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Agricultural biotechnology plays a pivotal role in enhancing crop productivity, improving resistance to pests and diseases, and 

ensuring food security through the development of genetically modified (GM) crops. This review explores the science behind GM 

technology, focusing on the transfer and manipulation of specific genes to impart desirable traits such as herbicide tolerance, insect 

resistance, and drought resilience. It highlights the major genetically modified crops, including soybean, maize, and cotton, and their 

adoption in leading countries such as the USA, Brazil, Argentina, India, and Canada. The paper also discusses the potential benefits, 

risks, and regulatory considerations associated with GM crops. Overall, modern biotechnology offers promising avenues for 

sustainable agriculture, although it requires balanced assessment to address ecological and socio-economic concerns.
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1. Introduction

Agricultural biotechnology has emerged as a transformative 

force in modern agriculture, offering innovative solutions to 

enhance crop productivity, improve nutritional quality, and 

increase resilience to biotic and abiotic stresses. At the heart 

of this transformation lies genetic engineering—a branch of 

biotechnology that allows precise manipulation of the 

genetic material of organisms, particularly crops. By 

transferring selected genes from one organism into another, 

scientists can develop Genetically Modified (GM) crops that 

possess traits not naturally found in the recipient species [1-

2]. These transgenic crops are designed to meet the growing 

global demand for food, feed, and fiber while addressing the 

challenges of climate change, pest infestations, and soil 

degradation. The global population is projected to surpass 9 

billion by 2050, intensifying the need for sustainable food 

production. Conventional plant breeding techniques, though 

effective to an extent, often require multiple generations to 

develop new varieties and are limited by the natural gene pool 

of the species [3]. Biotechnology, in contrast, transcends 

these limitations by enabling the introduction of desirable 

traits from unrelated species, thereby accelerating the 

development of superior crop varieties. This technological 

advancement has significant implications for improving food 

security, particularly in developing nations facing constraints 

in agricultural resources.

Genetically modified crops are created through a multi-step 

process.

Initially, a gene of interest—often responsible for a specific 

trait such as insect resistance—is isolated from a donor 

organism [4]. This gene is then inserted into the genome of a 

target plant using methods such as Agrobacterium-mediated 

transformation or gene gun (biolistics). Once integrated, the 

plant cells are regenerated into whole plants through tissue 

culture techniques. The resulting GM plants undergo 

rigorous molecular and phenotypic evaluations to confirm 

the presence, expression, and stability of the inserted gene.

One of the most prominent examples of agricultural 

biotechnology is the development of Bt crops. These crops 

contain a gene from the soil bacterium Bacillus thuringiensis, 

which produces a protein toxic to specific insect pests but safe 

for humans and non-target organisms [5]. Bt cotton and Bt 

maize are widely cultivated across various countries, 

reducing the reliance on chemical insecticides and promoting 

eco-friendly farming practices. Similarly, herbicide-tolerant 

crops such as glyphosate-resistant soybean allow for efficient 

weed control, reduce tillage, and conserve soil moisture—key 

components of sustainable agriculture. Beyond pest and 

weed management, genetic modification has also been 

employed to enhance nutritional quality. For instance, 

Golden Rice has been engineered to produce beta-carotene, a 

precursor of vitamin A, to combat vitamin A deficiency in 

populations with limited access to diverse diets. Other 

biofortified GM crops are being developed to increase the 

content of iron, zinc, and essential amino acids, aiming to 

address micronutrient malnutrition on a global scale. 
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[9]. These crops allow farmers to grow more with fewer inputs 

and have reduced exposure to harmful chemicals. Scientists 

such as Dr. Michael McHughen, a plant biotechnologist at the 

University of California, have argued that GM crops 

contribute to environmental sustainability. By reducing 

pesticide use and enabling no-till farming practices, GM 

crops can reduce soil erosion, improve water retention, and 

conserve biodiversity. Herbicide-resistant GM crops, like 

Roundup Ready soybeans, have allowed farmers to adopt 

conservation tillage practices, which help preserve soil 

quality and reduce greenhouse gas emissions associated with 

tilling [10]. Dr. David Quist, a molecular biologist and critic of 

GM crops, has raised concerns about the potential for gene 

flow from GM crops to wild relatives or non-GM crops, which 

could lead to unintended ecological consequences. For 

instance, gene escape could result in the development of 

herbicide-resistant weeds or loss of genetic diversity in wild 

plant populations. The European Environment Agency (EEA) 

has also highlighted the potential risks to biodiversity from 

GM crop cultivation. They have called for long-term 

monitoring to assess the impact of GM crops on ecosystems 

and wildlife. Dr. Bruce Tabashnik, an entomologist at the 

University of Arizona, has researched the evolution of pest 

resistance to Bt crops. He has pointed out that pests can 

eventually evolve resistance to the Bt toxin in GM crops, 

which could undermine the effectiveness of such crops [11]. 

This issue underscores the need for integrated pest 

management practices alongside GM crop adoption to delay 

the development of resistance. Prof. Dale Gardner, a food 

safety expert and former member of the U.S. FDA, has stated 

that public perception of GM crops is a significant barrier to 

their acceptance. Despite scientific consensus on their safety, 

public fear and misinformation often shape consumer 

attitudes toward GM foods. Studies have shown that 

consumer attitudes toward GM crops are heavily influenced 

by media coverage, political discourse, and cultural context. 

In some countries, GM crops are widely accepted, while in 

others, such as many European countries, there is significant 

public resistance. Dr. Nina Fedoroff, a biologist and former 

science and technology advisor to the U.S. Secretary of State, 

has pointed out that scientific literacy is essential in 

addressing public concerns about GMOs [12]. She has argued 

that the public's fear of GM crops stems from a lack of 

understanding of the technology and its benefits, and greater 

education and outreach are necessary to foster acceptance 

Scientists like Prof. Pamela Ronald at the University of 

California, Davis, are working on developing GM crops that 

are resistant to environmental stresses, such as drought, 

heat, and salinity [13]. In light of climate change, such crops 

could be critical in ensuring food security in regions affected 

by increasingly erratic weather patterns. 

2. Understanding Genetically Modified Crops

Genetically Modified Organisms (GMOs), particularly in 

agriculture, refer to plants whose genetic composition has 

been deliberately altered using modern molecular biology 

The adoption of GM crops remains a topic of debate, 

particularly concerning environmental safety, human health, 

and ethical implications. Issues such as gene flow to wild 

relatives, development of resistance in target pests, and the 

potential allergenicity of GM foods are often cited by critics 

[6]. These concerns have led to stringent biosafety 

regulations in many countries and varying levels of public 

acceptance. Nevertheless, extensive scientific assessments by 

global health and safety agencies—including the World 

Health Organization (WHO), Food and Agriculture 

Organizat ion  (FAO) , and  the  Amer ican  Medica l 

Association—have concluded that approved GM crops are as 

safe and nutritious as their conventional counterparts, 

biotechnology in agriculture, particularly the development 

and adoption of GM crops, represents a paradigm shift in the 

way we approach crop improvement and food production. It 

offers a powerful toolkit to meet the demands of a growing 

population while minimizing environmental impact and 

conserving natural resources [7]. However, the successful 

integration of GM technology into agriculture requires 

continuous scientific innovation, transparent regulatory 

oversight, and active engagement with farmers, consumers, 

and policymakers to address concerns and ensure equitable 

benefits. As research continues to evolve, the role of 

biotechnology in shaping the future of sustainable 

agriculture will become increasingly vital.

Review of literature 

The National Academy of Sciences (NAS) has consistently 

reviewed GM crops and concluded that they are no more risky 

than conventional crops. In 2004, NAS published a report that 

highlighted the safety of GM crops for human consumption 

and the environment, stating that there was no evidence to 

suggest that GM crops pose a greater risk than crops 

developed through traditional breeding methods. The NAS 

emphasized that scientific testing and regulatory oversight 

were crucial for assessing the safety of GMOs. It also 

encouraged public education to help demystify GM crops and 

address public concerns [8]. The WHO has also weighed in on 

the safety of GM foods. In a series of statements, they affirmed 

that the genetically modified foods currently on the market 

are safe to eat. The organization highlighted that extensive 

research has been conducted to evaluate the safety of GM 

crops for human consumption, and there has been no 

evidence of harmful effects. They also noted that GM crops 

undergo rigorous evaluations, including toxicology, 

allergenicity, and environmental impact assessments, before 

approval by national regulatory bodies. Prof. Julian Alston, an 

agricultural economist at the University of California, Davis, 

has discussed how GM crops have led to increased crop yields 

and reduced production costs. Studies have shown that crops 

like Bt cotton and herbicide-resistant soybeans have helped 

farmers increase productivity by reducing the need for 

pesticides and herbicides. Insect-resistant GM crops (like Bt 

corn and cotton) have led to a reduction in the use of chemical 

pesticides, resulting in environmental and economic benefits 
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c) Tissue Culture and Plant Regeneration

Following gene insertion, the genetically modified cells must 

be regenerated into whole plants. This is done through tissue 

culture techniques using specific plant hormones such as 

auxins and cytokinins. The transformed cells are grown in 

sterile, nutrient-rich media until they develop into callus and 

subsequently regenerate into shoots and roots. These 

regenerated plants are referred to as “primary transformants” 

and are grown to maturity under controlled conditions. Seeds 

collected from these plants are then analyzed in subsequent 

generations to confirm the stable inheritance and expression 

of the introduced gene [18].

d) Molecular Characterization and Selection

To ensure the success of transformation, the resulting plants 

undergo molecular analysis. Techniques such as PCR, 

Southern blotting, and quantitative real-time PCR (qPCR) are 

used to confirm the presence, copy number, and integration 

site of the transgene. The expression of the gene is further 

verified using protein assays like ELISA or Western blotting 

[7]. Only plants that show stable integration and proper 

expression of the gene, without affecting other vital 

physiological processes, are selected for further breeding and 

field testing.

3. Common Traits in Genetically Modified (GM) Crops

Genetically Modified (GM) crops are developed to express 

specific traits that offer significant advantages in agricultural 

productivity, environmental sustainability, and nutritional 

value. These traits are introduced through precise genetic 

engineering techniques and are tailored to address key 

agricultural challenges. The most commonly engineered 

traits in GM crops include herbicide tolerance, insect 

resistance, drought and stress tolerance, and nutritional 

enhancement [14]. Each of these traits plays a critical role in 

modern agriculture.

3.1 Herbicide Tolerance

One of the most widespread traits in GM crops is herbicide 

tolerance, which allows the crop to withstand specific broad-

spectrum herbicides such as glyphosate (commercially 

known as Roundup). This enables farmers to apply herbicides 

for weed control without damaging the crop itself. Herbicide-

tolerant crops reduce the need for mechanical weeding and 

multiple applications of selective herbicides, thereby 

lowering labor costs and enhancing weed management 

efficiency [12]. For example, glyphosate-tolerant soybeans 

and maize have been widely adopted in many countries. The 

herbicide glyphosate is effective against a wide range of 

weeds, and its compatibility with GM crops allows for 

simplified weed management, resulting in higher yields and 

cleaner fields.

3.2 Insect Resistance

Another widely adopted trait is insect resistance, primarily 

achieved by introducing genes from the soil bacterium 

Bacillus thuringiensis (Bt). 

techniques. The goal of creating genetically modified (GM) 

crops is to introduce novel traits that are difficult, time-

consuming, or even impossible to achieve through traditional 

breeding [14]. These traits can range from insect resistance 

and herbicide tolerance to enhanced nutritional quality and 

abiotic stress resilience. Unlike conventional breeding, which 

relies on sexual reproduction and naturally occurring genetic 

variation, genetic modification allows for the transfer of 

specific genes, often referred to as transgenes, between 

unrelated species. This precision makes it possible to 

incorporate beneficial traits from bacteria, viruses, fungi, or 

even animals into crops such as rice, maize, soybean, or 

cotton. As a result, GM crops have become powerful tools in 

addressing both agricultural productivity and food security 

challenges.

2.1 Methods of Genetic Modification

The development of genetically modified crops involves 

several complex but systematic steps. Each step ensures that 

the introduced trait is stably inherited and effectively 

expressed in the target plant.

a) Gene Cloning and Isolation

The first step in genetic modification is identifying and 

isolating the gene responsible for a desirable trait. This is 

often done using genomic libraries, bioinformatics tools, and 

techniques such as polymerase chain reaction (PCR). For 

example, the cry gene from Bacillus thuringiensis (Bt), which 

produces a protein toxic to specific insect larvae, is isolated 

for use in developing insect-resistant crops [15]. Once 

isolated, the gene of interest is cloned into a suitable plasmid 

vector. This vector typically contains promoter sequences 

(such as the CaMV 35S promoter) that ensure the gene is 

expressed at the right time and in the right part of the plant, 

along with marker genes for selection purposes.

b) Gene Insertion via Agrobacterium-Mediated

Transformation or Biolistic Methods

After the gene is cloned, it must be inserted into the genome 

of the target plant. Two major methods are commonly used:

●  Agrobacter ium-Mediated  Trans format ion: 

Agrobacterium tumefaciens is a naturally occurring soil 

bacterium that can transfer part of its DNA (T-DNA) into a 

plant's genome. Scientists exploit this mechanism by 

replacing the native T-DNA with the desired gene [16]. The 

recombinant Agrobacterium is then co-cultivated with plant 

tissues or explants, facilitating the integration of the 

transgene into the plant genome.

● Biolistic or Gene Gun Method: In cases where 

Agrobacterium is less effective (e.g., in monocots like maize 

and rice), the biolistic method is preferred [17]. Tiny gold or 

tungsten particles coated with DNA are physically shot into 

plant cells using a gene gun. Some of these particles 

penetrate the nuclei of the plant cells and integrate the DNA 

into the plant's chromosomes.
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The Bt genes encode crystal (Cry) proteins that are toxic to 

specific insect larvae when ingested but are harmless to 

humans, animals, and non-target insects [15]. Bt crops, such 

as Bt cotton and Bt maize, produce their insecticide within 

plant tissues, offering built-in protection against major pests 

like the cotton bollworm, corn borer, and armyworm. This 

reduces the need for chemical insecticides, leading to cost 

savings for farmers, lower environmental pollution, and 

protection of beneficial insect populations. Additionally, it 

promotes integrated pest management (IPM) practices by 

reducing reliance on synthetic pesticides.

3.3 Drought and Stress Tolerance

Abiotic stresses such as drought, salinity, and extreme 

temperatures significantly affect crop yield and food security. 

Drought and stress tolerance traits are being increasingly 

engineered into crops to help them survive and maintain 

productivity under adverse environmental conditions [9]. 

These traits are typically introduced by inserting genes that 

regulate water-use efficiency, osmotic balance, or stress-

responsive pathways. For example, GM maize varieties have 

been developed to maintain yield under water-limited 

conditions by enhancing root architecture or expressing 

stress-responsive transcription factors. By enabling crops to 

grow in marginal environments with limited water 

availability or poor soil quality, stress-tolerant GM crops offer

Table 2: Global Adoption of Major GM Crops (Area in Million Hectares, 2023)

a powerful solution to the challenges posed by climate 

change and land degradation.

3.4 Nutritional Enhancement

Nutritional enhancement, also known as biofortification 

through genetic engineering, aims to increase the levels of 

essential nutrients in staple crops to address micronutrient 

deficiencies in human populations, especially in developing 

countries [18]. A prominent example is Golden Rice, a 

genetically modified rice variety enriched with beta-

carotene, a precursor of Vitamin A. This GM crop was 

developed to combat Vitamin A deficiency, a major public 

health problem causing blindness and increased mortality 

among children in many parts of Asia and Africa. Other 

efforts include GM cassava enriched with iron and zinc, and 

GM bananas with higher levels of provitamin A and vitamin E. 

These biofortified crops can play a vital role in reducing 

"hidden hunger" by providing essential nutrients through the 

regular diet, especially in populations that rely heavily on 

staple foods.

Table 1: Common Traits in Genetically Modified Crops and Their Benefits

Source: ISAAA (2024)

Table 3: Environmental and Economic Benefits of GM Crops

Table 4: Examples of Genetically Modified Crops and Their Traits
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higher yields and reduced reliance on chemical inputs. The 

adoption of GM technology has not only empowered farmers 

economically but also strengthened global food security by 

ensuring stable crop production under challenging climatic 

conditions. While concerns and regulatory challenges 

remain, continued research and responsible application of 

biotechnology hold immense potential to address the 

growing demands of a burgeoning global population in an 

environmentally sustainable manner. Ultimately, genetically 

modified crops represent a vital tool for advancing 

agricultural resilience and achieving long-term food security.

4. Benefits of Genetically Modified (GM) Crops

Genetically Modified (GM) crops offer a range of benefits that 

address critical agricultural challenges and contribute to 

global food security, economic growth, and environmental 

sustainability.

Higher Yields

One of the primary advantages of GM crops is their potential 

to produce higher yields compared to conventional varieties. 

Traits such as insect resistance and herbicide tolerance lead 

to reduced crop losses and improved plant health. For 

instance, Bt cotton has significantly increased cotton yields 

in India by minimizing the damage caused by bollworms. 

Similarly, GM maize resistant to stem borers shows 

consistently higher productivity.

Reduced Chemical Usage

GM crops, especially those engineered for pest resistance, 

require fewer chemical inputs such as insecticides and 

herbicides. Bt crops naturally produce proteins toxic to 

specific pests, eliminating the need for repeated chemical 

spraying. This not only reduces costs for farmers but also 

minimizes health hazards associated with pesticide 

exposure.

Environmental Sustainability

The adoption of herbicide-tolerant GM crops promotes 

conservation agriculture practices like no-till or reduced-till 

farming. These practices help preserve soil structure, reduce 

erosion, and lower fuel use. Additionally, reduced pesticide 

application leads to less contamination of water bodies, 

benefiting surrounding ecosystems and biodiversity.

Economic Gains for Farmers

Farmers growing GM crops often experience increased 

profitability due to lower input costs and higher crop yields. 

In developing countries, smallholder farmers have reported 

significant income gains, which improve livelihoods and 

promote rural economic development.

Improved Food Security

By providing crops with resistance to pests, diseases, and 

environmental stress, GM technology ensures stable yields 

even under adverse climatic conditions. This consistency in 

production plays a crucial role in ensuring food availability 

and accessibility, particularly in regions prone to drought, 

floods, or pest outbreaks.

Conclusion

Genetically modified crops have revolutionized modern 

agriculture by offering innovative solutions to increase 

productivity, enhance nutritional value, and promote 

environmental sustainability. Through precise genetic 

interventions, these crops exhibit beneficial traits such as 

pest and herbicide resistance, drought tolerance, and 

improved nutrient content, which collectively contribute to
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