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       Plant growth-promoting rhizobacteria (PGPR) are beneficial soil 
microorganisms that enhance plant growth and stress resilience through 
diverse physiological, biochemical, and molecular mechanisms. These 
bacteria facilitate nutrient acquisition via biological nitrogen fixation, 
phosphate solubilization, siderophore-mediated iron sequestration, and 
phytohormone biosynthesis, while modulating plant ethylene levels through 
1-aminocyclopropane-1-carboxylate (ACC) deaminase activity. Beyond their 
established role as biofertilizers, PGPR confer tolerance to abiotic stresses, 
including drought, salinity, temperature extremes, and heavy metal toxicity by 
reinforcing antioxidant defense systems and improving osmotic homeostasis. 
They also suppress phytopathogens through antibiosis and activation of 
induced systemic resistance (ISR). Recent advances in nano-enabled 
formulations further enhance microbial stability, colonization efficiency, and 
field performance. This spotlight highlights the multifunctional role of PGPR 
as a sustainable biological tool for improving crop productivity and resilience 
under changing environmental conditions. 

Plant Growth-Promoting Rhizobacteria 

Plant growth-promoting rhizobacteria constitute a diverse group of 
beneficial soil bacteria that colonize the rhizosphere, rhizoplane, or 
endophytic compartments and enhance plant growth through coordinated 
physiological and molecular processes (Neemisha et al. 2022). Over recent 
decades, PGPR have gained considerable recognition as effective 
biostimulants, with consistent yield improvements reported in crops such as 
potato, sugar beet, maize, wheat, chickpea, tomato, and cucumber under both 
controlled and field conditions. Nevertheless, variable performance across 
agroecosystems underscores the need for a deeper understanding of plant–
microbe–soil interactions (Chandran et al., 2021). 

PGPR influence plant growth by modifying rhizospheric 
physicochemical properties and enhancing nutrient bioavailability. Principal 
mechanisms include biological nitrogen fixation, inorganic phosphate 
solubilization, siderophore production, phytohormone biosynthesis, and 
modulation of stress ethylene via ACC deaminase activity (Wang et al. 2023). 
Certain strains also emit volatile organic compounds, including 2,3-butanediol 
and acetoin, which stimulate plant growth and systemic responses. 
Additionally, PGPR contribute to pollutant biodegradation and pathogen 
suppression through antibiotic production and secretion of hydrolytic enzymes 
(Backer et al. 2018). Their effectiveness is strongly influenced by soil nutrient 
status, with more pronounced growth responses often observed under nutrient-
limited conditions. Combined applications with organic amendments 
frequently result in synergistic improvements in plant growth, yield, and 
nodulation (Elnahal et al. 2022). Several strains also confer heavy metal 
detoxification, salinity tolerance, and biological pest control, reinforcing their 
ecological and agronomic significance. 

Role of PGPR as Biofertilizer  

PGPR are widely recognized as sustainable biofertilizers due to their 
capacity to enhance soil fertility and nutrient use efficiency through 
biologically mediated processes. Unlike chemical fertilizers, which directly 

supply nutrients, biofertilizers increase nutrient availability and uptake 
efficiency (Aloo et al. 2022). A primary function of PGPR is biological 
nitrogen fixation. Symbiotic genera such as Rhizobium, Bradyrhizobium, and 
Frankia establish specialized associations with legumes, converting 
atmospheric nitrogen into plant-assimilable forms. Associative and free-living 
genera—including Azospirillum, Azotobacter, Herbaspirillum, and 
Gluconacetobacter—contribute to nitrogen nutrition in non-leguminous 
crops, thereby reducing dependence on synthetic nitrogen fertilizers (Rochlani 
et al. 2022). 

PGPR also enhance phosphorus bioavailability by solubilizing insoluble 
phosphates and mineralizing organic phosphorus through organic acid 
secretion and phosphatase activity. Micronutrient acquisition, particularly of 
iron and zinc, is improved through siderophore production and rhizospheric 
pH modification (Vejan et al., 2016). Furthermore, phytohormone-mediated 
modulation of root architecture increases root surface area and nutrient 
absorption capacity. Collectively, these processes improve soil structure, 
stimulate microbial diversity, and promote long-term nutrient cycling and soil 
sustainability. 

Role of PGPR in Abiotic Stress Tolerance 

Abiotic stresses, including drought, salinity, temperature extremes, 
flooding, heavy metal toxicity, and nutrient deficiency, pose major constraints 
to global agricultural productivity. PGPR enhance stress tolerance by 
modulating plant physiological, biochemical, and molecular responses 
(Kumawat et al. 2023). A central mechanism involves ACC deaminase 
activity, which lowers stress-induced ethylene accumulation that otherwise 
restricts root growth. PGPR-mediated regulation of phytohormonal balance 
influences stomatal behavior, osmotic adjustment, and stress responsive 
signaling pathways (Bhat et al., 2022). Enhanced root system development 
further improves water and nutrient uptake under limiting conditions. 

PGPR also strengthen antioxidant defense systems by increasing the 
activity of enzymes such as superoxide dismutase, catalase, and peroxidases, 
thereby mitigating oxidative damage caused by reactive oxygen species. 
Accumulation of compatible solutes, including proline and soluble sugars, 
contributes to cellular osmoprotectant under drought and salinity stress. In 
metal-contaminated soils, PGPR alleviate toxicity through metal 
immobilization, chelation, and transformation, while enhancing 
phytoremediation efficiency via improved metal sequestration (Gupta et al. 
2021). 

Role of PGPR in Biotic Stress Management 

Biotic stresses caused by pathogens, nematodes, insects, and weeds 
significantly reduce crop productivity worldwide. Overreliance on chemical 
pesticides has contributed to environmental contamination and pathogen 
resistance, necessitating sustainable alternatives (Gupta et al. 2021). PGPR 
suppress phytopathogens through direct antagonistic mechanisms, including 
antibiotic production, hydrogen cyanide release, siderophore mediated 
competition for iron, and secretion of lytic enzymes such as chitinases and 
glucanases. In addition, PGPR activate induced systemic resistance in host 
plants via jasmonic acid and ethylene-dependent signaling pathways, resulting 



Adv. Plant Sci. Env. (2024) 1: 42-44                                                                                                                              

43  

 
Fig. 1. Plant growth promoting rhizobacteria: versatile biological tools for sustainable agriculture. 

in enhanced defense gene expression and reduced disease severity (Jha and 
Mohamed, 2023). Improved nutrient acquisition and root development further 
enhance plant vigor, enabling crops to better withstand pathogen pressure. 
Synergistic interactions between PGPR and other beneficial microorganisms, 
particularly arbuscular mycorrhizal fungi, further strengthen disease 
suppression and crop resilience (Bhat et al. 2022). 

PGPR in Nano-Enabled Agriculture 

Melatonin Nanotechnology offers innovative strategies to enhance the 
stability and field performance of PGPR based inoculants. Although PGPR 
demonstrate significant potential, their field efficacy is often constrained by 
limited survival and inconsistent rhizosphere colonization. Nano enabled 
delivery systems provide protective carriers that improve microbial viability, 
controlled release, and persistence (Mohan et al., 2023). Nanobiofertilizers 
involve the association of beneficial bacteria with nanoparticles such as silica, 
zinc oxide, iron oxide, and titanium dioxide. These nanomaterials enhance 
bacterial adhesion to roots and protect cells from environmental stresses, 
thereby improving colonization efficiency (Goyal et al. 2023). Moreover, 
nanoparticles may enhance PGPR mediated traits, including phytohormone 
production, siderophore synthesis, and nutrient solubilization. However, 
nanoparticle microbe interactions depend on particle characteristics and 
concentration, necessitating careful optimization and environmental risk 
assessment (Garg et al., 2023). Nano enabled PGPR thus represent a 
promising approach for developing next-generation biofertilizers with 
improved consistency and sustainability. 

Conclusion and Future Perspectives 

Plant growth-promoting rhizobacteria represent multifunctional 
biological agents capable of enhancing nutrient acquisition, stress tolerance, 
and plant health while reducing reliance on chemical inputs. Their integrated 
roles in biofertilization, abiotic stress mitigation, and biotic stress suppression 
underscore their importance in resilient agricultural systems. Despite 
extensive experimental evidence, inconsistent field performance remains a 
limitation. Future research should prioritize molecular characterization of 
plant–PGPR interactions, targeted strain selection, and development of stress-
specific microbial consortia. Advances in nano-enabled formulations and 
precision agriculture integration will be critical for maximizing field efficacy 
and ensuring sustainable food production under evolving climatic conditions. 
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