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ABSTRACT

Genetically modified (GM) foods have revolutionized agricultural
biotechnology since their debut in the mid-1990s, sparking debates about
their safety, environmental impact, and potential to solve global food
security issues. This review offers a comprehensive look at the global
status of GM foods, covering their development, various genetic
modifications, and adoption rates across different regions. It delves into
the regulatory frameworks that govern GM foods in major markets,
noting the variations in regulatory approaches and strictness. The review
highlights the benefits of GM foods, such as higher agricultural
productivity, better environmental sustainability, improved food
security, and enhanced nutritional value. It also addresses the ongoing
controversies and challenges, including safety concerns, environmental
risks, ethical questions, and public perception issues. Looking ahead, the
paper considers the future of GM foods, focusing on advancements in
biotechnology, possible changes in policies and regulations, and how GM
crops can be integrated into sustainable agriculture practices. By
providing a balanced perspective, this review aims to guide stakeholders
in making informed, evidence-based decisions about the role of GM
foods in addressing global food challenges.

Keywords: Genetically modified foods; GMOs; biotechnology; food
security; regulation; global perspective

1. INTRODUCTION

The advent of genetically modified (GM) foods marks a pivotal development in agricultural biotechnology. Since
the commercialization of the first GM crop in the mid-1990s, these innovations have ignited extensive discussions about
their implications for food safety, environmental health, and global food security. The emergence of GM foods reflects
humanity's continuous endeavor to enhance agricultural productivity, ensure food security, and address the nutritional
needs of a growing population. Genetically modified foods are derived from organisms whose genetic material has
been altered using genetic engineering techniques. This allows for the introduction of new traits or the enhancement of
existing ones, which is not possible with traditional cross-breeding methods. For instance, crops can be engineered to
resist pests, tolerate herbicides, endure harsh climatic conditions, or improve their nutritional profile. The goal is to
create plants that are more robust, productive, and beneficial to human health and the environment.®
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The global adoption of GM foods varies
significantly. In the United States, GM crops like
soybeans, corn, and cotton dominate agricultural
production. Similarly, countries in South America, such
as Brazil and Argentina, have embraced GM
technology, primarily for soybean and maize
cultivation. In contrast, European countries have been
more cautious, with stringent regulations and limited
cultivation of GM crops, although they import
substantial quantities of GM animal feed. In Asia, the
adoption is mixed; China and India are major producers
of GM cotton, while other countries remain hesitant.
Africa shows a slow but growing interest, with South
Africa leading the way in GM crop production.®

Regulatory frameworks for GM foods differ
around the world, reflecting varying levels of public
acceptance and governmental oversight. In the United
States, the Food and Drug Administration (FDA), the
United States Department of Agriculture (USDA), and
the Environmental Protection Agency (EPA) collectively
oversee the regulation of GM crops, ensuring they meet
safety and environmental standards. The European
Union adopts a more precautionary approach, with the
European Food Safety Authority (EFSA) conducting
rigorous risk assessments and imposing strict labeling
and traceability requirements. Internationally, the
Cartagena Protocol on Biosafety and the Codex
Alimentarius provide guidelines for the safe handling,
transfer, and use of GM organisms.®

The potential benefits of GM foods are manifold.
They can significantly boost agricultural productivity
by increasing crop yields and reducing losses due to
pests, diseases, and environmental stresses. This is
particularly important in the context of global food
security, as the world's population is projected to reach

2. DEVELOPMENT AND TYPES OF
GENETICALLY MODIFIED FOODS

2.1 What are GMOs and GM Foods

GMOs (Genetically Modified Organisms) and
GM foods are products where genetic material has been
altered wusing biotechnological techniques, not
occurring naturally through mating or recombination.®
This contrasts with traditional selective breeding
methods. Genes can be transferred between unrelated
organisms using DNA recombinant technology. GM
foods are those derived from genetically modified
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plants or animals. However, some argue that certain
hybrids like Triticale, created through conventional
breeding techniques but later modified for fertility
using chemicals, also fall under the GMO umbrella,
suggesting a need for a more precise term like
"biotechnologically modified organism."

Genetic modification is a biological technique
that alters the genetic makeup of organisms. According
to the World Health Organization (WHO), GMOs are
organisms whose genetic material (DNA) has been
changed in a way that does not occur naturally through
mating or natural recombination.® This definition
distinguishes genetic manipulation from the long-
established practice of improving genetic stock through
selective breeding. Through DNA recombinant
technology, genes from one organism can be inserted
into another, typically unrelated, organism. Genetically
modified foods come from organisms whose genetic
material has been altered through genetic engineering
techniques to introduce new traits or enhance existing
ones, a process not achievable through traditional cross-
breeding methods (Figure 1).

Insect
resistant; 15%

Minor GM Traits
Virus Tolerance
Drought tolerance
Figure 1. GM traits as percent of total GM area

Major GM Traits
Herbicide tolerance
Insect resistant

Similarly, the Food and Agriculture Organization
of the United Nations (FAO) and the European
Commission define GMOs as products where genetic
modifications do not occur naturally through mating or
natural recombination.® GM foods refer to products
made from genetically modified plants or animals.

However, Oliver® points out flaws in these
definitions, highlighting Triticale as an example.
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Triticale, a grain used in bread and pasta, was
developed in the 19th century by crossing wheat with
rye using traditional breeding methods. However, the
resulting hybrid was sterile. In the 1930s, scientists used
the chemical colchicine to induce fertility in the embryo
cells of Triticale, making it fertile. Despite its primitive
genetic  modification = compared to  modern
biotechnological standards, Triticale still fits the
definition of a GMO. Oliver suggests the term
"biotechnologically modified organism" as a more

accurate descriptor.
2.2 Historical Background

The historical background of genetically
modified foods begins in the early 1970s with the advent
of recombinant DNA technology, which allowed
scientists to manipulate genetic material in
unprecedented ways.©® This breakthrough set the stage
for the development of genetically engineered crops.
The first successful commercialization of a GM food
product came in 1994 with the Flavr Savr tomato,
designed to have a longer shelf life and better flavor
compared to conventional tomatoes. This marked a
significant milestone in biotechnology, demonstrating
the practical benefits of genetic modification in
agriculture. Following this, the mid-1990s saw the
introduction of herbicide-tolerant soybeans and insect-
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resistant corn, which quickly gained popularity among
farmers due to their improved agricultural performance
and economic advantages. These early successes
catalyzed further research and development, leading to
a proliferation of GM crops with various beneficial
traits.”? The rapid adoption of GM foods in several
countries underscored their potential to revolutionize
agriculture, although it also sparked debates about their
safety, environmental impact, and ethical implications,
setting the stage for ongoing discussions that continue
to shape the field today.

In 2023, the global area dedicated to GM crops
increased by 1.9% from the previous year, reaching a
record 206.3 million hectares (Figure 2). A total of 27
countries cultivated 11 different GM crops, with
soybeans being the most widely planted at 100.9 million
hectares, marking the first time this crop has surpassed
100 million hectares. Following soybeans, maize
covered 69.3 million hectares, and cotton accounted for
24.1 million hectares. The number of countries growing
GM crops has fluctuated since their introduction in
1996, influenced by factors such as the cessation of GM
maize cultivation in several European countries and the
discontinuation of GM cotton planting in Burkina Faso.
Since 2020, 27 countries have consistently cultivated
GM crops, a number that was also reached in 2015.©®)
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Figure 2. Number of GM crop cultivating countries by year (adopted from GM Monitor)®

2.2 GM Stats

Genetically modified foods, dominated by four
crops—soy, corn, canola, and cotton— constitute 99% of
global GM crop production (Figure 3). Nearly all GM

crops are designed with herbicide tolerance, present in
85% of them, and insect resistance as their primary
traits. Despite the potential benefits, the cultivation of
GM crops is concentrated in a few regions; ten countries
account for 98% of the global GM crop acreage, with the
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vast majority of nations opting not to grow GM crops.
This results in only 3.7% of the world’s agricultural land
being used for GM crops, and less than 1% of the
world's farmers engaged in GM farming.

Other; 19

Dynamics
regulatory, ethical, and public perception challenges
that shape their global use.

Table 1. GM Restricted Countries

Continent = Country

or Region

Africa Algeria, Egypt

Asia Sri Lanka, Thailand, Japan, Philippine
Europe Norway, UK, Spain, Italy, France
Middle East Saudi Arabia

Pacific Fiji, Australia, New Zealand

Soybean; 50%

Cotton; 14%

Major GM Crops Minor GM Crops
Soybean Alfalfa
Corn Sugar beet
Cotton Papaya
Canola Squash
Egg plant

Figure 3. GM crops as percent of total GM area

Regions such as the European Union and several
African countries have stringent regulations that restrict
or ban the cultivation of GM crops, reflecting ongoing
debates and varied acceptance levels worldwide (Table
1). The concentrated adoption highlights both the
technological promise of GM foods and the significant

Table 2. Example of GM foods

2.3 Types of Genetic Modifications

Different genetic modifications are following:
Herbicide modified
withstand specific herbicides, allowing farmers

Tolerance: Crops to
to control weeds without harming the crop.
Insect Resistance: Crops engineered to produce
toxins that are harmful to specific insects,
reducing the need for chemical pesticides.
Disease Resistance: GM crops resistant to viruses,
fungi, and bacteria.
Nutritional Enhancement: Biofortification of
crops to increase their nutritional value, such as
Golden Rice enriched with Vitamin A.

Climate Resilience: Development of crops that
can tolerate abiotic stresses like drought, salinity,

and extreme temperatures.

Some of the GM foods are listed in the Table 2.

Crop GMO (Tentative Imported Items) GM Trait(s)

Canola GMO Herbicide tolerant

Corn GMO Insect resistant & herbicide tolerant
Soy GMO Herbicide tolerant

Sugar Beat GMO Herbicide tolerant

Papaya GMO Virus resistant

Squash GMO Virus resistant

Cotton GMO Insect resistant

Alfalfa GMO Herbicide tolerant & low lignin
Apple GMO Non-browning

Potato GMO Insect resistant

Rice GMO Herbicide tolerant (not grown anywhere in the world)
Flax GMO Herbicide tolerant

Tomato GMO Delayed ripening Insect resistant
Lantis Product of chemically induced seed mutagenesis Herbicide tolerant

Sunflower  Product of conventional plant breeding Herbicide tolerant

Wheat Product of chemically induced seed mutagenesis Herbicide tolerant
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3. BENEFITS OF GENETICALLY
MODIFIED FOODS

3.1 Agricultural Benefits

From 1996 to 2012, GM crops contributed to an
increase of over 370 million tons of food crops globally,
with one-seventh of this increase attributed to GM crops
in the U.S. Achieving the same yield increase with
conventional crops would have required over 300
million additional acres, likely involving land needing
more fertilizer or irrigation, or converting tropical
forests, leading to severe ecological stress. Between 1996
and 2013, biotechnology added 138 million tons of
soybeans, 274 million tons of corn, 21.7 million tons of
cotton lint, and 8 million tons of canola globally.
Without these technologies, maintaining production
levels would have required 11% more arable land in the
U.S. or 32% more cereal area in the EU.©10

3.2 Economic Benefits

From 2006 to 2012, GM foods increased global
farm income by $116 billion, nearly triple the increase of
the previous decade. Approximately 42% of this
economic gain came from higher yields due to
advanced genetics and pest and weed resistance, while
reduced production costs (e.g., less pesticide and
herbicide use) accounted for the remaining 58%.¢:10

3.3 Nutritional Benefits

GM technology has enhanced the nutritional
content of foods, adding beneficial nutrients like
vitamins A, C, E, unsaturated fatty acids, dietary fiber,
and probiotics. Notable examples include "Golden
Rice," which addresses malnutrition economically, and
sweet lupine with enriched methionine. The Amflora
potato, modified for higher amylopectin content by
gene silencing, illustrates how GM can improve food
composition for industrial use.™

3.4 Food Processing Improvements

GM technology has improved food processing.
The "Flavr Savr" tomato, introduced by Calgene in 1992,
uses an antisense gene to slow ripening, extending shelf
life. Genetic modifications in potatoes, such as
introducing bacterial genes, enhance brightness and
appearance. GM also extends to animal products, with
the FDA approving the fast-growing "AquAdvantage"
salmon, which requires less time and fewer resources to

reach full size, alleviating pressure on wild fish
populations.(?

3.5 Therapeutic Products

Genetic engineering enables the production of
viral or bacterial antigens in edible plant -cells,
potentially creating oral vaccines that stimulate
mucosal immunity. Research is underway on crops like
rice, maize, soybeans, and potatoes to develop edible
vaccines against infections such as E. coli toxins, rabies

virus, Helicobacter pylori, and type B viral hepatitis.(314

4. GLOBAL ADOPTION AND
REGULATORY FRAMEWORKS

The global adoption of genetically modified (GM)
foods varies widely, influenced by regional policies,
public perception, and agricultural needs. As of recent
years, only a small fraction of the world's agricultural
land —about 3.7% —is dedicated to GM crops, with just
under 1% of farmers cultivating them. This is largely
concentrated in a few countries, with ten nations
accounting for 98% of the global GM crop acreage. The
primary GM crops include soybeans, corn, canola, and
cotton, which together constitute 99% of the world’s GM
crop production. These crops are predominantly
engineered for herbicide tolerance (85%) and insect
resistance.

Regulation of GM foods involves rigorous
assessment of safety, environmental impact, and
labeling requirements: In United States, the FDA,
USDA, and EPA share responsibility for regulating GM
crops, focusing on substantial equivalence and
environmental safety. The European Food Safety
Authority (EFSA) conducts comprehensive risk
assessments, with stringent labeling and traceability
requirements (Table 3). The Cartagena Protocol on
Biosafety and Codex Alimentarius provide frameworks
for international regulation and trade of GM foods.

One of the main challenges to adopting GMOs in
Africa is the regulatory system. Effective policies and
regulations are crucial for the acceptance, application,
and commercialization of GMOs. These frameworks are
necessary to protect human and environmental health
while supporting research, development, and trade.
However, regulating GMOs is knowledge-intensive and
expensive. A 2014 report by the International Food
Policy Research Institute (IFPRI) and African
Development Bank (AfDB) highlighted that many
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existing regulatory frameworks in Africa are costly,
inefficient, and lack transparency, with systems being
overly cautious. Currently, many African countries lack

[ ]
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the capacity to establish effective policies, regulations,
and monitoring systems for GMOs.(1617)

Table 3. The adoption of GM crops varies significantly across different regions (Mmbando, 2024)(5)

Region Adoption of GM crops

North America

The United States and Canada are leading adopters of GM crops, with high percentages of GM
maize, soybean, and cotton cultivation

South America  Countries like Brazil and Argentina have rapidly embraced GM technology, particularly for
soybean and maize

Asia Adoption is mixed, with China and India cultivating GM cotton extensively, while other
countries remain cautious

Europe The European Union has stringent regulations and limited GM crop cultivation, although GM
imports are allowed for animal feed

Africa Adoption is slow, with a few countries like South Africa and Burkina Faso cultivating GM crops,

while others are hesitant due to regulatory and public acceptance issues

5. CONTROVERSIES AND
CHALLENGES

5.1 Human Health

The impact of genetically modified organisms
(GMOs) on human health has been a topic of extensive
research and debate. Studies have focused on assessing
the effects of GMO consumption on various aspects of
health, including blood chemistry, reproductive
potential, and organ health. While most studies have
not shown significant adverse effects, concerns remain
regarding potential allergenicity, antibiotic resistance,
and gene transfer from GM foods to the human
body'(18,]9)

5.2 Ecosystem and Biodiversity

The cultivation of genetically modified crops can
have far-reaching effects on ecosystems and
biodiversity. Concerns arise from the potential
reduction in farmland diversity, the development of
herbicide-resistant weed species, and disruptions to soil
microbiota. The monoculture practices associated with
GM crops can lead to a loss of insect and plant species
diversity in agricultural landscapes. Additionally, gene
flow from GM crops to wild relatives raises concerns
about genetic diversity and ecosystem stability.202)

5.3 Resistance to Antibiotic

Antibiotic resistance is a well-documented issue
in medical science, primarily resulting from the overuse
of therapeutic antibiotics in both medicine and

agriculture. During genetic modification processes,
antibiotics are frequently used as selection markers to
differentiate successfully transformed bacteria from
those that were not. This practice poses a risk of
transferring antibiotic resistance genes to the benign
bacteria in the human and animal gastrointestinal tracts,
or even worse, to pathogenic bacteria consumed
through GM foods. This is concerning because both
beneficial and harmful bacteria can exchange genes,
including those that provide antibiotic resistance,
through horizontal gene transfer between species.(?2

5.4 Others

Ethical concerns revolve around tampering with
nature, corporate control of the food supply, and socio-
economic impacts on smallholder farmers and
traditional farming practices. Public perception of GM
foods varies widely, influenced by cultural, social, and
political factors. Effective communication and
education are essential to address misconceptions and
build trust.®

6. FUTURE PROSPECTS

The future prospects of genetically modified
(GM) crops are promising, with advancements in
genetic  engineering techniques offering new
opportunities for crop improvement. One of the key
areas of focus is the development of genetically
engineered crop varieties with multiple favorable traits.
Alternative  technologies, such as cisgenesis,
intragenesis, and genome editing, are being explored to
address concerns related to transgenic crops and to
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facilitate the development of crops that are free from
any foreign genes.

Genome editing techniques, such as CRISPR/Cas
system, have enabled precise and targeted
modifications in crop genomes with unprecedented
ease, accuracy, and precision. These tools have the
potential to address regulatory issues associated with
transgenic crops and contribute to the development of
improved varieties through interventions like targeted
mutagenesis, precise editing of endogenous genes, and
site-specific insertion of trait genes.?%

The development of genome-edited (GEd) crops
has already shown promising results, with examples
like Sulfonylurea herbicide-tolerant canola variety and
bacterial blight-resistant rice. These crops have been de-
regulated in some countries, indicating a shift towards
faster regulatory approvals for non-transgenic GEd
crops. The potential benefits of GEd crops include
increased crop yields, climate resilience, and addressing
consumer concerns and nutritional needs. However, the
future prospects of GM crops also face challenges, such
as regulatory uncertainties in many countries. The
Intellectual Property landscape related to genome
editing technologies, like CRISPR/Cas, also needs to be
considered to ensure the commercialization of GEd
crops without infringing on patent rights. Governments
around the world need to support the development of
an appropriate and updated regulatory framework to
facilitate the widespread adoption of engineered crops
developed using genome editing tools.®

7. CONCLUSION

Genetically modified foods have revolutionized
agriculture, offering solutions to enhance crop yields,
reduce pesticide use, and improve nutritional content,
essential for feeding a growing global population under
climate stress. Despite their benefits, GM foods face
significant controversies, including safety concerns,
environmental risks, ethical questions, and varied
public acceptance. Regulatory responses differ globally,
with countries like the U.S. and Brazil adopting GM
crops widely, while the EU enforces stringent
regulations. Advances in biotechnology, such as
CRISPR, promise further innovations, potentially
increasing the precision and benefits of GM crops. To
fully realize their potential, it is crucial to balance these
innovations with rigorous safety assessments, ethical
considerations, and effective public communication,

ensuring that GM foods contribute to a secure and
sustainable global food system.
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