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1. INTRODUCTION

The UN estimates that there will be 9.7 billion people on the planet 
in 2050, which will make feeding them a tremendous challenge. 
The growing population across the globe, particularly in developing 
countries, raises the demand for an increase in food production 
by 70% by the year 2050 [1]. To feed the growing population, 
genetic manipulation(s) has to be utilized for sustainably enhancing 
agricultural produce to meet the increasing demand for food, feed, and 
fiber [2]. Conventional plant breeding technologies have been utilized 
for generations to produce improved crops or to produce new crops, 
by the change in chromosome numbers, induced mutations, and tissue 
culture (somatic embryogenesis and embryo rescue to recover sterile 
offspring) [3,4]. Then, with the discovery of DNA transfer between 
organisms in the 1970s, genetically modified (GM) tobacco plants 
were first produced in 1983 and commercialized in the early 1990s, 
followed by the transgenic “Flavr Savr tomato.” This has encouraged 
the development, introduction, and rapid adoption of highly successful 
GM varieties of rice, tomato, mushroom, soybeans, cotton, corn, and 

canola. The year-wise timeline of remarkable milestones is tabulated 
in Table 1.

The plants are being GM to gain the trait(s) for stress (biotic and 
abiotic) tolerance to enhance the level of crop protection for increased 
crop yield. The likelihood that GM cultivars of small-acreage crops 
will be developed and widely adopted, however, is unclear. The GM 
crops developed through genetic engineering are in queue for approval 
from the biosafety-related regulatory authorities to be commercialized. 
Although the consumer acceptance of GM micro-organisms is 
being accepted for pharmaceuticals, etc., when it comes to GM 
crops, a multifactorial rejection is being seen in commercialization 
for agriculture-based food products. With such negative public 
perception, opinion, and sensitivity, GM food has been on hold. Often 
acknowledged as a vital component of the global food supply, GM 
foods are associated with Sustainable Development Goal (SDG) 2: No 
hunger. Nevertheless, a number of the advantages and disadvantages 
of eating GM crops are still unclear [5].

Advancements in biotechnology offer promising solutions for 
improving food production and sustainability. However, to realize their 
full potential, it is essential to address the accompanying challenges 
and concerns, ensuring that these technologies are developed and 
implemented responsibly, ethically, and equitably to promote a 
sustainable food supply for all. The basic challenges and concerns 
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ABSTRACT

Since antiquity, humans have been highly influenced by genetic makeup for crop selection and its domestication 
through selective breeding and mutation breeding. Novel crosses for modifying the genetic makeup to produce 
hybrids with the beneficial trait(s) are started by traditional crop breeders. Further, the alterations in genetic makeup 
are introduced by mutations and plant tissue culture. Now, the modern biotechnological strategies enable gene(s) 
transfer between species, for genomic manipulation, which could not occur naturally. Genetic manipulation results 
in producing genetically modified (GM) crops with beneficial traits, including quality improvement, increased yield, 
and stress tolerance. As GM crops should be safe for consumption and the environment, GM produce, as a whole 
crop, crop part, or processed food, has to be considered for an early safety evaluation. Because the biotechnology 
involved in genetic manipulation may bring some known and unknown risks. As per our knowledge at present, 
there are three categories of potential risks related to the use of modern biotechnology: (i) risks related to the health 
of humans, animals, and plants, (ii) risks related to the protection of biodiversity and agricultural sustainability, 
and (iii) risks related to the ethical and socioeconomic issues. With all-new strategies and technologies, several 
doubts, questions, and concerns are being raised about tampering with Mother Nature and the associated risks to 
the environment and consumer health. This review aims to address several key issues associated with recombinant 
technology and GM foods, such as biosafety, ecological and environmental concerns, and health risks.
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Table 1: The year-wise timeline of remarkable milestones in molecular biology.

Year Description of remarkable milestones

Circa 8000 BCE Humans use traditional mod methods like selective breeding and cross‑breeding to bred plants & animals with more desirable traits.

1859 Charles Darwin published “On the Origin of Species”

1866 Gregor Mendel breeds two types of peas & identifies basic process of genetics.

1869 Frederick Miescher isolated DNA

1902 Walter Sutton developed chromosome theory of inheritance

1911 Thomas Hunt Morgan showed chromosomes carry genes

1922 First hybrid corn is produced & sold commercially.

1940 Plant breeders learn to use radiations or chemicals to randomly change an organism’s DNA.

1944 Oswald Avery et al. demonstrated DNA can transform the properties of cells

1946 Scientists discovered DNA transfer between organisms.

1953 The discoveries of DNA structure by chemist Rosalind Franklin, scientists James Watson & Francis crick.

1973 Biochemists Herbert Boyer & Stanley Cohen develops genetic engineering by inserting DNA from one bacterium into another. It involves 
“cutting and pasting” using restriction endonucleases (molecular scissors) and DNA ligase (glue).

1982 U.S.FDA approves the first consumer GMO product developed through genetic – engineering human insulin to treat diabetes.

1983 The antibiotic‑tobacco plant is produced as first GM plant.

1986 The federal government establishes the coordinated framework for the co‑ordination of U.S. FDA, U.S. EPA & U.S.DA for biosafety 
regulation related to GMOs.

1992 U.S.FDA policy states that GM foods must meet the safety standards similar to food derived from traditionally bred crop plants.

1994 First GMO produce created through genetic engineering ‑ a Flavr savr (Flavour Saver) tomato ‑ proved safe after evaluation by federal 
agencies – available commercially.

1990s China was the first country to commercialize a GM crop, virus‑resistant tobacco.
The first wave of GMO produced through commercial availability of genetically engineered summer squash, soybeans, cotton, corn, 
papayas, tomatoes, potatoes, & canola. However, some crops are lifted from sale at present.

2002 Bt cotton introduced in India. This is based on single‑gene technology and approved for commercialization.

2003 WHO & FAO develop International guidelines & standards to determine the biosafety of GMO & derived foods.

2005 GMO alfalfa & sugar beets are available for sale in the US.

2006 GEAC approved commercialization of next‑generation Bt cotton, having double‑gene technology (Cry1Ac and Cry2Ab)

2006 Activists filed a PIL against GM crops in the Supreme Court of India.

2007 GEAC granted approval for import of refined soybean oil derived from glyphosate‑tolerant soybeans.

2007 GEAC recommended commercial release of Bt brinjal. It is developed by Mahyco in collaboration with UAS, Dharwad and TNAU.

2010 The then environmental minister Jairam Ramesh blocked the release of Bt Brinjal until further notice owing to a lack of consensus among 
scientists and opposition from brinjal – growing states.

2012 In India, the Parliamentary Standing Committee on agriculture, in 37th report asked for an end to all GM field trials in the country.

2013 The panel of Supreme Court of India suggested moratorium on GM trials – No official verdict.
The Environment Minister, Jayanthi Natarajan holds all trials.

2014 The Environment Minister, Veerappa Moili cleared the way for trials in one ‑ acre.

2014 GEAC approved field trials for 11 crops including maize, rice, sorghum, wheat, groundnut and cotton.

2014 GEAC approved 21 new varieties for field trials including rice, wheat, groundnut and cotton.

2014 GEAC approved import of oil processed from herbicide‑tolerant soybean and canola.

2015 USPDA approves – genetic modifications in salmon (animal) for use as food.

2016 Congress passes a law – required to label the foods product the genetic engineering as bioengineered food.

2016 GEAC gave green signal to GM mustard for field trial.

2017 Media reported unapproved GM events in several states of India.
Department of Biotechnology instituted Field Inspection and Scientific Evaluation Committee (FISEC) to ascertain such unapproved 
cultivation and production of GMOs.

2017 GEAC recommended allowing environmental release for GM mustard. The GM mustard (Dhara Mustard Hybrid 11 or DMH 11) is 
herbicide tolerant, developed by the Centre for Genetic Manipulation of Crop Plants, Delhi University using “barnase/bartar” technology

2017 GMO apples are available for sale in the US.

2018 GEAC approved field studies on GM mustard for honeybees and other pollinators.
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associated with genetic modification techniques are Regulatory 
Hurdles (potentially hindering innovation), Public Perception and 
Acceptance (regarding health, safety, and environmental impacts), 
Intellectual Property Issues (affecting smallholder/marginal farmers 
for equitable access to technology), and Biodiversity Concerns (genetic 
uniformity may create crops vulnerable to new pests and diseases). The 
concerns, such as environmental impact, socioeconomic implications, 
ethical considerations, consumer perceptions, and food security and 
accessibility, are reviewed for Sustainable Food Supply. This article is 
an attempt to address the efforts among scientists, policymakers, and 
stakeholders for fostering an environment conducive to innovations 
for crop improvement with the objective of “SDG2: No Hunger” while 
safeguarding health, environment, and social equity.

2. MODERN BIOTECHNOLOGY

The discipline of biotechnology is defined by the Convention on 
Biological Diversity (CBD) as any technological application that 
uses biological systems, living organisms, or derivatives thereof, to 
make or modify products or processes for specific use. Biotechnology 
is being integrated with other disciplines (like nanotechnology) to 
accelerate research-based studies and applications. At the same time, 

the new approach and possibility of creating and/or modifying the life 
forms may encounter biotechnological abuse, risks, and challenges. 
This creates the necessity of biosafety to address the biological 
risks by (i) the real-time monitoring and early warning system, (ii) 
the identification, prevention, and control, and (iii) the emergency 
measures to counter the risks.

Biotechnology is being considered a powerful tool of science to feed the 
future. In the last four decades, the discipline of biotechnology has been 
rapidly developing and utilized in the field of life sciences. The use of 
modern biotechnology involves recombinant DNA technology in crop 
improvement. This has been adopted for broad scope, precise genetic 
changes, and faster results [6]. Three strategies of genetic manipulations 
are involved in genetic modifications, namely, transgenesis, cisgenesis, 
and intragenesis/subgenesis [Figure 1]. The progress of tools utilized 
in the modification of DNA for genetic manipulations is illustrated 
in Figure  2. These tools are being proven as novel approaches to 
combating stress and improving nutritional attributes.

GMO can be defined as any living organism that has been manipulated 
artificially at the level of its genome. GM plants are being developed and 
cultivated for the increase in food and fodder, with other desirable traits. 
Moreover, the foods derived from such GM crop plants are referred to as 

Table 1: (Continued).

Year Description of remarkable milestones

2019 Illegal Bt Brinjal cultivation in one of the Northern State of India, Haryana. 

2019 GM Satyagraha was observed in Maharashtra State of India. A farmers’ organization was launched a full‑fledged protest by sowing HTBt 
Cotton seeds, illegally after ban.

2019 USFDA completes consultation on first food from a genome edited plant – high oleic soybean oil.

2020 GEAC has allowed biosafety research field trials for two new transgenic varieties of Bt Brinjal in eight states during 2020‑23. 

2022 Government of India relaxes rules around gene‑edited crops on March 30.

2024 Government of India approved the proposal ‘BioE3 (Biotechnology for Economy, Environment and Employment) Policy for Fostering 
High Performance Biomanufacturing’ of the Department of Biotechnology.

2025 The Supreme Court of India ordered the government to formulate a national policy for GM crops based on science to address research, 
cultivation, trade, and commerce; which prioritizes climate adaptation, agricultural productivity, and reducing dependence on imported 
oils and pulses. 

GM: Genetically modified, GMO: Genetically modified organism, GEAC: Genetic engineering appraisal committee, WHO: World Health Organization, FAO: Food and Agriculture 
Organization, EPA: U.S. Environmental Protection Agency.

Figure 1: The diagrammatic illustration of strategies utilized in genetic modifications for crop improvement. (a) Genes from a different (sexually incompatible) 
species are injected into transgenic plants. (b) Genes from the same species or a closely related one, where conventional plant breeding is possible, are used to 

create cisgenic plants. (c) To modify a plant’s genetic makeup without introducing genes from other plants, intragenic/subgenic plants are created utilizing gene 
knockdown or gene knockout techniques.
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GM foods. GM foods are being produced to meet the desires of producers 
and/or consumers in terms of yield, shelf life, and nutritional benefits. 
The development and production of GM crops and derived foods are 
progressing in many countries such as India, China, the USA, Brazil, 
Argentina, and Canada but it is not promoted and accepted significantly 
in various other countries [7]. The majority of today’s GMO crops 
were created to assist farmers in avoiding crop loss. In GMO crops, the 
three most prevalent characteristics are: Resistance to harm by insects, 
herbicide tolerance, and plant virus resistance.

The modern era of plant breeding via mutagenesis was brought about 
by the discovery and use of targetable site-directed nuclease (SDN) 
enzymes, as strong instruments for precisely manipulating crop 
genomes (commonly referred to as “gene editing”), typically using 
RNA-guided CRISPR-Cas technology, dominated the field since 2013. 
The SDN can be applied in three different ways, which could lead to 
end products that are subject to different rules. SDN1–the most widely 
used SDN technique in plants to date–is the recovery of plants with 
specified mutations that arise solely from the random non-homologous 
end joining repair mechanism of the cell without a donor template. 
The majority of these edits are insertions or deletions that take place 
in the vicinity of the double-stranded DNA break. While both SDN2 
and SDN3 plants use the homology-directed repair procedure and a 
provided repair template, the extent of the induced change varies [7,8].

3. BIOSAFETY: MEASURES, ASSESSMENT, AND 
REGULATIONS

The genetic alterations could be passed down through generations and 
could have unfavorable consequences that pose a risk to biosafety. The 

modified gene(s) may be transferred into natural plant populations as 
a result of natural breeding between the modified agricultural plants 
and their nearby wild relatives. As any wild recipient of such a gene 
may have a competitive advantage in natural ecosystems, such an 
occurrence could threaten biodiversity. Such a transplanted gene can 
stay unexpectedly longer in the environment and produce products 
that have an impact on non-target species, volunteer plants, and the 
environment.

The associated risks for the assessment procedure are tabulated in 
Table 2. The risk assessment could be carried out by considering (i) 
Random gene insertion, which may cause insertional mutagenesis, 
which alters or suppresses the expression of the native endogenous 
genes in host plant; (ii) The activation of silent genes and upregulation 
of down-regulated/low expressed genes, which may cause a change in 
biochemical pathways and produce undesired secondary compounds 
that may be toxic or allergenic in nature; (iii) The downregulation of 
housekeeping gene, which may cause low or no production of essential 
compounds – life-threatening, reduced/altered nutritional quality; and 
(iv) Although no report is published till date showing major health 
concerns with GM foods, does not mean to believe that everything is 
OK with GM foods [9].

At the Rio de Janeiro Earth Summit in 1992, world leaders adopted 
a comprehensive plan for “sustainable development,” which aims to 
address human needs for health, the environment, and biodiversity 
while preserving the planet for future generations. The CBD), which 
established three main objectives–the conservation of biological 
diversity, the sustainable use of its components, and the fair and 
equitable sharing of the benefits resulting from the use of genetic 

Figure 2: Progress of biotechnological tools utilized for genetic manipulations.
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resources–was one of the major agreements adopted at Rio. The 
CBD’s Article 28 allows for the creation of Protocols to address the 
execution of different sections of the Agreement.

The use of modern biotechnology is a developing international 
concern due to the need to protect human health and the environment 
from potential negative consequences. Recognizing modern 
biotechnology’s ability to meet the urgent global demands for food and 
healthcare is crucial, nevertheless. In response to these concerns, the 
Conference of the Parties to the CBD enacted the Cartagena Protocol 
on Biosafety (CPB) on January 29, 2000, in Montreal (https://www.
cbd.int/doc/legal/cartagena-protocol-en.pdf; accessed on 03  June 
2025). The CPB includes provisions to regulate, manage, or control 
risks related to the movement of organisms and products derived from 
modern biotechnology across international borders that may have an 
adverse impact on the conserving and sustainable use of biological 
diversity [10,11]. There is a necessity to monitor for assessment and 
evaluation of potential risks as biosafety requirements during the 
entire process of GM crop development and its commercial release 
[Figure 3].

The early research for the development of GM plants has to be 
performed with special consideration of containment in confined 
structures such as designated laboratories and/or greenhouses. The 
personnel associated with such research must have standard operating 
procedures and a reference manual for biosafety and good laboratory 
practices. The evaluation-based study has to be performed as a field 
trial to ensure the prevention of dissemination/escape of gene(s) in 
the environment/food chain. The data relating to potential agronomic 

benefits, environmental risk assessment, and food safety assessments 
have to be collected. Finally, the commercial release of a GM crop 
at different geographical locations in a variety of environments, 
with an assumption of negligible and/or manageable risks. The GM 
plants may give direct, indirect, immediate, or delayed, unpredictable 
effects [Figure  4]. The post-release monitoring activity has to be 
planned to reassess the evaluation of agronomic performances and 

Figure 3: Workflow illustration for assessment, management, evaluation, and 
monitoring of potential risks.

Table 2: The risks considered for the assessment procedure during GM crop 
development.

Spread and escape of GM crop plants in the environment through
(i)   Reproductive isolation
(ii)  Spatial isolation
(iii) Temporal isolation
(iv) �Destroying the vectors carrying modified gene(s), i.e., GMMOs or 

GM plants
(v)  �Preventing the dissemination and germination of seeds produced in 

GM plants

Survival, life tenure, and fecundity of GM crops in open environments 
(niche)

Expression of modified gene(s) and its effect on
(i)   �The physiology, biochemistry, and morphology of GM crop plant
(ii)  �The feeding organism in terms of nutrition, toxicity, and/or 

allergenicity
(iii) �The interacting species and the ecosystem

Unintended expression(s) of manipulated/modified gene(s)

Unintended effect on flora and fauna in the cultivated area

Transfer of modified gene(s) as hybridization and introgression to 
(i)   Feral and wild relatives
(ii)  Sexually compatible species
(iii) Other species as horizontal gene transfer

Advantage or disadvantage associated with the stability and loss of
(i)  Phenotype in the following generations
(ii) Genotype in the following generations

Direct and indirect implications associated with the interaction of GM crops 
and the environment, such as

(i)   Soil composition, health, and texture
(ii)  Soil-inhabiting organisms
(iii) Ecology and biodiversity
(iv) Food web

Figure 4: The unpredictable, harmful effects of GM plants. (1) Direct effects, 
which emerge from the genetically modified organism (GMO) directly and 

do not follow a causal chain of events, are primary effects on human health or 
the environment. (2) Indirect effects refer to consequences on human health 
or the environment that happen as a result of a series of connected events, 

for example, secondary interactions between species and their surroundings, 
genetic material transfer, or modifications to use or management techniques. 

It is likely that indirect impacts will take longer to be observed. (3) 
Immediate effects are those that are seen on human health or the environment 
immediately when a GMO is released; may be direct or indirect. (4) Delayed 
effects are consequences on human health or the environment that might not 

be noticeable during the period of the release of the GMO, but become evident 
either directly or indirectly, at a later time or after the release has terminated.
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the risks associated. The surveillance and warning scheme with 
countermeasures for the detection of such unpredictable harmful 
effects on the environment and human health has to be included in 
post-releasing monitoring programs for potential effects [12-14].

The regulatory authorities have to go through the prerequisite 
information before approval of GM crops for trials and commercial 
release. The risk assessment for GM plants should involve (i) 
identification of potential hazards; (ii) evaluation to determine the 
likelihood of potential hazards; and (iii) estimation and assessment of 
consequences. The detailed procedures could be performed on account 
of defined biosafety measures, as per the regulatory authorities 
and organizations. The regulation on GM foods varies as (i) some 
countries have no regulations, (ii) some have a regulation to assess 
risks associated with human health, and (iii) some have a regulation to 
assess risks associated with health and the environment. Furthermore, 
the GM crops could be taken for a comprehensive evaluation and 
assessment with a monitoring and response plan in context with ethical 
and socio-economic risks [15-17] under a sustainable livelihood 
approach.

4. AN INDIAN PERSPECTIVE

India has the World’s 4th largest crop acreage, after the USA, Brazil, and 
Argentina. The only GM crop approved for commercial cultivation and 
release in India is Bt cotton. It is estimated that the Bt cotton is cultivated 
in >96% of the country’s cotton area, as farmers are making profits from 
the cultivation of Bt Cotton with increased production and export. The 
Indian Council of Agricultural Research (ICAR) has conducted long-
term studies on the impact of Bt Cotton and found no adverse effects on 
soil, microflora, and animal health. The cultivation of GM crops, other 
than Bt Cotton, is being continuously opposed by activists and banned 
by the government. In 2018, the Department of Biotechnology (DBT), 
Ministry of Science and Technology, Government of India constituted 
the Field Inspection and Scientific Evaluation Committee, in the exercise 
of powers conferred through the Environment (Protection) Act, 1986 and 
Rules 1989 to examine the complaints against the unlawful cultivation of 
herbicide tolerant (HT) or BG-III cotton in the states of Andhra Pradesh, 
Telangana, Gujarat, and Maharashtra. Further, this committee has been 
constituted at the state level and was instructed to conduct on-the-spot 
inspection of Brinjal (in farms and markets) to check the spread of 
unapproved Bt Brinjal, in 2019. However, field trials for various other 
GM crops, including maize, rice, wheat, sorghum, groundnut, cotton, 
brinjal, and mustard, are approved. The commercial cultivation of these 
GM crops is yet to be approved. Consumer aversion to GM food, the high 
expense of regulatory compliance, and issues accessing the appropriate 
intellectual property rights are some of the difficulties.

India has maintained a cautious stance on GM organisms (GMOs), 
which has implications for its agricultural policies and global 
biotechnology markets. India’s restrictive GMO policies limit its 
participation in global markets that increasingly rely on biotechnology. 
For instance, India’s stance has affected its ability to engage with 
countries that support GMOs, potentially limiting access to innovative 
agricultural technologies that could benefit its agricultural sector [18].

India has established a complex regulatory framework for GMOs, 
overseen by the Genetic Engineering Appraisal Committee (GEAC). 
The approval process for GMOs is stringent, often resulting in 
lengthy delays in commercial release. For instance, the prolonged 
approval process for GM Bt brinjal in 2010 led to a moratorium on its 
commercial cultivation [19]. There is significant public opposition to 
GMOs in India, driven by concerns over safety, environmental impact, 

and the loss of traditional farming practices. A 2016 survey indicated 
that a majority of Indian consumers prefer organic over GM foods [20].

4.1. Biosafety and Regulations in India
Regulations in India apply to the development, import, use, research, 
and release of GE organisms as well as to the goods created using 
these organisms are governed by the rules notified by the Ministry of 
Environment and Forests (Ministry of Environment, Forests [MoEF]; 
now the MoEF and Climate Change or MoEF&CC), Government 
of India, on December 5, 1989, under the Environment (Protection) 
Act 1986 (U.S. Environmental Protection Agency). The experimental 
data including comparative toxicity, allergenicity, and feeding studies 
are required for obtaining approval from GEAC in accordance with 
the rules and regulations for the development, use, import, export, 
and storage of hazardous microorganisms, genetically engineered 
organisms or cells, 1989 and Revised Guidelines for Research in 
Transgenic Plants and Guidelines for Toxicity and Allergenicity 
Evaluation of Transgenic Seeds, Plants and Plant parts - 1998. These 
legislations and regulations, often called “Rules 1989,” regulate 
research as well as extensive uses of GE organisms and the products 
derived from them across India. The DBT, Ministry of Science and 
Technology, and MoEF&CC are the regulatory bodies responsible 
for enforcing the Rules 1989 through six competent authorities as 
tabulated in Table 3.

To protect the interests of farmers and environmentalists, the 
Government of India has very strict guidelines for testing and evaluating 
the agronomic value of GM crops. The guidelines are drafted to address 
all biosafety concerns related to GM crops. Still, India has gone through 
several setbacks with GM technology in crops. In 2005, ICAR launched 
a “Network Project on Transgenic in Crops” (presently as “Network 
Project on Functional Genomics and Genetic Modification in Crops”) 
to promote the innovation and development of GM Crops. Pigeon 
pea, chickpea, sorghum, potato, brinjal, tomato and banana are in 
different stages of development and case-by-case testing. In 2012, the 
Parliamentary Committee on Agriculture asked the Indian Government 
to discontinue field trials and ban GM crops. The committee stated that 

Table 3: Regulatory authorities in India.

Sl. No. Regulatory Authority Role

1. Recombinant DNA Advisory 
Committee (RDAC)

Provides advisory functions and 
recommendations on biosafety 
guidelines.

2. Institutional Biosafety 
Committee (IBSC)

Approves research within 
an organization and ensures 
adherence to implementation 
of biosafety guidelines at 
organization level.

3. Review Committee 
on Genetic 
Manipulation (RCGM)

Regulates and authorizes 
applications for research, field 
experiments, and imports.

4. Genetic Engineering 
Appraisal 
Committee (GEAC)

Key authority that approves the 
large‑scale use and experimental/
commercial release of GMOs in 
the environment.

5. State Biotechnology 
Coordination 
Committee (SBCC)

Monitors and coordinates 
GMO‑related activities at the state 
level.

6. District Level 
Committee (DLC)

Monitors safety regulations 
and installations GMO‑related 
activities at the district level.
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there are insignificant socio-economic benefits to farmers and raised 
issues such as ethical dimensions of transgenics and long-term impact 
on health and the environment. Notably, the National Institution for 
Transforming India Aayog released a statement in 2016, “As a part 
of its strategy to bring a Second Green Revolution, India must return 
to permitting proven and well tested GM technologies with adequate 
safeguards.” This statement supports allowing GM crops in agriculture.

On August 25, 2017, the Parliamentary Standing Committee submitted 
its report to Parliament on “Genetically modified crops and its impact 
on the environment” recommending the introduction of GM crops 
after critical scientific evaluation for benefits and biosafety, and 
restructuring of the regulatory framework for unbiased assessment of 
GM crops. As per the advice of GEAC, the safety assessment data 
for the GM mustard (Dhara Mustard Hybrid 11; DMH11) has been 
generated. Biosafety Research Level I (BRL I) field trial for two new 
transgenic indigenous Bt Brinjal varieties was conducted in three 
locations, Jalna, Guntur, and Varanasi, in 2009–2010. In 2020, the 
GEAC allowed biosafety research (BRL II) field trials of Bt Brinjal in 
eight states (Tamil Nadu, Karnataka, Madhya Pradesh, Chhattisgarh, 
Bihar, Jharkhand, Odisha, and West Bengal) during 2020–2023, only 
after receiving NOC from the concerned states and confirming that an 
isolated land area is available for this purpose. The Bt Brinjal varieties, 
namely, Janak and BSS-793, are indigenously developed by the ICAR. 
It has CryFa1-Event 142 to resist attacks of fruit and shoot borer.

4.2. India Limits Global Appeal for GMO
Political dynamics play a crucial role in GMO policy. Various political 
parties have adopted anti-GMO stances due to public pressure 
and electoral considerations. For example, the current government 
has faced criticism for its handling of agricultural biotechnology, 
impacting its approach to GMOs [21]. The adoption of GMOs is feared 
to disproportionately benefit large agribusinesses while marginalizing 
smallholder farmers. Advocacy groups argue that GMOs could lead 
to increased dependency on multinational corporations for seeds [22]. 
Environmentalists argue that GMOs pose risks to biodiversity 
and traditional crop varieties. India’s rich agricultural diversity is 
considered a national asset, and there are fears that introducing GMOs 
could jeopardize this genetic heritage [23].

4.3. India’s 2022 Policy Shift on GM Crops
In 2022, India announced significant policy changes regarding the 
approval and regulation of GM crops. India’s 2022 policy shift towards 

embracing biotechnology in agriculture reflects a strategic government 
response to several pressing agricultural challenges. Concurrently, 
the persistence of unapproved GM crop adoption presents a complex 
challenge that must be addressed to ensure safe and sustainable 
agricultural practices moving forward. The Central Government 
aimed to bolster domestic agricultural productivity and food security 
through advancements in biotechnology. On March 30, 2022, a new 
rule was issued as an office memorandum by the MoEF&CC CS-III 
Biosafety Division to exempt the SDN1 and SDN2 genome-edited 
plants from biosafety assessment in accordance with the rule 20 of 
the Manufacture, Use, Import, Export, and Storage of Hazardous 
Microorganisms/Genetically engineered Organisms or Cells Rules 
1989. These changes are followed by the recommendations from the 
DBT (Ministry of Science and Technology), and the Department of 
Agriculture, Research and Education (Ministry of Agriculture and 
Farmers Welfare). However, the process of developing genome-edited 
plants has to be carried out under containment, and regulated by 
Institutional Biosafety Committees under information to the Review 
Committee on Genetic Manipulation.

Despite the stringent regulatory framework, field data indicate that 
unapproved GM crops, particularly Bt cotton and other Varieties, 
have been adopted informally by a segment of Indian farmers. These 
illicit cultivations often arise from farmers’ perceptions of increased 
yields and pest resistance associated with these crops. Reports suggest 
that farmers have access to unofficial seeds, and their utilization can 
lead to significant economic benefits, although it poses risks related 
to biodiversity and environmental safety [24]. In certain regions, 
studies have documented that farmers planting unapproved GM 
varieties observed improved resilience to climatic stresses, further 
motivating their adoption despite legal risks. These trends highlight 
a gap between regulatory frameworks and on-the-ground practices, as 
farmers prioritize immediate agricultural challenges over compliance 
with formal regulations [25].

The policy revamp was particularly influenced by the challenges 
posed by climate change and the necessity for sustainable agricultural 
practices [26]. The government sought to promote innovation 
while maintaining safety protocols, ensuring that any GM crop 
introduced undergoes rigorous testing to assess environmental and 
health impacts  [27]. This shift included the introduction of a more 
streamlined approval process for GM crops, emphasizing the need 
for governmental support in deploying technologies that improve 
crop yields and resistance to pests and diseases. This shows India’s 
evolving stance on GM crops and the reality of farmer behavior in the 

Figure 5: The illustration shows the steps involved in the development, assessment, analysis, and approval for the release of GM crops.
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face of regulation. Safety assessment and Screening of GM crops and/
or derived foods.

Generally, GM foods are derived from GM crops/plants. GM crop/plant 
variety is derived from its conventional variety, having manipulated 
gene(s) that leads to changes in protein(s) and associated metabolite(s) 
[Figure 5]. The health risks associated with GM crops are basically 
due to proteins expressed in GM crops from the engineered gene(s) to 
impart desired trait(s). These expressed proteins could be allergenic 
or toxic, which may be challenging for the environment along human 
health. A  multi-factorial food safety assessment paradigm has to be 
utilized for every individual GM crop/food (from its first generation) 
and its non-GM counterpart, for substantial equivalence. In general, 
the safety assessment of GM crops and/or derived foods is primarily 
based on the concept of substantial equivalence or comparative safety 
assessment (CSA). The CSA is considered the first step for the safety 
assessment of GM crops and/or derived foods to identify similarities 
and differences between the foods derived from GM crops and their 
conventional counterpart (having a long history of safe use). The 
differences are subjected to further scientific analyses to identify the 
change in nutrients, toxins, and allergens present in GM crops and/
or derived foods through wet lab experiments, bioinformatics tools, 
in vitro studies, and statistical interpretations. The strategy to access 
food safety was initially proposed by the WHO [28]. Then, several 
recommendations were published for food safety and risk associated 
with GM crops from several organizations like the food and agriculture 
organization (FAO), the World Health Organization (WHO), the 
Codex Alimentarius Commission (Codex), the Organization for 
Economic Cooperation and Development, the International Life 
Sciences Institute, the International Society for Biosafety Research, 
the European Commission (EC) and the European Food Safety 
Authority. The guidelines for legal and regulatory frameworks for 
food safety have been provided by Codex Alimentarius Commission 
as “Guidelines for the Conduct of Food Safety Assessment of Foods 
Derived from Recombinant DNA Plants (CXG 45–2003)” (CAC, 
2003; https://www.fao.org/fao-who-codexalimentarius/codex-texts/
guidelines/en/assessed October on 28, 2021). Due to the complexity 
of food constituents, food safety has to be considered a multifaceted 
concept. Food safety must be ensured in the light of science, keeping 
the risk to an absolute minimum. A science-based evaluation system 

Table 4: The list of commonly used genetic elements in creating a construct 
with their function of utilization.

Sl. 
No.

Construct or its 
element

Purpose

1. CP4-EPSPS gene
(CP4-EPSPS)

Glyphosate-tolerant crops

2. Cry1Ab/Ac gene 
(cry1Ab/Ac)

Elite synthetic fusion Bt gene in 
various GM Crops

3. Cry1A(b) gene 
(cry1A[b])

Specific insecticidal activity against 
lepidopteran pests

4. Cry1AC Specific insecticidal activity

5. Cry2Ab Specific insecticidal activity

6. Cauliflower Mosaic 
Virus 35S promoter 
(CaMV P-35S)

Ubiquitous promoter

7. Figwort Mosaic Virus 
35S promoter (P-FMV)

Strong constitutive promoter

8. pRice Actin Promoter

9. pTA29 Promoter

10. pUbi Promoter

11. pSSuAra Promoter

12. tg7 Promoter

13. Nopaline synthase 
promoter (P-nos)

To drive the expression of selectable 
marker genes; regulate organ-specific 
expression

14. Nopaline synthase 
terminator (T-nos)

Transcriptional terminator in 
synthetic gene constructs

15. CaMV T-35S Terminator

16. tE9 terminator Terminator

17. tOCS Terminator

18. Phosphinothricin 
N-acetyltransferase gene 
(bar)

A selectable marker

19. Phosphinothricin 
N-acetyltransferase gene 
(pat)

A selectable marker

Figure 6: Schematic representation for testing of genetically modified organisms.
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for screening GM crops and derived food has been supported by 
FAO. This may include genomics, transcriptomics, proteomics, and 
metabolomics studies.

The genomics and transcriptomic studies involve polymerase chain 
reaction (PCR), sequencing, and microarrays for detecting the 
differences in the sequence of the gene(s) and expression/suppression 
of gene(s). PCR is the most commonly used tool for analyzing genetic 
manipulations [Figure 6]. This involves the isolation of high-quality 
DNA of sufficient length (ISO/IEC 21571: 2005) to be amplified by 
PCR. The variants of PCR, such as multiplex PCR, qPCR (or real-time 
PCR), and microarray, are being employed for the detection of several 
targets in one experiment. The PCR and its variants are specific in 
detecting the inserts of DNA fragments (or the GM elements or other 
changes in the genetic make-up [Table 4].

Food allergies are unpleasant reactions caused by a specific protein 
(known as an allergen) present in food or food components. The 
allergen(s) may involve abnormal immunological responses mediated 
by the allergen-specific immunoglobulin E (IgE) antibodies as 
immediate hypersensitivity reactions. Some allergenic food includes 
milk (lactose), papaya (papain), cereals (gluten-containing wheat, 
barley, oats, etc.), eggs (albumin), fish (parvalbumin), peanuts (Ara 
h1 and Peanut lectin), soybeans (Glycinin and Soy lectin), and tree 
nuts (Ber e1). The proteomic studies to characterize and identify the 
protein(s) are carried out through enzyme-linked immunosorbent 
assay (ELISA), two-dimensional polyacrylamide gel electrophoresis, 
and bioinformatics investigations utilizing the established databases 
[Table 5]. The screening for newly expressed proteins encoded by the 
newly expressed genes in GM crops is required. Immuno-based assays, 
like ELISA, are a widely used analytical method to detect and quantify 
the isolated proteins [Figure 6]. However, the proteins may denature 
during food processing, and the changed conformation/structure may 
lead to difficulty in immunological detection.

The metabolomic studies utilize techniques such as chromatography 
and spectroscopy to identify, quantify, and compare the presence of 

metabolite(s) in GM food with its non-GMO counterpart. To elucidate 
nutritional, toxicological, or allergenic characteristics of constituents, 
the identification, potential intake, dose responsiveness, empirical 
biological consequences, and impact on health are usually studied on 
animal models. However, the assessment results may lead to conflicting 
interpretations due to biological and environmental variations and 
could be challenged subsequently.

5. IMPACTS AND IMPLICATIONS

The issues and concerns related to food safety have been around since 
time immemorial, starting with the trial-and-error method. Historical 
account for food safety was ensured to reduce food-borne illness and 
toxicity through different food preparation techniques, such as cooking, 
salting, canning, and fermentation. Recent trends in biotechnology are 
based on genetic engineering, which involves the modification of the 
genome by the transfer of genes (recombinant-DNA; rDNA) among 
species or by editing the genome, which may not occur naturally. The 
two important concerns associated with the rDNA plants, referred to as 
GM crop plants, are (i) the horizontal gene transfer (HGT) and (ii) the 
impact of a gene expressed. Recent research and literature related to 
GMO safety are increasing. These days, scientific research and meta-
analysis are being conducted by analyzing the peer-reviewed literature 
on agro-environmental impact, associated risk, and biosafety of GM 
plants.

The term GMO has controversies as producers’ and consumers’ benefits 
are accompanied by potential risks and side-effects associated with 
biomedical and environmental factors. Public concerns are increasing, 
particularly with GM foods. Complex studies are being conducted 
across the globe from field to plate to evaluate the potential advantages 
and disadvantages of such crops and derived foods. The voice raised 
by various groups of scientists has failed to reach the consumers or 
the public  -  creating a negative consensus of GM among the public. 
The nature of GMOs and the current agricultural problems shall be 
comprehensively understood before making any consensus. Several 
intellectuals related to food, nutrition, and food safety collectively are in 

Table 5: Resources available for allergenic components.

Sl. No. Resource Description Weblinks

1. AgMoBiol
Allergen: Food, Pollen

The Agricultural Molecular Biology Laboratory of Peking 
University Protein Engg. and Plant Genetic Engg.

http://ambl.lsc.pku.edu.cn

2. Central Science Lab
Allergen: Proteins

Food and Drug Administration Centre for Food Safety and 
Applied Nutrition, Sand Hutton, York, UK

http://www.csl.gov.uk/

3. FARRP
Allergen: Proteins

658 allergens, The Food Allergy Research and Resource 
Program, University of Nebraska-Lincoln

http://www.farrp.org 

4. NCFST
Allergen: Gluten

National Centre for Safety and Technology, Illinois 
Institute of Technology

http://www.iit.edu/∼sgendel/fa.htm 

5. PROTALL
Allergen: Plant

Biochemical and clinical data- The PROTALL project, 
FAIR- CT98-4356, The Institute of Food Research, UK

http://www.ifr.bbsrc.ac.uk/protall 

6. SDAP
Allergen: Proteins

Allergenic Proteins http://129.109.73.75/SDAP/ 

7. SwissPort
Allergen: Proteins

SIB Swiss Institute of Bioinformatics, Geneva) http://us.expasy.org/cgi-bin/lists?llergen.txt 

8. WHO/International Union of 
Immunological Societies
Allergen: Proteins

Nomenclature http://www.allergen.org 

9. Allergome
Allergen: Proteins

http://www.allergome.org 

10. Internet Symposium on Food 
Allergens-2002

Food Allergen data collections http://www.food-allergens.de 
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agreement that GMOs are safe for human consumption [29,30]. Several 
incidents related to the destruction of hard work resulting by activists 
are being condemned by the scientific community. For example, 
the GM wheat and Golden Rice. GM wheat developed by CSIRO, 
Australia, was destroyed entirely as a protest by a non-governmental 
environmental organization in July 2011. In August 2013, the field 
of Golden Rice, managed by IRRI Philippines and other partner 
organizations, was attacked by activist groups. Notably, the Golden 
Rice is a result of 25 years of exhaustive work, designed and developed 
as one of the cheapest and most effective ways of delivering Vitamin 
A. The rice expresses high levels of β-carotene, a Vitamin A precursor.

5.1. Horizontal Gene Transfer (HGT)
DNA is chemically identical regardless of its source and is considered 
a harmless component of most foods that we eat. Every food that 
is derived from life forms contains DNA, either intact or in small 
fragments. Since antiquity, humans have consumed DNA from foods 
(whole/processed). It is estimated that about 0.1–1.0  g of DNA is 
being consumed daily by humans [31]. In the case of GM food, the 
transgenic DNA (rDNA) would be estimated to be <0.0001% of total 
DNA. There is no confirmation that any bacterial or plant genes are 
regularly incorporated into the human genome [32].

GM crops have genes conferring antibiotic resistance (AR) as 
selectable markers. The AR gene encodes for resistance to those 
antibiotics that are not widely used in medicine because of widespread 
resistance. Commonly used safe selectable markers are the nptII gene 
(confer resistance to neomycin and kanamycin) and the aad3 gene 
(confer resistance to streptomycin and spectinomycin [2]. Such genes 
are available in the environment naturally, including gut bacteria [33].

The HGT is a frequent event in gut microbiota, facilitated by the 
process of conjugation and transduction in the lower GI tract [34-36]. 
The increased use of probiotics and other fermented food preparations 
has a mass of microbes that may act as donors or recipients of certain 
AR genes in the human GI tract [37]. Juricova et al. reported that out 
of 259 isolates of gut microbes, 124 contain at least one gene encoding 
AR in poultry [38]. Baumgartner et al. found that resident microbes 
suppress the growth and prevent the evolution of AR of individual 
species [39]. The possibility of AR gene transfer in bacteria may 
compromise the effectiveness of antibiotics and adversely impact the 
anti-microbial therapy. Bacterial gene flow is an established naturally 
occurring phenomenon [40]. It would be extremely improbable for 
a plant to transfer genes to a bacterial species because (i) the gene 
has to be excised precisely and intact from the plant chromosome, 
(ii) survive intact in the consumer’s gut environment, and (iii) be 
acquired by the bacterium in intact form through a transformation-
competent bacterium [33]. Still, the progressive development in 
modern biotechnology could replace or remove the utilization of AR 
genes in the future. Research on the bacterial communities in the 
rhizosphere provides important information on how GM crops affect 
the environment. According to this study, growing GM maize has little 
effect on the rhizosphere bacterial population and has little effect on 
the environment, especially on soil microorganisms [41].

The fate of recombinant DNA (transgene/cisgene) for HGT has been 
assessed in vitro in gastric, intestinal, and complete digestive tracts or 
body fluids in cattle, poultry, and humans. Several studies suggested 
the risk of HGT is insignificant in the human/animal genome. 
Nevertheless, the incorporation of such a transgene into the germ 
cells is even lower, making the inheritance of such a transgene to the 
following generation insignificant [42-44].

5.2. Health Concerns
The rapid digestion of the transgene or its derived proteins confirmed 
the absence of the transgene in GM-fed cattle and poultry in most cases. 
However, small pieces of DNA have been found in a few studies [45]. 
Agodi et al. reported that short pieces of the transgenes were reported 
in milk as possible contaminants of fecal/airborne material in feed [46]. 
DNA of the M13 virus, GFP, and Rubisco genes was discovered in the 
blood and tissue of ingested animals [47,48]. In studies on cows fed 
with transgenic crops such as maize and soybeans, the recombinant 
DNA has only been detected in the ruminal solid phase and duodenal 
digesta of cattle, but not in ruminal liquid and duodenal phases, milk, 
blood, muscle, liver, spleen, kidney, and feces [49-52].

Several studies have found contrary to such findings. In any organ or 
tissue sample taken from GM-fed animals, no traces of recombinant 
DNA or novel proteins have been discovered [53,54]. In studies on 
transgenic maize-fed poultry, no recombinant DNA was detected in 
muscle, liver, spleen, kidney, and eggs [49]. In addition, no significant 
differences in nutritional value and safety of feed derived from GM 
plants and their non-GM counterparts [55,56].

The GMO-derived proteins are degraded along with any other proteins 
in the gastrointestinal (GI) tract. Most dietary proteins are digested 
by proteases and pepsin in the GI tract, limit exposure to allergenic 
reactions. However, some studies have reported that the correlation 
between protein digestion and loss of allergenicity is limited [57,58]. 
Hence, comprehensive studies related to allergenicity should be 
carried out precisely. Food allergies are also associated with common 
foods such as milk, eggs, nuts, wheat, legumes, fish, crustaceans, 
and molluscs [59]. The presence of allergens is reported in some GM 
crops, like 2S albumin isoforms from Brazil nut, which were found in 
transgenic soybeans [53], Phosphinothricin Acetyltransferase Enzyme 
(PAT) protein in GM maize, and cod proteins (such as Gadc1) in 
transgenic potatoes [60]. The reported scientific data by researchers 
on the consumption of GM crops/food indicate the harmful effects on 
health, contradicting the studies conducted by the biotechnology-based 
corporate companies [61]. Abnormal young sperm has been reported 
in rats and mice fed transgenic potatoes and soya. The transgenic 
crops (such as Corn and Cotton) grazing livestock were found to have 
reproductive disorders or even life-threatening [62].

The safety test of GM soybeans claimed “substantially equivalent” 
to the conventional variety, but significant differences between the 
two were recorded [63,64]. Several peer-reviewed scientific reports 
indicate the nutritional equivalence of GMOs and their conventional 
counterparts. Venneria et al. compared the nutritional content and 
reported variations in the composition of fatty acid content, phenols, 
polyphenols, carotenoids, Vitamin C, and mineral composition in GM 
and conventional samples of wheat, tomato, and corn [65]. The FAO 
and the WHO reported that GMO foods have no allergenic effects, 
after being evaluated for allergenicity [66]. A meta-analysis of 21 years 
of field data supports the cultivation of GE maize [67].

Dunn et al. have reviewed 83 studies on GM crops and associated 
allergenicity. They reported that no human or animal was evident 
to show increased allergenicity of GM crops in comparison to their 
conventional counterparts in 80 reported studies [68]. While rest 
three studies have shown increased sensitization; according to the 
IgE-mediated mast cell reactivity. Two studies report an increase 
in specific IgE, eosinophil, and T-helper cell type  2 cytokines with 
exposure to GM corn compared with its conventional counterpart, but 
of no clinical significance. The study has concluded that the use of GM 
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products and the risk of food allergies are not linked. They reported 
that consumption of GM proteins causes allergy in individuals who 
are allergic at baseline. Bt toxin Cry1Ac has been reported as a potent 
antigen delivered oral/nasal [69]. Even some farmworkers have IgE-
mediated skin sensitization when exposed to Bacillus thuringiensis-
based pesticides [70]. Aris and Leblanc claim the presence of Bt toxin 
in maternal blood [71]. Notably, the toxin is inactive in an acidic 
environment (as in the stomach of humans), and active in an alkaline 
environment (as in an insect’s gut). There is no Bt toxin receptor in 
humans. Nelson suggests that the crystal-like proteins produced by the 
B. thuringiensis have no effects on mammals [72].

5.3. Socio-economic Concerns
There is a lot of disagreement around GM crops, which is being echoed 
continuously. Even, consumers have a strong perception that foods 
with a long history of safe use are safe for consumption. Controversies 
are associated with GM crops, involving farmers, consumers, 
government, NGOs, and environmentalists. Consumers’ concerns for 
the quality of food were known before the advent of food derived from 
GM crops. GM crops may have an impact on the health of consumers 
that might be risky. Consumer acceptance is associated with socio-
economic determinants [73], such as price premiums, option values, 
willingness to pay, age, gender, and educational level.

Usually, consumers consider conventional foods safe for consumption. 
Conventional foods have an established record of consumption for 
decades/centuries. The genetic manipulations and altered expression 
may have beneficial or detrimental effects in comparison to 
conventional. Therefore, evaluation and risk assessment of GMOs 
and GM foods should be conducted as per the Codex guidelines 
for allergenicity, toxicity, loss of biodiversity, gene transfer, and 
outcrossing (migration of genes from GM to feral and wild relatives).

The major traits gained with genetic modifications are disease and pest 
resistance. This makes farmers happy to cultivate their crops for more 
economic gain with minimal yield loss. However, the widespread 
release and cultivation of such GM crops at a commercial scale may 
pose a strong selection-for-survival pressure. This selective pressure 
is strong enough to be the reason behind the evolution of resistant 
pests, like superbugs. This may cause the failure of such GM crops 
in a few years, leading to controversy over the use of biotechnology, 
such as the Monarch Butterfly Controversy (1999) and the Seralini 
Affair (2012). The controversies related to safety concerns are being 
raised for GM crops/food on several levels by consumers, farmers, 
policymakers, regulatory bodies, and the government. The concern 
for the modern biotechnology needed for sustainable agriculture to 
address the scarcity of food, feed, and fodder; is safe for the health and 
the environment? is required to be addressed.

Developing countries like India have small and marginal farmers. 
Farmers cite that the high cost of weeding considerably goes down by 
growing HtBt cotton and using glyphosate against weeds. As claimed, 
cultivation of Bt Brinjal reduces the total production cost by reducing 
the use of pesticides. Large-scale sowing of unapproved GM crops 
such as HtBt Cotton and Bt Brinjal, is being reported in several states 
of India, such as Maharashtra and Haryana. A few farmers are arrested 
and charged for sowing unapproved GM variants with a jail term of 
5 years and a fine of Rs 1 Lakh under the Environmental Protection 
Act, 1989 [74]. The right to environmental information was recently 
emphasized by the Indian Supreme Court in a divided decision over 
the release of GM mustard. One of the two judges on the court argued 
against the crop’s release, pointing to a lack of adequate evaluation of 

its health effects, while the other referred to the conditional clearance 
as progressive. It is suggested that consumers’ knowledge be used as a 
control variable in future studies [75]. In July 2024, the court ordered 
the government to engage with every relevant stakeholder, including 
states, independent experts, and farmers’ organizations, to draft a 
national policy on GMOs. The action highlights how important it is 
for policy to be informed by both scientific data and societal demands 
and expectations. It demonstrates the importance of broader public 
involvement in synthetic biology (SynBio) interventions [76]. Small 
farmers’ willingness to engage in collaborative GM crop farming 
is favorably influenced by their expectations of GM technology’s 
profitability as well as their sense of their market adaptability [77].

The seeds are expensive in comparison to local non-GM varieties; 
farmers must purchase new seeds every sowing season as seeds cannot 
be reused. BT cotton is resistant to a specific type of cotton pest, not all 
pests of cotton. However, regular and prolonged spraying of herbicides/
insecticides may cause the evolution of tolerant/resistant weeds/
insects due to strong selective pressure in a given habitat  [78,79]. 
Pests are developing resistance against Bt Cotton, making the GM-
based strategy for pest control unsustainable [80]. To prevent this, 
certain crop management strategies that limit the growth of pest 
populations that have surmounted crop resistance mechanisms might 
be used. The use of GM crops with a high level of Bt gene expression 
and the simultaneous deployment of a refuge made up of non-GM, 
pest-susceptible crops constitute the most widely used resistance 
management technique for Bt crops, known as the high dose/refuge 
strategy. This strategy is based on the assumption that insects that are 
resistant to Bt endotoxins evolve as a result of recessive mutations that 
have only a low allele frequency in the population of insects. Only 
the extremely uncommon insects homozygous for the mutant allele 
will survive on the GM crops due to the high amount of Bt endotoxin 
expression in those crops. By planting refuge non-GM crops near the 
GM crop region, it should be ensured that the rare mutant homozygous 
resistant insects living in the GM crop area mate with non-mutant, 
susceptible insects from the refuge. As a result, their offspring will 
carry the mutant allele heterozygously and be prone to the GM crop.

It is suggested that refuges comprise 20–50% of the area that is 
planted with the GM crop, depending on the crop and the conditions 
of the area. Mathematical simulations and actual experience suggest 
that implementing this strategy as part of an integrated framework 
of pest management could prevent the emergence of resistant pests 
for decades  [81,82]. However, the deployment of refuges may not 
be financially feasible or may be disregarded owing to ignorance, 
particularly in the case of small-scale, resource-poor farmers in 
developing nations [16]. Therefore, it is suggested that analyses of the 
emergence of resistant insect populations and compliance with refuge 
suggestions be incorporated into post-release monitoring programs. 
This might ensure that refuge suggestions are followed and that the 
value of GM crops that express pest resistance characteristics is 
maintained.

5.4. Consumer Concerns
The public debate, attitude, and expression for acceptance or rejection 
make several non-governmental organizations work on issues related to 
GMOs with explicit interests. Most research assesses people’s attitudes 
toward GM food consumption by conducting a surveys, opinion polls, 
or product feedback on national and international levels [83]. The most 
prominent ethical concern raised with GMOs is that “tampering with 
nature may lead to unintended and unpredictable effects” [84].
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An interesting case of GMO corn, StarLink (approved for animal 
feeding), that happened in 2000, was popularized when the corn was 
recalled. The StarLink corn has the gene for a Bt toxin (Cry9C), which 
selectively kills destructive insect larvae. The USFDA did not find any 
association between Cry9C and allergic reactions [85].

A study conducted in Spain concluded that the consumers demanded 
GM foods accompanied by strict policies; to confirm the safety of 
consumers, decreasing the consumer-perceived risk dealing with 
health-related concerns [86]. In 2011, studies related to the variables 
influencing consumers’ decisions to choose GM-free foods were 
conducted in the European cities of Drama, Kavala, and Xanthi as field 
interviews of 337 consumers. The principal component analysis (PCA) 
was conducted in order to identify the factors that influence customers. 
To prefer GM-free products are (i) product labeling and certification 
– as GM-free or organic, (ii) label to claim environmental protection, 
a label of nutritional value, marketing issues, price, and quality. The 
consumers are further categorized into two: (i) influenced by elements 
including product cost, quality, and marketing and (ii) interested in 
environmental preservation and product certification [87].

Snell et al. conducted long-term and multigenerational studies on the 
effects of GM feed containing GM varieties of maize, potato, soybean, 
rice, or triticale on animal health. This involves 12 long-term studies 
for a duration of 90 days to 2 years, and 12 multigenerational studies 
involving 2–5 generations. They examined the parameters such as 
biochemical, histological, hematology, and transgenic DNA detection. 
They found small differences that are not statistically significant and 
hence have no biological or toxicological importance. The study 
can be concluded as GM plants could be utilized as safe food and 
feed because they have the same nutritional value as their non-GM 
counterparts [88].

6. FUTURE PERSPECTIVE

Genetic modification is a specific form of gene technology that 
modifies the genetic code of organisms such as plants, animals, and 
microorganisms. Recombinant DNA technology combines genes from 
different organisms, resulting in GMOs. The term GM could also 
be known as genetically engineered, bioengineered, or transgenic. 
Primarily, the GM crops grown commercially and/or field-tested are 
herbicide-resistant and insecticide-resistant soybeans, corn, cotton, 
and canola, virus-resistant sweet potato, iron and vitamins biofortified 
rice, banana as an edible vaccine, and a wide range of plant species that 
can endure harsh climates. Technologies for genetically manipulated 
food hold enormous promise for addressing some of the 21st century’s 
biggest challenges. They carry some risks like any new technologies, 
both apparent and unforeseen. Public debates and worries over GM 
foods and crops fulfill the requirement on issues such as human and 
environmental safety, consumer choice and labeling, intellectual 
property rights, ethics, food security, poverty alleviation, and 
environmental conservation.

Apart from increasing the production of food, feed, and fodder, genetic 
engineering has proven potential and could be used to enhance the 
quality of food through bio-fortification (additional nutrition) and 
bio-elimination (removal of toxin and allergen), and production of 
metabolites (pharmaceuticals, medicines, food additives), scents, and 
even bioplastics. Hence, a sufficient assurance of safety to health and 
the environment through regulators may create a new revolution to 
address the scarcity. The continuous progress in genetic engineering-
based plant breeding is appreciable for sustainable agriculture with 
minimum risks. Nowadays, the desired plants are being designed 

without introducing transgenes. This may change the perception of 
GM crops in the regulatory review process or consumer acceptance.

6.1. Biosafety
Moreover, GM crops have some changes in protein and other dependent 
components for the beneficial trait; which may lead to the associated 
risk(s) related to health and the environment. The advancement of 
technologies with ever-evolving science makes it easier to elucidate 
nutritional profiles (nutrigenomics) and toxicological profiles 
(toxicogenomics) without going through in vitro studies on animals. 
In addition, the global biosafety cooperation and governance have to 
be improved for enhanced defense capability in global biosecurity 
situations by (i) improving the real-time monitoring plan and early 
warning systems, (ii) improving the identification, prevention, and 
control strategies, and (iii) improving the technological management 
as countermeasures in emergencies.

Even though GM foods are safe, assessment and clarification of current 
risks and lifelong effects are required. The involvement of a panelist, 
including scientists, entomologists, activists, environmentalists, and 
others, is needed for environmental impact assessment. The cultivation 
of GM has to be in a confined area with a buffer zone, and the fields 
are far away from a biodiversity-rich region. Address scientific lacunae, 
precise clarity on benefits to operators, ensure labeling, and demonstrate 
sustainable farming with biodiversity conservation. The well-being of 
farmers, consumers, and the environment should be confirmed by task 
forces and expert committees. Current methods are constantly being 
improved and developed to enhance the assessment and detection of 
unintended consequences [89]. It is important to compare the introduced 
protein’s structure with the structures of all known allergens. Experimental 
analysis of potential allergenicity has to be performed by examining the 
same during post-marketing monitoring of random consumers.

Food consumption is somewhat associated with culture, geography, and 
economy. In the future, research should use an open-ended questionnaire 
that allows respondents to provide extensive responses addressing all 
potential answers. Future studies on GM food consumption behavior 
should use qualitative research to capture the in-depth nuances [75]. The 
risk may also be associated with contamination, which is considered 
unavoidable. The consequences of contamination should also be taken 
care of before commercial approval. Food labeling regulations in 
the majority of nations are designed to assist people in making safe 
food choices when they buy and use goods [90]. Mandatory labeling 
of GMOs and segregation is much needed as the consumers’ trust in 
labels for verifying the food quality and credence attributes [91]. The 
label should have the ingredients with potential allergens/toxins in GM 
food. The risk of allergies could be reduced through comprehensive 
evaluation for market approval testing, food safety monitoring, and 
adequate/appropriate labeling. For the development, production, and 
trade of GM foods have been established and implemented in several 
countries-initiatives are being/shall be taken for traceability, labeling, 
and authorization of GMOs in food and feed.

On the contrary, we should rely on GMOs to address the challenges 
associated with food and nutritional security. This could be used to 
make plant resistance/tolerance against biotic and abiotic stresses, 
reduce/remove allergens and toxins, etc. These achievements 
show preliminary success and may be considered to believe that 
the development of GMOs is the only possible solution to address 
agricultural loss and improve nutritional quality. As of now, no 
solid evidence is reported that GMOs are allergenic and/or toxic in 
comparison to their non-GMO counterparts.
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6.2. Global Market
The use of GM crops, in particular, has led to significant sustainability 
breakthroughs in agriculture over the past 30  years, which have 
accelerated the shift from intensive tillage to almost complete 
elimination of tillage techniques [92]. Through increased fertilizer 
and water use efficiency, the use of gene-editing technology shows 
the potential to further contribute to improved agricultural production 
sustainability. Because there is less need for fertilizers when nutrient 
use efficiency is increased, there is less chance that nutrients will 
flow from cropland into nearby watersheds [93,94]. Crops that use 
water more efficiently can tolerate periods of lower precipitation 
without suffering appreciable production losses. Improvements in 
the efficiency of these components’ utilization would significantly 
lessen the negative effects of agricultural production on biodiversity 
while also increasing yields [95]. For any advancement to have a 
lasting impact on our productivity, time, money, and effort are 
required [90].

Government initiatives for GM food, the expansion of emerging 
markets, and the rising need for animal feed are all responsible for 
the increase throughout this historic period. The market for GM crops 
has expanded significantly in recent years. At a cumulative annual 
growth rate (CAGR) of 5.8%, it will increase from $23.41 billion in 
2024 to $24.77 billion in 2025. The growing populations, food waste, 
technological advancements, and the growing demand for biofuels are 
all contributing factors to the growth during the period of forecasting. 
Investing in gene stacking, focusing on utilizing cutting-edge CRISPR 
technologies, researching and developing nitrogen-fixing crops, 
investing in haploid induction techniques, and developing products 
that shorten the time needed for crop production, and focusing on 
forming partnerships with both established businesses and research 
institutions are some of the major trends for the period of forecasting. 
The market for GM crops is anticipated to develop significantly 
over the coming years. It will increase at a compound annual growth 
rate (CAGR) of 6.9% to reach $32.35 billion in 2029 (https://www.
thebusinessresearchcompany.com/report/genetically-modified-crops-
global-market-report; accessed on July 02, 2025).

Recent studies have revealed shifting consumer attitudes towards GM 
crops, with increased awareness regarding sustainability and health 
impacts. Research indicates that consumers are more likely to trust 
GM crops when transparency in labeling and production processes 
is prioritized [96]. A  growing segment of the population exhibits a 
preference for eco-friendly agriculture, influencing their purchasing 
decisions; hence, marketing strategies for GM products need to 
highlight environmental benefits [97].

Advanced technologies such as remote sensing and soil health 
monitoring are being utilized to assess the environmental impact of 
GM crops, enhancing real-time data collection [98]. Studies indicate 
that GM crops can contribute to reduced pesticide use and lower carbon 
footprints, thus aligning with broader climate change goals [99]. 
Continuous environmental monitoring is vital to detect any unforeseen 
ecological consequences associated with GM crop cultivation and to 
ensure adherence to regulatory standards [100]. Integrating consumer 
feedback mechanisms with environmental monitoring data can 
enhance public confidence in GM crops and drive more sustainable 
agricultural practices. Collaborative efforts among stakeholders – 
including farmers, environmental scientists, and policymakers – are 
essential to develop guidelines that consider both consumer insights 
and ecological footprints of GM agriculture [101].

Of note in all advancements in agriculture, GM crops are a way to 
increase food production while reducing the negative environmental 
effects of conventional farming methods. This is consistent with 
another study that was carried out over 20 years (1999–2020) and found 
that using GM insect-resistant and herbicide-tolerant seed technology 
reduced pesticide use by 7.2% (748.6 million kg) [102,103].

6.3. Cross-country Comparisons
The cross-country comparisons for GMO crops help to understand 
the broader implications of GMO adoption, which involves analyzing 
the adoption, regulation, economic impact, and public perception of 
GMOs in different nations. Understanding these complex dynamics 
(influenced by regulatory, economic, and social factors) can inform 
better agricultural policies and practices, ensuring that the benefits 
of biotechnology are maximized while addressing public concerns. 
Economic benefits arising from GMO crops include increased 
yields, reduced pesticide use, and potentially lower production costs. 
A  comparative study found that countries adopting GM technology, 
such as Argentina, experience notable economic advantages in 
agriculture [104]. The environmental impact of GMO crops, including 
biodiversity effects and sustainable practices, is a critical aspect of 
cross-country comparisons. Some studies indicate that GMO crops can 
lead to reductions in pesticide use, while others raise concerns about 
potential long-term ecological effects [105].

Countries have different regulatory approaches to GMOs, affecting 
their market access and consumer acceptance. For example, the U.S. 
has a more deregulated environment compared to the European Union, 
where stringent risk assessments and labeling requirements are in 
place [106]. The adoption of GMO crops varies significantly among 
countries. The United States and Brazil are the largest adopters, with 
a significant percentage of their soybean, corn, and cotton crops being 
GM. In contrast, many European countries exhibit lower adoption rates 
due to stringent regulations and public skepticism [107]. In addition, 
the trade policies regarding GMOs significantly affect agricultural 
exports. Countries that embrace GMO crops have seen an increase 
in exports, while those that impose bans or strict regulations face 
challenges in accessing international markets [108].

Public acceptance of GMO crops varies widely, influenced by cultural, 
social, and economic factors, and even gender. In countries such as India 
and China, public opinion is generally more favorable as the focus is on 
food security, while Western nations often exhibit more resistance due to 
health and environmental concerns [109]. In a cross-country survey by 
the Pew Research Centre, majority thinks that eating foods containing 
GM is unsafe. About 37% says they don’t know enough about these foods 
to make a statement. About 70% of Russian, Polish, and Italians believe 
that eating GM food is unsafe. 31% of Australians believe GM foods are 
safe, and those who believe they are unsafe are also 31%. The percentage 
of people who say they do not know enough to say is typically higher in 
areas where GM foods are more regulated. Compared to men, women 
are more prone to believe that eating foods containing GM products is 
unsafe. Interestingly, people with higher levels of education, especially 
those who studied science, are more likely to believe that these foods are 
safe to consume in many of these populations [110].

7. CONCLUSION

Since the 1980s, crop breeding innovations have expanded 
by utilizing biotechnological tools. This has encouraged the 
development, introduction, and rapid adoption of highly successful 
GM crop varieties. With changing science and evolving technologies, 
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molecular breeding and food safety risk assessment are constantly 
being upgraded to ensure the biosafety associated with every GM 
crop with greater precision. GM crop development, production, and 
commercialization are progressing across the world. With enhanced 
detection capabilities, modern food safety systems are even utilized in 
the detection of pathogens, allergens, and toxins. This may help us to 
increase consumer awareness and ease emergencies.
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