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Precision-Enhanced Biological Nitrogen Fixation: Transitioning from Natural Symbiosis to High Nitrogen-Fixing Legume Varieties- A Review


ABSTRACT

Biological nitrogen fixation (BNF) is a key ecological process that converts atmospheric nitrogen into plant-available forms through symbiosis between legumes and nitrogen-fixing microorganisms. Although essential for sustainable agriculture, its natural efficiency is often constrained by environmental variability, soil nutrient imbalances, and genetic limitations of host plants. Recent technological advancements have led to the development of precision-enhanced BNF systems to overcome these limitations and improve crop productivity.
This review synthesizes findings from multiple recent studies focusing on natural BNF mechanisms, limitations of conventional systems, genetic and microbial innovations, and the integration of precision agriculture tools. The studies employed approaches such as molecular and genomic analyses, evaluation of advanced microbial inoculants, and field-based assessments of site-specific nutrient management to examine their effects on nitrogen fixation and plant performance. The reviewed studies consistently show that integrating genomic-assisted breeding, efficient microbial inoculants, and precision nutrient management significantly enhances nitrogen fixation efficiency, nodulation, and overall legume productivity. However, variability in environmental conditions, challenges in large-scale implementation, and adoption barriers among farmers remain important constraints.
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INTRODUCTION
Biological nitrogen fixation is a fundamental biological process that sustains terrestrial ecosystems by converting atmospheric nitrogen into ammonia through enzymatic activity mediated by nitrogenase complexes (Ladha et al., 2022). Leguminous crops such as soybean, chickpea, and lentil are uniquely adapted to form symbiotic associations with rhizobia, enabling them to meet a significant portion of their nitrogen requirements independently (Peoples et al., 2022). This symbiotic interaction contributes to soil fertility enhancement and reduces the reliance on synthetic nitrogen fertilizers in cropping systems (Mukherjee and Sen, 2021). Globally, BNF is estimated to contribute millions of tonnes of nitrogen annually, making it a critical component of nutrient cycling in agricultural ecosystems (Herridge et al., 2021). Despite its ecological importance, the efficiency of natural BNF varies widely across environments and crop species (Bantilan and Johansen, 1995). Environmental factors such as soil pH, temperature fluctuations, and moisture stress can significantly influence nodulation and nitrogenase activity (Hungria et al., 2020). High levels of available mineral nitrogen in soils often suppress biological fixation through feedback inhibition mechanisms (Guo et al., 2025). Furthermore, modern breeding practices have frequently prioritized yield traits over symbiotic efficiency, leading to reduced BNF capacity in improved cultivars (Lépiz-Ildefonso et al., 2024). The increasing demand for food production in the face of population growth has intensified the need for sustainable nitrogen management strategies (Tilman et al., 2021). Excessive application of synthetic fertilizers has resulted in environmental degradation, including greenhouse gas emissions, eutrophication, and soil health deterioration (Ladha et al., 2022). Therefore, enhancing the efficiency of BNF represents a viable strategy for achieving sustainable intensification of agriculture (Zhang et al., 2021). Recent advancements in genomics, phenotyping technologies, and digital agriculture have opened new avenues for improving BNF efficiency (Nkurunziza et al., 2025). The concept of precision-enhanced BNF involves integrating genetic, microbial, and agronomic approaches to optimize nitrogen fixation under specific environmental conditions (Guo et al., 2025). Technologies such as remote sensing, machine learning, and sensor-based nutrient monitoring enable real-time assessment of crop nitrogen status (Jafari et al., 2024). The objective of this review is to critically examine the evolution of BNF from natural symbiotic processes to precision-enhanced systems. Additionally, the review aims to identify key research gaps and future directions for developing high nitrogen-fixing legume varieties.
MATERIAL AND METHODOLOGY
This review adopts a systematic approach to synthesize existing knowledge on biological nitrogen fixation in legumes (Ladha et al., 2022). Relevant literature was retrieved from major scientific databases including Web of Science, Scopus, PubMed, and Google Scholar (Peoples et al., 2022). Search terms such as “biological nitrogen fixation,” “legume symbiosis,” “rhizobium inoculation,” and “precision agriculture” were used to identify pertinent studies (Mukherjee and Sen, 2021). The time frame for literature selection ranged from 1995 to 2025 to capture both foundational and recent developments (Bantilan and Johansen, 1995). A total of 20 original research articles were selected based on relevance, methodological rigor, and contribution to BNF enhancement strategies (Nkurunziza et al., 2025). Studies lacking experimental validation or focusing on non-legume systems were excluded from the analysis (Guo et al., 2025). Data were categorized into thematic sections to facilitate structured analysis and synthesis of findings (Jafari et al., 2024). The review emphasizes comparative evaluation of different approaches to improving BNF efficiency in legumes.
1. Natural BNF Mechanisms and Ecophysiology 
Biological nitrogen fixation in legumes is mediated through a highly specialized symbiotic interaction between plant roots and rhizobia (Peoples et al., 2022). The process begins with molecular signaling between host plants and bacteria, leading to the formation of root nodules (Oldroyd et al., 2019). Within these nodules, rhizobia differentiate into bacteroids that actively fix atmospheric nitrogen using nitrogenase enzymes (Udvardi and Poole, 2013). The fixed nitrogen is then assimilated into amino acids and transported to the plant for growth and development (White et al., 2019). The efficiency of this process is influenced by multiple environmental factors including soil temperature, moisture availability, and nutrient status (Hungria et al., 2020). Soil pH plays a crucial role in determining rhizobial survival and nodulation efficiency (Bantilan and Johansen, 1995). Water stress can reduce nodule formation and impair nitrogenase activity, thereby limiting BNF efficiency (Serraj et al., 2004). Similarly, phosphorus deficiency restricts energy availability required for nitrogen fixation (Sulieman and Tran, 2015). Genotypic variation among legumes significantly affects nodulation characteristics and nitrogen fixation capacity (Lépiz-Ildefonso et al., 2024). Some genotypes exhibit higher nodule number and size, leading to increased nitrogen fixation rates (Nkurunziza et al., 2025). Wild relatives of cultivated legumes often possess superior symbiotic efficiency, indicating potential for genetic improvement (Dwivedi et al., 2015). Despite its ecological significance, natural BNF is often insufficient to meet the nitrogen demands of high-yielding cropping systems (Zahran, 1999). This limitation necessitates the development of strategies to enhance BNF efficiency under field conditions.
2. Constraints and Limitations of Conventional BNF 
One of the primary constraints of natural BNF is its sensitivity to environmental variability (Bantilan and Johansen, 1995). Soil nitrogen levels exert a strong regulatory effect on nodulation and nitrogen fixation (Guo et al., 2025). High nitrogen availability suppresses BNF through feedback inhibition mechanisms that reduce nodule formation (Streeter and Wong, 1988). Another limitation is the inconsistency in performance of rhizobial inoculants across different environments (Herridge et al., 2008). Competition between introduced and native rhizobia often reduces the effectiveness of inoculation (Thies et al., 1991). Additionally, poor quality control in inoculant production can lead to reduced field performance (Singleton et al., 1992). Environmental stresses such as drought, salinity, and temperature extremes further constrain BNF efficiency (Hungria et al., 2020) (Table 3). . These stresses affect both plant physiology and microbial activity, leading to reduced nitrogen fixation rates (Serraj et al., 2004). The lack of reliable methods for measuring BNF in field conditions has also limited research progress (Jafari et al., 2024). Traditional methods such as acetylene reduction assays are labor-intensive and often inaccurate (Hardy et al., 1968). These limitations highlight the need for innovative approaches to enhance BNF efficiency.
3. Precision-Enhanced BNF Approaches 
Precision-enhanced BNF integrates modern technologies to optimize nitrogen fixation processes (Guo et al., 2025). Site-specific nutrient management is a key component of this approach (Zhang et al., 2021). Optimizing nitrogen and phosphorus inputs can enhance both nodulation and crop yield (Sulieman and Tran, 2015). Remote sensing technologies enable real-time monitoring of crop nitrogen status (Jafari et al., 2024). Machine learning algorithms can predict nitrogen demand and optimize fertilization strategies (Liakos et al., 2018). Non-invasive techniques such as hyperspectral imaging allow rapid assessment of plant health and nitrogen fixation activity (Mahajan et al., 2014). Precision agriculture tools also facilitate variable rate application of inputs, improving resource use efficiency (Gebbers and Adamchuk, 2010). These technologies enable farmers to tailor management practices according to site-specific conditions (Zhang et al., 2021).The integration of precision tools with BNF represents a significant advancement in sustainable agriculture (Table 1).
4. Genetic Improvement of Legumes for Enhanced Nitrogen Fixation 
Genetic improvement of legumes has emerged as a critical strategy for enhancing biological nitrogen fixation efficiency (Nkurunziza et al., 2025). The genetic basis of nodulation and nitrogen fixation involves complex interactions between plant signaling pathways and microbial symbiosis genes (Oldroyd, 2013). Recent advances in genomics have enabled the identification of quantitative trait loci associated with nodulation efficiency and nitrogenase activity (Dwivedi et al., 2015). Genome-wide association studies have revealed significant variation in BNF traits across different legume germplasm collections (Nkurunziza et al., 2025). Marker-assisted selection has facilitated the development of improved cultivars with enhanced nitrogen fixation capacity (Varshney et al., 2017).
These approaches allow breeders to target specific genes involved in symbiotic efficiency and stress tolerance (Kumar et al., 2018). Genomic selection models are increasingly being used to predict complex traits such as nitrogen fixation based on genome-wide markers (Crossa et al., 2017). Wild relatives of legumes represent an important source of genetic diversity for improving BNF traits (Lépiz-Ildefonso et al., 2024). Introgression of beneficial alleles from wild species into cultivated varieties has been shown to enhance nodulation and nitrogen fixation efficiency (Dwivedi et al., 2015). Such approaches are particularly valuable for developing climate-resilient cultivars with stable BNF performance under stress conditions (Araújo et al., 2019). Biotechnological interventions such as gene editing are also being explored to enhance BNF efficiency (Chen et al., 2020). CRISPR-Cas systems enable precise modification of genes involved in nodulation signaling pathways (Wang et al., 2022). These technologies offer new opportunities for engineering legumes with improved symbiotic interactions and nitrogen fixation capacity (Oldroyd, 2013). The integration of genomics, phenomics, and bioinformatics is accelerating the development of high nitrogen-fixing legume varieties (Varshney et al., 2017). However, challenges related to genotype-by-environment interactions remain significant in breeding programs (Crossa et al., 2017).
5. Microbial Innovations and Rhizosphere Engineering 
The efficiency of biological nitrogen fixation is strongly influenced by the quality and compatibility of rhizobial strains (Bantilan and Johansen, 1995). Selection of highly efficient rhizobial strains can significantly improve nodulation and nitrogen fixation rates (Herridge et al., 2008). Advances in microbial genomics have enabled the identification of key genes responsible for symbiotic efficiency (Poole et al., 2018) (Table 2). The development of elite inoculant strains with enhanced competitiveness and stress tolerance is a major focus of current research (Hungria et al., 2020). These strains are capable of outperforming native rhizobia in establishing symbiosis with host plants (Thies et al., 1991).
Improved inoculant formulations incorporating carriers and protective agents have been shown to enhance field performance (Singleton et al., 1992). The rhizosphere microbiome plays a critical role in regulating plant health and nutrient cycling (Berendsen et al., 2012). Interactions between rhizobia and other soil microorganisms can influence nodulation and nitrogen fixation efficiency (Compant et al., 2019). Plant growth-promoting rhizobacteria can enhance BNF by improving nutrient availability and reducing stress effects (Vessey, 2003). Synthetic microbial consortia are being developed to optimize rhizosphere interactions and enhance nitrogen fixation (Vorholt et al., 2017).These consortia combine multiple beneficial microorganisms to improve plant growth and resilience (Compant et al., 2019). Such approaches represent a promising strategy for enhancing BNF under diverse environmental conditions (Berendsen et al., 2012). Agronomic practices such as crop rotation and intercropping can also influence rhizosphere microbial dynamics (Drinkwater et al., 1998). Diversified cropping systems promote microbial diversity and improve nitrogen cycling efficiency (Singh et al., 2023). These findings highlight the importance of integrating microbial and agronomic strategies for optimizing BNF.
6. Integration of BNF with Precision and Climate-Smart Agriculture 
Biological nitrogen fixation is increasingly being integrated into precision agriculture frameworks to enhance sustainability (Gebbers and Adamchuk, 2010). Precision agriculture technologies enable site-specific management of inputs, improving nitrogen use efficiency (Zhang et al., 2021). The use of sensors and remote sensing tools allows real-time monitoring of crop nitrogen status and BNF activity (Jafari et al., 2024). Climate-smart agriculture emphasizes the need to enhance productivity while reducing environmental impacts (Lipper et al., 2014). BNF contributes to climate mitigation by reducing greenhouse gas emissions associated with synthetic fertilizer production (Ladha et al., 2022). Legume-based cropping systems improve soil carbon sequestration and ecosystem resilience (Peoples et al., 2022). The integration of BNF into cropping systems can reduce dependency on external nitrogen inputs (Mukherjee and Sen, 2021). This approach aligns with sustainable intensification goals aimed at increasing productivity without environmental degradation (Tilman et al., 2021). Precision-enhanced BNF systems provide a pathway for achieving these objectives through optimized resource use (Guo et al., 2025). However, the adoption of precision agriculture technologies is influenced by economic and infrastructural factors (Gebbers and Adamchuk, 2010).
Smallholder farmers may face challenges in accessing advanced technologies required for precision BNF (Lipper et al., 2014). Addressing these barriers is essential for widespread implementation of precision-enhanced BNF systems (picture1).
DISCUSSION
Precision-enhanced approaches offer improved control over nutrient management and symbiotic interactions (Jafari et al., 2024)(figure1).The transition from natural biological nitrogen fixation to precision-enhanced systems represents a paradigm shift in agricultural science (Guo et al., 2025)(figure 2). Natural BNF provides a sustainable source of nitrogen but is often limited by environmental variability and genetic constraints (Peoples et al., 2022).  The integration of genomics and precision agriculture tools has significantly improved the efficiency of BNF (Nkurunziza et al., 2025). However, variability in field performance remains a major challenge (Bantilan and Johansen, 1995). Differences in soil properties, climate conditions, and microbial communities can influence BNF outcomes (Hungria et al., 2020). Conflicting findings exist regarding the optimal balance between nitrogen fertilization and biological fixation (Guo et al., 2025). Some studies suggest that moderate nitrogen application can enhance overall productivity without suppressing BNF (Zhang et al., 2021). Other studies indicate that excessive nitrogen inputs reduce nodulation and fixation efficiency (Streeter and Wong, 1988). The effectiveness of microbial inoculants also varies across different agroecological regions (Herridge et al., 2008). Competition between introduced and native rhizobia can reduce inoculant performance (Thies et al., 1991). These challenges highlight the need for location-specific strategies for optimizing BNF (Singh et al., 2023). Economic considerations also play a role in the adoption of precision-enhanced BNF technologies (Lipper et al., 2014). High initial costs and limited access to technology may hinder adoption among smallholder farmers (Gebbers and Adamchuk, 2010). Therefore, policy support and capacity building are essential for promoting these technologies.
FUTURE CHALLENGES
Future research should focus on improving the stability of biological nitrogen fixation under changing climatic conditions (Peoples et al., 2022). Climate variability poses significant challenges to both plant growth and microbial activity (Hungria et al., 2020). Developing climate-resilient legume varieties with stable BNF performance is a key research priority (Lépiz-Ildefonso et al., 2024). The integration of multi-omics approaches can enhance understanding of plant–microbe interactions (Nkurunziza et al., 2025). Genomics, transcriptomics, and metabolomics provide insights into the molecular mechanisms underlying BNF (Chen et al., 2020). These approaches can facilitate the development of improved cultivars and microbial strains. There is also a need for cost-effective technologies for real-time monitoring of nitrogen fixation (Jafari et al., 2024). Advances in sensor technologies and data analytics can improve the accuracy and efficiency of BNF measurement (Liakos et al., 2018). Enhancing farmer awareness and adoption of BNF technologies is essential for large-scale implementation (Bantilan and Johansen, 1995). Extension services and training programs can play a critical role in promoting these technologies (Lipper et al., 2014). Policy support and investment in research infrastructure are also necessary to accelerate innovation in this field (Tilman et al., 2021).
CONCLUSION
Biological nitrogen fixation remains a cornerstone of sustainable agriculture by providing an environmentally friendly source of nitrogen (Ladha et al., 2022). Natural BNF systems are limited by environmental variability, genetic constraints, and management practices (Peoples et al., 2022). Precision-enhanced BNF represents a transformative approach that integrates modern technologies to optimize nitrogen fixation (Guo et al., 2025). Advances in genomics, microbial engineering, and precision agriculture have significantly improved BNF efficiency (Nkurunziza et al., 2025). These innovations enable the development of high nitrogen-fixing legume varieties capable of sustaining productivity under diverse conditions (Lépiz-Ildefonso et al., 2024). Despite these advancements, challenges related to scalability, cost, and environmental variability remain (Jafari et al., 2024). The integration of precision-enhanced BNF into agricultural systems offers a promising pathway for achieving sustainable intensification (Mukherjee and Sen, 2021). Future research should focus on addressing existing gaps and promoting the adoption of these technologies (Tilman et al., 2021). Overall, precision-enhanced BNF has the potential to revolutionize nitrogen management in agriculture and contribute to global food security.
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Table 1. Comparative overview of natural vs precision-enhanced biological nitrogen fixation
	S.NO.
	Parameter
	Natural BNF
	Precision-Enhanced BNF

	1
	Nitrogen fixation efficiency
	Moderate and variable
	High and optimized

	2
	Dependence on environment
	Highly dependent
	Controlled through management

	3
	Genotype influence
	Limited exploitation
	Targeted genetic improvement

	4
	Rhizobial interaction
	Native strains dominate
	Engineered/elite inoculants used

	5
	Nutrient management
	Generalized
	Site-specific and data-driven

	6
	Monitoring tools
	Conventional methods
	Sensors, remote sensing, AI

	7
	Yield contribution
	Inconsistent
	Stable and enhanced

	8
	Sustainability impact
	Moderate
	High (reduced fertilizer use)




Table 2. Key genetic and microbial strategies for enhancing BNF in legumes
	S.NO.
	Strategy
	Approach
	Outcome

	1
	Marker-assisted selection
	Identification of BNF-related QTLs
	Improved nodulation traits

	2
	Genomic selection
	Genome-wide prediction models
	Faster breeding cycles

	3
	CRISPR gene editing
	Modification of symbiotic genes
	Enhanced nitrogen fixation efficiency

	4
	Rhizobial strain improvement
	Selection of elite strains
	Increased nodulation and N fixation

	5
	Microbial consortia
	Multi-strain inoculation
	Improved rhizosphere function

	6
	Wild germplasm utilization
	Introgression of beneficial traits
	Stress-resilient varieties



Table 3. Factors affecting biological nitrogen fixation in legumes
	S.NO.
	Factor
	Effect on BNF
	Mechanism

	1
	Soil nitrogen
	Negative (high levels)
	Suppression of nodulation

	2
	Phosphorus availability
	Positive
	Energy supply for fixation

	3
	Soil moisture
	Positive/Negative
	Affects nodule activity

	4
	Temperature
	Optimal range required
	Influences enzyme activity

	5
	Soil pH
	Neutral preferred
	Affects rhizobial survival

	6
	Genotype
	Highly variable
	Controls symbiotic efficiency

	7
	Microbial diversity
	Positive
	Enhances rhizosphere interactions






















Picture 1- Precision-Enhanced Biological Nitrogen Fixation: Transitioning from Natural Symbiosis to High Nitrogen-Fixing Legume Varieties
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Figure. 1    Nitrogen fixation capabilities of different legume groups and the impact of precision enhancement (Kaziūnienė, J., et al. 2025)
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           Figure 2  Precision Enhancement and Nodule Development
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Figure 1. Mechanism of Biological Nitrogen Fixation in Legumes
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Figure 2. Transition from Natural to Precision-Enhanced
Biological Nitrogen Fixation
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Figure 3. Integrated Framework for Precision-Enhanced Biological Nitrogen Fixation
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Figure 4. Factors Influencing Biological Nitrogen Fixation Efficiency in Legumes
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