


Agricultural Biotechnology for Climate-Resilient Farming Systems in Odisha, India: Advances, Field Evidence and Future Strategies



ABSTRACT	Comment by Author: The abstract is informative but somewhat lengthy. It should be condensed while retaining key findings.	Comment by Author: The abstract currently reads more like a summary of topics covered rather than a concise presentation of objectives, methods, findings and conclusions.
Agriculture in Odisha is increasingly threatened by climate variability, including recurrent floods, droughts, cyclones, salinity intrusion and rising temperature stress. These environmental pressures significantly affect crop productivity, soil fertility, water availability and livelihood security of smallholder farmers. The predominance of rainfed agriculture and the dependence of rural communities on rice-based cropping systems further intensify vulnerability to climate change. In this context, agricultural biotechnology has emerged as an important scientific approach for strengthening climate resilience and promoting sustainable agricultural development. Biotechnology-based interventions such as stress-tolerant crop varieties, biofertilizers, biopesticides, microbial consortia, marker-assisted breeding, genome editing and artificial intelligence-assisted precision agriculture provide adaptive solutions for enhancing crop productivity and environmental sustainability.
This review critically evaluates recent advancements in agricultural biotechnology with special emphasis on Odisha’s agro-ecosystems. The study synthesizes evidence from flood-tolerant rice systems, millet-based drought-resilient farming, microbial biotechnology and digital agriculture initiatives implemented across eastern India. Field studies indicate that submergence-tolerant rice varieties can stabilize yields by 40–60% under flood conditions, while millet systems integrated with biofertilizers improve productivity and farmer income under rainfed environments. The review also discusses emerging technologies such as CRISPR-Cas genome editing, AI-driven crop monitoring, microbial engineering and climate-smart farming systems.
In addition, the paper analyzes key barriers limiting biotechnology adoption, including inadequate awareness, limited extension support, poor access to quality bio-inputs, fragmented landholdings and institutional constraints. Strategic recommendations are proposed for integrating biotechnology with policy support, digital agriculture, farmer training and ecosystem-based management. The review concludes that location-specific and farmer-centered biotechnology interventions can significantly enhance climate resilience, food security and sustainable agricultural transformation in Odisha and similar climate-vulnerable regions.
Keywords: Agricultural biotechnology, Climate-resilient agriculture, Odisha, Biofertilizers, Climate change adaptation, Marker-assisted selection, CRISPR, Digital agriculture, Sustainable farming, Biopesticides

1. INTRODUCTION	Comment by Author: The introduction provides good background information but becomes descriptive in several places. It would benefit from sharper focus and stronger linkage between climate challenges and biotechnology solutions.
Agriculture remains the backbone of Odisha’s economy and supports the livelihoods of a major proportion of the rural population. The state contributes significantly to India’s rice production and possesses diverse agro-climatic regions ranging from coastal plains to tribal uplands and drought-prone western districts. Despite its agricultural importance, Odisha is one of the most climate-vulnerable states in India due to its geographical location along the Bay of Bengal and its dependence on monsoon-driven farming systems.
Climate variability has become one of the most serious challenges affecting agricultural sustainability in Odisha. The state frequently experiences cyclones, floods, droughts, irregular rainfall and heat stress, all of which directly reduce crop productivity and destabilize rural livelihoods. Coastal districts are highly vulnerable to flooding and salinity intrusion, whereas western districts face severe drought and soil moisture deficits. These climatic disturbances not only reduce crop yields but also accelerate soil degradation, nutrient depletion and biodiversity loss.
Rice-based farming systems dominate Odisha agriculture, occupying the majority of cultivated land. However, rice cultivation is highly sensitive to climatic fluctuations, especially flooding and temperature stress. Climate-related yield instability has increased in recent years, leading to economic losses among smallholder farmers. The majority of farmers in Odisha are small and marginal landholders with limited access to irrigation, credit and modern technologies, which further intensifies their vulnerability.
Conventional agricultural practices that rely heavily on chemical fertilizers and pesticides have contributed to declining soil fertility, environmental pollution and reduced microbial diversity. Excessive dependence on external inputs also increases production costs and ecological stress. Therefore, there is an urgent need for sustainable and climate-resilient agricultural approaches capable of improving productivity while conserving natural resources.	Comment by Author: This paragraph on conventional agriculture and environmental degradation should include Odisha-specific evidence rather than general observations. 
Agricultural biotechnology has emerged as a promising scientific solution for addressing these challenges. Biotechnology encompasses a broad range of techniques including molecular breeding, genetic engineering, microbial biotechnology, tissue culture, biofertilizers, biopesticides and digital agriculture tools. These technologies improve crop tolerance to environmental stress, enhance nutrient-use efficiency and reduce dependence on chemical inputs.
In recent years, advances in molecular biology and genomics have accelerated the development of stress-tolerant crop varieties. Marker-assisted selection and genome editing technologies such as CRISPR-Cas systems enable precise incorporation of desirable traits associated with drought tolerance, flood resistance and salinity adaptation. Similarly, microbial biotechnology improves soil biological activity and plant growth through beneficial microorganisms that enhance nutrient availability and stress resilience.
Digital agriculture represents another emerging dimension of biotechnology. Artificial intelligence, remote sensing and precision farming tools provide real-time crop monitoring, weather forecasting and decision-support systems that help farmers manage climate risks more effectively. Such technologies are increasingly recognized as important components of climate-smart agriculture.
Although biotechnology offers substantial opportunities, its adoption in Odisha remains limited due to poor awareness, weak extension systems, inadequate infrastructure and socio-economic constraints. Furthermore, region-specific synthesis of biotechnology applications for Odisha’s agro-ecosystems is relatively limited in scientific literature.
Therefore, the present review aims to critically examine the role of agricultural biotechnology in enhancing climate resilience in Odisha. The study integrates recent scientific advancements, field-level case studies, policy perspectives and future strategic directions for sustainable agricultural development.	Comment by Author: A short paragraph review compared with existing literature would strengthen the manuscript.
2. CLIMATE CHALLENGES IN ODISHA AGRICULTURE	Comment by Author: Consider adding a table summarizing:

Climate stress
Affected districts
Agricultural impacts
Suggested biotechnology interventions
Odisha agriculture is highly vulnerable to climate-related disturbances because of its ecological diversity, monsoon dependency and socio-economic conditions. The interaction between environmental stress and fragile agricultural systems creates substantial challenges for sustainable crop production.
2.1 Floods and Cyclones	Comment by Author: Include salinity-related impacts on soil chemistry and crop performance in coastal belts. 
The coastal districts of Odisha frequently experience floods and cyclones originating from the Bay of Bengal. Major cyclones such as Fani, Amphan and Yaas caused severe agricultural damage, including crop submergence, soil erosion and salinity intrusion. Flooding during the monsoon season often destroys standing rice crops, resulting in major economic losses.
Submergence stress affects rice physiology by reducing oxygen availability and impairing photosynthesis. Conventional rice varieties generally fail to survive prolonged inundation, leading to yield losses exceeding 50%. Waterlogging also damages soil structure and reduces microbial activity.
Cyclones further aggravate agricultural stress through strong winds, saline water intrusion and destruction of irrigation infrastructure. Coastal salinity has emerged as an increasing concern affecting crop productivity and soil quality.
2.2 Drought Stress	Comment by Author: Add district-level examples from western Odisha. 
Western Odisha frequently experiences drought due to erratic rainfall, delayed monsoon onset and prolonged dry spells. Rainfed farming systems dominate these regions, making crop production highly dependent on rainfall availability.
Drought stress reduces seed germination, root growth, nutrient uptake and grain filling. Crops exposed to moisture deficit during reproductive stages exhibit significant yield reduction. High evapotranspiration rates and low water-holding capacity of soils further intensify drought impacts.
Climate projections indicate that rainfall variability may increase in the future, leading to more frequent drought events. Therefore, drought-resilient farming systems are essential for ensuring food security in rainfed regions.
2.3 Temperature Stress	Comment by Author: The discussion is too brief compared with other subsections.
Include effects on reproductive sterility, grain quality and pest expansion under heat stress.
Rising temperature is another important climate-related challenge affecting Odisha agriculture. Increased temperature alters crop growth duration, reproductive development and metabolic activity. Heat stress during flowering and grain-filling stages negatively affects rice yield and grain quality.
High temperatures also increase pest and disease incidence by creating favorable environmental conditions for pathogen multiplication. Climate-induced changes in pest dynamics may lead to increased pesticide use and production costs.
2.4 Soil Degradation and Nutrient Imbalance	Comment by Author: Include soil pH issues, micronutrient deficiencies and organic carbon status in Odisha soils.
Soil degradation has become a major issue in many agricultural regions of Odisha. Continuous monocropping, excessive chemical fertilizer application and erosion reduce soil organic carbon and microbial diversity.
Declining soil fertility limits nutrient availability and reduces crop productivity. Acidic soils, nutrient imbalance and reduced water retention capacity further constrain agricultural sustainability. Climate stress accelerates these problems by affecting soil biological processes and organic matter decomposition.
2.5 Socio-Economic Vulnerability
The majority of Odisha farmers are small and marginal landholders with limited financial resources. Poor irrigation infrastructure, inadequate market access and weak extension services reduce adaptive capacity.
3. ROLE OF AGRICULTURAL BIOTECHNOLOGY IN CLIMATE-RESILIENT FARMING
Agricultural biotechnology has emerged as a transformative scientific approach for strengthening climate resilience, improving agricultural productivity and ensuring long-term food security under changing environmental conditions. Climate-induced stresses such as drought, flooding, salinity, heat stress and emerging pest outbreaks increasingly threaten sustainable agriculture, particularly in vulnerable regions such as Odisha. Modern biotechnological interventions including microbial biotechnology, molecular breeding, genome editing, nanobiotechnology and artificial intelligence provide innovative solutions for enhancing crop adaptation and reducing environmental degradation. These technologies improve nutrient-use efficiency, stress tolerance, soil health and precision farm management, thereby supporting the development of sustainable and climate-smart agricultural systems. Therefore, agricultural biotechnology plays a critical role in achieving resilient farming systems capable of adapting to future climatic uncertainties.	Comment by Author: Add limitations or field-level constraints for each technology rather than discussing only advantages.
3.1 Biofertilizers and Soil Health Improvement	Comment by Author: Include examples of crops where biofertilizers have shown measurable success in Odisha conditions.
Biofertilizers are microbial formulations containing beneficial microorganisms that improve nutrient availability and soil fertility through biological processes. These formulations include nitrogen-fixing bacteria, phosphate-solubilizing bacteria and plant growth-promoting rhizobacteria that enhance crop productivity under stress conditions. Microorganisms such as Rhizobium, Azotobacter and Azospirillum convert atmospheric nitrogen into plant-available forms, thereby reducing dependency on synthetic fertilizers. Similarly, phosphate-solubilizing bacteria improve phosphorus availability through secretion of organic acids and enzymatic activity. Biofertilizers improve soil microbial diversity, organic carbon accumulation, root growth and water retention capacity. Under drought conditions, beneficial microbes stimulate osmotic regulation and antioxidant defense systems, thereby enhancing crop resilience and survival. Recent studies indicate that integrated microbial consortia improve nutrient-use efficiency, soil health and climate resilience in sustainable farming systems (Yadav and Kumar, 2021; Sahoo et al., 2024).	Comment by Author: Mention challenges related to shelf life, storage and farmer acceptance.
3.2 Biopesticides and Sustainable Pest Management	Comment by Author: Include examples of target pests/diseases relevant to Odisha agriculture.
Climate change has increased the frequency of insect outbreaks and plant diseases due to rising temperatures and changing humidity patterns. Biopesticides provide environmentally sustainable alternatives to synthetic pesticides for effective pest management. Microbial biopesticides derived from Bacillus thuringiensis, Trichoderma spp. and Pseudomonas fluorescens suppress pathogens through toxin production, induced systemic resistance and competitive exclusion. Unlike chemical pesticides, biopesticides exhibit low environmental persistence and reduced toxicity toward non-target organisms. Their application minimizes pesticide residues in soil and water systems while supporting biodiversity conservation. Recent advances in nano-biopesticides and encapsulated microbial formulations have improved shelf life, field stability and pest-control efficiency under changing climatic conditions (Kumar and Singh, 2023; Gupta et al., 2023).	Comment by Author: Clarify whether nano-biopesticides are commercially available or still mostly experimental. 
3.3 Molecular Breeding and Marker-Assisted Selection
Molecular breeding has revolutionized crop improvement by enabling rapid identification and transfer of stress-tolerant traits into elite crop varieties. Marker-assisted selection utilizes DNA markers linked to genes associated with drought tolerance, flood resistance and salinity adaptation. Compared with conventional breeding approaches, marker-assisted selection significantly accelerates breeding efficiency and improves precision in crop improvement programs. One of the most successful examples is the development of submergence-tolerant rice varieties such as Swarna-Sub1. The incorporation of the Sub1 gene enables rice plants to survive prolonged flooding through regulation of carbohydrate metabolism and suppression of excessive shoot elongation. Molecular breeding therefore plays an important role in developing climate-resilient crop varieties capable of maintaining productivity under environmental stress conditions (Zhang et al., 2020; Singh et al., 2022).	Comment by Author: Include details regarding adoption rates or seed distribution of Swarna-Sub1 if available.
3.4 Genome Editing and CRISPR-Based Crop Engineering	Comment by Author: Add discussion on biosafety regulation, ethical concerns and field-level applicability in India.
Genome editing technologies such as CRISPR-Cas systems represent major breakthroughs in agricultural biotechnology due to their precision and efficiency. These technologies enable targeted modification of genes associated with stress tolerance, disease resistance and productivity. CRISPR-based genome editing has been successfully utilized for improving drought tolerance, salinity adaptation and nutrient-use efficiency in crops such as rice, wheat and maize. Recent studies indicate that CRISPR-mediated editing of stress-responsive genes significantly enhances crop resilience under abiotic stress conditions. Advanced technologies such as base editing and prime editing further improve editing accuracy and reduce off-target effects. Integration of genome editing with artificial intelligence and high-throughput phenotyping is expected to accelerate development of next-generation climate-resilient crops (Kaur et al., 2025; Riaz et al., 2025).
3.5 Multi-Omics Approaches in Climate-Resilient Agriculture
Multi-omics technologies integrating genomics, transcriptomics, proteomics and metabolomics are increasingly used to understand plant stress responses at molecular and physiological levels. Genomics identifies stress-responsive genes associated with drought, flood and heat tolerance, whereas transcriptomics evaluates gene expression patterns under environmental stress conditions. Proteomics and metabolomics further reveal protein interactions and metabolic pathways involved in osmotic regulation, antioxidant defense and stress adaptation. Integration of multi-omics datasets with artificial intelligence and bioinformatics accelerates identification of superior stress-tolerant genotypes for climate-smart breeding programs (Thingujam et al., 2024).
3.6 Rhizosphere Engineering and Microbial Biotechnology	Comment by Author: Include examples of microbial strains tested under Indian agro-climatic conditions.	Comment by Author: The section would benefit from discussion on field consistency under variable environments.
The rhizosphere is a biologically active zone surrounding plant roots where beneficial interactions occur between plants and microorganisms. Rhizosphere engineering involves manipulation of microbial communities to improve crop productivity and stress tolerance. Plant growth-promoting rhizobacteria produce phytohormones such as indole acetic acid and cytokinins that stimulate root growth and environmental adaptation. Beneficial microbes also improve nutrient acquisition, antioxidant activity and osmotic adjustment under drought and salinity stress conditions. Engineered microbial consortia provide synergistic effects for nutrient cycling and disease suppression. Advanced microbial biotechnology therefore contributes significantly to development of low-input and climate-resilient agricultural systems.
3.7 Nanobiotechnology in Climate-Smart Agriculture	Comment by Author: Include possible concerns regarding environmental accumulation and regulatory gaps.
Nanobiotechnology integrates nanotechnology with biological systems for improving agricultural productivity and sustainability. Nano-based agricultural inputs provide controlled nutrient delivery and enhanced stress mitigation under adverse environmental conditions. Nano-biofertilizers improve nutrient-use efficiency through increased solubility, controlled release and enhanced nutrient absorption. Similarly, nano-pesticides enable targeted pest management with reduced environmental contamination. Nanomaterials also enhance seed germination, photosynthetic efficiency and stress tolerance under drought and salinity conditions. Nano-encapsulation technologies improve shelf life and stability of microbial biofertilizers and biopesticides. The integration of nanotechnology with microbial biotechnology and digital agriculture is expected to significantly improve future climate-smart farming systems.
3.8 Artificial Intelligence and Precision Agriculture	Comment by Author: This section should include practical barriers such as: Internet connectivity; Cost of sensors and drones; Digital literacy among farmers. Further, Odisha-specific examples would improve relevance.
Artificial intelligence is transforming modern agriculture through predictive analytics, automated monitoring and precision-based farm management. AI-driven technologies utilize machine learning, remote sensing, drones and Internet of Things systems for real-time agricultural decision-making. AI-based advisory systems help farmers predict weather variability, irrigation requirements, nutrient deficiencies and pest outbreaks. Satellite imaging and drone-assisted monitoring provide detailed assessment of crop health and environmental stress. Machine-learning algorithms integrated with climate forecasting models improve resource optimization and climate-risk prediction. Precision agriculture therefore improves productivity while reducing wastage of fertilizers, pesticides and irrigation water. Recent studies demonstrate that AI-assisted agriculture substantially improves sustainability and climate adaptation efficiency in vulnerable farming systems (Mishra et al., 2024; Wang et al., 2024).
3.9 Synthetic Biology and Future Crop Engineering
Synthetic biology represents an emerging frontier in agricultural biotechnology involving engineering of biological systems for improved agricultural performance and environmental sustainability. This interdisciplinary field combines genetic engineering, systems biology and computational modeling to design novel metabolic pathways and engineered microorganisms. Synthetic biology enables development of engineered microbes capable of biological nitrogen fixation, stress protection and enhanced nutrient mobilization under adverse environmental conditions. Integration of synthetic biology with CRISPR-based genome editing and artificial intelligence is expected to revolutionize future crop-engineering strategies for climate-smart agriculture.
3.10 Integrated Biotechnology Systems for Climate Resilience
Modern climate-resilient agriculture increasingly depends on integrated biotechnology systems combining molecular breeding, microbial biotechnology, digital agriculture, artificial intelligence and ecosystem-based management approaches. Integrated systems improve productivity, resource-use efficiency and long-term sustainability simultaneously. For example, stress-tolerant crop varieties combined with microbial biofertilizers and AI-driven advisory systems provide multidimensional adaptation against climate variability. Such integrated climate-smart systems are particularly important for vulnerable agricultural regions such as Odisha where farmers face floods, droughts, salinity and pest outbreaks simultaneously. Future agricultural transformation therefore requires convergence of biotechnology, ecological sustainability, digital innovation and farmer-centered participatory approaches for ensuring food security and climate resilience.
[image: ]
{Figure 1: Conceptual framework illustrating the role of agricultural biotechnology (biofertilizers, biopesticides, molecular breeding and digital agriculture) in enhancing climate resilience through improved soil health, stress tolerance and productivity.}	Comment by Author: The figure is mentioned but not provided in the manuscript text. 
4. CASE STUDIES OF AGRICULTURAL BIOTECHNOLOGY IN ODISHA	Comment by Author: Include clearer information regarding:
Sample area or scale of implementation 
Farmer adoption levels 
Duration of field studies
The application of agricultural biotechnology in Odisha can be effectively illustrated through field-based case studies that demonstrate its contribution to climate resilience, productivity enhancement and livelihood improvement. Two major systems, namely submergence-tolerant rice in flood-prone regions and millet-based farming systems in drought-prone areas, highlight the practical relevance of biotechnology when aligned with local agro-ecological conditions.
The first case study focuses on submergence-tolerant rice varieties such as Swarna-Sub1 cultivated in coastal districts including Kendrapada and Jagatsinghpur. These regions frequently experience flooding during the monsoon season, leading to severe crop losses in conventional rice varieties. Swarna-Sub1, developed through marker-assisted selection, contains the Sub1 gene that enables plants to survive complete submergence for up to 10–14 days by regulating elongation and conserving energy. Field evaluations indicate that these varieties can maintain yields of approximately 3.5–4.5 t ha⁻¹ under submergence conditions, whereas traditional varieties often suffer yield losses exceeding 50% (IRRI, 2020; Swain et al., 2023). The adoption of such varieties has significantly reduced crop failure risk and improved food security in flood-prone ecosystems.
The second case study examines millet-based climate-resilient farming systems promoted under the Odisha Millet Mission in districts such as Koraput, Kandhamal and Rayagada. These regions are characterized by rainfed agriculture, low soil fertility and high vulnerability to drought stress. The integration of improved millet varieties with biofertilizer-based nutrient management has enhanced soil biological activity and nutrient availability. Microbial inputs such as nitrogen-fixing and phosphate-solubilizing bacteria improve root development and water-use efficiency. Field-level data indicate that millet productivity has increased from approximately 6–8 quintals ha⁻¹ to 10–12 quintals ha⁻¹, with a corresponding increase in farmer income of about 20–30% (Sahoo et al., 2024; Government of Odisha, 2023). In addition, millet cultivation contributes to nutritional security due to its high micronutrient content.
These case studies demonstrate that biotechnology-driven interventions are most effective when tailored to specific agro-climatic conditions. While submergence-tolerant rice addresses acute flood stress in coastal ecosystems, millet-based systems provide resilience against chronic drought and soil degradation in rainfed regions. The evidence suggests that combining genetic improvement with microbial technologies and policy support is essential for achieving sustainable agricultural outcomes.
5. COMPARATIVE ANALYSIS AND DISCUSSION	Comment by Author: Include economic and environmental comparisons such as; Input costs, Water use efficiency, and Carbon footprint.
The section should discuss scalability and policy feasibility more critically.
The comparative analysis of biotechnology applications in rice-based and millet-based farming systems reveals distinct adaptation mechanisms and outcomes under varying climatic conditions in Odisha. These systems differ in their technological approaches, biological processes and long-term sustainability impacts.
Submergence-tolerant rice systems represent a gene-centric adaptation strategy, where resilience is achieved through genetic improvement using marker-assisted selection. The incorporation of the Sub1 gene enables rice plants to withstand prolonged flooding by suppressing excessive elongation and conserving metabolic energy. This results in improved yield stability under short-term extreme stress conditions such as floods (Zhang et al., 2020; IRRI, 2020). However, these systems often require continuous seed replacement and institutional support for sustained adoption.
In contrast, millet-based systems follow an ecosystem-oriented approach that relies on soil–plant–microbe interactions. The application of biofertilizers enhances rhizosphere activity, improves nutrient cycling and increases water-use efficiency. These processes contribute to enhanced drought tolerance and long-term soil health. Unlike rice systems, millet cultivation is less input-intensive and better suited to marginal environments, making it more sustainable under chronic stress conditions (Lal, 2020; Sahoo et al., 2024).
From a resilience perspective, rice systems are effective in mitigating short-term climatic shocks such as floods, whereas millet-based systems provide long-term adaptation to water scarcity and soil degradation. This indicates that the effectiveness of agricultural biotechnology is context-dependent and influenced by agro-ecological conditions and socio-economic factors.
Furthermore, the analysis highlights that no single technological approach is sufficient to address the complexity of climate change impacts on agriculture. A hybrid strategy integrating genetic improvement, microbial biotechnology and ecosystem-based practices is necessary for achieving sustainable and climate-resilient farming systems.

Table 1: Comparative analysis of biotechnology-based farming systems in Odisha
	Parameter
	Submergence-Tolerant Rice
	Millet-Based System

	Climatic stress
	Flood
	Drought

	Technology
	Marker-assisted selection
	Biofertilizers

	Mechanism
	Sub1 gene regulation
	Microbial nutrient cycling

	Input requirement
	Moderate to high
	Low

	Outcome
	Yield stability
	Nutritional & income security


6. CONSTRAINTS AND CHALLENGES IN ADOPTION OF AGRICULTURAL BIOTECHNOLOGY	Comment by Author: The discussion should distinguish between; 
Technical constraints
Economic barriers
Institutional limitations
Policy gaps
Despite its significant potential, the adoption of agricultural biotechnology in Odisha remains constrained by multiple structural, institutional and socio-economic factors. One of the primary challenges is the limited awareness and technical knowledge among smallholder farmers regarding biofertilizers, biopesticides and stress-tolerant crop varieties. In many regions, traditional practices continue to dominate, and new technologies are often perceived as uncertain due to inadequate field demonstrations and extension support (Rout et al., 2024).
Another critical constraint is the weak supply chain and quality inconsistency of bio-based inputs. Biofertilizers and microbial formulations often suffer from short shelf life and variability in performance, which reduces farmer confidence and slows adoption rates (Yadav and Kumar, 2021; OECD, 2022). In addition, insufficient coordination between research institutions and field-level agencies creates a gap between technology development and practical implementation.
Economic limitations further restrict adoption. The predominance of small and marginal farmers, fragmented landholdings and limited access to credit and irrigation facilities reduce the capacity to invest in new technologies. Climate uncertainty itself also discourages risk-taking behavior among farmers, particularly in vulnerable regions.
Policy and institutional barriers also play an important role. Although initiatives such as the Odisha Millet Mission have demonstrated success, similar structured programs for broader biotechnology adoption remain limited. Strengthening extension services, ensuring quality control of bio-inputs and enhancing public–private partnerships are essential for scaling biotechnology interventions effectively.
7. FUTURE PROSPECTS AND STRATEGIC DIRECTIONS	Comment by Author: Include clearer implementation pathways for smallholder farmers.
The future of agricultural biotechnology in Odisha lies in developing an integrated and location-specific innovation framework that combines scientific advancements with traditional agricultural knowledge. Strengthening linkages between research institutions, extension systems and farming communities is essential to accelerate technology dissemination and adoption (World Bank, 2023).
A key strategic priority is the promotion of decentralized production systems for biofertilizers and biopesticides. Establishing local-level production units can improve availability, reduce costs and ensure quality consistency. In addition, farmer training programs and capacity-building initiatives should be expanded to enhance awareness and technical understanding of biotechnology-based solutions.
Emerging technologies such as genome editing and artificial intelligence are expected to play a transformative role in climate-resilient agriculture. CRISPR-based crop improvement enables precise modification of stress-resilient traits, while AI-driven advisory systems provide real-time recommendations on crop management and climate risk mitigation (Singh et al., 2022; Mishra et al., 2024).
From a systems perspective, future strategies should emphasize the integration of genetic improvement, microbial biotechnology and ecosystem-based farming approaches. Combining stress-tolerant crop varieties with biofertilizer-based soil management and digital agriculture can provide a holistic solution to climate variability.
8. POLICY IMPLICATIONS	Comment by Author: Include recommendations on: 
Subsidy support 
Certification systems for bio-inputs 
Farmer cooperatives 
Digital extension systems 
Effective implementation of agricultural biotechnology requires strong policy support and institutional coordination. Government interventions should focus on strengthening extension networks, improving access to quality bio-inputs and promoting farmer-centric innovation systems.
Investment in research and development is essential to generate region-specific technologies suited to Odisha’s agro-climatic conditions. Public–private partnerships can facilitate large-scale dissemination of biotechnology innovations and enhance market linkages.
Furthermore, policies should encourage sustainable agricultural practices by providing incentives for the adoption of eco-friendly technologies such as biofertilizers and biopesticides. Integrating biotechnology into state-level climate adaptation strategies can significantly enhance agricultural resilience and long-term sustainability (FAO, 2023).
9. CONCLUSION
Agricultural biotechnology offers a robust and sustainable pathway for enhancing climate resilience in Odisha’s farming systems. Evidence from submergence-tolerant rice and millet-based systems demonstrates that both genetic and ecological approaches can significantly improve productivity, stability and livelihood security under climate stress conditions.
The analysis highlights that the effectiveness of biotechnology is highly context-dependent and must be aligned with local agro-ecological and socio-economic conditions. While genetic interventions are effective in mitigating short-term climatic shocks such as floods, microbial and ecosystem-based approaches provide long-term resilience against drought and soil degradation.
Overall, achieving climate-resilient agriculture in Odisha requires an integrated strategy that combines technological innovation, institutional support and farmer participation. Strengthening linkages between research organizations, policymakers and farming communities will be essential for scaling biotechnology solutions and ensuring sustainable agricultural transformation.	Comment by Author: This paragraph may be strengthened by emphasizing practical implementation rather than broad general statements.
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