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&% lobal agriculture faces mounting pressure from emerging pests, evolving pathogens, &
el climate change, and increasing restrictions on conventional chemical pesticides. These .
B challenges have accelerated the search for environmentally sustainable crop protection &%
ot technologies that provide high efficacy with minimal ecological impact. Among the most .
s promising innovations, RNA-based technologies have emerged as a transformative approach oy
%8 that exploits natural gene-silencing mechanisms to suppress harmful organisms without :
082080 G

“2."  altering the genetic makeup of crops. RNA interference (RNAI), spray-induced gene
90 silencing (SIGS), host-induced gene silencing (HIGS), and nanoparticle-assisted RNA
CE5060 delivery represent significant advances that enable precise targeting of insects, fungi, viruses,
Qi nematodes, and weeds. Unlike broad-spectrum pesticides, RNA-based products are highly
:‘ji specific, reducing unintended effects on beneficial organisms while supporting integrated
pest management strategies. Recent progress in RNA synthesis, nanotechnology,
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@L@@ bioinformatics, and molecular biology has improved the stability, delivery, and field
iz performance of double-stranded RNA (dsRNA)-based formulations. Several RNA-based crop
3% protection products are progressing through regulatory approval or commercial deployment,
o highlighting their practical potential in modern agriculture. Although challenges related to
@@@ production costs, environmental persistence, delivery efficiency, and regulatory
& harmonization remain, continuous scientific innovation is rapidly addressing these
i limitations. RNA-based crop protection therefore represents a major step toward climate-
& resilient, sustainable, and precision agriculture, offering farmers safer alternatives for

protecting crop productivity while minimizing environmental contamination and supporting
long-term food security.

Keywords: RNA interference (RNAI); Spray-induced gene silencing (SIGS); Double-
stranded RNA (dsRNA); Sustainable crop protection; Precision agriculture

Introduction

Ensuring global food security has become increasingly challenging due to expanding
populations, climate variability, emerging pests, and the growing resistance of insects and
pathogens to conventional pesticides. Worldwide, crop losses caused by insects, fungi,
bacteria, viruses, and nematodes account for a substantial reduction in agricultural
productivity every year (Fletcher et al., 2020). At the same time, excessive dependence on
synthetic pesticides has raised concerns regarding environmental contamination, biodiversity
loss, pesticide resistance, and human health. Consequently, researchers and policymakers are
actively exploring safer and more sustainable crop protection strategies. RNA-based
technologies have emerged as one of the most significant breakthroughs in agricultural
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biotechnology over the past decade. These technologies utilize the naturally occurring @{m
process of RNA interference (RNAI), a biological mechanism through which double- &
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stranded RNA (dsRNA) selectively suppresses the expression of target genes. Unlike
conventional pesticides that broadly affect multiple organisms, RNA-based approaches
precisely silence genes essential for the survival, reproduction, or pathogenicity of specific
pests or pathogens (Christiaens et al., 2020). Recent developments have substantially
accelerated the practical application of RNA technologies in agriculture. Spray-induced gene
silencing (SIGS) enables farmers to apply dsRNA directly onto crop surfaces without
modifying plant genomes. Host-induced gene silencing (HIGS) allows transgenic plants to
produce dsRNA molecules that provide continuous protection against targeted pests and
diseases. Furthermore, nanotechnology has significantly improved dsRNA stability,
controlled release, and cellular uptake under field conditions (Bramlett et al., 2020).
Advances in artificial intelligence and bioinformatics are also improving target gene
identification while minimizing off-target effects. Several RNA-based products are currently
under commercial evaluation or regulatory review, demonstrating increasing confidence in
their safety and effectiveness. As sustainable agriculture becomes a global priority, RNA-
based technologies are expected to complement integrated pest management (IPM), reduce
pesticide dependence, and contribute significantly to environmentally responsible crop
production.

Methodology
RNA-based crop protection follows a systematic process involving target gene identification,
dsRNA synthesis, efficient delivery, and evaluation of biological responses under laboratory
and field conditions. The first stage involves identifying genes that are essential for the
growth, development, reproduction, or virulence of pests and pathogens. Modern genome
sequencing, transcriptomic analysis, comparative genomics, and artificial intelligence-
assisted bioinformatics facilitate the selection of highly specific gene targets while
minimizing unintended impacts on non-target organisms (Taning et al., 2020). Once suitable
genes are identified, complementary DNA templates are used to synthesize double-stranded
RNA (dsRNA) through in vitro

transcription, bacterial fermentation

systems, yeast-based expression
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manufacturing technologies. Recent e
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without introducing permanent genetic changes into the crop (Mitter et al., 2017).
Nanoparticle-Assisted Delivery: Recent research focuses on biodegradable nanocarriers
such as layered double hydroxide clay nanoparticles, chitosan nanoparticles, liposomes, silica
nanoparticles, and carbon nanomaterials. These carriers protect dSRNA against degradation
from ultraviolet radiation, rainfall, and nucleases while enabling slow and sustained release
(Bramlett et al., 2020).

Following application, dsSRNA enters target cells through endocytosis or membrane
transport systems. The enzyme Dicer processes dsRNA into small interfering RNAs
(sSiRNAs), which are incorporated into the RNA-induced silencing complex (RISC). The
RISC subsequently recognizes complementary messenger RNA (mRNA) molecules and
degrades them, preventing protein synthesis required for normal pest or pathogen
development (Fire et al., 1998).

RNA:i silences essential genes in pests or pathogens, leading to reduced survival, feeding or virulence.

€ Application of @ uptake of © Cleavageby () Formationof () TargetmRNA () mRNA Degradation © ousiis
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Note: dsRNA = double-stranded RNA; siRNA = small interfering RNA; RISC = RNA-induced silencing complex; mRNA = messenger RNA; HIGS = Host-Induced Gene Silencing.

Figure 1. Mechanism of RNA Interference (RNAI) in Crop Protection

Figure 1 illustrates the RNA interference (RNAI) pathway involved in crop protection.
Following the application or expression of double-stranded RNA (dsRNA), the target pest or
pathogen absorbs the dsRNA. Inside the cell, the Dicer enzyme cleaves dsRNA into small
interfering RNAs (siRNAs), which are incorporated into the RNA-induced silencing complex
(RISC). Guided by siRNA, the RISC binds to complementary messenger RNA (MRNA),
leading to its degradation and preventing the synthesis of essential proteins. As a result, vital
biological functions are disrupted, reducing pest survival, feeding, or pathogen virulence,
thereby protecting crops.

Recent methodological improvements include precision spraying technologies, drone-
assisted applications, Al-based target prediction, biodegradable formulations, and field-scale
efficacy testing. Researchers also evaluate gene silencing efficiency using quantitative PCR,
transcriptomic profiling, survival analysis, feeding assays, disease severity assessments, and
yield measurements.

Environmental safety evaluations form an integral part of methodology. Studies
assess persistence of dsRNA in soil and water, degradation rates, impacts on beneficial
insects, pollinators, earthworms, aquatic organisms, and microbial communities. These
comprehensive assessments support regulatory approval and ensure that RNA-based products
meet biosafety standards before commercialization.
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Table 1. Comparison of Major RNA-Based Crop Protection Technologies

Target

: Limitations
Organisms

Technology Principle Advantages

Plants produce dsRNA
that silences
pest/pathogen genes

Long-lasting
protection; continuous
gene silencing

Requires genetically
modified plants
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Spray-Induced Gene dsRNA sprayed directly Fungi, insects, Non-transgenic; easy ra (jiZTNlﬁmgggﬁ\d/eZn d
Silencing (SIGS) onto plant surfaces viruses field application pidly rain

Nanoparticle-

Mediated RNA Improved stability and

controlled release

Higher formulation
cost

dsRNA encapsulated in
nanoparticles

Multiple pests and
pathogens

Delivery
Microbial RNA Engineered bacteria or Insects and Cost-effective large- Still under research
- - and regulatory
Delivery yeast produce dsRNA pathogens scale production evaluation

Results and Discussion

Extensive research conducted over the past decade demonstrates that RNA-based
technologies offer highly targeted, environmentally sustainable alternatives to conventional
pesticides. Numerous laboratory and greenhouse studies have shown that RNA interference
effectively suppresses essential genes in economically important insect pests including
Colorado potato beetle, western corn rootworm, cotton bollworm, fall armyworm, aphids, and
whiteflies. Silencing genes involved in digestion, molting, reproduction, or nervous system
function significantly reduces insect survival and feeding damage (Zotti et al., 2018).
Similarly, fungal diseases have become promising targets for RNA-based management.
Spray-induced gene silencing has successfully reduced infections caused by Botrytis cinerea,
Fusarium graminearum, and powdery mildew pathogens. dSRNA molecules targeting fungal
virulence genes interfere with infection processes, reducing disease severity without affecting
beneficial microorganisms (Koch et al., 2016). RNA technologies also demonstrate
considerable promise against plant viruses. By targeting viral replication proteins, coat
proteins, or movement proteins, researchers have achieved significant reductions in viral
multiplication and disease symptoms across several economically important crops.

Table 2. Selected Case Studies Demonstrating the Application of RNA-Based
Technologies for Crop Protection

RNA-
Target
Based Target Key L
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y
RNA One qf the
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1: RNAI- Leptinotarsa (Eé\il:\g;) EZ?:;?' redfﬁiﬂgr N demonstrations  Zotti et al.
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Control of (Colorado . . . insect control, Fletcher et
targeting survival and feeding -
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Potato Beetle insect cron damade for commercial
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Induced :
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. double movement
Delivery . weeks after a dsRNA
. hydroxide genes . .
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One of the greatest strengths of RNA-based crop protection lies in its exceptional specificity.
Conventional pesticides frequently affect beneficial insects such as honey bees, ladybird
beetles, parasitoids, and pollinators. In contrast, RNA molecules are designed to recognize
only highly specific nucleotide sequences, greatly reducing non-target impacts when
carefully developed (Christiaens et al., 2020). Nanotechnology has further enhanced field
performance. Layered double hydroxide (LDH) clay nanoparticles protect dsRNA from
ultraviolet degradation and gradually release active molecules over extended periods. This
innovation substantially increases persistence under field conditions while reducing
application frequency (Mitter et al., 2017). Recent advances in artificial intelligence and
machine learning have accelerated the identification of highly effective RNA targets.
Computational prediction tools evaluate gene essentiality, sequence conservation, off-target
risks, and species specificity before laboratory validation. These approaches significantly
reduce development time and improve success rates. Despite these encouraging outcomes,
several practical challenges remain. Naked dsRNA molecules degrade rapidly under sunlight,
rainfall, and microbial activity. Production costs, although decreasing, remain higher than
those of many conventional pesticides. Efficient uptake varies among insect species due to
differences in gut physiology, RNA-degrading enzymes, and cellular transport mechanisms
(Fletcher et al., 2020).

Figure 3. Advantages and Challenges of
RNA-Based Crop Protection

A balanced overview of the benefits and current limitations of RNA-based
technologies for sustainable agriculture.
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Figure 3. Advantages and challenges associated with RNA-based crop protection
technologies for sustainable agriculture.
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Regulatory approval represents another important consideration. Because RNA-based
products differ fundamentally from conventional pesticides and genetically modified
organisms, many countries are still developing appropriate regulatory frameworks.
Standardized risk assessment protocols for environmental persistence, non-target organisms,
and food safety continue to evolve. Public acceptance also plays a significant role. Spray-
induced gene silencing has generally received greater acceptance than genetically modified
approaches because it does not permanently alter crop genomes. Transparent communication
regarding safety, specificity, and environmental benefits will be essential for broader
adoption. Economic analyses suggest that continued advances in microbial fermentation,
enzymatic synthesis, and large-scale manufacturing will substantially reduce production costs
over the coming years. Integration with precision agriculture, drone-based spraying systems,
and digital pest monitoring platforms is expected to further improve efficiency and cost-
effectiveness. Overall, current evidence indicates that RNA-based technologies can become
an important component of integrated pest management (IPM). Rather than completely
replacing conventional pesticides, they are likely to complement biological control agents,
resistant crop varieties, cultural practices, and precision farming approaches to achieve more
sustainable agricultural production.

Future Perspectives

RNA-based crop protection is expected to become an integral component of next-generation
sustainable agriculture. Continued improvements in genome sequencing, artificial
intelligence, computational biology, and nanotechnology will enable the rapid identification
of highly effective target genes with minimal off-target risks. Advances in microbial
fermentation and enzymatic RNA synthesis are likely to reduce manufacturing costs
substantially, making RNA products economically competitive for large-scale agriculture.
Future research will focus on developing climate-resilient RNA formulations capable of
maintaining stability under intense sunlight, rainfall, and fluctuating temperatures. Smart
nanoparticle delivery systems with controlled release characteristics may significantly
enhance field persistence and reduce application frequency. Integration with drones, precision
spraying equipment, and digital pest surveillance systems will improve application efficiency
while minimizing waste. Another promising direction involves combining RNA-based
technologies with biological control agents, microbial biopesticides, and resistant crop
cultivars to strengthen integrated pest management programs. International collaboration on
harmonized regulatory frameworks, biosafety assessment protocols, and public awareness
initiatives will facilitate commercialization and global adoption. As scientific understanding
continues to expand, RNA-based technologies are poised to transform crop protection into a
safer, more precise, and environmentally sustainable system capable of meeting future food
security challenges.

Conclusion

RNA-based technologies represent one of the most significant innovations in modern crop
protection. By exploiting the naturally occurring mechanism of RNA interference, these
approaches provide highly selective control of insects, fungal pathogens, viruses, nematodes,
and potentially weeds while minimizing environmental contamination and protecting
beneficial organisms. Unlike conventional chemical pesticides, RNA-based products offer
exceptional target specificity, thereby reducing ecological risks and supporting sustainable
agricultural practices. Recent advances in spray-induced gene silencing, host-induced gene
silencing, nanoparticle-mediated delivery, genome sequencing, and bioinformatics have
transformed RNA interference from a laboratory discovery into a practical agricultural
technology. Improvements in dsSRNA synthesis, formulation stability, and delivery efficiency
continue to overcome previous technical limitations, bringing commercial implementation
closer to widespread reality. Although challenges remain—including production costs,
environmental persistence, species-specific uptake efficiency, and evolving regulatory
frameworks—the pace of scientific progress is encouraging. Collaborative efforts among
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molecular biologists, agronomists, nanotechnologists, regulatory agencies, and industry
partners are accelerating the development of safe and effective RNA-based products. Rather
than replacing all existing crop protection methods, RNA technologies are expected to
complement integrated pest management by working alongside biological control agents,
resistant cultivars, cultural practices, and precision agriculture tools. Such integrated
approaches can improve crop productivity while reducing dependence on synthetic
pesticides. As agriculture faces increasing pressure from climate change, pesticide resistance,
and growing food demand, RNA-based crop protection offers a scientifically sound,
environmentally responsible, and economically promising solution. Continued investment in
research, public awareness, and regulatory harmonization will ensure that RNA-based
technologies become a cornerstone of sustainable crop protection and resilient agricultural
systems in the coming decades.
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