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Abstract- Biofertilizers are microbial preparations containing beneficial microorganisms that improve plant nutrition
and soil fertility through biological processes. They play an important role in sustainable agriculture by enhancing
nutrient availability through nitrogen fixation, phosphate solubilization and potassium mobilization. Important
microorganisms include Rhizobium, Azotobacter, Azospirillum, Bacillus, Pseudomonas and arbuscular mycorrhizal
fungi. These microorganisms promote plant growth, improve nutrient uptake and support soil microbial activities.
Recent advances in microbial biotechnology, microbial consortia, genomics and encapsulation have expanded their
agricultural applications. However, microbial survival, formulation stability and variable field performance remain
significant challenges. This review highlights the classification, mechanisms, applications, technological advances and
future prospects of biofertilizers in sustainable agriculture.
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I. INTRODUCTION Category H Examples H Function
Nit i Rhizobium, Nitrogen
Agricultural productivity increasingly depends on IrOgEN NXers || Azotobacter fixation
effect.|ve nutrl(?r?t management. E)l(cesswe use of Phosphate Bacillus, Phosphorus
chemical fertilizers may contribute to soil . I
. . . solubilizers Pseudomonas availability
degradation, nutrient imbalance and environmental
pollution. Potassium Selected Bacillus|| Potassium
mobilizers spp. mobilization
Biofertilizers offer a biological approach to . Anabaena, Nitrogen
. . . s - Cyanobacteria L
improving  soil  fertility through  beneficial Nostoc fixation
microorganisms. The§e microorganisms enhance Mycorrhizal M fun Nutrient
nutrient availability, stimulate root development and fungi 9 absorption
support plant growth.

Major examples include Rhizobium, Azotobacter, Il. MAJOR MICROORGANISMS USED AS

Azospirillum and phosphate-solubilizing bacteria. BIOFERTILIZERS
Their integration with organic manures and balanced
mineral  fertilizers can support sustainable 1. Rhizobium

agricultural production. A symbiotic nitrogen-fixing bacterium that forms
root nodules in leguminous plants and converts
Classification of Biofertilizers atmospheric nitrogen into ammonia.

Biofertilizers are classified according to their

microbial ~ composition and  nutrient-related 2. Azotobacter

functions. A free-living aerobic nitrogen-fixing bacterium that
also produces plant growth-promoting substances.
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3. Azospirillum

An associative nitrogen-fixing bacterium
colonizes plant roots and promotes
development, particularly in cereal crops.

that
root

4. Bacillus

A Gram-positive, spore-forming bacterium involved
in phosphate solubilization, plant growth promotion
and biological disease suppression.

5. Pseudomonas

A beneficial rhizosphere bacterium that promotes
nutrient mobilization, siderophore production and
biological control of certain plant pathogens.

6. Cyanobacteria

Photosynthetic microorganisms such as Anabaena
and Nostoc contribute to nitrogen fixation,
particularly in paddy ecosystems.

7. Mycorrhizal Fungi

These fungi establish associations with plant roots
and improve phosphorus and micronutrient
absorption through extensive fungal hyphae.

1. MECHANISMS OF ACTION OF
BIOFERTILIZERS

Biofertilizers improve plant nutrition through several

biological mechanisms.

e Nitrogen fixation: Conversion of atmospheric
nitrogen into ammonia by nitrogenase.

e Phosphate  solubilization:  Organic  acid
production increases the availability of certain
insoluble phosphate compounds.

e Potassium mobilization: Microbial metabolites

promote potassium release from selected
minerals.
e Siderophore production: Iron-binding

compounds improve microbial iron acquisition.

e Phytohormone production: IAA, gibberellins and
cytokinins influence plant growth and root
development.

e ACC deaminase activity: Helps regulate stress-
associated ethylene production.

e Biological control: Beneficial microorganisms
suppress certain plant pathogens through
competition and antimicrobial activity.

Role of Biofertilizers in Sustainable Agriculture

Biofertilizers contribute to sustainable agricultural

practices through:

e Improvement of soil fertility and biological
activity.

e Enhancement of crop growth and nutrient
uptake.

e Support for organic farming.

e Improved nutrient-use efficiency.

e Promotion of soil microbial interactions.

e Potential reduction in excessive chemical
fertilizer use.
e Improved plant tolerance to certain

environmental stresses.
e Support for integrated nutrient management.

IV. BIOFERTILIZERS VERSUS CHEMICAL

FERTILIZERS
. i hemical
Parameter Biofertilizers ¢ e.r.mca
fertilizers
o Livin . .
Composition . g. Mineral nutrients
microorganisms
. . . Di i
Action Biological processes Irect nutrient
supply
Nutrient . . . .
. Microbially mediated|| Generally rapid
availability
Soil biology Ma)./ suppo.rt. Effects depend
beneficial activity ||on management
Requires viabilit Generally more
Storage 9 . y y
maintenance stable
. Potentially lower Excessive use
Environmental .
. when appropriately may cause
Impact .
used pollution

Integrated use of biofertilizers, organic manures and
balanced chemical fertilizers may improve
agricultural nutrient management.

V. RECENT ADVANCES IN
BIOFERTILIZER TECHNOLOGY

Modern biotechnology has introduced several

approaches to improve biofertilizer performance.

e Microbial consortia: Combination of compatible
microorganisms with complementary functions.
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e Nanotechnology: Development of advanced
microbial carriers and delivery systems.

e Genomics: Identification of genes associated
with beneficial microbial functions.

e Metagenomics: Analysis of soil
diversity and functional potential.

e Encapsulation: Protection of microorganisms
using alginate and other biodegradable
materials.

e Precision agriculture: Site-specific microbial
inoculation based on soil and crop conditions.

e Synthetic biology: Investigation of engineered
microbial systems for improved agricultural

microbial

functions.

o Artificial intelligence: Computational analysis for
microbial selection and formulation
optimization.

Challenges and Limitations of Biofertilizers
Despite their advantages, several factors restrict the
widespread application of biofertilizers.

Microbial Survival
Unfavourable temperature, moisture and
conditions may reduce microbial viability.

soil

Short Shelf Life
Improper storage and formulation instability can
decrease viable microbial populations.

Environmental Factors
Soil pH, salinity, nutrient availability and climatic
conditions influence microbial performance.

Competition with Native Microorganisms
Introduced microorganisms may face competition
from naturally occurring soil microbial communities.

Quality Control

Contamination, incorrect microbial identification and
inadequate viable cell concentrations can reduce
product effectiveness.

Commercialization

Limited farmer awareness, manufacturing costs and
inadequate distribution systems can restrict
adoption.

Future Perspectives
Future biofertilizer research should focus on:

e Development of multifunctional microbial
consortia.

e Genomic identification of effective microbial
strains.

e Improved liquid and encapsulated formulations.

e Climate-resilient microbial inoculants.

e Integration of Al and metagenomics.

e  Better quality-control standards.

e Long-term agricultural field trials.

e Affordable and scalable microbial production
technologies.

These developments may improve the reliability and
commercial application of microbial biofertilizers.

VI. CONCLUSION

Biofertilizers are important biological tools for
improving soil fertility, nutrient availability and

sustainable crop production. Beneficial
microorganisms  contribute through nitrogen
fixation, phosphate solubilization,  potassium

mobilization and plant growth promotion. Although
challenges related to microbial survival, formulation
stability and field performance remain, advances in
microbial biotechnology offer significant
opportunities for improving their effectiveness.
Integrated nutrient management combining
biofertilizers, organic amendments and balanced
mineral fertilizers represents a promising strategy for
sustainable agriculture.
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