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Application of Biotechnological Approaches in Insect-Pest Management

ABSTRACT
Global agricultural pest management incurs substantial annual expenditures exceeding billions of dollars. For many decades, broad-spectrum synthetic insecticides were regarded as the most effective option for pest suppression. However, their indiscriminate and excessive use has accelerated the evolution of resistance in pest populations, disrupted natural enemies, and posed serious threats to human health and environmental safety. Therefore, sustainable pest management requires minimizing chemical pesticide use and conserving beneficial organisms to maintain ecological balance. Modern biotechnology provides promising and environmentally sound alternatives for pest control and has significantly reshaped present-day agriculture. Techniques such as genetic transformation and genetic engineering for crop protection—including Bt crops, recombinant DNA technology, gene pyramiding, RNA interference (RNAi), and the sterile insect technique—are now widely adopted for eco-friendly pest management. Emerging gene-editing tools, especially CRISPR-Cas9, offer new opportunities for precise control of insect pests. RNA interference strategies utilizing double-stranded RNA enable targeted elimination of pest species while preserving non-target organisms. Likewise, gene-drive systems modify specific gene inheritance patterns, providing effective population management capabilities. The integration of agricultural biotechnology thus provides innovative, sustainable, and effective solutions to rising pest challenges while supporting long-term food security for the growing global population. Insect biotechnology provides valuable assets across diverse industries including the development of novel catalysts, microbial insect toxins, and other substances. It enables genetic characterization and engineering of organisms and cells, along with recombinant DNA technology applications, creating microbial agents with enhanced insecticidal potency.
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INTRODUCTION
[bookmark: _GoBack]The large growth in the global population requires new solutions for the control of harmful insects that compete for our food. Changing regulatory requirements and public perception, together with the continuous evolution of resistance to conventional insecticides, also require, in addition to innovative molecules with different modes of action, new non-chemical control strategies that can help maintain efficient integrated pest management programs (Civolani et al., 2025). Projections indicate the global population will approach ten billion by 2050 (Nishimoto, 2019), necessitating approximately fifty percent greater food production to meet demand (Kumari et al., 2022). Escalating threats from pests and diseases underscore the urgency of developing innovative agricultural methodologies (Sundstrom et al., 2014; Ristaino et al., 2021). Insect pests cause widespread  damage to  agriculture and  are  a major  concern  for many  economically  significant crops Advances in biology have been used to develop innovative control  options.  Regarding  the  promotion  of  sustainable  agricultural  methods,  such  as integrated  pest  management,  conservation  agriculture,  integrated  crop-livestock-energy systems, and agroforestry, a thorough understanding of the necessity for technical approaches in research and development is must (Gupta & Jindal, 2014). Research by Joshi et al. (2020) and Kumari et al. (2022) attributes an estimated twenty-five to thirty percent reduction in agricultural productivity to insect pests. Global crop losses from field to consumption range between thirty and forty percent due to pest and disease pressure (Kumara and Thiruchchelvan, 2022). Viral pathogens cause approximately three to seven percent losses, while bacterial and fungal diseases account for roughly fifteen percent (Iksat, et al., 2023). Phytopathogens significantly diminish crop yields and quality worldwide, severely constraining agricultural productivity. Conventional chemical insecticide applications have demonstrated inadequate efficacy (Dhananjayan et al., 2020), prompting increased research focus on biotechnology-based alternatives.
Advanced biotechnological approaches, including gene transformation and genetic engineering, have emerged as innovative and effective strategies for the management of agricultural pests and plant diseases. These methodologies enable the precise modification of genetic material to enhance host resistance, disrupt pest life cycles, or reduce pathogen virulence. In comparison with conventional chemical control measures, such approaches offer the potential for greater specificity, reduced environmental impact, and improved long-term sustainability. Recent advances in gene-editing technologies, particularly CRISPR–Cas9 systems, have further expanded the scope of molecular pest management. CRISPR-based tools facilitate targeted genome modifications with high precision and efficiency, thereby enabling the development of insect-resistant crop varieties or the direct manipulation of pest populations. For example, gene editing may be employed to introduce heritable traits that impair reproduction, alter host-seeking behaviour, or increase susceptibility to environmental stressors. Collectively, these developments represent a transformative shift towards more sustainable, genetically informed strategies for pest and disease control in modern agriculture (Panigrahi et al., 2025). RNA interference approaches employing double-stranded RNA can specifically eliminate pest species while leaving nontarget organisms unaffected. Gene-drive systems alter inheritance patterns of targeted genes, establishing effective pest management capabilities. This review examines biotechnological applications for insect pest and disease control, including gene editing, RNAi, and gene-drive technologies. We address successful gene editing implementations in insects, including fruit flies and migratory locusts, along with potential applications for developing pest-resistant crops using CRISPR-Cas9. Agricultural biotechnology integration delivers innovative approaches to address increasing pest prevalence while ensuring sustainable nutrition for the growing global population.
ROLE OF BIOTECHNOLOGY IN INSECT-PEST MANAGEMENT
Biotechnology significantly enhances bioinsecticide efficacy and cost-effectiveness while expanding market opportunities. Insect pest management employs biotechnological approaches, including genetic engineering, genome editing, RNA interference, and complementary techniques. These methodologies support sustainable agriculture while reducing dependence on toxic pesticides. Detailed examination of these approaches follows.
1. Genetic Engineering for Pest Management
Genetic engineering, alternatively termed gene transformation, develops insect resistance in crops through the insertion of specific DNA sequences or genes into plant genomes. These introduced sequences typically encode instructions for producing proteins with insecticidal properties. Plants expressing these proteins acquire resistance to targeted insect pests (Gatehouse, 2013). This strategy has demonstrated effectiveness against diverse pests from Lepidoptera, Coleoptera, and Diptera orders (Birkett and Pickett, 2014). Global agriculture has utilized genetically modified crops producing insecticidal proteins from the soil bacterium Bacillus thuringiensis (Bt) since 1996 (Abbas, 2018). The cry gene transformation methodology employs particle bombardment or Agrobacterium-mediated techniques to deliver insecticidal genes into crop plants (Juturu et al., 2015). Bacillus thuringiensis cry genes predominate in commercial transgenic crops (Tabashnik et al., 2008; 2013). Additional genes, including OC-I (oryzacystatin-I cysteine proteinase inhibitor), Vgb (Vitreoscilla hemoglobin), NTHK1, SacB (levansucrase), JERF-36 (jasmonic ethylene responsive factor), BADH (betaine aldehyde dehydrogenase), and API (arrowhead proteinase inhibitor) have undergone investigation for enhancing resistance and stress tolerance (Wang et al., 2018). Transgenic cotton and maize incorporating these genes demonstrate substantial resistance to lepidopteran and coleopteran pests, resulting in reduced insecticide application and enhanced crop yields. Research indicates Bt cotton producers utilize forty to seventy percent less insecticide compared to conventional cotton cultivation. This reduction decreases production costs while minimizing farmer and agricultural worker exposure to hazardous chemicals. Reduced pesticide application benefits environmental quality through decreased chemical runoff, diminished soil contamination, and reduced risks to beneficial insects and vertebrates. Bt cotton's success in reducing insecticide use has stimulated interest in developing additional GM crops with similar pest resistance characteristics. Bt brinjal, though not yet commercialized in India, demonstrates effectiveness against fruit and shoot borer pests, potentially reducing chemical insecticide requirements in brinjal production.
1.1 Genetically Modified Crops/Plants/Transgenic Plants for Pest Resistance
Genetically modified microbial pesticides, classified as plant-incorporated protectants (PIPs), utilize microorganisms, including bacteria, fungi, viruses, and protozoa modified to produce pesticidal substances, providing natural targeted pest control approaches. Plant-incorporated protectants represent genetically engineered plants containing genes encoding toxin production for pest suppression. These PIPs enable plants to defend against pathogenic microorganisms, including fungi, viruses, and bacteria. Crops utilizing PIPs for targeted pest control are designated pest-resistant crops. Transgenic plant development involves inserting desired genes into plant genomes through techniques including particle bombardment, gene gun delivery, or Agrobacterium-mediated transformation. These methodologies have been applied to wheat, maize, rice, and corn (Rajamani and Negi, 2021). Plant-incorporated protectants offer multiple advantages, including enhanced yields with reduced pesticide application. These genetically modified crops provide economic benefits while protecting neighboring non-Bt crops through local insect population reduction. Potential disadvantages associated with plant-incorporated protectants include effects on non-target pests, human and environmental risks, possible PIP gene transfer to other plants, and development of pesticide or insect resistance (Rajamani and Negi, 2021). Commercially available plant-incorporated protectant pesticides appear in Table 1.
Protease inhibitors, which disrupt insect digestive processes by inhibiting enzymes required for protein digestion, have been introduced into plants through transgenic methods (Singh et al., 2020). Additionally, transgenic plants expressing alpha-amylase inhibitors have been developed to combat insect pests from multiple orders, including Lepidoptera, Coleoptera, Diptera, and Hemiptera by interfering with starch digestion in insect guts. Insect chitinase and chitinase-like proteins represent another important strategy, degrading chitin—a major component of insect exoskeletons and gut linings—thereby compromising structural integrity and digestive capabilities. Lectins, naturally occurring in diverse plant species, bind to specific carbohydrates in insect midguts, impairing digestion and nutrient absorption. These lectins demonstrate strong insecticidal activity and have been successfully cloned into transgenic plants. Detailed examination of each strategy and its significance in insect pest management follows.


1.2 Cry Genes
The gram-positive soil bacterium Bacillus thuringiensis (Bt) produces insecticidal crystalline proteins (ICPs) toxic to insects. Genes encoding these proteins, specifically parasporal crystal protoxins, have been inserted into numerous crop species to confer insect resistance. These crystal proteins function as protoxins that dissolve and undergo proteolytic activation in the alkaline midgut environment of insect larvae. Activated toxins bind to specific receptors on midgut epithelial cells, forming membrane pores. This process causes gut paralysis within two to three days, terminating feeding and resulting in larval mortality (Kumari et al., 2022).
Table 1: Plant-Incorporated Protectants against crop pests (Transgenic Crops Carrying Bt Genes for Insect Resistance)
	Plant
	Gene incorporated
	Resistance to insect
	Commercial name

	Cotton
	Cry 1Ac toxins from Bacillus thuringiensis
	Cotton and tobacco bollworm
	Bollgard

	Maize
	Cry 1Ab,1F,9c toxins from Bacillus thuringiensis
	European corn borer
	Yieldgard, Knockout, Herculex I, Starlink, Maximizer

	Rice
	Cry1C from Bacillus thuringiensis
	Leaf folders (Cnaphalocrocis medinalis) and stem borers
	-

	Tobacco
	QB protein of photosystem II from mutant Amaranthus
	Atrazine resistant
	-

	Brinjal
	Cry1Ac from the soil
	Shoot and fruit borer, Leucinodes orbonalis
	Bt Brinjal

	Tomato
	Cry1Ab gene of Bacillus thuringiensis
	Second instar larvae of Helicoverpa armigera (Fruit borer) and Spodoptera litura (Cutworm)
	Bt tomato


	Pigeon pea
	cry1Ac and cry2Aa 
	Helicoverpa armigera (Pod borer)
	-

	Sweet potatoes
	Cry1Aa gene
	Lepidopteran insect i. e, Spodoptera litura 
	-

	Cotton
	Cry2AX gene
	Helicoverpa armigera
	-

	Rice
	Cry2AX1
	Scirpophaga incertulas (Yellow stem borer) and Cnaphalocrocis medinalis (Leaf folder)
	-

	Tomato
	Cry1Ac
	Tuta absoluta (Leaf minor)
	

	Chickpea
	CryIIAa
	Helicoverpa armigera (Pod borer)
	-

	Pigeon pea
	Cry1AC + Cry2Aa
	Helicoverpa armigera (Pod borer)
	-

	Soybean
	Cry 8 like
	Holtrichia panallele (Black chafer)
	-

	Caster
	Cry1AC
	Achaea janata (Caster semilooper) and Spodoptera litura (Cutworm)
	-



1.3 Vegetative Insecticidal Protein (Vip) Genes
Bacillus thuringiensis (Bt), present in diverse natural habitats, possesses inherent insecticidal properties effective against numerous economically significant agricultural pests. This effectiveness stems from its capacity to produce various insecticidal proteins during different growth phases. Among these, Vip proteins (vegetative insecticidal proteins) generated during bacterial vegetative growth represent valuable insecticidal agents due to their distinct sequences and target receptor sites compared to conventional Cry proteins.
Vip proteins are classified into three principal subfamilies: Vip1, Vip2, and Vip3. Vip1 and Vip2 function cooperatively as heterodimers, demonstrating particular effectiveness against Hemipteran and Coleopteran pests. Vip3, the most extensively investigated Vip family member, exhibits potent toxicity against lepidopteran pests. Designated as second-generation insecticidal proteins, they demonstrate effectiveness against diverse insect pests when administered individually or combined with cry proteins. Vip genes provide excellent pest control options due to enhanced resistance against tobacco budworm (Heliothis virescens) and cotton bollworm (Helicoverpa armigera) (table 2). Transgenic cotton containing Vip3A alone and an alternate multitoxin line expressing both Vip3A and cry1Ab (VipCot) demonstrated enhanced resistance to H. zea and H. virescens , respectively (Kumari et al., 2022).
Table 2: Expression of vegetative insecticidal proteins (Vip) genes for insect resistance
	Plant
	Transgene
	Resistance to insect

	Cotton
	Vip3A + cry1Ab
	Heliothis zea (Corn earworm) and H. virescens (Tobacco bud worm)

	Cowpea
	Vip3Ba1
	Maruca vitrata (Bean pod borer)

	Cotton
	Vip3AcAaa (Vip3Aa1+Vip3Ac1)
	Helicoverpa armigera (Cotton bollworm)

	Sugarcane
	Vip3A
	Chilo infuscatellus (Yellow top borer)



1.4 Lectins
Lectins comprise carbohydrate-binding proteins that, upon ingestion by insects, bind to chitin in the midgut peritrophic membrane, impeding nutrient assimilation. Transgenic tobacco expressing pea lectin gene demonstrates resistance to H. virescens. Numerous plant species naturally produce lectins—carbohydrate-binding proteins with insecticidal properties that protect plants against herbivory by adversely affecting consuming insects and animals. Leguminous seeds frequently contain substantial lectin concentrations, particularly abundant in plant families including Solanaceae, Fabaceae, and Poaceae. Plant lectins, functioning as storage proteins, play essential roles in protecting plants from phytophagous insects. Recent development of insect-resistant plants has highlighted the potential for employing plant lectins in pest management strategies. Lectin incorporation into transgenic crops has yielded promising results, particularly in enhancing resistance to sap-sucking insects, especially when combined with Bacillus thuringiensis (Bt) Cry toxins. Furthermore, lectins added to artificial diets or expressed in transgenic plants adversely affect the growth and development of insect pests across multiple orders, including Lepidoptera, Coleoptera, and Hemiptera. Plant lectins disrupt digestive and cellular processes through strong affinity for specific sugar residues present on insect cell membrane glycoproteins and glycolipids (table 3). Transgenic rice plants expressing Galanthus nivalis agglutinin (GNA) and Allium sativum leaf agglutinin (ASAL) demonstrate resistance to common sap-sucking pests, including brown planthoppers, white-backed planthoppers, and green leafhoppers, providing valuable biological tools for sustainable pest control (Kumari et al., 2022).
Table 3: Expression of lectin genes for insect resistance
	Plant
	Transgene
	Resistance to insect/Target insects

	Stored grains
	Polygonum persicaria L. (PPA) Lectin
	Sitophilus oryzae (Rice weevil)

	Common bean
	Arcelin-5, Leucoagglutinin, Erythroagglutinin
	Callosobruchus chinensis (adzuki bean weevil, pulse beetle, chinese bruchid, or cowpea bruchid)


	Common bean
	Arcelin
	-do-

	Stored grains
	Microgramma vacciniifolia rhizome lectin (MvRL)
	Sitophilus. Zeamais (Maize weevil)

	Cowpea
	Arcl on APA locus from Phaeselous vulgaris
	Callosobruchus chinensis (adzuki bean weevil, pulse beetle, chinese bruchid, or cowpea bruchid)

	Wheat
	Pinellia pedatisecta agglutinin (PPA)
	Metopolophium dirhodum (Rose grass aphid), Schizaphis graminum (Green bug), Rhopalosiphum padi (Bird cherry-oat aphid) and Sitobion avenae (English grain aphid)

	Mustard
	Colocasia esculenta tuber agglutinin (CEA)+ Galanthus nivalis agglutinin (GNA)
	Lipaphis erysimi (Musrad aphid/turnip aphid)

	Potato
	Galanthus nivalis agglutinin (GNA)
	Myzus persicae (Potato aphid)

	Potato
	Hv1a/GNA
	Myzus persicae Myzus persicae (Potato aphid) and Sitobion avenae (English grain aphid)

	Rice
	Allium sativum leaf agglutinin (ASAL) and Galanthus nivalis lectin (GNA)
	Nilaparvata lugens (Brown planthopper), Sogatella furcifera (White-backed planthopper) and Nephotettix nigropictus (Rice green leaf hopper)

	Rice, Sugarcane
	Snowdrop lectin (Galanthus nivalis agglutinin; GNA)
	Eoreuma loftini (Dyar)-Maxican rice borer and Diatraea saccharalis (Sugarcane borer)

	Wheat
	Snowdrop lectin (Galanthus nivalis agglutinin; GNA)
	Sitobion avenae (English grain aphid)

	Rice
	Snowdrop lectin (Galanthus nivalis agglutinin; GNA)
	Sap sucking pests



1.5 Fusion Proteins
Fusion proteins result from combining multiple insecticidal proteins into a single genetic construct. When expressed in transgenic plants, these fusion proteins form single polypeptide chains demonstrating enhanced efficacy against diverse phytophagous insect pests. Transgenic cotton lines developed by Dow AgroSciences containing Cry1Be + Cry1Fa fusion protein exhibited improved resistance to pests, including Spodoptera litura and Ostrinia nubialis. Similarly, Agrobacterium-mediated transformation in Brassica juncea expressing lectin-protease inhibitor fusion protein conferred resistance against phytophagous aphids. Maize incorporating Cry1Ab/Cry2Aj fusion protein into kernels demonstrated increased mortality in both Spodoptera exigua (Lepidoptera) and Harmonia axyridis (Coleoptera). Transgenic rice lines expressing combined Cry1Ac and Allium sativum agglutinin (ASAL) provided broad-spectrum, sustained protection against significant insect pests including brown planthoppers, leaf folders, and yellow stem borer (Kumari et al., 2022). Table 4 summarizes studies employing fusion proteins for developing insect-resistant crop plants (Kumari et al., 2022).
Table 4: Fusion proteins for insect resistance in crop plants for pest management
	Plant
	Transgene
	Resistance to insect/Target insects

	Sugarcane
	Cry2Aa + Cry1Ca, Cry1Ab + Cry1Ac
	Scirphophaga excerptalis (Sugarcane top borer)

	Cotton
	Cry2Ab + Cry1F + Cry1AC
	Helicoverpa armigera (Cotton bollworm) and Spodoptera litura (Leaf worm)

	Rice
	Cry2Aa + Cry1Ca
	Chilo suppressalis (Rice stem borer)

	Rice
	Cry1AC + ASAL
	Scirpophaga incertulas (Yellow stem borer), Cnaphalocrocis medinalis (Rice leaf folder), Nilaparvata lugens (Brown plant hopper)

	Cotton
	Cry1Be + Cry1Fa
	Spodoptera litura (Tobacco cutworm), Ostrinia nubialis (Europian corn borer)

	Brassica juncea- Mustard
	Lentil lectin (LL) and chickpea protease inhibitor (CPPI) genes
	Lipaphis erysimi (Mustard/turnip aphid)

	Maize
	Cry1Ab/Cry2Aj
	Spodoptera exigua (Armyworm), Harmonia axyridis (Lady beetle)

	Cotton
	Cry51Aa2
	Lygus spp. (Tarnished plant bug) 

	Rice
	Cry2AX1 (Cry2Aa + Cry2Ac)
	Scirpophaga incertulas (Yellow stem borer), Cnaphalocrocis medinalis (Rice leaf folder and rice leaf roller) 


1.6 Protease Inhibitors
These natural plant compounds contribute to insect pest defence by interfering with digestive processes. They function by blocking digestive protease enzymes that insects utilize for protein breakdown, leading to reduced nutrient assimilation. This disruption results in diminished reproductive success, elevated mortality, and retarded growth due to amino acid deficiencies. Among extensively studied PIs are serpins and cystatins. Serpins, with molecular weights of approximately 39-43 kDa, irreversibly inhibit serine proteases. These serine proteases commonly occur in insect orders including Diptera (flies), Orthoptera (grasshoppers and locusts), Lepidoptera (moths and butterflies), Coleoptera (beetles), and Hymenoptera (bees and wasps). Cystatins, smaller at 12-16 kDa, inhibit cysteine proteases—primary digestive enzymes in Coleopteran and Hemipteran insects. Research indicates certain plant-derived signaling compounds, notably methyl jasmonate, essential for plant defense, can suppress gut protease activity in insects following tissue damage (Kumari et al., 2022). Despite potential applications, protease inhibitor use in pest management has encountered limitations primarily due to an incomplete understanding of insect physiology and biochemistry. Nevertheless, PIs remain promising tools for developing novel environmentally compatible pest control strategies.
1.7 α-Amylase Inhibitors
Insects utilize the digestive enzyme α-amylase for carbohydrate digestion. α-Amylase inhibitors disrupt insect digestion by suppressing enzyme activity. Plant seeds and vegetative organs contain α-amylase inhibitors that effectively regulate phytophagous insects. Phaseolus vulgaris seeds containing α-amylase inhibitors demonstrate reduced growth and development of bruchid pests, including azuki bean weevil (Callosobruchus chinensis) and cowpea weevil (Kumari et al., 2022). Recent developments include tobacco engineered with a wheat gene encoding α-amylase inhibitor, enhancing resistance to Agrotis and Spodoptera species (Jaiswal et al., 2018). Morton and colleagues (2000) demonstrated that transgenic pea and azuki bean seeds expressing α-amylase inhibitor αAI-1 exhibited enhanced resistance to bruchid pests, including azuki bean weevil (C. chinensis), cowpea weevil (C. maculatus), and pea weevil (Bruchus pisorum). Kaur et al. (2022) found maize genotypes with elevated α-amylase inhibitor activity in central whorl leaves and stems that demonstrated enhanced resistance to Chilo partellus infestation.
1.8 Insect Chitinase
These hydrolytic enzymes degrade chitin, a fundamental structural component of insect exoskeletons and peritrophic membranes that provides protection against environmental stress, mechanical damage, and predators. Transgenic plants expressing chitinase genes have been developed to enhance crop resistance. Osman et al. (2016) found maize engineered to produce chitinase exhibited enhanced resistance to corn borer (Sesamia cretica). Chitinase roles in pest control have been investigated in multiple insect species, including silkworm (Bombyx mori), rice brown planthopper (Nilaparvata lugens), cotton mealybug (Phenacoccus solenopsis), and rice striped stem borer (Chilo suppressalis) (Omar et al., 2019). Their inhibitory effects on insect development have led to applications as transgenes and biopesticides. However, limited research and insufficient structural data on certain insect chitinases have constrained targeted agrochemical development. Enhanced understanding of molecular structure and biological functions could accelerate biotechnological pest management applications (Kumari et al., 2022).
2. Genome Editing for Pest Management
Insect resistance development to Bt traits presents significant challenges to agricultural productivity, stimulating demand for innovative, economical, environmentally responsible pest management approaches, including strategies countering insect resistance. Recent focus has shifted toward gene editing—a more sophisticated and precise methodology (Anastacia Books, 2019). Gene editing enables scientists to insert, delete, or replace DNA bases at specific genomic locations, modifying gene function through natural organismal repair processes (Bortesi and Fischer, 2015). Recognized as a globally applied contemporary scientific technique, gene editing permits targeted DNA modifications in living organisms (Belfort and Bonocora, 2014). In insect pest management, this technique gains momentum by expanding options for enhancing plant pest resistance. Genome editing typically employs nucleases for site-specific DNA cleavage, with transcriptional activator-like effector nucleases (TALENs) and clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) as widely utilized tools. The CRISPR/Cas9 system comprises two principal components: Cas9 protein and single-guide RNAs (sgRNAs), readily synthesized, whereas TALEN requires modification for each target locus. This approach offers advantages over conventional genetic editing procedures, including enhanced precision, efficiency, and versatility. CRISPR enables the development of crop varieties with improved characteristics such as increased yield, enhanced nutritional content, pest and disease resistance, and environmental stress tolerance (Jaganathan et al., 2018). Disease-vector mosquitoes can be genetically modified to reduce pathogen transmission capacity. In this context, CRISPR/Cas9 has recently emerged as a powerful, user-friendly, highly efficient tool for developing insect-resistant crops (Table 5). This technique functions through specific gene deletion or missense mutation introduction in target genes, effectively blocking protein production in various crops (Gao, 2021). Many generalist insects depend on plant-specific signals, including volatiles, taste, visual cues, and oviposition preferences for host location. Genome editing can modify these volatile compounds, offering novel pest control strategies while ensuring changes do not adversely affect beneficial insects, including pollinators and natural predators.
Table 5: List of insects engineered for pest management using CRISPR/Cas9
	Target insects
	Target gene

	Plutella xylostella
	Abdominal-A homeotic gene (Pxabd-A)

	Drosophila melanogaster
	Chitin synthase 1

	Agrotis ipsilo
	Yellow-Y Gene

	Spodoptera litura
	Abdominal-A (Slabd-A) gene

	Spodoptera littoralis
	Olfactory receptor co-receptor (Orco) gene

	Helicoverpa armigera
	HaCad

	Helicoverpa armigera
	Tetraspainin

	Spodoptera exigua
	Ryanodine receptor

	Ceratitis capitata
	Eye Pigmentation Gene White Eye (We)

	Helicoverpa armigera
	α-6- nicotinic acetylcholine receptor (nAchR)

	Plutella xylostella
	PxABCC2, PxABCC3

	Ostrinia furnacalis
	ABCC2

	Rhopalosiphum padi
	ß-1-3glucanase in maize

	Tribolium castaneum
	E-cadherin gene, EGFP

	Locusta migratoria
	Odorant receptor co-receptor (Orco) gene



3. RNA Interference (RNAi) for Pest Management
RNA interference (RNAi) constitutes a technique reducing specific gene expression through targeted sequence suppression. Alternatively designated post-transcriptional gene silencing (PTGS), this process operates through introducing double-stranded RNA (dsRNA) into cells, triggering suppression of specific undesired genes (Kamthan et al., 2015). In pest control, RNAi functions through pest consumption of dsRNA, which subsequently distributes through their systems, disrupting essential biological processes (Katoch et al., 2013) (Table 6). While transgenic Bt toxins primarily target midguts of Lepidoptera and Coleoptera larvae, RNAi provides broader, more targeted approaches without affecting nontarget insect species. The RNAi approach demonstrated potential for controlling numerous insects, particularly sap-sucking species, while creating new opportunities for environmentally compatible pest management.
Table 6: List of transgenic crops for insect resistance through RNA interference
	Target crop
	Target insect
	Silenced gene

	Tobacco
	Spodoptera littoralis
	Sl 102 immune gene

	Tobacco
	Bemisia tabaci
	Phenolic glucoside malonyltransferase

	Soybean
	Aphis glycines
	TREH, ATPD, ATPE, CHSI

	Tobacco
	Bemisia tabaci
	BtACTB gene

	Rice
	Scirpophaga incertulas
	AchE-Acetylcholine esterase

	Tobacco
	Manduca sexta
	v-ATPaseA gene

	Potato
	Leptinotarsa decemlineata
	ECR gene

	Cotton
	Helicoverpa armigera
	Juvenile hormone methyl transferase (JHMT)

	Maize
	Diabrotica virgifera virgifera LeConte
	Dvvgr, dvbol

	Soybean
	Leguminivora glycinivorella
	SpbP0-dsRNA

	Rice
	Scirpophaga suppressalis
	Aminopeptidase N genes APN1+APN2

	Tomato, Tobacco
	Helicoverpa armigera
	Chitinase gene-HaCHI

	Maize
	Lepidopteran
	dsRNA-Spray

	Potato
	Leptinotarsa decemlineata
	β-actin gene

	Maize
	Diabrotica v. virgifera
	hunchback (hb) and brahma (brm) gene

	Maize
	Diabrotica virgifera virgifera LeConte
	Suppression of target mRNA



4. Gene-Drive Approach for Pest Management
Gene drive technology represents a genetic engineering technique favoring inheritance of specific traits, enabling rapid spread of single genetic factors through populations for potential pest or disease management applications (DiCarlo et al., 2015; Books, 2019). Gene drives build upon natural phenomena where specific genes (or genetic elements) demonstrate enhanced likelihood of transmission to offspring compared to expectations under standard Mendelian inheritance patterns. Scientists can employ gene drives to introduce particular traits into pest populations, reducing their agricultural impact or disease transmission capacity. Gene drive examples include population suppression—introducing genes inducing pest sterility or diminishing general fitness, resulting in pest population decline—and population modification—introducing genes altering pest behavior or reducing disease transmission capacity without necessarily reducing total population numbers. Gene drives can manage crop-damaging insect pests, potentially reducing pesticide requirements. Invasive organisms threatening agriculture or ecosystems can be managed or eliminated through gene drives (Kumari et al., 2022).
5. Marker-Assisted Selection (MAS) for Pest Management
Marker-assisted selection (MAS) constitutes a crop improvement method employing DNA marker-based selection rather than visible trait observation. Plants are selected for breeding based on genetic composition rather than phenotypic appearance or field performance. Multiple molecular marker forms, including single-nucleotide polymorphisms (SNPs), have been identified, demonstrating substantial potential for enhancing traditional breeding efficacy and precision. Molecular marker approaches represent the most recent methodology for introducing desired genes into optimal crop plant combinations (Kumari et al., 2022). MAS research indicates Bph14 and Bph15 were introduced into Minghui 63 and related hybrids through molecular marker-assisted selection to enhance BPH resistance (Hu et al., 2012). Using marker-assisted backcrossing (MABC) with phenotypic selection, Yuehui9113 and its F₁ hybrids acquired resistance to both brown planthopper (BPH) and bacterial blight (BB) through gene pyramiding, combining one BB resistance gene (Xa21) with two BPH resistance genes (Bph14 and Bph15) (He et al., 2019). In another case, a resistant rice line ASD7 carrying bph2 gene crossed with the susceptible variety C418 produced hybrids exhibiting significantly enhanced BPH resistance when evaluated using MAS (Li-Hong et al., 2006). Liu et al. (2016) reported rice cultivars with two stacked BPH resistance genes, Bph3 and Bph27(t), demonstrated stronger resistance and experienced reduced yield loss from BPH.
CONCLUSIONS
Insects constitute primary agents reducing agricultural productivity. Farmers conventionally employ chemical insecticides for rapid pest infestation management. Alternative pest management strategies gain importance through public awareness of adverse effects from indiscriminate pesticide use on human, animal, and environmental health. Progress achieved in insect biotechnology derives primarily from logical advances in molecular research, particularly technological improvements enabling genetic control of living organisms and cells. Biotechnology applications for pest management have expanded significantly. Insect biotechnology provides valuable assets across diverse industries, including the development of novel catalysts, microbial insect toxins, and other substances. It enables genetic characterization and engineering of organisms and cells, along with recombinant DNA technology applications, creating microbial agents with enhanced insecticidal potency. Additionally, RNA interference and genome editing with CRISPR/Cas9 offer new approaches for developing insect-resistant crops. Creating insect-resistant agricultural plants proves commercially viable, pesticide-resistant, and environmentally safe (Kamatham et al., 2021). Plants can achieve insect resistance through modern approaches, including RNAi and CRISPR for sensitive gene elimination or modification.
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