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Abstract

:

The vast majority of lepidopterans, about 90%, are moths. Some moths, particularly their caterpillars, are major agricultural and forestry pests in many parts of the world. However, some other members of moths, such as the silkworm Bombyx mori, are famous for their economic value. Fire et al. in 1998 initially found that exogenous double-stranded RNA (dsRNA) can silence the homolog endogenous mRNA in organisms, which is called RNA interference (RNAi). Soon after, the RNAi technique proved to be very promising not only in gene function determination but also in pest control. However, later studies demonstrate that performing RNAi in moths is not as straightforward as shown in other insect taxa. Nevertheless, since 2007, especially after 2010, an increasing number of reports have been published that describe successful RNAi experiments in different moth species either on gene function analysis or on pest management exploration. So far, more than 100 peer-reviewed papers have reported successful RNAi experiments in moths, covering 10 families and 25 species. By using classic and novel dsRNA delivery methods, these studies effectively silence the expression of various target genes and determine their function in larval development, reproduction, immunology, resistance against chemicals, and other biological processes. In addition, a number of laboratory and field trials have demonstrated that RNAi is also a potential strategy for moth pest management. In this review, therefore, we summarize and discuss the mechanisms and applications of the RNAi technique in moths by focusing on recent progresses.
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1. Introduction


Moths are insects of the order Lepidoptera. Lepidoptera is the second biggest order in the class Insecta, which includes the moths, butterflies, and skippers. This order has more than 180,000 species in 128 families and 47 superfamilies, most of which are moths (more than 160,000 species) [1]. Some moths, specifically their caterpillars, are major agricultural pests in many parts of the world. For example, only the diamondback moth Plutella xylostella, which is the key pest of cabbage crops in warm climates, causes 5 billion USD economic cost annually, worldwide [2]. In addition to crops, moths also cause great harm to forests. For instance, the caterpillar of the gypsy moth Lymantria dispar is a highly polyphagous folivore that will feed on over 300 species of woody plants and can cause great harm to these plants (e.g., [3]). Moreover, moths also cause huge losses of grain in storage. There are about 70 species of moth associated with infestations of stored foods [4]. Some other members of moths, however, are famous for their economic value. The most notable of these is the silkworm, Bombyx mori. In addition, the larvae of many moth species, such as Gonimbrasia belina and Usta terpsichore, are used as food, particularly in Africa.



Fire et al. in 1998 [5] initially found that exogenous double-stranded RNA (dsRNA) can silence the homolog endogenous mRNA in Caenorhabditis elegans. This phenomenon, particularly the technique, is called RNA interference (RNAi). Now—almost 20 years after its foundation—the RNAi technique has proved to be very promising in several research and application fields. The primary application of RNAi is for gene functional analysis and determination [6]. Moreover, RNAi also is an emerging and promising technology to provide novel medication to treat cancers and viral disease, and to provide sustainable and environmentally sound approaches to control insect pests [7,8] and plant pathogens. Soon after the foundation by Fire et al. [5], RNAi was successfully applied to insects [9] and rapidly developed as a widely used tool in different insect orders thereafter, such as in Diptera, Coleoptera, Hymenoptera, and Lepidoptera (reviewed in [10]). Bettencourt et al. [11] first applied the RNAi technique in Lepidoptera in the cecropia moth Hyalophora cecropia. However, later studies have proven that performing RNAi in Lepidoptera is not as straightforward as shown for other insect orders (reviewed in [12]). Nevertheless, since 2007, particularly after 2010, an increasing number of reports have been published that describe successful RNAi experiments in different moth species by using classic and novel dsRNA introduction methods, such as microinjection, feeding, soaking, electroporation, and transgenic insect technique, as well as viral-mediated, bacterial-mediated, and plant-mediated dsRNA-uptake methods [13,14,15,16]. In most of these studies, the effective target gene silencing by RNAi followed by bioassay are successfully used for functional analysis of various genes in different moth species (10 families and 23 species). These genes are determined to function in larval development, reproduction, immunology, resistance against chemicals, and other biological process (Table 1). In addition, a number of laboratory and field trials have demonstrated that RNAi also is a potential strategy for moth pest management. These studies include the screen of target genes by using the second-generation sequencing technology, and the test of control efficacy of dsRNA pesticide, bacteria-, virus-, and plant-mediated RNAi (investigated in five families and seven moth species, Table 2). In this review, therefore, we summarize and discuss recent progresses of RNAi mechanism investigations, RNAi-based gene function analysis, and pest control explorations in moths.




2. Small RNAs and Their Functions


Small RNAs are <200 nt (nucleotide) in length, and are usually noncoding RNA molecules. Small RNAs play diverse roles in gene regulation at both transcriptional and post-transcriptional levels in organisms.



Types of small RNA mainly include: (1) small nuclear RNAs (snRNAs or U-RNAs; ~150 nt) play a key role in the multiple splicing by forming the spliceosome and catalyzing the removal of introns from pre-mRNA [64]; (2) small nucleolar RNAs (snoRNAs; single-stranded, 70–200 nt) primarily guide post-transcriptional modifications of other RNAs, mainly rRNAs, tRNAs, and snRNAs [65]; (3) PIWI-interacting RNAs (piRNAs; single-stranded, 25–33 nt) play a key role during spermatogenesis in defending germline cells against transposons by selectively silencing them [66]; (4) microRNAs (miRNAs; single-stranded, ~22 nt) exert important regulatory roles in plants and animals by binding to the 3’-untranslated regions of target mRNAs for translational repression and cleavage [67]; and (5) small interfering RNAs (siRNAs; double-stranded, 20–25 base pairs in length), which are similar to miRNA, operate within the RNAi pathway, where they interfere with the expression of specific genes with complementary nucleotide sequences by degrading mRNA after transcription [68]. Moreover, several novel small RNA classes have been found recently, such as tRNA-, rRNA-, snoRNA-, and snRNA-derived small RNAs [69].



As above mentioned, animals including moths [70] produce piRNAs, miRNAs, and siRNAs by using different processes, and then these small RNAs enter the RNAi pathways that function to silence (by repression or cleavage) the expression both of endogenous genes of the organisms and those of pathogen invaders, including viruses and transposons [13]. Fortunately, scientists also find that exogenous dsRNA—which is introduced either by injecting directly into the organism artificially or by taking up through feeding and digestion in the gut by organism—can also trigger the RNAi pathway to silence the expression of target genes [14]. This finding makes dsRNA-mediated RNAi not only a very effective and widely used laboratory technique for genetic functional analysis, but also a promising technology for the development of novel insect control approaches [13,14].




3. Machinery of dsRNA Uptake and Intracellular RNAi Mechanisms


Two machineries have been suggested for dsRNA uptake in animals: (1) the transmembrane channel-mediated uptake machinery based on SID-1 and SID-2 proteins [71]; and (2) the endocytosis-mediated uptake machinery [72]. In C. elegans, SID-1 is a multispan transmembrane protein essential for systemic RNAi, which may function as a multimer to transport dsRNA passively into the cells. Protein SID-2 is mostly found in the intestine tissue of C. elegans and probably functions in the environmental RNAi [71]. SID orthologs have been found in some moth species, including three orthologs in B. mori and one ortholog in Spodoptera exigua (reviewed in [14]). However, whether these SID orthologs also are associated with RNAi in moths is still unknown. In Drosophila melanogaster, which has no SID gene orthologs, dsRNA uptake is associated with vesicles and scavenger receptors and other proteins directly or indirectly involved in endocytosis, suggesting that the dsRNA fragments are taken up by receptor-mediated endocytosis [72].



Although siRNAs and miRNAs differ in the way they enter the RNAi pathway, both of them are generated from larger more complex dsRNAs by the ribonuclease III enzyme Dicer [73]. Moreover, both siRNA and miRNAs are connected with an Argonaut family protein (AGO) to become the RNA-induced silencing complex (RISC). The process of exogenous dsRNA-mediated RNAi includes four steps [73]: (1) a larger dsRNA is introduced into the cell through transmembrane channel-mediated pathway or endocytosis-mediated pathway; (2) dsRNA is digested into small double stranded sRNAs by the enzyme Dicer; (3) sRNAs are unwound and the guide-strand is loaded into the RISC; and (4) the RISC, directed by the guide strand, locates mRNAs containing specific nucleotide sequences complementary to the guide strand, and then binds to these sequences and ultimately blocks translation of the target mRNA.



In many plants and the nematode C. elegans, there exists a host-derived RNA-dependent RNA polymerase (RdRp), which generates “secondary siRNAs” that can greatly amplify and sustain the RNAi response [74]. However, insects appear to lack an endogenous RdRp, and RNAi response in insects is not likely to be amplified. Efficient systemic RNAi in insects requires a machinery to deliver the dsRNA directly to cells and tissues where the silencing of target gene expression is to take place.




4. Methods to Introduce Exogenous dsRNA into the Moths


The main challenge for dsRNA-mediated RNAi is how to effectively introduce the exogenous dsRNA into the organism and then have it enter the RNAi pathway. Methods of dsRNA introduction include microinjection, feeding, soaking, electroporation, viral infection, and transgenic techniques. The efficiency of the introduction methods can greatly vary in different species and mainly dependents on the application purpose [13,14].



4.1. Microinjection


Microinjection was first used to introduce dsRNA for RNAi [5], and soon after this technique was successfully applied to insects: D. melanogaster [9] and then to the moth, H. cecropia [11]. However, during subsequent years, RNAi through injection of dsRNA in moths has been demonstrated to have great variability in success and is not as straightforward as shown in other insect taxa [12,75]. Nevertheless, quite a number of studies have successfully performed RNAi in a number of different moth species by using injection (Table 1). Similar to other insect taxa, RNAi based on dsRNA injection has been applied to all life stages in moths: (1) egg stage [15,43]; (2) larval stage [23,24,33]; (3) pupal stage [17,27]; and (4) adult stage [25,31] (Table 1).



Microinjection has proved to be a direct and effective means in dsRNA introduction for RNAi. An important shortcoming to the use of microinjection in insects is mechanical damage during injection, which is most often pronounced when targeting embryos and neonatal larvae and pupae [76]. The mechanical damage may also have side effects or even cover the effect when studying the function of genes related to behavior and survival using RNAi. In addition, dsRNA injection is not suitable for RNAi-based pest control.




4.2. dsRNA Feeding


Soon after their excellent work on the RNAi trials using dsRNA injection [5], Timmon and Fire [77] further demonstrated that feeding C. elegans with Escherichia coli bacteria expressing dsRNA also results target gene silence. C. elegans can feed on bacteria by grinding and ingesting bacteria in the pharynx and subsequently absorbing bacterial contents in the gut. Timmon and Fire’s [77] discovery thus suggests that feeding can be another way to introduce dsRNA into organisms for triggering RNAi. In the subsequent years, RNAi based on ingested dsRNA—either by feeding on artificially synthesized dsRNA or transgenic plant and bacteria that expressed dsRNA—has been successfully applied in various insect taxa, including moths (Table 1 and Table 2). Compared to microinjection, feeding is a more natural method of introducing dsRNA into insects; it not only causes less damage to the insect than injection but also allows RNAi through pest insect feeding on sprayed dsRNA-based pesticide or transgenic plant and bacteria that express dsRNA.




4.3. Soaking


The first report regarding soaking is also in C. elegans [78], in which soaking of nematodes in the dsRNA solution successfully induced specific RNAi. This technique was then applied to large-scale analysis of gene function in nematodes and other species and obtained abundant achievements. The soaking method especially suits RNAi analysis in insect cells and tissues, as well as in insects of specific life stages, such as eggs and neonate larvae [10]. The soaking method has also been used in moth cells [18,33], eggs [50], and larvae [19].




4.4. Transgenic Insects Expressing dsRNA


The transgenic method was first developed in D. melanogaster, which produces hairpin RNA [79], and then in Aedes aegypti, which expresses dsRNA [80]. The transgenic method allows the insects to produce dsRNA stably and continuously, and this feature is inheritable, which will benefit the study of gene function in the whole life time of insects in one and more than one generations. Moreover, this technique has been proposed for pest management, such as by developing transgenic insects carrying dsRNA that can cause males or females to become sterile [81]. Transgenic RNAi has been performed in B. mori [20].




4.5. Plant-Mediated dsRNA Uptake


A number of plants, including the thale cress Arabidopsis thaliana [61], rice Oryza sativa [82], tobacco Nicotiana tabacum [63], cotton Gossypium hirsutum [62], and tomato Solanum ycopersicum [63], have been successfully transformed to express dsRNA. These transgenic plants have also been studied to effectively silence genes in insects of Coleoptera, Hemiptera, and Lepidoptera [61,63,83]. As above mentioned, the plant-mediated RNAi also depends on insects feeding and ingesting dsRNA. This technique has been recognized as the most ideal dsRNA delivery method for RNAi-based pest management.




4.6. Other dsRNA Uptake Methods


Other methods to introduce exogenous dsRNA into organisms, including electroporation [15] and virus-mediated [28] and bacteria-mediated [16,84] dsRNA uptake, have also been applied to RNAi in insects, including moths (Table 1 and Table 2).





5. Use of RNAi for Gene Function Analysis in Moths


RNAi has been widely used for gene functional analysis and determination in animals, plants, and microorganisms. In moths, gene function analysis using RNAi has been related to 10 families and 23 species to various genes, which has been summarized in Table 1 and reviewed in the following.



5.1. Development


The homeotic complex (Hox) genes function in regulation of segmental identity in insects. In B. mori, Hox genes comprise Abdominal-A, Abdominal-B, and Ultrabithorax [85]. Suppressing the expression of Ultrabithorax by RNAi causes larvae to form an additional pair of leglike protuberances in segment A1 [86], suggesting that Ultrabithorax is a suppressor of leg development in A1. Further study by Xiang et al. [87] found that while Ultrabithorax RNAi results in leg identity in A1 segment, Abdominal-A RNAi brings about severe defect of abdominal prolegs and Abdominal-B RNAi allows proleg identity in more posterior abdominal segments.



Chitin not only is an important structural component of the insect cuticle, but is also cuticular lining of the foregut, hind gut, and peritrophic matrix that lines the lumen of the midgut. By using a feeding-based RNAi technique, the chitinase transcript level is reduced by 63%–64% in the larval midgut in the European corn borer Ostrinia nubilalis [22]. Consequently, these larvae show significantly increased chitin content (by 26%) in the peritrophic matrix but decreased larval body weight by 54%.



In insects, ecdysone receptor (EcR), broad complex (BR-C), and E74A are believed to be the early response factors in ecdysone signal transduction pathway. In B. mori, partial silence of EcR reduces the expression levels of E74A, E74B, HR3A, and 3FTZ-F1 [88]. Partial silence of E74A decreases the expression levels of EcR, BR-C, E74B, HR3A, and i3FTZ-F1 while partial silence of BR-C leads to a significant decrease in the mRNA levels of almost all tested genes. This evidence suggests that BR-C may function in the earlier stage in the ecdysone signal pathway and regulate the expression of other factor genes in the silkworm.



Juvenile hormone esterase (JHE) is essential in the regulation of larval to adult transition in insects. In the corn stalk borer, Sesamia nonagrioides, knockdown a JHE-related gene results in developmental abnormalities in the posterior side of larval–pupal intermediates [28].




5.2. Reproduction


5.2.1. Sex Determination


The doublesex (dsx) is a bottommost gene in the sex-determination cascade of D. melanogaster. In the tasar silkworm, Antheraea mylitta, a dsRNA-mediated knockdown of dsx brings about complete abolition of the expression of vitellogenin and hexamerin genes, irregular differentiation of gonads, and drastic reduction in fecundity and hatchability [45]. In D. melanogaster, transformer-2 (tra-2) is important for female differentiation, which is known to induce female-specific splicing of doublesex (dsx). However, in B. mori, knockdown tra-2 by RNAi shows no variation in the sex-specific splicing pattern of dsx pre-mRNA but causes abnormal testis formation [89]. In addition, by using RNAi, Kiuchi et al. [90] characterizes a single piRNA that plays crucial role in the primary sex determination in B. mori that has WZ sex determination system. The WZ sex-determination system is a system that determines the sex of offspring in birds, some fish and crustaceans, and some insects (including moths). In the WZ system, males are the homogametic sex (ZZ), while females are the heterogametic sex (WZ). The Z chromosome is larger and has more genes than that of the W chromosome.




5.2.2. Sperm Release


Circadian clocks (oscillators) regulate multiple aspects of insect physiology and behavior. The period (per) is one of the key genes of the circadian clock machinery in insects. To exam the function of per in circadian sperm release in the African cotton leafworm S. littoralis, testes-sperm-duct complexes were treated in vitro with per dsRNA. This treatment significantly reduces per mRNA and protein in cyst and barrier cells and brings about a delay of sperm release [91]. In another study, also in S. littoralis, silencing the expression of actin results in the selective depletion of F-actin from the tip of apyrene sperm bundles and specific inhibition of sperm release [92].




5.2.3. Embryonic Development


Yolk protein is the major nutrient for the embryonic development in insects. Vitellogenin is a precursor of the yolk protein. Injection of dsRNA specific to vitellogenin into early-emergent females causes severely abnormal ovaries in Corcyra cephalonica [44]. Study of the wild silkworm B. mandarina shows that vitellogenin receptor expresses in the ovary and fat body of female larvae and the ovary of female moths. Knockdown of the vitellogenin receptor gene through RNAi significantly downregulates three other vitellogenin receptor-related genes (vg, egg-specific protein, and low molecular weight lipoprotein) [17]. Previous studies have suggested that the 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) may function in the regulation of embryonic development in insects. Silencing the expression of HMGR using systemic RNAi in Helicoverpa armigera significantly reduces vitellogenin mRNA levels and effectively inhibits oviposition (reduced 98%) [93]. In B. mori, RNAi of the expression of a vitelline membrane protein gene, BmEP80, results in triangular (abnormal) shape on the surface of some eggs [94].




5.2.4. Mating-Related Physiological and Behavioral Changes in Females


In insects, mating generally results in marked changes in female physiology and behavior. In Drosophila, virgin females lay only a few eggs and copulate readily, while mated females are sexually unreceptive and start to lay eggs. Further studies have demonstrated that this change is controlled by the sex-peptide (SP) from males and its receptor (SPR) in females [95,96]. Recent studies have shown that SPR homologs also exist in moths [35,97]. In S. litura, injection of male accessary gland extractions causes normal virgin female moths to behave as though they have mated (sexually unreceptive and start to lay a large number of eggs), whereas SPR RNAi females fail to respond to male accessary gland factors and continue to behave as virgins (copulate readily but lay few eggs) [35]. This evidence suggests that the SPR functions in mediating female postmating behavior and the existence of an SP-like ligand in male accessary gland secretions in S. litura. Juvenile hormones (JH) regulate the larval development, metamorphosis, and adult reproduction in insects. Study in S. frugiperda found that neuropeptides affect the transfer of juvenile hormones from males to females during mating [98]. Knockdown of allatostatin C in freshly emerged males leads to an accumulation of JH in the accessory glands and mating results in a higher transport of JH I and JH II into the female bursa copulatrix, while knockdown of allatotropin 2 significantly reduces the amount of JH in the accessory glands as well as its transfer into the female bursa copulatrix during copulation [98].




5.2.5. Other Genes Relate to Reproduction


Several other genes that relate to reproduction in moths also have been determined by using RNAi, including the DopEcR that relates to sex pheromone response in Agrotis ipsilon [25,99], olfactory receptor in L. dispar [100] and S. litura [34], PBAN [27,36] and PBAN-R [101,102] in many moths that relate to the regulation of sex pheromone biosynthesis, and the FATP and GPAT in B. mori that relate to bombykol biosynthesis [103].





5.3. Immunology


Insects do not have antibodies, B-, and T-lymphocytes, or a complement system. Immune defense in insects is carried out through humoral and hemocyte responses, in which humoral fluid performs the response by synthesis of antimicrobial peptides while hemocytes execute the defense through encapsulation and phagocytosis. Antimicrobial peptides are synthesized by hemocytes or the fat body and then are secreted into the hemolymph to kill microbes. More than 500 different antimicrobial peptides have been reported in insects [104]. Wang et al. [105] report the cloning of a defensin-like antifungal peptide Sl-gallerimycin from S. litura. RNAi of Sl-gallerimycin accelerates death in insects infected with Nomuraea rileyi, showing that Sl-gallerimycin has a function in defending N. rileyi infection in S. litura [105]. In another two studies [106,107], knocking down an antimicrobial peptide gene, gloverin, by RNAi in S. exigua and P. xylostella enhanced the larval susceptibility towards the pathogenic bacteria (i.e., Serratia marcescens and Bacillus thuringiensis).



The small G proteins, such as Ras, Ras-related proteins (Ral, Rap), and Rho/Rac/Cdc42, are postulated to be implicated in the hemocyte cellular processes to perform phagocytosis, nodulation, and encapsulation behaviors [108]. Silencing the expression of Ras in S. exigua significantly suppresses hemocyte spreading, cytoskeleton extension, and nodulation behaviors in response to bacterial infection [109]. A subsequent study in the same moth further reports that silencing the expression of Rac1 inhibits hemocyte spreading in response to three immune mediators, octopamine, 5-hydroxytryptamine (5-HT), and plasmatocyte-spreading peptide [110].



In Pieris rapae, the mRNA and protein levels of calreticulin are significantly suppressed after parasitization by Pteromalus puparum while RNAi of calreticulin by dsRNA injection diminishes the ability of hemocytes to encapsulate beads [37]. These results suggest that calreticulin plays an important role in cellular encapsulation, and the pupal parasitoid P. puparum may impair host cellular immune response by influencing the expression of calreticulin. In another study in S. littoralis, RNAi-mediated gene silencing of a protein gene, P102, strongly suppresses the encapsulation and melanization response [32].



In addition, other genes that may play important roles in immune defense in moths also have been studied by using RNAi techniques, such as the translationally controlled tumor protein in B. mori [111], hemolin homologue in P. xylostella [112] and H. cecropia [47], apolipophorin III in P. xylostella [113], protein kinase C alpha binding protein in S. exigua [113], and the GAPDH in P. xylostella [40].




5.4. Resistance against Chemicals


The insecticidal crystal proteins (i.e., Cry toxins) produced by B. thuringiensis (Bt) can be used to control insect pests either as foliar sprays or as transgenic crops. The diamondback moth, P. xylostella (L.), is the first insect pest that developed resistance to a Bt biopesticide, Cry1Ac, probably by a mutation in an ATP-binding cassette (ABC) transporter gene (ABCC2). Further study in P. xylostella shows that a novel ABC transporter gene, Pxwhite, from ABCG subfamily also is associated with Cry1Ac resistance [114]. RNAi-mediated knockdown of Pxwhite significantly reduces larval susceptibility to Cry1Ac, and genetic linkage analysis confirms that downregulation of Pxwhite is firmly linked to Cry1Ac resistance in P. xylostella [114]. Biochemical and functional analyses suggest that the midgut membrane-bound alkaline phosphatase (ALP) may be a functional Cry1Ac receptor. To test whether ALP is a functional Cry1Ac receptor in P. xylostella, ALP expression was silenced by RNAi and larval susceptibility to Cry1Ac protoxin was detected. Subsequent bioassays at 72 h postinjection showed that ALP knockdown causes significantly decreased larval susceptibility to Cry1Ac [115].



Mao et al. [61] showed that when H. armigera larvae are fed plant material (A. thaliana ecotype Col-0, tobacco Nicotiana tabacum, and cotton Gossypium hirsutum cv. Xu-142) expressing dsRNA specific to cytochrome P450 gene CYP6AE14, levels of this transcript in the midgut is decreased and larval tolerance of gossypol is diminished. In their later study, Mao et al. [62] further showed that H. armigera larvae feeding on cotton plants (G. hirsutum) expressing CYP6AE14 dsRNA results in a decrease in larval growth (decreased 61%) as well as the rate of leaf consumption (reduced 39%). In P. xylostella, knockdown of a cytochrome P450 gene CYP6BG1 by RNAi significantly reduces larval resistance to permethrin [116]. Moreover, silencing a novel cytochrome P450 gene, CYP321E1, in P. xylostella significantly enhances larval mortality after 24 h of exposure to chlorantraniliprole [117].



Some other genes that function in chemical resistance in moth pests have also been tested by using RNAi, including SOD and Tpx in P. interpunctella to resistant ClO2 [42], UBL40 in P. xylostella to resistant deltamethrin [118], CYP340W1 in P. xylostella that has possible involvement in resistance to abamectin [38], trypsin-like serine-protease in S. frugiperda to resistant Cry1Ca1 protoxin [119], and death-associated LIM-only protein in H. armigera that relates to Cry1Ac resistance [120].




5.5. Function of Other Genes


A number of other genes in moths have also been studied by using RNAi techniques, such as the chemosensory protein from S. exigua [121], the CO2 gustatory receptor from H. armigera [122], the delta 6-desaturase which is the rate-limiting factor in the biosynthesis of polyunsaturated fatty acids in B. mori [123], the serotonin receptor B that relates to diapause initiation in A. pernyi [46], and the aspartate decarboxylase which is required for normal pupa pigmentation in B. mori [124].





6. RNAi-Based Control of Moth Pests


Numerous studies demonstrate that silencing some crucial genes by RNAi could lead to insect death, thus this phenomenon is considered as a potential strategy for insect pest management. However, there are many limitations using RNAi-based techniques for pest control, such as the effectiveness of target gene selection and reliable dsRNA delivery. Therefore, further and deeper studies are required to deal with the limitation and promote the feasibility of RNAi-based approaches for insect pest control. In moths, RNAi-based pest control approaches and technologies have been investigated in five families and seven species (Table 2).



6.1. Principles for Use of RNAi in Pest Control


The main challenge for RNAi-mediated pest management is the target-gene selection [50,51] and determining how to effectively introduce the exogenous dsRNA into the target pest [56,125].



To develop RNAi-based pest management approach, the first crucial thing is to find suitable target genes. These genes should not only have insecticidal effects on the target pests, but should also be safe to nontarget organisms. Over the past decade, quite a number of key genes that relate to insect digestion, respiration, muscle, endocrine, nerves, and reproduction have proven to be effective candidates for pest control by using RNAi [50,51,126]. These candidate genes include the chitin synthase, amino peptidase, arginine kinase, cytochrome P450, actylcholinesterase, arginine kinase, amino peptidase N, allatostatin, allatotropin, tryptophan oxygenase, vacuolar ATPase, acetylcholine esterase, glutathione-S-transferase, and others. Moreover, high-throughput screen methods of optimal target genes are considered as the most important, particularly in those pests that lack genome information. Previous studies have demonstrated that the second-generation sequencing supplies an effective way to screen RNAi targets in large scale for potential application in pest insect control [50,51]. Recently developed third-generation sequencing and mapping technologies will provide a more effective and reliable way to screen RNAi targets for pest control [127].



To establish an economic, long-term effectiveness approach for pest control by using RNAi, transgenic plants, which can produce adequate dsRNA continually and provide delivery to insects as food, would be the best choice. Baum et al. [128] showed the reduction of corn root damage in transgenic maize plants producing V-ATPase dsRNA after infestation of the plant with the western corn rootworm (Diabrotica virgifera virgifera). Other studies also show that transgenic plant-mediated RNAi potentially can be used against other plant pests [62,63,129,130,131] and pathogens including nematodes [132], bacteria, and viruses [133]. Transgenic plant-medicated RNAi approaches and their potential application for pest control thus has led to the suggestion of “insect-proof plants” [134] and “smarter pest control” [135]. In addition, laboratory and field trials also provide direct evidence for the use of spraying dsRNA pesticide [15,56] or bacteria expressing dsRNA [16,60] to control pests.




6.2. Laboratory and Field Trials in Moths


6.2.1. Screen of Target Genes


In Cydia pomonella, a screen is conducted using dsRNAs encoding cullin-1, maleless, musashi, homeobox, and pumilio. The orthologs of these genes have been shown have deleterious phenotypes in D. melanogaster. However, none of the dsRNA treatments affect larval viability, excepts cullin-1 dsRNA, which has a significant effect on larval growth (decreased larval length by 25%) [52].



Using the second-generation sequencing technology, Wang et al. [50] obtain 14,690 stage-specific genes in the Asian corn borer Ostrinia furnalalis. They further selected 10 larval-stage-specific expression genes for RNAi testing and found that spraying 50 ng/mL dsRNAs (for gene Ds10 or Ds28) directly on the larvae or on the larvae along with artificial diet results in larval mortality increased by 36%–78%.



Using transcriptome analysis, Li et al. [51] obtained 18,592 contigs that are annotated as protein-coding genes in the beet armyworm, S. exigua. Knockdown of eight genes including chitinase7, PGCP, chitinase1, ATPase, tubulin1, arf2, tubulin2, and arf1, by injection of 4 μg dsRNA per larvae in fourth-instar larvae, caused a significantly high level of mortality compared to the negative control (larval mortality increases of 5%–28%, depending on specific genes).




6.2.2. Larvae Feed on Artificially Synthesized dsRNA Pesticide


Chemically synthesized siRNAs specific to acetylcholine esterase AChE were directly fed to H. armigera larvae along with the artificial diet, consequently resulting in higher mortality (increases about 15%), growth inhibition of larvae, reduction in the pupal weight, malformation, and lower fecundity (decreases 58%–100%, depending on different siRNA concentrations) as compared to control larvae [53]. In a laboratory test, larvae of P. xylostella feeding on AChE2 siRNA that is uniformly coated on one side of cabbage leaves at a concentration of 3 μg/cm2 causes a higher larval mortality (increases 65%) [56]. In a field test, P. xylostella larvae feeding on Brassica oleracea sprayed with 200 μg/mL AChE2 siRNA also causes significantly higher larval mortality (mortality increases 53.4% compared with controls) [56].



In insects, the cell-surface protein, integrin, may play an important function in muscle contraction, gut morphogenesis, embryonic development, and interaction with extracellular matrix. When dsRNA specific to the β1 integrin of P. xylostella is orally fed to young larvae, it suppresses the expression of the β1 integrin and results in significant mortality [54]. When fed cabbage leaf containing 3 μg/cm2 leaf iron–sulfur protein gene RISP dsRNA, larvae of P. xylostella shows higher mortality (mortality increases 53% in comparison with controls) [55].



In Scirpophaga incertulas, larvae feeding on rice stem containing 30 pm/8 cm stem Aminopeptidase N dsRNA causes lower larval weight (reduces 47%) and higher mortality (increases 40%) [57]. In Manduca sexta, larval mortality increases 48% after feeding on diet that is coated with vATPase dsRNA [58].




6.2.3. Larvae Feeding on Bacteria Expressing dsRNA


Larvae feeding on bacteria expressing dsRNA can be potentially used for RNAi-mediated pest control. An earlier study in S. exigua [60] shows that silencing the chitin synthase A by feeding first-instar larvae with culture containing bacteria expressing dsRNA causes larval mortality to increase by 14% and 21% in fourth and fifth larval instars, and 26% and 18% in prepupae and pupae.



As above mentioned, cytochrome P450s play an important role in the metabolism of insecticides, which often results in the development of insecticide resistance in pest insects. Most insect cytochrome P450 genes belong to mitochondrial CYP12 families, and microsomal CYP4, CYP6, CYP9, CYP28, and CYP321 families [136]. Study in H. armigera shows that silencing cytochrome P450 CYP6B6 gene by feeding larvae with bacteria expressing dsRNA causes larval mortality to increase by 27% [16].



Arginine kinase (AK) is an important regulation factor of energy metabolism in invertebrates. A recent study in H. armigera shows that larvae feeding on a diet containing bacteria expressing arginine kinase dsRNA results larval mortality to increase by 2%–11% [59].




6.2.4. Larvae Feeding on Transgenic Plants Expressing dsRNA


Transgenic plants that can produce adequate dsRNA have continually been considered as the best way for RNAi-mediated pest management. So far, three studies have successfully suppressed the development and survival of moth pests, all targeting H. armigera, using transgenic plants.



Two trials by Mao et al. [61,62] that used transgenic plants expressing dsRNA specific to cytochrome P450 genes to control H. armigera have been reviewed above. A recent study by Mamta et al. [63] indicates that H. armigera larvae feed on tobacco (Nicotiana tabacum var. xanthi) and tomato (Solanum lycopersicum Mill. cv. Pusa Early Dwarf) expressing chitinase dsRNA causes larval mortality to increase by up to 45%.






7. Conclusions and Perspectives


As described above, researchers can easily cause a drastic decrease in the expression of a targeted gene by using the RNAi technology. Bioassay of the effects of this decrease can reveal the functional role of the target gene. Due to its strong power and simple operating procedure, RNAi has been widely used for gene function analysis in plants, microorganisms, and animals including insects. In addition, RNAi also is a promising technology to provide novel means to treat human cancers and disease, and to provide environmentally friendly approaches to control insect pests and plant pathogens. As showed in Table 1, gene functional analysis and determination using RNAi technology has been performed in 10 families and 23 species of moths, covering various genes that implicate in larval development, reproduction, immunology, resistance against chemicals and so on so forth (Table 1). Moreover, a number of studies, involving 5 families and 7 species of moths, have deeply explored the potential application of RNAi in pest control both in laboratory and field conditions by using either normal foliar spray or transgenic techniques (Table 2). In summary, great progress has been achieved in recent years on the RNAi mechanisms and applications in gene function analysis and pest control in moths. Further studies on machinery of dsRNA uptake and intracellular RNAi mechanisms will not only further expand the application of this technique in genomic study but also will facilitate the development of better or novel means for pest control.







Acknowledgments


The research reported here was supported by projects from the National Natural Science Foundation Program of China (31560606, 31660208, 31570108) and the National Basic Research Program of China (2013CB127506).




Author Contributions


Jin Xu, Xia-Fei Wang and Peng Chen drafted and edited the review. Fang-Tao Liu and Shuai-Chao Zheng drafted the figure and tables. Hui Ye and Ming-He Mo contributed to the draft and made substantial revisions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mallet, J. Lepidoptera Taxome Project Draft Proposals and Information. Available online: http://www.ucl.ac.uk/taxome/lepnos.html (accessed on 20 August 2016).

	



Zalucki, M.P.; Shabbir, A.; Silva, R.; Adamson, D.; Liu, S.S.; Furlong, M.J. Estimating the economic cost of one of the world’s major insect pests, Plutella xylostella (Lepidoptera: Plutellidae): Just how long is a piece of string? J. Econ. Entomol. 2012, 105, 1115–1129. [Google Scholar] [CrossRef] [PubMed]

	



Asaro, C.; Chamberlin, L.A. Outbreak history (1953–2014) of spring defoliators impacting oak-dominated forests in Virginia, with emphasis on Gypsy Moth (Lymantria dispar L.) and Fall Cankerworm (Alsophila pometaria Harris). Am. Entomol. 2015, 61, 174–185. [Google Scholar] [CrossRef]

	



Cox, P.D.; Bell, C.H. Biology and ecology of moth pests of stored foods. In Ecology and Management of Food-Industry Pests (FDA Technical Bulletin Number 4); Gorham, J.R., Ed.; The Association of Official Analytical Chemists: Gaithersburg, MD, USA, 1991; pp. 181–193. [Google Scholar]

	



Fire, A.; Xu, S.; Montgomery, M.K.; Kostas, S.A.; Driver, S.E.; Mello, C.C. Potent and specific genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature 1998, 391, 806–811. [Google Scholar] [CrossRef] [PubMed]

	



Belles, X. Beyond Drosophila: RNAi in vivo and functional genomics in insects. Annu. Rev. Entomol. 2010, 55, 111–128. [Google Scholar] [CrossRef] [PubMed]

	



San Miguel, K.; Scott, J.G. The next generation of insecticides: dsRNA is stable as a foliar-applied insecticide. Pest Manag. Sci. 2016, 72, 801–809. [Google Scholar] [CrossRef] [PubMed]

	



Fishilevich, E.; Velez, A.M.; Storer, N.P.; Li, H.R.; Bowling, A.J.; Rangasamy, M.; Worden, S.E.; Narva, K.E.; Siegfried, B.D. RNAi as a management tool for the western corn rootworm, Diabrotica virgifera virgifera. Pest Manag. Sci. 2016, 72, 1652–1663. [Google Scholar] [CrossRef] [PubMed]

	



Kennerdell, J.R.; Carthew, R.W. Use of dsRNA-mediated genetic interference to demonstrate that frizzled and frizzled 2 act in the wingless pathway. Cell 1998, 95, 1017–1026. [Google Scholar] [CrossRef]

	



Yu, N.; Christiaens, O.; Liu, J.S.; Niu, J.Z.; Cappelle, K.; Caccia, S.; Huvenne, H.; Smagghe, G. Delivery of dsRNA for RNAi in insects: An overview and future directions. Insect Sci. 2013, 20, 4–14. [Google Scholar] [CrossRef] [PubMed]

	



Bettencourt, R.; Terenius, O.; Faye, I. Hemolin gene silencing by ds-RNA injected into Cecropia pupae is lethal to next generation embryos. Insect Mol. Biol. 2002, 11, 267–271. [Google Scholar] [CrossRef] [PubMed]

	



Terenius, O.; Papanicolaou, A.; Garbutt, J.S.; Eleftherianos, I.; Huvenne, H.; Kanginakudru, S.; Albrechtsen, M.; An, C.J.; Aymeric, J.L.; Barthel, A.; et al. RNA interference in Lepidoptera: An overview of successful and unsuccessful studies and implications for experimental design. J. Insect Physiol. 2011, 57, 231–245. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Burand, J.P.; Hunter, W.B. RNAi: Future in insect management. J. Invertebr. Pathol. 2013, 112, S68–S74. [Google Scholar] [CrossRef] [PubMed]

	



Huvenne, H.; Smagghe, G. Mechanisms of dsRNA uptake in insects and potential of RNAi for pest control: A review. J. Insect Physiol. 2010, 56, 227–235. [Google Scholar] [CrossRef] [PubMed]

	



Osanai-Futahashi, M.; Tatematsu, K.; Futahashi, R.; Narukawa, J.; Takasu, Y.; Kayukawa, T.; Shinoda, T.; Ishige, T.; Yajima, S.; Tamura, T.; et al. Positional cloning of a Bombyx pink-eyed white egg locus reveals the major role of cardinal in ommochrome synthesis. Heredity 2016, 116, 135–145. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Liu, X.; Ma, J.; Zhao, J. Silencing of cytochrome P450 CYP6B6 gene of cotton bollworm (Helicoverpa armigera) by RNAi. Bull. Entomol. Res. 2013, 103, 584–591. [Google Scholar] [CrossRef] [PubMed]

	



Qian, C.; Fu, W.W.; Wei, G.Q.; Wang, L.; Liu, Q.N.; Dai, L.S.; Sun, Y.; Zhu, B.J.; Liu, C.L. Identification and expression analysis of vitellogenin receptor from the wild silkworm, Bombyx mandarina. Arch. Insect Biochem. Physiol. 2015, 89, 181–192. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Fei, J.J.; Cheng, D.D.; Jin, Y.F.; Zhang, W.P.; Zhang, Y.Z.; Lv, Z.B. Bioinformatics, tissue distribution, and subcellular localization analyses of FK506 binding protein 12B from silkworms. Arch. Insect Biochem. Physiol. 2016, 91, 109–123. [Google Scholar] [CrossRef] [PubMed]

	



Wu, F.; Wang, P.Y.; Zhao, Q.L.; Kang, L.Q.; Xia, D.G.; Qiu, Z.Y.; Tang, S.M.; Li, M.W.; Shen, X.J.; Zhang, G.Z. Mutation of a cuticle protein gene, BmCPG10, is responsible for silkworm non-moulting in the 2nd instar mutant. PLoS ONE 2016, 11, e0153549. [Google Scholar] [CrossRef] [PubMed]

	



Dai, H.; Ma, L.; Wang, J.; Jiang, R.; Wang, Z.; Fei, J. Knockdown of ecdysis-triggering hormone gene with a binary UAS/GAL4 RNA interference system leads to lethal ecdysis deficiency in silkworm. Acta Biochim. Biophys. Sin. 2008, 40, 790–795. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.L.; Zhu, Y.C.; Ottea, J.; Husseneder, C.; Leonard, B.R.; Abel, C.; Huang, F.N. Molecular characterization and RNA interference of three midgut aminopeptidase N isozymes from Bacillus thuringiensis-susceptible and -resistant strains of sugarcane borer, Diatraea saccharalis. Insect Biochem. Mol. Biol. 2010, 40, 592–603. [Google Scholar] [CrossRef] [PubMed]

	



Khajuria, C.; Buschman, L.L.; Chen, M.S.; Muthukrishnan, S.; Zhu, K.Y. A gut-specific chitinase gene essential for regulation of chitin content of peritrophic matrix and growth of Ostrinia nubilalis larvae. Insect Biochem. Mol. Biol. 2010, 40, 621–629. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, A.M.A.; Diab, M.R.; Abd-Alla, S.M.M.; Hussein, E.H.A. RNA interference-mediated knockdown of vacuolar-atpase genes in pink bollworm (Pectinophora gossypiella). Int. J. Biol. Pharm. Allied Sci. 2015, 4, 2641–2660. [Google Scholar]

	



Sun, L.L.; Wang, Z.Y.; Wu, H.Q.; Liu, P.; Zou, C.S.; Xue, X.T.; Cao, C.W. Role of ocular albinism type 1 (OA1) GPCR in Asian gypsy moth development and transcriptional expression of heat-shock protein genes. Pestic. Biochem. Physiol. 2016, 126, 35–41. [Google Scholar] [CrossRef] [PubMed]

	



Abrieux, A.; Debernard, S.; Maria, A.; Gaertner, C.; Anton, S.; Gadenne, C.; Duportets, L. Involvement of the G-protein-coupled dopamine/ecdysteroid receptor DopEcR in the behavioral response to sex pheromone in an insect. PLoS ONE 2013, 8, e72785. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yang, J.; Han, Z.J. Efficiency of different methods for dsRNA delivery in cotton bollworm (Helicoverpa armigera). J. Integr. Agric. 2014, 13, 115–123. [Google Scholar] [CrossRef]

	



Choi, M.Y.; Meer, R.K.V.; Coy, M.; Scharf, M.E. Phenotypic impacts of PBAN RNA interference in an ant, Solenopsis invicta, and a moth, Helicoverpa zea. J. Insect Physiol. 2012, 58, 1159–1165. [Google Scholar] [CrossRef] [PubMed]

	



Kontogiannatos, D.; Swevers, L.; Maenaka, K.; Park, E.Y.; Iatrou, K.; Kourti, A. Functional characterization of a Juvenile Hormone esterase related gene in the moth Sesamia nonagrioides through RNA interference. PLoS ONE 2013, 8, e73834. [Google Scholar] [CrossRef] [PubMed]

	



Park, Y.; Kim, Y. RNA interference of cadherin gene expression in Spodoptera exigua reveals its significance as a specific Bt target. J. Invertebr. Pathol. 2013, 114, 285–291. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez, L.; Borrás, O.; Téllez, P.; Morán, I.; Ponce, M. Identification of a new trypsin from Spodoptera frugiperda involved in a defensive mechanism against the Bacillus thuringiensis Cry1Ca1 toxin. Biotecnol. Apl. 2011, 28, 176–179. [Google Scholar]

	



Hassanien, I.T.E.; Meyering-Vos, M.; Hoffmann, K.H. RNA interference reveals allatotropin functioning in larvae and adults of Spodoptera frugiperda (Lepidoptera, Noctuidae). Entomologia 2014, 2, 56–64. [Google Scholar] [CrossRef]

	



Di Lelio, I.; Varricchio, P.; Di Prisco, G.; Marinelli, A.; Lasco, V.; Caccia, S.; Casartelli, M.; Giordana, B.; Rao, R.; Gigliotti, S.; et al. Functional analysis of an immune gene of Spodoptera littoralis by RNAi. J. Insect Physiol. 2014, 64, 90–97. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, H.M.; Yi, X.; Hu, Z.; Hu, M.Y.; Chen, S.H.; Muhammad, R.U.H.; Dong, X.L.; Gong, L. RNAi-mediated knockdown of catalase causes cell cycle arrest in SL-1 cells and results in low survival rate of Spodoptera litura (Fabricius). PLoS ONE 2013, 8, e59527. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.-H.; Wu, Z.-N.; Zhou, J.-J.; Du, Y.-J. Molecular and functional characterization of a candidate sex pheromone receptor OR1 in Spodoptera litura. Insect Sci. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Yu, J.F.; Lu, Q.; Xu, J.; Liu, J.H.; Ye, H. Molecular characterization and functional analysis of a putative sex-peptide receptor in the tobacco cutworm Spodoptera litura (Fabricius, 1775) (Lepidoptera: Noctuidae). Austral Entomol. 2014, 53, 424–431. [Google Scholar] [CrossRef]

	



Lu, Q.; Huang, L.Y.; Chen, P.; Yu, J.F.; Xu, J.; Deng, J.Y.; Ye, H. Identification and RNA interference of the Pheromone Biosynthesis Activating Neuropeptide (PBAN) in the common cutworm moth Spodoptera litura (Lepidoptera: Noctuidae). J. Econ. Entomol. 2015, 108, 1344–1353. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Fang, Q.; Zhu, J.Y.; Wang, F.; Akhtar, Z.R.; Ye, G.Y. Molecular cloning and functional study of calreticulin from a lepidopteran pest, Pieris rapae. Dev. Comp. Immunol. 2012, 38, 55–65. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Yang, J.Q.; Xu, B.Y.; Xie, W.; Wang, S.L.; Zhang, Y.J.; Yang, F.S.; Wu, Q.J. Identification and characterization of the gene CYP340W1 from Plutella xylostella and tts possible involvement in resistance to abamectin. Int. J. Mol. Sci. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.D.; Gong, L.; Qi, J.W.; Hu, M.Y.; Zhong, G.H. Molecular cloning and characterization of a SID-1-like gene in Plutella xylostella. Arch. Insect Biochem. Physiol. 2014, 87, 164–176. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Kim, Y. Glyceraldehyde-3-phosphate dehydrogenase is a mediator of hemocyte-spreading behavior and molecular target of immunosuppressive factor CrV1. Dev. Comp. Immunol. 2016, 54, 97–108. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.X.; Wen, L.Z.; Wu, Q.J.; Wang, S.L.; Xu, B.Y.; Chang, X.L.; Zhu, G.R.; Zhang, Y.J. Effects of injecting cadherin gene dsRNA on growth and development in diamondback moth Plutella xylostella (Lep.: Plutellidae). J. Appl. Entomol. 2009, 133, 75–81. [Google Scholar] [CrossRef]

	



Kumar, S.; Park, J.; Kim, E.; Na, J.; Chun, Y.S.; Kwon, H.; Kim, W.; Kim, Y. Oxidative stress induced by chlorine dioxide as an insecticidal factor to the Indian meal moth, Plodia interpunctella. Pestic. Biochem. Physiol. 2015, 124, 48–59. [Google Scholar] [CrossRef] [PubMed]

	



Fabrick, J.A.; Kanost, M.R.; Baker, J.E. RNAi-induced silencing of embryonic tryptophan oxygenase in the Pyralid moth, Plodia interpunctella. J. Insect Sci. 2004, 4, 1–9. [Google Scholar] [CrossRef]

	



Veerana, M.; Kubera, A.; Ngernsiri, L. Analysis of the vitellogenin gene of rice moth, Corcyra cephalonica Stainton. Arch. Insect Biochem. Physiol. 2014, 87, 126–147. [Google Scholar] [CrossRef] [PubMed]

	



Shukla, J.N.; Nagaraju, J. Two female-specific DSX proteins are encoded by the sex-specific transcripts of dsx, and are required for female sexual differentiation in two wild silkmoth species, Antheraea assama and Antheraea mylitta (Lepidoptera, Saturniidae). Insect Biochem. Mol. Biol. 2010, 40, 672–682. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.S.; Mohamed, A.A.M.; Takeda, M. Serotonin receptor B may lock the gate of PTTH release/synthesis in the Chinese silk moth, Antheraea pernyi; a diapause initiation/maintenance mechanism? PLoS ONE 2013, 8, e79381. [Google Scholar] [CrossRef] [PubMed]

	



Terenius, O.; Bettencourt, R.; Lee, S.Y.; Li, W.L.; Soderhall, K.; Faye, I. RNA interference of Hemolin causes depletion of phenoloxidase activity in Hyalophora cecropia. Dev. Comp. Immunol. 2007, 31, 571–575. [Google Scholar] [CrossRef] [PubMed]

	



Eleftherianos, I.; Xu, M.; Yadi, H.; Ffrench-Constant, R.H.; Reynolds, S.E. Plasmatocyte-spreading peptide (PSP) plays a central role in insect cellular immune defenses against bacterial infection. J. Exp. Biol. 2009, 212, 1840–1848. [Google Scholar] [CrossRef] [PubMed]

	



Turner, C.T.; Davy, M.W.; MacDiarmid, R.M.; Plummer, K.M.; Birch, N.P.; Newcomb, R.D. RNA interference in the light brown apple moth, Epiphyas postvittana (Walker) induced by double-stranded RNA feeding. Insect Mol. Biol. 2006, 15, 383–391. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zhang, H.; Li, H.; Miao, X. Second-generation sequencing supply an effective way to screen RNAi targets in large scale for potential application in pest insect control. PLoS ONE 2011, 6, e18644. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Jiang, W.; Zhang, Z.; Xing, Y.; Li, F. Transcriptome analysis and screening for potential target genes for RNAi-mediated pest control of the beet armyworm, Spodoptera exigua. PLoS ONE 2013, 8, e65931. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.D.; Gu, L.Q.; Ireland, S.; Garczynski, S.F.; Knipple, D.C. Phenotypic screen for RNAi effects in the codling moth Cydia pomonella. Gene 2015, 572, 184–190. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, M.; Gupta, G.P.; Rajam, M.V. Silencing of acetylcholinesterase gene of Helicoverpa armigera by siRNA affects larval growth and its life cycle. J. Insect Physiol. 2009, 55, 273–278. [Google Scholar] [CrossRef] [PubMed]

	



Mohamed, A.A.M.; Kim, Y. A target-specific feeding toxicity of β1 integrin dsRNA against diamondback moth, Plutella xylostella. Arch. Insect Biochem. Physiol. 2011, 78, 216–230. [Google Scholar] [CrossRef] [PubMed]

	



Gong, L.A.; Yang, X.Q.; Zhang, B.L.; Zhong, G.H.; Hu, M.Y. Silencing of Rieske iron-sulfur protein using chemically synthesised siRNA as a potential biopesticide against Plutella xylostella. Pest Manag. Sci. 2011, 67, 514–520. [Google Scholar] [CrossRef] [PubMed]

	



Gong, L.; Chen, Y.; Hu, Z.; Hu, M.Y. Testing insecticidal activity of novel chemically synthesized siRNA against Plutella xylostella under laboratory and field conditions. PLoS ONE 2013, 8, e62990. [Google Scholar] [CrossRef] [PubMed]

	



Kola, V.S.R.; Renuka, P.; Padmakumari, A.P.; Mangrauthia, S.K.; Balachandran, S.M.; Babu, V.R.; Madhav, M.S. Silencing of CYP6 and APN genes affects the growth and development of rice yellow stem borer, Scirpophaga incertulas. Front. Physiol. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Whyard, S.; Singh, A.D.; Wong, S. Ingested double-stranded RNAs can act as species-specific insecticides. Insect Biochem. Mol. Biol. 2009, 39, 824–832. [Google Scholar] [CrossRef] [PubMed]

	



Qi, X.L.; Su, X.F.; Lu, G.Q.; Liu, C.X.; Liang, G.M.; Cheng, H.M. The effect of silencing arginine kinase by RNAi on the larval development of Helicoverpa armigera. Bull. Entomol. Res. 2015, 105, 555–565. [Google Scholar] [CrossRef] [PubMed]

	



Tian, H.; Peng, H.; Yao, Q.; Chen, H.; Xie, Q.; Tang, B.; Zhang, W. Developmental control of a Lepidopteran pest Spodoptera exigua by ingestion of bacteria expressing dsRNA of a non-midgut gene. PLoS ONE 2009, 4, e6225. [Google Scholar] [CrossRef] [PubMed]

	



Mao, Y.-B.; Cai, W.-J.; Wang, J.-W.; Hong, G.-J.; Tao, X.-Y.; Wang, L.-J.; Huang, Y.-P.; Chen, X.-Y. Silencing a cotton bollworm P450 monooxygenase gene by plant-mediated RNAi impairs larval tolerance of gossypol. Nat. Biotechnol. 2007, 25, 1307–1313. [Google Scholar] [CrossRef] [PubMed]

	



Mao, Y.-B.; Tao, X.-Y.; Xue, X.-Y.; Wang, L.-J.; Chen, X.-Y. Cotton plants expressing CYP6AE14 double-stranded RNA show enhanced resistance to bollworms. Transgenic Res. 2011, 20, 665–673. [Google Scholar] [CrossRef] [PubMed]

	



Mamta; Reddy, K.R.K.; Rajam, M.V. Targeting chitinase gene of Helicoverpa armigera by host-induced RNA interference confers insect resistance in tobacco and tomato. Plant Mol. Biol. 2016, 90, 281–292. [Google Scholar] [CrossRef] [PubMed]

	



Valadkhan, S. snRNAs as the catalysts of pre-mRNA splicing. Curr. Opin. Chem. Biol. 2005, 9, 603–608. [Google Scholar] [CrossRef] [PubMed]

	



Decatur, W.A.; Fournier, M.J. RNA-guided nucleotide modification of ribosomal and other RNAs. J. Biol. Chem. 2003, 278, 695–698. [Google Scholar] [CrossRef] [PubMed]

	



Lin, H.F. piRNAs in the germ line. Science 2007. [Google Scholar] [CrossRef] [PubMed]

	



Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [Google Scholar] [CrossRef]

	



Agrawal, N.; Dasaradhi, P.V.N.; Mohmmed, A.; Malhotra, P.; Bhatnagar, R.K.; Mukherjee, S.K. RNA interference: Biology, mechanism, and applications. Microbiol. Mol. Biol. Rev. 2003, 67, 657–685. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Q.; Yan, M.; Cao, Z.; Li, X.; Zhang, Y.; Shi, J.; Feng, G.; Peng, H.; Zhang, X.; Zhang, Y.; et al. Sperm tsRNAs contribute to intergenerational inheritance of an acquired metabolic disorder. Science 2016, 351, 397–400. [Google Scholar] [CrossRef] [PubMed]

	



Kolliopoulou, A.; Swevers, L. Functional analysis of the RNAi response in ovary-derived silkmoth Bm5 cells. Insect Biochem. Mol. Biol. 2013, 43, 654–663. [Google Scholar] [CrossRef] [PubMed]

	



Jose, A.M.; Hunter, C.P. Transport of sequence-specific RNA interference information between cells. Annu. Rev. Genet. 2007, 41, 305–330. [Google Scholar] [CrossRef] [PubMed]

	



Saleh, M.C.; van Rij, R.P.; Hekele, A.; Gillis, A.; Foley, E.; O’Farrell, P.H.; Andino, R. The endocytic pathway mediates cell entry of dsRNA to induce RNAi silencing. Nat. Cell Biol. 2006, 8, 793–802. [Google Scholar] [CrossRef] [PubMed]

	



Siomi, H.; Siomi, M. On the road to reading the RNA-interference code. Nature 2009, 457, 396–404. [Google Scholar] [CrossRef] [PubMed]

	



Carthew, R.W.; Sontheimer, E.J. Origins and mechanisms of miRNAs and siRNAs. Cell 2009, 136, 642–655. [Google Scholar] [CrossRef] [PubMed]

	



Kolliopoulou, A.; Swevers, L. Recent progress in RNAi research in Lepidoptera: Intracellular machinery, antiviral immune response and prospects for insect pest control. Curr. Opin. Insect Sci. 2014, 6, 28–34. [Google Scholar] [CrossRef]

	



Scott, J.G.; Michel, K.; Bartholomay, L.C.; Siegfried, B.D.; Hunter, W.B.; Smagghe, G.; Zhu, K.Y.; Douglas, A.E. Towards the elements of successful insect RNAi. J. Insect Physiol. 2013, 59, 1212–1221. [Google Scholar] [CrossRef] [PubMed]

	



Timmon, L.; Fire, A. Specific interference by ingested dsRNA. Nature 1998. [Google Scholar] [CrossRef]

	



Tabara, H.; Grishok, A.; Mello, C.C. RNAi in C. elegans: Soaking in the genome sequence. Science 1998, 282, 430–431. [Google Scholar] [CrossRef] [PubMed]

	



Kennerdell, J.R.; Carthew, R.W. Heritable gene silencing in Drosophila using doublestranded RNA. Nat. Biotechnol. 2000, 18, 896–898. [Google Scholar] [CrossRef] [PubMed]

	



Travanty, E.A.; Adelman, Z.N.; Franz, A.W.E.; Keene, K.M.; Beaty, B.J.; Blair, C.D.; James, A.A.; Olson, K.E. Using RNA interference to develop dengue virus resistance in genetically modified Aedes aegypti. Mol. Biol. 2004, 34, 607–613. [Google Scholar] [CrossRef] [PubMed]

	



Yang, G.; Liu, C.; Vasseur, L.; You, M.; Zhao, Y. Development of RNAi in insects and RNAi-based pest control. In Pesticides in the Modern World—Pests Control and Pesticides Exposure and Toxicity Assessment; Stoytcheva, M., Ed.; INTECH Open Access Publisher: Rijeka, Croatia, 2011; pp. 27–38. [Google Scholar]

	



Zha, W.; Peng, X.; Chen, R.; Du, B.; Zhu, L.; He, G. Knockdown of midgut genes by dsRNA-transgenic plant-mediated RNA interference in the Hemipteran insect Nilaparvata lugens. PLoS ONE 2011, 6, e20504. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, Y.H.; Zeng, H.M.; Zhang, Y.L.; Xu, D.W.; Qiu, D.W. Silencing the HaHR3 gene by transgenic plant-mediated RNAi to disrupt Helicoverpa armigera development. Int. J. Biol. Sci. 2013, 9, 370–381. [Google Scholar] [CrossRef] [PubMed]

	



Whitten, M.M.A.; Facey, P.D.; Del Sol, R.; Fernandez-Martinez, L.T.; Evans, M.C.; Mitchell, J.J.; Bodger, O.G.; Dyson, P.J. Symbiont-mediated RNA interference in insects. Proc. R. Soc. B-Biol. Sci. 2016, 283. [Google Scholar] [CrossRef] [PubMed]

	



Ueno, K.; Hui, C.C.; Fukuta, M.; Suzuki, Y. Molecular analysis of the deletion mutants in the E homeotic complex of the silkworm Bombyx mori. Development 1992, 114, 555–563. [Google Scholar] [PubMed]

	



Masumoto, M.; Yaginuma, T.; Niimi, T. Functional analysis of Ultrabithorax in the silkworm, Bombyx mori, using RNAi. Dev. Genes Evol. 2009, 219, 437–444. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, H.; Li, M.W.; Guo, J.H.; Jiang, J.H.; Huang, Y.P. Influence of RNAi knockdown for E-complex genes on the silkworm proleg development. Arch. Insect Biochem. Physiol. 2011, 76, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.-R.; Deng, X.-J.; Yang, W.-Y.; Huang, Z.-J.; Feng, Q.-L.; Cao, Y. Effect of RNAi on expression of ecdysis-related genes in silk glands of the silkworm, Bombyx mori. Entomol. Sin. 2011, 54, 1335–1340. [Google Scholar]

	



Suzuki, M.G.; Suzuki, K.; Aoki, F.; Ajimura, M. Effect of RNAi-mediated knockdown of the Bombyx mori transformer-2 gene on the sex-specific splicing of BmDSX pre-mRNA. Int. J. Dev. Biol. 2012, 56, 693–699. [Google Scholar] [CrossRef] [PubMed]

	



Kiuchi, T.; Koga, H.; Kawamoto, M.; Shoji, K.; Sakai, H.; Arai, Y.; Ishihara, G.; Kawaoka, S.; Sugano, S.; Shimada, T.; et al. A single female-specific piRNA is the primary determiner of sex in the silkworm. Nature 2014, 509, 633–636. [Google Scholar] [CrossRef] [PubMed]

	



Kotwica, J.; Bebas, P.; Gvakharia, B.O.; Giebultowicz, J.M. RNA interference of the period gene affects the rhythm of sperm release in moths. J. Biol. Rhythms 2009, 24, 25–34. [Google Scholar] [CrossRef] [PubMed]

	



Gvakharia, B.O.; Bebas, P.; Cymborowski, B.; Giebultowicz, J.M. Disruption of sperm release from insect testes by cytochalasin and beta-actin mRNA mediated interference. Cell. Mol. Life Sci. 2003, 60, 1744–1751. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.J.; Dong, Y.C.; Desneux, N.; Niu, C.Y. RNAi silencing of the HaHMG-CoA reductase gene inhibits oviposition in the Helicoverpa armigera cotton bollworm. PLoS ONE 2013, 8, e67732. [Google Scholar] [CrossRef] [PubMed]

	



Chen, A.L.; Gao, P.; Zhao, Q.L.; Tang, S.M.; Shen, X.J.; Zhang, G.Z.; Qiu, Z.Y.; Xia, D.G.; Huang, Y.P.; Xu, Y.M.; et al. Mutation of a vitelline membrane protein, BmEP80, is responsible for the silkworm “Ming” lethal egg mutant. Gene 2013, 515, 313–319. [Google Scholar] [CrossRef] [PubMed]

	



Yapici, N.; Kim, Y.J.; Ribeiro, C.; Dickson, B.J. A receptor that mediates the post-mating switch in Drosophila reproductive behaviour. Nature 2008, 451, 33–37. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.S.; Stummzollinger, E.; Aigaki, T.; Balmer, J.; Bienz, M.; Bohlen, P. A male accessory gland peptide that regulates reproductive behavior of female Drosophila melanogaster. Cell 1988, 54, 291–298. [Google Scholar] [CrossRef]

	



Hanin, O.; Azrielli, A.; Applebaum, S.W.; Rafaeli, A. Functional impact of silencing the Helicoverpa armigera sex-peptide receptor on female reproductive behaviour. Insect Mol. Biol. 2012, 21, 161–167. [Google Scholar] [CrossRef] [PubMed]

	



Hassanien, I.T.E.; Grotzner, M.; Meyering-Vos, M.; Hoffmann, K.H. Neuropeptides affecting the transfer of juvenile hormones from males to females during mating in Spodoptera frugiperda. J. Insect Physiol. 2014, 66, 45–52. [Google Scholar] [CrossRef] [PubMed]

	



Abrieux, A.; Duportets, L.; Debernard, S.; Gadenne, C.; Anton, S. The GPCR membrane receptor, DopEcR, mediates the actions of both dopamine and ecdysone to control sex pheromone perception in an insect. Front. Behav. Neurosci. 2014. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Lin, W.; Yu, Y.X.; Zhou, P.; Zhang, J.H.; Dou, L.D.; Hao, Q.; Chen, H.J.; Zhu, S.F. Identification and knockdown of the olfactory receptor (OrCo) in gypsy moth, Lymantria dispar. Int. J. Biol. Sci. 2015, 11, 772–780. [Google Scholar] [CrossRef] [PubMed]

	



Bober, R.; Rafaeli, A. Gene-silencing reveals the functional significance of pheromone biosynthesis activating neuropeptide receptor (PBAN-R) in a male moth. Proc. Natl. Acad. Sci. USA 2010, 107, 16858–16862. [Google Scholar] [CrossRef] [PubMed]

	



Lee, D.W.; Kim, Y.; Koh, Y.H. RNA interference of PBAN receptor suppresses expression of two fatty acid desaturases in female Plutella xylostella. J. Asia Pac. Entomol. 2011, 14, 405–410. [Google Scholar] [CrossRef]

	



Ohnishi, A.; Hashimoto, K.; Imai, K.; Matsumoto, S. Functional characterization of the Bombyx mori fatty acid transport protein (BmFATP) within the silkmoth pheromone gland. J. Biol. Chem. 2009, 284, 5128–5136. [Google Scholar] [CrossRef] [PubMed]

	



Theis, T.; Stahl, U. Antifungal proteins: Targets, mechanisms and prospective applications. Cell. Mol. Life Sci. 2004, 61, 437–455. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.K.; Zhang, W.D.; Chen, H.; Yin, Y.P. Cloning and characterisation of the gallerimycin gene from immunised Spodoptera litura. Bull. Insectol. 2012, 65, 233–238. [Google Scholar]

	



Hwang, J.; Kim, Y. RNA interference of an antimicrobial peptide, gloverin, of the beet armyworm, Spodoptera exigua, enhances susceptibility to Bacillus thuringiensis. J. Invertebr. Pathol. 2011, 108, 194–200. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.X.; Jin, F.L.; Wang, Y.S.; Freed, S.; Hu, Q.B.; Ren, S.X. Molecular cloning and characterization of gloverin from the diamondback moth, Plutella xylostella L. and its interaction with bacterial membrane. World J. Microbiol. Biotechnol. 2015, 31, 1529–1541. [Google Scholar] [CrossRef] [PubMed]

	



Marmaras, V.J.; Lampropoulou, M. Regulators and signaling in insect haemocyte immunity. Cell Signal. 2009, 21, 186–195. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Shrestha, S.; Prasad, S.V.; Kim, Y. Role of a small G protein Ras in cellular immune response of the beet armyworm, Spodoptera exigua. J. Insect Physiol. 2011, 57, 356–362. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Stanley, D.; Kim, Y. Rac1 mediates cytokine-stimulated hemocyte spreading via prostaglandin biosynthesis in the beet armyworm, Spodoptera exigua. J. Insect Physiol. 2013, 59, 682–689. [Google Scholar] [CrossRef] [PubMed]

	



Hu, C.M.; Wang, F.; Ma, S.Y.; Li, X.Y.; Song, L.; Hua, X.T.; Xia, Q.Y. Suppression of intestinal immunity through silencing of TCTP by RNAi in transgenic silkworm, Bombyx mori. Gene 2015, 574, 82–87. [Google Scholar] [CrossRef] [PubMed]

	



Kim, R.J.; Jo, Y.H.; Oh, S.H.; Park, C.H.; Noh, M.Y.; Lee, H.J.; Kim, S.; Lee, Y.S.; Kim, I.; Han, Y.S. Cloning and expression pattern of a hemolin homologue from the diamondback moth, Plutella xylostella. Genes Genom. 2010, 32, 71–77. [Google Scholar] [CrossRef]

	



Son, Y.; Kim, Y. Immunosuppression induced by entomopathogens is rescued by addition of apolipophorin III in the diamondback moth, Plutella xylostella. J. Invertebr. Pathol. 2011, 106, 217–222. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Z.J.; Kang, S.; Zhu, X.; Xia, J.X.; Wu, Q.J.; Wang, S.L.; Xie, W.; Zhang, Y.J. Down-regulation of a novel ABC transporter gene (Pxwhite) is associated with Cry1Ac resistance in the diamondback moth, Plutella xylostella (L.). Insect Biochem. Mol. Biol. 2015, 59, 30–40. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Z.J.; Kang, S.; Chen, D.F.; Wu, Q.J.; Wang, S.L.; Xie, W.; Zhu, X.; Baxter, S.W.; Zhou, X.G.; Jurat-Fuentes, J.L.; et al. MAPK signaling pathway alters expression of midgut ALP and ABCC genes and causes resistance to Bacillus thuringiensis Cry1Ac Toxin in diamondback moth. PLoS Genet. 2015, 11, e1005124. [Google Scholar] [CrossRef] [PubMed]

	



Bautista, M.A.M.; Miyata, T.; Miura, K.; Tanaka, T. RNA interference-mediated knockdown of a cytochrome P450, CYP6BG1, from the diamondback moth, Plutella xylostella, reduces larval resistance to permethrin. Insect Biochem. Mol. Biol. 2009, 39, 38–46. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Z.; Lin, Q.; Chen, H.; Li, Z.; Yin, F.; Feng, X. Identification of a novel cytochrome P450 gene, CYP321E1 from the diamondback moth, Plutella xylostella (L.) and RNA interference to evaluate its role in chlorantraniliprole resistance. Bull. Entomol. Res. 2014, 104, 716–723. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Li, F.L.; Cheng, C.; Jiao, D.X.; Zhou, Z.; Cheng, L.G. The identification and characterisation of a new deltamethrin resistance-associated gene, UBL40, in the diamondback moth, Plutella xylostella (L.). Gene 2013, 530, 51–56. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Cabrera, L.; Trujillo-Bacallao, D.; Borras-Hidalgo, O.; Wright, D.J.; Ayra-Pardo, C. RNAi-mediated knockdown of a Spodoptera frugiperda trypsin-like serine-protease gene reduces susceptibility to a Bacillus thuringiensis Cry1Ca1 protoxin. Environ. Microbiol. 2010, 12, 2894–2903. [Google Scholar] [CrossRef] [PubMed]

	



Guo, H.M.; Lu, G.Q.; Su, X.F.; Liang, G.M.; Liu, C.X.; Cheng, H.M. Up-regulated death-associated LIM-only protein contributes to fitness costs of Bacillus thuringiensis Cry1Ac resistance in Helicoverpa armigera. J. Insect Physiol. 2014, 60, 145–152. [Google Scholar] [CrossRef] [PubMed]

	



Gong, L.; Luo, Q.; Rizwan-ul-Haq, M.; Hu, M.Y. Cloning and characterization of three chemosensory proteins from Spodoptera exigua and effects of gene silencing on female survival and reproduction. Bull. Entomol. Res. 2012, 102, 600–609. [Google Scholar] [CrossRef] [PubMed]

	



Ning, C.; Yang, K.; Xu, M.; Huang, L.Q.; Wang, C.Z. Functional validation of the carbon dioxide receptor in labial palps of Helicoverpa armigera moths. Insect Biochem. Mol. Biol. 2016, 73, 12–19. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.-Y.; Zhou, Z.-F.; Jia, J.-Q.; Gui, Z.-Z. Cloning, expression and functional analysis of a delta 6-desaturase gene from the silkworm, Bombyx mori L. J. Asia Pac. Entomol. 2016, 19, 581–587. [Google Scholar] [CrossRef]

	



Dai, F.Y.; Qiao, L.; Cao, C.; Liu, X.F.; Tong, X.L.; He, S.Z.; Hu, H.; Zhang, L.; Wu, S.Y.; Tan, D.; et al. Aspartate decarboxylase is required for a normal pupa pigmentation pattern in the silkworm, Bombyx mori. Sci. Rep. 2015. [Google Scholar] [CrossRef] [PubMed]

	



Xue, X.Y.; Mao, Y.B.; Tao, X.Y.; Huang, Y.P.; Chen, X.Y. New approaches to agricultural insect pest control based on RNA interference. In Small RNAs: Their Diversity, Poles and Practical Uses; Jockusch, E.L., Ed.; Academic Press: London, UK, 2012; Volume 42, pp. 73–117. [Google Scholar]

	



Kola, V.S.R.; Renuka, P.; Madhav, M.S.; Mangrauthia, S.K. Key enzymes and proteins of crop insects as candidate for RNAi based gene silencing. Front. Physiol. 2015. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.; Gurtowski, J.; Yoo, S.; Nattestad, M.; Marcus, S.; Goodwin, S.; McCombie, W.R.; Schatz, M. Third-generation sequencing and the future of genomics. bioRxiv 2016, 13. [Google Scholar] [CrossRef]

	



Baum, J.A.; Bogaert, T.; Clinton, W.; Heck, G.R.; Feldmann, P.; Ilagan, O.; Johnson, S.; Plaetinck, G.; Munyikwa, T.; Pleau, M.; et al. Control of coleopteran insect pests through RNA interference. Nat. Biotechnol. 2007, 25, 1322–1326. [Google Scholar] [CrossRef] [PubMed]

	



Mao, Y.B.; Xue, X.Y.; Tao, X.Y.; Yang, C.Q.; Wang, L.J.; Chen, X.Y. Cysteine protease enhances plant-mediated bollworm RNA interference. Plant Mol. Biol. 2013, 83, 119–129. [Google Scholar] [CrossRef] [PubMed]

	



Thakur, N.; Upadhyay, S.K.; Verma, P.C.; Chandrashekar, K.; Tuli, R.; Singh, P.K. Enhancedwhitefly resistance in transgenic tobacco plants expressing double stranded RNA of v-ATPase a gene. PLoS ONE 2014, 9, e87235. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.Q.; Liu, S.M.; Ma, Y.; Zhang, J.Q.; Qi, H.S.; Wei, Z.J.; Yao, Q.; Zhang, W.Q.; Li, S. Improvement of pest resistance in transgenic tobacco plants expressing dsRNA of an insect-associated gene EcR. PLoS ONE 2012, 7, e38572. [Google Scholar] [CrossRef] [PubMed]

	



Dutta, T.K.; Papolu, P.K.; Banakar, P.; Choudhary, D.; Sirohi, A.; Rao, U. Tomato transgenic plants expressing hairpin construct of a nematode protease gene conferred enhanced resistance to root-knot nematodes. Front. Microbiol. 2015. [Google Scholar] [CrossRef] [PubMed]

	



Simon-Mateo, C.; Garcia, J.A. Antiviral strategies in plants based on RNA silencing. Biochim. Biophys. Acta 2011, 1809, 722–731. [Google Scholar] [CrossRef] [PubMed]

	



Gordon, K.H.J.; Waterhouse, P.M. RNAi for insect-proof plants. Nat. Biotechnol. 2007, 25, 1231–1232. [Google Scholar] [CrossRef] [PubMed]

	



Kupferschmidt, K. A lethal dose of RNA. Science 2013, 341, 732–733. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.Q.; Zhang, J.Z.; Yang, M.L.; Yan, L.Z.; Zhu, K.Y.; Guo, Y.P.; Ma, E.B. Comparative analysis of cytochrome P450-like genes from Locusta migratoria manilensis: Expression profiling and response to insecticide exposure. Insect Sci. 2012, 19, 75–85. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Overview on use of RNA interference (RNAi) techniques for gene function analysis in moths.
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Family and Species

	
Target Genes

	
Life Stage

	
Methods

	
dsRNA Dosage, Frequency

	
Silencing Duration

	
mRNA Silencing

	
Effects

	
Reference






	
Bombycidae Bombyx mandarina

	
vitellogenin receptor

	
Pupae

	
Injection

	
10 μg per pupa

	
24 h

	
99%

	
Significantly reduced the expression of vitellogenin, egg-specific protein, and low MW lipoprotein.

	
[17]




	
Bombycidae Bombyx mori

	
FK506 binding protein

	
Cells

	
Incubation

	
1 μg/1.5 mL media, 8 h

	
48 h

	
-

	
The expression of ryanodine receptor 44F-like was inhibited.

	
[18]




	
Bombycidae Bombyx mori

	
cuticle protein gene BmCPG10

	
2nd instar larvae

	
Incubation

	
2 μg per insect, single

	
72 h

	
90%

	
Molting time in the 2nd instar delayed

48–72 h.

	
[19]




	
Bombycidae Bombyx mori

	
cardinal

	
3–5 h old eggs

	
Injection

	
2–3 nL of 100 μM solution per egg, single

	
-

	
-

	
Eggs failed to turn into the normal purplish-brown color, but became white.

	
[15]




	
Bombycidae Bombyx mori

	
cardinal

	
3–5 h old eggs

	
Electroporation

	
0.25–0.5 μL of 100 μM solution

	
-

	
-

	
Compound eyes failed to turn into the normal dark, but became reddish.

	
[15]




	
Bombycidae Bombyx mori

	
ecdysis-triggering hormone

	
-

	
Transgenic

	
-

	
-

	
85%

	
Lethal ecdysis deficiency in 2nd instar larvae.

	
[20]




	
Crambidae Diatraea saccharalis

	
Aminopeptidase N 1, N2, N3

	
3rd instar larvae

	
Feeding

	
250 ng per larva, single

	
24 h

	
37% (N1)

25% (N2)

44% (N3)

	
Aminopeptidase N activity reduced 37.1% for N1, 31.2% for N2, and 11.6% for N3. Susceptibility to Cry1Ab toxin significantly decreased.

	
[21]




	
Crambidae Ostrinia nubilalis

	
chitinase gene OnCht

	
Neonate larvae

	
Feeding

	
4 mg artificial diet containing 10 mg of dsRNA, 1 day for 4 days

	
8 days

	
64%

	
Chitin content increased 26% in the peritrophic matrix, body weight decreased 54%.

	
[22]




	
Gelechiidae Pectinophora gossypiella

	
V-ATPase A

	
3rd instar larvae

	
Injection

	
0.2 μg per larva, single

	
10 days

	
-

	
Shrinkage of the bodies and slower development, mortality increased 34.0%.

	
[23]




	
Lymantriidae Lymantria dispar

	
ocular albinism

type 1

	
3rd instar larvae

	
Injection

	
1 μg per larva, single

	
-

	
-

	
Larval mortality increased 30%.

	
[24]




	
Noctuidae Agrotis ipsilon

	
DopEcR

	
1 day old male moth

	
Injection

	
1 μg per moth, single

	
4 days

	
-

	
Behavioral response to sex pheromone was reduced.

	
[25]




	
Noctuidae Helicoverpa armigera

	
USP, EcR

	
3rd instar larvae

	
Injection

	
(4 μg USP + 4 μg EcR)/1 insect, single

	
-

	
-

	
Larvae mortality increased 11.7%, pupation rate decreased 43%.

	
[26]




	
Noctuidae Helicoverpa armigera

	
USP, EcR

	
Neonate larvae

	
Feeding

	
1 μg/μL solution, single

	
-

	
-

	
Pupation rate decreased 8.8%.

	
[26]




	
Noctuidae Helicoverpa armigera

	
USP

	
Neonate larvae

	
Feeding

	
1 μg/10 mg diet, 1 day

	
-

	
40.3%

	
Pupation rate decreased 40.4%.

	
[26]




	
Noctuidae Helicoverpa armigera

	
USP

	
Neonate larvae

	
Bacteria mediated

	
100 μL bacteria expressing dsRNA, 1 day

	
-

	
-

	
Larvae mortality increased 34.1%, pupation rate decreased 68.7%.

	
[26]




	
Noctuidae Helicoverpa zea

	
PBAN

	
4–5 days old pupae

	
Injection

	
3 μg per pupa, single

	
-

	
Significantly reduced

	
Gland pheromone titre decreased 78%.

	
[27]




	
Noctuidae Sesamia nonagrioides

	
JHER

	
5th, 6th instar larvae

	
Injection, bacteria or baculovirus mediated

	
-

	
-

	
Significantly reduced

	
Abnormalities in the posterior side of larval-pupal intermediates.

	
[28]




	
Noctuidae Spodoptera exigua

	
cadherin

	
5th instar larvae

	
Injection

	
400 ng per larva, single

	
48 h

	
Significantly reduced

	
Susceptibility to BtA decreased 39%.

	
[29]




	
Noctuidae Spodoptera frugiperda

	
trypsin SfT6

	
4th-instar larvae

	
Feeding

	
3 μg solution, single

	
48 h

	
-

	
Growth inhibition by Bt reduced 30%.

	
[30]




	
Noctuidae Spodoptera frugiperda

	
allatotropin

	
Newly eclosed moth

	
Injection

	
1.5 μg per moth, single

	
2 days

	
80% in brain, 60% in ovary

	
Males transferred significant more JH I and JH II to females during mating.

	
[31]




	
Noctuidae Spodoptera littoralis

	
an immune gene P102

	
4th instar larvae

	
Oral administration

	
450 ng per larva, 12 h

	
3 days

	
95%

	
Encapsulation index of hemocytes reduced 90%.

	
[32]




	
Noctuidae Spodoptera litura

	
catalase

	
Cells

	
Incubation

	
100 nM

	
48 h

	
94.3%

	
ROS increased 675%, apoptosis increased 26.3 fold, cell cycle arrest.

	
[33]




	
Noctuidae Spodoptera litura

	
catalase

	
4th-instar larvae

	
Injection

	
5 μg per larva

	
7 days

	
25.34%

	
Larvae mortality decreased 21.0%.

	
[33]




	
Noctuidae Spodoptera litura

	
olfactory receptor

	
Pupae

	
Injection

	
0.4 μg per pupa

	
-

	
-

	
Male moths response to the sex pheromone reduced by 26%.

	
[34]




	
Noctuidae Spodoptera litura

	
sex-peptide receptor

	
0–6 h old moths

	
Injection

	
10 μg per moth, single

	
2 days

	
69.6% in head, 87.1% in bursa copulatrix

	
Fail to respond to male accessary gland factors and continue to show virgin behaviors.

	
[35]




	
Noctuidae Spodoptera litura

	
PBAN

	
0–6 h old moths

	
Injection

	
10 μg per moth, single

	
30 h

	
60%

	
Gland pheromone (4 components) titres decreased 12%–31%.

	
[36]




	
Pieridae Pieris rapae

	
calreticulin

	
1 day old pupae

	
Injection

	
20 μg per pupa, single

	
12 h

	
50% in hemocytes

	
The ability of hemocytes to encapsulate beads reduced 30%.

	
[37]




	
Plutellidae Plutella xylostella

	
cytochrome P450 CYP340W1

	
3rd-instar larvae

	
Injection

	
0.3 μg per larva, single

	
12 h

	
83%

	
Mortality of the injected abamectin-resistant larvae increased 22%–32%.

	
[38]




	
Plutellidae Plutella xylostella

	
Pxylace-1

	
4th-instar larvae

	
Feeding

	
1 μg/cm2 leaf, 12 h

	
72 h

	
64.04%

	
-

	
[39]




	
Plutellidae Plutella xylostella

	
GAPDH

	
3rd-instar larvae

	
Injection

	
30 ng per larvae

	
30 h

	
82%

	
Hemocyte-spreading reduced 64%.

	
[40]




	
Plutellidae Plutella xylostella

	
cadherin

	
3rd-instar larvae

	
Injection

	
0.14 μg per insect, single

	
-

	
Significantly reduced

	
Offspring’s hatching decreased 14.5%–17.8% and eclosion decreased 6.3%–17.5%.

	
[41]




	
Pyralidae Plodia interpunctella

	
Pi-SOD

	
5th instar larvae

	
Injection

	
0.25 μg per larva, single

	
72 h

	
100%

	
Increased the bacterial pathogenicity by 40%, enhanced the insecticidal activity of ClO2 gas by 23%.

	
[42]




	
Pyralidae Plodia interpunctella

	
tryptophan oxygenase

	
1–3 h old eggs

	
Injection

	
0.1 ng per egg, single

	
-

	
Significantly reduced

	
Larvae loss of eye-color pigmentation.

	
[43]




	
Pyralidae Corcyra cephalonica

	
vitellogenin

	
1 h old moth

	
Injection

	
1 μg per moth, single

	
3 days

	
55%

	
Short ovarioles, unorganized egg sizes, and few fully developed eggs.

	
[44]




	
Saturniidae Antheraea assama

	
doublesex

	
5th instar larvae

	
Injection

	
70 μg per larva, single

	
6 days

	
Significantly reduced in females

	
Female gonads deformed and shrunken.

	
[45]




	
Saturniidae Antheraea pernyi

	
5HTRB

	
Pupae

	
Injection

	
1 μg per pupa, single

	
72 h

	
80%

	
Early diapause termination.

	
[46]




	
Saturniidae Hyalophora cecropia

	
hemolin

	
Pupae

	
Injection

	
1 μg per pupa

	
24 h

	
-

	
Phenoloxidase activity reduced 55%.

	
[47]




	
Sphingidae Manduca sexta

	
plasmatocyte-spreading peptide

	
5th instar larvae

	
Injection

	
100 ng per larva, single

	
18 h

	
-

	
The number of bacteria within the cells reduced 55%.

	
[48]




	
Tortricidae Epiphyas postvittana

	
carboxylesterase 1

	
3rd instar larvae

	
Feeding

	
1 μg per insect, single

	
7 days

	
80%

	
-

	
[49]
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Table 2. Overview on RNAi mediated moth pests control explorations.
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Target Pests

	
Target Genes

	
Host Plants

	
Application Methods

	
Silencing Duration

	
mRNA Silencing

	
Control Efficacy

	
Reference






	
Crambidae Ostrinia furnalalis

	
Ds10

Ds28

	
-

	
50 ng/mL dsRNA directly sprayed on the larvae

	
5 days

	
-

	
Larval mortality increased 36%–48%.

	
[50]




	
Crambidae Ostrinia furnalalis

	
Ds10

Ds28

	
-

	
50 ng/mL dsRNA directly sprayed on the larvae along with artificial diet

	
5 days

	
-

	
Larval mortality increased 70%–78%.

	
[50]




	
Noctuidae Spodoptera exigua

	
8 different genes

	
-

	
4th instar larvae, injection 4 μg per larva

	
120 h

	
-

	
Larval mortality increased 5%–28%

	
[51]




	
Tortricidae Cydia pomonella

	
cullin-1

	
-

	
Neonate larvae, feed on 250 ng/μL solution

	
8 days

	
50%

	
Larval length reduced 17%.

	
[52]




	
Noctuidae Helicoverpa armigera

	
acetylcholine esterase AChE

	
-

	
siRNAs were fed continuously from the neonatal stage to the pre-pupation stage

	
-

	
-

	
Mortality increased by 15%, growth inhibition of larvae, reduction in the pupal weight, malformation and drastically reduced fecundity (reduced 58%–100%, depends on different dsRNA concentrations).

	
[53]




	
Plutellidae Plutella xylostella

	
β1 integrin

	
cabbage

	
2nd instar larvae feed on dsRNA-treated cabbage for 12 h, each cabbage (700 mm2) had been overlaid with 1200 ng of dsRNA

	
5 days

	
Significantly reduced

	
Larval mortality increased 77%.

	
[54]




	
Plutellidae Plutella xylostella

	
iron-sulfur protein

	
cabbage

	
3 μg per cm2 cabbage leaf

	
72 h

	
99%

	
Larval mortality increased 53%.

	
[55]




	
Plutellidae Plutella xylostella

	
Acetylcholine esterase AChE2

	
Brassica oleracea, B. alboglabra

	
Spray Brassica oleracea and B. alboglabra using 200 μg/mL siRNA

	
5 days

	
-

	
Larval mortality increased 53.4%.

	
[56]




	
Plutellidae Plutella xylostella

	
acetylcholine esterase AChE2

	
cabbage

	
2nd instar larvae feed on cabbage leaves coated 3 mg siRNA/cm2 leaf

	
72 h

	
-

	
Larval mortality increased 65%.

	
[56]




	
Pyralidae Scirpophaga incertulas

	
aminopeptidaseN

	
rice

	
3 d old larvae feed no rice stem contained dsRNA by 30 μL of 30 pM dsRNA/8 cm stem

	
12 days

	
Reduced 3.5 fold

	
Larval weight reduced 47%,

mortality increased 40%.

	
[57]




	
Sphingidae Manduca sexta

	
vATPase

	
-

	
25 mg diet that was coated with 25 mL of 0–0.5 mg/mL dsRNA

	
7 days

	
-

	
Larval mortality increased 48%.

	
[58]




	
Noctuidae Helicoverpa armigera

	
arginine kinase

	
-

	
1st-instar larvae feed on bacteria expressing dsRNA

	
2–12 days

	
60%–80%

	
Mortality increased 2%–11%.

	
[59]




	
Noctuidae Helicoverpa armigera

	
cytochrome P450 CYP6B6

	
-

	
Larvae feed on bacteria expressing dsRNA

	
72 h

	
88%

	
Mortality increased 27%.

	
[16]




	
Noctuidae Spodoptera exigua

	
chitin synthase A

	
-

	
1st-instar larvae feed on bacterial culture containing bacteria expressing dsRNA

	
-

	
-

	
Larval mortality increased 14% and 21% in 4th and 5th larval instars, 26% and 18% in prepupae and pupae.

	
[60]




	
Noctuidae Helicoverpa armigera

	
cytochrome P450 CYP6AE14

	
Arabidopsis thaliana Nicotiana tabacum Gossypium hirsutum

	
Transgenic plants expressing dsRNA

	
-

	
-

	
Larval growth is retarded, the effects are more dramatic in the presence of gossypol.

	
[61]




	
Noctuidae Helicoverpa armigera

	
cytochrome P450 CYP6AE14

	
Gossypium hirsutum

	
Transgenic plants expressing dsRNA

	
4–10 days

	
-

	
Larval growth decreased 61%, rate of leaf consumption reduced 39%.

	
[62]




	
Noctuidae Helicoverpa armigera

	
chitinase

	
Tobacco Nicotiana tabacum

	
Transgenic plants expressing dsRNA

	
6–16 days

	
-

	
Mortality increased 0%–33% for different RNAi tobacco lines.

	
[63]




	
Noctuidae Helicoverpa armigera

	
chitinase

	
Tomato Solanum ycopersicum

	
Transgenic plants expressing dsRNA

	
6–16 days

	
-

	
Mortality increased 2%–45% for different RNAi tomato lines.

	
[63]
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