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Abstract 

Global application of inorganic fertilizers surpassed 190 million tonnes in 2025; however, crops typically take up less 

than 50% of the nutrients applied, especially nitrogen, leading to major nutrient losses, deterioration of soil quality, 

greenhouse gas emissions, eutrophication, and reductions in biodiversity. Consequently, increasing nutrient use 

efficiency (NUE) without compromising yields has become a central objective for sustainable agriculture. 

Biofertilizers containing beneficial microorganisms such as nitrogen-fixing bacteria, phosphate- and potassium-

solubilizing microbes, arbuscular mycorrhizal fungi (AMF), and plant growth-promoting rhizobacteria (PGPR) have 

gained attention as environmentally friendly substitutes or supplements to mineral fertilizers because they enhance 

nutrient availability, nutrient acquisition, and plant tolerance to stress. This review offers a critical synthesis of 

current understanding of how biofertilizers improve NUE through mechanisms such as biological nitrogen fixation, 

nutrient solubilization and mobilization, phytohormone synthesis, rhizosphere modification, and regulation of plant–

microbe interactions. It also discusses recent progress in microbial consortia, biofilm-based products, nano-

biofertilizers, microbiome engineering, and genomics-guided strain improvement that has increased the effectiveness 

and field performance of microbial inoculants. Nonetheless, issues involving microbial survival, formulation 

durability, performance across diverse agroecological settings, and scaling up for commercial use still hinder broad 

adoption. Future work should prioritise the design of climate-smart microbial products via synthetic microbial 

communities, multi-omics tools, precision agriculture, and artificial intelligence-assisted strain selection to enhance 

the reliability and effectiveness of biofertilizers. Incorporating biofertilizers into nutrient management strategies can 

decrease reliance on synthetic fertilizers, restore soil health, improve NUE, and support environmentally resilient and 

sustainable farming systems. Overall, this review presents a comprehensive and forward-looking analysis of how 

biofertilizers can contribute to sustainable nutrient management and climate-resilient agriculture. 
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1. Introduction  
Modern agriculture has achieved remarkable gains in crop productivity largely through the intensive use 

of chemical fertilizers (Xiang et al., 2008). However, this success has come at a considerable environmental 

cost. Global agricultural use of inorganic fertilizers exceeded 190 million tonnes in 2025, yet the efficiency 

with which crops utilize applied nutrients remains relatively low, particularly for nitrogen, resulting in 

substantial nutrient losses and environmental degradation. Excessive and imbalanced fertilizer 

application has contributed to soil degradation (Bhattacharyya et al., 2015), nutrient imbalance (Vitousek 

et al., 2009), loss of soil biodiversity (Krasilnikov et al., 2022), water pollution (Saha et al., 2024), and 

disruption of natural biogeochemical cycles (Zaman et al., 2025). These challenges have raised serious 

concerns regarding the long-term sustainability of conventional nutrient management practices. 
Improving nutrient use efficiency (NUE) while, maintaining or enhancing crop productivity has become a 

central objective of sustainable agricultural systems. NUE reflects the ability of crops to acquire, 

assimilate, and convert applied nutrients into economic yield, making it an important indicator of both 

agronomic performance and environmental sustainability (Govindasamy et al., 2023). Low NUE results in 

significant nutrient losses through leaching (Alva et al., 2006), volatilization (Liu et al., 2019), and surface 

runoff (Liang et al., 2016), thereby increasing production costs while contributing to environmental 

pollution. Consequently, sustainable nutrient management requires integrated strategies that maximize 

nutrient availability and uptake while minimizing losses and improving soil health, ecosystem 

functioning, and crop resilience. 
Biofertilizers consist of beneficial microorganisms, including nitrogen-fixing bacteria, phosphate- and 

potassium-solubilizing microbes, AMF, and PGPR, and have gained prominence as environmentally 

friendly alternatives or complements to chemical fertilizers (Bhat et al., 2015). Instead of directly 

supplying nutrients, these microbes increase nutrient availability via biological nitrogen fixation, nutrient 

solubilization and mobilization, phytohormone synthesis, and enhancement of root system architecture, 

thereby boosting nutrient uptake efficiency and reinforcing plant resistance to biotic and abiotic stresses. 

Their capacity to restore soil microbial diversity, improve soil fertility, and optimize rhizosphere 

processes positions them as key elements of integrated nutrient management strategies (Bomboriya et al., 

2018). Recent progress in microbial ecology, genomics, nanotechnology, and biofilm-based technologies 

has further strengthened the prospects of biofertilizers by enhancing microbial persistence, formulation 

robustness, and performance under field conditions. Novel approaches such as multifunctional microbial 

consortia, nano-biofertilizers, and genomics-driven strain improvement provide promising avenues to 

increase NUE while decreasing reliance on synthetic fertilizers (Rabani et al., 2023). 

The accelerated depletion of non-renewable resources, notably rock phosphate and petroleum, presents 

an additional threat to global food security, with particularly severe implications for developing nations 

(Clair & Lynch, 2010). Although sustainable agricultural production has been widely recognized as a 

priority by policymakers, researchers, and industry (Seufert et al., 2012; Wezel et al., 2014), intensive 

farming systems that depend heavily on synthetic fertilizers, pesticides, and herbicides continue to 

degrade soil quality, diminish biodiversity, reduce water-holding capacity, and disrupt nutrient cycling 

(Kahiluoto et al., 2014; Tahat et al., 2020). Organic agriculture offers a viable alternative pathway toward 

more sustainable production (Reddy, 2013); however, in many production contexts, chemical fertilizers 

are expected to remain indispensable for satisfying global food demand (Macilwain, 2004). Consequently, 

enhancing fertilizer use efficiency, rather than aiming for complete substitution, constitutes a more 

pragmatic and achievable strategy for sustainable intensification. 

Biofertilizers offer a promising strategy to enhance nutrient availability, stimulate plant growth, improve 

stress resilience, and mitigate the environmental impacts associated with intensive fertilizer use                    

(Vessey, 2003; Bertola et al., 2019; Murgese et al., 2020; Fasusi et al., 2021). Recent advances, such as the 
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discovery of novel nitrogen-fixing bacteria from extreme environments using metagenomic tools 

(Renganathan et al., 2025), CRISPR-based enhancement of nitrogenase activity (Russell et al., 2024), and           

co-inoculation approaches that increase nitrogen use efficiency in cereal systems (Galindo et al., 2025), 

highlight the rapid progress of microbial technologies for sustainable agriculture. However, despite the 

rapidly expanding body of literature on biofertilizers, most existing review articles have primarily 

focused on individual microbial taxa, such as PGPR, AMF, or phosphate-solubilizing microorganisms 

(PSMs), or on specific nutrient transformation processes, with limited integration of recent advances in 

microbial ecology, microbiome engineering, synthetic microbial communities (SynComs), CRISPR-

mediated microbial engineering, nano-enabled formulations, multi-omics technologies, and artificial 

intelligence-assisted biofertilizer development. Furthermore, many previous reviews emphasize 

laboratory-scale research and conventional microbial inoculants, while comparatively less attention has 

been given to critical aspects such as formulation stability, microbial survival, field-scale validation, 

commercialization, regulatory frameworks, biosafety considerations, and the practical implementation of 

next-generation biofertilizers under diverse agroecological conditions. In view of these limitations, the 

present review provides an updated and comprehensive synthesis of the mechanisms through which 

biofertilizers enhance nutrient use efficiency, critically evaluates recent technological innovations and 

their agronomic relevance, identifies current knowledge gaps and research challenges, and discusses 

emerging opportunities for integrating advanced microbial biotechnology with precision agriculture and 

climate-smart nutrient management. By combining conventional biofertilizer research with the latest 

developments in microbial engineering and sustainable agricultural technologies, this review offers a 

broader and more forward-looking perspective than previous reviews (Table 1), thereby providing a 

valuable framework for the development and large-scale adoption of next-generation biofertilizers for 

sustainable and climate-resilient agriculture. 

 
Table 1: Comparison of recent review articles with the present review. 

Reviews Main focus  References 

Biofertilizers in sustainable agriculture: 

mechanisms, challenges, and future 

perspectives 

Mechanisms of biofertilizers, nutrient 

cycling, plant–microbe interactions 

Shahzad et al. (2025) 

Biomaterial amendments improve 

nutrient use efficiency and soil health 

Biofertilizers, biochar, nanomaterials, 

nutrient use efficiency 

Liu et al. (2025) 

Nitrogen use efficiency in agriculture: 

Integrating biological nitrogen fixation 

and emerging technologies 

NUE, biological nitrogen fixation, 

microbial technologies 

Navarro et al. (2025) 

Engineering plant–microbe 

communication for microbiome 

engineering 

Root microbiome engineering, synthetic 

communities, rhizosphere engineering 

Griffin et al. (2024)  

Review of research and innovation on 

novel fertilizers for responsible plant 

nutrition 

Biofertilizers, nanofertilizers, enhanced-

efficiency fertilizers 

Maaz et al. (2025)  
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Present review (2026) Provides a comprehensive and up-to-date synthesis of conventional 

and next-generation biofertilizers for improving NUE. Unlike 

previous reviews, it integrates CRISPR-mediated microbial 

engineering, multi-omics, metagenomics, microbiome engineering, 

synthetic microbial communities, artificial intelligence-assisted 

biofertilizer development, and nano-enabled formulations. The 

review further includes critical analyses of current challenges, 

research gaps, field-scale validation, commercialization, biosafety, 

regulatory frameworks, and farmer adoption, while outlining future 

research priorities for developing climate-resilient and 

commercially viable biofertilizers for sustainable agriculture. 

 

2. Nutrient Use Efficiency (NUE) in Sustainable Agriculture 
Nutrient use efficiency (NUE) is a fundamental indicator of sustainable agricultural production, 

describing the ability of crops to acquire, utilize, and convert available nutrients into economic yield 

while minimizing nutrient losses to the environment. It reflects the combined efficiency of nutrient 

availability, plant uptake, assimilation, translocation, and utilization, and is therefore influenced by 

interactions among soil properties, crop genotype, fertilizer management, climatic conditions, and 

biological processes within the rhizosphere (Mikkelsen et al., 2012). 

NUE is determined by several interacting factors, including fertilizer source, application rate, timing, 

placement, irrigation practices, soil physicochemical properties, microbial activity, and crop genetics 

(Barbieri et al., 2008). The widely implemented 4R Nutrient Stewardship framework, applying the right 

nutrient source at the right rate, at the right time, and in the right place, has been recognized as an 

effective strategy for improving NUE and reducing nutrient losses. In recent years, biological approaches 

are increasingly recognized for their role in improving nutrient acquisition, stimulating root 

development, enhancing nutrient cycling, and boosting plant resilience to environmental stresses through 

beneficial soil microorganisms. NUE is a multidimensional concept evaluated through various agronomic 

indices, including agronomic efficiency, physiological efficiency, and apparent recovery efficiency, which 

assess fertilizer performance and nutrient management strategies (Table 2).  

 
Table 2: Major indices used for evaluating nutrient use efficiency. 

NUE Index Formula Description Significance 

Agronomic 

Efficiency (AE) 

(Grain yield of fertilized crop − Grain 

yield of unfertilized crop) / Quantity of 

fertilizer applied 

Increase in grain 

yield per unit of 

nutrient applied 

Indicates fertilizer 

effectiveness in 

increasing crop yield 

Physiological 

Efficiency (PE) 

(Biological yield of fertilized crop − 

Biological yield of unfertilized crop) / 

(Nutrient uptake by fertilized crop − 

Nutrient uptake by unfertilized crop) 

Efficiency of 

converting absorbed 

nutrients into 

biomass 

Reflects the plant's 

internal nutrient 

utilization efficiency 

Apparent 

Recovery 

Efficiency (RE) 

(Nutrient uptake by fertilized crop 

−Nutrient uptake by unfertilized 

crop/Quantity of fertilizer applied 

Fraction of applied 

nutrient recovered 

by the crop 

Indicates the 

effectiveness of nutrient 

uptake and reduced 

nutrient losses 

 

3. Significance of Biofertilizers 
Biofertilizers are preparations containing live or dormant beneficial microorganisms that promote plant 

growth by enhancing nutrient availability, nutrient uptake, and soil biological activity, rather than 

serving as direct nutrient sources. These microbes colonize the rhizosphere or internal plant tissues and 
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support plant nutrition through biological nitrogen fixation; solubilization and mobilization of 

phosphorus, potassium, and micronutrients; synthesis of phytohormones; and stimulation of 

advantageous plant–microbe interactions (Ghamry et al., 2018; Singh et al., 2019). Advances in microbial 

ecology and biotechnology have broadened the definition of biofertilizers from single-strain inoculants to 

include microbial consortia, multifunctional bioformulations, and plant growth-promoting 

microorganisms capable of concurrently improving nutrient uptake, stress resilience, and soil health. 

Within this context, PGPR have become one of the most intensively investigated groups because they 

employ multiple direct and indirect mechanisms to enhance crop yields and nutrient use efficiency          

(Suyal et al., 2016). Biofertilizers are commonly categorized according to their main functional 

contribution to nutrient transformation and plant growth promotion. Key groups include nitrogen-fixing 

microorganisms; phosphate-solubilizing microorganisms; potassium-solubilizing microorganisms; 

sulfur- and micronutrient-mobilizing microorganisms; mycorrhizal fungi; compost-degrading 

microorganisms; and PGPR (Naveed et al., 2015). Nonetheless, newer biofertilizer products increasingly 

incorporate combinations of several beneficial microorganisms in the form of microbial consortia to 

strengthen nutrient acquisition, enhance stress tolerance, and improve performance under diverse 

agroecological conditions. 

 

3.1. Biological Nitrogen Fixation: Mechanism and Agronomic Significance 

Nitrogen (N) is a vital macronutrient for plant growth and development, forming a core constituent of 

amino acids, proteins, nucleic acids, chlorophyll, and numerous other metabolic compounds. Despite 

atmospheric dinitrogen (N₂) comprising about 78% of the Earth’s atmosphere, it is not directly available 

to plants because of the strong triple bond linking the two nitrogen atoms. Instead, plants assimilate 

nitrogen predominantly as ammonium (NH₄⁺) and nitrate (NO₃⁻) ions (Kriška et al., 2023). Consequently, 

modern agricultural production has relied heavily on synthetic nitrogen fertilizers to satisfy crop nitrogen 

requirements. However, excessive nitrogen fertilizer application has resulted in low NUE, leading to 

substantial losses through leaching, volatilization, denitrification, soil acidification, eutrophication of 

water bodies, and increased emissions of nitrous oxide (N₂O), a potent greenhouse gas. 

Biological nitrogen fixation (BNF) provides a sustainable alternative for improving nitrogen availability 

while reducing dependence on synthetic fertilizers. BNF is a naturally occurring process in which 

specialized microorganisms; collectively known as diazotrophs, convert atmospheric nitrogen (N₂) into 

ammonia (NH₃), a plant-available form of nitrogen (Fig. 1). This process is restricted to certain bacteria 

and archaea, including members of the Proteobacteria, Actinobacteria, Cyanobacteria, Firmicutes, green sulfur 

bacteria, and methanogenic archaea, which possess the nitrogenase enzyme complex responsible for 

nitrogen reduction. Diazotrophic microorganisms exhibit diverse physiological characteristics and 

include aerobic species such as Azotobacter, anaerobic species such as Clostridium, facultative anaerobes 

such as Klebsiella, photosynthetic cyanobacteria such as Anabaena, and chemolithotrophic bacteria such as 

Leptospirillum ferrooxidans. 

The nitrogenase enzyme complex, composed of the molybdenum–iron (MoFe) protein and the iron (Fe) 

protein, catalyzes the reduction of atmospheric nitrogen according to the following reaction: 

N₂ + 8H⁺ + 8e⁻ + 16ATP → 2NH₃ + H₂ + 16ADP + 16Pi 

The MoFe protein catalyzes the reduction of atmospheric nitrogen to ammonia, whereas the Fe protein 

transfers electrons required for this energy-intensive process (Dance, 2023; Warmack et al., 2023). Because 

nitrogenase is highly sensitive to oxygen, diazotrophic microorganisms have evolved protective 

mechanisms, including the formation of low-oxygen microenvironments within legume root nodules and 

the production of protective mucilage around bacteroids, thereby maintaining nitrogenase activity under 

aerobic conditions (Hania et al., 2023; Martin et al., 2023; Reineke & Schlomann, 2023). 
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Fig. 1: Biofertilizer-mediated nutrient cycling for sustainable crop productivity. 

 
From an agronomic perspective, BNF is one of the most efficient biological processes for improving NUE. 

Unlike synthetic fertilizers, which are susceptible to significant environmental losses, biologically fixed 

nitrogen is released gradually in synchrony with plant demand, thereby enhancing nitrogen recovery, 

reducing nutrient losses, and improving fertilizer use efficiency. In addition to supplying nitrogen, 

diazotrophic microorganisms frequently stimulate root growth through phytohormone production, 

enhance nutrient acquisition, and improve plant tolerance to abiotic stresses, resulting in greater crop 

productivity and improved soil fertility (Fig. 1). Consequently, nitrogen-fixing biofertilizers represent an 

essential component of integrated nutrient management and climate-smart agricultural systems. Based on 

their ecological associations with plants, nitrogen-fixing microorganisms are broadly classified into 

symbiotic, free-living, and associative (endophytic) diazotrophs, each differing in their mechanisms of 

nitrogen fixation, host specificity, and contribution to nutrient use efficiency. These groups are 

summarized in tabular form (Table 3). 

 
Table 3: Classification of nitrogen-fixing biofertilizers and their contribution to nutrient use efficiency. 

Nature of 

Association 

Microorganisms NUE Plants Impacts on roots Overall 

Impacts  

References 

Symbiotic Rhizobium, 

Bradyrhizobium, 

Mesorhizobium, 

Azorhizobium, 

Sinorhizobium, 

Frankia 

50–300 

kg N 

ha⁻¹ yr⁻¹ 

Soybean, 

chickpea, 

pea, lentil, 

groundnut, 

alfalfa 

Root nodule 

formation, biological 

nitrogen fixation 

through nitrogenase 

Host 

specificity, soil 

acidity, high 

mineral N 

suppresses 

nodulation 

Bourscheidt 

et al. (2023) 

Free-living Azotobacter, 

Clostridium, 

Beijerinckia, 

Azoarcus, 

Klebsiella, 

Cyanobacteria 

5–20 kg 

N ha⁻¹ 

yr⁻¹ 

Wheat, 

maize, rice, 

vegetables 

Atmospheric nitrogen 

fixation, 

phytohormone 

production, 

siderophores 

Lower N 

contribution, 

competition 

with native 

microbes 

Schultz et al. 

(2014) 
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Associative / 

Endophytic 

Azospirillum, 

Herbaspirillum, 

Gluconacetobacter 

diazotrophicus, 

Burkholderia, 

Enterobacter 

20–40 

kg N 

ha⁻¹ yr⁻¹ 

Maize, rice, 

wheat, 

sugarcane, 

sorghum 

Rhizosphere/endosph

ere colonization, nif 

gene expression, root 

stimulation, ACC 

deaminase 

Performance 

varies with soil 

type, crop 

genotype, and 

environment 

Zilli et al., 

(2020) 

 

3.1.1. Symbiotic Nitrogen-Fixing Microorganisms 

Symbiotic nitrogen-fixing bacteria, collectively termed rhizobia, form highly specialized mutualistic 

associations with leguminous plants and represent the most efficient biological nitrogen fixation (BNF) 

system in terrestrial ecosystems. The principal genera include Rhizobium, Bradyrhizobium, Mesorhizobium, 

Azorhizobium, Allorhizobium, and Sinorhizobium (currently classified as Ensifer) (Sindhu & Dadarwal, 1997). 

In this partnership, rhizobia invade root hairs and induce the formation of specialized organs called 

nodules, where atmospheric nitrogen (N₂) is reduced to ammonia (NH₃). The resulting ammonia 

constitutes an immediately assimilable nitrogen source for the host, while the bacteria receive 

photosynthetically derived carbon compounds in return (Ahemad & Khan, 2012). 

Symbiosis is initiated by a finely tuned molecular dialogue between the host plant and rhizobia. Legume 

roots exude flavonoids into the rhizosphere, which activate bacterial nodulation (nod) genes. These genes 

direct the production of lipochitooligosaccharides (LCOs), or Nod factors, that act as key signalling 

molecules. Perception of LCOs by specific receptors on root hairs triggers root hair curling, infection 

thread formation, cortical cell division and, ultimately, the development of nitrogen-fixing nodules 

(Hassen et al., 2020; Rajkumari et al., 2022). In mature nodules, nitrogen fixation is carried out by the 

nitrogenase enzyme complex, which comprises the molybdenum–iron (MoFe) protein and the iron (Fe) 

protein (Fig. 2). This complex catalyzes the ATP-dependent reduction of atmospheric nitrogen to 

ammonia (Dance, 2023; Warmack et al., 2023; Fig. 2). Since, nitrogenase is highly oxygen-labile; efficient 

nitrogen fixation requires tight regulation of oxygen levels. Legume nodules maintain a low-oxygen 

microenvironment through diffusion barriers and the presence of leghemoglobin, whereas bacteroids 

further safeguard nitrogenase via physiological strategies such as mucilage production and elevated 

respiratory activity (Hania et al., 2023; Martin et al., 2023; Reineke and Schlömann, 2023). 

 

 
Fig. 2: Mechanistic overview of Rhizobium-legume symbiosis showing flavonoid signaling, nod gene activation, Nod 

factor production, infection thread formation, nodule development, BNF, and the resulting improvement in NUE. 
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The performance of symbiotic nitrogen fixation is modulated by numerous biotic and abiotic factors, 

including host–rhizobial compatibility, soil pH, nutrient status, temperature, moisture, salinity, and 

signalling molecules such as flavonoids, phytohormones, and polysaccharides (Kumawat et al., 2017; 

Shamseldin, 2022). Environmental stresses and excessive application of mineral nitrogen fertilizers 

frequently inhibit nodulation and BNF, diminishing the benefits of rhizobial inoculation. By supplying 

nitrogen directly within the root zone throughout crop growth, symbiotic nitrogen fixation markedly 

enhances nitrogen recovery efficiency, lessens dependence on synthetic nitrogen fertilizers, and curtails 

nitrogen losses via leaching, volatilization, and denitrification. Accordingly, rhizobial inoculation is now 

regarded as a key component of integrated nutrient management in legume-based cropping systems. 

 

3.1.2. Free-Living Nitrogen-Fixing Microorganisms 

Free-living diazotrophs are non-symbiotic nitrogen-fixing bacteria that inhabit the rhizosphere, 

phyllosphere, or bulk soil without forming specialized structures such as root nodules. Although their 

contribution to biological nitrogen fixation is generally lower than that of symbiotic rhizobia (typically 5–

20kg N ha⁻¹ yr⁻¹), these microorganisms significantly improve nutrient use efficiency (NUE) through 

multiple plant growth-promoting mechanisms. Besides fixing atmospheric nitrogen, they synthesize 

phytohormones including indole-3-acetic acid (IAA) and gibberellins, produce siderophores that enhance 

iron acquisition, solubilize phosphate, and express ACC deaminase, which lowers stress-induced 

ethylene levels and promotes root development. Enhanced root architecture subsequently improves 

nutrient and water uptake, thereby indirectly increasing NUE. 

Among free-living diazotrophs, Azotobacter, Clostridium, Beijerinckia, and Azoarcus are the most 

extensively studied. Azotobacter species are particularly recognized for their multifunctional plant 

growth-promoting attributes, including phytohormone production, biological control activity, and abiotic 

stress tolerance. For example, Chaudhary et al. (2013) demonstrated that inoculation with the salt-tolerant 

Azotobacter strain ST24 significantly increased nitrogen accumulation, biomass production, and grain 

yield of wheat grown under saline conditions when combined with 120 kg N ha⁻¹, highlighting its 

potential for improving fertilizer use efficiency under stress environments (Table 4). 

 
Table 4: Characteristics and agronomic significance of major free-living nitrogen-fixing biofertilizers. 

Microorganisms Approximate 

N-fixation  

Major 

mechanisms 

Plant growth-

promoting traits 

Major 

crops 

Contribution to 

NUE 

References  

Azoarcus 10–20 kg N 

ha⁻¹ yr⁻¹ 

Endophytic 

nitrogen 

fixation 

Root 

colonization, 

phytohormone 

production 

Rice, 

grasses 

Improves N 

uptake and root 

development 

Hurek & 

Hurek 

(1998) 

Beijerinckia 5–15 kg N 

ha⁻¹ yr⁻¹ 

Biological N 

fixation 

IAA production, 

phosphate 

solubilization 

Sugarcane, 

cereals 

Improves 

nutrient 

acquisition in 

acidic soils 

Kennedy et 

al. (2004) 

Clostridium 5–10 kg N 

ha⁻¹ yr⁻¹ 

Anaerobic 

nitrogen 

fixation 

Organic acid 

production 

Rice, 

wetland 

crops 

Improves N 

availability 

under anaerobic 

conditions 

Gaby & 

Buckley 

(2014) 

Azotobacter 10–20 kg N 

ha⁻¹ yr⁻¹ 

Biological N 

fixation 

IAA, gibberellins, 

siderophores, 

ACC deaminase, 

phosphate 

solubilization 

Wheat, 

maize, 

vegetables 

Enhances root 

growth, 

nutrient uptake, 

and fertilizer 

recovery 

Aasfar et 

al. (2021) 
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3.1.3. Associative Nitrogen-Fixing Microorganisms 

Associative diazotrophs establish loose associations with plant roots or colonize internal tissues without 

inducing nodule formation. Unlike symbiotic rhizobia, their primary contribution to crop productivity is 

mediated through stimulation of root growth and enhancement of nutrient acquisition rather than direct 

nitrogen transfer. These microorganisms colonize the rhizosphere and endosphere, where activation of 

nif genes enables biological nitrogen fixation while simultaneously producing phytohormones, nitric 

oxide, siderophores, and ACC deaminase that collectively improve root architecture and nutrient uptake. 

Among associative diazotrophs, Azospirillum, Herbaspirillum, and Gluconacetobacter diazotrophicus are the 

most widely investigated. Azospirillum spp. can contribute approximately 20–40 kg N ha⁻¹ under 

favourable conditions (Bourscheidt et al., 2023), whereas lower contributions have been reported under 

nutrient-limited conditions (Pathak et al., 2002). Similar nitrogen contributions have been observed for 

Herbaspirillum in sugarcane (Schultz et al., 2014). Increasing evidence indicates that improvements in crop 

performance are primarily attributable to enhanced root proliferation, greater nutrient uptake, and 

improved physiological efficiency rather than direct nitrogen transfer (Steenhoudt & Vanderleyden, 

2000). Recent studies demonstrate that inoculation with A. brasilense modulates genes involved in 

nitrogen uptake and assimilation, thereby improving NUE in maize, potato, and cereal cropping systems 

(Zeffa et al., 2019; Naqqash et al., 2022). 

Recent advances have substantially expanded the potential of associative nitrogen-fixing biofertilizers. 

Metagenomic exploration has enabled the discovery of novel diazotrophic bacteria from saline and 

degraded ecosystems (Renganathan et al., 2025). In contrast, CRISPR-assisted engineering of nitrogenase-

associated genes has improved nitrogen fixation under aerobic conditions (Russell et al., 2024). 

Furthermore, co-inoculation of Azospirillum with Rhizobium and AMF has demonstrated synergistic 

improvements in nitrogen recovery, nutrient uptake, and crop productivity (Galindo et al., 2025). The 

integration of microbial consortia is therefore emerging as a promising next-generation strategy for 

enhancing the consistency and field performance of biofertilizers under diverse agroecosystems are 

summarized in tabular form (Tables 5 & 6). 

 
Table 5. Characteristics and emerging applications of associative nitrogen-fixing microorganisms. 

Microorganisms Typical 

host crops 

Nitrogen 

fixation  

Major 

mechanisms 

Emerging 

technologies 

Contribution to 

NUE 

References  

A. brasilense Maize, 

wheat, rice, 

sorghum 

20–40 kg 

N ha⁻¹ 

yr⁻¹ 

Root 

colonization, nif 

gene activation, 

IAA, ACC 

deaminase 

Co-

inoculation, 

microbial 

consortia 

Improves root 

growth, nutrient 

uptake, and N 

recovery 

Bashan & 

Bashan 

(2010) 

G. diazotrophicus Sugarcane, 

rice 

20–30 kg 

N ha⁻¹ 

yr⁻¹ 

Endophytic N2-

fixation, 

phytohormone 

production 

Genomic 

improvement 

Improves NUE Kennedy et 

al. (2004)  

Herbaspirillum 

spp. 

Sugarcane, 

maize 

~40 kg N 

ha⁻¹ yr⁻¹ 

Endophytic 

colonization, N2- 

fixation 

Multi-strain 

inoculants 

Enhances 

nutrient 

acquisition and 

biomass 

production 

Baldani et 

al. (2014) 

Microbial 

consortia 

(Azospirillum + 

AMF + PGPR) 

Cereals 

and 

legumes 

Higher 

than 

single 

inoculants 

Synergistic 

nutrient 

acquisition 

Precision 

biofertilizers 

Improved NUE, 

fertilizer 

recovery and 

yield stability 

Backer et 

al. (2018) 
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Novel 

diazotrophic 

strains 

Multiple 

crops 

Variable N2-fixation 

under stress 

environments 

Metagenomics, 

CRISPR 

engineering 

Development of 

climate-resilient 

biofertilizers 

Compant et 

al. (2019)  

 

Table 6: Nitrogen-fixing bacteria and their associated crops. 

Crops Nitrogen-Fixing Bacteria References 

Rice (Oryza sativa) Lysinibacillus sphaericus, Rhizobium spp., 

Azospirillum spp. 

(Pham et al., 2017; Shabanamol  et 

al., 2018) 

Maize (Zea mays) Klebsiella spp., Bacillus spp., Enterobacter 

spp. 

(Kuan et al.,2016;  

Sandhya et al., 2017) 

Groundnut  

(Arachis hypogaea) 

Bradyrhizobium spp., Enterobacter ludwigii (Dhole et al., 2016) 

Greengram  

(Vigna radiata) 

Rhizobium spp., Bradyrhizobium spp. (Hifwe et al., 2019) 

Tomato  

(Solanum lycopersicum) 

Pantoea spp., Acinetobacter spp. (Castillo et al., 2019) 

Sugarcane  

(Saccharum officinarum) 

Gluconacetobacter diazotrophicus, Kosakonia 

spp. 

(Ali et al., 2020) 

 

3.1.4. Critical Analysis and Research Gaps 

BNF remains one of the most effective biological strategies for improving NUE while reducing 

dependence on synthetic nitrogen fertilizers. Symbiotic rhizobia are capable of supplying substantial 

amounts of biologically fixed nitrogen, whereas associative and free-living diazotrophs additionally 

promote plant growth through phytohormone production, improved root architecture, and enhanced 

nutrient acquisition. These multifunctional attributes make nitrogen-fixing biofertilizers important 

components of sustainable nutrient management systems. 

Despite these advantages, several limitations continue to restrict their widespread agricultural adoption. 

Nitrogen fixation efficiency is highly influenced by soil pH, temperature, moisture, salinity, crop 

genotype, and competition with indigenous microbial populations, often resulting in inconsistent field 

performance compared with controlled laboratory or greenhouse conditions. Furthermore, the oxygen 

sensitivity of the nitrogenase enzyme, limited shelf life of microbial formulations, and variability in 

rhizosphere colonization remain significant constraints. Future research should prioritize engineering 

stress-tolerant diazotrophic strains, designing stable synthetic microbial consortia, integrating CRISPR 

and multi-omics approaches, and conducting long-term multi-location field trials to improve the 

reliability and scalability of nitrogen-fixing biofertilizers. 

 

4. Phosphate Solubilizing/mobilizing Microorganisms 
Phosphorus (P), the second most critical macronutrient after nitrogen, is indispensable for energy 

transfer, macromolecular biosynthesis, and respiration (Khan et al., 2009). Its availability in soil is strongly 

influenced by the nature of the parent material; for example, carbonate rocks typically contain less P than 

volcanic substrates, making P dynamics a key consideration for sustainable agricultural production           

(Ali et al., 2020). Despite its overall abundance in soils, most P occurs in insoluble forms, and plants can 

utilize it only as orthophosphate ions (HPO₄²⁻ and H₂PO₄⁻) (Bhattacharyya & Jha, 2012). Soil 

microorganisms play a pivotal role in regulating P cycling and bioavailability (Gyaneshwar et al., 2002), 

stimulating growing interest in microbial approaches to reduce reliance on chemical P fertilizers. 
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Phosphate-solubilizing microorganisms (PSMs), notably phosphate-solubilizing bacteria (PSB) and 

arbuscular mycorrhizal fungi (AMF), enhance plant P acquisition by transforming inorganic phosphorus 

into plant-available forms through mineralization, solubilization, and immobilization processes 

(Mabrouk et al., 2018; Hussain et al., 2019). Recent advances in microbial ecology have led to the 

identification of highly efficient PSB strains, such as Bacillus safensis and Pseudomonas putida, which exhibit 

tolerance to both acidic and calcareous soils (Loredana-Elena et al., 2025). In parallel, the use of nano-clay 

carriers and alginate-based encapsulation has been shown to improve PSB survival and performance 

under field conditions (Balla et al., 2025). Multi-omics investigations have further elucidated the 

molecular basis of phosphate solubilization, highlighting key genes such as gcd and pqqC involved in 

gluconic acid–mediated P solubilization, and have revealed synergistic interactions between PSB and 

AMF in cereal–legume cropping systems (Benmrid et al., 2023). 

Inoculation of PSB in chickpea has been reported to significantly enhance nodulation, shoot length, pod 

number, and grain yield by 23, 13, 17, and 15%, respectively (Ditta et al., 2018). AMF, which naturally 

establish symbiotic associations with plant roots, further promote phosphorus mobilization and nutrient 

cycling, particularly in P-deficient soils, and are widely recognized for their beneficial roles in cereals and 

horticultural crops (Dalpe & Monreal, 2004). Integrated management strategies that combine silicon 

supplementation with PSB and AMF inoculation have been shown to markedly increase phosphorus 

availability and plant uptake compared with individual applications, underscoring the potential of such 

combined approaches for sustainable P management (Etesami et al., 2021). Some PSB present in various 

leguminous and non-leguminous crops have been summarized in Table 7. 

 
Table 7: Phosphorus-solubilizing bacteria (PSB) in various leguminous and non-leguminous. 

Crops PSB Major Functions Contribution to NUE References 

Groundnut 

(Arachis 

hypogaea) 

Bacillus spp., 

Pseudomonas spp. 

Solubilization of 

insoluble phosphates, 

phytohormone 

production 

Enhances phosphorus 

availability and 

nodulation 

Dhole et al. (2016) 

Soybean  

(Glycine max) 

B. megaterium,  

P. fluorescens, 

Enterobacter spp. 

Phosphate solubilization, 

organic acid production, 

IAA production 

Improves P uptake, root 

growth, and phosphorus 

use efficiency 

Sood et al. (2019) 

Green gram  

(Vigna radiata) 

Bacillus spp., 

Rhizobium spp., 

Pseudomonas spp. 

Phosphate solubilization 

and biological nitrogen 

fixation 

Improves phosphorus 

uptake and BNF 

Hifwe et al. (2019) 

Maize  

(Zea mays) 

B. mojavensis, 

Pseudomonas spp., 

Enterobacter spp. 

Phosphate solubilization 

and phytohormone 

production 

Increases phosphorus 

uptake, biomass, and 

fertilizer use efficiency 

Kuan et al. (2016); 

Akintokun et al. 

(2019) 

Rice  

(Oryza sativa) 

Bacillus spp., 

Pseudomonas spp., 

Enterobacter spp. 

Solubilization of 

inorganic phosphate, 

siderophore production 

Improves phosphorus 

availability and grain 

yield 

Pham et al. (2017); 

Shabanamol et al. 

(2018) 

Wheat 

(Triticum 

aestivum) 

B. subtilis, P. putida, 

Serratia marcescens 

Organic acid secretion, 

phosphatase activity 

Enhances phosphorus 

acquisition, root 

development, and NUE 

Batool & Iqbal 

(2019) 

Tomato  

(Solanum 

lycopersicum) 

Pantoea spp., Bacillus 

spp., P. fluorescens 

Phosphate solubilization, 

IAA production 

Enhances phosphorus 

uptake, root growth, and 

fruit yield 

Castillo et al. 

(2019) 

Sugarcane 

(Saccharum 

officinarum) 

Kosakonia spp., 

Bacillus spp., 

Burkholderia spp. 

Phosphate solubilization 

and nutrient mobilization 

Improves phosphorus 

uptake and crop 

productivity 

Ali et al. (2020) 
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Various 

leguminous 

and non-

leguminous 

crops 

Bacillus spp., 

Pseudomonas spp., 

Enterobacter spp., 

Burkholderia spp., 

Rhizobium spp. 

Organic acid production, 

phosphatase secretion, 

proton extrusion 

Enhances phosphorus 

availability, nutrient 

uptake, and phosphorus 

use efficiency 

Arora et al. (2020); 

Sood et al. (2019) 

 

4.1. Critical Analysis and Research Gaps 

Phosphate-solubilizing microorganisms have demonstrated considerable potential for enhancing 

phosphorus availability through organic acid secretion, phosphatase activity, and synergistic interactions 

with arbuscular mycorrhizal fungi. Their application can reduce dependence on phosphate fertilizers 

while improving phosphorus use efficiency and soil biological activity. Nevertheless, phosphate 

solubilization varies substantially among microbial strains and soil types, particularly in calcareous and 

alkaline soils where phosphorus rapidly becomes immobilized. Moreover, most available studies are 

based on short-term greenhouse experiments, whereas evidence from long-term field trials remains 

limited. Future investigations should focus on developing multifunctional microbial consortia, improving 

carrier technologies, and validating their performance across diverse agroecological environments. 

 

5. Potassium Solubilizing Microorganisms 
Potassium is the third most important macronutrient required by plants after nitrogen and phosphorus 

(Ding et al., 2021). Although total potassium is abundant in most soils, only a small proportion (1–2%) is 

present in forms readily available to plants, necessitating a continuous replenishment of potassium in the 

soil solution to ensure adequate supply for crop growth (Meena et al., 2014; Parmar & Sindhu, 2019). 

Similar to other essential nutrients, potassium strongly influences plant growth and development; 

inadequate potassium supply results in stunted growth, poorly developed root systems, and reduced 

yields (Williams & Pittman, 2010). In addition, potassium plays a central role in key physiological 

processes, including starch synthesis, root development, and regulation of stomatal movement (Cedillo et 

al., 2016). Under potassium deficiency, root growth is inhibited and poorly structured, seeds are smaller, 

and plants exhibit greater susceptibility to diseases, collectively contributing to yield reductions 

(Troufflard et al., 2010). 

PGPR inhabiting the soil and rhizosphere can convert insoluble forms of soil potassium into soluble, 

plant-available forms. Reported potassium-solubilizing microorganisms (KSMs) include Acidothiobacillus, 

Enterobacter hormaechei, Paenibacillus spp., Aminobacter, Pseudomonas, Paenibacillus glucanolyticus, 

Sphingomonas, Bacillus and Burkholderia (Uroz et al., 2007; Parmar & Sindhu, 2019). The secretion of organic 

acids by these microorganisms promotes the dissolution of mineral potassium, making KSM application a 

promising strategy to enhance crop productivity (Sindhu et al., 2016). Inoculation studies with potassium-

solubilizing bacteria have demonstrated improvements in germination percentage, seedling vigour, 

nutrient uptake, and overall plant growth and yield (Singh et al., 2010; Sindhu et al., 2016). Beneficial 

effects of KSM inoculation have been documented in several crops, including pepper and cucumber (Han 

& Lee, 2006), wheat (Sheng & He, 2006), cotton, and rape (Sheng, 2005). By solubilizing and mobilizing 

potassium, KSMs provide a sustainable means to reduce dependence on chemical fertilizers, thereby 

offering an eco-friendly approach to sustainable agriculture (Meena et al., 2016; Kour et al., 2020). 

Ding et al. (2021) evaluated 50% and 100% of the recommended potassium dose, with or without PSB and 

40 kg ha⁻¹ of humic acid (HA), in faba bean grown in horizontal soil. A KUE of 40% was achieved in soils 

treated with both HA and PSB. The highest growth and yield of faba bean plants were obtained when HA 

and PSB were applied in combination with 50% of the recommended mineral potassium dose. Relative to 

the uninoculated control, chlorophyll content and leaf carbohydrates increased by 36% and 50%, 
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respectively, following HA and PSB application. Supplying half of the faba bean potassium requirements 

as 40 kg ha⁻¹ HA combined with PSB inoculation resulted in 14% and 19% increases in seed and straw 

yield, respectively, compared with full mineral fertilization without inoculation. Effects of some 

phosphate solubilizing bacteria on some crops have been summarized in Table 8. 

 
Table 8: Potassium-solubilizing bacteria across different crops. 

Crops Potassium 

Solubilizing Bacteria 

Major Functions Contribution to NUE References 

Faba bean 

(Vicia faba) 

Rhizobium spp. Potassium solubilization, 

biological nitrogen fixation 

Improves K availability, 

nodulation, nutrient 

uptake, and crop 

productivity 

Shravanthi 

et al. (2019) 

Maize  

(Zea mays) 

B. cereus, B. mojavensis, 

Klebsiella oxytoca 

Solubilization of mineral-

bound potassium, 

phytohormone production 

Enhances potassium 

uptake, root growth, and 

fertilizer use efficiency 

Akintokun 

et al. (2019) 

Chickpea 

(Cicer 

arietinum) 

Mesorhizobium ciceri, 

Pseudomonas jessenii 

Potassium mobilization, 

plant growth promotion 

Enhances potassium 

uptake, nodulation, and 

nutrient use efficiency 

Valverde et 

al. (2007) 

Sorghum 

(Sorghum 

bicolor) and 

Chilli 

(Capsicum 

annuum) 

Bacillus spp., 

Pseudomonas spp. 

Potassium solubilization, 

phytohormone production 

Improves potassium 

availability, root 

development, and crop 

yield 

Archana et 

al. (2013) 

 

5.1. Critical Analysis and Research Gaps 

Potassium-solubilizing microorganisms (KSMs) represent a promising biological approach for enhancing 

potassium use efficiency by mobilizing insoluble potassium-bearing minerals through the secretion of 

organic acids, chelating compounds, and extracellular enzymes. Beyond improving potassium 

availability, many KSMs exhibit multiple plant growth-promoting traits, including phytohormone 

production, phosphate solubilization, siderophore secretion, and abiotic stress mitigation, making them 

attractive candidates for integrated nutrient management. Nevertheless, the effectiveness of KSM 

inoculants remains highly variable under field conditions due to differences in soil mineralogy, pH, 

moisture availability, crop genotype, climatic conditions, and competition with indigenous microbial 

communities. Moreover, the majority of published studies have been conducted under controlled 

laboratory or greenhouse conditions, while evidence from long-term, multi-location field trials remains 

limited. Additional challenges include poor shelf life, inconsistent rhizosphere colonization, and limited 

commercialization of highly efficient KSM formulations. Future research should focus on identifying 

robust native KSM strains adapted to diverse agroecological conditions, developing multifunctional 

microbial consortia capable of simultaneously mobilizing multiple nutrients, improving carrier materials 

and formulation technologies to enhance microbial survival, and integrating genomics, metagenomics, 

and artificial intelligence-based microbial selection to develop climate-resilient and crop-specific 

potassium-solubilizing biofertilizers with consistent field performance. 

 

6. Sulphur Oxidizing Microorganisms 
Sulphur is an essential macronutrient required in relatively large amounts by plants, where it functions as 

a structural constituent of the amino acids cysteine, cystine, and methionine, and as a key regulator of 

antioxidant enzymes such as superoxide dismutase, ascorbate peroxidase, monodehydroascorbate 
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reductase, dehydroascorbate reductase, and glutathione reductase. Sulphur deficiency is associated with 

chlorosis, reduced lipid accumulation, and substantial decreases in plant growth and yield                                      

(Saha et al., 2018). In soils, sulphur occurs in both organic and inorganic pools, and its transformation into 

the plant-available sulfate (SO₄²⁻) form is largely driven by the activity of sulphur-oxidizing bacteria, 

including genera such as Xanthobacter, Alcaligenes, Bacillus, Pseudomonas, Thiobacillus (Riaz et al., 2020). 

Many sulphur-oxidizing microorganisms also display plant growth–promoting traits, and biofertilizers 

formulated with T. thiooxidans and B. japonicum have been reported to enhance the growth of cereals, 

forage crops, and medicinal plants (Hu et al., 2018).  (Boroujeni et al., 2021) isolated salt-tolerant,              

sulphur-oxidizing Halothiobacillus spp. from saline habitats in Iran, identifying  H. neapolitanus,                  

H. hydrothermalis, and H. halophilus; among these, H. neapolitanus strain 119 produced the highest biomass 

and sulfate at 0.5–1 M NaCl, underscoring its potential to improve sulfate availability in saline soils. 

Consistently, field experiments conducted by Gilani et al. (2021) showed that the combined application of 

Thiobacillus inoculation and sulfur fertilization at 100% of the recommended dose significantly increased 

chlorophyll content, biological yield, and grain yield in sesame–mungbean intercropping systems, 

highlighting the promise of integrated sulphur nutrition strategies for improving crop productivity. 

 

6.1. Critical Analysis and Research Gaps 

Sulphur-oxidizing microorganisms (SOMs) play an important role in improving sulphur availability by 

converting elemental sulphur into plant-available sulfate, thereby enhancing sulphur use efficiency and 

crop productivity. In addition to sulphur oxidation, several SOMs exhibit plant growth-promoting traits 

that contribute to improved nutrient uptake and stress tolerance. However, their field performance is 

often influenced by soil pH, salinity, temperature, and the availability of sulphur substrates, resulting in 

inconsistent responses under different agroecological conditions. Future research should focus on 

developing stress-tolerant SOM strains, improving formulation technologies, and validating their long-

term performance through multi-location field trials to facilitate their large-scale adoption in sustainable 

nutrient management. 

 

7. Zinc Solubilizing Microorganisms 
Among the micronutrients, zinc (Zn) deficiency is the most widespread nutritional disorder constraining 

crop production (Hafeez et al., 2013). Zinc plays a vital role in chlorophyll synthesis, enzyme activation, 

protein formation, and diverse metabolic processes (Ali et al., 2008). Deficiency of Zn leads to chlorosis, 

loss of membrane integrity, reduced leaf size, stunted shoot and root growth, poor pollen formation, 

lower grain yield, and increased susceptibility to heat, light, and fungal stresses (Tavallali et al., 2010; 

Kamran et al., 2017). In soils, Zn predominantly occurs in insoluble forms such as ZnO, Zn₃(PO₄)₂, ZnCO₃, 

and metallic Zn, which substantially limit its bioavailability to plants (Ayoub et al., 2022). 

Zinc-solubilizing microorganisms (ZSMs) enhance Zn availability by secreting organic acids that lower 

soil pH and chelate Zn cations, as well as through siderophore production, proton extrusion, and 

oxidoreductase activity (Kaur et al., 2021). Several plant growths–promoting rhizobacteria, including 

Pseudomonas, Rhizobium, Azospirillum, Bacillus spp., and B. aryabhattai, exhibit strong Zn-solubilizing 

potential. Strains such as P. aeruginosa, G. diazotrophicus, P. striata, P. fluorescens, S. liquefaciens, B. 

cenocepacia, S. marcescens, and B. thuringiensis have been reported to improve Zn uptake and nutritional 

status in crops including maize, soybean, and wheat (Hakim et al., 2021; Ditta et al., 2022). 

Microbial inoculation thus represents an effective alternative or complements to conventional Zn 

fertilization, as a substantial fraction of plant-available Zn is mediated by microbial activity in the 

rhizosphere (Sindhu et al., 2019). Zinc solubilization is primarily driven by the microbial production of 

organic acids, chelating ligands, and siderophores, which mobilize Zn from otherwise inaccessible soil 
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complexes (Saravanan et al., 2011). Prominent Zn-solubilizing microbes include Pseudomonas spp., 

Rhizobium spp., B. aryabhattai, T. thiooxidans, and Azospirillum spp. (Ijaz et al., 2019). Inoculation with B. 

aryabhattai has been shown to enhance maize growth (Mumtaz et al., 2017), while P. pseudoalcaligenes and 

B. pumilus significantly increased plant height and dry biomass in rice (Jha, 2019). 

 

7.1. Critical Analysis and Research Gaps 

Zinc-solubilizing microorganisms (ZSMs) offer a sustainable strategy for improving zinc use efficiency by 

converting insoluble zinc compounds into plant-available forms through the production of organic acids, 

siderophores, and other chelating metabolites. Besides enhancing zinc availability, many ZSMs also 

promote plant growth through phytohormone production and improved nutrient acquisition. However, 

their effectiveness is strongly influenced by soil properties, native microbial communities, and 

environmental conditions, often leading to inconsistent performance under field conditions. Furthermore, 

long-term field validation and commercialization of efficient ZSM formulations remain limited. Future 

research should focus on identifying robust, stress-tolerant strains, developing stable carrier 

formulations, and integrating advanced microbial engineering approaches to improve the consistency 

and large-scale adoption of zinc-solubilizing biofertilizers. 

 

8. Plant-Associated Microbiota and Stress Management  
Microbial inoculants are central to sustaining ecosystem functions, yet their performance is frequently 

constrained by diverse environmental stressors (Qadir et al., 2024). Both biotic (pathogens, weeds, pests) 

and abiotic (salinity, drought, metal toxicity, extreme temperatures) stresses impair microbial activity and 

thereby reduce agricultural productivity. In arid and semi-arid regions, drought and nutrient limitations 

are particularly detrimental to crop yields (Arani et al., 2017). These stressors disrupt soil–plant–microbe 

interactions and adversely affect plant physiological and metabolic processes (Fig. 3). For example, 

salinity stress elevates ethylene levels, while drought diminishes root activity and chlorophyll content. 

Purslane, a common species in such environments, often suffers pronounced injury under combined 

drought and heat stress, but it also adopts physiological strategies to cope, including enhanced 

antioxidant activity, accumulation of osmoprotectants, and reduced water loss (Jin et al., 2016; Danyal et 

al., 2023). 

Drought stress impacts plants in multiple, interconnected ways: it limits water availability to roots, 

decreases transpiration and photosynthetic rates, and intensifies oxidative damage (Fig. 3). These 

conditions further compromise enzyme activities, ion uptake, and nutrient assimilation, ultimately 

leading to poor seed germination and substantial economic losses in agriculture (Hasanuzzaman et al., 

2012). Beneficial biofertilizers, including rhizospheric and endophytic microbes, mitigate such stresses 

through various mechanisms, notably by synthesizing phytohormones such as indole-3-acetic acid (IAA) 

and cytokinins that support plant growth under adverse conditions (Chaudhary et al., 2022). For instance, 

inoculation of soybean with P. putida elevates flavonoid, salicylic acid, and abscisic acid levels, thereby 

enhancing drought tolerance (Kang et al., 2014), while co-inoculation of wheat with Azospirillum and B. 

velezensis improves heat tolerance by reducing oxidative damage (Dinesh et al., 2015). Similarly, 

Paraburkholderia phytofirmans promotes rapid growth in heat-stressed tomato plants through the 

production of ACC deaminase, a key enzyme in stress mitigation (Esmaeel et al., 2018). 

Application of bacterial inoculants also enriches root-associated microbial communities and strengthens 

their resilience to environmental constraints. For example, inoculating maize with Rhizophagus irregularis 

and F. mosseae enhances root nutrient status, respiration rates, and plant height (Cabral et al., 2016). In 

anaerobic environments, acidophilic microorganisms such as A. ferrooxidans contribute to the 

mineralization of iron and sulfur via aerobic respiration. Phosphorus (P), an essential soil nutrient, occurs 
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in both organic and inorganic forms (Hayat et al., 2010), and microbial respiration generates carbon 

dioxide that forms carbonic acid, further improving P solubility (Berg, 2009). AMF are particularly 

important under water-deficit conditions, as they enhance water uptake and thereby improve plant 

drought tolerance (Khalvati et al., 2005). 

 

 
Fig. 3: Plant-associated microbiota and stress management. 

 

8.1. Potential Use of Biofertilizers in Sustainable Crop Production  

Biofertilizers are regarded as a viable and sustainable biotechnological approach to increase crop yield, 

improve and restore soil fertility, promote plant growth, reduce production costs, and minimize the 

environmental impacts associated with chemical fertilization (Vassilev, 2015; Thomas, 2019). A range of 

microorganisms are commonly employed as biofertilizers, including free-living nitrogen-fixing bacteria 

in the soil (e.g., Azotobacter, Rhizobium), nitrogen-fixing cyanobacteria (e.g., Anabaena), and                                 

phosphate-solubilizing bacteria. Microorganisms that produce phytohormones (e.g., auxins) and 

cellulolytic microorganisms are also widely used as biofertilizers. In addition, inoculating plants with 

beneficial bacteria can support the development of strategies that enhance plant growth under both 

optimal and stressful environmental conditions. 

 

9. Applications of Biofertilizers 
The following are the important applications of biofertilizers. 

 

9.1. Seedling Root-dip 

This method is particularly suitable for rice. It is used for transplanted crops. Two packets of the 

biofertilizer inoculant are mixed in 40 L of water to prepare a suspension. Seedlings required for one acre 

are immersed in this suspension for 5–10 min (or placed in a water bed containing the biofertilizer for 8–

10 hrs) and then transplanted. 

9.2. Seed Treatments 

To prepare the inoculant slurry, one packet of biofertilizer is mixed with 200 mL of rice gruel. Seeds 

required for one hectare are thoroughly mixed in the slurry to ensure uniform coating with the inoculant 

and then dried in the shade for 30 min before sowing. 

 

9.3. Main Field Application 

Four packets of inoculant are mixed with 20 kg of well-dried, finely powdered farmyard manure and 

broadcast uniformly over one hectare of land just before planting. 
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9.4. Long-Term Field Validation and Large-Scale Implementation of Biofertilizers 

Although numerous laboratory and greenhouse studies have demonstrated the effectiveness of 

biofertilizers in improving nutrient use efficiency, crop productivity, and soil health, their performance 

under field conditions often remains inconsistent due to variations in soil properties, climatic conditions, 

crop genotype, indigenous microbial communities, and agronomic management practices. Therefore, 

greater emphasis should be placed on long-term multi-location field trials to evaluate the persistence, 

survival, rhizosphere colonization, and agronomic performance of microbial inoculants across diverse 

agroecological environments. Large-scale validation should also include assessments of yield stability, 

nutrient recovery efficiency, economic feasibility, compatibility with existing fertilizer management 

practices, and environmental impacts over multiple cropping seasons. Furthermore, standardized 

evaluation protocols, quality control measures, and farmer participatory trials are essential for generating 

reliable data that support commercialization and regulatory approval. Integrating long-term field 

validation with precision agriculture technologies and digital monitoring systems will improve 

confidence in biofertilizer performance and facilitate their large-scale adoption as key components of 

sustainable nutrient management. 

 

10. Recent advancements in biofertilizers 
Several recent innovations aim to enhance soil and plant nutrient dynamics to improve crop productivity. 

These include the use of specialized microorganisms for plant inoculation, optimized application 

technologies, and the development of suitable carrier materials for inocula. Modern strategies also 

encompass artificial selection of microbiomes, mixed microbial inoculants, the use of PGPR as 

biofertilizers, biofilm-based inoculants, nano-biofertilizers, and bioorgano–chemical fertilizers. 

Collectively, these approaches seek to reduce the cost of biofertilizers while supporting long-term 

sustainable production. 

 

10.1. PSM Inoculants 

Phosphate-solubilizing microorganisms (PSMs) increase phosphorus-use efficiency in agriculture by 

transforming insoluble phosphates into forms readily available to plants. Strains such as P. putida, P. 

fluorescens CHA0, and P. fluorescens have been reported to solubilize approximately 51%, 29%, and 62% of 

phosphorus, respectively. Inoculation with G. fasciculatum and Azotobacter has been shown to enhance N 

and K uptake in mulberry, while, Pseudomonas and Bacillus spp. increased P uptake and grain yield in 

wheat. PSMs improve soil biological properties and phosphorus availability, particularly when chemical 

fertilizer inputs are limited. Studies have documented improved growth, yield, and quality in crops such 

as wheat, rice, maize, soybean, mustard, chilli, potato, sugarcane, legumes, fruits, and oilseeds following 

PSM application. Effective PSMs include B. megaterium, B. circulans, B. subtilis, and P. striata, underscoring 

their potential as sustainable biofertilizers. 

 

10.2 PGPR as Biofertilizers 

PGPR are free-living bacteria originating from the rhizosphere that can colonize plant roots and produce 

metabolites that stimulate plant growth (Beneduzi et al., 2012). Upon inoculation, PGPR help plants 

tolerate drought stress (Ilyas et al., 2020), salinity (Mayak et al., 2004), and various biotic stresses (Verma et 

al., 2016). Applications of PGPR have been reported to enhance seed germination, soil fertility, and 

overall plant growth through the production of phytohormones such as auxins, ethylene, and gibberellins 

(Jang et al., 2017; Tahir et al., 2017). Genera commonly included among PGPR comprise Agrobacterium, 

Arthrobacter, Alcaligenes, Azotobacter, Acinetobacter, Actinoplanes, Bacillus, Frankia, Pseudomonas, Rhizobium, 
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Micrococcus, Streptomyces, Xanthomonas, Enterobacter, Cellulomonas, Serratia, Flavobacterium, and Thiobacillus 

(Glick and Gamalaro, 2021). 

 

10.3 Nano-biofertilizer 

Nano-biofertilizers are hybrid formulations that integrate nanotechnology with biofertilizers to enhance 

agricultural efficiency and yield. The combined action of nanomaterials and microbial inoculants 

improves soil moisture retention and facilitates nutrient uptake by plants (Kumari & Singh, 2019; Fig. 4). 

Conventional fertilizers often suffer from major limitations, including instability under fluctuating 

environmental conditions (temperature, and pH), short shelf life, reduced viability of microbial strains, 

short-term effectiveness, and the requirement for large quantities to cover extensive areas, which can 

ultimately lead to suboptimal growth and yield (Cakmakci, 2019). In contrast, nano-biofertilizers improve 

field performance, lower input costs, and increase productivity (Mala et al., 2017). They are 

environmentally friendly and enhanced the efficiency of indigenous microbial populations in utilizing 

key nutrients such as N, P, and K., and in turn, stimulate microbial enzyme activity and contribute to 

improved soil fertility. 

 

 
Fig. 4: Diagramatic representation of Nano-biofertilizer. 

 

10.4. Biofilm Biofertilizer 

Biofilm-based biofertilizers represent a recent breakthrough in biofertilizer development (Fig. 5). Biofilms 

are structured microbial communities attached to biotic or abiotic surfaces and embedded in an 

extracellular matrix that supports their structural integrity and long-term stability (Junaid & Khan, 2018). 

Within these communities, microorganisms communicate through quorum sensing. The main objective of 

developing biofilm-based biofertilizers is to overcome constraints associated with biotic and abiotic soil 

factors and to enhance the resilience of indigenous microbial populations to diseases and environmental 

inhibitors (Parween et al., 2017). 

Biofilms can form on plant surfaces or within plant tissues and are particularly beneficial for PGPR-

mediated nitrogen fixation and overall crop productivity (Fig. 5 & Fig. 6). They also contribute to zinc 

solubilization and the synthesis of chelating agents (Igiehon & Babalola, 2017). By facilitating the 

exchange of genetic material and organic resources among community members, biofilms create a 

cooperative environment that improves microbe survival and function. Multispecies (e.g., bacterial–

fungal) biofilms are generally more resilient and sustainable than single-species biofilms, exhibiting 

superior nutrient uptake and greater resistance to environmental stress compared with planktonic or 

non-biofilm-forming microorganisms (Velmourougane et al., 2017).  

Biofilms formulated with microbial consortia, such as Anabaena sp., and Pseudomonas have shown strong 

potential for NUE in rice production. For instance, the agronomic use efficiency of nitrogen (AUEN) was 

significantly increased when 75% of the recommended nitrogen dose (RDN) was applied in combination 
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with the Anabaena–Pseudomonas (An–Ps) biofilm formulation. This improvement was observed across 

different rice establishment methods, with particularly pronounced effects under the System of Rice 

Intensification (SRI) and puddled transplanted rice (PTR) systems. These findings align with previous 

reports that biofilms can reduce nitrogen losses by improving nitrogen retention and cycling within the 

biofilm matrix, thereby increasing its availability for plant uptake (Kumar et al., 2020). 

 

 
Fig. 5: Formation of biofilm associated with plants and soil (Solanki et al., 2020) 

 

 

 
Fig. 6: Different types of biofilms for enhancing nutrient use efficiency. 

 

10.5. CRISPR-Engineered Biofertilizers: Towards Next-Generation Microbial Inoculants 

The emergence of the CRISPR-Cas genome-editing system has revolutionized microbial biotechnology by 

enabling precise, rapid, and cost-effective modification of beneficial microorganisms. Unlike conventional 
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mutagenesis, CRISPR technologies allow targeted editing, activation, or repression of genes involved in 

nutrient acquisition, stress adaptation, and plant–microbe interactions, thereby facilitating the 

development of next-generation biofertilizers with improved efficacy and field performance. Recent 

advances have expanded CRISPR applications beyond crop improvement to include engineering of 

plant-associated microbiomes and microbial inoculants for sustainable agriculture (Russell et al., 2024).  

One of the major targets of CRISPR engineering is the nitrogen fixation (nif) gene cluster, which regulates 

the synthesis and activity of the nitrogenase enzyme complex. Nitrogenase is highly sensitive to oxygen 

and tightly regulated by multiple genetic networks, limiting biological nitrogen fixation under field 

conditions. CRISPR-mediated editing or CRISPR interference (CRISPRi) enables precise regulation of nif, 

naf, and rnf genes in diazotrophic bacteria such as Azotobacter vinelandii, providing a powerful platform to 

investigate and optimize nitrogen fixation pathways. Recent work by (Russell et al., 2024) demonstrated 

the first integrated CRISPRi system in A. vinelandii, achieving targeted repression of nitrogen-fixation 

genes and providing a versatile genetic tool for engineering biological nitrogen fixation (Herrero et al., 

2025). Table 9 summarizes the some emerging applications of CRISPR technology in next generation biofertilizer 

development. 

 
Table 9: Emerging applications of CRISPR technology in next generation biofertilizer development. 

Targets CRISPR Applications Agronomic Benefits Current Status References 

Nitrogen 

fixation (nif 

genes) 

Regulation of nitrogenase-

associated genes using 

CRISPR/CRISPRi 

Improved biological 

nitrogen fixation and 

nitrogen use efficiency 

Experimental Mus et al. 

(2016) 

Nitrogenase 

optimization 

Editing regulatory pathways 

controlling oxygen sensitivity and 

enzyme expression 

Enhanced nitrogenase 

stability and activity 

Experimental  Bennett et al. 

(2023) 

Phosphorus 

solubilization 

Engineering genes involved in 

organic acid production and 

phosphate mobilization 

Improved P availability 

and PUE 

Early-stage 

research  

Sharma et al. 

(2013) 

Stress 

tolerance 

Editing genes related to oxidative 

stress, salinity, drought, and heat 

tolerance 

Greater microbial 

survival and field 

performance 

Experimental  Backer et al. 

(2013) 

Synthetic 

microbial 

consortia 

Engineering compatible microbial 

strains with complementary 

functions 

Stable rhizosphere 

colonization and 

enhanced NUE 

Emerging 

research  

Großkopf & 

Soyer (2014) 

Precision 

biofertilizers 

Integration of CRISPR with AI, 

metagenomics, and synthetic 

biology 

Crop-specific, climate-

smart microbial 

inoculants 

Future 

prospect  

Singh et al. 

(2020) 

 
10.6. Multi-Omics Approaches for Next-Generation Biofertilizer Development 

The rapid advancement of high-throughput sequencing and systems biology has transformed 

biofertilizer research from conventional microbial screening to multi-omics-driven microbial engineering. 

Multi-omics integrates genomics, transcriptomics, proteomics, metabolomics, phenomics, and 

interactomics to provide a comprehensive understanding of plant–microbe interactions, nutrient cycling, 

and rhizosphere functioning (Table 10). Unlike single-omics studies, integrated multi-omics revealed how 

microbial genes are expressed, translated into functional proteins, produce metabolites, and ultimately 

influence plant phenotype under diverse environmental conditions. This systems-level understanding 

enables the rational design of efficient microbial inoculants with improved NUE, stress tolerance, and 

field performance (Jain et al., 2024). 
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Table 10: Multi-omics technologies in next-generation biofertilizer research (Younas et al., 2025). 

Omics Primary Objectives Application in Biofertilizer Research Contribution to NUE 

Genomics Identification of 

functional genes 

Discovery of nif, pqq, gcd, siderophore 

and stress-responsive genes 

Selection and engineering of 

superior microbial strains 

Transcriptomics Analysis of gene 

expression 

Identification of genes involved in 

nitrogen fixation, phosphate 

solubilization, biofilm formation and 

stress responses 

Improved understanding of 

microbial adaptation and 

nutrient acquisition 

Proteomics Characterization of 

functional proteins 

Detection of nitrogenase, 

phosphatases, transport proteins and 

stress-related enzymes 

Functional validation of 

nutrient cycling mechanisms 

Metabolomics Profiling metabolites 

and root exudates 

Identification of signaling molecules, 

organic acids, phytohormones and 

microbial metabolites 

Improved nutrient 

mobilization and rhizosphere 

signaling 

Phenomics High-throughput 

plant trait analysis 

Assessment of root architecture, 

biomass, chlorophyll, nutrient uptake 

and growth 

Evaluation of microbial 

inoculant performance under 

field conditions 

Interactomics Analysis of 

molecular interaction 

networks 

Plant–microbe, microbe–microbe and 

protein interaction studies 

Optimization of microbial 

compatibility and synthetic 

microbial communities 

Systems 

Biology 

Integration of multi-

omics datasets 

Network modelling, pathway analysis 

and predictive biology 

Rational design of next-

generation precision 

biofertilizers 

 
10.7. Metagenomics and Microbiome Engineering for Next-Generation Biofertilizers 

The advent of metagenomics has revolutionized the discovery and development of biofertilizers by 

enabling comprehensive analysis of microbial communities without the need for cultivation. 

Conventional culture-dependent methods recover less than 1% of soil microorganisms, leaving the vast 

majority of microbial diversity unexplored. Metagenomic approaches overcome this limitation by directly 

sequencing DNA extracted from environmental samples, thereby revealing the taxonomic composition, 

functional genes, and metabolic potential of entire microbial communities. These technologies have 

significantly enhanced our understanding of nutrient cycling, plant–microbe interactions, and 

rhizosphere ecology, providing unprecedented opportunities for designing next-generation biofertilizers 

with improved NUE. Recent advances in microbiome engineering further enable the rational 

manipulation of beneficial microbial communities to enhance crop productivity, nutrient acquisition, and 

resilience to environmental stresses (Berg et al., 2020; Table 11). 

 
Table 11. Metagenomic approaches and their applications in next generation biofertilizer development (Quince et al., 

2017). 

Technology Principle Major applications Contribution to NUE 

16S rRNA sequencing Marker gene sequencing Microbial diversity 

profiling 

Identification of beneficial 

rhizosphere microorganisms 

Shotgun metagenomics Whole-community 

DNA sequencing 

Functional gene discovery 

(nif, pqq, gcd, acdS) 

Selection of elite biofertilizer 

strains 

Functional 

metagenomics 

Screening cloned 

environmental DNA 

Discovery of novel 

nutrient-cycling enzymes 

Improved nutrient 

mobilization 

Comparative 

metagenomics 

Comparison among 

microbial communities 

Identification of stress-

adapted microorganisms 

Climate-smart biofertilizer 

development 
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Metagenome-guided 

microbiome engineering 

Reconstruction of 

microbial communities 

Design of synthetic 

microbial consortia 

Enhanced nutrient 

acquisition and fertilizer 

efficiency 

                                                                                                       

10.8. AI-Assisted Biofertilizer Development 

Artificial intelligence (AI) and machine learning (ML) are emerging as transformative tools for 

accelerating the development of next-generation biofertilizers by integrating large-scale genomic, 

metagenomic, environmental, and agronomic datasets. AI-driven algorithms enable rapid identification 

of beneficial microbial strains, prediction of plant–microbe compatibility, optimization of microbial 

formulations, and rational design of synthetic microbial communities (SynComs) tailored to specific crops 

and environmental conditions. In addition, AI-powered decision-support systems integrated with 

precision agriculture technologies facilitate real-time nutrient management by predicting crop nutrient 

requirements and recommending crop-specific microbial inoculants, thereby improving nutrient use 

efficiency (NUE) while reducing fertilizer inputs. The convergence of AI with multi-omics and 

microbiome engineering is expected to enhance the accuracy, scalability, and field performance of 

biofertilizers, paving the way for climate-smart and sustainable agricultural systems. Nevertheless, the 

development of robust predictive models requires standardized datasets, extensive field validation, and 

interdisciplinary collaboration to ensure reliable deployment under diverse agroecological conditions 

(Wang et al., 2026; Yadav et al., 2026) 

 

10.9. Synthetic Microbial Communities (SynComs) 

Recent advances have shifted the development of synthetic microbial communities (SynComs) from 

empirical microbial mixtures to rationally designed consortia based on ecological principles, functional 

complementarity, and systems biology approaches. The integration of metagenomics, multi-omics, and 

computational tools has enabled the identification of keystone microorganisms and prediction of 

microbial interactions, facilitating the assembly of stable and resilient SynComs with enhanced 

rhizosphere colonization and nutrient cycling. Compared with single-strain inoculants, SynComs exhibit 

improved functional stability, greater adaptability to environmental fluctuations, and superior 

performance in enhancing nutrient use efficiency (NUE), plant growth, and stress tolerance. Despite these 

advances, challenges remain in maintaining community stability under field conditions, understanding 

interspecies interactions, and developing standardized protocols for large-scale production and 

commercialization. Future research should focus on AI-assisted SynCom design, long-term field 

validation, and crop-specific microbial consortia to maximize sustainable nutrient management and 

agricultural productivity (Singh et al., 2025) 

 

10.10. CRISPR-Mediated Engineering of Biofertilizer Microorganisms 

Recent advances in CRISPR technology have expanded beyond the conventional CRISPR-Cas9 system to 

include CRISPR interference (CRISPRi), CRISPR activation (CRISPRa), and the Cas12 and Cas13 nuclease 

systems, enabling more precise regulation and editing of microbial genomes. These next-generation 

genome-editing platforms facilitate targeted modification of plant growth-promoting rhizobacteria 

(PGPR) and other beneficial microorganisms to enhance nitrogen fixation, phosphorus solubilization, 

phytohormone production, stress tolerance, and rhizosphere colonization. In addition, CRISPR-based 

transcriptional regulation allows modulation of microbial metabolic pathways without permanent 

genome alteration, improving the safety and flexibility of engineered biofertilizers. Despite these 

promising developments, challenges related to off-target effects, delivery systems, regulatory approval, 

and large-scale field validation remain to be addressed before widespread agricultural application. 

Continued advances in CRISPR technologies, integrated with synthetic biology and microbiome 
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engineering, are expected to accelerate the development of highly efficient, climate-resilient, and next-

generation biofertilizers for sustainable agriculture (Dudeja et al., 2025) 

 

10.11. Critical Analysis and Research Gaps 

CRISPR-based microbial engineering, multi-omics technologies, metagenomics, and microbiome 

engineering have collectively transformed biofertilizer research by enabling the identification, 

characterization, and rational design of highly efficient microbial inoculants with enhanced nutrient use 

efficiency (NUE). These approaches facilitate the discovery of elite functional microorganisms, 

optimization of nutrient-cycling pathways, and development of crop-specific microbial consortia with 

improved stress tolerance and rhizosphere competence. Despite their enormous potential, most 

applications remain at the experimental or proof-of-concept stage, with limited validation under diverse 

field conditions. Challenges related to regulatory approval, biosafety, high implementation costs, data 

integration, and the complexity of plant–microbiome interactions continue to impede their large-scale 

agricultural deployment. Future research should focus on integrating these advanced technologies with 

synthetic microbial communities, artificial intelligence, and long-term multi-location field trials to 

develop robust, climate-resilient, and commercially viable next-generation biofertilizers for sustainable 

agriculture. 

 

11. Challenges and Limitations of Biofertilizers 
Despite their considerable potential to improve nutrient use efficiency (NUE) and reduce dependence on 

synthetic fertilizers, the widespread adoption of biofertilizers remains constrained by several scientific, 

technological, economic, and regulatory challenges. One of the major limitations is the inconsistent 

performance of microbial inoculants under field conditions. Unlike controlled laboratory or greenhouse 

environments, field performance is strongly influenced by soil physicochemical properties, climatic 

conditions, crop genotype, indigenous microbial communities, and agricultural management practices, 

often resulting in variable efficacy across locations and seasons. The summary of challenges is given in 

Table 12.  

Although numerous studies have demonstrated the effectiveness of biofertilizers under laboratory, 

greenhouse, and small-scale field conditions, relatively few have evaluated their performance through 

long-term, multi-location field trials across diverse agroecological regions. Variations in soil 

physicochemical properties, climatic conditions, crop genotype, indigenous microbial communities, and 

agricultural management practices often result in inconsistent field responses, limiting farmer confidence 

and large-scale commercialization. Therefore, future research should prioritize coordinated multi-season 

and multi-location validation studies using standardized evaluation protocols to assess the stability, 

persistence, nutrient use efficiency, and economic viability of biofertilizer formulations under practical 

farming conditions. Such large-scale validation will be essential for generating robust scientific evidence, 

supporting regulatory approval, and promoting wider adoption of biofertilizers in sustainable 

agricultural systems. 

 
Table 12. Major challenges limiting the large-scale adoption of biofertilizers. 

Challenges Major Issues Impact on Biofertilizer 

Performance 

Possible solution 

Environmental 

variability 

Soil type, climate, pH Inconsistent field performance Region-specific microbial strains 

Poor microbial 

survival 

Competition with 

native microbes 

Low rhizosphere colonization Advanced carrier technologies 
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Short shelf life Loss of microbial 

viability 

Reduced inoculum quality Alginate, hydrogel, biochar 

carriers 

Farmer adoption Limited awareness Low commercial utilization Extension services and 

demonstrations 

Regulatory issues Lack of quality 

standards 

Variable product quality International certification systems 

Biosafety concerns CRISPR-engineered 

microbes 

Regulatory restrictions Risk assessment and biosafety 

guidelines 

Limited field-scale 

validation 

Few long-term multi-

location trials 

Reduced confidence and 

inconsistent recommendations 

Multi-season, multi-location 

validation using standardized 

protocols 

 
12. Future Perspectives 
The future of biofertilizers lies in the integration of microbial biotechnology, systems biology, artificial 

intelligence, and precision agriculture to develop highly efficient, crop-specific, and climate-resilient 

microbial inoculants. Advances in metagenomics, genome sequencing, and multi-omics technologies are 

rapidly improving our understanding of plant–microbe interactions, enabling the identification of elite 

microbial strains with enhanced nutrient-solubilizing capacity, stress tolerance, and rhizosphere 

competence.Synthetic microbial communities (SynComs) represent one of the most promising 

approaches for overcoming the inconsistent performance of single-strain inoculants. Carefully designed 

microbial consortia combining nitrogen-fixing bacteria, phosphate- and potassium-solubilizing 

microorganisms, arbuscular mycorrhizal fungi, and plant growth-promoting rhizobacteria can provide 

complementary functions, resulting in improved nutrient acquisition, enhanced microbial stability, and 

greater resilience under diverse agroecological conditions. Genome-editing technologies such as CRISPR-

Cas systems are expected to facilitate the development of next-generation microbial inoculants with 

enhanced nitrogen fixation, nutrient solubilization, phytohormone production, and abiotic stress 

tolerance. Coupling genome editing with metagenomics and synthetic biology will accelerate the rational 

engineering of beneficial microorganisms while enabling the development of customized biofertilizers for 

specific crops, soils, and climatic regions. Artificial intelligence and machine learning will further 

transform biofertilizer development by integrating multi-omics datasets, predicting plant–microbe 

compatibility, identifying novel functional microorganisms, and optimizing microbial consortia. 

Integration of biofertilizers with remote sensing, IoT-based soil monitoring, digital agriculture, and 

decision-support systems will facilitate precision application of microbial inoculants, thereby maximize 

nutrient use efficiency while minimize fertilizer inputs. 

Despite remarkable technological advances, the successful translation of next-generation biofertilizers 

from laboratory research to commercial agriculture will depend on overcoming several scientific, 

regulatory, and socioeconomic challenges. Commercialization requires the development of cost-effective 

production technologies, standardized quality control protocols, improved carrier formulations, and 

extended shelf-life to ensure consistent product performance under diverse agroecological conditions. In 

addition, harmonized regulatory frameworks are essential to establish quality standards, evaluate the 

safety and efficacy of microbial inoculants, and facilitate their approval and international 

commercialization. Particular attention should be given to biosafety assessment of genetically engineered 

microorganisms, including CRISPR-modified strains, to minimize potential ecological risks and ensure 

responsible deployment. Furthermore, increasing farmer awareness through extension services, 

demonstration trials, capacity-building programmes, and supportive government policies will be critical 

for improving the adoption of biofertilizer technologies. Future research should therefore combine 
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technological innovation with multidisciplinary efforts involving microbiologists, agronomists, 

policymakers, industry, and farmers to accelerate the large-scale implementation of safe, effective, and 

climate-resilient biofertilizers for sustainable agriculture. 

 

13. Conclusion 
Biofertilizers have emerged as indispensable components of sustainable nutrient management owing to 

their ability to enhance nutrient use efficiency through biological nitrogen fixation, nutrient solubilization 

and mobilization, phytohormone production, and improved plant–microbe interactions. Beyond 

improving crop nutrition, beneficial microorganisms contribute to soil health restoration, increased 

microbial diversity, enhanced stress tolerance, and reduced environmental impacts associated with 

excessive chemical fertilizer use. Recent advances in microbial ecology, synthetic microbial communities, 

CRISPR-mediated genome editing, multi-omics technologies, metagenomics, microbiome engineering, 

nanotechnology, and precision agriculture have transformed biofertilizer research from conventional 

inoculant development to intelligent, systems-based microbial engineering. These innovations provide 

unprecedented opportunities to develop next-generation biofertilizers with improved field consistency, 

enhanced nutrient recovery, and greater resilience under changing climatic conditions. Despite these 

advances, several challenges, including inconsistent field performance, limited microbial survival, 

formulation constraints, regulatory barriers, and commercialization issues, must be addressed before 

biofertilizers can achieve widespread agricultural adoption. Continued investment in interdisciplinary 

research, advanced carrier technologies, quality assurance systems, and evidence-based policy 

frameworks will be essential to overcome these limitations. 

Future research should prioritize long-term multi-location field validation, development of climate-

resilient microbial consortia, standardized quality control protocols, and the integration of artificial 

intelligence, multi-omics, and precision agriculture for designing crop- and region-specific biofertilizers. 

Equally important are the establishment of robust regulatory frameworks, commercialization strategies, 

and farmer-oriented extension programmes to facilitate the large-scale adoption of biofertilizers. 

Strengthening collaboration among researchers, industry, policymakers, and farming communities will 

be essential for translating laboratory innovations into practical, economically viable, and 

environmentally sustainable nutrient management solutions that contribute to global food security and 

climate-resilient agriculture. 
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