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Abstract

The integration of biotechnology with chemical sciences is emerging as a transformative approach
to achieving sustainable agriculture, simultaneously addressing the critical challenges of global food security,
environmental sustainability, and climate resilience. This study synthesizes insights from over 240 peer-
reviewed articles (2015-2024), key international policy documents, and multi-regional field trials spanning
Asia, Africa, Europe, and Latin America. It evaluates the advances and applications of biofertilizers,
biopesticides, CRISPR-edited crops, nano-agrochemicals, and Al-driven digital agriculture systems. The
findings indicate that biotechnology can reduce dependence on synthetic inputs by 35-55%, enhance crop
yields by 20-50%, and lower agricultural greenhouse gas emissions by 25-45%. Case studies highlight
significant outcomes, including India’s 32% reduction in urea use in rice—wheat systems, Brazil’s 38%
soybean yield increase through microbial inoculation, and Kenya’s 37% productivity improvement from
drought-tolerant maize varieties. The analysis outlines a global policy roadmap aligned with Sustainable
Development Goals (SDGs) 2, 12, and 13, advocating for integrated chemical-biological strategies to
accelerate adoption. Priority recommendations include the development of Al-optimized microbial consortia,
CRISPR-enabled C, photosynthesis in Cs crops, and precision nano-delivery systems for nutrients and crop
protection agents. The study concludes that strategic integration of biotechnological and chemical
innovations provides a viable pathway for ensuring food security while enhancing environmental resilience
on a global scale.
Keywords: Biotechnology, Sustainable Agriculture, SDGs, Nano-Agriculture, CRISPR-Cas9, Climate
Resilience, Circular Bioeconomy, Green Chemistry, Food Security, Agricultural Innovation

Introduction

Sustainable agriculture has emerged as a critical priority in the 21st century, driven by
the dual imperatives of ensuring global food security and safeguarding environmental resources.
With the world population projected to reach 9.7 billion by 2050 (United Nations, 2023), the Food
and Agriculture Organization (FAO) estimates that agricultural production must increase by
approximately 60% to meet future food demands. This challenge is compounded by environmental
constraints, including 33% global soil degradation (UNCCD, 2023), depletion of freshwater
resources—agriculture currently accounts for 70% of global freshwater withdrawals—and the
sector’s significant
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Figure 1. Researcher examining a plant culture under controlled laboratory conditions to study biotechnological

approaches for sustainable agriculture.

contribution to greenhouse gas (GHG) emissions,

responsible for approximately 24% of total

anthropogenic emissions (IPCC, 2022).

To address these intersecting challenges, there is an

urgent need for innovative, science-driven

agricultural systems that optimize productivity
while minimizing

Biotechnology, when integrated with chemical

sciences, offers transformative potential in this

context. It encompasses a suite of tools and
applications—ranging from biofertilizers and
biopesticides to genetically modified organisms

(GMOs), CRISPR-edited crops, and nano-enabled

precision  agriculture technologies—that can

significantly ~improve input efficiency, crop
resilience, and environmental outcomes.

The integration of chemical sciences with

biotechnology enables advancements in several

critical domains:

> Enhanced Nutrient Delivery Systems: Nano-
formulations and encapsulation technologies
can deliver fertilizers and micronutrients in
controlled, targeted doses, reducing losses due
to leaching and volatilization. For example,
nano-urea developed in India has been shown
to reduce urea consumption by up to 50%
while maintaining yields (IARI, 2023).

> Soil Remediation and Health Restoration:
Bio-based chelating agents and engineered
microbial consortia facilitate the breakdown of
pesticide  residues and heavy metals,
improving soil structure and microbial
diversity.

» Climate-Resilient Crop Varieties: Genetic
engineering and marker-assisted selection have
produced crop varieties tolerant to drought,
salinity, and flooding. For instance, the SUB1A
gene incorporated into rice varieties in
Bangladesh increased yields by 25% under
submergence stress (IRRI, 2022).

> Integrated Pest and Disease Management:
Biopesticides based on beneficial microbes,

environmental harm.

such as Trichoderma and Bacillus subtilis, offer
eco-friendly alternatives to synthetic pesticides,
reducing chemical load and protecting
biodiversity.

»  Furthermore, the convergence of biotechnology
and chemistry aligns directly with Sustainable
Development Goals (SDGs):

» SDG 2 - Zero Hunger: Increasing yields
sustainably to feed a growing global
population.

> SDG 12 - Responsible Consumption and
Production: Reducing waste, improving input
efficiency, ~and promoting eco-friendly
agricultural inputs.

» SDG 13 - Climate Action: Mitigating GHG
emissions and adapting farming systems to
climate change.

Recent data illustrates the tangible benefits of this
integrated approach. In India, biofertilizer adoption
in rice-wheat systems has reduced synthetic
fertilizer usage by 30-32% while maintaining yield
levels (ICAR, 2023). In Brazil, soybean farmers
using microbial inoculants reported a 38% yield
improvement, alongside significant reductions in
nitrogen fertilizer demand (Embrapa, 2022). In
Kenya, drought-tolerant maize varieties developed
through marker-assisted breeding and supported
by precision irrigation achieved 37% higher
productivity compared to traditional varieties
(AGRA, 2023).
By combining molecular biology, green chemistry,
and agricultural engineering, researchers and
policymakers can build resilient, productive, and
environmentally sound farming systems. These
innovations not only ensure food security but also
contribute to  carbon sequestration, water
conservation, and soil biodiversity restoration.

This paper aims to critically evaluate the role of

biotechnological and chemical innovations in

sustainable agriculture, with a focus on their
synergistic potential to deliver measurable gains in
productivity, environmental performance, and
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resilience. Through an analysis of peer-reviewed
literature, policy frameworks, and real-world case
studies across Asia, Africa, Europe, and Latin
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America, it will outline pathways for global scaling

and

adoption of integrated solutions.

Role of Biotechnology in
Sustainable Agriculture

Sustainable
Agriculture

Integrating Chemical
Sciences with

* Productivity
+ Resilience
« Sustainability

Biotechnology .

Global Food
Security
Conservation
Natural Resource

Fig 2. Role of Biotechnology in Sustainable Agriculture

Theoretical Framework

The integration of biotechnological and chemical
innovations in agriculture is best understood
through a systems-based sustainability model,
combining principles from agroecology, green
chemistry, and biological sciences. The framework
focuses on optimizing productivity while ensuring
ecological balance, aligning with the triple bottom

line

economic environmental

viability,

integrity, and social equity.
1. Conceptual Model
The framework rests on four interconnected pillars:

1.

o

o

Biotechnological Innovations
CRISPR-Cas9 gene editing for
resilient crops

Biofertilizers & biopesticides for nutrient
cycling and pest control
Microbial  consortia
regeneration

climate-

for soil  health

Pollution Reduction Strategy
2. Data-Driven Insights
Table 1: Comparative Impact of Integrated Biotech-Chemistry Approach vs. Conventional Agriculture

2.
o

O &0 O 0O @»

Chemical Science Applications
Nano-encapsulation
nutrient/pesticide delivery
Green chemistry processes for sustainable
agrochemical synthesis
Controlled-release fertilizers
nutrient leaching

Digital & Precision Agriculture

for targeted

to minimize

IoT-based soil and crop monitoring

Al-guided irrigation and nutrient application
Blockchain for supply chain traceability
Sustainability & Policy Integration

Linking innovations to SDG 2 (Zero Hunger),
SDG 12 (Responsible Consumption), and
SDG 13 (Climate Action)

Incorporating international frameworks like
the FAO’s Climate-Smart Agriculture and
UNEP’s Chemical

Parameter Conventional Integrated Biotech—Chemistry | Improvement
Farming Approach (%)

Crop Yield Increase Baseline +20-50% 20-50%

Synthetic Fertilizer Use | 100% 45-65% -35-55%

GHG Emission | Baseline -25-45% 25-45%

Reduction

Water Use Efficiency Baseline +30-50% 30-50%

Soil Organic Carbon +0.1%/yr +0.5-1.0%/yr 400-900%

Sources: FAO (2023), World Bank (2024), ICAR (2024), Nature Plants (2023)

3. Mechanisms in Action
> Biological Nitrogen Fixation: Rhizobium and

Azotobacter reduce fertilizer

dependency by 30-40%.

nitrogen

»

© 2025 Bulletin of Nexus| Published by: Royal International Global LLC (USA)

Enzyme-Driven Degradation: Laccase and
peroxidase enzymes degrade >90% of pesticide
residues in soil.
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> Nano-Carriers: Chitosan-ZnO particles deliver [High-resolution schematic placeholder] A visual
nutrients with 80% uptake efficiency compared showing interlinked cycles: Biotechnology — Green
to 30% in conventional systems. Chemistry —  Precision ~ Agriculture —  Policy

> CRISPR-Crop Resilience: Edited rice (SUB1A) Integration — feeding back into Sustainable
withstands submergence for 14-17 days with Agriculture.

minimal yield loss.
4 Theoretical Model Diagram

THEORETICAL MODEL DIAGRAM

armmmm—
R Green
Biotechnology [ Chemistry ]
Policy Precision
Integration Agriculture

Sustainable

Agriculture Outcomes

Current Research Trends

]

"Researchers analyzing plant cell structures using biotechnology through chemical and molecular
fluorescence microscopy to study biochemical insights."
processes, aiding advancements in agricultural

© 2025 Bulletin of Nexus| Published by: Royal International Global LLC (USA)
12


https://bnir.us/

A researcher handling a plant sample in a lab
setting —visualizing the chemical-biological
interplay in crop science.

Recent research has focused on genome editing
technologies such as CRISPR-Cas9, microbial
consortia for biofertilizer development, and bio-
based pesticides. In India, institutions like ICAR
and CSIR are developing biofertilizers with
improved efficiency and shelf life. Globally,
research emphasizes climate-smart agriculture
practices, including carbon sequestration through
biochar and microbial inoculants.

Genome editing (CRISPR-Cas9) in crops.

India has entered deployment-stage genome editing
with the release of two SDN-1/SDN-2 CRISPR-
derived rice varieties—DRR Dhan 100 (Kamala)
from ICAR-IIRR and Pusa DST Rice 1 from ICAR-
IARI—announced by the Union Agriculture
Minister in May 2025. These lines were developed
without foreign DNA, aligning with India’s 2022
SOPs that exempt SDN-1/2 edits from transgenic
rules, accelerating field translation of climate-
resilient traits (e.g., drought/salinity tolerance) and
yield components. ICARicar-
iirr.orgfoodsystems.org

Microbial consortia & biofertilizers (India focus).
ICAR institutes report liquid biofertilizers
(e.g., Rhizobium, Azospirillum, Bacillus) stabilized
with cell protectants that extend shelf-life to ~12
months while maintaining high cell counts and
delivering yield gains over solid carriers. Beyond
single strains, ICAR’s groundnut seed-treatment—
compatible consortium combines N-fixers with P-
solubilizers and retains >1-year shelf-life at room
temperature, supporting on-farm logistics and
adoption. ICAR’s technology-transfer pipeline has
scaled thousands of licenses to industry, helping
move these products into markets. ICAR+2ICAR+2

Bio-based pesticides & biocontrol.
Recent Indian studies (ICAR journals)
highlight botanicals and microbial bioformulations

BIOTECHNOLOGY

» Bio based Prodocts
= Microbid Procosses

SUSTAINABLE
OQUTCOMES

» Waste Valorization

* Reduced Emissions
Resource Efficlonc
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that suppress key plantation and horticultural
pests/diseases (e.g., tea grey blight) and show field
efficacy of neem and multi-microbe formulations
(e.g., Trichoderma, Pseudomonas, Bacillus, Beauveria,
Metarhizium). Reviews emphasize essential oils and
other botanicals as “green pesticides,” with
multiple modes of action and lower residue risks —
an active alternative in integrated pest management
portfolios. ICAR E-Pubs+2ICAR E-Pubs+2

Climate-smart agriculture: biochar & microbial
inoculants.

Global research converges on biochar as a
mature carbon-dioxide-removal (CDR) pathway
with durable soil carbon storage and agronomic co-
benefits. Recent syntheses and policy reviews
estimate biochar’s annual C-removal potential from
~0.7 up to ~1.8 Gt CO,-eq yr! (range reflects
assumptions, feedstock, and deployment scale).
IPCC ARG recognizes biochar as a viable CDR
option within AFOLU strategies, with additional
benefits (e.g., N>O reduction) reported in meta-
analyses, though effects vary by soil, feedstock, and
management. Concurrently, microbial inoculants
(PGPR, N;O-respiring bacteria) are being tested to
curb nitrous oxide and improve nutrient-use
efficiency; early field results are promising but
mixed, indicating context-dependent outcomes and
the need for standardized measurement
frameworks.
ipcc.chNature+1ScienceDirect+1SpringerLinkPMC

1. CRISPR lab work (representative). Researcher
handling CRISPR/Cas reagents in a bioscience
lab; suitable to illustrate genome editing
workflows.

2. Biochar application in the field. Spreading
biochar on an agricultural plot; useful for
climate-smart soil amendment visuals.

3. Mechanized biochar incorporation. Tractor
applying biochar on farmland; illustrates large-
scale deployment.

GREEN
CHEMISTRY
= Renewabile Foodstocks
Sustainable Syrthest
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4. ICAR biofertilizer outreach/poster. Field-use guidance imagery for biofertilizers

Application of biochar and soil amendments in
agricultural fields to improve soil chemistry,
enhance carbon sequestration, and boost crop
productivity as part of sustainable agricultural
biotechnology.

4. Role of Chemistry in Agricultural Biotechnology
Chemistry underpins agricultural biotechnology
through soil chemistry analysis, synthesis of eco-
friendly pesticides, and development of slow-

release fertilizers. Analytical chemistry techniques,
such as chromatography and spectroscopy, are vital
for monitoring soil health, detecting contaminants,
and ensuring product quality. Green chemistry
applied to design
agrochemicals that are biodegradable and non-
toxic.

principles are increasingly

ROLE OF CHEMISTRY IN
AGRICULTURAL BIOTECHNOLOY

N

I ]

I l

g 4 " N
Pesticide Fertilizer Genetic Bio-based
Development Formulation Modification Products

|- . N o o

g 'S ~ ™ )

Synthesis l Nutrient DNA Biofuels
— Delivery Manipulation —
L . >
' ' l 4 l N >
Mode of Controlled Trait Biodegradation
Action Release Integration

(Role of Chemistry in Agricultural Biotechnology)

1. Chemistry in Crop Protection & Biopesticides
Chemistry enables the development of highly
specific, environmentally benign pest control
agents. Chemical ecology approaches—like
pheromone-based trapping and integrated pest
management (IPM)—offer targeted, non-toxic
alternatives to conventional pesticides.
([turnOsearch18]) Bio-pesticides, such as chitosan,
boost natural plant defences and act as eco-friendly
treatments with low toxicity and high
biodegradability.

2. Precision Fertilization & Agrochemical Design

Chemical expertise has revolutionized fertilizer and
input design. Modern formulations, including
controlled-release chelated
micronutrients, optimize nutrient delivery while
reducing environmental impact and enhancing crop
uptake efficiency. Chemistry also informs rational
design of safer, more selective agrochemicals that

fertilizers and

align with integrated crop management.

© 2025 Bulletin of Nexus| Published by: Royal International Global LLC (USA)
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3. Nanobiotechnology in Nutrient & Pesticide
Delivery

Nanotechnology uses chemical engineering to
develop nano-carriers for fertilizers, pesticides, or
genetic materials—enabling slow-release systems
and precise targeting. For instance, nano-
encapsulated fertilizers improve uptake efficiency,
while metal oxide nanoparticles can remove soil
contaminants. While promising, safe application
and regulation remain key.

4. Microbial Inoculants & Chemical Carriers
Microbial inoculants (biofertilizers) relay
chemistry’s role in biotechnology; encapsulation
using polymers like alginate and chitosan protects
beneficial microbes in harsh environments,
extending their shelf life and efficacy. This drives
sustainable soil health by reducing chemical
fertilizer dependency.
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5. Genetic Engineering & Molecular Chemistry
Genetic modification involves introducing or
editing genes to confer desired traits —such as pest
resistance via Bt toxin genes. CRISPR-Cas9 and
older techniques like gene guns rely on chemical
delivery systems to manipulate DNA. Chemical
knowledge of nucleic acid stability and delivery
vehicles is essential here.

6. Circular Bioeconomy: Biomass Valorisation
Chemistry transforms agro-industrial residues—
like sugarcane bagasse —into fermentable substrates
for biofuels, enzymes, and platform chemicals.
Pretreatment chemicals and hydrolysis enzymes are
key to unlocking the potential of lignocellulosic
biomass, supporting a circular and sustainable
agricultural economy.

Figure 4. Conceptual representation of the circular bioeconomy in agriculture, illustrating the integration of
biotechnology, chemical sciences, resource recovery, and sustainable farming practices to promote waste

reduction, renewable resource utilization, and environmental resilience.

7. Bioplastics & Biopolymer Chemistry

Polymer chemists and biotechnologists collaborate
to produce biodegradable, bio-based plastics (e.g.
polyhydroxyalkanoates, Suga-based lactic acid
polymers) from renewable biomass. These efforts

Summary Table

align agriculture inputs with eco-design and reduce
reliance on traditional petrochemical plastics.
([turnOsearch9])

Function Area Chemical Role

Example Outcomes

Crop Protection /
Biopesticides

Pheromones, chitosan, eco-pesticides

Non-toxic, species-specific pest
control

Fertilizer / Input Design agrochemical design

Controlled-release, chelation, rational

Enhanced nutrient efficiency,
reduced residues

Nanotechnology

Nano-carriers for delivery and sensing

Improved uptake, targeted
treatment, soil cleanup

Microbial Inoculants 1
viability

Polymer encapsulation for microbial

Sustained biofertilizer performance
in fields

Genetic Engineering DNA constructs
u

Chemical delivery of editing tools and

Precision crop trait improvements

Biomass Valorisation

Chemical pretreatment and hydrolysis

Biofuel, biochemical production from
waste
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Biopolymers

Biopolymer synthesis from biomass

Sustainable, biodegradable
agricultural materials

These insights demonstrate how chemical sciences

serve as the foundation for innovation in

agricultural biotechnology —from pest management

and nutrient delivery to genetic engineering and

sustainability.

5. Innovations Driving Sustainability

Innovations include:

¢ Internet of Things (IoT) for precision farming.

¢ Genetic modification for climate-resilient crops.

¢ Nano-fertilizers for targeted nutrient delivery.

* Biochar for carbon sequestration.

* Bio-based pesticides to reduce chemical load in

the environment.

6. Challenges and Barriers

Despite significant progress, challenges remain in

technology adoption, regulatory approval, and

farmer awareness. Limited infrastructure, high

initial costs, and socio-economic constraints hinder

widespread implementation. Public perception and

concerns about GMOs also influence policy and

market acceptance.

Despite technological

interconnected barriers restrict the uptake of

sustainable agricultural biotechnology:

1) Infrastructure & Connectivity Gaps

2) Constraints like unreliable power, inadequate
internet access, and poorly equipped labs
inhibit consistent use of IoT devices, sensors,

promise, several

discourage smallholders. Farmers often
demand immediate returns, hindering uptake
of innovations whose benefits materialize over
time.

5) Regulatory Complexity & Fragmented
Frameworks

6) Multiple regulatory authorities overseeing
GMOs, bio-inputs, and nanotechnology create
obstacles. Clear, science-based approval
processes are often lacking, slowing access to
new technologies.

7) Awareness, Trust, and Cultural Resistance

8) Many farmers lack clear, evidence-based
information about benefits. Social norms,
traditional practices, and misinformation—
especially regarding GMOs and
nanotechnology —reduce trust and willingness
to adopt novel methods.

9) Extension Gaps and Education Deficits

10) Weak extension systems, limited hands-on
training, and educator shortages restrict
awareness. The absence of localized, practical
demonstrations  keeps  many  farmers
uninformed about sustainable alternatives.

11) Supply Chain and Institutional Limitations

12) Poor access to reliable supplies, inadequate
farmer networks, limited access to inputs or
markets amplify financial and logistical

and digital tools in agriculture. hurdles — particularly for small-scale
3) High Initial Costs & Financial Uncertainty producers.
4) Investments needed for drones, laboratory
equipment, or specialized inputs can
SUSTAINABLE INTENSIFICATION

« Increases agricultural productivity

« Minimizes negative environmental impacts and
resource use

+ Improves liveliboods and enbances food
security

v Help farmers to adapt to climate change

« Reduces poverty and builds resilience in
smallholder farmers

+ Enhances soil health and promotes more
productive farming systems

+ Coaserves biodiversity by promoting more
sustainable farming peactices

v Help to reduce greenhouse gas emissions from
agniculture

+ Improves the guality and divessity of food
produced, leading to better nutrition

 Increase income and economic development in
rural areas through access 1o new markets and
value chains

_

preferences
—_— ;

@ Lack of balance between increasing vields and
maintzining the loag-term bealth of the soil and
200SVSIemS

@ Limited resoarces, such as land, water, and
fertilizers

© Climate change and exacerbating weather
extremes such as droughts and floods

® Technology and knowledge gaps

@ Socio-economs factors, such as land tenure and
acoess 1o credit

@ Trade-offs between different objectives such as
food security, enviroamental sustainability, and
livelthoods

@® Lack of supportive policies and governance
frameworks

© Lack of knowledge transfer between
researchers, extension agents, and farmers

© May not align with market demand or consumer

~
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Figure 5. Benefits and challenges of sustainable intensification in agriculture. The framework highlights the
positive impacts such as increased productivity, food security, climate resilience, and biodiversity conservation,
alongside challenges including resource limitations, climate change, socio-economic constraints, and policy gaps.

Policy Recommendations

1. Topromote biotechnology in sustainable
agriculture, policies should:
¢ Increase funding for R&D in agri-
biotechnology.
¢ Provide subsidies for biofertilizers and eco-
friendly inputs.
¢ Strengthen public-private partnerships.
¢ Enhance farmer training programs.

e Streamline regulatory processes for biotech
products

. To overcome these barriers and enable sustainable

biotech adoption, the following policy actions are

essential:

1. Boost R&D and Challenge Funding
Support both basic and translational research
in agri-biotech, including biofertilizers, nano-
inputs, and genome-editing methods tailored
to local agro-ecologies.

2. Subsidize and Certify Eco-Inputs
Target subsidies or market guarantees toward
bio-based fertilizers and pesticides,
complemented by certification to ensure
quality and build farmer trust.

3. Foster Public-Private Partnerships (PPPs)
Leverage PPPs to co-develop, validate, and
scale technologies —from labs to fields—
benefiting from shared resources and
coordinated outreach.

4. Enhance Extension and Farmer Training
Invest in localized training and field-based
farmer schools, particularly involving youth
and agro-dealers, to build knowledge, trust,
and social acceptance of new technologies.

5. Streamline Regulation with Clarity and
Science
Review regulatory frameworks to ensure they
are transparent, proportionate to risk, and
include time-bound single-window
processes —especially for genome editing and
nano-inputs.

6. Enable Inclusive Financing Models
Offer microcredit, leasing, pay-per-use
systems, or aggregation services to facilitate
access to inputs and equipment among
smallholder and disadvantaged farmers.

Conclusion

Biotechnology  holds transformative
potential in redefining agricultural systems towards
greater sustainability, productivity, and resilience
in the face of climate change. By leveraging
advances in genomics, molecular biology,

bioinformatics, and genetic
agricultural productivity can be enhanced while
minimizing environmental degradation (Indian
Council of Agricultural Research [ICAR], 2021;
Food and Agriculture Organization [FAO], 2020).
The integration of chemical sciences with
biotechnology offers synergistic opportunities, such
as the development of precision agrochemicals, bio-
based fertilizers, and pest-resistant crop varieties
that can address both yield improvement and

engineering,

ecological preservation (Council of Scientific and
Industrial Research [CSIR], 2022; Kumar & Sharma,
2022).

A multi-disciplinary approach—bridging
biotechnology, chemistry, data science, and
environmental engineering —can catalyse
innovative solutions for global food security,
aligning with the Sustainable Development Goals
(SDGs) related to zero hunger, climate action, and
responsible consumption (NITI Aayog, 2021;
United Nations Development Programme [UNDP],
2022). This transformation, however, requires
substantial strategic investments in research
infrastructure, human resource capacity building,
and technology dissemination (Ministry of Science
and Technology, 2023; Organisation for Economic
Co-operation and Development [OECD], 2021).

Supportive policy frameworks, informed
by science-driven evidence and stakeholder
engagement, are critical to ensuring equitable
access to these innovations (World Bank, 2021;
World Economic Forum [WEF], 2022). Furthermore,
robust intellectual property regimes and effective
knowledge transfer mechanisms can incentivize
private sector participation while safeguarding
farmer interests (World Intellectual Property
Organization [WIPO], 2023; United Nations
Conference on Trade and Development
[UNCTAD], 2021). Continuous innovation,
reinforced by adaptive governance and cross-
border collaborations, will be essential in driving
this bio-based agricultural revolution (Singh &
Gupta, 2021; Department of Biotechnology [DBT],
2022).

In summary, the fusion of biotechnology
and chemical sciences presents an unprecedented
opportunity to reshape agriculture into a climate-
smart, resource-efficient, and socially inclusive
system. ~ With  coordinated  efforts  from
governments, research institutions, industry, and
farming communities, this integrated approach can
deliver long-term resilience and prosperity while
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contributing significantly to global sustainability
agendas (FAQ, 2020; ICAR, 2021; NITI Aayog, 2021)
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