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Abstract: RNA interference (RNAI) is a simple and rapid method for silencing genes in various
organisms, and it is widely used in gene function and genetics research. RNAi has been developed as
a novel pest management strategy. Double-stranded RNAs (dsRNAs) delivered via microinjection,
ingestion, or soaking are effective for silencing genes in insect pests, whereas oral and topical delivery
methods are feasible for field applications. Here, we summarize oral and topical delivery, in pests, of
dsRNA target genes, including those involved in energy metabolism, synthesis of essential cellular
components, hormone homeostasis, chitin metabolism, the digestive system, immunity, detoxification,
insecticide resistance, and other processes. RNAi pesticides have been developed in the form of
genetically modified (GM) crops expressing dsRNAs as well as applied as foliar sprays. In this review,
RNAi-based products are also summarized.
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1. Introduction

RNA interference (RNAI) is a conserved biological response to double-stranded RNA
(dsRNA) that induces sequence-specific gene silencing by targeting mRNA for degradation,
thus preventing protein translation [1]. RNAi has proven to be a powerful reverse genetics
tool for studying gene function, regulation, and interaction at the cellular and organismal
levels [1]. RNAi of genes in pest insects is typically regulated via the small interfering RNA
(siRNA) pathway, in which long dsRNAs are cleaved by Dicer-2 associated with R2D2
into siRNAs. Then, siRNAs are loaded into Argonaute-2 to assemble the RNA-induced
silencing complex (RISC) which guides cleavage of the complementary target RNA [2].

RNAI technology is an emerging new tool for pest control and integrated pest man-
agement (IPM) [3]. In general, the efficiency of RNAi varies across insect orders as well as
species within the same order due to dynamic dsRNA degradation, uptake, transport, or
processing in vivo [1,4,5]. RNAi is more effective in Coleopterans than in Hemipterans and
Lepidopterans, especially in Tenebrionidae (e.g., Tribolium castaneum) and Chrysomelidae
(e.g., Diabrotica virgifera virgifera) [6]. Within Hemiptera, RNAi has been shown to be effec-
tive in Cimex, Halyomorpha, and Oncopeltus, but is not highly effective in Acyrthosiphon [1].
Other factors to consider in developing RNAi approaches include target gene selection,
the efficiency of dsRNA delivery, the amount and length of dsRNA delivered, and the
presence of RNAi machinery within the pests [7]. In this review, we describe dsRNA
delivery methods, RNAi target genes for pest control, and RNAi-based pesticides.

2. Double-Stranded RNA Delivery Methods

An efficient dsRNA delivery system is critical for screening and/or validating the
efficacy of gene silencing. Various methods of delivering dsRNA to pests have been
developed based on species and purposes, and these methods are primarily classified as
microinjection, oral ingestion, and topical application (Figure 1) [8]. Nanoparticles protect
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dsRNA /siRNA molecules from degradation and increase the cellular uptake of intact
molecules; thus, dsSRNA mixed with nanoparticles can enhance RNAI efficacy [9].

Microinjection Topical application
Soaking Spraying Notum dropping

Figure 1. The schematic diagram of dsRNA delivery methods.

2.1. Microinjection

Double-strand RNA can be delivered into target tissues or the hemolymph via microinjec-
tion, therefore, bypassing physical barriers such as the integument or gut epithelium. dsRNAs
for microinjection are frequently synthesized in vitro via a T7 RNA polymerase [8,10,11]. The
first microinjection experiment was performed on Drosophila melanogaster embryos [12], and ex-
periments on many other insect species, including T. castaneum, Apis mellifera, Acyrthosiphon pisum,
Bombyx mori, Manduca sexta, Nilaparvata lugens, and Blattella germanica, were conducted
later [8,9]. The microinjection method for delivering dsRNA is labor intensive, experience
and instrument dependent, and cannot be used in the field [8]. However, a precise amount
of dsRNA can be delivered to the target position immediately by microinjection, resulting in
significantly higher RNAi efficiency than other methods [13]. It is a very effective research
tool for gene functional analysis in most pests.

2.2. Ingestion

Although orally delivered dsRNA can be degraded by midgut endonucleases, it
can also be uptaken by midgut cells, and some dsRNA can be transported to other
tissues [14-16]. RNAI induced by oral ingestion is more effective for genes expressed
in the midgut rather than in other tissues [16]. An artificial diet mixed/sprayed/coated
with dsRNA and plant leaves immersed/coated/soaked with dsRNA are typical non-
transformative oral dsRNA delivery methods. Non-transformative delivered dsRNAs can
be synthesized in vitro or by microbes such as Escherichia coli, yeast, and entomopathogenic
fungi [11,17]. E. coli HT115 (DE3) is commonly used for expressing dsRNA with the 14440
vector carrying the target gene segment [1,3]. The pET28-BL21 (DE3) RNaselll system has
been found to be more suitable for efficient and mass production of dsRNA, producing
more than three times that of the L4440-HT115 (DE3) system [18].

Transgenic plants that express dsRNA via nuclear or chloroplast transformation are
effective at silencing pest genes [6,19]. The ability of nuclear-transformed plants expressing
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dsRNA to trigger RNAi was first tested on cotton bollworm (Helicoverpa armigera) and
western corn rootworm (D. v. virgifera) [6,20]. The plant’s RNAi machinery converted
dsRNA expressed in the nuclei into siRNA, reducing its effect when fed to insects. Plant
chloroplasts lack RNAi machinery and, therefore, allow stable dsRNA to accumulate, thus
increasing RNAI efficacy in insects [21,22]. Further research is needed to broaden the range
of transplastomic plants, particularly in food crops such as rice, wheat, and maize [23].

RNAI via ingestion is efficient and feasible in field applications [24]. Non-transformative
delivery strategies are less expensive, available for all crops, and have a short develop-
ment time [25]. Transgenic plants expressing dsRNA can reduce the need for pesticides,
whereas developing transgenic plant is a time-consuming and expensive process, and it is
not practical to every target plant due to a lack of genetic transformation technology [23].
Endonucleases in the midgut may degrade orally delivered dsRNA, thus resulting in re-
duced RNAI efficiency [14,15]. Ingestion has a lower RNAI efficiency than microinjection
due to midgut endonuclease degradation, and the target genes should be expressed in
the midgut due to the inefficient transport of orally delivered dsRNA across the midgut
epithelium [16,26].

2.3. Soaking/Topical Application

Soaking experiments have typically been performed in insect cell lines by adding
dsRNA into cell culture media, and many insect cells, such as S2, Bm5, Sf21, and CiE1, have
been established to induce RNAi [8,27,28]. Despite the cuticle barriers, topical application of
dsRNA to insects is possible. Sprayed/topically applied dsRNA /siRNA formulations have
been shown to penetrate insect cuticles and to cause lethal effects in several insects, such as
Aphis glycines [29], Aedes aegypti [30], Leptinotarsa decemlineata [31], Anastrepha fraterculus [32],
and Spodoptera frugiperda [33]. Topical application is easy to operate; however, RNAi
efficiency is low due to the limited penetration ability of dsRNA across the cuticles. It is
not suitable for RNAi in many stages of pests that have a thicker cuticle even with the help
of nanoparticles, such as the late instar larvae, pupae and adult moths [33].

2.4. Nanoparticle-Mediated dsRNA Delivery

Nanoparticles such as chitosan, liposomes, and cationic dendrimers protect dsRNA/
siRNA molecules from degradation and promote their translocation across cell membranes,
thus increasing RNAI efficacy by improving dsRNA stability and uptake [9]. Nanoparticles
loaded dsRNAs have been shown to improve RNAI efficacy in many pests, such as aphids,
mosquitos, mites, the German cockroach, and the Asian corn borer [34-38]. For example, a
facile-synthesized star polycation (SPc)-based RNAi system with topical application, oral
feeding, and injection methods is shown to be efficient in RNAi insensitive S. frugiperda [33].
Soaking the eggs with dsATP-d alone (100 ng/uL) or dropping dsATP-d alone (0.5 pug) on
the notum of the 2nd instar larvae could not down-regulate SfATP-d expression, while
the expression of SfATP-d was decreased more than one half via facile-synthesized star
polycation (SPc)-delivered dsATP-d treatment. The SfATP-d expression in the 4th and
6th instar larvae could be significantly decreased through oral feeding of 0.1 pug and 3 ug
SPc-loaded dsATP-d, respectively. The SfATP-d expression in pupae and adults could be
successfully inhibited through injection with 10 pug SPc-loaded dsATP-d [33]. Although
nanoparticles can improve RNAI efficiency, production costs must be reduced, and the
potential risk of nanoparticle-mediated dsRNA delivery must be evaluated in the future [9].

3. Target Genes for RNAi in Pest Control

The ideal target genes for RNAi are those that are essential for insect development or
survival, have no functional redundancy, and can be knocked down by large-scale delivery
of dsRNA in the field [39]. Here, we summarize RNAI target genes identified for pest
control via oral ingestion and topical uptake assays (Tables 1 and S1).
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Table 1. RNAI target genes that were identified through oral or topical RNAi assays for pest control.

Process

Target

References

energy metabolism (ATPase)

energy metabolism (others)

cytoskeleton related protein
ribosome

proteasome

SCRT
COPI

protein trafficking/vesicular transport

hormone homeostasis

chitin metabolism

digestive system

immunity

detoxify or pesticide resistance

transcription

others

V-ATPase A, V-ATPase B, V-ATPase D, V-ATPase E,
V-ATPase G, ATPase

arginine kinase, ADP/ATP translocase, adenylate
kinase 2, NADH dehydrogenase

tubulin, actin, myosin, shibire

RPL9, RPS13, rpL19, rpL9, rps-14, rpS4, rps10

Rpn7, Rpn3, rpn6, rpnll, Prosa2, pat3, protb, PSMBS5,

[6,11,13,17,26,36,40—-49]

[6,41,43,50-54]

[6,11,21,26,38,43,44,46,55,56]
[6,13,43,57]

PSMD?7, E2 enzyme [6,13,45,57]
Snf7, vps2, vps28, [6,13,44,58,59]
COPB, aCOP [6,45,46,50,60]
SNAP, rabl, rab11, GTPase activator, [45,56]

ADP-ribosylation factor, Rop

EcR, ultraspiracle, shadow, HR3, JHE, JHBP,
PBAN, bursicon

trehalase, hexokinase, GFAT, chitin synthase,
chitinase, chitin deacetylase 1, cuticular protein,
laccase2, knk

nitrophorin 2, MIF1, SSK, DvSS]1, DvSS]2, AMY4S,
AMY49, KTIs

hemocytin, GNBP1, PGRP-LB, Toll, terminicin,
serpin2, Ap15782, Ap20844, chaoptin, IAP

P450s, GSTs, Ces, EstFE4, acetylcholinesterase,
synapsin, transferrin

mRNA capping enzyme, helicase-DNA-binding
protein, RNA polymerase II, transcription factor
IIB, activating transcription factor, Inr-a, dre4
Tssk1, Tektinl, MSL3, SRP54, GDPH3, calmodulin,
aquaporin, heat shock protein, ZC3H10, apple
(ATPase), integrin $1, hexamerin II, GHF9-2

[47-49,61-68]

[6,33-37,63,69-75]

[57,58,67,76-78]
[30,58,79-85]

[20,47,78,86-96]

[6,45,97]

[6,45,51,54-57,59,98-101]

Detail information was listed in Table S1.

3.1. Targeting Energy Metabolism

Energy metabolism is essential for cell survival and proliferation, as well as cellu-
lar regulation, stem cell applications, and pathogenic infection [102]. Silencing genes
involved in energy metabolism, such as vacuolar ATPase (V-ATPase) and arginine ki-
nase, have been shown to cause significant mortality in pests (Table S1). V-ATPase is an
ATP-driven proton pump that generates energy gradients across membranes; it is one of
the most important enzymes in eukaryotic cells, and it is also a well-studied target for
RNAI [22]. RNAi suppression of V-ATPase subunit A, B, D, E, or G caused significant
mortalities in Coleopteran, Hemipteran, Lepidopteran, Dipteran, and Orthopteran insects
and mites (Table S1) [6,10,17,40—42]. Arginine kinase (AK) plays a fundamental role in
energy homeostasis. Compared to controls, the mortality of dsAK-treated larvae increased
by 15% in Nylanderia fulva [50], 26% in Tuta absoluta [41], 26% in Plutella xylostella [51],
and 18% in H. armigera [52]. ADP/ATP translocase exchanges free ATP with free ADP
across the inner mitochondrial membrane. D. v. virgifera larvae were stunted and died
after ingesting dsRNA against ADP/ATP translocase [6]. Silencing the ADP/ATP translo-
case gene resulted in increased mortality in whiteflies (Bemisia tabaci) as compared with a
control [43]. Adenylate kinase 2 (AK2) regulates cellular energy homeostasis and cellular
adenine nucleotide metabolism. RNAi knockdown of AK2 in H. armigera larvae caused
growth defects [53]. A topical foliar application targeting NADH dehydrogenase, which
is a key metabolic enzyme in the electron transport chain, increased mortality by 30% in
Chilo suppressalis larvae [54].



Agronomy 2023,13, 714

50f 15

3.2. Targeting Essential Cellular Components

Defects in essential cellular components, such as cytoskeletal and ribosomal proteins,
are frequently fatal or cause severe diseases in organisms, and therefore, essential cellular
components are ideal targets for RNAi [103,104]. Silencing genes that encode essential
cellular components, such as cytoskeleton, ribosome, proteasome, and complexes required
for membrane fusion or intracellular trafficking, resulted in stunting and mortality [6].

Tubulin and actin are cytoskeletal proteins that are frequently targeted by RNAi. Oral
administration of dsRNA targeting «-tubulin resulted in significantly increased mortality
in D. v. virgifera [6], Blattella germanica [38], B. tabaci [43], and Frankliniella occidentalis [44].
Silencing the 3- and y-tubulin genes also resulted in death in flies, beetles, aphids, and
tobacco hornworms [6,10]. RNAI of actin genes caused lethal effects in several insects,
such as beetles [6], thrips [44], whiteflies [43], and stink bugs [26]. Actin-based motility is
controlled by myosins. RNAI of the putative myosin heavy chain in D. v. virgifera led to
increased mortality [6]. Knockdown of Shibire, a microtubule-associated force-producing
protein, resulted in more than 80% mortality rate in Dendroctonus frontalis [55]. Ingestion
of dsRNAs against mRNA encoding ribosomal proteins L9, L19, 54, S10, 514, and S13
resulted in larval death in D. v. virgifera, B. tabaci, or Myllocerus undecimpustulatus undatus
(Table S1) [6,13,43,57]. RNAi of genes encoding proteasome regulatory particles rpn3, rpn6,
and rpnll and proteasome subunits Pros«2, pat3, protb, PSMD5, and PSMD7 and an
E2 ubiquitin-conjugating enzyme caused death in beetles and mites through ingestion or
soaking (Table S1) [6,45,57].

The endosomal complexes required for transport (ESCRT) complexes are involved in
membrane budding or bending events. RNAi targeting genes encoding ESCRT subunits,
for example Snf7, Vps2, and Vps28, caused mortality in several insect species including
beetles [6] and thrips [44]. Coatomer complexes mediate ER-Golgi transport; RNAi of
coat genes «COP, BCOP, or sec23 increased mortality in beetles [46,60], ants [50], and
mites [45] by 15-72%. SNAP participates in intracellular membrane fusion and vesicu-
lar trafficking [56]; RNAi of the SNAP gene resulted in >80% mortality rate in the mite
Tetranychus urticae [45] and 75% mortality in Henosepilachna vigintioctopunctata [56]. Ras
opposite (Rop) regulates vesicle trafficking; RNAi of TuRop caused >80% mortality rate in
T. urticae [45]. RNAI of the GTPase genes rabl and rab11, pMON97111 (a GTPase activator
involved in intracellular protein transport), and pIC16006 (an ADP-ribosylation factor that
regulates vesicular traffic and actin remodeling) caused death in western corn rootworm
(Table S1) [6].

3.3. Targeting Hormone Homeostasis

Hormones play a crucial role in the life cycle of insects, and therefore, they are ideal
targets for pest control. Insect development, metamorphosis, and reproduction are con-
trolled by two vital hormones, 20-hydroxyecdysone (20E) and juvenile hormone (JH). RNAi
by feeding dsRNA that targeted the ecdysone receptor (EcR) in B. tabaci, Hyblaea puera;
and H. armigera [47,61-63], ultraspiracle (USP, the partner of EcR) in H. armigera; shadow
(P450 involved in ecdysteroidogenesis) in Laodelphax striatellus resulted in a significant
increase in mortality rate (Table S1) [64]. HR3 is a molt-regulating transcription factor that
is up-regulated by 20E and plays a key role during metamorphosis [105]. Silencing HaHR3
by feeding transgenic plants increased the mortality rate of H. armigera by 17-24% [65], and
ingestion of ds CiHR3 disrupted the growth of C. infuscatellus larvae [66].

Juvenile hormone binding protein (JHBP) is the carrier partner protein of JH and
is required for JH titer balance [106]. Topically applied RNAi against T. absoluta [HBP
increased the mortality by approximately 55% [48]. Juvenile hormone esterase (JHE) is
the primary catabolic enzyme that specifically degrades JH, feeding dsRNA that targeted
Ha-JHE resulted in 41% mortality in H. armigera larvae [67]. However, ingestion of dsRNA
against juvenile hormone esterase (pIC16007) in D. v. virgifera had no effect on survival [6].

Pheromone biosynthesis activating neuropeptide (PBAN) is a neurohormone that acti-
vates pheromone biosynthesis [107]. RNAi of PBAN increased mortality in Solenopsis invicta,
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Heliothis virescens, and H. zea [68,107]. Bursicon is a neuropeptide hormone that regulates
cuticle tanning and wing expansion, silencing bursicon caused 28-37% mortality in the
mealybug Phenacoccus solenopsis [49].

3.4. Targeting Chitin Metabolism

Chitin is a major component of insect cuticle and an essential component of the insect per-
itrophic matrix (PM), a lining in insects” midgut that is essential for nutrition and antimicrobial
defense [108]. Many enzymes are involved in chitin synthesis, including trehalase (Tre), hex-
okinase (HK), glucose-6-phosphate isomerase (G6PI), glutamine:fructose-6-phosphate amino-
transferase (GFAT), glutamine:glucosamine-6-phosphate N-acetyl-transferase (GNAT), phos-
phoglucosamine mutase (PGM), UDP-N-acetylglucosamine pyrophosphorylase (UAP),
and chitin synthase (CHS) [108]. The mortality of Aphis glycines was increased by 51%
after silencing a trehalase gene (TREH) during an infiltration assay [36]. The mortality of
Diaphorina citri larvae was increased by 10% after feeding dsRNA targeting hexokinase [69].
Knockdown of the H. cunea GFAT gene by feeding dsRNA repressed larval growth [70]. A
significant increase in mortality was observed following topical application or transgenic
plant-mediated RNAi of the chitin synthase gene in Hyblaea puera, H. armigera, A. glycines,
and Liriomyza trifolii [36,63,71,72]. Anopheles gambiae larvae fed AgCHS1 or AgCHS2
dsRNA were more sensitive to diflubenzuron and calcofluor white, or dithiothreitol [34].
Chitin polymer is degraded by chitinases and N-acetylglucosaminidase, silencing the
chitinase genes increased mortality in H. puera, D. v. virgifera, and Ostrinia furnacalis
(Table S1) [6,37,63]. Chitin deacetylases (CDAs) are chitin degradation enzymes that regu-
late insect metamorphosis and development [109]. Knockdown of SfCAD1 with SPc-loaded
dsCDA1 via topical application for 4 days and then oral feeding for 3 days caused growth
retardation and mortality in S. frugiperda larvae [33].

Cuticular proteins (CPs) are the primary structural components of the exocuticle
and endocuticle layers that comprise the procuticle. RNAi of the cuticle protein gene
DcCP64 in Diaphorina citri and CP19 in three aphids increased mortality [73,74]. Knock-
down of CPR increased the cuticle permeability and the sensitivity to acaricides in the
mite T. cinnabarinus [35]. Laccase2 is a phenol oxidase involved in cuticle formation and
pigmentation [75]. Knk is a GPI-anchored protein that is required for chitin organization
in the cuticle and the tracheal system [6]. RNAi against BtLac2 in B. tabaci and knk in
D. v. virgifera reduced larval survival [6,75].

3.5. Targeting the Digestive System

Salivary glands and gut comprise the insect digestive system, and genes encoding
digestive enzymes have been studied for pest control via oral dsSRNA delivery. Nitrophorins
(NPs) are multifunctional proteins found in saliva. RNAi of NP2 via ingestion of dsRNA
resulted in a low level of mortality in Rhodnius prolixus [76]. Macrophage inhibitory factor
(MIF1) is expressed in the salivary glands of aphids and mediates the inhibition of plant
innate immunity [77]. RNAi of MIF1 mediated by transgenic potato in Myzus persicae
resulted in a significant increase in mortality [77].

Snakeskin (SSK) and mesh form a complex to take part in the development of
the midgut [57]. Oral delivery of dsRNA targeting SSK gene led to 80% mortality in
Anoplophora glabripennis, and silencing the SSK ortholog gene DvSSJ1 (smooth septate junc-
tion protein 1) led to 100% mortality in D. v. virgifera [57,58]. Silencing DvSSJ2 (an ortholog
of mesh) resulted in 100% mortality in D. v. virgifera [57]. Carbohydrases and proteases
are important digestive enzymes. Alpha-amylase is a carbohydrase that catalyzes the first
step of starch hydrolysis [110]. H. armigera larvae fed dsAMY48 and dsAMY49 showed
an increase in mortality by 17.7% and 20.6%, respectively [67]. Silencing of Kunitz-type
trypsin inhibitors (KTIs) increased mortality in O. furnacalis by 19.5% [67].
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3.6. Targeting Immunity, Detoxification, and Pesticide Resistance Molecules

The immune system of insects serves as the first defense line against various in-
fectious conditions. Hemocytin (humoral lectin) is distributed in steady-state hemo-
cytes and is involved in immune responses, especially in encapsulation [79]. RNAi of
hemocytin increased the mortality of green peach aphids M. persicae, and co-delivery of
hemocytin dsRNA and botanical pesticide matrine increased the lethal effect even more [79].
Gram-negative binding proteins (GNBPs) are pattern recognition receptors that recognize
fungi; knockdown of ApGNBP1 enhanced the virulence of Beauveria bassiana against two
aphids [80]. Silencing the pattern recognition receptors LgPGRP-LB and LgPGRP-LB2b
increased mortality in Leguminivora glycinivorella by 19-25% as compared with a dsGFP-fed
control [81]. Knockdown of Toll-like receptors LgToll5-1 and LgTLR-7 also increased the
mortality of L. glycinivorella [81]. RNAIi of B. tabaci Toll gene (BtToll) increased mortality
after larvae were challenged with destruxin A and Isaria fumosorosea [82,83]. RNAIi of
Odontotermes formosanus antimicrobial peptide gene (Termicin) enhanced the toxicity of
Serratia marcescens against larvae [111]. Clip domain trypsin and serpin are involved in
polyphenol oxidase activity via serine protease cascade [81,112]. RNAIi of LgSerpin2 in-
creased mortality in L. glycinivorella by 19-25% [81], and silencing of A. pisum Ap15782 (Clip
domain trypsin) enhanced the virulence of B. bassiana [112]. Furthermore, silencing of the
immune gene LgChaoptin in L. glycinivorella and Ap20844 (zinc-finger domain) in A. pisum
also increased larval mortality [81,112].

Apoptosis is a form of programmed cell death that is critical to development, homeosta-
sis, and immune defense; inhibitors of apoptosis proteins (IAPs) are endogenous inhibitors
for apoptosis [113]. RNAi of IAP caused 14-42% mortality in A. aegypti [30] via topical ap-
plication, and 33% and 90% mortality in Agrilus planipennis and A. glabripennis, respectively,
through dsRNA ingestion [58]. However, ingestion of dsIAP in Dendroctonus frontalis and
Lygus lineolaris had no effect on survival [55,86].

Insects have evolved a detoxification system to protect themselves from xenobiotics [87].
Insecticide resistance is associated with increased levels of detoxification enzymes such
as cytochrome P450 monooxygenases (P450s) in phase I, and glutathione S-transferases
(GSTs) and carboxy/cholinesterases (CCEs) in phase II reactions [87]. RNAi-mediated
inhibition of P450 genes, such as CYP321A7 and CYP6AE43 in S. frugipreda [88], CYP6AE14
in H. armigera [20], and CYP6CM]1 in B. tabaci [84], increased the larval susceptibility to
xenobiotics. RNAi of several P450 genes, including CYP6CM1 in B. tabaci [84], CYP6B6 in
H. armigera [78], and Cyp18A1 in N. lugens, resulted in lethality [89]. GSTs catalyze the con-
version of endogenous and xenobiotic compounds into less toxic products by conjugating
glutathione (GSH). Ingestion of dsBtGST led to increased mortality in B. tabaci [90]. Silenc-
ing seven GSTs in the brown planthopper N. lugens increased its sensitivity to gramine [114];
RNAI of four GSTs (NIGSTs1, NIGSTs2, NIGSTel, and NIGSTd1) increased sensitivity to
fipronil [91]; and knockdown of two GSTs (DcGSTe2 and DcGSTd1) in D. citri increased
their pesticide sensitivity [92]. Silencing HaGST and GST16 retarded larval growth in
H. armigera [20,93]. RNAI of the carboxylesterase in N. lugens (Ces) and D. citri (EstFE4)
increased mortality by 37% and 43%, respectively [89,115].

Acetylcholinesterase (AChE) is involved in the hydrolysis of the neurotransmitter acetyl-
choline at the synaptic cleft to acetate and choline, which cease nerve impulse transmis-
sion between neurons [94,115]. ACHKE is the primary target for organophosphate and
carbamate insecticides, and silencing AchE caused mortality in D citri [62], B. tabaci [115],
H. armigera [94], and P. xylostella [95]. Synapsin, a gene regulating synaptic vesicle cluster-
ing, was upregulated when aphids were exposed to neonicotinoids [85]. Knockdown of
synapsin led to 93.3% mortality within four days in A. gossypii [85]. Co-delivery of syn-
dsRNA and thiamethoxam (TMX) increased the susceptibility of A. gossypii to low-dose
TMX, suggesting that synapsin could be a potential RNAi target for neonicotinoid resistance
management [85]. In addition to these targets, transferrins aid in insect adaptation to a
variety of stresses. RNAi of HaTrf significantly increased the susceptibility of H. armigera to
2-tridecanone, a xenobiotic plant secondary chemical [96].
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3.7. Other Target Genes

RNAI target genes also include those involved in transcription, DNA repair, male
fertility, and male lethality. Several studies have found that dsRNA delivery that targeted
essential genes, such as signal recognition particle protein 54 (SRP54), glycerol 3-phosphate
dehydrogenase (GPDH3), aquaporin, heat shock protein, and calmodulin, increased larval
mortality (Tables 1 and S1).

RNAI of several genes involved in transcription, including the putative mRNA cap-
ping enzyme, chromodomain helicase DNA-binding protein, RNA polymerase II, transcrip-
tion factor IIB, and activating transcription factor, caused mortality in the western corn
rootworm during the survey of RNAI targets [6]. RNAi of inverse regulator « (Inr-a), an
RNA cleavage and polyadenylation factor in the transcription process, caused 80% mortality
in the mite T. urticae [45]. Dre4, a Spt16/FACT homolog, plays a critical role in transcription
and DNA repair; silencing of dre4 contributed to mortality of Phyllotreta striolata [97].

Tsskl and Tektinl are involved in male fertility; RNAi knockdown of Tssk1 and Tektinl
resulted in male sterility up to 59% and 64.5%, respectively [98]. Male-specific lethal
3 (MSL3) plays a critical role in Drosophila dosage compensation pathways, and loss of
function in ML3 led to male-specific lethality [116]. The mortality rate in C. suppressalis
larvae fed dsMSL3 was also higher [54].

RNAi of RP54, an essential component of eukaryotic signal recognition particle (SRP),
resulted in at least 80% mortality in T. urticae [45] and Henosepilachna vigintioctopunctata [56].
GPDHB3 plays an essential role in glycerolipid metabolism; suppressed expression of GPDH3
by RNAIi caused larval mortality in C. suppressalis [54] and D. v. virgifera [6]. Calmodulin
(CaM) is an essential calcium-binding protein that regulates multiple protein targets; a
calmodulin-based dsRNA was effective to control Varroa mites (Varroa destructor) within
honey bees [99]. RNAi of water channel aquaporin in T. tabaci [59], heat shock protein (HSP)
in D. frontalis [55], a CCCH-type ZFP gene (ZC3H10) in M. persicae [100], a putative ATPase
in D. v. virgifera, and integrin 31 in P. xylostella [51] caused mortality. In a screening of
dsRNA for insecticidal activity against termites, RNAi of Hexamerin II and GHF9-2 cellulase
caused 86.7% and 60% mortality, respectively [101].

4. RNAi-Based Products for Pest Management

RNAi-based products are species-specific, low in toxicity, and environmentally friendly
as compared with conventional chemical pesticides. Current RNAi applications include
genetically modified (GM) crops and topically applied RNAi sprays (Table 2), both of
which have advantages and drawbacks. GM crops are efficient for RNAi responses in a
systematic manner, while RNAi sprays are most effective for large-scale protection in a
variety of plants in terms of cost, time consumption, and labor intensity [117]. GM crops
face complex challenges, such as public concerns about the safety of GM plants, a lengthy
and costly process, and a shortage of genetic transformation technology in some crops [23].
Sprayed dsRNA on the leaves resulted in a strong response from some chewing insects, but
other target pests, such as sucking insects, require plant uptake and systemic movement of
dsRNA. The instability of dsRNA in the environment is a challenge for the development of
topically applied products. Environmental factors such as microorganisms, UV, wash-off,
heat, and pH can have a significant impact on the persistence and stability of dsSRNAs [117].
Double-strand RNA displayed a half-life of 15 to 28 h in soil and a half-life of less than 3 d
in sediment water [118,119]; the degradation of dsRNA is primarily driven by microbial
degradation or abiotic processes [119].

Monsanto/Bayer’s genetically modified corn MON87411 was approved by the U.
S. Environmental Protection Agency (EPA) in 2015 as the first GM crop based on RNAi
technology (Table 2). MONS87411 was engineered to produce dsRNAs against DvSnf7, the
CRW-active Cry3Bb1, and the herbicide-tolerant associated CP4 EPSPS protein and resulted
in Coleopteran pest resistance and glyphosate tolerance. Later, the EPA approved more hy-
brid products derived from MON87411, such as SmartStax Pro (DAS-59122-7 x MON87411
x MONB89034 x TC1507), Vorceed™ Enlist® (DP4114 x MON87411 x MON89034 x DAS-
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40278-9), VT4PRO™ (MON89034 x MIR162 x MON&87411), and DP4114 x MONS87411
Maize. Food Standards Australia New Zealand (FSANZ) approved food from the DP23211
GM line provided by Dow AgroSciences (DAS) (Table 2). DP23211 maize is genetically
modified to express dsRNAs to DvSS[1, an insecticidal protein IPD072Aa, the herbicide-
tolerant associated phosphinothricin acetyltransferase (PAT), and the selection marker
phosphomannose isomerase (PMI) protein, resulting in resistance to D. v. virgifera and
tolerance to glufosinate-ammonium herbicide [120].

Table 2. RNAi-based products for pest control.

RNAi Event Products Company RNAIi Gene Target Pest Approval
SmartStax Pro, .
NONTAL oot i, BRCren, gy DDz sy
VT4PRO™ . .. :
DP23211 1 .
(GM corn) - DAS DvSSJ1 D. v. virgifera 2021
Ledprona Calantha GreenLight PSMB5 L. decemlineata 20212

1 - unknown. 2 Registration.

Calantha, a foliar-applied dsRNA spray developed by GreenLight to protect against
the Colorado potato beetle, has been submitted, in 2021, to the EPA for approval (Table 2).
Calantha’s active ingredient, Ledprona, is a 490-bp dsRNA designed to target L. decemlineata
PSMB5 mRNA [121]. In 2019, Bayer submitted a spray RNAi biopesticide developed with
BioDirect technology to the EPA for registration; this product was developed to control
varroa mites using dsRNA. Other Biodirect products are in the early stages of development,
including a spray that effectively targets canola flea beetles. RNAi pesticides against
diamond month, varroa, and Colorado potato beetle are under development, while more
RNAIi products against a broader range of insect species are needed in the future.

5. Conclusions and Future Perspectives

RNAI is a powerful tool for gene functional analysis and pest control, and several
dsRNA delivery approaches have been developed based on different species and purposes.
Microinjection is efficient for gene functional research in most insects and other pests; soak-
ing and non-transformative feeding methods are less expensive and easier to use; ingestion
is suitable for high-throughput gene screening and has potential field applications; soaking
is mostly used in cell lines and mites. The nanoparticle-mediated dsRNA delivery system
is a promising approach for improving dsRNA stability and promoting dsRNA uptake.

Many target genes have been identified in Coleoptera, Hemiptera, Lepidoptera, and
other species; these genes are involved in energy metabolism, synthesis of core cellular
components, hormone homeostasis, chitin metabolism, digestive system, and other essen-
tial biological processes. Some target genes have been well studied in multiple species,
such as V-ATPase, tubulin, actin, Snf7, COPI, ecdysone receptor, chitin synthase, ribosome
subunit, and proteasome subunit. Furthermore, using dsRNAs that target multiple genes
or combining RNAi with other pest control methods (such as entomopathogen, toxins,
phytoecdysteroids, and pesticide) can produce synergistic lethal effects.

dsRNA-induced gene silencing is sequence-specific; however, dsRNAs containing
more than 19-nucleotide perfect matches to unintended targets lead to false positives in
Drosophia [122]. Non-target organisms (NTOs) could be exposed to dsRNA in several ways,
such as consuming plant material containing dsRNA, being in contact with soil and water,
or feeding on exposed arthropods. Therefore, dsRNAs should be carefully designed to
avoid the off-target effects in target species and species-specifically designed to avoid
the non-target effects in non-target organisms (NTOs) through in silico examination [122].
dsRNA may also affect the fitness of non-target arthropod species in a sequence-unspecific
way, such as dsRNA-triggered immune responses [123]. Environmental risk assessment
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should also be conducted to assess the hazardous potential of RNAi pesticides to NTOs,
especially for different valued NTO groups [124].

RNAi-based biocontrol is an excellent alternative to chemical pesticides, and several
RNAI pesticides have been approved and will be on the market soon. However, RNAi
applications are limited due to multi-layered challenges which are yet to be overcome in
the future. Some of the challenges are:

(1) Selecting efficient RNAi target genes and delivery methods according to different pests;

(2) Enhancing the persistence and stability of dsRNA in the environment and its subse-
quent effects;

(3) Facilitating plant uptake and systemic movement of dsRNA spray;

(4) Solving the shortage of genetic transformation technology in some crops and expand-
ing the range of transplastomic plants expressing dsRNA;

(5) Developing more RNAi products against a wide range of insect species;

(6) Searching for synergistic effects, for example, dsSRNAs targeting multiple genes, and
combing of RNAi with other pest control methods;

(7) Establishing a consensus regulatory framework for the commercialization of RNAi
pesticides;

(8) Reducing the costs for large-scale application of RNAi biopesticides.
Although some of the described aspects still need to be thoroughly researched and rig-

orously conducted, RNAi-based pesticides have undeniable potential for pest management.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13030714/s1, Table S1. Potential RNAi target genes for
pest control and their effects after silencing.
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