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The unprecedented target-specificity of double-stranded RNA (dsRNA), due to its sequence-specific mode of action, puts dsRNA at the forefront of biosafe insecticide technology. Since 2007, sensitive target genes have been identified in numerous crop pest insects, with an end goal of applying RNA interference (RNAi) in pest management. Key RNAi targets identified include genes involved in (1) feeding and digestion, (2) production of dsRNases, (3) resistance to insecticides and plant allelochemicals, (4) reproductive fitness, and (5) transmission of plant viruses. Despite the advances, there remain critical knowledge gaps in each of these areas. Particular emphasis must be placed on ensuring RNAi's compatibility with integrated pest management (IPM), via further identification of molecular targets that reduce crop damage while sustaining pest (host) populations for highly specialized biocontrol agents, the latter representing a core pillar of IPM.
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INTRODUCTION

In 2007, two studies demonstrated potential for double-stranded RNA (dsRNA) to act as a nucleotide sequence-specific insecticide, as it induced RNA interference (RNAi) in insects consuming dsRNA comprising an inverted repeat of a target gene's coding sequence (Baum et al., 2007; Mao et al., 2007). Baum et al. (2007) demonstrated this concept in western corn rootworm (Diabrotica virgifera) and Colorado potato beetle (Leptinotarsa decemlineata), major pests of maize and potato, respectively. They showed that efficacy varied depending on the gene- and corresponding protein targeted for downregulation. Mao et al. (2007) demonstrated this concept in cotton bollworm (Helicoverpa armigera), through targeting the cytochrome P450 monooxygenase gene CYP6AE14, and showed how its targeted downregulation impairs H. armigera's ability to detoxify the plant allelochemical gossypol; as well as through targeted downregulation of the glutathione-S-transferase gene GST1. Both studies demonstrated that pest control efficacy was based on nucleotide sequence identity, placing RNAi at the forefront of biosafe insecticide technology given its potential for target species-specificity. Since these two landmark studies, researchers have continued to demonstrate potential applications for RNAi technology in crop protection, through targeted downregulation of genes in other agricultural pest insects. While some studies have examined the use of species as screening models for identifying sensitive RNAi targets across crop pest taxa (Knorr et al., 2018, 2021; Mehlhorn et al., 2021), sensitivity of a target gene in one species may not necessarily apply to another species, given the physiological and ecological differences between species, especially between distantly related taxa.

DsRNA's mode of action suggests potential for high target-specificity, as long as dsRNA-expressing transgenes or sprayed dsRNAs are constructed to be target-specific. However, there is always the possibility that non-target organisms could be directly affected by RNAi cultivars or dsRNA sprays, especially if there is sufficient similarity between the target messenger RNA (mRNA) sequence in the target pest species and an mRNA sequence in an exposed non-target species. Nevertheless, rapid improvements in next generation sequencing platforms, and an upward trend in the availability of genome data for non-target species, is improving the exploitation of bioinformatics as a tool for RNAi target selection and risk prediction. This is essential as a first step in the development and risk assessment of both RNAi cultivars and dsRNA spray products.

DsRNA generally induces a lethal phenotype at a slower rate than other insecticides, and dsRNA-resistance has been demonstrated in vivo in both D. virgifera (Khajuria et al., 2018) and L. decemlineata (Mishra et al., 2021). Thus, it is of utmost importance to examine current knowledge regarding RNAi targets that either induce a timelier lethal phenotype, or that are more compatible with integrated pest management (IPM) principles. Here we provide an overview of both advancements and knowledge gaps regarding RNAi targets for potentially achieving sustainable crop protection from insect pests. Key points include targeting molecules involved in feeding and digestion, production of dsRNases (enzymes which degrade dsRNAs), and resistance to chemical compounds (e.g., commercial pesticides, plant allelochemicals); as well as the potential for minimizing RNAi's confliction with agroecological services provided by highly specialized biocontrol agents, which is important due to RNAi's potential for use in integrated pest management (IPM).



DISRUPTION OF FEEDING AND/OR DIGESTION

Several groups have examined the possibility of targeting insect genes involved in feeding and digestion. Will and Vilcinskas (2015) showed that targeting the salivary sheath protein in pea aphid (Acyrthosiphon pisum) disrupts formation of the salivary sheath (which is needed to facilitate penetration of the aphid's feeding apparatus into plant cell membranes), and interrupts feeding and reduces reproduction (possibly due to disruption of salivary sheath formation and reduced nutrition, respectively). Genes encoding membrane proteins associated with smooth septate junctions, required for functional intestinal barriers, have been shown to be effective RNAi targets in D. virgifera (Hu et al., 2016, 2019), the fruit fly Drosophila melanogaster (Izumi et al., 2019), and L. decemlineata (Petek et al., 2020). Hu et al. (2016, 2019) and Izumi et al. (2019) linked downregulation of these genes with intestinal barrier dysfunction and shortened lifespan. Hu et al. (2016) demonstrated that transgenic maize plants targeting a membrane protein associated with smooth septate junctions were protected from feeding damage. Furthermore, Petek et al. (2020) showed that field spraying of dsRNA targeting a membrane protein associated with smooth septate junctions was equally effective in controlling L. decemlineata as the commercial insecticide spinosad, though its activity was slower (significant mortality at 7 days) compared to that of spinosad (2 days). Salvador et al. (2021) targeted, in both larval and adult stages of cotton boll weevil (Anthonomus grandis), genes coding for production of α-amylase, trehalase and hexokinase, each of these proteins being important for chemical digestion in the midgut of A. grandis. Targeting these molecules resulted in ~60% (α-amylase), 45% (trehalase), and 50% (hexokinase) mortality in A. grandis larvae after 14 days of dsRNA feeding.

Apoptosis, a form of programed cell death in multicellular organisms, is a highly regulated process. While apoptotic events are vital to an insect's longevity (e.g., host control of viral infection), excessive apoptosis results in atrophy. Thus, inhibitors of apoptosis (IAPs) have been examined for suitability as RNAi targets in members of the insect orders Coleoptera (Rodrigues et al., 2017, 2018; Cao et al., 2018; Yoon et al., 2018, 2020; Máximo et al., 2020; Chikami et al., 2021), Diptera (Powell M. et al., 2017), Hemiptera and Lepidoptera (Gurusamy et al., 2020). In dsRNA feeding assays, Máximo et al. (2020) demonstrated that targeting an IAP in L. decemlineata larvae induced greater mortality compared to all other targets examined, but when targeting both the IAP and actin simultaneously, significant inhibition of feeding occurred within 24 h, followed by significant larval mortality within 48 h. Chikami et al. (2021), in a study on the pest ladybeetle Henosepilachna vigitioctopunctata, also demonstrated rapid reduction in feeding within 48 h, followed by rapid reduction in survival of larvae fed dsRNA targeting an IAP. IAPs may be effective RNAi targets in other pest insect taxa, for example in aphids (Figure 1), an important group of crop pests where an evolutionary expansion of IAPs is observed (Lopes et al., 2020). As this expansion has been hypothesized as a contributing factor to stress resilience in aphids (Lopes et al., 2020), targeting IAPs may significantly contribute to enhancing management of this important group of agricultural pests.
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FIGURE 1. Schematic illustration depicting recent advances in RNAi targets in agricultural pest insects, and the potential utility of targeting these molecules/mechanisms for effective and biosafe crop protection. Crop pest insects take up dsRNA sprayed on- or expressed in plants. Some attractive targets for RNAi include: molecules important in feeding and digestion; enzymes important for detoxification of pesticides or plant allelochemicals; molecules contributing to insect-vectored transmission of plant viruses; and reduction or inhibition of reproduction. The sequence-specificity of dsRNA makes it IPM-compatible, and brings it to the frontier of ecologically sustainable insecticide technology.




TARGETING DsRNases

DsRNases, especially in the insect midgut or in organs that can influence exogenous dsRNAs in passage to the midgut (e.g., salivary glands), can influence RNAi efficacy (Figure 1). Studies examining stability of exogenous dsRNAs isolated in extracted midgut fluid indicate the role of dsRNases in partial- or complete dsRNA degradation in several pest insects (Wynant et al., 2014; Almeida Garcia et al., 2017; Singh et al., 2017; Peng et al., 2018; Prentice et al., 2019; Tayler et al., 2019; Kaur et al., 2020). However, for the majority of crop pest species, it is unknown what role dsRNases have in inhibiting RNAi post-consumption of exogenous dsRNAs. In vivo co-targeting of dsRNases together with other vital genes has been demonstrated to significantly reduce gene expression and insect performance, compared to targeting only the vital gene, in insects of the orders Coleoptera (Almeida Garcia et al., 2017; Spit et al., 2017; Prentice et al., 2019; Peng et al., 2020a), Hemiptera (Luo et al., 2017; Chung et al., 2018; Kaur et al., 2020; Sharma et al., 2021), and Diptera (Tayler et al., 2019; Giesbrecht et al., 2020). Additional studies also suggest that inadequate oral RNAi is due to the presence of dsRNases in an even greater diversity of insect taxa (Song et al., 2017; Ghodke et al., 2019; Cooper et al., 2020; Fan et al., 2020; Peng et al., 2020b; Yoon et al., 2021).

Interestingly, while a few representatives from some coleopteran families show high sensitivity to oral RNAi (i.e., Chrysomelidae, Coccinellidae), other coleopteran families contain species that are insensitive- or only moderately sensitive to oral RNAi; for example, Nitidulidae (Powell M. E. et al., 2017; Willow et al., 2020, 2021), Curculionidae (Almeida Garcia et al., 2017; Prentice et al., 2019), and Buprestidae (Rodrigues et al., 2017, 2018). As Coleoptera contains a relatively large number of the world's most damaging crop pest species, with relatively few having been examined for RNAi sensitivity, inter- and intrafamily comparative RNAi sensitivity in this diverse order represents a critical avenue of research with many knowledge gaps. Thus, co-targeting endogenous dsRNases may prove vital for RNAi-based management of many coleopteran pest species.



TARGETING RESISTANCE MOLECULES/MECHANISMS

RNAi has been examined as a tool for overcoming insecticide resistance in various insect pests. In Asian citrus psyllid (Diaphorina citri), targeted downregulation of cytochrome P450, an enzyme involved in metabolism of exogenous and endogenous compounds, increased susceptibility to the neonicotinoid insecticide imidacloprid in members of a resistant population (Killiny et al., 2014). Targeting cytochrome P450 in A. grandis without post-treatment of any conventional insecticide was also shown to result in significant mortality (Salvador et al., 2021). Xu et al. (2017) demonstrated that targeted downregulation of seven different nuclear receptor genes in brown planthopper (Nilaparvata lugens) increased susceptibility to the sulfoximine insecticide sulfoxaflor, suggesting a role of these genes in sulfoxaflor detoxification, and thus their potential as RNAi targets for overcoming sulfoxaflor resistance in N. lugens populations. Du et al. (2021) recently demonstrated that targeting a uridine diphosphate-glucuronosyltransferase gene (UGT352A5) in silverleaf whitefly (Bemisia tabaci) reduced resistance to the neonicotinoid insecticide thiamethoxam, as mortality after both 6 and 12 h of thiamethoxam exposure was significantly greater in B. tabaci pre-fed dsUGT352A5 for 48 h, compared to those pre-fed a negative control dsRNA. This finding suggests UGT352A5 as a useful target for overcoming thiamethoxam resistance in B. tabaci populations. While RNAi-based inhibition of broad-spectrum insecticide resistance may be necessary in certain cases, we note that this tactic could also represent an RNAi application that is in conflict with IPM principles.

A recent study by Kang et al. (2021) demonstrated that upregulation of the gene fused (encoding a serine/threonine protein kinase) is involved in diamondback moth's (Plutella xylostella's) resistance to the pesticidal crystal protein Bacillus thuringiensis (Bt)Cry1Ac, and that targeted downregulation of fused results in larval and pupal mortality in BtCry1Ac-resistant strains. Thus, this finding revealed fused as a potential molecular target for overcoming Bt resistance in P. xylostella populations. Guo et al. (2021) also recently provided the first comprehensive mechanistic insight into the mitogen-activated protein kinase (MAPK, another serine/threonine protein kinase) signaling pathway's involvement in insect resistance to Bt toxins. The authors specifically demonstrated the role of MAPK cascades in defending P. xylostella against the insecticidal action of BtCry1Ac. Both of the abovementioned studies provide a platform for investigating the potential for targeting particular genes and/or signaling pathways, in order to suppress Bt resistance in other crop pest species.

Horizontal gene transfer (HGT) events, the non-parental transfer of genetic material between organisms, have given rise to new candidate target genes in crop pest species. For example, the gene MAN1, encoding a mannanase, was transferred from a member of the bacterial Bacillus clade to the genome of coffee berry borer (Hypothenemus hampei), this HGT event preceding H. hampei's invasion from West Africa to Latin America and Asia (Acuña et al., 2012). MAN1 specifically encodes a protein capable of hydrolysing galactomannan, the most abundant polysaccharide in coffee berries. This HGT event would have been essential for H. hampei to adapt to its specialization on host tissues rich in mannans. More recently, evidence emerged that B. tabaci obtained its malonyltransferase gene PMaT1 from an unknown plant species (B. tabaci being highly polyphagous) through an HGT event (Xia et al., 2021). B. tabaci's expression of this gene allows this pest to neutralize allelochemicals that plants use to defend themselves against herbivorous insects, in turn allowing B. tabaci to safely feed on these plants. Xia et al. (2021) demonstrated that targeted downregulation of PMaT1 resulted in almost 100% mortality of B. tabaci fed transgenic tomato plants, after 7 days of feeding. With increasing work being conducted in genomics, it may be found that HGT events in crop pests are far more prevalent than current predictions suggest. It could be supposed that some HGT events represent a prerequisite for certain species to achieve pest status, thereby giving rise to the use of broad-spectrum insecticides, which can in turn affect non-target organisms. These horizontally transferred genes that allow trophic niche occupancy may, in some cases, represent relevant targets for RNAi-based pest management of crop pest insects.

Identifying genetic targets involved in dsRNA resistance represents an important area of research for encouraging RNAi's future in sustainably managing crop pest insects. Khajuria et al. (2018) established a dsRNA-resistant D. virgifera population, demonstrating not only that resistant beetles were insensitive to Snf7-specific dsRNA microinjected into the haemolymph, but also that their resistance was non-specific to dsRNA targeting Snf7, as these beetles also showed resistance to other D. virgifera-specific dsRNAs. This suggested that dsRNA resistance in D. virgifera may involve impaired dsRNA uptake in cell types other than those of the gut, and/or may involve impaired systemic RNAi. More recently, Mishra et al. (2021) demonstrated dsRNA resistance development in L. decemlineata, through continuous rearing of adult survivors that were chronically exposed to L. decemlineata-specific dsRNA. As in Khajuria et al. (2018), this outcome was not specific to a single dsRNA, as L. decemlineata reared for resistance to vATPase-specific dsRNA also showed resistance to another L. decemlineata-specific dsRNA. If precise molecular mechanisms impairing dsRNA uptake were to be identified in a broad variety of pest species, these mechanisms could potentially be co-targeted for downregulation to ameliorate dsRNA resistance in different target species. However, the precise molecular basis of such mechanisms may widely vary between insect taxa, and thus the investigation of this possibility would require a broad level of intertaxon focus.



RNAi TARGETS FOR IPM COMPATIBILITY

RNAi as a crop protection measure is growing in prominence due to its potential use in IPM, an essential part of which is the partial reliance on natural enemies of crop pests, in order to avoid pest outbreaks. Thus, RNAi's compatibility with conservation biocontrol strategies represents a prerequisite to the field use of RNAi strategies. Due to the unprecedented target-specificity of dsRNA, RNAi approaches are not expected to directly affect populations of biocontrol agents. Furthermore, as generalist predators may rely on a variety of pest- and non-pest species for acquiring nutrients, considerable reductions in a single crop pest species is unlikely to significantly impact generalist predator populations. However, RNAi's compatibility with IPM becomes especially important when considering potential indirect effects on highly specialized biocontrol agents (i.e., specialist parasitoids) that rely on some availability of the host with which they co-evolved. It is not yet understood how pest-parasitoid interactions may influence adult parasitoid emergence from hosts subjected to RNAi. For example, indirect effects on parasitoid development may depend on whether a parasitoid is idiobiotic (immobilizes host, preventing further host development) vs. koinobiotic (allows host to continue development while being consumed), or whether a parasitoid is endoparasitic (egg laid within host body cavity) vs. ectoparasitic (egg laid on host epicuticle). Despite these critical knowledge gaps, studies have identified RNAi targets potentially compatible with conservation of highly specialized biocontrol agents. Here we focus on these advances.

Targeting genes that are necessary for reproductive fitness (Figure 1), but that are only infrequently- or marginally effective in inducing a lethal phenotype when downregulated, may allow hosts to persist for specialist parasitoids while also controlling the pest population via reductions in next-generation offspring. Targeting vitellogenin receptor [VgR, responsible for endocytic transport of vitellogenin (Vg), precursor to the major yolk protein, into oocytes] and boule (bol, necessary for successful meiosis during spermatogenesis, and for sperm maturation and male fertility), Niu et al. (2017) demonstrated that larval D. virgifera feeding on transgenic maize expressing dsVgR or dsbol transcripts had no significant effect on successful pupation into the adult stage. However, larval feeding on three transgenic maize lines expressing the dsbol transcript resulted in significant reductions in adult oviposition and progeny hatching rate. Targeting D. virgifera VgR significantly reduced adult oviposition in two transgenic maize lines, whereas none affected progeny hatching rate. In another study, Shang et al. (2018) observed shortened reproductive period, slower embryo development and lower fecundity in adult brown citrus aphids (Aphis citricidus) that were fed either dsVg or dsVgR during their fourth-instar nymph stage. The abovementioned studies, while having innate value for managing D. virgifera and A. citricidus populations, can serve as model studies for examining reproduction-targeting RNAi approaches in other crop pests. This may be especially important for those pests that have co-evolved with highly specialized biocontrol agents. While this tactic could affect host availability in the next season, it represents a critical topic of investigation for achieving IPM-compatible RNAi.

An additional study by Will and Vilcinskas (2015) reported significantly reduced reproductive rates in A. pisum after targeting salivary sheath protein in this aphid species. Specifically, the mean number of nymphs born per target-treatment-injected adult was significantly lower than that observed in two different control groups (untreated, and injection of non-A. pisum-specific dsRNA). Interestingly, no effect was observed on survival. The authors suggested that the reduced availability of nutrients, due to the disruption of salivary sheath formation, forced a trade-off in which reproductive fitness was sacrificed to enable survival. It is unknown whether a similar trade-off would occur under natural conditions, as the complexity of physiological and ecological trade-offs should be expected to vary between laboratory and natural conditions.

RNAi may also be used to manage outbreaks of plant viruses vectored by insects, by interfering with plant virus binding sites in the insect (Figure 1). Bahrami Kamangar et al. (2019) demonstrated that, by targeting a cuticular protein in the stylet of the aphid Myzus persicae, transmission rate of Potato virus Y was reduced by 47%. This represents a critical avenue of inquiry for IPM-compatible, RNAi-based management of insect-vectored phytopathogens. Furthermore, this approach to RNAi-based plant protection could serve to prevent interplant virus transmission by other crop pest taxa with similar modes of viral spread (e.g., leafhoppers, planthoppers, and thrips), in addition to having the advantage of minimizing host elimination, representing a potential benefit to both generalist predators and highly specialized biocontrol agents.

Finally, additional RNAi targets that confer no lethal toxicity to the target species may simultaneously facilitate the efficacy of biocontrol agents. For example, reducing the growth rate of a pest species, while allowing it to successfully develop, may lengthen the window of opportunity for biocontrol of the pest population (Benrey and Denno, 1997). Also, since the alarm pheromone is one of the major defenses against predation and parasitism in aphids (Vandermoten et al., 2012), targeting genes involved in alarm pheromone production or their receptors may make aphids more susceptible to biocontrol by natural enemies. These RNAi targets should be examined in mesocosm studies in order to provide evidence for their potential utility in facilitating biocontrol efficacy.



CONCLUSION

In light of dsRNA representing the frontier of ecologically sustainable insecticide technology, it is encouraging that many advances in genetic target identification have recently been made. Due to the diversity of pest insects responsible for economically-relevant crop yield losses, suitable RNAi target screening models are required in order to speed up the identification of effective molecular targets. However, sensitivity of molecular targets will undoubtedly vary depending on different pest species' vulnerabilities. Disruption of feeding and/or digestion can quicken the pace at which RNAi-induced mortality occurs in the target species. Co-targeting dsRNases can enhance RNAi efficacy in various crop pests. Targeting resistance molecules in crop pests can reduce various pests' ability to detoxify substances either applied for crop protection or produced in planta as allelochemicals. In some cases, IPM compatibility relies on highly specialized biocontrol agents (i.e., specialist parasitoids); and RNAi's compatibility with IPM will require the assurance that RNAi will not interfere with these populations.
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