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Abstract 
Insect pests pose significant challenges to agriculture, forestry, and public health, causing substantial 

economic losses and threats to food security. Traditional pest control methods, such as chemical 

insecticides, have limitations due to the development of insecticide resistance, negative impacts on 

non-target organisms, and environmental concerns. RNA interference (RNAi) has emerged as a 

promising approach for developing targeted and environmentally safe insect control strategies. This 

review explores the potential of RNAi-based methods for pest management, discussing the 

mechanism of RNAi in insects, factors influencing its efficiency, and various delivery strategies. We 

highlight the advantages of RNAi, such as species-specific targeting and reduced off-target effects, 

while also addressing challenges and limitations, including variability in RNAi efficiency among insect 

species and potential resistance development. The review examines the environmental safety and 

risk assessment of RNAi-based insect control, current applications, and future prospects. We also 

discuss the socio-economic impact and public perception of RNAi technology, as well as research 

gaps and future directions. The integration of RNAi-based insect control into integrated pest 

management programs is crucial for developing sustainable and effective pest control solutions. By 

providing a comprehensive overview of the current state and future potential of RNAi-based insect 

control, this review aims to inform research, policy, and practice in this rapidly evolving field. 

Keywords: RNAi, Insect Control, Pest Management, Targeted Pest Control, Environmental Safety 

1. Introduction  
1.1. The need for novel pest management strategies iInsect pests are a major threat to global 

agriculture, causing significant yield losses and economic damage estimated at billions of dollars 

annually [1]. In addition to their impact on crop production, insect pests also pose risks to human 

health by serving as vectors for diseases such as malaria, dengue fever, and Zika virus [2]. The 

widespread use of chemical insecticides has been the primary method for controlling insect pests for 

decades. However, the reliance on these chemicals has led to the development of insecticide 

resistance in many pest populations, reducing their effectiveness and necessitating the continuous 

development of new active ingredients [3]. Moreover, the non-specific nature of most insecticides 

results in negative impacts on non-target organisms, including beneficial insects, pollinators, and 

natural enemies of pests [4]. The environmental persistence and potential toxicity of some 

insecticides also raise concerns about their long-term effects on ecosystems and human health [5]. 

Given these limitations, there is an urgent need for novel pest management strategies that are 

targeted, environmentally safe, and sustainable. These strategies should aim to reduce reliance on 

chemical insecticides, minimize non-target effects, and provide effective long-term control of pest 

populations. Integrated pest management (IPM) approaches, which combine multiple control 

methods such as biological control, cultural practices, and judicious use of insecticides, have gained 

increasing attention as a more sustainable alternative to conventional pest control [6]. However, the 
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success of IPM depends on the availability of effective and complementary control tools that can be 

integrated into these programs. 

1.2. RNAi as a promising approach for insect control RNA interference (RNAi) has emerged as a 

promising approach for developing targeted and environmentally safe insect control strategies. RNAi 

is an evolutionarily conserved mechanism that regulates gene expression through sequence-specific 

degradation of mRNA, triggered by the presence of double-stranded RNA (dsRNA) [7]. By introducing 

dsRNA that targets essential genes in insect pests, RNAi can be harnessed to selectively suppress 

pest populations without causing harm to non-target organisms [8]. The species-specific nature of 

RNAi, based on the sequence complementarity between the dsRNA and the target mRNA, offers a 

high degree of selectivity and reduces the likelihood of off-target effects [9]. 

The potential of RNAi for insect control was first demonstrated in the model organism Drosophila 

melanogaster, where the injection of dsRNA targeting essential genes resulted in specific gene 

silencing and lethal phenotypes [10]. Since then, numerous studies have explored the application of 

RNAi for controlling a wide range of insect pests, including agricultural pests, stored product pests, 

and insect vectors of human diseases [11-13]. The delivery of dsRNA to target insects can be 

achieved through various methods, such as transgenic plants expressing dsRNA, spray-induced gene 

silencing (SIGS), and nanoparticle-mediated delivery [14-16]. The increasing availability of genomic 

resources for insect pests has further facilitated the identification of novel RNAi targets and the 

design of effective dsRNA sequences [17]. 

1.3. Objectives and scope of thereview 

The objective of this review is to provide a comprehensive overview of the current state and future 

potential of RNAi-based insect control, with a focus on its application in agricultural pest 

management. We aim to: 

1. Discuss the molecular mechanisms of RNAi in insects and the factors influencing its 

efficiency; 

2. Highlight the advantages and challenges of RNAi-based insect control compared to 

conventional methods; 

3. Examine the environmental safety and risk assessment of RNAi-based strategies; 

4. Provide an overview of current applications and successful examples of RNAi-based insect 

control; 

5. Explore the socio-economic impact and public perception of RNAi technology in pest 

management; 

6. Identify research gaps and future directions for advancing RNAi-based insect control and its 

integration into IPM programs. 
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2. RNAi Mechanism and Its Application in Insect Control 
2.1. RNAi pathway in insects 
The RNAi pathway in insects involves several key steps and components. Initially, double-stranded 

RNA (dsRNA) is introduced into the insect cells through various delivery methods. The dsRNA is then 

processed by the enzyme Dicer into small interfering RNAs (siRNAs), which are typically 21-23 

nucleotides in length [18]. These siRNAs are incorporated into the RNA-induced silencing complex 

(RISC), where they guide the sequence-specific degradation of complementary mRNA targets. The 

Argonaute protein, a key component of RISC, mediates the cleavage of the target mRNA, leading to 

gene silencing [19]. In some insects, the RNAi signal can be amplified and spread systemically 

throughout the body, a process known as systemic RNAi. This process involves the transport of 

siRNAs between cells and the amplification of the RNAi response by RNA-dependent RNA 

polymerases (RdRPs) [20]. 

2.2. RNAi-based insect control strategies 

2.2.1. Transgenic plants expressing dsRNA 

One of the most promising applications of RNAi for insect control is the development of transgenic 

plants that express dsRNA targeting essential genes in insect pests. By engineering plants to produce 

dsRNA against insect-specific genes, it is possible to create crops that are resistant to insect feeding 

and damage. When insects feed on these transgenic plants, they ingest the dsRNA, which triggers 

the RNAi pathway and leads to the silencing of the target genes, resulting in reduced survival, 

growth, and reproduction of the insect pests [21]. 

Table 1. Examples of transgenic plants expressing dsRNA for insect control 

Crop Target Insect Pest Target Gene(s) Effect on Insect Reference 

Maize Western corn 
rootworm 

Snf7 Reduced survival and 
feeding damage 

[22] 

Cotton Cotton bollworm CYP6AE14 Increased larval mortality [23] 

Potato Colorado potato 
beetle 

Actin, Shrub Reduced larval growth and 
survival 

[24] 

Rice Brown planthopper Calreticulin Decreased fecundity and 
survival 

[25] 

Tomato Tomato leaf miner Arginine kinase Impaired larval 
development 

[26] 

Soybean Soybean aphid Eph Reduced survival and 
reproduction 

[27] 

Wheat English grain aphid Acetylcholinesterase Increased mortality and 
reduced fecundity 

[28] 

Eggplant Eggplant fruit and 
shoot borer 

Ecdysone receptor Disrupted development and 
reduced survival 

[29] 

Citrus Asian citrus psyllid Abnormal wing disc Impaired wing development 
and flight 

[30] 

Sugarcane Sugarcane borer Trehalase Decreased larval growth and 
survival 

[31] 
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2.2.2. Spray-induced gene silencing (SIGS)  

Spray-induced gene silencing (SIGS) is a non-transgenic approach for delivering dsRNA to target 

insects. In SIGS, dsRNA is formulated into a sprayable solution and applied directly onto plant 

surfaces. When insects feed on the treated plants, they ingest the dsRNA, which induces RNAi-

mediated gene silencing. SIGS offers a more flexible and adaptable approach to RNAi-based insect 

control compared to transgenic plants, as it allows for the targeting of multiple insect species and 

the use of different dsRNA sequences without the need for genetic modification of the crop [32]. 

2.2.3. Microinjection and other delivery methods 

In addition to oral delivery through transgenic plants or SIGS, dsRNA can be directly introduced into 

insects through microinjection. This method is particularly useful for functional genomics studies and 

for evaluating the efficacy of RNAi targets in insect pests. Microinjection allows for the precise 

delivery of dsRNA into the insect body cavity, where it can induce systemic RNAi [33]. Other delivery 

methods, such as soaking, topical application, and nanoparticle-mediated delivery, have also been 

explored for introducing dsRNA into insects [34]. 

3. Factors Influencing RNAi Efficiency in Insects 
3.1. dsRNA stability and uptake  
The stability and uptake of dsRNA are crucial factors influencing the efficiency of RNAi in insects. 

Once delivered, dsRNA must remain stable in the insect gut and hemolymph to effectively trigger the 

RNAi pathway. However, dsRNA can be degraded by nucleases present in the insect digestive system 

and hemolymph, reducing its persistence and efficacy [35]. To enhance dsRNA stability, various 

modifications, such as chemical modifications and nanoparticle encapsulation, have been explored 

[36]. The uptake of dsRNA by insect cells is mediated by several mechanisms, including endocytosis 

and transmembrane channels, which can vary among insect species and tissues [37]. 

3.2. RNAi core machinery and efficiency  
The efficiency of RNAi in insects is also influenced by the presence and activity of the core RNAi 

machinery, such as Dicer, Argonaute, and RdRP enzymes. The expression levels and functional 

diversity of these components can differ among insect species, leading to variations in RNAi 

efficiency [38]. For example, some insects, such as beetles, exhibit a robust systemic RNAi response, 

while others, like lepidopterans, show a more limited response [39]. Understanding the molecular 

basis of these differences is essential for optimizing RNAi-based insect control strategies. 

3.3. Target gene selection and design 
The selection and design of target genes are critical aspects of developing effective RNAi-based 

insect control. Ideal target genes should be essential for insect survival, development, or 

reproduction and have minimal off-target effects on non-target organisms. Bioinformatic tools and 

genomic resources play a crucial role in identifying suitable RNAi targets and designing specific 

dsRNA sequences [40]. Factors such as the sequence length, GC content, and secondary structure of 

the dsRNA can influence its effectiveness in inducing RNAi [41]. Additionally, the use of multiple 

target genes or the targeting of conserved regions across different insect species can enhance the 

robustness and spectrum of RNAi-based control [42]. 
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5.4. Challenges and Limitations of RNAi-Based Insect Control 

5.1. 4.1 Variability in RNAi efficiency among insect species 
The efficiency of RNAi in inducing gene silencing and causing insect mortality varies significantly 

among different insect species. Some insect orders, such as Coleoptera (beetles) and Hemiptera 

(true bugs), exhibit a robust and systemic RNAi response, while others, like Lepidoptera (moths and 

butterflies), show a more limited and variable response [43]. This variability in RNAi efficiency can be 

attributed to several factors, including differences in the uptake and processing of dsRNA, the 

presence and activity of RNAi core machinery components, and the ability of the RNAi signal to 

spread systemically throughout the insect body [44]. 

One of the main reasons for the variability in RNAi efficiency is the differential expression and 

functionality of the core RNAi pathway components, such as Dicer, Argonaute, and RNA-dependent 

RNA polymerase (RdRP) enzymes, across insect species [76]. For example, some insects may have 

multiple copies of these genes with distinct roles in the RNAi pathway, while others may have a 

more limited set of RNAi components [77]. Additionally, the efficiency of dsRNA uptake and systemic 

spread can vary depending on the specific mechanisms of cellular internalization and transport, 

which can be influenced by factors such as the pH and composition of the insect gut and hemolymph 

[78]. 

Another factor contributing to the variability in RNAi efficiency is the presence of dsRNA-degrading 

enzymes, such as nucleases, in the insect gut and hemolymph. These enzymes can break down 

dsRNA before it reaches the target cells, reducing the effective dose and duration of the RNAi 

response [79]. The level of nuclease activity and the stability of dsRNA in the insect body can vary 

among species, further contributing to the observed differences in RNAi efficiency [80]. 

To address the variability in RNAi efficiency, researchers have employed various strategies, such as 

the use of different dsRNA delivery methods, the optimization of dsRNA design and dosage, and the 

identification of species-specific RNAi targets [81]. For example, the use of nanoparticle-based 

delivery systems or chemical modifications to enhance dsRNA stability and cellular uptake has 

shown promise in improving RNAi efficiency in some insect species [82]. Additionally, the 

development of bioinformatic tools and high-throughput screening methods has facilitated the 

identification of novel RNAi targets that are more susceptible to gene silencing across a broader 

range of insect species [83]. 

Table 2. Factors influencing RNAi efficiency in insects 

Factor Description References 

RNAi pathway 
components 

Expression and functionality of Dicer, Argonaute, and RdRP 
enzymes 

[76], [77] 

dsRNA uptake and 
systemic spread 

Mechanisms of cellular internalization and transport, 
influenced by gut and hemolymph environment 

[78] 

Nuclease activity Presence and level of dsRNA-degrading enzymes in the 
insect gut and hemolymph 

[79], [80] 

dsRNA design and 
dosage 

Optimization of dsRNA sequence, length, and concentration 
for improved efficiency 

[81] 

Delivery methods Use of nanoparticles, chemical modifications, or other 
strategies to enhance dsRNA stability and uptake 

[82] 
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Target gene selection Identification of species-specific RNAi targets that are more 
susceptible to gene silencing 

[83] 

5.2. 4.2 Delivery methods and scalability  
Efficient delivery of dsRNA to the target insect species is another major challenge in the 

development and application of RNAi-based insect control strategies. The most common methods 

for delivering dsRNA include transgenic plants expressing dsRNA, spray-induced gene silencing 

(SIGS), and nanoparticle-based formulations [84]. Each of these methods has its advantages and 

limitations, and the choice of delivery method depends on factors such as the target insect species, 

the crop system, and the desired scale of application. 

Transgenic plants expressing dsRNA have been successfully used to control several insect pests, 

including the western corn rootworm and the Colorado potato beetle [85]. However, the 

development of transgenic crops is a time-consuming and expensive process, requiring extensive 

safety testing and regulatory approval [86]. Additionally, the use of transgenic crops may face public 

opposition and concerns about the potential ecological impacts of genetically modified organisms 

[87]. 

SIGS, on the other hand, offers a more flexible and adaptable approach to dsRNA delivery, as it does 

not require the development of transgenic plants [88]. In SIGS, dsRNA is formulated into a sprayable 

solution and applied directly to the crop, where it is ingested by the target insect upon feeding. 

However, the efficiency and persistence of SIGS under field conditions can be variable, and the 

application may need to be repeated multiple times throughout the growing season [89]. 

Furthermore, the large-scale production and formulation of dsRNA for SIGS can be costly and 

technologically challenging [90]. 

Nanoparticle-based delivery systems have emerged as a promising approach to enhance the 

stability, uptake, and efficacy of dsRNA in insect control applications [91]. By encapsulating dsRNA 

within nanoparticles made of materials such as chitosan, lipids, or polymers, researchers have 

demonstrated improved protection against degradation, increased cellular internalization, and 

prolonged RNAi effects in various insect species [92]. However, the development and optimization of 

nanoparticle formulations can be complex, and the long-term safety and environmental impacts of 

these materials need to be thoroughly evaluated [93]. 

Scalability is another important consideration in the development of RNAi-based insect control 

methods. While laboratory studies have shown the effectiveness of RNAi in controlling insect pests, 

translating these results to large-scale field applications can be challenging [94]. Factors such as the 

cost of dsRNA production, the efficiency of delivery methods, and the variability in environmental 

conditions can all impact the feasibility and economics of RNAi-based insect control at a commercial 

scale [95]. 

Table 3. Advantages and limitations of different dsRNA delivery methods 

Delivery 
Method 

Advantages Limitations References 

Transgenic 
plants 

-Stable and continuous 
expression of dsRNA 
-Targeted delivery to specific 
insect pests 

-Time-consuming and expensive 
development process 
-Regulatory hurdles and public 
acceptance issues 

[85], [86], 
[87] 
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SIGS - Flexibility and adaptability 
-No need for transgenic 
plants 
-Applicable to a wide range 
of crops and pests 

-Variable efficiency and 
persistence under field conditions 
- Need for repeated applications 

[88], [89], 
[90] 

Nanoparticle-
based 

- Enhanced dsRNA stability 
and uptake 
- Prolonged RNAi effects 
- Potential for targeted 
delivery 

- Complex formulation and 
optimization 
- Long-term safety and 
environmental impacts need 
further evaluation 

[91], [92], 
[93] 

Microinjection - Direct delivery to the insect 
body 
- High efficiency for 
functional studies and target 
validation 

- Not practical for large-scale field 
applications 
- Labor-intensive and time-
consuming 

[33] 

Feeding - Simple and cost-effective 
- Applicable to a wide range 
of insect species 

- Variable uptake and efficiency 
depending on insect feeding habits 
- Potential for degradation in the 
gut 

[96] 

Soaking - Useful for targeting 
immature stages (e.g., 
larvae) 
- Suitable for high-
throughput screening of 
RNAi targets 

- Limited to certain insect species 
and life stages 
- Potential for off-target effects 

[97] 

To address the challenges of scalability and cost-effectiveness, ongoing research efforts are focused 

on optimizing dsRNA production methods, improving delivery strategies, and developing integrated 

pest management approaches that combine RNAi with other control tactics [98]. For example, the 

use of bioreactors and microbial expression systems for large-scale dsRNA production has the 

potential to reduce costs and increase the availability of dsRNA for field applications [99]. 

Additionally, the integration of RNAi with other pest control methods, such as biological control 

agents or selective insecticides, can enhance the overall effectiveness and sustainability of insect 

pest management programs [100]. 

5.3. 4.3 Potential for resistance development  
The development of insect resistance to RNAi-based control strategies is a significant concern and a 

potential limitation to the long-term effectiveness of this approach. As with any pest control 

method, the continuous exposure of insect populations to the same RNAi target or dsRNA sequence 

can lead to the emergence of resistant individuals over time [101]. Resistance to RNAi can evolve 

through various mechanisms, including mutations in the target gene that reduce the 

complementarity with the dsRNA, changes in the expression or functionality of RNAi pathway 

components, and enhanced degradation of dsRNA by nucleases [102]. 

To mitigate the risk of resistance development, it is essential to implement resistance management 

strategies from the early stages of RNAi-based insect control development and application. One 

approach is to use multiple RNAi targets or to rotate different dsRNA sequences targeting the same 

gene, which can reduce the selection pressure on any single target and delay the onset of resistance 

[103]. Another strategy is to combine RNAi with other pest control methods, such as Bt toxins or 
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conventional insecticides, in an integrated pest management (IPM) framework [104]. By using 

multiple control tactics with different modes of action, the likelihood of resistance development can 

be reduced, and the durability of RNAi-based control can be extended. 

Monitoring insect populations for signs of reduced susceptibility to RNAi is also crucial for the early 

detection and management of resistance. This can be achieved through regular field surveys, 

bioassays, and molecular diagnostics to assess the effectiveness of RNAi-based control and to 

identify potential cases of resistance [105]. If resistance is detected, swift action should be taken to 

implement alternative control strategies and to adjust the RNAi-based management plan 

accordingly. 

Furthermore, the deployment of RNAi-based insect control should be accompanied by appropriate 

resistance management guidelines and best practices, developed in collaboration with stakeholders 

from academia, industry, and regulatory agencies [106]. These guidelines should include 

recommendations for the judicious use of RNAi-based products, the implementation of refuge 

strategies to maintain susceptible insect populations, and the continuous monitoring and reporting 

of resistance development [107]. 

5. Environmental Safety and Risk Assessment 
65.1. Non-target organism effects 

One of the key advantages of RNAi-based insect control is its potential for species-specific targeting, 

which can minimize the impacts on non-target organisms compared to broad-spectrum insecticides. 

However, ensuring the environmental safety of RNAi-based products requires a thorough 

assessment of their potential effects on non-target species, including beneficial insects, pollinators, 

and other ecological receptors [108]. 

The risk of non-target effects from RNAi-based insect control arises primarily from the possibility of 

unintended gene silencing in organisms that share sequence similarity with the target gene in the 

pest species [109]. This can occur through the ingestion of dsRNA by non-target organisms, either 

directly from the application of RNAi-based products or indirectly through the consumption of 

treated plant material or prey that has accumulated dsRNA [110]. 

To assess the potential for non-target effects, bioinformatic analyses can be conducted to identify 

sequence homology between the target gene and genes in other organisms [111]. This information 

can guide the selection of RNAi targets that are specific to the pest species and have minimal overlap 

with genes in non-target organisms. Additionally, ecological risk assessments should be carried out 

to evaluate the potential exposure pathways and the sensitivity of different non-target species to 

the RNAi-based product [112]. 

Empirical studies, such as laboratory toxicity tests and field trials, are also necessary to validate the 

predicted non-target effects and to monitor the actual impacts of RNAi-based insect control on 

ecological communities [113]. These studies should consider both the acute and chronic effects of 

dsRNA exposure, as well as the potential for sublethal impacts on the fitness and behavior of non-

target organisms [114]. 

Table 4. Ecological risk assessment endpoints for RNAi-based insect control 
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Assessment 

Endpoint 

Description References 

Survival Assess the acute and chronic mortality of non-target organisms 

exposed to dsRNA 

[115] 

Growth and 

development 

Evaluate the potential impacts of dsRNA exposure on the growth, 

development, and reproduction of non-target organisms 

[116] 

Behavioral effects Investigate changes in behavior, such as feeding, locomotion, or 

mating, in non-target organisms exposed to dsRNA 

[117] 

Community 

structure 

Assess the potential shifts in the composition and diversity of 

ecological communities in response to RNAi-based insect control 

[118] 

Ecosystem 

services 

Evaluate the potential impacts on ecosystem services, such as 

pollination, nutrient cycling, or biological control, provided by 

non-target organisms 

[119] 

Food web 

interactions 

Investigate the potential for trophic transfer of dsRNA and its 

effects on food web dynamics and energy flow 

[120] 

Population 

dynamics 

Assess the long-term impacts of RNAi-based insect control on the 

population dynamics and genetic diversity of non-target species 

[121] 

Evolutionary 

responses 

Evaluate the potential for non-target organisms to evolve 

resistance or adapt to RNAi-based insect control over time 

[122] 

Sublethal effects Investigate the potential for sublethal effects, such as reduced 

fecundity, altered physiology, or compromised immune function, 

in non-target organisms 

[123] 

65.2. Persistence and degradation of dsRNA in the environment 

Understanding the environmental fate and persistence of dsRNA is crucial for assessing the potential 

ecological impacts of RNAi-based insect control. Once released into the environment, dsRNA can 

undergo various degradation processes, such as hydrolysis, photolysis, and microbial degradation, 

which can influence its stability and bioavailability [124]. 

The rate of dsRNA degradation in the environment depends on several factors, including the specific 

sequence and structure of the dsRNA, the environmental conditions (e.g., temperature, pH, and 

moisture), and the presence of degradative enzymes [125]. Studies have shown that the half-life of 

dsRNA in soil and water can range from a few hours to several days, depending on these factors 

[126]. 

To assess the persistence and degradation of dsRNA in the environment, studies should be 

conducted to monitor the levels of dsRNA over time in different environmental matrices, such as 

soil, water, and plant tissues [127]. These studies can employ various analytical techniques, such as 

quantitative PCR (qPCR) or high-performance liquid chromatography (HPLC), to detect and quantify 

dsRNA in environmental samples [128]. 



 

In addition to the direct measurement of dsRNA persistence, it is also important to evaluate the 

potential for dsRNA to accumulate in food chains and to assess the risks of biomagnification and 

secondary exposure to non-target organisms [129]. Trophic transfer studies can be conducted to 

investigate the movement of dsRNA through different levels of the food web and to determine the 

potential for adverse effects on higher trophic level organisms [130]. 

The results of environmental fate and persistence studies can inform the development of risk 

management strategies and guide the selection of appropriate application methods and 

formulations to minimize the potential for environmental impacts [131]. For example, the use of 

biodegradable nanoparticles or the targeted delivery of dsRNA to specific plant tissues can help to 

reduce the persistence and spread of dsRNA in the environment [132]. 

65.3. Regulatory considerations and guidelines 
The development and commercialization of RNAi-based insect control products are subject to 

regulatory oversight to ensure their safety, efficacy, and environmental compatibility. Regulatory 

agencies, such as the US Environmental Protection Agency (EPA) and the European Food Safety 

Authority (EFSA), have established guidelines and data requirements for the assessment and 

approval of RNAi-based products [133]. 

One of the key challenges in the regulation of RNAi-based insect control is the need to adapt existing 

risk assessment frameworks to address the unique properties and modes of action of dsRNA [134]. 

76. Current Applications and Future Prospects  

76.1. Successful examples of RNAi-based insect control 
RNAi-based insect control has been successfully demonstrated in various crop systems and against a 

range of insect pests. One prominent example is the development of transgenic corn plants 

expressing dsRNA targeting the western corn rootworm (WCR), a major pest causing significant yield 

losses [135]. The introduction of WCR-specific dsRNA in corn plants has shown high efficacy in 

controlling the pest and reducing root damage [136]. Similar successes have been reported in other 

crops, such as potato, targeting the Colorado potato beetle [137], and in rice, targeting the brown 

planthopper [138]. 

Another notable example is the use of RNAi to control the Asian citrus psyllid (ACP), the vector of the 

devastating citrus greening disease [139]. By targeting essential genes in the ACP, researchers have 

demonstrated significant reductions in the insect's survival and transmission of the disease-causing 

bacterium [140]. These examples highlight the potential of RNAi as a powerful tool for managing 

insect pests and protecting agricultural crops. 

Table 5. Successful examples of RNAi-based insect control in various crop systems 

Crop Target Insect Pest Target Gene(s) Delivery 

Method 

References 

Corn Western corn 

rootworm 

Snf7, DvSSJ1 Transgenic 

plants 

[135], 

[136] 
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Potato Colorado potato 

beetle 

Actin, β-tubulin, Shrub Transgenic 

plants 

[137] 

Rice Brown 

planthopper 

Calreticulin, Cathepsin B Transgenic 

plants 

[138] 

Citrus Asian citrus psyllid Abnormal wing disc, Cathepsin B Topical 

application 

[139], 

[140] 

Cotton Cotton bollworm Ecdysone receptor, Juvenile 

hormone acid methyltransferase 

Transgenic 

plants 

[141] 

Soybean Soybean aphid Salivary protein C002, 

Acetylcholinesterase 

Transgenic 

plants 

[142] 

Tomato Tomato leaf miner Arginine kinase Spray 

application 

[143] 

Eggplant Eggplant fruit and 

shoot borer 

Juvenile hormone acid O-

methyltransferase 

Transgenic 

plants 

[144] 

Wheat English grain aphid Acetylcholinesterase Transgenic 

plants 

[145] 

Sugarcane Sugarcane borer Aminopeptidase N Transgenic 

plants 

[146] 

76.2. Integration with other pest management strategies 

The integration of RNAi-based insect control with other pest management strategies is crucial for 

developing sustainable and effective IPM programs. RNAi can be combined with various control 

methods, such as biological control, cultural practices, and selective use of insecticides, to achieve 

optimal pest suppression while minimizing the risk of resistance development and non-target effects 

[147]. 

For example, RNAi can be used in conjunction with natural enemies, such as predators and 

parasitoids, to enhance the overall efficacy of biological control. By selectively targeting specific 

insect pests, RNAi can help to conserve the populations of beneficial insects and promote their role 

in regulating pest populations [148]. Additionally, RNAi can be integrated with cultural practices, 

such as crop rotation and intercropping, to disrupt pest life cycles and reduce their population 

densities [149]. 

Furthermore, RNAi can be used as a component of insecticide resistance management programs. By 

alternating or combining RNAi-based control with other modes of action, such as Bt toxins or 

selective insecticides, the selection pressure on any single control method can be reduced, thereby 

delaying the onset of resistance [150]. This approach can help to prolong the effectiveness of RNAi-

based control and ensure its long-term sustainability in IPM systems. 
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76.3. Emerging technologies and improvements 

Advances in biotechnology and molecular biology continue to drive the development and 

improvement of RNAi-based insect control strategies. One promising area of research is the use of 

nanotechnology for the targeted delivery of dsRNA [151]. Nanoparticles, such as liposomes, 

polymers, and inorganic materials, can be engineered to encapsulate and protect dsRNA from 

degradation, enhance its cellular uptake, and improve its stability in the environment [152]. These 

nanoformulations can also be functionalized with specific ligands or receptors to achieve targeted 

delivery to specific insect tissues or stages [153]. 

Another emerging technology is the use of CRISPR-based gene editing for the development of RNAi-

resistant crops [154]. By precisely modifying the target gene sequences in the crop genome, 

researchers can create plants that are less susceptible to the effects of RNAi, thereby reducing the 

risk of off-target effects and improving the specificity of RNAi-based control [155]. CRISPR 

technology can also be used to identify and validate novel RNAi targets in insect pests, accelerating 

the development of new RNAi-based control strategies [156]. 

Furthermore, advances in high-throughput screening and bioinformatics are enabling the discovery 

and optimization of more effective RNAi targets and dsRNA sequences [157]. By leveraging genomic 

and transcriptomic data, researchers can design dsRNAs that are highly specific to the target insect 

species and have minimal off-target effects on non-target organisms [158]. These computational 

tools can also help to predict the potential for resistance development and guide the selection of 

RNAi targets that are less likely to evolve resistance rapidly [159]. 

Table 6. Emerging technologies and improvements in RNAi-based insect control 

Technology Description Advantages References 

Nanotechnology Use of nanoparticles for targeted 

delivery of dsRNA 

Enhances dsRNA stability, 

cellular uptake, and 

specificity; reduces 

environmental persistence 

[151], [152], 

[153] 

CRISPR-based 

gene editing 

Precise modification of target 

gene sequences in crops to 

create RNAi-resistant plants; 

identification and validation of 

novel RNAi targets in insects 

Improves specificity and 

reduces off-target effects; 

accelerates discovery of new 

RNAi targets 

[154], [155], 

[156] 

High-throughput 

screening 

Use of genomic and 

transcriptomic data to design 

highly specific and effective 

dsRNA sequences 

Minimizes off-target effects 

and potential for resistance 

development; enables 

optimization of RNAi target 

selection 

[157], [158] 

Bioinformatics Computational tools for 

predicting resistance 

development and guiding the 

Helps to prolong the 

effectiveness of RNAi-based 

control and ensure its long-

[159] 
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selection of durable RNAi targets term sustainability 

Microbiome 

engineering 

Manipulation of insect gut 

microbiome to enhance RNAi 

efficiency and overcome barriers 

to dsRNA uptake and processing 

Improves RNAi efficacy in 

recalcitrant insect species; 

provides new opportunities 

for RNAi-based control 

[160] 

Topical RNAi 

formulations 

Development of sprayable dsRNA 

formulations for foliar application 

and direct uptake by insect pests 

Offers a non-transgenic 

alternative to RNAi-based 

control; improves flexibility 

and adoptability 

[161] 

Inducible RNAi 

systems 

Use of inducible promoters or 

chemical switches to control the 

expression of dsRNA in transgenic 

plants 

Allows for targeted and 

timely induction of RNAi 

response; reduces potential 

for off-target effects 

[162] 

Combinatorial 

RNAi 

Simultaneous targeting of 

multiple genes or pathways in 

insect pests using a combination 

of dsRNAs 

Enhances RNAi efficacy and 

reduces the risk of resistance 

development; provides a 

more robust control strategy 

[163] 

RNAi synergists Use of chemical compounds or 

natural products that enhance 

the RNAi response in insects 

Improves RNAi efficiency and 

reduces the effective dose of 

dsRNA required for insect 

control 

[164] 

RNAi-based pest 

monitoring 

Use of RNAi-based sensors or 

biomarkers for the early 

detection and monitoring of 

insect pest populations 

Enables timely and targeted 

application of control 

measures; facilitates the 

development of precision 

IPM strategies 

[165] 

87. Socio-Economic Impact and Public Perception 

 87.1. Potential benefits for farmers and consumers  
The development and adoption of RNAi-based insect control strategies can offer numerous potential 

benefits for farmers and consumers alike. For farmers, RNAi technology provides a novel and 

effective tool for managing insect pests that are difficult to control with conventional methods [166]. 

By reducing crop losses and improving yields, RNAi-based control can help to increase farm 

profitability and ensure a more stable income for agricultural producers [167]. Additionally, the 

species-specific nature of RNAi can help to reduce the reliance on broad-spectrum insecticides, 

thereby promoting the conservation of beneficial insects and reducing the environmental impacts of 

pest management [168]. 

For consumers, the adoption of RNAi-based insect control can lead to increased availability of high-

quality, affordable food products [169]. By minimizing crop damage and reducing the need for 
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insecticide applications, RNAi technology can help to ensure a more stable and sustainable food 

supply [170]. Furthermore, the reduced use of insecticides can contribute to a lower risk of pesticide 

residues in food products, addressing consumer concerns about food safety and quality [171]. 

87.2. Public acceptance and communication strategies 
Public acceptance is a critical factor in the successful adoption and commercialization of RNAi-based 

insect control technologies. Despite the potential benefits, the public may have concerns or 

misconceptions about the safety and environmental impacts of RNAi-based products [172]. To 

address these concerns and build public trust, effective communication and engagement strategies 

are essential [173]. 

One key aspect of public communication is the clear and transparent sharing of information about 

the science behind RNAi, its mode of action, and its potential applications in insect control [174]. 

This can be achieved through various channels, such as public outreach events, educational 

materials, and media campaigns [175]. It is important to engage with diverse stakeholders, including 

farmers, consumers, environmental groups, and policymakers, to understand their perspectives and 

address their specific concerns [176]. 

Another important strategy is the involvement of the public in the research and development 

process of RNAi-based insect control. By fostering a participatory approach and seeking input from 

different stakeholders, researchers and industry can ensure that the technology is developed in a 

socially responsible and acceptable manner [177]. This can include the establishment of multi-

stakeholder advisory groups, the conduct of public consultations, and the incorporation of feedback 

into the design and implementation of RNAi-based control programs [178]. 

Table 7. Strategies for enhancing public acceptance of RNAi-based insect control 

Strategy Description Examples References 

Public outreach 

and education 

Engaging with the public through 

various channels to provide clear 

and accessible information about 

RNAi and its applications in insect 

control 

Public lectures, webinars, 

educational materials, social 

media campaigns 

[174], [175] 

Stakeholder 

engagement 

Involving diverse stakeholders in 

the research and development 

process to understand their 

perspectives and address their 

concerns 

Multi-stakeholder advisory 

groups, public 

consultations, incorporation 

of feedback into technology 

design 

[176], 

[177], [178] 

Transparency and 

communication 

Sharing information about the 

science, safety, and environmental 

impacts of RNAi-based insect 

control in a transparent and 

proactive manner 

Regular updates on research 

progress, safety 

assessments, and regulatory 

decisions; open access to 

data and materials 

[179] 

Formatted: Font: (Default) +Body, 11 pt,
Bold, Font color: Auto

Formatted: Heading 2, Left

Formatted: Font: Bold



 

Responsible 

innovation 

Ensuring that the development 

and deployment of RNAi-based 

insect control are guided by 

principles of social responsibility, 

sustainability, and ethical 

considerations 

Integration of social and 

ethical considerations into 

research and development; 

adherence to responsible 

conduct guidelines 

[180] 

Benefit-sharing 

mechanisms 

Developing equitable mechanisms 

for sharing the benefits of RNAi-

based insect control with farmers, 

consumers, and local communities 

Farmer participatory 

research, technology 

transfer programs, benefit-

sharing agreements 

[181] 

Risk 

communication 

Communicating the potential risks 

and uncertainties associated with 

RNAi-based insect control in a 

clear, balanced, and context-

specific manner 

Risk assessment reports, 

risk communication 

materials, dialogue with 

stakeholders 

[182] 

Trust-building 

measures 

Establishing trust and credibility 

through transparency, 

accountability, and responsiveness 

to public concerns and values 

Third-party certifications, 

independent audits, 

grievance redressal 

mechanisms 

[183] 

Inclusive 

innovation 

Ensuring that the benefits of RNAi-

based insect control are accessible 

and affordable to small-scale 

farmers and marginalized 

communities 

Participatory technology 

development, capacity-

building programs, subsidies 

and incentives 

[184] 

Science-policy 

interface 

Strengthening the interface 

between science and policy to 

ensure that RNAi-based insect 

control is developed and regulated 

in a evidence-based and socially 

accountable manner 

Science-policy dialogues, 

policy briefs, engagement 

with regulatory agencies 

[185] 

87.3. Intellectual property and commercialization 
The commercialization of RNAi-based insect control technologies involves complex intellectual 

property (IP) and licensing considerations. Many of the key technologies and gene sequences 

underlying RNAi are protected by patents, which can impact the development and accessibility of 

RNAi-based products [186]. Navigating the IP landscape and establishing appropriate licensing 

agreements are crucial for the successful commercialization of RNAi-based insect control solutions 

[187]. 

One challenge is the potential for IP fragmentation, where different aspects of RNAi technology are 

owned by multiple entities, making it difficult to acquire the necessary licenses for 

commercialization [188]. This can lead to high transaction costs and delays in bringing RNAi-based 
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products to market [189]. To address this issue, collaborative IP management strategies, such as 

patent pools and cross-licensing agreements, can be explored to facilitate access to key technologies 

and promote innovation [190]. 

Another consideration is the need to balance IP protection with the accessibility and affordability of 

RNAi-based insect control for small-scale farmers and developing countries [191]. This may require 

the development of alternative IP models, such as open-source licensing or humanitarian use 

exemptions, to ensure that the benefits of RNAi technology are widely distributed [192]. 

Additionally, the establishment of public-private partnerships and technology transfer programs can 

help to build local capacity and promote the adoption of RNAi-based solutions in resource-limited 

settings [193]. 

Table 8. Intellectual property and commercialization considerations for RNAi-based insect control 

Consideration Description Challenges Strategies References 

Patent 

landscape 

Understanding the 

existing patents and 

IP rights related to 

RNAi technologies 

and their applications 

in insect control 

IP fragmentation, 

overlapping patent 

claims, freedom-to-

operate issues 

Patent landscaping, 

freedom-to-

operate analysis, 

due diligence 

[186], 

[187] 

Licensing 

agreements 

Establishing 

appropriate licensing 

agreements for 

accessing and using 

RNAi technologies for 

insect control 

High transaction 

costs, negotiation 

complexities, 

potential for disputes 

Collaborative 

licensing models, 

standardized 

agreements, 

alternative dispute 

resolution 

mechanisms 

[188], 

[189] 

IP 

management 

strategies 

Developing strategies 

for managing IP assets 

and promoting 

innovation in RNAi-

based insect control 

Balancing IP 

protection with 

accessibility and 

affordability, 

encouraging 

knowledge sharing 

and technology 

transfer 

Patent pools, cross-

licensing 

agreements, open-

source models 

[184,188] 

 

98. Research Gaps and Future Directions 
 98.1. Enhancing RNAi efficiency and delivery 
Despite the significant progress made in RNAi-based insect control, there are still several research 

gaps and challenges that need to be addressed to enhance the efficiency and delivery of RNAi in the 

field. One key area of research is the development of more effective dsRNA delivery methods that 
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can overcome the barriers to RNAi uptake and persistence in insects [194]. This may involve the 

design of novel nanocarriers or formulations that can protect dsRNA from degradation, enhance its 

cellular uptake, and prolong its residence time in the insect body [195]. 

Another important research direction is the exploration of strategies to enhance the RNAi response 

in recalcitrant insect species, such as some lepidopteran pests, which have shown limited sensitivity 

to RNAi [196]. This may involve the identification of new RNAi targets, the use of more potent dsRNA 

sequences, or the co-delivery of RNAi enhancers or synergists [197]. Additionally, the development 

of high-throughput screening methods and bioinformatics tools can help to accelerate the discovery 

and optimization of effective RNAi targets and sequences [198]. 

98.2. Long-term effects and ecological studies  
To fully assess the environmental safety and sustainability of RNAi-based insect control, long-term 

studies and ecological investigations are needed. While most studies to date have focused on the 

short-term effects of RNAi on target and non-target organisms, the potential long-term impacts on 

insect populations, ecological communities, and ecosystem functions remain largely unexplored 

[199]. 

Future research should aim to conduct multi-year, field-scale studies to monitor the effects of RNAi-

based control on insect population dynamics, resistance development, and ecological interactions 

[200]. This may involve the use of advanced monitoring techniques, such as population genetics 

tools, to track the spatial and temporal changes in insect populations and their associated ecological 

networks [201]. 

Furthermore, the potential effects of RNAi-based control on soil health, microbial communities, and 

biogeochemical processes should be investigated [202]. This may require the development of 

sensitive and specific methods for detecting and quantifying dsRNA in environmental matrices, as 

well as the assessment of its fate and persistence under different environmental conditions [203]. 

Table 9. Research gaps and future directions in RNAi-based insect control 

Research Gap Future Directions Potential Outcomes References 

dsRNA delivery 

methods 

Development of novel 

nanocarriers and formulations for 

enhanced dsRNA stability, uptake, 

and persistence 

Improved RNAi efficiency 

and field performance, 

reduced environmental 

persistence 

[194], [195] 

RNAi efficiency in 

recalcitrant 

species 

Identification of new RNAi 

targets, use of potent dsRNA 

sequences, co-delivery of RNAi 

enhancers or synergists 

Expanded range of insect 

pests controllable by RNAi, 

improved RNAi efficacy 

[196], [197] 

High-throughput 

screening and 

bioinformatics 

Development of advanced 

screening methods and 

computational tools for RNAi 

target and sequence optimization 

Accelerated discovery and 

design of effective RNAi 

strategies, reduced off-

target effects 

[198] 
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Long-term 

ecological effects 

Multi-year, field-scale studies on 

insect population dynamics, 

resistance development, and 

ecological interactions 

Comprehensive assessment 

of the environmental safety 

and sustainability of RNAi-

based control 

[199], 

[200], [201] 

Soil health and 

microbial 

communities 

Investigation of the effects of 

RNAi-based control on soil health, 

microbial diversity, and 

biogeochemical processes 

Improved understanding of 

the ecological impacts of 

RNAi, development of 

mitigation strategies 

[202] 

dsRNA 

environmental 

fate and 

persistence 

Development of sensitive and 

specific methods for detecting 

and quantifying dsRNA in 

environmental matrices, 

assessment of dsRNA persistence 

under different conditions 

Informed risk assessment 

and management of RNAi-

based control, optimization 

of dsRNA formulations and 

application strategies 

[203] 

Resistance 

management 

Integration of RNAi with other 

control strategies, use of refuge 

areas, monitoring of resistance 

development, and 

implementation of proactive 

management plans 

Prolonged effectiveness of 

RNAi-based control, reduced 

risk of resistance evolution 

[204] 

Socio-economic 

and policy aspects 

Assessment of the economic 

feasibility, social acceptance, and 

regulatory frameworks for RNAi-

based insect control 

Informed decision-making 

and policy development, 

enhanced public trust and 

adoption of RNAi technology 

[205] 

Capacity building 

and technology 

transfer 

Strengthening of research and 

extension services, development 

of partnerships and 

collaborations, and enhancement 

of local capacity for RNAi-based 

insect control 

Improved access to and 

adoption of RNAi 

technology, particularly in 

developing countries 

[206] 

98.3. Addressing resistance development  

The potential for insects to develop resistance to RNAi-based control is a major concern and an 

important research gap that needs to be addressed. As with any insect control strategy, the 

continuous exposure of insect populations to the same RNAi target or sequence can lead to the 

evolution of resistance over time [204]. Therefore, proactive resistance management strategies must 

be developed and implemented to ensure the long-term sustainability of RNAi-based insect control. 

Future research should focus on understanding the molecular mechanisms of RNAi resistance in 

insects, including the identification of potential resistance genes and the characterization of 

resistance development processes [207]. This knowledge can inform the design of more durable 
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RNAi targets and sequences, as well as the development of resistance monitoring and management 

plans [208]. 

Moreover, the integration of RNAi with other control strategies, such as biological control, cultural 

practices, and selective insecticide use, can help to reduce the selection pressure on insect 

populations and delay the onset of resistance [209]. The use of refuge areas, where a portion of the 

crop is left untreated to maintain susceptible insect populations, can also be explored as a strategy 

to manage RNAi resistance [210]. 

Experimental Results 

1. Transgenic corn expressing dsRNA targeting the Snf7 gene of the western corn rootworm 

(Diabrotica virgifera virgifera) showed significant reduction in root damage and adult 

emergence compared to non-transgenic controls [211]. 

2. Silencing of the P450 monooxygenase gene CYP6AE14 in the cotton bollworm (Helicoverpa 

armigera) by plant-mediated RNAi resulted in increased larval mortality and reduced 

tolerance to gossypol, a natural defense compound in cotton [212]. 

3. Knockdown of the ecdysone receptor gene in the Colorado potato beetle (Leptinotarsa 

decemlineata) by feeding on dsRNA-expressing potato plants led to significant 

developmental abnormalities and reduced survival [213]. 

4. RNAi-mediated silencing of the wing development gene Distal-less (Dll) in the Asian citrus 

psyllid (Diaphorina citri) caused wing malformations and reduced flight ability, potentially 

limiting the insect's dispersal and transmission of citrus greening disease [214]. 

5. Oral delivery of dsRNA targeting the V-ATPase gene in the western flower thrips 

(Frankliniella occidentalis) resulted in significant mortality and reduced fecundity, 

demonstrating the potential of RNAi for controlling this polyphagous pest [215]. 

6. Transgenic rice expressing dsRNA against the midgut genes hexose transporter (HT1) and 

carboxypeptidase (CAR1) of the brown planthopper (Nilaparvata lugens) showed enhanced 

resistance to the insect, with reduced survival and population growth [216]. 

7. Silencing of the olfactory co-receptor gene Orco in the diamondback moth 

(Plutellaxylostella) by plant-mediated RNAi disrupted the insect's olfactory responses and 

reduced its ability to locate host plants [217]. 

8. RNAi-mediated knockdown of the gap gene hunchback in the tobacco hornworm 

(Manducasexta) resulted in severe embryonic defects and developmental arrest, 

highlighting the potential of targeting developmentally critical genes for insect control [218]. 

9. Feeding of dsRNA targeting the acetylcholinesterase gene in the green peach aphid 

(Myzuspersicae) led to significant mortality and reduced fecundity, demonstrating the 

feasibility of RNAi-based control in hemipteran pests [219]. 
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10. Transgenic soybean plants expressing dsRNA against the Rack1 gene of the soybean aphid 

(Aphisglycines) exhibited enhanced resistance to the pest, with reduced aphid population 

growth and plant damage [220]. 

11. Spray application of dsRNA targeting the juvenile hormone acid O-methyltransferase 

(JHAMT) gene in the red flour beetle (Triboliumcastaneum) caused significant developmental 

abnormalities and reduced fertility, showcasing the potential of spray-based RNAi delivery 

[221]. 

12. Injection of dsRNA targeting the vitellogenin gene in the honey bee (Apismellifera) led to 

reduced egg production and impaired reproductive performance, demonstrating the need 

for careful selection of RNAi targets to avoid off-target effects on beneficial insects [222]. 

13. Plant-mediated RNAi silencing of the chitin synthase gene in the soybean looper 

(Chrysodeixisincludens) resulted in significant larval mortality and reduced feeding damage, 

indicating the potential for controlling lepidopteran pests in soybean [223]. 

14. Oral delivery of dsRNA targeting the gamma-aminobutyric acid (GABA) receptor gene in the 

tomato leafminer (Tutaabsoluta) caused significant mortality and reduced larval feeding, 

showcasing the potential of RNAi for controlling this invasive pest [224]. 

15. RNAi-mediated knockdown of the ecdysone receptor gene in the Asian long-horned beetle 

(Anoplophoraglabripennis) led to significant developmental defects and reduced survival, 

highlighting the potential for controlling wood-boring pests [225]. 

16. Transgenic wheat expressing dsRNA against the salivary sheath protein gene in the English 

grain aphid (Sitobionavenae) showed enhanced resistance to the pest, with reduced aphid 

population growth and plant damage [226]. 

17. Silencing of the molting hormone receptor gene Methoprene-tolerant (Met) in the red palm 

weevil (Rhynchophorusferrugineus) by injection of dsRNA caused significant developmental 

abnormalities and reduced survival, indicating the potential for controlling this invasive pest 

[227]. 

18. Plant-mediated RNAi targeting the acetylcholinesterase gene in the striped flea beetle 

(Phyllotretastriolata) resulted in significant mortality and reduced feeding damage, 

demonstrating the feasibility of RNAi-based control in cruciferous crops [228]. 

19. Oral delivery of dsRNA targeting the voltage-gated sodium channel gene in the fall 

armyworm (Spodopterafrugiperda) caused significant mortality and reduced larval growth, 

showcasing the potential of RNAi for controlling this polyphagous pest [229]. 

20. RNAi-mediated silencing of the ecdysone receptor gene in the Africanized honey bee 

(Apismelliferascutellata) led to significant developmental defects and reduced survival, 

highlighting the need for species-specific RNAi targets in social insects [230]. 

21. Transgenic sugarcane expressing dsRNA against the aminopeptidase N gene of the 

sugarcane borer (Diatraeasaccharalis) showed enhanced resistance to the pest, with 

reduced larval survival and plant damage [231]. 
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22. Spray application of dsRNA targeting the juvenile hormone esterase gene in the cabbage 

looper (Trichoplusiani) resulted in significant developmental abnormalities and reduced 

pupal weight, indicating the potential of spray-based RNAi delivery in lepidopteran pests 

[232]. 

23. Oral delivery of dsRNA targeting the cytochrome P450 gene CYP321A1 in the cotton aphid 

(Aphisgossypii) caused significant mortality and reduced fecundity, demonstrating the 

feasibility of RNAi-based control in this polyphagous pest [233]. 

24. Plant-mediated RNAi silencing of the voltage-gated sodium channel gene in the beet 

armyworm (Spodopteraexigua) resulted in significant larval mortality and reduced feeding 

damage, showcasing the potential of RNAi for controlling this pest in various crops [234]. 

25. Injection of dsRNA targeting the vitellogenin gene in the bumble bee (Bombusterrestris) led 

to reduced egg production and impaired colony development, highlighting the need for 

careful assessment of RNAi effects on non-target pollinators [235]. 

26. RNAi-mediated knockdown of the olfactory receptor co-receptor gene Orco in the oriental 

fruit fly (Bactroceradorsalis) disrupted the insect's olfactory responses and reduced its ability 

to locate host fruits, indicating the potential for RNAi-based control of this invasive pest 

[236]. 

27. Transgenic eggplant expressing dsRNA against the acetylcholinesterase gene of the eggplant 

fruit and shoot borer (Leucinodesorbonalis) showed enhanced resistance to the pest, with 

reduced larval survival and plant damage [237]. 

28. Oral delivery of dsRNA targeting the juvenile hormone acid methyltransferase gene in the 

pea aphid (Acyrthosiphonpisum) caused significant developmental abnormalities and 

reduced fecundity, demonstrating the potential of RNAi for controlling this important vector 

of plant viruses [238]. 

29. Plant-mediated RNAi silencing of the chitin synthase gene in the spotted wing drosophila 

(Drosophilasuzukii) resulted in significant adult mortality and reduced oviposition, indicating 

the potential for controlling this invasive pest in fruit crops [239]. 

30. RNAi-mediated knockdown of the ecdysone receptor gene in the Russian wheat aphid 

(Diuraphisnoxia) led to significant developmental defects and reduced survival, showcasing 

the potential of RNAi for controlling this important pest in cereal crops [240]. 

109. Conclusion  
109.1. Summary of key findings 

This review has highlighted the significant potential of RNAi-based insect control as a promising 

approach for sustainable pest management. The specific and potent gene silencing effects of RNAi, 

combined with its adaptability to different insect species and delivery methods, make it a valuable 

tool for controlling a wide range of insect pests in agriculture and other sectors. 

The research community has made substantial progress in elucidating the molecular mechanisms of 

RNAi in insects, identifying effective target genes and delivery strategies, and demonstrating the 
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feasibility of RNAi-based control in various crop systems. The development of transgenic plants, 

sprayable dsRNA formulations, and other innovative delivery methods has opened up new 

possibilities for the field application of RNAi. 

However, several challenges and research gaps still need to be addressed to fully realize the 

potential of RNAi-based insect control. These include the variability in RNAi efficiency among insect 

species, the need for improved dsRNA delivery and stability, the potential for resistance 

development, and the long-term ecological impacts of RNAi use. 

109.2. Prospects for RNAi-based insect control in integrated pest management 

Despite the challenges, the prospects for RNAi-based insect control in integrated pest management 

(IPM) are promising. The compatibility of RNAi with other control strategies, such as biological 

control and cultural practices, makes it a valuable component of IPM programs. By selectively 

targeting specific insect pests, RNAi can help to reduce the reliance on broad-spectrum insecticides 

and promote the conservation of beneficial insects and natural enemies. 

To fully harness the potential of RNAi in IPM, ongoing research and development efforts should 

focus on enhancing the efficiency and specificity of RNAi-based control, while minimizing the risks of 

resistance development and off-target effects. This will require a multidisciplinary approach, 

integrating advances in molecular biology, biotechnology, ecology, and socio-economic sciences. 

Furthermore, effective communication and engagement with stakeholders, including farmers, 

consumers, policymakers, and the general public, will be crucial for the successful adoption and 

implementation of RNAi-based insect control. Building trust, transparency, and participation in the 

development and regulation of RNAi technologies will be essential for ensuring their social 

acceptance and responsible use. 
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