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RNA Interference-based Pest Management: Advances in Target Gene Discovery, Delivery Technologies, and Commercial Translation toward Sustainable Agriculture.
Abstract

RNA interference (RNAi) is a highly sequence-specific regulatory process that suppresses gene expression at the post-transcriptional level. It serves essential biological functions in eukaryotes, including antiviral defense, control of transposable elements, and regulation of endogenous gene activity. Owing to its high specificity and targeted mode of action, RNAi has gained recognition as a precise and environmentally sustainable tool for next-generation pest management strategies. By targeting essential genes involved in development, metabolism, reproduction, and cellular homeostasis, double-stranded RNA (dsRNA)-mediated silencing induces high mortality, growth inhibition, and reduced fecundity across diverse insect orders. Functional genomic studies have identified numerous high-efficacy targets across insect orders, particularly genes involved in proteasomal degradation, transcriptional regulation, chitin biosynthesis, hormonal signaling (ecdysone pathway), vacuolar ATPase activity, and apoptosis. Host-Induced Gene Silencing (HIGS), Spray-Induced Gene Silencing (SIGS), and plastid-mediated RNAi (PM-RNAi) are multiple delivery mechanisms of dsRNAs. While HIGS and PM-RNAi provide sustained in planta dsRNA expression, SIGS offers a flexible, non-transgenic alternative for rapid field application. Advances in genome-wide target identification, optimized delivery systems, and nanocarrier-mediated stabilization have significantly improved dsRNA stability against UV exposure and nuclease degradation, and RNAi efficacy through transcuticular and gut epithelial uptake. These developments position RNAi as a highly specific, environmentally benign, and scalable biopesticide strategy with strong potential to complement or replace conventional chemical insecticides in integrated pest management programs.
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Introduction
Global food security is largely dependent on effective pest management strategies, as agriculture productivity is challenged by the substantial crop losses from pests and weeds. The chemical pesticides have served as the primary choice for effective pest control for many decades, and their extensive application has resulted in major environmental and biological concerns, such as evolution of pest resistance, ecosystem contamination, residue accumulation, and negative impacts on biodiversity (Fletcher et al. 2020; Barathi et al. 2024). These concerns have driven the search for innovative, environmentally sustainable, and target-specific pest management strategies (Li et al. 2024). RNA interference has gained considerable attention as a precision-based molecular approach to pest control. RNAi is a conserved gene regulatory mechanism in eukaryotes in which, double stranded RNA (dsRNA) molecules trigger sequence-specific degradation of target messenger RNA and effectively silence gene expression (Chen et al. 2025; Mahanta et al. 2025).
After the first discovery in nematode Caenorhabditis elegans (Fire et al. 1998), RNA interference was identified as a conserved gene regulatory mechanism of various growth and development processes in eukaryotes. Because of its ability to silence targeted genes in various agricultural pests, it was later developed into a powerful molecular tool for crop protection through the targeted silencing of essential genes in various agricultural pests. Unlike conventional insecticides that generally affect conserved neurophysiological pathways, RNAi allows highly selective suppression of genes involved in pest survival, development, digestion, reproduction and detoxification. This specificity enables effective pest control while minimizing impacts on beneficial organisms and surrounding ecosystems (Mahanta et al. 2025). Furthermore, dsRNA molecules are biodegradable and typically exhibit limited environmental persistence compared with synthetic agrochemicals, supporting their potential as environmentally safer biopesticides (Rodrigues and Petrick 2020). Novel delivery approaches have significantly improved the feasibility of RNAi-based pest control (Dietz-Pfeilstetter et al. 2021; Vatanparast et al. 2024; Chen et al. 2025). The exogenous application of formulations of dsRNA and siRNAs have emerged as novel frontiers of pest management for their transformative potential for sustainable agriculture (Christiaens et al. 2020). In parallel, improvements in dsRNA production technologies, including microbial fermentation and rolling-circle transcription systems, have increased scalability and reduced production costs (Chen et al. 2023). These developments have accelerated commercialization efforts, culminating in the regulatory approval of the first sprayable RNAi based insecticides targeting coleopteran pests. Despite these advances, several challenges remain, including the identification of optimal target genes, improvement of delivery efficiency in less responsive species, and comprehensive environmental risk assessment (Zarrabian and Sherif 2024; Cedden et al. 2025; Cedden and Bucher 2025). This review addresses the molecular mechanism of RNAi-based pesticides, its different delivery method of pest management, applications and challenges. 
Molecular mechanism of RNAi based pest control

The most extensively investigated RNA interference (RNAi) method for controlling insect pests is small interfering RNA (siRNA) mediated RNAi. The success of RNAi-based pest management depends on efficient dsRNA uptake, intracellular transport and processing within target organism. Following ingestion or environmental exposure, dsRNA molecules enter insect cells and are processed by the RNase III enzyme Dicer, which cleaves long dsRNA molecules into 21-25nt small interfering RNAs (siRNAs) of approximately 21-25nucleotides. The siRNAs are subsequently integrated into the RNA-induced silencing complex (RISC) and the siRNA duplex unwinds and the passenger strand is removed, leaving the guide strand to direct sequence-specific cleavage of complimentary target mRNA in the RISC assembly.  Argonaute -2 (Ago2) protein, the catalytic component of the RISC mediates target mRNA cleavage, resulting post-transcriptional gene silencing. Along with AGO-2, the dsRNA binding protein R2D2 is also involved in the siRNA duplex loading, recognition and cleavage of dsRNAs (Ortolá and Daròs 2024), Genes involved in growth, reproduction, detoxification and cellular maintenance have been successfully targeted using siRNA mediated RNAi in most significant pests (Liu et al. 2020; Palli 2023). The overall pathway of cytoplasmic RNA interference pathway in insects is illustrated in Figure 1.
Efficient gene silencing depends critically on the successful internalization and systemic distribution of dsRNA within insect tissues. In many insects, dsRNA uptake occurs through SID-1 like transmembrane channels, which facilitate passive transport of dsRNA across cell membranes. In addition, clathrin mediated endocytosis plays an important role in the active internalization of extracellular dsRNA molecules into endocytic vesicles (Zhang et al. 2024). Hemolymph mediated mechanisms may facilitate the systemic transport of dsRNA after cellular entrance. Apolipophorin III (LmApoLp-III) has been found to be a significant hemolymph carrier in Locusta migratoria that enables receptor-mediated endocytosis to transfer dsRNA to tissues including the fat body (Yang et al. 2025). Such systemic transport mechanisms enable RNAi signals to spread beyond the initial site of uptake, thereby enhancing the overall efficiency of gene silencing.
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Fig 1: cytoplasmic RNA interference pathway in insects

However, several biological barriers can limit RNAi efficiency in insect groups. One of the major obstacles is the presence of dsRNA-degrading nucleases (dsRNAs) in the insect midgut, which can rapidly degrade ingested dsRNA molecules before they reach the target cells. This degradation process is particularly pronounced in many lepidopteran insects, contributing to their relatively lower sensitivity to RNAi based control strategies (Wytinck et al. 2020). Overcoming such barriers through improved dsRNA design, protective formulations, or nanoparticle-assisted delivery systems remains a major focus of current research. The key gene targets of RNAi mediated pest management are summarized in Figure 2.
Figure 2. Major gene targets of RNAi mediated pest management 
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RNAi Target Discovery

The recent developments in transcriptomics and functional genomics have accelerated the rapid identification of efficient RNAi target genes in insect pests. In model insects like Tribolium castaneum, RNA sequencing (RNA-seq) and genome-wide RNAi screening techniques enabled the identification of critical genes involved in survival, development, transcriptional control, and proteasomal activity. These methods offered a more effective way to identify the RNAi targets, compared to the traditional candidate gene selection techniques (Knorr et al. 2018; Cedden and Bucher 2025). Furthermore, the bioinformatic techniques and computational screening tools are widely incorporated in the experiments to find species-specific RNAi target genes, forecast dsRNA efficiency, and to reduced possible off-target effects on non-target organisms. This will further enhance the specificity and biosafety aspects of RNAi-based pest management systems (Mehlhorn et al. 2021; Zhao et al. 2024).  Recently artificial intelligence and machine learning -assisted approaches are emerging as promising tools for accelerating RNAi target discovery and dsRNA optimization. Integration of transcriptomics, bioinformatics, and AI assisted prediction tools can tremendously improve the precision, efficiency and practical applicability of RNAi based bioinsecticides for sustainable agriculture (Palli 2023; Zhao et al. 2024). 
The efficiency in insect pest management systems requires careful optimisation of dsRNA design parameters such as dsRNA length, GC content, sequence accessibility and secondary structure stability.  Long dsRNA molecules (>60nt) produce more siRNAs during Dicer-mediated processing, and shows higher gene silencing efficacy in insect pests. Short dsRNAs (<27nt) frequently exhibit poor knock down efficacy (Mendoza-Alatorre et al. 2025). Meanwhile, excessively long dsRNA molecules decrease delivery effectiveness and increase off-target effects. A moderate GC level (~50%) is found to be advantageous for preserving duplex stability while promoting effective RISC loading and Dicer processing. Thermodynamic stability and structural accessibility of target areas are also key important factors. Along with the dsRNA sequence selection, the reduced unintended off-target impacts on non-target animals has to be ensured through bioinformatic and computational techniques. Species-specific target regions with minimal sequence homology to beneficial insects and other non-target species has to be selected for the dsRNA synthesis. The recent computational platforms such as dsRIP enables rational dsRNA design from insect pests by analysing sequence composition, thermodynamic asymmetry, target accessibility and siRNA generation potential (Cedden et al. 2025). These computational techniques promote the creation of more accurate and ecologically friendly RNAi technologies while also enhancing the specificity, biosafety, and general efficiency of RNAi based pest management techniques (Cedden et al. 2025; Cedden and Bucher 2025).
Target Genes for RNAi-Based Pest Control

The insect pests that belong to Lepidoptera, Coleoptera and Hemiptera orders were largely targeted through RNAi based pest management (Germing et al. 2025). Successful RNAi based pest management relies on the strategic selection of gene targets that are crucial for insect survival, development, or reproduction. High specificity of gene silencing and single copy target genes with distinguishable phenotype are considered as important factors determining the success of RNA interference (RNAi) (Cooper et al. 2021). These gene targets typically fall into several functional categories, including housekeeping genes involved in cellular maintenance, developmental and reproductive regulators, and detoxification and resistance associated genes (Zeng et al. 2021a, b). Other important targets include genes related to digestive and gut physiology, neural signalling and signal transduction, immune and stress response pathways as well as cuticle formation and molting processes.
Coleopteran insects are among the most important pests influencing agricultural productivity globally, and RNA interference has emerged as a promising approach for the control of coleopteran pests, as chemical pesticides are raised concerns about the environment and human health effects (Barathi et al. 2024). Targeting essential genes involved in fundamental cellular processes has emerged as a promising RNAi strategy. Genes encoding vacuolar vATPase (vATPase) subunits are established RNAi targets that disrupt proton transport and intracellular pH regulation (Knorr et al. 2018). The transcription-associated genes Spt5, Spt6, and RPII-33 have also been identified as effective RNAi targets causing substantial mortality in insects (Knorr et al. 2021). More recently, PSMB5 gene that encodes the β5 catalytic subunit of the 20S proteasome was reported as promising target, as the silencing impairs the proteasomal function and protein homeostasis (Vatanparast and Amari 2025; Wang et al. 2025; Graser et al. 2025). These finding indicate that the disruption of fundamental cellular processes including ion transport, transcription, vesicle trafficking, cellular homeostasis and protein degradation can affect vital cellular functions, resulting in cellular dysfunction, growth inhibition and high mortality in target insects (Knorr et al. 2021; Zeng et al. 2021a). Whereas, targeting the developmental and reproductive genes, including Ecdysone receptor (EcR) (Ullah et al. 2022) and chitin synthase A (CHSA) can disrupt the endocrine signaling and developmental pathways causing molting defects, impaired metamorphosis, abnormal segmentation and reduced reproductive success. Targeting HvFTZ-F1 and vATPase B disrupted the development and reduced fecundity in Henosepilachna vigintioctopunctata (Wu et al. 2022).

Large scale functional screening approaches were employed for the identification of effective RNAi targets in the insect pests. Genome-wide RNAi screening relies on suitable model organisms to systematically evaluate gene function and identify essential genes that can function as potential targets for pest management. These model-based screening efforts have provided a strategic framework for identifying RNAi targets in agriculturally important pests that are less amenable to high throughput functional genomics. In model coleopteran insect, Tribolium castaneum several genes were identified as effective targets, including proteasome-associated genes, ncm, Rop, RPII-140, and dre4 (Knorr et al. 2018). Subsequent genome-wide RNAi screening in T. castaneum further identified a number of highly efficient target genes linked to transcriptional regulation, cellular maintenance and proteasomal degradation (Buer et al. 2025). Based on the results from the genetic screening experiments in T. castaneum, effective RNAi mediated silencing of conserved orthologous target genes through oral dsRNA delivery and microinjection has shown substantial growth suppression and mortality in insect pests. 

RNA interference (RNAi) has been widely recognized as a promising and environmentally sustainable strategy for controlling coleopteran and hemipteran pests. In the pollen beetle (Brassicogethes aeneus) and the Asian long-horned beetle (Anoplophora glabripennis), dsRNA-mediated gene silencing has demonstrated significant efficacy following injection-based delivery (Dhandapani et al. 2020). In A. glabripennis, two essential genes such as inhibitor of apoptosis (IAP) and SNF7 (vacuolar sorting protein) were targeted through RNAi. Microinjection of dsRNA into both larvae and adults resulted in strong gene knockdown and complete (100%) mortality. Recognizing that injection is impractical under field conditions, researchers successfully delivered dsRNA via heat-killed bacteria expressing target-specific dsRNA, which also induced lethal effects (Dhandapani et al. 2020).

RNAi has also been explored as a broad-spectrum approach for controlling major lepidopteran pests, including Spodoptera litura, Chilo partellus, Plutella xylostella, and Maruca vitrata, by targeting the chitin synthase A (CHSA) gene. Exogenous dsRNA delivery induced lethal phenotypes and reduced larval survival, while plant-mediated RNAi via transgenic tobacco expressing dsSlCHSA resulted in developmental abnormalities in both larval and adult stages (Rana et al. 2020). Furthermore, RNAi has been integrated with Bacillus thuringiensis (Bt)-based control strategies. Lepidopteran pests can repair Bt induced pore formation through midgut regeneration pathways involving Egfr and Stmn4 within the JNK/JAK-STAT signaling cascade. Silencing these genes using dsRNA nanoparticles enhanced susceptibility to Bt toxins. The combined Bt dsRNA nano-biopesticide represents a synergistic and eco-friendly approach to improving pest control efficacy while reducing chemical pesticide usage (Ni et al. 2017). Other significant lepidopteran pests including Helicoverpa armigera and Spodoptera frugiperda have also been investigated using RNAi-based methods. Targeting cytochrome P450 genes, vacuolar ATPase subunits, and genes linked to chitin metabolism all of which are important in detoxification, moulting, and cellular maintenance has led to decreased larval survival, aberrant growth, and decreased feeding activity, Plant-mediated RNA interference (PMRi) has the potential to reduce pests; in H. armigera, ingestion of dsRNA targeting several genes related to development and reproduction dramatically decreased larval growth, moulting, and survival (Rana et al. 2020; Sharif et al. 2022; Bera et al. 2025). However, due to ineffective intracellular transport mechanisms and quick dsRNA destruction by gut nucleases, RNAi effectiveness in many lepidopteran insects is still rather poor, requiring the creation of better dsRNA formulations and delivery methods. 

In hemipteran pests such as the brown planthopper (Nilaparvata lugens) and white-backed planthopper (Sogatella furcifera), RNAi targeting genes involved in ion transport and signaling pathways, including calmodulin (CaM), ecdysone receptor (EcR), and vacuolar H⁺-ATPase (V-ATPase) subunits, has resulted in impaired molting, reduced fecundity, and increased mortality (Zeng et al. 2021a, b). Silencing the vacuolar-type H⁺-ATPase subunits SfVHA-F, SfVHA-a2, and SfVHA-c2 using microinjection and spray-induced RNAi dramatically decreased target gene expression and vATPase activity in Sogatella furcifera. Additionally, the natural predator Cyrtorhinus lividipennis showed few negative impacts from nanoparticle-mediated dsRNA sprays, indicating the environmental safety of RNAi-based pest management techniques (Ma et al. 2024). Similarly, in aphids and whiteflies, silencing of genes associated with feeding and osmoregulation, such as C002 salivary protein, cathepsin L, and aquaporins, disrupts nutrient uptake and reduces survival.

RNAi has also demonstrated effectiveness in mites and thrips, and silencing of the target genes AvCOPB2 and AvProsbeta5 of spider mite Amphitetranychus viennensis resulted in more than 95% mortality, accompanied by minimal foliar injury. Among the two, AvProsbeta5 emerged as a particularly effective candidate, significantly suppressing mite populations and reducing plant damage (Duan et al. 2025). These studies collectively indicate that RNAi can be applied across diverse arthropod taxa, although the efficiency of gene silencing often depends on optimized dsRNA delivery systems and appropriate selection of target genes. Table 1 summarises the Insect pests targeted by RNA interference (RNAi), their gene targets, delivery approaches, and effects of gene silencing.

Table 1: Insect pests targeted by RNA interference (RNAi), their gene targets, delivery approaches, and effects of gene silencing

	Scientific Name
	Target Gene(s) 
	RNAi Delivery Method
	Observed Phenotype / Impact
	Reference

	Spodoptera litura 
	CHSA
	Exogenous dsRNA; transgenic plants
	Lethal phenotypes; developmental abnormalities
	(Rana et al. 2020)

	 Tuta absoluta
	Ryanodine receptor (TaRy)
	Ex vivo dsRNA delivery to leaflets (topical dosing)
	Significant target knockdown, reduced leaf damage and increased mortality in lab assays
	(Askew et al. 2024)

	Diabrotica virgifera
	DvSnf7, ATPase, chromatin remodeling genes
	Feeding / transgenic plants
	Disruption of endosomal sorting and high mortality
	(Shi et al. 2026)

	Henosepilachna vigintioctopunctata
	vATPase B, FTZ-F1, Prosbeta5, ABCH1, Hel25E, Srp54k
	Dietary & bacterially expressed dsRNA
	High mortality; developmental defects; fecundity reduction
	(Chen et al. 2023)

	Rhynchophorus ferrugineus
	SCP, Actin, EcR, CBP
	Sprayable RNAi feeding
	90–97% gene suppression; lower survival & reduced weight in instars
	(Sattar et al. 2024)

	Leptinotarsa decemlineata (PM-RNAi enhancement)
	dsRNase + essential genes
	Plastid-mediated RNAi
	Improved dsRNA accumulation and enhanced mortality
	(Li et al. 2023)

	Leptinotarsa decemlineata
	β-actin, bHLH TFs, inhibitor of apoptosis
	Feeding / injection
	Reduced cellular integrity and larval death
	(Duanmu et al. 2025)

	Anoplophora glabripennis
	IAP, SNF7
	dsRNA injection; heat-killed bacteria feeding
	100% mortality & strong knockdown; oral delivery of bacteria expressing dsRNA effective
	(Dhandapani et al. 2020)

	Brassicogethes aeneus
	αCOP
	dsRNA injection; oral dsRNA
	100% mortality (injection); 43–89% mortality (oral)
	(Willow et al. 2021)

	Bactrocera dorsalis
	Transformer-2 (Tra-2), Actin
	Sex determination and cellular structure
	Reduced fertility and larval survival
	(Christiaens et al. 2020)

	Frankliniella occidentalis 
	Optimized dsRNA region
	LDH nanoparticle spray
	Pest reduction comparable to conventional insecticide
	(Khan et al. 2025)

	Tetranychus urticae
	V-ATPase, COPB2, Prosbeta5
	Energy metabolism and proteasome function
	Reduced feeding, mortality, population suppression
	(Duan et al. 2025)

	Amphitetranychus viennensis
	AvProsbeta5
	Proteasome β subunit
	Reduced plant damage and mite populations
	(Duan et al. 2025)


RNAi delivery strategies

Development of efficient dsRNA delivery systems is another challenge following the identification of an effective target gene in RNAi-based pest management. Several strategies have been employed, including microinjection, incorporation of dsRNA into artificial diets, expression of dsRNA in transgenic plants (host-induced gene silencing), and topical dsRNA sprays (Spray-Induced Gene Silencing (SIGS). Among these, microinjection and dietary delivery have been most commonly used for laboratory validation studies. Effective deployment of RNA interference (RNAi) for field-based pest control depends on the development of reliable and efficient dsRNA delivery systems. Consequently, considerable research has focused on developing innovative delivery technologies that improve dsRNA stability, uptake, and gene-silencing efficiency in target insects (Fig 3). The two most researched and widely used dsRNA delivery methods for RNAi-based pest control are Host-Induced Gene Silencing (HIGS) and Spray-Induced Gene Silencing (SIGS). Furthermore, new methods including plastid-mediated RNA interference, microbial-mediated transport, and formulations aided by nanoparticles have enhanced dsRNA stability, bioavailability, and gene-silencing effectiveness in field settings. 

RNAi-based pest control strategies primarily focused on host-induced gene silencing (HIGS), where crop plants were genetically engineered to produce double stranded RNA (dsRNA)molecules targeting essential genes of insect pests. In such systems, pest ingest plant-derived dsRNA during feeding, triggering RNAi mediated gene silencing within the insect (Christiaens et al. 2020; Dietz-Pfeilstetter et al. 2021). More recently, attention has shifted towards exogenous RNAi applications, particularly spray-induced gene silencing (SIGS), where dsRNA molecules are applied directly onto plant surfaces as RNA-based biopesticides (Vatanparast et al. 2024; Chen et al. 2025). The high target specificity, rapid biodegradability, and minimal persistence in the environment make them attractive candidates for next generation plant protection products (Rodrigues and Petrick 2020). 

Host-Induced Gene Silencing (HIGS) 

HIGS is a plant-mediated RNAi strategy in which crop plants are genetically engineered to constitutively express double-stranded RNA (dsRNA) molecules designed against essential genes of target pests. The dsRNA is typically expressed from nuclear transgenes under tissue-specific or constitutive promoters and accumulates in plant tissues consumed by herbivorous insects. Upon feeding, the insect ingests the dsRNA, which is processed by the insect’s RNAi machinery via Dicer-mediated cleavage into small interfering RNAs (siRNAs) and subsequent incorporation into the RNA-induced silencing complex (RISC) leading to sequence-specific degradation of the target mRNA and suppression of vital physiological functions (Yan et al. 2021). HIGS provides continuous, in planta protection throughout the crop lifecycle and can be highly effective against pests with strong systemic RNAi responses, particularly many coleopteran species. Additionally, it reduces the need for repeated external applications, thereby potentially lowering production costs and minimizing environmental exposure compared to conventional chemical insecticides. Because HIGS involves stable genomic modification of the host plant, it falls under regulatory frameworks governing genetically modified organisms (GMOs). These regulations often require comprehensive environmental risk assessments, molecular characterization, and food/feed safety evaluations prior to commercialization, which can increase development timelines and (costs). Public perception and market acceptance of transgenic crops may further influence adoption rates. While HIGS represents a powerful and durable RNAi delivery platform, its large-scale deployment depends on regulatory approval processes and socio-economic considerations.

Plant Organelle-Based RNAi Delivery

Plastid-mediated RNA interference (PM-RNAi) is an advanced extension of plant-based RNAi delivery systems in which the chloroplast (plastid) genome is genetically engineered to produce and accumulate high quantities of double-stranded RNA (dsRNA). Unlike nuclear transformation used in conventional HIGS approaches, chloroplast transformation enables robust dsRNA expression due to the high copy number of plastid genomes per cell and the absence of RNAi-mediated processing within the chloroplast. As a result, long, intact dsRNA molecules accumulate to elevated levels, increasing the likelihood of effective uptake by herbivorous insects during feeding (Li et al. 2023). PM-RNAi is advantageous against coleopteran pests, which typically exhibit strong systemic RNAi responses. Enhanced dsRNA accumulation in chloroplasts improves gene silencing efficiency and can lead to substantial growth inhibition or mortality in sensitive beetle species. Furthermore, this strategy can be optimized by co-targeting insect dsRNA-degrading enzymes (dsRNases), which are major barriers to RNAi efficacy in several insect groups. Silencing dsRNase genes reduces dsRNA breakdown within the insect gut, thereby increasing dsRNA stability, uptake, and downstream gene knockdown efficiency (Yan et al. 2021; Li et al. 2023). Because plastid genomes are generally maternally inherited in most crops, PM-RNAi may also reduce transgene flow via pollen, potentially offering certain biosafety advantages. Nevertheless, as with other transgenic approaches, PM-RNAi remains subject to regulatory oversight governing genetically modified organisms. Overall, plastid-mediated RNAi represents a highly potent and technically refined platform for enhancing dsRNA expression, stability, and insecticidal performance in RNAi-based pest management systems.

Spray-Induced Gene Silencing

Spray-Induced Gene Silencing (SIGS) involves the topical application of formulated double-stranded RNA (dsRNA) onto plant surfaces, where it is subsequently acquired by target pests through feeding activity, contact exposure, or, in some cases, cuticular penetration. Unlike transgenic approaches such as Host-Induced Gene Silencing (HIGS), SIGS does not require stable genetic modification of the crop genome, thereby enabling a more flexible and rapid deployment strategy. The dsRNA used in SIGS can be generated through in vitro synthesis or microbial production systems and is often combined with stabilizing agents or nanocarriers to enhance environmental persistence, resistance to nuclease degradation, and cellular uptake efficiency (Yan et al. 2021; Qiao et al. 2024).

SIGS offers several practical advantages over transgenic systems, including shorter development timelines, lower initial investment, and compatibility with conventional spray-based agricultural practices. Moreover, because the approach does not involve heritable genetic modification of the plant, certain regulatory authorities such as in Australia may classify specific SIGS applications as non-GMO under defined conditions, potentially facilitating regulatory approval and public acceptance (Vatanparast et al. 2024). These attributes make SIGS a cost-effective, scalable, and adaptable technology for integrated pest management programs, particularly in scenarios requiring rapid response to emerging pest pressures or resistance development.

RNAi responsiveness varies substantially among insect taxa. Coleopteran species generally exhibit robust RNAi responses, whereas many lepidopterans show limited sensitivity. Reduced efficacy in lepidopterans, such as Heliothis virescens, has been attributed to rapid dsRNA degradation, inefficient cellular uptake, and poor processing of dsRNA into siRNAs (Shukla et al. 2016). To translate RNAi into effective crop protection tools, improvements are needed in dsRNA stability, delivery efficiency, and uptake mechanisms, while ensuring minimal off-target impacts on non-target organisms (Mamta and Rajam 2017). Such refinements are critical for advancing RNAi as a next-generation, sustainable pest control technology, thereby supporting environmentally responsible agriculture with reduced risks to human and ecosystem health (Fletcher et al. 2020).

Microbial Mediated dsRNA Delivery

An emerging and promising strategy for RNA interference-based pest control involves the use of engineered microorganisms capable of synthesizing double-stranded RNA (dsRNA) molecules targeting essential genes in insect pests. Microbial expression systems such as bacteria, yeast, and symbiotic microorganisms have been successfully employed to produce dsRNA that can trigger RNAi-mediated gene silencing following ingestion by insect pests (Chen et al. 2025). Studies have demonstrated that dsRNA produced in genetically modified yeast or bacteria can significantly reduce pest survival and reproductive fitness after oral delivery, highlighting the feasibility of microbial platforms for RNAi-mediated pest suppression. 

Plant colonizing endophyte mediated RNAi represents a promising next-generation biological delivery strategy for RNA-based pest control. While HIGS requires stable plant genetic transformation and SIGS relies on repeated external application of dsRNA formulations, endophyte mediated RNAi enables biological delivery of dsRNA through naturally colonizing microbes, potentially allowing sustained production of RNA molecules within plant tissues (Figueiredo et al. 2025). Because endophytes can spread systemically within plants, they may provide a long-lasting and self-replenishing source of dsRNA. Engineered bacterial endophytes such as Pseudomonas, Bacillus, and Enterobacter species can be modified to produce dsRNA molecules targeting essential insect genes. Similarly, fungal endophytes, including species of Beauveria, Metarhizium, and Trichoderma, have demonstrated potential as dsRNA delivery platforms. When insects feed on colonized plants, the dsRNA molecules produced by these microbes enter the insect gut and initiate RNAi-mediated gene silencing of target genes associated with survival, digestion, or development. This strategy, which uses microbial symbionts as vectors to deliver gene-silencing molecules to pests, has been proposed as a type of symbiont-mediated RNA interference (SMR), also known as Microbe-Induced Gene Silencing (MIGS) (Figueiredo et al. 2025).

Microbial-based delivery systems provide several advantages compared with conventional in vitro dsRNA synthesis approaches. These systems enable cost effective and scalable dsRNA production through fermentation-based processes, allowing large quantities of dsRNA to be produced at lower cost for agricultural applications (Chen et al. 2023). Additionally, engineered microbial symbionts or gut associated bacteria can act as biological delivery vehicles that continuously express dsRNA within the insect host, thereby enhancing RNAi efficiency and persistence (Figueiredo et al. 2025). Another advantage of microbial RNAi platforms is the potential development of microbial biopesticide formulations, which could be applied similarly to conventional microbial pesticides used in integrated pest management programs. These formulations may improve dsRNA stability and facilitate oral uptake by insect pests feeding on treated plants or microbial preparations (Germing et al. 2025). Despite these advantages, several challenges remain before microbial mediated RNAi can be widely deployed in agriculture. Potential concerns include environmental persistence of engineered microorganisms, unintended ecological interactions, and possible impacts on non-target organisms, which necessitate careful biosafety evaluation (Luo et al. 2024). Consequently, further research is required to optimize microbial delivery systems and to develop robust environmental risk assessment frameworks for their safe use in crop protection.

Nanoparticle-Based dsRNA Delivery

Nanotechnology-based delivery systems have emerged as critical tools for overcoming key limitations in RNAi-mediated pest control, particularly dsRNA instability and inefficient cellular uptake. Naked dsRNA is highly susceptible to degradation by environmental factors such as UV radiation, temperature fluctuations, and microbial activity, as well as by endogenous nucleases present in insect saliva and midgut fluids. Nanocarriers provide a protective matrix that shields dsRNA from enzymatic degradation, prolongs environmental persistence, and enhances transmembrane transport into target cells, thereby significantly improving gene silencing efficiency (Zarrabian and Sherif 2024; Chen et al. 2025). Various nanoparticle platforms have been explored, including layered double hydroxide (LDH) clay nanosheets, polymeric nanoparticles, liposomes, and carbon nanotubes.

Among these systems, clay nanosheet-based delivery platforms have shown particular promise for sprayable RNAi formulations. These nanomaterials can bind dsRNA molecules and enable gradual release, thereby increasing persistence on plant surfaces and improving pest uptake. Similarly, nanoparticle-mediated delivery systems have been shown to enhance dsRNA stability and gene-silencing efficiency in several insect pests (Ghosh et al. 2023; Chen et al. 2025). Layered Double Hydroxide (LDH) nanosheets function as non-viral gene delivery platforms capable of adsorbing and gradually releasing dsRNA. This controlled release property enhances cellular internalization and prolongs dsRNA stability on plant surfaces, improving field level persistence (Yong et al. 2021; Cheng et al. 2024). In addition, nanocarrier systems such as star polycation (SPc) based platforms have shown strong protective capacity against degradation by midgut fluids and RNase A. These carriers improve dsRNA stability under diverse environmental conditions and facilitate enhanced transcuticular penetration and intracellular delivery and improving systemic RNAi responses under variable environmental conditions in insects, thereby increasing overall RNAi efficacy (Qiao et al. 2024). Recently, carbon nanotube-mediated RNAi targeting essential genes, like vitellogenin receptor and ryanodine receptor was reported as a promising approach for controlling whitefly (Bemisia tabaci (Kumari et al. 2026). 

Chitosan-based nanoparticles have been widely investigated due to their biodegradability, biocompatibility, and positive surface charge, which facilitates electrostatic interaction with negatively charged dsRNA. In insects such as Locusta migratoria and Bombyx mori, chitosan mediated delivery improved dsRNA stability, enhanced gut uptake, and resulted in stronger target gene knockdown compared to naked dsRNA (Chen et al. 2025). By co-delivering calmodulin-targeting dsRNAs (GmCaM and CcCaM) with cyantraniliprole, an environmentally friendly nanoparticle-mediated ternary biopesticide system was created to control Grapholita molesta and Cacopsylla chinensis in pear orchards. This increased pest sensitivity to the insecticide, decreased pesticide dosage, and reduced risks to natural enemy insects (Li et al. 2024). Collectively, these delivery strategies, when integrated with nanotechnology enabled stabilization approaches, are facilitating the effective translation of RNAi into field-applicable, sustainable, and highly targeted pest management solutions.

Mass Production and Synthesis Methodologies

Double-stranded RNA (dsRNA) for RNA interference (RNAi) applications can be generated through both in vitro transcription systems and in vivo biological production platforms, each offering distinct advantages in scalability, cost, and product quality. In vitro synthesis most commonly employs T7 RNA polymerase mediated transcription using PCR amplified DNA templates flanked by opposing T7 promoter sequences (Sundaresha et al. 2022; Chen et al. 2025). This strategy enables the independent synthesis of complementary sense and antisense RNA strands, which subsequently anneal to form functional dsRNA molecules. Optimization strategies include the use of convergent or divergent T7 promoters depending on dsRNA length requirements, incorporation of transcriptional terminators to improve transcript integrity, and purification methods to remove residual single-stranded RNA or DNA contaminants (Dietz-Pfeilstetter et al. 2021; Ross et al. 2025).

Another widely used strategy entails inserting target gene fragments into plasmid vectors such as L4440, which harbor two oppositely oriented (convergent) T7 promoters. Upon induction, these promoters drive bidirectional transcription, producing complementary RNA strands that anneal within the cell to form double-stranded RNA (dsRNA). For industrial-scale production, in vivo expression systems based on RNase III-deficient Escherichia coli strains, such as HT115/DE3, are commonly utilized. In these strains, IPTG induction activates T7 RNA polymerase, leading to robust intracellular accumulation of dsRNA while minimizing enzymatic degradation. This bacterial platform offers a scalable, economical, and efficient method for generating dsRNA suitable for agricultural RNAi applications (Sundaresha et al. 2022).

More recently, promoter-free rolling circle transcription (pfRCT) has emerged as an innovative and streamlined alternative for dsRNA synthesis. This technique employs a circular double-stranded DNA template incorporating a transcriptional “bubble” structure, enabling concurrent synthesis of complementary RNA strands without the need for conventional promoter sequences. Subsequent RNase H treatment cleaves the transcript into dsRNA fragments of defined lengths in a single-reaction (one-pot) format, thereby improving production efficiency, reducing processing steps, and enhancing scalability for large-scale applications (Chen et al. 2023). Large-scale dsRNA production is made easier by microbial expression methods, which may also enable upcoming biological delivery technologies for RNAi-based pest control.

Environmental Benefits and sustainability of RNAi-Based Bioinsecticides

One of the most important environmental advantages of RNAi bioinsecticides is their exceptional species specificity. Double-stranded RNA (dsRNA) molecules are designed to match unique nucleotide sequences in the target pest’s genome. Gene silencing occurs only when sufficient sequence complementarity exists between the dsRNA-derived small interfering RNA (siRNA) and the pest’s messenger RNA. As a result, RNAi technologies can be precisely developed to target individual pest species or closely related taxa, thereby minimizing unintended effects on beneficial organisms such as pollinators (e.g., bees), natural predators and parasitoids, soil microfauna, and other non-target arthropods (Taning et al. 2020). Although RNAi-based bioinsecticides are generally regarded as environmentally safer than conventional chemical pesticides due to their sequence specific mode of action and rapid biodegradability, comprehensive environmental risk assessments are essential before large-scale application (Zotti et al. 2018; Taning et al. 2020). Risk assessment frameworks typically evaluate off-target effects, environmental persistence, exposure pathways, and potential resistance development in target pest populations (Papadopoulou et al. 2020).

Environmental and ecological risks of RNAi-Based Bioinsecticides
A major concern associated with RNAi-based pest control is the possibility of off-target gene silencing in non-target organisms, including beneficial insects such as pollinators, parasitoids, and predators. Since RNA interference operates through sequence complementarity between small interfering RNAs (siRNAs) and messenger RNA (mRNA), unintended suppression of genes could theoretically occur if similar gene sequences are present in non-target species (Mitter et al. 2017). However, effective RNAi generally requires a high degree of sequence identity that greatly reduces the probability of off-target gene silencing in distantly related organisms. To further minimize such risks, bioinformatic screening tools are commonly used during dsRNA design to ensure minimal sequence similarity with genes from beneficial species (Papadopoulou et al. 2020). Experimental evaluations of RNAi crops targeting the western corn rootworm (Diabrotica virgifera virgifera) have reported negligible effects on non-target arthropods, including pollinators and beneficial predatory insects. Nevertheless, comprehensive ecological risk assessments remain essential before the widespread field deployment of RNAi-based pest control technologies.

The environmental fate of dsRNA molecules is another important consideration in risk assessment. Following application through spray-induced gene silencing (SIGS) or plant-incorporated protectants, dsRNA molecules may enter soil, water, and plant residues (Mitter et al. 2017). Studies indicate that dsRNA molecules generally undergo rapid degradation in the environment due to several factors, including microbial nuclease activity, enzymatic degradation, and exposure to ultraviolet radiation (Fletcher et al. 2020). Soil microorganisms play a major role in dsRNA degradation, leading to relatively short environmental persistence compared with many synthetic pesticides. Additionally, dsRNA molecules may bind to soil particles, which can influence their stability and availability for uptake by organisms. Overall, the rapid degradation of dsRNA significantly reduces the risk of long-term environmental accumulation.

Environmental risk assessments also examine the possible routes through which non-target organisms may be exposed to dsRNA molecules. Such exposure can occur through several pathways, including direct consumption of dsRNA-treated plant tissues, contact with sprayed dsRNA formulations, and indirect exposure through trophic interactions, where predators consume prey that have ingested dsRNA (Papadopoulou et al. 2020). The trophic transfer of dsRNA seldom leads to effective gene silencing in organisms at higher trophic levels, primarily because dsRNA molecules are rapidly degraded and are inefficiently taken up by predators and parasitoids (Taning et al. 2020). Nevertheless, further controlled laboratory and field investigations are necessary to better characterize ecological exposure pathways and evaluate potential environmental impacts.

The long-term effectiveness of RNAi-based pest control may be affected by the emergence of resistance in target pest populations. Several mechanisms could contribute to resistance, including reduced uptake of dsRNA molecules, elevated activity of dsRNA-degrading enzymes, mutations in genes associated with the RNAi machinery, or alterations in the nucleotide sequence of the target gene. There have been reports of decreased RNAi sensitivity in a number of insect species, especially lepidopteran pests. Reduced RNAi efficacy in Heliothis virescens was linked to ineffective intracellular transport and quick dsRNA degradation, which led to restricted gene silencing responses (Shukla et al. 2016). Furthermore, western corn rootworm (Diabrotica virgifera virgifera) resistant to dsRNA targeting DvSnf7 showed decreased cellular uptake of dsRNA in laboratory-selected populations, which resulted in decreased RNA interference efficacy (Khajuria et al. 2018). These results emphasise the significance of resistance management techniques for long-term RNAi-based pest control and suggest that changes in dsRNA absorption, intracellular transport pathways, and dsRNase activity may lead to decreased RNAi sensitivity. To reduce the likelihood of resistance development, various strategies have been suggested. These include simultaneously targeting multiple genes, rotating different dsRNA targets, and integrating RNAi approaches with other pest management strategies, such as biological control agents or microbial insecticides (Zotti et al. 2018).

Commercial Landmarks and Regulatory Frameworks for RNAi-Based Bioinsecticides

The commercialization of RNA interference (RNAi)-based pesticides (Table 2) marks a significant milestone in the transition from laboratory validation to field-level implementation. Approved RNAi-based products primarily target essential genes involved in cellular trafficking, gut integrity, and proteasome function, such as DvSnf7, DvSSJ1, and proteasome subunits, enabling species-specific and environmentally safer pest control strategies (Duanmu et al. 2025). One of the most prominent examples is Ledprona, a sprayable dsRNA-based biopesticide targeting the Colorado potato beetle (Leptinotarsa decemlineata). Ledprona functions by silencing the proteasome subunit beta type-5 (PSMB5) gene, which is essential for cellular protein degradation (Rodrigues and Petrick 2020; Duanmu et al. 2025). In 2023–2024, Ledprona received regulatory approval from the United States Environmental Protection Agency (EPA), becoming the first externally applied RNAi insecticide registered for commercial agricultural use in the United States (Dietz-Pfeilstetter et al. 2021). This approval demonstrated that dsRNA products can be assessed within existing pesticide regulatory frameworks using product-specific environmental and toxicological data. Several additional RNAi-based products are currently in advanced development stages. 

	Product / Technology
	Company / Developer
	Target Pest (RNAi Component)
	Target Gene
	Delivery Strategy
	Crop 
	Regulatory Status

	SmartStax® PRO
	Monsanto (Bayer)
	Diabrotica virgifera

virgifera
	DvSnf7 
	HIGS
	Maize
	EPA Approved (USA)

	DP23211
	Corteva Agriscience
	Diabrotica virgifera virgifera
	DvSSJ1
	HIGS
	Maize
	EPA registered (USA)

	Vorceed™ Enlist®
	Corteva Agriscience
	Diabrotica virgifera virgifera
	DvSnf7  
	HIGS
	Maize
	EPA registered

	VT4PRO™

	Bayer
	Diabrotica virgifera virgifera²
	DvSnf7
	HIGS
	Maize
	EPA Approved (USA)

	MON95275
	Bayer
	D.virgifera virgifera
	DvSnf7
	HIGS
	Maize
	EPA registered

	Calantha™ (formulation of Ledprona)
	GreenLight Biosciences
	Leptinotarsa decemlineata)
	PSMB5
	SIGS
	Potato
	EPA approved (2023) Commercial deployment


Table 2: Commercial RNAi pesticides

As RNAi technologies move toward commercialization, regulatory agencies worldwide are developing guidelines to evaluate their safety, environmental impact, and efficacy. Because RNAi-based pest control represents a relatively new class of pest management tools, regulatory frameworks often integrate principles from both biotechnology regulation and pesticide risk assessment. Regulatory authorities in the United States, European Union, and Australia are refining guidance documents to address the unique properties of dsRNA products, including sequence specificity, rapid biodegradability, and limited non-target toxicity (Dietz-Pfeilstetter et al. 2021; Vatanparast et al. 2024). Risk assessment approaches typically incorporate bioinformatic off-target screening, environmental fate studies, and ecotoxicological evaluations.

The dsRNA-based pesticides are expected to be evaluated under existing pesticide approval frameworks in the United States and the European Union, with risk assessment procedures tailored to their distinctive attributes, including sequence-specific mode of action, production platforms, and application methods (Dietz-Pfeilstetter et al. 2021). In the United States, RNAi-based pest control technologies are regulated by the United States Environmental Protection Agency under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) (Vatanparast et al. 2024). Within the European Union, RNAi-based technologies are assessed by the European Food Safety Authority, which provides scientific risk assessments for genetically modified organisms and biotechnology-derived plant protection products. The EFSA evaluation framework includes molecular characterization of dsRNA constructs, environmental exposure assessments, and potential impacts on non-target organisms (Christiaens et al. 2020). For plant-incorporated protectants (PIPs), such as transgenic crops expressing dsRNA targeting insect genes, the EPA also evaluates gene expression levels in plant tissues and potential ecological impacts on beneficial organisms. DsRNA products are regulated as agricultural chemical products in Australia, and under specific regulatory criteria, certain spray-induced gene silencing (SIGS) applications may be classified as non-GMO by the Gene Technology Regulator (Vatanparast et al. 2024). In India, pesticides and biopesticides are regulated under the Insecticides Act, 1968, through the Central Insecticides Board and Registration Committee (CIB&RC), which serve as the apex regulatory authority for evaluating and approving all pesticides, including biopesticides, prior to their commercialization. Although guidelines exist for microbial and botanical biopesticides, specific regulatory frameworks for dsRNA-based pesticides are still evolving, and such products are currently evaluated within the broader biopesticide regulatory system (Chakraborty et al. 2023).

International organizations such as the Organisation for Economic Co-operation and Development have also developed guidance documents for the environmental risk assessment of externally applied dsRNA-based pesticides. These guidelines emphasize the importance of bioinformatic screening for off-target effects, evaluation of dsRNA degradation in environmental matrices, and standardized testing of representative non-target organisms. Such international efforts aim to harmonize regulatory approaches and facilitate the safe deployment of RNAi technologies in global agricultural systems. Recent progress in formulation technologies, bioinformatic tools for off-target analysis, and environmental exposure modeling has further strengthened risk assessment approaches (De Neef et al. 2026). With thorough regulatory oversight and transparent safety evaluations, RNAi-based bioinsecticides have the potential to be effectively incorporated into sustainable and precision-focused pest management strategies.

Challenges in RNAi based pest management
Although RNA interference (RNAi) has emerged as a highly promising tool for crop protection, the identification of optimal target genes remains a critical challenge. While RNAi shows strong efficacy in coleopteran insects, its performance is inconsistent in other insect orders due to interspecific differences in dsRNA uptake, intracellular transport, and processing into siRNAs (Zhu and Palli 2020). To increase RNAi efficiency and field usability, novel delivery methods such as Host-Induced Gene Silencing (HIGS), Spray-Induced Gene Silencing (SIGS), and Microbe-Induced Gene Silencing (MIGS) are being actively investigated. However, concerns related to resistance development, sequence-specific off-target effects, and long-term environmental impacts continue to require careful investigation (Cedden and Bucher 2025). Consequently, improvements in dsRNA design, formulation stability, and delivery mechanisms are essential for broad-spectrum applicability. Large-scale production technologies and cost-effective manufacturing processes also remain important considerations for commercialization. From an environmental perspective, dsRNA breaks down quickly in soil, water, and on plant surfaces, making it less persistent than conventional chemical pesticides. However, when delivered through nanoparticles or minicells, it may last longer, and this needs careful evaluation to understand possible long-term ecological effects (Fletcher et al. 2020; Rank and Koch 2021; Zarrabian and Sherif 2024). Regulatory guidelines for RNA-based products are still evolving, which could slow their approval and adoption (Germing et al. 2025). In terms of human safety, current evidence suggests very low risk. dsRNA is poorly absorbed in mammals and is similar to RNA molecules already present in our diet. In addition, modern bioinformatics tools are being used to screen for any potential off-target effects on humans or other non-target organisms (De Neef et al. 2026).
Conclusions

RNA interference is progressing from a laboratory gene-silencing tool toward a practical platform for targeted pest management. Advances in functional genomics, target-gene selection, dsRNA design, microbial production, and delivery technologies have improved the feasibility of RNAi-based control. HIGS, plastid-mediated RNAi, SIGS, microbial systems, and nanocarriers provide complementary delivery options, but their performance remains strongly dependent on pest biology and dsRNA stability and uptake. Important constraints include variable RNAi responsiveness among insect groups, nuclease-mediated degradation, potential resistance, production cost, ecological exposure, and evolving regulatory requirements. Continued improvement in formulation, target specificity, scalable synthesis, and environmental risk assessment is therefore necessary. RNAi-based biopesticides may complement existing integrated pest management strategies, provided that efficacy, non-target safety, resistance management, and field performance are demonstrated through appropriate experimental and regulatory evaluation.

Future Perspectives

Commercially emerging RNA pesticides represent a new generation of precision biopesticides that align with sustainable agriculture goals and integrated pest management strategies (Chen et al. 2025). Despite significant advances in understanding RNAi pathways and dsRNA delivery, challenges related to efficiency, cost, and field applicability still remain. Future research will therefore focus on making RNAi technologies more practical, scalable, and reliable for agricultural use (Zotti et al. 2018; Taning et al. 2020). Integration of Spray-Induced Gene Silencing (SIGS) strategies with nanotechnology-based stabilizers is improving environmental persistence, uptake efficiency, and overall field performance (Qiao et al. 2024; Chen et al. 2025).
A major area of progress is AI-assisted dsRNA design. artificial intelligence and machine-learning approaches can rapidly analyze genomic and transcriptomic datasets to identify essential pest genes with high specificity. These tools can also predict RNAi efficiency, target accessibility, and off-target interactions, enabling the rational design of dsRNA molecules with improved silencing potential and biosafety (Germing et al. 2025). Such data-driven approaches are expected to accelerate RNAi research and enhance precision in pest targeting. Emerging alternatives, including microbial fermentation, bacterial expression systems, plant-based production, and cell-free enzymatic synthesis, offer promising low-cost solutions of dsRNA production. Technologies such as rolling-circle amplification and industrial fermentation have demonstrated the potential to produce dsRNA at scale, making RNAi-based bioinsecticides more economically feasible (Chen et al. 2023).

Research is also focusing on advanced nanocarrier systems such as liposomes, polymer nanoparticles, layered double hydroxides, carbon nanotubes, and clay nanosheets. These carriers provide an efficient delivery of dsRNA and protect it from degradation, enhance cellular uptake, and allow controlled release, thereby improving RNAi efficiency under field conditions (Christiaens et al. 2020; Chen et al. 2025). Such innovations are expected to facilitate the development of stable, sprayable RNAi formulations for crop protection. Long-term ecological monitoring and improved risk assessment tools will help ensure that RNAi-based technologies are safe for non-target organisms and ecosystems, supporting responsible deployment. Overall, continued innovation in design, cost-effective production, efficient delivery systems, and biosafety evaluation will be essential to fully realize the potential of RNAi bioinsecticides. With these advancements, RNAi is poised to become a key component of sustainable and climate-resilient agriculture.
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