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ABSTRACT
Transgenic crops have emerged as a transformative innovation in modern agriculture, offering targeted solutions to challenges related to food security, micronutrient deficiency, biotic and abiotic stresses, and sustainable production systems. Since the advent of recombinant DNA technology in the early 1980s, genetic engineering has enabled the precise introduction of desirable genes across taxonomic boundaries using methods such as biolistic transformation, Agrobacterium-mediated gene transfer, and viral vector systems. This review comprehensively examines the molecular strategies underlying transgenic crop development and highlights their applications in agronomic improvement, including insect resistance, herbicide tolerance, and viral resistance. Particular emphasis is placed on biofortification approaches aimed at enhancing provitamin A, iron, zinc, folate, and vitamin E content through metabolic engineering, nicotianamine synthase overexpression, ferritin integration, and phytate reduction strategies. Beyond agronomic traits, emerging applications such as edible vaccines, plant-based biopharmaceuticals, biodegradable polymer production, and transgrafting technologies are discussed as innovative extensions of transgenic platforms. Despite demonstrated benefits in productivity and nutritional enhancement, concerns regarding biosafety, gene flow, resistance evolution, allergenicity, and public acceptance continue to shape regulatory landscapes worldwide. The review further outlines advancements in cisgenesis, intragenesis, and genome editing as refined alternatives to classical transgenic approaches. Collectively, transgenic technologies represent a pivotal tool for developing climate-resilient, nutrient-enriched, and multifunctional crops, provided that scientific innovation is balanced with rigorous safety assessment and societal engagement.
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1. INTRODUCTION 
Transgenic crops represent one of the most significant advancements in modern plant biotechnology, enabling the precise modification of plant genomes through recombinant DNA technology. Unlike conventional breeding, which relies on the recombination of genes within sexually compatible species, transgenic approaches allow the transfer of specific genes across taxonomic barriers to introduce desirable traits. The foundation of this technology was established in the early 1980s, when successful gene expression in plants following DNA transfer demonstrated the feasibility of genetic transformation (Murai et al., 1983). Since then, genetic engineering has evolved into a powerful tool for enhancing crop productivity, nutritional quality, and resistance to biotic and abiotic stresses.
The rapid global population increase and the need for sustainable agricultural intensification have driven the adoption of genetically engineered crops. Transgenic crops are designed to address critical challenges such as insect infestation, weed competition, viral infections, micronutrient deficiencies, and environmental stresses. One of the earliest and most impactful commercial applications was the development of insect-resistant crops expressing Bacillus thuringiensis (Bt) Cry toxins. These crops significantly reduced reliance on chemical insecticides and improved yield stability by protecting plants from major lepidopteran pests (Bates et al., 2005; Pardo-López et al., 2013). Similarly, herbicide-tolerant crops engineered with modified versions of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) have enabled efficient weed control and facilitated conservation tillage practices (Funke et al., 2006).
The global adoption of genetically modified crops has been associated with measurable agronomic and economic benefits. A comprehensive meta-analysis indicated that GM crops have contributed to yield gains, reduced pesticide applications, and increased farmer profitability (Klümper and Qaim, 2014). In addition to productivity enhancement, transgenic crops have been linked to broader sustainable development objectives, including improved resource-use efficiency and reduced environmental footprint (Raymond Park et al., 2011). These developments underscore the transformative role of genetic engineering in modern agriculture. Beyond agronomic improvements, transgenic technology has emerged as a strategic tool to combat micronutrient malnutrition, often termed “hidden hunger.” Biofortification, defined as the enhancement of micronutrient concentration in edible plant parts through breeding or biotechnology, is considered a sustainable intervention for addressing deficiencies in iron, zinc, vitamin A, and folate (Welch and Graham, 2004; Saltzman et al., 2013). While conventional breeding has achieved progress in developing nutrient-dense crops (Nestel et al., 2006; Garg et al., 2018), genetic engineering provides unique advantages when natural variation is insufficient or when new biosynthetic pathways must be introduced.
A landmark example of transgenic biofortification is Golden Rice, engineered to synthesize β-carotene (provitamin A) in the endosperm through the insertion of carotenoid biosynthetic genes (Paine et al., 2005). Similarly, combinatorial genetic transformation has been employed in maize to enhance carotenoid accumulation (Zhu et al., 2008; Wang et al., 2014). Iron biofortification has been achieved by overexpressing nicotianamine synthase and ferritin genes, leading to increased iron content in rice grains (Wirth et al., 2009). Moreover, reducing anti-nutritional factors such as phytic acid enhances mineral bioavailability (Gibson et al., 2010), and transgenic expression of phytase in wheat has been shown to significantly increase iron and zinc bioavailability (Abid et al., 2017). Folate enrichment through metabolic engineering has also been successfully demonstrated in rice (Storozhenko et al., 2007). These examples illustrate how transgenic strategies can directly improve the nutritional profile of staple crops.
In addition to food and nutrition applications, transgenic plants have been explored as biofactories for the production of vaccines and therapeutic proteins. The successful production of antibodies in transgenic plants demonstrated the feasibility of plant-based biopharmaceutical systems (Hiatt et al., 1989). Subsequent developments highlighted the potential of plants as platforms for edible vaccines and antigen delivery systems (Walmsley and Arntzen, 2000; Penney et al., 2011; Guan et al., 2013). Furthermore, plant systems have been utilized for the production of high-value oils and fatty acids (Damude and Kinney, 2008; Dyer et al., 2008), as well as biodegradable polymers such as polyhydroxyalkanoates (Poirier, 2001). Enhancement of vitamin E (tocochromanol) content through metabolic pathway manipulation further demonstrates the versatility of transgenic approaches (Yang et al., 2011; Tanaka et al., 2015).
Innovative applications such as transgrafting provide additional dimensions to genetic engineering. In this approach, non-transgenic scions are grafted onto transgenic rootstocks to confer beneficial traits while maintaining non-transgenic edible tissues (Smolka et al., 2010; Albacete et al., 2015; Dandekar et al., 2019; Rugini et al., 2020). Moreover, cisgenic and intragenic strategies, which utilize genes from sexually compatible species, have been proposed as alternatives to classical transgenesis and may influence future regulatory frameworks (Schouten et al., 2006; Scorza et al., 2013). Despite these advances, the deployment of transgenic crops continues to be shaped by regulatory scrutiny and public perception. Comprehensive biosafety evaluations assess potential risks such as gene flow, resistance evolution, and allergenicity before commercialization. Continuous refinement of transformation technologies and molecular characterization methods aims to enhance precision, stability, and safety. The historical progression of transgenic crop development, from the first transgenic plant in 1982 to recent CRISPR-based commercial products, reflects rapid advancements in plant biotechnology. Key milestones including the approval of Flavr Savr tomato, development of Golden Rice, and commercialization of GM cotton highlight the expanding scope of genetic engineering in agriculture. These major developments are summarized chronologically in Fig. 1. Overall, transgenic crops represent a convergence of molecular genetics, metabolic engineering, and sustainable agricultural innovation. By addressing yield constraints, nutritional deficiencies, and novel industrial applications, transgenic technology offers a multifaceted solution to contemporary agricultural challenges.
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Fig. 1. The chronological development and major milestones in transgenic crop advancement 

2. Escalation of transgenics through different procedure
The genetic modification of crops involves altering the plant's genetic material in a laboratory, usually by introducing one or more genes into its genome. The new genetic material is targeted to the plant cell nucleus using the biolistic or Agrobacterium-mediated transformation methods. These transformation systems have enabled the rapid development and expansion of transgenic crops for various agronomic and nutritional traits.

2.1 Biolistic Method (Gene Gun / Micro-Projectile Bombardment)
The biolistic method (Fig. 2), also called the “Gene Gun” or “Micro-Projectile Bombardment” method, is commonly used for maize and rice species (Chawla, 2000). It involves binding the DNA to tiny particles of gold or tungsten and shooting them at high velocity into plant tissue or individual cells using a cannon.
The high-velocity particles effectively penetrate the cell envelope and membranes, delivering the DNA to the nucleus, where it dissociates from the coated metal and integrates into the plant genome (Chawla, 2000). This technique has been successful in various crops, particularly monocotyledons such as Triticum aestivum and Zea mays, although transformation with Agrobacterium tumefaciens had less success in these crops during early development stages. Although it is considered clean and safe, a drawback of this method is the potential for significant damage to biological tissue due to high-velocity particle penetration.
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Fig. 2. Procedure of biolistic method

2.2 Agrobacterium tumefaciens-Mediated Transformation
The “Agrobacterium” method employs soil-dwelling microorganisms called Agrobacterium tumefaciens and is used to produce genetically modified plants (Fig. 3). The Ti plasmid is capable of integrating a segment of its DNA into a plant chromosome. When a plant is infected with this tumour-inducing plasmid, a portion of its DNA is integrated into the Ti plasmid, which can then use the plant's cellular machinery to replicate its own bacterial DNA several times.
Plasmids are circular DNA particles larger than bacterial chromosomes and can replicate independently. Researchers use the transfer DNA (T-DNA) sections of the Ti plasmid to introduce a gene of interest (Chawla, 2000). This plasmid contains specific transfer DNA (T-DNA) regions where a scientist can insert a gene that can be transferred to a plant cell through a process called “floral dip.” Floral dip involves immersing flowering plants in a solution containing the desired gene carried by Agrobacterium and then collecting the resulting transgenic seeds directly from the plant.
This method is considered more favourable because it is a natural way of transmitting DNA and can effectively transfer large fragments of DNA (Chawla, 2000). However, a major drawback is its inability to infect all major food crops. It is particularly useful for dicotyledonous plants such as potatoes, tomatoes, and tobacco (Chawla, 2000). Tobacco and Arabidopsis thaliana are among the most extensively studied genetically modified plants owing to their well-established transformation protocols and ease of propagation, as they have well-characterized genomes (Koornneef and Meinke, 2010). These plants serve as model systems for other species. Additionally, transgenic plants have been utilized for bioremediation of contaminated soil. By expressing bacterial enzyme genes, transgenic plants have been used to remove mercury, selenium, and organic pollutants such as polychlorinated biphenyls (PCBs) from soil.
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Fig. 3. Agrobacterium mediated gene transfer

2.3 Viral-Mediated Gene Transfer
Viruses usually deliver their own genetic information into a host and are evident means to transfer exogenous gene sequences (transgenes) to host cells. Several characteristics of viral gene delivery determine whether a virus may be useful as a gene therapy vector. Viruses such as caulimoviruses and geminiviruses are used as gene transfer vectors. Over four decades ago, the first transgenic plants with characteristics such as antibiotic and insect resistance were produced (Bevan et al., 1983; Murai et al., 1983). Following intensive scientific inspection and safety evaluation, the FDA allowed distribution of a transgenic tomato variety with retarded maturity (Klee, 1993; Parrott et al., 2010; Giraldo et al., 2019). Subsequently, transgenic crops with insect and herbicide resistance for Gossypium, Zea mays, Glycine max, and Brassica napus retained marketing approval sequentially (Bates et al., 2005). Transgenic approaches have accelerated crop improvement to meet requirements of biotic and abiotic resistance, higher yield, and improved nutritional value (Raymond Park et al., 2011).

3. Agronomic Applications of Transgenic Crops
Transgenic technology has significantly contributed to crop improvement by enhancing resistance to insects, tolerance to herbicides, and protection against viral pathogens. These applications were among the earliest commercial successes of genetic engineering in agriculture and have played a major role in the widespread adoption of genetically modified crops. By introducing specific genes that confer resistance or tolerance, transgenic crops have improved yield stability, reduced chemical inputs, and enhanced farm productivity. Examples of commercially developed transgenic crops and their enhanced traits are summarized in Table 1.

3.1 Insect Resistance
One of the most prominent applications of transgenic technology is the development of insect-resistant crops expressing Bacillus thuringiensis (Bt) Cry toxins. These toxins specifically target lepidopteran and other insect pests, thereby reducing crop damage and minimizing reliance on chemical insecticides.
Transgenic cotton and maize expressing Bt genes have been widely adopted and have demonstrated effective control of major pests such as the European corn borer and corn rootworm (Pardo-López et al., 2013). The adoption of Bt crops has contributed to improved pest management strategies and reduced insecticide applications (Bates et al., 2005). Similarly, New Leaf potato was engineered to express Bt toxin genes for resistance against Colorado potato beetle. These developments marked a significant milestone in reducing crop losses due to insect infestation.

3.2 Herbicide Tolerance
Herbicide-tolerant transgenic crops have enabled more efficient weed management practices. One of the most widely adopted systems involves the introduction of the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene from Agrobacterium strain CP4, which confers tolerance to glyphosate herbicide (Funke et al., 2006). Roundup Ready soybean and maize are examples of crops engineered for glyphosate tolerance, allowing farmers to control weeds effectively without damaging the crop. Such innovations have facilitated conservation tillage systems and improved weed control efficiency. Meta-analytical assessments indicate that genetically modified crops, including herbicide-tolerant varieties, have been associated with yield increases and economic benefits to farmers (Klümper and Qaim, 2014).

3.3 Viral Resistance
Transgenic approaches have also been employed to develop resistance against viral diseases through the introduction of viral coat protein genes. Rainbow papaya, developed using particle bombardment, incorporated the coat protein gene from papaya ring spot virus (PRSV), providing effective resistance against the virus. Similarly, virus-resistant plum was developed using the coat protein gene from plum pox virus (PPV), offering protection against sharka disease (Scorza et al., 2013). These examples demonstrate the role of genetic engineering in protecting crops from devastating viral infections and stabilizing agricultural production.

Table 1. Commercially developed transgenic crops, techniques utilized, genes involved, and traits enhanced.

	S.no
	Crop
	Genes involved
	Traits enhanced
	References

	1.
	Innate potato
Intragenic developed
	Potato genes involved in defence and quality traits (e.g., PPO, ACO, and GBSS)
	Reduced bruising and browning, enhanced nutritional quality
	Khalid et al. (2023)

	2.
	Smarthaven apple
Intragenic developed
	Apple genes involved in reducing browning and fungal resistance
	Non-browning characteristic, reduced susceptibility to fire blight
	Sultan et al. (2025)

	3.
	Honeysweet plum
Intragenic developed
	Plum genes involved in Plum pox virus resistance
	PPV resistance
	Scorza et al., (2013)

	4.
	Fortuna potato
Cisgenic developed
	Potato genes involved in disease resistance (e.g., Rpi-vnt1.1)
	Resistant to late blight
	Schouten et al (2006)




4. Transgenic Biofortification of Crops
Micronutrient malnutrition, often referred to as “hidden hunger,” affects a large proportion of the global population, particularly in developing countries where diets rely heavily on staple crops deficient in essential vitamins and minerals. Biofortification aims to enhance the nutritional value of crops either through conventional breeding or advanced biotechnological approaches. While traditional breeding strategies have contributed to micronutrient enhancement (Nestel et al., 2006; Garg et al., 2018), transgenic technology provides an effective approach when natural genetic variability is insufficient or when new metabolic pathways must be introduced (Saltzman et al., 2013). Genetic engineering enables the introduction, enhancement, or suppression of genes involved in nutrient biosynthesis and accumulation. This approach has been successfully used to improve provitamin A, iron, zinc, folate, and vitamin E content in staple crops.

4.1 Provitamin A Biofortification
One of the most significant achievements in transgenic biofortification is the development of Golden Rice. Rice endosperm naturally lacks carotenoids; therefore, genes involved in the carotenoid biosynthetic pathway were introduced to enable β-carotene production. The insertion of phytoene synthase and carotene desaturase genes led to the accumulation of provitamin A in rice grains (Paine et al., 2005). Combinatorial genetic transformation strategies have also been applied in maize to enhance carotenoid levels. The introduction of bacterial carotenoid biosynthetic genes resulted in substantial increases in β-carotene concentration (Zhu et al., 2008). Similarly, enrichment of provitamin A content through genetic engineering has been demonstrated in wheat (Wang et al., 2014). These approaches highlight the potential of metabolic engineering in addressing vitamin A deficiency.

4.2 Iron and Zinc Biofortification
Iron and zinc deficiencies are major global nutritional concerns. One strategy to enhance iron accumulation in rice grains involved the targeted and synergistic action of nicotianamine synthase and ferritin genes, resulting in improved iron content in the endosperm (Wirth et al., 2009). Reduction of anti-nutritional factors such as phytic acid can further enhance mineral bioavailability. Phytate forms insoluble complexes with iron and zinc, limiting their absorption. Lower phytate concentrations are associated with improved mineral uptake (Gibson et al., 2010). Transgenic expression of phytase in wheat endosperm significantly increased iron and zinc bioavailability in grains (Abid et al., 2017). These strategies demonstrate that both increasing mineral accumulation and improving mineral bioavailability are critical components of successful biofortification.

4.3 Folate and Vitamin Enhancement
Metabolic engineering has also been employed to enhance folate levels in rice. The introduction of genes involved in folate biosynthesis resulted in significant folate enrichment in rice grains (Storozhenko et al., 2007). In addition, enhancement of vitamin E content through manipulation of the tocochromanol biosynthetic pathway has been reported. Functional characterization of homogentisate geranylgeranyl transferase in transgenic plants led to increased tocotrienol accumulation (Yang et al., 2011; Tanaka et al., 2015). Collectively, these advancements demonstrate that transgenic biofortification is a viable strategy for improving the nutritional quality of staple crops and addressing micronutrient deficiencies at the source.

5. Biofortification Utilizing Plant Breeding Strategies
Biofortification is an effective and practical method for supplying essential micronutrients to malnourished populations globally. The process involves developing crops with increased concentrations of bioavailable micronutrients in their edible parts. This can be achieved through conventional breeding techniques or through modern biotechnological approaches (Garg et al., 2018).
Conventional breeding strategies rely on the identification of micronutrient-rich germplasm and the subsequent hybridization of elite cultivars with donor lines possessing enhanced nutrient traits. Marker-assisted selection (MAS) is increasingly being utilized to improve the efficiency and precision of breeding programs (Collard and Mackill, 2008; Moose and Mumm, 2008). The integration of molecular markers accelerates the introgression of desirable alleles and enhances selection accuracy, particularly for complex quantitative traits related to nutritional enhancement. Biofortification through breeding is considered economically feasible because once a nutrient-dense crop variety is developed, there are no recurring costs associated with fortificant addition during food processing. This makes it a sustainable and long-term strategy for addressing hidden hunger (Saltzman et al., 2013). Several breeding and biotechnology projects are currently being carried out in developing nations to enhance micronutrient content in staple crops (Nestel et al., 2006; Garg et al., 2018).
However, conventional breeding has certain limitations. These include limited genetic diversity for specific micronutrients within the crop gene pool, complex inheritance patterns, linkage drag, and poor trait stability across environments. In cases where sufficient natural variation is absent, transgenic approaches provide a more effective alternative for enriching staple crops with essential micronutrients. For example, the transgenic strategy used in Golden Rice involved the introduction of biosynthetic genes to enable β-carotene production in rice endosperm (Paine et al., 2005). Thus, while plant breeding remains a foundational strategy for crop biofortification, integration with molecular tools and genetic engineering enhances the potential to achieve sustainable nutritional security.

6. Advanced Applications of Transgenic Technology
Beyond agronomic improvement and nutritional enhancement, transgenic technology has expanded into diverse sectors including medicine, industrial biotechnology, and innovative crop management systems. The ability to introduce and express specific genes in plants has enabled the production of recombinant proteins, vaccines, biodegradable polymers, and improved grafting systems. These applications highlight the multifunctional potential of genetically engineered plants. Examples of cisgenic and intragenic crop developments and their enhanced traits are summarized in Table 2.

6.1 Transgenic Techniques Towards the Development of Edible Vaccines in Plants
Edible vaccines have emerged as an alternative to conventional vaccination systems and were first conceptualized through the use of transgenic plants as platforms for antigen production. The production of antibodies in transgenic plants was initially demonstrated in 1989 (Hiatt et al., 1989), establishing plants as viable systems for recombinant protein expression.
Subsequently, transgenic plants were proposed as platforms for producing and delivering subunit vaccines (Walmsley and Arntzen, 2000). Potato, tobacco, rice, and maize have been used as plant bioreactors for vaccine production. These plants express antigenic proteins that, when consumed, can stimulate immune responses. Plant-based vaccines offer advantages such as cost-effectiveness, ease of production, and reduced need for cold-chain storage (Penney et al., 2011; Guan et al., 2013).
Two major transformation approaches are commonly used for recombinant protein production in plants: Agrobacterium-mediated transformation and particle bombardment (Hiatt et al., 1989). These systems enable stable gene integration and expression of vaccine antigens in host plants. The development of plant-derived vaccines and recombinant antibodies demonstrates the potential of transgenic plants as biofactories for pharmaceutical applications (Twyman et al., 2005). The process of edible vaccine production in transgenic plants is illustrated in Fig. 4.
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Fig. 4. Production of edible vaccines in transgenic plants through gene transfer, genomic integration, antigen expression and direct oral delivery

6.2 Transgenic Approaches in the Production of Biodegradable Plastics
Plants naturally synthesize polymers such as cellulose and starch; however, metabolic engineering has enabled the production of novel biodegradable polymers in transgenic plants. Polyhydroxyalkanoates (PHAs), including polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV), have been produced in genetically engineered plants (Poirier, 2001). The incorporation of bacterial genes involved in PHA biosynthesis into plant metabolic pathways has facilitated the synthesis of biodegradable plastics in crops such as cotton, maize, and Brassica. This innovation reduces dependence on fossil fuel–based plastics and contributes to environmentally sustainable industrial production systems. Additionally, transgenic plants have been explored for the enhancement of seed oil quality for human nutrition and industrial applications (Damude and Kinney, 2008; Dyer et al., 2008). These advancements demonstrate the versatility of metabolic engineering in expanding the utility of crop plants beyond food production.

6.3 Novel Approach in Production of Plant Grafts Using Transgenics (Trans-Grafting)
Grafting is widely used in fruit tree propagation to combine desirable rootstock and scion traits. Trans-grafting refers to the grafting of a non-transgenic scion onto a transgenic rootstock. During this process, signalling molecules, RNA, and proteins can move through the vascular system, conferring beneficial traits from the rootstock to the scion while maintaining the genetic identity of the edible portion (Albacete et al., 2015; Rugini et al., 2020). In apple, expression of the rolB gene in transgenic rootstocks resulted in dwarfing of non-transgenic scions (Smolka et al., 2010). Similarly, transgenic grapevine rootstocks expressing antibacterial peptides provided protection against Pierce’s disease, significantly reducing pathogen-induced mortality (Dandekar et al., 2019). Trans-grafting offers a strategy to deliver disease resistance and stress tolerance while addressing concerns related to transgene presence in harvested products. The concept of trans-grafting and the movement of signalling molecules across the graft union are illustrated in Fig. 5.
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Fig. 5. trans-grafting and the movement of signalling molecules across the graft union

Table 2: Cisgenic and intragenic crop developments, genes involved, and enhanced traits.
	crop
	Technique utilised
	Gene involved
	Trait enhanced
	References

	Cotton
Bt cotton
	Agrobacterium mediated transfer
	Bt toxin gene
	Resistance against lepidopteran insects
	Shad et al.  (2022)

	Soyabean
Roundup ready
	Agrobacterium mediated transfer
	5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) of CP4 strain from Agrobacterium sp
	Tolerance to glyphosate herbicide
	Funke et al., (2006)

	Golden rice
	Agrobacterium mediated transfer
	Phytoene synthase (psy) from maize and Erwinia uredovora crtl gene
	Enhanced pro- vitamin A
	Potrykus (2001)

	Rainbow papaya
	Particle bombardment
	Coat protein gene from papaya ring spot virus
	Resistance against PRSV
	Jyotika et al. (2024)

	Bt- Maize
	Agrobacterium mediated transfer
	Bt toxin gene
	Resistance against European corn borer & corn Rootworm
	Pardo-López et al., (2013)

	New leaf potato
	Agrobacterium mediated transfer
	Bt toxin gene
	Resistance to Colorado potato beetle & etc
	Salim et al. (2021)

	Tomato
	Agrobacterium mediated transfer
	TMV coat protein genes
	Resistance to TMV
	Pratap et a. (2012)

	Roundup maize
	Agrobacterium mediated transfer
	GOX gene from
O. anthropi
	Glyphosate Herbicide tolerant
	Zanatta et al. (2020)

	Virus resistant plum
	Particle bombardment
	Coat protein gene from plum pox virus
	PPV resistant
	Scorza et al. (2013)

	Wheat
Roundup ready
	Agrobacterium mediated transfer
	EPSPS genes from Agrobacterium sp. strain CP4
	Glyphosate Herbicide tolerant
	Klümper & Qaim (2014)




7. Future Scope in Transgenics
The development and commercialization of transgenic crops since the 1990s have demonstrated their potential to transform agricultural production systems. The adoption of genetically engineered crops for commercial cultivation has shown advantages such as improved weed control, reduced insect pest damage, enhanced shelf life, improved nutritional quality, and increased hybrid seed production efficiency. These outcomes indicate that transgenic technology will continue to play a significant role in future crop improvement strategies. 
Transgenic crops have contributed to yield enhancement and improved pest management, thereby reducing dependence on chemical insecticides and herbicides. Studies have shown that genetically modified crops are associated with yield gains and economic benefits to farmers (Klümper and Qaim, 2014). Furthermore, transgenic approaches are considered important components of sustainable agricultural development, particularly in meeting the requirements of increasing global food demand (Raymond Park et al., 2011).
Future genetically modified crops are expected to be developed not only for improved agronomic traits but also for enhanced food processing qualities, medicinal applications, and specialty chemicals. Advances in metabolic engineering and molecular biotechnology will enable the tailoring of crops for challenging environmental conditions, including tolerance to abiotic stresses such as drought and salinity. In addition, biofortified crops with improved micronutrient composition are anticipated to play an essential role in combating hidden hunger and improving public health outcomes (Saltzman et al., 2013).
Innovations in plant-based biopharmaceutical production are also likely to expand. Transgenic plants have already demonstrated potential as platforms for recombinant protein production (Hiatt et al., 1989; Twyman et al., 2005), and future developments may enhance efficiency and scalability of plant-derived therapeutics. Similarly, advancements in metabolic engineering may increase the production of high-value oils and industrial compounds in transgenic crops (Damude and Kinney, 2008; Dyer et al., 2008). The integration of transgenic technologies with emerging molecular tools and refined regulatory frameworks is expected to further accelerate crop improvement programs. As global agricultural systems face pressures from population growth, climate change, and resource constraints, transgenic technology is poised to remain a critical tool in developing resilient, high-yielding, and nutritionally enhanced crops.

8. Concerns and Biosafety Considerations
Although genetically engineered crops have demonstrated significant potential in improving yield, nutritional quality, and resistance to biotic and abiotic stresses, concerns regarding their environmental and human health impacts continue to influence public perception and regulatory policies. The expanded cultivation of transgenic crops to address food security challenges has raised questions about long-term ecological and biosafety implications. One major concern relates to gene flow and genetic drift, where transgenes may transfer to wild relatives or non-transgenic crops through cross-pollination. Such unintended gene transfer could alter biodiversity and create ecological imbalances. Additionally, the continuous exposure of insect populations to Bt toxins has raised concerns regarding the evolution of resistant insect biotypes, potentially reducing the long-term effectiveness of insect-resistant crops (Bates et al., 2005; Pardo-López et al., 2013).
Similarly, the extensive use of herbicide-tolerant crops has led to concerns about the emergence of herbicide-resistant weed populations. While herbicide tolerance systems such as those based on modified EPSPS genes have enabled efficient weed control (Funke et al., 2006), overreliance on single herbicide strategies may contribute to resistance development.
Environmental safety assessments also examine potential impacts on non-target organisms. The expression of insecticidal proteins, although designed to target specific pests, may raise questions regarding unintended effects on beneficial insects and soil microorganisms. Comprehensive biosafety evaluations are therefore conducted prior to commercial release to assess ecological and environmental risks. Human health concerns focus primarily on potential allergenicity, toxicity, and compositional changes in genetically modified foods. Regulatory authorities require rigorous food and feed safety evaluations, including toxicity testing, allergenicity assessment, and nutritional equivalence studies before approval. These procedures aim to ensure that transgenic crops are as safe as their conventional counterparts.
Public acceptance remains another critical factor influencing the adoption of transgenic crops. Despite documented agronomic and economic benefits (Klümper and Qaim, 2014) and their role in sustainable development (Raymond Park et al., 2011), societal concerns and regulatory complexities continue to shape the trajectory of genetically modified crop deployment. To address some of these concerns, alternative approaches such as cisgenesis and intragenesis have been proposed. Cisgenic plants, developed using genes from sexually compatible species, are considered more similar to conventionally bred crops and may face different regulatory considerations (Schouten et al., 2006). Examples such as virus-resistant plum developed through genetic engineering (Scorza et al., 2013) demonstrate efforts to balance technological advancement with biosafety and public acceptance.

9. Conclusion
Transgenic technology has emerged as a transformative advancement in modern agriculture, offering innovative solutions to challenges related to food security, nutritional deficiencies, pest management, and industrial applications. Since the development of the first transgenic plants, genetic engineering has enabled the precise introduction of desirable traits such as insect resistance, herbicide tolerance, improved shelf life, and enhanced micronutrient composition. These advancements have contributed to yield stability, reduced dependence on chemical inputs, and improved economic returns for farmers. Beyond agronomic benefits, transgenic plants have demonstrated significant potential in medicine and biotechnology. Plants have been utilized as platforms for producing recombinant proteins, antibodies, and vaccine antigens, providing cost-effective and scalable alternatives to conventional production systems. The development of plant-based biopharmaceuticals such as insulin and erythropoietin highlight the expanding scope of genetic engineering beyond food crops. Additionally, metabolic engineering approaches have enabled the production of biodegradable polymers, improved seed oils, and enhanced vitamin content, further broadening the applications of transgenic plants. Despite these benefits, concerns related to biosafety, environmental impact, gene flow, resistance development, and public acceptance continue to influence regulatory frameworks and global adoption patterns. Rigorous safety assessments and transparent regulatory procedures remain essential to ensure responsible deployment of genetically engineered crops. In the future, transgenic crops are expected to play a critical role in developing climate-resilient, nutrient-enriched, and high-yielding varieties capable of meeting the demands of a growing population. With continued scientific innovation and balanced regulatory oversight, transgenic technology holds substantial promise for advancing sustainable agriculture and improving global health outcomes.
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