FROM SOIL TO SURVIVAL: PGPB-TRIGGERED DEFENSE AND
ADAPTATION IN PLANTS
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ABSTRACT

Plants and beneficial soil bacteria engage in dynamic and reciprocal interactions that influence plant development, nutrient acquisition, and stress resilience. Among these, plant growth-promoting bacteria (PGPB) have
garnered considerable attention due to their ability to support plant health through a range of biochemical and physiological mechanisms. These bacteria produce a variety of bioactive compounds that enhance plant stress

tolerance, improve nutrient availability, and offer protection against phytopathogens.

PGPB influence plant performance through both direct and indirect mechanisms. Direct pathways include the biosynthesis of phytohormones (such as indole-3-acetic acid), solubilization of essential nutrients like phosphate,
zine, and potassium, ammonia production, and atmospheric nitrogen fixation. Indirectly, they contribute by secreting siderophores, lytic enzymes, hydrogen cyanide, and antibiotics, which suppress harmful microorganisms

and enhance plant immunity.

These functional traits position PGPB as valuable components in sustainable agriculture, especially for the development of bioformulants including biofertilizers, biopesticides, and biofungicides. Such alternatives reduce
dependency on chemical inputs and contribute to environmentally responsible crop management. Nonetheless, despite the expanding repertoire of beneficial strains, the practical implementation of PGPB in agriculture remains
challenging. Factors such as microbial survival, strain specificity, plant-microbiome compatibility, and fluctuating environmental conditions can influence their efficacy in field applications.

This review explores recent advances in understanding PGPB-mediated plant adaptations to abiotic and biotic stressors, with emphasis on molecular mechanisms, signaling pathways, and metabolite production. It also
discusses formulation strategies and delivery systems designed to maximize their stability and performance. Ultimately, leveraging PGPB potential requires a deeper integration of microbiology, plant physiology, and

environmental science to ensure their consistent and scalable use in sustainable agricultural systems.
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INTRODUCTION

As part of the soil ecosystem, microorganisms have a major impact on the nitrogen cycle, soil fertility
management, and plant diversity preservation. According to Zhou et al. (2020), a crucial area for
important biological interactions between plants and microorganisms is the rhizosphere, a tiny area that
surrounds the plant roots. Microorganisms such as bacteria, actinobacteria, fungus, algae, and protozoa
aggressively compete for food and space in this productive area (Manghwar et al., 2023). Both the host
and the microorganisms benefit from the ability of the plant growth promoting microorganism (PGPM) to
live in and interact with plant roots; a population of rhizospheric bacteria and fungi may also serve as a
home for other microbes (dos Lopes et al., 2021). The most prevalent of all the helpful microorganisms
are bacteria, which are followed by fungus and actinobacteria (Poria et al., 2021).

Food security is threatened by the world's population growth, which increases the demand for fertilizers
based on inorganic chemicals, which is detrimental to the environment and human health (Mitter et al.,
2021). Because of the numerous environmental stressors that also contribute to low crop yields, organic
farming that relies on microflora such as PGPM guarantees food availability while improving crop
quality, productivity, and environmentally friendly farming practices (Jalal, et al., 2023). Therefore, by
reducing the use of chemical fertilizers, crop production using PGPM provides sustainability and protects
soil biodiversity (dos Lopes et al., 2021).

The majority of plant growth-promoting bacteria (PGPB) are proteobacteria. It includes genera like
Pantoea, Thiobacillus, Pseudomonas, Micrococcus, Rhodococcus, Azospirillum, Azotobacter,
Acinetobacter, Acetobacter, Klebsiella, Enterobacter, Alcaligenes, Arthrobacter, Burkholderia,
Azorhizobium, Achromobacter, Serratia, Bradyrhizobium, Flavobacterium, Mesorhizobium,
Microrhizobium,  Streptomyces, Bacillus, Azoarcus, Aeromonas, Azoarcus, Caulobacter,
Chromobacterium, Delftia, Frankia, Flavobacterium, Gluconacetobacter, Paenibacillus, Rhizobium and
Streptomyces (Table 1).

Table 1. Plant growth promoting bacteria and their common host plant family (from Fanai et al | 2024).

Rhizobium acidosoli, R. endophyticum,
R. esperanzae, R. etli, R. hidalgoense,

Fabaceae Phaseolus vulgans : G
R. mesoamericanum, R. tropici,

Acinetobacter sp.

Rice. wheat, maize,
sotrghum, Azospirillum sp.
sugarcane

Bacillus cereus, Agrobacterium
fabrum, Brevibacillus brevis, Bacillus
Asteraceae Puticaria subtilis, Paenibacillus sp..
Acinetobacter radioresistant,

Burkholderia sp.

Brevibacillus sp._. Bacillus sp._.
Pseudomonas sp., Azospirillum sp.,
Klebsiella sp., Enterobacter sp.,
Artemisia annua Alealigenes sp.. Azotebacter sp.,
Streptomyces sp., Pantoea sp.,
Bacteroides sp.. Proteobacteria sp.,
Radiobacter sp., Stenotrophomonas sp.

2 : Prseudomonas sp., Enterobacter sp.,
Brassicaceae Brasica oleraceas
Arthrobacter sp., Pantoea sp.

| Crasulaceae Echevari lau Erwinia sp., Pantoea sp.
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DIRECT AND INDIRECT MECHANISMS OF PGPB IN ENHANCING PLANT PERFORMANCE

Indirect mechanisms

Siderophore production: Bacteria secrete ferric-specific ligands (hydroxamates, phenolates, carboxylates) to solubilize
iron for themselves and host plants, enhancing root colonization and outcompeting pathogens; common producers
include Bacillus, Chryseobacterium, Phyllobacterium, and Pseudomonas spp. (Bhatt et al., 2019).

Protease secretion: Microbial proteases (alkaline, acidic, neutral)}—notably from Bacillus spp.—hydrolyze pathogen
proteins and generate antifungal metabolites (e.g.. serine proteases, subtilisins), serving as an indirect plant defense;
activity is screened on skim-milk agar by clear halo formation (Castaldi et al., 2021).

Catalase activity: Catalase-positive strains (e.g., Bacillus marinus, B. sphaericus, Staphylococcus aureus) detoxify H20:
at root interfaces, mitigating oxidative damage under stress; detected by bubble formation in 3% H:0- (Talaiekhozani,
2022).

Amylase production: Alpha-amylases from endophytes like Bacillus amyloliguefaciens and B. licheniformis degrade
pathogen cell walls and contribute to industrial applications (detergents, stain removal); screened on starch agar via
iodine-stained halos (Ismail et al., 2021).

Urease activity: Ureolytic bacteria hydrolyze urea into plant-available ammonium and nitrates, supporting nitrogen
nutrition and biomineralization (soil enrichment, concrete repair); measured by pH-dependent color change in urea
broth (Cui et al., 2022).

Hydrogen cyanide (HCN) release: Rhizobacteria (mostly Pseudomonas and Bacillus spp.) emit HCN to inhibit fungi,
nematodes, insects, and weeds without harming the host plant; detected via alkaline-picrate colorimetric assay (Alemu,
2016).

Direct mechanisms

Phytohormone production: Plant growth—promoting bacteria (PGPB) synthesize cytokinins. gibberellins, and especially
indole-3-acetic acid (IAA), which regulate cell division, root initiation, and stress responses. Strains such as
Paenibaciilus polymyxa, Rhizobium leguminosarum, Pseudomonas fluorescens produce cytokinins (Mekureyaw et al.,
2022), while Bacillus pumilus and B. licheniformis generate multiple gibberellins (Gutiérrez-Manero et al., 2001). IAA
producers, including Azospirillum, Arthrobacter, Bradyrhizobium, Pantoea, Rahnella, and Enterobacter, enhance root
elongation and nutrient uptake (Rehman et al., 2020).

Phosphate solubilization: PSB release organic acids (citric, gluconic) that chelate cations and convert insoluble
phosphates (tricalcium, rock phosphate) into bioavailable forms. Key taxa include Pseudomonas putida, Azospirillum
lipoferum, Bacillus firmus, B. polymyxa, Serratia marcescens, and Arthrobacter aureofaciens. PSB inoculation boosts
phosphorus availability and activates stress-responsive genes in crops like potato and sugarcane (Lin et al., 2023).
Ammonia production: Ammeoniagenic PGPB such as Pseudomonas putida, Klebsiella spp., and Enterobacter asburiae
generate NHs, raising soil pH to suppress pathogens and supply inorganic nitrogen, which enhances root/shoot growth
and biomass (Gohil et al., 2022).

Nitrogen fixation: Symbiotic genera (Bradyrhizobium, Mesorhizobium, Sinorhizobium, Azorhizobium, Neorhizobium)

and free-living diazotrophs (A4zofobacter, Azospirillum, Burkholderia, Pseudomonas, cyanobacteria) convert

atmospheric Nz into plant-available forms, supporting growth and yield (Basﬁe and Lepek, 2021). Microbial consortia
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