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Abstract:  The global food production is confronted with substantial obstacles because of an expanding population and

deteriorating environmental degradation. The existing agricultural methods may be insufficient to provide sustenance for the

entire population. Enhancing agricultural productivity is imperative to tackle this pressing issue, and there exists significant

potential for advancement in the coming years. Nevertheless, it is imperative that we embrace inventive and ecologically

sustainable agricultural techniques to surmount this obstacle. Studies have demonstrated that the utilisation of phosphate-

solubilizing bacteria can yield significant advantages for plants, improving their well-being and efficiency under different

environmental circumstances. Regrettably, the extensive utilisation of detrimental synthetic pesticides jeopardises the existence

of these advantageous bacteria, which are crucial for the well-being of plant roots on a global scale. The efficacy of biofertilizers

hinges on the proficiency with which we develop, maintain, and administer viable microbial cells. It is crucial to optimise

production processes to enhance cost-effectiveness and efficiency. Following extensive cultivation, it is necessary to create

bioinoculant formulations in either liquid or solid states to guarantee their durability, ease of application, and ability to endure

environmental pressures. An exhaustive examination of these ideal circumstances is essential for developing cost-effective,

high output bioinoculants that enhance crop growth and productivity. The objective of this study is to analyse the effective

compositions and the process of bringing microbial matriculants to market, which promote plant growth. This research will

offer vital knowledge about the potential of sustainable agricultural practices in the future.
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Introduction

          Global food production faces formidable challenges

attributed to the twin pressures of population growth and

environmental degradation. With the world’s population

expected to surpass 9 billion by 2050 (United Nations, 2019),

the demand for food is projected to escalate dramatically.

Simultaneously, environmental degradation, driven by factors

such as climate change, soil erosion and loss of biodiversity,

threatens the capacity of agricultural systems to meet these

escalating demands (Foley et al.,  2011; IPBES, 2019).
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        These challenges necessitate urgent action to enhance

agricultural productivity while ensuring environmental

sustainability. Without decisive intervention, the risk of food

insecurity looms large, exacerbating social and economic

inequalities globally (Godfray et al.,  2010; HLPE, 2017).

            Plant Growth-Promoting Rhizobacteria (PGPR)

represent a diverse group of beneficial soil microorganisms

that establish symbiotic relationships with plant roots, exerting

profound influences on plant growth and health. These

microorganisms have garnered considerable attention in

agricultural research due to their potential to bolster

productivity while mitigating environmental impacts. Here,

we delve into the multifaceted role of PGPRs and their

implications for sustainable agriculture.

           PGPRs are known to enhance plant growth through

various mechanisms, including nitrogen fixation, phosphate

solubilization, and the synthesis of phytohormones (Glick,

2012). By facilitating nutrient uptake and promoting hormone-

mediated signalling pathways, PGPRs stimulate root

development, improve nutrient utilization efficiency, and

enhance overall plant vigor (Vessey, 2003). Additionally, PGPRs

can induce systemic resistance against pathogens, thereby

reducing the reliance on chemical pesticides and promoting

plant health in a sustainable manner (Berendsen et al.,  2012).

         Furthermore, PGPRs play a crucial role in soil health

and fertility. Their activities contribute to the cycling of

nutrients, such as nitrogen and phosphorus, thereby enhancing

soil fertility and reducing the need for synthetic fertilizers

(Bashan et al., 2014). Moreover, PGPRs promote soil

aggregation and structure, leading to improved water

infiltration and retention, as well as reduced soil erosion

(Bhattacharyya & Jha, 2012).

          The application of PGPRs in agriculture holds promise

for sustainable intensification strategies aimed at increasing

crop yields while minimizing environmental degradation

(Lugtenberg & Kamilova, 2009). By harnessing the beneficial

interactions between PGPRs and plants, farmers can reduce

reliance on chemical inputs, improve soil health and enhance

the resilience of cropping systems to environmental stresses

(Richardson et al.,  2009).

          Global food production is encountering significant

challenges because of the intersecting pressures of population

growth and environmental degradation. With the world’s

population projected to exceed 9 billion by 2050 (United

Nations, 2019), the demand for food is anticipated to soar.

Concurrently, environmental degradation, driven by factors

such as climate change, soil degradation, and biodiversity loss,

poses threats to the capacity of agricultural systems to meet

these escalating demands (Foley et al., 2011; IPBES, 2019).

        This juxtaposition necessitates urgent action to enhance

agricultural productivity while safeguarding environmental

sustainability. It is imperative to acknowledge the pressing

need for innovative and ecologically sound farming practices

to confront these challenges. Without proactive intervention,

the risk of food insecurity looms large, exacerbating global

social and economic disparities (Godfray et al., 2010; HLPE,

2017). Highlighting the need for enhanced agricultural

productivity to address the challenges of population growth

and environmental degradation is crucial for ensuring global

food security and sustainability. Numerous studies emphasize

the importance of increasing agricultural productivity to meet

the growing demands for food while minimizing environmental

impacts.

       For instance, a study by Tilman et al. (2011) highlights

the necessity of increasing agricultural productivity to meet

future food demands without further expansion of agricultural

land, which could exacerbate environmental degradation.

Similarly, a report by the Food and Agriculture Organization

(FAO) emphasizes the role of enhancing agricultural

productivity in reducing poverty and hunger, particularly in

developing countries where food insecurity is prevalent (FAO,

2017). Furthermore, research by Mueller et al. (2012)

underscores the importance of improving agricultural

productivity to mitigate the environmental impacts of land-

use change, such as deforestation and habitat loss. By increasing

yields on existing agricultural land, it is possible to reduce the
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pressure to convert natural ecosystems into farmland, thereby

conserving biodiversity and ecosystem services.

Phosphate-Solubil iz ing Bacteria

Phosphate-solubilizing bacteria (PSB) are a group of

microorganisms capable of solubilizing inorganic phosphorus

(P) from insoluble phosphate compounds in the soil, making

it available for plant uptake (Richardson et al., 2009). These

bacteria play a crucial role in phosphorus cycling in agricultural

ecosystems, as phosphorus is an essential nutrient for plant

growth and development.

PSB utilize various mechanisms to solubilize

phosphate, including the production of organic acids, such as

citric and gluconic acid, which can chelate and release phosphate

ions from insoluble forms (Richardson et al., 2009).

Additionally, PSB can produce phosphatases, enzymes that

hydrolyze organic phosphate compounds, further releasing

phosphorus for plant uptake (Rodríguez & Fraga, 1999). The

use of PSB as biofertilizers has gained attention in sustainable

agriculture due to their ability to enhance phosphorus

availability to plants, thereby improving crop yields (Richardson

et al., 2009). By reducing the reliance on chemical phosphorus

fertilizers, PSB can contribute to environmentally friendly

farming practices, mitigating the negative impacts of excessive

fertilizer use on soil and water quality. Furthermore, PSB can

promote plant growth through mechanisms beyond

phosphorus solubilization, including the production of plant

growth-promoting substances such as phytohormones and

siderophores, as well as the induction of systemic resistance

against pathogens (Vessey, 2003). These multifaceted

interactions between PSB and plants highlight their potential

as valuable components of sustainable agriculture systems.

Benefits of using PSB for plants

       Phosphate-solubilizing bacteria (PSB) offer numerous

benefits to plants, including improved health and efficiency in

various environmental conditions. These benefits stem from

the ability of PSB to solubilize inorganic phosphate(P) from

insoluble phosphate compounds in the soil, making it available

for plant uptake. Here are some key benefits of using PSB

for plants:

Enhanced Phosphorus Availabil ity:  PSB solubilize

insoluble forms of phosphate in the soil, such as tricalcium

phosphate, by releasing organic acids and phosphatase

enzymes. This process increases the availability of phosphorus

to plants, which is essential for various physiological processes,

including energy transfer, photosynthesis, and root

development (Richardson et al., 2009).

Improved Nutrient Uptake: By enhancing phosphorus

availability, PSB facilitate improved nutrient uptake by plants.

Phosphorus is a vital nutrient required for optimal plant growth

and development. Increased phosphorus uptake can lead to

enhanced root growth, nutrient utilization efficiency, and overall

plant vigor (Vessey, 2003).

Enhanced Plant Growth and Yield:  The availability of

phosphorus plays a critical role in plant growth and

productivity. Studies have shown that the inoculation of plants

with PSB can result in increased biomass production, higher

crop yields, and improved crop quality (Richardson et al.,
2009; Vessey, 2003).

Adaptat ion to Environmental Stress:  Phosphate-

solubilizing bacteria can help plants adapt to various

environmental stresses, such as drought, salinity, and nutrient

deficiency. By improving nutrient availability and promoting

root growth, PSB enhance the ability of plants to withstand

adverse environmental conditions (Rodríguez & Fraga, 1999).

Reduced Dependency on Chemical Fertilizers: The

use of PSB as biofertilizers can reduce the reliance on chemical

phosphorus fertilizers, which can have negative environmental

impacts such as eutrophication of water bodies and soil

degradation. By promoting sustainable agricultural practices,

PSB contribute to environmental conservation and soil health

(Richardson et al., 2009).

Biofertil izers

Biofertilizers are substances containing living

microorganisms which, when applied to seeds, plant surfaces,

or soil, colonize the rhizosphere or the interior of the plant

and promotes growth by increasing the supply or availability
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of primary nutrients to the host plant. These microorganisms

are typically bacteria, fungi, or algae that fix atmospheric

nitrogen, solubilize phosphorus, or produce growth-promoting

substances such as phytohormones.

Here’s a breakdown of different types of biofertilizers:

Nitrogen Fixing Biofertilizers: These contain nitrogen-

fixing bacteria such as Rhizobium, Azotobacter, and

Azospirillum. They convert atmospheric nitrogen into

ammonia, which can be used by plants. For example,

Rhizobium forms a symbiotic relationship with leguminous

plants, aiding in nitrogen fixation in root nodules.

Phosphate Solubil izing Biofertilizers: These contain

phosphate-solubilizing microorganisms like bacteria (e.g.,

Bacillus, Pseudomonas) and fungi (e.g., Aspergillus,
Penicillium). They help in making phosphorus available to

plants by converting insoluble forms of phosphorus into soluble

forms.

Potassium Mobilizing Biofertilizers: These biofertilizers

help in making potassium more available to plants. They are

typically microorganisms that enhance the solubility and

availability of potassium in the soil.

Growth-Promoting Biofertilizers: Certain bacteria and

fungi produce growth-promoting substances such as auxins,

cytokinins, and gibberellins. These substances help in

stimulating plant growth and development.

         Biofertilizers offer several advantages over chemical

fertilizers. They are eco-friendly, renewable, and sustainable.

Additionally, they improve soil fertility and structure, enhance

nutrient uptake by plants, and reduce environmental pollution.

Moreover, the use of biofertilizers reduces the dependency

on chemical fertilizers, leading to cost savings for farmers in

the long run.

Several studies have demonstrated the effectiveness of

biofertilizers in enhancing crop productivity and soil health.

For example:

· In a study by Kumar et al. (2018), the application of

biofertilizers containing Rhizobium and phosphate-solubilizing

bacteria significantly increased the growth and yield of chickpea

crops compared to chemical fertilizers alone.

· Another study by Yadav et al. (2020) found that the

combined application of nitrogen-fixing and phosphate-

solubilizing biofertilizers improved soil fertility, nutrient

uptake, and yield of wheat crops.

G.Bhagirath et al., 2025 Plant growth-promoting Rhizobacteria

Table 1. Essential PGPR for Enhancing Plant Growth, Development and overall Health.

Sl. No. Bacteria

1 Klebsiella pneumonia
2 Azotobacter chroococcum
3 Agrobacterium radiobacter
4 Pseudomonas sp
5 Pseudomonas aeruginosa
6 Pseudomonas, Bacillus, Trichoderma
7 Erwinia, Serratia, Rhizobium, Mesorhizobium,

Flavobacterium, Rhodococcus
8 Bacillus, Rhizobium, Azotobacter, Azospirillum,

Frankia, Gluconacetobacter, Burkholderia,
Azorhizobium, Beijerinckia, Cyanobacteria

9 Pseudomonas, Bacillus, TrichodermaSerratia,
Azospirillum,

10 Pseudomonas sp.

11 Bacillus spp., Burkholderia spp., Pseudomonas
12 Azotobacter, Bacillus, Pseudomonas, Rhizobium

Plant growth-promoting characters

N2 fixation

Gibberellin

Antibiotics

IAA

PO
4
 solubilisation, ACC deaminase

Biocontrol agents’ synthesis

Phosphate solubilization

Biological nitrogen fixation

Provide Induced Systemic resistance to plants

IAA, siderophores, HCN, NH
3
, exo-

polysaccharides (EPS), PO
4
-3 solubilization

Macronutrients production

Phytohormone production

References

(Sharma et al., 2022)

(Zhang et al., 2019a)

(Mohanram and Kumar, 2019)

(Jaleel et al., 2021)

(Linu et al., 2019)

(Saraf et al., 2014; Meena and Swapnil, 2019

(Podile and Kishore, 2006; Otieno et al., 2015)

(Bhattacharyya and Jha, 2011; Kumar et al.,
2014; Govindasamy et al., 2010)

(Choudhary et al., 2007; Nguyen et al., 2020)

(Fazeli-Nasab & Sayyed, 2019)

(Baber et al., 2018)

(Baber et al., 2018)
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Fig. 1. Bacteria with Plant Growth-Promoting Characteristics.

Certain bacteria exhibit plant growth-promoting (PGP)

characteristics, which contribute to enhanced plant growth,

development, and overall health. These PGP bacteria play

crucial roles in agriculture and ecosystem sustainability by

improving soil fertility, nutrient uptake, and stress tolerance

in plants. Some common PGP characteristics exhibited by

bacteria include  Fig-1 and Table- 1) :

Nitrogen Fixation: Certain bacteria, such as

Rhizobium, Azotobacter, and Azospirillum, can fix atmospheric

nitrogen into a form that plants can utilize, thereby increasing

nitrogen availability in the soil and promoting plant growth.

Phosphate Solubilization: Bacteria like Pseudomonas, Bacillus,

and Rhizobium produce organic acids and enzymes that

solubilize insoluble phosphate compounds in the soil, making

phosphorus more accessible to plants for growth and

development. Indole-3-Acetic Acid (IAA) Production:

Pseudomonas, Bacillus, and other bacteria synthesize IAA, a

plant hormone that stimulates root development, nutrient

uptake, and overall growth.

Siderophore Production : Bacteria produce siderophores,

compounds that chelate iron and make it available to plants,

alleviating iron deficiency and improving plant health.

Production of Antimicrobial Compounds: Some

bacteria, such as Bacillus and Pseudomonas, produce

antimicrobial compounds like hydrogen cyanide (HCN) and

antibiotics, which suppress the growth of plant pathogens and

protect plants from diseases.

Induced Systemic Resistance (ISR):  Bacteria like

Pseudomonas, Bacillus, and Trichoderma induce systemic

resistance in plants, activating defense mechanisms that enhance

plant immunity against pathogens. These PGP characteristics

of bacteria have been extensively studied and documented in

various scientific research papers and reviews, providing

valuable insights into their applications in sustainable agriculture

and environmental management.

Klebsiella pneumoniae is a bacterium known for its

ability to fix nitrogen (N
2
), a crucial process in converting

atmospheric nitrogen into a usable form for plants and other

organisms (Sharma et al., 2022). This bacterium plays a

significant role in nitrogen cycling in various environments,

including soil and the rhizosphere of plants. Nitrogen fixation

by Klebsiella pneumoniae contributes to soil fertility and

ecosystem productivity by providing an essential nutrient for

plant growth and development.

Azotobacter chroococcum, a nitrogen-fixing

bacterium, has been reported to produce gibberellin, a plant

hormone known for its role in regulating various aspects of

plant growth and development (Zhang et al., 2019a). This

finding suggests that Azotobacter chroococcum may not only

contribute to soil fertility through nitrogen fixation but also

influence plant growth processes through the production of

gibberellin.

Pseudomonas species, a group of bacteria known

for their diverse metabolic capabilities, have been reported to

produce Indole-3-acetic acid (IAA), a plant growth hormone

involved in various physiological processes such as root

development, seed germination, and fruit ripening (Jaleel

et al., 2021). This capability of Pseudomonas species to

synthesize IAA highlights their potential role in promoting

plant growth and development.

Pseudomonas aeruginosa, a bacterium known for

its versatility, has been found to play important roles in soil

fertility and plant growth. Linu et al. (2019) demonstrated



6

that Pseudomonas aeruginosa exhibits two key abilities:

phosphate (PO4) solubilization and ACC deaminase activity.

Phosphate solubilization is crucial for making

phosphorus more available to plants, as it converts insoluble

forms of phosphate into soluble forms that plants can absorb

and utilize for growth. This capability of Pseudomonas

aeruginosa can contribute to improved plant health and

productivity, especially in phosphorus-deficient soils.

Pseudomonas, Bacillus, and Trichoderma are well-

known for their ability to act as biocontrol agents, contributing

to the suppression of plant pathogens and enhancing plant

health. Saraf et al. (2014) and Meena and Swapnil (2019)

have extensively studied the synthesis of biocontrol agents by

these microorganisms.

These biocontrol agents produced by Pseudomonas,

Bacillus, and Trichoderma include various secondary

metabolites such as antibiotics, siderophores, lytic enzymes,

and volatile organic compounds. These metabolites inhibit

the growth and development of plant pathogens either directly

through antagonistic activities or indirectly by inducing systemic

resistance in plants.

Pseudomonas species are known for producing a

wide range of antibiotics and lytic enzymes, which can directly

inhibit the growth of pathogens. Additionally, they can

synthesize siderophores, which sequester iron and make it

unavailable for pathogen use, thereby restricting their growth.

Bacillus species also produce antibiotics and lytic

enzymes, along with volatile organic compounds that can inhibit

pathogen growth. Moreover, they can induce systemic

resistance in plants by activating defense mechanisms, leading

to enhanced plant immunity against pathogens.

Trichoderma species are renowned for their

mycoparasitic activity, wherein they directly parasitize and

lyse the cell walls of fungal pathogens. They also produce

antibiotics and lytic enzymes, as well as volatile organic

compounds that inhibit pathogen growth and induce plant

defense responses.

Erwinia, Serratia, Rhizobium, Mesorhizobium,
Flavobacterium and Rhodococcus are bacterial genera known

for their ability to solubilize phosphate, an essential nutrient

for plant growth. Podile and Kishore (2006) and Otieno et al.
(2015) have extensively studied phosphate solubilization by

these bacteria.

Phosphate solubilization is a process by which

microorganisms convert insoluble forms of phosphate in the

soil into soluble forms that plants can absorb and utilize. This

ability enhances phosphorus availability to plants, promoting

better growth and development.

Erwinia, Serratia, Rhizobium, Mesorhizobium,
Flavobacterium, and Rhodococcus employ various mechanisms

to solubilize phosphate, including the secretion of organic acids,

such as citric acid and gluconic acid, which can chelate soil-

bound phosphate and release it into the soil solution.

Additionally, these bacteria can produce phosphatase

enzymes, which hydrolyze organic phosphate compounds,

making phosphate available for plant uptake. Some of these

bacteria also possess the ability to release siderophores, which

can chelate iron and indirectly influence phosphate

solubilization by altering soil pH and microbial activity.

Bacillus, Rhizobium, Azotobacter, Azospirillum,
Frankia, Gluconacetobacter, Burkholderia, Azorhizobium,
Beijerinckia, and Cyanobacteria are well-known bacteria

capable of biological nitrogen fixation, a vital process in

converting atmospheric nitrogen into a usable form for plants.

Biological nitrogen fixation occurs through the activity of

nitrogenase enzymes produced by these bacteria. Nitrogenase

enzymes catalyze the conversion of atmospheric nitrogen (N
2
)

into ammonia (NH
3
), which can be assimilated by plants and

used for growth and development.

These nitrogen-fixing bacteria form symbiotic

relationships with plants, such as legumes, where they colonize

the roots and establish specialized structures called nodules. Within

nodules, the bacteria convert atmospheric nitrogen into ammonia,

which is then supplied to the plant host in exchange for

carbohydrates. Additionally, free-living nitrogen-fixing bacteria,

such as Azotobacter and Cyanobacteria, can fix nitrogen in the

soil without forming symbiotic associations with plants. These

bacteria play crucial roles in nitrogen cycling and soil fertility.

G.Bhagirath et al., 2025 Plant growth-promoting Rhizobacteria
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Pseudomonas, Bacillus, Trichoderma, Serratia, and

Azospirillum are microbial species known for their ability to

provide induced systemic resistance (ISR) to plants, as

documented by Choudhary et al. (2007) and Nguyen et al.
(2020). ISR is a phenomenon where plants develop enhanced

resistance against pathogens after exposure to certain beneficial

microbes. These microbes trigger plant defense mechanisms,

leading to improved resistance to diseases. Pseudomonas

species have been found to produce a variety of beneficial

compounds, including Indole-3-acetic acid (IAA), siderophores,

hydrogen cyanide (HCN), ammonia (NH
3
), exo-

polysaccharides (EPS), and solubilize phosphate (PO
4
-3), as

reported by Fazeli-Nasab & Sayyed in 2019. These compounds

play roles in plant growth promotion, nutrient uptake, and

defense against pathogens. Additionally, Bacillus spp.,

Burkholderia spp., and Pseudomonas are known to contribute

to macronutrient production, as indicated by Baber et al.

(2018). These bacteria can produce essential nutrients such as

nitrogen, phosphorus, and potassium, which are crucial for

plant growth and development.

Moreover, Baber et al. (2018) documented the

production of phytohormones by Azotobacter, Bacillus,
Pseudomonas and Rhizobium. Phytohormones are signaling

molecules that regulate various physiological processes in plants,

including growth, development, and stress responses. The

production of phytohormones by these bacteria can stimulate

plant growth and enhance stress tolerance.

Overall, Pseudomonas, Bacillus, Trichoderma,
Serratia, Azospirillum, Azotobacter, and Rhizobium play

important roles in promoting plant health and enhancing

resistance to diseases through various mechanisms, including

ISR induction, production of beneficial compounds,

macronutrient provision, and phytohormone production (

Fig-2).

Development of Viable Microbial Cells

Selection of Strains: Choosing appropriate microbial strains

with desirable traits such as nitrogen fixation, phosphate

solubilization, or growth-promoting abilities is crucial. These

strains should be well-adapted to local environmental

conditions and compatible with the target crops.

Optimization of Culture Condit ions:  Culturing

techniques need to be optimized to ensure maximum microbial

growth and activity. This includes factors such as temperature,

pH, oxygen levels, and nutrient availability.

Quality Control:  Strict quality control measures must be

in place to maintain the viability and purity of microbial cultures.

This involves regular monitoring for contaminants and ensuring

consistency in microbial characteristics.

Maintenance of Viable Microbial Cells:

Storage Conditions: Proper storage conditions are essential

to preserve the viability of microbial cells. This typically involves

maintaining cultures at low temperatures or in a dormant

state to prolong their shelf life.

Viability Testing: Regular viability testing helps assess the

health and vitality of microbial cultures. Techniques such as

plate counting, or molecular methods can be used to quantify

viable cells and monitor changes over time.

Subculturing and Revitalization: Periodic subculturing

or rejuvenation of microbial cultures may be necessary to

prevent genetic drift or loss of desirable traits. This ensures

that biofertilizers remain effective over time.

Application of Viable Microbial Cells: Seed Treatment

or Soil Application: Biofertilizers can be applied directly to

seeds or soil to introduce microbial populations into the

Fig. 2. Direct and indirect mechanism of PGPR.

G.Bhagirath et al., 2025 Plant growth-promoting Rhizobacteria
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rhizosphere. Proper application methods ensure uniform

distribution and maximum colonization of plant roots.

Integrat ion with Farming Pract ices :  Incorporating

biofertilizers into existing farming practices optimizes their

effectiveness. This may involve timing applications to coincide

with specific growth stages or combining them with other

agronomic inputs.

Monitoring and Management: Regular monitoring of

soil microbial populations and crop response helps assess the

effectiveness of biofertilizers. Adjustments to application rates

or strategies may be necessary based on observed outcomes.

Overall, the development, maintenance, and

application of viable microbial cells are critical for maximizing

the effectiveness of biofertilizers. By ensuring the viability

and functionality of microbial populations, farmers can harness

the full potential of these sustainable alternatives to chemical

fertilizers, leading to improved soil health, crop productivity,

and environmental sustainability.

Stress the importance of optimizing production

processes for cost-effectiveness and efficiency.

The effectiveness of biofertilizers heavily relies on the

development, maintenance, and application of viable microbial

cells. Optimizing production processes for cost-effectiveness

and efficiency is crucial in ensuring the viability and efficacy of

biofertilizers. Here’s why:

Quality of Microbial Cells : The success of biofertilizers

hinges on the quality and viability of microbial cells they contain.

Production processes must be optimized to ensure that the

microbial cells are healthy, active, and capable of performing

their intended functions. This includes maintaining optimal

conditions for microbial growth, such as temperature, pH,

and nutrient availability, throughout the production process.

Cell Count and Viability: The effectiveness of biofertilizers

is directly related to the concentration of viable microbial cells

they deliver to the soil or plant. Production processes must

be designed to achieve high cell counts and ensure the viability

of these cells during storage and transportation. Techniques

such as fermentation, cell immobilization, and encapsulation

may be employed to enhance cell viability and stability.

Uniformity and Consistency: Consistency in the

composition and potency of biofertilizers is essential for reliable

performance in the field. Production processes should be

standardized and optimized to ensure uniformity in microbial

populations and nutrient content across batches. This requires

strict quality control measures and regular monitoring of

production parameters.

Cost-effectiveness: Optimizing production processes is

crucial for making biofertilizers economically viable for farmers.

Cost-effective production methods can help reduce

manufacturing expenses, making biofertilizers more affordable

for end-users. This may involve streamlining production

workflows, minimizing resource consumption, and maximizing

yield efficiency.

Environmental Impact : Sustainable production practices

are essential to minimize the environmental footprint of

biofertilizer manufacturing. By optimizing processes to reduce

energy consumption, waste generation, and greenhouse gas

emissions, producers can contribute to environmental

conservation efforts while maintaining cost-effectiveness.

Bioinoculant Formulations

Bioinoculant formulations are carefully crafted mixtures of

beneficial microorganisms, carrier materials, and other additives

designed to enhance their viability, shelf life, and effectiveness

in agricultural applications. These formulations play a critical

role in delivering biofertilizers, biopesticides, and other

microbial products to crops, improving soil health, nutrient

availability, and overall plant growth. Let’s delve into the

components and importance of bioinoculant formulations:

Beneficial Microorganisms: The core of bioinoculant

formulations comprises live microorganisms such as nitrogen-

fixing bacteria, phosphate-solubilizing bacteria, mycorrhizal

fungi, or growth-promoting bacteria. These microorganisms

have specific functions, such as fixing atmospheric nitrogen,

solubilizing nutrients, or producing plant growth-promoting

substances.

Carrier Materials: Carrier materials serve as a medium to

protect and support the viability of microbial cells. They can

include various organic or inorganic substances like peat,

G.Bhagirath et al., 2025 Plant growth-promoting Rhizobacteria
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vermiculite, perlite, clay minerals, or agricultural by-products

such as compost, rice husk, or biochar. Carrier materials

provide nutrients, protect microorganisms from environmental

stressors, and facilitate their application to soil or plants.

Additives: Additional components such as humic substances,

vitamins, minerals, surfactants, or stabilizers may be included in

bioinoculant formulations to enhance microbial survival, activity,

and effectiveness. These additives can improve the compatibility

of microorganisms with carrier materials, increase their adhesion

to plant roots, or stimulate microbial metabolism.

           Optimizing the production processes of bioinoculant

formulations is crucial to ensure cost-effectiveness, efficiency,

and quality. Several factors must be considered in this regard:

1 . Microbial Selection and Cultivation : The selection

of appropriate microbial strains and optimization of culture

conditions are essential for maximizing microbial growth and

activity. This includes selecting strains with high efficiency,

competitiveness, and adaptability to different soil and

environmental conditions.

2 . Formulation Development: Formulation scientists

work to develop carrier materials and additives that provide

optimal protection, nutrition, and support for microbial cells.

This involves testing different combinations and concentrations

to achieve the desired stability, shelf life, and compatibility

with agricultural practices.

3 . Quality Control and Standardization: Rigorous

quality control measures must be implemented throughout

the production process to ensure the consistency, purity, and

viability of bioinoculant formulations. Standardized protocols

for microbial enumeration, viability assessment, and product

characterization help maintain quality standards and regulatory

compliance.

4 . Packaging and Storage: Proper packaging and storage

conditions are crucial for preserving the viability and efficacy

of bioinoculant formulations. Packaging materials should

provide protection against moisture, temperature fluctuations,

UV radiation, and oxygen exposure. Storage facilities must

maintain optimal temperature, humidity, and ventilation to

prolong shelf life and maintain microbial viability.

5 . Field Application Techniques:  Efficient application

techniques ensure the uniform distribution and effective

colonization of microbial inoculants in the rhizosphere or soil.

This may involve seed coating, soil drenching, foliar spraying,

or irrigation methods tailored to specific crops and agricultural

practices.

By optimizing production processes for bioinoculant

formulations, producers can enhance their cost-effectiveness,

efficiency, and agronomic benefits, ultimately contributing to

sustainable agriculture and environmental stewardship.

Conclusion

In conclusion, biofertilizers offer a promising avenue for

sustainable agriculture by leveraging beneficial microorganisms

to enhance soil fertility, nutrient availability, and crop

productivity. Their effectiveness hinges on the development,

maintenance, and application of viable microbial cells.

Optimizing production processes is crucial to ensure cost-

effectiveness and efficiency in the formulation and application

of bioinoculants. By harnessing the power of nitrogen-fixing

bacteria, phosphate-solubilizing microorganisms, and growth-

promoting substances, biofertilizers provide a natural and eco-

friendly alternative to chemical fertilizers. Through symbiotic

relationships with plants, these microorganisms contribute to

nutrient cycling, soil health improvement, and overall

ecosystem resilience.

However, it’s essential to recognize that the efficacy

of biofertilizers can vary depending on factors such as soil

conditions, crop type, and microbial strain compatibility.

Therefore, ongoing research and development efforts are

necessary to refine bioinoculant formulations and optimize

their performance under diverse agricultural contexts.

Acknowledgment

We want to express my heartfelt gratitude to Dr. M. Srinivas,

Principal of GDC Rangasaipet, and the entire faculty for their

invaluable support in completing our research paper. Your

guidance, encouragement, and unwavering support were

crucial in shaping our work. Your expertise and mentorship

G.Bhagirath et al., 2025 Plant growth-promoting Rhizobacteria



10

helped us navigate through challenges and complexities, leading

to the successful publication of our paper. We are deeply

thankful for the opportunities provided by GDC Rangasaipet,

which enabled us to pursue our academic and research goals

with dedication and enthusiasm.

References

Bashan Y, de-Bashan LE, Prabhu SR and Hernandez

J-P. 2014. Advances in plant growth-promoting bacterial

inoculant technology: formulations and practical perspectives

(1998–2013). Plant and Soil. 378(1-2): 1-33.

Bashan Y, Kamnev AA, de-Bashan LE and Trical

JD. 2020. The potential roles of microbial-plant interactions

in alleviating plant salt stress in saline environments. In

Advances in Botanical Research. (Vol. 96, Pp.: 101-132).

Academic Press.

Berendsen RL, Pieterse CMJ and Bakker PAHM.

2012. The rhizosphere microbiome and plant health. Trends

in Plant Science. 17(8): 478-486.

Bhattacharyya PN and Jha DK. 2012. Plant growth-

promoting rhizobacteria (PGPR): emergence in agriculture.

World Journal of Microbiology and Biotechnology.

28(4): 1327-1350.

Choudhary DK, Prakash A and Johri BN. 2007.

Induced systemic resistance (ISR) in plants: mechanism of

action. In Plant Microbe Symbiosis: Fundamentals and

Advances. (Pp: 423-438). Springer, India.

FAO. 2017. The future of food and agriculture: Trends and

challenges. Food and Agriculture Organization of the United

Nations.

Foley JA, Ramankutty N, Brauman KA, Cassidy ES,

Gerber JS, Johnston M et. al., 2011. Solutions for a

Cultivated Planet. Nature. 478(7369): 337-342.

Glick BR.  2012.  Plant growth-promoting bacteria:

mechanisms and applications. Scientifica. Pp.: 1-15.

Godfray HCJ, Beddington JR, Crute IR, Haddad L,

Lawrence D, Muir JF et. al.,  2010. Food Security: The

Challenge of Feeding 9 Bill ion People. Science.

327(5967): 812-818.

G.Bhagirath et al., 2025 Plant growth-promoting Rhizobacteria

HLPE. 2017. Nutrition and food systems. A report by the

High Level Panel of Experts on Food Security and Nutrition

of the Committee on World Food Security. Rome: HLPE.

IPBES. 2019. Summary for policymakers of the global

assessment report on biodiversity and ecosystem services of

the Intergovernmental Science-Policy Platform on Biodiversity

and Ecosystem Services. S. Díaz, J. Settele, E. S. Brondízio

E.S., H. T. Ngo, M. Guèze, J. Agard, P. Daszak, (Eds.). Bonn,

Germany: IPBES Secretariat.

Kumar A, Maurya BR, Raghuwanshi R and Meena

VS. 2018. Mitigation of biotic and abiotic stresses in chickpea

using rhizospheric microorganisms. In Microbial Inoculants

in Sustainable Agricultural Productivity (Pp.: 253-265). Springer,

Singapore.

Lugtenberg B and Kamilova F. 2009. Plant-growth-

promoting rhizobacteria. Annual Review of Microbiology.

63(1): 541-556.

Mueller ND, Gerber JS, Johnston M, Ray DK,

Ramankutty N and Foley JA. 2012.  Closing yield gaps

through nutrient and water management. Nature.

490(7419): 254-257.

Richardson AE, Barea J-M, McNeill AM and Prigent-

Combaret C. 2009. Acquisition of phosphorus and nitrogen

in the rhizosphere and plant growth promotion by

microorganisms. Plant and Soil. 321(1-2): 305-339.

Rodríguez H and Fraga R. 1999.  Phosphate solubilizing

bacteria and their role in plant growth promotion.

Biotechnology Advances. 17(4-5): 319-339.

Singh JS, Kumar A, Rai AN and Singh DP. 2016.

Cyanobacteria: a precious bio-resource in agriculture,

ecosystem, and environmental sustainability. Frontiers in

Microbiology. 7: 529.

Tilman D, Balzer C, Hill J and Befort  BL. 2011.

Global food demand and the sustainable intensification of

agriculture. Proceedings of the National Academy of Sciences.

108(50): 20260-20264.

United Nations. (2019). World Population Prospects 2019:

Highlights. Department of Economic and Social Affairs,

Population Division.



11

G.Bhagirath et al., 2025 Plant growth-promoting Rhizobacteria

Verma JP. 2019. Role of cyanobacteria in sustainable

agriculture and environment. In Cyanobacteria: From Basic

Science to Applications (Pp.: 281-302). Academic Press.

Vessey JK. 2003. Plant growth promoting rhizobacteria as

biofertilizers. Plant and Soil. 255(2): 571-586.

Yadav AN. 2021. Microbial biotechnology for bio-

prospecting of microbial bioactive compounds and secondary

metabolites. J App Biol Biotech. 9(2): 1-6.


