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Abstract

The advent of transgenic technology has revolutionized agriculture by enabling precise genetic modification
to improve crop traits such as pest resistance, herbicide tolerance, and environmental stress resilience. Central
to the success of genetically modified (GM) crops is the development of efficient and reliable methods for
gene transfer. This paper presents a comprehensive overview of the principal techniques used in the creation
of transgenic plants, including Agrobacterium-mediated transformation, particle bombardment, CRISPR/Cas9
gene editing, electroporation, microinjection, and polyethylene glycol (PEG)-mediated transformation.
Among these, Agrobacterium-mediated transformation remains the most widely used for dicotyledonous
plants due to its high precision and integration efficiency. Particle bombardment, or gene gun technology, is
preferred for monocots and recalcitrant species. The advent of CRISPR/Cas9 gene editing has further
revolutionized crop biotechnology by enabling site-specific genome modifications with greater accuracy and
fewer off-target effects. Alternative methods such as electroporation and PEG-mediated transformation are
useful in protoplast systems, particularly in experimental research. Although microinjection offers highly
targeted delivery of DNA, its technical complexity limits its practical use. Each method comes with its unique
advantages, limitations, and applicability, depending on the crop species and intended genetic modification.
This review discusses the mechanism, applications, benefits, and challenges associated with each technique,
highlighting how these technologies contribute to sustainable agriculture, food security, and crop
improvement. As transgenic crop development continues to evolve, the integration of novel technologies with
conventional approaches promises enhanced precision, efficiency, and broader adoption in global agricultural

systems.

1. Introduction

Transgenic crops, also known as genetically modified (GM) crops, have emerged as a significant innovation

in modern agriculture. These crops are developed by incorporating foreign genes into the plant genome
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through genetic engineering techniques. The primary objective of transgenic crops is to enhance certain
desirable traits, such as resistance to pests, diseases, herbicides, and environmental stresses, as well as to
improve nutritional content (James, 2010). The development of transgenic crops involves the use of molecular
biology techniques, particularly gene cloning and recombinant DNA technology, to introduce a specific gene
or set of genes into the plant's DNA. This technology allows scientists to overcome the limitations of
traditional breeding methods, enabling them to introduce traits from unrelated species. The most widely used
methods for gene transfer in plants include Agrobacterium-mediated transformation and particle bombardment
(Huang, 2006).

One of the first commercially successful transgenic crops was Bt cotton, which contains a gene from the
bacterium Bacillus thuringiensis that produces a protein toxic to specific insect pests. This innovation
significantly reduced the need for chemical insecticides in cotton production, resulting in lower costs for
farmers and decreased environmental impact (Qaim and Zilberman, 2003). Transgenic crops have been
developed with various traits that offer significant agricultural and environmental benefits. One of the primary
advantages is increased crop productivity. For example, herbicide-tolerant crops, such as glyphosate-resistant
soybeans, allow farmers to control weeds more effectively, leading to higher yields (Brookes and Barfoot,
2017). Additionally, insect-resistant crops, such as Bt maize, reduce the need for insecticide applications, thus
lowering production costs and minimizing environmental damage (Tabashnik et al., 2013). Another benefit is
improved nutritional quality. Golden Rice, a transgenic variety of rice enriched with provitamin A, was
developed to address vitamin A deficiency in developing countries (Paine et al., 2005). This biofortification of

crops offers a sustainable approach to combat malnutrition and improve public health.

Despite the benefits, transgenic crops have also raised concerns. One of the primary concerns is the potential
environmental impact, such as the unintended transfer of transgenes to wild relatives or non-target organisms
(Snow et al., 2005). Additionally, the over-reliance on herbicide-tolerant crops has led to the development of
herbicide-resistant weeds, posing challenges for weed management (Duke and Powles, 2008). There are also
socioeconomic concerns, particularly regarding the control of seed markets by a few large biotech companies.
The patenting of transgenic crop technologies raises issues of seed sovereignty and access for smallholder
farmers (Mascarenhas and Busch, 2006). Moreover, public perception and acceptance of GM crops vary
globally, with strong opposition in some regions due to safety and ethical concerns (Nuffield Council on
Bioethics, 2004).

2. Methods for development of transgenic crops

The development of transgenic crops has revolutionized modern agriculture by allowing scientists to introduce
new traits into plants that enhance productivity, resistance to pests and diseases, and tolerance to
environmental stresses. This is accomplished through genetic engineering techniques, which involve the
manipulation of plant genomes to include foreign genes. Several methods are employed in the creation of
transgenic crops, with each offering unique advantages depending on the target species and the desired trait.
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2.1. Agrobacterium-mediated transformation

One of the most widely used methods for the development of transgenic crops is Agrobacterium tumefaciens-
mediated transformation. This method exploits the natural ability of the soil bacterium Agrobacterium
tumefaciens to transfer a segment of its DNA (T-DNA) into the genome of a host plant. Scientists modify the
T-DNA region to include the gene of interest, which is then incorporated into the plant's genome during the
infection process (Gelvin, 2003). This method has been particularly successful in dicotyledonous plants, such
as tomatoes, tobacco, and potatoes. However, improvements have been made to extend its applicability to
monocotyledonous plants, such as rice, maize, and wheat (Sundaram et al., 2007). The efficiency, precision,
and relatively low cost of this method have made it the preferred technique for many transgenic crop

development programs.

2.2. Particle Bombardment (Gene Gun)

The particle bombardment method, also known as biolistics or the gene gun method, is another popular
technique for introducing foreign DNA into plant cells. In this method, microscopic particles (typically gold
or tungsten) are coated with the DNA to be introduced and then shot into the plant cells at high velocity. The

DNA enters the plant's nucleus and integrates into the plant genome (Christou, 1996).

This technique is particularly useful for plant species that are less susceptible to Agrobacterium-mediated
transformation. It has been widely used in the development of transgenic maize, rice, and other cereals. One
advantage of this method is its ability to deliver DNA into a wide range of plant tissues, including those of
monocots, which are less amenable to Agrobacterium-based methods (Klein et al., 1992).
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Figure 1: Schematic diagram of gene transformation by Agrobacterium and Gene gun (Choudhury et al.,
2021).
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2.3. CRISPR/Cas9 gene editing

More recently, the development of CRISPR/Cas9 gene-editing technology has significantly advanced the field
of plant genetic engineering. Unlike traditional transgenic methods, which involve the random insertion of
foreign DNA, CRISPR/Cas9 allows for precise editing of the plant genome at specific locations. The Cas9
protein, guided by a specific RNA sequence, cuts the DNA at a targeted site, allowing scientists to introduce,
delete, or modify genes (Zhang et al., 2014).

CRISPR/Cas9 technology offers several advantages over traditional methods, including higher precision,
reduced off-target effects, and the ability to create gene knockouts or insertions without introducing foreign
DNA into the plant genome. This has opened new possibilities for crop improvement, particularly in terms of

enhancing disease resistance, stress tolerance, and crop yield (Li et al., 2020).
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Figure 2: Mechanism of CRISPR/Cas9 gene editing. A) The constructed target-specific single guide RNA
(sgRNA) forms a complex with the Cas9 protein; B) The CRISPR/Cas9 complex binds to the target DNA; C)
The CRISPR/Cas9 cleaves the target DNA at specific sequences, leading to further gene editing; D) Gene
knock-in through homology-directed repair (HDR); E) Gene knock-out through non-homologous end joining
(NHEJ) (Gan and Ling, 2022).

2.4. Electroporation

Electroporation is a method that involves the application of an electrical field to plant cells, temporarily
permeabilizing the cell membrane and allowing foreign DNA to enter. This method is often used for

protoplasts (plant cells with the cell wall removed), where it has been successfully applied to introduce new
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genes into the plant genome (Potrykus, 1991). While electroporation is less commonly used than
Agrobacterium-mediated transformation or particle bombardment, it is valuable in certain cases where these

methods are less effective, particularly for the transformation of specific tissue types or plant species.
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Figure 3: Electroporation-mediated gene transfer to protoplasts. a) Plant genetic transformation approach
under the assistance of electroporation includes four steps: 1) cells incubate with pDNA; (2) electric field
alters the potential distribution of the cell membrane; (3) cell membrane apertures form and pDNA enters the
cell; (4) the membrane apertures are repaired after withdrawing electric field. Hypothetical structural models
for transient and metastable membrane conformations. b) Free volume fluctuation. ¢) Aqueous protrusion or
“dimple”. Molecules or ions to pass through d) hydrophobic or €) hydrophilic pore. f) Composite pore with
“foot in the door” charged macromolecule inserted into a hydrophilic pore. g) Transmembrane voltage is
significantly elevated with a tethered macromolecule. (Yan et al., 2022).

2.5. Microinjection

Microinjection involves the direct injection of foreign DNA into plant cells using a fine needle. Although this
technique allows for precise delivery of genetic material, it is labor-intensive and technically challenging,
limiting its use primarily to research settings (Crossway et al., 1986). However, it has contributed valuable
insights into plant genetic engineering and remains an important tool for understanding gene function and

regulation.
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Figure 4: Schematic illustration of Microinjection transformation (Sari et al., 2022).

2.6. Polyethylene glycol (PEG)-mediated transformation

Polyethylene glycol (PEG)-mediated transformation is primarily used for the transformation of plant
protoplasts. In this method, PEG induces the uptake of foreign DNA into plant cells by facilitating the fusion
of the DNA with the cell membrane. Although PEG-mediated transformation is less efficient than other
methods, it has been successfully applied in several plant species, particularly for research purposes (Lorz et
al., 1985).
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Figure: Schematic illustration of PEG)-mediated transformation (Fizree et al., 2023).

3. Conclusion

The development of transgenic crops represents one of the most transformative advancements in modern
agricultural science. As global food demands continue to rise amid environmental challenges, genetically
modified crops offer sustainable solutions through improved yields, enhanced resistance to biotic and abiotic
stresses, and reduced dependence on chemical inputs. The success of these crops, however, is inextricably
linked to the effectiveness and precision of the gene delivery methods used in their development. This review
has highlighted the major methods utilized in plant genetic transformation. Agrobacterium-mediated
transformation, with its high efficiency and integration stability, remains a cornerstone technique, especially
in dicot species. Particle bombardment provides an alternative for monocots and other hard-to-transform

plants, offering versatility in tissue types and target species. The revolutionary CRISPR/Cas9 gene-editing
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system represents a new frontier, allowing for precise genome modification without necessarily introducing

foreign DNA-potentially bypassing regulatory barriers associated with traditional GMOs.

Other techniques such as electroporation, microinjection, and PEG-mediated transformation have niche but
important roles, particularly in research and experimental validation. Each method carries its own advantages
and limitations, and the choice of technique must be tailored to specific research or commercial objectives.
Despite the technological progress, several challenges remain. Issues such as transformation efficiency in
certain crops, regulatory restrictions, biosafety concerns, and public acceptance continue to hinder broader
adoption. Furthermore, equitable access to these technologies, especially in developing countries, remains a
critical issue that must be addressed through supportive policies and capacity-building. Looking ahead, the
integration of advanced transformation technologies with emerging fields like synthetic biology,
nanotechnology, and artificial intelligence promises to further accelerate the development of next-generation
transgenic crops. These innovations could lead to crops that are more resilient, resource-efficient, and capable
of meeting the nutritional needs of a growing global population. A multidisciplinary approach, underpinned
by ethical considerations and inclusive policies, will be essential to harness the full potential of transgenic
technology for global agricultural sustainability.
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