Plant Cell Biotechnology and Molecular Biology

Volume 25, Issue 11-12, Page 53-63, 2024; Article no.PCBMB.12337
ISSN: 0972-2025

The Future of Genetic Engineering in
Crop Improvement and
Food Production

Afsanabanu Manik &+, Surekha S P#, Srilekha K ¢t,
Eurekha Savadatti 9** and D. H. Raviteja *

aCrop Physiology Department, University of Agricultural Sciences, Raichur 584104, India.

b Department of Crop Physiology, College of Sericulture, Chintamani-563125, India.

¢ Entomology Department, University of Agricultural Sciences, Raichur -584104, India.

d Department of Agricultural Entomology, University of Agricultural Sciences, Raichur- 584104, India.
e Division of Basic Sciences, Department of Crop Physiology, Indian Institute of Horticultural
Research, Hessarghatta, Bengaluru, Pin-560089, India.

Authors’ contributions

This work was carried out in collaboration among all authors. All authors read and approved the final
manuscript.

Article Information
DOI: https://doi.org/10.56557/pcbmb/2024/v25i11-128869

Open Peer Review History:

This journal follows the Advanced Open Peer Review policy. Identity of the Reviewers, Editor(s) and additional Reviewers,
peer review comments, different versions of the manuscript, comments of the editors, etc are available here:
https://prh.ikprress.org/review-history/12337

Received: 16/07/2024
Accepted: 20/09/2024
Published: 26/09/2024

Review Article

ABSTRACT

Genetic engineering has emerged as a revolutionary tool in the field of crop improvement and food
production, offering unprecedented opportunities to enhance agricultural productivity and address
global food security challenges. The modifications to the genetic makeup of crops, genetic
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engineering has facilitated the development of varieties with improved traits such as pest and
disease resistance, herbicide tolerance, enhanced nutritional content, and resilience to
environmental stresses. This review article provides a comprehensive analysis of the current status,
benefits, challenges, and future prospects of genetic engineering in agriculture, the historical
evolution of genetic engineering technologies and their application in agriculture. The significant
advancements in techniques such as CRISPRCas9, TALENs, ZFNs, and RNA interference, which
have enabled targeted and efficient genetic modifications and explores the wide range of genetically
modified (GM) crops that have been developed and commercialized, including Bt cotton, Roundup
Ready soybeans, and Golden Rice, emphasizing their impact on crop yields and agricultural
sustainability, the benefits of genetic engineering, underscoring its role in increasing crop
productivity, reducing the reliance on chemical pesticides and herbicides, and enhancing the
nutritional quality of food crops. The potential of genetic engineering to develop crops with novel
traits, such as biofortified crops and those with improved tolerance to abiotic stresses, the
challenges and concerns associated with genetic engineering, including regulatory and biosafety
issues, environmental impacts, ethical considerations, and economic challenges, the review
discusses the future prospects of genetic engineering in agriculture, considering the integration of
genetic engineering with other emerging technologies like precision agriculture and digital farming.
It explores the potential role of genetic engineering in achieving sustainable development goals
(SDGs) and provides predictions for the next decade, focusing on technological advancements,
regulatory evolution, and market trends and the review underscores the transformative potential of
genetic engineering in shaping the future of agriculture and food production.

Keywords: Genetic engineering; crop improvement; food production; crops; interference (RNAI); pest
resistance; herbicide tolerance.

1. INTRODUCTION starting with the introduction of herbicide
resistant soybeans and insect resistant cotton
Genetic engineering refers to the direct [6], the field has seen significant advancements.
manipulation of an organism's genes using The development of Agrobacterium mediated
biotechnology. This includes the modification, transformation and particle bombardment
insertion, or deletion of specific genes to achieve  methods facilitated the insertion of foreign genes
desired traits that are not readily obtainable into plant genomes. However, these early
through traditional breeding methods. In techniques often resulted in random gene
agriculture, genetic engineering is used to insertion, which could lead to unintended effects
develop crops with improved yield, resistance to  [7-9]. The advent of genome editing
pests and diseases, enhanced nutritional technologies, particularly CRISPRCas9, has
profiles, and resilience to environmental stresses marked a new era in genetic engineering.
such as drought, salinityy, and extreme Introduced in the early 2010s, CRISPRCas9
temperatures [1-3]. The scope of genetic allows for highly specific and targeted
engineering in agriculture encompasses various modifications to DNA, making it possible to edit
techniques and applications, from transgenic genes with unprecedented precision. Other
crops, where genes from different species are genome editing tools such as TALENs
introduced, to more recent advancements in (Transcription Activator Like Effector Nucleases)
genome editing technologies like CRISPRCas9, and ZFNs (Zinc Finger Nucleases) have also
which allow for precise modifications within the contributed to the evolution of genetic
organism’s own genome. This technology holds  engineering by providing alternative methods for
the promise of revolutionizing crop improvement  precise genetic modifications.
by enabling faster and more accurate breeding
processes [3-5]. The history of genetic 1.1Importance of Genetic Engineering in
engineering in agriculture dates back to the early Addressing Global Food Security and
1970s with the development of recombinant DNA Agricultural Sustainability
technology. The first genetically modified (GM)
plant was produced in 1983, a tobacco plant As the global population continues to rise,
engineered for antibiotic resistance. This projected to reach nearly 10 billion by 2050, the
breakthrough paved the way for the demand for food is expected to increase
commercialization of GM crops in the mid1990s, significantly. Traditional agricultural practices are
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unlikely to meet this demand due to limitations in
arable land, water resources, and the impacts of
climate change. Genetic engineering offers a
promising solution to these challenges by
enhancing crop productivity and resilience [10-
12]. Genetically engineered crops can contribute
to global food security by increasing yields and
reducing losses due to pests, diseases, and
environmental stresses. For instance, Bt crops,
which are engineered to produce Bacillus
thuringiensis toxin, are highly effective against

certain insect pests, reducing the need for
chemical insecticides and thus lowering
production costs and environmental impact

[13,14] genetic engineering can improve the
nutritional quality of crops, addressing
micronutrient deficiencies that affect millions of
people worldwide. Golden Rice, for example, has
been engineered to produce betacarotene, a
precursor of vitamin A, to combat vitamin A
deficiency in  developing countries [15].
Sustainability in agriculture is another critical
area where genetic engineering can make a
significant impact. By developing crops that
require fewer inputs such as water, fertilizers,
and pesticides, genetic engineering can
contribute to more sustainable agricultural
practices. Crops engineered for drought
tolerance, for example, can maintain productivity
in waterscarce regions, thus conserving valuable
water resources [16,17], genetic engineering
represents a powerful tool in the quest to
enhance agricultural productivity, ensure food
security, and promote sustainability. The
continued development and application of
genetic engineering technologies are essential
for addressing the complex challenges facing
global agriculture in the 21st century.

2. CURRENT STATUS OF GENETIC
ENGINEERING IN CROP
IMPROVEMENT

2.1 Overview of Genetically Modified (GM)
Crops Currently in Production

Genetically modified (GM) crops have become a
significant component of modern agriculture, with
millions of hectares planted worldwide. These
crops are designed to exhibit specific beneficial
traits, making them more productive and resilient.

Bt Cotton: One of the earliest and most
successful GM crops, Bt cotton, incorporates a
gene from the bacterium Bacillus thuringiensis
that produces a protein toxic to specific insect
pests. This reduces the need for chemical
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insecticides and increases vyield. Bt cotton is
widely cultivated in countries like India, China,
and the United States, significantly contributing
to pest management and crop productivity.

Roundup Ready Soybeans: Developed by
Monsanto (now part of Bayer), Roundup Ready
soybeans are engineered to be resistant to
glyphosate, the active ingredient in the herbicide
Roundup. This allows farmers to apply
glyphosate to control weeds without harming the
crop. The adoption of Roundup Ready soybeans
has simplified weed management, increased
yield, and reduced the environmental impact of
herbicides [18,19].

Golden Rice: Golden Rice is engineered to
produce betacarotene, a precursor to vitamin A,
in the rice grains. This biofortification aims to
combat vitamin A deficiency, which is prevalent
in many developing countries and can lead to
blindness and other health issues. While
regulatory and public acceptance challenges
have delayed its widespread adoption, Golden
Rice represents a significant advancement in

addressing nutritional  deficiencies through
genetic engineering [20].
2.2 Techniques Used in  Genetic

Engineering

The development of GM crops relies on various
genetic engineering techniques that enable
precise modifications to plant genomes. These
techniques have evolved significantly, allowing
for more targeted and efficient gene editing. The
CRISPRCas9 system is a revolutionary
genomeediting tool that allows for precise,
targeted changes to the DNA of living organisms
[21]. This technology uses a guide RNA to direct
the Cas9 enzyme to a specific DNA sequence,
where it makes a cut, enabling the insertion,
deletion, or modification of genes. CRISPRCas9
is widely used in agricultural biotechnology for
developing crops with desired traits such as
disease resistance, improved yield, and stress
tolerance TALENs are engineered enzymes that
can be designed to bind to specific DNA
sequences and introduce doublestrand breaks.
These breaks can then be repaired by the cell's
natural repair mechanisms, allowing for the
precise insertion, deletion, or modification of
genes. TALENs have been used to create crops
with traits like improved disease resistance and
enhanced nutritional content [22].

ZFNs (Zinc Finger Nucleases): ZFNs are
synthetic proteins that combine a zinc finger
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DNAbinding domain with a DNAcleaving
enzyme. Like TALENS, they can be engineered
to target specific DNA sequences, making them
useful for precise genome editing. ZFNs have
been used in various crop improvement projects,
including developing herbicideresistant and
pestresistant crops [23].

RNA Interference (RNAI): RNAI is a biological
process where RNA molecules inhibit gene
expression by neutralizing targeted mMRNA
molecules. In crop improvement, RNAI is used to
silence  specific genes responsible  for
undesirable traits or to enhance resistance to
pests and diseases. RNAibased GM crops, such
as virusresistant papaya and pestresistant
maize, have been successfully developed and
commercialized [24].

2.3 Traits Targeted Genetic
Engineering

by

Genetic engineering targets a variety of traits to
improve crop performance, enhance nutritional
value, and increase resilience to environmental
stresses. One of the primary applications of
genetic engineering is to develop crops that are
resistant to pests and diseases. Bt crops, for
example, are engineered to produce proteins that
are toxic to certain insect pests, reducing the
need for chemical insecticides. Similarly, crops
can be engineered for resistance to Vviral,
bacterial, and fungal diseases, improving yield
and reducing crop losses. Herbicide tolerant
crops are designed to withstand specific
herbicides, allowing farmers to control weeds
without damaging the crop. This trait simplifies
weed management, reduces labor and fuel costs,
and can lead to higher yields. Roundup Ready
crops, which are tolerant to glyphosate, are
among the most widely grown herbicide tolerant
GM crops. Genetic engineering is used to
improve the nutritional quality of crops. Examples
include Golden Rice, which is fortified with
betacarotene, and biofortified cassava and maize
with increased levels of essential vitamins and
minerals. These crops aim to address
micronutrient deficiencies and improve public
health, particularly in developing countries
[25,26]. Environmental stresses such as drought,
salinity, and extreme temperatures can
significantly impact crop vyields. Genetic
engineering allows for the development of crops
that are more resilient to these stresses. For
instance, droughttolerant maize and salttolerant
rice. have been developed to maintain
productivity in challenging growing conditions.
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These stresstolerant crops are crucial for
adapting to climate change and ensuring food
security and the current status of genetic
engineering in crop improvement is marked by
significant advancements and widespread
adoption of GM crops with beneficial traits
[27,28]. The continuous development and
refinement of genetic engineering techniques,
along with a focus on key traits such as pest
resistance, herbicide tolerance, nutritional
enhancement, and stress tolerance, are driving
the transformation of agriculture to meet the
growing global demand for food and ensure
agricultural sustainability.

3. BENEFITS OF GENETIC ENGINEERING
IN CROP IMPROVEMENT
and

3.1 Increased Yields

Productivity

Crop

Genetic engineering has significantly boosted
crop yields by introducing traits that improve
plant growth and productivity. For instance, Bt
crops, which produce proteins toxic to specific
pests, experience less damage from insects,
leading to higher yields. Herbicide-tolerant crops
enable more efficient weed control, reducing
competition for nutrients and water. Enhanced
photosynthetic efficiency and optimized plant
architecture through genetic engineering can
also contribute to increased yields. Overall, these
improvements are crucial for meeting the
growing global food demand [29].

3.2 Reduction in the Use of Chemical
Pesticides and Herbicides

Genetically engineered crops that are resistant to
pests and diseases reduce the need for chemical
pesticides, leading to a more environmentally
friendly and sustainable agricultural practice. Bt

crops, for example, produce their own
insecticidal proteins, minimizing the use of
external chemical insecticides.  Similarly,

herbicide-tolerant crops allow for the use of more
benign herbicides, reducing the overall chemical
load on the environment [30]. This reduction in
pesticide and herbicide use can also lower
production costs for farmers and decrease the
risk of chemical residues in food.

3.3 Enhanced Nutritional Content of
Crops
Genetic  engineering has enabled the

development of biofortified crops with enhanced
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nutritional profiles to address micronutrient
deficiencies in human diets. Golden Rice,
engineered to produce beta-carotene, helps
combat vitamin A deficiency. Similarly,
genetically modified cassava with increased
levels of iron, zinc, and vitamin A addresses
multiple nutritional deficiencies [31]. Enhancing
the nutritional content of staple crops
through genetic engineering can significantly
improve public health, particularly in developing
countries where dietary diversity may be
limited.

3.4 Improved Resistance to Biotic and
Abiotic Stresses

Genetically engineered crops are developed to
withstand various biotic stresses, such as pests
and diseases, as well as abiotic stresses like
drought, salinity, and extreme temperatures.
Crops engineered for pest resistance, such as Bt
cotton and Bt maize, suffer less damage from
insects, leading to higher yields and reduced
crop losses [32]. Similarly, drought-tolerant crops
like maize and wheat can maintain productivity
under water-scarce conditions, ensuring food
security in regions prone to drought. Salinity-
tolerant crops can thrive in saline soils,
expanding the areas suitable for cultivation.

3.5 Potential for Developing Crops with
Novel Traits

Genetic engineering opens up possibilities for
developing crops with novel traits that are not
achievable through traditional breeding methods.
These include plants with enhanced nutritional
profiles, improved pharmaceutical production
capabilities, and better biofuel properties. For

example, genetically engineered crops can
produce therapeutic proteins or vaccines,
providing a  platform  for  plant-based

pharmaceuticals [33]. Crops with modified lignin
content are being developed for more efficient
biofuel production. The ability to introduce novel
traits expands the potential uses of crops beyond
food production, contributing to diverse industrial
applications.

4. CHALLENGES AND CONCERNS

The introduction of genetically modified
organisms (GMOSs) into the environment requires
rigorous risk assessment to ensure their safety
for human health and the environment. This
involves  evaluating potential allergenicity,
toxicity, and environmental impacts. Regulatory
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bodies must establish comprehensive guidelines
for the approval and monitoring of GMOs to
manage these risks effectively. Different
countries have varying regulations and policies
regarding the approval and commercialization of
GM crops, creating challenges for international
trade and the development of global markets.
Harmonizing  regulatory  frameworks  and
establishing international standards can facilitate
the safe and widespread adoption of GM crops
[34,35]. The potential for gene flow from GM
crops to wild relatives or non-GM crops raises
concerns about unintended consequences.
Uncontrolled gene flow can lead to the spread of
engineered traits in natural ecosystems,
potentially affecting biodiversity. Additionally,
nontarget effects, such as impacts on beneficial
insects or soil microorganisms, need to be
carefully evaluated and managed.

4.1 Biodiversity Concerns

The widespread adoption of GM crops can lead
to a reduction in crop diversity if only a few

engineered varieties dominate agricultural
landscapes. Maintaining biodiversity is essential
for ecosystem resilience and long-term

agricultural sustainability. Efforts should be made
to preserve traditional crop varieties and promote
diverse agricultural systems. Public perception of
GM crops varies widely, influenced by cultural,
ethical, and scientific factors. Misinformation and
lack of understanding can lead to resistance and
opposition. Transparent communication and
public engagement are crucial to address
concerns and build trust in genetic engineering
technologies.  Intellectual  property  rights
associated with GM crops can restrict access to
technology for smallholder farmers and
developing countries. Patents and proprietary
technologies may limit the availability of GM
seeds, creating economic disparities. Ensuring
equitable access to genetic engineering
technologies is essential for promoting global
food security [36,37].

The development and commercialization of GM
crops involve substantial financial investments,
including research, regulatory compliance, and
market development. High costs can be a barrier
for small and medium-sized enterprises and
public sector research institutions. Strategies to
reduce costs and improve affordability are
needed to make genetic engineering accessible
to a broader range of stakeholders. The adoption
of GM crops can impact market dynamics,
potentially disadvantaging smallholder farmers
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who may lack the resources to invest in new
technologies. Ensuring that the benefits of
genetic engineering are inclusive and accessible
to smallholder farmers is critical for achieving
equitable agricultural development [38,39].
Support systems, such as training and financial
assistance, can help smallholders adopt and
benefit from GM crops.

5. ADVANCES AND INNOVATIONS
GENETIC ENGINEERING

IN

Genome editing technologies like CRISPR-Cas9
have revolutionized genetic engineering by
enabling precise and efficient modifications to
DNA. CRISPR-Cas9 allows for targeted gene

insertion, deletion, or alteration, offering
unparalleled control over genetic changes [40].
Beyond CRISPR-Cas9, advancements in

genome editing tools, such as CRISPR-Casl2
and base editors, are expanding the range of
possible genetic modifications and improving the
accuracy and efficiency of gene editing.

5.1 Synthetic Biology

Synthetic biology involves the design and
construction of new biological parts, devices, and
systems, as well as the redesign of existing
natural biological systems for useful purposes. In
agriculture, synthetic biology can be used to
engineer plants with novel metabolic pathways,
enhance photosynthesis, or produce valuable
compounds [41]. The integration of synthetic
biology with genetic engineering holds the
potential to create crops with entirely new
functionalities.

5.2 Epigenetic Modifications

Epigenetic modifications, which involve changes
in gene expression without altering the
underlying DNA sequence, are emerging as a
powerful tool in crop improvement. Techniques to
modify epigenetic markers can be used to
enhance stress tolerance, improve yield, and
regulate plant development. Understanding and
harnessing epigenetic mechanisms offer new
avenues for developing crops that can adapt to
changing environmental conditions [42]. Recent
advancements in genetic engineering have led to
the development of crops with enhanced
resistance to various diseases. For example,

bananas resistant to Panama disease, a
devastating fungal infection, have been
engineered using CRISPR-Cas9. Similarly,
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potatoes resistant to late blight, caused by
Phytophthora infestans, have been developed,
reducing reliance on chemical fungicides and
improving food security.

5.3 Biofortified Crops with Enhanced
Micronutrients

Biofortification  efforts  have  successfully
enhanced the micronutrient content of staple
crops. Golden Rice, enriched with beta-carotene,
addresses vitamin A deficiency, while iron-
fortified beans and zinc-enriched wheat tackle
iron and zinc deficiencies, respectively. These
biofortified crops have the potential to alleviate

malnutriton and improve public health,
particularly in regions with limited dietary
diversity [43].

5.4 Crops with Improved Resilience to
Climate Change

Genetic engineering is playing a crucial role in
developing crops that can withstand the
challenges posed by climate change. Drought-
tolerant maize, developed using gene editing
technologies, can maintain productivity under
water-limited conditions.  Salt-tolerant  rice
varieties are being engineered to grow in saline
soils, expanding arable land in coastal regions.
These resilient crops are essential for ensuring
food security in the face of increasingly
unpredictable weather patterns and
environmental stressors [44].

6. FUTURE PROSPECTS

The future of genetic engineering in agriculture
holds immense promise for addressing global
challenges. Potential applications include the
development of crops with  enhanced
photosynthetic efficiency, nitrogen-fixing
capabilities, and resistance to multiple pests and
diseases. Genetic engineering can also be used
to produce plants that sequester carbon more
effectively, contributing to climate change
mitigation efforts. The integration of genetic
engineering with precision agriculture
technologies, such as remote sensing, GPS-
guided machinery, and data analytics, can
optimize crop management practices. Precision
agriculture allows for site-specific management
of crops, improving efficiency and reducing
inputs. Combining genetic improvements with
precise farming techniques can maximize yields
and minimize environmental impact [45].
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Table 1. Examples of Genetically Modified (GM) crops currently in production

Crop Modification Traits Conferred Commercial Use

Bt Cotton Bacillus thuringiensis (Bt) gene Insect resistance Cotton production

Roundup Ready Soybeans Glyphosate tolerance Herbicide tolerance Soybean production

Golden Rice B-carotene biosynthesis pathway Enhanced vitamin A content Addressing vitamin A deficiency

Table 2. Techniques used in genetic engineering

Technique Description Applications

CRISPR-Cas9 Precision genome editing tool Gene knockout, gene insertion, gene regulation
TALENs Transcription activator-like effector nucleases Targeted DNA cleavage and modification
ZFNs Zinc finger nucleases Targeted DNA cleavage and modification

RNA Interference (RNAI)

Silencing of specific genes through RNA degradation  Pest resistance, viral resistance, gene regulation
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Digital farming technologies, including artificial
intelligence, machine learning, and blockchain,
can enhance the adoption and management of
genetically engineered crops. Digital platforms
can provide farmers with real-time information on
crop performance, pest outbreaks, and weather
conditions, enabling informed decision-making.
Blockchain technology can ensure transparency
and traceability in the supply chain, addressing
concerns related to the authenticity and safety of
GM products.

6.1 The Role of Genetic Engineering in
Achieving Sustainable Development
Goals (SDGs)

Genetic engineering can contribute significantly
to achieving the United Nations Sustainable
Development Goals (SDGs), particularly those
related to zero hunger (SDG 2), good health and
well-being (SDG 3), and climate action (SDG 13).
By developing crops that are more productive,
nutritious, and resilient, genetic engineering
supports  sustainable agricultural practices,
improves food security, and enhances public
health. Additionally, genetically engineered crops
that require fewer inputs and have lower
environmental impacts contribute to the
sustainability of agricultural systems [46].

The next decade is likely to witness continued
advancements in genetic engineering
technologies, including more precise and efficient
genome editing tools, breakthroughs in synthetic
biology, and a deeper understanding of
epigenetics. These innovations will expand the
range of possibilities for crop improvement and
enable the development of crops with complex
and desirable traits.

Regulatory frameworks for GM crops are
expected to evolve, becoming more streamlined
and harmonized globally. Improved regulatory
processes will facilitate the safe and efficient
approval and commercialization of genetically
engineered crops, ensuring that benefits reach
farmers and consumers more quickly. Consumer
acceptance of genetically engineered crops will
play a critical role in shaping market trends. As
public understanding of the benefits and safety of
GM crops improves, acceptance is likely to

increase. Transparent labeling, consumer
education, and engagement with stakeholders
will be essential in building trust and
fostering acceptance [47]. Market demand

for biofortified and climate-resilient crops is
expected to grow, driven by increasing
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awareness of health and environmental issues
[48,49].

7. CONCLUSION

This review has highlighted the transformative
potential of genetic engineering in crop
improvement and food production. Key benefits
include increased crop yields, reduced reliance
on chemical pesticides and herbicides, enhanced
nutritional content, improved resistance to biotic
and abiotic stresses, and the development of
crops with novel traits. Despite these benefits,
challenges such as regulatory and biosafety
issues, environmental impacts, ethical and social
considerations, and economic barriers must be
addressed. Final Thoughts on the Future of
Genetic Engineering in Crop Improvement and
Food Production. Genetic engineering represents
a powerful tool for addressing the pressing
challenges facing global agriculture. The
continued development and refinement of
genetic engineering technologies, coupled with
supportive regulatory frameworks and public
engagement, will be essential for realizing the full
potential of these innovations. By enhancing crop
productivity, nutritional quality, and resilience,
genetic engineering can play a crucial role in
ensuring food security and sustainability in the
21st century. To harness the full potential of
genetic engineering for crop improvement,
collaborative  efforts among  researchers,
policymakers, and stakeholders are essential.
Researchers should continue to innovate and
advance genetic engineering technologies, while
policymakers must establish supportive and
transparent regulatory frameworks.
Stakeholders, including farmers, industry
leaders, and the public, should engage in open
dialogue to build trust and promote the
responsible use of genetic engineering in
agriculture. Together, these efforts can create a
sustainable and resilient agricultural system that
meets the needs of a growing global population.
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