Majestic Greengenix: A Journal of Modern Plant Science

Volume 1, 2026, pp. 1-16, Article ID: CM2601106002
DOI: 10.65080/

CONTENT MAJESTIC

PUBLISHER

OPEN

Review Article

Genetic and Biotechnological Approaches for Mitigating Climate Change

ACCESS

Impacts on Agriculture

Ghanima Amin" 7, Simran® * &<,

'Department of Biological Sciences, University of Sialkot, Sialkot 51310, Pakistan

Article History

Received: 20 August, 2025 Revised: 22 October, 2025 Accepted: 26 October, 2025 Published: 17 November, 2025

Abstract:

Global agriculture is under serious threat from climate change resulting from the burning of fossil fuels, deforestation, and industrial activities.
Climate change will exacerbate the impacts from droughts, flooding, salinity, and extreme temperatures, which impact food security and disrupt
the ability of crops to grow and produce yields, especially in regions that are particularly susceptible to climate change. This study presents an
extensive and innovative framework for integrating molecular innovations into sustainable agricultural practices. It merges genetic and
biotechnological innovations to address climate change issues. This study, in several different contexts, critically examines advances in genome
editing technologies, including CRISPR/Cas9, TALENs, and ZFNs, as well as advancements in base and prime editing. The study highlights
how molecular innovations may enhance crop stress resistance, nutrient uptake, and carbon sequestration. Bt cotton, drought-resistant maize,
and salt-tolerant rice are successful applications of genetic engineering to address climate change. Furthermore, biotechnological innovations
such as carbon sequestration techniques, bioenergy crops, and biofertilisers also help to establish sustainable food systems and reduce
greenhouse gas emissions. This review combines the areas of environmental biotechnology and molecular genetics to develop a new and
different multidisciplinary approach for developing sustainable, climate-resilient agricultural practices.

Keywords: Climate change, CRISPR/Cas9, Bt cotton, crop productivity, genetically modified crops, drought resistance,
biotechnology.

1. INTRODUCTION

A worldwide phenomenon based on human activity is
climate change, which includes using fossil fuels, cutting down
forests, and conducting industrial operations. Since the mid-
20th century, human-generated greenhouse gas emissions have
significantly increased, increasing Global temperature by
approximately 1.1°C above pre-industrial levels [1]. This
tendency alters weather patterns, intensifies heatwaves, causes
erratic rainfall, and disrupts hydrological cycles. These changes

Classic approaches for lessening the adverse effects of
climate change on agriculture are conventional breeding,
improved irrigation, crop rotation, and soil fertility
management. These approaches have been generally practical
but tend to have only a limited effect. Natural genetic diversity
is often heavily relied on, and many of these approaches,
although addressing the effects of stressors, cannot adapt to
multiple stressors simultaneously [3, 4]. Additionally, the rapid
pace of environmental change often outpaces the ability of

pose enormous dangers to ecosystems, water resources, and
human health, with far-reaching consequences for agriculture,
a critical sector for food security and economic stability.
Climate change poses a significant risk to agricultural and
animal sectors, disrupting food delivery networks and
livelihoods, particularly in underdeveloped regions [2].
Furthermore, climate change contributes significantly to
resource degradation, resulting in challenges like soil erosion,
water scarcity, and biodiversity loss.

many conventional programs to adapt. These challenges
underscore the pressing need for novel genetic and
biotechnological advances to develop high-yield, stress-
tolerant crop types quickly. Recent biotechnology and
molecular genetics innovations have yielded new climate
change responses in agriculture. New methods such as
CRISPR/Cas9, TALENs, and ZFNs, as well as advanced
approaches including base and prime editing, provide
exceptional precision in managing plant genomes' drought,
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high salinity, temperature fluctuation, and pest susceptibility
[5, 6]. In addition, biotechnology has excellent potential to
mitigate agriculture's environmental impact through methods
such as eco-friendly fuels, carbon sequestration, bioenergy, and
biofertilisers.

Nevertheless, most of the reviewed literature tends to
highlight specific crops or technologies rather than investigate
the complementary use of genetic and biotechnological
approaches towards climate-resilient, sustainable agricultural
practices (Technological Advancements in the CRISPR
Toolbox, 2024). To inform ways to mitigate climate change in
agriculture, this article will therefore provide a coherent
summary of genetic and biotechnological approaches.
Moreover, the article illustrates that molecular advancements
can complement biotechnological approaches to improve yield,
reduce carbon emissions, and enhance sustainability. This
review 1is novel in holistically combining genetic and
biotechnological approaches while discussing their real,
economic, and environmental consequences. Specific
approaches include techniques for carbon sequestration,
microbiome and biofertiliser applications, advanced gene
editing techniques, and bioenergy approaches. This paper
provides a comprehensive framework for developing climate-
resilient and sustainable agricultural systems in an ever-
changing climate. This review is unique in this respect from
previous works.

1.1. Direct Effects of Climate Change on Agriculture

Environmental conditions alter agriculture and farming
methods over time, connecting local farmers' experience and
resources with crop-specific agricultural practices that thrive in
the current environment. Higher growing season temperatures
significantly influence food security, farm profitability, and
agricultural production [7]. At mid and high latitudes,
agricultural productivity and adaptability are predicted to
increase and move northward, particularly for cereals and cool-
season seed crops [8, 9]. Crops commonly grown in Southern
Europe, like maize, sunflowers, and soybeans, might become
feasible further north and at higher elevations. Yields may
increase by up to 30% by the 2050s, depending on the crop [9-
11].

Higher temperatures might have an immediate negative
impact in regions where crop tolerance levels are already close
to their maximum, such as seasonally dry and tropical zones.
This would result in increased heat stress on crops and
increased water loss through evaporation. 28° C A temperature
rise in mid-latitudes might improve wheat productivity by
around 10%; however, in low-level latitudes, the same
temperature increase could diminish yields by a similar
percentage. Understanding the critical role of water in plant
growth demonstrates the significant impact that different
precipitation patterns have on agriculture. Since rain is used in
more than 80% of agricultural practices, predictions about
future precipitation fluctuations regularly influence the kind
and amount of climate effects on crop productivity [12-14].
Predicting the effect of global warming on local rainfall is
difficult due to complex interactions with atmospheric
circulation patterns. However, forecasts indicate that high-
latitude precipitation increases, particularly during the winter,
while tropical and subtropical regions will decrease, with the
IPCC expressing greater confidence in these projections.

1.2. Extreme Weather Events and Climate Variability

While modifications to the ongoing climate conditions will
impact global food output and can demand continuing
adaptations, fluctuations in annual weather patterns and severe
climatic events pose the greatest threat to food security.
Historically, many of the most dramatic losses in crop yield
have been linked to extremely low precipitation levels [15, 16].
Even modest variations in average annual rainfall can affect
productivity. A one-standard unit difference in precipitation
throughout the growing season can result in a 10% change in
yield, like millet in South Asia [17]. For example, found that
the Productivity of Indian agriculture is primarily reliant on the
unique temporal and geographical trends of monsoon rainfall
[16]. In 2009 research, Asada and Matsumoto investigated the
connection between different crop level output statistics,
specifically for 'kharif' rice during the rainy season and
precipitation from 1960 to 2000 [18]. Their findings
demonstrated that different geographical locations have
variable sensitivity to extreme precipitation occurrences.

Crop output in the upper Ganges basin is determined by the
level of rainfall received during the shorter growing season,
rendering it susceptible to drought. In contrast, the lower
Ganges basin is prone to excessive rainfall, but the
Brahmaputra basin is experiencing a significant influence of
precipitation changes on yield, particularly during droughts.
These relationships changed over time, in part because of
changing precipitation patterns. Disparities between districts
highlighted the significance of socio-economic factors and the
use of irrigation systems.

During the summer of 2003, Europe saw an abnormally
harsh weather phenomenon, with temperatures rising 6.8° C
above average and precipitation shortfalls of up to 300 mm. The
severe heat caused a remarkable 36% loss in corn crop
productivity in Italy's Po Valley [19]. Human-induced
alterations in climate have increased the likelihood of such high
summer temperatures in Europe by 50 percent [20].

1.3. Extreme Temperatures

Crop yields in European countries may have been
influenced by rising climate variability since the mid-1980s,
resulting in greater year-to-year changes in wheat production
[21]. High temperatures can harm mid-latitude crops if they are
not adapted. The former Soviet Union's (USSR) unusually high
summer average temperature in 1972 caused severe changes in
world wheat food safety and markets [7]. Temperature
extremes that occur during crucial development phases are
significant. A brief period of extremely high temperatures
(more than 32°C) during the flowering phase of some plants
can significantly lower agricultural output [22]. In the near
term, enzymes are disrupted due to high temperature changes
in processes and gene expression. Longer term, these will affect
carbon assimilation, yield, and growth level. Effects on yields
due to high temperatures vary depending on the level of crop
development. Plants experience warming episodes as
independent occurrences, and threshold temperatures of 358°C
around anthesis had substantially reduced yield consequences
[23]. However, there were no signs of high temperatures
significantly impacting growth and development during the
vegetative stage. Reviews of the literature, Wilhite [22, 24],
reveal that temperature thresholds are defined and substantially
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conserved between the species, notably for processes like
anthesis and grain filling. Despite being planted in semi-arid
settings with temperatures reaching 40.8°C, groundnut plants
can have a significant drop in production if exposed to
temperatures above 42.8°C post-flowering, for brief periods of
time.

1.4. Droughts

Droughts are a primary concern for environmental
campaigners, ecologists, hydrologists, meteorologists,
geologists, and agricultural professionals. They occur in almost
all climate areas, ranging from high to low rainfall levels, and
are primarily associated with a decline in precipitation levels
over a lengthy time, whether a season or a year.

Droughts are impacted by temperature, wind, humidity, and
rainfall patterns, including timing, intensity, length,
commencement, and termination. Unlike aridity, a permanent
characteristic of climates in low-rainfall zones [25], droughts
are only transitory. Heatwaves and droughts, stating that
heatwaves typically last approximately a week, but droughts
can endure for several months or even years. A heat wave and
a drought together have serious socio-economic repercussions.

Droughts substantially impact surface and groundwater
resources, resulting in decreased water availability, untreated
water, crop failure, decreased range production, lower power
generation, damaged riparian habitats and halted recreational
activities. Droughts also impact water quality by altering
hydrologic patterns, resulting in considerable changes in lake
chemistry. Droughts interrupt the movement of nutrients, and
sediment and biological material are released to surface
waterways by runoff.

1.5. Heavy Rainfall and Flooding

Excessive water use also has an impact on food output.
Flooding caused by heavy rains can ruin entire harvests across
large areas, and excess water can cause soil waterlogging,
anaerobic conditions, and stunted plant growth. Secondary
impacts include postponed agricultural activity (Falloon &
Betts, forthcoming). Farming equipment may not be suitable
for saturated soil conditions. A link between severe August
rainfall and poor grain quality, resulting in grain sprouting in
the ear and fungal infections [26].

As the temperature rises, the proportion of total rainfall that
falls during heavy rainfall events is anticipated to continue
rising. A doubling of CO, will result in more severe rainfall
across Europe. According to the higher estimations, rainfall
levels increase by more than 25% in several locations crucial
for agriculture.

Fig. (1) shows how plant stress is caused by climate change
elements such as heat, drought, excessive precipitation and cold
freezes. The ensuing stress impairs vital physiological
processes, leading to decreased crop output, growth, pollination
and nutrient intake.

1.6. Overview of Biotechnology Role in Agriculture and Its
Importance in Addressing Climate Change

1.6.1.

Agricultural biotechnology refers to practical applications
of living organisms or their subcellular elements in farming.

Agricultural Biotechnology

Methods used include tissue culture, traditional breeding,
molecular marker-assisted breeding and genetic alteration.
Growing plant cells or tissues in specific nutritional solutions
is known as tissue culture. Regrowing an entire plant from a
single cell under ideal circumstances is a quick and essential
method for producing healthy plants on a large scale [27].
Understanding breeding breakthroughs is critical for
agriculture to increase yields and meet the demands of an
increasing population while remaining within land and water
resource limits. Since 1995, improved plant breeding
technologies have resulted in a 21% rise in worldwide primary
yield production, including maize, wheat, rice, and oilseed.

In contrast, acreage dedicated to these crops has increased
only marginally by 2% [28]. Researchers can quickly and
precisely identify plants with desirable features by identifying
gene locations and potential functions, allowing for more exact
execution of traditional breeding methods [29, 30].
Biotechnology enables the development of disease diagnostic
kits aimed at the early detection of plant ailments in laboratory
and field settings. These kits detect the genetic material (DNA)
or proteins linked with pathogens or plants during infection.
Combining old agricultural biotechnologies with contemporary
biotechnology approaches produces superior results [27].
Recent agricultural biotechnology includes biotechnological
methods for modifying hereditary material and combining cells
across breeding lines. A primary example is genetic
engineering using transgenic technology involving gene
insertion or deletion. Genetic modification or transformation is
the process of artificially manipulating genetic material, such
as isolating genes, cutting certain regions using specialised
enzymes and transferring selected DNA fragments into the
target organism's cells. A common strategy in genetic
engineering is to use the bacterium Agrobacterium tumefaciens
as a carrier to transfer the desired genetic feature [31]. A newer
technique known as ballistic impregnation involves attaching
DNA to a small gold or tungsten particle and propelling it into
plant material [32]. Over the last two decades, significant
advances have been made in altering genes from varied and
exotic origins. These genes are subsequently integrated into
microorganisms and crops, providing resistance to pests and
diseases and lenience to weedkillers, drought, soil salinity and
aluminium harmfulness. Furthermore, this process seeks to
improve post-harvest excellence, increase nutrient uptake and
nutritional value, increase photosynthetic frequency, increase
sugar and starch making, improve the efficacy of biocontrol
agents, advance consideration of gene functions and metabolic
pathways and facilitate the synthesis of drugs and vaccines
within crops [30, 33].

1.7. Biotechnology for Climate Change Qualification

1.7.1.  Greenhouse Gas Reduction

Agricultural activities like deforestation, the use of
synthetic fertilisers, and overgrazing are responsible for around
25% of greenhouse gas emissions (CO,, CHs, and N») [28].
Implementing green biotechnology activities may solve falling
greenhouse gas emissions and opposing climate change. These
measures could encourage farmers to use more sustainable
energy sources, engage in carbon sequestration practices and
reduce their fertiliser dependency [28].
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Fig. (1). Effect of climate change-induced stress on plant growth.

1.8. Use of Environmentally Approachable Fuels

Specifying the considerable impact of climate change on
agricultural production and the crucial role of agricultural
practices in global warming, agricultural techniques must play
an important part in the competition compared to climate
change. Using biofuels derived from outdated and genetically
modified crops such as sugarcane, soybean, rapeseed and
jatropha can significantly reduce the negative impact of CO»
emissions from the transportation range [28, 34]. Cultivating
non-edible oilseed plants can reduce reliance on fossil fuels by
purifying the atmosphere and producing biodiesel [35-37].

1.9. Less Fuel Consumption

Organic farming reduces fuel consumption by composting
and mulching, resulting in less weed and pesticide spraying due
to reduced ploughing [38]. Reducing irrigation would cut fuel
usage and CO» emissions. Modern biotechnology, including
genetically modified organisms GMOs, reduces the need for
spraying and tillage, resulting in lower fuel usage. Insect-
resistant GM crops can cut fuel use and CO, emissions by
lowering insecticide levels. In 2005, biotechnology reduced
fuel use and saved almost 962 million kg of CO, emissions.
Similarly, reducing or no tillage practices resulted in CO,
emissions reductions of 40.43 kg/ha and 89.44 kg/ha,
respectively, owing to lower fuel consumption [39].

1.10. Biofertilisers

Modern biotechnology has boosted the nitrogen-fixing
capacities of Rhizobium strains through mutation and genetic
manipulation [40]. Biotechnological advancements, such as
inducing nodular structures on cereal crop roots like rice and
wheat, point to a hopeful future in which non-leguminous
plants could potentially fix nitrogen in the earth [41-44].

Growing genetically modified (GM) crops can improve
nitrogen utilisation. One such example is GM canola, which is
nitrogen-efficient, specifically lowering the quantity of
nitrogen fertiliser that goes into the troposphere, soil, and water
systems. It also benefits farmers' economics by increasing
profitability [28]. Adjusting loam nitrogen levels to fit yield
requirements can decrease N>,O emissions while protecting
water quality. Furthermore, changing animal diets and
managing manure can reduce methane (CHy) and nitrous oxide
(N20) emissions from animal agriculture [45].

1.11. Biotechnology for Biotic and Abiotic Stresses

Agricultural biotechnology can improve crop output by
developing lines resilient to biotic stressors such as pests, fungi,
bacteria, and viruses. The Bacillus thuringiensis (Bt) DNA
segment is transferred to corn, cotton, and soybeans to provide
insect and pest resistance, while remaining nonviolent for
humans and the environment. Genetically modified crops are
effectively used for integrated pest management. The herbicide
tolerance attribute has been introduced into corn, soybeans, and
canola. Genetically modified crops such as potatoes and
cassava are being developed to resist biotic stressors, with some
already commercialised [46].

Abiotic stress, like biotic stress, is a critical concern that
must be addressed to ensure sustainable growth. Abiotic
stresses include factors like salt, drought, severe temperatures,
and oxidative stress, which have a direct impact on farming and
the natural atmosphere. Plant biotechnology, together with
social standing, is a significant technique for improving crop
abiotic stress tolerance. This strategy involves selecting and
cultivating drought-resistant crops that can thrive in difficult
circumstances on borderline soils.
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Molecular breeding strategies for abiotic stress resistance
rely on upregulating genes related to stress response.
Researchers have successfully created genetically modified
varieties to tolerate drought, salt, and extreme temperatures,
including Arabidopsis, tobacco, maize, wheat, filament, soya,
pearl millet, tomato, rice and brassica. This progress is
attributed to several experts, including [47-51]. The sequencing
of genomes in many microorganisms and plants ushers in a new
age, allowing us to rapidly change stress tolerance genes and
perhaps influence climate dynamics.

1.12. Carbon Sequestration

Carbon can be extracted directly from the environment or
through industrial and combustion processes, usually CO,.
Techniques such as soil carbon sequestration provide a way to
combat rising amounts of atmospheric CO,. Conservation
strategies reduce soil erosion, help capture soil carbon, and
improve methane (CHs) absorption [45, 52]. The growth of
genetically altered yields such as Roundup Ready™ (herbicide-
resistant) led to the requisitioning of 63,859 million tons of CO,
[53-55]. The need for cultivation or ploughing can be
concentrated using genetically engineered harvests.

Genetic engineering enables us to modify plants to absorb
more CO; from the environment and adapt to oxygen.
Incorporating bacteria into the soil helps to improve its fertility.
Modern environmental biotechnology has proven increasingly
important in tackling these concerns within this paradigm.

1.13. Reduced Use of Fertilisers

The use of agricultural pesticides pollutes the environment
with harmful contaminants, disrupting biogeochemical
processes. Greenhouse gas emissions from soil, particularly
N,O, are predominantly caused by the use of inorganic
nitrogen-based fertilisers like ammonium sulphate, ammonium
chloride, and ammonium phosphates. Introducing
biotechnology-derived fertilisers presents a possible alternative
to offset the negative effects of traditional fertilisers.

Biotechnology provides an advantage in reducing the need
for chemical fertiliser. Genetic engineering boosted the
nitrogen-fixing ability of Rhizobium inoculants [40]. Inducing
nodular formations on cereal crop roots, like rice and wheat,
has the probable ability to enable non-leguminous plants to fix
nitrogen [41-44].

1.14. Climate Change Adaptation for Bioenergy Crops

Adaptation in bioenergy crops involves strengthening crop
production systems against climate-induced challenges such as
shifting temperatures, altered precipitation patterns, and
extreme weather [56-58]. The significance of climate
adaptation in the bioenergy crops situation stems from its
ability to safeguard agricultural productivity, food safety and
ecological services in the face of fluctuating weather
circumstances. Given bioenergy crops' dual role in climate
change mitigation and renewable energy ambitions,
guaranteeing their ability to tolerate climate-related hazards is
critical to maintaining a stable and reliable energy source while
reducing greenhouse gas emissions. Furthermore, cultivating
bioenergy crops provides other benefits such as carbon capture
and soil preservation, highlighting the importance of
integrating adaptation efforts to achieve larger environmental
and socio-economic goals [59, 60].

1.15. Biotechnology for Improved Crop Per Unit Area of
Land

To meet the increasing global mandate aimed at food crops,
there are two main strategies: expanding the cultivated land
area or enhancing productivity on farmland [61]. Incorporating
organic residues as plant nutrients, implementing effective
agronomic practices like landscape management and crop
rotation, utilising traditional methods for pest control without
chemicals, and some conventional approaches [62].
Additionally, biotechnology and advanced breeding techniques
can enable agriculture to boost yields and cater to the needs of
a growing population while facing constraints in land and water
resources [28].

1.16. Agroecology and Agroforestry

The effects of worldwide climate alteration on temperature
and rainfall patterns substantially threaten tropical agriculture.
Implementing agroecological and agroforest running strategies,
like using gloom in crop classifications, can help ease the
negative consequences of harsh weather. These measures
attempt to lower rural farmers' economic and ecological
vulnerability, improving their ability to survive extreme
climate events.

Fungal biotechnology, also known as mycobiotechnology,
contributes to the rising movement of living organisms to
address eco-friendly challenges and restore damaged systems.
Mycoforestry and myco renewal sciences are part of an
emerging field of study and practical application aimed at
restoring broken forest ecosystems [63].

Mycorestoration aims to use fungi to repair or recover
environmentally  affected  ecosystems.  Endo-  and
ectomycorrhizal symbiotic fungi, in combination with
actinomycetes, have been shown to be useful as inocula in the
restoration of impoverished forestry [43]. Hence, the use of
both mycorrhizal fungi and actinorhizal bacteria technologies
aims to boost soil fertility and enhance plant water absorption.
Additionally, afforestation could indirectly enhance
agricultural output and food security by fostering
microclimates that improve precipitation availability.

1.17. Genes Regulate Plant Physiological and Biochemical
Actions Under Salt Stress

Genes are crucial in mitigating plants' abiotic stresses by
aiding their growth, nutrient absorption, and internal
transportation. Specific genes like SKC1, MAPK and CDPK
pathways, and SOS pathways, CHS and PAL, actively regulate
plant retorts to salt stress. Notably, the genes SOS1 and NHX1
convert the Nat+/H+ antiporter, with SOS1 localised on the
plant's plasma membrane. SOS1 gene function regulates Na+
transport from the plant's roots to its leaves. Additionally, the
TaNHX gene contributes to enhanced plant salt stress tolerance
by limiting Na+ uptake and its translocation to the plant leaves
in tomato and rice. NHX protein performance has been
extensively studied in crops like tomatoes, rice and cotton.

However, AtNHX1 gene overexpression in tomatoes
increased K+ retention in cells under sophisticated salt stress
[64]. Similarly, in transgenic tobacco, the TNHXSI1-IRES-
TVP1 bicistronic transcriptional element produced increased
K+ accumulation and decreased Na+ concentration in leaf
tissue [65]. Increased antioxidant activity, such as SOD, POD,
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and CAT, lowers ROS generation and cellular harm in
vegetation.

1.18. Integrated Methods for Growing Plant Yield Under
Drought Stress

Drought presents a considerable obstacle to global
agricultural productivity. While the outcome of climate
alteration on drought harshness is uncertain [66], frequency and
unpredictability of these events are critical factors in the
following modelling estimates [67, 68]. Understanding the
underlying mechanisms of plant responses to drought presents
a challenge because of variations in (i) the characteristics
regulating plant water levels in response to rapidly shifting soil
moisture and evaporation demands, (ii) how plants react to
alterations in water levels, their genetic diversity, and variances
among types (e.g., cereals versus legumes), and (iii) the
interaction of additional factors like the timing then length,
growth of the crop.

Today, there is a rising recognition of many drought
circumstances that exist in different locations worldwide, both
now and in the future [69-71]. This includes noticing the
diversity even within a single field across multiple years.
Matching plant phenology and features with the most likely
circumstances in each environment is critical. This stresses the
need to use probabilistic methods to improve drought
resistance. Such methods combine crop modelling with
genomic forecasting to identify the most favourable alleles or
features for certain drought conditions at specific periods and
locations [71, 72].

1.19. Physiological and Molecular Basis
Tolerance in Plants

of Drought

Officially accepted words for plant water status follow
Hsiao's (1973) classification of 'hydrated’, ‘moderate stress',
'mild stress’, ‘severe stress', and 'dripping', which is founded on
the extent and duration of water deprivation. In this research,
[73] distinguishes between dryness and desiccation tolerances,
which is important for phenotyping and understanding
recovery and existence processes [74].

Four decades of investigation on the benefits of osmotic
alteration in maintaining turgor during droughts in specific
habitats [72]. The discussion focuses on genetic diversity
modification and breeding strategies for improving crop
resilience in water-stressed environments. Notable examples
are drought-resistant wheat types that activate the OR gene to
regulate osmotic balance in leaves and pollen.

A crop cover comprises discrete plants that share genetics
but have unique traits. Borras and [75] study the role of inter-
plant variability on plant growth and ear growth, focusing on
current genetic advances. This development is determined by
(i) the plants' ability to attain significant yields at dense plant
populations while maintaining uniformity among them, and (ii)
the rate of silk synthesis in relation to ear or plant biomass.

Understanding the message and tone of the original
statement is essential. The simultaneous occurrence of drought
and heat episodes needs a unified tolerance approach, despite
the separate genetic underpinnings for high temperatures and
drought [76]. After comparing features with comparative
benefits, these researchers concluded that maintaining adequate
plant water levels is critical for surviving both stressors. This is

accomplished by making precise modifications to gas exchange
and plant hydraulic conductance and utilising adaptive root
system responses and classic heat-resistant processes.
Improving many plant plasticity features simultaneously is a
problematic mission that can be accomplished by combining
phenomics, quantitative genetics, QTL cloning, and genome
expurgation approaches [77].

1.20. Advances of Genetic Engineering

To address the growing food requirements of the expanding
global population, simply incorporating a single gene for a
specific trait is inadequate. Instead, there is a rising necessity to
cultivate crops possessing intricate characteristics like
resilience to stress, efficient utilisation of nutrients, and
combinations of various traits [78]. Conventional breeding has
proven effective in trait stacking; however, stacking only a few
independent loci is feasible, making it a time-consuming
process that presents fresh hurdles for researchers [79]. The
advanced methods for genome excision can transform
agricultural research by surmounting the constraints of
conventional breeding and RNA interference methods.
Utilising engineered nucleases like zinc-finger nucleases,
transcription  activator-like  effector = nucleases  and
CRISPR/Cas9, this technology can produce enhanced crops
that are practically the same as naturally occurring mutant
varieties.

Genetically modified crops aim to boost food's nutritional
value, increase yield, enhance resistance to environmental
factors, and safeguard plants from pests. Through genetic
modification, plant breeders can innovate plant traits
effectively, potentially addressing critical issues in up-to-date
agriculture. Agrobacterium as a biological vector and direct
gene transfer techniques facilitate gene transfer into plants.
Agrobacterium-based methods are more efficient than other
gene transfer approaches; however, they may not be universally
applicable across all plant species [80]. Therefore, specific
individuals have resorted to utilising genetically modified
crops to address the requirements of a shifting global
environment.

1.21. GMO Crops for Climate Adaptation

Genetically engineered (GE) crops are becoming more
acknowledged as a viable answer to adjusting agriculture to the
difficulties presented by climate change.

1.22. Bt Cotton

Cotton is regarded as a single crop most impacted by
environmental factors, climate situations, and planting periods
compared to wheat and rice [81]. The timing for planting varies
based on climate, the type of plant, and the agricultural
environment (whether rainfed or irrigated), which significantly
influences when crops are sown. Analysing crop yield and
quality involves assessing how plant varieties interact with the
planting date [82]. Bt cotton, engineered to resist lepidoptera
pests such as the American and pink bollworm, may lower
pesticide usage and boost yield in specific agroecological
settings. This outcome is influenced by a combination of
local/global economic factors, genetic variations in Bt cotton
lines, and the ability to prevent crop loss in elevated
temperature and rainfed environments compared to
conventional non-Bt cotton [83 ,84]. Bt cotton, a significant
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genetically modified crop, was first launched by Monsanto in
the United States in 1995. This variety of cotton is genetically
modified to contain a gene sourced from a soil bacterium,
which acts by attaching to the DNA of the bollworm pest and
causing its demise upon consumption of the cotton leaf or bud
[85]. Having gained approval in China in 1997 and established
a joint undertaking with the Indian seed company Mahyco in
2002, this crop had expanded to 15 nations by 2019, with 13
developing countries [86]. Bt cotton has rapidly expanded to
encompass 70% of the worldwide cotton cultivation, spanning
approximately 35 million hectares, with a significant 50% share
located primarily in India within a little more than 20 years
[87]. Supporters contend Bt cotton exhibits enhanced pest
management capabilities amidst changing climatic conditions.

Nevertheless, advancements in one aspect may be
counterbalanced by reliance on alternative resources. For
instance, the initial shift to Bt cotton has decreased pesticide
application compared to non-Bt varieties. Yet, observations
over 15-20 years in regions like China and India indicate a
concerning trend as elevated temperatures and erratic rainfall
patterns lead to the resurgence of secondary pests and Bt-
resistant bollworms. This scenario necessitates heightened
fertiliser and pesticide inputs to counteract reduced yields [88-
90].

1.23. Salt-Tolerant Rice

The progress in creating genetically modified (GM) rice
with improved resistance to salt is a notable breakthrough in
agricultural biotechnology focused on tackling the difficulties
brought about by climate change. Rice (Oryza sativa L.) is the
primary diet for more than 3.5 billion people globally,
predominantly in Asia and Africa. By 2050, it is predicted that
there will be 9.6 billion individuals worldwide. Therefore, it is
imperative to improve rice cultivation to satisfy the increasing
worldwide food requirements [91]. Numerous studies widely
recognise salinity stress as a prevalent abiotic stress affecting
rice, hindering crop advancement, development, and overall
yield. Over 1000 million hectares of land have been
approximated to be salty or sodic, with approximately 25% to
30% of wet regions (around 70 million hectares) experiencing
salt-induced impacts, rendering them practically unproductive
commercially [92]. Under salt-stressed conditions, plants'
responses to salinity stress are perceived as mechanisms to
enhance rice grain yield. The literature shows salt tolerance as
a multifaceted measurable characteristic influenced by
numerous gene exchanges [93]. Rice plants are highly
vulnerable to salt pressures, especially during the initial phases
of growth [94] and reproductive stages [95], leading to
significant grain yield reduction. Enhancing the salt tolerance
of rice to increase productivity can be achieved through various
methods. These approaches encompass utilising marker-
assisted breeding to incorporate QTLs linked to salt tolerance,
manipulating the appearance of genes in control for salt
resistance to produce proteins and metabolites crucial for
enhancing salt tolerance, and applying targeted protectants to
activate the plant's natural tolerance mechanisms, despite the
availability of numerous comprehensive reviews on various
facets of rice's salinity [96, 97]. Extensive research suggests
that understanding rice's response to salinity stress requires
analysing four domains: physiological responses, genetic

modifications, genome changes, and molecular pathways.
Sustainable initiatives to enhance rice growth and yield under
salinity stress are crucial to meet the demands for this crop [98].
Various methods have been employed thus far in the creation
of salt-resistant rice. Historically, the focus has been on water
and soil management techniques and breeding strategies to
achieve tolerance to salinity [99]. Using the latest research
tools, such as microarray imaging, sequencing and recombinant
DNA technology, has advanced information in rice salt stress
biology and helped create novel approaches for maintaining
salinity stress variation in rice [ 100]. An integrated strategy that
combines biotechnology and molecular marker methods with
traditional refinement methods is deemed especially
appropriate for enhancing the salt tolerance of rice [99]. Five
primary methods, comprising breeding, marker-assisted
selection (MAS), externally administering plant growth
regulators, genome editing, and genetic engineering, remain
employed to enhance salt stress tolerance.

The main plant reactions to salt stress in rice are depicted in
Fig. (2). Rice is impacted by salt stress in several ways: In rice,
morphological, physiological, biochemical and molecular
reactions are triggered by salt stress. These include decreased
photosynthesis, ion imbalance, damaged leaves and altered
gene expression. When combined, these reactions aid in the
plant's capability to resist salinity.

1.24. Resistant Maize

The effect of climate change on economies varies,
contingent upon the economic traits of individual countries.
Climate change poses significant risks to regions already
susceptible to food insecurity and malnutrition [101], where
their economic system's backbone is agriculture [102]. Climate
change is exacerbating droughts and heat waves, prolonging
their impact and making access to water supplies increasingly
challenging. These conditions create hardships for crops to
thrive in extreme situations induced by water scarcity. Maize,
known for its tall and broad leaves, experiences leaf curling and
inhibited growth when faced with a severe drought during its
seedling or growth stages [103]. Before and after flowering,
insufficiency of water significantly impacts maize yield.
Hence, sufficient water provision is essential during this phase.
The absence of moisture leads to drought stress in maize,
impacting stages such as early vegetative growth, seedling
emergence, photosynthesis, fertilisation, reproductive growth,
seed development, and overall yield [104].

1.25. Techniques Used in Genetic Modification to Enhance
Crop Resilience to Climate-Related Stressors

1.25.1. CRISPR

CRISPR/Cas system stands out as an up-and-coming
technique for gene editing due to its accessibility, high
efficiency, and simplicity in testing multiple single guide RNAs
(sgRNAs) for each gene. Moreover, it offers the unique ability
to simultaneously introduce multiple double-strand breaks, edit
methylated DNA regions crucial for targeting regulatory
regions, and demonstrate greater efficacy in mutating plant
genomes than previous systems like ZFNs and TALENS.
Detailed discussions in recent reviews delve into the principles,
advantages, mutation variations and diverse features of its
application in plants, including genome stability post-editing,
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inheritance of modifications, frequency of erroneous changes,
methods for acquiring non-transgenic modified plants, and the
legal considerations surrounding the practical use of recently
developed agriculturally beneficial plant forms [105-107]. The
practical validation of the CRISPR/Cas system has been
effectively demonstrated in 15 different yields, encompassing
cereals like maize, wheat, rice and barley, as well as vegetables
like tomato, cabbage and cucumber, along with fruits including
apple and grape, citrus plants like orange, grapefruit, potato,
watermelon, flax, and soybean. Across these crops, a total of
145 target genes were modified. To illustrate, in rice, three
grain size regulators - GW2, GWS, and TGW6 - were
instantaneously disabled using CRISPR/Cas technology.
Consequently, a significant enhancement in grain length was
achieved through the pyramiding of these three knocked-out
genes, surpassing the effects of targeting a smaller gene subset
[108]. By knocking out three and two homologous copies of the
GASR?7 gene, which acts as a negative regulator of grain mass,
we could correspondingly enhance the grain mass of hexaploid
and tetraploid wheat [109]. The grain weight and yield
enhancement necessitate resistance to lodging, a trait conferred
by plant dwarfness and stem robustness. Notably, disrupting
the DEP1 gene in rice and wheat reduced plant height [109,
110]. To implement the CRISPR cleavage technique
effectively, you need to have a concise artificial gRNA
sequence consisting of 20 nucleotides that can attach to the
desired DNA and the Cas9 nuclease enzyme capable of cutting
3—4 bases post the protospacer adjacent motif [111]. Cas9
nuclease encompasses the RuvC-like domains and the HNH
domain, each of which is in control of cleaving a single DNA
strand. Since the inception of CRISPR cleavage techniques, its

Biochemical
responses

high of Na+ transport
low K+ uptake
oxidative stress

Morphological
responses
chlorosis

leaf burning
leaf rolling

Fig. (2). Salt stress responses in rice.

Salt stress responses inrice

application in editing plant and animal genomes has been
extensive. The implementation of a CRISPR project includes
basic steps: finding PAM sequence in target gene, synthesising
a single guide RNA (sgRNA), cloning sgRNA into an
appropriate binary vector, incorporating into cell lines, and
conducting subsequent screening, validating edited lines is a
crucial step in CRISPR/Cas9 mediated genome editing
(CMGE), enabling even modest laboratories equipped with
basic plant transformation setups to undertake projects for
genome editing. The widespread adoption of CRISPR/Cas9
techniques over the past five years for editing plant genomes
surpasses that of ZFNs/TALENS, highlighting its user-friendly
nature.

Nevertheless, while CRISPR expertise has been
magnificently functional in model species like Arabidopsis,
tobacco, and rice, only a few crop species have been explored
in plants [112]. New breeding methods enable scientists to
accurately and swiftly introduce wanted traits linked to
outdated breeding. The CRISPR/Cas9 genome editing
technique significantly advances this field. In the future, using
genome editing tools to improve crops for better yields,
enhanced nutritional value, and increased resistance to diseases
will be key areas of attention. Concluded in the past five years,
this technology has been actively used in various plants to study
functions, address both biotic and abiotic stress, and enhance
additional vital agricultural characteristics. While various
improvements have increased the precision of this technology,
much of the research is still in early stages and requires further
refinement. However, CRISPR/Cas9 genome editing is
expected to become increasingly popular and essential for
creating 'suitably edited' plants, helping achieve the goal [113].

Physiological responses
reduce water content
stomatal closure
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Molecular responses
change expression of
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signaling, functional
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1.25.1. TALENS

The TALEN (Transcription Activator-Like Effector
Nuclease), recognised for its precision in genome editing, has
been widely used for several years [114]. TALENs are
engineered by fusing the Fokl cleavage domain with TALE
protein DNA-binding domains. TALEs consist of repetitive
sequences of 34 amino acids, allowing for the targeted
modification of a single base pair [115]. Similar to Zinc Finger
Nucleases (ZFNs), TALENs introduce specific kinds of
double-strand breaks (DSBs) in DNA, initiating the cellular
pathways responsible for DNA repair and modification [116].
The TALEN system consists of proteins with a central domain
responsible for DNA binding and a nuclear localisation
sequence [117]. In 2007, researchers noted for the first time that
these proteins can bind to DNA. Notably, the DNA-binding
region features a sequence of 34 amino acids that repeats, with
each repetition recognising a single nucleotide in the marked
DNA. In contrast, each repeated sequence of ZFNs interacts
with three nucleotides within the target DNA [118].

Traditional genome-editing tools, including zinc finger
nucleases (ZFNs) and transcription activator-like effector
nucleases (TALENS), create double-stranded breaks (DSBs) at
sites of interest in the target DNA. After the DSBs are created,
they are repaired in one of two ways: homology-directed repair
(HDR) or non-homologous end joining (NHEJ). These
traditional methods have been restricted because of off-target
effects, limited targeting potential, and protein engineering
difficulties [119]. Conversely, the CRISPR/Cas9 system
utilises a single-guide RNA (sgRNA) to find targets, allowing
for a more efficient and programmable genome editing method
in plants and other organisms (Table 1) [120].

Although CRISPR/Cas9 has proven to be a powerful
genome-engineering tool, it still operates at the level of DSBs,
which can lead to unwanted insertions or deletions. Recently,
newer methods have been developed that have more precision
and experience less DNA damage than CRISPR/Cas9,
including base editors (BEs) and prime editors (PEs). BEs
translate edits from one nucleotide to another directly (e.g., C
to T or A to G), are less error-prone, and offer more efficiency
than traditional genome editing methods as BEs avoid the need
for donor templates during the editing process and operate on
the principle of converting one base to another without the need
for DSBs [119]. PEs, in contrast, combine a Cas9 nickase with
a reverse transcriptase and a prime editing guide RNA
(pegRNA) to offer enhanced precision in making small
insertions and deletions, as well as other categories of base
substitutions [120, 121]. New research on plants reflects
substantial progress toward integrating these technologies to
improve crop traits. For example, the ability to speed up genetic
editing in crops, including wheat, maize, and rice, has been
improved through advanced variations of reverse transcriptase,
selective temperature control, PEGRNA design, and other
methods [122]. These advances provide advancements to
manipulate complex traits critical to climate-resilient
agriculture, including disease resistance, drought resilience,
and reduction of nutrient inputs. Despite many advancements
in editing genomes happening quickly, other ethical, biosafety,
and regulatory challenges arise. Some countries differentiate
between gene-edited crops, free of any foreign DNA, and
traditional GMO crops, while others equate the laws for both
[123]. The Ethical and Legal Implications Review [124]
describes ethical challenges, including equity of access to gene
editing benefits, public acceptability, and potential ecological
impacts.  Biosafety evaluations (International Journal of
Molecular Sciences, 2023) suggest the importance of open risk
assessment, off-target analysis, and responsible utilisation of
advancements for agricultural biotechnology [125].

Table 1. Comparison of three main genome editing technologies: CRISPR-Cas9, TALENS, and ZFNs.

PROPERTY ZFN TALENS CRISPR
Construction Protein engineering for single target. Protein engineering for single 20-nucleotide sequence of sgRNA.
target.
Delivery Two ZFNs around the target sequence are Two TALENSs around the target sgRNA complementary to the target
required. sequence are required. sequence with Cas9.
Affordability Time consuming and resource intensive. Time consuming but affordable Highly affordable
Mutation rate (%) 10 20 20
Off target effects High Low Variable
Application Human cells, zebrafish, mice and tobacco. Human cells, cow, mice and water Human cells, cereals, drosophila and

fleas. vegetables.
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1.26. Benefits of Biotechnological Innovations

1.26.1. Economic Advantage of Engineered Crops in
Sustainable Agricultural Practices

Despite the extensive usage of GM crops, the choice of
blends of crops and traits remains significantly limited. Few
initial technologies have reached commercialisation. The
principal technology, herbicide tolerance (HT) in soybeans,
accounted for 53% of the worldwide GM crop area in 2008. HT
soybeans are mostly grown in Argentina, Brazil, the United
States, and additional South American countries, accounting
for 70% of global soybean yield.

In 2008, GM maize accounted for 30% of worldwide GM
acreage and 24% of maizethe crop, making it the second most
extensively grown crop. This genetically modified maize
integrates insect resistance and herbicide tolerance through
independent and stacked methods. The insect resistance feature
depends on specific genes derived from the earth bacteria
Bacillus thuringiensis (Bt), which target pests like the European
corn borer, maize rootworm, and different stemborers [126].
While Bt maize is mostly grown in North and South America,
it is also grown extensively in the Philippines and South Africa.

Canola and Cotton are two GM crops that have significant
market share. Bt cotton, resistant to bollworms and budworms,
is very beneficial in underdeveloped countries. By 2008, India
dominated in Bt cotton growing with 7.6 million hectares,
tracked by China with 3.8 million hectares. Argentina, South
Africa, Mexico, and others have adopted this technique. The
United States uses Bt and HT cotton, which frequently
incorporate stacked genes. Historically, HT canola thrived
primarily in United States and Canada. Additional genetically
modified crops, such as HT alfalfa, sugarbeet, and virus-
resistant papaya and squash, have received permission in
certain countries, but on a limited scale so far.

1.26.2. Genetically Modified Cotton and Rice

China is emerging as a global leader in genetically modified
crops and technologies, with GM cotton and rice as significant
examples. The introduction of Bt gene into chief cotton
cultivars via novel Chinese pollen tube pathway represented a
significant step forward [127]. Notably, Biotechnology
Research Institute (BRI) of CAAS contributed substantially to
plant disease resistance by creating fungal disease-resistant
cotton. This was accomplished by adding glucanase,
glucoxidase, and chitinase genes into important cotton
cultivars. The approval for the environmental discharge of
transgenic cotton. In 1997 and 1998, genetically engineered
hybrid and traditional Bt rice cultivars that resist rice stem borer
also leaf roller were permitted for environmental release [115].
Since 1997, genetic alterations have been created and permitted
for release into the environment, including the Xa»;, Xa;, and
CpTi genes in rice to resist bacterial blight or rice blast. There
has been substantial progress in cultivation of transgenic rice
plants with increased drought and salt resistance. Field trials for
transgenic rice with drought and salinity resistance began in
1998. Commercialisation of numerous genetically modified
rice strains is theoretically viable. Nonetheless, the production
and marketing of genetically modified rice are awaiting
permission due to legislators' concerns about food safety, rice
trade, and the possible consequences for commercialising other
genetically modified crops like soybean, wheat and maize.

10

FUTURE PERSPECTIVES

Integrating ~ multi-omics  technologies,  including
proteomics, metabolomics, transcriptomics and genomes, is
expected to greatly expand the part of biotechnology in
farming. By making it easier to recognise and modify important
genes associated with climate resilience, these tools will offer
a greater understanding of plants' complex stress comeback
pathways. With a focus on modifying genetically modified
crops to address the difficulties farmers face in particular agro-
ecological zones, such as regions vulnerable to drought or
salinity, this improved knowledge will enable researchers to
create climate-resilient crop types specific to a given location.
Furthermore, improvements in CRISPR/Cas genome editing
will allow combining several desired features into a single crop
variety, such as tolerance to pests, diseases, salinity and
drought. This invention can greatly raise resilience and
productivity, enabling crops to more effectively endure the
effects of environmental stressors such as climate change. The
biotechnological development of sustainable agricultural
inputs, such as biofertilisers, biopesticides and bacteria that
promote plant growth, should also be a focus of future
breakthroughs. By lowering dependency on dangerous
agrochemicals, these substitutes can promote more sustainable
farming methods and enhance soil health. Policy frameworks
must be strengthened in addition to technological
improvements to enable the ethical application of
biotechnology in agriculture. Promoting public acceptance of
biotechnology will need to increase knowledge of its
advantages and safety, particularly in developing nations where
its effects can be revolutionary. Strong biosafety laws
guarantee that biotechnology-based solutions are applied
sensibly, mitigating possible hazards and optimising
advantages for environmental health, food security and socio-
economic advancement.

In conclusion, biotechnology in agriculture has a bright
future ahead of it. Biotechnology can play a key role in
developing resilient food systems that can adapt to challenges
faced by climate change by utilising multi-omics techniques,
customising crop varieties to local conditions, stacking
advantageous  features, and encouraging sustainable
agricultural inputs. These developments have the potential to
offer a more secure and supportable agricultural future with the
right regulations and public involvement.

CONCLUSION

Increased temperatures, extended drought, salinity, and
unstable rainfall will dramatically impact agricultural
production. Creative alternatives will be required in addition to
traditional agricultural practices. This review offers a new
multi-faceted  approach  incorporating  genetic  and
biotechnological innovations to generate crops with increased
environmental resilience and durability without sacrificing
environmental  sustainability. =~ Advanced  gene-editing
alternatives, including CRISPR/Cas9, TALENS, and ZFNs, can
develop actionable changes in stress-related genes for
improving the resilience of plants, increasing productivity and
efficiencies of resource use. Furthermore, biotechnological
approaches, such as carbon sequestration, nitrogen-use
efficient crops, and biofertilisers, further mitigate greenhouse
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gas emissions and dependence on chemical fertilisers.
Biotechnology has demonstrated a pathway to varied
successful outcomes in agriculture with commercially available
crops, including Bt cotton, drought resistant maize and salt
tolerant rice. The analysis provides a novel conceptual
framework for sustainable crop development, which we hope
will lead to food security and climate mitigation. This is
achieved by integrating ecological biotechnology and
molecular innovations. Fair access to biotechnological
approaches, conducive regulatory frameworks, and ethical
considerations must be addressed to achieve the maximum
benefits of crop biotechnology. In conclusion, pairing genetic
and biotechnological approaches opens the possibilities for
resilient, sustainable, and climate-smart agricultural practices.
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