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Double-stranded RNA (dsRNA) has emerged as key player in gene silencing for

the past two decades. Tailor-made dsRNA is now recognized a versatile raw

material, suitable for a wide range of applications in biopesticide formulations,

including insect control to pesticide resistance management. The mechanism of

RNA interference (RNAi) acts at the messenger RNA (mRNA) level, utilizing a

sequence-dependent approach that makes it unique in term of effectiveness and

specificity compared to conventional agrochemicals. Two primary categories of

small RNAs, known as short interfering RNAs (siRNAs) and microRNAs (miRNAs),

function in both somatic and germline lineages in a broad range of eukaryotic

species to regulate endogenous genes and to defend the genome from invasive

nucleic acids. Furthermore, the application of RNAi in crop protection can be

achieved by employing plant-incorporated protectants through plant

transformation, but also by non-transformative strategies such as the use of

formulations of sprayable RNAs as direct control agents, resistance factor

repressors or developmental disruptors. This review explores the agricultural

applications of RNAi, delving into its successes in pest-insect control and

considering its broader potential for managing plant pathogens, nematodes,

and pests. Additionally, the use of RNAi as a tool for addressing pesticide-

resistant weeds and insects is reviewed, along with an evaluation of production

costs and environmental implications.
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1 Introduction

The phenomenon of RNA-induced gene silencing (RNAi) gained

prominence following its disclosed mechanism in pests, but it was in

tobacco (Nicotiana tabacum) plants that this phenomenon was

initially documented and published as early as 1928 (Wingard,

1928). This groundbreaking discovery has revolutionized our

understanding of gene regulation and its implications for various

biological processes, particularly gene silencing via RNAi. Harnessing

this process has shown promise in diverse applications, including

gene knock down, disease treatment, and crop improvement. Over

the last decade, substantial efforts have beenmade to exploit RNAi for

the development of novel crop protection methods. Moreover, RNAi

technology has facilitated the creation of genetically modified crops

with enhanced traits such as increased yield, improved nutritional

content, and prolonged shelf life (Kumar et al., 2020).

Sustainable agriculture entails the development and

implementation of environmentally friendly technologies and

practices that are readily accessible and advantageous to farmers in

terms of crop improvement and productivity (Fletcher et al., 2020).

To minimize the adverse effects of synthetic pesticides on health and

the environment, there has been a shift towards employing bio-based

alternatives. This shift aims to promote agricultural sustainability,

leading to the adoption of more environmentally friendly and

innovative crop protection strategies by the scientific community.

Plant genetic engineering has emerged as a promising avenue to

address food shortage and mitigate the impact of plant stresses.

Notably, the development of transgenic crops employing advanced

biotechnological techniques, including RNAi, has been a significant

contribution in this regard. Transgenic RNAi crops are still regarded

as GM crops. Provided that Double-stranded RNA (dsRNA)-based

products contain no GM organisms (e.g., bacteria for dsRNA

production), they are not regarded as genetically modified

organisms (GMOs). Interestingly, recent developments using

exogenous dsRNA spray to control pathogens and pests have

provided a non-transgenic alternative to GMOs (Rajam, 2020;

Rodrigues and Petrick, 2020). Furthermore, RNAi induces the

silencing of target genes, which is more advantageous than genome

editing tools (Arpaia et al., 2020). These distinctive features of RNAi

have made it a popular and effective strategy for crop enhancement

and protection (Arpaia et al., 2020; Rajam, 2020).

In this review, we explained the mechanism of RNAi-mediated

gene silencing and furnished a comprehensive report of the role

of RNAi in protecting crops against diverse biotic stresses.

Furthermore, we have directed attention towards the potential of

RNAi as an innovative and potent alternative for global crop

protection strategy, as well as its application in the development

of futuristic smart crops resilient to various biotic stresses.
2 The functional basis of
RNA interference

The ability of RNAi to specifically inhibit gene expression arises

from the design 21-25 bp dsRNAs, ensuring only the intended
Frontiers in Plant Science 02
target gene is silenced. The specificity grants RNAi a wide range of

potential applications for genetic studies and agriculture, including

the protection of beneficial insects against viruses and parasites

(San-Miguel and Scott, 2016; Mehlhorn et al., 2021), novel and

highly specific insect and parasites control, and traditional plant-

incorporated protectants (PIPs: i.e. transgenic plants/RNAi-based

plant traits) (Walawage et al., 2013). Another crucial aspect of RNAi

is its conservation across different species, indicating its versatile use

in manipulating gene expression not only within an organism but

also for the organism’s survival and adaptation.

RNAi regulates gene expression through small noncoding

RNAs (sRNAs) (Rajam, 2020) (Figure 1). These sRNAs identify

the target messenger RNA (mRNA) via homology-based binding

and facilitate its degradation with effector proteins. Within the

RNAi pathway, there are two primary classes of sRNAs: short-

interfering RNAs (siRNAs) and micro-RNAs (miRNAs) (Margis

et al., 2006; Borges and Martienssen, 2015; Mamta and Rajam,

2018). While the basic pathway for sRNA biogenesis involves

trimming long dsRNAs to form sRNAs, the type of sRNA present

is determined by the source of the dsRNA (Parker and Barford,

2006). The application of RNA-based products for insect

management requires dsRNA longer than 50 bp but not sRNAs

(Ivashuta et al., 2015; Yoshida et al., 2023; Chi et al., 2023), although

some studies have shown that sRNA can trigger gene silencing

(Gong et al., 2013; Liu S. et al., 2021). In contrast, fungi and plants

take up both dsRNAs and sRNAs (Wang and Jin, 2017; Subha et al.,

2023; McLaughlin et al., 2023), suggesting different uptake

mechanisms for these organisms (Wang and Jin, 2017).

siRNAs were originally observed during transgene- and virus-

induced silencing in plants (Mello and Conte, 2004). They are

generally formed from the dsRNA obtained from various sources,

including viruses, transposons, transgenes, aberrant mRNAs, and

inverted repeats (IRs), among others (Preall and Sontheimer, 2005;

Matranga and Zamore, 2007; Golden et al., 2008; Wilson and

Doudna, 2013). In addition to siRNAs, a multitude of miRNAs

have been identified in various eukaryotes, and their sequences are

available online. miRNAs are short, endogenous, single-strand

RNAs, typically 21-24 nucleotides long, derived from hairpin

transcripts. They play a regulatory role in gene expression in

animals and plants (Bartel, 2009; Feng and Riddle, 2020).

Furthermore, multiple miRNAs can regulate the same gene

(Samad et al., 2021). The miRNA pathway operates at the post-

transcriptional level and is involved in a range of physiological and

pathophysiological processes (Ambros, 2004; Yu et al., 2017). Even

though siRNAs and miRNAs were first found in separate research

studies, these two small RNAs are closely connected in their

biological functions, formation of RNA-protein complexes, and

capacity to regulate gene transcription negatively (Meister and

Tuschl, 2004). Both siRNA and miRNA molecules are initially

generated from dsRNAs processed by the ribonuclease III enzyme

Dicer into 20-30 nucleotide duplexes (Margis et al., 2006).

In plants, whereas for the miRNAs, the related endogenous

genes are transcribed into long primary microRNAs (pri-miRNAs)

under the action of RNA Polymerase II (Pol II) (Wassenegger and

Krczal, 2006). These pri-miRNAs, which are single-stranded and

polyadenylated RNA molecules, form hairpin-like structures.
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Dicer-Like1 (DCL1) cleaves the pri-miRNAs, generating precursor

microRNAs (pre-miRNAs) which undergo further processing by

DCL1 (Zotti and Smagghe, 2015). This leads to the production of

mature miRNA duplexes consisting of the active miRNA strand and

its complementary strand miRNA*. The pre-miRNAs are

subsequently transported to the cytoplasm through HASTY

(HST), the ortholog of human exportin-5, where they undergo

further processing by the cytoplasmic RNase III Dicer to produce

approximately 22-nucleotide miRNAs duplexes (Figure 1, Left).

The export of pre-miRNAs is facilitated by HST (Cambiagno

et al., 2021).

For siRNAs, these RNAi-triggering dsRNAs are formed in the

nucleus through several mechanisms (Figure 1, Right). The 21/22-

nt sRNAs are primarily associated with mRNA cleavage and are

involved in posttranscriptional gene silencing (PTGS) (Hamilton

and Baulcombe, 1999). The 24-nt sRNAs are primarily associated

with RNA-directed DNA methylation (RdDM) and transcriptional

gene silencing (Henderson et al., 2006; Hamilton et al., 2015). Both

metazoan and plant Dicer-Like proteins display domains such as

DEAD-box, helicase-C, domain of unknown function 283

(DUF283), PIWI/Argonaute/Zwille (PAZ), RNase-III, and

dsRNA-binding domain (dsRBD) domains (Parker et al., 2005).

These sRNAs, which consist of 21-24 nucleotide duplexes, are
Frontiers in Plant Science 03
subsequently incorporated into the RNA-induced silencing

complex (RISC). With the RISC, they undergo unwinding (Borges

and Martienssen, 2015). Following this step, an Argonaute (AGO)

protein cleaves the passenger (sense) strand, while retaining the

guide (antisense) strand within RISC (Kedde et al., 2007; Ketting,

2011; Gong, 2021). The guide strand of the sRNA then directs RISC

to target mRNA through Watson-Crick base pairing, resulting in

the cleavage of the target mRNA by the AGO protein and

subsequent degradation. This degradation of the target mRNA

leads to specific post-transcriptional gene silencing (Huvenne and

Smagghe, 2010; Borges and Martienssen, 2015; Tyagi et al., 2019;

Kaur et al., 2020). The AGO protein Nrde-3, which is necessary for

nuclear RNAi in Caenorhabditis elegans, was identified through a

genetic screen and found to reside in the cytoplasm until siRNA

binding induced its translocation to the nucleus (Guang et al.,

2008). The dynamic localization of RNAi factors suggests a highly

regulated and adaptable system for gene regulation in cells, allowing

for efficient targeting and silencing of specific genes or transcripts.

Beyond these classical miRNAs and siRNAs, other classes of

RNA are continually being discovered, participating in a wide range

of pathways and regulatory mechanisms. Recent research has

uncovered further intricacies within the RNAi machinery. For

example, the involvement of long non-coding RNAs (lncRNAs)
FIGURE 1

Biogenesis of small RNAs and mechanism of gene silencing. The left panel demonstrates miRNA biogenesis and gene silencing. The right panel
shows siRNA biogenesis and gene silencing; Abbreviations used in the figures: dsRNA, double-stranded RNA; siRNA, small-interfering RNA; RISC,
RNAi-induced silencing complex; mRNA, messenger RNA; AGO, Argonaute; RNA Pol II, RNA polymerase II; PAZ, PIWI/ARGONAUTE/ZWILLE;
DUF283, domain of unknown function 283; dsRBD, dsRNA-binding domain; pre-miRNAs, precursor microRNAs; HST, HASTY.
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in plant immunity, the mechanisms of lncRNA action in various

stages of immunity, and different interactions between plants,

microbes and insects (Wu et al., 2020; Statello et al., 2020).

Additionally, a study found that aphids translocated a lncRNA

into plants, which functioned as lncRNA virulence factors by

enhancing aphid fecundity (Chen et al., 2020).
3 RNAi application in crop protection

The RNAi mechanism operates at the mRNA level through a

sequence-dependent mode of action, rendering it unique in potency

and selectivity compared to regular agrochemicals. One advantage

of RNAi, whether through transformative or non-transformative

approaches, is its potential to enable farmers to target pathogens,

nematodes, and pests more specifically. The technology can be

designed by using RNA sequences that match specific gene

sequences in the target pathogens, nematodes, and pests, thereby

minimizing harm to other species. Careful selection of unique

regions of insect genes results in highly targeted effects, while

avoiding unintended consequences. RNAi in crop protection can

be achieved through plant transformation via PIPs, such as

transgenic plants, or through non-transformative strategies

employing a spray-induced gene silencing (SIGS) process.

Exogenously applied dsRNA can be taken up by two means:

pathogenic cells directly uptake dsRNAs to evoke RNAi in

pathogens. On the other hand, exogenously applied dsRNAs can

be taken up by plant cells and then transferred to interacting

pathogens to induce RNAi responses. Irrespective of the delivery

strategy, the use of RNA-based products to provide plant protection

against pests and pathogens represents a potential alternative to

conventional pesticides. Moreover, these dsRNAs can function as

resistance repressors for resistant insect and weed strains. In this

category of non-PIPs, dsRNA-containing end-use products

(dsRNA-EPs) are anticipated to enter the market in four

categories: (i) direct control agents; (ii) resistance factor

repressors; (iii) development disruptors; and (iv) growth

enhancers (Zotti and Smagghe, 2015; San-Miguel and Scott,

2016). This review will focus exclusively on developments related

to crop protection (Figure 2).

The RNAi strategy, known as host-induced gene silencing

(HIGS), has been successfully employed in transgenic plants to

protect crops from specific insects (Head et al., 2017; Rodriguez

Coy et al., 2022; Darlington et al., 2022), plant pathogens (Ray et al.,

2022; McLaughlin et al., 2023), viruses (Tenllado and Dıáz-Ruıź,

2001; Khalid et al., 2017), and nematodes (Sikandar et al., 2021;

Morozov et al., 2019), as reviewed recently. The use of transgene-

expressed dsRNA for inducing virus resistance and gene silencing in

plants has proven to be effective against various viral infections and

pests (Waterhouse et al., 1998). Scientists have successfully enhanced

the natural defenses of plants by targeting specific genes involved in

pathogen defense or insect resistance pathways, thus eliminating the

need for chemical pesticides. However, approval from various

regulatory agencies is required for crops that express dsRNA due to

laws and regulations concerning genetically modified organisms.

These factors complicate broader applications of HIGS worldwide,
Frontiers in Plant Science 04
despite undeniable practicality and efficiency of HIGS strategies.

Furthermore, the spray application of exogenous dsRNA or sRNA

has initiated an era of RNAi-based fungicide strategies for controlling

crop disease (Wang and Jin, 2017; Islam and Sherif, 2020). Table 1

summarizes some examples of successful application of HIGS and

SIGS through RNAi-based approaches in insects or fungi.

Research efforts are underway to explore non-transformative

approaches to control insects, diseases, nematodes, and weeds. It is

anticipated that RNAi-based products will soon be available on the

market as sprays for foliar application, trunk injection, root dipping,

or seed treatment to directly employ as controlling agents. Since the

discovery of RNAi and its regulatory potential, scientists have been

investigating diverse applications of this powerful tool in insect

control. The immense potential of RNAi lies in its capacity to

selectively target and suppress genes responsible for insect survival

and reproduction. An important advantage of utilizing RNAi in

insect control is its distinct mode of action in comparison to

traditional chemical pesticides (Kupferschmidt, 2013; Cagliari

et al., 2019). RNAi-based products can be designed to selectively

target particular pests while sparing non-target species. This

targeted approach not only minimizes environmental impact but

also mitigates the risk of pest resistance development.

dsRNA-based products, such as RNAi therapeutics or RNAi-

based pesticides, utilize this mechanism to selectively suppress

disease-causing genes or pest-specific genes. By designing dsRNA

molecules that are complementary to the target gene’s mRNA,

researchers can effectively shut down the expression of the target

gene, potentially leading to the treatment of genetic disorders or

enhanced crop protection. One of the earliest studies in the use of

sprayable RNA molecules to control insect pests involved the

application of siRNA, which led to effective RNAi silencing in the

diamondback moth (Plutella xylostella). When larvae were fed with

Brassica spp. leaves sprayed with chemically synthesized siRNAs

targeting the acetylcholine esterase gene AchE2, mortality rates of

about 60% were observed (Gong et al., 2013).

Moreover, the use of RNA to target pathogen resistance to

conventional fungicides is currently in development (Song et al.,

2018). Botrytis cinerea transfers small RNAs into plant cells, which

then bind to the plant’s AGO1 to suppress host genes essential for

plant immunity (Weiberg et al., 2013). This application is sprayed

onto the surface of fruits (such as tomato, strawberry, and grape),

and vegetables (such as lettuce and onion), resulting in a significant

inhibition of grey mold disease development (Wang et al., 2016).

Recent advances in nanoparticle technology have significantly

improved the potential applications for plant protection. To address

issues related to dsRNA stability, double-layered hydroxide (LDH)

nanoparticles were developed and combined with dsRNA molecules

to produce “BioClay” (Mitter et al., 2017; Dubrovina and Kiselev,

2019; Yong et al., 2021; Jha et al., 2023). Nanoparticles are particles

with diameters ranging from 1 to 100 nanometres (nm), with high

stability and transport in plants (Cheng et al., 2024). LDH also

degrades safely under mildly acidic conditions, thereby minimizing

risk of the excessive persistence of dsRNA in the environment (Abd

El-Monaem et al., 2023). Foliar spraying of LDH-dsRNA could

disrupt Bemisia tabaci at multiple whitefly developmental stages by

enhancing the delivery of dsRNA to cotton leaves (Jain et al., 2022).
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Additionally, optimizing nanostructures for agricultural use enhances

the stability of RNA-based treatments, boosting control effectiveness

and minimizing environmental impact (Wang et al., 2023).

Up to now, RNA-based molecules (dsRNA or siRNA) commonly

utilized in insect and disease management studies have been

expensive synthetic molecules or have been produced through

time-consuming, laborious procedures. To address the limitations

of these methods, the potential of delivering dsRNA expressed in

bacteria has been investigated, providing an alternative method for

large-scale target gene screening. For instance, the Escherichia coli

HT115 (DE3) strain has been used to produce large quantities of

dsRNA due to its lack of the enzyme RNase III which degrades

dsRNA (Ahn et al., 2019; Figueiredo-Prates et al., 2023).

Nanomaterials derived from plant viruses offer a promising

alternative to synthetic nanoparticles. Unlike synthetic

nanoparticles, plant viruses offer a higher environmental

biocompatibility and degradability, yet they are exceptionally robust

in the harsh environment. And most importantly, they are non-

infections to mammals. Indeed, some of the most widely used plant
Frontiers in Plant Science 05
viruses have been cowpea mosaic virus (CPMV) (Beatty and Lewis,

2019; Ortega-Rivera et al., 2021) and tobacco mild green mosaic virus

(TMGMV) (Caparco et al., 2023). Practical applications of RNAi

have rapidly advanced with transgene-expressed dsRNA employed

not only for inducing virus resistance and gene silencing in plants but

also for enhancing crop traits such as yield improvement and

nutritional enhancement. Although the precise mechanism of

external RNA recognition, uptake, and transport is yet to be

determined, recent studies demonstrated that exogenous RNA

application is a promising strategy for the regulation of plant

properties, indicating the need for further research.
4 Overcome barriers to foliar uptake
of sRNAs

Indeed, efficient methods to facilitate the uptake of exogenous

dsRNA for RNAi-mediated crop protection are essential for

practical applications. In recent years, there has been a growing
FIGURE 2

The pathway of silencing insect and fungal genes induced by sprays of sRNAs. Insects and fungi directly take up sprayed RNAs. Externally applied
sRNAs are taken up by plant cells (A) and then transferred into insect (B) or Fungal cells (C). In beneficial microbe process, the sRNA from the
beneficial microbe would be first transferred to the host plant and then to the pathogen (Wen et al., 2023). sRNAs can be loaded onto layered
double hydroxide (LDH) clay nanosheets, which are designer, non-toxic, degradable, and layered. Once loaded, the dsRNA remains on the LDH and
exhibits sustained release. LDH has been developed to increase sprayed RNA stability and target delivery. Current RNA spray applications are based
on mature small RNAs for spray-induced gene silencing against fungal pathogens. RNAi is also efficient for the control of plant pathogens (Joga
et al., 2016). RNAi-based products can be used to suppress virus infection in pests either by administering a sugar water solution containing dsRNA
or through large-scale field treatments. Future applications may be extended to mRNAs to produce inhibiting peptides inside fungi and pests.
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interest in the market for dsRNA, promoting both established

companies and startups to focus on enhancing production

efficiency and developing stable delivery systems. With the

potential of dsRNA for crop protection, many companies and

academic researchers are exploring cost-efficient methods for

large-scale dsRNA production. It is speculated that externally

applied synthetic dsRNA and siRNA may enter plant tissues and

cells through natural mechanisms similar to those used by

extracellular nucleic acids from plant microbial pathogens,

insects, or viruses (Tatematsu et al., 2018; Dubrovina and Kiselev,

2019; Dad et al., 2021; Liu G. et al., 2021). However, the existing

literature offers limited insight into the natural mechanisms

responsible for the recognition, uptake, and translocation of

exogenous nucleic acids in plant tissues.

Environmental risks associated with chemical and microbial

pesticides are typically evaluated using a tiered approach (Pathak

et al., 2022). This approach often involves testing the maximum

hazard dose of known environmental exposure concentration using

non-target indicator species from different ecological guilds such as

pollinators, predators, and parasitoids (Lundgren and Duan, 2013).

Predicting toxic effects and designing maximum hazard assays for
Frontiers in Plant Science 06
the numerous potentially exposed organisms is a challenging task. It

has been reported that foliar applied transgene-encoding dsRNA

was detectable in RNA probes obtained from treated Arabidopsis

leaves at 1 day and 7 days post-treatment, but its presence sharply

decreased after 14 days (Lundgren and Duan, 2013). The “RNAgri”

agricultural industry has developed microbial fermentation

technology for large-scale production of dsRNA, utilizing a

protein to bind the desired RNAs and protect them against

degradation. The resulting dsRNA products are considered safer

to use and more stable than naked dsRNA (Numata et al., 2014).

Additionally, bacterial minicells have shown promise as a

technology for both the production and encapsulation of dsRNA

(Islam et al., 2021). If successful, this technology could provide

improved shielding and slow, sustained release of dsRNA for

agricultural purposes under open-field conditions. It is important

to note that siRNAs might exhibit off-target binding in the genome

of non-target species. However, considerations for microbial

production of dsRNA include potential by-products from

fermentation and the additional concern of GMOs (Figueiredo-

Prates et al., 2023). In addition to the standard quality control

measures aimed at ensuring dsRNA purity, bacterial production
TABLE 1 Examples of RNA-mediated gene silencing in phytopathogenic fungi/pests via different applications to plants.

Croup
Target
Organism

Target Gene(s) Species
Application
Method

Silencing Outcome Reference

Insects

Radopholus
similis

Chs-2, Unc-87, Pat-
10, Eng1a

Banana

Host induced gene
silencing via
transgenic plants)

Reduction in nematode
multiplication and
root damage

Mwaka
et al., 2023

Helicoverpa
armigera

Chitinase Tomato and tobacco
Detrimental effects on larval
growth and survival

Mamta
et al., 2016

Bemisia tabaci
Trehalose-6-phosphate
synthase 1 and 2

Nicotiana tabacum
90% mortality and decreased
the fecundity in whitefly adults

Gong
et al., 2022

Myzus persicae ATPD, ATPG Oilseed rape

Spraying

nanocarrier-delivered RNA
pesticides affected
insect survival

Ma et al., 2023

Sogatella furcifera
Vacuolar-type
(H+)-ATPase

Rice
More than 97%
insect mortality

Ma et al., 2024

Sitobian avenae Salivary sheath protein Hordeum vulgare
60% reduction in
disease resistance

Biedenkopf
et al., 2020

Fungi

Aspergillus flavus Alk Maize

Host induced gene
silencing via
transgenic plants)

84% reduction in aflatoxin
accumulation and reduced
fungal biomass

Omolehin
et al., 2021

Fusarium
oxysporum

Chs Soybean
Reduction in lesion size &
fungal biomass

Kong
et al., 2022

Fusarium
graminearum

SGE1, PP1, STE12 Wheat
Reduction in fungal infection
structures, inhibition of
DON biosynthesis

Wang
et al., 2020

Magnaporthe
oryzae

DES1 Rice

Spraying

25-60% reduction in
disease symptoms

Sarkar and
Roy-
Barman, 2021

Sclerotinia
sclerotiorum

VPS51, DCTN1, SAC1,
DCL1,
DCL2

Lettuce
Collard green

Reduction in disease
symptoms and lesion size

Qiao
et al., 2021

Botryotiania
fuckeliana

Chitin synthase class III,
DCL 1, DCL2

Fragaria ananassa
75% reduction in
biomass accumulation

Islam
et al., 2021
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systems require meticulous attention to exclude potential

contaminants and living GMOs. Longer dsRNA (>200 nt) yields

many siRNAs after cleavage, enhancing RNAi response and

reducing resistance (Darlington et al., 2022). Transgenic plants,

with continuous dsRNA, increase selection pressure and resistance.

RNAi resistance may come from reduced cellular uptake (Khajuria

et al., 2018), mRNA mutations, RNAi suppressor production

(Tayler et al., 2019), target gene overexpression, silencing

machinery gene downregulation (Timani et al., 2023), increased

nuclease activity, or behavioral changes (Spit et al., 2017; Kadoić-

Balas ̌ko et al., 2020). Recently, cell-free platforms for dsRNA

synthesis have been established, allowing for cost-effective, GMO-

free production of significant quantities of dsRNA suitable for use

in agricultural applications. The efficiency of RNAi naturally varies

among the target species, life stage, and delivery strategy. Choosing

appropriate combination of these factors can significantly expedite

research and conservation of resources. Regardless of the delivery

strategy or target species, the successful implementation of a non-

transformative RNAi strategy hinges on the identification of unique

regions within essential target genes. This ensure that even minor

changes in expression levels will elicit substantial consequences.
4.1 Uptake efficiency

Broad translational success of RNAi technology depends on

effective delivery approaches. In order to access the plant RNAi

machinery for small RNA production, dsRNA needs to penetrate

the cytoplasm. The plasma membrane, composed of different

components than the cell wall, serves as a highly selective barrier

that restricts the entry of extracellular particles.

The cell membrane is a negatively charged lipid bilayer with

transmembrane channels and transporters that regulate the

movement of small molecules across membranes through active

transport, osmosis, and diffusion. Recent reports emphasize the

importance of extracellular vesicles (EVs) in facilitating the

transport of various plant defense and virulence factors between

the plant and the pathogen (Bahar et al., 2016; Mordukhovich and

Bahar, 2017; Yang et al., 2020; Tran et al., 2022). EVs are

heterogenous phospholipid bilayer membrane-bound spherical

structures that carry biologically active cargo such as liposomes,

proteins, and nucleic acids (Liu G. et al., 2021). They have been

implicated in cell-to-cell communication and biomolecules transfer

(Colombo et al., 2014; Mathieu et al., 2019; Gurunathan et al., 2021).

The topical application of exogenous nanoparticle-dsRNA complexes

on plants can also improve the absorption efficiency of dsRNA into

pathogens. Recent advances in RNA-based products have utilized

liposomes and synthetic spherical lipid-based nanoparticles for sRNA

delivery (Yan et al., 2021; Komarova et al., 2023; Qiao et al., 2023).
4.2 Stability on plant surfaces

RNAi efficacy is impacted by the persistence and stability of

topically applied dsRNA before entering the plant. As foliar uptake of

dsRNA is not instant, longer leaf-surface retention ensures a stable
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supply of dsRNA. Environmental elements such as rain, ultraviolet

(UV) radiation, and microbial degradation can degrade dsRNA and

diminish its effectiveness. Therefore, the development of a delivery

system that shields dsRNA from degradation is crucial for practical

field applications. Recent studies have revealed that formulating

dsRNA with nanocarriers can protect it from UV and nuclease

degradation (Schwartz et al., 2020; Zhang et al., 2022; Ijaz et al.,

2023). Additionally, the use of nanoparticles has also demonstrated

increased persistence of sprayed dsRNA on leaf surfaces even after

rinsing (Vatanparast and Kim, 2017; Nitnavare et al., 2021). These

approaches showed that when dsRNA is complexed with layered

BioClay, it tends to remain on leaves, while unprotected dsRNA is

readily washed off. Furthermore, nanoparticles have the potential to

improve foliar and cellular uptake of sprayed dsRNA (Golestanipour

et al., 2018; Wu et al., 2023; Mat-Jalaluddin et al., 2023). For instance,

it has been demonstrated that BioClay delivered dsRNA can prolong

protection against B. cinerea on tomato leaves and fruit, as well as on

mature chickpea plants (Niño-Sánchez et al., 2022). Specifically,

BioClay increased the protection duration from 1 to 3 weeks on

tomato leaves and from 5 to 10 days on tomato fruits when compared

with naked dsRNA.

In summary, while RNAi as a foliar spray exhibits potential for

insect control, there are challenges to be addressed for successful

field applications. Continued research and development efforts are

essential to overcome these challenges and fully harness the

potential of this technology in agriculture.
4.3 Delivery scalability

Nanotechnology-mediated RNAi provides new approaches for

the control strategies of plant diseases and insect pests. Delivery

scalability must be considered when dsRNA is exogenously applied

to crops. Utilizing RNAi as a foliar spray in large-scale agricultural

fields necessitates efficient and cost-effective delivery systems. The

successful cellular uptake and subsequent initiation of target gene

silencing by exogenous dsRNA are influenced by various factors

that can influence their effectiveness (Das and Sherif, 2020). One

such factor is the length of the dsRNA utilized. Studies have

indicated that shorter dsRNA tend to be more effective in gene

silencing compared to longer ones, as they can more readily

penetrate cells and interact with their target genes (Numata et al.,

2014; Dalakouras et al., 2016; Dubrovina and Kiselev, 2019). sRNAs

can move short and long distances within plant cells. Primary

siRNAs can spread over short distances (10-15 cells) through the

symplastic route without producing secondary siRNAs (Han et al.,

2019). Systemic spreading of RNA silencing via the phloem has

been reported in studies using plant transformation (David-

Schwartz et al., 2008; Liu and Chen, 2018). Long-distance

movement or systemic silencing is phloem-mediated and requires

the amplification of silencing signals by RNA-dependent RNA

plolymerases (RDRPs) (Cuperus et al., 2010; Bally et al., 2016;

Dalakouras et al., 2018; Uslu et al., 2020). It has been documented in

several studies that the phloem-mediated transport of systemic

sRNA signals from source to sink (Qiao et al., 2018; Yan and

Ham, 2022). Furthermore, the concentration of applied dsRNA also
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plays a crucial role in its efficacy. Higher concentrations may

enhance cellular uptake, but excessive amounts can potentially

cause off-target effects or even toxicity (Willow et al., 2021).

Therefore, finding an optimal concentration is essential for

achieving successful gene silencing without adverse effects.

It is worth noting that the effectiveness of exogenous dsRNA-

induced RNAi in plant-microbe interactions can vary depending on

factors such as the delivery method, targeting strategy, and the

specific organisms involved. Ongoing research aims to further

optimize and understand the potential of this approach for

sustainable agriculture and crop protection (Yan et al., 2020).
5 Mitigation and avoidance of risks
associated with RNAi-based products

RNAi is an emerging technology that offers new opportunities for

innovative insect control strategies and the development of desired

traits in genetically modified plants. The next generation of RNAi-

based products will harness dsRNA to induce gene suppression in

insect species, either through in planta production or application via

plant spraying. Regulatory agencies for biotechnological products,

such as the U.S. Environmental Protection Agency (US-EPA) and the

European Food Safety Authority (EU-EFSA), have extensive

experience in assessing ecological risk associated with newly

introduced PIPs, the unique mode of action of dsRNA may

necessitate a distinct assessment framework, as indicated by several

years of crop assessments (Devos et al., 2014; Papadopoulou et al.,

2020). To fully harness the potential of RNAi-based products, effective

communication among agricultural consumers, RNAi-based product

users (farmers), RNA pesticides producers, and public institutions will

be essential to ensure accurate information exchange and mutual

understanding. This should be firmly rooted in scientific evidence

pertaining to RNAi-based products. Additionally, the implementation

of appropriate management, oversight, and legislation, along with

safety evaluation and approval processes, will be imperative for the

successful adoption and regulation of RNAi-based products.
5.1 Regulatory concerns

The utilization of RNAi-based products in agriculture may

provoke regulatory concerns regarding their safety, potential off-

target effects, and long-term impacts on ecosystems (Paces et al.,

2017; Christiaens et al., 2018; Dávalos et al., 2019). Adhering to

regulatory guidelines and requirements is vital for the development

and approval of RNAi-based products. Close collaboration with

regulatory authorities throughout the development process helps

early identify potential risks and effective resolution (Arpaia et al.,

2020). It is important to consider, for the risk assessment purposes,

that RNAi-based products might take longer to demonstrate efficacy

compared to conventional pesticides (Romeis and Widmer, 2020;

Fletcher et al., 2020). Globally, the legislative status of dsRNA

pesticides varies, which reflects diverse regulatory approaches.

In the USA, biochemical pesticides still need to be registered by

the US EPA before manufacture, transport, and sale (Leahy et al.,
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2014). The EPA approves them under the Federal Insecticide,

Fungicide, and Rodenticide Act (FIFRA) and the Federal Food,

Drug, and Cosmetic Act (FFDCA), basing the approval on a risk/

benefit standard. While no specific data requirements for sprayable

or externally applied dsRNA-based pesticides are available, the EPA

requires that the active ingredient as well as the final product must

be evaluated (Wozniak et al., 2024).

Australia has an advanced and efficient agricultural industry,

focusing on developing innovative systems through research and

design to enhance food production and sustainability. In terms of

RNAi-based products, Australia has been a pioneer in establishing a

legal structure for approving these crop protection products. By

October 8, 2019, topically applied dsRNA-based products for

protecting plants against pests (insects, fungi, and viruses) are

defined as agricultural chemical products. Previously, the office of

the gene technology regulator (OGTR) and the Australian

Pesticides and Veterinary Medicines Authority (APVMA)

regulated these products. However, the OGTR’s review indicated

that applying RNA to an organism for the induction of temporary

RNAi is not GMOs. So, SIGS-applications are not under OGTR

regulation and should be regulated based on risk. Currently, there

are no specific guidelines regarding data requirements for the

registration of RNAi-based agricultural products. However, at a

minimum, data related to chemistry, manufacturing, human health,

worker health and safety, environmental fate and toxicity, efficacy,

and crop safety are required. In Australia, the APVMA will keep

providing regulatory supervision for topically applied RNAi-based

products. And the APVMA must be ensure that the safety, trade,

and efficacy requirements related to the specific active ingredient or

product are fulfilled. On February 9, 2021, the Food Standards

Australia New Zealand (FSANZ) approved the RNAi-based

herbicide-tolerant and insect-resistant corn product DP23211 for

food. This transgenic corn simultaneously expresses the dsDvSSJ1

and IPD072Aa proteins for the control of corn rootworms

(Diabrotica spp.). In addition, multiple transgenic plants based on

RNAi technology have been approved for commercial cultivation.

In 2014, JR Simplot’s InnateÔ (SPS-ØØE12-8 (E12)) potato was

approved for cultivation in the United States and subsequently

approved in many countries such as Malaysia, Canada, Mexico,

Japan, Australia, and New Zealand (James, 2014).

In the EU, any plant protection product (PPP), which is a

pesticide safeguarding crops or other valuable plants, must receive

authorization before being place on market. The legal framework

for this process is defined in Regulation (EC) No. 1107/2009 (EC,

2009). The authorization process consists of approving the active

substance and subsequently authorizing the PPP. The authorization

of a PPP is conditional upon the approval of the active substance by

the EU Commission, based on a risk assessment conducted by the

EFSA. A PPP containing an approved active substance is then

assessed and authorized by the Member States (MS). To streamline

the authorization process, the EU is divided into three zones, the

Northern, Central, and Southern (EC, 2009). The risk assessment of

a PPP is conducted by one Member State for the entire zone, with

the Additional Member States in the same zone must accepting the

results and decision of the assessing state. However, they can make

claims based on national ecological or agricultural specificities to
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determine their risk management options. The European Medicines

Agency (EMA) mandates an extensive risk assessment process for

novel therapeutic approaches such as RNA interference (Hines

et al., 2020; Talap et al., 2021). This assessment includes

evaluating potential off-target effects on non-target genes that

could lead to adverse events. RNAi is mechanism that relies on

sequence homology. Several studies have indicated that siRNA is

not always specific and can lead to off-target effects (Carthew and

Sontheimer, 2009). RNAi have the potential to impact unintended

organisms when the target gene share homologous sequences with

non-target organisms, thus resulting in unintended environmental

consequences and affecting beneficial organisms. The efficiency of

RNAi as a foliar spray is influenced by several factors. First, the

selection of target gene is critical. Identifying genes that are essential

for insect survival or reproduction increases the likelihood of

successful RNAi-mediated suppression (Ghosh et al., 2017;

Mamta and Rajam, 2017). Second, it is important to design

dsRNA molecules that are specific to the target gene and can be

efficiently taken up by the pests.

To ensure the safety, efficacy, and quality of RNAi-based

products, it is essential for companies to strictly adhere to

regulatory guidelines. Distinguishing regulatory studies as either

risk-driven or advocacy-driven would help dispel the public’s

misconception that extensive and intricate regulations for

products developed through modern breeding techniques solely

aimed at addressing higher safety risks (Auer and Frederick, 2009;

Qaim, 2020). This suggestion assumes that assessing potential safety

concerns is more important than promoting consumer acceptance

of these technologies and products. Utilizing bioinformatics could

assist in identifying off-target sequences and potential effects in

non-target species. These guidelines are established by regulatory

authorities such as the Food and Drug Administration (FDA) in the

United States or EMA in Europe (Hokaiwado et al., 2008; Mohr and

Perrimon, 2012; Setten et al., 2019). Compliance with these

guidelines allows companies to demonstrate that their products

meet all necessary standards before they can be approved for use.

For instance, it was reported that siRNA resulting from Dicer-2

processing can have a variable length (20-22 nt) in different insect

species (Christiaens et al., 2018).
5.2 Post market surveillance

After a product receives market approval, continuous monitoring

and surveillance are necessary to identify any potential safety concerns

that may arise post-commercialization. Encouraging professionals to

report any adverse events helps ensure timely identification and

mitigation of risks. When assessing the environmental risks

associated with the use of dsRNA-based pesticides, it is crucial to

consider the distribution, stability, and persistence of dsRNA in the

environment following product application (OECD, 2020). It has

shown a rapid decline in the concentration of foliar-applied dsRNA

under field conditions with a 95% reduction after 3 days (Bachman

et al., 2020). Recent studies have indicated that the decrease of dsRNA

in soil is attributed to both adsorption to soil and chemical and

microbial degradation (Dubelman et al., 2014; Parker et al., 2019). The
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flag bearer here is the global giant Monsanto whose brand “Biodirect”

is already developing RNA-based biopesticides to control pests,

followed by other multinationals such as Bayer, Syngenta, and

others (Abdellatef et al., 2021).

While RNAi-based technologies offer evident safety advantages

compared to numerous current crop protection products, unintended

impacts on human health (OECD, 2023) and the environment cannot

be completely ruled out (OECD, 2020). It is important for researchers

and regulatory agencies to continue studying and monitoring the

potential effects of RNAi-based technologies order to ensure their

safe use in agriculture (Auer and Frederick, 2009). Additionally, public

awareness and education about these technologies can help address any

concerns or misconceptions surrounding their impact on human

health. It is considered unlikely for dsRNA to pose a significant risk

to human health in a sequence-specific manner, because of the

difficulty in achieving successful systemic delivery (Chen et al., 2018).

Systemic exposure following consumption of plants containing dsRNA

that mediate RNAi is limited in higher organisms by extensive physical

and biochemical barrier (Jay et al., 2013). The approach involves

comparing regions of the dsRNA with gene orthologs in databases

for non-target species in different agroecosystems, to avoid off-target

effects as siRNA. Non-coding RNAs in biological fluids are unstable

due to enzymes and kidney removal (Moreno et al., 2021).

Environmental dsRNA without protection would have similar issues.

Introduced dsRNA must be similar enough to endogenous transcripts

for degradation, but their impact may still be minimal due to delivery

constraints. RNAi-based insect pest control is not extremely effective in

various pests because the dsRNA degrades quickly and the insects don’t

take it up or process it efficiently. In addition, dsRNA can be degraded

by nucleases in nucleic acid digestion in the insect midgut guts as has

for example been reported for Liu et al. (2012). To counter unintended

impacts on closely related beneficial species, an understanding of the

setting in which the RNAi technology will be applied is key. Overall, a

balanced approach that considers both the benefits and potential risks

of RNAi-based technologies is necessary for their responsible

implementation in crop protection.
6 Conclusions

In conclusion, the utilization of exogenous dsRNA-induced

RNAi technology holds great potential for revolutionizing various

aspects of agriculture and crop management. By harnessing this

innovative approach, we can pave the way for more eco-friendly and

sustainable practices in gene regulation. By targeting genes related to

plant diseases, exogenous dsRNA-induced RNAi offers a promising

solution for combating plant pathogens, potentially reducing reliance

on chemical pesticides and minimizing their harmful effects on

human health and the environment (OECD, 2020; 2023). This

technology also benefits crop improvement by selectively targeting

specific genes involved in desirable traits such as drought tolerance or

insect resistance, thus accelerating breeding programs, and

developing new varieties with enhanced resilience and productivity

(Jothi et al., 2023). However, before exogenous dsRNA-induced

RNAi can be widely adopted in agricultural practices at large-scale

levels such as greenhouses and fields, several essential considerations
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need to be addressed. One critical aspect is production technologies-

optimizing methods for synthesizing quantities of high-quality

dsRNA molecules efficiently will be essential to meet the demands

of commercial applications. Additionally, cost-effectiveness plays a

vital role in determining whether this technology becomes

economically viable on a larger scale. Research efforts should focus

on finding ways to reduce production costs while maintaining

efficacy. Enhancing the stability of dsRNA is critically significant

because it directly impacts the effectiveness of applications. In

challenging environmental conditions, dsRNA is susceptible to

degradation, resulting in diminished efficacy. Advancements in

dsRNA delivery mechanisms are essential. Currently, the available

methods exhibit low efficiency and poor targeting capabilities. In

agricultural applications, encapsulating dsRNA within liposomes can

facilitate better adherence to plant foliage and enable timely release,

thus allowing for precise action against pests and enhancing pest

management efficiency. The development of novel carriers or the

optimization of existing delivery system parameters can further

enhance the effectiveness of dsRNA.
7 Future directions

The United Nations Environment Programme (UNEP) and the

Food and Agriculture Organization (FAO) have recognized the

crucial necessity of rehabilitating degraded ecosystems. They claim

that the required restoration efforts are indispensable for attaining

sustainability goals, including food and water supply security,

biodiversity preservation, poverty alleviation, and climate change

mitigation. Comprehensive risk assessments are necessary to ensure

environmental safety when deploying exogenous dsRNA-induced

RNAi technology extensively. When adequate conservation

biocontrol strategies are implemented in combination with RNAi

technology, the effectiveness of sustainable crop protection can be

greatly enhanced. This is especially significant considering that

RNAi products have relatively lower environmental risks

compared to traditional pesticides.The U.S. EPA has officially

approved the innovative RNA-based biopesticide Ledprona by

Greenlight Biosciences to combat the increasingly severe

destructive pest, the Colorado potato beetle (CPB, Leptinotarsa

decemlineata) (Kadoić-Balasǩo et al., 2020; Rodrigues et al., 2021).

The EPA emphasizes that RNA-based biopesticides provide farmers

with additional tools to address the challenges of climate change

and contribute to resistance management. In summary, while there

are still challenges ahead regarding production technologies and

cost-effectiveness issues surrounding exogenous dsRNA-induced

RNAi technology’s implementation in large-scale agricultural
Frontiers in Plant Science 10
settings like greenhouses and open fields, continued research

efforts will play a pivotal role in realizing its potential to achieve

more sustainable farming practices worldwide.
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