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                                                               ABSTRACT
Genetic engineering is the technique of changing an organism’s genetic composition through the introduction of a desired gene. Recombinant DNA technology or gene manipulation are the other names for genetic engineering. Genetic engineering has been used to remove dangerous environmental pollutants through various techniques. Insect and herbicide resistance, biotic and abiotic stress tolerance, and better nutritional benefits have all been created in transgenic plants. Genetically modified (GM) crops allow increased crop production with fewer resources. The fundamental goal of GM crops is to generate pest- and disease-resistant crops. Genetic engineering is commonly used in agriculture to produce genetically modified foods (GMF). After the discovery of RNA interference (RNAi), researchers began to investigate how RNAi may be used to control pests. Genome editing has been developed as a novel breeding approach that allows genome modifications of animals, plants, microorganisms, and even humans. Various genome editing methods, ranging from endonucleases to CRISPR/Cas9, are useful in different aspects of plant growth, development, and stress mitigation. There is practically no limit to what can be accomplished with responsible genetic engineering. 
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                                                      INTRODUCTION:
Genetic engineering (GE), genetic modification, and genetic manipulation holds hold immense scientific importance as it they allows allow for the direct manipulation of an organism's genome to achieve desirable traits. Transgenic or genetically engineered organisms (GMOGMOs) are the outcomes of such gene transfers (Shah et al., 2014). This technology has revolutionized various fields, including agriculture, medicine, and biotechnology. Plant genetic engineering is thus a method in which a foreign donor gene is inserted into the genome of a host crop and is governed by specific gene regulatory sequences (Alemu, 2020). Genetic engineering can be used to introduce new genes from one species into completely unrelated species, allowing the latter species to express the trait encoded by genes from the former species. Multiple approaches exist for genetically modifying plants and pests. GE can also be used to eliminating eliminate hazardous environmental substances using a variety of approaches. Genetic engineering is most commonly used in agriculture to produce genetically modified foods (GMF). Appropriate tools and processes are required to realize the potential benefits of GE (Bisht et al., 2019). Artificial selection or hybridization were the only strategies accessible at the start. The focus moved to transgenesis after it became possible to create genetically engineered Drosophila via the insertion of exogenous genes into the nuclear genome. After the discovery of RNAi, the prospect of using this approach to control pests was considered (Alemu, 2017). Plants that are amenable to genetic manipulation have become the focus of new breeding strategies (Dodiya et al., 2023). Genome editing has evolved as a unique breeding technique that permits changing the genomes of plants, animals, microbes, and even humans. A variety of editing techniques, from CRISPR-Cas9 to endonucleases, are helpful in various facets of plant development, growth, and stress mitigation. (Nikolay et al., 2019). GE has been subject to several regulations. In industrialized countries, acceptability and awareness of GE are significantly higher than in developing countries. A new kind of safe, self-limiting, and scalable control mechanism for a single species' genetic population has been developed by researchers using CRISPR technology. This method could be used to combat a number of diseases and insect pests (Ahmad et al., 2019). Target species can be managed and even eliminated in the field with this tactic. More than any other discipline, GE promotes long-term development and food security through plant preservation. However, proper stewardship procedures and biosafety regulatory frameworks must be successfully put in place if the enormous promise of GE is to be completely realized. 
  Genetic Engineering and Agriculture:
Agriculture, being the backbone of India’s economy, provides a living for over 70% of the population of India (Dodiya et al., 2025). This approach permits rapid adaptation to the ever-changing threat of pests, ensuring that food insecurity is effectively addressed and long-term development is attained (Yigezu, 2021). Ancient farmers, whether consciously or unconsciously, selected for pest-resistance genes in their crops, often by collecting seed from only the greatest yielding plants in their field. Given the world’s limited acreage and expanding population, efforts must be made to boost agricultural productivity and ensure food security. Pest-related crop production losses in India range from 15 to 30% and are due to all biotic stressors, such as weeds, insect pests, diseases, nematodes, and rodents (Oerke, 2006). Pests are now controlled through excessive use of chemicals, which have negative consequences and whose degradation products can enter and accumulate in the atmosphere, soils, and rivers, posing a threat to humans and the environment. For millennia, humans have been looking for crop plants that can produce and flourish despite insect infestations (Hill, 2012). Nevertheless, it is still vital to develop cost-effective and ecologically acceptable pest-management methods. GE may be able to provide acceptable solutions. GE is described as the deliberate and regulated alteration of biological systems to achieve effective pest control. The rapid growth of genetic technology has yielded new pest management and biodiversity protection measures (Dodiya et al., 2025).
Steps in Genetic Engineering:
Rapid and exciting developments in GE have provided countless opportunities. The discovery of the genome enterprise in various organisms, the law and molecular mechanisms governing gene expression, transmission of certain genes from one creature to another, and ultimately the ability to create transgenic organisms with the purpose of enhancingenhancing the financial standard overall performance of the organisms have all been outstanding achievements. In GE, a gene is first acquired from a donor cell (Animal cellularcell). An appropriate plasmid is then obtained from a suitable bacterium. Plasmids are commonly used as vectors to exchange the unique gene into the host. Next, an enzyme called a restriction enzyme is used to remove the DNA fragment that contains the gene of interest. This enzyme acts likes like a scissor (i.e., it recognizes a target sequence of base pairs and cuts the DNA at the target sequence). The same restriction enzyme is also used to open and linearize the target plasmid. Finally, the linearized plasmid is modified to include the desired gene. The gene of interest is subsequently ligated into the linearized plasmid using the enzyme DNA ligase, creating a recombinant plasmid. This recombinant plasmid can be then be transferred to the host cell, thus conferring unique features to the host cell, such as production of proteins from other species, such as human insulin (Figure 1).
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                                                        Figure 1: Steps in Genetic Engineering

Genetic engineering techniques for insect pest management:
Various strategies are used in genetic engineering, 
1) Genetic engineering: transgenic plants,2) DNA barcoding,3) Gene silencing: RNA interference, and 4) Genome editing.
1)  Genetic engineering:
1.1. Transgenic plants: Plants that have had their DNA altered through GE techniques are known as transgenic plants. The object of these techniques is to confer novel characteristics that are not found in that species naturally. The transgene refers to the sequence that has been introduced. The goal of putting a gene or set of genes into a plant is to make it as useful and prolific as possible (Deb et al., 2015). This category of GE encompasses the majority of the GM items developed over the last two years. Gene modification and introduction into microorganisms and crop plants to impart resistance to pests, herbicides, drought, soil salinity, and aluminum toxicity has have advanced significantly in recent years. GE also has the potential to provide a far wider spectrum of novel insecticidal genes than may be possible through conventional breeding. The first transgenic plant with an insecticidal gene was developed in 1987. This transgenic tobacco plant had enhanced resistance to the lepidopteran pest Heliothis virescens and produced up to 1% of its soluble protein as cowpea trypsin inhibitor. Although the trypsin inhibitor gene from cowpeas was eventually transferred to rice and potato, in these hosts, it did not provide long-term insect protection, rendering it commercially unviable. Commercial insecticidal gene development has focused on Bacillus thuringiensis (Bt) toxins. Tobacco and tomato plants were also given Bt toxin-coding genes in 1987. Farmers have adopted genetically modified plants rapidly since their commercialization in 1996. By 2019, from in 29 counties countries, 17 million farmers have planted 190.4 million hectares of genetically modified crops (ISAAA, 2019).  Cotton yields has have been increased by up to 60% by Bt cotton while lowering pesticide use by half in India alone. This has resulted in an increase ofin annual revenue to up to 11.9 billion in annual revenue. The global business relies on a single insect resistance trait. However, there are concerns on about the introduction of Bt-resistant bugs, especially due to the fact that Bt-resistant insects have already been identified. Accordingly, researchers are looking for new insecticidal genes that may be introduced into economically valuable crops. Some proteins that may have insecticidal properties include: vegetative insecticidal protein, amylase inhibitors and, chitinases, and protease inhibitors 
Bacillus thuringiensis Endotoxins:
Bacillus thuringiensis (Bt), a gram-positive soil bacterium, generates a proteinaceous crystalline inclusion throughout sporulation. Bt produces toxins known as Cyt and cryCry. These toxins are divided into Cry1 to Cry55 and Cyt1 to Cyt2, respectively, by a radical nomenclature scheme. Cry pollutants are divided into three groups, none of which are related phylogenetically. Diptera (mosquitoes), Lepidoptera (butterflies and moths), and Coleoptera (beetles) are targeted by BT toxins. BT toxins are a suitable approach to controlling these pests as they are harmless to humans, wildlife, and the environment. BT toxins have been studied in Helicoverpa armigera, Bombyx mori, Manduca sexta, Plutella xylostella, Sesamia nonagrioides, Spodoptera littoralis, Ostrinia nubilalis, Spodoptera exigua, Heliothis virescens, and Spodoptera frugiperda. Most of the toxins produced in Bt crops are targeted towards coleopteran pests, although some are also directed against lepidopteran pests (Stevens et al., 2012).
Mode of Action: 
The mechanism of action of Bt toxin is divided into two models: signal transduction and pore formation. Each model uses the same basic procedures. When insects ingest the bacteria, the crystalline inclusion becomes soluble in their midgut. For over two decades, the pore formation model was believed to be the main mechanism of action, as evidenced by several articles. In this model, the Bt toxin binds to the primary columnar receptors in the midgut epithelium. Cadherin-like proteins are the main Cry toxin receptors in lepidopterans. There are different binding sites based on the cry toxin structure. The toxin’s interaction with cadherin stimulates the development of oligomers and allows for further proteolytic cleavage. Toxins then bind to secondary receptors in the larvae larvae's midgut membrane. The toxin penetrates the membrane and generates holes after attaching to the secondary receptor (such as amino peptidases and alkaline phosphatases, both GPI-anchored proteins). Membrane integrity is disrupted due to these pores, leading to electrolyte imbalance and death from hunger or septicemia. As modified Bt poisons kill insects that lack the cadherin receptor, it is likely thatthat other receptors are are involved in Bt toxicity. According to the other model for Bt toxin activity, Cry toxins initiate a signaling cascade. Unlike the pore formation model, this model does not include, secondary receptors, toxin oligomerization, or membrane pore formation. This model suggests that attachment to the cadherin receptor triggers a -dependent signaling pathway that causes cell death via nucleotide-binding protein, guanine, adenylyl cyclase, and protein kinase (Stevens et al., 2012)
2. DNA Barcoding 
DNA barcoding is a technique of systematically identifying target organisms based on a DNA series sequence (Kumar and Jain, 2011; Hebert et al., 2003). The four DNA nucleotides can be used to identify a species. Paul Herbert proposed. DNA barcodes have been used to discover cryptic and unknown species (Hebert et al., 2004; Chacon et al., 2013), to investigate complex ecological interactions (Smith et al., 2006; Wallace et al., 2012), and to verify the accuracy of species content in industrial materials. For animal identification, the mitochondrial protein cytochrome c oxidase subunit 1 (CO1COI) has been adopted as the DNA barcode (Herbert et al., 2003; Hajibabaei, 2012). The nuclear internal transcribed spacer (ITS) ribosomal DNA gene area is similar in fungi, whereas the rbcL and matK genes are used as DNA barcodes in plants. Several global projects are focused on establishing the order and curation of DNA barcode libraries for all living things (Savolainen et al., 2005; Hajibabaei et al., 2007). Traditional techniques for obtaining DNA sequence data include PCR amplification and Sanger sequencing (Sanger et al., 1977). This technique can be used to build a library containing previously identified specimens, . For nearly 3 decades, Sanger sequencing technology, which can yield sequencing reads of up to a 1000 bases, has been dominant. However, next-generation sequencing (NGS) approaches are unexpectedly being adopted (Dodiya et al., 2024). In DNA barcoding, a sampling is executed from a discipline, soil, or water. The sample is dry preserved or stored in ethanol until DNA extraction. Improvement of natural resources, management of agricultural pests, protection of endangered species, identification of medicinal plants, and identification of vectors, monitoring water quality, and certification of natural herbal products are some of the applications of DNA barcoding.
3. Gene Silencing 
3.1 RNA interference:
Several genomics strategies are available that allow silencing of a gene or a family of genes. RNA interference (RNAi) is an approach that allows inhibiting gene function by means of introducing specific RNA sequences that repress transcription or translation (Shah et al., 2014).
RNAi has made it possible to introduce particular plant traits, control pests, and improve crop yields (Younis et al., 2014; Meena et al., 2017). The use of RNA interference (RNAi) to knock down certain genes has, in recent times, end evolved up into a more dependable and powerful generation. The research is based at on the loss-of-useful actions of target genes (Tierney et al., 2005). RNAi was used for the first time to reinforce anthocyanin pigment in Petunia hybrida L by introducing the chalcone synthase gene (chsA) into the plant (Napoli et al. 1990). Overexpression of the chsA gene in the transgenic petunia plant resulted in new bloom coloration (Vander et al., 1990). 
Instead of knocking out genes, RNAi is a strategy for silencing or down-regulating gene expression. However, due to the dsRNA delivery structures or the method of dsRNA introduction, the silencing impact may be transient in insect pests (Sivakumar, 2002). “Cell-self-sustaining” and “noncell-self-sustaining” are the two varieties of RNAi (Whangbo et al., 2008). Cell-independent RNAi occurs when dsRNAs are transported to the target cell and silence the target gene. In entomology, noncell-self-sustainingnon-cell-sustaining RNAi is utilized in the research of several gene characteristics. The gene of interest is suppressed in the target cells or tissues in preference to those in which the dsRNAs are brought in, in this example. This means that during noncell-self-sustaining RNAi, dsRNA should be acquired from the environment or delivered to the target cell through a single tissue. Noncell-self-sustaining RNAi may be divided into two categories, systemic and environmental. When the desired gene is down regulateddownregulated into another cellscell, this is referred to as a systemic RNAi response. In environmental RNAi, the dsRNA is acquired from the environment and suppresses the targeted gene at the same time. Many factors influence RNAi, the most important of which is the dsRNA delivery technique (Sivakumar, 2002; Araujo et al., 2006; Yao et al., 2013). Table 2 presents several examples of dsRNA delivery approaches in insect pests. RNAi can be executed through feeding, soaking, or other strategies (Scott et al., 2013).
Table 1: dsRNA delivery approaches in insect pests

	Insect pests

	Mode of delivery
	            References

	Diabrotica virgifera

	Transgenic plants and Artificial diet 

	Moellenbeck et al., 2001

	Phyllotreta striolata

	Plant tissue

	Henderson, G. G., and Eigenbrode, S. D. 1998


	Leptinotarsa decemlineata

	Artificial diet

	Alyokhin, A., and Chen, Y. H. 2017


	Acyrthosiphon pisum 

	Feeding

	Wille, B. D., and Hartman, G. L. 2009


	Rhodnius prolixus 

	Injection

	
Wille, B. D., and Hartman, G. L. 2009




RNAi pathways and mechanisms:
Based on their biogenesis and related proteins, RNAi pathways are divided into three classes. SiRNAsiRNA, miRNA, and piwi RNA (piRNA) are three types of noncoding short RNAs. SiRNA siRNA and miRNA are used to limit gene expression or knock off a selected gene, while piRNA is used in defense against transposons (Aravin et al. 2007). The conserved center proteins of RNAi in several insect species act as down regulatorsdownregulators of gene expression within the siRNA and miRNA pathways (Shreve et al., 2013; Swevers et al., 2013). The key RNAi genes of the quick interference RNA pathway are less conserved across species than those of piRNA and microRNA. SiRNAs act as a deterrent to invading nucleic acids. Exogenous dsRNA triggers the activation of this siRNA pathway. When dsRNA is delivered, the siRNA pathway is activated, which causes RNA interference (RNAi) and the target gene to be downregulated or silenced. The enzyme RNase III (Dicer) converts dsRNA into 2123-bp siRNA when it is put into a cell (Bernstein et al.,2001). RNAi depends on argonaute (AGO), a member of the PPD protein family (PAZ and PIWI domaindomains). The argonaute-2 protein interacts with the RNA-induced silencing complex (RISC) to enable its function. When siRNA is included in the RISC-AGO-2 complex, ds-siRNA unwinds in an ATP-dependent manner before the passenger strand is destroyed. RISC uses an a strand known as the manual strand as a template. The RISC complex endonuclease is activated upon identification of a targeted or complementary mRNA, causing it to cleave the mRNA in the center of the siRNA complementary site. The gene or protein that the mRNA codes for is lost when AGO cleaves and activates the mRNA. This method is now extensively used in agriculture to silence targeted genes of insect pests (Fig Fig. 2) . Plant-mediated RNAi is an effective and simple means to regulate agricultural insect pests. Furthermore, RNAi has been used to decrease the expression of unique genes (Baum et al., 2007). The target gene appears to have an impact on the effectiveness of RNA interference (Terenius et al., 2011). By producing dsRNA in transgenic plants, plant-mediated RNA interference techniques have produced insect-resistant plants. Plant-mediated RNA interference has improved the current generation of insect-resistant plants by producing dsRNA in transgenic plants that limits the expression of specific genes in insect pests (Price et al.,2008; Mutti  et al.,2006; Mutti et al.,2008).
Agrobacterium-mediated plant transformation is currently the only approach for achieving plant-mediated RNAi (Mao et al.,2013). For RNAi to be effective in agricultural pest management, a number of requirements must be fulfilled. These include delivering dsRNA into the target bugs' intestinal cells and creating an appropriate mechanism for dsRNA delivery in plants. Using a plant-mediated RNAi technique, two genes, Rack1 and C002, have been targeted in green peach aphids (Pitino et al., 2011). Under the CaMV35S promoters of Agrobacterium tumefaciens, Nicotiana benthamiana, and Arabidopsis thaliana have been transformed with dsRNA of Rack1 and C002. The transgenic plants produced dsRNA that can down regulatedownregulate the target genes in the green peach aphid. The expression of these genes (C002, Rack1) were was 60% lower in aphids fed transgenic vegetation when compared with control aphids that were fed normal vegetation. Silencing the gap gene (hunchback), which is vital for tissue differentiation in bugs, can lead to progeny deformity. Many integration prototypes in transgenic tobacco use an RNAi approach to silence the hunchback gene. In addition, neonate aphids have been fed T2 generation homozygous transgenic for bioassays. After feeding on transgenic vegetation, the expression of the aphid’s hunchback gene was down regulateddownregulated, and insect replication was reduced.
       Plant-mediated RNAi approach to reduce the chemical insecticide resistance of agricultural pests (Eakteiman et al., 2018). More crucially, this approach allowed down regulationdownregulation of key “detoxing genes” that are used by phloem-feeding insects to counteract plant resistance mechanisms or chemical insecticides. These researchers focused on the GST gene (BTGSTs5) in the phloem-feeding whitefly B. tabaci. Three discoveries were made. Firstly, B. tabaci was fed transgenic A. thaliana expressing dsRNA towards the glutathione S-transferase gene under a tissue (phloem)-particularparticular tissue-specific promoter, exhibited notable down regulationdownregulation of the target gene BTGSTs5 in the intestine of B. tabaci. Secondly, the BTGSTs5 enzyme changed has into been proven to uptake indolic glucosinolates as substrates and form their detoxified conjugates in vitro. Thirdly, downregulation of BTGSTs5 reduced the gene development time of whitefly (B. tabaci) nymphs, consistent with the 1/3 finding. Collectively, these results indicate that for the ability of B. tabaci to feed effectively on glucosinolate-producing flowers, BTGSTs5 BTGST5 plays a crucial role. 
          [image: ]                            Fig 2: Process of RNAi targeted to insect pests.

3.  Genome Editing: 
Genome editing, particularly through techniques like CRISPR/Cas9, has revolutionized the field of genetic engineering, offering a precise and efficient method for modifying the genomes of organisms, including agricultural pests (Dodiya et al., 2025). The CRISPR/Cas9 system, a powerful tool for targeted gene editing, has gained significant attention in pest management due to its ability to induce specific changes at defined locations in the DNA. The mechanism behind CRISPR/Cas9 involves the Cas9 protein, which acts as molecular scissors to cut DNA at a specific site, guided by a complementary RNA sequence (guide RNA). Once the DNA is cut, the cell’s natural repair mechanisms attempt to fix the break, and during this process, edits can be introduced either by knocking out genes or inserting new genetic material. This precise editing allows researchers to disrupt or modify genes that are crucial for pest survival, reproduction, or resistance to insecticides (Hickey et al., 2023). For example, genome editing can be used to create pest-resistant crops by editing genes responsible for insect susceptibility or altering pests’ ability to spread diseases. In pest management, genome editing has been particularly effective in modifying insect populations through strategies such as gene drives. Gene drives are designed to spread a particular genetic modification through a population at an accelerated rate, ensuring that desired traits, like resistance to pests or pathogens, become dominant in the population over successive generations. Recent research has demonstrated the potential of gene drives in controlling mosquito populations, which are vectors for diseases like malaria and dengue (Khan et al., 2023). Similarly, genome editing has been employed to modify agricultural pests like the fall armyworm, targeting genes involved in the development of insecticide resistance, or creating sterile males that can reduce population growth when released into the wild (Li et al., 2024). One of the most promising aspects of genome editing in pest management is its ability to deliver long-term, sustainable solutions compared to traditional chemical pest control methods. Since genome editing allows for the precise targeting of genes essential for pest viability, it reduces the likelihood of pests developing resistance to control methods, a major issue with conventional chemical pesticides. However, challenges remain in terms of the regulatory and ecological concerns surrounding the widespread deployment of genetically edited organisms, particularly in terms of potential unintended consequences on ecosystems (Hickey et al., 2023). Despite these hurdles, the ongoing refinement of genome editing technologies promises to be a game-changer for pest control, offering more targeted, effective, and environmentally sustainable methods of pest management in agriculture.
Conclusion:
Sustainable agriculture can be achieved by a combination of good agricultural practices and research and development of new technologies, particularly genetic engineering. Genetic engineering technologies applied to insects offer several possibilities for the identification of novel genes and investigation of their activities, which may reveal new approaches for effective insect pest management. DNA barcoding is a useful approach for enhancing the accuracy of identity and for preserving evolutionary methods and biodiversity. Gene silencing technology enables effective pest management. By providing a means to increase the inheritance and prevalence of a particular gene in a population, genome editing has the potential to improve crop protection. Genetic engineering of numerous insect species for varied purposes is still in its infancy. The main obstacles are a lack of knowledge of the molecular genomics in various species, a low frequency of transformation, and a high cost, among others. Once these issues are resolved, genetic engineering of insects will become as routine as the transformation of bacteria, plants, and other amenable organisms. Genetic engineering has great potential for crop pest management and may result in reduced pesticide use. However, the possible negative effects of genetic engineering should be considered. Further research is required before the full potential of genetically modified organisms can be realized.
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