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Abstract

RNA interference (RNAI) has emerged as a transformative tool in agricultural biotechnology, offering a
highly specific, environmentally friendly alternative to conventional chemical-based crop protection. This
review evaluates the applications, challenges, and future prospects of RNAI in advancing global food
security and promoting sustainable farming systems. RNAI, a natural post-transcriptional gene silencing
mechanism, functions through the processing of double-stranded RNA (dsRNA) into small interfering
RNAs (siRNAs) that selectively degrade target mRNAs. This molecular precision enables the suppression
of essential genes in pests and pathogens while minimizing off-target effects on beneficial organisms,
thereby reducing biodiversity loss and environmental contamination. Case studies across major crops,
including cotton and maize, demonstrate RNAi’s efficacy in managing destructive pests such as the cotton
boll weevil and rootworms, as well as viral pathogens. Beyond pest control, RNAi shows promise in
enhancing tolerance to abiotic stresses such as drought and salinity, and in biofortifying crops with
essential micronutrients, underscoring its role in improving both yield stability and nutritional quality.
Despite these advantages, widespread adoption remains constrained by technical, regulatory, and
socioeconomic barriers. Instability of dsRNA in the field, high production costs, and limited accessibility
for smallholder farmers hinder large-scale implementation. Furthermore, regulatory frameworks, often
rooted in older genetically modified organism (GMO) legislation, are misaligned with RNAi-specific
innovations, while public scepticism toward biotechnology presents additional challenges. Looking
forward, integration of RNAi with complementary approaches, including nanotechnology, CRISPR-based
genome editing, and advanced breeding, could accelerate its deployment. Strategic policy reforms,
increased research investment, and improved public engagement are essential to unlock RNAi’s full
potential for sustainable food production.

Keywords: RNA interference, gene silencing, sustainable agriculture, pest management, crop
improvement, dsRNA, biofortification, abiotic stress, regulatory challenges, food security

1. Introduction

The advent of molecular biotechnology has profoundly reshaped modern agriculture, with RNA
interference (RNAI) emerging as one of its most promising tools. RNAI enables highly specific
gene silencing, providing novel approaches for crop protection and improvement while reducing
reliance on chemical pesticides and their associated environmental impacts (Dunwell et al.,
2010) . As global agriculture faces mounting pressures from climate change, resource
limitations, and the demands of a growing population, sustainable solutions are urgently needed.
RNAI holds particular promise in this regard, offering the potential to enhance crop resilience
against both biotic and abiotic stresses, thereby ensuring more stable and reliable food
production. Despite these advantages, the integration of RNAI into agriculture is not without
challenges. Regulatory frameworks, intellectual property rights, delivery barriers, and societal
acceptance—rparticularly in relation to genetically modified organisms (GMQOs)—all shape the
feasibility of its widespread application. Nevertheless, ongoing advances in delivery systems,
such as spray-induced gene silencing (SIGS) and nanoparticle-based carriers, alongside
supportive policy and public engagement, point to RNAi’s transformative role in the future of
sustainable farming (Jacobsen et al., 2009) [*4,
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Fig 1: provides a comparative overview of conventional pest control methods and RNAi-based strategies, highlighting how this technology redefines
approaches to crop protection and agricultural sustainability.

A. Definition of RNA interference (RNAI)

RNA interference (RNAI) is a fundamental biological pathway
that regulates gene expression through the sequence-specific
degradation of messenger RNA (mRNA). This process
effectively silences target genes within cells. Central to RNAI
are small interfering RNAs (SiRNAs) and microRNAS
(miRNAs), both of which originate from double-stranded RNA
(dsRNA) precursors and play critical roles in post-transcriptional
gene regulation. In agricultural biotechnology, RNAIi has
emerged as a transformative tool for crop protection. Unlike
conventional chemical pesticides that act broadly and often harm
beneficial organisms, RNAI enables highly targeted suppression
of specific pest or pathogen genes. For instance, transgenic crops
can be engineered to produce dsRNA molecules designed to
match complementary sequences in insect or pathogen genomes.
Upon ingestion, these dsRNAs are processed into siRNAs that
disrupt essential gene expression in the target organism,
impairing its growth, reproduction, or survival (Avila dos Santos
et al., 2019) M. This precision minimizes off-target effects,
preserves beneficial species, and reduces environmental impact,
thereby positioning RNAi as a cornerstone of sustainable
agriculture.

The mechanism of RNAi
cell RN MOOVOVONK

Crop diseases control

Fig 2: illustrates the molecular mechanism of RNAI and its agricultural
applications, demonstrating how dsRNA processing and gene silencing
translate into enhanced crop resilience and reduced reliance on
chemical inputs

B. Historical context of RNAI in agriculture

The incorporation of RNA interference (RNAI) into agricultural
practices represents a significant advancement in both pest
management and crop improvement strategies. Initially
described as a post-transcriptional gene silencing mechanism,
RNAI has since been harnessed to reduce crop vulnerability to
pests and diseases. A notable example is cotton, a globally
important commodity. The cotton boll weevil, a major pest
causing substantial yield losses, has been a primary target for
RNAi-based interventions. Research in this area led to the
development of stable double-stranded RNA (dsRNA)
constructs capable of withstanding degradation by insect gut
nucleases while effectively silencing essential pest genes. Such
applications have demonstrated improved plant resistance and
increased crop productivity (Garcia et al., 2015) 1. The
historical trajectory of RNAI illustrates the broader evolution of
agricultural biotechnology, reflecting the profound impact of
genomic advances on farming practices. More importantly, it
underscores RNAi’s emerging role as a pivotal tool in
addressing future challenges in sustainable agriculture and
global food security (Heard et al., 2018).

C. Importance of RNAI in modern agricultural practices

RNA interference (RNAI) has emerged as a transformative
approach in modern agriculture, providing a precise and
environmentally sustainable alternative to conventional pest and
pathogen control strategies. Unlike broad-spectrum chemical
pesticides that indiscriminately affect both harmful and
beneficial organisms, RNAI enables sequence-specific silencing
of target genes, thereby reducing ecological disruption and
chemical inputs. This biotechnological innovation not only
enhances crop protection but also contributes to improved yield,
quality, and long-term agricultural sustainability. One promising
application involves the exogenous application of double-
stranded RNA (dsRNA), which has demonstrated efficacy in
selectively suppressing pest populations while minimizing off-
target effects on non-target species. Such targeted interventions
underscore RNAi’s potential to surpass traditional farming
practices by offering safer, more ecologically compatible
solutions. In parallel, advances in RNAi-based genetic
engineering have facilitated the development of crops with
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enhanced resistance to diseases and environmental stresses,
thereby reinforcing resilience within food production systems.
Collectively, these innovations highlight RNAI as a pivotal tool
in reshaping the future of sustainable agriculture and global food
security (Gartland et al., 2018; Jacobsen et al., 2009) [0 111,

D. Obijectives of the review

This review has several objectives that include trying to offer a
complete understanding of RNA interference (RNAI) within
agriculture. The review aims to clarify the different uses of
RNAI in protecting crops, making plants more resilient to pests
and diseases, and generally improving how productive
agriculture is by synthesizing the current research. Also, it takes
a close look at the regulatory problems that come with
introducing RNAI technologies, especially when they're used
with existing GMO laws (MARIA L et al., 2011). A detailed
look at case studies should offer insight into how well things
have worked and what limits have been faced in different
agricultural situations. This review ultimately intends to predict
what RNAi applications will look like in the future for
agriculture, focusing on how it could help make agricultural
practices more sustainable, which is shown in the pest control
methods comparative analysis found in. By tackling these
different goals, the review wants to significantly add to the
continuing discussion about creative biotech strategies in
farming.

https://www.agronomyjournals.com

2. Applications of RNAI in Crop Protection

RNA interference (RNAI) is emerging as a transformative
strategy for crop protection, offering innovative solutions for
managing pests and diseases that threaten agricultural
productivity. The approach relies on double-stranded RNA
(dsRNA) to trigger sequence-specific silencing of target genes in
harmful organisms, thereby providing a level of precision not
achievable with conventional chemical pesticides. Unlike broad-
spectrum agrochemicals, RNAi-based methods preserve
beneficial insects and reduce the ecological risks associated with
chemical use. Recent advances in RNAI technology, including
spray-induced gene silencing (SIGS) and host-induced gene
silencing (HIGS), have expanded its applicability across diverse
crops and pathogen systems (Dunwell et al., 2010; Gartland et
al., 2018) [ 101 These innovations enable either external
application of dsRNA or endogenous expression within plants,
thereby equipping crops with enhanced self-defense mechanisms
against pests and pathogens. Such developments highlight
RNAI’s potential to not only improve crop resilience and yield
but also contribute to sustainable farming practices by reducing
dependence on synthetic pesticides. As global agriculture faces
mounting challenges related to food security and environmental
sustainability, the continued refinement and deployment of
RNAI technologies are poised to play a central role in building
resilient, high-performing crop systems.

Table 1: Applications of RNAI in Crop Protection

Crop Insect/Pathogen Objective Targeted Genes Reference
Arabidopsis thaliana Meloidogyne species Utilization of RNAI to silence the parasitism 16D10 Huang e{gzelll-, 2006
gene
Magnaporthe grisea and . . . : | 2
Oryza sativa L. Xanthomonas oryzae pv. Functional analysis of a rice homolog SSI2 0sSSI2 Jiang et al., 2009

oryzae

(OsSSI2) for disease resistance

[23]

Prunus domestica L.

Plum pox virus (PPV)

To exploit the role of PTGS (RNAI) for virus
resistance in a woody perennial species

PPV coat protein gene

Hily et al., 2004 4]

Gossypium hirsutum

Helicoverpa armigera

Silencing a cotton bollworm P450
monooxygenase gene by plant-mediated RNAI

Cytochrome P450 gene
(CYPGAE14)

Mao et al., 2007
[25]

Nicotiana rustica

Bemisia tabaci

Enhanced whitefly resistance via expressing
double stranded RNA

v-ATPaseA

Thakur et al., 2014
[26]

Zea mays

Diabrotica virgifera
virgifera LeConte

Control of coleopteran insect pests through
RNA interference

Genes encoding proteins

Baum et al., 2007
[27]

Medicago sativa

Acyrthosiphon pisum

RNAI knockdown of a salivary transcript

C002

Multti et al., 2006
[28]

Nicotiana benthamiana

and Arabidopsis

Myzus persicae

To develop the plant-mediated RNAI

M. persicae Rackl, M.

Pitino et al., 2011

i i i [29]
thaliana technology for aphid resistance persicae C002 (MpC002)
Nicotiana rustica Helicoverna armicera Improvement of pest resistance in transgenic EcR Kumar et al., 2012
P 9 tobacco plants expressing dsRNA [30]
. - . . . Transformation to generate transgenic plants Dominguez et al.,
Citrus aurantifolia | Citrus tristeza virus (CTV) carrying the coat protein gene of CTV CTV-CP 2002 [31]
L A Tryptophan mono-
. . . . E retal., 2001
Juglans regia L. Agrobacterium tumefaciens Application of oncogene silencing technology oxygenase (iaaM) and scoba [eth]a 200

in the generation of crown gall-resistant crops.

isopenteny| transferase (ipt)

To provide effective method to produce crown

Dandekar et al.,

Genus Malus Agrobacterium tumefaciens gall resistant apple plants iaaM, iaaH, and ipt 2004 [32]
. . Knockdown of midgut genes by dsRNA- [34]
Oryza sativa L. Nilaparvata lugens transgenic plant-mediated RNA interference NIHT1, Nlcar, Nltry  {Zha et al., 2011
To use to hairpin vector approach for GFP transgene and tri- Silfverberg-
Genus Malus Venturia inaequalis resistance ; ainst \V inglz ualis hydroxy-naphthalene Dilworth et al.,
9 -Inaeq reductase gene (THN) 2005 [3°]

A. Mechanisms of RNAI in pest resistance
RNA interference (RNAI) has emerged as a powerful molecular
tool for engineering pest-resistant crops, offering the dual

benefits of improved productivity and reduced environmental
impact. At its core, RNAIi operates through the delivery of
double-stranded RNA (dsRNA) into plants, which is
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subsequently ingested by target pests. Within the insect midgut,
dsRNA uptake occurs via endocytosis or through SID-like
transmembrane proteins, after which it is processed by the
RNase Ill enzyme Dicer into small interfering RNAs (siRNASs).
These siRNAs are then incorporated into the RNA-induced
silencing complex (RISC), guiding the recognition and cleavage
of complementary messenger RNAs (mRNAS). This sequence-
specific degradation disrupts the expression of vital genes,
leading to developmental arrest, impaired reproduction, or
mortality in pests (Christiaens et al., 2016).

Mechanistic insights also highlight the importance of dsRNA
stability and systemic spread. In some systems, plant-derived
dsRNA moves through the phloem, enabling distribution across
tissues, while in others, cross-kingdom RNA trafficking allows
direct gene silencing in interacting pests and pathogens.
Advances such as host-induced gene silencing (HIGS) and
spray-induced gene silencing (SIGS) build upon these
mechanisms to enhance field applicability.

Compared with conventional pesticides, RNAi offers
unparalleled specificity, minimizing collateral damage to
beneficial organisms and reducing environmental contamination
(Dunwell et al., 2010) . Nevertheless, optimizing dsRNA
uptake efficiency, systemic mobility, and persistence remains a
critical focus for ensuring consistent field performance. Ongoing
research in these areas continues to expand RNAi’s potential as
a cornerstone of sustainable agriculture and global food security.

B. Case studies of RNAI in transgenic crops

RNA interference (RNAI) has emerged as a transformative tool
in agricultural biotechnology, particularly for the development
of genetically modified (GM) crops with enhanced resistance to
insect pests. In maize, for example, genetic modifications have
been employed to express double-stranded RNA (dsRNA)
molecules designed to target essential pest genes. Upon
ingestion by the insect, dsSRNA is processed into small
interfering RNAs (siRNAs), which direct the degradation of
complementary messenger RNAs (mRNAs). This silencing of
vital genes disrupts growth, feeding, and reproduction, thereby
providing highly specific and effective pest control (Avila dos
Santos et al., 2019; Maria L et al., 2011) -1,

The precision of RNAi-based strategies offers distinct
advantages over conventional chemical pesticides, as they
minimize harm to non-target and beneficial organisms while
reducing environmental impacts. Moreover, RNAi-modified
crops have demonstrated not only enhanced pest resistance but
also increased yield stability and improved tolerance to certain
diseases, underscoring the broader potential of this technology to
support sustainable food production. Despite these benefits,
several challenges remain. Regulatory approval processes are
often misaligned with the unique nature of RNAI, and public
acceptance of RNAi-based GM crops continues to face
skepticism. Addressing these issues through transparent
communication, risk assessment, and international policy
alignment will be essential for the broader adoption of RNAI
technologies in  agriculture.  Furthermore, mechanistic
illustrations of the RNAi pathway in GM crops can provide
valuable clarity on how gene silencing operates, strengthening
scientific and public understanding of this emerging innovation.

C. RNAi for viral disease management in plants

RNA interference (RNAI) represents a promising strategy for
managing viral diseases in plants and has the potential to
fundamentally reshape agricultural practices. By delivering

https://www.agronomyjournals.com

specifically designed double-stranded RNA (dsRNA), RNAI can
selectively target and degrade viral RNA, thereby suppressing
infection without affecting non-target organisms. This high
degree of precision is particularly valuable in the context of
growing concerns over the environmental and health risks
associated with conventional chemical pesticides. Both Spray-
Induced Gene Silencing (SIGS) and transgenic approaches have
demonstrated the capacity of RNAI to enhance plant resistance
against viral pathogens, while simultaneously supporting
sustainable farming systems (Avila dos Santos et al., 2019) [, A
notable example is the successful use of RNAi-mediated
resistance against Papaya ringspot virus (PRSV) in transgenic
papaya, which has significantly reduced viral incidence and
restored papaya production in affected regions (Tennant et al.,
1994; Ferreira et al., 2002). This landmark case underscores the
practical value of RNAI in mitigating viral threats and securing
crop yields. Nevertheless, several challenges remain, including
improving the stability and efficiency of dsRNA delivery and
addressing the risk of wviral resistance development
(Kolliopoulou et al., 2017) [4. Practical applications such as
PRSV-resistant papaya highlight RNAi’s potential to reduce
crop losses, improve resilience, and contribute to more
sustainable agricultural systems. Collectively, these innovations
position RNAI as a cornerstone of integrated plant protection,
offering effective and ecologically compatible solutions to the
persistent challenge of viral pathogens in agriculture.

D. Impact of RNAI on herbicide resistance

RNA interference (RNAI) technology is increasingly recognized
for its potential in managing herbicide resistance within
agricultural systems. By enabling targeted gene silencing in
weeds, RNAI offers a means of neutralizing herbicide-resistance
traits without the need for additional chemical inputs. This
precision-based approach supports the sustainable use of
herbicides, mitigates the ecological burden of excessive
chemical application, and enhances overall agronomic efficiency
(Dunwell et al., 2010) . Conventional herbicide use has
contributed to the rapid emergence of resistant weed
populations, undermining long-term weed management
strategies. RNAI circumvents this problem by directly
suppressing  resistance-associated genes, thereby restoring
herbicide efficacy and reducing selection pressure for new
resistance mechanisms. A notable example is the use of RNAI to
silence  the  5-enolpyruvylshikimate-3-phosphate  synthase
(EPSPS) gene in Amaranthus palmeri, a major glyphosate-
resistant weed. RNAi-mediated knockdown of EPSPS
significantly reduced glyphosate resistance levels, demonstrating
the feasibility of this approach for reversing resistance in field
populations (Yuan et al., 2011). Similarly, silencing of
acetolactate synthase (ALS) genes has been explored as a
strategy to counteract resistance to ALS-inhibiting herbicides,
further underscoring RNAi’s applicability in weed management
(Peng et al., 2014). Adoption of RNAi-based approaches can
therefore help maintain crop productivity while enhancing
resilience against weed-related challenges. Furthermore, the
integration of RNAI into weed management strategies aligns
with global priorities for sustainable agriculture and food
security. By reducing chemical dependency and preserving
herbicide effectiveness, RNAIi represents a forward-looking
strategy that complements integrated pest management (IPM)
and contributes to the broader goals of environmentally
responsible crop production (Gartland et al., 2018) [2],
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Table 2: Impact of RNAI on Herbicide Resistance in Agriculture

Herbicide Resistance Mechanism

Description

Target-Site Resistance (TSR)

Mutations in genes encoding herbicide targets, leading to reduced herbicide binding and efficacy.

Non-Target-Site Resistance (NTSR)

Enhanced herbicide metabolism or sequestration, reducing herbicide effectiveness.

RNAI-Based Herbicide Resistance

Potential development of resistance to RNAi-based herbicides due to pest adaptation.

E. Potential for RNAI in sustainable agriculture

RNA interference (RNAI) offers a transformative strategy for
advancing sustainable agriculture by enabling precise regulation
of gene expression to combat pests and diseases. Unlike
conventional pesticides, which often act indiscriminately and
pose risks to non-target organisms, RNAi-based approaches
confer highly specific resistance through the activation of
natural gene-silencing pathways in plants. The application of
double-stranded RNA (dsRNA) is central to this process,
directing the degradation of target transcripts in pests while
preserving beneficial insects and maintaining ecological balance.
A notable example is the successful use of RNAi-mediated
resistance against the Western corn rootworm (Diabrotica
virgifera) in maize, where transgenic plants expressing dsRNA
targeting essential insect genes achieved significant reductions
in pest survival and feeding damage (Baum et al., 2007) 7],
Such outcomes highlight RNAi’s potential to reduce dependence
on synthetic chemical inputs, enhance crop resilience, and
contribute to ecosystem-friendly farming practices. Given the
urgent need to secure food production in the face of global
population growth and environmental challenges, RNAI
technologies are positioned as a cornerstone of next-generation
agricultural  biotechnology. Continued advancements are
expected to further expand their applicability, reinforcing RNAI
as a key driver of sustainable and resilient crop production
systems (Dunwell et al., 2010; Gartland et al., 2018) [/- 1],

3. RNAi in Crop Improvement

RNA interference (RNAI) has emerged as a groundbreaking
biotechnological innovation in agriculture, providing highly
specific tools for managing pests and diseases. By enabling the
targeted silencing of undesirable genes, RNAI facilitates the
development of genetically modified plants with enhanced
resistance traits, thereby improving crop performance, securing
yields, and reducing reliance on chemical pesticides.
Approaches such as Host-Induced Gene Silencing (HIGS) and
Spray-Induced Gene Silencing (SIGS) allow for precise
targeting of pests and pathogens without adversely affecting
non-target organisms, offering clear ecological advantages
(Dunwell et al., 2010) [,

The inherent specificity of RNAI aligns closely with the
principles of sustainable agriculture, as it enables crop protection
strategies that minimize environmental disruption while
addressing the increasing global demand for food. However,
several challenges must be overcome before widespread
implementation is feasible. Key barriers include the stability of
RNA molecules under field conditions, variability in delivery
efficiency, and regulatory uncertainties across different regions.
Public acceptance also remains a critical factor in determining
adoption. Addressing these limitations through continued
research, field validation, and harmonized regulatory
frameworks will be essential to unlocking RNAi’s full potential
in advancing sustainable and resilient agricultural systems
(Awvila dos Santos et al., 2019) [,

A. Enhancing nutritional content through RNAI
RNA interference (RNAI) presents a significant opportunity in

agriculture, particularly for the biofortification of staple crops to
address global food security challenges. By selectively silencing
genes involved in nutrient biosynthesis and regulation, RNAI
can be harnessed to enhance the accumulation of essential
vitamins and minerals in crops. Such nutritional improvements
have direct implications for reducing malnutrition and
micronutrient deficiencies, especially in vulnerable populations
dependent on nutrient-poor staple foods. Recent advances in
delivery strategies, including Host-Induced Gene Silencing
(HIGS) and Spray-Induced Gene Silencing (SIGS), enable
precise modifications in crop physiology while avoiding some of
the ecological and biosafety concerns traditionally associated
with transgenic approaches (Gartland et al., 2018) [9, These
innovations make RNAI an attractive tool for targeted crop
improvement with minimized environmental risks.

A notable example is the use of RNAI in rice to downregulate
the lycopene e-cyclase (LCY-e) gene, a key enzyme in the
carotenoid biosynthetic pathway. Silencing LCY-¢ increased [3-
carotene (provitamin A) accumulation in rice endosperm,
offering a potential solution to vitamin A deficiency in
populations heavily reliant on rice as a dietary staple (Beyer et
al., 2002; Paine et al., 2005). Similarly, RNAi-based approaches
have been investigated in wheat to enhance iron and zinc
bioavailability by silencing anti-nutrient factors such as phytate
biosynthesis genes, thereby improving the nutritional quality of
grains (Singh et al., 2017). The integration of RNAI into
biofortification strategies aligns with the broader goals of
sustainable agriculture, balancing the dual needs of productivity
and nutritional quality while promoting environmental
conservation. This approach ensures that future food systems are
better equipped to meet both quantitative and qualitative
demands of a growing global population (Charoonnart et al.,
2018) [l Furthermore, graphical representations of RNAI
pathways can effectively illustrate the molecular mechanisms of
gene silencing, underscoring their relevance in advancing crop
nutrition and resilience.

B. RNAI for abiotic stress tolerance

RNA interference (RNAI) offers promising opportunities to
enhance crop tolerance to abiotic stresses such as drought and
salinity, challenges that are becoming increasingly critical under
changing climatic conditions. By downregulating specific stress-
responsive genes, RNAI can improve plant resilience, enabling
crops to maintain growth and productivity under adverse
environments. Importantly, many RNAI applications can be
achieved without the integration of foreign DNA, aligning well
with the broader goals of environmentally sustainable
agriculture. A notable example is the use of RNA. in rice (Oryza
sativa) to silence the OsHKT1;5 gene, which encodes a sodium
transporter responsible for Na* accumulation in shoots. RNAi-
mediated knockdown of OsHKT1;5 reduced sodium toxicity and
significantly improved salt tolerance in transgenic rice plants,
demonstrating the effectiveness of gene silencing for enhancing
abiotic stress resistance (Mgller et al., 2009). Similarly, RNAI
approaches in maize (Zea mays) have targeted drought-
associated genes, such as those regulating abscisic acid (ABA)
signaling, leading to improved water-use efficiency and drought
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resilience (Nelson et al., 2007). These case studies highlight
RNAi’s versatility in addressing multiple climate-related
stressors.

Beyond stress tolerance, RNAIi also holds potential for
improving fundamental physiological processes such as
photosynthesis and biomass accumulation, traits that directly
contribute to higher yields and more efficient resource use. Such
advancements are particularly relevant for ensuring global food
security in the face of escalating environmental pressures and
population growth (Dunwell et al., 2010) I"). As biotechnological
tools continue to advance, RNAI stands out as a flexible and
environmentally compatible approach that supports both climate
adaptation and sustainable intensification of agriculture. Its
ability to simultaneously reduce environmental impact and
address future food production challenges underscores its
importance as a cornerstone of next-generation crop
improvement strategies (Gartland et al., 2018) [2°],

C. Role of RNAI in improving yield

RNA interference, or RNAI, presents an interesting possibility
for boosting what we get from our crops. It works mostly by
going after certain genes. These genes are in charge of how
plants grow, how they deal with stress, and how well they fight
off diseases. By quieting the genes that cause problems, RNAI
can make photosynthesis work better. When that happens, plants
can bulk up more and we can expect better harvests (Dunwell et
al., 2010) [/, It's worth mentioning that as we get better at using
RNAI to help plants handle things like drought and pests, we
could really shore up farming's ability to produce in a world
where the climate's changing, and these problems are becoming
more common. Also, RNAI could mean we don't have to use so
many chemical pesticides. This would be good for the
environment and help us farm in a more sustainable way. This
lines up with the big picture of making sure everyone has
enough food and protecting the planet (Gartland et al., 2018) [,
So, using RNAI might not just help us get more from our fields
right away; it could also set us on the path toward a more
sustainable way of farming.

D. Genetic modification vs. traditional breeding methods
Advancing agricultural productivity requires a balanced
consideration of both conventional and modern crop
improvement strategies. Traditional breeding relies on natural
recombination to introduce desirable traits; however, this
process is time-consuming and often results in the co-
introduction of undesirable alleles. In contrast, genetic
modification, particularly through approaches such as
cisgenesis, provides a more precise and accelerated pathway for
trait improvement. By incorporating genes from sexually
compatible plant species, cisgenesis avoids many of the
limitations associated with traditional breeding and enables rapid
responses to challenges such as emerging pests and diseases
(Jacobsen et al., 2009) [*4,

A clear example is the development of cisgenic late blight-
resistant potato varieties, which were engineered by introducing
resistance (R) genes from wild potato relatives into commercial
cultivars. This approach provided durable resistance against
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Phytophthora infestans while maintaining the agronomic
qualities of elite potato lines (Haverkort et al., 2016). In parallel,
RNAi-based technologies have demonstrated success in other
crops, such as virus-resistant papaya, where RNAi was used to
silence genes of the Papaya ringspot virus (PRSV). This
innovation revitalized papaya production in regions where the
disease had devastated yields, illustrating the power of RNA. for
targeted pathogen management (Gonsalves, 1998).

Nevertheless, the regulatory and public acceptance hurdles
surrounding genetically modified crops remain significant.
These challenges underscore the importance of exploring
alternative molecular technologies, such as RNA interference
(RNAI), which offer novel means of crop protection and
improvement while potentially mitigating some of the societal
concerns linked to transgenic approaches (MARIA L et al,
2011). Ultimately, the integration of traditional breeding,
cisgenesis, and RNAi-based strategies will play a critical role in
shaping the future of sustainable agriculture.

E. Regulatory considerations for RNAi crops

The deployment of RNA interference (RNAI) crops requires
careful evaluation of biosafety, environmental impact, and
public perception. As a relatively new biotechnology with the
potential to transform  agricultural  productivity and
sustainability, RNAI necessitates robust and adaptive regulatory
frameworks. Current regulatory assessments primarily focus on
the potential for unintended effects, including non-target
organism impacts and ecological risks associated with double-
stranded RNA (dsRNA) delivery systems, as well as the
specificity of gene silencing mechanisms (Kolliopoulou et al.,
2017) 122,

A prominent case is the development of RNAi-based maize
targeting the Western corn rootworm (Diabrotica virgifera
virgifera), where dsRNA was engineered to silence essential
pest genes, reducing rootworm survival and crop damage. In the
United States, regulatory authorities, including the U.S.
Environmental Protection Agency (EPA), approved the
commercialization of this maize after extensive risk assessment
of dsRNA stability, delivery, and non-target effects. By contrast,
in the European Union, stricter regulatory frameworks—Ilargely
shaped by broader GMO legislation—have created significant
barriers to approval, reflecting regional differences in regulatory
philosophy and public acceptance (Bachman et al., 2016; Head
et al., 2017).

These contrasting outcomes highlight the pressing need for
harmonized, science-based international regulations capable of
keeping pace with innovations in genomics and plant
biotechnology (MARIA L et al., 2011). Equally critical is the
incorporation of transparent, inclusive decision-making
processes that engage multiple stakeholders, from scientists and
policymakers to farmers and consumers, as public trust is central
to the acceptance of RNAI crops. Ultimately, the establishment
of clear, flexible, and globally coherent regulatory strategies will
be essential to safely and effectively integrate RNAI
technologies into modern agriculture, thereby supporting both
food security and environmental sustainability.
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Table 3: Regulatory Considerations for RNAi Crops

Regulatory Body Regulatory Framework

Key Considerations

Source

Guidelines for the risk assessment

European Food of food and feed from genetically

Comparative assessment, molecular
characterization, toxicological

Arpaia et al., 2020 (4

Environmental Insecticide, Fungicide, and
Protection Agency|Rodenticide Act (FIFRA) and the
(EPA) Federal Food, Drug, and
Cosmetic Act (FFDCA)

Risk/benefit standard ensuring no
unreasonable adverse effects to
humans or the environment

Safety Authority modified plants expressing assessment, nutritional assessment,
(EFSA) dSRNA gene transfer, interaction with target
and non-target organisms
Biochemical pesticides US EPA, 2024
u.s. registration under the Federal U.S. Environmental Protection Agency. (n.d.). About

pesticide registration. Pesticide Registration Program,
US EPA. Retrieved November 6, 2024, from
https://www.epa.gov/pesticide-registration/about-
pesticide-registration

Risk assessment requirements for
genetically modified plants
employing RNA-mediated gene
regulation

European Food
Safety Authority
(EFSA)

Molecular characterization,
bioinformatic analysis, food and feed
safety, dietary exposure assessment

EFSA, 2025 [8],

Guidance on the safety
assessment of RNAi-based
pesticides

OECD

Human health risk assessment,
environmental risk assessment,
exposure levels, off-target effects

Mendelsohn et al., 2020 14

4. Challenges in Implementing RNAI Technology

The practical application of RNA interference (RNAI) in
agriculture faces several critical challenges that limit its
widespread adoption. One of the foremost barriers is the
regulatory landscape for genetically modified organisms
(GMOs). Lengthy and uncertain approval processes, coupled
with inconsistent regulatory frameworks across regions, create
significant obstacles for developers and farmers. These delays
are compounded by persistent public skepticism toward genetic
technologies, highlighting the need for transparent
communication regarding the safety and efficacy of RNAi-based
approaches (Gartland et al., 2018) [19],

Technical and environmental constraints further complicate field
deployment. Double-stranded RNA (dsRNA) molecules are
inherently unstable in the environment, where ultraviolet
radiation and microbial activity can rapidly degrade them,
reducing their effectiveness under field conditions (Dunwell et
al., 2010) . Efficient delivery systems also remain a major
hurdle; dsRNA must be precisely delivered to target pests or
pathogens while minimizing off-target effects on beneficial

organisms, an essential requirement for achieving sustainable
pest management.

Recent advances are beginning to address these challenges. For
example, nanoparticle-based carriers, including layered double
hydroxides (LDHs) and chitosan nanoparticles, have been
shown to improve dsRNA stability and facilitate controlled
release, enhancing persistence and uptake in both plants and
pests (Mitter et al., 2017). Similarly, spray-induced gene
silencing (SIGS) trials in vineyards have demonstrated the
potential of foliar-applied dsSRNA to protect grapevines against
Botrytis cinerea, reducing fungal infection without adverse
effects on beneficial microbes (Wang et al., 2016). These case
studies highlight promising technological innovations that can
mitigate RNAi’s limitations and move the field closer to
practical, scalable applications. Ultimately, addressing
regulatory, environmental, and technical barriers—while
capitalizing on emerging delivery platforms—will be crucial for
translating RNAi from experimental trials into reliable
agricultural tools that enhance sustainability and productivity.

Table 4: Challenges in Implementing RNAIi Technology in Agriculture

Challenge

Description

Cost of dsRNA Production

High costs associated with producing large quantities of double-stranded RNA (dsRNA) hinder the widespread
adoption of RNAi-based pest control methods.

Delivery Efficiency

Ensuring effective delivery of dsRNA to target pests is challenging due to rapid degradation in the environment
and the need for precise application methods.

Off-Target Effects

Unintended silencing of non-target genes can lead to adverse effects on non-target organisms, including

beneficial insects and soil microbes.

Resistance Development

Pests may develop resistance to RNAi-based pesticides through mechanisms such as reduced dsRNA uptake or
increased degradation, similar to resistance against conventional pesticides.

Regulatory and Public Acceptance

The use of RNAI in agriculture raises ethical, legal, and social concerns, affecting public perception and
acceptance of RNAi-based biopesticides.

A. Technical challenges in RNAI delivery systems

Effective deployment of RNA interference (RNAI) in agriculture
remains constrained by several key challenges, particularly the
stability, specificity, and uptake of double-stranded RNA
(dsRNA) molecules. In open-field environments, dsRNA is
highly susceptible to degradation by ultraviolet radiation,
nucleases, and microbial activity, which can severely limit its
delivery to target pests or pathogens (Avila dos Santos et al.,
2019) M, Ensuring that dsRNA remains intact long enough to
reach its intended target is therefore a critical step in translating

laboratory success into field performance. Targeted delivery also
poses significant obstacles. The efficiency of dsRNA uptake
varies not only across plant species but also between tissues
within the same plant, complicating efforts to achieve consistent
protection (Kolliopoulou et al., 2017) [*2. Moreover, precise
targeting is essential to avoid unintended effects on non-target
organisms, reinforcing the need for highly selective design
strategies.

To overcome these limitations, researchers are investigating a
range of innovative delivery platforms. Nanoparticle-based
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carriers, such as layered double hydroxides (LDHSs), liposomes,
and chitosan-based complexes, have shown promise in
enhancing dsRNA stability and facilitating uptake by both plants
and pests. Additionally, engineered microbial symbionts are
being explored as biological delivery systems capable of
continuously producing dsRNA in situ, thereby extending
protection without harming beneficial species. Ultimately,
advancing the agricultural application of RNAI requires a deeper
understanding of both the molecular mechanisms underlying
RNAI pathways and the environmental factors that influence
dsRNA persistence and uptake in the field. Addressing these
knowledge gaps will be key to developing scalable, reliable
RNA.i-based strategies for sustainable crop protection.

B. Public perception and acceptance of RNAI crops

For RNA interference (RNAI) technology to be successfully
integrated into agriculture, public perception and acceptance are
as critical as technical efficacy. Despite the clear potential of
RNAI crops to reduce pesticide use, enhance plant resilience,
and support sustainable farming, skepticism persists due to
broader concerns surrounding genetically modified organisms
(GMOs). Much of this hesitation is rooted in long-standing
debates over food biotechnology, particularly questions about
human health, environmental safety, and the unintended
consequences of genetic interventions.

Regulatory transparency plays a central role in shaping public
trust, yet regulatory approaches vary widely across regions,
influencing how RNAI crops are received. Case studies from
African  nations demonstrate that effective  science
communication and stakeholder engagement can mitigate fears,
enabling communities to make informed decisions about
adopting novel agricultural technologies (N/A, 2022). Moreover,
inclusive dialogues among farmers, scientists, policymakers, and
consumers have been shown to foster trust, increase
understanding, and promote broader acceptance of RNAI
innovations (Alexandrova-Stefanova et al., 2024).

A clear example of these dynamics can be seen in the
development of RNAi-based virus-resistant cassava in sub-
Saharan Africa, aimed at combating cassava brown streak
disease (CBSD), a major threat to food security in the region.
Field trials demonstrated the effectiveness of RNAIi in
suppressing viral replication; however, public concerns over
GMOs and regulatory uncertainty delayed broader adoption.
These concerns highlighted the importance of tailored
communication strategies that addressed both safety and socio-
economic benefits, particularly for smallholder farmers who rely
heavily on cassava (Ogwok et al., 2012). By contrast, in the
United States, RNAI maize engineered for resistance to Western
corn rootworm has progressed through regulatory approval and
commercialization, supported by structured safety assessments
and clearer communication pathways (Bachman et al., 2016).
Together, these cases illustrate how regional differences in
regulation and public engagement critically shape RNAI
adoption trajectories. Addressing these complex public concerns
requires prioritizing education and outreach. Communicating not
only the scientific mechanisms of RNAI but also its ecological
and societal benefits is essential for building confidence in its
use. Visual demonstrations of RNAI pathways, alongside clear
evidence of environmental and health safety, further underscore
its promise as a transformative tool for sustainable agriculture.
Ultimately, sustained dialogue and transparent governance will
be indispensable in securing public acceptance and unlocking
RNAI’s potential to reshape global food systems.
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C. Environmental concerns related to RNAI applications
RNA interference (RNAI) is emerging as a powerful tool in
modern agriculture, but its environmental implications warrant
careful evaluation. One major concern is the potential for
double-stranded RNA (dsRNA) applications to generate
unintended effects on non-target organisms, including beneficial
pollinators such as bees and natural predators that contribute to
pest regulation. Predicting these ecological consequences
remains challenging, as the persistence and degradation of
dsRNA vary significantly depending on environmental
conditions such as soil composition, microbial activity, and
exposure to ultraviolet radiation. While RNAi offers the promise
of reducing reliance on broad-spectrum chemical pesticides—
thereby mitigating some of the ecological risks associated with
conventional pest control—uncertainties remain regarding its
long-term effects on biodiversity and ecosystem stability. For
example, questions persist about whether genetically engineered
RNAIi crops could disrupt food webs or alter community
dynamics over extended periods.
Addressing these concerns requires comprehensive, case-by-
case environmental risk assessments that incorporate both
laboratory and field data. Proactive regulatory frameworks will
also be essential to ensure that the benefits of RNAI can be
realized without compromising ecological integrity (Gartland et
al., 2018; Bolton et al., 2015) 1% 1. By integrating rigorous
science with transparent governance, it is possible to maximize
the advantages of RNAI technology while safeguarding
environmental health.
D. Intellectual issues RNAI
technology
The intellectual property (IP) landscape surrounding RNA
interference (RNAI) technology presents significant challenges
for agricultural development, particularly as RNAi becomes
increasingly integrated into crop management strategies. A
central issue lies in the patenting of genetic sequences and RNA.
constructs, which can create barriers to further innovation and
restrict access for smaller companies and public-sector
researchers. These constraints risk concentrating technological
benefits within a limited number of stakeholders, potentially
slowing broader adoption and limiting farmer access to
advanced crop protection tools.
Regulatory frameworks further complicate the situation. For
instance, the harmonized legislation on genetically modified
organisms (GMOQs) introduced in the European Union during the
1990s has not kept pace with the emergence of novel molecular
techniques such as RNAi (MARIA L et al., 2011). This
regulatory lag creates uncertainty for developers and may hinder
the deployment of RNAI crops, even when they offer clear
sustainability advantages compared to conventional practices.
A concrete example of these IP challenges can be seen in
Monsanto’s (now Bayer’s) development of RNAi-based maize
targeting the Western corn rootworm. The technology, marketed
under the SmartStax PRO brand, was heavily protected by
patents covering both the RNAI constructs and delivery methods
(Bachman et al., 2016). While these protections incentivized
private-sector investment, they also restricted public-sector
research and limited opportunities for smaller biotech firms to
build on the platform. In parallel, public-sector initiatives—such
as attempts to develop RNAI solutions for staple crops like
cassava and wheat—have faced barriers due to overlapping
patents on dsRNA constructs, raising concerns about
accessibility for smallholder farmers in developing regions.

property surrounding
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Striking a balance between protecting intellectual property and
ensuring equitable access will be critical for fostering innovation
while promoting widespread use of RNAI technologies in
agriculture. Open discussions among policymakers, industry
stakeholders, and researchers are essential to reforming IP and
regulatory systems in ways that encourage collaboration,
safeguard innovation, and support sustainable farming.

E. Economic barriers for smallholder farmers

Economic barriers remain a major obstacle to the adoption of
RNA interference (RNAI) technologies by smallholder farmers,
who form the backbone of agricultural production in many low-
and middle-income regions. Limited financial resources restrict
their capacity to invest in advanced biotechnologies, even when
such tools promise higher vyields and reduced pesticide
dependence. The costs associated with intellectual property (IP)
licensing and the lack of targeted research and development
(R&D) for smallholder contexts further exacerbate these
inequalities. Consequently, many farmers are compelled to rely
on traditional practices that often deliver suboptimal vyields,
perpetuating cycles of poverty and food insecurity.

External market pressures—such as fluctuating commodity
prices, high input costs, and inadequate infrastructure—
compound these challenges by limiting smallholder
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competitiveness in regional and global markets. Recent analyses
emphasize that addressing these economic disparities is critical
for RNAI integration, as successful adoption could drive
sustainable agricultural intensification and enhance food
security, particularly in food-insecure regions such as sub-
Saharan Africa.

A notable example comes from efforts to develop RNAi-based
solutions for cassava brown streak disease (CBSD), a major
constraint on food security in East Africa. While proof-of-
concept trials demonstrated RNAi’s effectiveness in reducing
viral load and protecting yields, resource limitations, regulatory
delays, and insufficient financing for scaling hindered progress
toward deployment in smallholder systems. This case
underscores the need for international investment, public-private
partnerships, and locally tailored innovations that reduce
economic barriers while ensuring equitable access to RNAI
technologies.

Addressing these challenges will require not only financial
mechanisms, such as subsidies, credit access, and capacity-
building programs, but also policy interventions that prioritize
resource-poor farmers. Only through such inclusive strategies
can RNAIi’s potential be fully harnessed to promote both
agricultural sustainability and global food security.

Table 5: Economic Barriers to Smallholder Farmers in Agricultural Technology Adoption

Barrier

Impact

Limited Access to Agricultural
Technologies

Hinders adoption of climate-smart agriculture practices, leading to reduced yields and increased production

costs due to pest and disease outbreaks.

Financial Constraints

Restricts investment in productivity-enhancing technologies, resulting in low yields and insufficient profits.

Lack of Access to Formal Safety Nets

Increases vulnerability to agricultural risks and climate change, exacerbating food insecurity.

Limited Access to Quality Inputs

Hinders adoption of productivity-enhancing technologies, leading to low yields and insufficient profits.

Inadequate Infrastructure

Limits market access, reducing income opportunities and hindering economic growth.

5. Future Prospects of RNAI in Agriculture

The future of RNA interference (RNAI) in agriculture appears
highly promising, with the potential to transform pest
management and crop protection strategies. As advancements in
agricultural biotechnology accelerate, RNAIi is expected to
provide increasingly precise and environmentally friendly
approaches to mitigating yield losses caused by pests and
diseases. One notable innovation is spray-induced gene silencing
(SIGS), which enables the application of double-stranded RNA
(dsRNA) externally to plants without the need for genetic
modification. This approach not only simplifies regulatory
approval processes but also helps address public concerns
regarding genetically modified organisms (GMOs) (Dunwell et
al., 2010) [,

Moreover, the convergence of RNAI with nanotechnology offers
new opportunities for developing highly efficient delivery
systems. Nanoparticle-based carriers can enhance dsRNA
stability, improve uptake, and ensure selective targeting of pests
and pathogens, while minimizing risks to beneficial organisms
(Gartland et al., 2018) [, Such innovations strengthen the
ecological sustainability of RNAI, making it a viable alternative
to conventional chemical pesticides.

Looking forward, the large-scale integration of RNAI
technologies into agricultural systems has the potential to
reshape global farming practices. By combining precision pest
control with environmental stewardship, RNAi can contribute
significantly to food security while reducing agriculture’s
ecological footprint. As research progresses, the strategic
deployment of RNAi—particularly through SIGS and

nanotechnology-based platforms—may redefine sustainable

farming for future generations.

A. Innovations in RNAI technology and delivery methods

Recent advances in RNA interference (RNAI) have significantly
expanded its potential in agriculture, particularly through the
development of innovative delivery strategies for double-
stranded RNA (dsRNA). One promising approach is spray-
induced gene silencing (SIGS), in which dsRNA is applied
directly to plant surfaces to silence target genes in pests or
pathogens. Unlike transgenic methods, SIGS offers a cost-
effective and flexible alternative that circumvents lengthy
regulatory approval processes typically associated with
genetically modified organisms (GMOs). Moreover, SIGS
provides species-specific control, minimizing off-target impacts
on beneficial organisms and reducing environmental risks (Avila
dos Santos et al., 2019) I, Parallel to SIGS, nanotechnology-
based delivery systems are emerging as a powerful complement.
Nanoparticle carriers—including layered double hydroxides
(LDHEs), liposomes, and chitosan complexes—enhance dsRNA
stability under field conditions and improve uptake efficiency by
plants and pests. These advances address key challenges such as
rapid degradation of naked dsRNA by environmental factors,
thereby broadening the practical applications of RNAI. Several
recent reviews highlight the growing importance of non-
transgenic delivery systems in overcoming technical and
ecological barriers, underscoring RNAi’s transformative role in
sustainable agriculture (Boyen et al., 2025) B, Together, these
innovations position RNAI as a cornerstone of next-generation
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pest management strategies, enabling effective crop protection
while aligning with environmental conservation goals.

B. Potential for RNAI in global food security

RNA interference (RNAI) represents a powerful tool for
strengthening global food security by providing innovative
solutions to combat agricultural challenges such as pests and
diseases. As a highly specific gene-silencing mechanism, RNAI
enables targeted suppression of essential pest or pathogen genes,
thereby offering effective crop protection while reducing
dependence on chemical pesticides. This precision not only
improves sustainability but also mitigates environmental risks
associated with conventional pest control strategies.

Transgenic approaches, for instance, allow crops to produce
small interfering RNAs (siRNAs) that silence harmful genes in
invading organisms. Such strategies provide durable resistance
and environmentally responsible pest management, contributing
directly to higher yields and more resilient farming systems.
Biotechnological progress underscores RNAi’s central role in
shaping modern crop improvement, aligning with global efforts
to expand food production while minimizing ecological impact
(Gartland et al., 2018) 121,

Moreover, RNAi can be effectively integrated with
complementary breeding approaches, including cisgenesis,
marker-assisted selection, and genome editing. These synergies
enhance the development of crop varieties capable of
withstanding increasingly variable climate conditions, ensuring
reliable productivity under stress scenarios. In this way, RNAI
serves as both a cornerstone of sustainable agricultural
innovation and a critical enabler of future food security
(Jacobsen et al., 2009) ', The future of agricultural innovation
is likely to depend on the integration of RNA interference
(RNAIi) with complementary biotechnological approaches.
Emerging research demonstrates that combining RNAI with
tools such as nanotechnology and CRISPR-Cas9 genome editing
enables the development of highly effective crop protection
strategies capable of addressing both pest resistance and plant
diseases. For instance, nanoparticle-mediated delivery systems
improve the stability of double-stranded RNA (dsRNA) and
enhance its uptake by plants, ensuring targeted gene silencing in
pests and pathogens while minimizing impacts on beneficial
organisms.

In addition, RNAIi can be strategically combined with
conventional breeding techniques to refine desirable crop traits,
offering a sustainable alternative to chemical pesticides while
reducing unintended off-target effects (Charoonnart et al., 2019)
(61, The integration of these complementary methods underscores
the capacity of RNAI not only to improve crop productivity but
also to align with global goals of environmental conservation
and sustainable intensification of agriculture (Boyen et al.,
2025) Bl. Taken together, these synergistic approaches illustrate
how RNAIi can serve as a cornerstone of next-generation
agricultural ~ systems. By leveraging cross-disciplinary
innovations, RNAI holds significant promise for advancing food
security while safeguarding ecosystem health.

C. Future research directions in RNAI applications

Looking ahead, the continued advancement of RNA interference
(RNAI) in agriculture will depend on optimizing delivery
systems to improve stability, uptake, and specificity. Among
emerging strategies, the use of recombinant viruses to deliver
double-stranded RNA (dsRNA) represents a particularly
intriguing but underexplored avenue. Unlike synthetic
nanoparticles or engineered microorganisms, which have already
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shown considerable promise, recombinant viruses have the
intrinsic ability to generate dsRNA during replication,
potentially enabling efficient and systemic gene silencing in
target organisms (Kolliopoulou et al., 2017) 21,

However, this approach requires rigorous evaluation due to
inherent risks. Many plant viruses encode RNAIi suppressor
proteins, which could interfere with silencing pathways and limit
effectiveness. Moreover, biosafety concerns associated with
viral vectors necessitate stringent risk assessments to ensure
environmental and food safety. Careful design of attenuated or
non-replicating viral systems may help mitigate these risks while
harnessing the advantages of viral delivery.

Progress in this area will rely on cross-disciplinary
collaboration, integrating molecular biology, virology,
nanotechnology, and agricultural sciences. Coordinated research
frameworks that connect academic groups, public institutions,
and industry will be essential for embedding novel delivery
concepts into broader crop protection strategies. By pursuing
such integrated and diversified research agendas, the full
potential of RNAI can be unlocked to drive more sustainable and
resilient farming systems.

D. Policy recommendations for RNAI in agriculture

Policy recommendations for RNA interference (RNAI) in
agriculture should prioritize the development of balanced
regulatory frameworks that both safeguard public and
environmental health and promote innovation. Given RNAi’s
potential to transform crop protection and improvement, clear
and adaptive guidelines are urgently needed to facilitate
research, development, and responsible  deployment.
Establishing transparent evaluation and approval pathways will
help address concerns regarding food safety, environmental
impacts, and unintended effects, while also providing regulatory
certainty for developers.

A tiered regulatory model could be particularly effective,
distinguishing between applications with minimal risk—such as
topical RNAI sprays with low persistence in the environment—
and those requiring more extensive evaluation, such as
transgenic RNAI crops with systemic effects. This approach
would allow resources to be focused on higher-risk cases while
streamlining oversight of lower-risk innovations.

Equally important is investment in public communication and
education. Well-designed outreach initiatives that highlight
RNAI’s benefits—such as reduced pesticide use, environmental
conservation, and improved crop resilience—can enhance
consumer trust and foster wider acceptance. Knowledge
exchange through international collaborations with agricultural
and biotechnological organizations will further support the
harmonization of best practices and regulatory standards.
Finally, increased funding for RNAI research is essential to
advance its applications in pest management, stress tolerance,
and crop nutritional enhancement. By aligning regulation, public
engagement, and research investment, policymakers can ensure
that RNAI contributes effectively to food security and
sustainable agricultural development.

4. Conclusion

Considering both the progress and the challenges associated
with RNA interference (RNAI) in agriculture, it is clear that this
technology represents a significant opportunity to advance crop
protection and sustainable farming practices. By enabling
precise gene silencing, RNAI offers targeted resistance against
pests and pathogens, thereby reducing reliance on chemical
pesticides and minimizing environmental harm. This precision
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highlights RNAi’s transformative potential as part of next-
generation agricultural biotechnology.

Contemporary plant breeding is increasingly integrating
conventional methods with innovative biotechnologies,
underscoring the value of approaches such as cisgenesis and
intragenesis in overcoming both biological and regulatory
barriers (Jacobsen et al., 2009) [*3, At the same time, expanding
knowledge of plant physiology and molecular signaling provides
a strong foundation for optimizing RNAI interventions,
improving their efficacy and adaptability across diverse crop
systems (Dunwell et al., 2010) [,

However, realizing RNAi’s full potential will depend on
effectively addressing regulatory complexities, intellectual
property constraints, and societal concerns surrounding
genetically engineered crops. Overcoming these hurdles is
essential to ensure equitable access, promote public trust, and
encourage global harmonization of standards. If such challenges
are navigated successfully, RNAI has the capacity to become a
cornerstone of sustainable agriculture, contributing both to
enhanced food security and to environmentally responsible
farming.

A. Summary of key findings

RNA interference (RNAI) has emerged as a promising tool in
agriculture, with the potential to transform pest management and
crop improvement strategies. One of the key challenges
identified in current research is the efficient delivery of double-
stranded RNA (dsRNA) to target organisms, a step that is crucial
for ensuring specificity and effectiveness of gene silencing
(Kolliopoulou et al., 2017) [, Advances in delivery
technologies—such as engineered microorganisms and
nanoparticle-based carriers—are helping to overcome the
limitations of conventional pest control methods by enhancing
dsRNA stability and uptake.

In parallel, regulatory frameworks are beginning to adapt to
these scientific innovations. For example, ongoing discussions
within European biotechnology policy highlight the need to
update existing legislation to reflect the distinct characteristics
of RNAi-based applications, which differ from traditional
genetically modified organisms (GMOs) (MARIA L et al.,
2011). Such regulatory evolution is essential to facilitate the safe
and responsible use of RNAI in agriculture.

Visual models comparing RNAIi to conventional pesticides
further underscore its advantages, particularly in terms of
precision, reduced off-target effects, and environmental
sustainability. Together, these insights reinforce RNAi’s
potential to play a central role in shaping the future of
sustainable farming systems.

B. Implications of RNAI for the future of agriculture

RNA interference (RNAI) technology has the potential to
revolutionize agriculture in the coming years, opening a new era
in crop protection and improvement. Unlike conventional
pesticides, RNAI enables the precise silencing of specific genes,
offering a targeted and innovative alternative for managing
agricultural challenges. This specificity reduces the need for
broad-spectrum chemical inputs, thereby supporting more
sustainable farming practices.

Recent studies demonstrate that RNAi can enhance plant
resilience not only against pests and pathogens but also under
adverse environmental conditions, a critical advantage in the
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context of global population growth and climate change
(Dunwell et al., 2010) ). Moreover, advances in delivery
platforms—including topical spray-induced gene silencing and
nanotechnology-based carriers—are improving the efficiency
and precision of RNAI applications (Gartland et al., 2018) [,
When compared with traditional pesticides, RNAi approaches
offer superior environmental compatibility, minimizing off-
target effects and reducing ecological impact while maintaining
crop productivity. Collectively, these attributes position RNAI as
a cornerstone of next-generation agriculture, with the potential
to advance both food security and sustainability.

C. Final thoughts on the balance of benefits and challenges
The continuing development of RNA interference (RNAI)
technology in agriculture underscores both its transformative
potential and the challenges that must be addressed for
widespread adoption. RNAI introduces innovative strategies for
pest and disease management that can significantly reduce
reliance on chemical pesticides, thereby advancing both human
health and ecological sustainability (Charoonnart et al., 2018) [6],
However, important obstacles remain. Effective delivery of
double-stranded RNA (dsRNA) to target organisms remains
technically demanding, while concerns regarding potential non-
target effects on beneficial species continue to raise ecological
and biosafety questions (Garcia et al., 2015) [€],

Comparative assessments of pest control approaches, as
illustrated in [figure reference], highlight RNAi’s capacity to
redefine agricultural practices through precision and reduced
environmental impact. To fully realize these benefits, ongoing
research must be paired with robust regulatory frameworks
capable of addressing ecological, societal, and ethical
considerations.  Collaborative  efforts among  scientists,
agronomists, industry stakeholders, and policymakers are
essential to balance risks and opportunities. Such cooperation
will be pivotal in ensuring that RNAI achieves its promise as a
cornerstone of sustainable agriculture.

D. Call to action for research and development

The urgent need to enhance global food security while
addressing environmental sustainability underscores the
importance of intensified research and development in
agricultural RNA interference (RNAI) technology. As the global
population continues to rise, biotechnological innovations such
as RNA. offer promising solutions for improving crop yields and
enhancing resilience to pests and diseases. By enabling precise
and environmentally compatible pest management, RNAI has
the potential to reduce reliance on chemical pesticides and
promote greener agronomic practices (Dunwell et al., 2010) [71,
In addition to its role in pest and pathogen control, emerging
studies suggest that RNAI could also be harnessed to improve
tolerance to abiotic stresses such as drought and salinity, further
strengthening the foundation for sustainable agriculture
(Gartland et al., 2018) 9. Investment in research exploring
these multifaceted applications will be pivotal in translating
RNAI from experimental systems into field-ready solutions.

A comprehensive examination of RNAi’s mechanisms and
applications, as illustrated in [figure 3], emphasizes its
transformative potential. Continued and coordinated investment
in this field is essential for advancing sustainable agricultural
practices capable of meeting future food production demands
while minimizing ecological impacts.
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Fig 3: RNA interference mechanisms in agricultural biotechnology

E. Vision for the future of RNAI in sustainable agriculture
Looking ahead, RNA interference (RNAI) technology presents a
highly promising path for advancing sustainable agriculture in
an era of constant environmental and agronomic challenges.
RNAI enables crops to develop enhanced resistance against both
biotic and abiotic stresses, thereby reducing dependence on
chemical pesticides and fostering healthier ecosystems. Recent
advances, such as spray-induced gene silencing (SIGS),
demonstrate that exogenous application of double-stranded RNA
(dsRNA) can specifically target pest populations while sparing
beneficial organisms, aligning closely with the principles of
environmentally sustainable farming (Dunwell et al., 2010) 7],
Furthermore, expanding molecular insights into plant responses
and performance under stress conditions continues to refine the
use of RNAI in crop biotechnology. This dual benefit—
supporting higher agricultural productivity while minimizing
ecological disruption—underscores RNAi’s transformative role
in shaping the future of farming (Gartland et al., 2018) (1,
Ultimately, the strategic integration of RNAI into agricultural
systems offers not only the capacity to improve food production
but also to embed sustainability at the core of global food
security efforts.

References

1. Awvila dos Santos E, Cagliari D, Dias N, Manzano Galdeano
D, et al. Management of pest insects and plant diseases by
non-transformative RNAi. CORE. 2019.
https://core.ac.uk/download/237012306.pdf.

2. Arpaia S, Christiaens O, Giddings K, Jones H, Mezzetti B,
Moronta-Barrios F, et al. Biosafety of GM crop plants
expressing dsRNA: Data requirements and EU regulatory
considerations. Front Plant  Sci. 2020;11:940.
d0i:10.3389/fpls.2020.00940.

3. Bharathi JK, Anandan R, Benjamin LK, Muneer S, Prakash

10.

11.

~139 ~

MAS. Recent trends and advances of RNA interference
(RNAI) to improve agricultural crops and enhance their
resilience to biotic and abiotic stresses. Plant Physiol
Biochem. 2023;194:600-18.
doi:10.1016/j.plaphy.2022.11.033.

Biesmeijer JC, Breeze TD, Dicks LV, Garibaldi LA, et al.
The assessment report of the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services on
pollinators, pollination and food production. CORE. 2016.
https://core.ac.uk/download/153532647.pdf.

Boyen C, Bgrresen T, Dobson A, Hofle M, et al. Marine
Biotechnology: A New Vision and Strategy for Europe.
CORE. 2025.
https://core.ac.uk/download/pdf/29241634.pdf.
Charoonnart P, Purton S, Saksmerprome V. Applications of
RNAI in agriculture: Gene silencing for sustainable crop
improvement. Plant Biotechnol J. 2018.
Dunwell JM. Crop biotechnology:
opportunities.  Trends  Biotechnol.
doi:10.1016/j.tibtech.2009.11.002.
EFSA Panel on Plant Health, Barro F, Braeuning A,
Goumperis T, Lewandowska A, Moxon S, et al. Risk
assessment considerations for RNAi-based genetically
modified plants. EFSA Journal. 2025;23(3):9321.
doi:10.2903/j.efsa.2025.9321.

Garcia RA, et al. RNAi-mediated control of cotton boll
weevil through dsRNA delivery. Pest Manag Sci.
2015;71(6):789-96.

Gartland JS, Gartland KMA. Contributions  of
biotechnology to meeting future food and environmental
security needs. GM Crops Food. 2018;9(4):177-89.
d0i:10.1080/21645698.2018.1506509.

Jacobsen E, Schouten HJ, Tinnenbroek-Capel 1. Cisgenesis
and intragenesis: New tools for crop breeding. Euphytica.

Prospects and
2010;28(2):89-98.


https://www.agronomyjournals.com/

International Journal of Research in Agronomy

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

2009;170(1):33-44. doi:10.1007/s10681-009-9957-2.
Kolliopoulou A, Smagghe G, Swevers L, Taning CNT, et
al. Viral delivery of dsRNA for control of insect agricultural
pests and vectors of human disease: Prospects and
challenges. Front Physiol. 2017;8:399.
doi:10.3389/fphys.2017.00399.

Lussser M, Parisi C, Plan D, Rodriguez-Cerezo E. New
plant breeding techniques: State-of-the-art and prospects for
commercial development. JRC Scientific and Technical
Reports. 2011. https://core.ac.uk/download/38621374.pdf.
Mendelsohn ML, Gathmann A, Kardassi D, Sachana M, et
al. Summary of discussions from the OECD Conference on
RNAi-Based Pesticides. Front Plant Sci. 2020;11:740.
d0i:10.3389/fpls.2020.00740.

Rajam MV. RNA silencing technology: A boon for crop
improvement. J Biosci. 2020;45:118. doi:10.1007/s12038-
020-00109-0.

Zhu KY, Palli SR. Mechanisms, applications, and
challenges of insect RNA interference. Annu Rev Entomol.
2019;65:293-311.
doi:10.1146/annurev-ento-011019-025114.

Jain PK, Bhattacharya R, Kohli D, Aminedi R, Agrawal PK.
RNA. for resistance against biotic stresses in crop plants. In:
Biotechnologies of Crop Improvement, Vol. 2. Springer;
2018. p. 67-112. doi:10.1007/978-981-10-8535-8_3.

Gaines TA, Duke SO, Morran S, Rigon CAG, Tranel PJ,
Kipper A, et al. Mechanisms of evolved herbicide
resistance. J Biol Chem. 2020;295(30):10307-30.
d0i:10.1074/jbc.REV120.010881.

Deng W, Duan Z, Li Y, Peng C, Yuan S. Multiple
resistance mechanisms involved in glyphosate resistance in
Eleusine indica. Plants. 2022;11(23):3199.
d0i:10.3390/plants11233199.

Kersten S, Chang J, Huber CD, Voichek Y, et al. Standing
genetic variation fuels rapid evolution of herbicide
resistance in  blackgrass. Proc Natl Acad Sci.
2023;120(14):€2216753120. doi:10.1073/pnas.2216753120.
U.S. Environmental Protection Agency. About pesticide
registration. Pesticide Registration Program, US EPA. n.d.
https://www.epa.gov/pesticide-registration/about-pesticide-
registration. Accessed 2024 Nov 6.

Huang G, Allen R, Davis EL, Baum TJ, Hussey RS.
Engineering broad root-knot resistance in transgenic plants
by RNAI silencing of a conserved and essential root-knot
nematode parasitism gene. Proc Natl Acad Sci.
2006;103(39):14302-6. doi:10.1073/pnas.0604698103.
Jiang CJ, Shimono M, Maeda S, Inoue H, Mori M,
Hasegawa M, et al. Suppression of the rice fatty-acid
desaturase gene OsSSI2 enhances resistance to blast and
leaf blight diseases in rice. Mol Plant Microbe Interact.
2009;22(7):820-9. doi:10.1094/MPMI-22-7-0820.

Hily JM, Scorza R, Malinowski T, Zawadzka B,
Ravelonandro M. Stability of gene silencing-based
resistance to plum pox virus in transgenic plum (Prunus
domestica L.) under field conditions. Transgenic Res.
2004;13(5):427-36.
doi:10.1023/B:TRAG.0000040030.39802.2f.

Mao YB, Cai WJ, Wang JW, Hong GJ, Tao XY, Wang LJ,
et al. Silencing a cotton bollworm P450 monooxygenase
gene by plant-mediated RNAI impairs larval tolerance of
gossypol. Nat Biotechnol. 2007;25(11):1307-13.
d0i:10.1038/nbt1352.

Thakur N, Upadhyay SK, Verma PC, Chandrashekar K,
Tuli R, Singh PK. Enhanced whitefly resistance in

217.

28.

29.

30.

31.

32.

33.

34.

35.

~140 ~

https://www.agronomyjournals.com

transgenic tobacco plants expressing double stranded RNA
of v-ATPaseA gene. PL0S One. 2014;9(3):e87235.
doi:10.1371/journal.pone.0087235.

Baum JA, Bogaert T, Clinton W, Heck GR, Feldmann P,
llagan O, et al. Control of coleopteran insect pests through
RNA interference. Nat Biotechnol. 2007;25(11):1322-6.
d0i:10.1038/nbt1359.

Mutti NS, Park Y, Reese JC, Reeck GR. RNAI knockdown
of a salivary transcript leading to lethality in the pea aphid
(Acyrthosiphon  pisum). J Insect Sci. 2006;6(1):1-7.
doi:10.1673/2006_06_38.1.

Pitino M, Coleman AD, Maffei ME, Ridout CJ, Hogenhout
SA. Silencing of aphid genes by dsRNA feeding from
plants. PLoS One. 2011;6(10):e25709.
doi:10.1371/journal.pone.0025709.

Kumar P, Pandit SS, Baldwin IT, Rajam MV. Improvement
of pest resistance in transgenic tobacco plants expressing
dsRNA of an insect gene. Plant Cell Rep. 2012;31(3):449-
58. d0i:10.1007/s00299-011-1186-X.

Dominguez A, Guerri J, Cambra M, Navarro L, Moreno P,
Pefia L. Efficient production of transgenic citrus plants
expressing the coat protein gene of citrus tristeza virus.
Plant Cell Rep. 2002;21:421-7. doi:10.1007/s00299-002-
0525-9.

Escobar MA, Civerolo EL, Summerfelt KR, Dandekar AM.
RNAi-mediated oncogene silencing confers resistance to
crown gall tumorigenesis. Proc Natl Acad Sci.
2001;98(23):13437-42. doi:10.1073/pnas.241276898.
Dandekar AM, Jacob-Wilk D, Perl A, Ulian EC, et al.
Transformation of apple with Agrobacterium oncogenes for
crown gall resistance. Plant Sci. 2004;166(3):715-23.
d0i:10.1016/j.plantsci.2003.10.028.

Zha W, Peng X, Chen R, Du B, Zhu L, He G. Knockdown
of midgut genes by dsRNA-transgenic plant-mediated RNA
interference in the brown planthopper, Nilaparvata lugens.
PLoS One. 2011;6(5):e20504.
doi:10.1371/journal.pone.0020504.

Silfverberg-Dilworth E, et al. Resistance against apple scab
by hairpin RNA-mediated silencing of fungal genes. Plant
Biotechnol J. 2005;3(6):654-62.
doi:10.1111/j.1467-7652.2005.00154.x.


https://www.agronomyjournals.com/

