stage. The foliage was replaced with freshly treated ones each day.

The total microbial DNAs were individually extracted from 4-day-old pupae having fed on the antibiotic mixture or control solution as larvae, using E.Z.N.A.® Tissue DNA Kit (Omega). The removal of bacteria was examined using a pair of universal primers, the forward primer 5′-TCCTACGGGAGGCAGCAGT-3′ and reverse primer 5′-GGACTACCAGGGTATCTATCCTGTT-3′, of 16S rDNA from the Domain Bacteria (Nadkarni et al., 2002; Silkie and Nelson, 2009). Quantitative DNA measurements were performed by real-time quantitative reverse transcription PCR (qRT-PCR) in technical triplicate. Relative expression level of 16S rDNA was calculated by the 2−ΔΔCT method, using the geometric mean of two internal control genes (LdRP4 and LdARF1) (Shi et al., 2013) for normalization.

To further examine the removal of bacteria, the dissected guts from newly emerged adults in control and treatment groups were homogenized. The supernatants separated by centrifugation at 500 g were spread on a plate culture medium (Luria–Bertani) after diluting for 10 times. The dishes were inoculated at 30°C for 17 h and then the bacterial spots were detected.

The metabolites in control and bacteria-removed pupae were tested using UPLC-Q-TOF-MS system and the data were analyzed using the method described above.



Statistical Analysis

Using SPSS for Windows (Chicago, IL, USA), one-way analysis of variance (ANOVA) with a Tukey–Kramer test, or Student's t-test was performed to determine significant difference between average values (±SD). Results were considered statistically significant when p < 0.05.




RESULTS


Functional Analysis of Bacteria

The OTUs of bacteria obtained by PCR amplification and sequencing of culture-independent 16S rRNA (Kang et al., 2021) were analyzed using KEGG enrichment analysis. At KEGG level 1, metabolism was the most active one, especially in the pupa group (Figure 1A). The highly expressed genes associated with the catabolism of aromatic compounds (at KEGG level 3) were observed in the pupa group, followed by those in the larvae, and the levels were lower in the adult collection. One-way ANOVA revealed that a statistical significant difference was present between pupa and adult groups (p < 0.05) (Figure 1B).


[image: Figure 1]
FIGURE 1. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of bacterial flora in Leptinotarsa decemlineata. (A) Shows whole metabolism activities at KEGG level 1. The relative activities in (B) are the ratios of relative percentages in larvae and adults relative to that in the pupae, which is set as 1. (C) Displays the relative activity (percentage) of individual aromatics in the larvae, pupae, and adults at the third KEGG level. The columns represent averages with vertical lines indicating SE. Different letters indicate a significant difference at p-value < 0.05 using analysis of variance with the Tukey–Kramer test.


Correspondingly, the actively expressed genes (at KEGG level 3) involved in the degradation of benzoate, aminobenzoate, styrene, toluene, xylene, nitrotoluene, ethylbenzene, bisphenol, fluorobenzoate, naphthalene, dioxin, steroid, polycyclic aromatic hydrocarbon, caprolactam, atrazine, furfural, chloroalkane, chloroalkene, chlorocyclohexane, and chlorobenzene were significantly richer in the pupa group than those in the larva and adult collections (Figure 1C).



Potential Biomarkers of Aromatic Compounds

To obtain comprehensive information on the metabolome, small molecule metabolites in the larval, pupal, and adult samples were analyzed by UPLC-Q-TOF-MS. A preliminary analysis of all samples was performed by PCA. The larva and adult groups were biased compared with the pupa collection in both positive and negative ion maps, whereas the larva and adult groups were overlapped (Figures 2A,B).


[image: Figure 2]
FIGURE 2. Grouping comparison of metabolomics in larvae, pupae, and adults in L. decemlineata. The ultra-performance liquid chromatography–quadrupole–time of flight mass spectrometry (UPLC-Q-TOF-MS) data were analyzed by principal component analysis (PCA). Positive and negative ion mode PCA score maps (A,B) and pathway enrichment analyses (C,D) of larva, pupa, and adult groups are shown. Different colors in the (A,B) represented different groups and each point represented a sample.


By OPLS-DA model, 43 potential aromatic biomarkers were screened in positive ion mode. Out of them, a subset of 39 was greater in the pupal specimen compared with those in the larval sample, while another subset of 40 was more in the pupal specimen than those in the adult group (Table 1). A total of 11 potential aromatic biomarkers were obtained in negative ion mode. Among them, subsets of 9 and 8 were greater in the pupal sample than those in the larva and adult groups, respectively (Table 2).


Table 1. Differential xenobiotics with higher levels in pupae v.s. larvae/adults in positive ion mode.

[image: Table 1]


Table 2. Differential xenobiotics with higher levels in pupae v.s. larvae/adults in negative ion mode.
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Active Pathway in Pupae

Biological pathway analysis revealed that five active pathways were involved in the metabolism of aromatics in pupae compared with those in the larva/adult groups. These ways contained the catabolism of styrene, naphthalene, fluorobenzoate, aminobenzoate, and benzoate, respectively (Figures 2C,D).



Enrichment of Xenobiotics in Aposymbiontic Pupa

Feeding a mixture of three antibiotics by the fourth-instar larvae almost completely removed culturable aerobic bacteria (Figure 3B vs. Figure 3A), and all other bacteria (Figure 3C) in the resultant pupae. In the PCA graphs, the aposymbiontic groups were biased compared with the control groups in both positive and negative ion maps (Figures 3D,E).


[image: Figure 3]
FIGURE 3. Grouping comparison of metabolomics in control and antibiotic-fed pupae in L. decemlineata. The removal of bacteria was examined by plate culture (A,B) and qRT-PCR using a pair of universal primers of 16S rDNA from the Domain Bacteria (C). Relative expression level of 16S rDNA was calculated by the 2−ΔΔCT method. Different letters indicate significant difference at p-value < 0.05 using analysis of variance with the Tukey–Kramer test. The UPLC-Q-TOF-MS resultant data were analyzed by PCA. Positive and negative ion mode PCA score maps (D,E) and pathway enrichment analyses (F,G) in control vs. antibiotic-fed pupal samples are shown. Green and blue colors in the (D,E) represented control and aposymbiontic pupal groups and each point represented a sample.


In both positive and negative ion modes, the differences in xenobiotic biomarkers between control and aposymbiontic pupal samples included a great number of aromatic compounds (Tables 3, 4).


Table 3. Differential xenobiotic and other secondary metabolite biomarkers with higher levels in controls than antibiotic-fed pupae in positive ion mode.
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Table 4. Differential xenobiotics with higher levels in controls than antibiotic-fed pupae in negative ion mode.
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Metabolic pathway analysis revealed that a total of seven active pathways were enriched in either control or aposymbiontic pupal samples (Figures 3F,G). These ways were involved in the degradation of styrene, naphthalene, benzoate, fluorobenzoate, aminobenzoate, xylene, and dioxin.



Metabolism Pathways

Identified metabolites and biological pathways were imported into the KEGG (http://www.kegg.jp/) to find interactions. Among networks for catabolism of aromatics, benzoates, 4-methoxybenzoate, vanillin, and benzamide were finally transferred into succinyl-CoA and acetyl-CoA, which were completely degraded to CO2 through tricarboxylic acid cycle (Figures 4A,B,E). Fluorobenzoates, for instance, 3-fluorobenzoate and 4-fluorobenzoate, were finally converted to 2-fluoro-cis, cis-muconate, 3-fluoro-cis, cis-muconate, and 4-fluoromuconolactone (Figure 4F). Styrene was oxidized to phenylacetic acid (Figure 4D). In contrast, the degradation of (2-naphthyl)methanol (naphthalene) was only partially annotated by KEGG (Figure 4C).


[image: Figure 4]
FIGURE 4. Schematic diagram of the disturbed metabolic pathways in pupae. A total of seven active pathways were enriched in the pupal specimen by KEGG (http://www.kegg.jp) analysis. These ways were associated with the biodegradation of benzoate and 4-methoxybenzoate (A), vanillin (B), naphthalene (C), styrene (D), benzamide (E), and fluorobenzoate (F). The light orange and light green boxes indicate metabolites significantly higher and lower in the control pupal group than in the antibiotic-fed group, respectively. The light blue boxes mark metabolites significantly higher in the pupal group than in the larval and adult samples.


Comparison of metabolite enrichment between control and aposymbiontic pupal samples revealed that 4-methoxybenzoate (Figure 4A), vanillin (Figure 4B), (2-naphthyl)methanol (Figure 4C), styrene oxide, and phenylacetaldehyde (Figure 4D) were higher in the control group. These findings indicated that the soil aromatic precursors could be actively converted into these compounds by pupa bacteria. Conversely, benzoate, styrene, and 3,4-dihydroxybenzoate were accumulated in the aposymbiontic pupal group (Figures 4A,B,E). These results suggested that pupa bacteria were associated with the catabolism of the three chemicals. In contrast, the contents of 3-fluorocatechol and 4-fluorocatechol in control group were similar to those in the aposymbiontic pupal group (Figure 4F). These data implied that pupae may metabolize fluorobenzoates.




DISCUSSION

To the best of our knowledge, the stage-dependent alterations in the biodegradation of aromatics by the stage-specific bacteria flora in insects have not been well-explored. In the present study, PCA analysis of UPLC-Q-TOF-MS data revealed that the larva and adult groups were biased compared with the pupa collection in both positive and negative ion maps (Figure 2). The shift indicates that the metabolites in the pupa group differ from those in the larva and adult groups. In accordance with the indication, the habitat in which the larvae and adults live is different from that of pupae, with the larva and adult settling on potato plants and the pupa in soil (Meng et al., 2019).


The Pupae Mainly Rely on Bacteria to Biodegrade Aromatics

Incorporation of plant residues and organic fertilizers into soil brings about some secondary chemicals, e.g., alkaloids, terpenoids, cardenolides, glucosinolates, and oxalates (Zhang et al., 2020), and their metabolites such as monoaromatics (e.g., BTEX and phenol) and polycyclic aromatics (e.g., naphthalene, dioxin, and steroids) (Chen et al., 2017; Steinmetz et al., 2019). These compounds often exert deleterious effects to soil-dwelling pupae when accumulated to high concentrations within the bodies. Insects are hypothesized to specify their microbial community compositions to degrade these substances to avoid intoxication, if suitable ecological conditions are satisfied (Zhang et al., 2020). However, the experimental evidence to support the hypothesis is very limited.

In the present study, we analyzed the bacterial OTU data (Kang et al., 2021) by KEGG and found that a subset of bacterial genes was abundantly expressed at the pupal stage. These genes were associated with the catabolism of aromatics (Figure 1). Consistently, metabolomic analysis displayed that dozens of monoaromatics, polycyclic aromatics, and steroids were richer in the pupal sample than those in the larval and adult specimens (Tables 1, 2).

According to the identified metabolites and biological pathways, a total of seven active ways were enriched. These active pathways are mainly involved in the degradation of various benzoates and their precursors, which include benzoate, 4-methoxybenzoate, 3-fluorobenzoate, 4-fluorobenzoate, vanillin (aminobenzoate), and benzamide (Figure 4). Most of these benzoates were finally transferred into succinyl-CoA and acetyl-CoA, which were completely degraded to CO2 through tricarboxylic acid cycle. Similarly, Dechloromonas sp. strains RCB and JJ can completely break down aromatic compounds into CO2, coupled with the reduction of nitrate (Coates et al., 2001). Dechloromonas belongs to proteobacteria. Among the 18 pupa-specific genera identified (Kang et al., 2021), Escherichia_Shigella, Acinetobacter, Pseudomonas, Lysobacter, and Stenotrophomonas are also proteobacteria. One or several genera listed above may be responsible for the catabolism of the benzoates in L. decemlineata pupae.

Specifically, we uncovered that pupa bacteria were involved in the aerobic degradation of styrene to phenylacetic acid in L. decemlineata (Figure 4). In agreement with our result, the way in other documented results involves epoxidation of the vinyl side chain, followed by isomerization of the epoxy styrene to form phenylacetaldehyde. This compound is subsequently oxidized to phenylacetic acid through the action of either an NAD+- or phenazine methosulfate-dependent dehydrogenase (O'Connor and Dobson, 1996; O'Leary et al., 2002). Conversion of styrene to phenylacetic acid has been documented in various bacterial strains; examples include Pseudomonas putida CA-3 (O'Connor et al., 1995), P. fuorescens ST (Marconi et al., 1996), Pseudomonas sp. VLB120 (Panke et al., 1999), Pseudomonas sp. Y2 (Utkin et al., 1991; Velasco et al., 1998), Xanthobacter sp. 124X (Hartmans et al., 1989), and Xanthobacter sp. S5 (Hartmans et al., 1990). Pseudomonas is among the 18 pupa-specific genera identified recently (Kang et al., 2021), and the genus may be responsible for the catabolism of styrene in L. decemlineata pupae.

At present, polycyclic aromatic hydrocarbons produced by all vertebrates as well as some invertebrates have been considered one of the most important environmental problems (Xiong et al., 2019; Chiang et al., 2020). In this study, we discovered that the polycyclic aromatic hydrocarbon (2-naphthyl)methanol (naphthalene) can be biodegraded by pupa-specific bacteria in L. decemlineata (Figure 4). It has been reported that naphthalene can be catabolized by P. fluorescens AH-40 (Mawad et al., 2020), P. putida BS3701 (Pozdnyakova-Filatova et al., 2020), and Stenotrophomonas sp. S1VKR-26 (Patel and Patel, 2020). Naphthalene is converted via salicylate and catechol to the intermediates of tricarboxylic acid cycle in P. putida PpG1 (Yen and Gunsalus, 1982), catalyzed by four key enzymes, namely, naphthalene 1,2-dioxygenase, salicylate hydroxylase, catechol 2,3-dioxygenase, and catechol 1,2-dioxygenase (Izmalkova et al., 2006). In this survey, we determined that 3- and 4-fluorocatechol, 4-hydroxymethylcatechol, and 4-methylsalicylate were higher in the pupae than those in the larvae and adults. It appears that the same naphthalene transformation way is present in the L. decemlineata pupae. Consistent with the metabolomic result, our microbiome analysis revealed that both Pseudomonas and Stenotrophomonas are among the 18 pupa-specific genera identified recently (Kang et al., 2021).

Both biogenic (natural) and anthropogenic steroids are frequently detected in soils and aquatic environments in China (Chiang et al., 2020). For example, oestrogens, androgens, progestogens, glucocorticoids, and mineralocorticoids are detected in the surface water of urban rivers in Beijing (Chang et al., 2009). Bacteria are responsible for mineralizing polycyclic aromatic hydrocarbons from the biosphere (Chiang et al., 2020). Among 18 pupa-specific bacterial genera (Kang et al., 2021), Nocardia (Coombe et al., 1966), Rhodococcus (Fernandez de las Heras et al., 2009; Li et al., 2018), and Stenotrophomonas (Juhasz et al., 2000; Tachibana et al., 2003; Guan et al., 2019; Xiong et al., 2019) have been documented to degrade steroids from other environments. Whether the three bacterial genera in L. decemlineata can break down steroids deserves further research.

Saponins are a class of secondary plant metabolites which includes triterpenoids, steroids, and steroidal alkaloids glycosylated with one or more sugar chains. They are produced by many plant species (Zhang et al., 2020). Saponins provoke molting defects in, and exert deleterious effects on insects (De Geyter et al., 2007; Podolak et al., 2010; Cai et al., 2016; Dolma et al., 2017). Therefore, tea saponin has been widely used as an insecticide in China (Cai et al., 2016). We herein demonstrated that the contents of saponin H and assamsaponin D were higher in the pupae compared with those in the larvae and adults in L. decemlineata (Figure 4).

Although a considerable amount of saponins is indicated in the soil, L. decemlineata pupae could still develop into adults, indicating that other factors may help L. decemlineata resist saponins. Some bacteria, for instance, Acinetobacter calcoaceticus and A. oleivorans, are known to detoxify saponins (Zhang et al., 2020). Moreover, the mixed cultures of Methanobrevibacter spp. and Methanosphaera stadtmanae in the crop of the avian foregut fermenter in Opisthocomus hoazin are able to reduce the hemolytic activity of Quillaja saponins by 80% within a few hours (García-Amado et al., 2007). Consistent with these results, Acinetobacter is a pupa-specific genus (Kang et al., 2021), and it may be responsible for the metabolism of saponins in the L. decemlineata pupae.



Elimination of Aromatics in the Larvae and Adults

Potato plants contain many aromatics, where some exert noxious effects when accumulated to high concentrations within insect bodies (Gandia-Herrero and Garcia-Carmona, 2013; Kostyn et al., 2020). In this survey, we discovered that only 6 and 7 aromatics were accumulated in the larvae and adults, respectively, in contrast to 42 cumulated aromatics in the pupae (Tables 1, 2). The less accumulation implies the more active elimination of aromatics in the L. decemlineata larvae and adults.

Consistently, the microbiota are widely distributed in the larval or/and adult guts (Jing et al., 2020). These gut microbiota are involved in the breakdown of noxious compounds in numerous insect species in Coleoptera (Ceja-Navarro et al., 2015; Berasategui et al., 2017; Zhang et al., 2020), Lepidoptera (Vilanova et al., 2016; Zeng et al., 2020), Diptera (Griffin and Reed, 2020), Hymenoptera (Wu et al., 2020), and Isoptera (Van Dexter and Boopathy, 2019).

In this survey, the bacterial OTU data (Kang et al., 2021) revealed that the catabolism of aromatics was less active in the larvae and adults compared with that in L. decemlineata pupae (Figure 1). Therefore, the bacterial biodegradation of aromatics only partially contributes to the removal of excessive aromatics. Intestinal excretion should be another route to eliminate superfluous aromatics (Rozman, 1985). In fact, insecticides can be excreted by insects, directly or indirectly (modified forms) (Quesada et al., 2020). In L. decemlineata larvae and adults, superfluous aromatics in food may be excreted through the guts directly, or transferred to more hydrophilic forms. Only those potato aromatics absorbed by L. decemlineata larvae and adults need to be biodegraded by bacteria. Conversely, the alimentary canal is not well-developed in L. decemlineata pupae and cannot actively remove excessive aromatics. The pupae mainly depend on bacteria to catabolize the noxious substances.

In summary, we uncovered the stage-dependent alterations in bacterial degradation of aromatics in L. decemlineata. The candidate bacterial genera contributing to aromatic catabolism were Nocardia, Rhodococcus, Enterococcus, Acinetobacter, Pseudomonas, and Stenotrophomonas, among others. This study provides new insights into the adaptation of L. decemlineata to different environmental niches and offers a better understanding of the relationship between ONS and a shift of bacterial flora. Moreover, since removal of the symbiotic bacteria inhibited the breakdown of superfluous aromatics (this study) and results in a decrease in the emergence rate and adult weight (Kang et al., 2021), disruption of bacterial communities may be a potential strategy to control L. decemlineata.
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Background: Diamondback moth (DBM), Plutella xylostella (L.), has developed resistance to many insecticides. The molecular mechanism of DBM resistance to Bt-G033A combined with chlorantraniliprole (CL) remains undefined.

Methods: In this study, field-resistant strains of Plutella xylostella to three pesticides, namely, Bacillus thuringiensis (Bt) toxin (Bt-G033A), CL, and a mixture of Bt + CL, were selected to evaluate the resistance level. Additionally, transcriptomic profiles of a susceptible (SS-DBM), field-resistant (FOH-DBM), Bt-resistant (Bt-DBM), CL-resistant (CL-DBM), and Bt + CL-resistant (BtC-DBM) strains were performed by comparative analysis to identify genes responsible for detoxification.

Results: The Bt-G033A was the most toxic chemical to all the DBM strains among the three insecticides. The comparative analysis identified 25,518 differentially expressed genes (DEGs) between pairs/combinations of strains. DEGs were enriched in pathways related to metabolic and catalytic activity and ABC transporter in resistant strains. In total, 17 metabolic resistance-related candidate genes were identified in resistance to Bt-G033A, CL, and Bt + CL by co-expression network analysis. Within candidate genes, the majority was upregulated in key genes including cytochrome P450, glutathione S-transferase (GST), carboxylesterase, and acetylcholinesterase in CL- and BtC-resistant strains. Furthermore, aminopeptidase N (APN), alkaline phosphatase (ALP), cadherin, trypsin, and ABC transporter genes were eminent as Bt-resistance-related genes. Expression patterns of key genes by the quantitative real-time PCR (qRT-PCR) proved the credibility of transcriptome data and suggest their association in the detoxification process.

Conclusion: To date, this study is the most comprehensive research presenting functional transcriptome analysis of DBM using Bt-G033A and CL combined insecticidal activity.

Keywords: Bacillus thuringiensis, chlorantraniliprole, Plutella xylostella, resistance management, RNA sequencing, gene expression


INTRODUCTION

The diamondback moth (DBM), Plutella xylostella (L.) (P. xylostella) (Lepidoptera: Plutellidae), is a global pest of Brassica crops worldwide (Li et al., 2016; Jaleel et al., 2020). It can rapidly develop with extensive generation overlap and disperse quickly over substantial distances, which have made this pest particularly difficult to control. Currently, the control of P. xylostella is heavily dependent on pesticides causing several environmental problems including health issues and pollution and the development of resistance of the target insects (Pu et al., 2010; Yin et al., 2019). To the best of our knowledge, P. xylostella has developed resistance to over 95 insecticide compounds (Guo et al., 2013; Liu et al., 2015; Lima Neto et al., 2016). Although chlorantraniliprole (CL) is a novel diamide insecticide that is effective for control of P. xylostella (Guo et al., 2014), a field population of DBM has developed a 2,000-fold resistance to CL after 2 years of exposure in Southern China and Southeast Asia (Edralin et al., 2011; Wang and Wu, 2012). Also, the resistance level of DBM in field populations can vary among field sites, making resistance management more difficult (Wang et al., 2010). Therefore, effective management of this destructive pest is urgently needed.

Since repeated applications of conventional insecticides have resulted in a substantial increase in resistance in DBM populations, biological pesticides including Bt insecticides have been adopted as alternatives for managing Lepidoptera pests (Melatti et al., 2010; Shabbir et al., 2018; Prabu et al., 2020). However, DBM has rapidly developed significant resistance to various Bt toxins, although Bt insecticides showed negligible impact on non-target organisms (Jiang et al., 2015; Yin et al., 2016). Therefore, to cope with DBM resistance, rotation of insecticides with different modes of action has been utilized to lower the selection pressure (Zhao et al., 2010). To delay resistance evolution, combining various insecticides for target pests is necessary to ensure crop protection (Stemele, 2017; Yang et al., 2018; Zhao et al., 2018). Although different types of chemical combinations are commonly applied against lepidopteran pests (Cang et al., 2017; Zhao et al., 2018; Wang et al., 2019), studies on combinations of Bt products and insecticides have been little reported.

The evolution of resistance is a natural and unavoidable process. The mechanism of increased resistance to different insecticides is the enrichment of xenobiotic detoxification and target site mutation (James and Davey, 2009). The roles of major detoxification genes such as glutathione S-transferase (GST), carboxylesterases (CarE), and cytochrome P450 monooxygenases in metabolic resistance in lepidopteran pests have been widely reported (Li et al., 2007; Eziah et al., 2009; Pauchet et al., 2010). In addition, several Bt-binding proteins have been documented in P. xylostella (Gahan et al., 2010; Tiewsiri and Wang, 2011; Zhu et al., 2011). Previous studies have focused on mutations primarily correlated with insecticide resistance (Guo et al., 2014; Troczka et al., 2015). The role of mutation in diamide insecticide resistance has been confirmed by the CRISPR-Cas9-mediated genome editing in lepidopteran pests (Zuo et al., 2017). Similarly, genes (G4946E and I4790K) have also been associated with diamide resistance in DBM (Jouraku et al., 2020). Still, the occurrence of insecticide mutation is unclear, as information is insufficient about selecting ryanodine receptors (RyRs) allele in the field (Troczka et al., 2015). Thus, in-depth knowledge about the characterization of detoxification factors is essential for understanding the metabolic resistance mechanism to Cry toxins and insecticides in target pests.

Although the mechanism of resistance to insecticides in P. xylostella has been studied widely, complete information about the expression of genes linked to pesticides and Cry toxins is limited. To the best of our knowledge, no previous studies have addressed the molecular mechanism of resistance in P. xylostella by using a combination of Bt toxins and insecticides. A combination of Bt-G033A [Bacillus thuringiensis (Bt) subsp. aizawai G03, contains cry1Ac, cry1Ac, cry1Ca, and cry2Ab genes] and CL was used for the first time to determine the gene networks and molecular mechanism of resistance in P. xylostella. Recently, advancements in transcriptome analysis have provided several approaches for investigating the metabolic response of insects and comparing gene regulation in resistant and susceptible strains (Wang et al., 2010; Chen et al., 2011). In this study, we compared midgut tissues of susceptible (SS-DBM) and resistant strains [field-resistant (FOH-DBM), CL-resistant (CL-DBM), Bt-resistant (Bt-DBM), and Bt + CL-resistant (BtC-DBM)] of P. xylostella using transcriptome analysis to identify common genes that respond to different insecticides (CL, Bt-G033A, and mixture/combination of Bt and CL). Furthermore, the differentially expressed genes (DEGs) in DBM strains linked to metabolic resistance to Bt, CL, and Bt + CL (a mixture of Bt and CL) were identified and validated using qRT-PCR analysis. Current data will be useful for studying systemic differences between DBM strains and identifying genes that might confer resistance to Bt and CL.



MATERIALS AND METHODS


Diamondback Moth Strains

A colony of P. xylostella was originally collected from the vegetable fields of Guangdong province of China in 2002 and reared without exposure to any insecticides under constant laboratory conditions of 25 ± 2°C, 70–80% relative humidity (RH), and a photoperiod of 16:8 h [light:dark (L:D)]. A high-resistant strain of DBM was collected from the Shijing county of Guangdong province in 2017 and named as FOH-DBM. Detailed information with respect to insecticide resistance of FOH-DBM is given in Supplementary Figure 1 and also discussed in our previous manuscript (Shabbir et al., 2021). Later, this population was established in the greenhouse and reared on cabbage without exposure to insecticide. The CL-DBM, Bt-DBM, and BtC-DBM strains were derived from FOH-DBM strain by two rounds of selection with CL, Bt (Bt-G033A), and mixture of Bt + CL, respectively (Shabbir et al., 2021). The rearing conditions in the greenhouse were maintained at 25 ± 2°C, 70–80% RH, and a photoperiod of 16:8 h (L:D). In September 2017, the greenhouse was divided into four compartments (1–4). Compartment 1 was used for maintaining DBM larvae with no treatment; compartment 2 was used to rear DBM on cabbage plants treated with Bt 4,000X, 1.5 g (Bt powder), and 6 L water; compartment 3 was used to rear DBM on cabbage plants sprayed with mixture treatment of Bt and CL 2,000–1,000X, 3 g (Bt powder), and 6 ml CL into 6 L water; and in compartment 4, DBM was reared on cabbage plants sprayed with CL 300X, 20 ml (5% CL) plus 6 L water. In March 2018, these four compartments were treated again as following: compartment 1, no treatment applied; compartment 2, sprayed cabbage plants with Bt 8,000X, 1.25 g (Bt powder), and 10 L water; compartment 3, sprayed plants with 16,000–3,200X, 0.625 g (Bt powder), 0.125 ml (5% CL), and 10 L water; and compartment 4, treated with CL 1,600X and 6.25 ml (5% CL) plus 10 L water (Shabbir et al., 2021).



Insecticides

The chemicals used in this experiment included CL (200 g L–1 SC) purchased from the DuPont Agricultural Chemicals Ltd. (United States) and Bt-G033A, which was provided by the Huazhong Agricultural University, China.



Leaf Bioassay

Leaf-dip bioassays were conducted to determine the resistance level of DBM from the CL, Bt-G033A, and Bt + CL treatment. Median lethal concentration (LC50) values were determined in DBM strains to compare the resistance level. For bioassay studies, we adopted the cabbage leaf-dip method of Tabashnik et al. (1987). Insecticides were dissolved in 100 ml distilled water and solutions of different concentrations were prepared with 0.1% Triton X-100. The second instar larvae from each strain were exposed to seven to eight concentrations of each insecticide. The concentrations ranging from 0.5 to 35 ppm for Bt, 10.5 to 700 ppm for CL, and 5.7 to 368 ppm for Bt + CL [17.5 ppm of Bt + 350 ppm of CL dissolved in 100 ml double-distilled water (ddH2O)] were used for bioassay. The concentrations (0, 0.03, 0.06, 0.013, 0.25, 0.50, 1, and 2 ppm) of Bt, CL, and Bt + CL were used for SS-DBM. Each dose was replicated three times for all the DBM strains. To conduct the leaf-dip bioassay, at each concentration, three cabbage leaf disks (d = 6 cm) were dipped in each insecticide solution for 15 s, and then air-dried for 2 h at room temperature. The control cabbage leaf disks were immersed in distilled water solution and then air-dried. The treated and control cabbage leaves were placed individually into petri dishes (2.5 cm H × 8.5 cm D). At each dose for each insecticide, 10 second instar larvae were placed on a treated leaf disk in plastic petri dish and kept at 25 ± 2°C and 65 ± 5% RH. Mortality was recorded after 48 h. The control mortality was also documented.



Ribonucleic Acid Extraction, Library Construction, and Sequencing

The SS-DBM, Bt-DBM, CL-DBM, BtC-DBM, and FOH-DBM strains were selected to detect the resistance-related genes to Bt-G033A, CL, and Bt + CL, respectively. To induce resistance, these resistant strains were further treated with the highest doses of each insecticide by leaf-dipping test as discussed above. At 2 days posttreatment, treated DBM was collected for midgut extraction. A total of 50–60 larvae were collected for RNA extraction from midgut of each sample using the RNAprep Pure Kit DP432 (Tiangen Biotech, Beijing, China). Three biological replicates for each sample were collected and used for Illumina sequencing and gene expression analysis. RNA samples from all the DBM strains were evaluated for their stability using the Qsep1 instrument. 3 μg of total RNA was used to construct RNA libraries with the MGIEasy mRNA Library Prep Kit (Xu et al., 2019).



Bioinformatics Analysis of RNA Sequencing

The adapter and low-quality reads were filtered through cutadapt (version 1.11). Clean reads were mapped to the contigs with paired-end reads by Hisat2 (version 2.1.0), allowing up to two mismatches (Su et al., 2019). These genes were subjected to alignment against public protein databases: Pfam (Pfam protein families) and UniProt (Swiss-Prot). It comprised RNA-seq by expectation-maximization (RSEM) (version 1.2.6) for transcript abundance estimation and normalization of expression values as fragments per kilobase of transcript per million mapped reads (FPKM) (Li and Dewey, 2011). DEGs were identified with DESeq2 with a filter threshold of adjusted q-value <0.05 and | log2 fold change| > 1 (Bakhtiarizadeh et al., 2019).

The clusterProfiler1 in R package (Yu et al., 2012) was employed to perform the Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG)2 enrichment analysis. The GO and the KEGG enrichment analysis were calculated using a hypergeometric distribution with a Q value cutoff of 0.05. Q value obtained by the Fisher’s exact test was adjusted with false discovery rate (FDR) for multiple comparisons (Liu et al., 2019).



Co-expression Network Analysis of Genes

To explore the association of genes to insecticide resistance, co-expression network analyses were performed using a correlation calculator. Cytoscape software (3.7.2, Cytoscape, San Diego, CA, United States) was used to build the regulation network analysis for insecticide resistance-related genes. A threshold level of ≥2-fold, FDR ≥ 0.05 for upregulated and ≤−2-fold, and FDR ≥ 0.05 for downregulated genes were taken to construct the co-expression network map.



Validation of Key Genes by Quantitative Real-Time PCR

Expression levels of key genes selected after co-expression network analysis were determined by the quantitative real-time PCR (qRT-PCR) in DBM strains. Total RNA was extracted from midgut of DBM larvae using the Easy-spin RNA Isolation Kit (Biomed, Beijing, China). Moloney murine leukemia virus (M-MLV) Reverse Transcriptase (Takara, Japan) was used for the first-strand complementary DNA (cDNA) synthesis. The primers were synthesized by the Invitrogen Trading (Shanghai) Corporation Ltd. The details of primers are shown in Supplementary Table 1. The qRT-PCR was performed according to our previous research protocol (Shabbir et al., 2020). Actin was used as a reference gene. The 2−ΔΔCT method was used to calculate the relative gene expression level in DBM strains.



Statistical Analysis

The LC50 with fiducial limits and the chi-square (x2) values were determined by probit analysis using Probit Or LOgit (POLO-PC) LeOra software (Parma, MO, United States). The one-way ANOVA followed by the Tukey’s honestly significant difference (HSD) for multiple comparisons was used to analyze the significant expression of key genes in the qRT-PCR analyses. All the statistical analyses were carried out using the SPSS software (SPSS Inc., Chicago, IL, United States).




RESULTS


Determination of Toxicity

The leaf bioassay indicated that the DBM populations showed variable degrees of resistance to insecticides tested (Bt-G033A, CL, and Bt + CL) (Table 1). The LC50 values for Bt-G033A, CL, and mixture insecticide (Bt + CL) were significantly higher in FOH-DBM and resistant strains (Bt-DBM, CL-DBM, and BtC-DBM) compared to SS-DBM strain. The resistance level of these DBM strains is different due to different generations of the strains from the results of our previous article (Shabbir et al., 2021). The results revealed that Bt-G033A was the most toxic to all the DBM strains among the tested insecticides. Concisely, the susceptibility level of DBM strains to tested chemicals from the most to least was Bt-G033A > Bt + CL > CL (Table 1).


TABLE 1. Median lethal concentration (LC50) of Bt-G033A, chlorantraniliprole, and Bt + chlorantraniliprole against five strains of Plutella xylostella.
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Ribonucleic Acid Sequencing and Read Assembly

The cDNA samples of midgut tissue from resistant strains (FOH-DBM, Bt-DBM, CL-DBM, and BtC-DBM) and SS-DBM strain of P. xylostella were subjected to high-throughput Illumina sequencing to obtain an overview of gene expression profile. RNA sequencing from resistant and SS-DBM strains ranged from 118,757,080 to 160,256,478. The numbers of reads ranged from 60.61 to 64.71% and were mapped to trinity spliced transcriptomes. The GC contents ranged from 49.42 to 55.64% (Table 2).


TABLE 2. Summary of reads in resistant and susceptible strains of Plutella xylostella transcriptomes.
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Identification of Differentially Expressed Genes

Pairwise comparisons were made to understand the expression patterns of genes between DBM strains. The DEGs (>2-fold change, FDR < 0.05) were identified in nine combinations of DBM strains. There were 973 DEGs (537 upregulated and 436 downregulated) in Bt-DBM vs. FOH-DBM groups; 553 (316 upregulated and 237 downregulated) in Bt-DBM vs. CL-DBM groups; 1,504 (820 upregulated and 684 downregulated) in Bt-DBM vs. SS-DBM groups; 2,173 (1,381 upregulated and 792 downregulated) in BtC-DBM vs. Bt-DBM groups; 5,573 (3,039 upregulated and 2,534 downregulated) in BtC-DBM vs. FOH-DBM groups; 1,392 (1,145 upregulated and 247 downregulated) in BtC-DBM vs. CL-DBM groups; 7,111 (3,975 upregulated and 3,136 downregulated) in BtC-DBM vs. SS-DBM groups; 3,908 (1,900 upregulated and 2,008 downregulated) in FOH-DBM vs. SS-DBM groups; and 2,331 (968 upregulated and 1,363 downregulated) in CL-DBM vs. FOH-DBM groups (Figure 1). These pair/group comparisons showed more upregulated DEG than downregulated genes, except for two pairs, BtC-DBM vs. SS-DBM groups and CL-DBM vs. FOH-DBM groups (Figure 1). Variability of data was checked by principal component analysis (PCA) analysis, which suggests that experimental data are reliable stable and can be used for further analysis (Figure 2).


[image: image]

FIGURE 1. Differentially expressed genes (DEGs) (>2-fold change, FDR < 0.05) between pairwise comparisons of resistant and susceptible strains of Plutella xylostella. The scatter in the figure represents each gene. Red indicates upregulated genes, green indicates downregulated genes, and blue are common genes.



[image: image]

FIGURE 2. Principal component analysis (PCA) analysis of samples in transcriptomic analysis showing expression level of DEGs in all the DBM groups.




Gene Ontology and the Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment

The genes annotated in the GO classification were comprised of three major domains: biological process, cellular component, and molecular function. DEGs (p ≥ 0.05, FDR > 2) analysis revealed that 172, 24, 264, 78, 584, 4, 768, 287, and 258 DEGs were downregulated, whereas 75, 17, 61, 242, 70, 211, 91, 43, and 69 DEGs were upregulated in the pairs/combinations of DBM strains (Figure 3), respectively. Most genes affected by Bt-G033A and CL and their combination treatments were assigned to binding, transport activity, and catalytic activity in molecular function; cell, cell part, and signaling in the cellular process; and metabolic process, cellular process, and localization in biological process (Figure 3). DEGs analysis showed no noticeable difference when compared among different pairs of strains, except for BtC-DBM vs. FOH-DBM groups. This pair showed a relatively higher proportion of downregulated genes in terms of cellular process and localization than other pairs of strains (Figure 3).


[image: image]

FIGURE 3. The Gene Ontology (GO) classifications of DEGs between pairwise comparisons following the treatment of Bt-G033A, chlorantraniliprole (CL), and Bt + CL insecticides. DEGs are classified into three categories: molecular function, cellular components, and biological process. The Y-axis represents the number of downregulation and upregulation of genes in each GO term.


The KEGG analysis of DEGs identified from pairwise comparisons between susceptible and resistant strains provided information of pathways and gene functions associated with Bt and CL molecular mechanism (Supplementary Table 2). In the KEGG database, 20 highly enriched (p ≤ 0.05) pathways comprised of “valine, leucine, and isoleucine degradation,” “drug metabolism-cytochrome P450,” and “glutathione metabolism” in all the pairwise comparisons (Figure 4).


[image: image]

FIGURE 4. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment scatter plot among pairwise comparison of Diamondback moth (DBM) strains. The horizontal axis represents the rich path plotted and horizontal axis represents path factor corresponding to rich factor. The size of p-value is represented by the color of the point. The numbers of genes in each pathway are expressed by the size of the point.




Differentially Expressed Genes Following Insecticides Treatment

In the pairwise comparison between susceptible and treated larvae, we found detoxification genes such as cytochrome P450 monooxygenase, GST, acetylcholinesterase (AChE), CarE, glucuronosyltransferase, trypsin, nicotinamide adenine dinucleotide (NADH) dehydrogenase, and glutamate receptors potentially involved in insecticide resistance in pairs of DBM strains. Similarly, Bt resistance-related genes such as alkaline phosphatase, aminopeptidase N (APN), chitinase, cadherin, and ABC transporter were also identified (Supplementary Table 3).

The genes likely responsible for xenobiotic metabolism such as P450, CarE, AChE, and GST were more upregulated in CL-DBM vs. FOH-DBM groups with the rising of CL resistance level. Two upregulated putative insecticide target genes glutamate receptors were identified in the pair of CL-DBM vs. FOH-DBM comparison. The genes related to cuticle formation such as dehydrogenase and chitinase were mostly upregulated in pairs of DBM strains. Two downregulated RyR genes were identified in BtC-DBM vs. SS-DBM and CL-DBM vs. FOH-DBM pairs. Some immune-related genes such as serine protease were also found to be more upregulated in all the pairs of comparisons (Table 3).


TABLE 3. Differentially expressed genes that potentially involved in detoxification metabolism.
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Bt resistance-related genes, especially aminopeptidase N and ABC transporter, were downregulated. In the pair of Bt-DBM vs. FOH-DBM, trypsin genes were mostly upregulated, whereas more downregulated genes were identified in the pair of Bt-DBM vs. SS-DBM comparison. Similarly, we identified two alkaline phosphatase (ALP) genes that were upregulated in the pair of Bt-DBM vs. FOH-DBM and one upregulated in the pair of Bt-DBM vs. SS-DBM. However, two of these genes were upregulated and one was downregulated in the pair of BtC-DBM vs. FOH-DBM. Chitinase and cadherin genes were more upregulated in the pairwise comparisons of DBM strains (Table 3).



Co-expression Network Analysis of Genes Related to Resistance

To identify the key genes associated with resistance to Bt-G033A, CL, and Bt + CL, DEGs from all the pairs were subjected to co-expression network analysis. Based on the DEGs, a total of 30 highly enriched metabolic detoxification enzymes potentially involved in insecticide resistance were identified from all the pairs after the insecticide treatments. Furthermore, annotations of all these selected DEGs were obtained from the RNA-seq database to screen candidate genes that contributed to major resistance increase in each pairwise comparison (Figure 5).


[image: image]

FIGURE 5. Gene networks and key genes involved in metabolic resistance among pairwise comparison of DBM strains identified by weighted correlation network analysis (WGCNA). Key genes within (highlighted with red) each network are related to insecticide target and metabolism.


The pairwise comparison of DBM strains revealed that most of the hub genes involved in metabolic detoxification were upregulated. We identified key genes such as CarE in pair of Bt-DBM vs. BtC-DBM, AChE in pair of BtC-DBM vs. CL-DBM, GST in pairs of BtC-DBM vs. SS-DBM and FOH-DBM vs. SS-DBM, whereas cytochrome P450 was identified in pairs of CL-DBM vs. FOH-DBM, BtC-DBM vs. CL-DBM, and BtC-DBM vs. SS-DBM. We identified trypsin upregulated in pairs of Bt-DBM vs. CL-DBM and BtC-DBM vs. CL-DBM, but downregulated in CL-DBM vs. FOH-DBM pair. Similarly, multidrug resistance genes, ABCC4, were downregulated key genes identified in the pairs of BtC-DBM vs. SS-DBM and FOH-DBM vs. SS-DBM, respectively (Supplementary Table 4).



Confirmation of Key Genes by Quantitative Real-Time PCR

Nine key genes, related to insecticide resistance and identified in pairs of DBM strains, were subjected to qRT-PCR analysis to validate the findings from RNA-seq data. The expression patterns of all the tested genes confirmed the trend with the data obtained from transcriptome analysis (Figure 6). Among the key genes, CarE, GST, cytochrome P450, AChE, and serpin were highly expressed in CL-induced DBM strain compared to other strains. Chitinase and trypsin showed higher expression levels in larvae treated with Bt-G033A. The expression level of genes encoding for ABCC4 and UDP-glycosyltransferase UGT5 in Bt-induced DBM was not significantly different compared to susceptible strain. In general, our results revealed that the expressions of detoxifying genes were higher in resistant strains than those insusceptible- and FOH-resistant strains (Figure 6).
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FIGURE 6. The quantitative real-time PCR (qRT-PCR)-based validation of selected key genes from susceptible and resistant strains of Plutella xylostella. Same letter on top of the bars indicated no significant difference was found [general linear model (GLM), least significant difference (LSD), p < 0.05].





DISCUSSION

The rapid evolution of resistance to pesticides and Cry toxins is a major challenge for managing lepidopteran pests including P. xylostella (Tabashnik et al., 2013). Assessment of insect resistance becomes necessary to guide appropriate implementation of chemical control and Bt products to understand the molecular mechanisms underlying development of resistance. In this study, we collected a DBM strain from one location and subjected it to two rounds of selection with Bt-G033A, CL, and a combination of the two insecticides. The resistant level of DBM strains to three tested insecticides from the most to the least ranked as Bt-G033A > Bt + CL > CL. Our results indicated that the combination of insecticides did not increase efficacy against DBM strains compared to Bt-G033A applied alone. These results are consistent with previous reports that a combination of two toxins may not delay resistance increase in lepidopteran pests as much as a single toxin in resistance management (Yang et al., 2018; Wang et al., 2019). However, the development of resistance under selection of a mixture of insecticides is dependent on multiple factors including the mode of inheritance of resistance to each insecticide (Tabashnik, 1989).

The molecular mechanism underlying the resistance to Bt-G033A, CL, or their mixture has not been fully understood yet. In this study, we investigated the molecular resistance mechanism for Bt-G033A, CL, and their combination in susceptible and resistance strains of DBM through transcriptomic analyses. We obtained a total of 25,518 DEGs from the pairs/comparisons of susceptible and resistant DBM strains. Comparative transcriptomic analysis showed more upregulation of DEGs in pairwise comparisons with the exception of two pairs (BtC-DBM vs. SS-DBM and CL-DBM vs. FOH-DBM) (Figure 1). Similarly, a previous study also reported more upregulated genes in Cry1Ac-resistant strain of DBM were identified (Lei et al., 2014).

The overall GO analysis identified a high proportion of genes related to cellular process, metabolic process, binding and localization, response to stimulus, transport activity, and catalytic activity. Mostly DEGs related to these categories had upregulated expression in pairwise comparisons (Figure 3). As these GO terms may be linked to detoxification xenobiotic process, the upregulation of these DEGs in treated larvae is responsible for resistance evolution. The KEGG analysis between pairwise comparisons of DBM strains showed that genes expression level was enriched in metabolic pathways. The genes involved in pathways such as glutathione metabolism and drug metabolism cytochrome P450 were upregulated (Figure 4). Other genes involved in signaling pathways and muscle control pathways were also identified as upregulated in pairs of BtC-DBM vs. Bt-DBM and BtC-DBM vs. CL-DBM. These results are consistent with a previous study, which revealed in CL-resistant P. xylostella strain, that upregulation of genes was involved in metabolic pathways such as drug metabolism and xenobiotic enzyme metabolism (Lin et al., 2013). Similarly, in the Cry1Ac-resistant P. xylostella strains, most DEGs involved in metabolic pathways and drug metabolism were upregulated (Lei et al., 2014). These results suggest that multiple genes involved in metabolic pathways, muscle contraction pathways, and drug metabolism pathways play dominant roles in resistance to Bt-G033A and CL.

In this study, detoxification genes were identified from insecticide-treated larvae. Detoxification of insecticides occurs in all the insects and involved several enzymes encoded for GST, P450, and Carboxylesterases (COE) families (Li et al., 2007). The genes related to insecticide resistance such as GST, cytochrome P450, and CarE were identified by the pairwise comparison of DBM strains (Supplementary Table 3). Cytochrome P450s are important detoxification enzymes, which are involved in xenobiotic metabolism and act on substrates to reduce the toxicity (Zimmer et al., 2014). In P. xylostella, cytochrome P450 was linked with resistance to abamectin and tebufenozide (Qian et al., 2008). In this study, most DEGs of cytochrome genes (31) were identified in the pair of CL-DBM vs. FOH-DBM strain (Table 3). Other more abundant genes of detoxification were identified in pair of CL-DBM vs. FOH-DBM, including GST (9), CarE (8), and AChE (14), and they were mostly upregulated. The identified genes encoding P450, GST, AChE, and CarE were less abundant in the CL treatment than those in the Bt-G033A or mixed insecticide treatments (Table 3). Previously, a study reported that cytochrome family genes (Cyp301a1 and Cyp9e2) were overtranscribed responding to insecticide treatment in a P. xylostella strain (Gao et al., 2018). Thus, increased expression of these detoxification genes might link directly to CL resistance in P. xylostella strains. Overexpression of the CYP6BGI gene was reported in a permethrin-resistant P. xylostella strain (Bautista et al., 2009). Likewise, overexpression of P450s genes was associated with neonicotinoid resistance in Bemisia tabaci (Karunker et al., 2008) and led to deltamethrin resistance in Tribolium castaneum (Zhu et al., 2010). Furthermore, the detoxification enzyme GST was reported in P. xylostella to confer resistance to CL, organophosphates, and chlorfluazuron insecticides (Sonoda and Tsumuki, 2005; Lin et al., 2013). CarE and GST were also reported to be involved in fufenozide resistance (Tang et al., 2011). The expression of detoxification genes to all the pairs of different insecticide treatments in this study suggests that these genes are likely responsive to insecticide resistance and xenobiotic detoxification process.

Several genes such as serpin, serine protease, GABA receptors, and glutamate receptors that may contribute to insecticide resistance were also upregulated in most treated pairs of DBM strains, but not all. These results are consistent with a previous study on identification of insecticide target genes including GABA receptor, AChE, nicotinic acetylcholine receptors (nAChRs), and RyR in the asian corn borer (ACB) transcriptome (Cui et al., 2017). AChEs are the principal targets of carbamates and organophosphate insecticides in insects, reflecting their role in neurotransmission. GABA receptors are a members of the cys-loop neurotransmitter receptors and the GABA-regulated chloride channel plays an important role in phenylpyrazole and organochlorine insecticides (Hosie et al., 1995). Some genes involved in cellular catabolism such as serine protease and trypsin were also identified in this study. The downregulated gene related to cuticular in CL-treated DBM indicated that this insecticide might play a role in thinning the cuticles in DBM. These thinned cuticles will help to accelerate the transportation of CL insecticide to the target site and improve its efficacy against the pest.

In this study, we identified two RyR genes with downregulation patterns: one was identified from the BtC-DBM vs. SS-DBM pair and the other from the CL-DBM vs. FOH-DBM comparison. A previous study reported that RyRs are major factors for P. xylostella resistance to CL (Troczka et al., 2012). As RyRs control the muscle contraction/excitation, it is speculated that the downregulation of RyRs is likely to reduce muscle excitability. Since the RyR was also identified in DBM treated with the mixture of Bt-G033A and CL, it remains to be determined whether the receptor is downregulated by the mixture. Also, NADH dehydrogenase genes were found more downregulated in the treatment of CL.

Bt resistance-related genes encoding for APN, ALP, cadherin, chitinase, trypsin, and ABC transporter were identified in this study (Supplementary Table 2). Most of APN genes were downregulated in Bt-resistant strains, whereas cadherin was upregulated in most pairs when compared with susceptible and FOH-DBM strains (Table 3). Downregulation of APN genes is involved in Bt resistance to different Cry toxins (Zhang et al., 2017; Shabbir et al., 2019). Different isoforms of APN, ALP, and cadherin are involved with different Cry toxin resistance (Flannagan et al., 2005; Pigott and Ellar, 2007). ABC transporter genes associated with drug resistance were also identified and most of them were downregulated in all the pairs of treated DBM compared to susceptible strains. ABC transporters identified in both the susceptible and resistant DBM strains included ABCC4, ABCC10, ABCB1, and ABCC1 in this study. Previous studies reported that ABC transporter (ABCB1) had been linked to multidrug resistance in mammalian systems (Shanker et al., 2010) and ABCC2 was linked with Cry1Ac resistance in lepidopteran insects (Gahan et al., 2010; Baxter et al., 2011). However, further studies are needed to determine the downregulation of these genes in DBM treated with Bt-G033A and the mixture insecticide.

We identified 17 gene networks, highly correlated with metabolic detoxification, muscle contraction pathways, and drug metabolism (Supplementary Table 4 and Figure 5). We identified key genes including cytochrome P450, CarE, GSTs, and UDP-glycosyltransferase UGT5 related to insecticide metabolism from the network built from top DEGs. ABC transporter was previously found to be related to Bt resistance (Gahan et al., 2010). Trypsin is considered as the main proteinase involved in Bt toxin activation and detoxification (Liu et al., 2015). We selected nine detoxification-related key genes to analyze their gene expression in DBM strains. The results showed that CarE, GST, AChE, cytochrome P450, and serpin genes were expressed significantly higher in response to CL followed by the mixture insecticide (Figure 6). These results further validated the association of these genes with CL detoxification. Chitinase and trypsin were highly expressed in the Bt-G033A treatment. Furthermore, our findings suggested that multiple genes involved in drug metabolism, muscle control, and metabolic pathways that play dominant roles in CL and Bt-G033A detoxification. Further investigations are needed to explain the phenomenon of upregulated or downregulated genes in CL and Bt-treated DBM, so as to provide practical guidance for Bt-G033A and CL resistance management of DBM.

Bacillus thuringiensis subsp. aizawai and the binary combination of Bt-G033A with CL can delay resistance development in P. xylostella compared to CL alone. To date, this study is the most comprehensive study presenting functional transcriptome analysis of DBM using the combined insecticidal activity of Bt-G033A and CL. Comparative transcriptome analysis of three insecticides enabled the identification of commonly responding genes involved in drug metabolism and the xenobiotic detoxification process. The prominent genes identified in this study include cytochrome P450, GST, and CarE with more upregulation and downregulation of RyRs in the CL treatment. Bt and the mixture insecticide are involved in DBM metabolic and catalytic pathways with the downregulation and upregulation of cadherin, APN, ALP, and ABC transporter genes. Considering the physiological functions of key/hub genes identified through co-expression network analysis, their downregulation or upregulation appears to be involved in the direct or indirect detoxification process. The expression of these key genes further supported our findings. The common response of key DEGs to three tested insecticides via pairs/combinations of DBM strains suggests their roles of key candidates in catalytic, metabolic, and drug xenobiotic detoxification pathways. Consequently, precise identification of such key genes following exposure to Bt and CL insecticides could serve as a landmark for searching metabolic factors to provide information on improving resistance management of DBM.
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Bradysia odoriphaga (Diptera: Sciaridae) is the most serious root maggot pest which causes substantial damage to the Chinese chive. Organophosphate (OP) and neonicotinoid insecticides are widely used chemical pesticides and play important roles in controlling B. odoriphaga. However, a strong selection pressure following repeated pesticide applications has led to the development of resistant populations of this insect. To understand the insecticide resistance mechanism in B. odoriphaga, gene expression analysis might be required. Appropriate reference gene selection is a critical prerequisite for gene expression studies, as the expression stability of reference genes can be affected by experimental conditions, resulting in biased or erroneous results. The present study shows the expression profile of nine commonly used reference genes [elongation factor 1α (EF-1α), actin2 (ACT), elongation factor 2α (EF-2α), glucose-6-phosphate dehydrogenase (G6PDH), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribosomal protein L10 (RPL10), ribosomal protein S3 (RPS3), ubiquitin-conjugating enzyme (UBC), and α-tubulin (TUB)] was systematically analyzed under insecticide stress. Moreover, we also evaluated their expression stability in other experimental conditions, including developmental stages, sexes, and tissues. Five programs (NormFinder, geNorm, BestKeeper, RefFinder, and ΔCt) were used to validate the suitability of candidate reference genes. The results revealed that the most appropriate sets of reference genes were RPL10 and ACT across phoxim; ACT and TUB across chlorpyrifos and chlorfluazuron; EF1α and TUB across imidacloprid; EF1α and EF2α across developmental stages; RPL10 and TUB across larvae; EF1α and ACT across tissues, and ACT and G6PDH across sex. These results will facilitate the standardization of RT-qPCR and contribute to further research on B. odoriphaga gene function under insecticides stress.
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INTRODUCTION

Bradysia odoriphaga Yang et Zhang (Diptera: Sciaridae) is a serious soil pest in China that feeds on 7 plant families and more than 30 plant species, including Chinese chive (Liliaceae), onion (Liliaceae), Chinese cabbage (Cruciferae), lettuce (Asteraceae), and so on (Li W. X. et al., 2015; Yang Y. T. et al., 2015). The main host plant of B. odoriphaga is Chinese chive (Allium tuberosum Rottle ex Spreng). Chinese chive is a perennial vegetable with a high economic value and is grown over a vast geographic area from Asia through the Middle East, to Europe and North America, and is widely cultivated in China. B. odoriphaga larvae usually gather in the roots, bulbs, and even in immature stems of Chinese chives, making the pest hard to control and allowing it to cause significant production losses of Chinese chives (Zhang et al., 2013; Chen et al., 2018). Yield loss of Chinese chive caused by B. odoriphaga has been reported to vary from 40 to 60% (Li et al., 2007). So far, the control efforts against B. odoriphaga still largely rely on the application of chemical insecticides, such as organophosphate (OP) and neonicotinoid insecticides (Chen et al., 2017). Phoxim, chlorpyrifos, imidacloprid, and chlorfluazuron are very popular insecticides that are used extensively for the purpose of B. odoriphaga control. Unfortunately, B. odoriphaga has developed increased resistance to insecticides because of heavy reliance on chemical insecticides (Chen et al., 2017). To investigate insecticide resistance mechanisms and promote integrated pest management (IPM) strategies, researchers have studied several pests over the past few decades and achieved important progress in several areas, including genomics (Xiao et al., 2021), transcriptomics (Cheng et al., 2020; Nazar et al., 2020; Nor Muhammad et al., 2020; Wang et al., 2020; Fu et al., 2021; Zou et al., 2021), proteomics (Prajapati et al., 2020; Chen et al., 2021), insecticide resistance (Wang et al., 2020; Gong et al., 2021; Ullah et al., 2021), RNA interference (Koo et al., 2020; Silver et al., 2021), and gene functions (Yu et al., 2020; Li L. L. et al., 2021; Luo et al., 2021). However, further studies on the mechanism of insecticide resistance are required to clarify the genes directly involved in resistance and regulatory mechanisms associated with those genes.

At present, real-time quantitative PCR is considered a reliable method to determine minor deviations in mRNA expression levels of a target gene due to its speed, accuracy, sensibility, throughput, cost, and reproducibility. The results of RT-qPCR must be normalized using reference genes because the threshold cycle (Ct) values are influenced by RNA quality and quantity, primer characteristics, PCR conditions, and variable transcriptional efficiencies. Since the validity and accuracy of RT-qPCR are highly dependent on the reference genes, it is imperative to identify the ideal candidate reference genes. An ideal reference gene should be constitutively and equally expressed in different cell types and tissues, regardless of internal and external factors or physiological cycles (Castanera et al., 2015). Many housekeeping genes that are necessary for regular cell functions have been universally used to normalize gene expression (Adeyinka et al., 2019; Chen et al., 2020). The top 10 most frequently used reference genes are Actin, RPL, Tubulin, GAPDH, RPS, 18S, EF1α, TATA, HSP, and SDHA (Lü et al., 2018). Several methods and programs have been developed to evaluate the stability of reference genes, including the ΔCt method (Silver et al., 2006), BestKeeper (Pfaffl et al., 2004), NormFinder (Andersen et al., 2004), geNorm (Vandesompele et al., 2002), and a web-based tool RefFinder (Xie et al., 2012). However, accumulating data of reference genes studies showed that an ideal reference gene that can keep stability in various experimental conditions does not exist (Yuan et al., 2014). Therefore, the reference genes should be selected cautiously, and their stability be validated before they are used under specific experimental conditions.

Consideration of the significance and diverse specificity of reference genes, many reference gene sets have been validated in various insect species, such as Spodoptera frugiperda (Zhou et al., 2021), Rhopalosiphum padi (Li M. et al., 2021), Aquatica leii (Fu and Meyer-Rochow, 2021), Tuta absoluta (Yan et al., 2021), Dichelops melacanthus (Pinheiro et al., 2020), Thermobia domestica (Bai et al., 2020), Apolygus lucorum (Luo et al., 2020), Lymantria dispar (Yin et al., 2020), Drosophila melanogaster (Kim et al., 2020), Phenacoccus solenopsis (Zheng et al., 2019), Chilo partellus (Adeyinka et al., 2019), Harmonia axyridis (Yang et al., 2018), Liriomyza trifolii (Chang et al., 2017), Myzus persicae (Kang et al., 2017), and B. odoriphaga (Shi et al., 2016) under various experimental conditions. However, a universal reference gene has not yet been identified. Therefore, the lack of a single universal reference for B. odoriphaga is not surprising. In this case, it’s important to choose reliable reference genes for gene expression analysis under various experimental conditions. Though appropriate references genes have been identified in B. odoriphaga under different biotic and abiotic conditions (Shi et al., 2016; Tang et al., 2019), a piece of comprehensive information is lacking for B. odoriphaga stressed by different groups of insecticides. Therefore, in this study, nine commonly used reference genes elongation factor 1α (EF-1α), actin2 (ACT), elongation factor 2α (EF-2α), glucose-6-phosphate dehydrogenase (G6PDH), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribosomal protein L10 (RPL10), ribosomal protein S3 (RPS3), ubiquitin-conjugating enzyme (UBC), and α-tubulin (TUB) were analyzed to assess their suitability for normalizing RT-qPCR data for B. odoriphaga under the stress of insecticides (phoxim, chlorpyrifos, imidacloprid, and chlorfluazuron). Additionally, the effects of developmental stages, tissues, and sexes were also evaluated. The objective of the present work was to identify different sets of suitable reference genes for further studies of toxicology-related target genes in B. odoriphaga.



MATERIALS AND METHODS


Insects

B. odoriphaga was originally collected from The Institute of Plant Protection, Academy of Agricultural Sciences, Tianjin, China (39°10′36″N, 117°05′86″E) in 2018. The individuals were reared on scallions in an incubator at 20 ± 1°C, and 65 ± 5% relative humidity with a 12-h light:12-h dark photoperiod in culture dishes (Φ = 90 mm) filled with 2.5% agar solution at the liquid level of 0.5 mm and covered with filter paper.



Chemicals

Formulated insecticides, 50% phoxim EC, 40% chlorpyrifos EC, 20% imidacloprid SE, and 5% chlorfluazuron SE were manufactured by Xuzhou Shennong Chemical Co., Ltd., JiangSu, China, and kept in a refrigerator.



Analyzed Factors

The effects of the following factors on candidate reference genes mRNA were measured: insecticides (phoxim, chlorpyrifos, imidacloprid, and chlorfluazuron), developmental stages, tissues, and sexes. The samples processed by each factor were flash-frozen in liquid nitrogen and then stored at −80°C until analyzed by RT-qPCR. Each factor was assessed in four independent experiments.



Determination of LC50 Value of Insecticides

Groups of 15, third instar larvae were sprayed in a culture dish with 600 μL phoxim, chlorpyrifos, imidacloprid or chlorfluazuron, half on the body, half around, and fed scallion stained with pesticide (Li Z. N. et al., 2015). The control group was sprayed with distilled water. The number of dead individuals was checked after 24 h at 20°C and RH: 60–70%. LC50 was calculated for all the samples by survival analysis using SPSS 19.0 software for Windows (SPSS Inc., Chicago, IL, United States).



Insecticides Stress

The treatment groups of third instar larvae were sprayed with the LC50 value of phoxim, chlorpyrifos, imidacloprid, or chlorfluazuron. The control group was sprayed with distilled water. After 24, 48, and 72 h, 23 larvae in total were collected, flash-frozen, and stored.



Developmental Stages

B. odoriphaga samples were collected in a dish at each of the six developmental stages: first instar larvae, second instar larvae, third instar larvae, fourth instar larvae, pupa, and adult. Each dish contained 100 samples.



Tissues

The head, thorax, and abdomen from the fourth instar larvae were dissected by a dissection needle and a tweezer under a stereomicroscope. For each tissue, four replicates of 100 samples were collected.



Sexes

Hundred male and 100 female wingless B. odoriphaga adults were collected, flash-frozen in liquid nitrogen, and stored at −80°C until analyzed by RT-qPCR.



Primer Design

A set of nine candidate reference genes included EF1α, EF2α, ACT, GAPDH, G6PDH, RPL10, RPS3, TUB, and UBC. All of these genes are commonly used as reference genes in RT-qPCR analysis of other insects (Lü et al., 2018). The sequences of genes were obtained from B. odoriphaga transcriptome data (Chen et al., 2019). Primers were designed by NCBI Primer-BLAST1. The secondary structure of DNA template was predicted by the mfold web server2. Parameters were set as PCR products size 80–200 bp and size of primer 18–25 bp. Primers were synthetized by JINKAIRUI company, Wuhan, China. The details regarding the RT-qPCR primers are provided in Table 1.


TABLE 1. Primer sequences and amplicon characteristics of the nine reference genes in B. odoriphaga samples.
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Total RNA Extraction and cDNA Synthesis

Total RNA was extracted using the TRNzol Universal Reagent as described by the manufacturer (TaKaRa Bio, Dalian, China). The quantity and quality of RNA samples were assessed with a spectrophotometer 2000 (Thermo Scientific, Wilmington, DE, United States). RNA samples with OD ratio (A260/A280) ranging between 1.9 and 2.12 were selected for reverse transcription. Following the manufacturer’s instructions, the cDNA was synthesized using the Prime script TMRT reagent kit (TaKaRa Bio, Dalian, China). The synthesized cDNA was stored at −20°C.



RT-qPCR

The PCR reaction system was structured by SYBR Premix Ex Taq II kit (TaKaRa, Dalian, China). Each reaction was operated in a 20-μL solution including 2 μL mixture, 10 μL SYBR Premix Ex Taq II, 0.8 μL forward primer, 0.8 μL reverse primer, and 6.4 μL distilled water. The mixture was cDNA synthesized in different reverse transcription conditions. The amplification conditions for the RT-qPCR were set as following: 95°C for 30 s; followed by 40 cycles of 95°C for 5 s, 60°C for 34 s. The corresponding RT-qPCR efficiencies (E) were counted employing the equation: E = (10[–1/slope] − 1) × 100, with cDNA gradient dilution (1, 1/5, 1/25, 1/125, 1/625, and 1/3125) set as abscissa and Ct value as ordinate (Pfaffl, 2001). All samples were set three biological replicates and three technical replicates. The Ct values were obtained by analyzing the result from RT-qPCR using the SDS software of ABI 7500 (version 1.4).



Data Analysis

Data from RT-qPCR were analyzed by software SDS Shell.exe for ABI7500. The values were given as cycle threshold (Ct) numbers. All the Ct values were the average means of three biological replicates. The ΔCt method and three analysis applets NormFinder version 0.9533, GeNorm version 3.54, and BestKeeper5 were used to validate the stability of candidate reference genes. The comprehensive rank and a suitable number of reference genes were calculated by RefFinder6 and GeNorm, respectively.




RESULTS


Verification of PCR Amplicons and PCR Amplification Efficiencies

The specific amplification of all primer pairs of candidate reference genes was confirmed with regular PCR and RT-qPCR. The PCR amplifications were identified by sequencing clones of the open reading frame (ORF). The results were consistent with the results of transcriptome sequencing. A single amplification peak for each candidate reference gene was observed in the melting curve (Figure 1). The size of amplicons ranged from 87 to 237 bp. The amplification efficiencies (E) for these genes varied from 98.7% for GAPDH to 108.2% for EF1α, and the correlation coefficients (R2) varied from 0.999 to 0.996 (Table 1).
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FIGURE 1. Specificity of primer pairs for RT-qPCR amplification in B. odoriphaga. Melting curves with single peaks were produced for all amplicons. (A) EF1α; (B) EF2α; (C) ACT; (D) GAPDH; (E) G6PDH; (F) RPL10; (G) RPS3; (H) TUB; and (I) UBC.




Expression Profiles of Candidate Reference Genes

The raw Ct values of the nine candidate reference genes for RT-qPCR were collected and are shown in Figure 2. The Ct values varied from 15.02 (EF-1α) to 37.26 (GAPDH), and the average Ct values ranged from 17.30 (EF-1α) to 22.10 (UBC), which indicates that noticeable differences exist in the expression profiles. Low Ct values correspond to high expression levels. Therefore, EF-1α exhibited the highest expression abundance, and UBC expressed the lowest level. Moreover, Ct values have also shown the differential expression variability, and EF-1α and TUB had a relatively narrow Ct range than other genes, indicating that these two genes might be expressed more stably.


[image: image]

FIGURE 2. Candidate reference genes expression profiles in B. odoriphaga. The expression data are presented as mean Ct values for duplicate samples. Whiskers represent the maximum and minimum values. The lower and upper borders of boxes represent the 25th and 75th percentiles, respectively. The line across the box indicates the median Ct value.




Stability of Candidate Reference Genes


Imidacloprid

Based on ΔCt and the BestKeeper analyses, TUB and EF1α were the most stable genes (Table 2). However, the NormFinder analysis indicated RPL10 and ACT as the most stable genes (Table 2). All four analyses revealed G6PDH and GAPDH as the least stable genes (Table 2). The rank order for gene stability in the imidacloprid determined using RefFinder was as follows (most to least stable): EF1α, TUB, UBC, EF2α, RPL10, ACT, RPS3, G6PDH, and GAPDH (Figure 3A). The geNorm data indicated that the pairwise variation value for V2/3 was less than the proposed 0.15 cut-off (Figure 4). The RefFinder analysis suggested that EF1α and TUB are required to normalize target gene expression levels under imidacloprid stress (Table 3).


TABLE 2. Expression stability of the nine candidate reference genes in B. odoriphaga under various experimental conditions.
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FIGURE 3. Stability of candidate reference genes in B. odoriphaga under various experimental conditions. In a RefFinder analysis, increasing Geomean values correspond to decreasing gene expression stability. The Geomean values for the following B. odoriphaga samples are presented: (A) imidacloprid: samples treated with imidacloprid; (B) chlorpyrifos: samples treated with chlorpyrifos; (C) chlorfluazuron: samples treated with chlorfluazuron; (D) phoxim:samples treated with phoxim; (E) insecticide treatment: adult samples treated with different insecticides; (F) developmental stage: samples for all developmental stages; (G) larvae: samples for larvae; (H) tissue: samples for different tissues; (I) adult samples for different sex; and (J) all samples: all samples for all treatments. The candidate reference genes are as follows: EF-1α, elongation factor 1α; ACT, actin2; EF-2α, elongation factor 2α; G6PDH, glucose-6-phosphate dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RPL10, ribosomal protein L10; RPS3, ribosomal protein S3; UBC, ubiquitin-conjugating enzyme; TUB, α-tubulin.
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FIGURE 4. Optimal number of reference genes for accurate normalization as determined by geNorm. The Vn/n + 1 value indicates the pairwise variation (Y-axis) between two sequential normalization factors and was used to determine the optimal number of reference genes for an accurate data normalization. A-value < 0.15 indicates that an additional reference gene will not significantly improve the normalization.



TABLE 3. Most stable reference genes in B. odoriphaga under different experimental conditions.
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Chlorpyrifos

Both ΔCt and NormFinder identified ACT and RPL10 as the most stable genes across chlorpyrifos samples (Table 2). In contrast, BestKeeper and geNorm detected TUB and EF1α as the most stable genes (Table 2). All analyses indicated that EF2α and GAPDH were the least stable genes. The RefFinder results for chlorpyrifos indicated the rank order for gene stability was as follows (most to least stable): ACT, TUB, EF1α, RPL10, RPS3, G6PDH, EF2α, UBC, and GAPDH (Figure 3B). The geNorm data indicated that all pairwise values were less than the proposed 0.15 cut-off (Figure 4). Based on the RefFinder analysis, ACT and TUB are required to normalize target gene expression levels across chlorpyrifos (Table 3).



Chlorfluazuron

The ΔCt analyses identified RPS3, RPL10, and UBC as the most stable genes across chlorfluazuron samples (Table 2). Similar results were obtained by geNorm (Table 2). However, BestKeeper identified TUB as the most stable gene (Table 2). The least stable gene was identified as TUB according to ΔCt, NormFinder, and geNorm. The RefFinder data indicated that the rank order for gene stability among chlorfluazuron samples was as follows (most to least stable): ACT, TUB, EF1α, RPL10, RPS3, G6PDH, EF2α, UBC, and GAPDH (Figure 3C). The geNorm analysis revealed that all pairwise variation values were less than the proposed 0.15 cut-off (Figure 4). The RefFinder analysis suggested that ACT and TUB are required to normalize target gene expression levels in chlorfluazuron-treated B. odoriphaga (Table 3).



Phoxim

All analyses except the BestKeeper indicated that RPL10, ACT, and RPS3 were the most stable genes, while GAPDH and TUB were the least stable genes (Table 2). In contrast, BestKeeper identified TUB as the most stable gene (Table 2). The rank order for gene stability determined using RefFinder was as follows (most to least stable): RPL10, ACT, RPS3, EF1α, UBC, EF2α, TUB, G6PDH, and GAPDH (Figure 3D). The geNorm data indicated that the pairwise variation value for V2/3 was less than the proposed 0.15 cut-off (Figure 4). The RefFinder analysis showed that target gene expression levels under phoxim stress conditions should be normalized against the expression of RPL10 and ACT (Table 3).



Integrative Analysis of Reference Genes Under Insecticides’ Stress

Regarding the insecticides’ stress effects, the ΔCt, geNorm, and NormFinder analyses indicated that the most stable genes were RPL10, ACT, and RPS3, whereas BestKeeper identified TUB, EF1α, and EF2α as the most stable genes (Table 2). All four analyses identified GAPDH and G6PDH as the least stable genes (Table 2). The RefFinder data indicated the rank order for gene stability was as follows (most to least stable): ACT, RPL10, EF1α, RPS3, TUB, EF2α, UBC, G6PDH, and GAPDH (Figure 3E). The geNorm analysis revealed that the pairwise variation value of V4/5 was less than the proposed 0.15 cut-off (Figure 4). The RefFinder analysis suggested that EF1α, TUB, and UBC are required to normalize target gene expression levels in B. odoriphaga under insecticides stress (Table 3).



Developmental Stages

Regarding the analyzed developmental stages, the ΔCt method, NormFinder, and geNorm, but not BestKeeper, indicated that EF-1α was the most stable gene and GAPDH and TUB were the least stable genes (Table 2). The BestKeeper analysis identified RPS3 and RPL10 as the most stable genes. In contrast, UBC was the least stable gene. The RefFinder analysis indicated the rank order for reference gene stability as follows (most to least stable): EF1α, EF2α, ACT, G6PDH, RPS3, RPL10, UBC, TUB, and GAPDH (Figure 3F). The geNorm analysis revealed that all pairwise variation values were less than the proposed 0.15 cut-off, except for V8/9 (Figure 4). A value less than 0.15 indicates that adding another reference gene will not change the normalization. The RefFinder analysis revealed that EF1α and EF2α are required for normalizing target gene expression levels in different B. odoriphaga developmental stages (Table 3).



Larvae

Both ΔCt and NormFinder identified EF1α and EF2α as the most stable genes and RPL10 as a moderately stable gene in larval samples (Table 2). However, the BestKeeper and geNorm analysis identified RPL10 as the most stable gene. According to the four algorithms, GAPDH was considered the least stable gene (Table 2). The rank order for gene stability based on the RefFinder results was as follows (most to least stable): RPL10, TUB, EF1α, EF2α, G6PDH, UBC, RPS3, ACT, and GAPDH (Figure 3G). The geNorm analysis indicated that the pairwise value of V2/3 was less than the proposed 0.15 cut-off (Figure 4). The RefFinder analysis suggested that RPL10 and TUB are required to normalize target gene expression levels in B. odoriphaga larval samples (Table 3).



Tissues

According to the four algorithms, the most stable gene was EF1α, and the least stable genes were GAPDH, UBC, and TUB across the tissues (Table 2). According to RefFinder, the reference gene stability rank order across tissues was as follows (most to least stable): EF1α, ACT, RPL10, G6PDH, RPS3, EF2α, UBC, TUB, and GAPDH (Figure 3H). The geNorm analysis results showed that all pair-wise variation values were less than the proposed 0.15 cut-off. The RefFinder analysis indicated EF1α and ACT are required for normalizing target gene expression levels in different B. odoriphaga tissues (Table 3).



Sex

Both ΔCt and geNorm identified ACT and GAPDH as the most stable genes across sex samples (Table 2). The BestKeeper and NormFinder analysis also identified G6PDH as the most stable gene, while UBC and ACT were the second and third stable genes, respectively (Table 2). According to the four algorithms, EF2α and TUB were identified as the least stable genes (Table 2). The rank order for gene stability among the examined sex samples based on the RefFinder results was as follows (most to least stable): ACT, G6PDH, GAPDH, UBC, EF1α, RPL10, RPS3, EF2α, and TUB (Figure 3I). The geNorm analysis indicated that the pairwise value of V2/3 was less than the proposed 0.15 cut-off (Figure 4). The RefFinder analysis suggested that ACT and G6PDH are required to normalize target gene expression levels in B. odoriphaga sex samples (Table 3).



Overall Ranking of Bradysia odoriphaga Reference Genes

Based on the RefFinder analysis, the overall rank order for the stability of B. odoriphaga genes was as follows (most to least stable): RPL10, RPS3, ACT, EF1α, EF2α, TUB, UBC, G6PDH, and GAPDH (Figure 3J). The geNorm analysis indicated that all pairwise variation values were less than the proposed 0.15 cut-off, except for V8/9 (Figure 4). The RefFinder data suggested that RPL10 and RPS3 are suitable internal reference genes for normalizing target gene expression levels in B. odoriphaga (Table 3).





DISCUSSION

It is unquestionably true that gene expression quantification has never been easier than it is now, thanks to RT-qPCR technology. However, extreme care must be taken to avoid erroneous results (Liang et al., 2014). One of the most common strategies for correcting experimental errors introduced during the steps of RT-qPCR analysis is the normalization of RT-qPCR data with reference genes (Pinheiro et al., 2020). Inappropriate reference gene selection can obscure or magnify real biological changes caused by changes in reference gene expression (Zhu et al., 2014). Therefore, a reference gene with low expression variation must be chosen to ensure accurate normalization and avoid inaccurate quantification of gene expression (Huggett et al., 2005).

Earlier studies on reference genes evaluation and validation in insects under insecticide stress reported that the expression of reference genes varies under different insecticide stress even if they belong to the same group of insecticides (Liang et al., 2014). These findings further demonstrate that there is no single universal reference available under different conditions. Therefore, identifying suitable reference genes is critical for obtaining a reliable estimate for gene expression levels under different conditions.

The present study evaluated the expression stability of nine candidate reference genes in B. odoriphaga under four insecticides commonly applied for controlling this pest. Moreover, the stability of these selected candidate genes was also assessed in developmental stages, sexes, and different tissues of B. odoriphaga.

The assessment of RNA integrity and amplification efficiency must be conducted prior to RT-qPCR based analysis of genes expression. In the present work, RNA integrity results showed that the OD ratio (A260/A280) of all RNA samples varied between 1.8 and 2.0, and the amplification efficiency of the nine candidates ranged from 90 to 110% (R2 > 0.996) (Table 1). Thus, RNA quality and amplification were of sufficient quality to be used in RT-qPCR. Our RNA quality and amplification results agree with other reference gene validation studies conducted on the other insects (Shakeel et al., 2015; Pinheiro et al., 2020).

Our results of reference genes expression stability offered by five algorithms (geNorm, NormFinder, BestKeeper, Delta Ct, and RefFinder) indicated that the ranking order was different, such as TUB and EF1α were ranked as the most stable reference genes by ΔCt. In contrast, NormFinder ranked RPL10 and ACT as the most stable reference genes under imidacloprid stress. Similarly, geNorm indicated RPS3 and UBC as the most stable reference genes, whereas BestKeeper ranked TUB and EF2α as the most stable reference genes under chlorfluazuron stress. These discrepancies in the ranking order by different algorithms within the same tested insecticide might be because of the various analytical methods used (Shakeel et al., 2018). On the other hand, the difference in ranking of the reference genes under the stress of different insecticides in this study demonstrates the importance of evaluating their use under different sets of insecticides. Our findings provide more comprehensive information regarding reference genes selection under insecticide stress compared to the previous studies on B. odoriphaga (Shi et al., 2016; Tang et al., 2019).

The ACT gene, which is most frequently used as a reference gene, encodes a major structural protein that maintains organisms’ life activity and exhibits conservative structure during evolution. In the present study, our results demonstrated that ACT expression was highly stable under insecticide stress (chlorpyrifos, chlorfluazuron) and other experimental conditions, including tissues and both sexes, and developmental stages. Coincidentally, the results are consistent with the earlier reports. For example, ACT was identified as one of the most stable reference genes for normalizing target gene expression in Spodoptera litura treated with insecticides (Lu et al., 2013). Additionally, ACT expression was revealed to be most stable in Locusta migratoria under different insecticides stress (Yang et al., 2014). ACT also showed high stability in other insects under different experimental sets, such as in Plutella xylostella and Chilo suppressalis under different development stages (Teng et al., 2012), D. melanogaster after heat-stress (Ponton et al., 2011), Schistocerca gregaria in fifth instar nymphs (Van Hiel et al., 2009), and Orchesella cincta overall treatments (de Boer et al., 2009). Quite the contrary, ACT was a less stable reference gene for gene expression analyses in Bombyx mori, Spodoptera exigua (Teng et al., 2012), Coleomegilla maculata (Yang C. et al., 2015), Coccinella septempunctata (Yang et al., 2016), and Hippodamia convergens (Pan et al., 2015). In this study, ACT was not an ideal reference gene for the larval stage in B. odoriphaga. Thus, there is no single universal reference gene suitable for all insects and under all conditions, even the most commonly used housekeeping gene responds differently to various experimental conditions.

The TUB gene is assigned to the Eukaryotic structural gene family, and encodes cytoskeletal structure proteins that involve in the regulation of cell division, shape, motility, and intracellular activity. In previous studies, TUB exhibited a stable expression, for example, Nilaparvata lugens for geographic population (Yuan et al., 2014), Sogatella furcifera at different developmental stages and under different temperature stress (An et al., 2016), Thitarodes armoricanus for the fungal infections (Liu et al., 2016), and Bemisia tabaci MED across all sample sets (Dai et al., 2017). In this study, the stability of TUB was variable under different treatments in B. odoriphaga. It exhibited a stable expression under chlorpyrifos, imidacloprid, and chlorfluazuron stress, whereas its expression was unstable across different developmental stages and tissues. Similar results have also been noted in C. maculata (Yang C. et al., 2015). The above results clearly suggest that determining candidates and evaluating their suitability is required for each experimental condition.

In the present study, the EF1α gene expression levels was stable across different developmental stages, tissues, and under the treatment of imidacloprid. Indeed, EF1α has been commonly picked as reference genes across different developmental stages and temperature in many other insect species, such as Sesamia inferens (Sun et al., 2015), L. migratoria (Yang et al., 2014), Frankliniella occidentalis (Zheng et al., 2014), and H. convergens (Pan et al., 2015). However, EF1α was considered unstable in developmental stages and tissues, again, in B. odoriphaga (Shi et al., 2016). This discrepancy between our study and previous study might be caused by different candidate reference genes, diet, population, temperature, and photoperiods.

Notably, the GAPDH gene, which encodes a key enzyme involved in the energy metabolism and ranked as the fourth most widely used reference gene, showed poor stability among almost all experimental conditions in this study. There are also some reports suggesting that the GAPDH was not suitable to be used as reference gene under the specific condition in some species, for example, Bactrocera dorsalis in difference tissues (Shen et al., 2010), Musca domestica (Zheng et al., 2014), and Lucilia cuprina (Bagnall and Kotze, 2010) in difference developmental stages. On the other hand, GADPH was used as the most stable reference gene, such as S. litura in developmental stage and under temperature stress (Lu et al., 2013), P. xylostella in mechanical injury (Fu et al., 2013), Euscelidius variegatus, and Macrosteles quadripunctulatus by phytoplasma infection (Galetto et al., 2013). The results showed that the expression of candidate reference genes was not stable in all the tested conditions. Thus it is necessary to select different genes to normalize expression under different experimental conditions.



CONCLUSION

In summary, there was no single universal reference gene that could be used in all situations. It is indispensable to validate the expression of candidate genes before using them as the internal controls in qPCR. A suite of reference genes was specifically recommended for each experimental condition in this study. The suitable reference genes in different experimental conditions were EF1α and EF2α in development stages; EF1α and ACT in tissues; ACT and G6PDH in sex; RPL10 and ACT in phoxim treatment; ACT and TUB in chlorpyrifos treatment; EF1α and TUB in imidacloprid treatment; and ACT and TUB in chlorfluazuron treatment. The results of our experiment can be used for the further studies in B. odoriphaga.
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Cockroaches are important global urban pests from aesthetic and health perspectives. Insecticides represent the most cost-effective way to control cockroaches and limit their impacts on human health. However, cockroaches readily develop insecticide resistance, which can quickly limit efficacy of even the newest and most effective insecticide products. The goal of this research was to understand whole-body physiological responses in German cockroaches, at the metatranscriptome level, to defined insecticide selection pressures. We used the insecticide indoxacarb as the selecting insecticide, which is an important bait active ingredient for cockroach control. Six generations of selection with indoxacarb bait produced a strain with substantial (>20×) resistance relative to inbred control lines originating from the same parental stock. Metatranscriptome sequencing revealed 1,123 significantly differentially expressed (DE) genes in ≥two of three statistical models (81 upregulated and 1,042 downregulated; FDR P < 0.001; log2FC of ±1). Upregulated DE genes represented many detoxification enzyme families including cytochrome-P450 oxidative enzymes, hydrolases and glutathione-S-transferases. Interestingly, the majority of downregulated DE genes were from microbial and viral origins, indicating that selection for resistance is also associated with elimination of commensal, pathogenic and/or parasitic microbes. These microbial impacts could result from: (i) direct effects of indoxacarb, (ii) indirect effects of antimicrobial preservatives included in the selecting bait matrix, or (iii) selection for general stress response mechanisms that confer both xenobiotic resistance and immunity. These results provide novel physiological insights into insecticide resistance evolution and mechanisms, as well as novel insights into parallel fitness benefits associated with selection for insecticide resistance.

Keywords: cockroach genome, gregarine, baculovirus, resistance, P450, FE4 esterase


INTRODUCTION

The German cockroach, Blattella germanica L. is an international urban pest that affects millions of residences on a global scale (Vargo, 2021). B. germanica impacts human health through the production of asthma and rhinitis-causing allergens, transmission of food-borne pathogens and psychological stress (Kopanic et al., 1994; Elgderi et al., 2006; Sohn and Kim, 2012). Up to 85% of inner city homes in the United States test positive for cockroach allergens and 60–93% of inner-city children with asthma are sensitized to cockroaches (Gore and Schal, 2007; Do et al., 2016; Pomés et al., 2017). Cockroaches also host pro- and eukaryotic microbes that contribute to house-dust microbiomes that intensify asthma (Roth and Willis, 1960; Pai et al., 2003; Carrasco et al., 2014; Crawford et al., 2015; Thorne et al., 2015; Wada-Katsumata et al., 2015; Lai, 2017; Turturice et al., 2017).

Insecticides are essential for efficiently overcoming health impacts of cockroaches (Schal and Hamilton, 1990; Pomés et al., 2017). However, insecticide resistance has been a formidable recurring barrier to effective cockroach control for decades (Scharf and Gondhalekar, 2021). As of 2016, the German cockroach was reported as having developed resistance worldwide to 42 distinct insecticide active ingredients in at least 219 documented cases (Zhu et al., 2016). Because cockroaches live in relatively closed populations (Crissman et al., 2010; Vargo et al., 2014; Vargo, 2021), resistance can build quickly, even with moderate insecticide selection pressure (Scharf et al., 1997a,b; Gondhalekar et al., 2013; Fardisi et al., 2019). Cockroach baits are widely used in management programs and have been an effective tool for controlling cockroaches and reducing pesticide loads in urban housing (e.g., Miller and Smith, 2020); however, resistance can readily develop even to bait insecticides (Gondhalekar et al., 2011, 2013, 2016; Gondhalekar and Scharf, 2012, 2013; Ko et al., 2016; Fardisi et al., 2019).

The goal of this research was to use a quantitative metatranscriptomics approach to better understand whole-body physiological responses in B. germanica to defined insecticide selection pressures. The insecticide indoxacarb was used as the selecting insecticide, which is an important bait active ingredient for cockroach control (Appel, 2003; Buczkowski et al., 2008; Gondhalekar et al., 2011). Through previous studies we documented early stages of resistance evolution to indoxacarb among field populations (Gondhalekar et al., 2011, 2013) and verified hydrolysis and cytochrome P450-based oxidation as important steps in indoxacarb bioactivation and detoxification (Gondhalekar et al., 2016). Our specific objectives here were to: (1) identify whole-body mRNA expression profiles and candidate genes associated with indoxacarb resistance, and (2) investigate a subset of candidate resistance-associated genes in an independent and highly resistant field strain. Our findings reveal novel physiological insights into insecticide resistance evolution in this important global health pest; mainly that resistance evolves rapidly as a complex phenotype with multiple underlying mechanisms that include both xenobiotic detoxification and microbial clearance.



MATERIALS AND METHODS


Cockroach Strains and Rearing

The Arbor Park (AP) strain was used for indoxacarb selection experiments within 12 months of its collection and is the source of the “Parental-F0,” “Selected-F6,” and “Control-F6” lines (Figure 1A). The AP strain was collected from an apartment in Gainesville, FL, United States after control failures with multiple insecticide products. The highly resistant field-collected “Oviedo-R” strain and the standard susceptible Johnson Wax (JWax-S) strain were included in post hoc validation experiments. The Oviedo-R strain was collected from a restaurant near Orlando, FL, United States, where indoxacarb-containing cockroach baits were used regularly for at least 3–4 years and was tested within 6 months of its collection. The JWax-S strain has been in culture for over 70 years and has never been exposed to synthetic organic insecticides. All of the above cockroach strains were reared in mixed life stages in 1,000 cm × 400 cm × 300 cm (L × W × H) plastic boxes with aerated lids, greased walls, cardboard harborage, and an ad libitum water source and rodent diet (#8604, Harlan Teklad, Madison, WI, United States). Rearing conditions consisted of a 12:12 (L:D) photocycle, 25–27°C and ∼50% RH.
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FIGURE 1. Overview of the indoxacarb selection process and key associated findings. (A) Diagram of the selection regime over six generations resulting in a F6-selected strain having 23.3-fold indoxacarb resistance. (B) Concentration-response vial bioassay results on selected F6, control F6 and Parental F0 lines showing LC50 determination outcomes and resistance ratios. (C) Cytosolic esterase activity in the F6 selected and F6 control lines using the model substrate p-Nitrophenylacetate (PNPA) and also by native PAGE visualization (inset). (D) Microsomal cytochrome P450 O-demethylation activity in the F6 selected and F6 control lines using the model substrate p-Nitroanisole (PNA).




Chemicals

Technical grade indoxacarb (99.1% AI), blank bait matrix and formulated gel bait product containing indoxacarb (Advion®) were provided by DuPont Inc. (Wilmington, DE, United States). All solvents and buffer components were purchased from Fisher Scientific (Pittsburgh, PA, United States) or Sigma (St. Louis, MO, United States). Other chemicals used in enzyme assays and other procedures are detailed in a previous report (Gondhalekar, 2011). These chemicals include the P450 substrate p-Nitroanisole, the esterase substrates p-nitrophenyl acetate and naphthyl acetate, the GST substrate chloro-dinitro benzene, protein extraction buffers, and native PAGE reagents and stains.



Selection Procedures

For selection experiments, >1,200 large nymphs (4th to 5th instar) were separated from the AP lab cultures and divided into six sub populations of ca. 200 nymphs. These life stages were used because they are among the most tolerant cockroach life stages (Koehler et al., 1993). A feeding delivery method was used for selections because it exactly represents field exposure to indoxacarb baits (Gondhalekar et al., 2011, 2013; Gondhalekar and Scharf, 2012). In brief, pellets of blank gel bait matrix (ca. 5–10 mg wet weight) were prepared manually and treated with a dose of indoxacarb in acetone that provided ca. 60 to 80% mortality (Supplementary Table 1). Large nymphs that were pre-starved for 24-h were held individually with a single indoxacarb treated pellet in 1 oz. (30 mL) cups with vented lids. After 3 days, nymphs that had completely eaten bait pellets were transferred in groups of 100 into 17.8 cm × 17.8 cm × 6 cm disposable plastic Glad® boxes under conditions detailed above, where they remained for 7–10 days. Almost all nymphs exhibited intoxication symptoms at 3 days; however, ca. 25–35% completely recovered over the next 7–10 days. These surviving individuals were reared to adulthood and used as founders for the next generation (Scharf et al., 1997b). Selections continued in this manner for six generations (Parental or F0 to F5 generation). The above process happened with three replicate “selected” and “control” lines; control lines received lab diet only. Details of indoxacarb doses used and percent survival for each round of selection are given in Supplementary Table 1.



Bioassays

Bioassays performed included vial and feeding bioassays, each in two formats.


Vial Bioassays

Vial bioassays were done in concentration-response and diagnostic-concentration formats. Concentration-response bioassays were done with adult males from the Parental (F0), Control F6 and Selected F6 generations following established protocols (Gondhalekar et al., 2011; Fardisi et al., 2019). Four to five concentrations providing 10–90% mortality were used for calculating lethal concentration (LC) estimates and associated parameters using probit analysis (see below). Diagnostic concentration bioassays were done by testing adult males of the JWax-S and Oviedo-R strains at previously-established concentrations of 30 and 60 μg indoxacarb per vial (Gondhalekar et al., 2011, 2013). Three replicates of ten insects were conducted per concentration and isolate (n = 90). Control vials received acetone only.



Feeding Bioassays

Feeding bioassays were done in dose-response and no-choice formats. Dose-response bioassays were conducted with Parental (F0), Control F6 and Selected F6 generation adult males using a published protocol (Gondhalekar et al., 2011). At least four doses producing 10–90% mortality were tested against each sub-population. Each replicate had ten insects and bioassays were repeated three times for each dose and sub-population. The dose-response data were analyzed by probit analysis (details below) and used for calculating lethal doses (LD) and associated parameters. Realized heritability (h2) estimation was done on oral dose-response data to determine the proportion of phenotypic variance in resistance caused by additive genetic variation (Falconer, 1989; Tabashnik, 1992).

No-choice assays used formulated indoxacarb gel bait product (0.6% indoxacarb) with adult males of JWax-S strain and the field-selected highly resistant Mid-Florida strain using published protocols (Gondhalekar et al., 2011). The same protocols were followed for control treatments that were conducted using blank gel bait without indoxacarb. These tests were done on lab-reared individuals within 6 months of collecting the Oviedo-R strain. In these tests no alternative/competing food other than gel bait was present in the bioassay arenas. No-choice bait feeding assays were preferred for testing the Oviedo-R strain because within 6 months after field collection the population numbers were relatively low and the bait feeding bioassay required less insects as compared to the traditional dose or concentration-response tests. Disposable plastic GladWare boxes (17.8 cm × 17.8 cm × 6 cm; Clorox Co., Oakland, CA, United States) served as bioassay arenas and were provisioned with a water source, harborage and 0.5 g of formulated indoxacarb gel bait product in a plastic dish (Gondhalekar et al., 2011). Additional bait or blank matrix was provided if the insects consumed a majority of the initially provided bait. Mortality was recorded at 1, 3, 7, 14, and 21 days. Five replicates with 10 adult males per replicate (n = 50) were performed for each strain.




Enzyme Activity Assays

Enzyme assay methods were detailed previously (Gondhalekar, 2011). Esterase (hydrolysis) and P450 (O-demethylation) activity assays were done on F6-selected and control lines using the model substrates p-nitrophenyl acetate and p-nitroanisole, respectively. Esterase native PAGE was done using the model substrate beta-naphthyl acetate. Esterase and P450 investigations were done on soluble and microsomal protein preparations, respectively, made from the same insect homogenates. Protein content was normalized using a commercial Bradford assay (Bio-Rad) with bovine serum albumin as a standard. All enzyme and protein assays were performed in triplicates representing three F6-selected and three control lines.



Transcriptome Sequencing

Total RNA was isolated from three independent biological replicate samples of 10 whole adult male cockroaches from each of F6-selected and control lines. A two-step process was used that included the Promega SV Total RNA Isolation Kit (Madison, WI, United States) followed by the Bioline TRIsure kit (Taunton, MA, United States). Manufacturer protocols were followed for both kits with the exception that DNase treatment was excluded as the final step for the second kit. The use of two kits ensured the RNA samples were free of excess protein. Total RNA yields ranged from 5.8–18.6 μg with A260/280 and 260/230 ratios in the range of 1.8–2.1. Sample quality was further assessed using an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States) which verified above yields and provided acceptable RIN scores of 7.20–7.76. RNA samples were enhanced for messenger RNA (mRNA) using the Agilent Tru-Seq RNA prep kit before bar-coded sequencing libraries were made. Sequencing was done on the Illumina HiSeq 2000 platform by the Purdue University Genomics Core (West Lafayette, IN, United States). Sequencing reads were filtered using Phred quality scores and other parameters, and de novo transcriptome assembly performed from all six pooled replicate samples (3 selected and 3 control) using Trinity (Grabherr et al., 2011). Paired reads for individual replicate samples were then mapped to the de novo transcriptome using Bowtie2 (Langmead and Salzberg, 2012), which provided read counts used for differential expression analyses as detailed below. The de novo transcriptome assembly was used because a reference German cockroach genome was not yet available at the time sequencing was completed; however, new blast searches with significant contigs were performed in 2021 which confirmed origins in either the B. germanica genome or from other microbial sources.



GO and KAAS Annotation Analyses

The assembled contiguous sequences, i.e., “contigs” were analyzed by BLAST, Blast2GO and KAAS to assign identities and functional annotations. The contigs, as well as single-read “singletons,” were annotated using “Blast2GO” for cellular location (CL), biological process (BP), and molecular function (MF) (Conesa et al., 2005). BLAST searches were performed against the Genbank “nr” database available as of May 2012 at www.ncbi.nlm.nih.gov and re-verified in June 2021 (file provided). KAAS analysis was done to gain insights into possible pathways and gene networks involved in resistance (Moriya et al., 2007). KAAS is a rapid method that establishes orthologies to genes operating within conserved pathways using best hit information and Smith–Waterman scores.



Differential Expression Analysis Methods

Basic exploration of the data such as accessing data range, library sizes etc. was performed to ensure data quality. Three models were used for analysis of read-count data obtained for each contig and singleton: edgeR (v 2.9), DESeq (v 1.8.3), and voom-limma (v 1.2.0). An edgeR object was created by combining the counts matrix, library sizes, and experimental design (3 replicates each for selected and control lines, i.e., “samples”) using the edgeR package. Normalization factors were calculated for the counts matrix, followed by estimation of common dispersion of counts. An Exact test for differences between the negative binomial distribution of counts for the selected and control replicates resulted in finding differential expression, which was then adjusted for multiple-hypothesis testing to generate a result file. A DESeq object analogous to the aforementioned edgeR object was created and used to generate normalization factors followed by dispersion estimates using DESeq package. The DESeq method tests for differences between the base means of the experimental conditions and differential expression (DE) results were reported in another result file (DE_analysis_DESeq.csv). A third method called ‘voom’ from the limma package was also used for DE analysis. The ‘voom’ function carries out log2 transformation of counts followed by mean-variance estimation and assigns weight to each transformed value. Linear model coefficients were then calculated using limma’s design matrix and log2 transformed values. The linear model was fitted using an empirical Bayes method and differences between counts between selected and control replicates were calculated, which was then adjusted for multiple-hypothesis testing, and reported as result file. Venn diagrams were generated displaying the DE contigs with false discovery rate (FDR) P < 0.05 that were found to be common among all three analysis methods using the online tool Venny1.



Quantitative Real-Time PCR

Expression levels of 48 significantly up- and down-regulated genes identified from Illumina sequencing (Table 1) were investigated for validative purposes by qRT-PCR in the F6-selected and control lines (three biological replicates each). PCR primers for target and reference genes were designed using Primer 32 (Untergasser et al., 2012) and are given in Supplementary Table 2. The efficiencies of qPCR primers used in this experiment were empirically determined and they were within the recommended range of 90–110%. Validative qRT-PCR was done on aliquots of the same RNA preparations used for Illumina sequencing above using an iCycler iQ real-time PCR detection system (Bio-Rad, Hercules, CA, United States) with Sybr Green product tagging (2x SensiMix Sybr and Fluorescein Kit; Quantace, Norwood, MA, United States). Each 20 μL qRT-PCR reaction in a 96-well format consisted of 10 μL SensiMix (Bioline, Taunton, MA, United States), 7 μL nanopure water, 1 μL each of forward and reverse primer (0.5 μM final concentration) and 1 μL cDNA. A published qRT-PCR temperature program was followed (Scharf et al., 2008). Three technical replicates were performed for each gene and cDNA preparation. The resulting critical threshold (Cq) data were analyzed by the 2–ΔCTΔCT method (Livak and Schmittgen, 2001).


TABLE 1. An overview of 53 transcript contigs that were significantly differentially expressed with selection for indoxacarb resistance.
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Expression of a subset of 21 genes (indicated by asterisks* in Table 1 and Supplementary Table 2) that showed significant differential expression in transcriptome analyses was also quantified in the lab-susceptible JWax-S and resistant Oviedo-R strains. These genes included 13 host cockroach genes (8 P450s, 2 carboxylesterases, 1 chitinase, 1 transposable element, and 1 hypothetical protein) and 8 genes from eukaryotic/viral microbiota (4 virus, 2 gregarine, 1 coccidia, and 1 unknown). Total RNA was extracted from 1 to 2 weeks old adult males in three replicate groups of 10 for the above two strains. RNA extractions were done using the two- step process described under “Transcriptome Sequencing.” cDNA synthesis was done from 500 ng total RNA using the iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA, United States). All qPCR procedures and expression analysis methods were similar to those mentioned above.



Statistical Analyses

Probit analysis was used for LD and LC determinations using SAS software Version 9.2. Mortality data were corrected for control mortality (<10%) using Abbott’s transformation prior to conducting Probit analysis. Resistance ratios (RRs) were calculated by dividing LC or LD estimates for the selected lines by corresponding values for susceptible lines. Significance of RRs was determined according to the procedure outlined by Robertson and Preisler (1992). Mean-separation analyses of insecticide toxicity (vial diagnostic and no choice bait feeding bioassays) were done by ANOVA and paired t-tests (P < 0.05) after arcsine transformation of raw mortality data. For enzyme activity assays, specific activity values for the F6-selected and susceptible sub-populations were compared by non-parametric Mann–Whitney U tests (P < 0.05). Methods used for differential gene expression analysis of read-count data from transcriptome sequencing are explained in a separate section above. Regression analyses were done using JMP Pro 15 software (SAS Institute, Cary, NC, United States) to compare (i) qRT-PCR results to Illumina read counts for the F6-selected and control lines (n = 48 genes), and (ii) the F6-selected and control lines to each other and the Oviedo-R and JWax-S strains (n = 21 genes).




RESULTS


Selection and Resistance Evolution

Six generations of selection of the parental AP strain with indoxacarb bait (Figure 1A) resulted in a selected strain having significant levels of resistance in both surface contact (23.8×; Figure 1B) and feeding bioassays (4.5×; Supplementary Table 2). The control strain left to inbreed without selection over the same timeframe acquired no resistance. The selection process led to heritable genetic changes with a realized heritability estimate (h2) of 0.28 (Supplementary Table 3). Biochemical assays on the F6-selected and control lines revealed >2× elevated esterase activity (P = 0.0004; Figure 1C) and ∼0.5× decreased P450 O-demethylation activity (P = 0.0004; Figure 1D).



Metatranscriptome Sequencing and Assembly

From six total libraries representing three replicates each of the selected and control lines, 133 million paired-end sequence reads were obtained that contained >1.3 billion total nucleotide bases having an average read length of 98 base pairs (bp). The resulting overlapping sequences were assembled into 207,672 contiguous sequences, hereafter referred to as “contigs.” Sequence reads are deposited in the NCBI GEO archive under accession number GSE188950.



Validation of de novo Transcriptome and Differentially Expressed Contigs

Contig length ranged from 201 to 30,113 bp with an average length of 1,777 bp and a N50 size of 4,805 bp; i.e., half of the assembled metatranscriptome is covered by contigs ≥ 4,805 bp. Next, a subset of 48 assembled contigs was chosen for validation analysis by qRT-PCR using the same RNA preparations as were used for Illumina sequencing (Table 1). A regression plot of log2 transformed Illumina transcriptome read count (X) vs. log2 transformed qRT-PCR Cq values (Y) revealed a highly significant correlation (P < 0.0001, r2 = 0.51) (Supplementary Figure 1). The latter result independently verifies the accuracy of the metatranscriptome results.

DE analysis by three different models yielded differing numbers of passing contigs (Figure 2). Different FDR p-values were considered (P < 0.05, 0.01, 0.001) but the greatest emphasis is placed on the P < 0.001 level. The most stringent analysis model was edgeR with 473 passing contigs (Figure 2A), followed by voom-limma with 1,089 (Figure 2B) and DESeq with 2,209 (Figure 2C). Another interesting feature of the datasets for all three models was the higher ratio of downregulated:upregulated contigs in the selected strain; i.e., 424:49 for edgeR, 960:129 for voom-limma, and 2,083:126 for DESeq. Overall, there were 236 significant DE contigs shared among all three analysis models at the FDR P < 0.01 level and log2FC of ±1 (Figure 2D). Only contigs passing in two or more models at the FDR < 0.001 log2FC ±1 level were considered for further analysis as detailed below.
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FIGURE 2. Illumina metatranscriptome analysis by three different models: (A) edgeR, (B) voom-limma and (C) DESeq. The top of each panel shows summary statistics for differentially expressed contigs and different false discovery rate (FDR) p-values. The bottom of each panel shows scatter plots of Log2 Fold Change (x) by p-value (y) for the FDR P < 0.001 datasets. (D) Venn diagram showing the numbers of passing contigs at the P < 0.001 level shared among different analysis models. The edgeR model was the most stringent at the P < 0.001 level.




GO Annotation and KAAS Pathway Analyses

BLAST2GO analyses for gene annotation revealed that 36.6% of contigs were annotated (76,053). For P < 0.001 passing contigs there were 779 GO terms for cellular location (CL; 99 upregulated, 680 downregulated), 1,514 for molecular function (MF; 209 up, 1,305 down) and 1,493 for biological process (BP; 265 up, 1,288 down) (Supplementary Figure 2A). CL terms potentially related to insecticide resistance include membrane, ribosome, mitochondria, microsome, endoplasmic reticulum and dendrite (Supplementary Figures 2B–D). Potentially relevant MF terms include electron carrier, hydrolase, monooxygenase, oxidoreductase, transferase and catalytic activity; and ATP, calcium, iron, heme, nucleotide and sugar binding. Lastly, relevant BP terms potentially linked to resistance include metabolic, transport, phosphorylation, glutathione conjugation and response to drug.

KAAS analysis was used to gain further insights into responsive pathways and gene networks (Supplementary Figure 3). Upregulated pathways potentially linked to resistance included drug metabolism by Cytochrome P450, fatty acid biosynthesis and pentose/glucuronate interconversion. Key downregulated pathways were related to microbial metabolism, viral infection, ribosome function/biogenesis, phagosomes, RNA degradation and epithelial cell signaling.



Candidate Genes and Taxonomic Matches of Differentially Expressed Transcripts

The blastx identities of many upregulated transcripts had logical links to resistance and detoxification. Upregulated cockroach genes included many gene families commonly associated with insecticide resistance including P450 oxidases and hydrolases (Figure 3) and glutathione-S-transferases (GSTs). Table 1 overviews the 21 contigs (shown by asterisks*) used for post hoc validations and gives a general overview of upregulated transcripts that mainly match the B. germanica genome, along with downregulated transcripts that originate mainly from microbial sources. The identities of sequences from either cockroach or microbial origins were re-verified by Genbank blastX searches performed in September 2021 (Table 1).
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FIGURE 3. Bar graphs showing the numbers of significant differentially expressed contigs. (A) Cytochrome P450 (Cyp) contigs and (B) esterase and hydrolase contigs. Bars to the right of vertical black lines indicate upregulated contigs; bars to the left indicate downregulated contigs.


Taxonomic compositions of significant DE contigs (P < 0.001), based on blastx database queries, indicate the majority of upregulated contigs are from the cockroach genome; whereas, the majority of downregulated contigs come from viruses and eukaryotic microbes (Figure 4). Top upregulated taxonomic matches at the domain level were overwhelmingly eukaryotic whereas downregulated contigs had >10-fold more numbers of matches to bacteria, viruses and archaea than insects. At the genera level the top taxonomic matches for upregulated contigs were nearly all insects (Blattella, Cryptotermes, Zootermopsis, Coptotermes, Timema, and Periplaneta). Downregulated transcripts at the genus level were dominated by eukaryotic microbes that are apparently commensal, pathogenic and/or parasitic (Gregarina, Cryptosporidium, Toxoplasma, Vitrella, Plasmodium, Neospora, etc.).
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FIGURE 4. Bar graphs summarizing top taxonomic matches of top BlastX hits for differentially expressed contigs. (A,B) Are domain-level taxonomic matches and (C,D) are genus-level. (A,C) Are upregulated contigs and (B,D) are downregulated.




Post hoc Validations in an Independent Resistant Strain

An independent resistant strain, Oviedo-R, was collected from the field after indoxacarb bait control failures and assayed alongside the standard susceptible JWax-S strain. The Oviedo-R strain was highly resistant with 0% mortality in vial bioassays on diagnostic concentrations of indoxacarb (Figure 5A). These diagnostic concentrations were approximately two and fourfold higher than the indoxacarb LC50 for the Control (F6) strain shown in Figure 1B. The JWax-S strain was highly susceptible with 100% mortality in the same assays. When tested in no-choice feeding bioassays with commercially-formulated indoxacarb bait, the Oviedo-R strain displayed exceptionally high resistance (ANOVA df = 1,48, F = 130.50, P < 0.001) (Figure 5B). The Oviedo-R strain entirely consumed 0.5 g indoxacarb bait per assay replicate by Days 7 and 14, at which time the bait was replenished. These results show high levels of physiological resistance to indoxacarb in the Oviedo-R strain with no involvement of a behavioral “aversion” component.
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FIGURE 5. Indoxacarb bioassay results for the highly resistant Oviedo-R strain and the standard susceptible JWax-S strain. (A) Vial diagnostic concentration bioassays at two concentrations showing high-level mortality and the JWax-S strain and 0% mortality in the Oviedo-R strain. (B) No-choice feeding bioassays using commercial formulated indoxacarb bait showing rapid high-level mortality in the JWax-S strain and virtually no mortality in the Oviedo-R strain. *Asterisks indicate significant differences between strains at P < 0.0001.


Finally, to test for common patterns of gene expression across strains, qRT-PCR analyses were performed on a subset of 21 significant up- and down-regulated contigs identified from the transcriptome analysis presented above (Table 1 and Supplementary Table 2). The four strains included in this analysis were Oviedo-R, JWax-S, indoxacarb Selected-F6 and Control-F6. From a series of regression analyses, there was significantly correlated transcript abundance between the Selected-F6 and Oviedo-R strains (Figure 6A), but no correlation when comparing Oviedo-R vs. Control-F6 (Figure 6B), Control-F6 vs. Selected-F6 (Figure 6C), and JWax-S vs. Selected F6 (Figure 6D). These results suggest common processes associated with indoxacarb resistance evolution in lab and field-selected cockroach populations.
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FIGURE 6. Regression analyses of qRT-PCR relative expression data for 21 significant differentially expressed contigs. Results show (A) well-correlated gene expression between the selected-F6 and highly resistant Oviedo-R strains, but no correlation when comparing (B) Oviedo vs. Control-F6, (C) Control-F6 vs. Selected-F6, or (D) JWax-S vs. Selected F6. All Cq data were Log2 transformed before performing regressions.





DISCUSSION


Overview

This study reveals new insights into cockroach insecticide resistance evolution from multiple physiological perspectives. Through a combination of approaches including selection for resistance via feeding on insecticidal bait, coupled with different bioassay formats and metatranscriptome sequencing, we were able to observe that (1) the host cockroach mainly upregulates a range of detoxification resistance mechanisms, and (2) at the same time decreases its internal virus, parasite and/or pathogen levels. Further investigation of candidate gene expression in the highly resistant Oviedo-R strain suggests common phenomena that underlie resistance evolution. Taken together, these findings support the idea that high-level resistance evolution results from a dual process whereby the host tolerates the selecting insecticide through a number of potential mechanisms, and in parallel, host fitness is further increased as the body is cleared of parasites and pathogens. At present it remains unclear if the microbial impacts result from (i) direct effects of indoxacarb, (ii) indirect effects of antimicrobial preservatives included in the selecting bait matrix, or (iii) selection for general stress response mechanisms that confer both xenobiotic resistance and microbial immunity. With respect to the first two possibilities, it is unclear if these processes are associated generally with all insecticides, or specifically with ingested indoxacarb.

Transcriptome sequencing revealed dozens of candidate upregulated genes from the host cockroach potentially involved in resistance, including detoxification enzymes (discussed below), transport mechanisms, host gut penetration barriers, and others. An unanticipated result was the downregulation thereby indicating disappearance of commensal, pathogenic and/or parasitic microbe transcript contigs after insecticide selection (also discussed below). Findings in both categories are corroborated by the GO and KAAS analyses, which provide additional independent confirmation for the sequence composition results relating to detoxification and parasite/pathogen disappearance. The qPCR correlation analyses between resistant and susceptible strains lends further strength to the above findings. Specifically, the regression analyses showed similar trends between independently-selected resistant strains for upregulation and downregulation of host detox mechanisms, and disappearance of a wide range of microbes. However, there appears to be wider variation with respect to disappearance of microbial contigs (right side of Figure 6A). This finding is logical given that different environments have different microbiomes associated with them that can, in turn, shape internal microbiomes of higher organisms living within them (Renelies-Hamilton et al., 2021; Tinker and Ottesen, 2021).



Detoxification and Metabolism Mechanisms

In terms of detoxification and metabolism, indoxacarb is a unique pro-insecticide that requires hydrolytic activation to its decarbomethoxyllated “DCJW” metabolite to become an active insecticide (Wing et al., 2000; Alves et al., 2008). A prior study investigating indoxacarb metabolism pathways in resistant and susceptible B. germanica strains revealed that hydrolysis and P450-oxidation were important to activation and resistance-associated detoxification, respectively (Gondhalekar et al., 2016). The current study reveals candidate genes involved in both oxidative and hydrolytic metabolism of indoxacarb; specifically, 20 differentially expressed (DE) P450 contigs and 14 DE esterase/hydrolase contigs. In theory, resistance could result from both upregulation of P450 oxidative enzymes and downregulation of hydrolases, both of which were detected in the present study.

With respect to detoxification genes and the B. germanica genome, a targeted analysis revealed 158 P450 genes total, which represents some gene expansions in relation to the available genomes of close insect relatives (Harrison et al., 2018a,b). The most expanded P450 families were Cyp4 (n = 59), followed by a subset of Cyp6 (n = 8). The present study identified resistance-associated changes of expression of 12.6% of the B. germanica “cypome,” with the majority (14) being Cyp6 members and fewer being Cyp4s (4). It is also noteworthy that a transposable element potentially associated with Cyp4 expansion (Harrison et al., 2018b) had higher resistance-associated expression in both the indoxacarb-selected line and the field-selected Oviedo-R strain. Expansions previously identified for other detoxification genes in the B. germanica genome included 62 E4 esterases and a subgroup of 23 GST genes (Harrison et al., 2018b). The present study identified 14 DE esterases (4 up- and 10 down-regulated) and 11 GSTs (6 up- and 5 down-regulated). Significant changes in both P450 and esterase activity were noted with selection (Figure 1) but not GST activity (Gondhalekar, 2011).

Numerous DE P450 contigs identified here were close homologs to Cyp6J1 and 6K1 of B. germanica (Wen and Scott, 2001), but none were identical matches. Some of these Cyp6 homologs had 20–50× upregulation with indoxacarb selection. Based on these results it is likely that there is Cyp6 involvement in the detoxification pathway for indoxacarb (Gondhalekar et al., 2016) and more Cyp6 diversity in the B. germanica genome than initially suggested (Wen and Scott, 2001; Harrison et al., 2018b). A previous study found Cyp4G19 over expression in association with fipronil and imidacloprid resistance in B. germanica, but not indoxacarb resistance, which agrees with results of the present study finding no change of expression for Cyp4G P450s. Cyp4G19 was also linked to pyrethroid resistance, cuticular hydrocarbon production and cuticular penetration-based resistance (Pridgeon et al., 2003; Guo et al., 2010; Pei et al., 2019; Chen et al., 2020; Hu et al., 2021), which are seemingly unrelated to the ingestion and gut uptake that occurred during the six generations of indoxacarb selection that were done in the present study.

The current study also identified DE homologs of Cyp9e2 and Cyp4C21 with possible roles in indoxacarb biotransformation. Both Cyp9e2 and Cyp4C21 were previously identified from B. germanica along with apparent homologous pseudogenes that may confound gene identification (Wen et al., 2001). Another upregulated P450 in the present study was Cyp15F1, which catalyzes the last step in juvenile hormone biosynthesis (Maestro et al., 2010; Tarver et al., 2012; Zhou et al., 2014). The Cyp15F1 homolog identified in the present study had a strong match to its corresponding genomic sequence reported in the B. germanica genome (Harrison et al., 2018a,b). It is not clear if Cyp15F1 participates in indoxacarb detoxification or another physiological process related to gut tissue remodeling after indoxacarb exposure, or in response to clearance of gut microbes (e.g., Sen et al., 2015). A previous study identified the P450 protein “P450MA” from a multi-resistant B. germanica strain (Scharf et al., 1998). P450MA was overexpressed after organophosphate insecticide selection and also was found to be over-expressed in organophosphate resistant B. germanica strains from different global origins (Scharf et al., 1997b,1999). While the molecular identity of P450MA remains unknown, it may be among the P450s identified in the present study, of which Cyp6 members were the most abundant.

Lastly, the identification of decreased P450 O-demethylation activity in the F6-selected strain does not appear to be an erroneous or trivial result. This is because there is good agreement between reduced O-demethylation activity in our F6-selected indoxacarb-resistant strain and transcriptome results showing downregulation of several P450 contigs in the same genetic lineage. This latter finding also suggests that increased O-demethylation activity may not be a useful biomarker for indoxacarb resistance.

With regard to hydrolytic activity, it is considered more important for indoxacarb activation in B. germanica than detoxification (Gondhalekar et al., 2016). Esterases and associated hydrolases are overall not as well studied as the P450s discussed above, but several DE hydrolase and esterase homologs were identified through the current study. Several of these DE esterase contigs had significant matches to FE4 esterases from other insects with well-established roles in insecticide metabolism (Field and Foster, 2002; Srigiriraju et al., 2009). Esterase activity toward model substrates was also elevated in the F6-selected strain, which is consistent with the several upregulated esterase/hydrolase contigs that were identified through transcriptome sequencing. It is also possible that, despite being important for indoxacarb activation, increased hydrolytic activation could still enable greater detoxification by P450 and other detox enzymes and subsequent clearance from the body (Gondhalekar et al., 2016) by Glutathione-S-transferases, some of which were also upregulated.



Microbial Disappearance

Invertebrates were the first hosts of apicomplexan parasites like Plasmodium and Toxoplasma which later switched to vertebrate hosts during their evolution (Kopecná et al., 2006). Biotic associations of cockroaches with microbes have been known for over 100 years and include bacteria, archaea, viruses, protists, fungi, gregarines, and nematodes (Roth and Willis, 1960; Kakumanu et al., 2018). In the present study, transcript contigs from representatives of all of these groups were greatly reduced with indoxacarb selection. Omics approaches similar to those used here have previously identified gregarines and other eukaryotic microbes in insects and thus it should not be surprising that similar eukaryotic microbe transcripts were identified in the present study through the use of poly-A RNA tagging (McCarthy et al., 2011; Scharf, 2015; Scharf et al., 2017). Many of the microbial genera that were reduced by the selection process are potential pathogens to humans and companion animals (e.g., Cryptosporidium, Toxoplasma, Vitrella, Plasmodium, Neospora, etc.) and thus our findings on their disappearance may be highlighting a previously unknown/unacknowledged benefit of cockroach baits.

Gregarine protist contigs were the dominant downregulated contigs in the F6-indoxacarb selected line. One common parasitic gregarine, Gregarine blattarum, can infect multiple cockroach species including B. germanica, as well as other invertebrates (Yahaya et al., 2017). Gregarine infection has been shown to cause pathological effects in B. germanica as well as increase susceptibility to the fungal pathogen Metarhizium anisopliae and the growth regulator insecticide triflumuron (Lopes and Alves, 2005), which compels us to ask the question: is insecticide susceptibility caused in part by microbial pathogens or parasite stress? Cockroaches in culture are particularly susceptible to gregarine infections and such infections can be reduced by antimicrobial drugs (Clopton and Smith, 2002; Smith and Clopton, 2003). However, it does not appear that many of the sampled microbial groups are exclusively associated with laboratory rearing (Kakumanu et al., 2018). Gregarines are further known to accelerate larval development in cat fleas, Ctenocephalides felis (Alarcón et al., 2017) and have recently been identified in cucumber beetles, Acalymma vittatum, with no apparent impacts on fitness (Coco et al., 2020). To our knowledge no prior reports are available describing the effects of insecticides on gregarines, but a prior report does document impacts on related termite gut protists by the nicotinoid insecticide imidacloprid (Sen et al., 2015). While it is not clear if the disappearance of these internal microbes enhances host fitness to enable a rapid buildup of xenobiotic resistance, or vice-versa (i.e., if resistance happens first), our findings provide important new insights into the potential stepwise basis of resistance evolution and the complex physiological interactions involved.




CONCLUSION

This study provides new insights into cockroach insecticide resistance evolution from multiple physiological perspectives ranging from xenobiotic metabolism and excretion to pathogen and parasite resistance. The identities of dozens of candidate bioactivation and detoxification enzymes were revealed, namely cytochrome P450s and esterases/hydrolases, which agrees strongly with outcomes of preceding indoxacarb metabolomics work in B. germanica (Gondhalekar et al., 2016). Many of the genes studied here also had strong matches to the B. germanica genome (Harrison et al., 2018a,b) and thus our findings provide important annotations that have been lacking in many cases. Because we used a selection-based approach with temporally parallel non-selected controls that originated from the same genetic stock, and compared strains from both common and distinct genetic origins in a stepwise fashion, the insights provided have limited caveats. Thus, the correlated expression for a subset of candidate genes between independently-selected resistant strains suggests there are common, predictable patterns to resistance evolution across populations.

An unanticipated outcome was that numerous microbial transcripts were reduced with insecticide selection. In terms of the causative agents behind microbial disappearance, three possibilities exist: (i) direct antimicrobial effects by indoxacarb, (ii) indirect effects of antimicrobial preservatives in the bait matrix, or (iii) co-selection for dual detoxification and immune pathways. While the potentially direct effects of the selecting insecticide or bait matrix preservatives on eukaryotic microbes are logical, the causative factors underlying virus and bacterial declines are less clear and should be further investigated. Findings also revealed a potential added benefit of cockroach baits for curing cockroaches of potentially deleterious pathogens and associated allergens that can affect both humans and companion animals. A priori goals of this study did not include identification of effects on cockroach parasites and pathogens, and thus our experimental design was not optimized for gaining insights into host-microbial interactions. Future work thus needs to examine for similarities in genes, microbes and processes revealed here, with the ultimate goal of reducing impacts of insecticide resistance and concurrently creating healthier indoor urban environments.
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Acanthoscelides obtectus Say (Coleoptera: Chrysomelidae: Bruchinae), is one of the most important pests of the common bean Phaseolus vulgaris L. Without appropriate management it may cause significant seed loss in storages. In search for means of environmentally safe and effective protection of beans we assessed biological activity of thymol, an oxygenated monoterpene present in essential oils of many aromatic plants. We studied contact toxicity of thymol on bean seeds and its effects on adult longevity and emergence in F1 generation. Furthermore, we determined acetylcholinesterase (AChE), superoxide dismutase (SOD), catalase (CAT), mixed-function oxidase (MFO), carboxylesterases (CarE) and glutathione S-transferase (GST) activities in response to 24 h exposure of beetles to sublethal and lethal thymol concentrations. Our results showed that thymol decreased adult survival, longevity and percentage of adult emergence. Higher median lethal concentration (LC50) was recorded in females indicating their higher tolerance comparing to males. Overall, activities of SOD, CAT and CarE increased at sublethal and MFO increased at both sublethal and lethal thymol concentrations. On the other hand, GST and AChE activities decreased along with the increase in thymol concentrations from sublethal (1/5 of LC50, 1/2 of LC50) to lethal (LC50). Enzyme responses to the presence of thymol on bean seed were sex-specific. In the control group females had lower CarE and higher SOD, CAT and GST activity than males. In treatment groups, females had much higher CAT activity and much lower CarE activity than males. Our results contribute to deeper understanding of physiological mechanisms underlying thymol toxicity and tolerance which should be taken into account in future formulation of a thymol-based insecticide.

Keywords: Acanthoscelides obtectus, seed protection, thymol, insecticidal activity, antioxidative defense, detoxification, sexual dimorphism


INTRODUCTION

The bean weevil Acanthoscelides obtectus Say (Coleoptera: Chrysomelidae: Bruchine) is an economically important pest of leguminous crops. Beside the primary host common bean Phaseolus vulgaris L. it can also feed on other crops belonging to 11 different genera (Johnson, 1981; Labeyrie, 1990). In a study of Szentesi (2021) 18 legume species are shown to be acceptable, and nine of them support complete development to adults even if seed coat was intact. A. obtectus originates from South America but widened its areal of distribution to Europe, North America, Australia and Africa due to human-mediated migrations and tolerance to broad range of environmental conditions (Alvarez et al., 2005). Bean infestation starts in fields by female oviposition into pods and then spreads in storages causing rapid destruction of bean seeds in subsequent generations (Schmale et al., 2002). Larvae feed inside the seeds leading to changes in their mass and nutritional quality (Keszthelyi et al., 2018). Quantitative post-harvest losses in storages due to insect infestation may reach value of 30% in developing countries (Nayak and Daglish, 2018).

Chemical fumigants and contact insecticides are still the main method for storage seed protection (Obeng-Ofori, 2010). However, environmental pollution and threats to human health due to insecticide residues as well as the risk of pest resistance evolution (Guedes et al., 2017; Dar et al., 2020) forced searching for alternative management tools (reviewed in Mohapatra et al., 2015; Daglish et al., 2018; Rajendran, 2020). For example, recent studies on A. obtectus have evaluated efficacy of hermetic storage (Freitas et al., 2016), inert dusts (Floros et al., 2018; Lazarević et al., 2018; Prasantha et al., 2019), predators and parasitoids (Iturralde-García et al., 2020), insecticidal products of entomopatogenic bacteria and fungi (Rodríguez-González et al., 2018, 2020), as well as plant-derived products (Kısa et al., 2018; Jevremović et al., 2019; Hategekimana and Erler, 2020; Lazarević et al., 2020).

Among plant-derived products, essential oils (EOs) and their compounds terpenoids and phenylpropanoids exhibit various biological activities against stored product insects including toxicity and sublethal effects on behavior and physiology (reviewed in Nerio et al., 2010; Zibaee, 2011; Kim S. I. et al., 2012; Ebadollahi and Sendi, 2015; Chaudhari et al., 2021). The complex nature of essential oils and artificial blends of their compounds may slow down evolution of pest resistance, whereas low persistence of the volatiles minimizes harmful impact on the environment (Pavela, 2016; Isman, 2020). Additionally, these natural products may contribute to sustainable plant protection through synergy with chemical insecticides (Norris et al., 2018; Reynoso et al., 2018; Ruttanaphan et al., 2019).

Physiological mechanisms of EOs and EOs compounds activity against insects involve neurotoxic interference on cholinergic, GABA-ergic and octopamine pathways (Jankowska et al., 2018), and metabolic reorganization mostly at the level of xenobiotic detoxification, mitochondrial function and antioxidative defense (Liao et al., 2016; Huang et al., 2018; Gao et al., 2020). The activity of acetylcholinesterase (AChE), the enzyme which degrades neurotransmitter acethylcholine, can be inhibited by many terpenoids (López and Pascual-Villalobos, 2010, 2015; Herrera et al., 2015; Al-Nagar et al., 2020; Liu et al., 2021). EOs and EOs compounds may also decrease the activity of enzymes in the mitochondrial electron transport chain, which further provoke increase in free radicals and oxidative damage to macromolecules (Pinho et al., 2014; da Cunha et al., 2015; Kiran et al., 2017; Liao et al., 2018). To defend from oxidative stress, insects induce various enzymatic and non-enzymatic antioxidants (da Cunha et al., 2015; Kiran and Prakash, 2015a,b; Agliassa and Maffei, 2018; Chen et al., 2021). For example, dietary α-pinene, trans-anethole and thymol elevate activities of superoxide dismutase (SOD), catalase (CAT) and glutathione S-transferase (GST) in Ephestia kuehniella Zeller larvae (Shahriari et al., 2018). SOD catalyzes the conversion of superoxide anion radical (O2–) into oxygen (O2) and hydrogen peroxide (H2O2) after which CAT decomposes H2O2 to water and O2. GST metabolizes lipid peroxides and as a major phase II detoxification enzyme catalyzes conjugation of electrophilic xenobiotics with low-molecular antioxidant glutathione. Formed conjugates are less toxic and more water soluble which facilitates their excretion. Mixed-function oxidase (MFO) and carboxylesterase (CarE), phase I detoxification enzymes involved in decomposition of exogenous toxins, can be also induced in the presence of terpenoids (Yotavong et al., 2015; Vasantha-Srinivasan et al., 2018; Gao et al., 2020; Piri et al., 2020; Subaharan et al., 2021). However, inhibition of detoxification enzymes by EOs and EOs compounds has also been reported in insects (Liao et al., 2017; Tak et al., 2017; de Souza et al., 2019; Hu et al., 2019; Shang et al., 2019; Chen et al., 2021; Gaire et al., 2021).

The present study evaluates insecticidal potential of thymol, a natural monoterpenoid phenol, against A. obtectus. Thymol (2-isopropyl-5-methylphenol) is the major ingredient of essential oils extracted from aromatic plants belonging to families of Lamiaceae, Apiaceae, Verbenaceae, Asteraceae, Ranunculaceae, Scrophulariaceae and Saururaceae (Escobar et al., 2020). Many of these plants are used as seasonings in human nutrition and as medicinal herbs with anti-inflammatory, analgesic, antimicrobial, antioxidant and other properties (Peter and Shylaja, 2012; Mancini et al., 2015). FEMA expert panel included thymol and thymol containing essential oils in a list of “generally recognized as safe” (GRAS) natural flavors (Cohen et al., 2021). These compounds also show low toxicity to non-target organisms (Charpentier et al., 2014; Yotavong et al., 2015; Pavela et al., 2020) and various adverse effects on fitness of pest insects (Abdelgaleil et al., 2021b).

In A. obtectus thymol applied as fumigant induced high mortality and decreased adult longevity, fecundity, penetration of larvae into bean seeds and adult emergence (Regnault-Roger and Hamraoui, 1995). Our study was aimed to determine residual contact toxicity of thymol by monitoring adult survival and progeny production and to explore the physiological basis of thymol toxicity by measuring activities of AChE, SOD, CAT, MFO, CarE, and GST. Additionally, since females and males of this species differently responded to various chemical stressors (Papachristos and Stamopoulos, 2002; Papachristos et al., 2004; Lazarević et al., 2013, 2018, 2020; Šešlija Jovanović et al., 2014) we assessed if changes in survival and enzyme activities were sex-specific.



MATERIALS AND METHODS


Insects and Rearing Conditions

Acanthoscelides obtectus used in this study originated from the laboratory population maintained on the common bean (Phaseolus vulgaris c.v. “gradištanac”) seeds for more than 250 generations. During the experiment, beetles were kept in heating incubators at 27 ± 1°C, 12 h:12 h light:dark photoperiod and 55 ± 10% relative humidity. Bean seeds were chemically untreated and frozen prior to usage to avoid any possible infestation with external pests.



Residual Contact Toxicity of Thymol on Bean Seeds

Thymol purchased from Sigma-Aldrich (cat. no. W306606) was dissolved in acetone. Bean seeds (10 g) were put in 90 mL glass jars and treated with 300 μL of either thymol solutions or solvent (control). Five thymol concentrations were applied for females (60, 90, 105, 120, and 150 mg/kg of beans) and males (30, 45, 60, 75, and 90 mg/kg of beans). Treated seeds were mixed manually for 5 min and left in open jars for 20 min to evaporate the solvent. Then, 10 adult females or males (one day old) were introduced into the jar, covered with a piece of cloth fixed with rubber. Eight replicates per sex per thymol concentration and control (acetone) were analyzed. The number of dead insects was estimated daily until all insects died. Percentage of dead insects after 24 h of treatment was used to determine lethal thymol concentrations. Beetle longevity and age-specific mortality were also observed.



Thymol Effects on F1 Progeny Production

Bean seeds (20 g) were put in 200 mL glass jars and treated with 600 μL of either thymol solution or solvent (control). Applied thymol concentrations were 30, 45, 60, 75, 90, 105, and 120 mg/kg of beans. After 5 min of treated seed mixing and 20 min of solvent evaporation, five pairs of one day old bean weevils, i.e., five females and five males, were introduced into each jar, covered with a piece of cloth fixed with rubber and kept in heating incubators until the emergence of the progeny. Emerged adults were counted daily until the end of emergence. Total number of emerged insects as well as the number of emerged females and males were used to determine the inhibition rate (IR%) of emergence according to the formula:
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where Nc and Nt were total numbers of emerged adults in control and treatment jars, respectively.



Enzyme Assays

Activities of enzymes (AChE, SOD, CAT, MFO, CarE, GST) were determined in female and male beetles exposed to sublethal (1/5 of LC50, 1/2 of LC50) and lethal concentrations (LC50) of thymol for 24 h. The enzyme extracts were prepared by pulverization of batches of 20 frozen beetles under liquid nitrogen in a mortar with the pestle. After the addition of cold 50 mM K-phosphate buffer pH 7.4 containing 1 mM EDTA and 1 mM PMSF (1:10 tissue to buffer ratio), homogenates were sonicated (2 × 15 s) and centrifuged at 4°C, 16,000 × g for 30 min. The supernatants were collected and used for the determination of enzymes activities and total protein content. All enzyme assays were performed at 30°C. The total protein content was quantified according to Bradford (1976) with bovine serum albumin (BSA) as the standard and enzyme activities were expressed in units (U) per mg of proteins.

The activity of AChE was determined according to the method of Ellman et al. (1961). During the reaction, thiol groups released from substrate acetyl-thiocholine iodide (ACTH) bind to 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) and form yellow 5-thio-2-nitrobenzene (TNB). The reaction was carried out in 50 mM phosphate buffer pH 7.9 and the change in absorbance was monitored at 406 nm (ε = 13,330 M–1 cm–1). One enzyme unit (U) was defined as the amount of enzyme that forms 1 nmol TNB per min.

The activity of SOD was assayed by the method of Misra and Fridovich (1972), which is based on the capacity of SOD to inhibit autoxidation of adrenaline to adrenochrome at pH 10.2 (50 mM sodium carbonate buffer). The change in absorbance was monitored at 480 nm. One unit of SOD activity was defined as the amount of enzyme causing 50 % inhibition of the adrenaline autoxidation.

CAT activity was determined by the method of Claiborne (1984). The rate of hydrogen peroxide (H2O2) decomposition in 50 mM phosphate buffer pH 7.0 was determined according to the change in absorbance at 240 nm (ε = 43.6 M–1 cm–1). One unit of CAT activity was defined as the amount of enzyme that catalyzed the decomposition of 1 μmol of H2O2 per min.

The activity of MFO was quantified indirectly by the heme peroxidation method (Brogdon et al., 1997). TMBZ (3, 3′, 5, 5′-tetra-methylbenzidine) dissolved in methanol and sodium acetate buffer pH 5.0 was used as a hydrogen donor substrate. The reaction started with adding a drop of hydrogen peroxide. After 5 minutes of incubation absorbance was read at 630 nm. Cytochrome c was used as an internal standard and the enzyme unit was expressed as pmol of cytochrome c equivalents per min.

CarE activity was determined by the method of Wu et al. (1998) by using p-nitrophenyl acetate (p-NA) as a substrate. The enzyme hydrolyzes acetate ester and forms p-nitrophenol (p-NP) which absorbs at 405 nm (ε = 12,800 M–1 cm–1). The enzyme unit was defined as the amount of enzyme which generates 1 nmol of p-NP per min.

The activity of GST was determined by the method of Habig et al. (1974). The method is based on the reaction of CDNB with the SH group of GSH which was performed in 100 mM potassium phosphate buffer pH 6.5. The change in absorbance was measured at 340 nm (ε = 9,600 M–1 cm–1) and the enzyme unit was defined as the amount of enzyme that generate 1 nmol of CDNB-GSH conjugate per min.



Statistical Methods

Lethal thymol concentrations after 24 h of exposure were estimated by probit analysis (Finney, 1971) and their values were compared between females and males according to overlapping confidence intervals. Based on mortality data during the beetles life time Kaplan-Meier survival probability was calculated, survival analysis was performed and survival distribution was compared among thymol concentrations by log-rank test. Parameters a (initial mortality) and b (exponential increase in mortality over time) of the Gompertz model (instantaneous mortality at age x = a×ebx) were determined by using WinModest software and compared between control and thymol treated beetles by using the log-likelihood-ratio test (Pletcher, 1999). Also, Gompertz parameters were compared between females and males of the control group and group treated with 60 mg of thymol/kg of beans.

Kolmogorov-Smirnov test of normality and Bartlett’s test for homogeneity of variances were applied on data transformed in order to achieve assumptions for parametric ANOVA. Arcus sinus square root transformation was used for the percentage of 24 h adult mortality and the percentage of adult emergence inhibition. Data on the number of emerged adults and adult longevity were square root transformed. Assumption of normality of distribution was violated for square root transformed female and male longevities. Accordingly, to assess the impact of thymol concentration on adult longevity we used non-parametric Kruskal-Wallis ANOVA and Dunn’s post-hoc test, whereas 24 h mortality and adult emergence were analyzed by parametric 1-way ANOVA and Duncan’s post-hoc test. To reveal the significance of the differences in the number of emerged females and males we performed 1-way repeated measures ANOVA with sex as within-subject factor and thymol concentration as between-subject factor.

Enzyme activities were analyzed by 2-way ANOVA with thymol concentration and sex as fixed factors. Carboxylesterase activity was log-transformed whereas untransformed data on other enzyme activities satisfied parametric ANOVA assumptions. A posteriori comparisons (least square means contrasts) were applied to assess the significance of enzyme activity differences between sexes within each thymol concentration. Also, 1-way ANOVAs followed by Duncan’s post-hoc test were carried out to reveal the significance of thymol concentration effects on enzyme activities separately in females and males. All analyses were carried out with the software Statistica 7.0 (StatSoft, Inc., Tulsa, OK, United States).




RESULTS


Acute Thymol Toxicity Against Acanthoscelides obtectus

Thymol concentration significantly affected the percentage of A. obtectus mortality both in females (F4,35 = 24.81, p < 0.001) and males (F5,42 = 43.17, p < 0.001). Mortality of females and males was significantly increased at concentrations equal or higher than 90 and 45 mg/kg of beans, respectively (Figure 1). Concentration-mortality response fitted the probit distribution (Pearson’s test in Table 1). Higher resistance of females than males to thymol was confirmed by higher low lethal (LC30) and lethal concentrations (LC50, LC99) with non-overlapping confidence intervals.
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FIGURE 1. Impact of different concentrations of thymol on Acanthoscelides obtectus mortality after 24 h of exposure to thymol treated bean seeds (means ± SE for 8 replicates). Significant differences among experimental groups within each sex are marked with different letters (a – e) (Duncan’s post-hoc test, p < 0.05).



TABLE 1. Residual contact toxicity of thymol against adult females and males of Acanthoscelides obtectus.
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Acanthoscelides obtectus Longevity and Time-Mortality Responses to Thymol

Exposure to thymol negatively affected A. obtectus adult longevity. Both females and males lived shorter comparing to control beetles (Kruskal-Wallis ANOVA, females: H4,399 = 227.68, p < 0.001; males: H5,479 = 125.48, p < 0.001). Significant longevity decrease can be observed at concentrations ≥ 90 mg/kg of beans in females and 60 mg/kg of beans in males (Figure 2).
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FIGURE 2. Changes in longevity of Acanthoscelides obtectus females and males (means ± SE for 8 replicates) in response to chronic exposure to thymol treated bean seeds. Significant differences among experimental groups within each sex are marked with different letters (a - d) (Dunn’s post-hoc test, p < 0.05).


As revealed by Kaplan-Meier analysis thymol applied on bean seeds also affected survival distribution over time in females (χ2 = 368.12, df = 5, p < 0.001) and males (χ2 = 58.35, df = 5, p < 0.001). Beetles from the treatment groups started to die earlier than control beetles (Figure 3) and had higher initial mortality at thymol concentrations ≥ 90 mg/kg of beans in females and 30 mg/kg of beans in males (Gompertz parameter a in Table 2). This higher initial mortality was related to slower mortality increase with advanced age and higher maximum longevity (Figure 3, Gompertz parameter b in Table 2). In the control group males lived shorter due to accelerated aging rate, whereas in beetles exposed to 60 mg of thymol / kg of beans shorter life of males was a consequence of much higher initial mortality (higher parameter a) which could not be compensated by retarded aging (lower parameter b) (Table 2).
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FIGURE 3. Survival curves for female (A) and male Acanthoscelides obtectus (B) exposed to different thymol concentrations.



TABLE 2. Gompertz mortality parameters (a – initial mortality; b – exponential increase in mortality with age) and 95% confidence intervals (CI) in Acanthoscelides obtectus females and males exposed to different thymol concentrations.
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Thymol Impact on Acanthoscelides obtectus Adult Emergence

Results presented in Table 3 show that the number of emerged adults decreased significantly at concentrations ≥ 60 mg/kg of beans (female emergence: F5,42 = 21.12, p < 0.001; male emergence: F5,42 = 21.14, p < 0.001; total emergence: F5,42 = 22.19, p < 0.001). Similarly, the percentage of emergence inhibition was significantly affected by thymol concentration (females: F4,35 = 19.51, p < 0.001; males: F4,35 = 16.81, p < 0.001; females+males: F4,35 = 18.80, p < 0.001). The concentration that provoked 50% emergence inhibition was estimated to be 57.3 mg/kg of beans (CI = 0.179; 0.201). Significant influence of thymol concentration on adult emergence and emergence inhibition was also confirmed by repeated measures ANOVA (F5,42 = 22.32, p < 0.001 and F4,35 = 19.05, p < 0.001, respectively). On average, more males than females emerged in F1 generation (within-subject sex: F1,42 = 8.20, p = 0.007) but emergence inhibition was not sex specific (F1,35 = 0.04, p = 0.846). Additionally, slope of thymol concentration – F1 progeny number and thymol concentration – emergence inhibition response did not differ between females and males (concentration × sex interaction: F5,42 = 0.19, p = 0.964 and F4,35 = 0.50, p = 0.734, respectively).


TABLE 3. Adult emergence in F1 generation and emergence inhibition (means ± SE for 8 replicates) in Acanthoscelides obtectus depending on thymol concentration (Conc) in parental generation.
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Enzyme Activities in Acanthoscelides obtectus Exposed to Sublethal and Lethal Thymol Concentrations

The neurotoxic effect of thymol on A. obtectus adults was revealed by inhibition of AChE activity both at sublethal and lethal concentrations (Figure 4; significant “concentration” term in Table 4). The slope of AChE inhibition differed between females and males (significant “sex × concentration” term in Table 4). Influence of thymol concentration was highly significant in females (F3,16 = 18.77, p < 0.001), and males (F3,16 = 3.40, p = 0.044). At median lethal concentration LC50 AchE was inhibited about 38% in females and 15% in males (Figure 4).
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FIGURE 4. Activity of acetylcholinesterase (mean ± SE for 5 replicates) in females and males of Acanthoscelides obtectus exposed to different thymol concentrations. Different lowercase letters (a, b, c) mark significant differences among concentrations within each sex (Duncan’s post-hoc test, p < 0.05), whereas different uppercase letters (A, B) show significant differences between females and males within each thymol concentration (LSM contrasts, p < 0.05).



TABLE 4. F and p values from 2-way ANOVA testing significance of main and interaction effects of sex and thymol concentration on activities of acetylcholinesterase (AChE), superoxide dismutase (SOD), catalase (CAT), mixed-function oxidase (MFO), carboxylesterase (CarE), and glutathione S-transferase (GST) in Acanthoscelides obtectus.
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On average, activities of antioxidative enzymes SOD and CAT were elevated in the presence of thymol (Figure 5; significant “concentration” term in Table 4). Shape of thymol concentration – activity response depended on sex (significant “sex × concentration” terms in Table 4) although both females (SOD: F3,16 = 4.6, p = 0.017; CAT: F3,16 = 8.35, p = 0.001) and males (SOD: F3,16 = 10.97, p < 0.001; CAT: F3,16 = 19.47, p < 0.001) were significantly affected by thymol concentration. Activity of catalase was about 2.5 times higher in females than males across all examined concentrations. In contrast, differences in SOD activity were recorded only in control (higher activity in females) and LC50 group (higher activity in males) (Figures 5A,B).
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FIGURE 5. Activity of superoxide dismutase (A) and catalase (B) in females and males of Acanthoscelides obtectus exposed to different thymol concentrations (mean ± SE for 5 replicates). Different lowercase letters (a, b, c) mark significant differences among concentrations within each sex (Duncan’s post-hoc test, p < 0.05), whereas different uppercase letters (A, B) show significant differences between females and males within each thymol concentration (LSM contrasts, p < 0.01).


Activity of mixed-function oxidases was elevated in treated beetles (Figure 6A; significant “concentration” term in Table 4). Both females (F3,16 = 21.93, p < 0.001) and males (F3,16 = 22.88, p < 0.001) were significantly affected by thymol concentration but female MFO was less sensitive (Figure 6A; significant “sex × concentration” term in Table 4). Males exposed to thymol had higher MFO activity than females (Figure 6A; significant “sex” term in Table 4).
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FIGURE 6. Activity of mixed-function oxidases (A), carboxylesterase (B) and glutathione S-transferase (C) in females and males of Acanthoscelides obtectus exposed to different thymol concentrations (means ± SE for 5 replicates). Different lowercase letters (a, b, c) mark significant differences among concentrations within each sex (Duncan’s post-hoc test, p < 0.05), whereas different uppercase letters (A, B) show significant differences between females and males within each thymol concentration (LSM contrasts, p < 0.05).


Carboxylesterase activity was induced at sublethal thymol concentrations (Figure 6B; significant “concentration” term in Table 4). Significant thymol influence was detected both in females (F3,16 = 5.38, p = 0.009) and males (F3,16 = 17.49, p < 0.001) but induction was more expressed in males than females (Figure 6B; significant “sex × concentration” term in Table 4). At all examined concentrations CarE activity was higher in males than females (Figure 6B; significant “sex” term in Table 4).

Inhibition of glutathione S-transferase activity by thymol is another possible mechanism of its toxicity (Figure 6C; significant “concentration” term in Table 4). Both females (F3,16 = 136.13, p < 0.001) and males (F3,16 = 30.73, p < 0.001) were significantly affected by thymol concentration but inhibition was steeper in females than males (Figure 6C; significant “sex × concentration” term in Table 4). Control and 1/5 of LC50 females had about 40% higher GST activity than males, whereas no difference could be recorded at LC50 (Figure 6C).




DISCUSSION


Adverse Effects of Thymol on Adult Fitness Traits

Similar to the results on residual contact toxicity of thyme EO against the bean weevil (Lazarević et al., 2020) we found that its major compound thymol also significantly affected 24 h mortality and longevity of females and males, and progeny production in F1 generation. The ratio of median lethal concentrations obtained for thymol and thyme EO (98.4 vs. 255.0 mg/kg of beans in females and 66.0 vs. 172.2 mg/kg of beans in males) corresponds to thymol concentration of 43.52% in thyme EO (Jevremović et al., 2019) and suggests that thymol was the major determinant of bean weevil mortality induced by thyme EO. It appeared that other EO compounds either had negligible impact on the acute toxicity of EO or some compounds contribution counteracted the antagonistic effects of others. In difference to our results studies on fumigant toxicity of thyme EO containing 47.5% thymol (Regnault-Roger et al., 1993) and pure thymol (Regnault-Roger and Hamraoui, 1995) point to the significant contribution of other compounds. Using different bean weevil populations and different modes of botanical application may account for disagreement between results of the studies. Besides, although both EOs were extracted from thyme belonging to thymol chemotype their composition was different. For example, thyme EO from the study of Regnault-Roger and colaborators contained caryophyllene, bicyclic sesquiterpene, which had both fumigant and residual toxic effects on stored product insects (Lee et al., 2008; Sun et al., 2020).

On the other hand, ratio of median effective concentration (EC50) for adult emergence inhibition rate on thymol (57.3 mg/kg of beans) and thyme EO (65.7 mg/kg of beans, Lazarević et al., 2020) suggests an important role of other compounds in reducing adult emergence. Since pure thymol seems to affect F1 progeny number mainly through the adverse effect on male survival (similarity of EC50 value for adult emergence inhibition to LC50 for males on thymol) it is possible that other compounds in thyme EO additionally reduced emergence through adverse effects on mating, fecundity, larval penetration into seeds and/or preadult survival. Even sublethal concentrations of monoterpenes could have a significant impact on fitness traits and behavior of the bean weevil (Regnault-Roger and Hamraoui, 1995; Jevremović et al., 2019; Hategekimana and Erler, 2020) and other pests (Hummelbrunner and Isman, 2001; Wang et al., 2009; Tak and Isman, 2017; de Melo et al., 2018; Abdelgaleil et al., 2021a; Barbosa et al., 2021; de Andrade Brito et al., 2021; Ruiz et al., 2021). Because thymol also affects bean weevil fitness traits (Regnault-Roger and Hamraoui, 1995) and deters oviposition (Jevremović et al., 2019) we suppose that various synergistic and antagonistic interactions of thymol with other monoterpenes might take part in determining the number of emerged adults. In other pest species such interactions can affect repellence, feeding deterrence, female attraction to males, egg viability, adult emergence and locomotion (Singh et al., 2009; Tak and Isman, 2017; Youssefi et al., 2019; Ataide et al., 2020; López et al., 2021).

Insecticidal, repellent, antifeedant, oviposition deterrent and growth reducing effects of thymol have been confirmed in stored products (Kim et al., 2010; Szczepanik et al., 2012; Brari and Thakur, 2015; Oliveira et al., 2017, 2018; Shahriari et al., 2017; Wahba et al., 2018; da Camara et al., 2022), agricultural (Hummelbrunner and Isman, 2001; Wilson and Isman, 2006; Pavela, 2011a; Koul et al., 2013; Lima et al., 2020; Valcárcel et al., 2021) and medically important pest insects (Pavela, 2011b; Zahran and Abdelgaleil, 2011; Govindarajan et al., 2013; Youssefi et al., 2019). Influence of thymol on stored products insects depends on insect species, mode of application and sex. For example, in residual contact assays, Tribolium castaneum was more sensitive than Sitophilus oryzae (Kanda et al., 2017), whereas in fumigant assays efficacy of thymol was equal in these species (Brari and Thakur, 2015). Relative ranking of terpene efficacy also depended on the mode of application. Comparisons of thymol and linalool revealed similar toxicity and oviposition inhibition effect of thymol against the bean weevil in fumigant assay (Regnault-Roger and Hamraoui, 1995), whereas in residual contact assays thymol was more effective in reducing survival and oviposition (Jevremović et al., 2019). About ten times higher vapor pressure of linalool than thymol (0.157 and 0.016 mmHg, respectively) may account for such a relationship. This result is consistent with the findings of other authors that thymol bioactivity is superior in contact assays (Waliwitiya et al., 2005; Hieu et al., 2014; Wahba et al., 2018).



Thymol Toxicity Is Sex-Specific

Bean weevil females are more tolerant to monoterpenes and essential oils (Regnault-Roger and Hamraoui, 1995; Papachristos and Stamopoulos, 2002; Papachristos et al., 2004; Lazarević et al., 2020), which is confirmed in our study with residual contact toxicity of thymol where we recorded higher median lethal concentration and lower initial mortality in females than males. In other insect species, females are usually more tolerant to plant-derived compounds (Yeom et al., 2012; Theou et al., 2013; Jang et al., 2017; Park et al., 2017; Pavela et al., 2021). Sex differences depend on applied compounds and the method of application. Jang et al. (2017) detected higher tolerance of female Drosophila suzuki to topically applied citronellal, citronellol and isopulegol, but not after fumigant application. Only essential oils rich in α-pinene were more toxic to Musca domestica males (Pavela et al., 2021). In the bean weevil, females were about 3.5 times more resistant to α-terpineol and only 1.2 times more resistant to α-pinene (Papachristos et al., 2004). Likewise, bean weevil females were about 5 times more resistant to Mentha microphylla EO and 1.5 times more resistant to Lavandula hybrida EO (Papachristos and Stamopoulos, 2002) and thymol (present results). Possible explanations of sexual dimorphism in toxicity of plant-derived compounds against bean weevil are differences in body size and cuticle composition (Tucić et al., 1996; Gołebiowski et al., 2008) as well as differences in physiology (Šešlija et al., 1999; Lazarević et al., 2012, 2020; Arnqvist et al., 2017; Zhang et al., 2020) that may affect compound bioavailability and bean weevils’ innate ability to cope with chemical stressors.

Our results showing a lower exponential increase in mortality with age in thymol treatment groups and higher maximum longevity at sublethal thymol concentrations imply that individuals that survived after 24 h of exposure possibly had and/or induced some kind of defense responses. To explore mechanisms of thymol toxicity and tolerance, we determined the activity of six enzymes and found that thymol gradually inhibited activities of AChE and GST, elevated activities of SOD, CAT and CarE at sublethal concentrations and MFO at both sublethal and lethal concentrations. Generally, insects resistant to chemical insecticides and plant-derived compounds have higher activities of AChE, SOD and detoxification enzymes (Attia et al., 2017; Roy and Prasad, 2018; Akami et al., 2019; Senthil-Nathan, 2020). In agreement with this, we found that in the absence of thymol females, the more tolerant sex, contained a higher level of low-molecular thiols (Lazarević et al., 2020) and had higher activities of SOD, CAT and GST (present results).



Role of Antioxidative Enzymes in Tolerance to Thymol

After exposure to sublethal thymol concentrations, SOD increased both in females and males whereas at lethal concentration it was increased only in males. SOD responds first to oxidative stress induced by xenobiotics and protects cells from dangerous free radicals. Without efficient scavenging of its product of reaction H2O2 by catalase and other peroxidases, it may damage macromolecules, accelerate aging and reduce insect survival and longevity. For instance, bean weevil females exposed to thyme essential oil had lower a level of damaged lipids (Lazarević et al., 2020). In consistence with our results, SOD and CAT were elevated by thymol in Ephestia kuehniella larvae (Shahriari et al., 2018), by carvacrol, p-cymene and γ-terpinene in S. littoralis larvae (Agliassa and Maffei, 2018), by carvacrol in Lymantria dispar larvae (Chen et al., 2021), by ethanolic extract of Acalypha wilkesiana leaves in Callosobruchus maculatus adults (Oni et al., 2019) and by Boswellia carterii EO in adults of two Callosobruchus species (Kiran et al., 2017). SOD and CAT responses to botanicals may vary depending on insect species, duration of exposure, botanical type and concentration. Several studies have shown that more resistant species had higher SOD and CAT activity, higher induction of activity and/or higher CAT to SOD ratio (Kiran et al., 2017; Petrović et al., 2019). Also, in some species, botanicals can reduce SOD and/or CAT activity at high concentrations (Oni et al., 2019; Rajkumar et al., 2019).

Here we recorded higher CAT activity and CAT to SOD activity ratio in females across all examined thymol concentrations that could account for sex-specific differences in tolerance to thymol. Similar result was obtained in A. obtectus populations selected for early and late reproduction (Šešlija et al., 1999) indicating that a higher CAT and CAT to SOD ratio is characteristic of this species. Tasaki et al. (2017) suggested that females of eusocial Isoptera and Hymenoptera have high CAT activity whereas in solitary insects CAT activity is lower in females than males. However, there are also examples of higher CAT activity in females of solitary species under control (Sharma et al., 1995) and stressful conditions (Rovenko et al., 2015; Manna et al., 2020; Wang et al., 2020). Several studies have shown that CAT accumulates in insect ovaries providing protection to developing oocytes from oxidative damage (e.g., de Jong et al., 2007; Diaz-Albiter et al., 2011). We speculate that such mechanism might contribute to higher CAT activity in A. obtectus females which emerge with about 30 mature chorionated eggs in the lateral oviduct (Leroi, 1981). In the absence of mating antioxidants accumulated in eggs would be fully available for defense against xenobiotics.



Thymol Inhibits Activities of AChE and GST

Our observation about inhibition of neurotransmitter enzyme AChE and detoxification enzyme GST by thymol in bean weevil females and males agrees with findings of other studies on physiological mechanisms of monoterpenes and essential oils toxicity (Mojarab-Mahboubkar et al., 2015; Liao et al., 2016, 2017; Agliassa and Maffei, 2018; Yang et al., 2018; Chen et al., 2021; Fouad and Abotaleb, 2021). Inhibition of AChE leads to accumulation of acetylcholine at nerve synapses, and thus permanent conduction of nerve impulses, ataxia, convulsions and death (Rattan, 2010). AChE activity was more reduced in females than males so that males had higher activity at thymol concentration 1/2 of LC50 and LC50. In difference to our results, AChE of female adults of Blatella germanica and Drosophila suzuki were less sensitive to in vitro inhibition with thymol (Yeom et al., 2012; Park et al., 2016). The discrepancy between toxicity and AChE inhibition by botanical insecticides suggests differences in other neurological or enzymatic target sites. A weak correlation has been found between AChE activity and insecticide resistance in D. melanogaster (Charpentier and Fournier, 2001). Therefore, the relationship between AChE activity and resistance to chemical stress may depend on insect species and population or applied compound. For example, although more resistant to fumigation with lemongrass essential oil AChE activity in treated females of Callosobrucus maculatus was lower than in males (de Souza et al., 2019). To fully understand AChE-thymol resistance relationship further researches are needed to reveal how thymol affects the level of cholinergic and non-cholinergic AChE isoforms. Non-cholinergic AChE is important for insect fecundity and defense against xenobiotics, and, compared to cholinergic isoform, exhibits lower catalytic efficiency and higher resistance to inhibiton by insecticides (Kim Y. H. et al., 2012; Kim et al., 2014; Lu et al., 2012; Hwang et al., 2014; Lee et al., 2015; Kim and Lee, 2018). Therefore, a higher level of protective non-cholinergic isoform might provide higher thymol resistance to females despite the lower activity. Several studies have shown sex-dependant relative expression of genes encoding the two isoforms (Zhao et al., 2013; Salim et al., 2017).

Inhibition of GST by thymol is an important feature from the pest management point of view because it could interfere with the detoxification in insects and lead to enhanced activity of conventional insecticides (Ismail, 2021). In Trichoplusia ni larvae, topical application of thymol inhibited GST activity by 41% (Tak et al., 2017), whereas topical application of thymol on larvae of Plutella xylostella (Kumrungsee et al., 2014), and oral administration in Ephestia kuehniella (Shahriari et al., 2018) and Tuta absoluta (Piri et al., 2020) increased GST activity. At LC50 of thymol we obtained that there was no difference in GST activity between females and males. However, because initial activity in control females was higher, a higher percentage of inhibition was recorded in females than males (58 vs. 35%). Sexual dimorphism in detoxification enzyme activity has also been revealed in other studies where pest insects were exposed to plant-derived compounds. In C. maculatus GST, p-NPA esterase and α-esterase were not affected by lemongrass oil, whereas β-esterase was inhibited only in females (de Souza et al., 2019).



Thymol Increases Activities of Phase I Detoxification Enzymes

Two enzymes involved in the phase I detoxification, CarE and MFO, increased the activity in response to thymol suggesting that they could have an important role in thymol metabolism in the bean weevil females and males. Further investigations are needed to elucidate how bean weevils detoxify thymol. In mammals, the majority of thymol is rapidly excreted unchanged or as a conjugate but oxidation of methyl and isopropyl groups also occurred (Austgulen et al., 1987). In difference to our results, thymol did not change the activity of CarE and MFO in Trichoplusia ni (Tak et al., 2017) which larvae excreted thymol bound to glucose without the change in its monoterpenoid structure (Passreiter et al., 2004). Highly diverse results have been obtained in other insect species where thymol had insignificant effect on esterase and MFO activities (Yotavong et al., 2015) or provoked their induction (Boncristiani et al., 2012; Kumrungsee et al., 2014; Piri et al., 2020) or inhibition (Waliwitiya et al., 2012; Shahriari et al., 2017; Gaire et al., 2021).

Comparison between thymol treated females and males revealed that males had higher CarE and MFO activity and provoked activity increase at lower thymol concentrations than females. It is not clear how detoxification enzyme activity variation contributes to the higher tolerance of females to insecticides. For example, females of Helopeltis theivora that are more tolerant to organophosphates had similar MFO activity to males and higher activity of α-esterase and GST (Roy and Prasad, 2018). Females of tortricid species Lobesia botrana and Grapholita molesta that are more tolerant to neonicotinoid insecticide thiacloprid and less tolerant to organophosphate insecticide chloropyrifos, exhibited sex-specific differences in detoxification enzymes (Navarro-Roldán et al., 2017, 2020). Namely, females of L. botrana had higher activities of MFO and GST and lower sensitivity of esterase to specific inhibitor DEF, whereas G. molesta females exhibited faster inhibition of MFO with specific inhibitor PBO. In C. macullatus treated with lemongrass oil females had higher p-NPA esterase activity (de Souza et al., 2019). Evidently, our results on lower activity of detoxification enzymes in more tolerant sex disagree with other studies on chemical and botanical insecticides. This may suggest an involvement of other mechanisms of tolerance such as better behavioral avoidance of a toxic compound or cuticle structure which slows-down thymol penetration (Panini et al., 2016). Besides, esterases and MFO are multifunctional enzymes encoded by a large number of genes organized into families (Feyereisen, 2012; Montella et al., 2012). Change in detoxification gene expression in response to xenobiotics is sex-biased and can be related to sex-specific differences in xenobiotic metabolism or other sex-specific physiological functions such as the production of pheromones and hormones by MFO and odorant degradation by esterases (Le Goff et al., 2006; Robert et al., 2013; Liu et al., 2019). High CarE activity that we recorded in male weevils might be related to its role in reproduction. It is known that carboxylesterases are overexpressed in the male reproductive tract of insects where they provide protection against xenobiotics and take part in sperm differentiation, maturation and function (Mikhailov and Torrado, 1999, 2000). In agreement with our results much higher esterase activity in males than females have been detected in whole body homogenates of Lygus hesperus (Zhu and Brindley, 1990) and abdomens of Grapholita molesta (de Lame et al., 2001) and Cydia pomonella (Fuentes-Contreras et al., 2007).



Conclusion

In conclusion, we showed insecticidal activity of thymol against the bean weevil. Since thymol has been approved by the Environmental protection agency for use on food crops (EPA Code 080402, 2021) and has many human health promoting effects (de Alvarenga et al., 2021) it can be safely used as a contact insecticide on bean seeds. Results on bean weevil physiological responses have implications for designing of future thymol-based insecticides. Inhibition of AChE is responsible for fast mortality response. However, thymol-induced inhibition was weak and thus involvement of other neurotoxicity and/or metabolic targets cannot be excluded. Due to inhibition of GST thymol can be used to synergize effects of chemical insecticides for which GST activity is crucial and thus reduce applied doses of these dangerous compounds. Since thymol induce the activity of MFO and CarE future formulations of thymol-based insecticides should involve inhibitors of these enzymes. Sex-specific differences in tolerance to thymol and sex-specific physiological responses to thymol exposure (especially high CAT and CAT to SOD activity ratio in females, and high CarE activity in males) should be also taken into account in bean weevil management. Further studies are needed to fully elucidate mechanisms of thymol toxicity and tolerance.
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N-β-alanyldopamine (NBAD) is a precursor of N-acylquinone sclerotin utilized for cross-linking between cuticular proteins for cuticle during insect molting. The importance of NBAD in cuticle tanning has not been well compared among different developing stages of insects. Henosepilachna vigintioctopunctata, a typical polyphagous pest feeding on a large number of Solanaceae and Cucurbitaceae plants in Asian countries, displays diverse cuticle pigmentation patterns among developing stages and body regions. Here, we found that the expression of three genes (Hvadc, Hvebony, and Hvtan) involved in NBAD biosynthesis peaked in the 4-day-old pupae or 0-day-old adults of H. vigintioctopunctata. At the first, second, third, and fourth larval instar and pupal stage, their transcript levels were high just before and/or right after the molting. Moreover, they were more abundantly transcribed at the larval heads than in the bodies. RNA interference (RNAi) of either Hvadc or Hvebony at the third instar larvae selectively deepened the color of the larval head capsules, antennae, mouthpart, scoli, strumae, and legs; and depletion of the two genes blackened the pupal head capsules, antennae, mouthpart, and legs. However, the knockdown of either Hvadc or Hvebony darkened the whole bodies of the adults. Conversely, RNAi of Hvtan at the third instar stage had little influence on the pigmentation in the larvae, pupae, and adults. These findings demonstrated that Adc and Ebony are important in cuticle pigmentation of H. vigintioctopunctata and suggested that larger quantities of NBAD were present in adults and play more important roles in pigmentation than larvae/pupae.

Keywords: N-β-alanyldopamine, biosynthesis, adult cuticle, pigmentation, Henosepilachna vigintioctopunctata


INTRODUCTION

In insects, the cuticle provides protection against physical injury and water loss, rigidness for muscle attachment and mechanical support, and flexibility in intersegmental and joint areas for mobility. During growth and metamorphosis, insects need to regularly shed off old exoskeletons and synthesize new cuticles to fit the continuously increasing body sizes and the stage-specific body shapes. The newly formed cuticle, mainly composed of cuticular proteins, chitin, and sclerotized reagents, needs to be tanned, a process involved in melanization and sclerotization (Sugumaran and Barek, 2016). Moreover, melanization and sclerotization of insect cuticles also determine pigmentation and play an important role in ecological adaption, such as in escaping predation, mimicry, sexual selection, signaling, and thermoregulation (Wright, 1987; True, 2003; Wittkopp and Beldade, 2009; van’t Hof et al., 2011).

From a biochemical perspective, melanization and sclerotization of insect cuticles result from a combination of dark black and brown melanin and light yellow and colorless sclerotins (Wright, 1987; True, 2003; Wittkopp et al., 2003; Wittkopp and Beldade, 2009; Zhan et al., 2010). These melanizing and sclerotized reagents are produced from tyrosine. The tyrosine hydroxylase (TH) converts tyrosine to dopa. Subsequently, the dopa decarboxylase (DDC) converts dopa into dopamine. Dopa and dopamine are further converted to corresponding melanins (Andersen, 2010). The production of sclerotins from dopamine has been clarified in Drosophila melanogaster (Phillips et al., 2005). There are four reaction steps: (1) N-acylation of dopamine with acetyl-CoA to N-acetyldopamine (NADA). (2) Decarboxylation of aspartic acid to β-alanine by aspartate 1-decarboxylase (ADC, Black). (3) N-acylation of dopamine with β-alanine to produce N-β-alanyldopamine (NBAD) by NBAD synthase (Ebony). This reaction is reversible, with the reverse reaction catalyzed by an NBAD hydrolase (Tan). (4) Oxidation of NADA and NBAD to NADA-quinone and NBAD-quinone, which are polymerized to form the corresponding N-acylquinoid sclerotins (Phillips et al., 2005; Simon et al., 2009; Noh et al., 2016; Mun et al., 2020).

The importance of normal pigmentation of two enzymes, ADC and Ebony, has been confirmed (Mun et al., 2020). For ADC, levels of β-alanine are reduced in the heads of adc mutants compared to wild type in D. melanogaster (Hodgetts and Choi, 1974; Phillips et al., 2005; Borycz et al., 2012; Ziegler et al., 2013), in black body color mutant Tribolium castaneum (Kramer et al., 1984) and the black pupal (bp) mutant of Bombyx mori (Dai et al., 2015). Deficiency of β-alanine causes a lack of NBAD and leads to black body color (Kramer et al., 1984; Dai et al., 2015). Treatment with β-alanine can restore these mutants to wild-type phenotype (Jacobs, 1974; Kramer et al., 1984; Roseland et al., 1987; Wappner et al., 1996a,b; Phillips et al., 2005).

As for Ebony, the mutation in or knockdown of ebony increases black pigments in Dipteran insects D. melanogaster and Ceratitis capitata (Bridges and Morgan, 1923), Lepidopteran insects B. mori (Futahashi et al., 2008) and Spodoptera litura (Bi et al., 2019), Coleopteran insects Tenebrio molitor (Mun et al., 2020) and T. castaneum (Tomoyasu et al., 2009), and Hemipteran insect Oncopeltus fasciatus (Liu et al., 2016). Similarly, Tan has been recognized as an additional factor that promotes melanization in Heliconius (Ferguson et al., 2011). In D. melanogaster, loss of Tan causes a global reduction of melanin patterns (True et al., 2005; Jeong et al., 2008). However, the importance of NBAD in cuticle tanning has not been well compared among different developing stages of insects.

Henosepilachna vigintioctopunctata (Fabricius) (Coleoptera: Coccinellidae) is a typical polyphagous pest that feeds on a large number of Solanaceae and Cucurbitaceae plants in Asian countries (Zhang et al., 2018). The color markings in the beetle are distinctive and variable in different developing stages (Casari and Teixeira, 2015). This offers a very suitable model to test the pigmentation patterns. Here, using RNA interference (RNAi) technology, the three genes adc, ebony, or tan reported being involved in NBAD biosynthesis were knockdown at the third larval instar stage of H. vigintioctopunctata. The cuticle pigmentation patterns were detected and compared during larval–larval, larval–pupal, and pupal–adult molting. The results demonstrate that Adc and Ebony are important in cuticle pigmentation of H. vigintioctopunctata and suggest that larger quantities of NBAD were present in adults and play more important roles in pigmentation than larvae/pupae.



MATERIALS AND METHODS


Insect

Henosepilachna vigintioctopunctata adults were collected from Solanum melongena L. in Nanjing city, Jiangsu Province, China, in the summer of 2018. The beetles were routinely maintained in an insectary at 28 ± 1°C under a 14:10 h light-dark photoperiod and 50–60% relative humidity using potato (Solanum tuberosum) foliage at the vegetative growth or young tuber stages to assure sufficient nutrition. Under this feeding protocol, the larvae progressed through four distinct instars, with approximate periods of the first, second, third, and fourth instar stages of 3, 2, 2, and 3 days, respectively. Upon reaching full size, the fourth larval instars stopped feeding, fixed their abdomen ends to the substrate surface, and entered the prepupal stage. The prepupae spent approximately 2 days to pupate. The pupae lasted about 4 days and the adults emerged.



Molecular Cloning

TRIzol reagent (Invitrogen, New York, NY, United States) was used to extract the total RNA following the protocols of the manufacturer. The NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, New York, NY, United States) was applied to perform the RNA quantification. RNA purity was determined by assessing optical density (OD) absorbance ratios at OD260/280 and OD260/230. The integrity of RNA was analyzed via 1% agarose gel electrophoresis with ethidium bromide staining. Reverse transcription was performed using a PrimeScript™ RT reagent Kit with a gDNA Eraser (TaKaRa Biotechnology Corporation Ltd., Dalian, China). Briefly, the reaction was incubated at 37°C for 15 min and then 85°C for 5 s. The synthesized cDNAs were preserved at −20°C for further use.

The putative adc, ebony, and tan genes were obtained from H. vigintioctopunctata transcriptome data (Zhang et al., 2018). The correctness of the sequences was substantiated by PCR using primers in Supplementary Table 1. The sequenced cDNAs were submitted to GenBank (accession numbers: adc, MW380963; ebony, MW380964; and tan, MW380968).

The protein sequences of ADC, Ebony, and Tan from other species were acquired from the NCBI.1 Phylogenetic analysis was conducted using MEGA-X software2 and the neighbor-joining method with 1,000 bootstrap replications.



Synthesis of dsRNA Molecules

The cDNA fragments derived from adc, ebony, tan, and enhanced green fluorescent protein (egfp) were, respectively, amplified by PCR using specific primers (Supplementary Table 1) conjugated with the T7 RNA polymerase promoter. These targeted regions were further BLAST (BLASTN) searched against H. vigintioctopunctata transcriptome data (Zhang et al., 2018) to identify any possible off-target sequences that had an identical match of 20 bp or more. The dsRNA was synthesized using the MEGAscript T7 High Yield Transcription Kit (Ambion, Austin, TX, United States) according to the instructions of the manufacturer. Subsequently, the synthesized dsRNA (at a concentration of 5–8 μg/μl) was determined by agarose gel electrophoresis and the NanoDrop 1,000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) (data not shown) and kept at −80°C until used in the subsequent experiment.



Larval RNA Interference

RNA interference of larvae was performed according to a previously described method (Xu et al., 2020; Ze et al., 2021). Briefly, an aliquot (0.1 μl) of the solution including 300 ng dsRNA was injected into the newly ecdysed third instar larvae. Blank and negative control larvae were injected with the same volume of PBS and dsegfp solutions, respectively. A group of 15 injected larvae was set as a replicate. Each dsRNA injection was repeated 8 times. Three replicates (each replicate contained at least six individuals) were sampled at 48 and 72 h after injection for qRT-PCR to test RNAi efficacy. Another two replicates were used to observe the phenotype.

Three biological independent experiments were carried out using the newly ecdysed third instar larvae and were planned to determine the RNAi effects of Hvadc, Hvebony, and Hvtan on the performances and cuticle tanning of the resultant larvae, pupae, and adults. Three treatments were set as follows: phosphate-buffered saline (PBS), 300 ng dsegfp and 300 ng dsadc; PBS, 300 ng dsegfp and 300 ng dsebony; or PBS, 300 ng dsegfp and 300 ng dstan.



Real-Time Quantitative PCR

For temporal expression analysis, cDNA templates were derived from 3-day-old eggs, the first, second, third, and fourth larval instar, the prepupae, pupae, and adults at an interval of 1 day (D0 indicates newly molted larvae, pupae, or newly emerged adults). For comparison of the expression levels in different portions, the heads and the remaining portions (bodies) were separately collected from 2-day-old third instar larvae, and 1-, 2-, and 3-day-old fourth instar larvae. Each sample contained 10 individuals and repeated three times. For analysis of the effects of treatments, total RNA was extracted from treated larvae. Each sample contained at least six individuals and repeated three times. The RNA was extracted using SV Total RNA Isolation System Kit (Promega, Madison, WI, United States). cDNA was prepared according to the instructions by using HiScript III RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme, Nanjing, China). The qPCR performed on Applied Biosystems 7500 System (Life Technologies, Carlsbad, CA, United States) with ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) according to the instructions of the manufacturer. Each 20 μl reaction solution containing 10 μl of 2 × ChamQ Universal SYBR qPCR Master Mix, 0.4 μl of each primer (10 μM), 1 μl of cDNA template, and 8.2 μl of nuclease-free water. The cycling parameters were: 1 cycle of 95°C for 3 min; 40 cycles of 95°C and 60°C for 10 s and 30 s, respectively. Quantitative mRNA measurements were performed by qRT-PCR in technical triplicate, using two internal control genes (ribosomal protein S18, HvRPS18; ribosomal protein L13, HvRPL13; and the primers listed in Supplementary Table 1) according to the published results (Lü et al., 2018). An RT negative control (without reverse transcriptase) and a non-template negative control were included for each primer set to confirm the absence of genome DNA and to check for primer-dimer or contamination in the reactions, respectively.

According to a previously described method (Bustin et al., 2009), the generation of specific PCR products was confirmed by gel electrophoresis. The primer pair for each gene was tested with a 10-fold logarithmic dilution of a cDNA mixture to generate a linear standard curve [crossing point (CP) plotted vs. log of template concentration], which was used to calculate the primer pair efficiency. All primer pairs amplified a single PCR product with the expected sizes, showed a slope less than −3.0, and exhibited efficiency values ranging from 2.5 to 2.6. Data were analyzed by the 2–ΔΔCT method, using the geometric mean of the four internal control genes for normalization.



Image Processing and Color Intensity Measurement

Digital photographs of all the phenotypes were taken with Nikon SMZ 25 stereo microscopy (Nikon, Japan). Images of hindwings, dissected from 7-day-old adults whose third instar larvae were treated with dsRNA, were transferred to RGB stack images, and color intensity in equivalent regions was determined as mean grayscale values (average luminance) via ImageJ software. Under this measurement, the lower color intensity indicates the darker cuticle pigmentation (Noh et al., 2016). All the treated groups and the corresponding control groups were photographed under the same conditions.



Data Analysis

Statistical significance of differences in the mRNA expression or other biological experiments among PBS, dsegfp, and dsRNA treatment groups was determined by one-way ANOVA and Turkey’s test in SPSS Statistics 20.0 software (at P < 0.05). In the color intensity measurement of hindwings, the statistical significance of differences in mean gray values between the dsRNA-treated groups was assessed by Student’s t-test.




RESULTS


Temporal Expression Pattern of Adc, Ebony, and Tan Transcript

By mining of H. vigintioctopunctata transcriptome data and constructing the phylogenetic trees, Hvadc, Hvebony, and Hvtan were identified (Supplementary Figures 1–3).

To detect the expression patterns of Hvadc, Hvebony, and Hvtan during different developmental stages, qRT-PCR was performed. The results revealed that Hvadc, Hvebony, and Hvtan were detectable from the embryo (egg) to adults. They peaked in the 4-day-old pupae or 0-day-old adults. Moreover, at the first, second, third, and fourth larval instar and pupal stages, the transcription levels of Hvadc, Hvebony, and Hvtan were high just before and/or right after the molt, and were low at the intermediate stages (Figures 1A–C).
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FIGURE 1. Transcription patterns of adc, ebony, and tan genes in Henosepilachna vigintioctopunctata. For temporal expression analysis (A–C), RNA templates were derived from day 3 eggs, the larvae from the first through the fourth instar, prepupae, pupae, and adults (D0 indicated newly ecdysed larvae or pupae, or newly emerged adults). Each repeat included 20–30 individuals and there were three independent pools. For analysis of the expression levels in different regions (D–F), the heads and the remaining bodies were separately collected from the 2-day-old third instar larvae, and 1-, 2- and 3-day-old fourth instar larvae. A replicate included 10 individuals and each sample repeated 3 times. All the samples were measured in technical triplicate using qRT-PCR. The values were calculated using the 2–ΔΔCT method. The lowest transcript level of each of the three mRNAs at a specific developing time is set as 1. The relative transcripts are the ratios of copy numbers in different developing stages relative to larvae at the specific developing time. The genes for ribosomal protein S18 (HvRPS18) and ribosomal protein L13 (HvRPS13) were used as internal controls. The columns represent averages with vertical lines indicating ± SE. E, egg; H, head; B, remaining body without head.


The expression levels of Hvadc, Hvebony, and Hvtan in larval heads were compared to those in the bodies of 2-day-old third instar larvae, and 1-, 2-, and 3-day-old fourth instar larvae. Both Hvadc and Hvebony were abundantly transcribed in the larval heads of 2-day-old third instar larvae and 1-day-old four instar larvae (Figures 1D,E). Similarly, the levels of Hvtan in the head samples of 1- to 3-day-old fourth instar larvae were higher than those in the bodies (Figure 1F).



RNA Interference of Adc Blackens the Larvae

Three days after the introduction of dsadc into the newly ecdysed third instar larvae, the accumulated mRNA level of the target transcript was heavily suppressed (Figure 2A).
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FIGURE 2. RNA interference of Hvadc darkens larvae of H. vigintioctopunctata. The newly ecdysed third instar larvae were injected with an aliquot (0.1 μl) of PBS, or solution including 300 ng dsegfp or 300 ng dsadc. The larvae were then transferred to potato foliage. Two days and three days after injection, the expression level of Hvadc was measured (A). Relative transcripts are the ratios of relative copy numbers in treated individuals to that in PBS-injected ones, which is set as 1. Different letters indicate significant differences at P-value < 0.05 using ANOVA with the Tukey–Kramer test. The dorsal and ventral views of dsegfp- (B,D) and dsadc- (C,E) treated larvae are shown. The heads (F,G), ocelli and antennae (H,I), mouthpart (J,K), scoli and strumae (L,M), hind legs (N,O), and the end of abdomens (P,Q) were further amplified. ES, epicranial suture; FA, frontal arms; M, mouthpart; O, ocelli; A, antennae; C, scolus; T, struma. Red arrows point to mastoids on the abdomen.


All the controls (PBS- and dsegfp-introduced) and dsadc-treated larvae normally molted to the fourth instar larvae. However, the color was darkened in the heads of the Hvadc RNAi larvae, compared with those of the PBS- and dsegfp-treated ones (Figures 2B,D vs. C,E), especially the mouthparts (Figures 2F vs. G) and the patches around larval ocelli and the antennae (Figures 2H vs. I). In addition, a wide cream band called epicranial suture (ES) was narrowed, and the V-shaped frontal arms and the U-shaped patch on the head top were widened in the Hvadc RNAi larvae (Figures 2F vs. G).

In the mouthparts of the control fourth instar larvae (PBS- and dsegfp-injected), the median part of the labrum is cream, while the lateral and anterior parts are brownish narrow bands. Other appendages of the mouthparts, namely, mandibles, maxilla, and labium were black in color (Figures 2F,J). By contrast, in the Hvadc RNAi larvae, the color of all the pigmented regions was deepened and blackened (Figures 2F,J vs. G,K). Moreover, the scoli, strumae, and legs were all darker-colored in the Hvadc silenced larvae (Figures 2L,N vs. M,O). In addition, small mastoids queuing up on the abdomen were darker pigmented in dsadc-injected larvae, compared with that of dsegfp-injected larvae (Figures 2D,P vs. E,Q).



Silencing Adc Affects Coloration of Pupae

Knockdown of Hvadc did not affect the pupal morphology (Figure 3A) and the pupation rate (Figure 3B), but the coloration.
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FIGURE 3. Knockdown of Hvadc darkens pupa color in H. vigintioctopunctata. The newly molted third instar larvae were injected with an aliquot (0.1 μl) of PBS, or solution including 300 ng dsegfp or 300 ng dsadc. The larvae were then transferred to potato foliage. The pupation rate was recorded during a 3-week trial period (B). The averages (±SE) following different letters indicate significant differences at P-value < 0.05 using ANOVA with the Tukey–Kramer test. The dorsal and ventral views of 2-day-old and 4-day-old pupae whose third instar larvae had been subjected to dsegfp and dsadc injection are shown (A). The heads of 2-day-old pupae (C,D) and 4-day-old pupae (E,F) were further amplified. MS, meso thorax; MT, meta thorax; I–IV, tergites I–IV; E, compound eye; A, antenna; M, mouthpart; FL, foreleg; ML, midleg. Scale bars: 1 mm.


The integument of the 2-day-old pupae developed from the third instar larvae treated with dsegfp or dsadc were generally pale yellow, especially on the ventral one (Figure 3A, left panel). Then, the overall color shifted to dull yellow in the 4-day-old pupae (Figure 3A, right panel). From the dorsal views, the paired black markings in the meso and meta thoraxes, and the dark patches in tergite I–IV were similar between the control (dsegfp-treated) and the Hvadc RNAi pupae (Figure 3A).

However, the antennae and mouthparts of the 2-day-old Hvadc-silenced pupae were blackened (Figure 3D), while those parts in 2-day-old pupae treated with dsegfp exhibited no obvious pigmentation (Figure 3C). Four days after pupation, the mouthparts of control displayed rufous color, and the color of antennae and legs did not obviously change (Figure 3E). By contrast, the cuticle color between two compound eyes of the Hvadc-silenced pupae was obviously darker, and obvious central black patches and several small dark spots were present (Figures 3E vs. F). The antennae, mouthparts, and legs became darker (Figure 3F).



Knockdown of Adc Affects the Color of Adult Cuticle and Wings

The emergence rate of the pupae in the dsadc-treated group was 95% on average, showing no significant difference with the one in the PBS- or dsegfp-treated group (Figure 4A). For Hvadc RNAi adults, 28 black markings were distributed symmetrically on two hard elytra 1 day after emergence. Then, the black pigments were gradually deposited and finally covered the whole body from the dorsal view 7 days after emergence, while the pigmentation of the control (dsegfp-treated) adult remained the same (Figures 4B vs. D). Similarly, a pair of black markings on the sternum of the metathorax was seen in the control and 1-day-old Hvadc RNAi adults; while the whole body from the ventral view was blackened in the 7-day-old Hvadc RNAi adults (Figures 4C vs. E). Knockdown of Hvadc caused the overall darkening pigmentation in elytra, which seems to be due to the enlargement of the black spots (Figures 4F vs. G). Moreover, the view of the amplified elytra from Hvadc RNAi adults showed that the setae and circle pits were all dark-colored, in contrast to the reddish-brown color in the control beetles (Figures 4H vs. I). Further dissection of the head, pronotum, scutellum, hindlegs, and hindwing revealed that these regions all shifted to the darker pigmentation (Figure 4J and Supplementary Figure 4). The color intensity of the corresponding regions of hindwings showed a significant difference between dsadc and dsegfp treated groups (Figure 4K).
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FIGURE 4. Silencing Hvadc affects pigmentation in adults of H. vigintioctopunctata. The newly molted third instar larvae were injected with an aliquot (0.1 μl) of PBS, or solution including 300 ng dsegfp or 300 ng dsadc. The larvae were then transferred to potato foliage. The emergence rates and the rates of normal adults were recorded during a 3-week trial period (A). The average values (±SE) followed by different letters indicate significant differences at P-value < 0.05 using ANOVA with the Tukey–Kramer test. The dorsal (B,D) and ventral (C,E) views of 7-day-old adults whose third instar larvae had been subjected to dsegfp or dsadc treatment are shown. The elytra (F,G) and the elytral surfaces were further amplified (H,I). The hindwings (J) and the color intensity (K) in equivalent regions of them (circles 1 and 2 in J) were determined as mean gray values (average luminance) by ImageJ software. Data are shown as the mean values ± SE (n = 6). The asterisk indicates a significant difference in color intensity between control and test beetles (P < 0.01, t-test). White and red arrows point to the circle pits and setae, respectively. ME, metathorax.




RNA Interference of Ebony on the Third Instar Larvae

Since both the Adc and Ebony play central roles in the synthesis of the NBAD (Massey et al., 2019), we have knocked down the expression of Hvebony by injection of dsebony to the newly ecdysed third instar larvae (Figure 5A).
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FIGURE 5. Depletion of Hvebony influences pigmentation in larvae of H. vigintioctopunctata. The newly molted third instar larvae were injected with an aliquot (0.1 μl) of PBS, or solution including 300 ng dsegfp or 300 ng dsebony. The larvae were then transferred to potato foliage. Two days and three days after injection, the expression level of Hvebony was measured (A). Relative transcripts are the ratios of relative copy numbers in treated individuals to that of PBS-treated ones, which is set as 1. The pupation and emergence rates were recorded during a 3-week trial period (B,C). Different letters indicate significant difference at P-value < 0.05 using ANOVA with the Tukey–Kramer test. The dorsal and ventral views of dsegfp- and dsebony-treated larvae (D) and amplified larval heads (E) at different times after molting to the fourth instar, and the dorsal and ventral views of larvae in the wandering stage (F–I) are shown. The heads of the wandering stage larvae were further amplified (J,K). The unlabeled scale bars: 1 mm.


The pupation rate and the emergence rate of the Hvebony RNAi larvae were similar to those of the control larvae which were injected PBS or dsegfp (Figures 5B,C). The mandibles were darker-colored in the dsebony-introduced newly molted fourth instar larvae, compared with those in the control larvae treated with PBS or dsegfp (Figures 5D,E, 15 min). Eight hours postmolting, the scoli and strumae from the larval thorax to the eighth segment of the abdomen, along with head and leg, became brownish in the PBS- and dsegfp-introduced larvae (Figures 5D,E, above panel). By contrast, the color of the body parts, namely, head, scoli, strumae, and legs became dark brown in the dsebony-treated larvae (Figures 5D,E, lower panels).

Similarly, at the wandering stage, the cuticles of the larvae head capsules, scoli, strumae, legs, and spots on the abdomen were more blackened in Hvebony RNAi larvae than those in the control larvae (Figures 5F,H,J vs. G,I,K).

In the dsebony-introduced pupae, the black dorsal markings in the meso and meta thoraxes and the dark patches in tergite I–IV showed no significant difference with PBS or dsegfp-treated pupae (Figure 6A). However, the mandibles were darker in the 3-day/4-day-old Hvebony-silenced pupae, than those in control groups (Figure 6A). Similar to the phenotype of the Hvadc depleted pupae, several small dark spots appeared in the cuticle between two compound eyes of the dsebony-introduced 4-day-old pupae (Figures 6B vs. C). Furthermore, the cuticle of the head, legs, elytra, and pronotum in dsebony-introduced 4-day-old pupae became significantly darker than that of pupae injected with PBS or dsegfp (Figures 6B,D,F vs. C,E,G). The enlarged dorsal view displayed that many short black setae and dots appeared on the cuticle of the dsebony-injected 4-day-old pupae to make the cuticle blacker in color than the control (Figures 6F vs. G).
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FIGURE 6. RNA interference of Hvebony affects the pigmentation in pupae of H. vigintioctopunctata. The dorsal and ventral views of 0-day, 1-day, 2-day, 3-day, and 4-day old pupae from the third instar larvae injected with dsegfp and dsebony (A) are shown. The heads (B,C) and the dorsal view (F,G) of the 4-day-old pupae were further amplified. The lateral views of 4-day-old pupae (D,E) are shown. The unlabeled scale bars: 1 mm.


Thirty minutes after emergence, the elytra of the control adults treated with PBS or dsegfp still exhibited light yellow in color. Subsequently, the elytra turned copper yellow, and 28 spots appeared, gradually darkened (Figure 7A, dsegfp-dorsal view). By contrast, knockdown of Hvebony led to an overall gray pigmentation and enlarged 28 dark spots in elytra within 30 min after emergence. The elytra of the Hvebony RNAi adults also gradually darkened (Figure 7A, dsebony-dorsal view), but they looked completely black in color 7 days after emergence (Figures 7B vs. C). Further dissection of the head, pronotum, scutellum, and hindlegs of the Hvebony RNAi adults showed that these regions all turned to darker pigmentation than control adults (Supplementary Figure 4). Similar to the Hvadc-silenced adults, the 28 black spots on the elytra of the Hvebony-silenced adults became larger than those on the control elytra (Figures 7D vs. E), and the color of the setae and pits on the surface of the elytra was darker than that of the control elytra (Figures 7F vs. G). In addition, the pigment regions of the hindwing from the Hvebony RNAi adults were darker than controls (Figures 7H,I).
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FIGURE 7. Depletion of Hvebony deepens color of adults in H. vigintioctopunctata. The dorsal and ventral views of adults from different times after emergence (A). The 7-day-old adults (B,C) and elytra dissected from 7-day-old adults (D,E) are shown. The surfaces of elytra were further amplified (F,G). The hindwings (H) and the color intensity (I) in equivalent regions of them (circles 1 and 2 in H) were determined as mean gray values (average luminance) by ImageJ software. Data are shown as the mean values ± SE (n = 6). The asterisk indicates a significant difference in color intensity between control and test beetles (P < 0.01, t-test). The unlabeled scale bars: 1 mm. White and red arrows point to the pits and setae, respectively.


From the ventral view, six pairs of dark patches appeared along the lateral portions on the abdomen segments of the Hvebony RNAi adults, and the last two pairs extended and merged together. The pale-yellow color outside the dark patches was gradually darkened, until merging the dark patches 2 days after emergence (Figure 7A, dsebony-ventral view). The legs and the abdomen of the Hvebony-depleted adults were blacker in color than the control beetles (Figure 7A, dsebony-ventral view).



RNA Interference of Tan on the Third Instar Larvae

Two days and three days after injection of dstan to the third instar larvae, the expression of the target Hvtan transcript was significantly reduced, compared with the control larvae injected PBS or dsegfp (Supplementary Figure 5A).

Depletion of Hvtan exerted little influence on pupation and emergence rates (Supplementary Figure 7). The results of color intensity measurement (data not shown) indicated that knockdown of Hvtan had a very limited influence on the cuticle pigmentation at the larval, pupal, and adult stages, compared with the controls subjected to PBS or dsegfp injection (Supplementary Figures 5B,C, 6A–M). In addition, there was no significant difference in the color intensity of the hindwings between dsegfp- and dstan-treated ladybirds (Supplementary Figure 6N).




DISCUSSION

The conjugation and cross-linking of cuticle proteins during cuticle tanning lead to an insoluble, hard, and darkened red-brown exoskeleton in Coleoptera (Roseland et al., 1987). NBAD, a sclerotic reagent, and a pigment precursor play critical roles in cuticle pigmentation and hardening (Kramer et al., 1984). In this article, three genes (Hvadc, Hvebony, and Hvtan) reported to be involved in NBAD biosynthesis were identified and their role in the pigmentation of cuticle on the larvae, pupae, and adults of H. vigintioctopunctata was explored by RNAi in the newly ecdysed third instar larvae. Three pieces of experimental evidence suggested that NBAD plays more important roles in the pigmentation in adults than that in the larvae and pupae of H. vigintioctopunctata.

First, we found that Hvadc, Hvebony, and Hvtan were detected from the embryo (egg) to adults. Moreover, the transcription levels of Hvadc, Hvebony, and Hvtan were high just before and/or right after the molt at the first, second, third, and fourth larval instar and pupal stages (Figure 1). In S. litura, Slebony was expressed at all developing stages, namely, egg, the first through sixth larval instar larvae, prepupa, pupa, and adult (Bi et al., 2019). Similarly, ebony is abundantly expressed at the larval, pupal, and adult stages in Papilio xuthus and Papilio machaon (Li et al., 2015). In T. molitor, the abundant transcripts were confirmed at late stages of development from pharate pupae through 10-day-old adults (Mun et al., 2020). The expression profiles of Hvadc, Hvebony, and Hvtan suggest that the three functional enzymes catalyze the formation of melanin and sclerotins after each molting during the developing stages.

Second, the expression of the Hvadc, Hvebony, and Hvtan peaked in the 4-day-old pupae or 0-day-old H. vigintioctopunctata adults (Figure 1). The highest expression levels at the late pupal and early adult phrases suggest that abundant NBAD were produced in the preadults and adults. In agreement with these results, the highest level of Tmadc is seen right after adult emergence (adult day 0) in T. molitor (Mun et al., 2020). Similarly, high levels of Slebony were found just before and right after adult emergence in S. litura (Bi et al., 2019). Moreover, Dmadc was expressed at high levels at the end of the pupae period (96 h after pupation) in D. melanogaster (Sobala and Adler, 2016).

Lastly, the results revealed that RNAi of either Hvadc or Hvebony selectively deepened the color of the larval head capsules, scoli, strumae, and legs (Figures 2, 5), and depletion of Hvadc or Hvebony blackened the pupal head capsules, antennae, mouthpart, and legs (Figures 3, 6), while knockdown of either Hvadc or Hvebony darkened whole bodies of the adults (Figures 4, 7) of H. vigintioctopunctata. The greater accumulation of black pigments in the Hvadc or Hvebony depleted adults likely resulted from the conversion of larger quantities of dopamine to brown dopamine-melanin than in the larvae. Therefore, we infer that larger quantities of NBAD were present in adults than larvae/pupae.

 In contrast, microinjection of dsadc into penultimate-instar larvae does not cause obvious phenotype in the T. castaneum old larvae but leads to a darkened body pigmentation in pupae and adults when compared with controls (Arakane et al., 2009). In the Bmadc mutant strain of B. mori, β-alanine and NBAD were deficient but dopamine is accumulated. As a result, deep coloration was induced in pupae (Dai et al., 2015). It appears that NBAD is as important in pupae as that in adults in both T. castaneum (Arakane et al., 2009) and B. mori (Dai et al., 2015).

As for ebony, CRISPR/Cas9-mediated ebony knockout did not change the pigmentation in larvae but led to darker coloration in the pupae and adults in S. litura (Bi et al., 2019). In D. melanogaster, homozygous mutations of ebony bring about dark body pigmentation in adult flies, but not larvae and pupae (Massey et al., 2019). Moreover, the core enhancers in the ebony gene determine thoracic pigmentation intensity in different D. melanogaster strains across geographical gradients (Telonis-Scott et al., 2011; Telonis-Scott and Hoffmann, 2018). These results suggest that reduced synthesis of NBAD leads to abnormal accumulations of high levels of dopamine, which likely undergoes dopamine-melanin synthesis to cause a dark coloration of cuticle in adults of insects from different orders. Interestingly, although the elytra of adults treated with dsadc and dsebony appear to be almost completely black in color, we found that the main regions of elytra got dark pigmented were pits and setae (Figures 4, 7). Similarly, as early as the end of the pupae, the epidermal setae were already black in coloration in the Hvebony depleted pupae (Figure 6). It suggested that NBAD may be mainly accumulated in pits and setae of H. vigintioctopunctata cuticle.

It is known that NBAD is a major sclerotizing precursor that is secreted during the cuticle tanning process. It is further oxidized and used to cross-link cuticular proteins to form a rigid coleopteran exoskeleton at the adult stage (Noh et al., 2016). Moreover, some pigmentation gene transcripts, such as ebony and tan, are pleiotropic genes that affect more than one trait. In D. melanogaster, loss-of-function mutations in ebony and tan also affect cuticular hydrocarbon composition (Massey et al., 2019). A bias for long-chain hydrocarbon increases the melting temperatures and enables the flies to live longer in dry climates (Gibbs, 1998). H. vigintioctopunctata is a diurnal herbivorous ladybird. The adults are frequently exposed to a dry environment to forage for food, oviposition sites, and copulation mates. Hard exoskeleton in the adults confers greater tolerance to desiccation and ultraviolet during the foraging stage (Matute and Harris, 2013; Bastide et al., 2014).

In addition, we noticed that the change of cuticle pigmentation was very limited in the beetles treated with dstan (Supplementary Figures 5, 6). The enzyme encoded by tan is required for the production of dopamine in D. melanogaster (True et al., 2005). In B. mori, tan is suggested to be the responsible gene for larval color mutant rouge, and Tan plays a significant role in emphasizing the black markings of the larvae (Futahashi et al., 2010). Previous studies have shown that Tan catalyzes the production of dopamine from NBAD during pigment development (True et al., 2005). This role of Tan seems to be not obvious in H. vigintioctopunctata. Combined with the results of RNAi of Hvadc and Hvebony, we speculated that Hvtan plays a weak role in the process of converting NBAD to dopamine in H. vigintioctopunctata.



CONCLUSION

In conclusion, the study has determined the important role of Adc and Ebony in cuticle pigmentation in the 28-spotted ladybird. Larger quantities of NBAD were suggested to be present in adults and play more important roles in pigmentation than larvae/pupae. Abundant NBAD in the adults may be an adaptation strategy in the tanning process to form inconspicuous pigmentation in H. vigintioctopunctata beetles.
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Harmonia axyridis is an important natural enemy that consumes many agricultural and forestry pests. It relies on a sensitive olfactory system to find prey and mates. Odorant-binding proteins (OBPs) as the first-step of recognizing volatiles, transport odors through sensillum lymph to odorant receptors (ORs). However, little is known about the molecular mechanisms of H. axyridis olfaction. In this study, four H. axyridis antenna specific OBP genes, HaxyOBP3, 5, 12, and 15, were bacterially expressed and the binding features of the four recombinant proteins to 40 substances were investigated using fluorescence competitive binding assays. Three-dimensional structure modeling and molecular docking analysis predicted the binding sites between HaxyOBPs and candidate volatiles. Developmental expression analyses showed that the four HaxyOBP genes displayed a variety of expression patterns at different development stages. The expression levels of HaxyOBP3 and HaxyOBP15 were higher in the adult stage than in the other developmental stages, and HaxyOBP15 was significantly transcriptionally enriched in adult stage. Ligand-binding analysis demonstrated that HaxyOBP3 and HaxyOBP12 only combined with two compounds, β-ionone and p-anisaldehyde. HaxyOBP5 protein displayed binding affinities with methyl salicylate, β-ionone, and p-anisaldehyde (Ki = 18.15, 11.71, and 13.45 μM). HaxyOBP15 protein had a broad binding profile with (E)-β-farnesene, β-ionone, α-ionone, geranyl acetate, nonyl aldehyde, dihydro-β-ionone, and linalyl acetate (Ki = 4.33–31.01 μM), and hydrophobic interactions played a key role in the binding of HaxyOBP15 to these substances according to molecular docking. Taken together, HaxyOBP15 exhibited a broader ligand-binding spectrum and a higher expression in adult stage than HaxyOBP3, 5, and 12, indicating HaxyOBP15 may play a greater role in binding volatiles than other three HaxyOBPs. The results will increase our understanding of the molecular mechanism of H. axyridis olfaction and may also result in new management strategies (attractants/repellents) that increase the biological control efficacy of H. axyridis.
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INTRODUCTION

Insects rely on sensitive olfactory systems to perceive chemical signals from the environment, which are important in locating mates, detecting food sources, and finding suitable oviposition sites (Sato et al., 2008; Brito et al., 2016). The interaction between odorant-binding proteins (OBPs) and odorants is the first-step to recognize chemicals, transporting external odors through sensillum lymph to odorant receptors (ORs; Laughlin et al., 2008; Glaser et al., 2015; Elfekih et al., 2016; Pelosi et al., 2018). In Antheraea polyphemus, the first OBP was identified showing the function of sex pheromone binding (Vogt and Riddiford, 1981). Since then, many OBPs have been identified in species from different insect orders, including Lepidoptera (Zhu et al., 2013; Yang et al., 2017; Zhang et al., 2017b), Diptera (Zhao et al., 2018; Chen et al., 2019), Hemiptera (Wang et al., 2017; Sun et al., 2020), Neuroptera (Li et al., 2015), and Coleoptera (Bin et al., 2017; Liu et al., 2018).

It is helpful for identifying the function to study the OBPs expression patterns (Gong et al., 2014; Tang et al., 2019). OBPs have a variety of functions depending on their distribution (Sun et al., 2012; Xue et al., 2016; Li et al., 2019b). Antennae-specific OBPs play important roles in detecting sex pheromones and plant volatiles (Sun et al., 2014; Liu et al., 2020).

The Asian multicolored ladybird beetle, H. axyridis (Coleoptera: Coccinellidae), as an important natural enemy, can prey on many pests, including aphids, whiteflies, and thrips. Since the early 21 century, this species has been successfully used to control pests of crops (Koch, 2003; Pervez and Omkar, 2006; Wang et al., 2015). Harmonia axyridis is an effective biological control agent, but it can also be a pest in some situations (Soares et al., 2007; Koch and Costamagna, 2016; Ovchinnikov et al., 2019). It may compete with native predators for common food resources, and bring pollution to wine production (Pickering et al., 2004; Katsanis et al., 2013; Grez et al., 2016).

Predators used aphid alarm pheromones and pest-induced volatiles to locate pest (Al Abassi et al., 2000; Hatt et al., 2019), which is an important communication way of pest-crop-natural enemy interactions in agricultural fields. It is necessary for enhancing natural enemies’ biological control efficacy to understand their olfactory systems. Therefore, the interaction of H. axyridis with plant volatiles and aphid pheromones may be important for enhancing the effectiveness of H. axyridis as a biological control agent.

We previously identified 19 putative OBPs and characterized their tissue expression patterns by quantitative real-time PCR (qRT-PCR) based on antennae and whole-body transcriptomes of H. axyridis (Qu et al., 2021). HaxyOBP3 (NCBI accession number MT150141), HaxyOBP5 (NCBI accession number MT150143), HaxyOBP12 (NCBI accession number MT150150), and HaxyOBP15 (NCBI accession number MT150153), specifically expressed in adult antennae, may play a more important role in the olfactory perception of H. axyridis. In the present study, these four antennae-specific OBPs were selected for detailed study. The development stage expression profiles of these genes were generated, and their binding characteristics to ligands were also conducted. In addition, protein structures were modeled in three dimensions, and their potential binding sites were studied by molecular docking. The results increase our comprehending of the molecular basis of olfaction of H. axyridis and may help to enhance their biological control effectiveness.



MATERIALS AND METHODS


Insect Samples

Harmonia axyridis was obtained from Beijing Kuoye Tianyuan Biological Technology Co., Ltd., rearing in a growth chamber of the Beijing Academy of Agriculture and Forestry Sciences with the temperature of 23 ± 1°C, 16:8 h (L:D) photoperiod and 70% relative humidity. The adults and larvae were fed with aphid Aphis craccivora Koch (Qu et al., 2018). To determine the transcript levels of HaxyOBP3, 5, 12, and 15 under various developmental stages (eggs, first, second, third, and fourth instar, pupae, and male and female adults), samples were collected and stored at −80°C. Three biological replicates were conducted.



Specific Expression of OBP Genes

The TRIzol reagent (Invitrogen, Carlsbad, CA, United States) was used to extract total RNA samples based on the manufacturer’s instructions. The first-strand cDNA was synthesized using the PrimeScript™ RT reagent Kit (TAKARA, Japan) following the provided protocol. The development stage expression pattern of HaxyOBPs was assessed by qRT-PCR. qRT-PCR was performed on ABI PRISM 7500 (Applied Biosystems, United States). The reaction consisted of 10 μl SYBR Premix Ex TaqTM II (TaKaRa, Japan), 1 μl of each primer (10 μmol L−1), 2 μl cDNA, 0.4 μl Rox Reference Dye II (Takara, Japan), and 5.6 μl nuclease free water. The reaction conditions were 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. Primers of HaxyOBPs were based on Qu et al. (2021). EF1A and RPS13 genes were used as housekeeping genes (Qu et al., 2018). All samples were tested in three biological replicates. The 2-△△CT method was used for relative quantification (Schmittgen and Livak, 2008). The differences in the transcript levels of HaxyOBPs in different developmental stages were compared by One-way ANOVA (SPSS 19.0, Chicago, IL, United States), followed by Tukey’s test. Heat map illustrating the log2 transformation of HaxyOBPs mRNA expression levels in different developmental stages.



Expression and Purification of Recombinant OBPs

The DNA sequences that encode the HaxyOBP3, 5, 12, and 15 proteins were chemically synthesized and cloned into pET30a (+) by GenScript (Nanjing, China; Wang et al., 2020b). The positive plasmid was then transformed into BL21 (DE3) cells for the expression of recombinant proteins, and proteins induced with 0.5 mmol/L isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 h at 37°C (HaxyOBP3) or 16 h at 15°C (HaxyOBP5, 12, and 15). HaxyOBP5 was expressed in the supernatant. HaxyOBP3, 12, and 15 were mainly found in inclusion bodies. Inclusion bodies were denatured by 8 M urea. Recombinant proteins of HaxyOBP3, 12, and 15 were dissolved and refolded based on the reported methods (Zhang et al., 2012).

Protein purification was performed with His-Tag Purification Resin column (Genscript Biology Company, Nanjing, Jiangsu, China) and purified by gradient imidazole buffer (20, 50, 100, 250, and 500 mmol·L−1). The purity and size of proteins were detected by SDS-PAGE, and concentrations of proteins were measured with bicinchoninic acid (BCA) Protein Assay Kit (ThermoFisher Scientific-Life Technologies, Carlsbad, CA, United States).



Competitive Fluorescence Binding Assay

A Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, United States) was used to determine the results of the binding assay. N-phenyl-1-naphthylamine (1-NPN) for HaxyOBP15 and 4,4′-Dianilino-1,1′-binaphthyl-5,5′-disulfonic acid dipotassium salt (bis-ANS) for HaxyOBP3, 5, and 12 were chosen as the fluorescent probe. The excitation wavelength was 337 nm of 1-NPN and 295 nm of bis-ANS, and the emission spectrum was recorded between 350 and 500 nm for 1-NPN and between 300 and 550 nm for bis-ANS. The recombinant proteins prepared in Tris–HCl (50 mM, pH 7.4) was titrated with aliquots of 1 mM 1-NPN or bis-ANS to final concentrations ranging from 2 to 16 μM to measure the binding affinity. To further measure the binding affinity of ligands to HaxyOBPs, proteins and fluorescent probe at 2 μM were titrated with aliquots of 1 mM odorants. The binding constant (K1-NPN/bis-ANS) of 1-NPN or bis-ANS to HaxyOBPs was calculated by GraphPad Prism 5 software (GraphPad Software Inc.) with the equation Ki = [IC50]/(1 + [1-NPN]/K1-NPN) or [IC50]/(1 + [bis-ANS]/Kbis-ANS), where [1-NPN]/[bis-ANS] is the free concentration of 1-NPN/bis-ANS, and K1-NPN/Kbis-ANS is the dissociation constant of the protein/1-NPN (bis-ANS).



Three-Dimensional Modeling and Molecular Docking

Three-dimensional structure of HaxyOBP12 and HaxyOBP15, more than 30% homology with the OBP templates in the Protein Database,1 was modeled by Program MODELLER (Martí-Renom et al., 2000; Fiser et al., 2010), while HaxyOBP3 and HaxyOBP5 that had less than 30% homology were also generated using a deep residual neural network trRosetta (https://yanglab.nankai.edu.cn/trRosetta; Yang et al., 2020). Three methods, including Verify_3D, Procheck, and ERRAT were used to assess the final 3D model of HaxyOBPs protein (Laskowski et al., 1996; Webb and Sali, 2016). AutoDock Vina (version 1.1.2) was selected to analyze the binding mode between HaxyOBPs protein and compounds with the default parameters (Morris et al., 2009). The top ranked binding mode was evaluated according to the Vina docking score, and visually analyzed by PyMOL (version 1.9.0; http://www.pymol.org/).




RESULTS


Developmental Stage Expression of HaxyOBPs

qRT-PCR was used to determine the expression levels of HaxyOBP3, 5, 12, and 15 in different developmental stages (Figure 1). HaxyOBP3 and HaxyOBP15 were both highly expressed in adults, and HaxyOBP15 had a significantly higher expression level in this stage. Transcripts of HaxyOBP5 were especially abundant in the first instar. In addition, HaxyOBP12 showed similar relative transcript levels in all developmental stages.

[image: Figure 1]

FIGURE 1. Relative expression levels of HaxyOBP3, 5, 12, and 15 genes in different developmental stages.




Expression and Purification of HaxyOBPs

The recombinant proteins of HaxyOBP3, 5, 12, and 15 were successfully expressed in the E. coli system induced by IPTG. HaxyOBP5 was mainly detected in the supernatant, while HaxyOBP3, 12, and 15 were present in inclusion bodies (Supplementary Figure S1). Therefore, 8 mol/L urea was used to extract the protein of HaxyOBP3, 12, and 15 before the purification. Renaturation, dialysis, and ultrafiltration were then used to obtain the purified target proteins of HaxyOBP3, 12, and 15. The OBPs were purified by nickel affinity chromatography. SDS-PAGE analysis revealed the final purified proteins as a single band, a molecular weight of about 15 kDa, consistent with the predicted molecular mass (Figure 2).

[image: Figure 2]

FIGURE 2. Expression and purification of HaxyOBP3, HaxyOBP5, HaxyOBP12, and HaxyOBP15. M: Marker; 1: Uninduced recombinant protein; 2: IPTG-induced recombinant protein; and 3: Purified proteins.




Binding Characteristics of HaxyOBPs

To determine the binding spectra of four HaxyOBPs recombinant proteins, fluorescence competitive binding assay was conducted. The binding characteristics of HaxyOBP3, 5, and 12 with fluorescent probe bis-ANS were detected by molecular fluorescence spectrometry, and the dissociation constants (Ki value) of HaxyOBP3, HaxyOBP5, and HaxyOBP12 were 3.07 ± 057, 2.23 ± 0.36, and 1.84 ± 0.10 μM, respectively. Using the same method, we detected the binding characteristics of HaxyOBP15 with 1-NPN, and the dissociation constant was 5.07 ± 0.31 μM (Figure 3).

[image: Figure 3]

FIGURE 3. Binding curves and scatchard plots (insert) of probe to HaxyOBPs.


Using 1-NPN or bis-ANS as a probe, 40 chemicals were used in competitive binding assay. HaxyOBP15 showed a broad binding profile with (E)-β-Farnesene, β-ionone, α-ionone, geranyl acetate, dihydro-β-ionone, nonyl aldehyde, and linalyl acetate, with the Ki values between 4.33 and 40.02 μM. HaxyOBP5 could bind methyl salicylate, β-ionone, and p-anisaldehyde, with the Ki values of 11.71, 13.45, and 18.15 μM, respectively. HaxyOBP3 and HaxyOBP12 showed narrow binding spectra and were able to only bind β-ionone and p-anisaldehyde, with the Ki values of 18.78 and 24.43 μM for HaxyOBP3 and 15.22 and 16.15 μM for HaxyOBP12, respectively (Figure 4; Table 1).

[image: Figure 4]

FIGURE 4. Competitive binding curves of compounds to HaxyOBP3, HaxyOBP5, HaxyOBP12, and HaxyOBP15.




TABLE 1. Binding affinities of HaxyOBPs with the compounds.
[image: Table1]



Homology Modeling and Molecular Docking

Sequence alignments showed that HaxyOBP12 and HaxyOBP15 share 44 and 31% amino acid identities with 6JPM and 4Z45, respectively. Sequence alignments showed that HaxyOBP3 and HaxyOBP5 share 29.27 and 28.93% amino acid identities, respectively, with the templates 1C3Y and 6QQ4, less than 30.00% (Table 2). The low identity may decrease the accuracy of the predicted model. So, we used the other method, trRosetta, to predict the model of HaxyOBP3 and HaxyOBP5. The trRosetta can predict the protein more accurately for the low identity sequence. The models predicted by Homology modeling were named Mod-HaxyOBP12 and Mod-HaxyOBP15. The models predicted by trRosetta were named trR-HaxyOBP3 and trR-HaxyOBP5.



TABLE 2. Homologous templates of odorant-binding proteins (OBPs) in Harmonia axyridis.
[image: Table2]

For all of the predicted protein models, VERIFY3D, ERRAT, and Procheck were used to analyze the accuracy and reliability. The VERIFY3D (Supplementary Figure S2), ERRAT (Supplementary Figure S3), and Procheck (Supplementary Figure S4) showed that the models of Mod-HaxyOBP12, Mod-HaxyOBP15, trR-HaxyOBP3, and trR-HaxyOBP5 were reasonable.

The protein structures of HaxyOBP3, 5, 12, and 15 were composed of six typical α-helices, forming a hydrophobic binding cavity, which are the important features of insect OBPs (Figure 5).

[image: Figure 5]

FIGURE 5. Three-dimensional structure mode of odorant binding proteins in Harmonia axyridis (A: HaxyOBP3; B: HaxyOBP5; C: HaxyOBP12; and D: HaxyOBP15).


According to the affinities between recombinant proteins and chemicals, we selected different numbers of ligands to study the docking conformation and binding energy with four HaxyOBPs proteins, including two ligands (β-ionone and p-anisaldehyde) for HaxyOBP3 and HaxyOBP12, three ligands (methyl salicylate, β-ionone, and p-anisaldehyde) for HaxyOBP5, and seven ligands [(E)-β-Farnesene, β-ionone, α-ionone, geranyl acetate, dihydro-β-ionone, nonyl aldehyde, and linalyl acetateone] for HaxyOBP15. The binding energy values were all negative and ranged from −5.13 to −7.31 kcal mol−1 (Table 3).



TABLE 3. Molecular docking analysis of ligands and its binding energy toward HaxyOBPs.
[image: Table3]

For HaxyOBP3, p-anisaldehyde bound the protein with Y46 and I115 and formed a “π-π” interaction with Y46. β-ionone bound the protein with F52, L68, V103, I113, and I115. The ligand formed hydrogen bond interactions with Y106. I115 is a common key residue for two ligands (Figure 6).

[image: Figure 6]

FIGURE 6. Binding pattern of HaxyOBP3 with p-anisaldehyde and β-ionone.


For HaxyOBP5, seven residues, including H73, I78, V85, A90, Y112, C115, and L131, were critical for binding affinity to β-ionone based on hydrophobic interactions. P-anisaldehyde formed a “π-π” interaction with Y112 of HaxyOBP5 and formed hydrophobic interactions with V85, A90, and L131. Methyl salicylate formed hydrogen bond interactions with L131 of HaxyOBP5 and hydrophobic interactions with V85, V87, A90, and Y112 (Figure 7).
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FIGURE 7. Binding pattern of HaxyOBP5 with p-anisaldehyde, β-ionone, and methyl salicylate.


Hydrophobic interactions were the important linkages between HaxyOBP12 and β-ionone and p-anisaldehyde. Three residues, including I91, A103, and A138, were critical for binding affinity to p-anisaldehyde. Four residues, including I91, L131, Y139, and L141, were critical for binding affinity to β-ionone (Figure 8).
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FIGURE 8. Binding pattern of HaxyOBP12 with p-anisaldehyde and β-ionone.


For HaxyOBP15, hydrophobic interactions were the important linkages between HaxyOBP15 and β-ionone, dihydro-β-ionone, and α-ionone. Three residues, including H53, L58, and I130, appeared to be involved in the binding affinity to the three substances. (E)-β-Farnesene and HaxyOBP15 also have hydrophobic interactions, mediated by F9, L34, M48, I49, F52, H53, and L58. A hydrogen bonding interaction existed between HaxyOBP15 and geranyl acetate and linalyl acetate, with the key residue H53, and there were some hydrophobic residues involved in the interactions (Figure 9).
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FIGURE 9. Binding pattern of HaxyOBP15 with β-ionone, dihydro-β-ionone, α-ionone, EBF, geranyl acetate, linalyl acetate, and nonyl aldehyde.





DISCUSSION

Odorant-binding proteins are the front-line environmental odorant sensors, playing an essential role in insect behavior (Pelosi et al., 2006). Temporal and spatial expression patterns of OBPs in insects are interrelated with their specific physiological functions (Song et al., 2014; Sun et al., 2016; Zhang et al., 2017b). The transcripts of HaxyOBP3, 5, 12, and 15 were mainly restricted to adult antennae in our previous study (Qu et al., 2021), implying a role of these proteins in olfactory chemoreception. Clarifying the expression characteristics of insects’ OBPs at different developmental stages can also help to understand their functions in olfactory recognition (Ju et al., 2014). In this study, qRT-PCR indicated that HaxyOBP3, 5, 12, and 15 had different transcript levels during the different developmental stages of H. axyridis. HaxyOBP5 and HaxyOBP12 were abundant in the larval stage, indicating their connection to larval biological characteristics of H. axyridis. However, HaxyOBP3 and HaxyOBP15 were both highly expressed in adult stage, and the expression level of HaxyOBP15 was significantly higher in this stage, indicating they might be involved in adult-specific behaviors.

The results of the fluorescence binding assay also showed that HaxyOBP15 had a broader ligand-binding affinity, and it could bind seven substances including (E)-β-Farnesene, β-ionone, α-ionone, geranyl acetate, dihydro-β-ionone, nonyl aldehyde, and linalyl acetate, comparing with HaxyOBP3, 5, 12. These results were consistent with the fact that HaxyOBP15 gene showed significantly higher expression level in adult stage, indicating that HaxyOBP15 played a key role in olfactory communication of adult H. axyridis. Harmonia axyridis is an important natural enemy in many crops (Koch, 2003; Pervez and Omkar, 2006). Plant volatiles and sex pheromone are essential signal chemicals in pest-crop-natural enemy interactions (Li et al., 2018). Compared with larvae, adults of H. axyridis have a wider range of activities due to their ability to fly, and they need to recognize more odorants, so as to detect food sources or find suitable oviposition sites.

Homology modeling and molecular docking were used to further study the specific binding characteristics of OBPs. Classic OBPs usually has six α-helical domains, and fold together to form a compact pocket for combing odors (Pelosi et al., 2014). The present study showed that the predicted 3D structures of the four HaxyOBPs were consistent with those of classic OBPs, having six α-helical domains. Ligands are usually bound in a hydrophobic cavity of insect OBPs (Wogulis et al., 2006; Northey et al., 2016). In this study, molecular docking results showed that HaxyOBP15 broadly bound with more substances, suggesting that HaxyOBP15 may have adapted to binding to substances with different shapes and sizes. Some residues of HaxyOBP15 may specifically interact with functional groups of substances. For instance, HaxyOBP15 possess a key amino acid residue, H53, which appears to be involved in the recognition of a broad range of substances.

Among the 40 candidate compounds, nine compounds, including β-ionone, α-ionone, dihydro-β-ionone, geranyl acetate, nonanal, linalyl acetate, EBF, p-anisaldehyde, and methyl salicylate, bound to four HaxyOBPs according to fluorescence binding assay and molecular docking. β-ionone as a fragrance compound, existing in the flowers and fruits of many plants (Beekwilder et al., 2014; Fu et al., 2019; Guarino et al., 2021) and having a strong repellent effect on flea beetles, spider mites, and whiteflies (Caceres et al., 2016), could bind with the four HaxyOBPs proteins. Moreover, HaxyOBP15 could also bind with α-ionone and dihydro-β-ionone, the analogs of β-ionone. For HaxyOBP15, hydrophobic interactions played a key role in the binding of HaxyOBP15 to three substances based on molecular docking. Three substances have similar chemical structures, and also commonly exist in plant volatiles, playing an important role in interactions between plants and insects (Li et al., 2019a). For example, Dihydro-β-ionone is attractive to the crucifer flea beetle (Caceres et al., 2016). The bouquet of Philodendron adamantinum is mainly composed of dihydro-β-ionone, which can attract the beetle Erioscelis emarginata and promote the pollination process (Pereira et al., 2014). The α-ionone was widely used as a male attractant for Bractocera latifrons (Nishida et al., 2009).

HaxyOBP15 could also bind geranyl acetate, nonanal, and linalyl acetate, and H53 was the key residue between HaxyOBP15 and these three substances by molecular docking. Geranyl acetate is similar to (E)-ß-farnesene (EBF) in structure, but the polarity and hydrophilicity of two compounds are different. Geranyl acetate is an ester, and EBF is a hydrocarbon. Previous studies reported that geranyl acetate is a strong activator of OR5 of aphids and also has binding affinity to OBP3 and OBP7, demonstrating features shared by several other behaviorally active repellents (Zhang et al., 2017a). Linalyl acetate is a monoterpene ester, which can be isolated from essential oils of Chrysactinia mexicana, Lavandula angustifolia, and Thymus leptophyllus (Jan et al., 2016). In addition, the common volatile compound nonanal can attract female Grapholitha molesta in Y-tube experiment and is a critical volatile of tobacco for attracting female Helicoverpa assulta (Lu and Qiao, 2020; Wang et al., 2020a).

More importantly, fluorescence binding assay showed that HaxyOBP15 exhibited the strongest binding affinity with EBF. Molecular docking results also revealed that HaxyOBP15 and EBF displayed the strongest binding activity, having hydrophobic interactions mediated by F9, L34, M48, I49, F52, H53, and L58, with the lowest binding energy values. EBF, as main active component of aphid alarm pheromone (Bowers et al., 1977), can cause aphids to kick, stop feeding, and disperse from feeding site (Pickett et al., 1992), and mediates the winged morphs’s production (Kunert et al., 2005). Many aphid predators, such as hoverflies (Harmel et al., 2007), ground beetles (Kielty et al., 1996), and lady beetles (Nakamuta, 1991; Verheggen et al., 2007; Liu et al., 2014), utilize the aphid alarm pheromone EBF as a foraging cue. OBP3, 7, and 9 are associated with EBF perception in aphids (Qiao et al., 2009; Sun et al., 2011; Northey et al., 2016; Fan et al., 2017; Qin et al., 2020; Wang et al., 2021). The OBP1 of Chrysoperla sinica was able to bind EBF (Li et al., 2018), and the OBP10 of Chrysopa pallens mediated the perception of EBF (Li et al., 2017).

Although HaxyOBP3, 5, and 12 had a relatively narrow binding spectrum, comparing with HaxyOBP15, but they all bound to p-anisaldehyde. P-anisaldehyde is a naturally occurring fragrant phenolic compound that exists in anise, cumin, fennel, garlic, and other plant species (Boulogne et al., 2012). P-anisaldehyde is also a chemical communication substance of many insects (El-Sayed et al., 2008; Mainali and Lim, 2011; Thoming et al., 2020). For example, p-anisaldehyde can attract Frankliniella occidentalis and Thrips tabaci (Hollister et al., 1995; Koschier et al., 2000), and is an effective attractant for adults of Anthrenus verbasci (Imai et al., 2002). However, p-anisaldehyde has a repellent effect on some species, including Amblyomma americanum (Showler and Harlien, 2018) and Musca domestica (Showler and Harlien, 2019). In addition, HaxyOBP5 could bind with methyl salicylate (MeSA), a herbivore-induced plant volatile that is attractive to many predators such as ladybeetles (James, 2003a; Zhu and Park, 2005; Salamanca et al., 2017), lacewings (James, 2003b), hoverflies (Mallinger et al., 2011), mites (de Boer and Dicke, 2005), bugs (James, 2005), and aphid parasitoids (Gordon et al., 2013; Martini et al., 2014). In addition, MeSA has repellent effect on several aphid species (Ninkovic et al., 2003; Wang et al., 2019).

In summary, the expression levels of the four HaxyOBPs genes showed different in development stages, and HaxyOBP15 was significantly higher expressed in the adult of H. axyridis based on the results of qRT-PCR. Ligand binding assays and molecular docking demonstrated HaxyOBP15 exhibited high specificity for more substances, comparing with HaxyOBP3, 5, and 12, suggesting HaxyOBP15 may play the most prominent role in the olfactory chemoreception of H. axyridis. These results can provide insight into the mechanism of olfactory communication of H. axyridis and enhance the biological control effectiveness of H. axyridis.
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RNAi is regarded as a promising technology for pest control. However, not all insects are sensitive to RNAi. Studies have confirmed that insect dsRNases are one of key factors affecting RNAi efficiency. In the current study, we identified four genes coding for dsRNases from the Spodoptera frugiperda genome. Spatial and temporal expression analysis showed that those dsRNases were highly expressed in the midgut and old larvae. Then a delivery method was applied for inducing efficient RNAi based on dsRNA encapsulated by liposome. Furthermore, we assessed degradation efficiency by incubation with dsRNA with gut juice or hemocoel to characterize potential roles of different SfdsRNases after suppression of SfdsRNase. The result showed that interferenced with any sfdsRNase reduced the degradation of exogenous dsRNA in midgut, interfered with sfdsRNase1 and sfdsRNase3 slowed down the degradation of exogenous dsRNA in hemolymph. Our data suggest the evolutionary expansion and multiple high activity dsRNase genes would take part in the RNAi obstinate in S. frugiperda, besides we also provide an efficient RNAi method for better use of RNAi in S. frugiperda.
Keywords: RNA inference, dsRNase, efficiency, liposome, Spodoptera frugiperda
INTRODUCTION
RNA interference (RNAi) is a conserved regulatory process to induce sequence-specific gene silencing effect and modulated gene expression in a controlled manner. Therefore, the idea of silencing specific fatal genes in insects has been suggested as a potential strategy for pest management, such as expression of dsRNA in transgenic plants or by spraying absorbable dsRNA pesticide (Baum et al., 2007; Kunte et al., 2020; Zhu and Palli, 2020). Interestingly, the successful systemic RNAi has been established as an important tool for the development of potential insecticidal dsRNAs that can target essential genes in many other tissues of the insect pests (Huvenne and Smagghe, 2010). More recently, the use of the sprayable double-strand RNA-based biopesticide technology was proven to be effective strategy for controlling Colorado potato beetle Leptinotarsa decemlineata by GreenLight Biosciences (Rodrigues et al., 2021). Not all insects, viz., Lepidopteran and Hemipteran orders, however, show sensitivity to RNAi (Terenius et al., 2011) compared to the Coleopteran order (Wang et al., 2013; Guo et al., 2021). Furthermore, to induce systemic RNAi in these highly susceptible insects, a particularly intriguing aspect of RNAi is that the dsRNA is not only capable of entering gut cells but can spread to other tissues as well (Joga et al., 2016). Several factors have been attributed to induce the variability of insect RNAi responses, such as the malfunction or deficiency of core RNAi machinery components, difficulty of cellular dsRNA uptake and systemic distribution, and fast digestion of dsRNA by double-stranded ribonucleases (dsRNases). The existence of dsRNases is deemed as one of the major obstacles influencing successful RNAi by affecting dsRNA integrity in body fluids (Shukla et al., 2016; Wang et al., 2016).
The dsRNases were first isolated from silkworm Bombyx mori (Arimatsu et al., 2007; Yuji et al., 2007). Subsequently, large amounts of dsRNases were identified from various insects (Prentice et al., 2019; Peng et al., 2020). However, the function of them was remained to be characterized. Generally, the dsRNases were participating in dsRNA degrading and reduced RNAi efficiency (Yuji et al., 2007; Song et al., 2019). For instance, five dsRNases were identified from the S. litura, and functional analysis revealed they may contribute to the lower and variable RNAi efficiency (Peng et al., 2020). While the report from cotton bollworm (Helicoverpa armigera) demonstrated an entirely different result: RNAi efficiency was not significantly upregulated when knocking out HaREase by CRISPR/Cas9 system (Guan et al., 2019). Therefore, a study of molecular and functional characteristics of dsRNases would make contributions for better applications of RNAi in both scientific research and pest management area.
The fall armyworm Spodoptera frugiperda is a devastating agricultural pest in many countries, the outbreak of this pest often leads to significant loss of many commercial crops such as corn, rice, and sugarcane. Repeated use of chemical pesticides causes a considerable decrease in pesticide resistance (Chi et al., 2021; Hafeez et al., 2021; Paredes-Sanchez et al., 2021). Therefore, the demand for new controlling strategies is eagerly excepted. The use of RNAi would provide a new way for S. frugiperda management. However, limited successful RNAi cases were reported (Christiaens et al., 2020; Kunte et al., 2020; Zhu and Palli, 2020). Injection of dsSfV-ATPase resulted in enlarged midgut and difficulty of nutrient absorption, significant lethal effect was only observed by continuous dsRNA feeding (Parsons et al., 2018). However, it is still unknown the details of dsRNases in S. frugiperda and whether those dsRNases contributed to lower RNAi efficiency. With the help of up-to-date genome sequencing technology, it is possible to identify functional genes from genome-scale. Hence, in the current study, we identified genes coding for dsRNases from the published S. frugiperda genome database (http://v2.insect-genome.com/Organism/715); then a delivery method was applied for inducing efficient RNAi in vivo based on previous studies in Sf9 cell lines (Gurusamy et al., 2020b); in addition, an assay was performed by suppressed those identified SfdsRNases via our efficient delivery method and assessed digestion efficiency by incubation with dsRNA with gut juice or hemocoel to characterize potential roles of different SfdsRNases on RNAi efficacy in S. frugiperda.
MATERIALS AND METHODS
Insect Rearing
The insects were originally collected from the countryside of Fuzhou, Fujian Province, China, and reared in a laboratory climate chamber at 26°C, relative humidity of 66%, and light for 14 h/10 h. Newly hatched larvae were fed with an artificial diet until pupation, the diet containing soybean powder, wheat bran, yeast powder, casein, ascorbic acid, choline chloride, sorbic acid, inositol, streptomycin, penicillin sodium, propylparaben and agar (Li et al., 2019). Then the adult was supplied with 10% honey solution for oviposition on fresh corn leaves.
Identification of dsRNase Gene Family of S. frugiperda
The genomic data of S. frugiperda was downloaded from the InsectBase2.0 (http://v2.insect-genome.com/) website. The conserved domain of Endonuclease_NS (PF01223) was downloaded from the protein family database (Pfam, http://pfam.xfam.org/) to search for the dsRNase gene family. The dsRNase genes were retrieved from the S. frugiperda genome database by using HMMER software under Linux system (Potter et al., 2018) with default parameters and significant e-value of 0.01. To ensure the complete identification of the SfdsRNase gene family, redundant and duplicated sequences were manually removed by confirmation using the BLASTX algorithm against a non-redundant protein database (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Bioinformatic Analysis of dsRNase From S. frugiperda
The online website Gene Structure Display Server version 2.0 (GSDS, http://gsds.cbi.pku.edu.cn/) was used to conduct gene structure analysis. The amino acid motifs present in the predicted SfdsRNase protein sequences were analyzed using the MEME program (http://meme-suite.org/tools/meme). The motif distribution type was set as 0 or 1 occurrence per sequence with the default setting. TBtools (Toolbox for biologists) (Chen et al., 2020) was then used for visual analysis.
The position data for the SfdsRNase gene family on the chromosomes was obtained from the genome annotation file, and the chromosomal locations of the SfdsRNase genes were visualized.
SfdsRNase protein sequences were retrieved from the NCBI database, and sequences from insects were used to conduct phylogenetic analysis (Supplementary Table S1). A maximum likelihood method was conducted in MEGA 7.0.14 (Kumar et al., 2016). Branch confidence was estimated via bootstrap analysis with 1,000 replicates using the default parameters, and the tree was visualized with Evolview (https://www.evolgenius.info//evolview/#login).
RNA Extraction and RT-qPCR Analysis
To study the spatial and temporal expression, RNA from different tissue parts (head, hemolymph, midgut, epidermis dissected from ten fifth instar larvae) and four to five larvae from different instars was extracted using the Trizol reagent following the MagZolTM Reagent instructions (Magen, Shanghai, China) with three biological replicates. The extracted RNA was tested for concentration with a multifunctional microplate reader and 1% agarose gel electrophoresis was used to verify the integrity and quality of the RNA. After obtaining the total RNA of S. frugiperda, HiScript® Ⅱ Q RT SuperMix for qPCR (+gDNA wiper) reagent Kit (Perfect Real-time) (Vazyme, Nanjing, China) was used to synthesize cDNA. Total RNA and cDNA are stored at −80°C and −20°C, respectively for subsequent analysis.
Primer 5.0 software was used to design gene specific primers for cloning the detected SfdsRNase and SfV-ATPase sequences (Supplementary Table S2). Premix Taq™ (TaKaRa Taq™ Version 2.0) was used for amplification, and then amplified and purified products were connected to pMD 19-T Vector (TaKaRa, Dalian, China) for sequence verification.
Based on the cloning sequence of SfdsRNase, Primer 5.0 was used to design quantitative primers for nuclease genes (Supplementary Table S2). The real-time quantitative PCR was performed with ChamQ Universal SYBR qPCR Master Mix reagents (Vazyme) in an Applied Biosystems Q3 system. System configuration and program settings were performed according to the reagent instructions. β-actin was used as an internal reference gene (Rodrígues et al., 2010). Each experimental unit contains four biological replicates and three technical replicates. The 2^−ΔΔCT was used to calculate the relative expression level.
DsRNA and Nano-dsRNA Synthesis
Using the plasmids containing the SfdsRNase and SfV-ATPase genes as templates, the fragments were amplified using T7 polymerase-specific primers (Supplementary Table S2), detected by 1.5% agarose gel electrophoresis followed by purification and recovery of the fragment. To eliminate the influence of the gene background level, the exogenous gene EGFP was used as a template to synthesize dsEGFP as a negative control. Using the above-amplified product as a template, the T7 RiboMAX™ Express RNAi System (Promega, Madison, United States) was used to synthesize dsRNA separately and the dsRNA needed in the experiment was synthesized in vitro according to manufacturer instructions. Take out 1 μl of synthetic dsRNA, dilute it with water ten times, draw apart and use a microplate reader to measure the concentration, then take the remaining diluted solution for gel electrophoresis to test the quality of dsRNA, and finally put it in a −80°C ultra-low temperature refrigerator for later storage.
Use 0.1 M sodium acetate solution to dissolve 75% acetylated chitosan and prepare a 0.02% (w/v) chitosan (Sigma-Aldrich, Shanghai, China) solution. Add 32 μg of dsRNA to 200 μl of chitosan-sodium sulfate solution, the ratio of chitosan solution to sodium sulfate is 1:1. Incubate at 55°C for 1 min, vortex, and mix at high speed for 30 s to form a chitosan dsRNA solution.
The microwave method was used to synthesize CQD nanoparticles (Das et al., 2015). Mix 9 ml polyethylene glycol (PEG200) (TCI, Shanghai, China) with 3 ml nuclease-free water. Mix 0.4 ml of polyethyleneimine (PEI) (TCI, Shanghai, China) with 1.6 ml of nuclease-free water, and then mix with the prepared polyethylene glycol solution. Then, put it in a microwave oven and heat for 3 min, then mix the configured CQD and the sodium sulfate solution containing dsRNA at a ratio of 20:1, and finally put it in 4°C and incubate overnight.
For LIP-dsRNA complexes, dsRNA was mixed with an appropriate amount of liposome transfection reagent Lipofectamine 2000 (Thermo Fisher Science, Waltham, United States) and incubated according to the instructions.
Administration of dsRNA by Oral Uptake and Injection
To test the RNAi efficiency of nanomaterial treated dsRNA on S. frugiperda larvae, we first evaluated the lethal effect of nanomaterial. Fresh 30 ml of dsEGFP with nanomaterial was added to artificial diet every day and fed with first instar for 1 week. The mortality is calculated every day. Then nanomaterial-treated dsRNA targets for SfV-ATPase were applied to determine RNAi efficiency by feeding method as described above. The mortality and weight were documented after 7 days of treatment. The dsEGFP diluted with ddH2O was used as a control. Fifty larvae were treated as a biological replicate, and the experiment was repeated three times.
Furthermore, to test the potential mechanism of nanomaterial treated dsRNA on enhancing RNAi efficiency, we used the injection method to achieve a more efficient RNAi effect. Briefly, dsEGFP were incubated LIP-dsRNA (600 ng/μl) according to the instructions of LIP 2000. Use a microsyringe to inject 4 μl LIP-dsRNA into the abdominal cavity of the fourth instar larvae. The larvae were injected with an equal volume of water-dsEGFP as control. Twenty to thirty fourth instar larvae were injected in each treatment. The experiment was repeated three times, and the treated larvae were kept fed and observed with an artificial diet. The midgut juice and hemolymph were further collected for the detection content of dsEGFP.
Midgut Juice and Hemolymph Extraction
Midgut juice extraction refers to the extraction method (Ayra-Pardo et al., 2007). First, prepare 30–40 fourth-instar larvae and place them on ice to make them lose their activity. Then, use a dissecting needle to fix the worm body on the plate, use a scalpel to cut the abdomen, cut the midgut tissue, and place it in a PE tube containing 100 ul PBS. Put the midgut tissue at 4°C, 16000 × g, 20 min, take the supernatant into a new tube, repeat the above steps, and finally the supernatant and midgut juice, store it at −80°C.
The extraction of hemolymph refers to the method reported (Yang and Han, 2014). First, prepare 30–40 fourth instar larvae and place them on ice to make them lose their mobility. Then, use a dissecting needle to fix the worm body on the plate, use scissors to cut a small mouth in the abdomen of the worm body, and then use a 10 μl pipette tip to aspirate the hemolymph and transfer it to a nuclease-free 1.5 ml PE tube. Place the hemolymph melanin, put an appropriate amount of phenylthiourea in the PE tube in advance. The extracted hemolymph was 4°C, 16000 × g, 5 min, the supernatant was discarded, and the hemolymph extract was stored at −80°C.
DsRNA Content Detection
To accurately monitor the dsRNA content in both in vivo and in vitro conditions. EGFP was used to eliminate the influence of gene background level, and a dsRNA with a fragment length of 414 bp was designed. After the dsRNA feeding or incubation experiment, RNeasy Micro Kit was used to extract dsRNA in each sample, and cDNA was synthesized according to HiScript®Ⅱ Q RT SuperMix for qPCR (+gDNA wiper) reagent Kit (Perfect Real time) (Vazyme) instructions.
Used modified qPCR method described by (Wang et al., 2020) to detect the absolute content of dsRNA in the sample. The dsRNA (105,104,103,102,101,100,10−1 pg/μl) was serially diluted and reverse transcribed into cDNA, and the CT values corresponding to different concentrations of dsRNA were detected by SYBR Green qPCR (Vazyme), and a linear regression model was established. Taking the calculated CT value as the X-axis and the Y-axis as the dsEGFP content in the sample, a linear regression model equation was constructed (Supplementary Figure.S1). After RNA extraction and RT-qPCR analysis of the sample, the corresponding CT value is substituted into the linear regression model to obtain the content of dsRNA in the sample.
Ex Vivo Degradation of dsRNA in Hemolymph and Midgut Fluid
To evaluate the roles of sfdsRNases on dsRNA stability, 4 μl dsRNA (1,500 ng/μl) target to four sfdsRNase (sfdsRNase1–4), respectively with LIP treated were injected into fourth instar larvae as described before. Twenty-four hours later, the gene expression level of sfdsRNase1–4 was detected. The hemolymph and midgut fluid were then dissected and stored from treated larvae, also as described before. Ex vivo assays were conducted to evaluate the capability of those fluids in dsRNA degrading: first, the dsEGFP was incubated with 200 μl hemolymph or midgut fluid extract at room temperature for 10 min and 60 min. After each time point, the reaction was stored at −20°C to stop the enzymatic reaction. Then the dsEGFP content in the samples was calculated after RNA extraction, cDNA synthesis, and qPCR detection as described above. The relative content of dsEGFP to assess the ability of midgut juice and hemolymph to degrade dsRNA. In order to more accurately record the changes of dsRNA content during in ex vivo, the relative content was used for calculation in the experiment. Calculate the relative content with the following formula:
[image: image]
Statistical Analysis
IBM SPSS statistics was used to test the significance. To compare the treatment means 0.05 probability level was used. All statistical analysis is done on Prism 9.0 software (GraphPad, La Jolla, CA, United States).
RESULTS
Bioinformatics Screening of S. frugiperda Nuclease Gene
Four dsRNases were obtained from S. frugiperda genome after deleting redundant sequences and pseudogene sequences, named as sfdsRNase1, sfdsRNase2, sfdsRNase3, and sfdsRNase4 according to those in S. litura. The predicted full length of CDS ranges from 957 to 1,341, encoding 318 (SfdsRNase1)-446 (SfdsRNase4) amino acids. The predicted protein weight ranges from 36.01 to 50.18 kDa, and the isoelectric point ranges from 5.25 to 9.45. Except for SfdsRNase2, the remaining three amino acid sequences are predicted to contain a signal peptide. The four sfdsRNases amino acid sequences all contain the Endonuclease_NS Structure domain (Table 1; Supplementary Figure S2).
TABLE 1 | Basic information and physical and chemical properties of four predicted S. frugiperda dsRNase.
[image: Table 1]The chromosome location information shows that the four dsRNase genes are located on three chromosomes (Figure 1). In addition, a total of 41 dsRNase gene protein sequences of different species (Supplementary Table S1) were obtained from NCBI. The results of the phylogenetic analysis showed that the dsRNase genes of insects are mainly distributed in the five categories of Lepidoptera, Diptera, Orthoptera, Coleoptera, and Hemiptera orders (Figure 2). Among them, the four dsRNase genes from S. frugiperda are clustered to those reported in S. litura, indicating that the dsRNase genes of the two species are closely related.
[image: Figure 1]FIGURE 1 | Chromosome location analysis of dsRNase gene of S. frugiperda. Tbtools was used to analyze the chromosome location of the S. frugiperda dsRNases gene.
[image: Figure 2]FIGURE 2 | Phylogenetic tree of different species dsRNase in insects. The maximum likelihood method was used to construct phylogenetic trees of different species of dsRNase in insects. S. frugiperda is represented by a red star, and S. litura is represented by a blue star. Its four sldsRNases GenBank numbers of S. frugiperda dsRNase (OL960003, OL960002, OL960004, and OM001111) and S. litura dsRNaseare respectively (QJD55609.1), (QJD55610.1), (QJD55611.1), (QJD55612.1).
Spatial and Temporal Expression of Four sfdsRNases
The results showed that sfdsRNase1–4 were all highly expressed in the midgut (Figures 3A–D), among them, the high expression of dsRNase3 is extraordinary, and the expression level is nearly 7,000 times higher than that of the other two tissues (Figure 3C). In addition, we also compared the expression level of four sfdsRNases from midgut and hemolymph. The sfdsRNase3 was most abundant in the midgut, the expression level of sfdsRNase3 is still 400 times that of sfdsRNase1 and more than seven times that of sfdsRNase1. Since the mRNA levels of the four sfdsRNases in hemolymph reached the detection limit, we compared them horizontally and found that sfdsRNase2 was the highest expression level among the four S. frugiperda dsRNases (Figure 3F). These results indicate that the expression levels of different dsRNase in the same tissue are also quite different.
[image: Figure 3]FIGURE 3 | Expression analysis of S. frugiperda dsRNase in different tissues. Collect three different tissues of sixth instar larvae, head (HD), midgut (MG), and epidermis (CL) for RT-qPCR, and calculate the expression levels of sfdsRNases in different tissues (A–D). Using sfdsRNase1 as a control, analyze the relative expression differences of the four sfdsRNases in the midgut and hemolymph (E,F). Five larvae are a biological replicate, and this experiment was performed three times in total. The data shown are mean ± SE, n = 15, different letters indicate a significant difference among tissues [p < 0.05, one-way ANOVA followed by Duncan’s multiple range test for (A,B)].
The temporal expression levels were analyzed from the six instar stages compared to in egg. It was found that sfdsRNase1–4 could be detected at all instars, sfdsRNase1 and sfdsRNase3 had the highest expression in the third instar stage (Figure 4A), sfdsRNase2 and sfdsRNase4 had higher expression in the fifth and sixth instar (Figures 4B,D). In addition, the mRNA expression levels of adjacent ages are also very different. The expression level of sfdsRNase2 at the sixth age is ten times as much as that at the fifth age (Figure 4B). And the mRNA expression level of fourth instar larvae of sfdsRNA3 was significantly lower than that of other instar larvae, only one-tenth of that in first instar larvae (Figure 4C).
[image: Figure 4]FIGURE 4 | Expression analysis of S. frugiperda dsRNases at different ages. Using egg, first instar larvae (first), second instar larvae (second), third instar larvae (third), fourth instar larvae (fourth), fifth instar larvae (fifth), and sixth instar larvae (sixth) as templates for qPCR and using the eggs as a control to calculate the dsRNases in different instars. The relative expression level of mRNA (A–D). Five larvae are a biological replicate, and this experiment was performed three times in total. The data shown are mean ± SE, n = 21, different letters indicate a significant difference among ages [p < 0.05, one-way ANOVA followed by Duncan’s multiple range test for (A,B,C)].
Lip-Encapsulated dsRNA Improves the Efficiency of RNAi
First, to verify whether the nanomaterial itself is toxic to S. frugiperda larvae, three nanomaterials were capsulated with dsEGFP and added into an artificial diet continuously for 5 days, and the same amount of dsRNA was incubated with water instead of nanomaterials as a control. We found the mortality of larvae fed with CQD-dsEGFP was significantly higher than that caused by LIP and CHS, and the mortality caused by LIP and CHS was close to the normal mortality of larvae (Supplementary Figure S3).
Due to the lethal effect of CQD, the remained LIP and CHS nanomaterials were used for further experiments. Then we synthesized dsRNA from the reported lethal target gene SfV-ATPase, and capsulated it with LIP and CHS. The results showed that the LIP-dsV-ATPase complex can significantly increase the mortality of S. frugiperda larvae, and the mortality of the larvae fed with the CHS-dsV-ATPase complex feed has no difference compared with the control. Analyzing the growth of larva, it is found that LIP-dsV-ATPase also significantly reduced the growth of larvae, indicating that interference with SfV-ATPase may affect the normal feeding of larvae, while the growth of larvae fed with CHS-dsEGFP showed no difference with control (Table 2). The target gene SfV-ATPase of S. frugiperda larvae was detected by qPCR for 24 h after feeding LIP-dsRNA complex feed, and it was found that the target gene mRNA level of LIP-dsV-ATPase larvae was significantly reduced (Supplementary Figure S4). These results further prove that liposome-encapsulated dsRNA can improve the efficiency of RNAi.
TABLE 2 | Effects of liposome-encapsulated dsRNA on the growth of S. frugiperda larvae.
[image: Table 2]To further explore the potential mechanism of enhancing RNAi effect by lipid, the intestinal fluid and hemolymph of the fourth instar larvae were extracted and incubated with LIP-dsRNA in vitro. The data shows that in midgut juice, after incubation for 10 and 60 min, the relative content of dsEGFP without liposome encapsulation is significantly lower than that of liposome-encapsulated dsEGFP. After 60 min, the relative content of liposome-encapsulated dsRNA was nearly 12-fold higher than the control due to further degradation of dsEGFP (Figure 5A). In the hemolymph, after 10 min of incubation, the relative content of dsEGFP not encapsulated with liposomes was significantly lower than that of dsEGFP encapsulated with liposomes, but there was no significant difference compared with the control after 60 min (Figure 5B). These results indicate that LIP-dsRNA can improve the stability of dsRNA in the midgut fluid of S. frugiperda, thereby increasing the efficiency of RNAi.
[image: Figure 5]FIGURE 5 | In vitro degradation of Lip-dsRNA in midgut juice and hemolymph. The relative content of dsRNA was negatively correlated with the ability to degrade dsRNA. Degradation of liposome-encapsulated dsRNA in midgut juice (A). Degradation of liposome-encapsulated dsRNA in hemolymph (B). Liposome-encapsulated dsRNA (LIP-dsEGFP), dsRNA not encapsulated with liposomes, replaced liposomes with the same amount of water as a control (W-dsEGFP). The two forms of dsRNA were incubated with midgut juice and hemolymph for 10 and 60 min at room temperature, respectively. The dsRNA content after incubation was detected by qPCR, and the relative content ratio was calculated. The data shown are mean ± SE, n = 12 for the dsRNA relative content ratio calculation (One-way ANOVA, the least significant difference (LSD) test, ns = No significant difference, *p < 0.05, ***p < 0.001).
S. frugiperda Nuclease Gene is Involved in the Degradation of dsRNA in the Midgut and Hemolymph
To verify the function of the sfdsRNase1–4 genes of S. frugiperda, we synthesized dsRNA targeted to those four sfdsRNases and used the efficient RNAi delivery method described above. To achieve a more obvious RNAi effect, dsRNAs with lip-encapsulated were injected into fourth instar larvae and significant depression phenomena were observed after 24 h. The results showed that the expression of the four sfdsRNase genes was significantly downregulated respectively, compared to the control (Figure 6).
[image: Figure 6]FIGURE 6 | Lip-dsRNA down-regulates the expression of sfdsRNase. DssfdsRNase represents the injection of 4 dsRNA of sfdsRNases into the fourth instar larvae, and the control injection of the same amount of dsEGFP. After 24 h, the expression level of sfdsRNase is measured by RT-qPCR. The data shown are mean ± SE, n = 12 for the Relative mRNA expression measurement of sfdsRNases （One-way ANOVA, the least significant difference (LSD) test, *p < 0.05, **p < 0.01）.
Next, the midgut juice and hemolymph were dissected from those successful silencing insects and incubated with dsEGFP for 10 and 60 min at room temperature, respectively. The results showed that in the midgut juice, there was no significant difference between all treatment groups and the control at 10 min (Figure 7A). After 60 min, while the relative content of dsEGFP was significantly higher than that in the control group especially after silencing with sfdsRNase2 and sfdsRNases3，and the relative content of silencing sfdsRNase2 was 2.5 times that of the water control, indicating all the sfdsRNases participated in exogenous dsRNA degradation (Figure 7B). A similar situation was detected in hemolymph, there was no significant difference between the treatment group and the control after 10 min incubation (Figure 7C). However, we found the ratio of dsEGFP from sfdsRNase1 and sfdsRNase3 treatment groups was much higher than that in other groups after 60 min incubation. Among them, the relative content of the treatment group after silencing sfdsRNase1 was nearly twice that of the control (Figure 7D). The results suggest that sfdsRNase1 and sfdsRNase3 may be involved in the degradation of dsRNA in the hemolymph.
[image: Figure 7]FIGURE 7 | In vitro incubation of dsRNA and midgut juice and hemolymph. Relative content of dsEGFP in the control group = 1. The relative content of dsRNA was negatively correlated with the ability to degrade dsRNA. In vitro incubation of dsRNA and midgut fluid, dsRNases are the midgut extract of S. frugiperda larvae after successfully interfering with 4 sfdsRNase genes. At the same time, to avoid the influence of dsEGFP injection on the detection of dsEGFP content after incubation, the larval midgut fluid injected with water was used as a control. The midgut extract was incubated with dsEGFP for 10 and 60 min at room temperature, and the midgut juice was replaced by water as a control. The dsRNA content after incubation was detected by qPCR, and the relative content ratio was calculated [(A) represented relative content of dsEGFP after 10 min in midgut, (B) represented relative content of dsEGFP after 60 min in midgut, (C) represented relative content of dsEGFP after 10 min in hemolymph, (D) represented relative content of dsEGFP after 60 min in hemolymph]. The data shown are mean ± SE, n = 12 for the dsRNA relative content ratio calculation, different letters indicate a significant difference among treatments [p < 0.05, one-way ANOVA followed by Duncan’s multiple range test for (A,B)].
DISCUSSION
The development of RNAi encloses great potential to be strategies for pest control management (Baum et al., 2007; Song et al., 2019; Kunte et al., 2020; Zhu and Palli, 2020). However, the insensitive RNAi in different insects hindered the application of RNAi in practical fields. As one of the most important insects, the lepidopteran insect caused severe damages to crop. Unfortunately, those insects showed low efficiency to RNAi compared to coleopteran insects, including fall armyworm S. frugiperda (Christiaens et al., 2020). As noted, fast dsRNA degradation is one of the key factors affecting RNAi efficiency (Song et al., 2017; Spit et al., 2017). The dsRNases were well documented to play crucial roles in degrading dsRNA, study of dsRNase gene family would improve the understanding of RNAi mechanism and make contributions to better usage of RNAi.
To identify potential roles of dsRNases in reduced RNAi efficiency, a genome-scale search was carried in the presented study, and four homolog dsRNase genes were identified from S. frugiperda genome, named as SfdsRNase1–4 based on their homology to S. litura (Peng et al., 2020). The endounuclease_NS domain was predicted from each protein (Table 1; Supplementary Figure S2), indicating they belong to DNA/RNA non-specific endonuclease family. In addition, those genes were clustered with other lepidopteran insect dsRNases from phylogenetic tree analysis, which also supported they are indeed dsRNase homolog (Figure 2). However, the number of dsRNases from each lepidopteran and hemipteran (insensitive to RNAi) varies from three to six, while most Coleopteran insects shared one to four homologs (Figure 2; Supplementary Table S1). Lepidopteran insects have evolved multiple copies of dsRNase homologs than other insects, therefore those expansions of dsRNase genes would be part of an explanation of low RNAi efficiency in lepidopteran and hemipteran insects. A detailed functional analysis of a specific gene is needed to be revealed. Furthermore, those functional hypotheses were supported by the expression profile (Figures 3, 4). General, most dsRNases were highly expressed in midgut and elder larvae, indicating an increased activity, and similar results were found in S. exigua and S. litura. They found a positive correlation between lower dsRNase activity and lower expression levels in young larvae (Vatanparast and Kim, 2017; Peng et al., 2020).
It is well known that naked dsRNA is vulnerable to degrade in fluid, whereas encapsulating dsRNA would protect it from degradation. To increase the RNAi effect and achieve the RNAi phenotype, three nanomaterials were used in vivo, as previously reported (Wang et al., 2020). To date, most related works were conducted in sf9 cells, and satisfying results were obtained in S. frugiperda (Gurusamy et al., 2020a; Gurusamy et al., 2020b). In the presence of our data, we found liposome significantly increased RNAi effect with successful target gene from previous work (Lin et al., 2017; Gurusamy et al., 2020b). Similar results were observed from the sf9 cell line and tephritid fruit flies, strong RNAi phenotypes were achieved by complexing dsRNA with liposomes (Tayler et al., 2019; Gurusamy et al., 2020b). In lepidopteran insects, the rapid degradation of dsRNA in the midgut and hemolymph is an important factor that limits the efficiency of RNAi. Therefore, to verify whether LIP-dsRNA can enhance the stability of dsRNA in the midgut and hemolymph, thereby improving the efficiency of RNAi. We detected dsRNA content from different time points after incubation with insect midgut and hemolymph and found those dsRNAs were more persistent than the naked ones (Figure 5). Together with the results from in vivo and ex vivo cell experiments, we speculated the liposome was mainly involved in protecting dsRNA from degradation by endonucleases and improved delivery of intact dsRNA into cells. Studies had also confirmed that oral administration of liposome-encapsulated dsRNA (α-tubulin) to German cockroaches Blattella germanica can reduce the degradation of dsRNA in the midgut and increase mortality (Lin et al., 2017). Furthermore, we used this method to conduct RNAi experiment targeted with different SfdsRNase, a desirable effect was observed (Figure 7). Therefore, the presence of our work provided successful examples for further RNAi experiments in S. frugiperda. While the CQD showed the lethal effect on S. frugiperda larvae, this result is quite different from works in striped stem borer (Chilo suppressalis) (Wang et al., 2020). However, we used the same dosage of CQD as reported in Wang’s work, and we did not decrease the concentration of CQD and tested the lethal effect. Therefore, we deem this situation as the variation of sensitiveness to CQD among different insects.
The role of dsRNase has been demonstrated by several insects and is mainly involved in the degradation of dsRNA in the midgut and hemolymph (Wang et al., 2016; Song et al., 2017; Prentice et al., 2019; Song et al., 2019). Therefore, the variation of insect RNAi efficiency may be the consequence of fast degrading exogenous dsRNA by endogenous dsRNases. The RNAi effect could be induced by considerable dose of dsRNA and most RNAi response is dependent on the concentration of dsRNA (Scott et al., 2013; Wang et al., 2015; Killiny and Kishk, 2017; Peng et al., 2020). In addition, most successful insect RNAi cases were reported from injection method than ingestion due to rapid dsRNA degradation before entering gut epithelial cells (Luo et al., 2013; Sapountzis et al., 2014; Joga et al., 2016; Wang et al., 2016). Therefore, impairing endogenous nucleases and protecting dsRNA from dsRNases degradation would be a feasible solution to improve insect RNAi efficiency. Consequently, a clear understanding of specific nuclease which is involved in dsRNA degradation is urgently needed. The ex vivo assays (incubation dsRNA with midgut juice or hemolymph) demonstrated depression of any of sfdsRNases increased the dsRNA persistence in midgut fluid (Figures 7A,B). In addition, silencing of two dsRNases (sfdsRNase1 and sfdsRNase3) also reduced the ability of dsRNA degrading in hemolymph (Figures 7C,D). In S. litura, CRISPR-Cas9 mediated knockout of SldsRNase1 and SldsRNase2 increased dsRNA stability both in the gut and hemolymph (Peng et al., 2021). In the research of sweetpotato weevil Cylas puncticollis, they also found dsRNA degradation in the samples injected with dsCp-dsRNase-3 was significantly reduced (Prentice et al., 2019). Powell et al. (2017) demonstrated a clear relationship between nuclease activity and RNAi effect in vivo. Silencing of digestive secretions expressed nuclease enhancing orally delivered RNAi effect in the small hive beetle Aethina tumida, which is insensitive to oral RNAi. Hence we believe our experiment provided a feasible scheme for the functional identification of dsRNase in insects. In the presence of our data, we found sfdsRNase3 participated in both midgut and hemolymph dsRNA degradation. Therefore, we believe sfdsRNase3 plays an important role in RNAi degradation of S. frugiperda larvae, and further work needs to be done to illustrate the process and mechanism of potential roles of sfdsRNase3 affecting dsRNA stability in vivo and make practical use of the RNAi effect after the depression of sfdsRNase3. Successful application of RNAi by oral-delivery dsRNA is challengeable but overcoming these challenges will be greatly paid back in the field of pest control.
In summary, the characterized dsRNases genes from S. frugiperda were consistent with other reports from other insects, those dsRNases would contribute to dsRNA instability and lead to RNAi recalcitrance as other lepidopteran insects. Furthermore, analysis of dsRNases gene characters and their function from other insects would be helpful to make a solid conclusion whether the existence of multiple dsRNases is a general phenomenon and contribute to low RNAi efficiency in all lepidopteran insects. In addition, we found transfection reagents liposomes greatly protect dsRNA from nuclease degradation in S. frugiperda. Therefore, co-delivery of nuclease- and specific-dsRNA by Lip-encapsulated dsRNA is a good strategy for enhancing dsRNA stability in S. frugiperda, and hopefully improving RNAi efficiency. Hence RNAi-mediated pest control approach can be utilized in more practical applications. However, most dsRNase shared high similarities, and it is worth knowing whether the off-target effect was existence after suppression of any dsRNases. In addition, whether inhibition of cellular nucleases would affect the core RNAi mechanism is another critical issue that need to be clarified.
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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.
Keywords: Fall armyworm, Detoxification enzymes, P450 genes, indoxacarb resistance, RNAi
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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Imidacloprid, a neonicotinoid insecticide, is widely applied to control insect pests across a broad spectrum. Though the impact of residues from this chemical pesticide on non-target organisms in the field has been reported, it was not well characterized across a wide range of ecosystems, especially for some species considered as environmental indicators that live in forests. The effects of sublethal dose of imidacloprid on firefly, Pyrocoelia analis, were analyzed physiologically and biochemically in this study to better understand the impact of chemical pesticide application on environmental indicators such as fireflies. After imidacloprid treatment, the midgut tissues of the larva presented an abnormal morphology featured as atrophy of fat body cells, shrinking cells, and the destruction of a midgut structure. The activities of antioxidant enzymes, superoxide dismutase, catalase, and peroxidase were noticeably increased during early exposure to sublethal imidacloprid and then decreased at later stages. The malondialdehyde content significantly increased after 12 h of exposure to imidacloprid compared with the control. Similarly, the enzyme activities of polyphenol oxidase and acetylcholinesterase were increased after the imidacloprid treatment and then decreased at the later stage. In summary, a sublethal dose of imidacloprid caused destructive change in the tissue structure, and this damage was followed by an excessive reactive oxygen species that could not be eliminated by antioxidant enzymes. Our results indicated that the residues of imidacloprid might cause severe toxicity to non-target insects in the environment even far away from the agro-ecosystem where the chemicals were applied.
Keywords: Pyrocoelia analis, imidacloprid, toxicology, antioxidant enzyme activity, tissue structure
INTRODUCTION
Since imidacloprid [1-(6-chloro-3-pyridylmethyl)-N-nitroimidazolidin-2-ylideneamine] was launched in 1991 by Bayer, it has become one of the most widely used neonicotinoid insecticides with a market share of more than 25% of global pesticide sales due to its high efficiency and broad spectrum (Bass et al., 2015; Kohl et al., 2019). Since its introduction, environmental problems caused by the widespread use of imidacloprid have become increasingly prominent (Morrissey et al., 2015; Pietrzak et al., 2020; Thompson et al., 2020). Several studies have documented that these neonicotinoids persist in the environment for a long time and the contents of neonicotinoid pesticides in different farmlands were all present at the ng/g level (Li et al., 2018; Thompson et al., 2020). Imidacloprid can competitively bind to nicotinic acetylcholine receptors (nAChRs), and the postsynaptic nAChRs are blocked irreversibly, causing the continuous conduction of nerve impulses and thus producing lethal effects (Matsuda et al., 2001; Cartereau et al., 2021). Apart from acting on target organisms, imidacloprid can be dispersed in other non-target organisms and accumulate in the environment by different types of applications (Cloyd and Bethke, 2011; Goulson, 2013; Sharma et al., 2019; Singh and Leppanen, 2020). Most of the residuals are nonbiodegradable and toxic, and several studies have documented that imidacloprid can persist in the environment for a long time (Brunet et al., 2004; Flores-Cespedes et al., 2012) and the contents of neonicotinoid pesticides in different farmlands are present at the ng g−1 level (Li et al., 2018; Thompson et al., 2020).
In previous studies, the impact of imidacloprid on non-target species has been investigated, and we know that imidacloprid leads to changes in physiological and biochemical parameters (Vohra et al., 2014; Siregar et al., 2021), Seifert and Stollberg (2005) performed interactions of imidacloprid with the nAChRs of embryonic frog muscle cells and found that imidacloprid induces the contraction of embryonic frog muscle at doses as low as 3.3 × 10–7 M. Xia et al. (2016) found that the cysts of the loach tests were disorganized and the interstitial tissue was increased when the loach was exposed to imidacloprid. Moreover, the low dose of imidacloprid resulted in marked irregularities and fragmentation of midgut cells in earthworms (Dittbrenner et al., 2011). The exposure to imidacloprid led to changes in the biochemical parameters of the Pacific white shrimp Litopenaeus vannamei, which caused oxidative stress, retarded growth, and immune and tissue damage (Fu et al., 2022). Pervez and Manzoor (2020) found that physiological and behavioral functions for normal foraging and colony maintenance were modified in honeybees (Apis mellifera) exposed to 1.25, 2.5, and 5 mg L−1 imidacloprid, respectively.
Exposures to low concentrations of imidacloprid have been reported to change the physiological responses of organisms (Zhang et al., 2014). Moreover, the AChE activity, antioxidant enzyme activities, and MDA contents were considered as the significant biomarkers to investigate the influence of pollutants (Deng et al., 2021; Guo et al., 2022). Under the stress of imidacloprid, the acetylcholinesterase in the synapse cannot metabolize imidacloprid in the postsynaptic nAChRs, and this caused continuous nerve impulses and induced oxidative stress (Jepson et al., 2006; Janner et al., 2021). Reactive oxygen species (ROS) can be produced in living organisms, but excessive ROS can also result in oxidative stress and lipid peroxidation. Malondialdehyde (MDA) is the end product of lipid peroxidation caused by ROS, and the MDA level may also indicate the level of ROS (Chen J. et al., 2015). To protect cells from oxidative stress, some antioxidant and detoxifying enzymes scavenge the overproduced ROS, such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and polyphenol oxidase (PPO) (Maity et al., 2008; Chen et al., 2018). Thus, the toxic effects of the pesticide on organisms can be indicated by the level of MDA and enzymatic activities.
The firefly is an important species and is considered to be an environmental indicator, has ornamental value, and is also useful to control pests, such as slugs and snails (Ohba, 2005; Fang et al., 2013; Fu and Benno Meyer-Rochow, 2013; Osozawa et al., 2015; Guo, 2017; Sato, 2019). Pyrocoelia analis belongs to the order Coleoptera, family Lampyridae (Fu, 2014) and is a common local firefly in most mountain regions of west China. Fireflies are very sensitive to pollution and insecticides (Pearsons et al., 2021) and fireflies have been used as ecological indicators due to their diverse luminescence and flashing behaviors (Fu et al., 2017; Zhang et al., 2019; Zhang et al., 2021). Over the past decades, wild firefly populations have declined globally, and some species were even threatened with extinction (Fu et al., 2017; Chatragadda, 2020; Lewis et al., 2020; Mbugua et al., 2020; Pearsons et al., 2021), and pesticide use was considered as one of the most serious threats to fireflies (Lewis et al., 2020). However, fewer studies have investigated the influence of chemical pesticides on fireflies at very low doses in the environment. In this study, we examined the toxicity of imidacloprid to fireflies, the detoxifying enzyme activity, antioxidant activity, and histological sections were analyzed to understand the effects of sub-lethal dose of imidacloprid on Pyrocoelia analis. This study reported the physiological response of imidacloprid to Pyrocoelia analis, and we provide a fundamental understanding for the physiological response of fireflies to chemical pesticides.
MATERIALS AND METHODS
Chemicals
Imidacloprid (≥95.5% purity) was purchased from Shandong Sino-agri United Biotechnology Co., Ltd, China. The other chemicals used in the experiment were of analytical grade and were purchased from Tiancheng Chemical Company in Yangling (Shannxi, China).
Insects
All the larvae of one firefly species, Pyrocoelia analis, were from the Firefly Breeding Base in Hainan, China. The larvae of the firefly were domesticated for 2 weeks in an insect rearing room (26 ± 1°C, 70% relative humidity and a 12:12 light/dark cycle) in a laboratory and were fed with a snail species that was collected at the Northwest A&F University. After acclimation, some of the third instars larvae were selected and moved to transparent plastic boxes (30 cm × 20 cm × 10 cm) after comparing them with larval developmental parameters available from previous growth experiments. Every transparent plastic box had 60 larvae and the bottom of the box was covered by a moist filter paper.
Determination of Sublethal Concentration
We dissolve imidacloprid with acetone, and diluted it with water at different concentrations (0.025, 0.05, 0.1, 0.2, and 0.4 mg/L). To determine the sublethal concentration of imidacloprid in larvae of P. analis, different imidacloprid concentrations were sprayed on the third instar larvae. Three replicates of 30 larvae from each replicate were used for each treatment and a solvent group without imidacloprid was used as a control. The mortality was recorded after 0, 3, 6, 12, 24, 48, and 72 h. The calculation of the toxicity regression equation and LC10 was based on corrected mortality.
Experimental Design
According to the result from the determination of sublethal concentrations, the concentration of 1 mg/L was set in the experiment. Larvae were placed in each transparent plastic box with a filter paper, and the imidacloprid of 1 mg/L concentration was sprayed on the larvae until the filter paper was moist (to make the humidity in the box at 75%). The pesticide treatment group was all tested with triple replicates of 100 larvae in each replicate. All the experiments were maintained under laboratory conditions at 26 ± 1°C under a 12:12 light/dark cycle for 3 days. After the application of imidacloprid, the larvae were collected at the 0, 3, 6, 12, 24, 48, and 72 h for observation of poisoning symptoms, histopathological studies, analysis in enzyme activities (SOD, POD, PPO, CAT and AChE activities), and MDA assays.
Recording of Poisoning Symptoms
The larvae of P. analis collected at 0h, 3h, 6h, 12h, 24h, 48h, and 72 h were observed for post-pesticide treatment for the recording of poisoning symptoms. The recording of symptoms was conducted immediately after collection. During this observation, we recorded the curling degree of the larvae, the retraction position of the head, and the illuminator characteristics. The larvae were then photographed in a bright field and dark field, respectively.
Histological Examination
The larvae were collected in a 10 ml tube at different times compared to the control group and treatment group, and placed in a 4% paraformaldehyde solution over 24 h. Then, the samples were dehydrated in ascending grades of alcohol, cleared in xylene, and embedded in paraffin wax (75% alcohol 1H, 85% alcohol 1h, 95% alcohol 1h, 95% alcohol 1H, 95% alcohol 1H, anhydrous ethanol I 1h, anhydrous ethanol II 1H, xylene 1h, xylene 1H, wax I 1 h, and wax II 1H). The samples soaked in wax were embedded in the embedding machine. After cooling in a −20° freezer, the wax blocks were removed from the embedding frame after solidification and trimmed. Approximately 3 μm thin sections were cut on a rotatory microtome (RM 2016, Leica Germany). The ribbons with tissues were stretched and fixed to a clean albumenized glass slide and warmed to 60°C. These glass slides were, then, placed in an incubator overnight for stretching and the removal of bubbles. The slices were sequentially placed in xylene I for 8 min, xylene II for 8 min, anhydrous ethanol I for 6 min, anhydrous ethanol II for 6 min, 95% alcohol for 6 min, 85% alcohol for 6 min, 75% alcohol for 5 min, and rinsed with running water for 5 min. Then, the slices were stained with Harris hematoxylin for 3–8 min and rinsed with running water to remove the excess fuel. After that, the samples were differentiated with 1% hydrochloric acid alcohol for a few seconds and rinsed with tap water. The sections were then stained in eosin staining solution for 1–3 min, they were dehydrated in ascending grades of alcohol (75% alcohol 30s, 85% alcohol 30s, 95% alcohol I 1min, 95% alcohol II 2 min, anhydrous ethanol I 5 min, and anhydrous ethanol II 5 min), cleared in xylene (xylene I 5 min and xylene II 7 min), and covered with neutral gum. The slides were photographed and examined under a microscope (Ds-fi3, High-definition Color Microscope Camera—Nikon Japan).
Enzyme Activity and MDA Assays
The larvae of P. analis were collected at 0, 3, 6, 12, 24, 48, and 72 h post-pesticide treatment and then were frozen in the −80°C freezer. Three biological replicates were frozen at each time point. Once the sample collection was completed, each replicate was weighed and then put into 2 ml tubes with a steel bead and were grinded to a powder state using the Mixer Mill MM 400 (Retsh GmbH, Germany). Then, we added 0.05 M phosphate-buffered saline (PBS) to the tube and mixed it well. The homogenate was centrifuged at 2000 r/min at 4°C for 10 min and the supernatant was used for the measurement of the MDA content, enzyme activities, and protein concentrations. The protein concentration was measured using the method of Bradford (1976). All experimental steps were carried out in accordance with the kit instructions. All the kits used for the enzyme activity tests and MDA contents were purchased from the Jiancheng Bioengineering Institute (Nanjing, China). The results of these enzymatic assays were given in units of enzymatic activity per milligram of protein (U/mg prot), and the MDA content was defined as a nanomole TBA reactive substance per milligram protein (nmol/mg prot). The enzyme activity was the average of the three biological replicates.
Statistical Analysis
All statistics were conducted by SPSS software (SPSS 26.0). Parametric tests were preceded by tests to evaluate the homogeneity of variances. Differences between the treatment and controls regarding enzyme activity and MDA content were determined using the independent-samples t-test. A one-way analysis of variance (ANOVA) followed by a LSD multiple comparison test was used to analyze the enzyme activity and MDA content of each group at different times after exposures to imidacloprid, and the significant differences between the groups were compared. Data are expressed as the mean ± standard error (SE). p < 0.05 was regarded as statistically significant, and p < 0.01 was considered as statistically very significant.
RESULTS
Toxicity of Imidacloprid Against P. analis
Under laboratory conditions, imidacloprid is highly toxic to third-instar larvae of P. analis. The toxicity regression equation (72 h) was y = -2.123 + 7.892x with a fiducial limit of 95%, and the chi-squared test of goodness of fit for this equation was 1.302. The imidacloprid sublethal concentration LC10 was calculated as 0.1 mg/L through the toxicity regression equation, and the fiducial limit of 95% was 0.056—0.144 mg/L.
Poisoning Symptoms and Luminant Characters
The larvae of P. analis showed hyperactivity and began moving quickly at the beginning of exposure to imidacloprid. The poisoning symptoms were observed in larvae of P. analis when exposed to imidacloprid after 6 h (Figure 1). The heads of the larvae were bent toward the inside of the thorax and the bodies were twisted into a 3D-shape, accompanied with intermittently trembling. After 24 h post-treatment, the larvae laid on their side and the heads of these insects were almost at right angles to the prothorax. Their legs were constantly shaking, and the illuminators began to emit luminescence continuously after responding to gentle stimulation. However, the control group did not respond to gentle stimulation. This persistent glow phenomenon was observed from 12 to 48 h after treatment and the luminous brightness gradually decreased with the increased exposure time to imidacloprid. After 72 h, the head of the larva protruded from the prothorax, and the antennae and legs convulsed continually, then the insects regurgitated gastric juice and the illuminator no longer glowed.
[image: Figure 1]FIGURE 1 | Poisoning symptoms and luminant characters of P. analis at different times. (A) Photo in the bright field (B). Photo in the darkfield. T: the treated group, CK: the control group.
Tissue Histological Profiles
The condition of the midgut tissue deteriorated with increasing imidacloprid exposure time (Figure 2). In the control group, the tissues of midgut in larvae of P. analis were normal and the structure of the midgut was complete. The cells of the tissues were clear, and the adipocytes around the midgut were normal and tightly arranged (Figure 2A). However, the larger gap between the cells was observed in the midgut and adipose tissue during the treatment after 48 h of exposure (Figure 2B). With increasing imidacloprid exposure time, we observed shrinking cells, fragmentation of the midgut, and the increased occurrence of intercellular spaces (Figure 2C).
[image: Figure 2]FIGURE 2 | Midgut structure of P. analis. (A) Control group, (B) after 48 h of imidacloprid exposure, (C) after 72 h of imidacloprid exposure. m, midgut cell; f, normal fat body; cc, cellular compartmentation; fr, fragmentation of the midgut.
In the control groups, the shapes of midgut epithelial cells were neatly arranged and dense, and the nuclei were clearly visible (Figure 3A). With increasing exposure time to imidacloprid, the cell structure was unclear, increased cellular compartmentation and irregularity of nuclei shape also arose in midgut tissue after 48 h (Figure 3B). Furthermore, after 72 h of imidacloprid exposure, the degradation of the cellular compartmentation was observed in midgut tissue, many midgut cells were destroyed, and there was some cell debris in the lumen (Figure 3C). Moreover, the atrophy of fat body cells was also observed after 48 h post-exposure and the shrinking cells fragmented after 72 h of exposure (Figure 4).
[image: Figure 3]FIGURE 3 | Epithelial cells in the midgut of P. analis. (A) Control group. (B) After 48 h of imidacloprid exposure. (C) After 72 h of imidacloprid exposure. bm, basement membrane; c, cytoplasm; n, nucleus; cc, cellular compartmentation; cd, cell debris.
[image: Figure 4]FIGURE 4 | Fat body cell of P. analis. (A) Control group, (B) after 48 h of imidacloprid exposure, (C) after 72 h of imidacloprid exposure. f, normal fat body cell; a, atrophy of fat body cell; fs, the fragmented shrinking cell.
AChE Activity
Compared with the control, no significant (p > 0.05) changes were observed in AChE activity during the 0 h and after 3 h of pesticide exposure. However, after exposure to imidacloprid at 6 h, the activity of AChE was significantly (p < 0.05) higher than that of the control group, reaching approximately 129% of the value in the control, and they were significantly inhibited at 12, 24, 48, and 72 h of exposure (Figure 5). Univariate analysis (ANOVA) revealed significant influences of different duration (p < 0.05) on the activity of AChE (Table 1), and AChE activity gradually increased over time and then was significantly inhibited after 12 h in exposed imidacloprid (Figure 5 and Table 1).
[image: Figure 5]FIGURE 5 | Effects of imidacloprid on the AChE activity of P. analis. Each bar represents the mean of three replicates, and the error bars represent the standard deviation (SD). Significant values (*p < 0.05, **p < 0.01) refer to the difference between exposed samples and the controls.
TABLE 1 | Effects of imidacloprid on antioxidant enzymes, detoxifying enzymes, and malondialdehyde content of P. analis. larvae.
[image: Table 1]Antioxidant Enzyme Activity
The activity of SOD was significantly increased (p < 0.05 and p < 0.01) after 3–24 h and then was inhibited (p < 0.05) after 48 h of exposure compared to the control (Figure 6A). The ANOVA revealed significant influences of different duration (p < 0.05) on the activity of SOD, and the SOD activity in treatments was increased significantly (p < 0.05) with increasing exposure time during 3–24 h (Table 1), indicating that the duration of exposure played a crucial role in affecting the activity of SOD in P. analis.
[image: Figure 6]FIGURE 6 | Effects of imidacloprid on the antioxidant activity of P. analis. Each bar represents the mean of three replicates, and the error bars represent the standard deviation (SD). Significant values (*p < 0.05, **p < 0.01) refer to the difference between exposed samples and the controls. (A) Effects of imidacloprid on the SOD activity of P. analis. (B) Effects of imidacloprid on the CAT activity of P. analis. (C) Effects of imidacloprid on the POD activity of P. analis.
Compared with the control, a significant increase in the CAT activity was observed in the P. analis larvae after imidacloprid exposure from 6 to 24 h (p < 0.01), while the CAT activity was inhibited significantly (p < 0.01) after 72 h of exposure (Figure 6B). The results of the ANOVA showed the significant influences of different duration (p < 0.05) on the activity of CAT, the trend of CAT activity increased first and then decreased, while the peak occurred at 24 h after imidacloprid exposure (Table 1).
The activity of the POD was significantly elevated in larvae of P. analis exposed to imidacloprid after 6 h of treatment. However, the activity of the POD was significantly lower than that of the control after 24 h, 48, and 72 h (Figure 6C). The results of the ANOVA showed that the significant (p < 0.05) variation of POD activity in P. analis was observed with the increase of exposure time to imidacloprid, with POD activity increasing at first and then decreasing, and the peak occurred after 6 h (Table 1).
After imidacloprid exposure, the content of MDA was significantly higher than that of the control after 6 h of exposure (Figure 7). The results of the ANOVA showed that different duration (p < 0.05) played a crucial role in affecting the content of MDA induced by imidacloprid (Table 1). With increasing exposure time, the content of MDA was increased significantly in the treatments from 6 to 12 h, decreased from 12 to 24 h, and then increased from 24 to 48 h. There was no significant difference after imidacloprid exposure between 48 and 72 h (p < 0.05) (Table 1).
[image: Figure 7]FIGURE 7 | Effects of imidacloprid on the MDA content of P. analis. Each bar represents the mean of three replicates, and the error bars represent the standard deviation (SD). Significant values (*p < 0.05, **p < 0.01) refer to the difference between exposed samples and the controls.
Detoxifying Enzyme Activity
After imidacloprid exposure, the PPO activity was significantly higher (p < 0.05) than that of the control after 3 h of exposure. In addition, there was a significant decrease in PPO activity in the treatment groups after 12 h indicating an inhibition of the PPO activity (Figure 8). Our ANOVA revealed significant influences of different duration (p < 0.05) on the activity of PPO, and the trend of PPO activity variation was similar to that of POD activities in P. analis larvae infected with imidacloprid; however, the peak value appeared at 3 h, which was 3 h earlier than the changes of POD activities (Table 1).
[image: Figure 8]FIGURE 8 | Effects of imidacloprid on the PPO activity of P. analis. Each bar represents the mean of three replicates, and the error bars represent the standard deviation (SD). Significant values (*p < 0.05, **p < 0.01) refer to the difference between exposed samples and the controls.
DISCUSSION
Fireflies are an ideal environmental indicator species for pollution and insecticides due to their susceptibility to pesticides and flashing behaviors (Lewis et al., 2020; Colares et al., 2021; Pearsons et al., 2021; Zhang et al., 2021). Thus, our study investigated the physiological and histological changes in response to imidacloprid and characterized their luminant characters following the imidacloprid exposure. The imidacloprid exposure concentration used in the present study also represented the residual concentrations of imidacloprid in the environment in some regions (0.1 mg/L to over 0.32 mg/L) (Van Dijk et al., 2013; Chen M. et al., 2015; Li et al., 2018). The larvae of P. analis exposed to a dose of 0.1 mg/L imidacloprid showed an obvious toxic response within 6 h of exposure, however, only a few died within 72 h. Pearsons et al. (2021) also obtained a similar result after measuring the toxic response and mortality of Eastern North American fireflies when exposed to clothianidin.
In our study, persistent luminescence in the larvae of P. analis was observed after 12 h of exposure to imidacloprid. This phenomenon could be related to imidacloprid binding to the nAChRs, which caused the continuous conduction of nerve impulses (Topal et al., 2017; Cartereau et al., 2021). However, some studies reported that bioluminescence could be an auxiliary oxygen detoxifying mechanism in fireflies (Barros and Bechara, 1998; Dubuisson et al., 2004). Bioluminescence is a reaction that requires oxygen (Lambrechts et al., 2014), and reactive oxygen species and superoxide played crucial roles in bioluminescence (Luo and Liu, 2015). Studies have shown a link between bioluminescence and oxygen-free radical metabolism (Richter, 1977; Timmins et al., 2001; Nazari et al., 2013), moreover, antioxidant enzymes and luciferase could cooperate to minimize the oxidative stress (Barros and Bechara, 2001). Therefore, in our study, the persistent luminescence of larvae was likely caused by an excess reactive oxygen species in their body. The first significant increase in the MDA content was detected at 12 h after the imidacloprid exposure, and this coincided with the start of the continuous glow. The level of MDA at 48 h was significantly lower than that at 24 h after exposure to imidacloprid. According to Barros and Bechara (1998), the decline in the MDA content was caused by bioluminescence and antioxidant enzymes that cooperated to minimize the oxidative stress. With increasing exposure time in the treatment, gradual dimming to the extinction of luminescence from larvae was observed over 48–72 h. This could be due to damage to the biological system caused by excess ROS (Toyokuni, 1999; Juan et al., 2021).
In our study, there were significant impairment in midgut cells and fat body cells after 48 and 72 h of imidacloprid exposure. Overall, the observed histological profiles in the fat body cells and midgut tissue included the different shapes of cells and the level of cytoplasmic homogeneity. These changes may be caused by excess ROS in the organisms as organisms can produce excessive ROS under the stimulation of imidacloprid (Janner et al., 2021). The increased levels of ROS lead to oxidative stress, gastrointestinal damage (Xiao et al., 2006), lipid peroxidation, and cell damage (Davalli et al., 2018). Thus, significant oxidative damage was observed in the tissues and cells in our study while ROS in eukaryotic cells is commonly produced during cellular respiration (Juan et al., 2021. In previous studies, similar damage was also reported in honeybees (Apis mellifera L.) after 72 h of pesticide exposure (Pervez and Manzoor, 2020). Dittbrenner et al. (2011) showed that there was significant damage to the midgut tissue in Eisenia fetida for all imidacloprid exposure times (1, 7, and 14 days). Moreover, cell membranes are sensitive to radical damage due to the presence of polyunsaturated fatty acids. Lipid peroxidation occurs when ROS contacts with membrane phospholipids. Lipid peroxidation causes changes in the membrane structure, damaging the integrity of cells, and imposing oxidative stress resulting in apoptosis (Yadav et al., 2019). This result was also reflected in the morphological changes of fat body cells in this study.
The enzyme AChE catalyzes the hydrolysis of acetycholine, and it is involved in important functions such as biological nerve function regulation and muscle movement (Hemingway et al., 2004). Previous reviews have demonstrated that AChE is induced by exposure to the sublethal doses of neonicotinoids, and it can be used as a biological indicator to identify pesticide residues in terrestrial and freshwater aquatic systems (Fulton and Key, 2001; Moreira et al., 2001; Yadav et al., 2009). In the present study, the activity of AChE was significantly increased at 6 h compared with the control after imidacloprid exposure. The increase in AChE activity may be attributed to the imidacloprid binding to the insect nicotinic receptor (Li et al., 2017). However, compared with the control after imidacloprid exposure, the activity of AChE was markedly inhibited from 12 to 72 h. The inhibitory effects indicated that sublethal imidacloprid could cause harmful damage to the biochemical metabolism of P. analis. Li et al. (2017) also obtained a similar result after measuring the AChE activity of Apis mellifera and Apis cerana when exposed to imidacloprid at different times. During exposure to imidacloprid, AChE activity increased from 0–to 6 h and then decreased after 12–72 h in our study. This phenomenon is mainly related to the morphology of AChE in larvae and the induction of imidacloprid metabolites on target enzymes (Suchail et al., 2001; Tomalski et al., 2010). The key point of AChE active variation in the present study corresponds with the half-life of imidacloprid (5 h) in bees (Suchail et al., 2004). Therefore, the variation of AChE activity may be associated with the half-life of imidacloprid. The result was consistent with the report of Jin et al. (2015), who found that the sublethal imidacloprid could make the activity of AChE in Apis mellifera rise and then fall within 24 h. We feel the effect of imidacloprid on AChE in P. analis should be subjected to further investigation.
Previous reviews have demonstrated that pesticides induced oxidative stress leading to the generation of free radicals which caused lipid peroxidation (El-Gendy et al., 2010). The antioxidant enzymes play a vital role in defending against free radicals in organisms and they are the first line to prevent the damage of ROS to the biological system (Rodriguez et al., 2004; Hong et al., 2020). In the antioxidant system of the insects, the functions of SOD, CAT, and POD are to remove excess oxygen free radicals and maintain the redox balance (Felton and Summers, 1995; Wang et al., 2020). Some reviews have reported that slight oxidative stress can induce these antioxidant enzymes (Zhang et al., 2013; Zhang et al., 2014). However, severe oxidative stress can damage the metabolic mechanism of biological systems, causing the inhibition of these enzymes (Siddique et al., 2007; Zhang et al., 2014; Wang et al., 2016; Li et al., 2017; Jameel et al., 2019).
In this present study, we tested the activity of four antioxidant enzymes (SOD, CAT, and POD) in P. analis at different times after exposure to imidacloprid. SOD can remove the superoxide (O2−) to H2O2 and protect the cells from oxidant damage. The results presented have shown that the activity of SOD was significantly increased after 3–24 h of exposure to imidacloprid. This phenomenon indicated that sublethal imidacloprid could induce the biosynthesis of SOD in P. analis in the early stages of exposure to pesticides. This result was consistent with the report of Yucel and Kayis (2019), who found that imidacloprid could increase the SOD activity in Galleria mellonella L. However, with increasing exposure time, the activity of SOD was significantly decreased from the peak, and SOD activity was inhibited compared with the control after 72 h of exposure. This result indicated that overt oxidative stress had occurred and SOD fails to scavenge the overproduction of ROS. According to Wang et al. (2016), the main reason for the decline in SOD was the excess O2− which inhibited the synthesis of SOD. Ge et al. (2015) showed that the trend of SOD activity variation was due to the metabolism of imidacloprid over time. Siddique et al. (2007) reported that the excessive ROS could render protective mechanisms of the cell ineffectively and inactivate the SOD.
SOD can catalyze the conversion of O2 to H2O2 further detoxified by CAT and POD. CAT is an important antioxidant enzyme, which can scavenge H2O2 to H2O and O2 (Koivula et al., 2011). In the present study, the trend of CAT activity variation was similar to the SOD activity in P. analis larvae infected with imidacloprid. This phenomenon could be explained by the synergistic effect of SOD and CAT (Zhang et al., 2013). With the antioxidant reaction of SOD, the content of H2O2 increased, to maintain the balance of hydroxyl radicals (-OH) in the organism, and the activity of CAT also increased accordingly (Ge et al., 2015). Moreover, compared with the control, we observed a sharp decline in SOD and CAT activities at 48 h as compared to 24 h and the CAT activity was inhibited significantly (p < 0.01) at 72 h in the treatments. These results could be attributed to enzyme synthesis, inactivation, or assembly of its subunit modification caused by ROS (Verma and Dubey, 2003; Batista-Silva et al., 2019; Jameel et al., 2019). Wang et al. (2016) reported that CAT could be inhibited even under the stress of low-concentration imidacloprid for a long time.
POD is the enzyme that catalyzes the oxidation of substrates with hydrogen peroxide as an electron acceptor. It mainly exists in the peroxisome of the carrier, and it has the dual effect of eliminating the toxicity of hydrogen peroxide and phenols, amines, aldehydes, and benzene (Sunde and Hoekstra, 1980). In the present study, the POD activity was increased at first from 0 to 6 h, although the difference was not significant at 3 h compared with the control, and then decreased from 6 to 72 h. This variation showed that at the beginning of imidacloprid exposure, the POD activity was activated, but the POD activity gradually decreased with the extension of the exposure time. The result was consistent with the report of Zhang et al. (2014), who found that a relatively low concentration of imidacloprid could increase the activity of POD in Eisenia fetida over short-term exposures. Zhang et al. (2013) also obtained a similar result after measuring the POD activity of E. fetida after exposure to fomesafen at different times.
MDA is the end product of lipid peroxidation, and the MDA level may also indicate the level of ROS (Chen J. et al., 2015) and the extent of cell tissue trauma (Zhang et al., 2013). In the present study, the content of MDA did not change after exposure to imidacloprid at 0, 3, and 6 h. However, it was significantly increased after 12–72 h of exposure as compared to the control. A possible reason for this observation is connected to the ROS content and antioxidant enzyme activity (Wu and Liu, 2012; Wang et al., 2016). At the beginning of exposure to imidacloprid, stimulation of pesticides increased the activity of antioxidant enzymes in organisms (Zhang et al., 2014; Li et al., 2017). However, with the extension of the exposure time, the MDA content in organisms increased gradually due to the accumulation of ROS (Balieira et al., 2018). The increase in the MDA content showed that lipid peroxidation could be caused by sublethal imidacloprid in P. analis. Many studies have shown that membrane lipid peroxidation is caused by ROS and this induced many negative effects (Bhattacharyya and Datta, 2001; Schaffazick et al., 2005; Balint et al., 2021). The results of the present study also confirm this point and our results also indicate that MDA has an obvious indicating effect in P. analis even under the stress of low concentrations of imidacloprid.
PPO is a copper-containing oxidase that oxidizes monohydric and dihydric phenols to quinones (Zhang and Sun, 2021). PPO is a crucial enzyme for melanin synthesis in insects and usually exists in insect hemolymph in the form of zymogen (Lu et al., 2014). It is activated and hydrolyzed by specific serine protease cascade to generate active PPO, which plays an important role in insect immune responses (Jiang et al., 1998; Xu et al., 2020; Ma et al., 2010). This enzyme could be an indicator for assessing the toxicity of pesticide residues (Lu et al., 2014). Magierowicz et al. (2020) reported that Tanacetwn vulgare essential oil significantly increased the PPO activity in larvae of Acrobasis advenella (Lepidoptera: Pyralidae). Ma et al. (2010) showed that cantharidin could significantly inhibit the activity of PPO in the fifth instar larvae of Mythimna separata. The results of the present study show that the activity of PPO increased at first and then decreased after imidacloprid exposure. This result was consistent with the report of Li et al. (2017), who found that PPO activity in Apis mellifera increased first and then gradually decreased with prolonged time after exposure to sublethal doses of imidacloprid. The PPO is an important immune protein in insects and mediates humoral immunity (Fan et al., 2016). In the present study, we found sublethal imidacloprid inhibited the activity of PPO significantly over 12 h. The inhibition could cause insects to be more susceptible to infection by bacteria (Zhao et al., 2007), fungi (Yassine et al., 2012; Dubovskiy et al., 2013), and some other microorganisms (Binggeli et al., 2014).
The impacts of pesticides on insect fitness have been extensively studied, and some pesticides reduced the fitness of bee larvae of both Apis mellifera and Apis cerana (He et al., 2022). Even sublethal imidacloprid can affect foraging and colony fitness in Monomorium antarcticum and Linepithema humile (Barbieri et al., 2013). In particular, neonicotinoid insecticides may reduce the fitness by impairing sperm and hypopharyngeal glands (Minnameyer et al., 2021). As imidacloprid used in our study is a member of the neonicotinoid group, it caused toxicity to firefly larvae implying that imidacloprid might reduce the fitness of firefly even at a very low dose.
Previous studies found that the fitness of the insect could be affected by the antioxidant enzyme activity (Dhivya et al., 2018), and a reduction in antioxidant enzyme activity was accompanied by a decrease in insect fitness (Slos et al., 2009; Xie et al., 2015; Cai et al., 2018). The possible reason for a reduction in fitness was impaired digestion and absorption caused by the released free radicals when the antioxidant enzyme activity was reduced (Rahimi et al., 2018). Similarly, we found that the antioxidant enzyme activity of Pyrocoelia analis was inhibited significantly after the treatment of low dose imidacloprid. These results implied that residues of imidacloprid in the environment affect the fitness of fireflies.
As a widely used chemical pesticide in a range of agro-ecosystem, imidaclorpid residues could be easily spread throughout the whole ecosystems. Although there were many species in the agro-ecosystem affected by the imidacloprid residues that we previously discussed, very few studies have focused on the effects of this chemical on remote regions and other ecosystems. This study characterized the toxicology of a sub-lethal dose of imidacloprid for fireflies that inhabit a forest ecosystem. The very low dose of imidacloprid caused irreversible physiological changes to the fireflies and overt toxicity implying that the chemical pesticide residues affected the whole ecosystem and not only the agroecosystem where it was applied. This potential threat to ecosystem health has not been seriously addressed by the region’s agricultural administration or by farmers.
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Primers
Used for RNAi

dsCYPBAE43
dsCYP321A7
dsRED

S30
GAPDH

Sense Primers

5'-ggatcotaatacgactcactatagg GATATGCTGAACGCCGACCT-3'
5'-ggatcctaatacgactcactatagg GCTACTGGAAAAAGCGTGGC-3'
5'-ggatcctatacgactcactatagg GOCAAGCTATGCATCCAACGCGTTG
fele¥cy

CACCCTCGGTGTTAGACGTT

CGGTGTCTTCACAACCACAG

Anti-sense Primers

5'-ggatcotaatacgactcactatagg CTATCACCGGGTACATCCGC-3
5'-ggatcctaatacgactcactataggTGAGTTCGTTCCAATGCCGA-3'
5'-ggatcotaatacgactcactatagg CAAGCTATGCATCCAACGCGTTGG
GAG-8'

CCACCGGGAAAGTGATACTGT

TTGACACCAACGACGAACAT

679
506
421

119
11
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Insecticide N (ug-G-1) (95% CI) Slope +S.E. x df sr

LCso LCzo
Indox-UNSEL. 630 0.67 (057 + 0.79) 0.343 (0.24 + 0.39) 203019 043 4 1
Indox-SEL (G-14) 630 21.02 (17.96 + 24.38) 6.84 (5.04 = 8.67) 188016 1563 4 31.37

The 95% Cl of AR were calculated according to Robertson and Preisler (1992) and considered significant i these did not include the value of 1. N: Number of individuals exposed was 630
insects and constant across all bioassays; degrees of freedom (df) was 4. CI = Confidence interval. RR = Resistance ratio a RR = LCso value of insecticides of Indox-SEL-G14 divided by
LCso value of insecticides of Indox-UNSEL.
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Insecticide

Chlorantraniliprole

Bt-GO33A

Bt +CLP

Strains

SS-DBM°
FOH-DBMd
Bt-DBM®
cL-DBMf
BtC-DBM?
SS-DBM
FOH-DBM
Bt-DBM
CL-DBM
BtC-DBM
SS-DBM
FOH-DBM
Bt-DBM
CL-DBM
BtC-DBM

LCsp (95% FL) (mg/l)

0.189 (0.054-0.479)
7.485 (6.225-8.436)
93.691 (65.582-113.493)
230.728 (151.731-383.323)
166.292 (109.621-342.673)

0.053 (0.015-0.101)
0.344 (0.003-0.361)
2.294 (0.499-4.465)
0.871 (0.362-1.618)
1.072 (0.351-1.979)
0.141 (0.064-0.249)
5.084 (3.696-7.506)
30.289 (14.583-60.023)
24.398 (11.453-42.942)
25.832 (18.919-35.853)

aRR, resistance ratio = LCsq of a particular strain divided by LCsqg of susceptible strain.
Bt + CL is the insecticide mixture of Bt and chiorantraniliprole (1:1).

©SS-DBM is laboratory susceptible strain.
dFOH-DBM is the field high-resistant strain.

®Bt-DBM is the resistant strain treated with Bt-GO33A.

fCL-DBM is the resistant strain treated with chlorantraniliprole insecticide.
9BtC-DBM is the resistant strain of DMB selected with a mixture of Bt and chlorantraniliprole.

o
-

[©2lN¢; I, BN ) B¢, NG, BN &) BN @) BaNe) NG, BN &) BN @) BING) e, e |

1.505
0.744
1.642
1.069
0.731
1.230
0.686
0.627
4.577
1.756
2.043
2.251
3.395
1.403
0.811

RR?

39.6
495.7
>1000
879.8

6.5
43.3
16.4
20.2

36.1
214.8
1731
183.2
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Samples

SS-DBM
FOH-DBM
Bt-DBM
CL-DBM
BtC-DBM

Raw reads

160,430,796
150,250,928
138,498,530
118,990,394
120,013,556

Clean reads

160,256,478
149,997,438
138,101,022
118,757,080
119,484,296

Total mapped %

62.41%
54.94%
64.71%
63.33%
60.61%

Clean ratio

99.92%
99.74%
99.85%
99.80%
99.70%

Q30 (%)

93.29%
93.68%
92.87%
92.90%
92.61%

GC (%)

55.64%
53.41%
54.18%
51.73%
49.42%
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Genes Upregulated/Downregulated

Btvs.FOH Btvs.CL Btvs.SS Btvs.BtC BtCvs.FOH BtCvs.CL BtCvs.SS FOHvs.SS CL vs. FOH

Insecticide target genes

Cytochrome P450 4/3 5/3 10/6 3/8 11/8 6/4 16/8 14/10 22/9
Glutathione S-transferase (GST) 0/2 2/1 0/4 ival 1/11 3/2 1/16 1/4 7/2
Carboxylesterase 0/ 1/2 2/1 1/3 2/7 2/1 3/7 01 6/2
bbAcetylcholinesterase (AChE) 1/0 21 0/2 6/5 2/12 21 2/13 1/10 10/4
NADH dehydrogenase 2/3 11 11 10/2 3/7 8/1 12/12 5/6 1/4
UDP-glucuronosyltransferase 3/2 3/0 1/3 1/6 1/8 1/2 2/8 0/2 5/3
Sodium channel 2/5 1/0 0/0 7/5 11 5/1 3/1 4/4 2/7
Glutamate receptors 0/ 072 1/3 1/0 6/1 01 5/1 3/0 2/0
neurotransmitter 0/0 1/0 1/3 1/2 1/5 0/0 0/5 0/4 0/1°
gamma-aminobutyric acid (GABA)

receptors

Ryanodine receptor 0/0 0/0 0/0 0/0 0/0 0/0 01 0/0 on

Trehalose transporter 0/9 1/2 7/5 3/1 2/6 9/2 12/10 5/15 1/8
Catalase 0/0 2/1 4/0 1/2 1/3 4/0 4/2 1/3 0/5
N-acetylgalactosaminyltransferase 0/0 4/2 0/0 6/1 5/2 6/1 9/2 3/2 0/2
ATPase synthase subunit 11 11 3/7 12/3 4/3 2/2 8/7 8/10 3/2
Serpin 2/0 3/2 2/0 1/0 41 11 6/1 9/0 4/0
Serine protease 7/3 5/0 41 1/0 5/0 6/0 4/2 2/0 6/8
Bt target genes

Cadherin 2/ 1/0 3/1 21 2/2 2/ 2/3 072 0/0
Aminopeptidase N 0/6 1/3 2/6 1/10 3/8 1/2 3/7 3/10 0/8
Trypsin 16/8 10/6 6/11 14/11 17/5 9/8 o7 6/10 3/14
Alkaline phosphatase 2/0 1/0 1/0 1/0 21 0/0 0/2 01 0/0
ABC transporter 0/2 11 0/5 1/3 114 41 5/12 1/10 1/11
Chitinase 5/3 11 7/2 11 6/1 2/0 5/2 3/2 4/2

Genes were identified in pairwise comparison of Plutella xylostella strains.
Differentially expressed genes are upregulated (FDR > 0.05, logFC > 2-fold) and downregulated (FDR > 0.05, FDR > —2-fold) between susceptible and resistant strains
of Plutella xylostella.
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C/T, pupal control group v.s. pupae treated with antibiotics group; 1, upregulation; |}, downregulation.
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Benzosimuline

Phenylmethyl benzeneacetate
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2-Methoxyestradiol
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C/T, pupal control group v.s. pupae treated with antibiotics group; 1, upregulation; |, downregulation.
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KEGG CID Metabolites PIL P/A VIP(P/L) P(P/L) VIP(P/A) P(P/A)
00755 Vanilin + t 22 <001 24 <001
C02519 4-Methoxybenzoate ' L 22 <0.01 24 <0.01
clea72 3-Fluorocatechol t t 44 <001 52 <001
16473 4-Fluorocatechol + 1 4.4 <001 52 <001
14110 4-Hydroxymethylcatechol 4 t 22 <001 24 <001
02909 (2-Naphthy)methanol + 1 47 <001 48 <001
NA 2-Methoxynaphthalene + + 47 <001 48 <001
C147% 1-Naphthylamine 1 33 <001
00601 Phenylacetaldehyde + t 24 <001 25 <001
04043 3,4-Dihydroxyphenylacetaldehyde t 1t 22 <001 24 <001
02505 2-Phenylacetamide t 20 <001
02083 Styrene oxide + + 2.4 <001 15 <001
05627 4-Hydroxystyrene + t 24 <001 15 <001
06758 4-Methylbenzaldehyde + 4 24 <001 15 <001
co7209 3-Methylbenzaldehyde 1 t 24 <001 15 <001
co7214 2-Methylbenzaldehyde 1 t 24 <0.01 16 <0.01
C02519 p-Anisic acid 1 1 22 <0.01 2.1 <0.01
co7113 Acetophenone + 1 2.4 <001 15 <001
03663 2',4'-Dihydroxyacetophenone + + 22 <001 24 <001
C10676 3,4'-Dihydroxyacetophenone 1 t 22 <0.01 24 <0.01
13635 2,4-Dihydroxyacetophenone t + 22 <001 24 <001
C15513 Benzyl acstate 1 20 <001
NA 4-Hydroxy-8-methylbenzoic acid + + 22 <001 24 <001
10804 2-(Hydroxymethyllbenzoic acid + 1 22 <001 24 <001
02181 Phenoxyacetic acid 0 t 22 <001 24 <001
NA 3-Cresotinic acid + + 22 <001 24 <001
C14103 4-Methylsalicylate : L 22 <0.01 21 <0.01
07721 Chiophedianol + 1.2 <001

NA Hericenone A + t 25 <001 24 <001
co7311 Stanozolol + 1 34 <001 36 <001
10794 Ginkgoic acid 0 + 32 <001 48 <001
NA Methyl-[10]-shogaol 1 1 32 <0.01 48 <0.01
07420 Pentamidine B t 16 <001 15 <001
08157 Testosterone enanthate + 1 1.2 <001 12 <001
NA Pregnanetriol + + 37 <001 39 <0.01
C14606 11-Hydroxyandrosterone + 14 00145

NA Saponin H 1 1 15 <0.01 14 <0.01
NA Assamsaponin D L) t 15 <0.01 1.4 <0.01
NA 2,3-Dihydrobenzofuran + + 24 <001 25 <001
cii1es Tetrabenazine + 1 1.6 <001 15 <001
12508 Nateginide * + 1.6 <001 15 <001
NA Eremopetasinorol + 1.7 <001

NA Chioropanaxydiol + 1.0 <001

PIL, pupal group vs. larval group; P/A, pupal group v.s. adult group; 1, upregulation.
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Name

p-Anisaldehyde
4-Allyi-1,2-dimethoxybenzene.
Nony alcehyde
«-Caryophyllene
N,N-Diethyl-m-toluamide
Cis-3-hexenyl butyate
3-Methyl-1-butanol
1-Octene
p-Caryophyllene
(~)-trans-Caryophyllene
(+)-a-Pinene
1-Octen-3-ol
Cis-3-hexen-1-0l
Phenylacetaldehyde
2-Phenylethanol
Terpinolene

Acetoin

«-Terpinene
p-Cyclocitral
p-Citronellol
(+)-2-Carene

Methyl jasmonate
«-Pinene

Geraniol

p-lonone

P-Cymene
Tetradecane

Methyl laurate
Carvacrol

Linalool
Dihydro-B-ionone
wlonone
(E)-f-Famesene

Methyl salicylate
(s)-(=)-Limonone
-Humulene

Geranyl acetate

Linalyl acetate

Ethyl octanoate
p-Elemene

HaxyOBP3 HaxyOBP5 HaxyOBP12 HaxyOBP15
1Cs0 (M) Ki (um) 1Cs0 (M) Ki(um) 1Cs0 (M) Ki(iM) 1Cs0 (M) Ki (M)
34102106 2443037 1993070 13458067 2545199  1615x1.21 - -
- - - : - T asa0e200 2060180

25.87+2.85

18.78+2.14

17.77£1.52

26.44£1.96

11.71£0.86

1815133

30.89+3.01
12.03+0.56
581046

30.263.58
4002291

24012265
9.21:0.44
4.330.40

23.38+3.04
31.01£2.49
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KEGG CID
NA
©10770
C03719
C08158
C14643
C08185,
Cco7119
C01780
C18039
C19873
C19326
C07369

P/L, pupal group vs. larval group; P/A, pupal group v.s. adult group; 4, upregulation.

Metabolites
4-Hydroxybenzylamine
5-(8-Pentadecenyl)-1,3-benzenediol
Phenylacetothiohydroximate
Testosterone propionate
Medrysone

Triamcinolone hexacetonide
Medhoxyprogesterone
Aldosterone

Adosterone hemiacetal
26-Hydroxycastasterone
p-Anisidine

Prednisolone

P/L

[N

-

P/A

[N

VIP(P/L)

1.3
18
59
59
17

1.0
1.0

15
1.0

P(P/L)

<0.01
<0.01
<0.01
<0.01
0.02

<0.01
<0.01

0.01
0.01

VIP(P/A)
12
19
1.7
53
53
16
53

17
12

P(P/A)
<0.01
0.016
<001
<001
<001
0.02
<001

<0.01
<0.01
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Name

HaxyOBP3
HaxyOBPS

HaxyOBP12
HaxyOBP15

Species

Tenebrio molitor
Drosophila melanogaster
Chrysopa pallens
Nasonovia ribisnigri

BLAST X match result

PDB number of template protein

103y
6QQ4
6JPM
4z45

E-value

Py
10

Identify

29.27%
28.93%
44.00%
31.03%

Score

389
535
986
520
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Genename ~ GenelD  GenBank accession  Protein length Mw (kDa)  Theoretical pl  Signal peptide  Endonuclease NS (position)

SfdsRNase1 Sfru170710.1 0L960003 318 36.01 9.45 Yes 144-318
SfdsRNase2 Sfru175350.1 0L960002 396 44.80 5.66 No 135-378
SfdsRNase3 Sfru068710.1 0L960004 445 49.27 6.17 Yes 187-428

SfdsRNase4 $Sfru003330.1 OMOO01111 446 50.18 5.26 Yes 185-429
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NPs-dsRNA Mortality rate (%) Weight increase (mg)

W + dsV-ATPase 16.67 + 5.773603b 22.56 + 6.50a
LIP + dsV-ATPase 41.67 + 10.40833a 13.80 + 5.63b
CHS + dsV-ATPase 18.34 + 7.637626b 17.51 + 4.54ab

Note: V-ATPase, an important gene for the growth and development of S. frugiperda
(Parsons et al, 2018). dsV-ATPase is combined with two nanomaterials, Iposome-
encapsulated dsANA (LIP-sV-ATPase) and chitosan-encapsulated dSRNA (CHS +
sV-ATPase), using water instead of nanomaterials as a control (W+ dsV-ATPase). Apply
the same amount of NPs-0SRNA to the artilcia feed every day and feed the first instar
farvae continuously for 1 week. Count the final mortality and weight gain. Five larvae were
a biological replicate, and this experiment was performed three times in total. The data
shown are mean = SE, n = 15 for the mortalty and weight increase calculation, ifferent
etters indicate a significant difference among treatments (p < 0.05, one-way ANOVA
followed by Duncan’s muitiple range test).





OPS/images/fphys-13-850022/fphys-13-850022-g002.gif





OPS/images/fphys-13-850022/fphys-13-850022-g003.gif
¥ Hemolymph
a Midgut y "
) ' 4 1
: 5
A { :
X 1+ i ;
Lo ,





OPS/images/fphys-13-850022/fphys-13-850022-g004.gif





OPS/images/fphys-13-850022/fphys-13-850022-g005.gif





OPS/images/fphys-13-850022/fphys-13-850022-g001.gif





OPS/images/fphys-13-842314/fphys-13-842314-t003.jpg
Thymol

Number of emerged adults

Emergence inhibition (%)

Conc (mg/kg of beans) Females Males Total Females Males
0 43.5+6.6° 475+5.2° 91.0+11.3°

30 48.4 +3.4° 55.1 4+ 6.3° 1035+ 9.3° —112+ 7.8 —16.1+£13.32

45 33.9+4.6° 35.544.0° 69.44+ 8.3° 221 +£10.5° 253+ 84°

60 18.6 £5.9° 19.5+5.8° 38.1+11.6° 57.2+ 13.6° 58.9 4 12.1b°

75 58+292 8.9+4.12 146+ 6.72 86.8+ 6.7d 81.3+ 8.7¢d

90 34+19° 3.9+1.82 7.3+ 3.72 922+ 449 91.8+ 3.99

Values marked with different letters (a, b, ¢, d) within columns indicate significant differences among treatments (Duncan’s post-hoc test, p < 0.05).
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Source of AChE SOD CAT MFO CarE GST
variation F p F p F p F p F p F p
Sex 3.2 0.082 0.0 0.935 2366.0 <0.001 31.4 <0.001 682.7 <0.001 22.5 <0.001
(df: 1, 32)

Concentration 17.6 <0.001 9.7 <0.001 19.8 <0.001 41.6 <0.001 21.3 <0.001 150.1 <0.001
(df: 3, 32)

Sex x Concentration 4.6 0.009 8.6 <0.001 1.2 0.329 3.4 0.029 7.0 <0.001 43.6 <0.001

(df: 3, 32)

Significant effects are marked in bold.
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Slope LC3o LC50 Lng Xz P
(cn (Ch (&) (cn
Females 8.73 £0.79 85.8 98.4 181.8 3.84 0.279
(7.17,10.28) (80.7, 89.7) (94.2,102.3) (165.6, 207.0)
Males 8.68 4+ 0.80 55.2 66.0 108.9 1.02 0.795
(7.11,10.25) (61.3, 568.5) (62.7, 69.0) (100.8, 120.9)

LC - lethal thymol concentrations expressed in mg/kg of beans leading to 30, 50 and 99% beetle mortality (LCzp, LCso, and LCgg, respectively); Cl — 95% confidence
interval: x2 and P — Pearson’s goodness-of-fit test (df = 3).
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Gompertz mortality parameters

Concentration a(x 1073 (o) b (©
(mg/kg of beans)

Females

0 1.09 (0.61,1.95) 0.40 (0.34, 0.47)
60 1.35 (0.74, 2.46) 0.30* (0.25, 0.37)
90 9.48* (6.08, 14.77) 0.15* (0.10, 0.25)
105 61.63" (46.24, 82.14) 0.19* (0.09, 0.41)
Males

0 0.72 (0.33,1.57) 0.70¢ (0.58, 0.84)
30 2.49* (1.41, 4.40) 0.41* (0.33, 0.51)
45 3.60* (1.96, 6.61) 0.45* (0.34, 0.58)
60 16.47%C  (11.01, 24.66) 0.14%B  (0.08, 0.26)

Significant differences from the control group are marked with asterisks (log-
likelihood ratio test, df = 1, p < 0.05). Significant differences between females and
males of control and 60 mg of thymol / kg of beans treatment group are marked
with B (p < 0.01) and C (p < 0.001).
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() SOD (U/mg
protein)
0 20367 + 0.568 d
3 23524 0,640 ¢
6 25.087  0.581 ¢
12 27527 +0.709 b
24 31.098 + 1.849 2
48 19.740  0.896 d
72 19.984 + 0.661 d

CAT (U/mg
protein)

11.900 £ 0.153
12.733 + 0.067 e
14.947 + 0.260 cd
16.567 + 0.338 b
18.567 + 0.491 a
16.187 £ 0.238 ¢
14.200 + 0.173 d

POD (U/mg
protein)

2.730 £ 0.090 ¢
3219£0.125b
3697 £0.102 a
24120173 ¢
2.065 + 0.044 d
2,044 +0.072d
1.708 + 0.072 e

PPO (U/mg
protein)

5.920 + 0.407 b
8.064 + 0.306 a
7273+0425a
5211 £ 0074 b
3.665 + 0.236 ¢
3.955 + 0.068 ¢
2.406 + 0.249 d

AChE (U/mg
protein)

14133 £ 0633 ¢
16.863 + 0.480 b
18.567 + 0.691 a
16.467 + 0.437 b
14.347 + 0.558 ¢
12.700 + 0.666 cd
11.233 + 0.633 d

MDA (nmol/mg
protein)

0.144 £ 0.002 d
0.144 £ 0.002 d
0.159 + 0.009 ¢
0.192 + 0.004 b
0.152 + 0.006 cd
0.227 + 0.004 a
0.237 + 0.001 a

Data are expressed as mean + SE of three replicates. Different letters (a, b, ¢, d, and e) indicate statistical differences between groups at the p < 0.05 level at the same column.
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n: total number of adult males used in vial bioassays.

Chi-square: goodness of fit to probit model and (df) degrees of freedom.

Slope: Slope of probit-mortality line with std. error (SE).

LC50: Lethal concentration estimates with 95% confidence intervals. Values are
expressed in pg indoxacarb per vial.

Resistance ratio: LC50 selected or control + LC50 Parental. Ratios were considered
significant if the 95% Cls did not include the number 1 (P<0.05).
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Gene symbol

EFla

ACT

EF2a

G6PDH

GAPDH

RPL10

RPS3

uBC

TUB

Gene name

Elongation factor 1a

Actin2

Elongation factor 2a
Glucose-6-phosphate
dehydrogenase
Glyceraldehyde-3-phosphate
dehydrogenase

Ribosomal protein L10
Ribosomal protein S3

Ubiquitin-conjugating enzyme

a-Tubulin

(Putative)function

Structural constituent of
ribosome

Structural constituent of
ribosome

Involved in cell motility,
structure, and integrity

Glycolytic enzyme

Structural constituent of
ribosome
Structural constituent of
ribosome

Cytoskeleton structural
protein

Primer sequences (5' — 3')

F: TTTTGGCCTTCACCCTTGGT
R: AACGGTTCTCGCTGAATGGT

F: AGAGCAAACGTGGTATCCTTACTT

R: CTGGATGTTCTTCGGGTGCG
F: CTGCTGCAATCACAGCCAAG
R: GGAAAGCTTGACCGCCAGTA
F: ATCACTCATTCGGCGCTCTT

R: CGGTACAAGTACCACAGCGT
F: GGTCGTTTGGTACTTCGTGC

R: GACCACCAAGAAGCCACCTT
F: AAGCGTTTCTCCGGAACTGT

R: TATGCGGGTAACCAAGAGCG
F: TCTACGCAGAAAAGGTGGCA
R: ACGAACGGCTAATCCACCAG
F: CTTCTTCAGGAGCCCGTACC
R: CTCGAATGGGGAGTCTGACG
F: CACGTGCCGTTTTGGTTGAT

R: TTACCGGCACCAGATTGACC

Amplicon length (bp)

87

132

237

150

162

115

92

102

115

E (%) *

108.2

103.7

102.3

98.8

98.7

106.4

101.4

101.2

100.2

R2**

0.996

0.997

0.996

0.998

0.998

0.997

0.998

0.998

0.999

*Real-time qPCR efficiency (calculated by the standard curve methoad).

**Regression coefficient calculated from the regression line of the standard curve.
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Contig no. Best blastX match (Genbank, 2021)' Best Blattella germanica genome match  Fold change FDR adj. P-Value Contig length
1 Hypothetical protein C0J52_04259 (Blattella germanica)  Hypothetical protein COJ52_04259 8394 0.00009 792
short match of 92% (B. germanica) short 92% match
2 PiggyBac transposable element-derived protein 3 No match 67.05 0.00001 501
(Cryptotermessecundus LOC111875436)
3 Cytochrome P450 6k1 (Blattella germanica) 979% match to hypothetical protein 48.15 0.00012 694
COU52_26426 (B. germanica)
4 Putative Cytochrome P450 6a14 (Blattella germanica) 100% match to PSN34612.1 from 39.40 0.00003 1142
B. germanica genome
5 Cytochrome P450 6j1 (Cryptotermes secundlus) 66% match to hypothetical protein 34.22 0.00003 1095
COJ52_26426 (B. germanica)
6 Cytochrome P450 6j1 (Cryptotermes secundus) 70% match to hypothetical protein 33.82 0.00019 2042
COU52_26426 (B. germanica)
i Cytochrome P450 61 (Cryptotermes secundus) 79% match to hypothetical protein 3354 0.00002 476
COU52_26426 (B. germanica)
8 Cytochrome P450 6]1 (Cryptotermes secundlus) 100% match to hypothetical protein 31.25 0.00054 531
COJ52_26426 (B. germanica)
o Cytochrome P450 6j1-like (Cryptotermes secundus) 819% match to hypothetical protein 30.45 0.00087 1105
COJ52_26426 (B. gormanica)
10° Cytochrome P450 6k1-like (Zootermapsis nevadensis)  100% match to hypothetical protein 17.44 0.00018 546
COJ52_20551 (B. germanica)
11 Putative Cytochrome P450 6a14 (Blattella germanica) 86% match to hypothetical protein 7.85 0.00018 2940
C0J52_20851 (B. germanica)
12 Cytochrome P450 61 (Cryptotermes secundus) 66% match to hypothetical protein 683 0.00001 2807
COU52_26426 (B. germanica)
13 Cytochrome pd50 15F1 (Reticultermes flavipes) 9% match to Methyl famesoate epoxidase, 6.81 0.00003 2003
partial (8. germanica)
14 Cytochrome P450 4CH; AltName: Full = CYPIVC1 53% match to Cytochrome P450 4C1 6.33 0.00026 1974
(Blaberus discoidalis) (B germanica)
15 Oytochrome P450 6]1 (Cryptotermes secundlus) 85% match to hypothetical protein 531 0.00000 2390
COU52_26834 (B. germanica)
16 Cytochrome P450 4C1 (Cryptotermes secundus) 54% match to Cytochrome P450 4c21 5.13 0.00030 1687
(B. germanica)
17 1,5-anhydro-D-fructose reductase (Cryptotermes 63% match to 1,5-anhydro-D-fructose 491 0.00014 997
secundus) 75% match reductase (B. germanica)
18 Per a allergen (Periplaneta americana) 63% match to Glutathione S-transferase 411 0.00003 991
(B. germanica)
19 Cytochrome P450 61 (Cryptotermes secundus) 82% match to hypothetical protein 383 0.00000 2083
COU52_12805 (B. germanica)
20 Cytochrome P450 6]1 (Cryptotermes secundlus) 48% match to Cytochrome P450 6j1 3.36 0.00003 1830
(8. germanica)
21 Peritrophic membrane protein 4, partial (Holotrichia 80% match to hypothetical protein 2.64 0.00003 294
oblita) COJ52_18875 (B. germanica)
22 Venom carboxylesterase-6-like (Zootermopsis 99% match to hypothetical protein 2.60 0.00082 3127
nevadensis) COJ52_16277 (B. germanica)
23 Cytochrome P450 6j1 (Cryptotermes secundlus) 99% match to hypothetical protein 2.30 0.00000 2568
C0J52_26834 (B. germanica)
24 Esterase FE4 (Zootermopsis nevadensis) 62% match to hypothetical protein 177 0.00033 2177
COU52_03840 (B. germanica)
25 Aldehyde dehydrogenase, partial (Blattella germanica) Aldehyde dehydrogenase, partial 1.70 0.00000 5007
100% match (B. germanica) 100% match
26* Chitinase-3-like protein 1 isoform X2 (Zootermopsis 73% match to hypothetical protein 1.60 0.00060 2432
nevadensis) COU52_01400 (B. germanica)
27 Chitin deacetylase 2 (Niaparvata lugens) 100% match to hypothetical protein 0603 0.00038 2454
COU52_26402 (B. germanica)
28 Bacterial aldo/keto reductase (Ruminococcus sp.) No match 0601 0.00058 2418
29 Cytochrome P450 4C1 (Blattella germanica) 100%  Cytochrome P4S0 4C1 (B. germanica) 100% 0.482 0.00082 2742
match match
30* Esterase FE4 (Blattella germanica) 99% match Esterase FE4 (B. germanica) 99% match 0.405 0.00029 2208
31 Cytochrome P450 9e2 (Zootermopsis nevadensis) 78% similar to hypothetical protein 0381 0.00028 2335
COJ52_03714 (B. germanica)
32 Protist ERD2 (endoplasmic reficulum retention receptor) No match 0.163 0.00044 4453
(Symbiodinium necroappetens)
33 Venom carboxylesterase-6 (Blattella germanica) 5% Venom carboxylesterase-6 (B. germanica) 5% 0.153 0.00036 2132
identity identity
34 Fungal membrane transporter (Djplocarpon rosae) No match 0.142 0.00090 5851
3 GREGARINE piwi domain protein (Gregarina No match 0136 0.00070 3424
niphandrodes)
36 Bacterial chitinase (Legionella nagasakiensis) No match 0.123 0.00028 2674
37 PROTIST lysophospholipase Il (Nannochioropsis No match 0.113 0.00058 3625
gaditana CCMP526)
38 GREGARINE chitinase (Gregarina nihandrodes) No match 0.109 0.00026 1840
39 GREGARINE glutathione S-transferase (Gregarina No match 0.108 0.00022 2616
niphandrodes)
40 GREGARINE chitinase/lysozyme protein (Gregarina No match 0.107 0.00029 857
niphandrodes)
4 GREGARINE indolepyruvate decarboxylase (Gregarina No match 0.104 0.00022 2027
niphandrodes)
42 GREGARINE aldehyde dehydrogenase (Gregarina No match 0.101 0.00035 1772
niphandrodes)
43 Insect glutathione S-transferase 1-like (Avicia agests) No match 0096 0.00051 4634
44 COCCIDIA ABCH family protein (Toxoplasma gondii No match 0092 0.00028 4696
VEG)
5 GREGARINE ATP-binding ABC transporter, partial No match 0.082 0.00078 2531
(Gregarina niphandrodes)
46* GREGARINE superoxide dismutase (Gregarina No match 0078 0.00044 830
niphandrodes)
ar COCCIDIA phospholipase/carboxylesterase No match 0072 0.00061 1338
(Toxoplasma gondii GT1)
a8° GREGARINE glutathione S-transferase (Gregarina No match 0.069 0.00026 2156
niphandrodes)
49° BACTERIAL NAD-dependent formate dehydrogenase No match 0.034 0.00086 1358
(Granuiicella sp. $156)
50" Virus polyprotein 1 (Praha dicistro-like virus 2) 97% No match 0013 0.00000 1897
match
51 No match No match 0.007 0.00001 1218
52t Virus polyprotein 2 (Praha dicistro-like virus 2) 96% No match 0005 0.00000 2499
identity
53 Virus RNA-dependent RNA polymerase RdRp (Hubei No match 0.001 0.00002 5487

permutotetra-like virus 8)

The order shown is ranked from most highly upregulated (top) to most downregulated (bottom). Al 53 contigs were tested in GRT-PCR validations against llumina read
count data, and a subset of 21 contigs indlicated by asterisks* was used for post hoc regression comparisons between diferent strains (see Figure 6). Values shown are
based on voom-limma analysis. See Supplementary Table 2 for primer sequences. 'nr database at ncbi.nim.nih.gov/genbank/.
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