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INTRODUCTION 

The global demand for food is projected to 

increase by 60–70% by 2050, driven by an 

expanding world population that is expected to 

exceed 9.7 billion (Trivedi et al., 2020). 

Conventional agricultural practices, heavily 

reliant on chemical fertilizers and synthetic 

pesticides, have contributed to soil 

degradation, water pollution, biodiversity loss, 

and greenhouse gas emissions (Singh et al., 

2011).  
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ABSTRACT 

Microbial biotechnology has emerged as a transformative approach for enhancing agricultural 

productivity and promoting sustainable farming practices. This review paper examines the 

diverse roles of beneficial microorganisms, including plant growth-promoting rhizobacteria 

(PGPR), mycorrhizal fungi, nitrogen-fixing bacteria, phosphate-solubilizing microorganisms, 

and biocontrol agents, in improving crop yield, soil health, and plant resilience to biotic and 

abiotic stresses. The mechanisms underlying microbial interactions with plants, such as 

biological nitrogen fixation, phytohormone production, siderophore synthesis, and induced 

systemic resistance, are critically discussed. Furthermore, the paper highlights recent advances 

in biofertilizer and biopesticide development, genetic engineering of microorganisms, and the 

growing global market for microbial agricultural products. Challenges including strain viability, 

regulatory hurdles, and farmer adoption are addressed alongside future perspectives integrating 

microbial biotechnology with precision agriculture and emerging technologies. 
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In this context, microbial biotechnology offers 

a sustainable and environmentally friendly 

alternative for enhancing agricultural 

productivity while preserving ecosystem 

health. Microbial biotechnology leverages the 

inherent capabilities of soil microorganisms — 

bacteria, fungi, actinomycetes, and algae — to 

promote plant growth, improve nutrient 

availability, suppress pathogens, and enhance 

stress tolerance (Compant et al., 2019). 

Beneficial microbes residing in the 

rhizosphere, the narrow zone of soil 

surrounding plant roots, engage in complex 

symbiotic relationships with host plants that 

have been exploited for agricultural benefit for 

centuries (Finkel et al., 2017). However, 

modern advances in molecular biology, 

metagenomics, and genetic engineering have 

accelerated the development of targeted 

microbial solutions for agriculture. 

 The global biofertilizers market was 

valued at approximately USD 2.5 billion in 

2024 and is projected to reach USD 5.6 billion 

by 2034, growing at a compound annual 

growth rate (CAGR) of 8.6% (Global Market 

Insights, 2025). This rapid growth reflects the 

increasing recognition of microbial-based 

agricultural inputs as essential components of 

sustainable intensification strategies. This 

review comprehensively examines the role of 

microbial biotechnology in enhancing 

agricultural productivity, focusing on the 

mechanisms, applications, challenges, and 

future prospects of this rapidly evolving field. 

2. Plant Growth-Promoting Rhizobacteria 

(PGPR) 

Plant growth-promoting rhizobacteria (PGPR) 

are a diverse group of beneficial bacteria that 

colonize the rhizosphere and enhance plant 

growth through multiple direct and indirect 

mechanisms (Bhattacharyya & Jha, 2012). 

PGPR include genera such as Pseudomonas, 

Bacillus, Azospirillum, Azotobacter, 

Rhizobium, and Enterobacter, which have 

been extensively studied for their agricultural 

applications (Gouda et al., 2018). 

2.1 Direct Mechanisms 

PGPR directly promote plant growth through 

several key mechanisms. Biological nitrogen 

fixation by bacteria such as Rhizobium and 

Azotobacter converts atmospheric nitrogen 

(N2) into plant-available ammonium, with 

inoculants increasing nitrogen fixation and 

crop yield by 20–30% (Olanrewaju et al., 

2017). Phosphate solubilization by bacteria 

including Pseudomonas and Bacillus species 

converts insoluble soil phosphorus into 

bioavailable forms through organic acid 

secretion (Alori et al., 2017). Additionally, 

PGPR produce phytohormones such as indole-

3-acetic acid (IAA), gibberellins, and 

cytokinins that stimulate root elongation, cell 

division, and overall plant development (Vejan 

et al., 2016). 

 

 
Figure 1: Mechanisms of Plant Growth-Promoting Rhizobacteria (PGPR) in  

Enhancing Agricultural Productivity 
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2.2 Indirect Mechanisms 

Indirect mechanisms of PGPR include 

biocontrol activity against phytopathogens 

through antibiosis, competition for nutrients 

and space, and induction of systemic 

resistance (ISR) in host plants (Syed Ab 

Rahman et al., 2018). Siderophore production 

by PGPR sequesters iron from the soil, making 

it available to plants while depriving 

pathogenic organisms of this essential nutrient 

(Olanrewaju et al., 2017). The enzyme ACC 

(1-aminocyclopropane-1-carboxylic acid) 

deaminase, produced by certain PGPR strains, 

reduces ethylene levels in plants under stress, 

thereby promoting root growth and enhancing 

tolerance to drought, salinity, and heavy metal 

toxicity (Glick, 2014). Studies have 

demonstrated that PGPR inoculation can 

increase rice yield by 10–29% under both 

normal and stress conditions (Etesami & 

Maheshwari, 2018). 

3. Biofertilizers and Biopesticides 

Biofertilizers are formulations containing 

living microorganisms that, when applied to 

seeds, plant surfaces, or soil, colonize the 

rhizosphere and promote plant growth by 

increasing the availability of essential nutrients 

(Meena et al., 2014). Major categories include 

nitrogen-fixing biofertilizers (Rhizobium, 

Azotobacter, Azospirillum), phosphate-

solubilizing biofertilizers (Bacillus 

megaterium, Pseudomonas striata), and 

potassium-mobilizing biofertilizers (Frateuria 

aurantia). These microbial formulations 

reduce dependency on chemical fertilizers by 

25–30% while maintaining or improving crop 

yields (Parnell et al., 2016). 

 Biopesticides, derived from naturally 

occurring microorganisms, offer target-

specific pest control with minimal 

environmental impact. Bacillus thuringiensis 

(Bt) remains the most widely used microbial 

biopesticide, producing crystal proteins (Cry 

toxins) toxic to specific insect orders (Kaur et 

al., 2021). Entomopathogenic fungi such as 

Beauveria bassiana and Metarhizium 

anisopliae infect and kill target insects, while 

biocontrol fungi like Trichoderma species 

suppress soil-borne pathogens through 

mycoparasitism and antibiosis (Woo et al., 

2014). The global biopesticide market has 

been growing at a CAGR of approximately 

11% between 2018 and 2022, reflecting 

increasing adoption in integrated pest 

management (IPM) strategies. 

 

 
Figure 2: Key Applications of Microbial Biotechnology in Sustainable Agriculture 

 

4. Mycorrhizal Fungi and Nutrient Uptake 

Arbuscular mycorrhizal fungi (AMF) form 

symbiotic associations with the roots of 

approximately 80% of terrestrial plant species, 

playing a critical role in nutrient acquisition 

and stress tolerance (Rouphael et al., 2015). 

The extensive extraradical hyphal network of 

AMF extends the effective root absorption 

zone by several centimetres, significantly 

enhancing the uptake of phosphorus, nitrogen, 
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potassium, zinc, copper, and other 

micronutrients from soil (Rouphael et al., 

2015). Research has demonstrated that AMF 

inoculation can increase wheat growth 

parameters significantly, with root nutrient 

content of magnesium increasing by 35–49% 

and potassium transporter gene expression 

being substantially upregulated under low-

potassium stress conditions. 

 Beyond nutrient acquisition, 

mycorrhizal fungi improve soil structure 

through the production of glomalin, a 

glycoprotein that promotes soil aggregate 

stability and water retention (Trivedi et al., 

2020). AMF also enhance plant tolerance to 

drought, salinity, and heavy metal 

contamination by modulating plant 

physiological and biochemical responses. The 

combined application of AMF with nitrogen-

fixing bacteria and phosphate-solubilizing 

microorganisms has shown synergistic effects, 

with triple inoculation of Azotobacter 

chroococcum, Pseudomonas striata, and 

Glomus fasciculatum significantly improving 

plant vigour, nutrient uptake, and yield in 

wheat crops (Kumar & Verma, 2018). 

5. Soil Microbiome and Crop Productivity 

The soil microbiome, comprising complex 

assemblages of bacteria, archaea, fungi, 

protists, and viruses, governs many of the 

biogeochemical and ecological processes that 

underpin crop productivity (Trivedi et al., 

2020). Advances in high-throughput 

sequencing, multi-omics technologies, and 

computational modelling have shifted the field 

from descriptive community profiling toward 

mechanistic and predictive understanding of 

microbiome functions. The concept of "core 

microbiome taxa" — microorganisms 

consistently associated with specific crops or 

soil types — has gained significant traction, 

with evidence suggesting that native core 

microorganisms often outperform non-native 

microbes in promoting yield due to better 

colonisation and community compatibility 

(Compant et al., 2019). 

 Agricultural practices, including 

fertility source, tillage, and crop rotation, 

profoundly influence soil microbial assembly 

and function. Organic inputs have been 

identified as the most pronounced factor for 

microbial assembly, particularly for fungal 

communities, with effects extending to 

significant soil depths (Finkel et al., 2017). 

Diversified rotations, cover crops, reduced 

tillage, and organic amendments support 

microbial diversity and function, contributing 

to improved nutrient cycling, disease 

suppression, and carbon sequestration. 

Machine learning approaches are now being 

integrated with microbiome diagnostics to 

predict crop growth responses to microbial 

inoculation, enabling more targeted and 

effective interventions (Trivedi et al., 2020). 
 

 
Figure 3: Microbial Interactions in the Rhizosphere for Enhancing  

Plant Growth and Disease Suppression 
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6. Genetic Engineering of Microorganisms 

for Agriculture 

Advances in genetic engineering and 

recombinant DNA technology have opened 

new avenues for developing enhanced 

microbial strains with improved agricultural 

performance. Genetically modified 

microorganisms can be engineered to express 

multiple beneficial traits, including enhanced 

nitrogen fixation, improved phosphate 

solubilization, increased phytohormone 

production, and broadened biocontrol activity 

(Santoyo et al., 2016). The insertion of the 

Bacillus thuringiensis (Bt) gene into crop 

plants and associated microorganisms 

represents one of the most commercially 

successful applications of microbial genetic 

engineering in agriculture, enabling plants to 

produce insecticidal proteins that are non-toxic 

to humans (Backer et al., 2018). 

 CRISPR-Cas9 gene editing 

technology has further revolutionized the 

precision modification of microbial genomes, 

enabling targeted improvements in strain 

performance for agricultural applications. 

Metagenomics and synthetic biology 

approaches are being explored to design crop-

specific microbial consortia — defined 

mixtures of complementary microorganisms 

— that deliver synergistic benefits for plant 

nutrition, disease resistance, and stress 

tolerance (Compant et al., 2019). However, the 

deployment of genetically engineered 

microorganisms in open agricultural systems 

raises regulatory, biosafety, and public 

acceptance challenges that must be carefully 

addressed. 

7. Global Market Trends and Challenges 

The global biofertilizer market has 

experienced substantial growth, expanding 

from approximately USD 1.5 billion in 2020 to 

USD 2.5 billion in 2024, with projections 

reaching USD 5.6 billion by 2034 at a CAGR 

of 8.6% (Global Market Insights, 2025). The 

Asia-Pacific region dominates the market with 

approximately 47% share, driven by countries 

such as India, China, and Japan that have 

actively scaled up production of microbial 

biofertilizer products. Nitrogen-fixing 

biofertilizers represent the largest segment 

(43.5% market share), followed by phosphate-

solubilizing and potassium-mobilizing 

formulations. 

 

 
Figure 4: Global Biofertilizer Market Size and Growth Projection (2020–2034) 

 

Despite the promising growth, several 

challenges impede the widespread adoption of 

microbial biotechnology in agriculture. These 

include inconsistent field performance due to 

environmental variability, limited shelf life 

and viability of microbial formulations, lack of 

standardized quality control protocols, 

regulatory complexity across different 
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jurisdictions, and insufficient farmer 

awareness and training (Parnell et al., 2016). 

Strain viability under diverse soil conditions, 

competition with native soil microflora, and 

the need for site-specific formulations remain 

significant technical hurdles. Addressing these 

challenges requires concerted efforts in 

formulation technology innovation, policy 

reforms, farmer education programmes, and 

public-private partnerships to accelerate the 

transition from laboratory research to 

commercial-scale application (Hashem et al., 

2019). 

 

CONCLUSION 

Microbial biotechnology represents a 

cornerstone of sustainable agricultural 

intensification, offering environmentally 

friendly alternatives to chemical-dependent 

farming practices. The diverse mechanisms 

through which beneficial microorganisms — 

including PGPR, mycorrhizal fungi, 

biofertilizers, and biopesticides — enhance 

crop productivity have been well-established 

through extensive research over the past 

decades. These microorganisms contribute to 

improved nutrient availability, enhanced stress 

tolerance, disease suppression, and soil health 

restoration, collectively supporting higher and 

more resilient crop yields. 

 The rapid growth of the global 

biofertilizer and biopesticide market 

underscores the increasing commercial 

viability and farmer acceptance of microbial 

agricultural products. Advances in genetic 

engineering, metagenomics, and synthetic 

biology continue to expand the toolkit for 

developing more effective and targeted 

microbial solutions. However, realizing the 

full potential of microbial biotechnology in 

agriculture requires overcoming persistent 

challenges related to formulation stability, 

field performance consistency, regulatory 

frameworks, and farmer adoption. 

Future research should prioritize the 

development of robust microbial consortia 

tailored to specific crop-soil systems, 

integration of microbial biotechnology with 

precision agriculture technologies (including 

AI-driven diagnostics and smart delivery 

systems), and comprehensive socio-economic 

assessments to ensure equitable access for 

smallholder farmers in developing countries. A 

multidisciplinary approach combining 

microbiology, plant science, data analytics, 

and policy research will be essential to 

translate the immense potential of microbial 

biotechnology into tangible agricultural 

productivity gains and global food security. 
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