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Abstract 
The world is expected to hit 9.7 billion people by 2050, and this puts more strain on agrifood production systems to enhance 
their productivity without sacrificing the health of the soil and the environment. Biofertilizers like those produced on the 
basis of useful microorganisms, like nitrogen fixing, phosphate solubilizers and plant growth-promoting bacteria have 
seemed like potential alternatives or supplements to chemical fertilizers. This role of these microorganisms increases nutrient 
level, promotes root growth due to the production of phytohormones and increases plant resistance towards abiotic stress, 
hence contributing to crop yield and soil fertility. Greenhouse and field research indicate that single-strain and multi-strain 
microbial inoculants including the Effective Microorganisms (EM) can be used to increase the microbial diversity in soil, boost 
organic matter content and enhance water retention. The resulting responses in yield may however differ significantly 
depending on the crop species, soil properties, climate and management procedures. Although promising, inadequate shelf 
life, variability of field performance, and regulatory barriers are some of the challenges, which limit the widespread 
application of biofertilizers. This review will critically analyze the mechanisms behind the work of biofertilizers, compare the 
yearly reported effects on crop yield and soil health under different agricultural settings, and mention the main shortcomings 
which influence the reliability of biofertilizers. Microbial encapsulation, Artificial Intelligence based data-driven optimization, 
and the use of genome editing tools like CRISPR to improve the stability, efficacy, and scalability of biofertilizer solutions to 
address sustainable agriculture are new concepts. 

 Keywords: Biofertilizers, Microorganisms, Sustainable Agriculture, Soil fertility, Crop productivity, Environmental 
sustainability. 
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Introduction 
The population of the world is expected to reach about 

9.7 billion by 2050 [1] , with greater requirements on 

agricultural systems to provide adequate food, fibers, 

and bio-based materials and reducing environmental 

degradation [2]. Traditional farming models that require 

large amounts of inputs have led to high yields but the 

sustainability of them has increasingly become debatable 

because of soil erosion, dwindling biodiversity, lack of 

water, and increased emission of greenhouse gases [3]. 

These issues argue the necessity of agricultural policies 

that can finely balance between production and a healthy 

environment [4]. 

Sustainable agriculture has come up as an integrated 

approach to these pressures by incorporating these 

aspects: ecological integrity, economic viability and social 

equity [5]. The main idea of this strategy is the 

management of soil as a dynamic biological system so 

that nutrient cycles, structural stability and ecosystem 

functioning are controlled microbial processes [6]. Crop 

diversification, limited use of tillage, good use of water 

and use of biological inputs are some of the practices that 

are highly regarded as being important elements of 

sustainable production systems [7]. In spite of such 

inventions, there are still instances where continued use 

of synthetic fertilizers and pesticides is compromising 

soil health and the quality of the environment in many 

agroecosystems [8].  

Biofertilizers have raised growing concerns amid other 

biological inputs as a supplement to traditional 

fertilization [9]. Biofertilizers include the beneficial 

microorganisms that improve plant growth by increasing 

nutrient availability, physical growth, and biological 

activity of soil through biological fixation of nitrogen, 

solubilization of phosphorus, and growth-regulating 

compounds [10]. Biofertilizers contrast with the chemical 

fertilizers that simply introduce nutrients to the plant 

roots and frequently with ineffective processes resulting 

in reduced nutrient use efficiency and additional soil 

functioning, as biofertilizers bind with plant roots and 

the native soil microbiota [11]. 

The development of biofertilizers has been investigated 

on a large variety of microbial groups, such as nitrogen-
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fixing bacteria, phosphate-solubilizing microorganisms, 

mycorrhizal fungi and plant growth promoting 

rhizobacteria [12]. These organisms not only affect the 

crop performance through the relevant improvement in 

nutrient uptake but also through the increase in stress 

tolerance and the establishment of soil microbial 

communities [13]. Responses to the application of 

biofertilizers are also reported as different among studies 

due to the difference in the crop species, soil properties, 

microbial formulations, and agronomic management 

practices [14]. Other than yield-related responses, 

biofertilizers have also been linked to changes in the soil 

structure, microbial diversity, and also lowering the loss 

of nutrients implying their wider applications to 

agroecosystem sustainability [15]. 

Understanding the growing literature, biofertilizers 

continue to be context-specific with regard to their 

effectiveness and in performance, the application 

generally lacks consistency in field conditions [16]. 

Differences in experimental designs, trial duration and 

evaluation criteria restrict comparisons between studies 

[17]. Moreover, there are still issues pertaining to the 

stability of the formulation, reliability in the field, 

adoption by the farmers, and regulatory measures that 

limit the use on large scale [18]. Recent developments 

promising to include multi-strain microbial consortia and 

novel formulation technologies have not been 

synthesized in agronomic and ecological sets [19]. 

In this regard, there is need to critically and integratively 

evaluate the available research. The synthesis of the 

existing data on biofertilizers is performed through the 

analysis of the underlying mechanism of these fertilizers, 

comparison of the reported effects on the crop yield and 

soil health, and finding of sources of variability and 

methodological limitation among the studies [20].  This 

review will offer clarity to gaps in knowledge, and 

emergent challenges, by explicitly addressing knowledge 

gaps and emerging challenges and outline future 

research and applications of biofertilizers in sustainable 

agricultural systems. 

Review Methodology 
This is a review article that is based on a systematic 

narrative framework to integrate the recent studies on 

biofertilizers in sustainable agriculture. Web of Science, 

Scopus, PubMed, and Google Scholar were used to 

retrieve peer-reviewed articles published in 2022-2025 

using relevant keywords regarding biofertilizers, plant 

microbe interactions, soil health, and crop productivity. 

The initial screening highlighted about 300 articles with 

148 studies being chosen to conduct a thorough review 

since it is relevant to agronomic outcomes and 

mechanistic knowledge.  

The inclusion criteria were that the studies had to present 

a well-defined experimental, field-based or mechanistic 

evidence. Articles which were mainly promotional or 

which had insufficient methodological detail were 

eliminated. Qualitative study quality was measured by 

evaluating clearness of experimental design, suitability of 

parameters measured, and relevance with available 

literature as opposed to having a formal scoring system. 

The literature chosen was then sorted into themes to 

allow comparative analyses of the crops, microbial 

formulations and the experimental conditions. Where 

incompatibilities occurred in the results, these were 

explained in the view of the variable in the soil 

properties, crop variety, and the purpose of the study and 

are addressed to point out the variance, shortcomings of 

the study and gaps in knowledge. 

Classification and Mode of Action of 
Biofertilizers 
Biofertilizers Containing Nitrogen-Fixing 
Microorganisms and Their Mechanisms 
Nitrogen is available abundantly in the atmosphere that 

cannot be taken by most plants since they cannot 

decompose the molecular nitrogen through their roots 

[21]. This limitation is overcome by nitrogen-fixing 

biofertilizers that transform the atmospheric nitrogen 

into ammonia using nitrogenase enzyme complex [22]. It 

facilitates the availability of nitrogen to plants and 

decreases the use of synthetic nitrogen fertilizers [23].  

Symbiotic and free-living bacteria are nitrogen-

sustaining microorganisms. Leguminous crops have 

close associations with Symbiotic bacteria, including the 

Rhizobium species, which have a mutual relationship with 

the plants, with nitrogen fixation in root nodules in 

exchange of plant-derived carbon compounds [24]. These 

symbioses usually result in increased nitrogen inputs 

compared to non-symbiotic but have host-specificity [25]. 

Conversely, associative and free-living nitrogen fixing 

bacteria such as Azotobacter and Azospirillum can colonize 

a greater variety of crops, and increase nitrogen levels via 

associative interactions and not the specialized structures 

[26].  

In addition to fixation of nitrogen, most diazotrophic 

biofertilizers affect plant growth by synthesizing 

phytohormones, such as auxins and gibberellins, which 

promote root growth and improvement of nutrient 

uptake [27]. Cyanobacteria as Anabaena and Nostoc have 

a role in total photosynthetic activity, organic matter, and 
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soil aggregation, in the flood system or semi-aquatic 

system of crop production [28].  

Comparatively relative symbiotic nitrogen-fixing 

systems are expected to be less variable in nitrogen inputs 

when compared to free-living and associative bacteria 

which can be more generalized in applications, and 

variable in the field conditions [29]. Their functionality 

highly depends on the soil pH, availability of organic 

matters, the presence of oxygen and competition with the 

native microorganisms [30]. These aspects demonstrate 

the significance of environmental background in defining 

the efficiency of biofertilizers with nitrogen-fixing 

properties and complexity to site-specific application 

models [31].  

Biofertilizers Containing Phosphate-
Solubilizing Microorganisms and Their 
Mechanisms 
Most of the phosphorus exists in the soil in insoluble 

forms and therefore inaccessible to plants, yet this 

phosphorus is vital in enabling plant root growth and 

energy transfer [32]. Some of the phosphate-solubilizing 

biofertilizers (PSBs), which eliminate this challenge, are 

Bacillus, Pseudomonas, and Aspergillus, as they release 

organic acids like gluconic, citric, and oxalic acid [33]. 

These acids convert the insoluble phosphates to soluble 

Molecules that plants can absorb, as it chelates cations 

and lowers acidity of the soil [34]. The problem of fixation 

  Figure 1. Overview of nitrogen-fixing biofertilizers illustrating symbiotic and free-living microbial pathways involved 

in biological nitrogen fixation and plant nitrogen uptake. (Figure created by the authors based on published literature.) 

  Figure 2. Mechanisms of phosphorus solubilization by biofertilizer microorganisms, highlighting organic acid production and 

enzymatic processes that enhance phosphorus availability to plants. (Figure created by the authors based on published literature.) 
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is common in both acid and alkaline soils but in this 

process of solubilizing nutrients, the availability of 

phosphorus is enhanced [35]. The PSBs also produce 

phosphatases and other enzymes which facilitate in the 

decomposition of organic phosphorus compounds [36]. 

Just like phosphorus, these microorganisms i.e. Bacillus, 

Pseudomonas, Aspergillus facilitate the absorption of iron 

and zinc that boost the overall nutrition of the plants [37]. 

Biocontrol is achieved, as well, by protecting crops, 

through production of siderophores are iron-chelating 

compounds that limit the access of soil-borne diseases to 

iron, by some PSBs, such as Pseudomonas fluorescens [38]. 

PSBs promote the use of sustainable nutrient and bolster 

the presence of stronger roots via reducing the usage of 

chemical phosphorus fertilizers [39]. 

Phosphate solubilizing microorganisms are mostly 

useful in phosphorus-deficient and highly fixed soils but 

their activity reduces in soils with high available 

phosphorus [40]. PSBs have a greater effect on early root 

growth as compared to potassium-solubilizing bacteria, 

whilst KSBs directly affect the level of water regulation 

and stress resistance [41]. 

Biofertilizers Containing Potassium-
Solubilizing Microorganisms and Their 
Mechanisms  
Potassium, abundant in soils, is important in water 

management, enzyme activation and protection against 

disease [42]. Potassium Solubilizing Bacteria (KSBs) 

include Bacillus mucilaginosus and Bacillus edaphicus 

which dissolve potassium by producing organic acids 

and enzymes to degrade mineral complexes [43]. 

In this mechanism of solubilization, the presence of 

potassium is much more absorbable by plants leading to 

a better productivity and plant strength [44]. The KSBs 

also enhance the fertility of soils when some mineral 

fertility such as iron and zinc are released through 

chelation [45]. By stimulating the availability of nutrients 

without requiring the use of any synthetic resources, such 

bacteria stimulate a hearty plant growth in diverse 

environmental conditions as well as contribute to 

sustainable soil management, particularly as far as low-

potassium areas are concerned [46]. 

Mycorrhizal Fungi and Their Mechanisms of 
Action 
Arbuscular mycorrhizal fungi (AMF) are made up of 

fungal genera like Glomus, Acaulospora, Gigaspora in 

which the AMF form a mutualism by colonizing the roots 

of plants and forming a highly branching fungal network 

that greatly enhances the nutrient uptake power of the 

root [47]. The AMF are very proficient in phosphorus 

mobilization owing to their ability to penetrate into the 

microspores of soil and access the insoluble phosphates, 

which are beyond the reach of roots [48]. 

They help each other by plants supplying the fungus with 

form of carbohydrates to sustain this symbiotic 

relationship [49]. AMF enhances drought tolerance due 

to increased water absorption besides augmenting 

phosphorus uptake and enhancing uptake of the 

micronutrients such as zinc and copper [50]. Also, this 

symbiosis promotes soil aggregations, reducing erosion 

and improving the structure [51]. AMF is the key to 

sustainable agriculture since it enhances the resilience of 

 Figure 3. Potassium-solubilizing biofertilizer mechanisms showing microbial mineral dissolution processes that increase 

plant-available potassium in soil. (Figure created by the authors based on published literature.) 
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plants and serves as the natural continuation of the root 

system, eliminating the use of chemical fertilizers [52]. 

Even though AMF enhance nutrient absorption and 

stress resilience, they do not work well in highly 

intensively fertilized systems and when soils are 

commonly disturbed [53]. Host specificity and 

compatibility also determine the performance in the field, 

which hinders the use of homogenous response to a 

particular flowing system [54]. 

Cyanobacterial Biofertilizers and Their 
Mechanism of Action 
The cyanobacteria including Anabaena, Nostoc and 

Spirulina can be used as biofertilizers because they can fix 

nitrogen in addition to performing photosynthesis and 

therefore, they best fit in the wetland crops like rice [55]. 

These microorganisms have the ability to take 

nitrogenous material out of the atmosphere and nitrogen 

is captured within specialized cells known as heterocysts 

which maintain the nitrogenase enzyme in conditions 

with a minimal amount of oxygen [56]. 

Cyanobacteria produce hormones in addition to nitrogen 

fixing namely hormones called auxins and cytokinins 

which facilitate growth of roots and shoots [57]. They 

cement soil particles with their gelatinous, 

polysaccharide rich exudates making their soil in 

formation more textural, better in water holding capacity 

and resistant to erosions [58]. Cyanobacteria contribute to 

the long-term well-being of soils with their contribution 

of organic-matter and the enrichment of microbial 

diversity in the rhizosphere, making them fundamental 

to effective rice cultivation [59]. 

 

  Figure 4. Mycorrhizal fungal associations with plant roots illustrating enhanced nutrient uptake, soil 
aggregation, and water acquisition pathways. (Figure created by the authors based on published literature.) 

  Figure 5. Functional mechanisms of cyanobacterial biofertilizers demonstrating nitrogen fixation, organic matter contribution, 

and soil conditioning in flooded agroecosystems. (Figure created by the authors based on published literature.) 
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Plant Growth-Promoting Rhizobacteria 
(PGPR) and Their Mechanisms of Action 
Plant growth-promoting rhizobacteria (PGPR) such as 

Enterobacter, Burkholderia and Pseudomonas are versatile 

biofertilizers that in various ways improve the health of 

plants [60]. Other than fixing nitrogen and solubilizing 

phosphorus, the PGPR produce phytohormones like 

auxins, gibberellins and cytokinins which promote shoot 

growth, root growth and delayed senescence [61]. 

Also, by encouraging Induced systematic resistance 

(ISR), they enhance resiliency because plants are ready to 

cope with infection by synthesizing metabolites and 

innovative defenses [62]. In an example, Pseudomonas 

fluorescens comes in to facilitate the ISR against fungal 

infections [63]. As well, the PGPR produce siderophores, 

that bind iron and release it to the plants denying the 

pathogens the essential mineral[64]. Moreover, some of 

the PGPR contain ACC (1-Aminocyclopropane-1-

carboxylate) deaminase, a protein which assists plants to 

decrease ethylene content when the plants are in a state 

of stress e.g. drought, salt or heavy metal exposure [65]. 

These various efforts improve the crops and vegetation 

health along with soil health, which, makes PGPR, great 

partners in the fight towards sustainable agricultural 

practices [66]. 

The functionality of the PGPR is usually multifunctional 

in comparison to single-function biofertilizers; 

nevertheless, its effectiveness is mainly indirectly 

affected by the field conditions as they depend on the 

sensitivity to the physicochemical characteristics of soil 

as well as the competition of the microorganisms [67]. 

Figure 6. Key mechanisms of plant growth-promoting rhizobacteria (PGPR), including phytohormone production, 

nutrient mobilization, and induced systemic resistance. (Figure created by the authors based on published literature.) 

 Figure 7. Biofertilizer-mediated stress tolerance and soil conditioning mechanisms contributing to improved 
plant resilience and soil structural stability. (Figure created by the authors based on published literature.) 
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Stress Tolerance and Soil Conditioning 
Mechanisms 
Biofertilizers are vital in helping plants to overcome the 

challenges of the environment in addition to promoting 

soil health [68]. Microbes that produce ethylene lowering 

effects can lead to plants thriving in heavy metal, salty or 

arid environments due to ACC deaminase activity that 

reduces ethylene levels thereby limiting stress effects 

which are associated with ethylene [69]. The other ones 

produce antioxidant enzymes and osmolytes which 

makes the plants more resistant than ever [70]. By the 

release of polysaccharides that bind the particles, 

cyanobacteria and other biofertilizers prepare soil use, 

which reduces erosion and improves the capture of water 

[71]. These bacteria have the power to enhance the 

microbiome of the soil leading to a healthy environment 

which is fertile on a long-term basis [72]. Biofertilizers 

strengthen an agricultural system and reduce 

environmental influences in the agricultural approach by 

boosting soil framework and reducing abiotic forces [73].  

In general, indirect processes promoting stress reduction 

by biofertilizers can be divided into several processes, 

although the stability of these processes in fields depends 

greatly on environmental factors, microbial interactions, 

and agronomic practices [74]. 

Impact on Crop Yield and Soil Health 
Biofertilizers are currently being studied as biologically 

based inputs that could improve the productivity of 

crops besides improving soil health [75]. These 

inoculants comprise useful microorganisms, such as 

nitrogen-fixing microorganisms, phosphate-solubilizing 

microorganisms and potassium-mobilizing fungi and 

these microorganisms affect plant growth by means of 

nutrient mobilization and rhizosphere interactions [76]. 

Biofertilizers are unlike other forms of conventional 

fertilizers in that they help in both short and long term 

yield response as well as the soil fertility as they interact 

with available biological processes in the soil [77]. 

Effects of Biofertilizers on Crop Productivity 
Biofertilizer is very beneficial in crop production since 

they enhance plant toleration to abiotic stress, root 

growth, and nutrient absorption [78]. At the rhizosphere 

they stimulate microbe interactions, synthesize 

phytohormones and promote sustainable plant 

physiology [79]. They have been shown to be effective in 

a variety of staple crops, such as wheat, rice, maize, and 

legumes [80]. 

Wheat: Yield Enhancement and Nutrient 
Efficiency 
When given biofertilizer, wheat has responded well. 

Wheat yields were improved by 10%–40% with 

Azospirillum species inoculation, which also improved 

plant height, spike count, and grain weight [81]. In 

addition to secreting growth-promoting chemicals that 

promote biomass formation, these bacteria improve 

nitrogen fixation. Azotobacter spp. enhance grain protein 

content by fixing nitrogen, contributing 20–40 kg of 

nitrogen per hectare per year [82]. The Ibaa99 wheat 

cultivar in Baghdad experienced a 62% increase in grain 

output, rising from 2.83 tons/ha to 4.58 tons/ha, 

following three foliar sprays of EM-1. In a separate field 

experiment, combining Azotobacter with cattle manure 

led to a 15% increase in yield [83]. 

Rice: Increased Yield and Nutritional Quality 
Anabaena and the Azolla–Anabaena symbiosis are 

cyanobacteria that greatly aid rice farming, especially 

when the soil is nutrient-deficient or wet [84]. Increasing 

yields by 10–15%, these bacteria provide 20–40 kg 

N/ha/season [85]. When Anabaena variabilis and 50% 

nitrogen fertilizer were used in China, sheath blight was 

suppressed and yields increased by 13.9–22% [86]. In 

India, 16-year research found that integrating 

biofertilizers with Farmyard Manure (FYM) and crop 

wastes increased rice yields by 49.2% (from 3.08 to 4.59 

tons/ha) with an increase in protein content of 9.6–10.7% 

and up to 81.9% more zinc and iron, rice quality also 

improved [87]. 

4.4 Maize: Productivity and Stress Tolerance 

Particularly in deteriorated soils, biofertilizers such as 

Bacillus, Pseudomonas, and Azospirillum brasilense 

increased maize yields by 10–30% [88]. Shoot biomass 

increased in Brazil as a result of Azospirillum's 40 kg/ha 

nitrogen contribution. PGPR mixes increased yields in 

Australia by as much as 15% [89]. Enhancing resistance 

to drought and salt through improved chlorophyll 

synthesis and antioxidant activity, the integration of 

nano-silica with Azotobacter and Pseudomonas increased 

maize yields [90]. 

Legumes: Optimizing Nitrogen Fixation 
The nitrogen-fixing bacteria provide significant 

advantages to legumes such as soybean and pigeon pea 

[91]. By inoculating 78% of soybean fields with 

Bradyrhizobium, Brazil was able to meet all of its nitrogen 

requirements while saving 13 billion dollars a year [92]. 

The M1H inoculant, which contained Serratia marcescens 

and PaeniBacillus polymyxa, enhanced the helpful soil 

microorganisms Mortierella and Cunninghamella in pigeon 
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pea, boosting biomass and creating a nourishing 

rhizosphere [93]. 

In crops, both yield responses to the application of 

biofertilizers are reported to vary significantly between 

crops due to changes in scale of the experiment, time of 

cropping, fertility status of the soil, and practices in place 

of application of biofertilizers [94]. A higher yield 

increment is frequently noticed in nutrient-hulled or 

degraded soils and under integrated systems of 

biofertilizers with organic amendments, but are smaller 

in systems of high input conventional regimes [95]. The 

research is founded on largely single season field 

experiments or localized research, which restricts 

comparative research and projection to the long-term 

dynamism of yields. These results emphasize the fact that 

biofertilizer performance varies according to the context, 

not in all settings [96]. 

Comparative Yield Performance 
 Table 1. Comparative yield responses of wheat, rice, 
maize, and legumes under biofertilizer-based 
fertilization strategies [97]. 

Crop Treatment Yield 
(tons/ha) 

% Increase 
Over 
Control 

Wheat EM-1 (3 sprays) 4.58 ~62% 
Wheat Azotobacter + 

Manure 
3.36 +15% 

Wheat Chemical 
Nitrogen Only 

3.56 +26% 

Rice A. variabilis + 
50% Urea 

7.90 +13.9–22% 

Rice FYM + Crop 
Residues + 
Biofertilizers 

4.59 +49.2% 

Maize Azospirillum 
brasilense 

11.5 (est.) +15% 

Maize Nano-Si + 
Azotobacter + 
Pseudomonas 

~11.5 (est.) +10–15% 

Soybean Bradyrhizobium 
spp. 

Meets 
100% N 

— 

Pigeon 
Pea 

M1H Inoculant Significant — 

 

The comparative group yield data that has been 

summarized in Table 1 depict the level of variability in 

crop response to biofertilizer based interventions. The 

yields of wheat and rice usually exhibit a higher response 

to the use of biofertilizers when they are combined with 

organic or less chemical treatments, whereas maize yields 

are less strong and are often described as the results of 

field experiments. The reported outcomes differ as they 

indicate the variation in the soil fertility, climatic 

conditions, crop genotype and application strategy. In 

the cases where yield values are given as estimates the 

values are obtained based on reported ranges as opposed 

to standardized multi-location tests. 

Soil Fertility Improvement 
In addition to increasing crop output, biofertilizers 

improve the physical characteristics, microbial diversity, 

organic matter, nutrient dynamics, pH balance, and soil 

health. 

Organic Matter and Soil Structure 
Applying biofertilizers greatly increases soil organic 

carbon (SOC), particularly when combined with compost 

or FYM [98]. Better aeration, water retention, and root 

growth resulted with a 76.5% rise in SOC (from 4.9 g/kg 

to 8.6 g/kg) in long-term rice studies [99]. Plots of wheat 

treated with manure and Azotobacter showed better 

nutritional profiles and 15% higher biomass [100]. In rice 

fields, Anabaena variabilis also increased phosphorus and 

total organic carbon [101]. 

Microbial Diversity and Functionality 
Biofertilizers introduce beneficial species including 

Bacillus, Pseudomonas, Trichoderma, and mycorrhizal 

fungi, which enhance the variety of soil microbes [102]. 

In pigeon pea, M1H suppressed pathogens such Zopfiella 

while increasing the prevalence of Cunninghamella and 

Mortierella [103]. The rhizosphere of maize was richer, as 

evidenced by the microbial diversity index rising from 

3.96 (chemical) to 4.06 (biofertilized) [104]. 

. 

Table 2: Rhizospheric microbial responses to biofertilizer 
application [105] 

Microbial Genus Effect of Biofertilizer 

Mortierella Increased 
Bacillus Increased 
Zopfiella Decreased 

Podospora Decreased 

 

Alteration in Rhizospheric microbial composition after 

the application of biofertilizer is generally characterized 

by improvement in the abundance of useful genera 

including Bacillus and Mortierella and depletion in the 

abundance of some saprophytic fungi, summarized in 

Table 2. 

The alteration of the Rhizospheric microbial composition 

is evidence that applying biofertilizer may selectively 

promote advantageous microbial groups and inhibit the 

potential pathogens [106]. These changes indicate 

positive functional diversity but these responses depend 

on crop species, soils and the original microbial 

community structure [107]. 
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Nutrient Availability and Soil Chemistry 
The availability of nitrogen (via Azotobacter, Azospirillum, 

and Rhizobium), phosphorus (through Bacillus, 

Pseudomonas, and Aspergillus), potassium, and zinc is 

increased by biofertilizers [108]. Nutrient-mobilizing 

enzymes and organic acids are released by these 

microorganisms. Anabaena variabilis raised the amount of 

nitrogen in rice crops [109]. Higher levels of accessible 

potassium and phosphorus were seen in maize when 

biofertilizer was used [110]. 

Soil pH and Electrical Conductivity 
By stabilizing pH and lowering EC, biofertilizers 

promote root development and microbial viability [111]. 

Anabaena variabilis kept rice's pH in the range of 6.5 to 6.8 

[112]. The biofertilized plots of maize had a pH of 6.86, 

whereas the controls had a pH of 6.76. By reducing EC by 

as much as 45.8%, nutrient absorption was improved 

[113]. 

Physical Soil Properties 
Soil aggregation and porosity are enhanced by prolonged 

application. The following are noteworthy changes: 

Table 3. Soil physical property changes with biofertilizer 
application [114] 

Soil Property 
Without 

Biofertilizer 
With 

Biofertilizer 
% 

Change 

Water Holding 
Capacity (%) 

36.4 56.7 +55.8% 

Soil Moisture 
Content (%) 

17.8 26.6 +49.3% 

Bulk Density 
(Mg/m³) 

1.53 1.39 -9.2% 

Organic Carbon 
(g/kg) 

4.9 8.6 +76% 

 

Enhanced physical characteristics of soil are indicative of 

increased soil aggregation and organic materials 

accretion with extended use of biofertilizers [115]. 

Although these transformations help increase the soil 

resiliency, decrease the risk of soil erosion, and ensure 

agricultural sustainability in the long term, the majority 

of the observations are based on long-term experimental 

plots, which underlines the necessity to repeat such 

transformations in the fields [116]. 

Challenges, Limitations, and Future Prospects 
in Biofertilizer Development 
Current Limitations: Shelf Life, Formulation, and 
Farmer Awareness 
Regardless of their known agronomic and environmental 

advantages, the broad-scale application of biofertilizers is 

still limited by a number of real constraints. The major 

difficulty is that of the relatively short shelf life of 

products that are founded on living microbial cells [117]. 

Phosphate-solubilizing fungi (e.g., Aspergillus niger, 

Penicillium bilaiae) and nitrogen-fixing bacteria (e.g., 

Rhizobium, Azotobacter, Azospirillum, etc.) are typical 

microorganisms used to produce biofertilizers; they are 

very delicate to varying environmental conditions 

(temperature, humidity, and light) [118]. Consequently, 

when storing, transporting and handling in the field, 

there are often decreases in microbial viability [119]. 

Equally, biofertilizers derived out of microalgae are 

under most times highly concentrated in terms of 

bioactive compounds, but they tend to lose their viability 

soon after being made into a useful biofertilizer, which 

restricts their practical use in the field [120]. 

Carrier materials are very important in preserving the 

survival of microbes [121]. Traditional hard carriers (peat 

or lignite) have a tendency not to maintain their microbial 

activity in the long term and can be easily contaminated 

[122]. Together with the advantages in handling, and 

shelf life, liquid formulations are exposed to the effects of 

storage-induced stresses, such as oxygen limitation, and 

degradation of nutrients [123]. Such difficulties are also 

made worse in the parsimonious and tropical areas 

where most of the time it is not feasible to observe the 

advocated storage conditions due to smallholder famers 

[124]. 

Another bottleneck is formulation technology. Carrier 

systems using cost-effective and biodegradable materials 

and the ability to maintain microbial viability is still a 

challenge to achieve [125]. The use of encapsulation with 

the help of different materials and types of materials like 

alginate or chitosan is promising, but the production cost 

and the challenge of scalability make it impossible to fully 

commercialize because of high costs and difficulties in 

scale [126]. Also, the quality of the carrier and strain-

carrier interaction may cause variation in performance of 

the field, which impedes the trust of farmers in 

biofertilizer products [127]. 

In addition to formulation constraints, adoption is greatly 

limited by lack of awareness and technical knowledge 

among the farmers especially in the developing regions 

[128]. Lack of understanding of proper method of 

application and anticipated results is caused by 

inadequate extension services and inadequate training 

programs [129]. Thus, chemical fertilizer is usually 

considered more trusted since it has faster and noticeable 

action on the growth of crops but biofertilizer can show 

slow or fluctuating effect in the field. This is still the 

impression that is making biofertilizer-based inputs not 

fully embraced [130]. 
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Regulatory and Adoption Challenges 
A major obstacle to commercialization of the biofertilizer 

and its application is the issue of regulatory 

fragmentation [131]. Unlike chemical fertilizers 

biofertilizers lack regular tests, quality standards and 

labeling in various areas [132].  

Biofertilizers have very inconsistent regulatory practices 

around the world. In a few places, biofertilizers are also 

under bio-stimulant or biopesticides and therefore 

creating confusion in registration and approval 

processes, with other nations having devised 

biofertilizer-specific laws [133]. Also, since there is no 

standardized way of determining microbial viability and 

field performance then one may not easily predict the 

efficacy of the product under different agroecological 

settings [134]. 

Biological variation also provides consumers with 

inconsistent results in the field. The native microbiota of 

soils, climatic conditions, soil pH and soil water and high 

temperature have a strong impact on the performance of 

introduced microbial strains [135]. The agronomic 

performance of inoculated strains is likely to exhibit 

inconsistency because of competition with native 

microorganisms, which lowers potential colonization in 

order to be successful. These uncertainties require 

carrying out a long-term, location-specific field 

experiment to address them and this is costly in monetary 

terms especially to small and medium scale 

manufacturers hence, delaying product validation and 

adoption [136]. 

Future Directions: Advanced Bioformulations, 
Intelligent Delivery, and Emerging Technologies 
The recent developments in formulation science provide 

promising directions to overcome the major constraints 

that are attributed to biofertilizer. The next generation 

bioformulations are more aimed at enhancing the 

microbial stability and controlled release by developed 

encapsulation methods [137]. Biodegradable polymers or 

beads made of alginate or those made of biochar can 

facilitate the survival of microbes during storage and 

transportation and slow down gradual release into the 

rhizosphere [138]. These methods can enhance the 

reliability of products in a wide range of agroclimatic 

conditions, especially to the smallholder systems of 

farming. 

Alternatives in the methods of delivery also demonstrate 

possibilities to enhance uniformity and effectiveness. 

Methods like coating of the seeds, using a hydrogel-based 

delivery method and having granular formulations have 

been explored which would help improve the microbial 

establishment and lessen the environmental stress when 

used [139]. The purposes of these methods are the 

maximization of plant interactions and the microbes and 

the reduction of field variability [140]. Nevertheless, cost 

efficiency, the ability to produce on large scale, and the 

compatibility with the current agricultural practice all 

remain conditions of large-scale implementation [141]. 

New technologies, such as synthetic microbial consortia 

and systems biology strategies, are also adding to a more 

sophisticated knowledge about the interaction of 

microbes in soil of plants [142]. Multi-omics data has also 

made possible rational development of microbial 

combinations that have complementary functional 

characteristics [143]. Though the strategies are promising 

in enhancing the nutrient availability and stress 

regulation, their functioning in the heterogeneous field 

environment needs further verification [144]. 

The use of digital technologies like artificial intelligence 

(AI) and the Internet of Things (IoT) platforms have 

become a popular topic in precision agriculture [37]. 

Even though these tools present the opportunities of 

using data in order to support the decisions, their direct 

usage as applied to biofertilizer optimization is not very 

common [145]. Difficulties in the availability of 

infrastructure, data quality and cost, and accessibility to 

users are some of the issues that impede high usage 

today, especially in low-resource agricultural systems 

[146]. Also, ethical issues, ownership of data, and 

economy-related aspects have to be considered before 

these technologies can be successfully incorporated into 

regular biofertilizer management [147]. Therefore, 

although technological innovations can be seen as a 

promising growth opportunity in the long-term, short-

term development will probably become reliant on the 

enhancement of formulation strength, regulations, and 

cost-efficiency in comparison to the traditional chemical 

fertilizers [148]. 

Conclusion  
Biofertilizers are a significant biological approach to the 

promotion of sustainable agriculture through the 

improvement of crop production and the maintenance of 

health and ecological operations of the soil. Biological 

fixation of nutrients, solubilization of nutrients, synthesis 

of phytohormones, and stimulation of nutrient-beneficial 

soil microbial communities, biofertilizers add to 

enhanced nutrient-use efficiency and soil long-term 

fertility. Instead of replacing synthetic treatments into all 

systems, they can be highly valued in integrated and low-

input farming situations, where they can be used to 
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supplement organic treatment and the minimization of 

chemical treatment. 

Although they have been shown to be effective, the 

efficacy of biofertilizers is highly situational and varies 

according to soil characteristics, climate, type of crop 

cultivated, resistance to formulations, and the manner of 

application. The future studies should thus be more 

focused on the long and multi-location field tests, 

standardized assessment systems, and better mechanistic 

insights of the interaction between microbes and plants 

in the soil. The future is in formulation technologies and 

microbial consortia development and in using precision 

agricultural instruments that should facilitate 

consistency and scalability. All in all, a more rigorous and 

well-founded incorporation of biofertilizers with the 

system of agriculture will be crucial towards achieving 

the image of biofertilizers in the production of 

agriculture. 
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