


 

 

 

 

 

    

Plant Biotechnology and 
Food Security 

The global agricultural sector faces mounting pressures from climate change, popu-
lation growth, and the urgent need for sustainable food production. As the world 
moves toward a population of nearly 10 billion by 2050, innovative solutions are 
essential to ensure food security. Plant Biotechnology and Food Security: Adoption, 
Farming Systems, and Sustainable Development provides a comprehensive exami-
nation of how biotechnological advancements can transform agriculture, enhance 
productivity, and promote environmental sustainability. This book bridges the gap 
between traditional farming practices and cutting-edge technologies, offering a bal-
anced perspective on the role of biotechnology in modern agriculture. 

Key Features: 

• Agricultural Evolution and Biotech Integration: Examines the develop-
ment of agriculture and the need for biotechnological advances. 

• GM Crops and RNAi Technology: Explores genetically modifed crops and 
the use of RNA interference for creating stress-resistant crops. 

• Genome Editing and CRISPR: Discusses CRISPR/Cas9 and HI-Edit tech-
nology as tools for enhancing climate resilience in agriculture. 

• Genomics and Molecular Breeding: Focuses on next-generation sequenc-
ing and molecular breeding techniques for crop improvement. 

• Precision Agriculture and Biofortifcation: Highlights digital tools in agri-
culture, biotech for plant protection, and the role of biofortifed crops in 
addressing malnutrition. 

This book is an essential resource for researchers, policymakers, agricultural pro-
fessionals, and students seeking to understand how biotechnology can drive food 
security while balancing economic, environmental, and ethical considerations. By 
presenting scientifc advancements alongside real-world applications, it aims to fos-
ter collaboration in building a resilient and sustainable agricultural future. 
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Preface 
The global agricultural landscape is undergoing unprecedented challenges, driven 
by climate change, population growth, and the urgent need for sustainable develop-
ment. As the world strives to achieve food security for a projected population of 
nearly 10 billion by 2050, the role of plant biotechnology has become increasingly 
pivotal. This book, Plant Biotechnology and Food Security: Adoption, Farming 
Systems, and Sustainable Development, seeks to explore the transformative poten-
tial of biotechnology in addressing these issues. The chapters in this book are metic-
ulously designed to cover a wide spectrum of topics, ranging from the foundational 
principles of traditional farming to the latest advancements in genome editing and 
digital agriculture. 

Chapter 1 sets the stage by examining the historical context of agriculture and the 
need for integrating modern biotechnological tools to enhance productivity and sus-
tainability. The focus then shifts to the transformative potential of genetically mod-
ifed crops (Chapter 2) and the revolutionary role of RNA interference (Chapter 3) 
in strengthening crop resilience against biotic and abiotic stresses. Furthermore, 
the book explores the ground-breaking applications of genome editing (Chapter 4) 
and haploid inducer-mediated genome editing (HI-Edit) technology (Chapter 5) in 
developing climate-resilient crops. The integration of next-generation sequencing 
and crop genomics (Chapter 6) with molecular breeding approaches (Chapter 7) is 
another focal point of this book. The book also explores the collaborative poten-
tial of biotechnology and precision agriculture (Chapter 8) in enhancing plant dis-
ease management, alongside the vital role of biofortifcation (Chapter 9) in tackling 
global nutritional security challenges. Chapter 10 focuses on the essential role, bio-
informatics plays in crop development. Chapter 11 examines the positive environ-
mental impacts of genetically engineered crops, including reductions in pesticide 
use, more effcient water utilization, and the promotion of biodiversity. Chapter 12 
explores how biotechnology can offer solutions to smallholder farmers, especially 
in developing countries where food insecurity is a major concern. Chapter 13 looks 
at the global debate surrounding CRISPR/Cas9-based genome editing technologies. 
Chapter 14 emphasizes the importance of integrating biotechnological innovations 
into broader sustainable agricultural practices. Chapter 15 explores the need for 
inclusive policies that ensure equitable access to biotech advancements for farmers. 
Chapter 16 tackles the controversies and opposition that still surround the global 
acceptance of biotech crops. With the rise of technologies such as big data, artifcial 
intelligence, and the Internet of Things (IoT), Chapter 17 explores how digital tools 
can complement biotechnological innovations to create more precise, effcient, and 
sustainable agricultural practices. Finally, Chapter 18 explores the emerging feld 
of nanobiotechnology and its potential role in addressing the challenges posed by 
climate change. 

This book serves as a comprehensive resource that highlights how plant biotech-
nology can revolutionize agriculture and contribute to food security. By blending 
scientifc research with economic considerations and environmental protection, it 



x Preface 

demonstrates how biotechnology can offer solutions to some of the most critical 
challenges facing the world today. Intended as a valuable guide for researchers, poli-
cymakers, farmers, and students, this book aims to inspire collaborative efforts to 
harness the power of biotechnology in building a more food-secure and sustainable 
future. 

Jyoti Prakash Sahoo, PhD 
Kailash Chandra Samal, PhD 
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PSY phytoene synthase gene 
PTGS post-transcriptional gene silencing 
PUFAs polyunsaturated fatty acids 
PYL pyrabactin resistance-like 
QPM quality protein maize 
QTL quantitative trait loci 
R&D Research and Development 
RACK1 receptor for activated C kinase 1 
RAPD random amplifed polymorphic DNA 
RdDM RNA-directed DNA methylation 



 
 
 
 

 
 
 
 

 
 
 
 

 
 

 
 
 

 
 

 
 

 
 

 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 

 
 

 

xxiv Abbreviations 

rDNA recombinant DNA 
RDR2 RNA-dependent RNA polymerase 2 
RdRP RNA-dependent RNA polymerase 
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RISC RNA-induced silencing complex 
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Traditional Farming and1 
Modern Biotechnology 
Bridging the Gap for 
Sustainable Agriculture 

Pavitra Saini, Jyoti Singh, and Chintan Singh 

1.1 INTRODUCTION 

Sustainable agriculture requires integrating modern biotechnology with tradi-
tional farming methods to address global food security and environmental chal-
lenges (Singh et al., 2024). Traditional practices such as crop rotation, intercropping, 
and organic composting enhance soil fertility, biodiversity, and carbon sequestra-
tion, reducing reliance on synthetic inputs (Shikha et al., 2024). However, with the 
global population projected to reach 9.7 billion by 2050, traditional methods alone 
are insuffcient (Berners-Lee et al., 2018). Modern biotechnologies like CRISPR-
Cas9, molecular breeding, and nanotechnology improve crop resilience, yield, and 
resource effciency by minimizing environmental harm (Photos, 2023). 

Combining these approaches can create sustainable agroecosystems that meet 
current and future food demands while preserving ecological balance (Anderson & 
Gipmans, 2024). A holistic framework merging traditional knowledge with biotech-
nology is essential for addressing climate change, food insecurity, and biodiversity 
loss. Biofortifcation and precision agriculture enhance crop nutrition and reduce 
waste, supporting global sustainability goals like the UN Sustainable Development 
Goals (SDGs) (Photos, 2023). Collaboration between farmers and scientists ensures 
culturally appropriate, adaptive solutions, empowering local communities while 
advancing equitable food systems (Photos, 2023). This integrated approach fosters 
resilience, sustainability, and equity, benefting both local and global stakeholders 
(Singh et al., 2020). This chapter explores how bridging the gap between traditional 
farming knowledge and modern biotechnological advancements can pave the way 
for a sustainable agricultural future. 

1.2 THE ESSENTIALS OF SUSTAINABILITY 

Sustainability in agriculture ensures long-term food production while preserving 
ecosystems, minimizing resource depletion, and supporting farmer livelihoods. 
It balances environmental health, economic viability, and social equity through 
practices like soil conservation, effcient water use, biodiversity preservation, 
and responsible technology adoption. As the globe faces the problems of climate 
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2 Plant Biotechnology and Food Security 

change and dwindling resources, it is becoming increasingly necessary to adopt 
farming practices that not only increase output but also protect ecosystems and 
promote social fairness (Anderson & Gipmans, 2024). This complete approach 
includes a commitment to reducing greenhouse gas emissions, saving water, and 
increasing biodiversity in agricultural systems. Adopting a holistic approach 
to sustainable agriculture would ultimately result in a healthier planet and bet-
ter livelihoods for everyone involved in the food production process (Liu et al., 
2023). 

1.2.1 ECONOMIC RESILIENCE: THE FOUNDATIONS FOR A SUSTAINABLE FUTURE 

Economic sustainability in agriculture refers to farming practices that are both prof-
itable and give farmers and food producers with enough revenue to support their 
families. Furthermore, fnancial success might encourage a wider adoption of sus-
tainable practices (Campos et al., 2023). Diversifcation, which entails farming a 
variety of crops or livestock to lessen risks from disease, poor weather, and changing 
market conditions, is an important aspect in agricultural economic sustainability. 
Effciency is also important, and by using effective agricultural practices like preci-
sion agriculture, producers can enhance earnings while decreasing costs (Nia et al., 
2020). By fostering an environment in which farmers can succeed fnancially, it is 
not only improve the individual livelihoods but also the general health of the agricul-
tural economy and sustainability (Anderson et al., 2016). 

1.2.2 SUSTAINABLE AGRICULTURE FOR PROTECTING NATURAL RESOURCES 

Various essential approaches help to achieve environmental sustainability in agri-
culture. Soil health is critical, and measures such as cover cropping and conser-
vation tillage can effciently preserve soil quality and reduce erosion. Cover crops 
are seeded during the off-season to improve soil structure, increase nutrient levels, 
and inhibit weed growth (He et al., 2020). Conservation tillage lowers soil disrup-
tion, improves moisture retention, and further reduces erosion. Water preservation is 
another crucial element of sustainable farming. Drip and precision irrigation mini-
mize water waste by providing water directly to the roots of plants in a controlled 
way (Nia et al., 2020). Agroforestry involves integrating trees, crops, and livestock 
to establish varied ecosystems that promote biodiversity of plants and animals, while 
improving soil quality and carbon absorption. Furthermore, using fewer synthetic 
pesticides and fertilizers is vital for decreasing pollution and safeguarding natu-
ral resources. Integrating renewable energy sources like solar and wind power into 
farming practices decreases carbon emissions (He et al., 2020). 

1.3 CONVENTIONAL FARMING VS. SUSTAINABLE AGRICULTURE 

Conventional farming relies on synthetic fertilizers, pesticides, and intensive mono-
culture practices to maximize short-term yields, often leading to soil degradation, 
water pollution, and biodiversity loss. In contrast, sustainable agriculture empha-
sizes crop rotation, organic fertilizers, and agroecological methods to maintain soil 
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health, conserve water, and reduce environmental harm. While conventional farm-
ing prioritizes high productivity and economic effciency, sustainable agriculture 
focuses on long-term ecological balance, resilience, and food security. Studies show 
that sustainable practices can improve soil fertility, reduce greenhouse gas emis-
sions, and enhance ecosystem services compared to conventional methods (Gomiero 
et al., 2011; Pretty, 2018). 

Conventional agriculture, driven by economic principles, prioritizes high yields 
and fnancial profts through agrochemicals, large-scale tillage, and mechanization, 
often at the expense of soil health and ecosystem services (He et al., 2020). In con-
trast, sustainable agriculture focuses on ecological balance, integrating environment 
friendly practices like crop rotation, conservation tillage, and organic farming to 
enhance biodiversity and resource conservation. While conventional farming offers 
immediate high yields, it risks long-term soil degradation, nutrient loss, and pollu-
tion (Campos et al., 2023). Achieving true sustainability requires integrating techno-
logical advancements while maintaining ecological balance to support both present 
and future agricultural needs (Nia et al., 2020). 

1.4 BIOTECHNOLOGY FOR SUSTAINABLE FARMING PRACTICES 

Agricultural scientists face challenges like population growth, resource limitations, 
land loss, climate change, and environmental degradation. Biotechnology offers 
sustainable solutions by reducing pesticide and fertilizer use, enhancing high-yield 
and stress-tolerant crops, and improving soil, air, and water quality (Campos et al., 
2023). It modifes plants, animals, and microbes to optimize agricultural sustain-
ability, minimize artifcial inputs, and maximize food production on limited land. 
It also aids in resource conservation, phytoremediation, and nutrient effciency. 
Breakthroughs like genetically engineered rainbow papayas have saved Hawaii’s 
papaya industry from collapse in the 1990s. These papayas are resistant to the dev-
astating ringspot virus, preserving the fruit’s natural taste and nutritional value 
while offering farmers with a disease-resistant, sustainable crop option (Anderson & 
Gipmans, 2024). Ongoing research aims to develop similar resistances in crops like 
tomatoes and potatoes (Nia et al., 2020). 

1.4.1 ENHANCEMENT OF YIELD 

Food security depends on increasing crop yields as the world’s population rises. 
Key yield characteristics like photosynthesis, biomass distribution, inforescence 
shape, stomatal regulation, nutrient effciency, and resilience to environmental 
stressors can all be improved through genetic manipulation (Yu et al., 2024). A 
key enzyme in photosynthesis that transforms CO2 into biomass i.e., Rubisco, has 
a big impact on output. But it also produces a harmful byproduct when it combines 
with O2, which can cut yields by 20%–50% (Wei et al., 2022). Production can be 
increased by incorporating carbon-concentrating mechanisms from cyanobacteria 
into crops and increasing Rubisco activity through enhanced carboxylation capacity 
(Wei et al., 2022). Modifying the expression of genes implicated in non-photochem-
ical quenching has been shown to improve yield and photoprotection (Singh et al., 
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2020). Additionally, transgenic plants have improved yields; for example, zmm28 
gene overexpression has raised maize yields without causing any harm (Yu et al., 
2024). 

1.4.2 NUTRIENT ASSIMILATION EFFICIENCY 

Nutrient use effciency (NUE) measures crop yield relative to nitrogen inputs, 
including fertilizers and soil nitrogen, and is crucial for sustainable agriculture 
by boosting productivity while reducing environmental harm. Enhancing NUE 
involves optimizing plant nitrogen uptake and metabolism through biotechnol-
ogy. The genes GS (Glutamine synthetase), GOGAT (Glutamate synthase), NRT 
(Nitrate transporter), and AMT (Ammonium transporter) play pivotal roles in nitro-
gen metabolism (Shikha et al., 2024). GS converts toxic ammonium into glutamine, 
while GOGAT recycles it into glutamate, forming the core of nitrogen assimilation. 
Meanwhile, NRT genes facilitate nitrate uptake from the soil, and AMT genes trans-
port ammonium, ensuring effcient nitrogen acquisition. Beyond NUE, research 
focuses on enabling crops to fx atmospheric nitrogen, reducing reliance on syn-
thetic fertilizers. Strategies include engineering symbiotic relationships between 
cereals and nitrogen-fxing bacteria (NFB) or directly transferring bacterial nif 
genes found in NFB like Rhizobium and Azotobacter, encoding the nitrogenase 
enzyme complex that converts atmospheric nitrogen (N2) into ammonia (NH3), 
enabling biological nitrogen fxation and reducing reliance on synthetic fertilizers 
in plants (Yu et al., 2024). 

1.4.3 RESILIENCE AGAINST ABIOTIC AND BIOTIC CHALLENGES 

1.4.3.1 Parasite Deterrence 
The creation of insect-resistant transgenic plants marks a major advancement in 
agricultural biotechnology, resulting from extensive research conducted by both the 
public and private sectors (Sahoo et al., 2020). The most widely used transgenic plant 
includes cry genes derived from the Bacillus thuringiensis (Bt) bacterium. Several 
other genes, such as betaine aldehyde dehydrogenase (BADH), Vitreoscilla hae-
moglobin (Vgb), levansucrase gene (SaccB), arrowhead proteinase inhibitor (API), 
cysteine proteinase inhibitor (OC-I), Nicotiana tabacum histidine kinase-1 (NTHK1), 
and jasmonic ethylene responsive factor (JERF-36), have also been introduced to a 
range of crops (Yu et al., 2024). Moreover, transgenic cotton and maize have shown 
resistance to lepidopteran and coleopteran insect larvae, leading to increased crop 
yields, reduced production costs, and a decreased need for pesticides (Zheng et al., 
2025). 

1.4.3.2 Immunity to Viruses 
Plant biotechnology has made signifcant strides in enhancing viral immunity in 
crops. One approach involves the overexpression of RNA-dependent RNA poly-
merase (RdRP) and RNA silencing genes (DCL, AGO, RDR), which strengthen the 
plant’s RNA interference (RNAi) pathway to degrade viral RNA. Another strategy 
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utilizes pathogen-derived resistance, where introducing viral coat protein genes 
(e.g., CP genes from TMV or PRSV) triggers an immune response without infection. 
Additionally, CRISPR-Cas9 genome editing has been employed to disrupt host sus-
ceptibility genes like eIF4E or eIF(iso)4E, which many viruses hijack for replication. 
Some genetically modifed crops, such as virus-resistant rainbow papaya (expressing 
PRSV CP gene) and bean golden mosaic virus-resistant beans (using RNAi), demon-
strate the success of these biotechnological interventions (Wang et al., 2023). 

1.4.3.3 Endurance of Non-Biological Stress 
About 70% of global crop production is affected by severe abiotic stressors, limiting 
productivity and leading to fnancial losses (Chen et al., 2021). To combat these chal-
lenges, biotechnology has identifed and manipulated key stress-responsive genes, 
including osmoprotectant biosynthesis genes (proline biosynthesis (P5CS), BADH) 
for drought and salinity tolerance, heat shock proteins (HSPs) for thermotolerance, 
and ion transporters (SOS1, NHX (Na+/H+ antiporters)) for salt stress resilience 
(Ruuskanen et al., 2023). Additionally, transcription factors like DREB, NAC, and 
WRKY regulate multiple stress-responsive pathways, while antioxidant genes (SOD, 
CAT, APX) mitigate oxidative damage caused by abiotic stress (Wang et al., 2023). 
Biotechnological techniques, including tissue culture, marker-assisted selection, in 
vitro mutagenesis, and genetic transformation, have developed several plant varieties 
that withstand abiotic stress (Wang et al., 2023). 

1.5 SUGARCANE BREEDING FOR STRESS 
TOLERANCE: CASE STUDY 

Modern sugarcane breeding leverages molecular markers to enhance sucrose accu-
mulation and stress resilience by targeting key genes and quantitative trait loci 
(QTL). Markers linked to sucrose synthase (SuSy), sucrose phosphate synthase 
(SPS), and invertase (INV) genes help to select high-sugar genotypes, while stress-
responsive genes (DREB, NAC, SOD) are used to improve drought and salinity toler-
ance. Techniques like QTL mapping, GWAS (genome-wide association studies), and 
marker-assisted backcrossing (MAB) accelerate the development of elite cultivars 
with optimized yield and stress adaptation. For instance, markers associated with 
P5CS and NHX enhance salt tolerance, while ERD (early dehydration-inducible) 
genes improve drought resilience. Researchers can use techniques like genetic trans-
formation and functional genomics to identify key regulatory genes and develop 
strategies to improve resilience to environmental challenges like drought and pests 
(Chavan et al., 2022). Saccharum germplasm has been extensively studied with 
markers like RAPDs, RFLPs, AFLPs, SNPs, TRAPs, SSRs, and ISSRs for genetic 
mapping, phylogenetics, and molecular-assisted selection (MAS) (Duan et al., 2021). 

Microsatellite DNA markers have effectively identifed genetic variations, aiding 
breeding strategies (Sahoo et al., 2019). Studies using SSR and TRAP markers have 
revealed key genetic similarities, such as a 70% similarity across accessions. Recent 
advancements, including fuorescence-labeled SSR markers with high-performance 
capillary electrophoresis, improve parental germplasm management (Zheng et al., 
2025). Genetic mapping of Saccharum sp. using SSR, AFLP, and DArT markers has 
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FIGURE 1.1 Contemporary breeding techniques for enhancing the genetic resilience of 
sugarcane to environmental stresses. 

identifed crucial genetic linkages and QTLs, enhancing crop genetic structure anal-
ysis and aiding cultivar improvement (Zheng et al., 2025). A contemporary breeding 
strategy for enhancing the genetic resilience of sugarcane to environmental stresses 
is indexed in Figure 1.1. 

1.5.1 GENOMIC MARKERS FOR BIOTIC STRESS ADAPTATION 

Several loci linked to disease resistance and yield have been successfully found by 
QTL mapping. Researchers have identifed numerous QTLs associated with disease 
resistance in sugarcane, including 18 QTLs for yellow leaf virus resistance, 5 for 
Fiji leaf gall, and several others for leaf scald, pachymetra root-rot, and brown rust 
(through the Bru1 gene) (Zheng et al., 2025). Additionally, 11 DNA markers have 
been linked to resistance against smut disease. QTL mapping using AFLP and SSR 
markers has also pinpointed a major QTL for resistance to the yellow leaf virus and a 
connection to yellow leaf spot disease resistance (Duan et al., 2021). For pest control, 
nine QTLs associated with resistance to the spotted-stem borer (Chilo saccharipha-
gus) in sugarcane were identifed using AFLP, RFLP, and SSR markers, accounting 
for 6%–10% of observed trait variation (Wang et al., 2023). 



      

 

 

    

 
 

 
 
 

  
 

 

 
 

7 Traditional Farming and Modern Biotechnology 

1.5.2 GENETIC MARKERS PERTAINING TO ABIOTIC STRESS MANAGEMENT 

Molecular markers play a vital role in identifying sugarcane genotypes resistant to 
abiotic stresses like drought and salinity, with techniques such as AFLP, RAPD, 
SSR, and SCAR markers proving effective in screening for tolerance. For instance, 
a SCAR marker derived from RAPD sequence OPAK-12724 accurately identi-
fed 12 out of 23 drought-tolerant genotypes, while R-ISSR markers outperformed 
other methods in evaluating eight sugarcane varieties, revealing Co-997 as the most 
drought-resistant and Co-775 as the most susceptible. Additionally, AFLP primers 
further validated these fndings, highlighting the challenges sugarcane faces as a 
glycophyte, where salt stress signifcantly hampers growth and productivity (Wang 
et al., 2023). 

By effectively tracking genetic loci linked to salt resistance, molecular mark-
ers can lessen the need for laborious phenotypic analyses. PCR-based markers have 
been applied to evaluate the genetic diversity of sugarcane cultivars for salt tolerance 
(Wang et al., 2023). For example, by combining RAPD markers with in vitro muta-
genesis, researchers identifed salt-tolerant lines in Saccharum offcinarum, high-
lighting genetic differences between these tolerant lines and control groups (Wang 
et al., 2023). Their ability to assess genetic variation among sugarcane cultivars was 
validated by screening with 15 ISSR markers. RAPD markers were used to char-
acterize parent and mutant lines in tissue culture in order to fnd tolerant lines fol-
lowing exposure to salt stress and drought. Using fve TRAP markers, molecular 
profling of 18 sugarcane genotypes under salt stress revealed genetic heterogeneity 
(Duan et al., 2021). 

1.6 NANOTECHNOLOGY-DRIVEN APPROACHES 
FOR CROP IMPROVEMENT 

Crop breeding improves genetic traits through conventional and molecular meth-
ods, including whole-genome sequencing, while nanotechnology enables pre-
cise biochemical and nucleotide delivery into plant cells (Wang et al., 2023). 
Nanomaterials such as silica nanoparticles and mesoporous silica nanoparticles 
(MSNs) effciently transfer DNA in crops like tobacco and maize, and modi-
fed techniques like particle bombardment enhance transgene expression with 
reduced cell damage (Samal et al., 2021). Magnetic nanoparticles deliver genes 
to cotton pollen without compromising viability, and carbon nanotubes facilitate 
robust Green Fluorescent Protein (GFP) expression in wheat and cotton, dem-
onstrating their versatility in genetic engineering (Wang et al., 2023). Although 
CRISPR/Cas9 has advanced gene editing, challenges in delivery effciency and 
homology-directed repair persist, prompting the use of nanomaterials like cat-
ionic gold nanoparticles and MSNs to improve precision, despite limitations in 
species adaptability and regeneration requirements (Wang et al., 2023). However, 
Figure 1.2 shows how nanotechnology aids crop breeding by delivering Cas and 
sgRNA genes into plant cells using methods like Agrobacterium or particle 
bombardment. 
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FIGURE 1.2 A diagram shows how nanotechnology aids crop breeding by delivering Cas 
and sgRNA genes into plant cells using methods like Agrobacterium or particle bombardment. 

1.6.1 NANOTECHNOLOGY IN AGROCHEMICALS FOR 

ENHANCED CROP YIELD AND PROTECTION 

The use of nanotechnology in agrochemicals is transforming crop protection and 
agricultural sustainability. Agrochemicals, which include fertilizers, insecticides, 
and plant growth regulators, are critical for increasing agricultural yield and qual-
ity. Farmers can obtain more precise delivery of pesticides by encapsulating them 
in nano-carriers, increasing the effciency of active substances while reducing the 
overall quantity required (Duan et al., 2020). This focused method enhances pest 
management while simultaneously minimizing harm to non-target creatures, result-
ing in a healthier ecosystem (Duan et al., 2021). 

1.6.1.1 Nanotechnology in Fertilizers: A New Era 
for Agricultural Effciency 

Nanotechnology in fertilizers enhances agricultural effciency by improving nutrient 
delivery, reducing environmental impact, and boosting crop yields through targeted, 
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nano-scale formulations (e.g., nano-encapsulated nutrients and slow-release nanopar-
ticles) (Chen et al., 2021). Nano fertilizers enhance agricultural productivity and soil 
fertility by improving NUE and addressing eutrophication (Wang et al., 2023). They 
are classifed into controlled-release, controlled-loss, and nanocomposite fertilizers, 
integrating essential nutrients for better crop absorption and soil health. Studies show 
that ZnO nanoparticles increased barley yield by 91%, compared to 31% with conven-
tional fertilizers, while TiO2 nanoparticles boosted phosphorus and potassium uptake 
by 34% and 35% in cucumber seedlings (Duan et al., 2021). Controlled-release fertiliz-
ers improve effciency, increasing wheat yield by 6% and residual soil nitrogen by 10%, 
while reducing nitrogen leaching by 25% and runoff losses by 22% (Chen et al., 2021). 

1.6.1.2 Nano Pesticides: Enhancing Effcacy and Sustainability in Agriculture 
Nanotechnology has revolutionized crop protection by addressing the ineffciencies and 
environmental harm caused by traditional pesticide overuse, with approximately 90% 
of conventional pesticides failing to effectively target pests or contaminating ecosys-
tems (Chen et al., 2021). Nano-encapsulation and nano-formulation technologies enable 
precise delivery of active pesticidal compounds, ensuring controlled release and sus-
tained effectiveness while minimizing non-target impacts and pest resistance. These 
advanced formulations enhance key properties such as thermal stability, solubility, and 
biodegradability, as demonstrated by nanofber pheromones for the oriental fruit moth, 
which maintain long-term effcacy without compromising safety (Chen et al., 2021). 

1.6.1.3 Herbicides: Essential Tools for Modern Agriculture 
Weeds spread aggressively beyond their natural habitat, requiring herbicides syn-
thetic or biological compounds for control. While effective, excessive herbicide use 
can harm crops and pose health risks. Nanotechnology enhances herbicide effciency 
by using nanoparticles to improve targeting, absorption, and controlled release. 
Encapsulation of herbicides like triazine and atrazine allows precise application, 
addressing both surface weeds and subsurface structures like rhizomes. Nano her-
bicides optimize biodegradability, solubility, and thermal stability and reduce losses 
(Chen et al., 2021). 

1.6.1.4 Innovative Bactericides: Strategies for Effective 
Microbial Management 

Bactericides are chemical substances, both synthetic and biological, that can kill 
bacteria. The incorrect use of bactericides has contributed to the creation of multi 
drug-resistant bacteria, which pose a large global danger and a serious challenge 
for agriculture. Nanotechnology-driven innovations hold promise for resolving this 
challenge (Srivastava et al., 2025). The effciency of nanoparticles (NPs) is deter-
mined by their interactions with microbes, demanding a full understanding of both 
microbial biology and NP physicochemical qualities for successful development 
(Srivastava et al., 2025). Soil microbial communities’ size and composition are sig-
nifcantly infuenced by metallic oxide nanoparticles, such as CuO and Fe3O4 (Chen 
et al., 2021). An overview of nanotechnology applications in modern agriculture is 
indexed in Figure 1.3. 
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FIGURE 1.3 An overview of nanotechnology applications in modern agriculture, high-
lighting its role in enhancing yield, quality, stress resistance, and postharvest preservation. 

1.6.2 ENHANCING CROP LIFE CYCLES WITH 

PHYTONANOTECHNOLOGY INNOVATIONS 

Nanomaterials like MSNs, gold nanoparticles (Au NPs), silica nanoparticles (SiO2 

NPs), and chitosan nanoparticles have shown great potential for boosting crop 
growth and development. Studies have found these materials to be effective in sup-
porting the growth of crops such as soybean, rice, wheat, peanut, tomato, potato, and 
onion, from the initial stages of seed germination right through to full maturity. The 
effectiveness of the used nanomaterials for plant growth depends on their concentra-
tion, content, size, and physical and chemical characteristics (Srivastava et al., 2025). 

1.6.2.1 Seed Sprouting 
Seed germination is the frst and most important phase in a plant’s life cycle. Zinc 
nanoparticles (Zn NPs) have been found to promote seed germination in various 
crops, including wheat, soybean, onion, and peanut. Likewise, treating seeds with 
metal oxide nanoparticles, such as silica (SiO2) and titanium dioxide (TiO2), has been 
shown to considerably enhance germination in select crops (Srivastava et al., 2025). 
Despite an increasing number of research, indicating the benefcial impacts of nano-
materials (NMs) on seed germination, the processes that make NMs more effective 
than standard materials are unknown (Chintan et al., 2024). However, Figure 1.4 
illustrates how nanomaterials penetrate plant cell walls and membranes, facilitating 
targeted delivery of agrochemicals to cellular organelles. 
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FIGURE 1.4 Nanomaterials interact at the molecular level within plant cells. 

1.6.2.2 The Process of Photosynthesis 
Nanomaterials can enhance photosynthesis by improving chlorophyll content, 
enzyme activity (such as Rubisco), and metabolic processes, with titanium diox-
ide and silica nanoparticles demonstrating signifcant potential in boosting plant 
growth and productivity (Srivastava et al., 2025). These advancements in nano-
technology offer promising solutions for increasing photosynthetic effciency 
and crop yields (Chintan et al., 2024). Wheat seedlings treated with 0–5 g/L of 
SiO2 nanoparticles showed the highest chlorophyll content and photosynthetic 
rates (Chen et al., 2021). Additionally, TiO2 nanoparticles at a concentration of 
60 mg/kg boosted wheat chlorophyll levels by 32.3% compared to untreated 
plants. In Arabidopsis thaliana, TiO2 nanoparticles have also been found to acti-
vate the light-harvesting complex II (LHCII) gene, leading to enhanced chloro-
plast light absorption and increased LHCII content in the thylakoid membranes 
(Chen et al., 2021). Despite multiple studies demonstrating the benefcial benefts 
of NMs on seed germination, the processes underlying their superiority over 
standard materials are unknown and warrant additional exploration (Srivastava 
et al., 2025). 

1.6.2.3 Yield Optimization 
Nanoparticles (NPs) can modify plant physiology and biochemistry, affecting agri-
cultural yields. For example, Fe3O4 NPs in maize assist maintain iron balance, mini-
mize lipid peroxidation, and boost ferritin levels. Crops grown in soil treated with 
either hydrophilic or hydrophobic nano-TiO2 for two months showed signifcant 
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improvements in the production of inorganic carbohydrates, mineral uptake, chlo-
rophyll content, enzyme activity, and overall plant growth (Srivastava et al., 2025). 
Similarly, increased crop yields have been linked to foliar applications of manganese 
(Mn), iron oxide (Fe2O3), and molybdenum (Mo) nanoparticles (Chen et al., 2021). 
Treatment techniques, traits, size, and type of NP used all effect how different NPs 
affect yield and crop quality. Further research into factors such as dose-dependence, 
long-term exposure, and molecular techniques like metabolomics or proteomics 
could provide clearer insights into the specifc roles of nanoparticles in seed and 
fruit quality, as well as crop yield (Tian et al., 2021). 

1.6.2.4 Quality Assessment 
Phytonanotechnology enhances food quality by improving favor, nutritional value, 
and bioavailability through nanotechnology applications. Metallic oxide nanopar-
ticles like SiO2 and TiO2 serve as colorants and fow agents, while nano-encapsu-
lation techniques enhance taste retention and controlled release (Chen et al., 2021). 
Encapsulating bioactive compounds, such as rutin in ferritin nanocages, increases 
solubility and thermal stability, allowing them to endure harsh digestive conditions 
(Srivastava et al., 2025). Techniques like nano-emulsifcation and nano-structura-
tion further aid nutrient transfer, preserving antioxidants, proteins, and vitamins. 
Polymeric nanoparticles help to encapsulate sensitive micronutrients, offering sig-
nifcant health benefts through NP-based edible capsules for targeted nutrient and 
medication delivery (Tian et al., 2021). 

1.6.2.5 Postharvest Preservation 
Food safety is becoming more and more important as agricultural yields decline 
due to crop diseases, soil erosion, and climate change, and food demand increases. 
Effective packaging materials must be moisture and gas permeable, as well as biode-
gradable and robust (Tian et al., 2021). The incorporation of nanoparticles into food 
products or packaging can improve food preservation by increasing shelf life and 
decreasing spoilage. Nanoliposomes are good at transporting antibacterial chemi-
cals and nutrients due to their small size (Chen et al., 2021). Nanocomposites are 
commonly utilized in food packaging because of their antifungal and antibacterial 
qualities. Silver nanoparticles (Ag NPs) effectively eliminate spoilage germs by dis-
rupting cell membranes and DNA (Yudasaka et al., 2003). 

1.6.3 ROLE OF PHYTONANOTECHNOLOGY IN ENHANCING 

STRESS RESILIENCE IN CROPS 

Climate change causes temperature, salinity, droughts, and heavy metal contami-
nation in the environment, all of which have a substantial impact on agricultural 
growth. Hormone regulation, plant enzymatic system activation, stress-related gene 
expression, water shortage stress management, and heavy metal uptake and trans-
location are all necessary components of a multimodal strategy to increase crop 
adaptability. Nanomaterial advances have the potential to boost crop yield in tough 
situations (Arora et al., 2018). 
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1.6.3.1 Navigating the Effects of Extreme Temperatures on Crop Growth 
Nanoparticles (NPs) can help reduce these adverse effects, mainly by minimizing 
oxidative stress and the excessive production of reactive oxygen species (ROS) (Chen 
et al., 2021). NPs stimulate crop development at severe temperatures by altering a 
variety of physiological, biochemical, and molecular processes (Duan et al., 2020). 
TiO2 NPs also improve cold stress resistance by maintaining carotenoid and chloro-
phyll levels, stimulating ascorbate peroxidase and catalase activity, and increasing 
the expression of genes associated to chlorophyll and Rubisco proteins (Singh et al., 
2024). Similarly, cerium oxide (CeO2) nanoparticles have been shown to increase. 

1.6.3.2 Strategies for Mitigating Osmotic Stress in Agriculture 
Excessive anion and cation buildup reduces productivity on one-ffth of cultivable 
land, but studies show SiO2 NPs boost seed germination and chlorophyll content 
in stressed crops, while FeSO4 NPs improve photosynthetic effciency and reduce 
sodium levels in sunfowers. Phytonanotechnology also addresses drought stress by 
increasing water retention and seed absorption. Moreover, CeO2 and micronutrient 
NPs have shown promising results in improving drought resistance in barley and 
soybean (Chen et al., 2021). 

1.6.3.3 Mitigating Heavy Metal Contamination in Crop Production 
Rapid urbanization and industrialization have signifcantly contributed to soil deg-
radation, with heavy metals like arsenic (As), mercury (Hg), and cadmium (Cd) 
being major pollutants (Tian et al., 2021). Phytonanotechnology offers an effective 
remediation approach by reducing ROS and oxidative stress caused by heavy met-
als, thereby limiting their accumulation in crops (Rani et al., 2021b). For instance, 
silicon nanoparticles (Si NPs) enhance cadmium tolerance in rice by mitigating ROS 
production, while zinc oxide nanoparticles (ZnO NPs) reduce Cd uptake in wheat and 
rice (Singh et al., 2020). Gold nanoparticles (Au NPs) derived from melatonin further 
alleviate Cd stress in rice by regulating metal transporter genes (Parveen et al., 2023). 

1.7 FUTURE PROSPECTS 

Traditional farming, rooted in agroecological practices, emphasizes biodiversity, 
organic inputs, and local knowledge, while modern biotechnology offers precision 
tools like CRISPR, genetically modifed organisms (GMOs), and biofertilizers to 
enhance productivity sustainably. Integrating these approaches can address global 
challenges such as climate change, soil degradation, and food insecurity by combin-
ing the resilience of traditional systems with the effciency of biotech innovations 
(Altieri & Nicholls, 2017). For instance, drought-resistant GM crops can complement 
traditional water-saving techniques, and microbial biofertilizers can reduce depen-
dency on synthetic inputs while maintaining soil health (Bender et al., 2016). Future 
prospects include AI-driven agroecology, nanotechnology-enhanced organic fertil-
izers, and gene-edited crops tailored for smallholder farms, ensuring sustainability 
without sacrifcing yield (Pretty, 2018). However, ethical, regulatory, and socio-eco-
nomic barriers must be addressed to ensure equitable adoption and avoid displacing 
small-scale farmers (Rani et al., 2021a). 
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1.8 CONCLUSION 

Combining traditional farming methods with modern biotechnology offers a holistic 
approach to tackle climate change, environmental sustainability, and global food 
security. Traditional practices like crop rotation, organic composting, and inter-
cropping enhance soil health, biodiversity, and water conservation, while modern 
biotechnologies such as genetic engineering, precision farming, and nanotechnol-
ogy improve crop resilience, resource effciency, and yield stability. This integration 
not only boosts agricultural productivity and economic stability but also minimizes 
environmental impact. This strategy fosters a resilient, sustainable, and equitable 
farming system capable of meeting current and future food demands while preserv-
ing ecosystems and addressing climate challenges. 
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2.1 INTRODUCTION 

Genetically modifed (GM) crops are those plants whose genomes have been geneti-
cally altered to enhance the pre-existing qualities or add novel traits that are inherently 
silent in the crop species. The plants which are produced by inserting a particular for-
eign gene or nucleic acid sequence into their genome (e.g. Agrobacterium-mediated 
transformation) are known as transgenic modifcation (Griffths et al., 2005). The 
process of introducing particular genes or alleles from the gene pool into new types 
without altering the deoxyribonucleic acid (DNA) sequence is known as “cisgenesis” 
(Schouten et al., 2006). Conversely, intragenic modifcations involve the exchange 
of genetic components from other plants to integrate coding regions containing pro-
moters and terminators of distinct gene pools having the same sexual compatibility. 
The frst GM crop developed using antisense technology was the Flavr Savr tomato 
introduced in 1994 and after that, more than 100 GM organisms (GMOs) have been 
licensed globally for commercial foods or feeds (Redenbaugh et al., 1992). In GM 
crops, Bacillus thuringiensis (Bt) corn transmits gene variants of Cry proteins from 
soil bacterium (Bt). If ingested this protein contains Bt toxins, which are particu-
larly effective at eliminating signifcant plant pests such as Lepidoptera, Coleoptera, 
Diptera, and others. Bt is a spore-forming Gram-positive bacteria that have long 
usage as a safe biopesticide and has entomopathogenic properties (Trapero et al., 
2016). 

The majority of parasporally generated crystals are built up of one or more pro-
teins (Cyt or Cry toxins), also referred to as δ-endotoxins, which impair the insect 
midgut epithelial lining by implanting the pores into the plasma membrane. Cry 
toxins are also innocuous to plants, animals, and human beings and are entirely 
decomposable (Tabashnik et al., 2003). Insect resistance and herbicide tolerance 
(HT) are the most common GM traits in GM crops (Koul et al., 2024). Some com-
mercially approved genetically modifed crops are indexed in Figure 2.1. The most 
popular GM crops in the market are soybean, canola, maize, and cotton. India and 
China are the leading producers of GM Bt cotton (Gossypium hirsutum). Bollworm 
is the most common pest of cotton, followed by boll weevil, and pink bollworms. Bt 
cotton MON531 lepidopteran-resistant variety expresses Cry1Ac in the cotton plant. 
The frst GM crop authorized by the European Union in 1988 for commercial culti-
vators was Maize MON810 (Randhawa et al., 2016) and in 2010, high amylopectin 
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FIGURE 2.1 Commercially approved genetically modifed crops. 

content-rich AMFLORA potato EH92-527-1 was approved. However, AMFLORA 
was withdrawn from the European Union market due to procedural problems dur-
ing the clearance procedure, and it received huge criticism for having the antibiotic 
resistance gene nptII. GMO Regulation 1829/2003 on GM food and feed is covered 
by Directive (2001/18/EC), while Regulation 1830/2003 is concerned with the trace-
ability and labeling of GMOs. 

Despite biosafety and environmental concerns, transgenic technology has 
proven to be a good choice for the rapid generation of an enhanced crop variety 
with multiple traits. The ISAAA annual report 2020 quantifed the global state 
of GM/Biotech crops, in which 29 countries cultivated 190.4 million hectares of 
Biotech crops. A minor decrease of 1.3 million hectares of crops was observed. 
Countries like the USA, Brazil, Argentina, Canada, and India, the top fve coun-
tries planted 91% of the world’s biotech crops. In totality, the crop production of 
the USA, Brazil, Argentina, Canada, and India was 71.5, 52.8, 24.0, 12.5, and 
11.9 million hectares, respectively (Pallett, 2021). A TELA maize, Golden rice, 
TR-4 resistant banana, yield-enhanced eucalyptus, and glowing petunia are some 
of the latest GM crops commercially approved for propagation (Tome et al., 2024). 
This chapter aims to summarize the techniques of GMOs, the variety of trans-
genic crops and their nutritional improvement, concerns of transgenic crops, and 
approaches to combat climate change. 
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2.2 TECHNIQUES FOR GENETICALLY MODIFIED 
ORGANISM (GMO) DEVELOPMENT 

Genetically engineering techniques are used to develop GMOs that are categorized 
into transgenesis, cisgenesis, intragenesis, and genome editing, depending on the 
source of the gene of interest (Tome et al., 2024). 

2.2.1 TRANSGENESIS 

This technique involves transferring exogenous genes (transgenes) between organ-
isms either from unrelated species or distinct plants using genetic engineering meth-
ods like Agrobacterium-mediated transformation or gene guns, often to introduce 
drought resilience. The process typically employs restriction enzymes to isolate 
target genes, which are then inserted directly or via vectors into recipient organ-
isms to confer desired traits. In the case of tobacco, Nicotiana protein kinase 1 gene 
is transferred to maize resulting in the expression of heat shock proteins, which 
protects the photosynthetic mechanism of plants and their yield under drought and 
stress conditions (Shou et al., 2004). The microRNAs are regulatory molecules that 
bind to Agronaute proteins, identify target mRNA sequence, and act as negative 
regulators for transcription and translation, and yet cause expression of the charac-
teristic traits. Transgenic barley that receives miR827 from Arabidopsis increases 
the water effciency and performance of barley under drought conditions (Ferdous 
et al., 2017). 

2.2.2 CISGENESIS 

Advances in genome sequencing have led to the isolation of plant genes that are 
responsible for particular traits in crossable plant species, and are known as “cis-
gene”. In normal orientation, cisgene contains the introns and exons with pro-
moter and terminator sequences. Schouten et al. (2006) stated that the cisgenesis 
technique is a cutting-edge technique for GM crops with one or more desired 
genes extracted from the same species or crossable donor, where the transfer of 
a particular gene is performed via a gene pool of crop species to a new variety 
without the transmission of associated gene (linkage drag) with the desired gene 
(Templeton et al., 2021). A cisgenic transformation can be obtained with the help of 
Agrobacterium as a vector to transfer a gene of interest to the recipient plant. The 
genes which confer the plants to survive under stressful conditions can be trans-
mitted to the capable cultivators to improve the drought tolerance potential of dif-
ferent crops. Overexpression of gene “vacuolar pyrophosphatase 1” has imparted 
higher drought tolerance against forage crops and ryegrass using Agrobaterium as 
the vector (Templeton et al., 2021). 

2.2.3 INTRAGENSIS 

Intragenesis is the process of producing an in vitro asynthetic gene by combining 
distinct components, such as the promoter, coding region, and termination sequence 
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of the same species or other genes, and then introducing it into identical species or 
cross-compatible species. Ribonucleic acid (RNA) interference can be employed to 
silence any gene or to visualize a new phenotype in the existing species. Unlike con-
ventional breeding, this produces the same results as mutant breeding. For instance, 
drought tolerance was acquired through overexpression of the Lpvp1 gene in peren-
nial ryegrass (Holme et al., 2012). This technique has a few limitations, as it can 
modify the plant genome proteins, which raises safety concerns (Holme et al., 2012). 

2.2.4 GENOME EDITING 

Genome editing or gene editing, is a technique which allows the DNA sequence of 
an organism to be changed by either knocking out a specifc gene or altering the 
sequence of the specifc base at a particular site throughout the whole genome. To 
attain this precise gene edition various technologies are used, including zinc-fnger 
nucleases, transcription activator-like effector nucleases, and clustered regularly 
interspaced short palindromic-repeats-associated protein (CRISPR-Cas) to alter/ 
modify one or more genes (Kumar et al., 2020). Genome editing is a predominant 
tool that causes the DNA repair machinery inside the cell. These technologies can be 
successfully implemented in the various sectors of agricultural areas as a revolution-
ary change (Das et al., 2023). CRISPR technology modifes target DNA sequences 
by inducing double-strand breaks that activate cellular repair mechanisms either 
through homologous recombination or non-homologous end joining to achieve gene 
knockout or epigenetic changes via chromatin remodeling (Kumar et al., 2020). 

CRISPR also helps in breaking linkage drag for introducing certain genes and 
stacking benefcial genes under the same background to produce non-interfering 
lines (NILs) (Kumar et al., 2020). Moreover, CRISPR-Cas has the ability to simul-
taneously modify the genome at various target locations beyond discrimination. 
Though transgenic crops are not widely recognized by the society due to ethical 
issues and cost-effectivity, with the use of CRISPR, we can get rid of these issues, 
hence making it widely accepted (Kumar et al., 2020). Genome editing holds consid-
erable possibility to reduce the impact of global warming on agricultural practices. 
For example, targeting stomatal density alleviates the drought tolerance ability of 
rice crops (Yin et al., 2017). To improve drought tolerance ability and higher yield, a 
promoter is also knocked in before a gene in maize (Li et al., 2019). 

2.3 SAFETY ASSESSMENT OF GMOs 

Safety assessments evaluate the effects of GMOs and their byproducts on non-
target organisms and ecosystems by analyzing the recipient organism, donor gene 
source, transformation process, introduced gene products (proteins/metabolites), 
and food safety of GM-derived products (Liang, 2016). One of the major issues 
with GM crops is non-targeted organisms and breakdown of resistance, hazards 
associated with human health, and environmental concerns (Kumar et al., 2020). 
Regulatory agencies like the FDA and EFSA require rigorous testing, includ-
ing compositional analysis and animal feeding studies, to ensure GMOs are as 
safe as their conventional counterparts (EFSA, 2011). Long-term studies and 
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meta-analyses have found no signifcant differences in health risks between GMOs 
and non-GMOs, though continuous monitoring is recommended (Nicolia et al., 
2014). Environmental assessments focus on gene fow, biodiversity impacts, and 
resistance development, with mitigation strategies like refuge requirements for Bt 
crops (NASEM, 2016). 

2.4 TRANSGENIC CROPS 

2.4.1 HERBICIDE-TOLERANT TRANSGENIC CROPS 

Weeds compete with crops for nutrients, water, sunlight, and space, causing sig-
nifcant crop losses, and while herbicides are essential for weed management, selec-
tively targeting weeds without harming crops is diffcult. Cultivating HT traits in 
crops allows the use of broad-spectrum herbicides like glyphosate, which inhibits 
the EPSPS enzyme in the shikimate pathway—a process absent in animals, making 
it safe for humans and wildlife. The process of creating transgenic crops that are 
resistant to glyphosate is dependent on the heterologous expression of a glyphosate-
insensitive form of EPSPS i.e., either produced from a mutant version of maize epsps 
grg23 gene of Arthrobacter globiformis, or Agrobacterium tumefaciens strain coat 
protein-4 (CP4) (Barry et al., 1997). 

The frst HT transgenic crop that has been commercialized was glyphosate-
tolerant “Roundup Ready” soybean harboring cp4esps gene. This gene is present in 
the majority of commercialized glyphosate-resistant crops (Dill et al., 2008). Some 
commercially existing transgenic crops carry glyphosate oxidoreductase (GOX) 
and glyphosate acetyltransferase (GAT) genes, which are obtained from Bacillus 
licheniformis and Ochrobactrum anthropi, respectively. Both of these glyphosate-
degrading enzymes detoxify glyphosate and convert it into harmless byproducts. 

Glufosinate or phosphinothricin is another non-selective herbicide that inhibits 
the glutamine synthetase enzyme in a competitive approach (Lea et al., 1984). 
When glufosinate inhibits this enzyme, it contributes to the conversion of glu-
tamate and ammonia into glutamine, ammonia builds up and photosystem I and 
II functions are hindered (Sauer et al., 1987; Tachibana et al., 1986). PAT and 
BAR, two distinct bacterial genes from Streptomyces species were utilized to cre-
ate glufosinate-resistant crops. The phosphinothricin acetyl transferase (PAT) 
enzyme detoxifes herbicides like glufosinate through acetylation, while newer 
herbicides such as 2,4-D, dicamba, and sulfonylurea have also entered the market 
(ISAAA 2019). As of 2018, 351 HT events have been approved, with the major-
ity in soybean, maize, and canola, making HT transgenic crops the most widely 
cultivated GM crops globally (ISAAA 2019). Farmers beneft from HT crops 
through enhanced weed control, higher yields, and reduced weed management 
costs (Brookes & Barfoot, 2018). 

2.4.2 INSECT-RESISTANT TRANSGENIC CROPS 

Insect pests and diseases severely impact crop production, with over 67,000 damag-
ing species that harm plants directly or transmit pathogens, prompting heavy reliance 
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on costly, environmentally harmful chemical pesticides. GM crops incorporating 
insecticidal genes (primarily cry and vip variants) have emerged as a sustainable 
solution, with ten insect-resistant transgenic crops already commercialized to reduce 
pest damage and pesticide use (Keresa et al., 2008). In 2017, IR transgenic crops 
accounted for 23.3 million hectares, making them the second largest area under 
cultivation (ISAAA, 2017). 

Overall, 304 events have been authorized for worldwide production. Depending on 
the frequency of insect pests, 208 events comprising different IR genes in maize have 
been authorized for cultivation. Cotton (49 events), potato (30 events), soybean (6), 
sugarcane (3), rice (3), poplar (2), tomato (1), and brinjal (1) are the commercialized 
crops that have different IR genes. Most frequently, the cry genes of Bt are used to 
produce IR transgenic crops. The Cry genes are produced by Cry protein, which 
forms crystalline inclusion in bacterial spores and gives Bt insecticidal activities. 
The three domains that make up the Cry toxin fragment are responsible for spore 
formation, facilitating receptor binding, and protecting the toxin against proteases 
(Kumar et al., 2020). 

The toxin attaches itself to particular receptors and penetrates the intestinal epi-
thelial cell membrane of the insect midgut region. And then, domain I is inserted 
into the membrane, resulting in pore formation, which ultimately causes the insect 
to become paralyzed and die. Cry genes derived from multiple isolates of Bt offer 
resistance against a range of insect pests, i.e., Dipterans, Lepidopterans, and coleop-
terans (McPherson et al., 1988). To create long-lasting insect resistance, numerous 
cry gene variants have been identifed and used in gene stacking. After the success 
of transgenic cotton, Cry genes were also added to a variety of crops, like potato, 
rice, canola, soybean, maize, chickpea, alfalfa, and tomato. Apart from Cry, other 
insecticidal genes such as vip genes which encode vegetative insecticidal proteins 
have been used to be deployed in commercialized crops. The Vip genes are extracted 
from Bacillus sps. (Bacillus thuringinesis and Bacillus cerecus) (Fang et al., 2007). 
Currently, vip3A(a) and vip3Aa20 genes are heterologously generated in maize and 
cotton crop plants (ISAAA 2019). 

2.4.3 ABIOTIC-STRESS TOLERANT TRANSGENIC CROPS 

Abiotic stressors such as drought, heat, cold, and salinity signifcantly impair 
agricultural productivity by disrupting plant growth and reducing grain yields 
(Suzuki et al., 2014). To cope, plants activate defense mechanisms like antioxi-
dant systems, osmotic adjustments (via proline, sugars, and betaines), and regu-
latory proteins (transcription factors, heat shock proteins) to maintain cellular 
homeostasis (Gao et al., 2007; Gupta et al., 2015). However, due to the genetic 
complexity of abiotic stress tolerance, fewer commercialized transgenic events 
exist compared to herbicide or insect resistance (ISAAA, 2019). One approach 
involves bacterial cold shock proteins (CSPs), such as cspA and cspB from 
Escherichia coli and Bacillus subtilis, which enhance drought and cold tolerance 
in maize, rice, and Arabidopsis without adverse pleiotropic effects (Castiglioni 
et al., 2008). 
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These RNA chaperones stabilize RNA and protein translation under stress, 
preserving cellular function (Karlson et al., 2002). Similarly, wheat’s WCSP1 and 
Arabidopsis’ GRP2 exhibit RNA-binding properties that aid cold and salt adaptation 
(Kim et al., 2007). A notable commercial application is Monsanto’s drought-tolerant 
maize (MON 87460), expressing CspB and marketed as Genuity® Drought Guard™, 
which reduces water loss under stress (ISAAA, 2017). This variety, designed for 
Sub-Saharan Africa, combines drought tolerance with insect resistance to enhance 
resilience in arid regions. Despite progress, abiotic stress tolerance in GM crops 
remains limited due to multigenic regulation, necessitating further research into 
gene stacking and stress-responsive pathways for broader agricultural adaptation 
(Kim et al., 2013). 

2.4.4 DISEASE-RESISTANT TRANSGENIC CROPS 

Plant pathogens, including bacteria, viruses, fungi, and nematodes, signifcantly 
reduce crop yields, and while agrochemicals are widely used for disease control, 
their environmental impact has driven the need for sustainable alternatives (ISAAA, 
2017). Developing disease-resistant crops through genetic engineering by transfer-
ring resistance genes has emerged as an effective solution, with 29 commercial-
ized transgenic events, 25 of which target viral resistance (ISAAA, 2017). These 
events are primarily found in potatoes (19), papayas (four), squash (two), and beans, 
plums, sweet peppers, and tomatoes (one each). Four key transgenic strategies 
have been successfully employed: (1) expressing viral coat protein (CP) genes for 
pathogen-derived resistance, (2) using defective viral replicase/helicase domains 
to trigger gene silencing, (3) expressing sense/antisense RNA of viral replication 
proteins (Rep), and (4) deploying antisense RNA to degrade viral mRNA (Fuchs & 
Gonsalves, 1995). 

For instance, transgenic squash expressing CP genes resists watermelon mosaic 
potyvirus 2, zucchini yellow mosaic virus, and cucumber mosaic virus (Fuchs & 
Gonsalves, 1995). Similarly, papaya varieties like Rainbow and SunUp incorporate 
PRSV CP genes, conferring resistance via pathogen-derived resistance (Ferreira 
et al., 2002). Plum pox virus resistance was achieved in Prunus domestica through 
CP expression (Ravelonandro et al., 1997), while tomatoes and sweet peppers gained 
resistance to cucumber mosaic virus using the same approach (Guo et al., 2009). 
Additionally, the PRSV replicase (rep) gene was used in Huanong No. 1 papaya 
for viral resistance (Guo et al., 2009), and bean golden mosaic virus resistance was 
achieved in Phaseolus vulgaris via viral Rep protein expression (Faria et al., 2006). 
These advancements highlight the potential of genetic engineering in sustainable 
crop disease management. 

2.4.5 NUTRITIONALLY IMPROVED TRANSGENIC CROPS 

Table 2.1 highlights the nutritional improvement of transgenic crops with the help of 
introducing exogenous gene or transgene from one organism to another for inducing 
foreign characteristics in various crops. 
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TABLE 2.1 
Nutritional Improvement in Transgenic Crops 

Nutrient Enriched 
1. Provitamin A 

biofortifed rice 

2. Modifed oil or 
fatty acids 

3. Essential amino 
acids 

Crop Varieties 
• Golden rice 

• Golden rice 1 
(American rice 
variety 
Cocodrie) 

• Golden rice 2 
(American 
rice variety 
Kaybonne) 

• Vistive Gold® 

soybean 

• Camelina 
sativa 

• Argentine 
Canola 

• Transgenic 
wheat and rice 

• Transgenic 
maize 

Characteristic Features 
• Two foreign genes the psy gene and crtI 

gene obtained from bacterium Erwinia 
uredovora in Japanese rice cultivars 
Taipei309. 

• Within the rice endosperm, these genes 
reconstruct the carotenoid biosynthetic 
pathway. 

• Under the infuence of an endosperm-
specifc promoter, psy, and crtI gene can 
accumulate up to 6 µg/g of carotenoid 
inside endosperm. 

• Maize psy gene and crtI bacterial control 
gene regulate the expression of endosperm-
specifc glutein-1 promoter from rice, and 

• Accumulate up to 37 µg/g (9–37 µg/g) of 
total carotenoid, which is almost 23 times 
superior to original rice, with 84% of 
β-carotene content. 

• Soybean seed oil reports <3% of 
linolenic acid, making it stable and less 
hydrogenating and leading to a reduction 
in trans-fatty acids. 

• Genetically engineered with marine 
microbes to produce more Ω-3 poly-
unsaturated fatty acids (PUFAs) similar to 
fsh oil. 

• Genetically altered for production of Ω-3 
fatty acids, particularly docosahexaenoic 
acid (DHA). 

• Transgenic canola has been introduced in 
7 gene sources from yeast and micron 
microalgae (with 20 or more carbons). 

• Heterogeneously introducing lysin-rich pea 
legumin protein in wheat and rice 
endosperm. 

• Developed using Amaranthus 
hypochondriacus (seed storage protein) 
with >32% of protein content in 
comparison to wild types, and a greater 
quantity of essential amino acids (lysine, 
isoleucine, tryptophan, etc.). 

Reference 
Ye et al. 
(2000) 

Al-Babili and 
Beyer 
(2005) 

Paine et al. 
(2005) 

Kumar et al. 
(2020) 

Ruiz-Lopez 
et al. 2017 

Kumar et al. 
(2020) 

Stoger et al. 
(2001) 

Rascon-Cruz 
et al. (2004) 
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2.5 APPROACHES TO COMBAT CLIMATE CHANGE 
ADOPTION THROUGH GM CROPS 

Disparity in the environment has a lasting impact on agriculture production and food 
security globally (Keurentjes et al., 2008). Food safety and security are vulnerable to 
poor weather conditions and it is not a recent incident, although no consideration was 
implemented to confront these situations (ISAAA, 2017). 

2.5.1 GENETICS AND GENOMICS STRATEGIES 

Omics techniques have become indispensable tools for deciphering genetic data and 
advancing crop improvement, enabling researchers to uncover novel genetic varia-
tions and their ecological signifcance through population genomics and molecu-
lar markers (Stinchcombe & Hoekstra, 2008). By integrating genomic approaches 
with breeding programs, scientists can identify superior germplasms with multi-trait 
assemblies, while genetics and transcriptomic analyses help elucidate phenotype-
environment interactions and abiotic stress resistance mechanisms (Bevan & Waugh, 
2007; Des Marais et al., 2013; ISAAA, 2017). High-throughput sequencing and 
phenotyping advancements have accelerated genomic-led breeding, allowing for the 
identifcation of stress-related productivity constraints and facilitating the develop-
ment of climate-smart crops (Collins et al., 2008; Kole et al., 2015). 

Quantitative trait loci (QTL) mapping and marker-assisted selection have proven 
crucial for dissecting yield-related traits and enhancing stress tolerance, as dem-
onstrated by the development of drought-resistant wheat varieties like “Ripper” 
without yield penalties (da Silva Dias, 2015; Haley et al., 2007; Wani et al., 2018). 
Next-generation sequencing has enabled the discovery of extensive DNA polymor-
phisms, particularly single nucleotide polymorphisms (SNPs), refning QTL map-
ping precision to under 1 cm and supporting targeted breeding efforts (D’Agostino 
& Tripodi, 2017). QTL studies in barley have identifed genomic regions regulating 
drought response traits, showing the potential of molecular breeding to optimize 
crop performance under environmental stress (Kochevenko et al., 2018). 

2.5.2 GENOME-WIDE ASSOCIATION STUDIES FOR STRESS TOLERANCE 

Genome-wide association studies (GWAS) have emerged as a powerful tool for 
identifying genetic variations linked to specifc traits in crops, utilizing SNPs to 
uncover allelic variants associated with climate resilience and stress tolerance 
(Bush & Moore, 2012; Manolio, 2010). GWAS has been extensively applied to 
study both biotic and abiotic stress responses, including drought, heat, and salinity, 
with notable examples in Arabidopsis thaliana, where reverse genetics revealed 
genes like thioredoxins and ribosomal proteins regulating proline accumulation 
under drought (Thoen et al., 2017; Verslues et al., 2014). Similarly, in Aegilops taus-
chii, GWAS identifed 7185 SNPs correlated with 13 drought-related traits, pro-
viding insights into stress resistance mechanisms (Ashraf, 2009; Qin et al., 2016). 
For salinity tolerance in rice, high-throughput SNP arrays pinpointed key QTLs, 
including the Saltol locus on chromosome 1, which enhances seedling-stage salt 
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resistance (Kumar et al., 2015). Additionally, GWAS in rice exposed to heat stress 
during anthesis uncovered 14 loci associated with spikelet sterility, implicating heat 
shock proteins and gametophyte development in stress adaptation (Lafarge et al., 
2017). 

2.5.3 GENOME SELECTION FOR CROP IMPROVEMENT 

Genomic selection (GS) has emerged as a transformative approach in crop breeding, 
leveraging high-density markers and advanced phenotyping to accelerate varietal 
development (Burgueno et al., 2012). Statistical innovations, such as the linear mixed 
model for G×E interactions (Jarquin et al., 2014) and marker-environment integrated 
models (Lopez-Cruz et al., 2015), have enhanced predictive accuracy, with Bayesian 
multi-environment models further refning genomic predictions (Cuevas et al., 2017). 
Wheat dominates GS research (29 of 40 studies), where Diversity Array Technology 
and SNP-based genotyping prove most effective, demonstrating GS’s potential for 
cereal improvement (Rutkoski et al., 2017). Applications like CIMMYT’s phenom-
ics-driven evaluation of 1000 wheat lines under heat/drought stress highlight GS’s 
practical utility in addressing climate challenges (Crain et al., 2018). 

2.6 CONCLUSION 

The increasing global population, climate change, and shrinking farmland demand 
high-yielding, nutrient-rich crops, that can withstand biotic and abiotic stresses. 
Genetic engineering has addressed these needs by developing resilient, high-yield 
crops, reducing pesticide use, and enhancing farmers’ economic stability. However, 
concerns over gene fow, ecological impacts, and potential health risks persist 
despite regulatory approvals, leading to low consumer acceptance in many develop-
ing nations. To overcome these challenges, alternative approaches like cisgenesis, 
intragenesis, and advanced breeding techniques are being explored to create safer, 
climate-resilient crops. These innovations aim to balance productivity, sustainabil-
ity, and public trust in agricultural biotechnology. 
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Leveraging RNA 3 
Interference for 
Strengthening Crop 
Resilience to Biotic and 
Abiotic Stress Challenges 

Solanki Bal 

3.1 INTRODUCTION 

Food is fundamental for human survival, but conventional crop improvement meth-
ods struggle to meet rising global demand due to their slow, labor-intensive pro-
cesses (Mezzetti et al., 2020). Innovative agricultural solutions are urgently needed 
to enhance yields, nutrition, and disease resistance more effciently for our growing 
population (Chen et al., 2019). By 2050, food production is predicted to increase by 
70% to feed the growing global population (Godfray et al., 2010). However, cross-
breeding and mutation breeding are non-targeted breeding techniques that involve 
laborious processes, and the production and distribution of the resulting genotypes 
face numerous challenges (Godfray et al., 2010). Similarly, transgenic breeding 
faces public acceptance issues in addition to its lengthy and costly commercializa-
tion process (Chen et al., 2019). Agricultural productivity faces major threats from 
biotic stressors, including pests, pathogens, and diseases and abiotic challenges, with 
viruses and insects causing particularly severe yield losses (Chen et al., 2019). RNA 
interference (RNAi) offers a transformative alternative by selectively silencing genes 
to enhance disease resistance and stress tolerance, without introducing transgenes, 
thus minimizing biosafety concerns. By altering gene expression and optimizing 
metabolism, this technology contributes to the development of stress-resilient crop 
varieties (Pathak & Gogoi, 2016). 

The goal of sustainable agriculture is to improve agricultural quality and output 
by developing and utilizing accessible, cost-effective, and environmentally friendly 
technologies and methods (Fletcher et al., 2020). However, the use of synthetic pes-
ticides to mitigate crop losses due to stress has its own drawbacks, such as adverse 
effects on human health (Fletcher et al., 2020). To promote agricultural sustainabil-
ity, scientists have adopted more innovative and environmentally responsible crop 
protection strategies. In this context, the development of transgenic crops using 
advanced biotechnology techniques, such as RNAi, has been a signifcant break-
through (Rodrigues & Petrick, 2020). RNAi is considered superior to traditional 
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transgenic methods because the genetically modifed (GM) plants produced do not 
contain transgenic proteins (Rajam, 2020). Given these unique features, RNAi has 
become a widely used and effective technique for crop protection and improvement 
(Mezzetti et al., 2020). This chapter thoroughly discusses the role of RNAi in pro-
tecting crops from various biotic and abiotic stresses, along with an explanation of 
the RNAi-mediated gene silencing mechanism. 

3.2 RNA INTERFERENCE 

RNAi is an evolutionarily conserved gene regulation mechanism in eukaryotes, 
frst discovered when attempts to enhance petunia fower pigmentation unexpect-
edly caused variegation through co-suppression of both transgenic and endogenous 
genes (Napoli et al., 1990). This phenomenon, later termed RNAi, was also observed 
in Caenorhabditis elegans following double-stranded RNA (dsRNA) injection 
(Fire et al., 1998). In plants, RNAi operates through small RNAs (sRNAs), includ-
ing microRNAs (miRNAs) and short interfering RNAs with miRNAs being more 
conserved and capable of silencing multiple targets via polycistronic precursors 
(Mezzetti et al., 2020). 

RNAi effects can persist across generations through non-genetic memory medi-
ated by the MSH1 protein, with MSH1 inhibition leading to atypical developmental 
phenotypes (Ali et al., 2010). Similar RNA-based regulatory systems exist across 
organisms, including bacterial CRISPR/Cas and fungal quelling, though RNAi 
remains eukaryotes’ primary antiviral defense (Ali et al., 2010). The process involves 
Dicer enzymes cleaving dsRNAs into 21–28 nucleotide sRNAs that guide the RNA-
induced silencing complex (RISC) to degrade complementary mRNAs (Hammond, 
2005). This precise, heritable silencing mechanism has made RNAi invaluable for 
biotechnology applications since its discovery (Fire et al., 1998). The system’s abil-
ity to process both endogenous and exogenous dsRNAs into gene-specifc effec-
tors (Hammond, 2005) underlies its widespread biological importance and utility. 
Ongoing research continues to reveal new dimensions of RNAi biology, including 
its epigenetic inheritance patterns and interactions with stress responses (Ali et al., 
2010). 

3.3 THE ENGINE OF RNA INTERFERENCE 

3.3.1 COMPONENTS OF RNAi MACHINERY 

The RNAi machinery consists of key components, including dsRNA, the Dicer 
enzyme (which processes dsRNA into small interfering RNAs (siRNAs) or miRNAs), 
the RISC (which incorporates siRNAs/miRNAs to target complementary mRNA for 
degradation or translational repression), and Argonaute (AGO) proteins (the cata-
lytic core of RISC that mediates mRNA cleavage or silencing) (Wilson & Doudna, 
2013). The RISC and Dicer are two ribonucleases involved in the RNAi pathway. 
The RNAi process begins when dsRNA is cleaved by Dicer into active short non-
coding RNAs, while RISC, utilizing the RNase H core enzyme AGO, silences the 
target gene (Wilson & Doudna, 2013). 
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The Dicer family, a class 3 RNase III enzyme, consists of four domains: a 
dsRNA-binding domain, dual RNase III domains, a PAZ (Piwi/Argonaute/Zwille) 
domain, and an N-terminal helicase domain. These domains are primarily respon-
sible for recognizing the dsRNA precursor in the RNAi pathway and generating 
shorter non-coding RNAs, typically 21–24 nucleotides in length (Mezzetti et al., 
2020). According to the Dicer catalysis model, the active core of the multidomain 
Dicer enzyme forms an intramolecular pseudo-dimer through the dimerization of 
its two RNase III domains. It has also been proposed that each domain creates a 
new terminus by cleaving a single strand of the dsRNA (Zhang et al., 2004). In the 
fnal stage of the RNAi pathway, RISC, in conjunction with the AGO protein and 
other effector proteins, carries out gene silencing by degrading the target mRNA. 
Argonaute proteins are found in bacteria, archaea, and eukaryotes (Ali et al., 2010). 

3.3.2 MECHANISM OF ACTION 

Over the past 20 years, extensive research has been conducted on the role of short 
non-coding RNAs in transcriptional gene silencing (TGS) and post-transcriptional 
gene silencing (PTGS) regulatory processes. Several types of short non-coding 
RNAs have now been identifed, including miRNA, siRNA, piRNA (PIWI-
interacting RNA), qiRNA (QDE-2-interacting RNA), svRNA (small vault RNA), and 
others, each with distinct biogenesis pathways and regulatory mechanisms (Aalto & 
Pasquinelli, 2012). The synthesis of siRNA and miRNA begins through different 
pathways to generate their respective dsRNA precursors. While miRNA is derived 
from genomic DNA within the cell, siRNA can be produced exogenously through 
the cleavage of dsRNA into smaller fragments or endogenously from viruses, trans-
posons, or transgenes. The RNAi pathway consists of four main steps: synthesis of 
small non-coding RNA (snRNA) through Dicer cleavage, loading of snRNA into the 
RISC complex, activation of the silencing complex, and degradation of the target 
mRNA (Ali et al., 2010). 

3.3.3 MICRORNA (miRNA) 

MIR genes produce miRNAs, which are sRNAs approximately 21–24 nucleotides 
(nt) in length. The biogenesis of miRNA begins in the nucleus with RNA polymerase 
II-mediated transcription of MIR genes, resulting in a primary miRNA (pri-miRNA) 
transcript of about 1000 nt. Due to intramolecular sequence complementarity, the 
pri-miRNA folds into a stem-loop or hairpin structure. This structure is further 
processed by DCL1, with the assistance of the dsRNA-binding proteins DRB1 or 
HYL1, to generate a precursor miRNA (pre-miRNA), a shorter stem-loop interme-
diate. In the nucleus, DCL1 cleaves the pre-miRNA to produce an RNA duplex, 
consisting of the mature miRNA (the guide strand) and its complementary strand 
(the passenger strand). The HUA ENHANCER 1 (HEN1) enzyme methylates the 3′ 
termini of the RNA duplex at the 2′-O hydroxyl group, preventing degradation of the 
miRNA:miRNA duplex (Huntzinger & Izaurralde, 2011). 

After methylation, the RNA duplex is transported to the cytoplasm, where the 
mature miRNA is incorporated into the RISC along with Argonaute (AGO) and 
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other effector proteins (Kurihara et al., 2006). When the miRNA-induced silencing 
complex (miRISC) fully pairs with its target mRNA, the AGO protein’s nuclease 
activity cleaves and degrades the target mRNA (Guo et al., 2016). However, miRNA-
mediated downregulation of gene expression occurs through two primary mecha-
nisms: (1) deadenylation and destabilization of the target mRNA, or (2) miRISC-
mediated inhibition of translational initiation, ribosome subunit joining, premature 
degradation of the nascent polypeptide chain, and increased ribosome drop-off 
(Huntzinger & Izaurralde, 2011). 

3.3.4 SMALL INTERFERING RNA (siRNA) 

Short hairpin precursors or long dsRNA can initiate gene silencing through RNAi 
by base pairing with the target gene that needs to be silenced. The RNAi process 
can be triggered by transgenes, viral invaders, or transposable elements recruit-
ing Dicer or Dicer-like enzymes, or by long endogenous dsRNA entering the 
cytoplasm directly. The Dicer enzyme processes these dsRNAs into short 21–24 
nucleotide (nt) long siRNA duplexes with 5′ phosphorylated ends and 2 nt over-
hangs at the 3′ OH end. After the antisense strand of the siRNA is loaded onto 
the siRNA-induced silencing complex (siRISC) in a sequence-specifc manner, 
siRISC degrades the sense strand of the siRNA, which shares the same sequence 
as the target mRNA. When siRISC, along with the AGO protein and other effec-
tor proteins, binds to the target mRNA, it induces PTGS by either cleaving the 
target mRNA or inhibiting translation (Saurabh et al., 2014). The siRNAs can par-
ticipate in co-transcriptional gene silencing through chromatin regulation. Dicer-
independent siRNA generation has also been observed in Schizosaccharomyces 
pombe, Neurospora, C. elegans, and Arabidopsis. These Dicer-independent 
siRNAs primarily originate from transposable, intergenic, and transgenic ele-
ments (Saurabh et al., 2014). 

3.4 RNA INTERFERENCE-MEDIATED TOLERANCE 
TO BIOTIC STRESS 

Biological stress in plants is caused by living organisms, particularly weeds, insects, 
arachnids, bacteria, fungi, viruses, and nematodes. Six major food and income crops 
experience an overall yield loss of nearly 40% due to these pathogens (Ding et al., 
2009). 

3.4.1 BACTERIAL RESISTANCE MEDIATED BY RNAi 

Bacterial pathogens present a major threat to crop productivity due to their ubiq-
uitous nature and rapid proliferation, necessitating the development of resistant 
crop varieties (Katiyar-Agarwal et al., 2006). RNAi technology has been success-
fully employed to combat crown gall disease in tomato (Solanum lycopersicum) 
and Arabidopsis thaliana by targeting the tumor-forming oncogenes iaaM and ipt 
through dsRNA constructs (Katiyar-Agarwal et al., 2006). Fatty acid derivatives, 
such as those modulated by fatty acid amide hydrolase (FAAH), infuence bacterial 
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resistance, with FAAH overexpression in Arabidopsis increasing susceptibility to 
Pseudomonas syringae pathogens (Katiyar-Agarwal et al., 2006). Auxin signaling 
plays a critical role in disease susceptibility, as demonstrated by the downregula-
tion of auxin receptors (AFB2, AFB3, and TIR1) via miR393, which restricts P. 
syringae growth (Katiyar-Agarwal et al., 2006). sRNAs, including miR398 and nat-
siRNAATGB2, are key regulators of plant defense responses, with their suppres-
sion during P. syringae infection highlighting their role in resistance mechanisms 
(Katiyar-Agarwal et al., 2006). These fndings underscore the potential of RNAi and 
sRNA-mediated strategies in developing crops with enhanced bacterial resistance, 
offering sustainable solutions to mitigate pathogen-induced losses (Katiyar-Agarwal 
et al., 2006). 

3.4.2 FUNGAL RESISTANCE MEDIATED BY RNAi 

Host-induced gene silencing (HIGS) has proven to be a powerful tool for engineer-
ing fungal resistance in crops, as demonstrated by successful applications in barley 
(Hordeum vulgare) and wheat (Triticum aestivum) through silencing of Blumeria 
graminis effector gene Avr10 (Nowara et al., 2010). In Arabidopsis, dsRNA target-
ing HaCR1 from Hyaloperonospora arabidopsidis induced immune responses, 
while its overexpression increased susceptibility, highlighting the delicate bal-
ance in plant-pathogen interactions (Nowara et al., 2010). Rice studies revealed 
that silencing fatty acid desaturases (OsFAD7 and OsFAD8) and stearoyl-ACP 
desaturase (OsSSI2) altered lipid profles and pathogen resistance, demonstrat-
ing the role of fatty acid metabolism in defense against Magnaporthe grisea and 
Xanthomonas oryzae (Yin et al., 2011). For broad-spectrum control, RNAi targeting 
lignin biosynthesis in soybean reduced Sclerotinia sclerotiorum infection (Peltier 
et al., 2009), while miRNA manipulation in wheat and rice (miR7695) showed 
species-specifc effects against B. graminis and Magnaporthe oryzae (Peltier 
et al., 2009). 

Critical fungal genes including Fusarium oxysporum’s MAP kinases (Fmk1, 
Hog1, Pbs2), ornithine decarboxylase (ODC), and ergosterol biosynthesis genes 
(ERG6/11) have been effectively silenced to control wilt diseases in tomato and 
banana (Peltier et al., 2009; Tetorya & Rajam, 2018), while potatoes engineered 
with artifcial miRNAs against Phytophthora infestans Avr3a showed reduced late 
blight severity (Thakur & Prasad, 2020). These collective advances underscore 
HIGS as a versatile, targeted approach for sustainable crop protection, with ongo-
ing refnements in delivery methods and target selection enhancing its potential 
against evolving fungal pathogens (Nowara et al., 2010; Thakur & Prasad, 2020). 

3.4.3 RNA INTERFERENCE PROVIDES DEFENSE AGAINST A 

RANGE OF VIRAL INFECTIONS IN PLANTS 

The commonly utilized conceptual technique known as ‘pathogen-derived resistance’ 
(PDR) produces GM plants with increased virus resistance. Both RNA-mediated 
and protein-mediated PDR are feasible; the former uses the proteins encoded by the 
transgene, while the latter uses the transcript that the transgene generates. Utilizing 
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hp-dsRNAs, which are made using the IR sequence of the viral genome in vivo 
and consist of short hp-RNAs, self-complementary hp-RNAs, and intron-spliced 
hp-RNAs, PDR is accomplished. Resistance to viral infections was demonstrated 
by the IRs of dsRNA-induced PTGS (IR-PTGS) and hp-RNAs that were self-
complementary and split by an intron. When sense and antisense transcripts were 
generated simultaneously, it was found that the plants were resistant to viral infec-
tion. The ability of transgenic bean plants to withstand Bean golden mosaic virus 
has been demonstrated (Kertbundit et al., 2007). One of the transgenic lines dem-
onstrated resistance to about 300 viruliferous whitefies per plant over the course of 
the plant life cycle after inoculation at high pressure. In 2011, this event started to 
be marketed in Brazil. The CP gene of a Thai isolate of the Papaya ringspot virus 
(PRSV) was employed (Kertbundit et al., 2007) to produce papaya plants that were 
resistant to the virus. 

3.4.4 RNAi-MEDIATED NEMATODE AND INSECT RESISTANCE 

Plant-parasitic nematodes, including Meloidogyne, Heterodera, and Globodera 
species, cause severe agricultural losses worldwide, prompting the development of 
RNAi-based resistance strategies (Tsygankova et al., 2019). Targeting nematode par-
asitism genes (e.g., HgY25, HgPrp17) or housekeeping genes (e.g., integrase, splicing 
factors) in host plants like Arabidopsis and soybean reduces nematode reproduction 
by 23–64%, though complete resistance remains elusive (Tsygankova et al., 2019). 
Similarly, silencing Heterodera schachtii genes in sugar beet or Meloidogyne incog-
nita genes in crops diminishes female worm counts and gall formation, validating 
RNAi’s potential for nematode control (Tsygankova et al., 2019). Beyond nematodes, 
RNAi has been applied to insect pests, as demonstrated by Bacillus thuringiensis 
cry toxin synergism and dsRNA targeting of cotton bollworm (CYP6AE14) or corn 
rootworm (V-ATPase subunit A), disrupting detoxifcation or essential metabolic 
pathways (Baum et al., 2007; Mao et al., 2007). Further, targeting insect HMGR, a 
key enzyme in the mevalonate pathway, offers a promising RNAi strategy for pest-
resistant crops (Tsygankova et al., 2019; Wang et al., 2013). 

3.5 PLANT RESISTANT TO BOTH RNA AND DNA VIRUSES 
BY RNA SILENCING 

RNAi technology has emerged as a powerful tool for developing virus-resistant crops, 
as demonstrated by transgenic cassava expressing AC1-homologous hp-dsRNA that 
conferred immunity against African cassava mosaic virus (ACMV) through viral 
load reduction (Tsygankova et al., 2019). Similarly, knockdown of Cm-eIF4E in 
melon plants provided resistance to multiple viruses, including melon necrotic spot 
virus and zucchini yellow mosaic virus, while siRNA-mediated approaches achieved 
viral resistance in rice and potatoes by targeting viral components like eIF4E or coat 
proteins (Tsygankova et al., 2019). 

Artifcial miRNAs (amiRNAs) have also proven effective, with Arabidopsis 
expressing amiRNAs against Turnip mosaic virus (HC-Pro) and Turnip yellow 
mosaic virus (P69) showing heritable resistance, and tobacco plants targeting the 
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Cucumber mosaic virus (CMV) 2b suppressor gene exhibiting reduced infection 
(Niu et al., 2006). These strategies have been extended to legumes, where RNAi 
counters threats like Soybean mosaic virus and Mungbean yellow mosaic India 
virus (Tsygankova et al., 2019). Key viral targets include coat proteins, movement 
proteins, and replicases, with RNAi’s precision enabling broad-spectrum resistance 
without compromising plant ftness (Tsygankova et al., 2019). Collectively, these 
advances highlight RNAi’s potential as a sustainable solution to global crop viral 
pandemics, though feld scalability and pathogen evolution require ongoing research 
(Mao et al., 2007). 

3.6 PLANT EPIGENETIC CHANGES BY SMALL RNA 
TO FEND OFF BIOTIC STRESSORS 

Epigenetic modifcations, including DNA methylation and sRNA-mediated regu-
lation, serve as critical mechanisms for plants to adapt to biotic stresses by alter-
ing gene expression without changing the DNA sequence (Ashapkin et al., 2020; 
Tsygankova et al., 2019). The RNA-directed DNA methylation (RdDM) pathway, 
mediated by 24-nt siRNAs produced by RDR2, Pol IV, and DCL3, guides AGO4 
complexes to induce sequence-specifc methylation, leading to chromatin remodel-
ing and transcriptional silencing of stress-responsive genes or transposable elements 
(Ashapkin et al., 2020). Pathogen-induced DNA hypomethylation, observed in plants 
like rice and Arabidopsis, often occurs near promoters and stress-related genes, as 
demonstrated by the activation of the rice XA21G gene upon demethylation, which 
conferred resistance to X. oryzae (Holoch & Moazed, 2015). TE-derived siRNAs, 
such as TE-siR815 in rice, illustrate epigenetic regulation by downregulating 
defense-related genes via RdDM, showing the dual role of sRNAs in RNAi and epi-
genetic silencing (Leonetti & Molinari, 2020). These modifcations are dynamically 
maintained by methyltransferases (e.g., chromomethylases) and erased by demethyl-
ases, enabling fexible responses to pathogens and pests (Holoch & Moazed, 2015). 
Collectively, epigenetic mechanisms complement RNAi strategies to enhance plant 
resilience, offering potential for engineering durable biotic stress resistance in crops 
(Ashapkin et al., 2020). 

3.7 RNAi FOR ABIOTIC STRESS ADAPTATION 

Plants have evolved stress resistance mechanisms to counteract environmental chal-
lenges that threaten seed production, with RNAi emerging as a powerful tool for 
developing stress-tolerant crops through post-transcriptional gene regulation (Holoch 
& Moazed, 2015). This approach has successfully introduced targeted abiotic stress 
resilience in various crops by leveraging plants’ natural ability to rapidly adjust gene 
expression and physiology under adverse conditions (Leonetti & Molinari, 2020). 
Gene expression control occurs at two key levels, transcriptional and post-transcrip-
tional, with the latter involving mRNA processing, stabilization, and translation, 
processes that are signifcantly altered during stress responses (Niu et al., 2006). 
Notably, abiotic stressors trigger substantial changes in miRNA expression patterns 
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that normally regulate plant growth (Holoch & Moazed, 2015), highlighting RNAi’s 
potential for precise crop improvement under environmental pressures (Tsygankova 
et al., 2019). 

3.7.1 RNAi FOR DROUGHT RESISTANCE 

Drought stress signifcantly impacts plant growth and development, prompting 
extensive research into genetic and molecular mechanisms to enhance drought 
tolerance, such as RNAi and miRNA regulation (Wang et al., 2013). For instance, 
Wang et al. demonstrated that suppressing farnesyltransferase via an RNAi construct 
under the AtHPR1 (Arabidopsis thaliana Hydroxypyruvate Reductase 1) promoter 
in canola (Brassica napus L.) maintained yield under drought conditions, while Li 
et al. (2009) showed that RNAi-mediated suppression of the RACK1 gene in rice 
improved drought tolerance compared to non-transgenic lines. 

Jian et al. (2010) further confrmed enhanced drought resistance in transgenic 
rice, correlating with elevated expression of miR169g and miR393, whereas Zhao 
et al. (2007) reported that drought-stressed transgenic peanuts exhibited reliable 
yields, alongside miRNA-mediated downregulation of drought-responsive genes 
in rice. Investigations in barley and wild emmer wheat using miRNA microarrays 
revealed stress-responsive miRNAs like miR474, which suppresses proline dehy-
drogenase (PDH) to promote proline accumulation and drought resilience in maize 
(Kantar et al., 2010). 

Additionally, miR393 was found to enhance drought and salt tolerance by reduc-
ing auxin signaling via TIR1 suppression, though its overexpression in rice paradoxi-
cally reduced stress resistance (Kantar et al., 2010), while miR159 in Arabidopsis 
responded to dehydration by modulating hormone signaling (Zhao et al., 2007). 
Studies on OsLG3 and OsAHL1 in rice linked drought avoidance to improved root 
development and oxidative stress responses, whereas RNAi suppression of BrDST71 
in Chinese cabbage and OsGRXS17 in rice enhanced drought tolerance (Hu et al., 
2017). Tissue-specifc miRNA regulation, such as miR169 upregulation in rice 
and Arabidopsis under salt and drought stress, highlights the complexity of stress 
responses across species and organs, emphasizing the need for targeted analyses to 
fully understand these adaptive mechanisms (Zhao et al., 2007). 

3.7.2 RNAi MEDIATED SALT TOLERANCE 

Salinity stress signifcantly reduces crop yield and quality by altering miRNA 
expression patterns, as demonstrated in barley where miR444 showed dynamic 
regulation, downregulated initially but upregulated later under salt stress with over-
expression in rice affecting root architecture (Deng et al., 2015). In Arabidopsis, 
abiotic stresses like salinity, cold, and ABA upregulated miR393, miR402, miR319c, 
miR397b, and miR389a, while maize exhibited stress-specifc miRNA profles, with 
miR396 and miR156 upregulated and miR474 and miR162 downregulated in roots 
(Jian et al., 2010). The scaffold protein RACK1, critical for stress responses, was stud-
ied via RNAi in rice, revealing enhanced drought tolerance in transgenic lines, while 
OsRPK1 was identifed as key for salt tolerance, infuencing membrane integrity and 
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proline levels (Li et al., 2020). Conserved miRNAs like miR393, miR160, miR169, 
and miR167 were consistently upregulated across species under drought and salt 
stress, though responses varied by tissue and stress intensity (Deng et al., 2015). 
These fndings highlight miRNAs as versatile regulators of stress adaptation, offer-
ing targets for breeding resilient crops (Zhao et al., 2016). 

3.7.3 TOLERANCE TO HEAT AND COLD STRESS MEDIATED BY RNA INTERFERENCE 

Environmental factors and temperature fuctuations signifcantly reduce crop pro-
ductivity by altering gene expression patterns, with RNAi demonstrating potential in 
mitigating these effects, as evidenced by stable silencing of gliadins in wheat under 
heat stress and variable nitrogen supply (Marín-Sanz et al., 2020). Temperature-
responsive miRNAs exhibit species-specifc behaviors, with heat-responsive changes 
observed in Panicum virgatum, Oryza sativa, and T. aestivum, while chilling-
sensitive species like Solanum habrochaites and Glycine max displayed distinct 
miRNA profles (Marín-Sanz et al., 2020). Exogenous dsRNA applications tar-
geting transgenes such as NPTII and EGFP in Arabidopsis revealed that silencing 
effciency depends on factors like plant age, soil moisture, and application timing, 
highlighting the practicality of dsRNA in abiotic stress management (Kiselev et al., 
2021). Key miRNA families, including miR156, miR159, and miR169, regulate heat 
and cold responses across species, with miR156 mediating heat stress memory in 
Arabidopsis and miR169 targeting nuclear transcription factor Y (NF-Y) in wheat, 
maize, and Arabidopsis under temperature extremes (Saurin et al., 2014). However, 
challenges such as inconsistent miRNA annotations, NGS limitations, and noisy data 
complicate the interpretation of stress-responsive miRNAs, necessitating improved 
characterization methods (Das & Sherif, 2020). These fndings justify the need for 
refned miRNA studies to harness their potential in developing climate-resilient 
crops amid conficting results and technical constraints (Zhao et al., 2016). 

3.8 CONCLUSION 

Ensuring global food security and addressing malnutrition are critical challenges 
for the agricultural sector in the 21st century, particularly in developing nations. 
Biofortifed crops and stress-resistant plants are essential to combat these issues, 
as they provide balanced nutrition and withstand biotic and abiotic stressors such 
as droughts, foods, and soil contamination. RNAi technology has emerged as a 
promising tool for enhancing crop resilience and nutrient content by silencing 
stress-responsive genes. Despite its potential, RNAi faces challenges such as off-
target effects and diffculties in identifying target genes, which can be mitigated 
through advanced bioinformatics and experimental testing. Combining RNAi with 
other technologies, such as gene editing and gene pyramiding, can further improve 
stress tolerance in staple crops. However, public concerns about GM crops must be 
addressed through education, regulatory frameworks, and sustainable practices. 
By leveraging RNAi and complementary innovations, the agricultural sector can 
develop climate-ready crops, ensuring sustainable food production and addressing 
global food security challenges. 
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4.1 INTRODUCTION 

Since most agricultural production relies on rain-fed systems, climate change has 
increasingly disrupted these traditional and predictable rainfall patterns. The conse-
quences rank far reaching for the smallholder farmers and indeed food security of 
the world at large since over 80% of world food production depends on these small-
holder farmers due to climate change. Anthropogenic emission of greenhouse gases 
has increased average global temperatures by near 1°C since 1850 (IPCC, 2018). 
Left effects are set to dominate for a very long time even up to centuries in the most 
optimistic scenario where warming will be capped at 1.5°C (IPCC, 2018). These 
effects depend upon the level of emission and are vulnerable to more frequent heat 
waves, droughts, foods, rise of sea level, and rise in the global temperature (IPCC, 
2018). Natural ecosystem and agricultural scenario have also recently witnessed 
these changes in the environment; therefore, species are suffering from reduction of 
its habitat due to incursion (Urban, 2015). 

As per the previous studies (Urban, 2015), one in six species might be threat-
ened to extinction due to climate change. Crop productivity is most vulnerable; 
droughts and foods, along with decreased productivity, can be expected globally 
but impacts are stronger on the yield in lower latitudes. Such challenges inspire 
genome editing technologies that seem to be strong tools to either help crops adapt 
to climate change or indirectly alleviate the negative effects of adverse climatic 
conditions on agriculture, as shown in Figure 4.1. Techniques like TALENs, ZFNs, 
and CRISPR/Cas systems help in precise modifcation of DNA at targeted genomic 
locations with much greater accuracy. Gene editing for targeted traits results in 
production of high nutritive disease and pests resistant as well as abiotic stress-
tolerant crop plants (Mekonnen et al., 2022). Grain, vegetable, and fruit crops have 
been utilized for precise genetic modifcation successfully. Enhanced nutrient 
levels in cereal crops like rice, maize, and wheat made them to have suffcient 
quantities of starch, protein, vitamin, and oleic acid through CRISPR-Cas9 bio-
fortifcation. Genome editing made some crops more sugary sweet and shelf life 
longer and also fragrant to smell. This chapter explores the potential of genome 
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FIGURE 4.1 Various effects of climate shifts on crop growth. 

editing technologies to develop crop varieties that can adapt to climatic shifts 
while maintaining productivity. 

4.2 INFLUENCES OF CLIMATE VARIABILITY 
ON AGRICULTURAL YIELD 

The effects of climate crisis are increasingly apparent and projected to intensify. At 
present, crops in lower latitude experience declines in yield, while higher-latitude 
areas have witnessed some yield increases (Iizumi et al., 2018). However, by the turn 
of next century, global crop yields and suitability are expected to decrease signif-
cantly due to climate-related factors (IPCC, 2018). The IPCC predicts that thrilling 
weather conditions might devastate food systems around the world, thereby lower-
ing the global food availability and infating food costs. In arid regions, increases in 
agricultural productivity due to climate change and desertifcation can be expected, 
but equatorial regions are already seen as particularly vulnerable to decreased yields 
as their temperatures increase. The two high-risk large continents, Asia and Africa, 
will be especially sensitive to the effects of desertifcation. The desertifcation under-
way already has begun transforming productive agricultural potential and biodiver-
sity through unsustainable land use infuences and population pressures. Exactly 
how much more aridity will increase globally is less certain, but susceptible areas to 
salinization will expand. Other environmental factors may limit CO2 benefts, and 
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FIGURE 4.2 Basic principles of CRISPR-Cas9, TALENs, and ZFNs. 

its fertilization effect has declined over three decades, likely due to nutrient deple-
tion and water scarcity (Wang et al., 2021). Increasing heat events, heavy rainfall, 
and shifting disease distributions further threaten crop yields (Iizumi et al., 2018). 
However, Figure 4.2 illustrates the fundamental mechanisms of CRISPR-Cas9, 
TALENs, and ZFNs genome editing tools, while Table 4.1 provides a comparative 
summary of various genome editing techniques applied in crop improvement. 

Meganucleases, the earliest SSNs, exhibit high specifcity in targeting sequences 
(Bhambhani et al., 2022). Despite their role in genome editing, their use in plants 
is limited due to low catalytic activity and sequence constraints (Beyer & Iwai, 
2022). ZFNs combine zinc-fnger proteins with the FokI endonuclease to enable 
DNA recognition and each zinc fnger binds a three-base DNA sequence, requir-
ing dimerization for function (Li et al., 2019). ZFN-mediated gene editing has been 
applied to crops like soybean, maize, wheat, and rice. TALENs, similar to ZFNs, 
use FokI for DNA cleavage but rely on TALE repeats for binding, offering greater 
target fexibility. TALE proteins from Xanthomonas were identifed in 2007, with 
their DNA-binding code deciphered in 2009 (Boch et al., 2009). TALENs have been 
used in various crops, improving traits like bacterial blight resistance, favored rice, 
nutrient-enriched soybean, and anthocyanin-rich tomato. Various mechanisms of 
genome editing for climate change in crops for climate change adaptation have been 
described in Figure 4.3. 
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TABLE 4.1 
Overview of Genome Editing Techniques in Crop Plants 

ZFNs TALENs ODM CRISPR/Cas9 Reference 
Components Zn domains paired TALE DNA-binding Exogenous polynucleotide (chimeraplast) crRNA, Cas9 proteins Beyer and Iwai 

with nonspecifc FokI domains combined (2022) 
nuclease domain with nonspecifc FokI 

nuclease domain

Structural proteins Dimeric protein Dimeric protein Non-proteinaceous Monomeric protein

Catalytic domain Restriction Restriction endonuclease No catalytic domain RUVC and HNH 
endonuclease FokI FokI 

Target sequence 24–36 24–59 68–88 20–22 
length (bp)

Target DNA Protein-DNA Protein-DNA Single-stranded oligonucleotide (ssODN) that RNA-DNA 
recognition is complementary to the target DNA sequence 

Pros Highly effective and Highly effective and Enables point mutations with minimal Effcient, simple to
precise precise unintended effects and no incorporation of construct, and possible to

foreign DNA and does not rely on nucleases edit multiple sites
like CRISPR or ZFNs simultaneously

Cons Extensive screening, Cumbersome and That is made up of small alterations such as A PAM motif is adjacent to 
requires signifcant time-intensive to point mutations or small insertions/deletions. target sequence necessarily 
time and expensive to construct It is also less effcient than other methods,
implement mainly used for point mutations

DNA cleavage Fold Fold There is no cleavage, but rather a procedure Cas9 or Cpf1 
dependent upon mismatch repair once an
oligonucleotide has bound to the DNA 

Available sites 1/140 bp Any site This approach is applied at sites that are 1/13 bp 
complementary to a designed oligonucleotide,
especially where small mutations are intended 
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FIGURE 4.3 Mechanism of genome editing in crops for climate change adaptation. 

4.3 DISCOVERY OF CRISPR/Cas SYSTEM 

Functional genomics in both animal and plant biology has been revolutionized by 
the discovery of the CRISPR/Cas9 gene editing system. Originating in the adap-
tive immune systems of bacteria and archaea, CRISPR/Cas9 has evolved into a 
versatile tool for precise gene editing across prokaryotic and eukaryotic systems. 
Discovered in Escherichia coli (Ishino et al., 1987), CRISPR was later identifed as 
an adaptive immune mechanism in bacteria and archaea, protecting against invad-
ing DNA (Sorek et al., 2013). Further studies confrmed that bacteria acquire new 
spacer sequences upon infection, adding them to the CRISPR array (Deveau et al., 
2008). CRISPR/Cas systems were initially categorized into three types: I, II, and 
III. Type II, the most studied, employs a single Cas9 protein for interference media-
tion (Karlson et al., 2021). More recently, Cas systems have been grouped into two 
classes, six types, and 33 subtypes. Cas9, guided by tracrRNA and crRNA, recog-
nizes PAM sequences and induces double-strand breaks (DSBs) at specifc DNA 
sites (Karlson et al., 2021). 

The system has been optimized using a single guide RNA (sgRNA), allowing 
targeted genome editing. A typical CRISPR/Cas9 project includes selecting a target 
site, assessing off-target effects, designing sgRNA, cloning into a plant expression 
plasmid, and transforming plants. The two major DSB repair pathways induced by 
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CRISPR are nonhomologous end joining (NHEJ) and homologous recombination 
(HR). While HR offers precise repair, its low effciency in higher plants limits its 
application in crop improvement (Sorek et al., 2013). Recent advancements, includ-
ing base editing (BE) and prime editing (PE), have improved precision and eff-
ciency. BE uses cytosine or adenine deaminases to introduce point mutations without 
DSBs, converting CG to TA or AT to GC. PE employs a pegRNA to guide a reverse 
transcriptase, enabling substitutions, insertions, or deletions at target sites. PE sup-
ports all 12 possible base-to-base conversions, making it a versatile tool for gene 
editing. It has been successfully applied in plants, with reports of herbicide-resistant 
maize and glyphosate-resistant rice (Karlson et al., 2021). Beyond Cas9, other Cas 
proteins such as Cas12, Cas13, and Cas14 expand CRISPR applications. Cas12, a 
smaller enzyme, operates without tracrRNA and can process multiple guide RNAs, 
facilitating multi-gene editing (Wang et al., 2021). Cas13 targets RNA, enabling 
RNA interference in plants and viruses. Cas14, highly selective and requiring no 
PAM, enhances sequence detection (Savage, 2019). Despite signifcant advance-
ments, challenges remain in CRISPR’s agricultural implementation, particularly in 
improving effciency, accuracy, and delivery methods. 

4.4 GENE EDITING FOR CLIMATE CHANGE 
ADAPTATION IN CROP PLANTS 

Genome editing, particularly CRISPR-Cas9, presents an exciting route for the altera-
tion of crops to various environmental stresses. Such improvements are needed to 
develop resistance crop cultivars for ensuring the availability of future food produc-
tion as climate variability is on the rise (Karlson et al., 2021). 

4.4.1 CRISPR-CAS9 FOR BIOTIC STRESS MANAGEMENT 

Microorganisms, including viruses, bacteria, and fungi, infect crops, reducing both 
quality and quantity (Talakayala et al., 2022). Traditional plant disease resistance 
methods involve genome editing to remove or modify genes disrupting plant defense 
(Yin & Qiu, 2019). Although disease-resistance genes are few, CRISPR-based edit-
ing has strengthened resistance in many crops. Climate change increases pathogen 
occurrence and virulence, making hosts more susceptible. CRISPR technology helps 
control plant viral diseases, such as banana streak virus, which remained latent in 
Plantago lanceolata under stress conditions like drought and high temperatures after 
CRISPR editing (Karlson et al., 2021). The CRISPR-Cas9 system also improves bac-
terial leaf blight resistance in rice by targeting the SWEET gene family that pathogens 
exploit. Genetic modifcations in the promoter regions of OsSWEET genes enhance 
resistance. Researchers successfully edited the OsERF922 gene in rice, increasing 
resistance to leaf blast disease, while eIF4G editing provided protection against rice 
tungro virus, resulting in disease-free, high-yielding plants. CRISPR/Cas9 has also 
introduced benefcial mutations in immunity and pest susceptibility genes, enhanc-
ing crop resilience (Vu et al., 2023). CRISPR enables weed control and herbicide-
tolerant crop development, promoting reduced-till farming, minimizing fossil fuel 
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FIGURE 4.4 Reducing reliance on chemical inputs through genome editing. 

use, and reducing soil disturbance and greenhouse gas emissions, ultimately reduc-
ing dependence on chemical fertilizers, fungicides, and pesticides (Figure 4.4). 

4.4.2 CRISPR-CAS9 IN ABIOTIC STRESS CONTROL 

Abiotic stresses from climate change, such as water defciency, heat, cold, and soil 
salinization, reduce global crop yields (Neupane et al., 2022). These stresses affect 
over 90% of arable land. While plants have natural adaptation mechanisms, tradi-
tional breeding struggles to address stress-related traits due to genetic complexity 
(Vats et al., 2019). Soil salinization from drought and irrigation threatens food secu-
rity, affecting 6% of cultivated lands and harming crops like rice, wheat, and maize 
(El Sabagh et al., 2021). Genome editing technologies play major role in increas-
ing stress resistance as shown in Table 4.2. CRISPR editing of OsNAC041 in rice 
has improved salt tolerance (Bo et al., 2019). Similarly, targeting the OsRAV2 tran-
scription factor has enhanced salinity tolerance. Beyond rice, genome engineering 
for stress adaptation has benefted wheat, maize, soybean, and tomato (Nazir et al., 
2022). Drought is another major stress linked to climate change. CRISPR-modifed 
OsABA8ox2 in rice improved root structure and water conservation (Zhang et al., 
2020). ERA1 mutants in rice enhanced drought tolerance through ABA regula-
tion (Ogata et al., 2020). Altering stomatal density in barley, wheat, and grapevine 
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TABLE 4.2 
Genome Editing Techniques for Increasing Resistance Against Stress 

Crop Target gene Trait Improved Reference 
Citrus CsLOB1 Resistant to Xanthomonas citri Peng et al. (2017) 

subsp. Citri (Xcc) 

Cucumber eIF4E Cucumber vein yellowing virus Chandrasekaran et al. 

eIF4E (2016) 

Papaya PRSV-W Papaya ring spot virus Jeyabharathy et al. 
(2016) 

Cocoa NPR3 Phytophthora tropicalis resistance Fister et al. (2018) 

Tomato CCD8 Resistance against Phelipanche Bari et al. (2019) 
aegyptiaca and Orobanche spp. 

LBD40 Drought tolerance Liu et al. (2020b) 

WRKY52 Enhanced disease resistance Foresti et al. (2024) 

VvWRKY52 Disease resistance pathway Fedorina et al. (2022) 

Apple MdDIPM1 and MdDIPM4 Fire blight resistance Pompili et al. (2020) 

MdDREB2 Enhanced resilience to drought Pompili et al. (2020) 

DIPM1 Reduced fre blight susceptibility Pompili et al. (2020) 

Orange CsALS Herbicide tolerance Mahna and Nayeri 
(2023) 

Banana DMR6 Bacterial disease resistance Tripathi et al. (2021) 

Ma04g15900; Abiotic stress resistance Shao et al. (2020) 
Ma06g27710; 
Ma08g32850; 
Ma11g10500; 
Ma11g17210 

Melon eIF4E Virus resistance Yoon et al. (2020) 

Potato StALS1 Herbicide resistance Mali et al. (2023) 

OsNAC041 Salinity tolerance Bo et al. (2019) 

SBEIIb and SBEI High amylose content Sun et al. (2017) 

Maize ARGOS8 Drought stress tolerance Shi et al. (2017) 

Sorghum Whole k1C gene family Enhancement of grain protein – 
digestibility and lysine content 

Soybean ALS Herbicide resistance – 

Drb2a and Drb2b Salt and drought tolerance Curtin et al. (2018) 

Sugarcane COMT Saccharifcation effciency improved Kannan et al. (2018) 

Flax EPSPS Herbicide resistance Hummel et al. (2018) 

Tobacco ALS Herbicide tolerance Endo and Toki (2013) 

Regions in the viral genome Virus resistance Ji et al. (2015) 

Barley HvPM19 Positive regulation of grain Lawrenson et al. 
dormancy (2015) 

Viral and satellite DNAs Resistance to cotton leaf curl disease Weeks et al. (2017) 

Peanut FAD2 Increased oleic acid content Wen et al. (2018) 

Avocado PAL, LOX Resistance to anthracnose disease Bill et al. (2017) 

PaNPR2 and PaNPR4 Phytophthora cinnamomi resistance Backer et al. (2015) 
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increased drought resistance. CRISPR-modifed OsHAK1 and OsNRAMP5 in rice 
reduced cesium and cadmium toxicity. In bananas, CRISPR-based gibberellin bio-
synthesis modifcations produced storm-resistant semi-dwarf varieties (Shao et al., 
2020). CRISPR-Cas9 knock-ins, such as inserting a maize promoter into the ARGOS8 
drought-tolerance gene, improved maize yield under water stress (Shimatani et al., 
2017). 

4.4.3 FLOWERING TIME ALTERATION IN STAPLE CROPS 

Through CRISPR-based fowering time control, scientists aim to enhance crop resil-
ience to climatic variability. Altering the ZmCCT gene in maize regulated early 
fowering for adaptation (Huang et al., 2018). CRISPR/Cas9-modifed GmFT2a and 
GmFT5a genes improved soybean cultivation by adjusting fowering time to lati-
tude. These genes, homologs of FT, accelerate soybean fowering under long days, 
facilitating climate-adaptive breeding. T2 soybean ft2a mutants exhibited delayed 
fowering under short- and long-day conditions, highlighting their role in photosen-
sitivity. GmFT2a is more active under short days, while GmFT5a dominates under 
long days, balancing fowering responses for tropical regions (Karlson et al., 2021). 
Double mutants ft2a-ft5a shifted fowering by 31 days under short-day conditions, 
increasing yield potential (Cai et al., 2020). 

BE ensured precise foral induction, optimizing crop adaptation. CRISPR/Cas9 
truncated E1, upregulating GmFT2a and GmFT5a for early fowering. Mutations 
in GmPRR37 and GmPRR3b promoted earlier fowering, improving adaptability to 
photoperiod variations (Wang et al., 2021). Similar gene editing in rice targeted Hd3a 
and RFT1, reducing photoperiod sensitivity and enabling earlier harvests. Editing 
Ehd1 in japonica rice adjusted mid-latitude varieties to lower latitudes, extending 
the growing season (Wu et al., 2020). CRISPR has also adapted sorghum, rapeseed, 
and apple to climate variability. Editing TERMINAL FLOWER 1 (TFL1) in apple 
and pear induced early fowering, increasing resilience. Epigenetic modifcations 
in Brassica napus shortened fowering time, improving climate adaptability (Jiang 
et al., 2018). Moreover, genome editing for modifying fowering time and maturity 
has been shown in Table 4.3. 

4.5 LIMITATIONS AND CHALLENGES OF GENE EDITING 
IN CLIMATE CHANGE ADAPTATION IN CROPS 

Genome editing technologies induce precise mutations in crop genomes, signif-
cantly impacting agriculture. Advances in the CRISPR/Cas system have enhanced 
effciency and practicality without incorporating foreign DNA. However, their 
deployment raises scientifc, ecological, and socioeconomic concerns. This chap-
ter assesses potential risks alongside benefts compared to conventional breeding. 
Traditional breeding also has limitations, such as increased toxic alkaloid levels in 
fava beans and potatoes, higher disease susceptibility, and reduced protein content in 
high-yield varieties (Huang et al., 2018). Spontaneous mutations occur each genera-
tion, introducing both benefcial and harmful alleles, infuencing natural selection 
and trait preference among farmers and consumers. 
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TABLE 4.3 
Genome Editing for Modifying Flowering Time and Maturity 

Crop Targeted Genes Modifed Trait References 
Pear TFL1 Early fowering Liu et al. (2020) 

PbPAT14 Dwarf yellowing, early – 
fowering phenotype 

Chrysanthemum CfTFL1a, CiTFL1b Early fowering Mekapogu et al. (2023) 
indicum TFL1 Flowering regulation Ramirez-Torres et al. (2021) 

Kiwifruit CENTRORADIALIS- Conversion of prolonged – 
(Actinidia like genes axillary fowering into rapid 
chinensis) terminal fowering 

Tomato SlBOP, self-pruning Altered fowering, fruit Mahna and Nayeri (2023) 
5G, RIN development 

Strawberry LAM, FveYUC10 Modifed runner formation, Ma et al. (2023) 
auxin levels 

MaGA20ox2 Semi-dwarf growth Zhao et al. (2021) 

Banana MA-ACO1 (ethylene Prolongs shelf life by – 
biosynthesis) modifying growth traits 

Grape Grape promoters Enhanced genome editing Rukavtsova et al. (2022) 
effciency 

Soybean GIGANTEA (GI) Alters photoperiod and Wang et al. (2021) 
fowering time 

GmE1 Early fowering Han et al. (2019) 

GmPRR3b Early fowering (regulation of – 
photoperiodic fowering and 
circadian clock) 

Mustard FEIGIDA Early fowering – 

BnaSDG8.A and Early fowering Jiang et al. (2018) 
BnaSDG8.C 

Rice Hd 2, Hd 4, and Hd 5 Early maturity of rice varieties – 

OsGS3 Early fowering Zhou et al. (2019) 

OsPHL3 Early fowering under LD and – 
SD conditions 

Maize ZmCCT9 Early fowering under LD Huang et al. (2018) 

4.5.1 OFF-TARGET EFFECTS 

A key limitation of site-specifc nucleases (SSNs) is off-target effects during targeted 
disruption, insertion, or replacement of genomic loci. These effects often result from 
homologous sequences at the target site but can also occur in nearby nonhomologous 
regions. Efforts to minimize off-target effects, particularly in the CRISPR/Cas sys-
tem, have led to the discovery of Cas9 point mutations that enhance effciency while 
reducing unintended activity. Additionally, advanced tools such as base editors for 
precise nucleotide changes, epigenome modifers that alter DNA conformation and 
expression, and PE tools for targeted DNA insertions further refne genome editing 
precision (Karlson et al., 2021). 
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4.5.2 BREAKING OF NATURAL REPRODUCTIVE BARRIERS 

Genome editing can bypass reproductive barriers that naturally limit genetic 
exchange. Conventional breeding maintains genetic boundaries through tightly 
linked DNA segments restricting recombination. Genome editing overcomes these 
limits, creating novel genetic combinations rigorously tested in target environments. 
This ensures only top-performing varieties, aligned with agronomic practices and 
consumer demands, reach farmers without disrupting natural genetic variation in 
crop production (Huang et al., 2018). 

4.5.3 TRANSPARENCY 

Most genome-edited plants undergo an intermediate transgenic step where foreign 
DNA is temporarily inserted and later removed. This requires careful lab and green-
house stewardship, using molecular tools to confrm sequence removal before feld 
testing. Advances in genome editing may eliminate this step, simplifying devel-
opment, especially for clonally propagated crops where removal is challenging. 
Transparency is crucial to maintain public trust. Without it, confdence in genome-
edited crops and their developers may erode. To enhance transparency, the Center for 
Food Integrity has launched a registry to engage civil society and educate consumers 
on genome-edited crops (Wu et al., 2020). 

4.5.4 INTELLECTUAL PROPERTY AND ACCESS 

The intellectual property landscape of genome editing remains complex and unre-
solved due to foundational patent disputes, particularly between the Broad Institute 
and Berkeley. While IP holders have shown willingness to license these technologies 
to public and commercial entities, legal uncertainties pose challenges, especially for 
resource-limited public sector researchers who may delay application until resolved. 
Legal clarity on ownership and licensing is essential for smallholder farmers to ben-
eft from genome-edited crops (Karlson et al., 2021). 

4.5.5 REGULATION OF GENOME-EDITED CROPS 

Strict regulatory regimes and complex risk assessment protocols for GM crops pose 
a signifcant barrier to adopting genome editing technologies. Many countries have 
biosafety frameworks governing GM crops derived through rDNA technology, often 
based on food safety and environmental risk principles established for conventional 
genetically modifed organisms (GMOs). With gene-edited crops, it is necessary to 
reconsider these defnitions and regulatory frameworks (Cai et al., 2020). Different 
genome editing methods lead to varying genetic modifcations. SDN-3 resembles 
traditional recombinant techniques with transgene insertion, making the end product 
a GMO, while SDN-1 introduces single-base substitutions without requiring DSBs. 
As a result, gene-edited crops differ from traditional GMOs, necessitating case-by-
case risk assessments (Eckerstorfer et al., 2021). However, no global consensus exists 
on regulating genome-edited crops, as debates persist over their similarity to GMOs. 
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This regulatory uncertainty complicates efforts to develop and integrate improved 
crop varieties into agriculture (Karlson et al., 2021). 

4.5.6 INTERNATIONAL LEVEL HARMONIZATION 

National and international regulatory frameworks are crucial for governing genome-
edited crops (Huang et al., 2018). Initially, genome editing lacked precautionary 
regulations like GMOs, but in 2018, the EU Court of Justice classifed gene-edited 
crops as transgenic (Wu et al., 2020). This contrasts with countries like the U.S. and 
Argentina, which do not classify certain genome-edited crops as transgenic (Menz 
et al., 2020). Such differences could impact the entry of gene-edited crops into mar-
kets linked to EU trade (Cai et al., 2020). However, large-scale genome editing poses 
challenges for regulatory authorities in distinguishing natural mutations from engi-
neered ones (Agapito-Tenfen et al., 2018). 

4.6 CONCLUSION 

Genome editing technologies, particularly CRISPR/Cas systems, have transformed 
agriculture by enabling precise, effcient genetic modifcations to enhance crop qual-
ity, yield, and stress tolerance while improving food safety and shelf life. While 
most applications target nuclear genomes, future advancements may expand to plant 
organelles. Current research focuses on technical improvements, such as editing 
accuracy, delivery mechanisms, and new Cas variants, but gaps remain in address-
ing regulatory, biosecurity, and public acceptance challenges, as well as the impact 
of climate change on agriculture. Innovations like anti-CRISPR proteins and minia-
turized delivery systems are refning precision and effciency. However, widespread 
adoption requires robust frameworks, baseline data for risk assessment, and pub-
lic education to bridge the gap between technological advancements and practical 
implementation, ultimately strengthening global food security. 
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5.1 INTRODUCTION 

Traditional techniques like selection, hybridization, and backcrossing have been the 
cornerstone of crop improvement for centuries, making crop breeding an essential 
part of agricultural development. These methods have made a substantial contribu-
tion to raising yield, enhancing quality, and strengthening disease and pest resis-
tance. However, traditional breeding is time-consuming and labor-intensive because 
it frequently takes several generations to achieve genetic stability (Akhtar et al., 
2023). Although the 20th century saw a revolution in agriculture with the introduc-
tion of heterosis (hybrid vigor) and the creation of hybrid crops, issues like the lim-
ited genetic diversity in elite germplasm and the sluggish rate of trait incorporation 
remained (Garcia et al., 2025). The increasing need for resilient and high-yielding 
crops made the incorporation of contemporary tools necessary. 

Biotechnological approaches to crop breeding have advanced signifcantly over 
the past few decades. Among these are marker-assisted selection (MAS), which 
uses molecular markers to enable accurate trait selection; double haploid (DH) tech-
nology, which allows homozygous lines to develop quickly in a single generation; 
tools for genome editing, such as CRISPR-Cas9, enable precise alteration of genetic 
sequences to target characteristics like drought tolerance, pest resistance, and nutri-
ent use effciency (Abdul Aziz & Masmoudi, 2025). Abiotic stressors that limit 
cultivation in marginal areas and lower yields, like heat, dryness, and salinity, are 
especially harmful to crops (Kabato et al., 2025). For instance, rice is more suscep-
tible to fooding and salinity in coastal places (Wei et al., 2023); maize is sensitive to 
heat stress during fowering, which results in poor grain set (Waqas et al., 2021); and 
wheat yields are decreasing in areas with higher temperatures during grain flling 
(Dubey et al., 2020). This chapter aims to highlight the role of haploid induction and 
genome editing as transformative tools in modern crop breeding. 
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5.2 HAPLOID INDUCTION 

5.2.1 WHAT IS HAPLOID INDUCTION? 

Haploid induction is a plant breeding technique used to produce haploid plants, 
which possess a single set of chromosomes (n) instead of the usual diploid set (2n). 
Haploid induction can be achieved through two main approaches: in vivo (utilizing 
haploid inducer (HI) lines) and in vitro (anther culture, ovule culture, and related 
techniques) (Song et al., 2024). 

5.2.2 WHAT IS HAPLOID INDUCER LINE? 

HI lines are naturally available lines, i.e. plant line having the property to trigger in 
planta production of haploid embryos after a conventional intra-specifc cross with a 
line of interest. One sperm cell from the inducer gamete fails to fuse with the egg cell 
but triggers haploid embryogenesis. The uniparental haploid progeny lacks the HI 
line genome. Natural inducer lines have been used in various plants like maize (Coe 
Jr, 1959), barley (Kasha & Kao, 1970), tobacco (Burk et al., 1979), wheat (Laurie & 
Bennett, 1988). 

5.2.3 MECHANISMS INVOLVED IN HAPLOID FORMATION 

5.2.3.1 Normal Fertilization in Maize Involves Double Fertilization 
One sperm cell fuses with the egg cell to form the zygote. The other sperm cell fuses 
with central cells to form the endosperm (Faure et al., 2003). 

5.2.3.2 In Haploid Induction 
Mutations in inducer lines cause defects in the sperm’s ability to contribute its 
genetic material to the zygote. The egg develops into a haploid embryo with only the 
maternal genome. The endosperm develops normally with contributions from both 
parents (Diwan et al., 2025). 

5.3 TECHNIQUES FOR HAPLOID INDUCTION 

5.3.1 IN VITRO TECHNIQUES 

In vitro techniques play a pivotal role in modern plant biotechnology by enabling 
rapid propagation, genetic improvement, and conservation of plant species. These 
methods include anther culture (producing haploid plants from microspores for 
homozygous line development; Islam et al., 2023), microspore culture (generating 
uniform haploid/doubled haploid (DH) plants in crops like wheat and Brassica; 
Hale et al., 2022), and ovule culture (rescuing hybrid embryos from wide crosses; 
Rogo et al., 2023). Wide hybridization leverages embryo rescue to introduce novel 
traits from distant species (Inomata, 1993), while HIGE (haploid induction via 
gametic embryogenesis) accelerates pure-line breeding (Germana, 2011). The bul-
bosum method exploits chromosome elimination in barley hybrids to derive hap-
loids (Devaux, 2003), and androgenesis by stress treatment (e.g., heat/cold) induces 
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embryogenesis in microspores (Islam & Tuteja, 2012). Collectively, these techniques 
enhance breeding effciency, preserve genetic diversity, and facilitate trait introgres-
sion (Kaur et al., 2025). 

5.3.2 IN VIVO TECHNIQUES 

In vivo haploid induction techniques enable the direct production of haploid plants 
from living specimens, offering effcient alternatives to in vitro methods. Key 
approaches include (1) HI lines, where crosses with genetically modifed lines (e.g., 
maize with altered ZmPLA1/ZmDMP genes) trigger haploid embryo formation 
(Song et al., 2024); (2) wide hybridization, exploiting chromosome elimination in 
distant crosses (e.g., wheat × maize) to yield haploids (Ishii et al., 2016); (3) gyno-
genesis, using irradiated pollen to stimulate maternal haploid embryo development 
(Kolesnikova et al., 2021); (4) centromere-mediated genome elimination, leverag-
ing CRISPR-edited centromere proteins for targeted chromosome removal (Karimi-
Ashtiyani, 2021); (5) chemical induction (e.g., colchicine) to induce parthenogenesis 
(Musazade et al., 2025); and (6) genome editing-assisted induction, where CRISPR 
modifes haploid-promoting genes (e.g., DMP) to enhance effciency (Bhowmik 
& Bilichak, 2021). These methods accelerate breeding by enabling rapid homozy-
gous line production, though challenges like species-specifc limitations, regula-
tory hurdles, and variable induction rates persist (Zhang et al., 2023). The genetic 
modifcations in crop plants, their targeted genes, traits, and transformation methods 
are indexed in Table 5.1. However, these genes can be targeted for genome editing-
assisted haploid induction (Zhang et al., 2019). 

Haploid embryo development is triggered by HI lines, such as those containing 
mutations in the MATERNAL HAPLOID (MTL) gene. After chromosome doubling, 
altered alleles in haploid embryos become homozygous when paired with genome 
editing technologies such as CRISPR-Cas9. This method guarantees trait fxation, 
speeds up breeding cycles, and does away with the requirement for several genera-
tions of selfng. It is especially useful for enhancing yield attributes, pest resistance, 
and stress tolerance, offering a productive means of creating crop varieties that are 
both climate adaptable and high-performing (Li et al., 2025). 

5.4.1 ADVANTAGES OF CLIMATE-RESILIENT BREEDING CROPS 

HI-Edit has the ability to dramatically accelerate trait introgression, introducing 
new crop traits to market. Farmers may access these breakthroughs considerably 
more quickly because of HI-Edit’s capacity to accelerate the breeding cycle while 
maintaining genetic stability, as it can take ten years or more to bring a novel trait 
to market. HI-Edit technology has many uses, from assisting crops in adjusting to 
environmental stressors like shifting weather patterns to maybe bringing back crop 

5.4  COMBINATION OF HAPLOID INDUCER-MEDIATED  
GENOME EDITING
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TABLE 5.1 
Genetic Modifcations in Crop Plants: Targeted Genes, Traits, and Methods 

Plant 
Watermelon 

Oryza sativa 

Solanum 
lycopersicum 

S. lycopersicum 

S. lycopersicum 

Rice 

Saccharum 
offcinarum 

O. sativa 

Apple 

Maize 

O. sativa 

Oilseed rape 

Soybean 

Tobacco 

Muskmelon 

O. sativa 

O. sativa 

Gene(s) 
Targeted 

CIPSK1 

OSPUT1/2/3 

SIEPSPS 

SIALSI, SIALS2 

Sipds1 

Os8N3 
OsProDH 
OsGS3 
OsNAC45 

SOALS 

OsNAC006 

MdDIPM4 

ZmPHYC1 
ZmPHYC2 

OsPIN5b, GS3, 
OSMYB30 

BnALS1 

GmPRR37 
GmFT2a/5a 

NtHL1 

CmPDS 

OsPDS 

OsPRP1 

Traits 
Enhanced resistance to 
Fusarium oxysporum 

Herbicide resistance 

Herbicide resistance 

Herbicide resistance 

Herbicide resistance 

Disease resistance 
Thermotolerance 
Grain length 
Salt tolerance 

Herbicide resistance 

Heat tolerance 

Disease resistance 

Flowering time/plant 
height 

Cold tolerance 

Herbicide resistance 

Flowering time and 
regional adaptability 

Hybrid lethality 

Albinism (CRISPR 
trial) 

Heat tolerance 

Cold tolerance 

Method 
Agrobacterium-
mediated 

Agrobacterium-
mediated 

Agrobacterium-
mediated 

Agrobacterium-
mediated 

Agrobacterium-
mediated 

Gene knockout and 
overexpression 

Site-directed 
mutagenesis 

Biolistic gene 
transfer 

PEG-mediated 

Gene inactivation 

Gene knockout and 
overexpression 

Agrobacterium-
mediated 

Base editing 

Site-directed 
mutagenesis 

Frameshift mutation 

Gene knockout 

Gene gun 

Agrobacterium-
mediated 

References 
Khan et al. (2023) 

Lyu et al. (2022) 

Yang et al. (2022) 

Yang et al. (2022) 

Yang et al. (2022) 

Gan and Ling 
(2022a) 

Oz et al. (2021) 

Wang et al. (2020a) 

Pompili et al. (2020) 

Li et al. (2020) 

Zeng et al. (2020) 

Wu et al. (2020) 

Wang et al. (2020b) 

Ma et al. (2020) 

Hooghvorst et al. 
(2019) 

Nandy et al. (2019) 

Nawaz et al. (2019) 

varieties that growers no longer prefer (Li et al., 2025). In only a few short years, 
CRISPR technology, of which HI-Edit is an application, has already made signif-
cant strides (Gan & Ling, 2022b). A related technique called Inducer Mediated 
Genome Editing (IMGE) has been published by another research team. The frst 
HI-Edit study used NP222RS, which had a low transformation frequency (TF), low 
haploid induction rate (HIR), and a poor seed set. The IMGE/HI-Edit approach will 
be widely used to speed up crop breeding because most crops are resistant to trans-
formation and effciency is frequently genotype dependent. Moreover, the genetic 
materials generated are transgene-free and reduce the need for regulatory permis-
sion (Delzer et al., 2024). 
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5.5 APPLICATIONS OF HI-Edit FOR CLIMATE CHANGE 

HI-Edit enables direct genomic modifcation of commercial crop varieties. The 
genome editing program HI-Edit tackles climate change in a number of ways. By 
introducing disease- and drought-resistant characteristics, enhancing photosyn-
thesis, and encouraging effective water use, it increases crop resilience (Kelliher 
et al., 2017). Additionally, it creates climate-resilient livestock, which makes 
them more tolerant to harsh weather conditions. By decreasing waste and maxi-
mizing nutrient uptake, it also makes precision agriculture possible. In addition, 
HI-Edit promotes the growth of carbon-sequestering microbes and bioenergy 
crops, helping to create a sustainable and climate-resilient future. By reducing 
the effects of climate change on biodiversity, ecosystems, and global food secu-
rity, these applications guarantee a more sustainable planet. The potential of 
HI-Edit is enormous and promising (Dubey & Jha, 2025). The identifcation of 
MATRILINEAL (MTL), a pollen-specifc phospholipase (Kelliher et al., 2017), 
marks a signifcant milestone in maize haploid induction, with far-reaching 
implications for crop improvement in the face of climate change. The discovery 
that haploid induction results from a 4-bp insertion in the carboxy terminus of 
the MTL gene provides crucial insights into genetic mechanisms underlying eff-
cient DH production. 

Fine mapping of the locus to a 0.57 Mb region and the subsequent renaming of 
GRMZM2G471240 as MATRILINEAL highlight the precision of modern molecular 
tools in advancing genetic breeding programs. Using TALEN technology, mutant 
MTL lines (MTLTAL-FS) were developed, achieving HIRs of 4.0–12.5%, further 
validating the role of the MTL allele in triggering haploidy (Kelliher et al., 2017). 
These fndings were reinforced through mapping populations derived from the RWK 
line (developed from Stock 6) crossed with NP2460 and NP2391. Additionally, 
Kelliher et al. (2019) extended the application of haploid induction systems by 
demonstrating their utility in wide crosses between wheat (Triticum aestivum) and 
maize (Zea mays). By using maize HI pollen, haploid wheat embryos were generated 
through zygotic elimination of maize chromosomes during mitosis (Dermail et al., 
2024). 

Scientists (Yao et al., 2018) explored haploid induction in rice by leveraging insights 
from maize (Z. mays), where a native frameshift mutation in the MATRILINEAL 
(MATL) gene triggers haploid induction. The rice ortholog, OsMATL, exhibited an 
expression pattern similar to ZmMATL. Using genome editing, an allelic series of 
OsMATL mutants was developed. Knockout mutations in OsMATL resulted in a 
reduced seed set and achieved HIRs of 2–6% (Yao et al., 2018). This study dem-
onstrates the potential of genome editing for developing HIs in rice, providing a 
foundation for accelerated breeding and genetic studies in cereal crops. Researchers 
converted a non-HI maize line, NP2222, into a HI line using CRISPR-Cas9 with 
a guide RNA to knock out the MATL gene. The edited plants were self-pollinated, 
and T1 progeny homozygous for MATL frameshift mutations and the Cas9 construct 
were selected. These mutated HI plants were crossed with the inbred line B14-vL, 
and haploid progeny were identifed, showing no male genome contribution (Liu 
et al., 2025). 
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5.5.1 APPLICATIONS FOR TRAIT-BASED EXAMPLE 

Scientists (Wang et al., 2019) developed a method using the CAU5 HI line carrying 
a CRISPR/Cas9 cassette targeting ZmLG1 or UB2 genes. Crossing the HI line with 
the B73 maize line produced genome-edited haploids. These haploids were Cas9-
free due to the loss of the male genome post-fertilization. The edited haploids could 
be doubled, either spontaneously or artifcially, to generate DH lines. This process 
enabled the production of homozygous DH lines with improved agronomic traits 
within two generations, offering an effcient tool for precise gene editing and breed-
ing in maize (Dermail et al., 2024). 

5.5.2 OTHER APPLICATIONS 

Haploid induction has been transformed by recent developments in genetic altera-
tions, providing effective instruments for crop improvement. The role of the SlDMP 
mutation in tomatoes was illustrated by Zhong et al. (2022), when biallelic mutants 
produced maternal haploids without regard to genotype. With fow cytometry veri-
fying haploid induction, the study revealed decreased seed flling and higher ovule 
abortion. In a similar manner, Yin et al. (2024) used CRISPR-Cas9 to modify 
cucumber’s CsDMP, thereby creating haploids through mutant selfng. With possible 
uses in breeding programs, this was the frst successful in vivo haploid induction 
technique in cucumbers. The importance of reactive oxygen species (ROS) in hap-
loid induction was emphasized by Jiang et al. (2022), who found that increased ROS 
levels in MTL mutants resulted in DNA fragmentation in sperm cells, producing 
haploid offspring. Through CENH3 alterations, temperature manipulation enhanced 
HIRs in Arabidopsis, as shown by Wang et al. (2023). 

Male parental HIRs dramatically increased with environmental conditions opti-
mized, indicating new ways to improve effciency. By preventing zygote formation 
during fertilization, changes in the KPL gene enabled haploid creation, according to 
research by Jacquier et al. (2023) on genetic disturbances in gamete fusion. Numerous 
crops, including watermelon, tomatoes, maize, and potatoes, have benefted from 
the successful application of DMP modifcations. These developments combine the 
advantages of genome editing and haploid induction, allowing for quick trait fxation 
and hastening the creation of stable and enhanced agricultural varieties. With wider 
ramifcations for global food security, these discoveries are especially important for 
improving breeding effciency in intricate plant groups like Solanaceae, Fabaceae, 
and Cucurbitaceae (Li et al., 2025). 

5.6 REGULATORY AND ETHICAL CONSIDERATIONS 

The regulatory landscape for genome-edited crops varies signifcantly across jurisdic-
tions, refecting divergent interpretations of genetic engineering laws. The European 
Union applies stringent GMO regulations to all genome-edited organisms, regardless 
of foreign DNA presence, while more permissive regimes like the USA and Canada 
exempt edits lacking transgenes (Sprink & Wilhelm, 2023). Intermediate approaches 
exist in countries such as Australia and Japan, which have established subcategories 
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for certain editing techniques. International efforts to harmonize standards include 
the WHO’s Expert Advisory Committee, which addresses ethical and governance 
challenges of human genome editing, and the OECD’s 2019 conference, which facili-
tated multidisciplinary dialogue on agricultural applications (Friedrichs et al., 2019). 
Ongoing revisions to GMO laws in Europe and elsewhere continue to shape a frag-
mented regulatory environment, creating barriers to global trade and innovation in 
genome-edited products (Sprink & Wilhelm, 2023). 

5.7 FUTURE PROSPECTS 

HI-Edit (haploid induction-assisted genome editing) holds signifcant promise 
for addressing climate challenges by enhancing crop resilience and sustainabil-
ity, with projections suggesting it could boost yields by 20–30% in drought-prone 
regions by 2030 (Ndudzo et al., 2024). This technology is expected to revolutionize 
climate-smart agriculture through drought-tolerant crops, heat-resistant livestock, 
and AI-integrated precision farming, while also enabling carbon sequestration 
in plants to mitigate climate change (Lal et al., 2015). Regulatory reforms are 
anticipated to facilitate widespread adoption, ensuring equitable access to these 
innovations and supporting global food security (Han et al., 2025). Beyond agri-
culture, HI-Edit’s applications span pharmaceuticals and ecosystem restoration, 
transforming vulnerability into resilience as climate pressures intensify (Kelliher 
et al., 2017). Its continued advancement will be critical in building a sustainable, 
food-secure future by improving nutrition, adaptation, and agricultural productiv-
ity worldwide. 

5.8 CONCLUSION 

The development of DH lines through haploid induction has revolutionary implica-
tions for agricultural adaptation to climate change. This technology enables the rapid 
stacking of stress-resilient traits, such as heat tolerance and drought tolerance, into 
elite germplasm. The combination of haploid induction and genome editing tech-
nologies, like CRISPR-Cas9, provides a powerful platform for integrating climate-
resilient alleles into crops. This technology has the potential to expand the genetic 
basis of staple crops, increasing their resilience and productivity under challenging 
conditions. Future research should focus on integrating haploid induction with high-
throughput phenotyping and precision breeding to accelerate the development of 
climate-smart crop varieties. 
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6.1 INTRODUCTION 

Climate change has emerged as one of the most pressing challenges facing global 
agriculture. Rising temperatures, unpredictable rainfall patterns, and increased 
incidences of extreme weather events have severely impacted crop productivity and 
food security (Jovović et al., 2025). Prolonged droughts, foods, and heatwaves are 
altering crop seasons, increasing pest infestations, and reducing arable land avail-
ability (Bera et al., 2024). Consequently, developing climate-resilient crop varieties 
has become a critical priority to ensure global food security. Advances in genomic 
technologies provide promising tools to accelerate crop improvement strategies 
and mitigate the impact of climate change on agriculture. By the use of genomic 
innovations, researchers can identify key genetic loci associated with adaptive traits 
such as drought tolerance, heat resistance, and nutrient-use effciency (Benavente & 
Giménez, 2021; Saleem et al., 2025; Schröder et al., 2019). Next-generation sequenc-
ing (NGS) has revolutionized crop genomics by enabling rapid and cost-effective 
sequencing of entire genomes, facilitating a deeper understanding of genetic vari-
ability. Technologies such as genotyping-by-sequencing (GBS) and single nucleotide 
polymorphism (SNP) arrays have enhanced the precision and effciency of identify-
ing climate-resilient traits in crop species (Kim et al., 2016; Naqvi et al., 2022). 

Additionally, advancements in pangenomics have allowed researchers to capture 
the genetic diversity across multiple cultivars, landraces, and wild relatives, reveal-
ing valuable alleles for climate adaptation (Hufford et al., 2021; Liu et al., 2020). The 
integration of these genomic approaches has played a transformative role in devel-
oping improved crop varieties with enhanced resilience to environmental stresses. 
Furthermore, emerging technologies such as genomic selection (GS) and genome 
editing tools like CRISPR/Cas, TALENs, and zinc fnger nucleases (ZFNs) are rap-
idly accelerating the development of climate-resilient crops (Bhat et al., 2016; Feng 
et al., 2013; Wang et al., 2018). These innovative tools enable breeders to target genes 
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linked to climate adaptation traits with remarkable precision, expediting the breed-
ing cycle. This chapter outlines the pivotal role of NGS, GS, genome editing, and 
data management tools in driving climate-resilient agriculture, offering insights into 
future research directions for ensuring global food security in the face of an evolving 
climate crisis. 

6.2 GENOME SEQUENCING AND ASSEMBLIES 

The draft human genome was completed in 2001, which pushed genome sequencing 
into the limelight. Initially, Sanger sequencing was frequently used to draft plant 
genomes (Imelfort & Edwards, 2009). Despite its long length of reads and subse-
quent high accuracy in sequence assembly, the high cost and low throughput associ-
ated with its use limit this sequencing technology in large-scale adoption (Metzker, 
2005). Hence, this technology was gradually replaced with more advanced sequenc-
ing platform with the likes of Illumina sequencing, thus forming the second-
generation sequencing (SGS) platform. High throughput and low cost associated 
with Illumina sequencing were the reason for its faster adoption among the scien-
tifc community associated with genome assembly (Goodwin et al., 2016). As per 
the National Centre for Biotechnology Information (NCBI) database, till date over 
100 of reference genomes have been sequenced for various plant species. Most of 
these genomes have been sequenced with the help of SGS. However, the short-
read lengths generated and inaccuracy along with gaps during the assembly in long 
repetitive regions undermines the quality of SGS (Treangen & Salzberg, 2012). 
There is a possibility of many genes being divided among contigs, which may lead 
to an infating of gene counts. This can impair the accuracy of gene predictions. 
Such misassembles and split genes in assemblies are a signifcant limiting factor 
for subsequent analyses like pangenomics and genome diversity studies (Denton 
et al., 2014). 

6.2.1 LONG-READ SEQUENCING 

Long-read sequencing technologies, such as PacBio and Oxford Nanopore, gener-
ate reads spanning thousands of bases, enabling the analysis of complex genomic 
regions and full-length mRNA transcripts for improved variant detection and 
exon linkage studies (Goodwin et al., 2016). Unlike short-read sequencing, these 
single-molecule approaches eliminate PCR amplifcation biases, enhancing 
accuracy (Schadt et al., 2010). PacBio sequencing, commercialized in 2011, pro-
duces reads averaging 10 kb but suffers from high indel error rates (13%–18%) 
and occasional chimeric reads, which can be mitigated through increased cov-
erage or quality control measures (Berlin et al., 2015; Carneiro et al., 2012; 
Tallon et al., 2014). Introduced in 2014, Oxford Nanopore’s MinION platform 
sequences DNA fragments exceeding 100 kb but also exhibits indel errors (~15%), 
prompting the development of error-correction tools like NanoCorr, NanoPolish, 
PoreSeq, and marginAlign (Goodwin et al., 2015; Ip et al., 2015; Jain et al., 2015; 
Loman et al., 2015; Szalay & Golovchenko, 2015; Urban et al., 2015). Synthetic 
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long-read technologies, such as Illumina’s HiSeq and 10× Genomics’ GemCode, 
assemble short reads into longer sequences, with Illumina using TruSeq libraries 
and 10× Genomics employing microfuidics for DNA partitioning and barcoding 
(Eisenstein, 2015; McCoy et al., 2014). These advancements address challenges 
in genome assembly and transcriptome analysis, though error rates and technical 
limitations remain key considerations. 

6.2.2 OPTICAL MAPPING 

Optical mapping creates maps that can enhance genome assemblies by using the 
actual locations of restriction enzyme sites. OpGen Argus and BioNano Irys are 
now the leading platforms under this category, which was frst documented in the 
early 1990s (Schwartz et al., 1993). The optical maps created by OpGen span a 
mean length of 200 kb, but the typical length of BioNano maps is approximately 
225 kb (Shelton et al., 2015). The overlap-layout-consensus method uses de novo 
assembly to produce a fnal, precise DNA map. Then, in order to identify assembly 
defects such as erroneous joins, inversions, or translocations, these maps are com-
pared to a reference sequence. The results are visualized using programs such as 
OpGen MapSolver and BioNano IrysView. Additionally, optical mapping can be 
used to fll in assembly gaps and connect smaller scaffolds to form bigger, more 
comprehensive ones (Cao et al., 2014; Hastie et al., 2013). This sequencing platform 
has been employed for rice, maize, tomato, and wheat (Shearer et al., 2014; Zhou 
et al., 2007, 2009). 

6.3 ADVANCES IN CAPTURING CROP DIVERSITY 

The analysis of genetic variation among and between species is the starting point of 
crop improvement programs (Staňková et al., 2016). 

6.3.1 GENOTYPING-BY-SEQUENCING (GBS) 

Reduced representation technologies, such as GBS, provide a cost-effective alter-
native to whole-genome sequencing by targeting specifc genomic regions (Elshire 
et al., 2011). GBS begins with restriction enzyme digestion of genomic DNA, where 

the library for Illumina sequencing (Li et al., 2015; Wallace & Mitchell, 2017). An 
alternative GBS protocol uses two restriction enzymes for better fragment size and 
specifcity control (Poland et al., 2012). GBS reduces sequencing costs by focusing 
on key genomic regions and enables simultaneous SNP discovery and genotyping 
without prior sequence knowledge, making it valuable for orphan crops. However, 
a limitation is the potential omission of important regions lacking restriction sites 
(Kim et al., 2016). 

enzyme selection determines the sequenced regions, often favoring methylation- 
sensitive enzymes to avoid repetitive DNA and enrich informative sequences (Koren 
& Phillippy, 2015). The digested fragments are ligated with adapters, one common 
and one barcoded for sample identification, followed by PCR amplification to prepare 
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6.3.2 GENOTYPING ARRAYS (SNP ARRAY TECHNOLOGY) 

With the advent of whole-genome sequencing, many crop species have been com-
pletely sequenced, especially those with relatively smaller genomes. This has allowed 
us to compare the sequence information of a particular genome with a reference 
genome or between two different individuals and comprehensively identify SNPs 
(Varshney et al., 2009). SNP array technology has allowed the genotyping of crop 
samples with millions of SNPs in one go. SNP arrays have now been established 
for several important crops like canola, maize, rice, and wheat (Chen et al., 2014; 
Edwards et al., 2013; Snowdon & Iniguez Luy, 2012; Yu et al., 2014). SNP array 
technology can help in the gene localization of traits, which can enable the discovery 
of very tightly linked markers which can be further used in marker-assisted selec-
tion (Felcher et al., 2012). It can also help in very precise and unanimous variety 
identifcation. This technology will also facilitate GS as explained in the next section 
(Clarke et al., 2016). It has been used in genome-wide association studies (GWAS) 
(McCouch et al., 2016), population structure analysis (Wang et al., 2016), and gene 
mapping (Dalton-Morgan et al., 2014). 

6.3.3 PANGENOMICS 

Crop genomes are dynamic. They keep changing with the changing climate, with 
domestication and crop improvement. In order to develop future ready crop variet-
ies, the study of genetic diversity of a single genome is not suffcient (Bayer et al., 
2020). Some important climate-resilient traits may be present in crop wild relatives. 
These may be adapted to extreme environments and may carry useful genes for cli-
mate resilience that were lost during domestication. The study of pangenomes will 
also help us understand the impact of domestication and crop improvement on crops. 
Pangenomes have been constructed for several crops, like soybean (Liu et al., 2020), 
tomato (Gao et al., 2019), cotton (Li et al., 2021), rice (Zhao et al., 2018), chickpea 
(Varshney et al., 2021), and maize (Hufford et al., 2021). A summary of the different 
sequencing methods is given in Table 6.1. 

6.3.4 DATA MANAGEMENT SYSTEM FOR CROP GENOMICS 

Crop genomics gives rise to a vast quantity of data which needs to be stored, 
analyzed, and visualized as and when needed. This has given rise to the branch of 
bioinformatics which deals with the application of computer technology to man-
age large biological information. One of the oldest data library is the European 
Molecular Biology Laboratory (EMBL), established in 1980 (Higgins et al., 
1992). The NCBI, USA is one of the most popularly used databank in the world. 
DNA databank in Japan and National Biomedical Research Foundation’s Protein 
Information Resource (PIR) for proteins are some other databanks. Today, 
there are three most popular public domain databases, the NCBI, the European 
Bioinformatics Institute, UK, and GenomeNet, Japan (Singh, 2015). These con-
tain nucleotide sequence databases like GenBank, dbEST, Escherichia coli, Mito, 
EMBL, Kabat, Yeast, IMGT database (Singh & Singh, 2015). In addition, there 
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TABLE 6.1 
Sequencing Technologies and Their Applications in Crop Genomics for 
Climate Change Adaptation 

Applications in 
Technology Key Features Limitations Crop Genomics References 
Sanger High accuracy, High cost, low Early genome Imelfort and 
sequencing long-read lengths throughput assemblies, Edwards (2009), 

foundational Metzker (2005) 
technology for crop 
genomics 

Second- High throughput, Short-read lengths, Sequencing plant Goodwin et al. 
generation cost-effective assembly gaps genomes, genotyping- (2016) 
sequencing by-sequencing (GBS), 

SNP discovery 

PacBio Long reads (~10 High error rates, Resolving repetitive Schadt et al. 
sequencing kb), single- costly regions, full-length (2010), Lee et al. 

molecule transcript sequencing (2014), Rhoads 
sequencing and Au (2015) 

Oxford Ultra-long reads High indel error Structural variation Ip et al. (2015), 
Nanopore (>100 kb), rates analysis, improving Jain et al. (2015) 
sequencing portable genome assemblies 

Genotyping- Focus on specifc Misses non- SNP discovery, Elshire et al. 
by- genome regions, restricted regions marker-assisted (2011), Poland 
sequencing cost-effective breeding, studying et al. (2012) 

orphan crops 

SNP array High-density SNP Limited to Genome-wide Clarke et al. 
technology genotyping, robust predefned SNPs association studies (2016), Varshney 

detection of (GWAS), trait et al. (2009) 
polymorphisms mapping, population 

structure analysis 

Optical Physical genome Limited resolution Filling assembly gaps, Hastie et al. 
mapping mapping, for small detecting structural (2013), Cao et al. 

complements genomic features variations, aligning (2014) 
sequencing for scaffolds 
assembly 

Pangenomics Comparative Requires extensive Identifying climate- Bayer et al. (2020), 
genome analysis data and resilience genes, Liu et al. (2020), 
across individuals computational understanding crop Hufford et al. 

resources domestication (2021) 

are protein databases like the Protein Data Bank (PDB), SWISS-PROT data-
base, Yeast, and Kabat (Minouchehr & Gollaei, 2004). The utilization if these 
databases require database mining and analysis tools. For example, the Basic 
Local Alignment Search Tool (BLAST) is the most preferred sequence alignment 
tool in the public domain (McGinnis & Madden, 2004). ENTREZ is a search 
engine for bibliographical citations and biological data (Schuler et al., 1996). 
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TAXONOMY BROWSER is used to search for taxonomic information of vari-
ous species (Leow & Taylor, 2000). LOCUS LINK provides information about 
genes (Pruitt & Maglott, 2001) while PROSITE is for functional sites in different 
proteins (Bairoch, 1992). 

6.4 APPLICATION OF GENOMICS TO BREED 
CLIMATE-RESILIENT VARIETIES 

The application of genomics in agriculture provides a powerful technique for breed-
ers and researchers to enhance the adaptability of crops to changing environment 
(Kole et al., 2015). There are different techniques in genomics, including quantitative 
trait locus (QTL) analysis, GWAS, GS, and gene-editing technologies such as ZFNs, 
transcription activator-like effector nucleases (TALENs), and the CRISPR/Cas sys-
tem (Gogolev et al., 2021; Kumar et al., 2024). 

6.4.1 QUANTITATIVE TRAIT LOCUS (QTL) ANALYSIS 

QTL are specifc locations in the genomic DNA that affect the phenotype of 
a complex trait, often through the genetic interactions within the locus itself, 
between different loci and with the environment (Powder, 2020). Many traits, 
like yield and biotic and abiotic stress tolerance, are typically infuenced by 
multiple genes and environmental factors. QTL mapping involves association 
between a genetic marker and phenotype that can be measure (Dhingani et al., 
2015). QTL mapping involves the following steps: development of suitable map-
ping population from two parental strains with phenotypically contrasting char-
acters; selection of suitable molecular marker and development of linkage map; 
genotyping of mapping population; and QTL detection and mapping using soft-
wares (Kumar et al., 2017). 

6.4.2 GENOME-WIDE ASSOCIATION STUDIES (GWAS) 

GWAS represents a complementary approach to QTL analysis. With improvement 
in high-throughput genotyping and phenotyping technologies, GWAS has become 
ever more powerful (Dhondt et al., 2013; Ellegren, 2014). The frst step in GWAS 
is the selection of suitable mapping population. Unlike traditional QTL mapping, 
which often focuses on specifc breeding populations, GWAS leverages natural 
variation in very large, genetically diverse populations to identify reproducible 
genome-wide signifcant associations. Once the population is selected, phenotypic 
data is collected from a large number of individuals. The required sample size can 
be ascertained using complex calculations using software tools such as CaTS14 or 
GPC15. The population is then genotyped using high-density SNP arrays or whole-
genome sequencing. Then, statistical methods are applied to test for associations 
between SNPs and phenotypic traits, identifying loci for trait variation (Gill et al., 
2022). 
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6.4.3 INTEGRATING QTL AND GWAS 

The integration of QTL analysis and GWAS can enhance the understanding of the 
genetic basis of climate resilience. By integrating the strengths of both approaches, 
breeders and researchers can validate QTLs identifed in specifc populations of a crop 
and explore their relevance across diverse genetic backgrounds (Khan et al., 2021). 

6.4.4 GENOMIC SELECTION (GS) 

GS is a revolutionary methodology that uses genomic information to predict the 
genetic potential of individuals for specifc traits. It exploits molecular markers to 
develop models for genetic evaluation of genotypes (Bhat et al., 2016). Unlike tra-
ditional selection methods that rely on phenotypic data only, GS incorporates high-
density SNP markers to estimate breeding values. GS includes a training population 
in which both phenotypic and genotypic data are collected. This population is used 
to build predictive models such as genomic best linear unbiased prediction (GBLUP) 
to estimate the breeding values of individuals on the basis of genotypic data of the 
different genotypes (Crossa et al., 2017). With the help of these, breeders can select 
plants with the highest predicted breeding values for further breeding, accelerating 
the selection process in breeding programs (Figure 6.1). 

6.4.4.1 Application of GS in Climate Resilience 
In the context of climate resilience, GS offers several advantages: Early Selection 
of genotypes: GS allows for early selection of genotype based on their genomic 

FIGURE 6.1 Flowchart for steps of genomic selection. 
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information, doing away with long breeding cycles for variety release. Complex Trait 
Improvement: GS is particularly effective for improving complex traits infuenced 
by multiple genes and environmental interactions, for both biotic and abiotic stress. 
Enhanced Genetic Gain: By use of genomic information, GS can increase the rate of 
genetic gain compared to traditional breeding methods (Crossa et al., 2017). Several 
studies have demonstrated the successful application of GS in developing climate-
resilient crops. For example, GS may also be utilized to predict the performance of a 
large number of hybrid combinations (VanRaden, 2008). 

6.4.5 GENOME EDITING TECHNIQUES 

6.4.5.1 Zinc Finger Nucleases (ZFNs) 
ZFNs are engineered DNA-binding proteins that facilitate targeted genome editing. 
They consist of a DNA-binding domain that recognizes specifc DNA sequences 
and a nuclease domain that introduces double-strand breaks at the target site. Each 
zinc fnger domain recognizes approximately 3 base pairs (bp) of DNA, and an 
array of 4–6 domains can be assembled to target specifc sequences (Urnov et al., 
2010). ZFNs can be effectively used to enhance traits in major cereal crops, thereby 
improving productivity under changing climate conditions (Howden et al., 2007). 

6.4.5.2 Transcription Activator-Like Effector Nucleases (TALENs) 
TALENs are a novel gene-editing technique which have quickly become a prom-
inent alternative to ZFNs. TALENs consist of a customizable DNA-binding 
domain derived from transcription activator-like effectors (TALEs) produced by 
Xanthomonas spp. (Szurek et al., 2002) fused to a non-specifc FokI nuclease domain 
(Figure 6.2). The DNA-binding domain of TALENs is formed by arrays of highly 
conserved 33–35 amino acid repeats, with hypervariable residues at positions 12 
and 13 that determine specifcity for DNA bases (Malzahn et al., 2017). These resi-
dues interact with the DNA major groove, allowing for specifc binding. Most engi-
neered TALE repeat arrays utilize four specifc repeat types, i.e., NN, NI, HD, and 

FIGURE 6.2 TALEN contains two monomers, each containing a TALE DNA-binding 
domain and a FokI nuclease domain. 
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NG to recognize guanine, adenine, cytosine, and thymine, respectively. While a 
repeat with residues NK shows increased specifcity for guanine, it exhibits lower 
activity compared to the NN repeat (Miller et al., 2011). The effciency of TALENs 
can vary based on factors like species, cell type, target gene, and the specifc nucle-
ase used (Cermak et al., 2011). 

6.4.5.3 The CRISPR/Cas System in Breeding Climate-Resilient Genotypes 
The CRISPR/Cas system enables precise genetic modifcations, accelerating the 
development of climate-resilient crop genotypes by enhancing traits such as drought 
tolerance, disease resistance, and improved nutrient effciency. 

6.4.5.3.1 Overview of CRISPR/Cas Technology 
CRISPR-Cas9 is a groundbreaking genome editing tool that allows research-
ers to edit DNA with remarkable speed, accuracy, and cost-effectiveness. The 
technology is derived from an adaptive machinery in phage immunity system of 
Archaea and bacteria (Zhu et al., 2020) which uses CRISPR sequences and Cas 
proteins to target and cleave foreign DNA. CRISPR/Cas system can be used to 
effciently generate targeted gene mutations and corrections in plants (Feng et al., 
2013). The key components of CRISPR/Cas technology include the following: 
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats); Guide 
RNA (gRNA); Cas9 Nuclease; PAM (protospacer adjacent motif); repair template 
(optional). The procedure of gene editing with the help of CRISPR/Cas involves 
the following steps. 

6.4.5.3.1.1 Target Identifcation Determining the specifc DNA sequence in the 
genome that must be altered. This sequence must be adjacent to the PAM, which is 
required for Cas9 interaction (Jinek et al., 2012). Designing the gRNA: A gRNA 
is created, consisting of a CRISPR RNA (crRNA) that complements and binds the 
target DNA sequence and a trans-activating RNA (tracrRNA) that stabilizes the 
complex. These two components are combined into a single gRNA (sgRNA) for 
editing (Hsu et al., 2014). 

6.4.5.3.1.2 Delivery into Cells The Cas9 protein and gRNA are delivered into 
target cells using different techniques, including plasmid transfection, viral vectors, 
and electroporation. Once it gets into the cell, the gRNA attaches to the target DNA 
sequence based on its complimentary nature (Cong et al., 2013). DNA Cleavage: The 
Cas9 enzyme creates a double-strand break in the DNA at the specifed location in 
upstream of the stand. This break triggers the cell’s natural DNA repair mechanism 
(Doudna & Charpentier, 2014). 

6.4.5.3.1.3 DNA Repair The cell can repair the double-strand break through 
two primary pathways: Non-Homologous End Joining (NHEJ): Addition and dele-
tions within the target gene (indels) may lead to its inactivation. Homology-Directed 
Repair (HDR): If a repair template is provided, the cell can use it to make precise 
edits, such as correcting mutations or inserting new sequences. It is a diffcult repair 
method than NHEJ (Doudna & Charpentier, 2014). 
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6.4.5.3.2 Applications of CRISPR/Cas in Climate Resilience 
The CRISPR/Cas system enhances climate resilience in crops through gene knockout, 
such as disrupting ethylene signaling genes to reduce drought-induced senescence, and 
trait enhancement, like modifying root architecture genes to improve water use effciency. 
Its ability to perform multi-gene editing accelerates the development of resilient varieties, 
exemplifed by drought-tolerant rice engineered via simultaneous edits to stress-response 
genes. This precision and speed allow breeders to rapidly address climate challenges by 
tailoring crops to withstand environmental stresses (Doudna & Charpentier, 2014). 

6.5 FUTURE THRUSTS 

To address climate change challenges in agriculture, future crop genomics must inte-
grate with emerging technologies like proteomics and metabolomics to comprehen-
sively understand plant stress responses and identify key breeding targets (Srivastav 
et al., 2024). Advancements in gene-editing tools (CRISPR, TALENs, ZFNs) and their 
application to polyploid crops will be crucial for developing climate-resilient variet-
ies (May et al., 2023; Rafq, 2024). Developing pangenomes for diverse crops, includ-
ing underutilized species, will reveal valuable genetic resources for climate adaptation 
(Chapman et al., 2022). Artifcial intelligence and machine learning will transform 
predictive breeding by analyzing genomic, phenotypic, and environmental data to opti-
mize trait selection (Zhang et al., 2024), supported by advanced bioinformatics and 
cloud platforms for managing large datasets (Srivastav et al., 2024). Global collabo-
ration through standardized data sharing and strong researcher-policymaker-farmer 
partnerships will be essential to implement genomic innovations effectively (Spielman, 
2005). 

6.6 CONCLUSION 

The application of genomics in breeding climate-resilient varieties represents a sig-
nifcant advancement in agricultural science. By utilizing methodologies such as 
QTL analysis, GWAS, GS, and advanced gene-editing technologies like ZFNs, 
TALENs, and CRISPR/Cas, researchers and breeders can develop crops which are 
better equipped to tolerate the stresses associated with climate change. These inno-
vations not only enhance food security but also promote sustainable agricultural 
practices that are essential for the future of global agriculture. 
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7.1 INTRODUCTION 

As the global population grows and climate change increasingly impacts agricul-
ture, developing climate-resilient crops has become essential. This chapter exam-
ines the revolutionizing potential of molecular breeding techniques in addressing 
the climate-induced stresses such as heat, drought, salinity, and pest pressures. It 
highlights the use of genomic tools, including marker-assisted selection (MAS), 
CRISPR-Cas systems, and genome-wide association studies (GWAS), which qualify 
precise modifcation of typical plant traits that enhance resilience and productiv-
ity. By exploring advanced methods like next-generation sequencing (NGS), speed 
breeding, and the integration of machine learning (ML), the chapter emphasizes the 
fusion of science and technology in agriculture (Hickey et al., 2019). Agriculture 
has signifcantly contributed to human progress and supported the rapid growth of 
the global population. Since the onset of the Green Revolution in the 1950s, food 
grain production has nearly tripled (John & Babu, 2021). With the global popula-
tion expected to reach 10 billion by 2050, the demand for food is steadily growing 
(Hickey et al., 2019). 

However, agriculture faces signifcant challenges in scaling up food production, 
particularly in achieving the 70% increase required to nourish the projected global 
population by 2050 (Searchinger et al., 2019). All regions are expected to encounter 
increased climate unpredictability, including more frequent storms, foods, droughts, 
and extreme temperatures, further amplifying uncertainty in crop production 
(Pickson & Boateng, 2022). The development of crop varieties is undergoing a data-
driven transformation, driven by advancements in genomics and high-throughput 
phenotyping (Saad et al., 2022). Climate change is driving greater land degradation, 
particularly through soil salinization. To address its anticipated impact on food crop 
production, it is crucial to enhance crop resilience and productivity for improved 
adaptation to shifting climate conditions (Abbass et al., 2022). This chapter offers 
valuable insights into how molecular breeding is shaping the future of sustainable 
agriculture, ensuring that we can meet the needs of a growing population in a rapidly 
changing world. 

https://doi.org/10.1201/9781003597797-7
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7.2 CLIMATE CHANGE IMPACTS ON AGRICULTURE 
AND FOOD SECURITY 

The global population continues to grow, presenting food security as a major chal-
lenge. Compounding this issue are other critical factors, such as climate change and 
the accelerating pace of population expansion (Abberton et al., 2016). This popu-
lation growth requires greater food production and places additional pressure on 
agricultural resources (Ray et al., 2015). Moreover, change in climate poses a sig-
nifcant obstacle to the sustainable cultivation of agricultural products. For instance, 
direct consequences include physiological, morphological, and phenotypic changes 
in plant productivity. And indirect impacts include fertility of soil, sea level rise, 
insect compression, and irrigation availability, while socio-economic effects include 
food demand, costs, trade, and uneven distribution (Malhi et al., 2021). These fac-
tors can have a signifcant impact on agricultural production. Many biotic and abi-
otic stressors negatively affect crop productivity (Figure 7.1), exacerbated by climate 

FIGURE 7.1 Many biotic and abiotic stressors negatively affecting crop productivity. 
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change, characterized by “substantial changes in various metric components, includ-
ing temperature and precipitation, for which long-term averages have been calcu-
lated” (Malhi et al., 2021). Climate change has caused changes in temperature, 
precipitation, and atmospheric conditions that have a negative impact on the cellular, 
morphological, developmental, and molecular processes of plants. It can infuence 
agricultural output through indirect, direct, and socio-economic channels (Naqvi 
et al., 2022). 

7.3 PLANT BREEDING THE SAVIOR 

Around 10,000 years ago, plant breeding techniques became a primary domesti-
cation strategy, involving the selection of desirable traits from wild relatives over 
many generations to improve crops (Purugganan & Fuller, 2009). This approach 
led to the widespread cultivation of many important world crops. Before the era 
of genetics, agronomic traits were often integrated into different crop types with-
out detailed knowledge (Purugganan & Fuller, 2009). The principles of inheritance 
discovered by Mendel, combined with advancements in genetic research, have pro-
foundly enhanced plant breeding by pinpointing the genes responsible for vital agro-
nomic traits (McCouch et al., 2013). In the 1960s, the green revolution led to major 
improvements in the yield potential of crops like rice and wheat, helping to satisfy 
the rising global demand for food (Pingali, 2012). 

While these innovations have brought great benefts to agriculture, they have also 
had negative consequences for the environment, such as the overuse of inorganic 
fertilizers and pesticides. In addition, widespread application of green revolution 
breeding practices has led to a loss of the genetic diversity and disappearance of 
many inimitable genes, making crops more susceptible to pests, diseases, and the 
environmental stresses like heat, drought, and fooding (Tilman et al., 2002). In 
response to these challenges, plant breeding has come under increasing pressure 
to maintain high yields despite limited resources such as water, soil, and waste. To 
overcome these challenges, plant scientists are focusing on identifying the genetic 
resources needed to develop crops that are more resilient to stress and capable of 
improving grain production. Conventional breeding has historically relied on hybrid-
ization and continuous evaluation to identify superior crop varieties (Purugganan & 
Fuller, 2009). 

By crossing plants with benefcial traits with wild relatives or landraces, breed-
ers have integrated genetic diversity to improve crops, selecting the best genotypes 
for desired traits (Lavarenne et al., 2018). Studying natural plant populations can 
help increase genetic diversity, creating new crop types with valuable traits that can 
improve agricultural outcomes. Hybridization between species offers a promising 
opportunity to address climate pressures (Becker et al., 2013). However, conventional 
breeding methods are limited by genetic drift, erosion of diversity, hybridization 
barriers, and the arduous nature of selection (Abberton et al., 2016). By developing a 
new crop cultivar with specifc traits can endorse 10–20 years, producing the process 
slow and complex (Fischer et al., 2014). 

In contrary, modern breeding methods, including genetic engineering, have made 
signifcant progress in recent decades to overcome the limitations of traditional 
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techniques. The FDA approved the transgenic tomato “FlavrSavr” in 1994, which 
had an extended shelf life, marking a major milestone in biotechnology (James, 
1997). Since then, genetically modifed (GM) crops such as glyphosate-resistant 
soybeans, Bt maize, Bt cotton, and Bt potatoes have been accepted for saleable use 
in United States (ISAAA, 2021). Currently, 529 transgenic measures in 33 different 
crops have been commercialized, with the United States, India, Brazil, Canada, and 
Argentina accounting for 91% of the universal GM crop. The United States leads the 
production of GM crops, with varieties such as corn, soybeans, and cotton (ISAAA, 
2021). 

7.4 FAST-FORWARD GENOMICS-ASSISTED BREEDING (GAB) 

Contemporary plant breeding has undergone signifcant transformations, offering 
powerful alternatives to traditional methods. Plant genomics plays a central role 
in advancing breeding programs to improve crop performance, enabling the docu-
mentation of key traits and the detection of genetic variations associated with stress 
resistance (Bevan et al., 2017). As a core part of omics science, plant genomics con-
centrations on the investigation of whole plant genomes to understand their structure 
and function. Mapping of DNA sequences is essential for unlocking genomic data, 
studying evolutionary processes, and interpreting molecular phylogenetic relation-
ships (Varshney, 2016). Quantitative trait loci analysis allows mapping of different 
traits of agronomic importance, thereby deepening our understanding of the geno-
type-phenotype relationship. Innovations such as gene cloning, haplotype-mediated 
breeding, allele exploration for tolerance to stress, and exploitation of intact variation 
are opening new avenues for genomics-assisted breeding (GAB) (Leng et al., 2017). 

In the coming years, large genomic datasets will provide deeper insights into 
plant genomes, with ABM continuing to be an essential tool for improvement of crop 
(Varshney et al., 2019). NGS is an essential tool for trait mapping, enabling rapid 
gene identifcation and accelerating breeding programs. Advances in sequencing 
technologies have revolutionized the feld, allowing researchers to discover diverse 
genetic variations associated with complex traits (Bassi et al., 2016). Single nucle-
otide polymorphisms (SNPs) are widely castoff as molecular markers to observe 
phenotypic diversity and genetic difference in crops, playing a key role in identify-
ing genes associated with tolerance to stress and other important agronomical traits 
(Saxena et al., 2014). 

Optical mapping techniques can overcome this limitation by providing long-read 
maps that capture greater variation and complexity (Golicz et al., 2016). For crops 
with larger genomes, such as wheat and corn, genotyping by sequencing combined 
with NGS offers a powerful method for sequencing multiple samples. Recent devel-
opments in genotyping and crop breeding micro-chips also support the application 
of ABM in modern animal husbandry (Rasheed et al., 2017). An inclusive under-
standing of the genes and regulatory pathways which affect quality, yield and stress 
tolerance will signifcantly improve crop development. However, challenges such 
as limited availability of genomic data and complex genotype-environment interac-
tions remain, highlighting the need for continued innovation in genomic research 
(van Bezouw et al., 2019). Over the previous two decades, advances in genomic 
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techniques have signifcantly enhanced breeding programs and the integration of 
genomic selection (GS), NGS, SNP-MAS, and GWAS, collected with phenotyping, 
bioinformatics and data analysis tools are essential to meet future crop yield needs 
(Bevan et al., 2017). 

7.5 THE AGE OF PLANT GENOME EDITING 

Although conventional mating has become more rapid in recent decades, it still 
fails to meet the growing global demand for agricultural production (Razzaq et al., 
2019). While breeding using mutagen and the transgenic technologies can open 
new gateway to new genes for crop improvement, GM organisms face restrictions 
in some nations due to health of public concerns and the regulatory challenges. 
Traditionally, the development of a new crop using conventional, mutational, and 
transgenic breeding methods can take about 10–12 years (Razzaq et al., 2019). In 
addition to that the advent of genome engineering techniques, such as the tran-
scriptional activator-effector nucleases and zinc fnger nucleases (ZFNs), has sig-
nifcantly advanced plant research and accelerated progress in the feld (Lloyd 
et al., 2005). These genome editing tools have enabled the creation of insertions/ 
deletions (indels) and substitutions, thereby addressing concerns regarding non-
specifc integration and cross-species complications (Kim & Kim, 2014). Despite 
their potential, ZFNs and TALENs still have challenges in plant genome editing, 
including complex cloning and vector preparation, large size, ineffcient transport, 
recurrent sequences, reduced accuracy, and signifcant off-target effects (Puchta, 
2017). 

7.5.1 BROADENING THE CRISPR/CAS TOOLBOX 

The CRISPR/Cas (CRISPR-linked short palindromic repeat) system represents a 
revolutionary advance in genome editing. Ongoing study aims to address limitations 
of CRISPR-Cas9 in plants and advance NGGET. The current CRISPR toolbox is still 
evolving, with new classes of the variants being discovered by Koonin et al. (2017). 
The structure’s potential has yet to be fully exploited, and its classifcation remains 
incomplete. There are currently 2 main categories (class 1 and class 2), 6 types, and 
more than 30 subtypes, which are classifed according to their signature proteins. 
The English class 1 system includes several Cas effectors, such as Cas3, Cas10, and 
Csf1, present in types I, IV, and III (Makarova et al., 2015). The second class system, 
which is the most widely used, is characterized by a single signature protein and 
includes type II systems such as Cas9 and various Cas12 proteins (Cas12a, Cas12b, 
etc.) and Cas13 (Cas13a, Cas13b, etc.) (Koonin et al., 2017). Quite a lot of Cas ortho-
logs have been identifed to overcome the limitations of the CRISPR-Cas system. 

Cas 9, originating from Streptococcus pyogenes, consists of three components: 
the Cas9 protein, CRISPR RNA, and the CRISPR trans-activator RNA (tracr-RNA) 
reported by Mali et al. (2013). Cas9 has 2 domains: a recognition domain and a 
nuclear domain, which are linked. The NUC domain contains two catalytic positions, 
HNH and RuvC, which aims the adjacent protospacer motif 3 base pairs upstream of 
DNA target place. The CRISPR/Cas9 mechanism begins with the pattern of a 20 bp 
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guide RNA, which forms a complex with Cas9 to recognize the PAM site, creating 
double-strand breaks (DSBs) at the target site (Cong et al., 2013). CRISPR-Cas12a, 
also known as Cpf1, is an apparent Cas ortholog with unique features compared to 
Cas9. It requires a T-rich spacer location at the 5′ end and a 42 nt crRNA to gener-
ate DSBs with offset edges (Zetsche et al., 2015). In allotetraploid cotton, Cpf1-
mediated editing resulted in 87% editing effciency and no off-target cleavages (Li 
et al., 2019a). CRISPR-Cas9 and CRISPR-Cas13a techniques have been used to com-
bat RNA potyviruses, resulting in disease-resistant crops and providing a means of 
resistance to viral pathogens (Aman et al., 2018). In addition, CRISPR-Cas14a shown 
to be effective in targeting single-stranded DNA viruses, such as those of the Nano-
viridae and Gemini-viridae families, thus facilitating the advance of virus-resistant 
crops (Khan et al., 2019). 

Signifcant advancements in plant genome engineering have been achieved 
through the use of the CRISPR-Cas system that has shown great promise in develop-
ing plants with enhanced stress resilience (Shan et al., 2013). CRISPR-Cas technol-
ogy is transforming plant breeding by enabling the formation of climate-resilient 
crops (Puchta, 2017). Drought, a major abiotic stressor, causes considerable crop 
yield losses. The CRISPR-Cas9 system was employed to generate sensation mutants 
of the SlLBD40 gene in case of tomato plants under drought conditions (Liu et al., 
2020). CRISPR-Cas9 was used to examine the effects of SlNPR1 mutants beneath 
drought stress, with the lines displaying heightened susceptibility to drought (Li 
et al., 2019b). Cas orthologs used for plant genome editing are indexed in Table 7.1. 

7.5.2 RECENT INNOVATIONS IN CRISPR/CAS SYSTEM 

Evolution of next-generation CRISPR-Cas technology continues to revolutionize 
plant breeding research. Advances in this system have addressed many of the exist-
ing challenges in genome editing, including improving targeting accuracy, expand-
ing the range of targeting, minimizing off-target effects, and improving nuclease 
activity. In addition, innovations such as PAM site diversity and effcient delivery 
methods have signifcantly expanded its applications (Koonin et al., 2017). This tech-
nology supports a variety of genetic alterations, such as exploring mutation outlines 
(Jia et al., 2018), integration of foreign genes (Collonnier et al., 2017), gene regulation 
(Qi and Innes, 2013), and cell imaging (Xue & Acar, 2018). 

A protocol introduced by Maher et al. (2020) successfully circumvents the 
painstaking and cumbersome nature of the tissue culture processes. Similarly, 
Ren et al. (2019) established a bidirectional promoter system to simultaneously 
express gRNA and Cas9 cassettes, achieving editing effciencies of 75.9–93.3% 
in rice. Another advance involves the CRISPR-TSKO system, designed by 
Decaestecker et al. (2019), which creates tissue-specifc knockout mutants. This 
innovation offers new opportunities for crop improvement by targeting spe-
cifc genes in specifc tissues. The effcacy of Cas nucleases can be affected by 
their dependence on specifc PAM sites, which often limit their ability to target 
GC-rich regions. To address this limitation, Ren et al. (2021) developed the PAM 
free CRISPR-SpRY toolkit in rice, which allows editing across a wider range of 
DNA sequences. 
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TABLE 7.1 
List of Different Cas Orthologs Genes Used for Plant Genome Editing 

Plant 
Cas Type Organism PAM Species Characteristics References 
SpCas9 Streptococcus NGG Several Need long crRNA+ Jinek et al. 

pyrogenes plants tracr RNA (2012) 

SpCas9 NAAG – Alter PM sequence Cong et al. 
QQR1 (2013) 

SpCas9 NGOG Rice Altered PAM Kleinstiver 
VRER sequence et al. (2015) 

SpCas9-NG NG Rice Altered PAM Ren et al. 
sequence greater (2019) 
ability of base 
editing and gene 
regulation 

SaCas9 Staphylococcus NNAGRRT Rice and Reduce off-targets Kaya (2016) 
aureus citrus and excellent in 

VIVO genome 
editing 

FnCas9 Francisella novicida NGG – Reduce off-targets Hirano et al. 
(2016) 

ScCas9 Streptococcus canis NNG – Altered PAM Chatterjee 
sequence and et al. (2018) 
reduced off-targets 

Nme Cas9 Neisseria NNNNGATT – Reduce off-targets and Lee et al. 
meningitidis need longer PAM (2016) 

BlatCas9 Brevibacillus NNNNCND Maize Enhance specifcity Karvelis et al. 
laterosporus (2015) 

St1Cas9 Streptococcus NNAGAAW Arabidopsis Minimize off-targets Steinert et al. 
thermophilus (2015) 

St3Cas9 NGGNG – Many domains and Cong et al. 
introduce dsDNA (2013) 
breaks 

HypaCas9 Streptococcus NGG Rice Increased specifcity Chen et al. 
pyogenes (2017) 

eHypa-Cas9 NGG Rice Increased specifcity Liang et al. 
(2018) 

CjCas9 Campylobacter NNNNRYAC or . Greater mutation Kim et al. 
jejuni NNNNACAC frequency (2017) 

xCas9 3.7 S. pyogenes GAT GAA NG Rice Altered PAM and Zhong et al. 
increased specifcity (2019) 

CasX Planctomycetes TTCN – Increased specifcity Burstein et al. 
and Phyla (2017) 
Deltaproteobacteria 

AsCpf1 Acidaminococcus sp. TTTN – Increase editing Yamano et al. 
effciency (2016) 

Cpf1 Francisella and TTTV Rice and Needs long sgRNA Endo et al. 
Prevotella Arabidopsis and lacks HNH (2016) 

domain 
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TABLE 7.1 (Continued) 
List of Different Cas Orthologs Genes Used for Plant Genome Editing 

Plant 
Cas Type Organism PAM Species Characteristics References 
FnCpf1 F. novicida TTTV and TTV Rice Enhanced effciency Zhong et al. 

and altered PM (2018) 

Cas12a Acidaminococcus sp. TTTV Altered PAM Jeon et al. 
(2018) 

LbCas12a Francisella and CCCC and Rice Altered PM Kleinstiver 
RR Prevotella TYCV et al. (2019) 

AsCas12a TATV Altered PM Kleinstiver 
RVR et al. (2019) 

FnCas12a TWTV Rice Altered PM Zhong et al. 
RVR (2018) 

MbCas12a TCTV and – Altered PM Toth et al. 
RR TYCV (2018) 

Cas13 Leptotrichia Shaii Not needed – Cleaved RNA Abudayyeh 
(C2c2) et al. (2016) 

AacC2c1 Alicyclobacillus T-rich PAM – Bi-lobed Liu et al. 
acidoterrestris endonucleases (2017) 

Cas14 Archaea Restrictive sequence Harrington 
not required for et al. (2019) 
ssDNA cleavage 

7.6 PAN-GENOMES AND CROP IMPROVEMENT 

Genome-wide plant studies help identify genes missing from reference genomes due 
to the process of crop domestication. The crop pan-genome, which includes wild rel-
atives, landraces, and cultivated varieties, provides a comprehensive framework for 
understanding genotypic and phenotypic variation, helping to uncover genes missing 
from reference genomes (Danilevicz et al., 2020). A deeper understanding of the 
accessory genome can support the screening of elite cultivars for stress response 
genes useful for the abiotic and biotic stress tolerance. Pan-genomes are also essen-
tial for elucidating the role of gene duplication in crop improvement (Figure 7.2). 

7.7 BIOINFORMATICS DATABASES AND TOOLS FOR DATA 
ANALYSIS IN CROP BREEDING 

NGS products large datasets from breeding populations, which can be analyzed 
using techniques such as GWAS or GBS. After sequencing, bioinformatics methods 
are used to manage and analyze this big data. Bioinformatics also provides tools 
for forward and reverse genetics. Common bioinformatics databases for nucleo-
tide sequences include GenBank at NCBI, the DNA Data Bank of Japan, and the 
European Nucleotide Archive. For plant genomic data, Ensembl Plants is a key 
resource. Essential tools for Gene Ontology and similarity examinations include 
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FIGURE 7.2 Harnessing pan-genomes to uncover genetic diversity for resilient crops. 

NCBI, BLAST, GOA, GO, UniProtKB, and KEGG. Data from the NGS pareas are 
processed with various bioinformatics tools, which help to link plant phenotypes 
with genotypes, thereby allowing the identifcation of relevant genes or markers 
(Kersey, 2019). 

7.8 MACHINE LEARNING AND ARTIFICIAL INTELLIGENCE 

Current technological advances and high-throughput methods have produced a large 
amount of data on plant genotypes and phenotypes, requiring new efforts to extract 
meaningful information and integrate these datasets. At the same time, ML has made 
rapid progress and is now widely applied to plant genotyping and phenotyping (van 
Dijk et al., 2021). Genomics involves not only the collection of molecular profling in 
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phenotypes but also the application of effcient data processing tools to predict and 
characterize these phenotypes (Wang et al., 2020). ML a growing multidisciplinary 
feld provides computational and analytical methods to incorporate large, heteroge-
neous, and unstructured datasets at the scale of big data. It is increasingly recognized 
as a valuable tool in biology (Jordan & Mitchell, 2015). 

The basic principle of ML is the effective use of past experiences to discover 
underlying structures, similarities, and differences in data, which allow for accurate 
description or categorization of new information (Singh et al., 2016). ML algorithms 
excel at handling large datasets that may contain signifcant noise, high dimen-
sionality, or incomplete information (Liu et al., 2020). ML, a subset of artifcial 
intelligence (AI), is emerging as a powerful tool. AI refers to advanced computer 
systems capable of autonomously learning and improving their performance without 
the need for extensive programming (Singh et al., 2016). Currently, the success of 
genomic breeding depends on the continuous development of ML techniques and 
the collection of large genotype datasets associated with important agronomic traits 
(Tong & Nikoloski, 2021). 

7.9 OPTIMIZING THE MATCH BETWEEN PLANTS AND 
THEIR ENVIRONMENT 

An effective approach to crop adaptation to the climate change is to align crop 
biology with current and projected climate conditions. This adjustment could occur 
without signifcant selection effort. For example, environmental and cultural models 
(Franke et al., 2022) propose shifting agricultural activities to regions more suitable 
for cultivation, such as higher latitudes. However, this strategy faces challenges, 
including limited land availability and signifcant ecological costs at these latitudes 
(Sloat et al., 2020). Modeling tool also helps identify crops that can thrive on exist-
ing agricultural lands under current and the future climate scenarios (Zabel et al., 
2021). By optimizing the compatibility between crops and their environment, pro-
ductivity and resilience to climate stressors can be improved, thus reducing depen-
dence on resource-intensive inputs like water, fertilizers, and pesticides (Mueller 
et al., 2012). 

7.9.1 CROP MODELING 

Crop models act as mathematical frameworks designed to replicate the process of 
crop production (Hammer et al., 2006). These tools facilitate the prediction of plants 
performance (genotypes) under an area of environmental scenarios, including cli-
mate variables and soil characteristics, as well as different management strategies. 
By assessing the interactions between genotypes, environment, and management 
(G × E × M) (Peng et al., 2020), crop systems helps in detecting the most suitable 
crop varieties for specifc locations (Zabel et al., 2021). They also provide recom-
mendations for optimizing agricultural practices to improve productivity and pro-
mote sustainable agriculture (Chenu et al., 2018; Hammer et al., 2006). 
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7.9.2 TAPPING CROP WILD RELATIVES 

Wild species of cultivated plants often survive in harsher niche than their domes-
ticated counterparts (Rawat et al., 2022), all due to the genomic constitution that 
provide genetic resistance to the stresses such as high temperatures, drought, salin-
ity, and nutrient defciency. To take advantage of this resilience, a common strategy 
for crop adaptation to climate change is to incorporate favorable traits and genes 
from the wild relatives into crop varieties through prebreeding efforts (Hubner & 
Kantar, 2021). The economic impact of such approaches is considerable. According 
to Coopers (2013), traits derived from wild relatives of cultivated plants in 32 crops 
generate an annual economic value of $68 billion, with projections suggesting that 
this fgure could reach almost $200 billion in the future. One particularly promis-
ing application is the transfer of perennial traits from wild relatives to cereal crops, 
which has the potential to domesticate environmental disadvantages associated with 
the production of annual crops. 

7.9.3 SPEED BREEDING 

Traditionally, plant breeding been a time-consuming method, with the time between 
the early cross and the commercialization of a new variety ranging from 5 to 
30 years, reliant on the species involved (Bernardo, 2014). The timing of selection is 
greatly infuenced by the life span of the target species. Therefore, one of the main 
goals of modern breeding technique is to shorten life cycles, thereby accelerating the 
development and commercialization of new verity (Wanga et al., 2021). Speed breed-
ing provides a solution by creating controlled environments that accelerate crop life 
cycles. Techniques such as drying, chilling, and embryo rescue also allow for the 
harvesting and sprouting of immature seeds (Watson et al., 2018). Rapid breeding 
procedures have been applied to several feld crops, in some cases tumbling the time 
required for variety advance by half (Wanga et al., 2021). This method has proven 
particularly useful for the selection of self-pollinated and the hybrid crops, facilitat-
ing the rapid advance of the inbred lines from a single seed. It also supports posterior 
selection, trait clustering, and the integration of transgenic or genome editing tech-
nologies (Hickey et al., 2019). 

7.9.4 GENOMIC SELECTION 

GS focuses on the use of genome-wide markers for the selection rather than based 
solely on phenotypic traits (Daetwyler et al., 2013). This method is grounded on the 
identifcation of genotype-phenotype relationships, usually located in test the popu-
lations. As soon as these connotations are determined, phenotype can be accurately 
predicted using marker data alone, allowing for the rapid elimination of unwanted 
genotypes at the seed or seedling stage (Jannink et al., 2010). This strategy signif-
cantly lessens the space and resources essential to maintain large breeding popula-
tions and perform costly phenotyping (Wartha & Lorenz, 2021). 
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7.9.5 GENETIC TRANSFORMATION 

The process of genetically transforming plants often relies on Agrobacterium, a bac-
terium that naturally infects and modifes plant genomes (Song et al., 2019) and tissue 
types (Ozyigit & Yucebilgili Kurtoglu, 2020). Although some cultures are still dif-
fcult to process, the practice of morphogenic TFs can enhance transformation rates, 
thereby expanding the range of species and genotypes suitable for effcient revolution. 
Agrobacterium-mediated transformation is commonly carried out in vitro but can 
encounter obstacles such as chimeric regeneration and the inability of certain species or 
genotypes to regenerate (Hirano et al., 2016). To address these limitations, the in-planta 
method has been developed for some crops, removing the dependency on tissue culture 
(Niazian et al., 2017). In sugarcane, for example, a single TALEN pair was used to edit 
107 of 109 copies of the caffeic acid O-methyltransferase gene (Kannan et al., 2018). 

7.9.6 A “SILVER BULLET” TO IMPROVE DROUGHT PERFORMANCE 

Improving crop performance under drought conditions is challenging due to the 
complexity and variability of plant physiological responses, which are infuenced by 
factors such as the timing, duration, and intensity of drought. These responses can 
often be contradictory and are controlled by multiple genes, making them diffcult to 
manage through traditional breeding, marker-assisted breeding, transgenesis, or gene 
editing. In drought conditions, plants may increase the production of abscisic acid 
(ABA), triggering various feedback mechanisms within their eco physiological net-
works. Both genetic and environmental factors can affect plant growth, with impacts 
that can be either benefcial or detrimental in both the short and long term. Drought 
responses are complex and context-dependent, typically showing low heritability 
and signifcant pleiotropic effects, especially in traits like fowering time and grain 
quality. This complexity suggests that breeding efforts should not focus solely on 
“drought resistance,” but should also ensure it is closely linked to improved perfor-
mance under both drought and optimal water conditions for rice (Raman et al., 2012). 

7.10 CONCLUSION 

This chapter has explored the transformative power of advanced technologies such as 
MAS, GWAS, CRISPR-Cas systems, and NGS in developing climate-resilient crops. 
These tools allow for precise genetic modifcations to enhance traits like drought 
tolerance, heat resistance, and pest resilience, which are essential for maintaining 
agricultural sustainability. The integration of bioinformatics, pan-genomics, and 
ML has further accelerated crop improvement, enabling researchers to bridge the 
gap between genotype and phenotype with unmatched effciency. Public acceptance, 
regulatory concerns, and ensuring that smallholder farmers have equitable access 
to these technologies remain signifcant hurdles. Addressing these challenges will 
require collaborative efforts from policymakers, researchers, and industry leaders. 
Looking ahead, the future of agriculture depends on combining molecular breeding 
with sustainable farming practices. 
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8.1 INTRODUCTION 

Increasing incidence and severity of plant diseases outbreaks have an impact on 
both the quality and quantity of agricultural products and pose signifcant risk to the 
global food safety and food security. These consequences include a loss of income 
in agricultural sectors, which are particularly devastating for developing countries. 
Plant diseases cause 10–16% losses in global harvests each year, costing an estimated 
$220 billion. In addition to lowering crop yields, plant diseases also lower the qual-
ity and value of agricultural goods, raise labor and input costs, and have an impact 
on farmers’ livelihoods and income. Plant diseases are of global concern causing 
substantial damage to food crop yields and undermining the socio-political stability 
of countries. There are many classic examples, including Irish famine in 1845 due 
to Phytophthora infestans, Bengal famine in 1943 due to Cochliobolus miyabea-
nus, coffee rust epidemics caused by Hemileia vastatrix in Central America (Agrios, 
2005). Apart from post-harvest disease, losses caused by pathogenic microbes such 
as Penicillium spp. further aggravate the situation. Climate change increases the 
danger of plant disease outbreaks (Shamim et al., 2013). 

Climate change has a considerable impact on plant pathogen dynamics, notably 
through variations in agrometeorological indexes. Climate change modulates the 
pathogen virulence, infuences the pathogen evolution, affects host-pathogen inter-
action, and emerges new aggressive strains of pathogen. With the world’s population 
growing at a rapid pace and agricultural productivity declining, food supply is under 
severe strain, and the problem of plant diseases has grown in prominence, posing a 
signifcant threat to global food security. Management of plant disease are generally 
being done by chemicals like fungicides, nematicides, and antibiotics which have 
negative environmental impact, health risks to humans and wildlife and have higher 
chances of resistance development in the pathogen. Farmers are advised to combine 
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various plant disease control techniques into a single strategy known as integrated 
plant disease management (IPDM). Crop rotation, disease-free planting materials, 
feld sanitation, methods involving chemicals, and the use of resistant varieties are 
all examples of such strategies (Yang, 2020). 

However, a number of these technologies are cost-prohibitive and dramatically 
increase production costs. Plant disease control benefts from advances in molec-
ular biology and biotechnology. This includes detection, diagnosis, and control 
methods such as gene transfer, mutation breeding, RNA interference (RNAi), and 
genome editing (Shamim et al., 2013). Precision defense of plants is a non-destruc-
tive approach to plant disease management that is based on stochastic variability. 
The Global Navigation Satellite System (GNSS) and geographic information system 
(GIS) allow the assessment of feld heterogeneity caused by disease concerns, as well 
as site-specifc treatments. Crop diseases have long been detected and mapped using 
remote sensing technologies. Similarly, hyperspectral remote sensing is an advanced 
spectral technique for detecting plant diseases (Yang, 2020). The primary goal of 
precision plant protection is to drastically reduce the inappropriate use of chemical 
inputs, and hence the negative impact of chemicals on the environment. Optimistic 
plant protection requires new and innovative ways to handle upcoming issues and 
patterns in agricultural production that require extra accuracy (Balasundram et al., 
2020). Therefore, to improve disease detection, new automated approaches with high 
sensitivity, specifcity, and reliability are required. The integration of biotechnology 
and precision agriculture presents a promising frontier in plant disease management. 

8.2 BIOTECHNOLOGY APPROACHES FOR PLANT 
DISEASE MANAGEMENT 

Conventional breeding plays a pivotal role in crop improvement, but it is inherently 
labor-intensive and time-consuming, as it necessitates the cultivation and evaluation 
of large crop populations over multiple generations. In contrast, genetic engineering 
defned as the precise modifcation of an organism’s genetic material through biotechno-
logical tools, that offers signifcant advantages over traditional breeding approaches 
(Collinge, 2018). Genetic engineering enables precise gene manipulation— 
insertion, deletion, or modifcation—with minimal genomic disruption, accelerat-
ing trait development compared to conventional breeding. It also expands genetic 
resources by allowing interspecies gene transfer and introduces novel traits into veg-
etatively propagated crops, overcoming limitations of traditional methods (Collinge, 
2018). Plants evolved intricate defensive mechanisms against various pathogens 
(Jones & Dangl, 2006). Establish physical and physiochemical barriers, together 
with supplementary protection, to avert possible pathogens from infltrating the cell 
(Uma et al., 2011). Immune receptors located on the plasma membrane and inside 
cells activate defensive mechanisms upon detecting pathogens, either via direct con-
tact with pathogen-derived antigens or by observing pathogen-induced alterations 
in host targets (Jones & Dangl, 2006). Antimicrobial peptides and similar com-
pounds derived from plants may diminish pathogenicity by directly detoxifying or 
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by reducing the activity of virulence factors. Plants use RNAi to detect viral infec-
tions (Rosa et al., 2018). 

8.2.1 GENETIC ENGINEERING FOR DISEASE RESISTANCE 

Pathogen-detecting proteins are encoded by resistance genes (R genes). For many 
years, resistance breeding projects have employed R genes, with differing degrees 
of success. Exciting new insights from recent molecular studies of R genes and its 
protein and downstream signal transduction cascades will improve the application 
of resistance genes for disease control (Verma et al., 2022). The discovery of con-
served structural motifs in R genes has made it easier to clone benefcial R genes, 
some of which are resistant to a broad variety of diseases and/or functional in vari-
ous crop species (Ali et al., 2022). Many of the defense network’s signal transduc-
tion components have been identifed, and some of them are being used as switches 
to activate resistance against various diseases (Meng & Zhang, 2013). For disease 
control, R gene-mediated resistance offers a number of appealing advantages. When 
triggered at the right time, the coordinated reactions can effectively stop the spread 
of the pathogen with little harm to the plant. There are no undesirable environmental 
repercussions and the farmer does not need to provide any inputs. Unfortunately, co-
evolving host-pathogens frequently swiftly beat R genes (Pink, 2002). 

Many R genes do not offer broad-spectrum resistance because they can only 
identify a small number of pathogen strains. Nevertheless, new molecular-level 
understandings of downstream signal transduction pathways and R protein func-
tion may offer solutions to address these shortcomings (Dong & Ronald, 2019). 
Durability is still an issue even if it is now simpler to fnd and apply benefcial 
R genes. Because a single point mutation in the appropriate Avr gene leads to 
loss of function, can overcome many R genes, making the pathogen “invisible,” 
they lack endurance. Pathogens can offer to change or eliminate an Avirulence 
gene with little to no ftness since individual Avr genes frequently only contrib-
ute incrementally to virulence (Leach et al., 2001). R genes have been employed 
“one at a time” in agricultural monocultures as part of traditional breeding tech-
niques. These homogeneous host populations become highly susceptible to the 
emergent pathogen after exerting durable selection pressure for mutation of the rel-
evant Avirulence gene. Rather than deploying a single gene, multiple R genes (also 
known as “pyramids”) can be developed into various plant lines (Pink, 2002). Due 
to the time needed to breed hodgepodges of R genes into best cultivars, multiline 
deployment and pyramiding have not been used extensively. But once the previ-
ously mentioned methods are refned, these tactics will become far more useful 
(Dong & Ronald, 2019). 

The phenomenon known as “restricted taxonomic functionality” (RTF) pres-
ents challenges for transferring R genes from prototype organism to crop plants 
or between far related crop species. For instance, in the Solanaceae family such 
as tobacco, potato, and chilli transgenes like Bs2 and several R genes from 
tomatoes can function effectively. However, the Arabidopsis RPS2 resistance 
gene and Bs2 do not exhibit functionality in tomato (Hulbert et al., 2001; Zhu 
et al., 2000). Although the molecular basis of RTF is unrecorded, it may result 
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from R proteins’ inability to react with signal transduction factors that have 
evolved in the transgenic host. It is uncertain in the fact that RTF is univer-
sal property of R genes or not. Recent studies suggest that transferring specifc 
R genes across distantly related species might be achievable. For example, in 
plant Arabidopsis thaliana, R gene RPW8 confers general purpose resistance 
against powdery mildew in both Arabidopsis and tobacco. Advancing our under-
standing of R gene signaling could potentially resolve the RTF challenge (Ellis 
et al., 2000; Xiao et al., 2003). 

8.2.2 RNA INTERFERENCE (RNAi) TECHNOLOGY 

Transgenic plants expressing viral genes often develop immunity against the 
virus and related strains, as aberrant viral protein expression disrupts the viral 
life cycle. This resistance is primarily mediated by RNAi, which exploits viruses’ 
dependence on host cellular machinery, making it a potent antiviral defense strat-
egy (Lindbo & Falk, 2017). Most plant viruses possess ssRNA as their genetic 
makeup. During genome replication by RNA-dependent RNA polymerase (RdRP), 
double-stranded RNA (dsRNA) intermediates are often formed, triggering the 
host’s RNAi response. This approach has been successfully applied in developing 
transgenic crops such as papaya (Carica papaya) and squash (Cucurbita species), 
which have been commercially grown in the United States for more than two 
decades. Fuchs and Gonsalves (2007) highlight that RNAi-mediated strategies 
provide highly durable disease resistance. By altering specifc nucleotides base 
pairs in miRNA-encoding genes, the miRNA machinery can be tailored to target 
RNA viruses with greater specifcity (Ambros, 2001; Reinhart et al., 2002; Xie 
et al., 2015). 

8.2.3 CRISPR-CAS9 GENOME EDITING 

CRISPR-Cas system leverages clustered regularly interspaced short palindromic 
repeats (CRISPR) derived from bacteria. In several bacterial species, CRISPR-Cas 
functions as an antiviral defense mechanism. Within this system, RNA-guided 
nucleases, such as Cas proteins, destroy viral DNA or RNA by targeting and cleav-
ing specifc sites on these substrates. The precision of the cleavage depends on 
the complementary base pairing between the CRISPR-RNA and the target DNA 
(tDNA) or RNA sequences. Numerous Cas proteins have nuclease activity which 
is sequence-specifc (Wu et al., 2018). Such as, RNA-guided RNases, like Cas13a 
from bacteria Leptotrichia shahii (LshCas13a) or Leptotrichia wadei (LwaCas13a) 
specifcally cleave RNA in a living system. Meanwhile, the RNA-guided endo-
nuclease Cas9 from another bacteria Streptococcus pyogenes (SpCas9) induces 
double-stranded breaks in DNA. Additionally, in vivo studies have shown that 
Cas9 from Francisella novicida (FnCas9) can cleave both genetic materials i.e., 
DNA and RNA (Abudayyeh et al., 2017; Jinek et al., 2012). Additionally, Cas12a, 
also known as Cpf1, is believed to lower the risk of viral escape due to its lower 
likelihood of mutations disrupting recognition by the original guide RNA (Ali 
et al., 2016). 
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8.2.4 PLANT-BASED VACCINES AND IMMUNIZATION STRATEGIES 

Vaccines stimulate antibody production in humans and animals, providing immu-
nological protection against various diseases (Price et al., 2015). In 1989, Hiatt 
and colleagues pioneered the attempt to produce vaccines in plants. Subsequently, 
Dr. Arntzen and his team introduced the innovative idea of utilizing transgenic 
plants for the synthesis and delivery of subunit vaccines, demonstrating enhanced 
effcacy compared to orthodox vaccine production methods (Laere et al., 2016). The 
frst plant-based vaccine was successfully developed in tobacco plants by produc-
ing surface protein antigens from Streptococcus mutans (Laere et al., 2016). To 
date, numerous bioengineered plants have been employed to produce vaccines in 
four main categories: bacterial, viral, parasitic, and immunological contraceptive 
vaccines (Laere et al., 2016). The production of vaccines using plants primarily 
involves incorporating foreign genes into plant cells. Before introducing the vector 
into the expression system, the desired antigen’s target sequence is integrated with 
it. A reliable transformation mechanism may be achieved through nuclear or plastid 
incorporation. The terms “stable” or “permanent” are used because the recipient 
cells’ genetic composition undergoes lasting changes when the target foreign gene is 
inserted into the host plant cells’ genome (Ma & Chen, 2005). Although plant-based 
vaccine production has been ongoing for approximately two decades since 1989, sev-
eral challenges still need to be addressed before these vaccines can become highly 
effective. These obstacles include the selection of antigens and plant expression 
hosts, maintaining consistent dosages, implementing good manufacturing practice 
(GMP) procedures in vaccine production, and various other issues. The problems 
that require resolution may span from initial upstream processes to the fnal stages 
of vaccine implementation (Laere et al., 2016). 

8.2.5 MICROBIAL BIOTECHNOLOGY FOR BIOCONTROL AGENTS 

The integration of biotechnology with conventional farming methods will play 
an imperative role in shaping the future of sustainable agriculture. According to 
Fravel (2005), biological control of plant disease involves the use of non-harmful 
microbes, such as Trichoderma sp., yeast, or Pseudomonas, to attack and control 
plant pathogens and the diseases they occur. Various techniques can be employed for 
the biological management of plant diseases, including antibiosis, competition, para-
sitism, induced resistance, hypovirulence, suppression, and predation (Yadav et al., 
2020). The process of examining biocontrol mechanisms using molecular genetic 
techniques involves several steps: isolating genes that code for potential biocontrol 
agents, creating specifc mutants of the antagonist lacking these genes through dis-
ruption, comparing the reduced biocontrol effectiveness of these mutants to their 
original genetic makeup, restoring the ability to generate the agent by reinstating the 
intact gene sequence through transformation (Yadav et al., 2020). 

This methodology offers the most defnite indication for a specifc gene role in 
biological control (Rey et al., 2000). Genetically altered antagonistic hyperparasitic 
bacteria demonstrate superior effectiveness as biological control agents. Various 
techniques can be employed to enhance genetics, including chemical and physical 
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mutations, sexual hybridization, homokaryon development, and genetic manipula-
tion methods such as mutagenic agent, genetic analysis of fusants, recombination, 
protoplast fusion, transformation, or the extraction of benefcial genes from bio-
fungi lacking functional sexual stages (Mohamed et al., 2004). Protoplast fusion 
stands out as a simple yet effective approach for amalgamating the valuable traits 
of multiple promising strains. By merging protoplasts from two effective biocontrol 
strains of Trichoderma harzianum, researchers produced an offspring strain with 
signifcantly improved biocontrol effcacy (Monte, 2001). Researchers genetically 
engineered Pseudomonas fuorescens F113Rif (pCU8.3) and P. fuorescens F113Rif 
(pCUP9) strains to boost phenazine-1-carboxylate (Phl) production. These modifed 
strains were then evaluated for their biocontrol effectiveness on Beta sp. in micro-
cosm experiments (Resca et al., 2001). 

8.3 PRECISION AGRICULTURE FOR PLANT DISEASE 
MONITORING AND MANAGEMENT 

Application maps may be created to oversee agricultural felds by using data from 
diverse sensors and geographic information systems (GIS), including the spatiotem-
poral variabilities of diseases. The targeted use of pesticides, consistent with preci-
sion agriculture methodologies, may reduce pesticide consumption, thus lowering 
economic expenses and environmental effects in agro-ecosystem and its productivity. 

8.3.1 REMOTE SENSING AND AERIAL IMAGING FOR DISEASE DETECTION 

Remote sensing and aerial imaging have revolutionized the diagnosis and control of 
plant diseases, offering signifcant advantages in terms of early detection, accuracy, 
and scalability. Remote sensing technologies include multispectral, hyperspectral, 
thermal, and LiDAR imaging, which allow the identifcation of changes in light 
refectance, temperature, and vegetation structural attributes (Palumbo et al., 2005). 
Aerial platforms, particularly unmanned aerial vehicles (UAVs), are widely used 
for plant disease diagnostics owing to their ability to operate at low altitudes and 
capture high-resolution photos over large regions, making them ideal for precision 
agriculture (Palumbo et al., 2005). The combination of remote sensing data with 
sophisticated algorithms and machine learning (ML) methodologies has facilitated 
the creation of accurate disease detection systems that can discern early signs of 
plant stress, pathogen encroachment, and nutrient inadequacies, which are crucial 
for effective disease management and mitigation (Table 8.1). 

Hyperspectral sensors, which capture data across numerous narrow electro-
magnetic bands, have proven effective in detecting plant diseases like tomato 
leaf spot and late blight by identifying subtle spectral variations, with notable 
applications, including early detection of bacterial leaf blight in rice. When com-
bined with multispectral imaging, which uses broader spectral bands. These 
techniques enhance disease monitoring, as demonstrated in vineyards where 
multispectral data and vegetation indices like NDVI successfully tracked downy 
mildew. UAVs equipped with cameras, sensors, and thermal imaging capabilities 
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TABLE 8.1 
Types of Remote Sensing Systems Used to Monitor Plant Diseases 

Types of 
Remote Sensing Attributes Benefts Drawbacks References 
SAR (Synthetic Detect disease- Capable of There are limited Agrawal and 

Aperture induced structural or indicating systems and case Khairnar 
RADAR) and morphological structural plant studies available (2019) 
LiDar (Light changes. changes. right now. 
Detection and 
Ranging) 

Fluorescence Identify physiological Have the potential However, it is Zarco-Tejada 
and Thermal changes before to recognize currently challenging et al. (2012) 

symptoms arise. symptoms before to apply on vast 
they appear. areas. 

VIS-SWIR Detect plant disease Stable, providing However, it performs Zhang et al. 
(Visible and using VIS-SWIR consistent badly in preliminary (2020) 
Short-Wave refectance. monitoring identifcation. 
Infrared) outcomes. 

are increasingly deployed to detect physiological stress in plants, leveraging near-
infrared spectra and temperature anomalies to diagnose diseases such as powdery 
mildew in wheat, where infected plants exhibit distinct thermal profles. These 
remote sensing technologies offer scalable solutions for large-scale agriculture, 
enabling precise disease identifcation and management where manual monitor-
ing is impractical (Palumbo et al., 2005). 

8.3.2 GEOGRAPHIC INFORMATION SYSTEMS (GIS) AND SPATIAL ANALYSIS 

GIS and spatial analysis are powerful tools for capturing, managing, analyzing, and 
visualizing geographic data, offering critical insights in felds such as environmental 
management, urban planning, and public health. By integrating geographical data 
from satellite imagery, GPS, and remote sensing with demographic and economic 
data, GIS enables the creation of detailed maps and spatial models to study complex 
location-based phenomena. A key strength of GIS is its ability to identify spatial 
patterns and relationships, aiding in understanding disease spread, land use changes, 
and natural resource management. Techniques such as overlay analysis, buffer anal-
ysis, and spatial interpolation help uncover trends, predict outcomes, and support 
informed decision-making (Palumbo et al., 2005). 

In public health, GIS has been instrumental in tracking disease outbreaks like 
COVID-19, with Bragazzi et al. demonstrating its effectiveness in mapping infec-
tion hotspots in Italy to guide containment strategies. Environmental applications 
include monitoring deforestation, climate change impacts, and wildlife move-
ments, as well as assessing risks from natural disasters like foods and wildfres. 
Urban planners use GIS to model land use, predict urban expansion, and optimize 
infrastructure, particularly in smart cities where it improves traffc fow, public 
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transit, and utility management. Additionally, GIS supports precision agriculture 
by analyzing soil conditions, crop health, and irrigation needs, enhancing produc-
tivity while minimizing environmental harm. A case study by Mulla highlighted 
how GIS optimizes pesticide use in U.S. agriculture, reducing costs and ecological 
damage (Palumbo et al., 2005). 

8.3.3 AUTONOMOUS FARMING SYSTEMS AND ROBOTICS 

Autonomous agricultural systems and robots are transformative innovations 
that enhance farming effciency, sustainability, and productivity by automating 
labor-intensive tasks such as planting, weeding, and harvesting. These systems, 
including robotic harvesters, drones, and autonomous tractors, leverage sensors, 
GPS, and artifcial intelligence (AI) to perform precise operations while reducing 
human intervention and labor costs. A key application is precision farming, where 
autonomous machines optimize irrigation, fertilization, and pest control by ana-
lyzing real-time soil and crop data. Autonomous tractors, for example, improve 
operational effciency by minimizing fuel consumption and soil compaction 
through GPS-guided navigation. Drones play a crucial role in crop monitoring, 
using multispectral imaging to detect diseases, pests, and nutrient defciencies 
early, enabling targeted interventions that reduce chemical usage (Zhang et al., 
2020). A case study in China demonstrated how drone-collected data helped farm-
ers optimize irrigation and pesticide application, increasing yields while lowering 
environmental harm (Zhang et al., 2020). These technologies also contribute to 
environmental sustainability by reducing carbon emissions through optimized 
fuel use and precision resource application, minimizing runoff and soil degrada-
tion. However, challenges such as high initial costs, technical complexity, and the 
need for skilled operators limit widespread adoption, particularly among small-
scale farmers. 

8.3.4 DATA ANALYTICS AND MACHINE LEARNING FOR DISEASE PREDICTION 

Data analytics and ML have revolutionized plant disease prediction and manage-
ment by enabling early detection and precise interventions through advanced data 
processing techniques (Zhang et al., 2020). These technologies analyze vast data-
sets from remote sensing, feld sensors, and historical records to identify disease 
patterns and forecast outbreaks with high accuracy. ML algorithms, particularly 
deep learning models like convolutional neural networks (CNNs), have proven 
effective in diagnosing diseases from leaf images, which achieved high accuracy 
in identifying crop diseases in maize and rice. The integration of satellite and 
drone-based remote sensing with ML enhances disease monitoring, such as early 
blight detection in potatoes, by using multispectral data to assess crop health. 
Predictive models also leverage historical weather data and regional disease 
trends to anticipate outbreaks, which ML system successfully forecasted wheat 
rust in India, enabling timely fungicide applications. Additionally, ML models 
can optimize farming decisions by correlating environmental factors with disease 
susceptibility, as seen in grapevine powdery mildew prediction, where climatic 
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data guided pesticide scheduling to minimize waste (Boulent et al., 2020). The 
Internet of Things (IoT) further refnes these predictions by providing real-time 
feld data via soil and weather sensors, which ML models use to generate dynamic 
disease risk maps for precision treatments (Boulent et al., 2020). Despite their 
potential, challenges such as the need for high-quality training data, environ-
mental variability, and farmer accessibility limit widespread adoption. Moreover, 
while ML models perform well in controlled condition, real-world deployment 
faces hurdles like data reliability and farmer technical literacy (Boulent et al., 
2020). Nevertheless, these technologies represent a transformative shift toward 
sustainable agriculture by reducing chemical use and improving crop resilience 
through data-driven disease management. 

8.3.5 CHALLENGES AND FUTURE DIRECTIONS 

The merger of biotechnology and precision agriculture represents a major break-
through in plant disease management, offering sustainable solutions to enhance crop 
health while reducing environmental and economic costs. However, realizing its full 
potential requires overcoming key challenges such as regulatory adaptability, pub-
lic perception, and equitable access. Regulatory bodies like Genetic Engineering 
Appraisal Committee (GEAC) and the Government of India must strike a balance 
between fostering innovation and ensuring safety through clear and adaptive poli-
cies. Public concerns over genetically modifed organisms (GMOs), environmen-
tal impact, and food safety necessitate transparent communication, stakeholder 
engagement, and education to build trust (Aggarwal et al., 2024). Additionally, 
cost-effectiveness and scalability remain critical factors, as high-tech solutions are 
often confned to large commercial farms. To enable widespread adoption, espe-
cially among smallholder farmers who contribute signifcantly to global food pro-
duction, technological advancements must be made more affordable and adaptable 
(Abdullahi et al., 2015; Zhang et al., 2021). 

8.4 CONCLUSION 

The integration of biotechnology and precision agriculture offers a transforma-
tive approach to plant disease management, combining genetic advancements with 
data-driven technologies to enhance crop resilience and productivity. Biotechnology 
enables the development of disease-resistant crop varieties, while precision agricul-
ture leverages tools like remote sensing, IoT, and ML for early disease detection 
and targeted interventions. Together, these innovations reduce reliance on chemical 
treatments, minimize environmental impact, and optimize resource use. However, 
challenges such as high implementation costs, technical complexity, and farmer 
adoption must be addressed to ensure widespread accessibility. Ultimately, this syn-
ergy holds great potential for sustainable agriculture, improving food security while 
mitigating the effects of plant diseases in a changing climate. 
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Addressing Global 9 
Nutritional Security 
Through Crop 
Biofortifcation 

Prasann Kumar and Shipa Rani Dey 

9.1 INTRODUCTION 

Biofortifcation is defned as increasing the nutritional value of food crops by 
increasing the vitamin and mineral contents through plant breeding and/or other 
methods like genetic engineering and agronomic practices. They are responsible 
for signifcant health and nutritional benefts when incorporated into diets regu-
larly (Kumar, Saurabh, et al., 2024). Fortifying food with essential nutrients has 
become necessary since many individuals cannot meet their nutritional needs 
by varying their diets and consuming different food groups. Such an approach 
improves nutritional status without signifcant shifts in eating habits or availabil-
ity of foods. As a result, biofortifcation via agricultural systems is an environmen-
tally sustainable and low-cost alternative to conventional food fortifcation and 
supplementation programs, which rely on continuous infrastructure and external 
input (i.e. vitamin A supplements) (Dey, Kumar, et al., 2024; Dey, Sharma, et al., 
2024). 

Once developed and released, biofortifed seeds can be multiplied and distributed 
to a wide area, reaching even remote areas with nutrient-rich crops. This model is 
especially advantageous for subsistence farmers who depend on their harvests for 
livelihood and nutrition. For instance, it has been shown that rural populations in 
Sub-Saharan Africa that consume biofortifed orange-feshed sweet potato (OFSP), 
which is high in provitamin A, have considerably improved vitamin A intakes and 
status. These steps may help enhance human capital and boost economic growth 
(Dey, Kumar, et al., 2024; Dey, Sharma, et al., 2024). In contrast to more conven-
tional approaches to address malnutrition, like supplementing nutrients, plants with 
high yields can improve their genetic makeup through biofortifcation, producing 
the desired nutritional profles (Saini et al., 2024). Plants’ nutritional value can be 
improved by applying several genetic engineering techniques, including transgenic 
crops. 

By modifying metabolic pathways, these tools make it possible to improve car-
bohydrates, proteins, fats, minerals, vitamins, and other valuable compounds in 
the body (Dey, Kumar, et al., 2024; Dey, Sharma, et al., 2024). CRISPR-based 
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gene-editing tools have emerged as new strategies for crop biofortifcation (Saini, 
Kumar, & Panwar, 2024; Saini, Kumar, & Upadhyay, 2024). Microinjection and 
biolistics have been applied to alter metabolic pathways in crops, including maize, 
for elevated levels of β-carotene and amino acids, which illustrates their capacity to 
dramatically improve the nutritional profle of staple crops (Kumar, 2024a). 

The advent of “Omics” tools has given rise to advanced techniques for genetic 
manipulation (e.g., CRISPR-Cas9/Cas13 and transcription activator-like effector 
nucleases (TALENs)), providing an attractive set of possibilities for the biofortifca-
tion of crops. Several species have also released their genome sequences, opening 
up new opportunities. Research on biofortifcation involves scientists from various 
disciplines, such as crop science, nutrition, food science, and social science (Kumar 
& Dwivedi, 2024; Sharma, Kumar, & Singh, 2024; Sharma, Kumar, & Panwar, 
2024). In addition, socio-economic valuations examine how biofortifed varieties 
are accepted among farmers, consumers, and other stakeholders in the value chain. 
Such evaluations provide measures of cost-effectiveness, inclusiveness, and effective 
delivery modes to help guide the scaling up of biofortifcation efforts. 

9.2 BIOFORTIFICATION APPROACHES 

Various methods of biofortifcation mainly target staple crops, such as cereals, 
pulses, oilseeds, fruits, and vegetables. The targeted key nutrients include magne-
sium (Mg), zinc, iron, carotenoids, selenium (Se), folic acid, and vitamin A, while 
the biofortifcation can be done through traditional plant breeding (involving genetic 
breeding), genetic engineering, molecular breeding, and agronomic practices for 
substantial and sustainable biofortifcation, promising an everlasting solution. The 
use of target genes for essential micronutrients is a one-time investment for the 
researchers and is meant to beneft future generations. In particular, molecular and 
genetic engineering methods provide precise, accurate, and cost-effective tools to 
improve the nutritional value of staple crop varieties (Kumar & Choudhury, 2024b; 
Kumar et al., 2024b). 

9.2.1 CONVENTIONAL PLANT BREEDING 

Through years of conventional plant breeding strategies, many staple crop varieties 
have been developed, boasting dramatically higher levels of key micronutrients. This 
is an observation from research on the germplasm of traditional and brown rice that 
found higher concentrations of nutrients like zinc and iron in traditional lines than 
white or polished rice (Kumar, Devi, & Panwar, 2024; Sharma, Kumar, & Singh, 
2024; Sharma, Kumar, & Panwar, 2024). It is one of several studies that justify 
the relevance of genetic diversity in assessing and improving micronutrient levels. 
One extreme example is the recent development of quality protein maize (QPM), a 
product of conventional breeding that farmers have readily adopted and has become 
a signifcant success story in biofortifcation (Kumar, Dey, & Choudhury, 2024). 
Genetic engineering and advanced molecular breeding techniques are the methods 
that researchers prefer to use to circumvent such obstacles and overcome this prob-
lem (Devi et al., 2024b; Kumar & Singh, 2024b). 



  

 

 

  

 

 
 

  
 

 
 

120 Plant Biotechnology and Food Security 

9.2.2 MOLECULAR BREEDING 

Typically, a molecular breeding tool selects and places desirable genes from a donor 
into a generally agronomically superior recipient parental line to produce a bioforti-
fed crop variety. These crops have, therefore, been provided with genomic resources 
that allow the mapping of the current target traits and the transfer of them into elite 
cultivars using marker-assisted breeding tools, which are rapidly expanding in these 
crops. This technology is extensively used for enhancing biofortifcation of cereals, 
pulses, millets, fruits, and vegetables (Devi et al., 2024h; Kumar & Singh, 2024b). 
There, the power to screen large numbers of seedlings lies, vastly accelerating the 
process over many generations. Unlike phenotypic selection, molecular breeding can 
identify recessive traits central to its utility. Moreover, identifcation and validation 
of genes or QTL related to molecular basis of metabolic pathways of mineral deposi-
tions in grains may accelerate breeding strategies aimed at concentration of bioavail-
able micronutrients. In this context, the marker-assisted selection (MAS) techniques 
can also serve as a versatile tool to produce nutritionally dense crops and combat the 
worldwide issue of micronutrient defciencies. 

9.2.3 GENETIC ENGINEERING 

Genetic engineering permits direct introgression of wanted genes in specialised 
lines, thereby adjusting the uptake and utilisation of nutrients (Kumar, Singh, 
et al., 2024; Kumar & Singh, 2024c). With the explosion of novel genome-editing 
tools such as CRISPR/Cas9, zinc fnger nucleases (ZFNs), and TALENs, further 
ground-breaking biofortifcation progress of cereal crops like rice and wheat and 
horticultural crops such as tomatoes have taken place. Biotech varieties have fruits, 
vegetables, pulses, etc., biofortifed by CSIR, which are relatively low-cost and faster 
to produce (Kumar, Srivastav, et al., 2024). For example, the introduction of a single 
DNA fragment into rice simultaneously elevated Zn, Fe, and β-carotene levels (as 
depicted in a recent study). Similarly, genetically engineered sorghum enhances the 
bioavailability of lysine and vitamin A, iron, and zinc. However, such an approach 
must also consider potential trade-offs with other benefcial traits in the crop. Due to 
these problems, it recommends appropriate policy interventions governing the chan-
nels of micronutrient effects (Devi et al., 2024c; Kumar et al., 2024a). 

9.2.4 AGRONOMIC BIOFORTIFICATION 

Agronomic biofortifcation holds signifcant potential where iron and zinc defciency 
diseases are prevalent (especially in Asia and Africa) and represent a quick and via-
ble strategy for the micronutrient (zinc, iron) fortifcation of food grains, tailored for 
human nutrition (Kumar & Choudhury, 2024c; Pandey et al., 2024). Foliar application 
of zinc increased the zinc concentration in wheat grains, reporting an un-infuencing 
effect on yields due to wheat decomposition. The increased Zn concentration in edible 
parts was attributed to the upregulation of genes involved in Zn transport and integra-
tion in plants receiving 80–100 µM Zn supplementation, which showed better root 
development and photosynthesis and, thus, healthy. Moreover, scientists confned the 
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constituents in the grain of wheat highlights the multi-nutrient biofortifcation poten-
tial from agronomic strategies for their concentration manipulations without yield 
penalty (Dey, Kumar, & Panwar, 2024; Dey, Kumar, & Kumar, 2024). Biofortifed 
plants are also grown using low-cost and eco-friendly methods of organic manuring 
(Devi, Kumar, et al., 2024; Kumar & Choudhury, 2024d). 

9.3 ORGANISMS USED IN BIOFORTIFICATION 

9.3.1 BACTERIA 

To grow bio-enriched crops, however, it is necessary to include microbiological 
agents that promote plant growth in the category of natural biofortifcation agents. 
For the biofortifed approach, these agents have been the focus of a signifcant schol-
arly investigation (Kumar & Raut, 2024; Sharma & Kumar, 2024). Furthermore, 
fertigation with Ochrobactrum anthropi, Anabaena oscillations and Brevundimonas 
diminuta for biofortifcation application showed an increase of 21.2% for the rice 
yield concerning conventional chemical fertilisers. Also, Pseudomonas fuorescens 
increased rice plants’ saponins and zinc content (Devi et al., 2024a; Singh et al., 
2024). Proven strains of Pseudomonas putida, Enterobacteria sp. and other PGPR 
were reported to increase rice grain iron content as much as double and transport 
effciency of iron from roots to stem and grains, indicating their capacity for iron 
biofortifcation (Devi et al., 2024c; Kumar, 2024b; Kumar, Saini, et al., 2024). 
Likewise, Pseudomonas plecoglossicida, a rhizospheric bacterium, enhanced iron in 
chickpeas and pigeon peas. Similarly, in wheat, Arthrobacter sulfonivorans (DS-68) 
and Enterococcus hirae (DS-163) were found to have similar effects on iron avail-
ability and Providencia sp. Wheat grains have also been improved with enhanced 
iron content with PW5 (Devi et al., 2024b). Bacillus, Pseudomonas, and Geobacter 
bacteria are essential for turning Mn4+ to Mn2+. This conversion is benefcial for 
plant metabolism. 

9.3.2 FUNGI 

Using an endophytic fungus called Piriformospora indica, which had an additional 
concentration of 10 mg/L zinc, lettuce plants with a high chlorophyll content had 
their zinc content signifcantly increased by 7.6 times. This was observed in green-
house conditions. Consequently, this demonstrated that P. indica was present in bio-
fortifcation (Jagadesh et al., 2024; Kumar & Choudhury, 2024c; Raj et al., 2024). 

9.4 NUTRIENTS USED IN BIOFORTIFICATION 

Bacteria with nitrogen-fxing symbiosis will force host plants to absorb more nitro-
gen, assuming the hosts’ nitrogen-fxing capabilities lie in the natural action of 
biology. Researchers have found, identifed, and reported some vigorous microor-
ganisms that could release micro-macro elements from rhizospheric soil (Kumar & 
Choudhury, 2024f). However, baseline and biofortifed nutrient levels in the targeted 
crops are indexed in Table 9.1. 
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TABLE 9.1 
Information About the Baseline and Biofortifed Nutrient Levels in the 
Targeted Crops 

Crop Nutrient Baseline Levels Levels Achieved References 
Nutritional factor Devi et al. (2024c), 

Rice Zinc 12.0–16.0 ppm >20.0 ppm Kumar (2024b), Kumar, 

Protein 7.0–8.0% Saini, et al. (2024)>10.0% 

Maize Provitamin A 1–2 ppm >8.0 ppm 

Tryptophan 0.3–0.4% >0.6% 

Lysine 1.5–2.0% >2.5% 

Wheat Iron 28.0–32.0 ppm >38.0 ppm 

Protein 8–10% >12.0% 

Zinc 30.0–32.0 ppm >40.0 ppm 

Pearl millet Zinc 30.0–35.0 ppm >40.0 ppm 

Iron 45.0–50.0 ppm >70.0 ppm 

Lentil Iron 45–50 ppm >62.0 ppm 

Zinc 35–40 ppm >50.0 ppm 

Sweet potato β-carotene 2.0–3.0 mg/100 g >13.0 mg/100 g 

Anthocyanin Negligible >80.0 mg/100 g 

Caulifower β-Carotene Negligible >8.0 ppm 

Pomegranate Zinc 0.50–0.54 mg/100 g >0.6 mg/100 g 

Vitamin C 14.2–14.6 mg/100 g >19.0 mg/100 g 

Iron 2.7–3.2 mg/100 g >5.0 mg/100 g 

Anti-nutritional factor 
Soybean Kunitz trypsin 30–45 mg/g of seed Negligible 

inhibitor meal 

Mustard Glucosinolates >120.0 ppm <30.0 ppm 

Erucic acid >40% <2.0% 

9.4.1 MICRONUTRIENTS 

9.4.1.1 Zinc 
Biofortifcation refers to strategies to improve the bioavailability of essential nutri-
ents in everyday food items, such as maize, pearl millet, wheat, rice, and other 
grains. The effectiveness of several bacterial strains as possible biofortifying 
agents, including Pseudomonas monilia SRI-360, P. plecoglossicida SRI-156, 
Enterobacter ludwigii SRI-211, E. ludwigii SRI-229, Brevibacterium antiquum 
SRI-158, Bacillus altitudinis SRI-178, Acinetobacter and oil SRI-305. They found 
that the mineral content in chickpea and pigeon pea plants increased compared to 
uninoculated plots. On the other hand, when compared to the control treatments, 
the inoculation led to a signifcant increase in the growth of the plants (Kumar, Jose 
Anand, et al., 2024; Kumar & Choudhury, 2024g, 2024h; Kumar & Dey, 2024; 
Singh et al., 2024). 
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9.4.1.2 Iron 
Mobilised iron is utilised by microbes that are experiencing a defciency in the 
metal iron for their purposes (Kumar & Choudhury, 2024b, 2024h; Kumar & 
Singh, 2024c; Srivastav et al., 2024). The seed priming of fuorescent Pseudomonas, 
responsible for producing siderophores, was highly effective in increasing the iron 
(Fe) in chickpea grains. When compared to wheat grains that were not inoculated, it 
was discovered that the inoculation of wheat crops with siderophore-forming bacte-
rial endophytes, such as A. sulfonivorans and E. hirae, resulted in a 46% and 67% 
increase in the amount of iron that was present in wheat grains of high- and low-Fe 
accruing wheat genotypes, respectively (Kumar & Choudhury, 2024d; Kumar et al., 
2024a; Pandey et al., 2024). 

9.4.1.3 Selenium (Se) 
The microbiome can change the elemental confguration of selenium and its bio-
availability. The following procedures are involved in the microbial enhancement of 
the Se biofortifcation process (Kumar, 2024a; Kumar & Choudhury, 2024a; Saini, 
Kumar, & Panwar, 2024; Saini, Kumar, & Upadhyay, 2024; Sharma, Kumar, & 
Singh, 2024; Sharma, Kumar, & Panwar, 2024). The bioavailability of selenium in 
the soil is increased due to effective microbes that change the soil characteristics and 
infuence the redox chemistry of selenium. 

9.4.1.4 Amino Acids 
However, the glutaraldehyde treatment did not disturb plant growth characteristics or 
seed dimensions like wild-type rice. Scientists also reported enhancing the glycine 
concentration of coriander plants with a conventional approach. Their growth and 
glycine accumulation improved (except at the maximum 40 mg/L concentration) 
when they applied different concentrations of glycine (0–40 mg/L) in Hoagland’s 
nutrient solution (Kumar & Singh, 2024b; Kumar, Dey, et al., 2024; Kumar, Singh, 
et al., 2024; Sharma, Kumar, & Singh, 2024; Sharma, Kumar, & Panwar, 2024). 
Biofortifcation of cereals with provitamin A has led to the development of “Golden 
Rice,” with breeding programs aiming to provide 15 µg/g of β-carotene, offering 
a reliable source of vitamin A in regions where rice is a staple (Dey, Kumar, et al., 
2024; Dey, Sharma, et al., 2024; Kumar, Saurabh, et al., 2024; Kumar & Choudhury, 
2024b). 

In potato agriculture, overexpression of the crtB gene increased the accumulation 
of lutein, violaxanthin, and β-carotene. Similarly, the overexpression of phytoene 
synthase (PSY) from daffodil, combined with bacterial LCYB and crtI genes, pro-
duced 1.6 µg/g dry weight of carotenoids in rice endosperm. Welsch and Li demon-
strated that replacing the daffodil gene with the maize PSY1 gene in “Golden Rice 2” 
achieved carotenoid content greater than 35 µg/g, showcasing the potential of trans-
genic technology for enhancing vitamins like vitamin A, though progress with other 
vitamins is also underway. Sorghum and “Golden Rice” are prominent examples of 
transgenic biofortifcation for increased vitamin A content (Kumar et al., 2024a). 
Gene silencing strategies have also been proposed to refocus metabolic fux towards 
carotenoid production (Sharma, Kumar, & Singh, 2024; Sharma, Kumar, & Panwar, 
2024). Additionally, higher vitamin C levels in plants have been linked to improved 
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growth, stress resilience, and longer shelf life after harvest, contributing to sustain-
able agriculture practices (Jagadesh et al., 2024; Kumar, Jose Anand, et al., 2024; 
Srivastav et al., 2024). 

9.4.2 MACRONUTRIENTS 

9.4.2.1 Phosphate 
Both Bacillus amyloliquefaciens and Pseudomonas spp. were having roles, either 
on their own or in conjunction with humic acid (HA) extracted from green com-
post and phosphate-mobilising AM fungi. Microbes were introduced into maize 
plants, increasing growth and phosphate uptake from the soil. This was in com-
parison to plants that were not treated with microbes. In their study, the utilisation 
of Zn-solubilising Bacillus sp. (IA16) and P-solubilising Bacillus subtilis (IA6) in 
conjunction with one another was described. This utilisation enhanced the growth 
of cotton plants and their capacity to acquire nutrients (Devi et al., 2024a; Kumar & 
Singh, 2024a; Sharma, Kumar, & Singh, 2024; Sharma, Kumar, & Panwar, 2024). 

9.4.2.2 Potassium 
This Burkholderia sp. was capable of removing potassium from the soil. The inoc-
ulation of Mikania micrantha plants with Burkholderia sp. increased the amount 
of potassium that was assimilated and the amount of phosphorus that was present 
compared to plants that had not been inoculated. The effects of three potassium-
solubilising bacteria, Pantoea agglomerans, Rahnella aquatilis, and Pseudomonas 
orientalis, on the utilisation of potassium, phosphorus, and nitrogen by Oryza sativa 
plants were investigated (Devi et al., 2024a; Kumar & Singh, 2024a). 

9.5 BIOFORTIFIED AGRO-PRODUCTS 

Increasing the quantities of micronutrients (iron, zinc, selenium, vitamin A, and 
other micronutrients) utilised by plants and then passed on to consumers is a stan-
dard method referred to as biofortifcation. This method was discussed earlier. Below 
are some of the valuable agricultural products (Table 9.2). 

9.5.1 BIOFORTIFIED GRAIN 

However, a growing number of alternative initiatives are currently aimed at address-
ing these issues through industrial fortifcation or pharmaceutical supplementation 
(Kumar, Singh, et al., 2024; Kumar, Srivastav, et al., 2024; Kumar & Singh, 2024c; 
Sharma, Kumar, & Singh, 2024; Sharma, Kumar, & Panwar, 2024). 

9.5.2 BIOFORTIFICATION OF RICE 

Additionally, it is essential to conduct additional research on biofortifying staple 
crops, particularly rice and wheat, because they have a signifcant potential to address 
nutrient shortages (Dey, Kumar, et al., 2024; Dey, Sharma, et al., 2024; Kumar & 
Choudhury, 2024f, 2024d; Pandey et al., 2024). 
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TABLE 9.2 
Biofortifcation of Central Agriculture Produces 

Agriculture Type of 
Sl. No. Produces Technique Used Fortifcation Health Benefts Reference 

Fruits 
1 Banana Genetic Beta carotene To alleviate vitamin A Groth et al. 

engineering defciency (2021) 

2 Apple Agronomic Selenium Antioxidant properties Groth et al. 

(2021) 

3 Plum Agronomic Anthocyanin Defence against the risk Groth et al. 

factors for cardiovascular (2021) 

disease and type 2 

diabetes 

4 Strawberry Microbial Selenium Antioxidant properties Antoniou 

approach et al. (2021) 

5 Apple, pear Agronomic Iodine Ensure that the production Budke et al. 

of thyroid hormones is (2021) 

under control 

6 Tomato Genetic Vitamin C More nutraceutical value Do et al. 

engineering and antioxidant (2022) 

Cereals 
7 Golden Rice Genetic Provitamin A Eye health, good vision Do et al. 

engineering (beta-carotene) (2022) 

8 Biofortifed genetic Fe- and Zn-rich rice It prevents Fe from Do et al. 

rice engineering/ physical growth, sensory (2022) 

molecular functions, the functioning 

breeding/Plant of the immune system, 

breeding neurobehavioural 

development, and 

reproductive health, all of 

which are contributed to 

by zinc, which also helps 

prevent anaemia 

9 Fortifed breeding or Fe, Zn Prevent Fe and Zn Sharma et al. 

wheat transgenic malnutrition (2021) 

10 Anthocyanin- conventional High Anthocyanin Antioxidant, nutraceutical Do et al. 

rich wheat breeding content properties, anti- (2022) 

infammatory activities 

11 High CRISPR-Cas9 High amylose improves metabolic and Do et al. 

amylose-rich content digestive health (2022) 

wheat 

12 Low PA-level RNAi Lowering phytic Increase in Bioavailability Ibrahim et al. 

wheat Technology, acid content, of Fe, Zn, and others (2021) 

CRISPR/Cas9 

13 Biofortifed Breeding and Provitamin A Reduce Vitamin A Do et al. 

Maize genetic defciency (2022) 

engineering 

14 Zn and Se-rich PGPRS, Zn, Se Health benefts Do et al. 

maize Cyanobacteria (2022) 

(Continued) 
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TABLE 9.2 (Continued) 
Biofortifcation of Central Agriculture Produces 

Agriculture Type of 
Sl. No. Produces Technique Used Fortifcation Health Benefts 

15 Quality Breeding, Lysine and Good quality proteins 

Protein bifunctional Tryptophan 

Maize expression/ 

silencing 

transgene 

cassette 

16 Phytase, Genetic Phytase, ferin Increase bioavailability 

ferin-rich engineering 

maize 

17 Barley Genetic Increase Phytase Bioavailability of Zn and 

engineering activity Fe 

Legumes 
18 PUF-rich Genetic Linoleic acid nutraceutical and 

soybean engineering γ-Linolenic Acid + pharmaceutical potential 

stearidonic acid 

19 Soybean Genetic a higher Nutraceuticals 

engineering/ concentration of 

metabolic seed protein, oleic 

engineering acid, and 

provitamin A 

(beta-carotene) 

Vegetables 
20 Potato Genetic Beta-carotene Anticancer property 

engineering Zeaxanthin 

21 Sweet Potato Breeding and Beta-carotene, Eye health and cancer 

agronomic Antioxidants 

biofortifcation, 

genetic 

engineering 

22 Cassava Genetic Beta-carotene Anticancer property 

engineering 

23 Canola Genetic Elevated Nutraceutical 

engineering β-carotenoid 

content 

24 Linseed Genetic DHA C22:5 n-3 cholesterol-lowering agent 

engineering (docosahexaenoic 

acid), EPA 

C20:5 n-3 

(eicosapentaenoic 

acid), and 

arachidonic acid 

(C20:4 n-6) 

Reference 

Do et al. 

(2022) 

Do et al. 

(2022) 

Do et al. 

(2022) 

Do et al. 

(2022) 

Do et al. 

(2022) 

Bvenura et al. 

(2022) 

Sakure (2022) 

Do et al. 

(2022) 

Do et al. 

(2022) 

Do et al. 

(2022) 
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9.5.2.1 Biofortifcation of Enhancing Vitamin A (Golden Rice) 
An example of a genetically engineered food crop is rice modifed to contain more 
provitamin A (β-carotene). Ingo Potrycus and Professor Peter Beyer are the individ-
uals who came up with the idea of incorporating β-carotene into Golden Rice. They 
used daffodil and crtl genes within a soil bacterium called Agrobacterium science to 
alter the organism’s genetic makeup. Golden Rice, on the other hand, is not produced 
through breeding. Golden Rice is available in two grades: Golden Rice 1 (SGR1) and 
Golden Rice 2. Both grades are designed to deliver 31 grammes of β-carotene per 
gramme of rice. Both grades are formed by replacing the daffodil PSY gene with 
the mouse gene. (Jagadesh et al., 2024; Kumar & Choudhury, 2024a, 2024h, 2024c; 
Kumar & Singh, 2024c). 

9.5.2.2 Biofortifcation for Enhancing Fe Content 
Polishing brown rice reduced approximately 4.75 times the grain’s iron amount, from 
19 parts per million to approximately four parts per million. To be more specifc, 
the problem that led to the development of Fe biofortifcation, which was designed 
explicitly for milled rice, was the apparent decrease in the amount of four that could 
be consumed by rice grains (Kumar & Raut, 2024; Sharma & Kumar, 2024). 

9.5.2.3 Biofortifcation to Boost Zn Content 
The functioning of the immune system, the health of the reproductive system, sen-
sory perception, and the progression of neurobehavioural processes all require zinc 
for the body to develop correctly. Zinc is also essential for the development of the 
body. The CGIAR-HarvestPlus program was used in 2013 to disseminate a rice vari-
ety biofortifed with zinc during the conventional breeding process in Bangladesh. 
Overall, 1.5 million agricultural households have accepted eight zinc-biofortifed 
rice varieties, which have been cultivated since they were frst introduced. IET 23832 
(DRR Dhan45) is the name of a biofortifed semi-dwarf plant variety developed by 
the Indian Institute of Rice Research (IIRR) in Hyderabad. This plant variety has a 
zinc content that ranges from 22.6 to 24.00 parts per million. This plant variety has 
a medium duration of 125 days and does not lodge(Jagadesh et al., 2024; Kumar & 
Choudhury, 2024c; Srivastav et al., 2024). 

9.5.3 WHEAT BIOFORTIFICATION 

Wheat, also known as Triticum aestivum L., is a Poaceae family member capable 
of self-pollination. Due to its long day length, the long-day plant fourishes in arid 
and semi-arid climates. Wheat is a signifcant crop used in agriculture all over the 
world. More than 30% of all food consumed across the globe is derived from this 
food, making it a primary staple food for a very long time. It is especially harmful 
to women to have defciencies in micronutrients, particularly zinc and iron, because 
stunted development, impaired immunity, decreased productivity, and growth retar-
dation are all potential outcomes of these defciencies (Jagadesh et al., 2024; Kumar 
& Choudhury, 2024a, 2024h; Kumar & Singh, 2024c). Growth retardation is espe-
cially harmful to women. As a result, immediate action must be taken in response 
to this matter. 
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9.5.4 BIOFORTIFICATION OF MAIZE 

These amino acid defciencies lead to reduced appetite, delayed growth, a lack of 
skeletal development, and abnormal behaviour. Several varieties of QPM have been 
developed. These varieties have tryptophan and lysine contents that are approxi-
mately twice as high as those of regular maize cultivars (lysine: 0.15–0.20% in four; 
tryptophan: 0.07–0.08% in four), which has led to a signifcantly raised nutritional 
quality (Kumar, Jose Anand, et al., 2024; Kumar & Choudhury, 2024g, 2024h; 
Singh et al., 2024). 

9.5.5 BIOFORTIFIED VEGETABLES 

Commodities derived from vegetables are essential to the typical person’s diet. 
Consequently, vegetables that have been biofortifed can assist in the treatment of 
micronutrient defciencies. Even though it is a relatively new phenomenon, the bio-
fortifcation of vegetables to provide health benefts has been brought to the forefront 
due to the efforts and funding dedicated to addressing human nutritional defcien-
cies. There are currently efforts being made to develop biofortifying vegetables in 
several different regions around the world. The other side of the coin is that this idea 
is still in its infancy in India. Two methods that are complementary to one another 
can be utilised to increase the mineral concentrations in edible crops (Jagadesh et al., 
2024; Kumar, 2024b; Raj et al., 2024). 

9.6 GLOBAL IMPACT OF BIOFORTIFIED VARIETIES 

When it comes to the health and well-being of the human population, implementing 
biofortifed cultivars holds excellent promise. Several studies have demonstrated 
that these biofortifed crops positively affect human beings, and these conclu-
sions have been presented. To combat malnutrition and make progress towards the 
Sustainable Development Goals (SDGs), the creation and dissemination of biofor-
tifed varieties would be of great assistance (Kumar & Choudhury, 2024e). 

9.6.1 GLOBAL BIOFORTIFICATION PROGRAMS AND INITIATIVES 

The African Biofortifed Sorghum (ABS) project is another signifcant initiative that 
aims to improve sorghum’s nutritional content, a key staple food in Sub-Saharan 
Africa. To achieve this goal, genetic modifcation is utilised to raise the levels of 
provitamin A, iron, and zinc in the crop. Research and the implementation of biofor-
tifcation in Asia, Latin America, and Africa have also received fnancial assistance 
from the World Bank, the Bill and Melinda Gates Foundation, and other develop-
ment agencies worldwide. Biofortifcation is becoming increasingly recognised as a 
viable approach to combating malnutrition at the policy level on a global scale. In 
Rwanda and Nigeria, for example, biofortifed crops are included in the extension 
services that the government provides. To improve both food security and nutrition, 
the Scaling Up Nutrition (SUN) Movement and the Global Agriculture and Food 
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Security Program (GAFSP) have both incorporated biofortifcation into their respec-
tive strategic frameworks (Devi et al., 2024c; Dey, Kumar, et al., 2024; Kumar, 
Saurabh, et al., 2024; Kumar & Choudhury, 2024a; Saini, Kumar, & Upadhyay, 
2024). 

9.7 ADOPTION AND ACCEPTANCE OF BIOFORTIFIED CROPS 

Because of this holistic approach, there was a signifcant increase in the amount of 
vitamin A that children consumed and high adoption rates. As an illustration, in 
areas accustomed to eating white maize, the orange colour of vitamin A biofortifed 
maize was initially met with scepticism. To address these challenges, comprehensive 
strategies are required. Breeding for traits that enhance sensory appeal, conducting 
awareness campaigns, and making sure that biofortifed crops are priced competi-
tively and are easily accessible are some of the strategies that involve these strategies 
(Kumar et al., 2024a, 2024b). 

9.8 CONCLUSION 

A promising and sustainable strategy that can combat micronutrient defciencies 
on a global scale, particularly in countries with low and middle incomes and bio-
fortifcation, can be used to combat micronutrient defciencies. There is a possibil-
ity that biofortifcation will signifcantly improve the outcomes of public health 
and reduce the prevalence of “hidden hunger.” It is possible to achieve this goal by 
increasing the nutrients in staple crops like rice, maize, and sweet potatoes. There 
are still several obstacles to overcome, even though it has much potential. The 
technical limitations in breeding, the regulatory hurdles, and the socio-cultural 
barriers to adoption are all examples of these obstacles. For the foreseeable future, 
the primary focus of efforts should be on advancing research to improve nutrient 
bioavailability, mitigating environmental impacts, and promoting policy support 
to facilitate widespread adoption. For biofortifcation to have the most signifcant 
possible impact, combining it with other nutritional strategies and using com-
munity involvement will be necessary. Biofortifcation can substantially achieve 
global food and nutrition security if supported appropriately and coordinated 
efforts are made. 
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Bioinformatics and 10 
Crop Improvement 
Revolutionizing Plant 
Biotechnology in 
Achieving Food Security 

A Sheena Sabatina and Renu Kumari 

10.1 INTRODUCTION 

Bioinformatics employs computer software tools for tasks such as database creation, 
data management, data warehousing, data mining, and global communication net-
working. It involves the recording, annotation, storage, analysis, and retrieval of nucleic 
acid sequences (genes and RNAs), as well as protein sequences and their structural 
information. This encompasses databases containing sequences and structural data, 
along with methods for accessing, searching, visualizing, and retrieving that informa-
tion. Bioinformatics focuses on developing and maintaining databases of biological 
information, allowing researchers to access existing data and contribute new entries. 
Functional genomics, biomolecular structure, proteome analysis, cellular metabolism, 
biodiversity, downstream processing in chemical engineering, drug, and vaccine devel-
opment are several felds where bioinformatics plays a crucial role (Singh et al., 2011). 

Information about biology has risen signifcantly as a result the major advance-
ments in molecular science and genomics. The application of computational biology 
and computation in biology toward the research feld of plant physiology is signif-
cantly speeding up scientifc advancement in the biological sciences. Researchers 
have discovered the genetic composition of numerous plant and microbe species, as 
well as their transcriptome, proteome, and metabolome, which disclose their pro-
teins, transcripts, and metabolic pathways (Gomez et al., 2018). In the current sci-
entifc period, the sequencing method is the most accurate way to obtain the entire 
genome sequences in the form of DNA, RNA, and protein sequences from an organ-
ism’s genome. Whole-genome sequencing offers a means of understanding the struc-
ture of various species and gives insight into their capability. 

A comprehensive sequencing dataset includes both coding and non-coding sec-
tions that can serve as an essential precursor to any functioning gene that determines 
an organism’s distinct characteristics. All areas, including exons, introns, regulators, 
and promoters, are included in the fnal sequence, which frequently yields a signif-
cant quantity of genomic data (Normand et al., 2019). As next-generation sequencing 
(NGS) and other omics technologies are developed for studying plant genomics, the 
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number of plants with their genomes sequenced will increase (Blätke et al., 2021). The 
creation and application of bioinformatics enables investigators to collect, store, and 
arrange these enormous volumes of data into systematic database. In the early 1950s, 
DNA was a subject of debate due to its role as a genetic information carrier molecule. 
Despite the discovery of the double-helix structure of DNA in 1953, genome sequenc-
ing and genetics code deciphered only 25 and 13 years, respectively. Computational 
biology was applied to DNA analysis almost 20 years behind protein analysis, which 
had a better understanding of its chemical makeup. In the late 1950s, the frst sequence 
of a protein, insulin was released, along with advancements in crystallography. The 
Edman degradation method became a straightforward technique for protein sequenc-
ing, enabling sequencing of over 15 distinct protein families (Singh et al., 2011). 

However, getting large protein sequences was a challenge due to the yield of the 
Edman reaction, which could only sequence 50–60 amino acids. In the early 1960s, 
one of the frst known bioinformatics software was developed to solve this problem. 
Margaret Dayhoff, a physical chemist, was the frst to use computational method-
ologies in biochemistry, and her work in electrochemistry and computer systems in 
medical and biological research led to the creation of protein (Blätke et al., 2021). 
Emile Zuckerkandl and Linus Pauling shifted the focus of biochemistry research 
from mechanistic modeling of enzymes to examining biomolecular sequences as 
“carriers of information.” They questioned whether protein sequences evolved 
through a similar mechanism to words and languages, which evolve through subtle 
changes over time. They found that identical proteins from vertebrates, like hemo-
globin, exhibited a level of similarity that was too great over an extended evolution-
ary period to be the product of either convergence in development or chance. Walter 
M. Fitch introduced the idea of orthology in 1970 to characterize homology that 
emerged from a speciation event. The European Molecular Biology Open Software 
Suite, developed in 1996, was based on the free software ideology. 

This line of thinking was already prominent in prior projects, such as Collaborative 
Computational Project Number 4 (CCP4) for macromolecular X-ray crystallography. 
The sequence databases of the European Molecular Biology Laboratory, GenBank, 
and DNA Data Bank of Japan were formed during this time, aiming to standardize 
data formatting and aid in data sharing. The free software movement and special-
ized scientifc journals expanded the use of computers in biology, but small-scale 
mainframe computing systems were used for massive amounts of data (Singh et al., 
2011). This chapter explores the pivotal role of bioinformatics in modern plant breed-
ing, focusing on its application in crop improvement for sustainable agriculture. It 
examines the integration of genomic data with computational models to accelerate 
the discovery of benefcial traits, the development of high-throughput technologies, 
and the use of bioinformatics in precision breeding. 

10.2 HISTORY OF BIOINFORMATICS 

Bioinformatics is an interdisciplinary feld that emerged in the 1960s, combining 
biology, computer science, and mathematics to analyze and interpret biological data. 
Its origins trace back to the need for computing resources to store and process large-
scale biological information, particularly in genetics and molecular biology. The 
development of DNA sequencing technologies and the human genome project in the 
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TABLE 10.1 
Timeline of Bioinformatics: New Era to Emerge 

Year Bioinformatics Timeline 
1970 “Bioinformatics” term was coined by Ben Hesper and Paulien Hogeweg 

1970 “dot matrix method” for amino acid and nucleotide sequences comparative analysis by A.J. 
Gibbs and G.A. McIntyre developed 

1970 Dynamic programming algorithm for sequence alignment Needleman and Wunsch proposed it 

1984 GCG software suit (UWGG) published it, which was a collection of tools for manipulating 
DNA, RNA, or protein sequences 

1990 BLAST: fast sequence similarity searching 

1994 EMBL European Bioinformatics Institute, Hinxton, UK 

1999 Fly genome completely sequenced 

2000s Next-generation sequencing or NGS that started with the “454” pyrosequencing 

late 20th century signifcantly accelerated the growth of bioinformatics, enabling the 
analysis of vast datasets. Over time, bioinformatics has become essential for under-
standing biological processes, drug discovery, and personalized medicine. Table 10.1 
summarizes the timeline of bioinformatics (Normand et al., 2019). 

10.3 ROLE OF COMPUTATIONAL BIOINFORMATICS 
IN AGRICULTURE 

The environment’s biodiversity is already in threat due to habitat degradation and land 
exploitation for agricultural purposes (Kumari et al., 2021). Increasing agricultural 
production to fulfll the demand because of land exploitation and destruction of habi-
tat for agricultural purposes, the biodiversity of the environment is already in danger 
mode (Kumari et al., 2021). Expanding agriculture to meet the world’s growing food 
needs does not appear to be feasible in situations like climate change. Utilizing sus-
tainable agricultural practices, appropriate policy implementation, and environmental 
investments, the Food and Agricultural Organization, known as the FAO, introduced 
the “climate-smart agriculture” approach to agriculture, which can boost productiv-
ity and further improve resilience. It also helps to achieve national food security and 
development goals by removing greenhouse gases when feasible. By mixing genes, it 
is possible to build plants with better performance for the food and agricultural indus-
tries by using the potential gene pool of crops and their wild relatives. Whole-genome 
analysis is carried out in NGS, which makes it possible to identify the genetic basis of 
different phenotypic changes as well as new ones (Ashraf et al., 2022). 

Most of the time, sequence information is assembled and well annotated, and the 
genome database of a number of signifcant crops have been sequenced, allowing 
for the identifcation of genotyping-phenotypic relationships (Nizamani et al., 2023). 
These crops include rice, soybean, foxtail millet, chickpea, and pigeon pea. A number 
of other plant genomes have been assembled with the quickly evolving second-genera-
tion sequencing techniques, including wheat in 2018, Digitaria exilis in the year 2020, 
Secale cereale (rye) in the year 2021. NGS techniques facilitate the sequencing of plant 
genomes and the transcriptomes, and the resulting data has been utilized to develop 
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updated reference genome maps for crops like soybean, rice, and corn (Hong et al., 
2023). The sorghum genome’s characterization has revealed a number of noteworthy 
characteristics, including an extra ~29.6 Mb of sequence, a 24% increase in annotated 
genes, longer genes, and a ten-fold reduction in error frequency. The most popular plat-
forms for NGS techniques include Roche 454, PacBio, Ion Torrent, Illumina/Solexa 
sequencing, and Oxford Nanopore. NGS techniques usually being developed to cover 
complicated plant genomes (Gupta & Verma, 2019). The third-generation sequenc-
ing methods, including Nanopore and PacBio, have made it easier to assemble com-
plicated genomes with good quality. These methods are also being applied to RNA 
sequencing, which is relatively a newer technique that is useful for mapping and mea-
suring transcriptomes, particularly for non-model crops such as bread wheat cultivar 
Yunong 201 and olive during fruit development (Athanasopoulou et al., 2021). 

10.4 AGRICULTURE USING NEXT-GENERATION SEQUENCING 

NGS has transformed agricultural research by enabling high-throughput genome 
analysis, accelerating the identifcation of benefcial crop traits like disease resis-
tance and stress tolerance (Satasiya et al., 2024). Technologies like Illumina sequenc-
ing have been pivotal in characterizing soybean transcription factors, copper-tolerant 
genes, and herbicide-resistant variants (Satam et al., 2023; Satasiya et al., 2024). 
Transcriptomics, which studies gene expression patterns (Wang et al., 2009), has 
revealed regulatory networks for stress responses, including salt tolerance in soybeans 
and heat stress mechanisms in hybrid rice (Satasiya et al., 2024). Marker-assisted 
selection (MAS) leverages NGS data to introgress quantitative trait loci (QTLs), 
such as the SUB1 gene for submergence tolerance in rice (Sarkar & Bhattacharjee, 
2011). SNP markers and whole-genome regression (WGR) further enhance precision 
breeding by identifying genetic variations, though long-read sequencing challenges 
persist. Additionally, bioinformatics and machine learning (ML) analyze microbi-
ome data to predict crop diseases like huanglongbing (HLB) with high accuracy 
(Kumar et al., 2023). These integrative approaches enable early disease detection 
and optimize crop management. By combining NGS with advanced computational 
tools, researchers can decode complex agricultural systems, driving sustainable pro-
ductivity (Figure 10.1). However, technical limitations, such as sequencing errors 
and data integration hurdles, require ongoing innovation. 

FIGURE 10.1 Next-generation sequencing technology (NGS). 
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10.5 DATABASE PROVIDE ABUNDANT INFORMATION 
ABOUT GENES AND PATHWAYS 

Databases that combine data on proteomics, metabolic pathways, and genomes are 
referred to as general databases. A unifed and publicly accessible compilation of all 
published data is represented by genome databases, which enable researchers to eas-
ily learn more about the gene or protein of interest. UniProt, for instance, provides 
a thorough database for protein sequences and functional functions. In addition to 
using keywords of interest or a specifc gene/protein name to search the database and 
sort through the data entered, a protein BLAST can be used to obtain the sequence 
of the new protein of interest (Batieno et al., 2016). 

Furthermore, broad databases gather vibrant natural circuits that are comparable 
to those represented in metabolic pathways, Eukaryotic Orthologous Groups (KOG), 
Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Ontology (GO), 
which can be used to identify whether a particular protein is a member of one of the 
many known pathways (Kanehisa et al., 2017). In bioinformatics, identifying genes 
from large genomic sequences is an essential task. One of two points may be encoun-
tered by the refection of genomic sequences. The target sequences’ gene refection 
can be carried out in the frst script using free Ab initio algorithms are typically used 
by the alternative script on platforms and search platforms (Kanehisa et al., 2017). 
In the agricultural industry, bioinformatics is essential for many experiments that 
react to unfavorable growth conditions and adjust accordingly. For example, eelgrass 
(Zostera marina) does not have stomata because it lacks the essential genes needed 
for stomatal experimentation, possibly as a result of adaptation to water life (Ergin 
et al., 2022). 

Changes in the CAZyme protein family cause the eelgrass’s cuticle to thicken. 
Modifcations to a few metabolic pathways were also caused by alterations in 
transporter genes and sucrose synthase. Only bioinformatics techniques can 
improve these investigations. In order to adapt to a high-salinity environment, 
halophytes have developed very special traits. The relative study of halophytes 
to determine their acclimations to saline-alkaline soils has also been made 
much easier by bioinformatics. Bioinformatics was used to analyze the causes 
of Selaginella, a type of xerophyte that thickens the cuticles of leaves in order 
to adapt to thirsty environments. Utilizing animals and insects as food sources, 
bioinformatics provided the molecular foundation for entomologists’ explanation 
(Ergin et al., 2022). 

Additionally, as more genomes were accessible, bioinformatics revealed the 
evolutionary lineages of businesses. An example of this is the evolutionary anal-
ysis of water lilies (Nymphaea colorata), which showed that Amborellales and 
Nymphaeales are the successive family lineages to all other extant angiosperms 
(Chen et al., 2017). Before being introduced into a factory, genes linked to particular 
features can be examined on a computer. The results of this study can be used to 
decide what elements should be added to the factory for a more accurate pheno-
typic analysis. Examples include the newly developed vitamin D-rich tomato, lettuce 
(Lactuca sativa), and maize (Zea mays L.) kernels, which are high in lysine (Ergin 
et al., 2022). 
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10.6 IMPORTANCE OF AGRICULTURAL BIOINFORMATICS 

Bioinformatics focuses on analyzing and making sense of various data types, includ-
ing nucleotide and amino acid sequences, protein domains, and building blocks of 
proteins. It aims to improve understanding of biological processes by developing 
computationally intensive techniques like pattern recognition, visualization, data 
mining, and ML. Research in this feld includes gene discovery, genome assembly, 
drug design, protein structure alignment, protein structure prediction, gene expres-
sion, protein-protein interaction prediction, genome-wide association studies, and 
Darwin’s theory modeling. Crops are crucial for the economy, society, and envi-
ronment and modern plant biotechnology must tackle the problem of feeding the 
world’s expanding population. Moreover, DNA microarray expression and expressed 
sequence tags can help to study gene transcription patterns in plants (Kanehisa et al., 
2017). 

10.7 APPLICATIONS OF BIOINFORMATICS IN AGRICULTURE 

Creating novel plant varieties is the goal of plant biotechnology, the sequencing analysis 
requires fnancial expenditure. Since genomics-assisted breeding is a cost-effective 
and successful approach, it is frequently used in crop breeding. Crop physiology 
makes substantial use of genomic-supported parenting because it is a successful 
and provident technique (Tyagi et al., 2024). Under various circumstances, such as 
changes in plant physiology, pathogen invasion, or environmental changes, genomics 
may be able to follow molecular changes during development and aid in understand-
ing the structure and operation of biological systems. Samples might be taken from 
the same person or from multiple people of the same species or from different spe-
cies, and their analysis necessitates additional genomic research (Chong et al., 2019). 

Furthermore, to study about the genomics in crops, GWAS has been utilized, for 
instance, in Chrysanthemum to investigate genetic patterns and fnd advantageous 
alleles for a number of ornamental and resistance qualities, such as drought, aphid, 
waterlogging, and plant structure and inforescence attributes (Su et al., 2019). For 
instance, in Chrysanthemum, GWAS has been used to investigate inheritable pat-
terns and fnd advantageous alleles for a number of resistance and esthetic qualities, 
including as failure forbearance, aphid resistance, waterlogging forbearance, and 
factory structure and inforescence traits. Su and colleagues transferred a signifcant 
SNP co-isolated Chrysanthemum. Chrysanthemum waterlogging forbearance was 
confrmed in 52 cultivars or grandfathers using a PCR-based deduced cut amplifed 
polymorphism sequence (dCAPS) marker with a delicacy of 78.9. Two dCAPS labels 
were created in relation to the fowering stage and head periphery (Chong et al., 
2019). 

10.8 CHALLENGES 

Bioinformatics has emerged as a transformative tool in crop improvement, enabling 
the analysis of vast genomic datasets to identify traits linked to yield, stress tol-
erance, and disease resistance (Varshney et al., 2021). By integrating genomics, 
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transcriptomics, and proteomics, bioinformatics accelerates MAS and genome edit-
ing, enhancing precision breeding (Bohra et al., 2022). However, challenges persist, 
including data heterogeneity, high computational costs, and the need for advanced 
algorithms to interpret complex biological interactions (Wallace et al., 2018). 
Additionally, limited bioinformatics infrastructure in developing nations restricts 
accessibility, exacerbating global disparities in agricultural biotechnology (Tester 
& Langridge, 2010). Addressing these barriers requires collaborative efforts to stan-
dardize data, reduce costs, and build capacity in low-resource regions (Wallace et al., 
2018). 

10.9 FUTURE PROSPECTS 

Looking ahead, the future of bioinformatics in crop improvement lies in harnessing 
artifcial intelligence (AI) and ML to predict phenotypic outcomes from genotypic 
data (Singh et al., 2023). Advances in single-cell sequencing and pangenome analy-
sis will further refne trait discovery, enabling the development of climate-resilient 
crops (Khan et al., 2022). Public-private partnerships are critical to scaling these 
technologies, ensuring smallholder farmers’ beneft from innovations (CGIAR, 
2023). Ethical considerations, such as data privacy and equitable access to genetically 
improved crops, must also guide policy frameworks (ISAAA, 2022). Ultimately, 
bioinformatics-driven crop improvement holds immense potential to achieve global 
food security, provided these scientifc, infrastructural, and ethical challenges are 
addressed (Ray et al., 2019). 

10.10 CONCLUSION 

Bioinformatics typically plays a key role in managing the enormous volumes of data 
produced by high-throughput methods, as well as in data integration, analysis, and 
further model prediction. Cell division, pollen tube expansion, and other phenom-
ena are typically visualized in classical biological tests. However, more research 
indicates that deeper, higher throughput studies and analyses are being conducted. 
The molecular pathways that underlie plant responses to biotic and abiotic stressors 
have been investigated; when combined, they can be a potent tool that opens up new 
avenues for computational biology and agriculture. In order to meet the sustainable 
global food needs, the goals of the Sustainable Development Goals, and the world-
wide plant trade, a shared biosecurity infrastructure can be built. 
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Environmental Benefts 11 
of Biotech Crops 

Swarnalata Tripathy, Binod Kumar Mahapatra, 
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11.1 INTRODUCTION 

The implementation of sustainable agriculture faces challenges due to climate 
change, population growth, and shrinking arable land, necessitating genetically mod-
ifed (GM) crops with enhanced productivity, quality, and stress resistance (Kumar 
et al., 2020; Abdul Aziz et al., 2022). Genetic modifcation aligns with sustainable 
farming principles by boosting yields, conserving resources, and improving human 
health, with biotechnology enabling traits like pest resistance and drought tolerance 
(European Commission, 2010). GM crops have reduced pesticide use by 8.3% and 
lowered greenhouse gas emissions equivalent to removing 15.27 million cars from 
roads, demonstrating environmental benefts (Brookes & Barfoot, 2020). GM crops, 
such as Flavr Savr tomatoes and Bt cotton, were developed to delay ripening, resist 
pests, and tolerate herbicides, marking signifcant milestones in agricultural biotech-
nology (Bawa & Anilakumar, 2013; Vega Rodríguez et al., 2022). 

Advances like herbicide-tolerant (HT) and insect-resistant (IR) traits have 
improved crop resilience, reducing chemical inputs while enhancing food security 
(Batista et al., 2017; Kurup & Thomas, 2020). However, concerns persist over bio-
diversity loss, gene fow to wild relatives, and the emergence of herbicide-resistant 
weeds, which threaten ecosystems (Fernandes et al., 2022; Sharma et al., 2019). 
Environmental risks, such as genetic pollution and harm to non-target species like 
monarch butterfies, highlight the need for mitigation strategies (Boyle et al., 2019; 
Fitzpatrick & Reid, 2019; Roberts et al., 2020). Studies suggest isolating GM crops 
by 50 meters to minimize gene fow, as seen in oilseed rape cases (Carrière et al., 
2021; Nishizawa et al., 2010). Public awareness and labeling of GM products are 
crucial to address skepticism and ensure informed consumer choices (Borges et al., 
2018; Wunderlich & Gatto, 2015). This chapter highlights the adoption of biotech 
crops, which has signifcantly contributed to sustainable agriculture by reducing pes-
ticide use, lowering greenhouse gas emissions, and enhancing resource effciency. 

11.2 REDUCTION IN PESTICIDE USE 

Biotech plants are examined thoroughly for the safety of the environment. It is esti-
mated that the global production status of biotech crops has increased from 1.7 to 
190.4 million hectares with approximately 112-fold between the year 1996 and 2019 
(International Service for the Acquisition of Agri-biotech Applications (ISAAA), 
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2019). Biotech crops were developed in such way that they show resistance to pest 
and herbicide tolerance, enhancing a good agricultural beneft and promoting envi-
ronmentally friendly agriculture (Brookes & Barfoot, 2015). After the development 
of biotech plant about 36.95% pesticide application decreased. In addition, seeds 
of biotech plants contribute toward the maintenance of soil quality, conserve soil 
microorganism, and maintain carbon in soil. In a number of nations, including 
Uruguay, Argentina, and Paraguay, the feld production of GM soybeans has reduced 
greenhouse gas emissions (Brookes & Barfoot, 2016). Bacillus thuringiensis (or BT) 
is used as a biological pesticide, a gram-positive soil-bacterium. During sporulation, 
many BT strains produce insecticidal proteins called δ-endotoxins, which leads to 
their use as insecticides. Recently GM crops using BT genes are developed such 
as BT corn or BT cotton. The primary goal of these biotech plants is to combat 
the European corn borer insect, which causes damage to maize crops, resulting in 
annual losses of up to $1 billion (Parekh, 2004). 

However, Pseudomonas syringae is the causative agent of bacterial speck disease, 
after infection tomato productions decreased (Cai et al., 2011). The initial application 
of CRISPR/Cas9 resulted in the creation of the ortholog of the tomato mutant allele 
for downy mildew disease resistance in Arabidopsis 6 (DMR6), a positive regulator 
of downy mildew disease, through knockout in tomato. According to Paula de Toledo 
Thomazella et al. (2016), the mutant lines showed resistance to Phytophthora cap-
sici, Xanthomonas species, and P. syringae. The majority of agricultural losses are 
caused by parasitic worms. The root systems of many plant species are their primary 
target. In essence, nematodes are worm species that can endure for many years in 
unfavorable soil conditions. Due of the signifcant environmental danger, chemical 
management of nematodes is prohibited. Crop rotation, the practice of growing dif-
ferent crops in the same area over successive seasons, is the most natural method to 
address this issue. However, it is not always practical due to the high costs involved 
(Lee, 2002). Therefore, the sole solution to the issue is to incorporate genes from 
nematode-resistant plants to the vulnerable plant. Phytophthora palmivora causes 
disease in papaya is a destructive cause of oomycete disease (Fosu-Nyarko & Jones, 
2015). 

A papaya mutant plant with resistance to P. palmivora was created following 
the insertion of a functional cysteine protease prohibitor (PpalEPIC8) (Gumtow 
et al., 2018). Similarly, using the CRISPR/Cas9 system, cocoa beans have gained 
resistance to Phytophthora tropicalis, another oomycete disease (Fister et al., 
2018). The use of biotech in agriculture also maintains the variety of helpful 
insects that are not targets and this is due to lack of use of chemical to control 
harmful insect (Karalis et al., 2020; Talakayala et al., 2020). An analysis of the 
potential impact of Genetically Modifed Plants (GMPs) on pollinators (Malone 
& Burgess, 2009) found that commercialized biotech plant with herbicide toler-
ance or insect resistance trait have no much more impact on pollinator. Recent 
studies performed in controlled conditions with honeybee, raise it by feeding Bt 
pollen or sugar syrup or honey containing purifed Cry1Ab toxin has no adverse 
effect on adult survival and its larvae (Ramirez-Romero et al., 2008). Some 
experiments aim to develop the honeybee’s hypopharyngeal gland (Babendreier 
et al., 2005). 
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11.3 LOWER HERBICIDE USE AND MORE EFFICIENT 
WEED MANAGEMENT 

The likelihood and seriousness of either immediate or delayed negative impacts 
on the ecosystem, health of humans, and the farmer’s bottom line are all included 
in the qualitative assessment of herbicide toxicity concerns. Nonetheless, a 
number of variables, including crop and characteristic, local weed species, agri-
cultural practices techniques, and climate, are linked to the probability and 
intensity of each harmful impact (Madsen et al., 2002). The production of GM 
crops that are resistant to herbicides poses possible risks to both agricultural 
land and natural environments. Roundup®, a Monsanto chemical used in homes 
as well, is one of the broad-spectrum, low-toxicity herbicides that the HT crops 
exhibit resistance to. When included into maize, soybeans, and canola, this tol-
erance makes it easier for farmers to manage weeds (Velkov et al., 2005). In 
the absence of HT varieties, farmers are compelled to depend more on meth-
ods such as controlling weeds before crop emergence often through repeated 
soil tilling, which leads to erosion or by using more toxic “narrow-spectrum” 
chemicals that specifically target weeds without damaging post-emergent crops 
(Velkov et al., 2005). 

Resistant (RT) weeds will unavoidably emerge due to the amazing capacity of 
weed species to gain resistance to herbicides derived from their gene pool (Agapito-
Tenfen et al., 2014). Weeds can gain resistance to herbicides in as little as three 
years, as evidenced by the discovery of polygenic herbicide resistance in horseweed 
among F1, F2, and backcross progenies exposed to minimal doses of diclofop-methyl 
(Busi et al., 2013). Because herbicide-resistant crops are often grown and due to 
concurrent herbicide use, Asiatic dayfower (Commelina communis L.), wild buck-
wheat (Polygonum convolvulus L.), and common lambsquarters (Chenopodium 
album L.) were found to be more prominent in areas with signifcant selective pres-
sure (Owen & Zelaya, 2005). Target site overproduction, changes in intracellular 
herbicide compartmentation, minimal herbicide absorbance and translocation, her-
bicide detoxifcation, and target site insensitivity are some of the mechanisms that 
may aid the plant in developing tolerance (Brower et al., 2012). Due to its chemical 
composition, lack of residual activity, mechanism of action, low glyphosate absorp-
tion by the roots of the plants from the soil, and almost negligible persistence of 
soil, resistance to glufosinate and glyphosate arising in the gene pool of weeds is 
extremely improbable (Baylis, 2000). Horseweed in the US and annual rye grass in 
Australia have been reported to acquire glyphosate resistance (Dale et al., 2002). 
Overexpression of the target enzyme, decreased herbicide transport, and varying 
glyphosate sensitivity are possible causes of this resistance development (Wakelin 
et al., 2004). 

11.4 CONTRIBUTION TO CLIMATE CHANGE ADAPTATION 

Agricultural practices contribute to approximately 25% of global greenhouse 
gas emissions through deforestation, inorganic fertilizers, and overgrazing (HM 
Treasury, 2009). Biofuels derived from conventional and biotech crops, such as 
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TABLE 11.1 
Application of Biotech Crops in Different Areas 

Applications 
Crop • Increase productivity and economic advantages at the farmer level in 
improvement a sustainable manner to help ensure food, feed, and fber security 

and self-suffciency, including more cheap food. 
• Play a signifcant part in raising productivity per hectare and lowering 

production costs due to the decreased requirement for inputs. 
• Cloning, embryo transfer, and artifcial insemination are just a few of 

the many uses for agriculture-integrated biotechnology. 
• Crop productivity rose by 822 million tons, worth US$224.9 billion, 

between 1996 and 2018, with 86.9 million tons, worth 
US$18.9 billion, in 2018 alone. 

Biodiversity • Prevent deforestation and safeguard forest biodiversity. 
and land • As with conventional crops, biotech crops require attention to 
conservation appropriate farming techniques, including rotation and resistance 

management. 
• Reduce the amount of land needed to raise food by assisting farmers 

in becoming more effcient. 
• Land-saving technology that can increase production on the 

1.5 billion hectares of arable land those are now available. 

Pest control • Using genetic engineering to create biopesticides and natural 
predators, ecologically friendly pest control techniques are being 
developed. 

• Breeding and releasing natural predators, encouraging conservation 
biological control, and lowering the need for broad-spectrum 
chemical pesticides all contribute to improved biological control. 

• Additionally, biotech crops reduced the usage of pesticides by 8.3% 
within that time frame and by 8.6% in 2018 alone. 

Climate change • Reduce greenhouse gas emissions and contribute to climate change 
mitigation by providing tools for crop engineering that boost yield 
while using less energy. 

• Improves resilience to climate change. 

Green economy • Boost income for small holder farmers. 
and society • Improves farm income. 

• Improves health condition due to reduced toxin. 

Reference 
Brookes and 
Barfoot 
(2020) 

sugarcane, rapeseed, and jatropha can reduce CO2 emissions from transportation 
(Sarin et al., 2007). GM crops lower fuel consumption by minimizing pesticide 
spraying and tillage, with IR varieties alone reducing CO2 emissions by 962 mil-
lion kg in 2005 (Brookes & Barfoot, 2008). Herbicide-resistant soybeans, covering 
95% of no-till farmland in Argentina and the US, sequester 63,859 million tons of 
CO2 by enhancing soil carbon storage (Brimner et al., 2005; Fawcett & Towery, 
2004; Kleter et al., 2008). Additionally, biotechnology reduces nitrogen pollution by 
improving nitrogen-use effciency in crops like GM canola, cutting N2O emissions 
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and fertilizer runoff (HM Treasury, 2009; Johnson et al., 2007). Innovations such as 
nitrogen-fxing cereal crops and enhanced Rhizobium strains further decrease reli-
ance on synthetic fertilizers, supporting sustainable farming (Saikia & Jain, 2007; 
Zahran, 2001). 

11.5 ENHANCED LAND USE EFFICIENCY 
AND CROP PRODUCTIVITY 

The global population and their increasing demand for agricultural products 
place immense pressure on the agricultural system. Agricultural practices often 
face various problems like land degradation, water scarcity, pests and diseases, 
low production, and climate change. Soil erosion, nutrient depletion, excessive 
chemical fertilizers, and salinization can reduce land productivity which leads 
to decrease in crop production. Besides that, pests, diseases and ineffcient irri-
gation practices, water shortage can limit the crop growth. These challenges 
can be addressed by the help of biotechnology to boost agricultural productivity 
(Tsatsakis et al., 2017). High-yielding varieties not only help in production but 
also increase biomass (Sexton & Zilberman, 2011). It also helps in decreasing the 
land conversion into agricultural felds as scientists get more products in a small 
land. By improving nutrient use effciency, scientists can reduce the fertilizer 
requirement which becomes environment friendly. Many nanotech materials are 
developed for the gradual release and optimal dosage of water and plant nutri-
ents, enhancing the effciency of nutrient and water uptake (Hegde et al., 2007). 
China uses a variety of nanoparticles, including plastic-starch, humus-polyester, 
and clay-polyester, to slowly release nitrogen into wheat. Compared to applying 
chemical fertilizer, the yield increase from clay and plastic (nanomaterial coat-
ing) was approximately 4.5% (Govindasamy et al., 2023; Sharma et al., 2002). 
However, Table 11.1 showcases the diverse applications of biotech crops across 
various felds, such as agriculture, medicine, and industry. 

11.6 CONCLUSION 

By lowering CO2 emissions, sequestering carbon, using less fuel, switching to 
environmentally friendly fuels, and using less artifcial fertilizer, biotech crops 
can help mitigate and adapt to climate change. They can also improve food, 
feed, and fber security by making food more affordable (lower prices), improv-
ing soil fertility, and increasing crop adaptability through the use of biofuels. 
These actions are intended to safeguard our environment from the negative con-
sequences of climate change while simultaneously increasing agricultural output 
and food security. The scientifc community agrees that both direct and indirect 
human activities are to blame for climate variability. In addition to improving 
yield and food security, a comprehensive strategy for the safe use of both tradi-
tional and contemporary agricultural biotechnologies will also make a substan-
tial contribution to initiatives to lessen the effects of and prepare for climate 
change. 
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Smallholder Farmers 
Navigating Challenges 
and Unlocking 
Economic Pathways 
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12.1 INTRODUCTION 

Agriculture has been the backbone for human civilization that has sustained liveli-
hoods and ensured food security for centuries for the burgeoning population. The 
smallholder farmers are the key contributors to agriculture, who form the back-
bone of a country’s agricultural systems as well as strengthening nation’s economy 
(Pattanaik & Priyadarshini, 2024). These little farmers generally operate lands of 
less than two hectares. They contribute signifcantly to local economic stability and 
global food security, with about 80% of the food in large parts of the developing 
world attributed to their efforts (Food and Agriculture Organization of the United 
Nations (FAO, 2017). Yet, the issues faced by the smallholder farmers are recurrent 
and multiple, which involve restricted availability of quality inputs, susceptibility 
to climatic unpredictability, pest and disease infestations, and limited market pros-
pects. To address these issues biotechnology has arisen as a vital tool for tackling 
these diffculties (Pattanaik & Priyadarshini, 2024). 

The developments in genetic engineering, molecular biology, and bioinformatics 
have led to innovative solutions, including genetically modifed (GM) crops, biofor-
tifed varieties, and precision agriculture tools. Such features as pest and drought 
resistance as well as improved nutrition are made possible by these technologies, 
which will be able to minimize chemical applications, stabilize yield, and even make 
crops more resilient to climatic change (FAO, 2017). Take for instance Bt cotton and 
herbicide-tolerant soybean, they have resulted in signifcant productivity gains, cou-
pled with signifcant reductions in pesticide applications (Brookes & Barfoot, 2015). 
Similarly, with biofortifcation crops like vitamin A-enhanced golden rice, there may 
be a signifcant route to remedy critical nutritional inadequacies among vulnerable 
populations. Apart from this, biofortifed crops advance innovation to fght some of 
the severe nutritional defciencies, yet it provides a limited and partial pathway out of 
malnutrition. Adoption of biotechnology, however, raises concerns relating to equity, 
accessibility, and distributive effects. It also is still somewhat uneven because its 

https://doi.org/10.1201/9781003597797-12
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application by smallholder farmers encounters signifcant upfront cost barriers, lim-
ited technical knowledge, widespread socio-cultural resistance, and highly restrictive 
regulatory frameworks. Additionally, intellectual property rights and dependency on 
biotech seed suppliers further constrain accessibility (Azadi et al., 2016). 

Agroecological, climatic, demographic, economic, and cultural factors all have 
an impact in the decisions that farmers make which crops and varieties to grow 
(Skarbø, 2014). The challenge here is in the creation of inclusive policies, participa-
tory research, and capacity-building initiatives toward equitable access to biotech-
nological innovations. Agricultural biotechnology has been a next step in evolving 
traditional breeding practice, improving crop improvement in speed, precision, and 
reliability (Brookes & Barfoot, 2017). This dynamic approach doesn’t just tackle 
food insecurity, defned as insuffcient physical, social, or economic access to safe 
and nutritious food, but also provides economics for smallholders (Thompson et al., 
2007). GM crops can resist certain pests and diseases, thus increasing the savings 
from agrochemicals. In turn, drought-resistant varieties guarantee yield stability 
if water is scarce. This, besides synthetic biology and bio manufacturing develop-
ments, also helps smallholder farmers to tap into high-value biomaterial and bio-
based product markets, diversifying their sources of income (Berman et al., 2013). 
This chapter explores the interaction between biotechnology and smallholders farm-
ing, which can empower farmers, improve global food security, and promote sustain-
able agriculture. 

12.2 MULTIDIMENSIONAL PERSPECTIVES ON GM CROPS 

Figure 12.1 about multidimensional perspectives on GM crops highlights the 
dual role of GM crops either in exacerbating challenges or unlocking economic 
and sustainability pathways. To smallholder farmers, GM crops bring increased 
yields, resilience to climate change, and economic empowerment, but the associ-
ated challenges, such as market inequities, high costs, and ethical concerns must be 
addressed to ensure equitable benefts (Food and Agriculture Organization of the 
United Nations (FAO), 2016). The diagram is a holistic framework that addresses 
the multidimensional aspects of GM crops, emphasizing their implications on small-
holder farmers, the environment, and society. It broadly divides the discussion into 
three main dimensions: farm community, environmental, and social-economic 
dimensions. The three perspectives combined bring forth the challenges and oppor-
tunities of GM crops, hence a call to strike a balance between policy and inclusion 
to support the smallholder farmers. On the other side, the diagram presents several 
challenges of GM crops. Economically, small-scale farmers are mostly dependent 
on multinational companies for quality seeds; hence, the fnancial freedom of such 
farmers is limited. Their access to the market can be limited by the intellectual prop-
erty rights and trade barriers (Pattanaik & Priyadarshini, 2024). 

Environmentally, unintended ecological effects from GM crops can include loss 
of biodiversity, development of resistance in pests or weeds, and long-term nega-
tive impacts on the health of soils (Qaim, 2020). It generates unintended ecological 
impacts such as the loss of biodiversity, the emergence of pest and weed resistance, 
and the deterioration of the long-term health of soils. Societal issues involved are 



 

154 
Plan

t B
io

tech
n

o
lo

g
y an

d
 Fo

o
d

 Secu
rity FIGURE 12.1 Multidimensional perspectives on GM crops. 



 

  

 
 
 
 

 
 
 
 
 

 
 
 

155 Biotechnology and Smallholder Farmers 

uneven technology access, the cultural opposition toward GMs, and social inequity. 
Besides these, scientifc and ethical issues have emerged as follows: gene fow to 
non-GM crops, the “playing with nature” controversy, and insuffcient understand-
ing of the long-term impact (Hilbeck et al., 2015). On the other hand, the diagram 
illustrates the considerable opportunities GM crops have provided. The economic 
gains have increased productivity, improved proftability, and generated rural devel-
opment through employment generation and international competitiveness for small-
holder farmers. GM technologies decrease chemical inputs, increase soil and water 
conservation, and produce drought-and heat-tolerant crops sensitive to those climatic 
factors (Ruggieri et al., 2021). 

Socially, they have promoted access to more food, effciency in labor force, and 
increased poverty alleviation in rural economies. Scientifc discoveries such as 
biofortifed crops created with improved nutrient profles and precision of genetic 
engineering shall bring biotechnology in line with long-term goals of sustainabil-
ity as well as challenges posed by the world hunger agenda (Hilbeck et al., 2015). 
The potentials related to biotechnology integration by smallholder agriculture 
include addressing productivity, sustainability, and resilience-related challenges. 
However, critical barriers lie ahead for smallholder farmers to be able to leverage 
such advances. These are largely economically constrained, faced with regulatory 
hurdles, and embedded in socio-cultural dynamics that do not permit easy access to 
technology (Labeyrie et al., 2021). The constraints that challenge them include high 
costs, credit facility unavailability, and perceptions of risk in farm activities among 
the small-scale farmers. The economic burden is therefore explored, along with its 
effect on the smallholders. 

12.3 ECONOMIC BARRIERS IN BIOTECH CROPS 
ADOPTION IN SMALLHOLDER AGRICULTURE 

The diagram below (Figure 12.2) shows the constraints to biotechnology adoption, 
particularly on three major domains: initial high costs, access to credit, and risk 
perception. Each of these domains is challenging in a different way, especially for 
smallholder farmers and other stakeholders operating in resource-limited settings. 
The high initial costs associated with the adoption of biotechnology create con-
siderable fnancial burdens on potential users. This consists of high-pricing on the 
genetically modifed (GM) seeds, most are considerably pricey than other types of 
conventional seeds because the values added with genetic engineering. Acquisition 
of GM seeds by the smallholders sometimes redirects the crucial operations funds, 
making them unaffordable in the long run (Raney & Pingali, 2007). Besides this, the 
cost of upgrading irrigation could be high for drought-resistant crops and special-
ized storage facilities to ensure seed quality. GM seeds raise issues related to intel-
lectual property rights: farmers are being legally bonded to pay a license fee every 
year or forbidden from reusing the seeds. This makes it even harder on the fnancial 
front, adding input costs which may include fertilizers and pesticides used for GM 
crops, putting one in a cycle of expensive inputs (Pattanaik & Priyadarshini, 2024). 

The second barrier is access to fnancial resources, which is a pre-requisite for 
smallholder farmers to adopt biotechnology. Unfortunately, systemic problems in 
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FIGURE 12.2 Economic barriers in adoption of biotech crops in smallholder agriculture. 

rural fnancial systems restrict access to the much-needed credit. Many farmers suf-
fer from fnancial exclusion: they lack access to formal banking systems or micro-
fnance institutions (Klapper et al., 2019). Even those who are able to access them 
face very high interest rates on loans that discourage borrowing, making it eco-
nomically unviable to fnance costly biotechnology projects. Yet another problem 
with short tenors of loans is that investments in biotechnology demand long-term 
fnancial commitment to realize their full benefts. For example, the yields from 
drought-resistant crops can only stabilize in subsequent seasons, thereby making it 
very diffcult to repay the loan. In addition, crop failure or any other environmental 
effects not covered by insurance increase the fnancial risks involved, which scares 
farmers away from adopting biotechnology (Ceballos et al., 2019). 

The third barrier is risk perception, which relates to psychological and soci-
etal factors infuencing decisions. Such risks, usually driven by misinformation 
and socio-cultural resistance, prevent farmers from adopting what could be useful 
innovations (Adenle et al., 2017). The returns on investment in biotechnology are 
usually uncertain for farmers due to the lack of clear evidence or past experiences. 
Smallholders are unlikely to invest much in biotechnology due to changing climatic 
weather, volatile price in the marketplace, and that the technology does not seem too 
familiar (Pattanaik & Priyadarshini, 2024). Hence, the associated uncertainty may 
deter them from availing the various benefts of technology adoption. However, this 
may be further supplemented by the belief that they depend on biotech companies 
for obtaining seeds and supplying inputs. Restrictive legal practices on seed saving 
and replanting further fears this transition into new practices since farmers are often 
afraid to alter their traditional customs (Ceballos et al., 2019). 

Social resistance and cultural values play critical roles here since traditional soci-
eties might be against or dislike the introduction of biotechnologies. Deep-seated 
cultural feelings and a traditional form of farming and agriculture can become resis-
tance to innovations in farming and agricultural technology (Adenle et al., 2017). 
A lack of scientifc literacy combined with misinformation concerning perceived 
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environmental and health impacts related to GM crops fuels fears. In many cases, 
misinformation is diffused through social channels, cementing negative impressions 
(Kikulwe et al., 2011). 

12.4 CRUCIAL ROLES OF BIOTECH CROPS 

Agricultural biotechnology represents an innovation with pivotal roles for offering 
transformational solutions to some of the most serious problems faced by farmers 
around the world. Biotech crops will likely improve the productivity of smallholder 
farmers in resource-constrained environments, reducing crop losses and making 
them more resilient to climate variability (International Service for the Acquisition 
of Agri-biotech Applications (ISAAA, 2019). Biotechnology will be able to pro-
duce varieties that yield more as well as can resist pests and diseases and weather 
conditions. In Figure 12.3, biotech crops enhance crop productivity by developing 
varieties with improved traits that optimize the use of available resources. This 
becomes very important for smallholder farmers who operate on limited land and 
are resource-constrained. It offers farmers a range of tools to enhance crop pro-
ductivity, including genetically modifed (GM), molecular breeding, and advanced 
tissue culture techniques. Genetically modifed or GM crops, including improved 
varieties of high-yield maize and rice strains, optimize crop output through gains 
in grain. This can include increased grain with better photosynthesis and more-eff-
cient nutrient uptake; for example, improved nitrogen-use-effciency reduces use of 
chemical fertilizer, reducing production costs but maintaining yields. Again, shorter 
maturities enhance the opportunity to make more plantings per calendar year. This 
is especially advantageous in areas with limited growing seasons based on climatic 

FIGURE 12.3 Crucial roles of biotech crops for adoption by smallholder agriculture. 
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factors. Crops can be developed that require fewer nutrients or can use the soil nutri-
ents available in a more effcient manner. 

For example, nitrogen-use-effcient varieties decrease the reliance on chemical 
fertilizers, thereby decreasing the cost and increasing the yield. Biotechnology has 
been enhancing the ability of crops to utilize sunlight more effectively, which in 
turn enhances the growth rates and productivity. Marker-assisted selection acceler-
ates the breeding process, and the high-performing varieties can be developed in a 
much shorter period. These varieties are region- and climate-specifc, thus ensur-
ing better adaptation and higher productivity (Friedrich et al., 2021). Biotech crops 
make farming easier. For example, herbicide-tolerant soybean allows effcient weed 
control with minimal labor, enabling farmers to allocate resources more effectively. 
Crop losses by pests and diseases are still an important challenge for agriculture, 
and especially for smallholders who cannot access pest management tools. Pest-
resistant and disease-tolerant crops through biotechnology offer the sustainable solu-
tion. Genetically engineered crops include Bt cotton and Bt maize, which contain 
pest-repelling traits against specifc insect pests such as bollworms and stem bor-
ers. These crops decrease the dependency on chemical pesticides, reduce produc-
tion costs, and preserve the environment. Through advances in genetic engineering, 
crops that resist viral, bacterial, and fungal pathogens are available. An example of 
these include GM bananas that are resistant to Panama disease, while GM papa-
yas resist the papaya ringspot virus and help limit losses that accrue during losses 
(Friedrich et al., 2021). 

Biopesticides and bio fungicides, through biotechnological processes, have 
provided an environment-friendly approach to pest and disease control. Natural 
products reduce the risks associated with chemical pesticides. Molecular diagnos-
tic tools help in the early detection of pests and diseases, allowing farmers to take 
appropriate measures before the outbreak becomes a serious issue (Friedrich et al., 
2021). Table 12.1 shows some of the key importance of genetically modifed crops: 
GM crops play the most vital role in solving world agricultural issues. This table 

TABLE 12.1 
Overview of Genetically Modifed (GM) Crops: Addressing Agricultural 
Challenges, Economic Impacts, and Global Adoption Patterns 

Genetically 
Sl. Modifed Challenges Countries 
No. (GM) Crops Addressed Economic Impacts Adopted References 
1. Bt cotton To resist bollworm 24% increase in cotton India, China, Kathage and 

infestations, yield per acre and a 50% and several Qaim (2012) 
leading to reduced gain in proft among African Wang et al. 
pesticide use and smallholders in India. countries (2013) 
increased yields An average pesticide Nnaemeka 

reduction of around 56% et al. (2023) 
and a yield increase of 
approximately 8% 
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TABLE 12.1 (Continued) 
Overview of Genetically Modifed (GM) Crops: Addressing Agricultural 
Challenges, Economic Impacts, and Global Adoption Patterns 

Genetically 
Sl. Modifed Challenges Countries 
No. (GM) Crops Addressed Economic Impacts Adopted References 

Herbicide- Control weeds 15% increase in net income The USA, Brookes and 
tolerant better, improving per hectare and 5–10% Brazil, Barfoot 
soybeans crop management higher productivity Argentina, (2020) 

and productivity reported by Argentinean Canada 
and US farmers 

3. Drought- Withstand water 25% yield boost in Kenya, Prasanna et al. 
tolerant scarcity, ensuring water-stressed Uganda, (2021) 
maize food security in conditions reported by South Africa, 

arid regions Kenyan farmers, Zimbabwe, 
enhancing food security and 
and income Mozambique 

4. Virus- To combat papaya 20–30% increase in yields The USA Gonsalves 
resistant ringspot virus and reduced losses from (Hawaii), (2006) 
papaya (PRSV) viral infections, saving China, the 

approximately Philippines 
$17 million annually 

5. Bt maize Resistant to stem Farmers in South Africa The USA, Bennett et al. 
borers, leading to saw a 30% yield increase, South Africa, (2003) 
increased maize and the USA saved $1 Spain, Brazil, 
production billion on pesticides Argentina 

6. Late Combating fungus 30% yield increase and an Bangladesh, Ghislain et al. 
blight- causing late blight 85% reduction in Indonesia (2019) 
resistant fungicide use were (trials) 
potato reported by the farmers 

7. Herbicide- Facilitates effective 10–15% yield increase The USA, Kniss (2010) 
tolerant weed management and a 40% reduction in Canada 
sugar beet herbicide costs was 

reported by US farmers 

8. Insect- Developed to 30% yield increase and a India (trials), Varshney et al. 
resistant combat pod borer 60% reduction in Australia (2019) 
chickpea in India pesticide costs was (research 

reported from trials in stage) 
India 

9. Drought- Under development 10–20% increase in yields Australia, Reynolds and 
tolerant to ensure yields in under drought stress was Argentina, Langridge 
wheat water-limited reported by Australian the USA (2016) 

environments farmers (trials) 

10. Salt-tolerant Engineered to grow 15–20% increase in yields Bangladesh, Hossain et al. 
rice in saline soils, on saline soils was India, the (2015) 

benefting farmers reported by Bangladeshi Philippines 
in coastal regions and Indian farmers (trials) 
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describes the inputs that increase productivity, resist pests and diseases, tolerate 
drought and salinity, provide nutritional content, and input the high-yielding variet-
ies. Additionally, from the table below, it depicts that GM crops have been broadly 
adopted in numerous geographies. 

12.5 BIOTECHNOLOGY FOR SMALLHOLDERS BY POLICY 
AND INSTITUTIONAL SUPPORT 

Policy and institutional support for these smallholder farmers would make a dif-
ference. Reducing the economic burden is quite possible through different strate-
gies. It can be initiated by providing direct subsidies or seeds at discounted rates or 
by running targeted voucher programs to increase availability of GM seed. Special 
initiatives toward marginalized regions and underprivileged farming communities 
will ensure that such schemes reach every corner of society (Friedrich et al., 2021). 
Subsidized biotech seeds reduce the upfront investment and minimize long-term 
input costs by reducing dependence on chemical fertilizers and pesticides, given 
traits such as pest and drought resistance. Farmer education and demonstration plots 
enhance the knowledge that farmers have to appreciate the added value and wise use 
of their biotech crop (Friedrich et al., 2021). 

Digital arenas and mobile devices can be additionally used to strengthen exten-
sion services toward wider areas: immediate feedback by best management, 
weather information, and market orientation. The entire support system is aimed 
at maximizing the productivity and proftability of biotech adoption. An inclusive 
regulatory framework would build much-needed confdence and encourage adop-
tion. Eliminating bottlenecks in the approval process for GM crops with frm stan-
dards, for example, can ease environmental and health concerns (Pray et al., 2006). 
Permissive policy on seed saving, low licensing fees, and open intellectual prop-
erty rights reduce farmer dependence on large biotech frms. More harmonization 
of rules across borders will improve access to biotech products in regional markets 
(Kikulwe, 2011). 

12.6 CONCLUSION 

Biotechnology offers transformative solutions to the challenges of low productivity, 
and pest and disease losses, and climate change impacts for smallholder farmers. It 
yields new and improved varieties, both genetically modifed crops and biofortifed 
varieties, which can enhance productivity, improve livelihoods, and promote sustain-
able farming practices. There are, however, current constraints to its greater adoption, 
hence calling for a coordinated approach to properly unleash the potential of biotech-
nology. Subsidies, fnancial incentives, and investments in infrastructure can help make 
biotechnological tools more accessible and economically viable. Strengthened exten-
sion services could bridge the knowledge gap to give farmers skills that would make 
these innovations available to them for productive use. Public-private partnerships in 
research and development, supported by policies on safety, equity, and affordability, 
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can leverage biotechnology to empower smallholder farmers, improve food security, 
climate resilience, and rural development, aligning with SDGs like zero hunger and 
climate action for inclusive and sustainable agricultural systems. 
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Challenges of GMO-Free 
CRISPR/Cas9 Crops 

Haragopal Dutta and Suman Dutta 

13.1 INTRODUCTION 

In the feld of genetic engineering, CRISPR/Cas9 technology has become a revolu-
tionary tool, especially in the agricultural sector. By precisely altering the genome, 
this system which stands for Clustered Regularly Interspaced Short Palindromic 
Repeats and CRISPR-associated protein 9 allows for the creation of crops with 
improved characteristics like higher yield, better disease resistance, and improved 
resilience to environmental stressors. CRISPR/Cas9’s ease of use and effectiveness 
have made it a popular alternative to more complicated and ineffective traditional 
gene-editing techniques like TALENs and zinc-fnger nucleases (Stajič & Kunej, 
2023). A guide RNA (gRNA) is used in the basic mechanism of CRISPR/Cas9 to 
lead the Cas9 nuclease to a particular spot in the DNA sequence. The cell tries to fx 
the double-strand break caused by Cas9 once the target location has been located. By 
either introducing new genetic material or deleting existing genes, this repair mecha-
nism can be used to introduce particular genetic modifcations (Cheng et al., 2022). 
Multiplexing, the capacity to target many genes at once, increases the usefulness of 
CRISPR/Cas9 in crop development. 

The application of CRISPR/Cas9 in agriculture is not without diffculties, 
despite its obvious benefts. There have been concerns expressed about off-target 
effects, which modify unwanted sections of the genome; therefore, more research 
is needed to increase the technology’s specifcity. Furthermore, it is yet unclear 
how releasing gene-edited crops into the ecosystem would affect the environ-
ment in the long run, which is why thorough risk assessments are being called for. 
Furthermore, it is yet unclear how releasing gene-edited crops into the ecosystem 
would affect the environment in the long run, which is why thorough risk assess-
ments are being called for (Li et al., 2021). Discussions regarding the responsible 
use of this technology are therefore crucial for all parties involved, including the 
public, scientists, and legislators. The ability of CRISPR/Cas9 to produce trans-
gene-free crops is among its most important benefts in agriculture. Foreign DNA 
is frequently inserted during traditional genetic alteration, which may cause prob-
lems with public acceptance and regulations. However, the regulatory approach for 
novel crop types can be made simpler by using CRISPR/Cas9 to perform modi-
fcations without introducing foreign genetic material (Zhang et al., 2021). Given 
the growing public demand for non-genetically modifed (GM) organism (GMO) 
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products and the stricter regulations governing the approval of GMOs, this fac-
tor is especially crucial (Zhang et al., 2021). The global acceptance of GMO-free 
CRISPR/Cas9 crops is increasing as they offer a precise, non-transgenic approach 
to improving agricultural traits, aligning with consumer preferences and regula-
tory fexibility in many regions. 

13.2 “GMO-FREE” CROP USING CRISPR/CAS9 

The term “GMO-free” in CRISPR/Cas9 crops has gained attention due to the ability 
of genome editing to modify plant DNA without introducing foreign genetic mate-
rial, offering a more precise alternative to traditional genetic modifcation (Malnoy 
et al., 2016). Technologies like ribonucleoprotein (RNP) complexes enable DNA-free 
editing, reducing the likelihood of transgenic integration and potentially qualifying 
these crops as non-GMO under some regulations. However, regulatory approaches 
vary signifcantly; for example, the EU classifes all gene-edited crops as GMOs, 
regardless of foreign DNA, while the U.S. and Australia may exempt DNA-free edits 
(Neequaye et al., 2020). This inconsistency creates uncertainty for researchers and 
developers, hindering CRISPR’s agricultural application. Consumer perception also 
plays a crucial role, with studies suggesting that people view DNA-free edited crops 
as more natural than conventional GMOs, infuencing purchasing behavior (Brandt 
& Barrangou, 2019; Oselinsky et al., 2021). 

13.3 REGULATORY LANDSCAPE FOR GMO-FREE CRISPR CROPS 

The regulatory landscape for GMO-free CRISPR crops is complex and evolving, 
with signifcant implications for crop development and commercialization as the 
technology advances (ISAAA, 2025). Regulatory classifcations vary widely across 
countries, with some adopting more permissive approaches for transgene-free edits, 
facilitating market entry, while others impose stricter GMO-based regulations 
(Duensing et al., 2018). A key debate centers on whether regulation should focus on 
the editing process or the fnal product’s traits, further complicating policy alignment 
with international agreements like the Cartagena Protocol (Table 13.1) (ISAAA, 
2025). CRISPR’s potential to enhance climate-resilient crops, such as drought-tol-
erant varieties, adds another layer to regulatory discussions, as it offers a faster and 
more precise alternative to traditional breeding (Gajardo et al., 2023). Public percep-
tion plays a crucial role, with studies indicating that transgene-free CRISPR crops 
may be viewed as more natural, improving consumer acceptance compared to con-
ventional GMOs. Successful regulatory approvals in certain regions, as highlighted 
by Sathee et al. (2022), suggest a growing recognition of CRISPR’s benefts, though 
harmonizing global policies remains a challenge for widespread adoption. 

13.4 PUBLIC CONCERN ABOUT GENE EDITING AND FACTORS 
INFLUENCING ACCEPTANCE OF GMO-FREE CRISPR CROPS 

Public concerns about gene editing, particularly regarding GMOs and CRISPR tech-
nology, stem from a complex interplay of health, environmental, sociopolitical, and 
consumer perception factors. Studies show that many consumers remain skeptical of 
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TABLE 13.1 
GM Crop Events Approved in Different Countries 

Country Crop No of Events Approved 
Argentina Alfalfa – Medicago sativa 2 Events 

Cotton – Gossypium hirsutum L. 12 Events 

Maize – Zea mays L. 74 Events 

Saffower – Carthamus tinctorius L. 1 Event 

Soybean – Glycine max L. 25 Events 

Sugarcane – Saccharum sp. 1 Event 

Wheat – Triticum aestivum 1 Event 

Australia Alfalfa – M. sativa 3 Events 

Argentine canola – Brassica napus 27 Events 

Carnation – Dianthus caryophyllus 12 Events 

Cotton – G. hirsutum L. 28 Events 

Maize – Z. mays L. 35 Events 

Potato – Solanum tuberosum L. 21 Events 

Rice – Oryza sativa L. 2 Events 

Rose – Rosa hybrida 1 Event 

Saffower – C. tinctorius L. 2 Events 

Soybean – G. max L. 21 Events 

Wheat – T. aestivum 2 Events 

Sugar Beet – Beta vulgaris 2 Events 

Bangladesh Eggplant – Solanum melongena 1 Event 

Brazil Bean – Phaseolus vulgaris 1 Event 

Cotton – G. hirsutum L. 26 Events 

Eucalyptus – Eucalyptus sp. 4 Events 

Maize – Z. mays L. 77 Events 

Soybean – G. max L. 22 Events 

Wheat – T. aestivum 1 Event 

Sugarcane – Saccharum sp. 8 Events 

Canada Alfalfa – M. sativa 3 Events 

Apple – Malus x Domestica 3 Events 

Argentine canola – B. napus 22 Events 

Cotton – G. hirsutum L. 27 Events 

Flax – Linum usitatissimum L. 1 Event 

Maize – Z. mays L. 73 Events 

Papaya – Carica papaya 1 Event 

Polish canola – Brassica rapa 4 Events 

Potato – S. tuberosum L. 29 Events 

Pineapple – Ananas comosus 1 Event 

Soybean – G. max L. 26 Events 

Squash – Cucurbita pepo 3 Events 

Sugarcane – Saccharum sp. 2 Events 

Tomato – Lycopersicon esculentum 4 Events 

India Cotton – G. hirsutum L. 6 Events 

Soybean – G. max L. 5 Events 
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GMOs, primarily due to perceived health risks and ecological impacts, with height-
ened caution toward GM animal products compared to plant-based ones (Oselinsky 
et al., 2021; Sendhil et al., 2021). Distrust is further fueled by fears that genetic modi-
fcations may alter food’s natural qualities, such as taste, texture, or allergenicity 
(Cerjak et al., 2011). Political and labeling policies also shape perceptions, as man-
datory GMO labels, despite scientifc consensus on safety often reinforce consumer 
hesitancy by framing these products as potentially hazardous (Areal & Riesgo, 2021; 
Kim et al., 2021). 

In contrast, CRISPR-edited crops, viewed as more precise and “natural” due to 
their transgene-free potential, face relatively higher acceptance (Farid et al., 2020; 
Ishii & Araki, 2016). However, adoption hinges on public education and trust, as 
misinformation or lack of transparency can hinder progress. Regulatory disparities 
further complicate the landscape, with countries like the U.S. and Brazil taking fex-
ible approaches, while the EU and New Zealand enforce stricter oversight (ISAAA, 
2025). Regional sociopolitical attitudes also play a role, as anti-GMO sentiment in 
Europe often ties to broader critiques of corporate agriculture, whereas CRISPR 
crops may gain traction in regions prioritizing food security and sustainability (Farid 
et al., 2020). Ultimately, balancing scientifc innovation with public engagement and 
harmonized regulations will be key to advancing CRISPR technology in agriculture 
(Table 13.2) (ISAAA, 2025). 

13.4.1 OFF-TARGET EFFECTS AND EFFICIENCY IN CERTAIN CROP SPECIES 

CRISPR/Cas9 has revolutionized genome editing in agriculture, but challenges such 
as off-target effects and variable effciency across crops remain signifcant hurdles 
(Zhang et al., 2015). Off-target activity, which can exceed 50% in some cases, raises 

TABLE 13.2 
Gene-Editing Regulations in Major GMO Food Crops Producing Countries 

Country SDN-1 SDN-2 SDN-3 
India Under development Under development Under development 

China Under development Under development Under development 

Pakistan Under development Under development Under development 

The U.S. Deregulated Deregulated Case-by-case 

Australia (excl. Deregulated Regulated Regulated 
Tas) 

Argentina Deregulated Deregulated Deregulated (if not transgenic) 

New Zealand Regulated (under review) Regulated (under review) Regulated (under review) 

Japan Deregulated Deregulated Regulated 

Brazil Deregulated Deregulated Deregulated (if not transgenic) 

Canada Case-by-case Case-by-case Case-by-case 

EU Regulated (under review) Regulated (under review) Regulated 

Colombia Case-by-case Case-by-case Deregulated (if not transgenic) 
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safety concerns and is infuenced by factors like sgRNA design, PAM sequences, and 
delivery methods (Cheng et al., 2022; Xu et al., 2015). Effciency also varies widely 
among crops due to differences in genetic backgrounds, transformation techniques, 
and cellular repair mechanisms (Liu et al., 2022). Innovations like double nicking 
and ribonucleoprotein (RNP) delivery have improved precision, while alternative 
systems like CRISPR-Cas12a offer solutions to Cas9’s limitations (Bandyopadhyay 
et al., 2020; Zhang et al., 2020). Despite these advances, optimizing CRISPR for 
diverse crops and ensuring safety remain critical for its widespread agricultural 
adoption. Continued research into editing specifcity and effciency will be essential 
to fully harness CRISPR’s potential in crop improvement. 

13.5 CASE STUDY: IN THE PROCESS OF COMMERCIALIZATION 

A crucial component of contemporary agriculture, especially in tackling the issues 
of global food security, is the commercialization of GM crops. Notable develop-
ments in this area include drought-resistant wheat and non-browning mushrooms, 
which serve as prime examples of how genetic engineering can improve crop resil-
ience and features (Ren et al., 2019). 

13.5.1 NON-BROWNING MUSHROOM 

The creation of non-browning mushrooms, especially the genetically engineered 
Agaricus bisporus, has attracted a lot of interest because of its potential to improve 
consumer appeal and decrease food waste. After harvesting, traditional mush-
rooms have a tendency to turn brown quickly, which reduces their marketability 
and increases waste. The gene that produces polyphenol oxidase (PPO), an enzyme 
that triggers the browning response when mushrooms are sliced or injured, is 
silenced to produce the non-browning phenotype (Xie et al., 2022). Because of 
this genetic change, the mushrooms have a longer shelf life and retain their aes-
thetic appeal, which increases consumer appeal (Zhu et al., 2018). Non-browning 
mushrooms have undergone a stringent licensing procedure, with regulatory agen-
cies like the Food and Drug Administration (FDA) and the U.S. Department of 
Agriculture (USDA) assessing its environmental impact and safety. The sale of 
these mushrooms, which have been approved for human consumption, marks a 
critical turning point in the acceptability of GM crops by both consumers and 
regulatory bodies. 

13.5.2 DROUGHT-RESISTANT WHEAT 

Another crucial area of study and development in the feld of GM crops is drought-
resistant wheat. The demand for crops that can withstand drought has grown more 
pressing as climate change continues to worsen water scarcity. CRISPR/Cas9 and 
other genome-editing technologies are examples of genetic engineering techniques 
that have been used to improve drought tolerance in wheat types (Schouteten et al., 
2018). These developments enable the production of wheat that can sustain output in 
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water-limited environments by precisely altering genes linked to drought sensitivity. 
Numerous quantitative trait loci (QTLs) linked to drought tolerance have been found 
through research; these QTLs can be stacked to produce cultivars with increased 
resilience (Khan et al., 2019). For example, it has been demonstrated that adding 
particular transcription factors that control stress response pathways might increase 
drought tolerance without lowering production (Khan et al., 2019). It is projected 
that the commercialization of drought-resistant wheat cultivars will be essential to 
maintaining food security in areas vulnerable to water scarcity and promoting agri-
cultural sustainability (Ryan et al., 2024). 

13.6 SUGGESTIONS FOR HARMONIZING GLOBAL 
REGULATORY FRAMEWORKS 

The harmony of global regulation of CRISPR-treated plants remains an important 
topic in agricultural biotechnology as different countries pursue different regulatory 
approaches. The U.S. exempts foreign DNA-free CRISPR plants from GMO regula-
tions (Ahmad et al., 2022), while the EU classifes it as a GMO and imposes strict 
managers (Menz et al., 2020; Neequaye et al., 2020). Countries such as Argentina 
and Brazil have more fexible policies that emphasize regulatory fragmentation that 
may hinder trade and innovation (Ishii & Araki, 2017). Ethical concerns and pub-
lic awareness also play an important role, with consumer acceptance being infu-
enced by education and public relations (Friedrich et al., 2019). Because current 
assessments focus more on transgenic than genome-related plants, organic security 
considerations require updated framework conditions for risk assessment (Ishii & 
Araki, 2016; Pruitt et al., 2021). International framework conditions such as the 
Codex Alimentarius and the Cartagena Protocol can support regulatory orientations 
(Movahedi et al., 2023). High regulatory costs in strict regions may block invest-
ment in CRISPR technology and limit nutritional safety and sustainability solu-
tions (Entine et al., 2021). Globally coordinated regulatory frameworks are essential 
to promoting innovation and are also the trust of public and environmental safety 
(Ayanoğlu et al., 2020). 

13.7 POTENTIAL OF GENE-EDITING TECHNIQUES 
TO OVERCOME CURRENT LIMITATIONS 

Base editing represents a groundbreaking advancement in genetic engineering, 
enabling precise conversion of DNA base pairs without inducing double-strand 
breaks, thereby reducing unintended mutations compared to traditional CRISPR-
Cas9 (Huang & Liu, 2023; Lamboro et al., 2021). This technology has demonstrated 
therapeutic promise in correcting point mutations linked to hereditary diseases, 
though its application remains limited to specifc genetic contexts (Gao et al., 2023; 
Ning et al., 2023). Prime editing, an even more versatile approach, combines a 
modifed Cas9 protein with pegRNA to perform precise insertions, deletions, and 
base substitutions with minimal off-target effects, positioning it as a “search-and-
replace” genomic tool (Permyakova & Deineko, 2024). However, its effciency varies 
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depending on target sequences, necessitating further optimization for broader use 
(Wei et al., 2023). Delivery challenges persist, but emerging solutions like virus-like 
particles (VLPs) show potential to enhance specifcity and effciency of CRISPR 
component delivery (Walsh & Jin, 2024). Ethical considerations, particularly 
regarding germline editing and long-term impacts, underscore the need for robust 
regulatory frameworks and public dialogue to ensure responsible development and 
deployment of these technologies (Feng et al., 2024; Tang, 2023; Xu, 2023). 

Academic institutions play a pivotal role in advancing genetic editing tech-
nologies by conducting foundational research that addresses key limitations, par-
ticularly in specialized areas like orphan crop improvement (Venezia & Creasey 
Krainer, 2021). Collaborations between academia and industry accelerate innova-
tion, enabling the commercialization of CRISPR-edited crops with enhanced traits 
such as yield and stress resilience (Liu et al., 2022;). However, regulatory ambi-
guity persists, as debates continue over whether CRISPR-edited plants should be 
classifed as GMOs, impacting their market acceptance (Sampath et al., 2023). The 
agricultural sector increasingly relies on CRISPR to address global food security 
challenges, with applications ranging from disease resistance to abiotic stress tol-
erance (Erdoğan et al., 2023). Such partnerships not only drive economic benefts 
but also foster knowledge exchange, leading to region-specifc solutions for diverse 
agricultural needs (Nazir et al., 2022; Tang et al., 2023). By combining expertise, 
stakeholders can optimize CRISPR’s potential to deliver sustainable, farmer- and 
consumer-friendly innovations. 

13.8 CONCLUSION 

The future of CRISPR/Cas9 in agriculture hinges on overcoming regulatory, ethical, 
and public perception challenges while fostering collaboration among research-
ers, industry stakeholders, and policymakers. Diverse legal frameworks, such as 
the EU’s strict GMO regulations, and public concerns about safety and ethics pose 
signifcant barriers to adoption. Multidisciplinary approaches integrating genetics, 
agronomy, ecology, and social sciences are essential to develop comprehensive poli-
cies and ensure the safe, equitable use of CRISPR-edited crops. Engaging stakehold-
ers in transparent discussions and addressing ethical concerns, such as biodiversity 
impacts and ownership rights, will be critical to building trust and accelerating the 
adoption of this transformative technology. 
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Opportunities and 
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14.1 INTRODUCTION 

The word ‘sustainable’ means keeping, using, maintaining and preserving of avail-
able things or resources. Agriculture can be called as sustainable when nations 
have suffcient food and energy to fulfll the current needs of human beings in an 
ecofriendly way for their better and happy living. This approach of sustainable 
agriculture should be able to conserve, maintain, and effectively preserve the envi-
ronment and bio-resources for coming generations (Das et al., 2023) and include 
sustainable practices to overcome various challenges such as increasing global 
population of humans; continuously changing climates; depletion of biodiversity 
of fora and fauna; high requirements of fuels; starvation and malnutrition among 
developing and poor nations; decreasing soil fertility; high use of pesticides and 
chemical fertilizers; rise in deforestation and pollution of air and water bodies 
(Figure 14.1). 

With the aim to develop sustainable agriculture, there are some major obstruc-
tions in front of plant breeders and biotechnologists, such as pests, plant diseases, soil 
nutrient defciency, water depletion, and even climate change, which altogether affect 
crops yield and quality (Das et al., 2023). Agricultural biotechnology has the poten-
tial to signifcantly boost crop output, improve crop nutrients, and increase crops 
resistance to biotic and abiotic stresses (Das et al., 2023). Karl Erkey, a Hungarian 
engineer, frst used the term ‘biotechnology’ in 1919 to describe the use of living 
things along with principles of engineering for the production of new biological 
products. The word ‘biotechnology’ has been made up of two terms of science that 
are ‘Biology’ and ‘Technology’ (Verma et al., 2011). 

In general, biotechnology means technological applications in biology. The 
applications of biotechnology possess the limitless capacity to assist and advance 
humanity in a variety of felds, including agricultural, pharmaceutical, animal 
husbandry, environmental, and many more (Verma et al., 2011). Many research 

https://doi.org/10.1201/9781003597797-14


 
 

  
 
 
 
 
 

     

 

 
 

 
 
 
 

  

176 Plant Biotechnology and Food Security 

FIGURE 14.1 Combined practices that can lead to the development of sustainable 
agriculture. 

studies has clearly demonstrated that biotechnological applications could increase 
the nutrient qualities and production of crops (Khush et al., 2012), simultaneously 
with the weed management (Dill, 2005) in an ecofriendly manner. Recently, new 
paths have been opened by genome editing technologies, including CRISPR-Cas9 
and Cas12a nucleases for the development of biotechnological products. Despite 
showing positive scopes of biotechnology, it also faces challenges which still 
hinder its broad acceptability which includes non-acceptability by public due to 
ethical reasons, followed by risks associated with genetically modifed organisms 
(GMOs). 

14.1.1 AGRICULTURAL BIOTECHNOLOGY AND ITS HISTORY 

Around 10,000 years BC, humans began harvesting food from natural biodiversity, 
later domesticating crops and animals by selecting desirable traits for propaga-
tion, leading to improved cultivars and livestock (Wieczorek & Wright, 2012). 
Traditional breeding involved crossing closely related plants to combine traits, 
a process that was time-consuming, taking 12–15 years to develop new variet-
ies. Gregor Mendel’s work on inheritance revolutionized agriculture by explain-
ing gene transmission and enabling selective cross-breeding (Verma et al., 2011). 
Induced mutations, through chemicals or radiation, were later used to create new 
traits, yielding over 2,500 plant varieties by the 1970s (Wieczorek & Wright, 
2012). Advances like DNA structure discovery, tissue culture, and marker-assisted 
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breeding further refned crop improvement. Recombinant DNA technology emerged, 
allowing gene transfer between species to produce transgenic crops. The frst 
small-scale transgenic tests occurred in the 1990s in the US and Canada, with 
the frst commercial genetically engineered crop released in 1992. Despite rapid 
adoption, genetic engineering faces risks and public concerns that limit its full 
acceptance (Wieczorek & Wright, 2012). 

14.2 THE NEED FOR BIOTECHNOLOGY IN AGRICULTURE 
FOR GLOBAL FOOD SECURITY 

Food security depends on four key components: availability, access, quality, and 
proper utilization of food, with climate change and greenhouse gas emissions threat-
ening crop yields by increasing pests, pathogens, and abiotic stresses (Ray et al., 
2013). To meet the demands of a growing population by 2050, global food produc-
tion must double, a challenge that agricultural biotechnology can address through 
transgenic and genome-edited crops with enhanced productivity, nutrition, and 
stress resilience (Tyczewska et al., 2023). Genetically modifed (GM) crops, such as 
corn, cotton, and soybeans, have been approved in 44 countries, offering traits like 
herbicide tolerance, insect resistance, and improved yield (Tyczewska et al., 2023). 
Studies show that GM crops reduce pesticide use by 8.3% and lower environmen-
tal impact by 18.5%, while increasing yields, soybean by 20%, cotton by 15%, and 
maize by 7% (Brookes & Barfoot, 2017). Advanced biotechnologies like genome 
editing, next-generation sequencing, and genomics-assisted breeding further enable 
the development of high-yielding, climate-resilient crops (Kwak, 2019). Techniques 
such as CRISPR-Cas9, RNA interference, and molecular marker-assisted breeding 
are revolutionizing crop improvement by introducing stress-tolerant genes from wild 
germplasm into elite cultivars. Despite its benefts, public acceptance remains a chal-
lenge due to concerns over safety and ethical implications (Yali, 2022). 

14.2.1 CHALLENGES IN MEETING GLOBAL FOOD DEMANDS 

The global community faces numerous challenges in ensuring global food secu-
rity, including population growth, climate change, resource scarcity, confict, 
and pests and diseases. Climate change negatively impacts food security, with 
crop yields predicted to decrease by 3.1–7.4% for every 1°C temperature increase 
(Zhao et al., 2017). Energy scarcity and biodiversity losses exacerbate food 
insecurity, emphasizing the need for transitioning to renewable energy sources 
(Christoforidou et al., 2023) and maintaining biodiversity. Agricultural biotech-
nology can contribute to sustainable agriculture by increasing crop productivity 
and improving environmental health (Donatelli et al., 2017). Addressing ethical 
and health concerns through government support and regulatory frameworks is 
crucial for the adoption of GM crops (Ma et al., 2018). The major applications 
of agricultural biotechnology in the development of sustainable agriculture have 
been summarized in Figure 14.2. 
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FIGURE 14.2 Applications of agricultural biotechnology for sustainable agriculture. 

14.3 BIOTECHNOLOGY APPROACHES FOR SUSTAINABLE 
AGRICULTURE 

By creating various high-yielding, nutrient-rich, and stress-tolerant crop variet-
ies, biotechnology can be a strategic tool for the development of sustainable agri-
culture and can help reduce the massive amounts of fertilizer, insecticide, and 
pesticide that are used in agriculture. Reducing the use of inorganic fertilizers, 
fungicides, insecticides, and pesticides can enhance the quality of the soil, air, 
and water (Barrows et al., 2014). The feld of biotechnology works at molecular 
level such as DNA, RNA, micro RNAs, enzymes, and protein engineering and 
mainly concentrated on clarifying the function of molecular mechanisms con-
trolling metabolic processes. The herbicide, pest, and disease-resistant variet-
ies can be developed by the use of agricultural biotechnology. The technique 
of micropropagation in plant tissue culture can quickly and during off-seasons 
produce numerous copies of a required cultivar, which speeds up the breeding 
of improved varieties and aids in the preservation of rare germplasms or hybrid 
plants (Thorpe, 2007). 

14.3.1 GENOME EDITING FOR IMPROVED CROP YIELDS 

To ensure food security in front of increasing world’s population, the biotechnological 
approaches are required to improve the photosynthetic machinery, shoot-to-root bio-
mass, inforescence architecture, resistance to multiple stresses along with nutrient use 
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effciency of various crop plants to enhance their yields and quality (Das et al., 2023). 
The effciency of a photosynthesis machinery of a plant cell is related by an important 
enzyme called as Rubisco which assimilates the atmospheric carbon dioxide (CO2) 
into plant biomass. The crop productions can be increased by improving the activity 
of Rubisco (Iñiguez et al., 2021). In a research study, high temperature (HT)-sensitive 
crop plants were engineered with the modifed Rubisco activase enzyme which was 
taken from thermophilic cyanobacteria, which increased their yields during higher 
temperatures (Ogbaga et al., 2018). Rice crops with overexpressed OsDREB1C gene 
showed higher yields and simultaneously reduced growth time, enhanced nitrogen 
usage effciency, and encouraged resource allocation (Wei et al., 2022). In plants, 
photoprotection is the mechanism that removes excess sunlight from chloroplasts to 
prevent damage to plant cells (Kromdijk et al., 2016). Improving photoprotection and 
light-harvesting processes in plants reduces the photoinhibition and photooxidative 
stresses and is better approach that can be used with other biotechnology methods for 
enhancing the production of crop plants (Hubbart et al., 2018). The nonphotochemi-
cal quenching mechanism, which helps plants to dissipate potentially harmful excess 
absorbed light energy in full sunlight, is carried out by genes like Photosystem II 
Subunit S (PsbS). Increased expression of PsbS genes can enhance photosynthetic 
effciency and photoprotection in transgenic plants (Murchie et al., 2015). 

14.3.1.1 CRISPR-Cas9 and CRISPR-Cas12a-Mediated Genetic Knockout 
of MicroRNA Genes in Plant Genomes 

MicroRNAs (miRNA) are non-coding endogenous small RNAs that regulate their 
target genes in various aspects of plants development and growth. In previous years, 
CRISPR-Cas9 nuclease-based editing was more common in the knockout of miRNA 
genes in plants for study of their functions (Zheng et al., 2024). CRISPR-Cas9 gener-
ates small insertions and deletions in miRNA genes; however, Cas9 nuclease does not 
provide a complete knockout of miRNA genes (Zheng et al., 2024). CRISPR-Cas12a is 
more suitable and effcient tool than CRISPR-Cas9 nuclease for the study of miRNA 
genes. Cas12a nuclease generates larger deletions in miRNA genes and prevents the syn-
thesis of mature miRNAs by disrupting the secondary structure of pre-miRNA (Zheng 
et al., 2024). CRISPR Cas12a produced the OsMIR390 miRNA gene mutant in rice 
more effectively than the Cas9 nuclease CRISPR system (Zheng et al., 2024). Mutants 
that cause loss of functions in nine distinct miRNA genes (OsMIR5801, OsMIR5794, 
OsMIR5789, OsMIR3982, OsMIR3979, OsMIR1870, OsMIR1868, OsMIR827, and 
OsMIR394) in rice were effciently generated by Cas12a nuclease (Zheng et al., 2024). 

14.3.2 DEVELOPING RESILIENT CROPS FOR ABIOTIC STRESSES 

Abiotic stresses imposed through climate change are a major hazard to agri-
culture. The abiotic stresses affect 70% of crop production worldwide (Cramer 
et al., 2011). The plants that were created through the use of genetic engineering, 
marker-assisted breeding, plant tissue culture etc. are able to withstand drought, 
chilling, cold, heat, salinity and other stresses which allow the farmers to utilize 
previously unusable lands and can simultaneously improve their economy (Babar 
et al., 2015). 
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14.3.2.1 Soil Salinity Tolerance 
Salinity stress includes osmotic stress and ionic toxicity that greatly affects the 
physical, physiological, and biochemical traits, including decreased rates of ger-
mination, photosynthesis, transpiration, and alteration of the plants’ normal meta-
bolic processes. The main methods for reducing the effects of salt stress on plant 
cells are to understand and depict the mechanisms of transport and detoxifcation 
of reactive oxygen species (ROS) (Mao et al., 2023). The durum wheat line 149, 
which is derived from Triticum monococcum C68-101, has been thoroughly stud-
ied for its salt tolerance behavior through the sodium transporter genes HKT7 and 
HKT8 and by the mechanisms of exclusion of sodium (Na+) ions (Huang et al., 
2006). The salt overly sensitive (SOS) signaling pathway such as SOS1 played 
a signifcant part in the exclusion of Na+ ions in transgenic lines of Nicotiana 
benthamiana and Arabidopsis, which overexpress the TaSOS1 gene and exhibit 
greater tolerance to salinity than wild-type plants (Zhou et al., 2016). Through 
vacuolar compartmentalization of Na+, the NHX family proteins of wheat’s Na+/ 
H+ antiporters can enhance salinity tolerance and lessen cytosolic sodium tox-
icity (Brini et al., 2007). TNHX1 gene with three distinct subgroups of vacu-
olar Na+/H+ antiporter genes (TaNHXa, TaNHXb, and TaNHXc) was functionally 
identifed in wheat; further, salinity and drought tolerance have both increased 
in Arabidopsis due to the overexpression of the wheat TNHX1 gene (Brini et al., 
2007). 

14.3.2.2 Drought Tolerance 
Plants that are under drought stress experienced a number of signifcant morpho-
logical, physiological, molecular level and biochemical changes which results in 
lower yields of crop plants. The plants’ root architecture such as root diameter, 
length, density is important in case to avoid drought stress because all the water, 
nutrient’s absorption and translocation started from the roots (Sánchez-Bermúdez 
et al., 2022). In wheat plants there is a presence of Deeper Rooting 1 (TaDRO1) 
gene, which provides rooting system that provide higher tolerance to drought stress 
(Kitomi et al., 2020). Several genes/transcription factors (TFs) such as TaNAC69-1, 
TaRNAC1, and TaMPS in wheat crop contribute in regulating the root growth such 
as increase in length, biomass, and number of lateral roots under water defciency 
or during drought stress conditions (Chen et al., 2018). When soil water is not 
abundant due to no or lesser rains, abscisic acid (ABA) is crucial for controlling 
stomatal closure, which reduces transpiration process in plants (Park et al., 2009). 
The pyrabactin resistance (PYL) proteins act as phytohormone (ABA) receptors 
and the overexpression of PYL4 and PYL1-1B genes in wheat plants enhanced their 
resistance to drought stress and increased the yield during drought (Mao et al., 
2022). 

14.3.2.3 Role of Dimethylsulfoniopropionate (DMSP) 
in Salinity and Drought Tolerance 

An organosulfur molecule called DMSP has been linked to abiotic stress tolerance in 
perennial grasses (Spartina anglica) found at salt marshes (Payet et al., 2024). The 
accumulation of DMSP in Arabidopsis thaliana and N. benthamiana plants provides 
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tolerance for salinity and drought stresses as well as protection from oxidative and 
osmotic stresses, due to the higher expression of DMSP biosynthesis genes such as 
methionine S-methyltransferase (MMT), S-methylmethionine decarboxylase (SDC) 
and DMSP-amine oxidase (DOX) of S. anglica plants (Payet et al., 2024). DMSP 
synthesis is widespread in the crop or other plants, but, at lower level or concentra-
tion (Payet et al., 2024). The level of DMSP can be increased by bioengineering in 
crop plants in the future, and higher accumulation of DMSP would improve the toler-
ance against abiotic stresses (salt stress, oxidative and osmotic stress) which can lead 
for higher crop productivity (Payet et al., 2024). 

14.3.2.4 High Temperature Tolerance 
HT stress has a greater effect on yield loss during reproductive phases such as fower 
development, pod setting, or grain-flling (Parent et al., 2017). In addition to being 
important for heat tolerance, plasma membrane integrity entails modifcation in 
shapes of cell membranes, together with the activity of its proteins by adjusting the 
lipid content and their compositions (Ding & Yang, 2022). In a research study, HT 
(35°C) exposure of chickpea plants for three days (72 h) caused many morphological 
damages such as chlorosis of leaves, drying and abortion of fowers, reduced seed 
flling/pod set and lowered sucrose, starch contents in leaves of plants due to the 
down-regulation of majority of sucrose and starch metabolism genes during heat 
stress (Chandel & Sharma, 2023). 

HT stress tolerance in plants is a polygenic trait that needs chaperone proteins 
to shield and restore heat-labile proteins and enzymes to their original state so that 
they can function correctly and effectively. These proteins include signal proteins, 
heat-responsive sensors, thermo-protective biochemical metabolites, and other heat 
shock-TFs (Ding et al., 2020). Heat shock-TFs and phytohormones (ethylene, ABA, 
jasmonic acid, etc.) related to stress conditions together regulate heat response mech-
anisms with respect to high-temperature stress in Arabidopsis (Li et al., 2018). 

14.3.2.5 Pre-Harvest Sprouting Tolerance 
In pre harvest sprouting (PHS), grains are germinable prior to harvesting of crop. 
Rainy and wet weather conditions prevailed during the terminal stages enhances the 
germination of grains on the parent plants (Rodríguez et al., 2015). In most wheat-
growing regions of the world, PHS signifcantly reduced wheat quality and yield 
during its terminal stage (Kandpal et al., 2024). The seed dormancy and PHS can be 
regulated by argonaute (AGO) proteins in crops and wheat PHS resistance has been 
linked to the AGO802B gene (Kandpal et al., 2024). A short interspersed nuclear 
element (SINE) could be used as a molecular marker for PHS in wheat genome and 
the insertion of SINE retrotransposon at 3′-UTR of the TaAGO802B argonaute gene 
revealed that 92.6% of the wheat resistant cultivar subgroup had it, which decreased 
the TaAGO802B gene’s expression (Kandpal et al., 2024). RNA-directed DNA 
methylation pathways reduced the rate of methylation by 54.7% with SINE inser-
tion in the resistant cultivars, and these results suggested that SINE insertion in 
TaAGO802B gene can serve as a genetic marker for wheat germplasm screening and 
a breeding tool for PHS-resistant wheat cultivars, both of which can improve global 
food security (Kandpal et al., 2024). 
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14.3.3 BIOTECHNOLOGY-BASED DISEASE AND PEST MANAGEMENT 

Global climate change increases the probability of biotic stresses by encouraging 
the growth of new, more virulent pathogen populations and increasing the spread of 
plant infections to new areas as a result of more frequent disease outbreaks. The pro-
duction of crops resistant to a wide range of pathogens, including bacteria, viruses, 
and insects, that cause devastating diseases in agricultural plants has been made pos-
sible by the application of biotechnology and its methods in agriculture. Microbial 
pathogens caused about 22% losses each year (Mao et al., 2023). 

14.3.3.1 Virus Resistance 
The viral diseases in plants have posed the greatest threat and major challenge for 
their control in front of modern agricultural practices (Das et al., 2023). The methods 
such as viral vectors eradication and destroying of infected plants for the control 
and management of viral diseases in plants are not much successful and require 
biotechnological approaches to engineer and alter plants to make them resistant to 
viral diseases (Wilson, 1993). These strategies include microRNA-mediated resis-
tance, homology-dependent gene silencing techniques, an RNA-mediated defense 
and the development of viral coat protein-based resistance against viral infections in 
plant crops (Wilson, 1993). The rainbow papaya is a case study of viral resistance, 
which is a genetically engineered horticultural crop developed for the farmers at 
Hawaii, USA, because, the papaya ring spot virus (PRSV) caused signifcant losses 
and threatened the Hawaiian papaya industry previously (Gonsalves et al., 2004). 

14.3.3.2 Insects, Bacterial and Herbicide Resistance 
The breeding of crops resistant to bacteria and insects was primarily made pos-
sible by agricultural biotechnology. Resistance in most crops is triggered by ‘cry’ 
genes taken from the Bacillus thuringenesis (Bt) bacteria (Tabashnik et al., 2013). 
However, other gene sources like Nicotiana tabacum histidine kinase-1; levansu-
crase-encoding gene; jasmonic ethylene responsive factors; arrowhead proteinase 
inhibitors; vitreoscilla hemoglobin, and betadine aldehyde dehydrogenase gene 
have also been utilized in the development of insect-resistant crops (Wang et al., 
2018). The most commonly grown transgenic plants include maize (Zea mays), 
which is resistant to larvae of both lepidopteran and coleopteran insects and cotton 
(Gossypium hirsutum), which is immune to caterpillars (Brookes & Barfoot, 2005). 
The application of these transgenic crops in agricultural practices has resulted in 
less insecticidal use and lowered the production costs, which results in higher yields 
of crops. Bacteria are present everywhere on earth and can cause various diseases 
in plants. The fre blight caused by Erwinia amylovora; crown gall disease in some 
plants, caused by Agrobacterium tumefaciens; brown rot caused by Ralstonia sola-
nacearum; black rot is caused by Xanthomonas campestris in cabbage. 

Bacterial wilt disease caused by R. solanacearum is common in Solanaceae 
plants and according to a recent study, SmDDA1b is a new regulator that works 
through the SmNAC-mediated salicylic acid pathway to protect Solanaceous crops 
from bacterial wilt (Yan et al., 2024). Weeds are present in agricultural felds in huge 
amounts because the dormancy of their seeds is very high so that they germinate in 
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numerous quantities during their favorable seasons which create a major problem to 
farmers. Weeds reduce agricultural plant yields by competing with crop plants for 
resources, including water, nutrients, sunlight, and space (Das et al., 2023). Also, the 
weeds are alternate hosts to various pests, insects, and many pathogenic microorgan-
isms which attack the crop plants and decreased the yields (Tan et al., 2006). 

14.3.4 BIOFORTIFICATION: ENHANCING NUTRITIONAL VALUES OF CROPS 

TO REDUCE MICRONUTRIENT MALNUTRITION 

The primary food crops in poor nations, cereals and pulses, frequently lack impor-
tant macronutrients and micronutrients, resulting in nutritional imbalance. This lack 
of access to balanced diets leading to malnutrition is directly related to anemia, 
rickets, scurvy, etc. (Sandhu et al., 2023). It has been reported in case of children 
mortality rate that zinc defciency causes 0.4 million deaths, whereas vitamin A def-
ciency causes 0.6 million deaths (Black et al., 2008). Maternal mortality as a result 
of anemia led to 115,000 deaths and 0.4% of total disability-adjusted life-years glob-
ally (Black et al., 2008). Recent advances in biotechnology in Omics, whole genome 
sequencing, RNA-mediated genome editing, foreign gene transfer, overexpression of 
genes, and CRISPR-based technologies are some of the new methods being used to 
produce biofortifed crops (Raza et al., 2021; Sandhu et al., 2023). 

These tools target metabolic pathways, redistribute micronutrients in tissues, 
and also improve their bioavailability and results in improved macromolecules. 
Biofortifcation of readily available affordable staple food crops such as pulses and 
cereals is needed to provide balanced diet to growing population and reduce mal-
nutrition (Sandhu et al., 2023). Biofortifcation, which uses transgenic techniques 
to increase the amount of minerals and vitamins in staple food crops, is the only 
and less expensive way to address such malnutrition issues (Bouis et al., 2011). 
Regarding the rice crop, a signifcant staple food, the endosperm, which is edible 
after milling, is defcient in vital minerals, including provitamin A (β-carotene). As a 
result, it causes severe vitamin A insuffciency, especially in Asia, Africa, and Latin 
America, which are major rice-consuming nations (Ye et al., 2000). Development of 
golden rice is using recombinant DNA technology where combination of three trans-
genes enable β-carotene biosynthesis in rice endosperm and it is the best achieve-
ment of biotechnology (Ye et al., 2000). Likewise, numerous other crops, including 
rice, wheat, beans, pearl millet, and cassava, have been biofortifed for iron and zinc, 
and many additional crops, including sweet potatoes, cassava, and maize, have been 
biofortifed for provitamin A (Bouis et al., 2011). 

14.3.4.1 Gene Editing to Produce Oats with Improved 
Nutritional Value and Shelf Life 

Oats (Avena sativa) are well known for their high fber content and oats with enhanced 
nutritional values was developed (Zhou et al., 2024). Two constructs having three 
important genes of lipid biosynthesis from Arabidopsis and Sesame were introduced 
into the oat cultivar ‘Park’ for the alteration of composition of fatty acids. The genes 
were WRINKLED1 (AtWRI1) and diacylglycerol acyltransferase (AtDGAT1) from 
Arabidopsis and the gene OLEOSIN (SiOLEOSIN) was taken from Sesame (Zhou 
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et al., 2024). The content of oleic acid was increased (34%) in transgenic oat grains; 
while, the saturated fatty acid contents was reduced (Zhou et al., 2024). Healthy 
fats like oleic acid are well known for their heart-healthy properties and ability to 
reduce blood sugar levels. Such new innovations are signifcant for both the agricul-
tural industry and consumer health, offering a novel approach to the development of 
nutrient-rich crops. 

14.3.5 PRECISION AGRICULTURE USING BIOTECHNOLOGY-DERIVED TOOLS 

Precision farming integrates technology and data analytics with biotechnology to 
optimize agricultural practices, enabling sustainable high-yield crop production 
through genetic modifcation, gene editing, and marker-assisted breeding (Daware 
et al., 2023). Advanced tools like digital sensors, drones, GPS, and irrigation sys-
tems allow farmers to monitor felds effciently, improving decision-making in 
irrigation, fertilization, and pest control. These precision techniques enhance crop 
productivity and farm proftability while reducing waste and environmental harm. 
Nanotechnology further supports precision agriculture through biosensors and 
nanoparticle-mediated delivery systems, ensuring controlled release of fertilizers 
and early virus detection (Duhan et al., 2017). 

14.4 BIOTECHNOLOGY FOR SUSTAINABLE FARMING PRACTICES 

One of the important biotechnological solutions in this aspect is the use of biore-
mediation techniques in removing hazardous pollutants from agricultural soils. 
It involves use of specifc microbes to breakdown harmful contaminants and 
pollutants into harmless ones, thereby restoring soil ecosystem health at pol-
luted sites and making land suitable for cultivation once again (Sreedevi et al., 
2022; Yaashikaa & Kumar, 2022). Furthermore, biodegradable pesticides and 
fertilizers have also been created using biotechnology. Agricultural waste-led 
biofuel development also promoted more ecofriendly and sustainable agriculture 
practice due to reduced greenhouse gas emissions (Mekunye & Makinde, 2024). 
More studies on how underground microbiomes/microbial communities regulate 
the growth of plants in presence of various environmental cues and how rhizo-
sphere near to plant roots are benefcial in maximizing the plant yields (Xiong 
et al., 2020). 

14.5 CHALLENGES IN BIOTECHNOLOGY 

Biotechnology offers signifcant developmental potential but faces challenges, includ-
ing public misinformation, unpredictable outcomes, and regulatory hurdles that must 
keep pace with technological advances (Singh, 2000). Technical challenges, such as 
the need for highly skilled personnel, and economic issues, like the displacement of 
traditional exports by genetically engineered alternatives (e.g., jute fbers replaced by 
synthetics), hinder progress in developing nations. Addressing these economic dis-
parities requires bilateral negotiations and public education on the value of natural 
versus engineered products. Ethical concerns, including perceived interference with 
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nature and debates over patents on life forms or cloning, further complicate accep-
tance (Singh, 2000). Balancing these moral dilemmas with biotechnology’s potential 
to alleviate hunger and malnutrition is critical (Black et al., 2008). Transparent dia-
logue and awareness campaigns are essential to resolving contradictions and foster-
ing broader adoption of biotechnological solutions. 

14.6 CONCLUSION 

Biotechnology offers transformative solutions for sustainable agriculture, enabling 
genetic modifcations to enhance stress tolerance, disease resistance, and nutrient 
content in crops, thereby boosting yields and food quality. Advanced techniques like 
CRISPR-Cas9 and CRISPR-Cas12a allow precise gene editing without introducing 
foreign DNA, creating resilient and high-yielding cultivars. Additionally, biotechno-
logical innovations such as precision farming tools, bioremediation, biodegradable 
pesticides, and biofuel production from agricultural waste contribute to sustainable 
practices. Developing climate-resilient crops and biofortifed varieties can address 
food security and malnutrition amid climate change. However, realizing biotechnol-
ogy’s full potential requires overcoming ethical concerns, regulatory challenges, and 
ensuring equitable access to these technologies. Collaborative efforts between gov-
ernments, research institutions, and stakeholders are essential to promote sustainable 
and resilient agriculture for future generations. 
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15.1 INTRODUCTION 

Biotechnology integrates biological science with technological innovation, driv-
ing advancements in genetically modifed (GM) organisms (GMOs), CRISPR-Cas9 
gene editing, synthetic biology, and bioinformatics (Lubogo, 2024). Its applica-
tions span healthcare, agriculture, and environmental management, contribut-
ing to a global market valued at USD 1.37 trillion in 2021, with continued rapid 
growth (Ashraf et al., 2021; Priya & Kappalli, 2022). Since the frst commercial 
GM crop tobacco in China (1992), biotechnology has revolutionized agriculture, 
becoming the fastest-adopted innovation in farming history. Today, GM crops 
like soybeans, maize, and cotton dominate global cultivation, benefting millions 
of farmers, particularly in developing nations (Bakhsh et al., 2021; James, 2011). 
However, despite its success, biotechnology faces regulatory and socio-economic 
challenges that infuence its adoption. The expansion of GM crops has introduced 
diverse traits, including herbicide tolerance, pest resistance, and enhanced nutrition 
(Bacelar et al., 2024; Perotti et al., 2020). Yet, market access remains a key hur-
dle, as governments impose varying regulatory frameworks, some science-based, 
others incorporating socio-economic considerations (SECs) (De Francesco, 2021; 
Kuhlmann & Dey, 2021). 

The Cartagena Protocol on Biosafety (CPB) allows voluntary SEC integration 
in biosafety assessments, yet implementation remains inconsistent (Falck-Zepeda, 
2009; Gebreyes, 2023). Policymakers struggle with limited data on SEC impacts, 
complicating regulatory decisions (Ou & Guo, 2023). This gap highlights the need 
for structured guidelines to assess SECs effectively while complying with inter-
national agreements. This chapter explores methodologies for evaluating SECs 

https://doi.org/10.1201/9781003597797-15


 
 

 
 
 

  

  

      
  

191 Socio-Economic Implications of Biotech Innovations 

in biotechnology regulation, addressing legal, economic, and ethical dimensions 
(Demont et al., 2008; EFSA, 2020). It does not advocate for or against SEC inclusion 
but provides a framework for policymakers to make informed decisions (Brighouse 
et al., 2018). By analyzing costs, benefts, and trade-offs, this work aims to sup-
port effcient policy development, ensuring biotechnology advances sustainably and 
equitably. The key question remains: What is the ultimate goal of integrating SECs 
into regulatory frameworks?—a debate requiring context-specifc answers from 
global stakeholders. 

15.2 INCLUSIVITY AND SUSTAINABILITY 

To ensure that biotech innovations effectively promote inclusive growth and enhance 
sustainability, it is essential that their advantages reach everyone, particularly mar-
ginalized communities. Furthermore, although biotechnology offers the potential 
for environmental sustainability, it is essential that its application does not endanger 
ecosystems or worsen social disparities (Leach et al., 2018). This part explores the 
social and economic impacts of biotechnology, emphasizing its potential to foster 
inclusivity and sustainability, while also tackling the challenges that must be over-
come to ensure fair access to these benefts. Moreover, while biotechnology holds 
promise for promoting environmental sustainability, it is crucial to ensure that its 
implementation does not jeopardize ecosystems or exacerbate social inequalities 
(Ahmad et al., 2022). 

Biotechnology has emerged as a signifcant catalyst for economic advancement 
in nations across the spectrum of development. The impact is clear across multiple 
felds: GM crops have boosted agricultural productivity, reduced crop losses, and 
decreased chemical use, enhancing farmer profts and contributing to a global biotech 
crop market valued at over USD 25 billion in 2020 (ISAAA, 2017). In healthcare, 
biotechnology has enabled breakthroughs such as monoclonal antibodies, transform-
ing treatments for cancer and autoimmune diseases while generating signifcant eco-
nomic benefts (Evens, 2022). Industrial biotechnology drives sustainable solutions 
in biofuels, bioplastics, and waste management, with the bioeconomy projected to 
reach USD 5 trillion by 2030 (Kircher, 2019). However, gender disparities persist, 
particularly in developing nations where women, despite their crucial role in agri-
culture, often lack access to biotech advancements (Evens, 2022). For instance, in 
Burkina Faso, while Bt cotton improved yields, many women farmers faced fnancial 
and technical barriers, limiting their ability to beneft fully from these innovations 
(Evens, 2022). 

15.3 GMOS REGULATION 

15.3.1 INTERNATIONAL CONTEXT OF SOCIO-ECONOMIC 

CONSIDERATION AND GMOS REGULATIONS 

The Interorganisational Committee on Principles and Guidelines for Social Impact 
Assessment highlights the importance of evaluating how public and private actions 
affect human populations, including shifts in lifestyle, work, culture, and societal 
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values (Inglehart, 2018). The Ad Hoc Technical Group on SECs (AHTEG-SECs) 
under the Convention on Biological Diversity acknowledges the lack of a standard-
ized defnition for “socio-economic considerations,” which encompass economic, 
social, ecological, cultural, and health-related dimensions (Chaturvedi et al., 2019). 

These factors are increasingly integrated into global frameworks like the CPB 
(Article 26) and national regulations, such as Norway’s Gene Technology Act (1993), 
emphasizing the need to assess GMOs’ sustainability, agricultural impacts, and soci-
etal benefts (Mol et al., 2020; Munhoz, 2023). At the European level, initiatives 
like the 2011 FAO-JRC workshop and the 2012 European Environmental Agency 
seminar have advanced the discourse on socio-economic assessments for GMOs 
(Casadella & Uzunidis, 2023). The 2015 EU Directive (2015/412) further empowered 
member states to restrict GMO cultivation based on socio-economic, agricultural, 
or public policy concerns, aligning with the Cartagena Protocol’s Strategic Plan 
(2011–2020) to enhance decision-making through research and stakeholder input 
(Catacora-Vargas et al., 2018). 

The CBD Secretariat’s Ad Hoc Technical Expert Group (AHTEG-SEC) contin-
ues to refne methodologies for integrating socio-economic factors into biosafety 
governance, emphasizing robust frameworks with clear indicators and participatory 
approaches (CBD, UN 2014; Evens, 2022). Despite progress, debates persist over the 
scope, methods, and timing of socio-economic assessments, particularly regarding 
public participation and the precautionary principle (Evens, 2022; Stabinsky, 2000). 
Studies by Spök (2010) and Falck-Zepeda reveal gaps in national regulatory prac-
tices, with only 12–18 countries systematically evaluating socio-economic impacts. 
A broader CBD-commissioned analysis of 34 nations underscores the need for stan-
dardized criteria and empirical data to inform GMO governance, highlighting the 
role of public engagement in balancing innovation with societal equity (Ludlow 
et al., 2013). 

15.4 ANALYSIS OF SOCIO-ECONOMIC CONSIDERATION 

15.4.1 BASIS FOR INCLUSION OF SOCIO-ECONOMIC FACTORS 

A total of 34 countries incorporate SECs into their national biosafety frameworks, 
with 14 African nations (e.g., Burkina Faso, Kenya, South Africa), 9 Latin American 
countries (e.g., Brazil, Mexico, Argentina), and 6 Asia-Pacifc states (e.g., Malaysia, 
Philippines) represented. Four European countries like, France, Italy, Latvia, and 
Norway, also integrate SECs, alongside others like Bangladesh and India, though 
specifc laws were not always documented (Evens, 2022). Spök’s research notes 
exceptions such as the Syrian Arab Republic excluded due to Arabic-only regula-
tions, and Belize omitted for similar accessibility constraints. While 18 countries lack 
practical experience implementing SECs, 15 others report varying levels of applica-
tion, with Uruguay’s experience remaining unspecifed. The study highlights gaps in 
standardized implementation, particularly in nations like Nigeria and Uganda, where 
SECs are legally recognized but operational frameworks are underdeveloped. These 
fndings underscore the uneven global progress in institutionalizing socio-economic 
assessments within GMO governance (Evens, 2022). 
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15.4.2 ADVANTAGES FOR PRODUCERS AND SOCIETY IN THE ANALYSIS OF SEC 

Socio-economic analysis (SEC) provides valuable insights into the relationships 
between economic activities, social structures, and environmental sustainability, 
helping producers optimize resources, reduce costs, and improve productivity while 
promoting long-term sustainability (Evens, 2022). This approach enhances work-
force management and fosters inclusive economic participation, particularly for mar-
ginalized groups like smallholder farmers, while informing public policy on income 
distribution and regional development (Evens, 2022). 

Agricultural biotechnology, particularly GMOs, offers signifcant socio-eco-
nomic benefts by increasing crop yields, reducing pesticide use, and developing 
climate-resilient varieties, thereby improving food security and farmer incomes 
(Ludlow et al., 2013). GMOs also contribute to environmental sustainability by low-
ering chemical inputs and greenhouse gas emissions while helping farmers adapt 
to climate challenges (Ludlow et al., 2013). Effective regulatory frameworks are 
crucial to ensure biotechnological advancements align with public health, environ-
mental protection, and ethical standards, requiring socio-economic assessments to 
balance innovation with societal needs (Canton, 2021; Casadella & Uzunidis, 2023). 
Integrating SEC into GMO governance promotes equitable agricultural development 
while addressing concerns about food sovereignty, biodiversity, and long-term sus-
tainability (Canton, 2021). 

15.5 POLICY FRAMEWORKS: ENSURING INCLUSIVITY 
AND SUSTAINABILITY 

15.5.1 REGULATORY LANDSCAPE FOR BIOTECHNOLOGY 

The oversight of biotechnology is essential for guaranteeing its safe and fair applica-
tion. Countries around the world have taken distinct paths in regulating biotechnology, 
showcasing a range of perspectives on the potential risks and advantages associated 
with GMOs, gene editing, and other innovations in the feld. In the U.S., the regu-
latory framework for biotechnology is notably accommodating, with the U.S. The 
USDA, EPA, and FDA collaborate in overseeing various responsibilities (Bernier, 
2019). Conversely, the European Union (EU) has embraced a more cautious strategy, 
implementing stringent regulations that oversee the approval and utilization of GMOs. 
Countries with emerging economies encounter distinct obstacles in overseeing biotech-
nology. The challenges posed by limited regulatory capacity, along with the powerful 
presence of multinational corporations, create signifcant obstacles for these nations 
in their efforts to manage the risks linked to biotech innovations. Global agreements, 
like the CPB, offer direction for the secure transfer, management, and application of 
GMOs; however, the execution varies signifcantly among nations (Canton, 2021) 

15.5.2 INTELLECTUAL PROPERTY RIGHTS AND BIOTECH ACCESS 

The topic of intellectual property rights in biotechnology is a subject of signifcant 
debate. On one side, safeguarding intellectual property is essential to motivate innovation 
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by enabling biotech frms to recover their expenditures in research and development 
(Canton, 2021). Conversely, stringent intellectual property safeguards may restrict 
access to biotechnological advancements, especially in nations with developing econ-
omies. This has prompted discussions about different approaches to intellectual prop-
erty protection, like open-source biotechnology, which could enhance access to biotech 
advancements while still preserving the motivation for innovation (Bernier, 2019). 

15.5.3 PUBLIC-PRIVATE PARTNERSHIPS (PPPS) FOR BIOTECH DEVELOPMENT 

PPPs have become essential for fostering inclusive and sustainable advancements in 
biotechnology. Utilizing the strengths and knowledge from both public and private 
sectors, collaborative partnerships can facilitate the delivery of biotechnology advan-
tages to underserved communities. For instance, the Alliance for a Green Revolution 
in Africa (AGRA) represents a collaboration among governments, NGOs, and the 
private sector focused on advancing agricultural development in Africa by lever-
aging biotech innovations. AGRA has dedicated efforts to ensure that smallholder 
farmers gain access to enhanced seeds, fertilizers, and training, emphasizing sus-
tainability and inclusivity (Wise, 2020). 

15.5.4 CASE STUDY: INDIA’S BIOTECH POLICY 

India has developed a robust biotech policy that seeks to balance innovation with 
sustainability and inclusivity. The country has invested heavily in biotechnology 
research, particularly in agriculture, where GM crops such as Bt cotton have been 
widely adopted. India’s regulatory framework for biotechnology, overseen by the 
Genetic Engineering Appraisal Committee (GEAC), aims to ensure the safe use of 
biotech innovations while promoting access for smallholder farmers. Despite these 
challenges, India’s experience with biotechnology offers valuable lessons for other 
developing countries seeking to harness the potential of innovations for sustainable 
development (John & Panda, 2024). 

15.5.5 IMPACT ASSESSMENT 

Agricultural biotechnology and GMOs offer signifcant benefts for modern agricul-
ture but raise important concerns regarding health risks (including allergenicity and 
long-term effects), biodiversity loss (through gene transfer and ecosystem disrup-
tion), and labor impacts (Canton, 2021). While GMOs can increase productivity and 
reduce resource needs, they may also displace rural workers and threaten traditional 
farming practices, requiring careful socio-economic evaluation to prevent widen-
ing inequalities. The potential for genetic contamination of wild species and reduc-
tion in crop diversity underscores the need for strict regulatory oversight of these 
technologies. Effective GMO policies must balance innovation with protections for 
public health, environmental sustainability, and labor equity, particularly for vulner-
able smallholder farmers. Comprehensive assessments integrating socio-economic, 
health, and environmental factors are essential to ensure agricultural biotechnology 
contributes to sustainable and inclusive food systems (Canton, 2021). 
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15.5.6 MARKET ACCESS AND TRADE 

The adoption of agricultural biotechnology and GMOs is shaped by complex interac-
tions between market access, trade policies, and socio-economic factors, with signif-
cant potential to enhance food security and crop resilience (Inglehart, 2018). However, 
divergent international regulations create trade barriers, disproportionately affecting 
GMO-exporting developing nations and potentially limiting market opportunities 
(Inglehart, 2018). While GMOs offer smallholder farmers yield improvements and 
cost reductions, concerns persist about corporate dominance in seed markets and 
intellectual property issues (Mol et al., 2020). Developing countries face particular 
challenges in balancing GMO adoption benefts with compliance to international bio-
safety standards like the Cartagena Protocol (Mol et al., 2020). These regulatory dif-
ferences often necessitate parallel supply chains (GMO/non-GMO), increasing costs 
and market access for producers in emerging economies (Mol et al., 2020). 

15.6 CHALLENGES 

Access to biotechnology remains a signifcant challenge in developing nations due 
to high development costs and corporate patent controls, particularly for GM seeds, 
which restrict smallholder farmers’ autonomy and increase production expenses 
(Chaturvedi et al., 2019). Strict biosafety regulations, often prioritizing environ-
mental and health risks over socio-economic impacts, further complicate adoption, 
with developing countries facing enforcement gaps due to limited infrastructure 
and resources (Ray et al., 2020). The lack of harmonized global standards creates 
trade barriers, disproportionately affecting small-scale farmers who struggle to 
meet technical and fnancial requirements for GMO compliance. Socio-ecological 
systems (SES) analysis reveals tensions between biotech adoption and traditional 
farming practices, biodiversity conservation, and community resilience, necessi-
tating governance frameworks that balance innovation with equity (Chatzopoulou 
& Chatzopoulos, 2024). Corporate dominance in seed markets, exemplifed by 
frms like Monsanto, raises concerns over monopolistic practices, pricing, and 
farmer dependency, undermining long-term sustainability in low-income regions 
(Chaturvedi et al., 2019). Addressing these challenges requires policies that inte-
grate SECs with biosafety measures to ensure equitable benefts while minimizing 
environmental and social trade-offs (Chatzopoulou & Chatzopoulos, 2024). 

15.7 BIOSAFETY SYSTEMS 

Agricultural biotechnology and GMOs offer signifcant benefts for crop productiv-
ity, pest resistance, and climate adaptation, yet their adoption faces challenges due to 
inconsistent global biosafety regulations and trade barriers (Saini et al., 2020). The 
integration of SECs into GMO governance is critical to assess impacts on farmer 
livelihoods, food security, and local economies, though implementation remains 
fragmented across regions (Watson, 2019). Resistance from indigenous and rural 
communities often stems from perceived threats to traditional knowledge and bio-
diversity, exacerbated by corporate dominance in seed markets and unequal access 
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to technology. Public skepticism, fueled by misinformation and lack of transpar-
ency, further hinders acceptance, despite existing biosafety frameworks designed 
to address environmental and health risks. Effective policy must balance innovation 
with equitable SEC integration, considering context-specifc factors like land owner-
ship and market structures to ensure sustainable adoption (Saini et al., 2020; Watson, 
2019). 

15.8 LANDSCAPE ASSESSING AND MOVING FORWARD 

Evaluating agricultural biotechnology and GMO regulations requires comprehen-
sive landscape assessments that integrate environmental, economic, and social fac-
tors, though conficting stakeholder interests often hinder consensus (Watson, 2019). 
While biotech innovations can enhance food security through improved yields and 
reduced chemical use, public skepticism and unequal access driven by corporate pat-
ent control and affordability gaps exacerbate inequalities, particularly in developing 
regions (Leach et al., 2018). Divergent global regulatory frameworks further com-
plicate international trade and adoption, ranging from outright bans to permissive 
policies (Ahmad et al., 2022; Watson, 2019). 

15.9 CASE STUDY: BIOTECH INNOVATIONS IN AGRICULTURE 

Biotechnology has signifcantly transformed agriculture through GM crops, enabling 
increased yields, pest resistance, and reduced chemical use, with widespread adop-
tion in countries like the U.S., Brazil, and India (Leach et al., 2018). Studies show 
GM crops like Bt cotton have reduced pesticide use by 37% and increased yields by 
22%, providing substantial economic benefts, particularly for farmers in developing 
nations (Qaim, 2010). However, GM crops remain controversial due to high seed 
costs that burden smallholder farmers and concerns about long-term environmental 
and health impacts (Ahmad et al., 2022). The dominance of multinational corpora-
tions in GM seed markets raises additional concerns about food sovereignty and cor-
porate control over agricultural systems (Ahmad et al., 2022). While biotechnology 
offers clear productivity advantages, these socio-economic and ethical challenges 
must be addressed to ensure equitable and sustainable agricultural development 
(Leach et al., 2018). 

15.10 CONCLUSION 

Biotechnology, especially GMOs, has improved agriculture, healthcare, and indus-
try, offering benefts like increased crop yields and reduced pesticide use. However, 
concerns arise regarding inclusivity, sustainability, and equitable access, particu-
larly for marginalized communities. Regulatory frameworks vary globally, and 
public skepticism persists due to health and environmental concerns. Developing 
countries face challenges, including limited regulatory capacity and dependence on 
multinational corporations. A balanced approach integrating SECs, robust regula-
tions, and stakeholder involvement is crucial for sustainable and inclusive biotech 
development. 
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16.1 INTRODUCTION 

The adoption of genetically modifed (GM) crops represents a major advancement in 
modern agriculture, offering solutions to food security challenges through improved 
yields, pest resistance, and climate adaptability (Singh et al., 2022). However, global 
acceptance faces resistance due to public concerns about genetic modifcation, per-
ceived health risks, and biodiversity loss, particularly in regions with limited access 
to transparent scientifc information. Critics argue that GM crops may disrupt 
ecosystems by fostering superweeds, contaminating non-GM varieties via cross-
pollination, and harming benefcial organisms like pollinators and soil microbiota. 
Regulatory disparities further complicate adoption, with stringent policies in the EU 
contrasting with permissive frameworks in the USA and Brazil, creating trade barri-
ers and limiting market potential (Belagalla et al., 2024). Small-scale farmers often 
struggle with access due to high costs, exacerbating equity gaps in global agriculture 
(Ullah et al., 2024). 

Non-governmental organizations (NGOs), Government of India, 2010 and advo-
cacy groups amplify these debates, with some promoting GM benefts while others 
champion organic alternatives, shaping polarized public opinion and policy (Raza 
et al., 2024). Addressing opposition to GM crops requires a multifaceted strategy, 
including science-based public education to counter misinformation and build trust 
(Oliver, 2014). Harmonizing global regulatory standards could reduce trade barriers 
and foster wider acceptance, while involving local communities in decision-making 
ensures alignment with socio-economic contexts. Despite environmental and soci-
etal challenges, GM crops hold transformative potential for agriculture, contingent 
on resolving conficts over corporate control, ecological impacts, and equitable 
access (Lombardo & Grando, 2019). Continuous research and inclusive stakeholder 
dialogue are critical to bridging divides and unlocking biotechnology’s full benefts. 
By balancing innovation with transparency and equity, GM crops could sustainably 
meet future food demands. Ultimately, their success hinges on collaborative efforts 
to address ethical, environmental, and regulatory concerns (Lombardo & Grando, 
2019; Oliver, 2014). This chapter examines the roots of opposition to biotech crops, 
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analyzes key stakeholders driving the debate, and explores pathways to reconcile 
innovation with sustainability and equity. 

16.2 HEALTH IMPLICATIONS 

Biotech crops have revolutionized agriculture by enhancing nutrition (e.g., vitamin 
A-enriched Golden Rice) and reducing pesticide exposure, addressing global mal-
nutrition and food security challenges (Mockshell et al., 2024). Rigorous safety 
assessments, including allergenicity testing, confrm that GM crops pose no greater 
health risks than conventional crops (Vishnu, 2024), with reduced pesticide use 
offering additional public health benefts (Singh & Singh, 2025). However, experts 
advocate for ongoing post-market surveillance to monitor long-term health impacts, 
given the relatively recent introduction of these crops into diets (Mockshell et al., 
2024). Public skepticism persists due to misinformation and ethical concerns, 
despite robust scientifc evidence supporting their safety (Dufossé & Tiwari, 2024). 
Bridging this gap demands transparent communication and public engagement to 
translate research into trust. While biotech crops represent a transformative tool 
for health and nutrition, sustained research, regulatory vigilance, and inclusive dis-
course remain essential to maximize their potential and address legitimate con-
cerns (Hoban, 1997). 

16.3 ECOLOGICAL RISKS AND SUSTAINABILITY CHALLENGES 

Biotech crops raise signifcant ecological concerns despite their agricultural benefts, 
including risks of biodiversity loss, genetic contamination through cross-pollination, 
and the development of herbicide-resistant weeds that reinforce chemical-dependent 
farming. Early studies established critical frameworks for ecological risk assess-
ment, demonstrating impacts on non-target species, soil microbiota, and ecosys-
tem balance that remain relevant today (Andow & Zwahlen, 2006; Wolfenbarger 
& Phifer, 2000). Contemporary research highlights additional challenges, such as 
soil nutrient depletion from GM-linked monocultures and the rise of glyphosate-
resistant weeds, which exacerbate ecological vulnerabilities (Choriyeva, 2024; 
Sarsaiya et al., 2024). Regulatory systems often lag behind biotech advancements, 
failing to implement robust post-release monitoring as recommended decades ago 
(Snow et al., 2005). 

16.4 ECONOMIC IMPLICATIONS 

Resistance to biotech crops often stems from cultural values prioritizing natural-
ness and ecological wholesomeness, exacerbated by activist misinformation and 
distrust of multinational corporations dominating seed markets, particularly in 
Africa and South Asia (Scoones, 2008). In regions like India, opposition is further 
fueled by religious and traditional farming practices, with critics like Shiva (2001) 
framing GM adoption as a threat to cultural identity. Developed nations, such as the 
USA and Japan, face consumer-led demands for transparency and labeling, refect-
ing societal desires for dietary autonomy (Fernandez-Cornejo et al., 2014). This 
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tension pits scientifc progress against cultural preservation, while global inequali-
ties persist, as wealthier nations implement rigorous GM regulations while poorer 
regions rely on external narratives, leaving them vulnerable to anti-GM campaigns 
(Qaim, 2020). 

16.5 ETHICAL AND PHILOSOPHICAL CONSIDERATIONS 

The ethical and philosophical debates surrounding GM crops encompass diverse 
perspectives on technology, nature, and societal values, raising critical questions 
about health risks, allergenicity, and ecological impacts (Domingo & Bordonaba, 
2011). While proponents highlight GM crops’ potential to address hunger, exempli-
fed by Golden Rice concerns persist about equitable access in developing nations 
and the dominance of patented technologies by corporations like Monsanto, which 
marginalize small farmers (Akhter, 2020; Qaim & Kouser, 2013). Studies on GM 
cotton in India demonstrate improved food security at the micro level, yet critics 
warn of ecological risks like gene fow to wild species and biodiversity loss (Bordes 
& Barfoot, 2014; Sarsaiya et al., 2024). Health safety assessments, including meta-
analyses by Nicolia et al. (2014), generally affrm GM crops’ safety, though contro-
versies like the Séralini study (2012) underscore the need for rigorous, transparent 
research. 

Ethical objections often stem from deontological arguments against “playing 
God” and altering natural ecosystems, countered by consequentialist views empha-
sizing GM crops’ benefts for food security and sustainability (James, 2011; Sandler, 
2012). Philosophical tensions also arise over monoculture threats to biodiversity 
and ecological integrity, alongside justice issues tied to seed patents and corporate 
monopolies (Clancy, 1999; Fatoretto et al., 2017). Public distrust, fueled by cultural 
narratives and misinformation, highlights epistemological gaps between scien-
tifc evidence and societal perceptions (Fernandes et al., 2022). Regulatory dis-
parities further complicate adoption, with wealthier nations implementing robust 
safety protocols while poorer regions rely on external narratives (Qaim, 2020). 
Addressing these challenges requires equitable frameworks that balance innovation 
with stewardship, justice, and respect for nature (Garlet et al., 2022). Transparent 
communication and inclusive dialogue are vital to bridge divides and guide respon-
sible biotech development (Bauman & Cauchy, 2006). Ultimately, the GM crop 
debate demands a multidisciplinary approach that integrates ethical, ecological, 
and social dimensions to reconcile technological progress with moral obligations 
(Gongo, 2017). 

16.6 OPPOSITION TO GENETICALLY MODIFIED (GM) CROPS 

Table 16.1 documents global opposition to GM crops from 1994 to 2023, reveal-
ing recurring concerns over food safety (e.g., FlavrSavr Tomato in the USA), envi-
ronmental risks (e.g., France’s MON810 corn ban), and corporate dominance (e.g., 
India’s Bt cotton protests) (Glover et al., 2020). Table 16.2 proposes mitigation strate-
gies, including science-based public outreach to counter misinformation and har-
monized regulations to ease trade barriers (Glover et al., 2020). Culturally sensitive 
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TABLE 16.1 
Case Studies on Opposition to Genetically Modifed (GM) Crops 

Year 
1994 

1996 

1998 

1999 

2000 

2001 

2003 

2004 

2008 

2010 

2013 

2015 

2016 

Country/ 
Region 

USA 

Europe 

UK 

USA 

USA 

Mexico 

India 

EU 

France 

India 

Philippines 

Russia 

USA 

Case/Event 
FlavrSavr 
Tomato 
controversy 

Mad Cow 
Disease Crisis 

Dr. Pusztai 
affair 

Monarch 
butterfy study 

StarLink corn 
incident 

Maize 
contamination 
case 

Bt cotton 
protests 

GM moratorium 

Ban on 
MON810 corn 

Bt brinjal 
moratorium 

Golden Rice 
trial 
destruction 

GM crop ban 

Vermont GMO 
labeling law 

Description 
First GM food approved by 
FDA faced public skepticism 
about food safety 

Though unrelated to GM, 
heightened European 
suspicion of food safety and 
biotechnology 

Controversial study claiming 
GM potatoes harmed rats’ 
immune systems 

Research suggested Bt corn 
pollen could harm monarch 
butterfies 

GM corn approved for animal 
feed found in human food 
products 

GM corn detected in native 
Mexican maize varieties 

Farmers protested against 
Monsanto’s GM cotton 

EU implemented strict 
regulations on GM crop 
approval 

France banned Monsanto’s 
GM corn citing 
environmental concerns 

Public opposition led to an 
indefnite moratorium on 
GM eggplant 

Protesters destroyed 
experimental GM rice felds 

Russia banned cultivation of 
GM crops 

First US state to require 
mandatory GM food labeling 

Impact 
Led to increased scrutiny of GM 
food approval process. 

Contributed to strict EU 
regulations on GM crops 
(EFSA, 2012). 

Sparked major public debate 
and media coverage against 
GM foods (Pusztai, 1998). 

Triggered environmental safety 
debates and additional studies 
(Losey et al., 1999). 

Led to massive recalls and 
strengthened segregation 
requirements (Taylor & Tick, 
2001). 

Raised concerns about genetic 
contamination of crop centers 
of origin (Quist & Chapela, 
2001). 

Highlighted issues of corporate 
control and farmer autonomy 
(Scoones, 2003). 

Created trade disputes with the 
USA and affected global GM 
crop adoption (James, 2004). 

Infuenced other EU countries to 
adopt similar bans (European 
Court of Justice, 2018). 

First instance of a ready-for-
commercialization GM food 
crop being rejected (Scoones, 
2003). 

Highlighted tensions between 
humanitarian biotech and 
opposition (James, 2004). 

Demonstrated growing political 
aspects of GM opposition 
(Reuters, 2024). 

Led to federal GM labeling 
legislation (James, 2004). 
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TABLE 16.1 (Continued) 
Case Studies on Opposition to Genetically Modifed (GM) Crops 

Country/ 
Year Region Case/Event 
2018 EU CRISPR 

regulation 

2019 Mexico GM corn Import 
ban 

2020 Peru GM Crop 
moratorium 
Extension 

2021 Mexico Glyphosate ban 

2022 India GM mustard 
protests 

2023 EU New genomic 
techniques 

Description 
EU court ruled CRISPR-
edited crops must follow GM 
regulations 

Mexico announced plans to 
phase out GM corn imports 

Extended ban on GM crops 
for environmental concerns 

Banned glyphosate and GM 
corn for human consumption 

Opposition to approval of GM 
mustard for commercial 
cultivation 

Debates over regulation of 
new breeding technologies 

Impact 
Impacted the development of new 
breeding technologies (European 
Court of Justice, 2018). 

Created trade tensions with US 
corn exporters (Reuters, 2024). 

Reinforced regional resistance 
to GM technology (James, 
2004). 

Signifcant impact on USA-
Mexico agricultural trade 
(Reuters, 2024). 

Highlighted continued 
resistance to GM food crops 
(Scoones, 2003). 

Ongoing discussion about the 
future of crop biotechnology 
(European Court of Justice, 
2018). 

TABLE 16.2 
Alternatives and Solutions for Opposition to Genetically Modifed (GM) Crops 

Strategies/ Implementation 
Category Alternatives Rationale Examples References 
Public Science-based Educate the public Initiatives like “GMO Qaim (2020); 
awareness communication about the safety Answers” in the USA; Fernandez-

campaigns; use and benefts of leveraging infuencers Cornejo et al. 
of social media biotech crops and social media (2014); Hoban 
to counter while addressing platforms to disseminate (1997) 
misinformation widespread factual information 

misinformation. about GMOs in Africa 
and Asia. 

Regulatory Harmonized biotech Streamline approval Establishing approval Carter, Moschini, 
frameworks regulations; processes and hubs in Africa (e.g., and Sheldon 

regional biotech reduce compliance African Biosafety (2011); 
approval hubs costs across Network); 

nations. harmonization 
between the USA and 
EU for GMO 
standards to reduce 
trade disruptions. 

(Continued) 
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TABLE 16.2 (Continued) 
Alternatives and Solutions for Opposition to Genetically Modifed (GM) Crops 

Category 
Cultural 
integration 

Consumer 
transparency 

Research and 
development 

Economic 
incentives 

Multi-
stakeholder 
engagement 

Strategies/ 
Alternatives 

Incorporate local 
traditions and 
values into biotech 
programs to ensure 
alignment with 
community needs 

Mandatory GMO 
labeling; voluntary 
organic-biotech 
coexistence labels 

Locally driven 
biotech 
innovations; focus 
on non-GMO 
gene-editing 
techniques 

Subsidies and 
support for farmers; 
community-owned 
biotech seed banks 

Building 
collaborative 
platforms; inclusion 
of local NGOs and 
farmer groups 

Rationale 
Align biotech 
adoption with 
local cultural 
values and 
include 
traditional 
methods for 
pest and crop 
management. 

Ensure consumer 
confdence by 
providing clear 
choices between 
GMO, non-
GMO, and 
organic products. 

Develop crops 
tailored for 
specifc regional 
issues and explore 
non-GMO 
biotechnologies to 
address public 
resistance. 

Offset initial 
adoption costs 
and promote 
locally managed 
biotech seed 
systems to reduce 
dependency on 
multinational 
companies. 

Foster trust and 
inclusivity by 
involving all 
stakeholders in 
the decision-
making process. 

Implementation 
Examples 

Introducing 
biotech crops as 
complementary to 
indigenous farming in 
India 

EU’s stringent GMO 
labeling laws; 
voluntary “GMO-
Free” certifcation 
programs in the USA; 
co-labeling schemes 
where GMO and 
organic products 
coexist peacefully. 

Golden Rice for 
combating vitamin A 
defciency; CRISPR-
edited crops in Japan 
and Europe that 
bypass GMO 
regulatory 
frameworks. 

Subsidies for biotech 
seeds in China; 
community seed banks 
in Malawi offering 
drought-resistant 
biotech seeds. 

Public-private 
collaborations for GM 
maize in Africa; 
partnerships with NGOs 
to educate farmers in 
Brazil about biotech 
safety and effcacy. 

References 
Scoones (2008); 
Shiva (2001); 

Hoban (1997); 
Fernandez-
Cornejo et al. 
(2014) 

James (2001); 
Brookes and 
Barfoot (2020); 
ISAAA (2021) 

Brookes and 
Barfoot (2020) 

Paarlberg (2008); 
ISAAA (2021) 
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TABLE 16.2 (Continued) 
Alternatives and Solutions for Opposition to Genetically Modifed (GM) Crops 

Category 
Environmental 
alternatives 

Education 
programs 

Public-private 
partnerships 

Alternatives to 
biotech crops 

Trade 
facilitation 

Strategies/ 
Alternatives 

Biotech crops for 
climate resilience; 
organic-biotech 
hybrid systems 

Farmer and 
consumer training; 
use of interactive 
online platforms 

Shared development 
initiatives; 
collaboration with 
independent 
research 
organizations 

Marker-assisted 
selection (MAS); 
agroecological 
farming practices 

Low-level presence 
(LLP) policies; 
blockchain for 
biotech traceability 

Rationale 
Promote crops 
with proven 
environmental 
benefts and 
explore hybrid 
farming systems 
combining 
biotech and 
organic practices. 

Enhance 
understanding 
of biotech crop 
benefts and 
management, 
addressing 
fear and 
misconceptions. 

Promote 
affordability, 
accessibility, and 
transparency by 
involving both 
public institutions 
and independent 
entities. 

Provide non-
biotech genetic 
improvement 
techniques 
and integrate 
sustainable 
farming practices 
as alternatives. 

Address trade 
barriers by 
allowing minimal 
GMO presence 
and enhancing 
transparency in 
biotech crop 
supply chains. 

Implementation 
Examples 

Drought-resistant maize 
in sub-Saharan Africa; 
integrated pest 
management (IPM) 
systems combining Bt 
crops with biological 
pest control agents. 

Extension programs in 
India for Bt cotton; 
online platforms 
offering interactive 
modules for farmers 
and consumers about 
GM crop safety and 
applications. 

Partnerships like 
Monsanto’s WEMA 
project in Africa; 
collaborations with 
CGIAR centers to 
develop region-
specifc biotech 
solutions. 

MAS to develop 
disease-resistant wheat 
varieties in Asia; 
agroecological 
practices combining 
crop rotation with 
natural fertilizers in 
Latin America. 

Canada’s LLP policies 
for biotech traits; 
blockchain-based 
traceability systems in 
global grain markets. 

References 
Brookes and 
Barfoot (2020); 

Qaim (2020); 
ISAAA (2021) 

Scoones (2008); 
Paarlberg 
(2008); ISAAA 
(2021) 

Qaim (2020); 

Carter et al. 
(2011); Brookes 
and Barfoot 
(2020) 
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approaches, such as aligning biotech adoption with local practices and mandatory 
GMO labeling, aim to build consumer trust, while economic incentives like subsidies 
reduce farmer reliance on multinational seed companies (FAO, 2023). Alternatives 
like CRISPR-based editing, agroecology, and public-private partnerships offer non-
GMO solutions, supported by tools like blockchain for supply-chain transparency 
(Glover et al., 2020). 

16.7 GLOBAL PERSPECTIVES 

GM crops can be engineered to achieve higher yields, enhance resistance and toler-
ance to drought and pests, and potentially improve food security while reducing 
global hunger (Figure 16.1) (Krishna et al., 2014; Snell et al., 2012). Genetic modi-
fcation can also enhance the nutritional content of crops by increasing essential 
vitamins and minerals, helping to address malnutrition. Additionally, GM crops can 
reduce environmental impact by boosting yields and lowering the use of pesticides 
and herbicides, promoting sustainable agricultural practices (Qaim, 2020; Scoones, 
2008). Environmental concerns include the risk of gene fow, the emergence of 
herbicide-resistant weeds, and potential harm to benefcial insects and biodiversity. 
Ethical debates also arise over the manipulation of living organisms, and the con-
centration of GM crop development among a few large corporations raises issues of 
access and equity for small farmers (Paarlberg, 2008). 

FIGURE 16.1 Global perspective on the drivers of GM crop adoption. 
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16.8 CONCLUSION 

Opposition to the global acceptance of biotech crops stems from a complex inter-
play of environmental, ethical, economic, and social concerns. While proponents 
highlight the potential benefts of biotech crops, such as increased food security, 
reduced pesticide use, and enhanced nutritional content, critics raise valid con-
cerns regarding biodiversity, the concentration of power in agribusiness, and the 
long-term health and ecological impacts. Public skepticism is often fueled by a 
lack of transparent regulatory frameworks and insuffcient understanding of the 
science behind genetic modifcation. As a result, achieving global consensus on 
the adoption of biotech crops requires not only rigorous scientifc research and 
clear communication but also addressing the broader socio-economic and ethical 
implications, ensuring that all stakeholders have a voice in shaping the future of 
agriculture. 
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17.1 INTRODUCTION 

The concept of sustainability, derived from the Latin Sustinere, emphasizes 
environmental preservation and resource management for future generations, 
gaining prominence since the 1972 UN Conference on the Human Environment 
(Fathi, 2022). Despite global agreements post-1992, challenges like biodiversity 
loss and climate crises persist, intensifying the need for sustainable agriculture 
that balances food security with ecological and economic viability (Rajesh et al., 
2024). Zero Budget Natural Farming (ZBNF) exemplifes this shift, reviving 
pre-colonial practices that relied on natural inputs before commercial crops 
dominated (Kumar et al., 2023; Rajesh et al., 2024). Agricultural biotechnology, 
now a key driver of India’s socioeconomic growth, merges traditional breed-
ing with modern techniques to enhance productivity (Business Standard, 2013; 
Lima, 2022). 

However, its association with industrial farming and patented seeds often sparks 
debate, confating the method’s potential with perceived risks (Estrada et al., 2017). 
The emerging “gene revolution” aims to decode DNA for agricultural innovation, 
yet faces criticism for ties to pesticide-dependent monocultures and corporate seed 
control (Estrada et al., 2017). Sustainable agriculture’s core challenge lies in boost-
ing yields amid climate change and shrinking arable land while reducing synthetic 
inputs. Biotechnology offers tools to address these gaps, but its success hinges 
on divorcing the process from controversial products like patented Genetically 
Modifed Organisms (GMOs). Achieving sustainability requires reconciling high-
tech solutions with ecological principles, ensuring food security without compro-
mising environmental or farmer autonomy. Ultimately, harmonizing traditional 
wisdom, like ZBNF, with biotechnological advances could pave the way for resil-
ient, equitable food systems. This chapter explores how the convergence of these two 
felds can drive sustainable agricultural practices and contribute to long-term food 
system stability. 

https://doi.org/10.1201/9781003597797-17
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17.2 NATURAL FARMING: ADVANCEMENT TOWARD 
CREATION OF A GREENER FUTURE 

Natural farming promotes an ecological, chemical-free approach integrating crops, 
trees, and livestock to enhance soil fertility, conserve water, and reduce environmen-
tal impact while prioritizing biodiversity and sustainability (National Mission on 
Natural Farming Management and Knowledge (NMNFMK, 2025; Radico Khaitan, 
2024). The Indian government supports this transition through initiatives like the 
National Mission on Natural Farming (NMNF), which provides Rs. 15,000/hectare 
annually for three years to farmers adopting chemical-free practices, focusing on 
behavioral shifts toward cow-based inputs (NMNFMK, 2025). The Paramparagat 
Krishi Vikas Yojana (PKVY), launched in 2015, emphasizes soil health under the 
National Mission on Sustainable Agriculture, while the Bharatiya Prakritik Krishi 
Paddhati (BPKP) sub-scheme (2019–2025) allocates ₹4645.69 crore to liberate
farmers from imported inputs, offering Rs. 12,200/hectare for cluster development 
and certification (NMNFMK, 2025; Reddy, 2018). The National Centre for Organic 
and Natural Farming (NCONF) acts as a knowledge hub, promoting organic and 
regenerative practices, with the 2024 budget earmarking Rs. 1.52 lakh crore to assist 
1 crore farmers in transitioning to natural farming (NMNFMK, 2025). These pro-
grams collectively aim to empower farmers economically and socially while ensur-
ing ecological resilience through localized, sustainable practices.

17.3  BIOTECHNOLOGICAL INTERVENTIONS 
IN NATURAL FARMING

Agricultural biotechnology enhances agroecosystem productivity through three key 
approaches: plant modification, soil improvement, and alternative fuel inputs (Badiyal 
et al., 2024). Traditional breeding, accelerated by biotechnological tools like genetic 
engineering and micro-propagation, reduces development time for stable genotypes 
from 6–7 generations to 2–4 (Ahmar et al., 2020). High-yielding varieties emerged 
from marker-assisted selection (MAS) and hybridization, with genes like DREB in 
rice improving photosynthesis and stress tolerance, while wheat and maize stud-
ies identified traits affecting height, spikelets, and kernel weight (Jiang et al., 2023; 
Kelliher et al., 2019). Photosynthetic efficiency is boosted by modifying enzymes 
such as PsbS, increasing biomass and nitrogen utilization (Curatti & Rubio, 2014).

Insect-resistant crops like Bt cotton, developed via Agrobacterium-mediated 
transformation, utilize cry genes from Bacillus thuringiensis (Carrière et al., 
2015; Sanahuja et al., 2011), while disease-resistant varieties leverage CRISPR, 
TALENs, and APR genes in wheat (Ellis et al., 2014). Herbicide-resistant crops, 
such as glyphosate-tolerant varieties, mitigate weed competition by targeting the 
EPSPS enzyme (Tan et al., 2006), and abiotic stress resilience is advanced through 
omics tools like RNA-Seq (Chantre et al., 2016). Biofortification enriches crops like 
Golden Rice (vitamin A) and iron-rich cassava via transgenic and mixed-cropping 
systems (Ebbisa, 2022; Paine et al., 2005). Soil modification employs bioremediation 
to degrade xenobiotics using plant-microbe partnerships (Zhang et al., 2017), while 
composting converts waste into bioavailable nutrients, though poor management risks 
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pollution (Singh et al., 2021). Microbe-mediated biofortifcation addresses nutrient 
gaps (e.g., vitamin B12 via rhizobacteria) (Krishna et al., 2023), and PGPRs enhance 
iron, zinc, and selenium uptake (Khanna et al., 2023). Biofertilizers fx nitrogen 
and solubilize phosphorus, improving soil health and stress tolerance (Badiyal et al., 
2024), while biopesticides derived from bacteria and plants offer target-specifc pest 
control without harming non-target species (Dar et al., 2021). These innovations col-
lectively reduce reliance on synthetic inputs, aligning productivity with ecological 
sustainability. 

17.4 DIGITALIZATION IN AGRICULTURE 

Feeding the world’s projected 10 billion population by 2050 while ensuring sustain-
able development remains a critical global challenge, requiring signifcant increases 
in agricultural productivity (Food and Agriculture Organization of the United 
Nations (FAO), 2018). Growing demands for food security, sustainability, and proft-
ability, compounded by climate change and economic pressures, highlight the need 
for innovative solutions (Prause, 2021). Digital agriculture encompassing AI, IoT, 
big data analytics, and ICT transforms traditional farming into data-driven systems 
that optimize production while reducing environmental impacts (Fielke et al., 2020; 
Goel et al., 2021). This shift, termed “Agriculture 4.0” (Da Silveira et al., 2021) or 
“smart farming” (Ingram et al., 2022), leverages digitalization to enhance effciency 
and sustainability in food production (Schnebelin et al., 2021). 

Agriculture 4.0 integrates advanced technologies like AI, IoT, robotics, and big 
data to enhance global agricultural competitiveness by optimizing production, distri-
bution, and marketing while minimizing waste through precision farming and real-
time monitoring (Bešić et al., 2022; Rai, 2023). Precision agriculture leverages IoT 
sensors, drones, and satellite data to improve irrigation, fertilization, and pest control, 
boosting yields and reducing costs (Dhanaraju et al., 2022), while sensor technology 
enables real-time soil moisture, nutrient, and weather tracking to enhance resource 
effciency (Rai, 2023). Variable rate technology (VRT) tailors input application to 
feld-specifc needs, reducing environmental impact and costs, though affordability 
for small-scale farmers remains a challenge (Rai, 2023). 

Drones provide high-resolution crop and soil mapping but require regulatory 
frameworks and farmer training for ethical deployment, and robotics automate labor-
intensive tasks like harvesting and weeding, though adoption demands signifcant 
investment and training (Rai, 2023). AI further revolutionizes agriculture through 
predictive analytics for yield forecasting, disease detection, and soil health optimiza-
tion, enabling data-driven decision-making (Rai, 2023). Together, these innovations 
underpin a sustainable, effcient, and high-yielding agricultural future, contingent on 
accessibility, regulation, and education. 

17.5 CLIMATE-SMART AGRICULTURE 

Climate-smart agriculture (CSA) (Figure 17.1) is just one example of how the agri-
culture industry is fast changing due to digitalization. Digital tools can improve 
agricultural decision-making, boost output, and lessen the negative effects of 
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FIGURE 17.1 Applications, services provided, and sensors used in Agriculture 4.0. 

agriculture on the environment. Precision farming, crop management, market 
access, data management, weather monitoring and forecasting, and farm manage-
ment are some of the key areas of digitalization associated with the aforemen-
tioned felds. CSA is still in the early phases of digitalization, and obstacles like 
the expense of technology and the digital gap in rural areas must be addressed 
(Figure 17.2). But there are also a lot of potential advantages, and digitalization 
may be a big part of making agriculture more resilient in the face of climate change 
(Dhanaraju et al., 2022). 

FIGURE 17.2 Pillars of climate smart agriculture. 
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17.6 DIGITAL APPROACHES IN AGRICULTURE 

Data-driven agriculture relies on the collection of various data from environmental 
elements and agricultural inputs, such as satellite photos, soil health data, land records, 
and cropping patterns, to drive digitalization in the sector. Satellite imagery aids in 
crop characterization, land use classifcation, and gathering weather data, which is 
analyzed and shared on mobile platforms (Confederation of Indian Industry, 2021; 
Katekar & Cheruku, 2022). Digital agriculture extension services address the lack 
of reliable information for farmers, using SMS, Interactive Voice Response (IVR), 
radio, and low-cost video to provide timely alerts, weather forecasts, and best prac-
tices (Cheruku & Katekar, 2023). Digital Financial Services (DFS) became feasible 
in India with the JAM trinity (Jan Dhan, Aadhar, and mobile phones), enabling Direct 
Beneft Transfer (DBT) and better access to fnancial services for farmers (Economic 
Survey, 2016). DFS also facilitates tracking of produce, such as fruits and vegeta-
bles, through digital barcodes and connects farmers to national markets via e-NAM 
(Cheruku & Katekar, 2023; Ministry of Agriculture and Farmers’ Welfare, 2018). 

17.7 CONVENTIONAL VS. MODERN NATURAL FARMING 

Conventional natural farming focuses on using only natural inputs to maintain agro-
ecosystems, reducing reliance on synthetic fertilizers and pesticides, while biotech-
nology enhances the effects of natural inputs like microorganisms and agricultural 
waste (Badiyal et al., 2024). Biotechnology-assisted natural farming, though requir-
ing research funding, becomes self-sustaining once suitable products or varieties are 
developed and can address the needs of smallholder farmers in developing coun-
tries (Food and Agriculture Organization of the United Nations (FAO, 2011). This 
approach boosts crop resilience and nutritional benefts by incorporating traits from 
wild crop relatives, improving resistance to pests, diseases, and climate challenges, 
thus offering potential solutions for sustainable agriculture (Asdal, 2008). 

17.8 IMPACT OF BIOTECHNOLOGY ASSISTED 
NATURAL FARMING 

Biotechnology in agriculture has raised concerns regarding its impact on ecosys-
tem biodiversity, but bio-herbicides offer a more sustainable alternative by reduc-
ing greenhouse gas emissions and targeting fewer weed species (Chamberlain et al., 
2007). Transgenic crops, such as Bt cotton and soybean, have shown little to no effect 
on genetic diversity, and public sector germplasm collections help preserve genetic 
variety (Sneller, 2003). Bt crops also help conserve non-target species, promoting 
greater arthropod diversity compared to traditional insecticides, while reducing the 
spread of pest resistance (Cattaneo et al., 2006; Naranjo, 2005). Incorporating ref-
uges—non-biotech crops—further delays resistance by providing susceptible insects 
for mating, ensuring hybrids cannot survive on Bt crops (Environmental Protection 
Agency (EPA), 2001). Economically, natural farming practices are essential for sus-
tainability, with biotechnology-enhanced precision agriculture reducing the need for 
costly pesticides, conserving water, and boosting long-term productivity (Badiyal 
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et al., 2024; Das et al., 2023). Additionally, natural farming supports social systems 
by fostering community collaboration, preserving cultural identities, and aligning 
with traditional farming practices (Badiyal et al., 2024). 

17.9 IMPORTANCE OF SUSTAINABLE DEVELOPMENT 
IN AGRICULTURE 

Sustainable agriculture promotes farming methods that ensure the long-term viabil-
ity of both farmers and natural resources, preserving soil quality, reducing degrada-
tion, conserving water, and enhancing biodiversity (Ansari & Tabassum, 2018). It 
plays a crucial role in preventing the loss of biodiversity, lowering greenhouse gas 
emissions, and improving farming effciency without compromising future genera-
tions’ needs (Obaisi et al., 2022). Key practices in sustainable agriculture include 
crop rotation, managing nutritional defciencies, pest control, recycling, and water 
harvesting, all contributing to a safer environment (Dhanaraju et al., 2022). As 
greenhouse gas emissions affect both ecosystems and living organisms, fostering a 
healthier environment is essential for their well-being (Latake et al., 2015). However, 
operational viability in agriculture has often focused primarily on economic fac-
tors, neglecting social and environmental demands, which often confict (Meinke, 
2019). To transition to sustainable development, it’s vital to integrate government 
actions, improve working conditions, and foster collaboration among stakeholders 
(El Bilali et al., 2021). Additionally, integrating open data with agricultural informa-
tion through sophisticated algorithms can enhance decision-making and operational 
effciency, improving practices like irrigation and fertilization (Gamage et al., 2024). 
Finally, ensuring soil sustainability and biodiversity through advanced biomonitor-
ing systems and using natural pesticides can help maintain healthy ecosystems and 
improve both economic and environmental outcomes (Butnariu, 2015; Butu et al., 
2020; Flak, 2020). 

17.10 SYNERGISTIC ROLE OF AGRICULTURE TOWARD 
SUSTAINABLE DEVELOPMENT 

Sustainable agriculture, as defned by the FAO, aims to produce safe, high-quality 
agricultural products while safeguarding the environment, improving social and 
economic conditions for farmers and communities, and ensuring the welfare of 
farmed species (Castro et al., 2021). It supports the achievement of several UN 
Sustainable Development Goals (SDGs), including those related to poverty, hunger, 
inequality, responsible production, climate change, and ecosystem health (Castro 
et al., 2021). By balancing economic, social, and environmental factors, sustainable 
agriculture ensures the long-term provision of food, fber, and other resources for an 
increasing population (Pawlak & Kołodziejczak, 2020). The FAO has outlined fve 
guiding principles for advancing sustainability in agriculture, which include improv-
ing resource effciency, protecting natural assets, supporting the rural economy and 
social wellbeing, mitigating climate change and market risks, and promoting good 
governance (Gamage et al., 2024). 



    

  

 

 

216 Plant Biotechnology and Food Security 

17.11 METHODS FOR ENCOURAGING SUSTAINABLE 
AGRICULTURE 

Promoting sustainable agriculture requires a multifaceted approach that considers 
socioeconomic factors, environmental impacts, and farming practices. Education 
and training are essential, providing farmers with resources and guidance on prac-
tices like soil conservation and crop rotation (Coulibaly et al., 2021; Karunathilake 
et al., 2023). Innovation and technology, such as genetically modifed crops and 
precision agriculture tools, can enhance sustainability by reducing environmental 
impact (Muhie, 2022). Government policy support, including incentives for eco-
friendly practices and biodiversity preservation, is critical in encouraging sustain-
able behaviors (Brunelle et al., 2024). Additionally, promoting agroecology and 
creating market demand through labeling systems can further support sustainable 
farming methods, while fostering collaboration among stakeholders (Cook et al., 
2023; Gamage et al., 2023; Velten et al., 2021). 

17.12 CONCLUSION 

In agriculture, biotechnology has become a versatile instrument that includes a wide 
range of approaches, from sophisticated genetic engineering to conventional breed-
ing methods. With agricultural biotechnology as a major subset of the Indian biotech 
industry, this all-encompassing strategy has been crucial to the agricultural revolu-
tions of the twenty-frst century, greatly boosting production and the socio-economic 
growth of nations. Misconceptions and strict regulations have resulted from the link 
of biotechnology with industrial farming methods in several nations. Addressing the 
misconception that underpins regulatory diffculties requires making a distinction 
between the safety of the fnal product and the biotechnology production process. 
When used effectively, biotechnology improves plants, modifes soil, and creates 
substitutes for fuel inputs in agricultural machinery, all of which contribute to sus-
tainability in agriculture. 
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18.1 INTRODUCTION 

Climate change involves long-term shifts in climatic factors like temperature, rain-
fall, and humidity, with far-reaching impacts on local, national, and global scales. 
It threatens food security, crop productivity, and natural resources while hindering 
progress toward the United Nations’ Sustainable Development Goals (Davis et al., 
2020). Rising global temperatures and frequent heatwaves exacerbate these chal-
lenges, as heat stress temperatures above 35°C disrupt plant growth, reduce crop 
yields, and harm biodiversity (Lee et al., 2021). Extreme heat also affects urban life 
quality, worker productivity, and human health, with signifcant losses observed in 
species and crop yields in regions like China and the U.S. (Liu et al., 2024). To com-
bat heat stress, plants activate thermomorphogenesis and heat acclimation, but these 
processes generate reactive oxygen species (ROS), damaging cellular structures 
and reducing photosynthesis (Singh et al., 2020). Nanotechnology offers promising 
solutions, such as nano-priming seeds, nanofertilizers, and nanopesticides, which 
enhance crop resilience and productivity (Sharma et al., 2020). Engineered nano-
materials (ENMs) are intentionally designed materials with at least one dimension 
between 1 and 100 nm, exhibiting unique properties for diverse applications in medi-
cine, electronics, energy, and more (Das et al., 2021a, b). However, Figure 18.1 shows 
how ENMs can boost crop resilience. 

Nano-sensors and nano-harvest technologies enhance smart farming by reduc-
ing food spoilage and improving precision agriculture, while nanomaterials, such as 
nanofertilizers, nanopesticides, and nanocarriers, boost crop resilience and sustain-
ability (Rodriguez et al., 2019). Climate change intensifes agricultural challenges, 
including water scarcity, erratic weather, and increased pest resistance, threatening 
staple crops like maize and soybean (Thomson et al., 2019). With the global popula-
tion projected to reach 9.1 billion by 2050 and arable land shrinking, nanotechnology 
offers innovative solutions, such as slow-release fertilizers and nano-herbicides, to 
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FIGURE 18.1 ENMs boost crop resilience via nanobiosensors, nanofertilizers, nanopesti-
cides, and genetic nanocarriers in sustainable agriculture. 

improve resource effciency and stress tolerance (Zafar et al., 2021). This chapter 
summarizes how nanobiotechnology enhances crop resilience to climate change 
through ENMs like nanofertilizers, nanopesticides, and nano-sensors and improves 
stress tolerance, nutrient effciency, and yield stability while addressing heat stress, 
water scarcity, and soil degradation for sustainable agriculture. 

18.2 CLIMATE CHANGE: A GLOBAL ISSUE 

Climate change refers to long-term shifts in temperature, precipitation, and weather 
patterns, primarily driven by human activities like fossil fuel combustion and defor-
estation (Hurlimann et al., 2021). Greenhouse gases (GHGs), such as carbon dioxide 
(CO2) and methane (CH4), trap heat in the atmosphere, exacerbating the greenhouse 
effect and leading to global warming (Yeleliere et al., 2023). Adaptation involves 
adjusting agricultural, ecological, or societal systems to mitigate climate impacts, 
while mitigation focuses on reducing GHG emissions through renewable energy and 
carbon sequestration (El-Ramady et al., 2023). Climate-smart agriculture (CSA) 
integrates sustainable practices like drought-resistant crops and precision farming to 
enhance resilience and productivity (Sahoo et al., 2023). 

Abiotic stress, including drought, heat, and salinity, threatens crop yields, whereas 
biotic stress involves climate-driven pest and disease outbreaks (Ritchie et al., 2023). 
Without mitigation, these trends risk irreversible damage to ecosystems, food systems, 
and human well-being (Chausali et al., 2023). Agriculture is particularly vulnerable, 
facing heat stress, water scarcity, and soil degradation, even as the sector contributes 
18.4% of global GHG emissions (Brevik et al., 2012). CSA and nanotechnology offer 
solutions, such as carbon sequestration nanomaterials (Wang et al., 2023) and resil-
ient farming practices (Wakweya et al., 2023). Equitable implementation remains a 
challenge, as smallholder farmers often lack access to advanced technologies (Ijaz 
et al., 2023). Figure 18.2 summarizes the key terms related to climate change. 
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FIGURE 18.2 Key terms related to climate change and their defnitions. 

18.3 APPLICATION OF ENMS IN IMPROVING STRESS 
RESILIENCE OF CROP PLANTS 

ENMs have diverse agricultural applications, serving as nanobiosensors, nanofertil-
izers, nanopesticides, and nanocarriers for genetic engineering. These innovations 
enhance soil health, improve pathogen control, and boost crop resilience (Mazumder 
et al., 2023). ENMs also optimize nutrient delivery, enable stress prediction, support 
genetic modifcations, and restore soil microbiomes, enhancing yields while reduc-
ing environmental impact (Pal et al., 2023). Table 18.1 provides a summary of vari-
ous nano-enabled strategies for crop improvement. 

18.3.1 NANOFERTILIZERS FOR EFFICIENT UTILIZATION OF AGROCHEMICALS 

Nanotechnology offers innovative approaches to improve fertilization effciency 
through direct nutrient uptake, targeted delivery, and controlled-release mechanisms 
(Rehman et al., 2022). Among various nanoparticles (NPs), gold (AuNPs) and silver 
NPs (AgNPs) are particularly notable for their ease of synthesis and bio-conjugation 
properties, though their primary role is not nutritional supplementation but rather 
growth enhancement (Kanwar et al., 2019). Tailored NPs, including Zn, Ag, Cu, Fe, 
Au, Ni, and metal oxides (Al2O3, SiO2, TiO2, CeO2, Fe2O4), have been engineered to 
optimize plant processes (Nayak et al., 2025). For instance, nanoscale iron boosts 
germination and chlorophyll content in rice and maize (Prerna et al., 2021), while 
titanium NPs (TiNPs) enhance photosynthetic effciency (Larue et al., 2018). 
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TABLE 18.1 
Various Nano-Enabled Strategies for Crop Improvement, Associated Challenges, and Future Implications 

Nano-Based Type of Nanoparticles Plant Studied Improved Crop Challenges Recommendations References 
Strategy (NPs) Used Characteristics 
Nanofertilizers Carbon nanoparticles Zea mays, Enhanced crop growth, Limited understanding of Research on NP performance Xin et al. 

(CNPs) Glycine max improved soil quality, nanoparticle behavior in across different soil (2022) 
increased nutrient uptake, soil and plant systems conditions and their
and photosynthetic internalization mechanisms
effciency 

Zincated nanoclay – Improved soil moisture Long-term impact on soil Investigate the long-term Mandal et al. 
polymer composites retention, slow release of health is not well effects of nanoclay (2018) 
(ZNCPCs) nutrients studied amendments on soil

ecosystems 

Pristine (ZnO MNPs) and – Increased nutrient Limited understanding of Optimize nanomaterials for Chen et al. 
sulfdized zinc oxide availability and disease plant-microbe benefcial plant-microbe (2023) 
nanoparticles (s-ZnO resistance interactions interactions 
MNPs) 

Nanopesticides Metal NPs (CuO, ZnO, Tomato Reduced damage from Unclear interactions Further studies on non-target Jiang et al. 
FeO) (Solanum plant pathogens between nanopesticides effects and ecological risks (2021) 

lycopersicum) and pathogens

Nano-sensors FRET nano-sensors Arabidopsis Monitors nutrient fux in Limited integration with Develop integrated Chaudhuri 
intact plant organs precision agriculture nano-sensor technologies et al. (2008) 

for smart farming 

Multiwalled carbon - Early detection of stress Limited detection across Expand biosensor Tahir et al. 
nanotube-based zinc biomarkers (e.g., viral crop varieties applications across different (2017) 
nanocomposite (ZnO/ infections) crops 
MWCNT) 
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Nanocarriers

Other applications 

Delaminated layered
double hydroxide lactate 
nanosheets
(LDH-lactate-NS)

Polyethylene oxide (PEO) 
nanofbers

Titanium dioxide (TiO2) 
nanoparticles

TiO2/montmorillonite clay
(MMT) nanocomposite
powder 

Nanobubble water 

Silver nanoparticles 
(AgNPs) 

–

–

Plumeria rubra 

–

Palm oil mill 
effuent

Watermelon, 
muskmelon 

Increased stress tolerance
and reduced crop losses

Enhanced plant growth and 
potential as a seed coating

Protection from UV
radiation and extreme 
temperatures

Reduced heavy metal 
uptake in crops 

Increased water effciency 
and higher crop yield

Extended shelf life and
reduced spoilage 

Limited research on
stability and feld
performance

Limited feld research on
microbial delivery 

Limited knowledge of 
environmental safety 

Limited understanding of
nanoclays’ interactions
with heavy metals 

Limited scalability for
agricultural use

Concerns regarding food 
safety and human health 

Optimize gene delivery 
mechanisms for higher
effcacy 

Investigate the stability of 
nanocarriers for benefcial
microorganism transport 

Assess environmental impact 
and long-term safety

Study interactions between
nanoclays and contaminants

Research the scalability and
economic feasibility of
nanobubble irrigation 

Evaluate the safety of 
nanomaterials in food
preservation 

Song et al.
(2019)

Campana &
Yahdjian 
(2021)

Bundele et al.
(2023)

James et al.
(2023)

He et al.
(2022)

Nayab et al.
(2023) 

N
an

o
b

io
tech

n
o

lo
g

y A
p

p
ro

ach
es fo

r C
lim

ate C
h

an
ge A

d
ap

tatio
n

 



 
 
 
 
 
 
 
 
 
 
 
 

     
 

 
 
 
 

  
  

 

 

226 Plant Biotechnology and Food Security 

Zinc NPs (ZnNPs) improve seed germination in wheat, onions, peanuts, and 
soybeans (Larue et al., 2018), and copper carbon nanofertilizers (Cu-CNFs) 
enhance water uptake, germination, and chlorophyll synthesis in chickpeas 
(Larue et al., 2018). Carbon-based nanomaterials, such as graphene oxide and 
quantum dots, also improve root architecture and overall plant development. 
Nanofertilizers reduce nutrient losses by enabling slow release apatite NPs, for 
example, increase phosphorus bioavailability, boosting soybean yields by 20.4% 
(Dimkpa et al., 2019). Surfactant-modifed zeolites further enhance phosphate 
availability (Abdelmigid et al., 2022). Field applications remain limited, but 
studies suggest nanoscale micronutrients mitigate abiotic stress and improve 
crop performance even at low doses (Arsic et al., 2020). Figure 18.3 illustrates 
the various advantages of using NPs made from different chemical elements in 
plants. 

18.3.2 NANOPESTICIDES FOR ENHANCED CONTROL 

EFFICACY OF PLANT PATHOGENS 

Sustainable crop production requires minimizing losses caused by pathogens, 
pests, and environmental stresses. Nano-enabled pesticides present a promising 
solution, as conventional pesticides are often ineffcient, with only about 0.1% 
reaching their intended targets (Dweh et al., 2023). Metal NPs, such as zinc and 
silver, have demonstrated effcacy against fungal pathogens. Zinc-based com-
pounds suppress Fusarium head blight in wheat, while AgNPs inhibit Bipolaris 
sorokiniana and Magnaporthe grisea (responsible for rice blast) (Norman et al., 
2023). Chitosan-based NPs also enhance plant resistance; for instance, biofunc-
tionalized manganese NPs (Bio-MnNPs) suppressed Fusarium wilt in watermel-
ons by activating host defenses and modulating soil microbiota (Noman et al., 

FIGURE 18.3 Schematic illustration of the various advantages of using nanoparticles made 
from different chemical elements in plants. 
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2023). Targeted delivery systems, such as enzyme-responsive nanocarriers (e.g., 
β-glucanase-modifed mesoporous silica NPs), improve pesticide precision 
(Kaziem et al., 2022). Additionally, Cu-chitosan nanocomposites exhibit dual 
functionality in maize cultivation, offering both antifungal properties and plant 
growth benefts (Nagger et al., 2022). 

18.3.3 NANO-SENSORS FOR IMPROVED PRECISION FARMING 

Agricultural automation has signifcantly enhanced crop management effciency 
while reducing labor dependency and promoting environmental sustainability 
(Saravanadevi et al., 2022). A key innovation in this feld is plant nano-sensors, 
which facilitate direct farmer-plant communication by detecting stress signals and 
nutrient defciencies, converting them into measurable electrical or optical outputs 
for real-time monitoring (Khandelwal et al., 2019). These sensors, integrated with 
technologies like GPS and GNSS, enable automated tracking of plant health, soil 
conditions, and stress levels, optimizing resource use and preventing crop losses 
through precision farming (Giraldo et al., 2019). While nano-sensors offer benefts 
such as pathogen detection and improved micronutrient absorption, concerns per-
sist regarding potential adverse effects, including genomic instability and hormonal 
disruptions (Yan et al., 2022). Despite these challenges, studies demonstrate their 
transformative potential; for instance, DNA-functionalized carbon nanotubes detect-
ing H2O2 in Arabidopsis (Wu et al. 2020a; Wu et al. 2020b) and manganese NPs 
mitigating salinity stress in pepper seedlings (Ye et al., 2020) highlight their role in 
advancing sustainable, smart agriculture. 

18.3.4 NANOCARRIERS FOR THE EFFECTIVE DELIVERY OF BIOMOLECULES 

Nanotechnology offers innovative solutions for enhancing genetic material deliv-
ery in plants, improving gene editing (e.g., CRISPR-Cas9), and stabilizing biomol-
ecules like double-stranded RNA (dsRNA) for pest control (Demirer et al., 2019). 
However, delivering these molecules across rigid plant cell walls remains a chal-
lenge. Nanocarriers enable targeted, non-invasive delivery of CRISPR components 
without foreign DNA integration, though further research is needed on NP-plant 
interactions (Landry et al., 2019). Nanotechnology in Disease Detection and RNAi-
Based Pest Control Plasmonic nanomaterials integrated with smartphone-based 
diagnostics allow non-invasive plant disease detection, though feld scalability 
requires refnement (Kumar et al., 2021). In pest management, dsRNA-mediated 
gene silencing provides an alternative to transgenic crops, but its effcacy is lim-
ited by rapid degradation on leaf surfaces. Nanomaterials, such as layered double-
hydroxide (LDH) clay nanosheets, stabilize dsRNA and enable controlled release, 
extending protection against viruses (Landry et al., 2019). While dsRNA is highly 
effective against nematodes and beetles, its effciency varies among insects, partic-
ularly lepidopterans (moths and butterfies), due to differences in RNAi machinery 
(Zhang et al., 2020). Environmental and Sustainability Considerations Synthetic 
nanocarriers for biomolecule delivery often lack biodegradability, whereas those 
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designed for pesticides and nutrients show better environmental compatibility (Das 
et al., 2020). 

18.4 MECHANISM UNDERLYING NANO-ENABLED 
SUSTAINABLE CROP PRODUCTION 

The integration of nanotechnology into agriculture presents transformative poten-
tial for enhancing sustainable farming, food security, and environmental resilience 
(Wang et al., 2022). Among nanomaterials, carbon dots (CDs) have gained promi-
nence due to their biocompatibility, tunable photoluminescence, and low toxicity 
(Maholiya et al., 2023). CDs enhance photosynthesis, improve seed germination 
and water uptake, and protect crops from biotic and abiotic stresses through anti-
microbial and antioxidant properties. Additionally, they enable precision agriculture 
by facilitating herbicide and pesticide detection via smart sensing systems. Beyond 
CDs, nanotechnology applications in horticulture, such as nanofertilizers, nanopes-
ticides, and nano-sensors, enhance crop productivity, shelf life, and quality (Rana 
et al., 2021). Research on polyamines (PAs) as biostimulants further highlights their 
role in boosting plant growth and stress tolerance, with potential for optimizing crop 
resilience through PA signaling pathways (Tyagi et al., 2022). 

Nanotechnology also addresses climate-related challenges, such as heat stress. 
Zinc oxide NPs (n-ZnO) applied as a foliar spray (90 mg/L) signifcantly mitigate 
heat stress in alfalfa, preserving growth and physiological traits more effectively 
than post-stress treatments (Kareem et al., 2022). Similarly, metal-based NPs exhibit 
strong antimicrobial properties, protecting crops from pathogens. For instance, 
studies on Fritillaria imperialis demonstrate enhanced freezing tolerance through 
NP-induced activation of Ca2+ signaling and antioxidant systems (Li et al., 2023). 

18.4.1 PROMOTION OF PLANT GROWTH 

Nanotechnology offers promising solutions to mitigate agricultural losses caused 
by environmental stresses like heat, drought, and salinity, which are exacerbated by 
climate change (Vema et al., 2022). Various nanomaterials enhance plant resilience 
and growth: cerium oxide NPs reduce oxidative stress (Hassanisaadi et al., 2022), 
carbon nanotubes accelerate root development (AboDalm et al., 2022), and titanium 
dioxide/silicon NPs improve germination (Behl et al., 2022). Iron oxide NPs boost 
watermelon yields (Guleria et al., 2022), while mesoporous silica NPs enhance pho-
tosynthesis by targeting chloroplasts. Controlled hormone delivery via nanocarriers 
(Sun & Li, 2022) and zinc oxide NP coatings (Wu et al., 2022) further demonstrate 
nanotechnology’s potential in improving nutrient uptake and stress tolerance. 

18.4.2 RESHAPING OF PLANT MICROBIOME 

Nanomaterials show signifcant potential for enhancing soil health and agricultural 
sustainability by improving nutrient uptake, water retention, and pathogen resis-
tance (da Silva Junior et al., 2022). Their ability to infuence plant-microbe interac-
tions is particularly valuable, as evidenced by studies demonstrating improved crop 
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tolerance to saline irrigation and disease suppression through microbiome regulation 
(Jayaraman et al., 2021). Various nanomaterials, including copper oxide (CuO), silver 
(Ag), titanium oxide (TiO2), and carbon-based structures, exhibit distinct effects on 
soil microbial communities and plant performance. Carbon-based nanomaterials, for 
instance, enhance seed germination, photosynthesis, and stress resilience while pro-
moting the production of bioactive compounds (Zhang et al., 2020). However, their 
impact on soil ecology varies: high concentrations (100 mg/kg) of Ag, CuO, and 
ZnO NPs can disrupt microbial balance, whereas TiO2 NPs show minimal effects 
even at elevated doses (Zhang et al., 2020). 

18.4.3 IMPROVEMENT OF SOIL QUALITY 

Soil improvement plays a key role in boosting crop production and food quality, 
especially in areas affected by degradation and environmental stress. Traditional 
soil conditioning methods rarely use nanotechnology (da Silva Junior et al., 2022). 
Emerging nanomaterials including potassium-enriched feldspar-based mineral con-
ditioners synthesized through hydrothermal methods demonstrate promising capa-
bilities for soil remediation by optimizing pH levels, improving soil structure, and 
mitigating toxic aluminum and cadmium accumulation. Biodegradable cross-linkers 
can also improve water retention. Chitosan NPs have been found to enhance wheat 
yield and soil characteristics (Das et al., 2021b). Despite these benefts, most stud-
ies remain limited to lab-scale experiments. Large-scale feasibility assessments are 
lacking (Elsheery et al., 2020). Traditional methods dominate due to their long-
standing use and the high material demands of nano-based solutions. Precision agri-
culture offers limited opportunities for nanotechnology adoption. More feld-scale 
testing is needed to validate its potential (Das et al., 2021a, b). 

18.5 NANOBIOTECHNOLOGY IN CLIMATE CHANGE 
MITIGATION AND AGRICULTURE 

Nanotechnology plays a crucial role in mitigating climate change impacts on plants 
by enhancing energy effciency, reducing GHG emissions, and improving carbon 
sequestration through biological, physical, chemical, and bioengineering approaches 
(Rai et al., 2018). At the molecular level, nano-enhanced plants exhibit increased 
photosynthetic effciency for greater CO2 absorption, while nano-amendments in 
soil reduce nitrous oxide emissions by improving nutrient availability and decreas-
ing synthetic fertilizer dependency (Wu et al., 2020). Additionally, nanotechnology 
strengthens plant resilience to abiotic and biotic stresses through precision deliv-
ery systems, such as nano-formulated pesticides, silica NPs for drought resistance, 
and carbon-based nano-sensors for real-time soil monitoring (Singh & Kalia, 2019). 
These innovations not only optimize agricultural productivity and soil health but 
also promote sustainable resource use, aligning with global climate mitigation goals 
(Chen et al., 2022). However, a sustainable approach for climate change mitigation 
by enhancing abiotic and biotic stress tolerance through nanotechnology is indexed 
in Figure 18.4. 
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FIGURE 18.4 Enhancing plant tolerance to abiotic and biotic stress through nanotechnology. 

18.6 ENVIRONMENTAL CONCERNS AND NANO-TOXICITY 
ISSUES OF ENMs 

ENMs demonstrate concentration-dependent effects on plants, with both benef-
cial and harmful outcomes infuenced by material type, exposure duration, and 
environmental conditions (Zhang et al., 2020). While certain ENMs (e.g., CuO, 
ZnO NPs) inhibit seed germination, reduce root/shoot growth, and impair photo-
synthesis by inducing oxidative stress in crops like soybean and wheat (Li et al., 
2025), others (e.g., CeO2, Fe3O4) enhance stress tolerance by activating antioxidant 
defenses (Yusef-Tanha et al., 2020). Toxicity mechanisms include biomembrane 
damage, gene expression alterations, and disrupted water transport (Yusef-Tanha 
et al., 2020), with carbon-based ENMs like fullerenes suppressing energy metabo-
lism genes, while multiwalled carbon nanotubes (MWCNTs) promote cell division 
(Jogaiah et al., 2021). Environmental concerns persist due to ENM persistence in 
soils, where metallic NPs disrupt microbial communities (Sager et al., 2022), and 
photochemically active ENMs (e.g., TiO2) generate ROS under light (Heikal et al., 
2021). Although carbon nanotubes show limited translocation to edible plant parts 
(Lahiani et al., 2019), long-term ecological risks remain uncertain. For sustainable 
use, toxicity screening and innovations like polymer-coated ENMs are essential 
(Chauhan et al., 2022), alongside research on soil microbiome interactions and bio-
accumulation potential (Sun & Li, 2022). 
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18.7 CHALLENGES IN LARGE-SCALE IMPLEMENTATION 
OF NANO-ENABLED STRATEGIES 

The widespread implementation of nano-enabled agricultural technologies faces sig-
nifcant barriers, including insuffcient understanding of plant-nanomaterial interac-
tions, diffculties in targeted delivery, and unresolved concerns about impacts on 
ecosystems, soil health, and human safety (Rai et al., 2022). Critical challenges 
include ensuring NP biocompatibility, developing effective delivery methods, and 
establishing regulatory frameworks (Kah et al., 2023). While engineered NPs 
(ENPs) offer tunable properties for controlled release and enhanced functional-
ity, their concentration-dependent effects under natural conditions require thor-
ough investigation, including transgenerational and trophic chain impacts (Lowry 
et al., 2022). Comprehensive feld studies are essential to validate ENP effects on 
soil microbiomes, plant systems, and human health, ensuring these technologies 
enhance productivity without unintended ecological consequences (Lowry et al., 
2022). Table 18.2 organizes current research on ENMs in agriculture, detailing their 
interactions with plants, optimization strategies for effcient delivery, and the need 
for regulatory frameworks to ensure safe and socially accepted applications. 

TABLE 18.2 
Regulatory Challenges Regarding Engineered Nanomaterials in Plant Systems 

Key Features Explanation Research Strategies References 
Biocompatibility Investigating how The mechanisms behind plant Zuverza-Mena 

of engineered engineered interactions with engineered et al. (2023) 
nanomaterials nanomaterials (ENMs) nanomaterials (ENMs) are not well 
(ENMs) with interact with plants to understood, requiring in situ research 
plant systems. boost growth and to optimize their use for stress 

stress resilience. mitigation in plants. 

Uptake, Optimizing Key challenges in ENM soil application Dimkpa et al. 
translocation, and nanomaterial such as non-targeted delivery and high (2020) 
persistence of deployment for energy costs can be mitigated through 
engineered effcient plant uptake targeted slow-release systems, while 
nanomaterials in feld environments. improved foliar delivery designs and 
(ENMs) in plant responsive ENMs are needed to 
systems. address weather-induced stresses and 

enhance effciency. 

Challenges in Securing safe Developing safety protocols and Gogos et al. 
regulation and implementation and regulations for ENMs in food crops is (2022) 
societal approval building societal essential, as while metal-based ENMs 
of engineered acceptance for are generally less toxic than ionic forms, 
nanomaterials agricultural controlled biofortifcation requires strict 
(ENMs) persist. applications of oversight to balance nutritional benefts 

engineered with health risks while also addressing 
nanomaterials ecological, climatic, policy, and public 
(ENMs). acceptance challenges. 
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18.8 CONCLUSION 

Nanobiotechnology presents transformative potential in enhancing crop adaptation 
to climate change through innovative solutions such as nano-enhanced agrochemi-
cals, stress-tolerant varieties, and precision monitoring tools. While these technolo-
gies offer signifcant benefts in improving yield stability and sustainability, their 
widespread adoption depends on addressing biosafety, environmental impact, and 
regulatory frameworks. Collaborative efforts among scientists, policymakers, and 
farmers are essential to harness nanobiotechnology’s full potential while ensuring 
ethical and eco-friendly applications. As climate change intensifes, integrating nano-
biotechnology into agricultural practices will be crucial for building resilient food 
systems and safeguarding global food security in a rapidly changing environment. 
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