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RNA interference (RNAi)-based biopesticides are novel biologic products,

developed using RNAi principles. They are engineered to target genes of

agricultural diseases, insects, and weeds, interfering with their target gene

expression so as to hinder their growth and alleviate their damaging effects

on crops. RNAi-based biopesticides are broadly classified into resistant plant-

based plant-incorporated protectants (PIPs) and non-plant-incorporated

protectants. PIP RNAi-based biopesticides are novel biopesticides that

combine the advantages of RNAi and resistant transgenic crops. Such RNAi-

based biopesticides are developed through nuclear or plastid transformation to

breed resistant plants, i.e., dsRNA-expressing transgenic plants. The dsRNA of

target genes is expressed in the plant cell, with pest and disease control being

achieved through plant-target organism interactions. Here, we review the

action mechanism and strategies of RNAi for pest management, the

development of RNAi-based transgenic plant, and the current status and

advantages of deploying these products for pest control, as well as the

future research directions and problems in production and

commercialization. Overall, this study aims to elucidate the current

development status of RNAi-based biopesticides and provide guidelines for

future research.

KEYWORDS

RNAi-based biopesticides, dsRNA-expressing transgenic plants, nuclear
transformation, plastid transformation, pest control

1 Introduction

RNA interference (RNAi) is a conserved RNA-mediated regulatory mechanism in

eukaryotic organisms (animals, plants, insects, virous, and nematatodes etc.). RNAi

effector targets genes with homologous sequence pairing and then effectively silences or

suppresses their expression at the transcriptional or post-transcriptional level. RNAi was

first identified in 1990 by Napoli et al. who transferred the chalcone synthase gene into

petunia to produce darker purple-colored flowers. However, most of the flowers turned

white or floral white instead of becoming darker. This phenomenon wherein an

exogenous transferred gene, homologous to an endogenous gene, results in the
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suppression of their expression, is called co-suppression by

researchers (Napoli et al., 1990). A similar phenomenon was

observed in Neurospora crassa and was termed quelling by

Romano and Macino (1992). Fire et al. (1998) confirmed that

double-stranded RNA (dsRNA) can suppress the expression of

target genes more effectively than single-stranded RNA (ssRNA)

in Caenorhabditis elegans. They defined this post-transcriptional

silencing of specific genes as RNAi.

Advancements over 2 decades have led to the maturation of

RNAi technology in the pharmaceutical field. Especially in the

field of agricultural pest control, RNAi-based biopesticides are

engineered to target genes of agricultural diseases such as fungi

and other pathogenic microorganisms, insects, and weeds,

interfering with their target gene expression so as to hinder

their growth and alleviate their damaging effects on crops.

Therefore, RNAi technology can be used to develop novel

biopesticides with high efficiency, simplicity, and specificity,

expected to bring another scientific and technological

revolution and facilitate sustainable agricultural development.

The huge potential of RNAi-based biopesticides has

prompted research institutes and agrochemical companies to

further invest in research for the translation of this technology

into innovative products (Jalaluddin et al., 2019). Several large

agrochemical and biotechnology companies, including Bayer

(Monsanto), Corteva, and Syngenta, are using this technology

for the development of novel products, and they have already

attained several major patents for RNAi applications. RNAi-

based biopesticides are broadly classified into two categories: 1)

Resistant plant-based plant-incorporated protectants (PIPs) and

2) Non-plant-incorporated protectants (non-PIPs). Non-PIP

RNAi-based biopesticides follow the traditional chemical

biopesticide application method and are designed to exert a

pest/disease control role by the means of foliar spray, root-

irrigation, or seed dressing. There are still many issues need

to be assessed and solved before large-scale field application of

non-PIP, such as large-scale production, cost control, dsRNA

degradation, RNAi efficiency, environmental risk assessment,

and resistance evolution. No fully commercialized non-PIP

RNAi-based biopesticide products have been released to the

market thus far (Liu et al., 2019; Kunte et al., 2020). Notably,

Bayer has announced that their insecticide ‘ledprona’ for

Leptinotarsa decemlineata control will be submitted to the

Environment Protection Authority (EPA) in 2022, which is

expected to be the first EPA-registered non-PIP insecticide.

PIP RNAi-based biopesticides, on the other hand, are novel

biopesticides that combine the advantages of RNAi and resistant

transgenic crops. At present, several products (MON87411 in

2017, DP23211 in 2021, VT4PRO in 2022) have been approved

for marketing, all of which are based on the expression of dsRNA

in transgenic plants for pest control. Here, we review the action

mechanism and strategies of RNAi for pest management, the

development of RNAi-based transgenic plant, and the current

status and advantages of deploying these products for pest

control, as well as the future research directions and problems

in production and commercialization. Overall, this study aims to

elucidate the current development status of RNAi-based

biopesticides and provide guidelines for future research.

2 RNAi strategies for pest
management

2.1 RNAi core mechanism of action

Typically, dsRNAs or ssRNAs folded into a hairpin structure

(hairpin RNA or hpRNA, a type of dsRNA) induce silencing of

downstream RNA. According to the mechanism of RNAi,

dsRNA entering into organism are cleaved intracellularly to

21–23-bp siRNAs by the nucleic acid endonuclease RNaseIII

containing canonical Drosha and/or Dicer. Subsequently,

siRNAs bind to the Argonaute protein (AGO) and multiple

enzymes during the effector phase, to form an RNA-induced

silencing complex (RISC), which subsequently targeted

sequence-complementary mRNAs and cleave them by the

carried endonuclease (Bartel, 2004; Carthew and Sontheimer,

2009), thereby inhibiting its translation activity to a protein and

thus causing silencing of the underlying gene (Chen et al., 2010).

2.2 Application potential of RNAi in pest
control

RNAi-based biopesticides are dsRNAs of insect target genes

synthesized based on gene sequence complementarity, and

whose activity is a result of the silencing effect of specific

mRNAs in target organism. Genes essential to pest growth

and development can be alone or in combination, and they

can be as potential target genes in RNAi-based pesticide

development, providing a significant advantage of RNAi-based

pesticides over chemical ones. About 25%–35% of the insect

genome harbours essential genes, which can be potential

candidates as targets for RNAi (Dietzl et al., 2007). The very

wide range of targets available for RNAi-based pesticides makes

the upfront development cost relatively low. In the United States,

the development of a conventional chemical pesticide takes at

least 12 years from inception to market entry, costing an average

of $280 million. Additionally, a conventional transgenic crop

could be in development for an average of 13 years, with

investment costs of $130-$140 million. In contrast, the

development of RNAi-based biopesticides requires only a $3-

7 million investment and can be completed within approximately

4 years (Marrone, 2014; Marrone, 2019). Therefore, RNAi-based

pesticides have a good prospect and application in pest control.

In the agricultural field, using RNAi technology to silence the

expression of crucial genes can inhibit the development of insects

and even kill them, thereby achieving pest control. In 2002,
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Bettencourt et al. were the first to demonstrate the application

feasibility of RNAi technology in pest control with the evaluation

of Hemolin-RNAi in Hyalophora cecropia (Bettencourt et al.,

2002). In subsequent years, researchers have showed that

exogenous synthetic dsRNA can induce RNAi effects in a

variety of insects by feeding, injection, or spray methods (Kim

et al., 2015; Vogel et al., 2019). In 2007, Baum et al. (2007) and

Mao et al. (2007). confirmed in Coleoptera and Lepidoptera

insects, respectively, that dsRNA expressed by transgenic plants

could be transported into insects by feeding and induced a strong

RNAi response, confirming the feasibility of PIP method for pest

control.

3 Generation of dsRNA-expressing
transgenic plants

The technical principle of the PIPmethod is to design dsRNA

based on certain gene sequences of target pests and construct

efficient dsRNA expression vectors to generate transgenic plant

varieties, so as to enhance crop resistance and eventually achieve

chemical-free pest control. Plants contain three organelles that

carry genetic information: Nucleus, chloroplast (plastid), and

mitochondria. Current technological limitations make the

nucleus and chloroplasts the only organelles that can be

genetically transformed. Depending on the genome of the

transformed plant organelle, transgenic plants expressing

insect-resistant dsRNAs can be divided into two categories: 1)

nuclear transformation (NT) transgenic plants and 2) plastid

transformation (PT) transplastomic plants.

3.1 Nuclear transformation-mediated
RNAi-based insecticidal plants

3.1.1 NT approach
Plant (cell) NT is a method of introducing vectors containing

exogenous DNA into the cell’s nuclear genome by biological or

physical means such as Agrobacterium transfection, particle

bombardment, and protoplast transformation. It is the most

widely used genetic engineering method thus far due to its

higher success rate and easier process than PT method.

Initially, RNAi-based insecticidal plants were mainly used in

this approach and operated as follows: The target gene fragment

is inserted into the modified T-DNA region and then transferred

to the genome of the recipient plant through the modified vector

using Agrobacterium transfection. Once stably incorporated into

the nuclear genome it is transcribed into dsRNA or hpRNA. The

vector used to express dsRNA usually contains a sequence of

DNA spaced by an intervening fragment with reverse

complementarity. The sequence in the vector was transcribed

into RNA in the cell and then folded in pairs to form a dsRNA

with a loop structure to induce RNAi effect (Wesley et al., 2001).

This method demonstrates significant effectiveness for the

management of serious agricultural pests such as Helicoverpa

armigera, L. decemlineata, Nilaparvata lugens, and aphids

(Table 1).

3.1.2 Applications of NT-mediated dsRNA-
expressing transgenic plants in pest control
3.1.2.1 Insect pests with chewing mouthparts

Diabrotica virgifera virgifera was one of the first and most

successful insects to be controlled using the NT-mediated PIPs

technique. D. v. virgifera is a highly damaging agricultural pest

that causes up to $1 billion in economic losses annually in the

United States. Most importantly this pest has developed

resistance to chemical insecticides, transgenic Bt crops, and

even crop rotation practices (Levine et al., 2002; Gray et al.,

2009; Wangila et al., 2015). However, this pest is very sensitive to

RNAi-based approaches. Genetically modified maize expressing

dsRNA of theV-ATPase A gene ofD. v. virgifera can suppress the

expression of the target gene in the pest’s intestinal cells, resulting

in 50% less damages in the genetically modified variety compared

with the respective wild-type (Baum et al., 2007). Since then,

several studies have demonstrated the feasibility of applying

RNAi-based approaches for the control of D. v. virgifera

(Zhang et al., 2013; Fishilevich et al., 2016; Fishilevich et al.,

2019).

Widespread cultivation of transgenic Bt maize leads to

gradual development of resistance in D. v. virgifera. The

researchers found that feeding with dsSnf7 exhibited superior

control ofD. v. virgifera larvae. Subsequently, transgenic Bt maize

xpressing dsSnf7 have been developed. As a result, this approach

was combined with the insecticidal protein which has established

high effectiveness, and their synergistism increased the control

effect and slowed the evolution of pest resistance to Bt (Baum

et al., 2007; Bolognesi et al., 2012). Thus RNAi-based resistant

crop breeding strategy is effective for D. v. virgifera control,

laying a solid foundation for commercial application of this

technology. Based on the above research, Bayer (Monsanto)

company was subsequently approved to market the first

transgenic maize (trade name: MON87411) expressing both

dsRNA and Bt protein for D. v. virgifera control in 2017.

PIP approach can also be applied to control lepidopteran

insects. A pioneering study by Mao et al., in 2007 demonstrated

improved defense in transgenic tobacco against H. armigera

larvae by expressing exogenous dsRNA. The resistant tobacco

plant was developed by deploying the CYP6AE14 gene, which

plays a crucial role in the metabolism of plant secondary

metabolites, such as gossypol, by H. armigera. After H.

armigera larvae fed on transgenic tobacco expressing a

hpRNA targeting CYP6AE14, its expression level was

significantly downregulated, resulting in reduced tolerance of

H. armigera to gossypol. When H. armigera larvae were then fed

with artificial feed containing gossypol, their growth and

development were significantly inhibited (Mao et al., 2007). A
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TABLE 1 Nuclear transformation-mediated dsRNA-expressing transgenic plants in pest control.

Transgenic plants Insects Target genes References

Nicotiana tabacum Helicoverpa armigera CYP6AE14 Mao et al. (2007)

ecdysone receptor Zhu et al. (2012)

hormone receptor 3 Xiong et al. (2013)

glutathione S-transferase 16 Shabab et al. (2014)

Chitinase Mamta et al. (2016)

acetylcholinesterase 1 Saini et al. (2018)

Myzus persicae Rack1 Pitino et al. (2011)

MpC002

hunchback Mao and Zeng (2014)

CYP82E4v1 Zhao et al. (2016)

cathepsin L Rauf et al. (2019)

Bemisia tabaci v-ATPaseA Thakur et al. (2014)

acetylcholinesterase Malik et al. (2016)

ecdysone receptor

aquaporin Raza et al. (2016)

α-glucosidase

Manduca sexta CYP6B46 Kumar et al. (2012)

Spodoptera litura chitin synthase A Rana et al. (2020)

Chilo partellus

Plutella xylostella

Maruca vitrata

Arabidopsis thaliana Helicoverpa armigera arginine kinase Liu et al. (2015)

Myzus persicae serine protease Bhatia et al. (2012)

cuticular protein Bhatia and Bhattacharya (2018)

Bemisia tabaci glutathione S-transferase s5 Eakteiman et al. (2018)

Gossypium hirsutum Helicoverpa armigera CYP6AE14 Mao et al. (2011)

HMG-CoA reductase Tian et al. (2015)

hormone receptor 3 Han et al. (2017)

Oryza sativa Nilaparvata lugens hexose transporter Zha et al. (2011)

Carboxypeptidase

trypsin-like serine protease

ecdysone receptor-c Yu et al. (2014)

glutathione S-transferase Yang et al. (2020)

Triticum aesticum Sitobion avenae Carboxylesterase Xu et al. (2014)

Chitinase Zhao et al. (2018)

Gqα Hou et al. (2019)

zinc finger protein Sun et al. (2019)

Glycine max Tetranychus urticae coatomer subunit α Dubey et al. (2017)

aquaporin 9

Leguminivora glycinivorella ribosomal protein P0 Meng et al. (2017)

Zea mays Diabrotica virgifera virgifera v-ATPase A Baum et al. (2007)

vitellogenin receptor Niu et al. (2017)

boule

Solanum tuberosum Diabrotica virgifera virgifera ecdysone receptor Hussain et al. (2019)

Leptinotarsa decemlineata cuticular protein Naqqash et al. (2020)

glutathione synthetase

cytochrome P450 monoxygenases

Lactuca sativa Bemisia tabaci v-ATPase A Ibrahim et al. (2017)

Brassica juncea Lipaphis erysimi sucrase 1 Dhatwalia et al. (2022)

Sugarcane (Saccharum spp.) Sphenophorus levis V-ATPase E Mohan et al. (2021)
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follow-up study suggested that the simultaneous additional

transfer of the Cysteine protease gene into cotton could

further augment the insect-resistant effect of RNAi (Mao

et al., 2013). Other target genes such as EcR, HR3, GST16,

AK, and HMGR have also been exploited to generate RNAi-

based transgenic crops for cotton bollworm control, with

encouraging results (Zhu et al., 2012; Xiong et al., 2013;

Shabab et al., 2014; Liu et al., 2015; Tian et al., 2015; Han

et al., 2017).

Transgenic plants expressing dsRNA in combination with Bt

have also been used in the control of H. armigera. A Bt

insecticidal protein was combined with RNAi to generate

cotton expressing a Bt toxin along with dsRNA that inhibits

juvenile hormone synthesis and transport-related genes in H.

armigera. This method not only improved the H. armigera

control effect on transgenic cotton but also delayed H.

armigera resistance build-up to Bt (Ni et al., 2017). However,

since the RNAi efficiency in lepidopteran insects is far less than

that of D. v. virgifera, no commercially available product has yet

been developed.

3.1.2.2 Insect pests with piercing-sucking mouthparts

RNAi-based insect-resistant strategy is also effectively used

for insect pests with piercing-sucking mouthparts. Specifically,

the expression of target genes in N. lugens was significantly

suppressed, after feeding on transgenic rice expressing the

respective dsRNA (Zha et al., 2011). Feeding Myzus persicae

with plant-expressed dsRNAs for MpC002 in the salivary gland

and Rack1 in the intestinal resulted in the suppression of two-

thirds of target gene expression and a significant reduction in

their progeny population (Pitino et al., 2011). Expression of the

hunchback gene dsRNA in transgenic tobacco similarly enhanced

resistance toM. persicae (Mao and Zeng, 2014). Sun et al. (2019)

conducted a more detailed study using Sitobion avenae. They

added a variety of dsRNA synthesized in vitro to artificial diet,

and screened out a target gene SaZFP, whose suppression results

in high lethality. Subsequently, a dsRNA segment of this gene was

expressed in wheat. The mortality of S. avenae was increased

significantly after 6 days of feeding on the transgenic wheat,

eventually reaching an 80% aphid mortality after 18 days.

With the current progress in biotechnology tools,

constructing transgenic crops expressing dsRNA using NT

method has become a common and effective strategy for

insect resistance. However, NT method possesses certain

limitations, such as targeting a large and complex nuclear

genome. Additionally, the random integration of exogenous

fragments into the genome causes difficulty in controlling

Agrobacterium transfection. NT also frequently results in low

expression levels of exogenous genes and genetic instability

(Pedras et al., 2011; Kaplanoglu et al., 2022). Additionally,

most of the dsRNAs expressed by NT method were cleaved

into siRNAs in the plant cells due to the action of endogenous

Dicer enzymes in the plant cytoplasm (Xie et al., 2004).

Therefore, both long-stranded dsRNA and processed siRNA

are present in NT plants, lowering the insect control

effectiveness. PT approaches can provide a solution to this, as

Dicer is not present. Thus chloroplast-transformed plants

express only long-stranded dsRNA, resulting in a significantly

higher insect lethality compared to NT plants.

3.2 Plastid transformation-mediated
RNAi-based insecticidal plants

3.2.1 PT method
Plastid, a plant-specific organelle, is a general term used for

various organelles such as proplastids, chloroplasts, leucoplasts,

and amyloplasts. The plastid genome is relatively small, ranging

in size from 120 to 200 kb. Plastid genes are arranged in clusters,

and are co-expressed as a polycistron, with apparent prokaryotic

features (Svab and Maliga, 1993). Chlamydomonas reinhardtii

was the original model organism used to successfully express

exogenous genes into chloroplasts by particle gun bombardment,

thus demonstrating the feasibility of PT (Smith et al., 2011).

Genetic engineering of the plastid genome emerged in the early

1990 s and was initially successful in tobacco and subsequently in

tomato, potato, lettuce, and soybean. In contrast to the

traditional NT method of plant cells (mediated by

Agrobacterium, with random insertion of T-DNA into the

nuclear genome of the plant), PT is achieved by homologous

recombination and the targeted integration of exogenous genes

into the plastid genome is carried out by particle bombardment.

The use of aadA as a marker gene has led to a great improvement

in PT efficiency (Kaplanoglu et al., 2022).

3.2.2 Advantages of the PT method
PT has numerous advantages over the traditional NT

technology: 1) High expression of exogenous genes. The

plastid genome is present in multiple copies inside plant cells.

A mature plant mesophyll cell contains 1,900–5,000 copies of the

plastid genome, which can result in high levels of target gene

expression; 2) Multi-gene co-transformation. The structure and

expression pattern of plastid genes are similar to those of

prokaryotes. Additionally, the small plastid genome can

facilitate genetic manipulation to achieve multi-gene co-

expression; 3) Higher environmental security. Most

angiosperm plastids are inherited by the offspring through the

maternal line. Since the pollen (male gametes) of the transformed

plants does not contain transgenic components, plastid-

engineered resistant crops cannot spread their genetic material

with pollen, contributing to ecological stability; 4) Plastid gene

expression without epigenetic silencing. The expression of plastid

genes is free of epigenetic regulatory mechanisms such as

methylation, acetylation, and histone modifications resulting

in gene silencing. Therefore, exogenous genes can be stably

and uniformly expressed in PT-mediated transgenic plants; 5)
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Regionalized gene expression products. Plastids have a relatively

independent genetic system and both inner and outer membrane

barriers. Therefore, the expression products of the target genes

are confined within the plastids and have less effect on the

physiological functions of other plant organelles(Bock, 2007;

Yu et al., 2020).

3.2.3 Application of PT-mediated dsRNA-
expressing transgenic plants in pest control

In 2015, Zhang. et al. (2015a) first expressed the dsRNA of the

lethal gene β-actin in potato chloroplasts for L. decemlineata

control. dsRNA accumulation in leaves reached 0.4% of the

total leaf RNA and was two to three orders of magnitude

higher than that accumulated in NT controls. Additionally, no

siRNA was detected in PT potatoes, confirming the absence of the

RNAi pathway and the integrity of the expressed dsRNA in the

plastids. Compared with wild-type and NT potato control plants,

PT potatoes expressing the target dsRNA exhibited desirable pest-

resistance levels. L. decemlineata larvae and adults stopped feeding

on days 2 and 3, respectively, and all larvae died by day 4 following

feeding, resulting in 100% insecticidal efficiency. Furthermore, the

potato leaves were relatively intact. Thus, long-stranded dsRNA

can be synthesized in large quantities in the chloroplasts to avoid

being processed by Dicer in the plant cytoplasm. PT plants

exhibited significant resistance to L. decemlineata and this

finding paved the way for further applications of this approach

to insect resistance. Since then, a series of studies proved that the

construction of transgenic plants expressing dsRNA by PTmethod

has a very remarkable effect on controlling pests with chewing

mouthparts such as H. armigera (Jin et al., 2015), Manduca sexta

(Poreddy et al., 2017), Plutella xylostella (Fu et al., 2020) and

Henosepilachna vigintioctopunctata (Ren et al., 2021) (Table 2).

The application of PT plants has target selectivity. Kaplanoglu

et al. (2022) demonstrated that PT-mediated resistant tomato plant

expressing dsRNA of the v-ATPase A gene exhibited significant

feeding inhibition against leaf-chewing and lacerating- and flush-

feeding insects, but poor feeding inhibition against sap-sucking

insects. Wu et al. (2022) published a compromise study on the

successful control for absorbing-mouthpart insects by PT-mediated

RNAi plant. PT plants were evaluated for the control of

Frankliniella occidentalis, which feeds with its rasping-sucking

mouthparts. dsRNAs targeting four key genes of F. occidentalis

(β-actin, Tubulin, V-ATPase B, and Snf7) were expressed through

the plastid and nucleus, respectively. It was observed that F.

occidentalis could ingest chloroplast contents (including dsRNA)

during feeding on host plants. F. occidentalis could ingest more

dsRNAs when feeding on PT plants than onNT plants. Subsequent

bioassays revealed that PT plants resulted in higher F. occidentalis

lethality. Additionally, PT plants were more robust due to

significant reduction in the feeding of F. occidentalis on their

leaves. Therefore, the PT-mediated RNAi strategy provides

significantly more effective control of F. occidentalis than the

traditional NT strategy (Wu et al., 2022).

Note that a major drawback when implementing this

approach is the relatively small number of plant species that

can be subjected to PT, approximately 20 species, including

TABLE 2 Plastid transformation-mediated dsRNA-expressing transgenic plants in pest control.

Transgenic plants Insects Target genes References

Nicotiana tabacum Leptinotarsa decemlineata β-actin Zhang et al. (2015a)

Shrub

Helicoverpa armigera CYP6AE14 v-ATPase A Jin et al. (2015)

chitin synthase

Manduca sexta CYP6B46 Poreddy et al. (2017)

Manduca quinquemaculata

Manduca sexta v-ATPaseA Burke et al. (2019)

Bemisia tabaci β-actin Dong et al. (2020)

Frankliniella occidentalis β-actin Wu et al. (2022)

Tubulin v-TPase B

Snf7

Nicotiana benthamiana Helicoverpa armigera acetylcholinesterase Bally et al. (2016)

Solanum lycopersicum Leptinotarsa decemlineata v-ATPase Kaplanoglu et al. (2022)

Halyomorpha halys

Phenacoccus madeirensis

Solanum tuberosum Myzus persicae β-actin Ren et al. (2021)

Henosepilachna vigintioctopunctata

Spodoptera litura

Arabidopsis thaliana Plutella xylostella arginine kinase Fu et al. (2020)
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tobacco (Wu et al., 2017), tomato (Ruf et al., 2001), potato

(Zhang J. et al., 2015), lettuce (Ruhlman, 2014), soybean

(Dufourmantel et al., 2010), poplar (Wu et al., 2019),

Arabidopsis thaliana (Ruf et al., 2019), and Scoparia dulcis

(Kota et al., 2019), due to the limitations of PT technology.

Therefore, it is crucial to further expand the range of crops that

can efficiently undergo PT, especially focusing on economically

important crops such as rice, wheat, and cotton.

4 Factors influencing insect
resistance of RNAi-based transgenic
plants

4.1 Target gene selection

The selection of target gene greatly affects the efficiency of

plant-mediated RNAi. The target genes are usually the

housekeeping genes of the target pest or are key genes in its

growth and development. Silencing such genes has a greater

probability to result in higher insect lethality, growth inhibition,

or sterility. However, not all housekeeping genes are appropriate

targets for RNAi, which may be attributed to the level of mRNA

accumulation in insects. Whether the secondary structure of

target gene mRNAs leads to higher susceptibility to exogenous

dsRNA-induced silencing remains controversial. Consequently,

Further studies are required to systematically elucidate the

determinants of the sensitivity to target gene mRNA to RNAi.

4.2 dsRNA accumulation in plant tissues

dsRNA ingested by feeding transgenic plants enters cells via

endocytosis and/or SID proteins (responsible for transporting

dsRNA), and then induces the RNAi pathway and mRNA

degradation of insect target genes. Unlike plants, insect lack

RNA-dependent RNA polymerases, resulting in the inability to

amplify the RNAi signal. Therefore, the RNAi effect is dependent

on the amount of dsRNA entering insect cells. Consequently, the

effect of RNAi on insect is positively correlated with the dose of

dsRNA ingested, with a larger amount of dsRNA entering the

cells leading to a higher mortality and/or growth impedance

effect (Zhang et al., 2017). Therefore, dsRNA accumulation in

plant tissues is a crucial factor that affects the efficiency of RNAi-

based transgenic plants for insect control. Stronger promoters or

transcription systems, and the use of PT to express dsRNA are

promising solutions towards this goal (Zhang. et al., 2015b).

4.3 Internal environment of insects

The physiological state of the insect gut and hemolymph

influences the effectiveness and efficiency of plant-mediated

RNAi. Nucleases (dsRNases), that specifically degrade dsRNA

were identified in the digestive fluid of Bombyx mori. They were

secreted from the midgut cells of B. mori silkworms into the

extracellular space and degraded in a non-sequence-dependent

manner by ingested dsRNA (Arimatsu et al., 2007a; Arimatsu

et al., 2007b). High activity dsRNases were localized in the

intestines of many lepidopteran insect intestines, including H.

armigera, Chilo suppressalis, and Ostrinia furnacalis, and rapidly

degraded the dsRNAs ingested (Terenius et al., 2011; Singh et al.,

2017; Zhang et al., 2017; Guan et al., 2018). These degradation

enzymes prevent the the stability of long-stranded dsRNAs inside

the insect’s gut, resulting in reduced RNAi effectiveness. Notably,

the activities of dsRNases in coleopteran insects, such as L.

decemlineata, D. v. virgifera, and T. castaneum, are weaker

compared with those in lepidopteran pests (Singh et al.,

2017). Therefore, coleopteran insects are more sensitive to

RNAi-mediated control. At present, increasing the

accumulation of dsRNA in transgenic plants may be the main

approach to solve the insensitivity of lepidopteran insects to

RNAi. Furthermore, the insect’s body biochemistry such as pH,

ionic environment, and metabolite levels may affect the efficiency

of plant-mediated RNAi.

5 Application and prospects of RNAi-
based insecticidalplants

5.1 Development and application of RNAi-
based insecticidalplants

On 15 June 2017, the United State Environmental Protection

Agency approved MON87411, the first insect-resistant maize

product expressing insect dsRNA in plants for the control ofD. v.

virgifera. This product carries the Bt protein (Cry3Bb1), the

herbicide-resistant gene cp4 epsps, and the dssnf7 against D. v.

virgifera. It broadly belongs to the category of the PIP RNAi-

based pesticides. Currently, it is licensed for cultivation in several

countries, including the U.S., Canada, Brazil, and Japan. On

21 January 2021, Bayer announced, that the product has received

a genetically modified organism (GMO) safety certificate (import

and food/feed use) from the Ministry of Agriculture and Rural

Affairs of China, further accelerating its commercialization.

Bayer expects the product to be commercially grown in the

United States. in 2022 and rolled out in Canada in 2023 (covering

approximately 15 million acres over the next few years). Food

Standards Australia New Zealand approved the RNAi-based

herbicide-tolerant and insect-resistant maize product

DP23211 for use in food-related crops on 9 February 2021.

This transgenic maize carries dsDvSSJ1 and IPD072Aa

proteins to control corn rootworm control (Diabrotica spp.).

On 2March 2022, Bayer announced the commercial registrations

from the EPA for the traits that will enable the commercialization

of its newest corn product, VT4PRO™with RNAi Technology, in
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the United States. Bayer plans to conduct large scale field testing

of VT4PRO™ Technology during the 2022 and 2023 growing

seasons with the potential to launch commercial volumes as early

as 2024, pending state registrations.

5.2 Issues to be addressed during the
large-scale application of RNAi-based
insecticidal plants

5.2.1 Resistance of pests to RNAi-based
biopesticides

Pests and diseases will inevitably develop resistance to RNAi-

based pesticides. Effectively addressing the biological resistance

that may arise during long-term application will greatly extend

the product’s service life. Thus, the potential underlying

resistance mechanisms should be clarified to address and

delay resistance development. Monsanto identified a

population of D. v. virgifera resistant to dsSnf7 in a laboratory

setting through successive multi-generational screening. Further

examination revealed that dsRNA obtained by insect feeding was

not efficiently absorbed by the insect intestine in the resistant

population. This population exhibited a general resistance to

dsRNAs targeting other genes. Subsequent genetic analyses

revealed mutations in recessive genes at the LG4 locus on the

autosomal chromosomes of the resistant population.

Nevertheless, crosses with sensitive strains resulted in the

restoration of RNAi sensitivity (Khajuria et al., 2018). Such

findings provide directions for addressing pest resistance in

RNAi-resistant crops. Furthermore, the establishment of pest

shelters and integrated pest management in combination with

other pest-resistance management measures may extend the

service life of dsRNA-based transgenic pest-resistant crops.

Genetic variation in pest populations is likely to result in

single-nucleotide polymorphisms (SNPs) in target genes. The

presence of SNPs that severely affect the complementarity of

dsRNA with the target gene is likely to reduce RNAi efficiency

and lead to resistance development by the pest, for that specific

target (Scott et al., 2013; Yu et al., 2016). A bundant target

resources are available for RNAi-based pesticides, and the

generation of SNPs can be compensated by replacing target

genes or sequences. In addition, changes in the internal

environment of insects (such as increased RNase activity) are

also important factors that mediate the development of insect

resistance to RNAi biopesticides.

5.2.2 Safety of dsRNA
The main component of RNAi-based biopesticides, dsRNA,

is highly susceptible to degradation by various microorganisms,

nucleases, or UV light in the environment. Numerous studies

have confirmed that dsRNA is rarely accumulated in large

quantities in soil (Blum et al., 1997; Levy-Booth et al., 2007;

Dubelman et al., 2014). Therefore, RNAi-based biopesticides

pose an extremely little environmental risk. Compared with

non-PIP, the dsRNA expressed in transgenic plants is

restricted to the plant tissue, further reducing the risk to the

environment. Additionally, almost all biological cells can degrade

nucleic acids into various bases and nucleosides for their

metabolic needs.

Advances in sequencing technology and optimized

bioinformatics platforms can address biosafety-related issues

to some extent through multi-species sequence alignment.

Multiple specialized databases such as FLIGHT, DRSC, and

iBeetle-Base can provide RNAi phenotypes of key genes in

Drosophila and beetles for target gene screening.

Bioinformatics analysis tools (e.g., BLAST software) can be

used to screen and identify RNAi targets by comparing

genome-wide or transcriptome information of target and non-

target organisms, thereby improving target gene screening

specificity and sensitivity.

Similar to other chemical or biological pesticides, when

RNAi-based pesticides are widely used as an agricultural

product, they will enter the human body during ingestion as

food. Therefore, the biosafety of RNAi-based pesticides in

humans is a primary concern. The effects of RNAi and the

range of target species are determined by dsRNA sequences.

Since humans have a well-developed innate immune system,

dsRNAs that do not match the human genome sequence will be

regarded as exogenous invaders and recognized and degraded by

multiple immune mechanisms (DeWitte-Orr et al., 2009;

Whitehead et al., 2011). Furthermore, compared with the

traditional transgenic plants expressing Bt insecticidal protein,

the expression products of RNAi-based transgenic plants are

nucleic acids rather than proteins, which have less impact on

plant nutrient metabolism and reduce the potential risks to the

environmental organisms.

High-quality genomic information enables the screening and

selection of effective and specific RNAi target genes to avoid

biosecurity and ecological security issues. However, many non-

target organism species have not been fully sequenced, which

poses a challenge for the development of RNAi-based pesticides,

because they may bind to non-target genes in species for which

no sequence information is available. Thus, conducting effective

ecological safety assessments is difficult for species without

genomic information (Zotti and Smagghe, 2015; Yin et al.,

2016; Liu et al., 2019).

5.3 Prospects

The increasing global population and its growing living

standards lead to higher demand for agricultural products

demand higher in terms of quantity and quality. According to

the UN forecast, the total global population will grow to

9.7 billion by 2050, and the food demand will increase by

approximately 73%. Therefore, the continuous improvement
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of crop yield and quality without impairing the environment and

harming the ecosystem is the focus of future agricultural

research. RNAi-based pesticides have been shown to have

many advantages such as a wide target range, low

development cost, and high sustainability. Therefore, RNAi-

based pesticides can satisfy important prerequisites such as

quality and safety of agricultural products, ecological safety,

and environmental security. Thus, they can serve as a new

type of green biopesticide with great future development and

application potential.

As a new class of biopesticides, relevant key scientific issues

such as the mechanism of action of dsRNA, feasibility of dsRNA

in pest control, screening of effective target genes, and the way to

deliver dsRNA to target organisms have been largely assessed and

solved. However, most of existing studies are limited to

laboratory or small-scale experimental environments. As it is

a novel biotechnological approach, many issues will be

encountered during its large-scale application in the field. The

maintenance of insect control efficacy and the management of

biological resistance will ultimately determine the service life of

the technology and its products. It should be emphasized that

commercial dsRNA-expressing transgenic plant varieties often

co-express Bt proteins, which may pose environmental risks and

public resistance. In the future research, the cultivation of

transgenic plant varieties that only express dsRNA should be

strengthened. In addition, dsRNAs can be engineered for

periodic or tissue-specific expression in resistant plants,

depending on the behavioral characteristics of pests.

MicroRNAs play an important regulatory role in the

physiological and biochemical processes of insects, which also

have potential as candidates to be the main components of RNAi

biopesticides.

Furthermore, a major hurdle is that not all plants are

amenable to genetic modification for the development of

commercial transgenic varieties resistant to diseases and

insects. Even if a particular crop is well suited for

transgenesis, it may not be possible to achieve transgenic

manipulation of the same crop for control of multiple pests

and diseases. As such, non-PIP dsRNA formulations can be

used synergistically in the development of RNAi-based novel

pesticides for direct application to the surface of crops. The

large-scale application of RNA biopesticides involves

multidisciplinary knowledge, such as nanomaterials

science, bioinformatics, and molecular biology.

Additionally, the large-scale commercial deployment cost

and the dynamic interactions between plants and pests need

to be fully considered to effectively silence key gene

expression and avoid adverse effects on non-target

organisms. Furthermore, scholars should focus on the

species-specific control properties of RNAi-based

pesticides to accelerate the advancement of related

technologies and their large-scale application in the field.
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