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Abstract: Modern agriculture faces critical challenges due to increasing soil degradation resulting 

from overcultivation and excessive chemical use. These factors have led to declining agricultural 

productivity, reduced soil fertility, and a significant loss of microbial biodiversity. This review 

examines the role of plant growth-promoting bacteria (PGPB) as symbiotic microorganisms in 

restoring degraded soils. Key molecular and physiological mechanisms that enhance soil structure, 

improve water retention, and increase the bioavailability of essential nutrients for plants are 

explored. Additionally, the capacity of halotolerant bacteria to mitigate salt stress—an urgent issue 

in soils affected by salinization due to organic matter decomposition and irrigation practices—is 

analyzed. The role of plant growth regulators (PGRs) in both plant adaptation to adverse conditions 

and the stimulation of plant growth and development is also highlighted. Finally, current limitations 

in understanding biotic and abiotic stress resistance mechanisms in plants treated with growth-

promoting strains are discussed, emphasizing the need for further research to optimize soil 

restoration strategies. This work provides a comprehensive overview of microorganism-based 

approaches for fostering more sustainable and resilient agriculture.  

Keywords: abiotic and biotic stress; agricultural sustainability; Plant Growth Promoting Bacteria 

(PGPB); restoration of degraded soils; soil microbiota; Plant Growth Regulators (PGRs) 

 

1. Soil Degradation Challenges Stemming from Excessive Agricultural 

Cultivation. 

Food security is a fundamental pillar of global health, human well-being, and economic stability 

[1]. Ensuring the availability, accessibility, and quality of food is essential for sustaining global 

populations [2]. However, while agriculture is vital for humanity, unsustainable and excessive 

practices can have severe environmental consequences. Soil degradation resulting from intensive 

agricultural cultivation is a global concern, affecting millions of hectares worldwide [3]. One of the 

primary consequences of overcultivation is nutrient depletion, which compromises soil fertility and 

long-term productivity [4–6]. This decline reduces the soil’s capacity to support healthy crops and 
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maintain balanced ecosystems [7]. The intensive use of fertilizers, often required to sustain high 

yields, exacerbates this issue by promoting nutrient leaching, particularly of nitrogen and 

phosphorus, into deeper soil layers or groundwater, leading to water contamination [8]. 

Additionally, this process contributes to salt accumulation and soil acidification [9], further 

diminishing soil fertility and increasing dependence on external inputs, thereby perpetuating the 

cycle of degradation [10,11]. 

The widespread practice of intensive monoculture aggravates this situation by selectively 

depleting specific nutrients required by a single crop species, resulting in nutritional imbalances and 

progressively declining yields [12–16]. This problem is further exacerbated by excessive tillage [17] 

and the use of heavy machinery [18], which compact the soil and form a dense, impermeable layer 

known as a plow pan [19]. Soil compaction restricts root penetration and impedes water infiltration, 

reducing soil porosity and its capacity to retain nutrients and oxygen, both of which are essential for 

plant growth [20]. Furthermore, compacted soils are more susceptible to erosion caused by wind and 

water, which depletes the fertile topsoil, degrades soil structure, and negatively impacts microbial 

biodiversity and ecosystem functionality [21,22]. 

Soil degradation reduces crop resilience to diseases and environmental stress [23] and facilitates 

the runoff of nutrients and organic matter into water bodies, leading to pollution and eutrophication 

[24]. Excessive tillage and the use of disc plows disrupt soil aggregates, which are essential for 

maintaining soil porosity, thereby promoting the formation of compacted subsurface layers that can 

persist for years [25]. To reduce these negative impacts, is essential implementing sustainable soil 

management strategies such as diversifying crops, utilizing cover crops, and incorporating organic 

matter. These practices can be effective, as they help restore soil structure and reduce compaction. 

Additionally, limiting machinery traffic through direct seeding and the establishment of designated 

access roads can contribute to the long-term preservation of soil health [26–28]. 

Soil harbors an extraordinary diversity of microorganisms, including bacteria, fungi, 

actinomycetes, and protozoa, which play fundamental roles in maintaining soil health and fertility 

[13,15]. However, the loss of microbial biodiversity due to excessive agricultural intensification poses 

a significant challenge with severe repercussions for soil functionality and the sustainability of 

agroecosystems [29]. The extensive use of pesticides and herbicides drastically reduces populations 

of beneficial microorganisms, such as nitrogen-fixing bacteria, mycorrhizal fungi, and actinomycetes, 

impairing key ecological functions, including organic matter decomposition, nutrient recycling, and 

plant health maintenance [30]. This decline in microbial biodiversity negatively impacts crop yields 

[31] and increases dependence on external inputs, such as fertilizers and pesticides, with long-term 

economic and environmental consequences [32]. 

The indiscriminate use of agrochemicals, combined with soil physical degradation, pollution, 

wildfires, and droughts, exerts direct pressures on soil microbial communities, significantly reducing 

their population density and diversity (Figure 1"A"). Additionally, pesticides and herbicides can 

disrupt microbial ecosystems by selectively promoting the proliferation of certain species at the 

expense of native ones, ultimately compromising soil functionality [33]. The widespread adoption of 

intensive monocultures further exacerbates this issue by creating a selective environment that favors 

a limited subset of microbial species, reducing overall diversity and weakening soil resilience to 

pathogens and environmental stressors [34]. These factors, by destroying natural habitats and 

disrupting critical biogeochemical cycles, restrict microbial activity, diminish soil porosity, and 

hinder the movement of air and water within the soil matrix [35]. 
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Figure 1. Factors contributing to soil degradation and microbiota-based remediation strategies. The primary 

causes of soil degradation (A) are predominantly anthropogenic, leading to adverse effects on soil structure and 

function and ultimately compromising its long-term sustainability. Microbiota-based remediation strategies (B) 

aim to restore soil integrity and functionality, promoting sustainable recovery. These strategies include the 

application of biofertilizers, biopesticides, and phytoremediation techniques. 

To address these challenges, adopting sustainable agricultural practices is essential to restore 

soil structure, reduce compaction, and enhance microbial activity. Additionally, the application of 

plant growth-promoting bacteria (PGPB) plays a pivotal role in conserving and restoring soil 

microbial diversity. These bacteria contribute to soil health and resilience by facilitating phosphorus 

solubilization, nitrogen fixation, and the production of plant growth regulators (PGRs) that stimulate 

plant growth (Figure 1B). Moreover, PGPB help mitigate environmental stressors, such as salinity 

and drought, by producing osmoprotective compounds and enzymes that alleviate ethylene-induced 

stress in plants [36]. 

This integrated approach fosters the sustainability of agricultural systems while ensuring the 

long-term health of both soils and the environment. By combining responsible agricultural practices 

with PGPB applications, soil fertility can be restored, crop productivity enhanced, and reliance on 

chemical inputs reduced, ultimately contributing to a more sustainable and ecologically balanced 

agricultural system [37,38]. 

2. Direct and Indirect Mechanisms of Plant Growth-Promoting Bacteria 

Plants have coevolved with a diverse microbiota that plays a crucial role in their growth and 

health [39]. These microbes form symbiotic relationships with plant tissues, offering multiple 

advantages in return for reduced carbon and other metabolites provided by the host plant [40]. This 

symbiosis has existed since the earliest stages of terrestrial plant evolution, enabling plants to 

overcome challenges such as nutrient acquisition, abiotic stress, and pathogen defense [41–43] (Figure 

2). 

Considerable advancements have been achieved in understanding the composition and 

dynamics of plant microbiota, along with the functional capabilities of strains isolated from these 

communities. For instance, PGPB have been identified in various plant species, including those of 

both agricultural [44] and ecological significance [45,46]. The bioactive compounds secreted by these 

bacteria function as biostimulants and play a critical role in modulating plant stress responses. 

Moreover, PGPB facilitates nutrient uptake and assimilation, enhance soil structure, and generate 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2025 doi:10.20944/preprints202504.0097.v1

https://doi.org/10.20944/preprints202504.0097.v1


 4 of 38 

 

extracellular molecules like plant growth regulators (PGRs), secondary metabolites, antibiotics, and 

signaling compounds, all of which support plant development and resilience. [47]. 

Considering the potential of these bacterial strains and the actual challenges in crop production, 

it is crucial to incorporate microbial innovations into agricultural practices. The following sections 

explore the primary mechanisms by which PGPB enhance plant growth, such as biological nitrogen 

fixation, phosphate solubilization, siderophore production, and the synthesis of plant growth 

regulators (PGRs). 

  

Figure 2. Direct and indirect mechanisms of action of PGPB in plants. Symbiotic bacteria within the plant-

associated microbiota play a crucial role in enhancing plant growth and resilience through various direct and 

indirect mechanisms. 

2.1. Indirect Mechanisms  

2.1.1. Siderophores Production 

Iron plays a fundamental role in the photosynthetic system of plants, as it is an essential 

component of chlorophyll, which absorbs light, and is involved in various biosynthetic pathways. 

However, the amount of soluble iron available in soil is often insufficient to optimize crop yields [37]. 

To address this limitation, bacteria, fungi, and plants release specific low-molecular-weight 

substances called siderophores, which bind to iron in the soil [48]. 

Siderophores are primarily produced by bacteria to alleviate stress caused by iron deficiency, 

thereby promoting plant growth. These bacteria possess surface proteins that regulate the uptake of 

ferric iron (Fe³⁺), ensuring its availability for metabolic processes [49]. Notably, siderophores 

produced by PGPB exhibit exceptionally high affinity for Fe³⁺. Once the iron-siderophore complex is 

formed, it is recognized by specific receptors on bacterial or plant cell surfaces, internalized, and 

subsequently reduced to ferrous iron (Fe²⁺) or released upon siderophore degradation, making iron 

available for metabolic use [48]. 

Importantly, siderophores produced by PGPB have a significantly higher affinity for iron than 

those synthesized by plants or fungi, enabling them to sequester large amounts of this nutrient [50]. 

This trait not only facilitates iron acquisition under conditions of scarcity but also plays a crucial role 

in plant protection. By releasing siderophores with exceptionally high iron-binding affinity, PGPB 

effectively limit iron availability for pathogenic fungi and bacteria, thereby restricting their growth 

[51]. The effectiveness of this biocontrol mechanism relies on the fact that PGPB siderophores 

outcompete fungal siderophores in iron chelation [52]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2025 doi:10.20944/preprints202504.0097.v1

https://doi.org/10.20944/preprints202504.0097.v1


 5 of 38 

 

Structurally, microbial siderophores commonly contain functional groups such as hydroxamates 

and catecholates, as well as carboxylates, citrates, or ethylenediamine moieties, which may coexist 

within the same molecule [53]. Hydroxamate-type siderophores are predominant in fungi, whereas 

catecholate siderophores, which exhibit stronger iron-binding capabilities, are more prevalent in 

bacteria [54]. In contrast, plant-derived siderophores, such as mugineic and avenic acids, belong to 

the family of iminocarboxylic acids substituted with linear hydroxyl and amino groups. These 

compounds exhibit higher iron-chelating efficiency compared to bacterial siderophores [55]. 

Additionally, bacterial siderophores can chelate other trivalent and divalent metal ions, albeit with 

considerably lower affinity [56]. 

2.1.2. Enzymatic Mechanisms in Indirect Plant Defense. 

Several compounds play key roles in indirect mechanisms, including lytic enzymes produced 

by PGPB. These enzymes exhibit antimicrobial activity, acting as a defense against bacterial 

pathogens [57]. Similarly, proteases contribute significantly to plant protection by degrading 

pathogen-derived proteins. These enzymes, produced by species such as Bacillus clausii and Bacillus 

lentus, are classified as alkaline, acidic, or neutral based on their optimal pH [58]. 

Another indirect mechanism that promotes root growth involves catalase-positive bacteria, 

which protect plant roots from oxidative damage caused by hydrogen peroxide. This process 

enhances plant resilience under oxidative stress conditions [59]. Notable bacterial species associated 

with this function include Bacillus insolitus, Bacillus pasteurii, Bacillus laterosporus, and 

Staphylococcus aureus [60]. 

Hydrogen cyanide (HCN) is another relevant compound due to its volatility and high toxicity, 

which interfere with cellular respiration [61]. Synthesized by rhizospheric bacteria, HCN inhibits the 

growth of pathogenic fungi, nematodes, insects, and termites. Additionally, it functions as a natural 

herbicide by colonizing the roots of undesired plants, suppressing their growth without affecting the 

host plant [62]. 

Enzymes such as amylases also play a crucial role in plant protection. Amylases, primarily 

classified as α-amylases, β-amylases, and γ-amylases, are produced by bacteria, actinobacteria and 

fungi and are involved in the degradation of phytopathogen cell walls. α-Amylases, in particular, are 

commonly found in endophytic bacteria associated with medicinal plants and agricultural crops [63]. 

Bacterial species of the genus Bacillus, such as Bacillus licheniformis, Bacillus stearothermophilus, 

and Geobacillus bacterium, are notable for their high production of these enzymes [64]. 

Finally, ureases are essential enzymes in soil ecosystems, catalyzing the hydrolysis of urea into 

ammonium and nitrate—two nitrogen forms readily assimilated by plants as a vital nutrient source 

[65]. Additionally, ureolytic bacteria contribute to calcite precipitation by increasing pH and 

generating carbonate ions, a process with applications in soil nutrient enhancement, concrete crack 

repair, and biomineralization [66]. 

2.2. Direct Mechanisms 

2.2.1. Plant Growth Regulators and Their Role in Plant Growth and Signaling 

PGRs are essential chemical compounds that enable plants to adapt and respond to 

environmental conditions [67]. Both plants and microorganisms produce PGRs such as cytokinins 

and auxins. However, research on cytokinin biosynthesis remains limited due to the structural 

diversity of these compounds and their typically low concentrations, which make detection and 

analysis challenging [68]. Unlike animal hormones, plant hormones are not synthesized in specialized 

organs but can be produced in virtually any plant tissue. Currently, plant development is known to 

be regulated by five major PGRs groups: auxins (AUXs), gibberellins (GBRs), cytokinins (CTKs), 

ethylene (ETH), and abscisic acid (ABA) [69]. 

In addition, other signaling molecules with hormone-like functions have been identified, 

playing essential roles in herbivore defense and disease resistance. These include salicylic acid (SA), 
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nitric oxide (NO), jasmonic acid (JA), brassinosteroids (BRs), strigolactones (SLs) and systemin 

peptides [70]. Although NO is recognized as a key signaling molecule and an intermediary in 

metabolic processes, it is not yet classified as a PGR due to its inorganic nature [71]. Research on 

gibberellic acid also remains scarce, with little progress in the past two decades [72]. Among all PGRs, 

indole-3-acetic acid (IAA) is the most extensively studied and is considered a key factor in plant 

growth promotion by plant growth-promoting bacteria (PGPB) [73]. Both plants and microbes 

synthesize IAA through different pathways, one of which is tryptophan (Trp)-dependent. Microbial 

IAA production varies according to physiological factors such as temperature, pH and the availability 

of carbon and nitrogen sources [74]. 

Most PGRs in plants are thought to undergo long-distance translocation, which is crucial for 

inter-organ chemical communication. This transport mainly takes place through the phloem and 

xylem. For instance, buds produce growth hormones like auxins, which are quickly moved to the 

roots via the phloem, while roots produce cytokinins that are transported to the buds through the 

xylem. Additionally, some hormones, such as weak acids, can diffuse across cell membranes in their 

protonated form [75]. As research advances and new evidence emerges, the list of plant growth 

regulators and signaling molecules is expected to expand, further refining our understanding of plant 

biochemical pathways. 

2.2.2. Contribution of Microbial Activity to Nutrient Solubilization and Plant Growth. 

Phosphorus (P) is a crucial nutrient for plant growth, and its deficiency can significantly hinder 

development [76]. Some bacteria possess the ability to transform inorganic phosphorus compounds 

like tricalcium phosphate, hydroxyapatite, and rock phosphate into soluble forms by releasing 

organic acids such as citric acid and gluconic acid. These acids bind to phosphate cations through 

their hydroxyl and carboxyl groups, improving the bioavailability of phosphorus for plants [77]. 

Zinc acts as a crucial cofactor for many enzymes required for plant growth. Some bacteria 

facilitate zinc solubilization by producing siderophores, which enhance the release of soluble zinc 

ions [78]. The optimal zinc concentration in plants ranges from 30 to 100 mg/kg, and its deficiency 

can lead to stunted growth and the formation of necrotic spots [79]. 

Similarly, while potassium is naturally present in the soil, it is not always available in a form 

that plants can readily absorb. PGPBs enhance potassium solubilization by producing organic acids 

such as citric, oxalic, and tartaric acids [80]. This macronutrient is essential for the activation of over 

60 enzymes involved in plant metabolism, including those regulating photosynthesis, protein 

synthesis, and starch metabolism. Additionally, potassium is essential for stomatal regulation, which 

affects water use efficiency and enhances drought resistance. Higher potassium concentrations also 

improve plant disease resistance, enhance the quality of cotton fibers, and extend the shelf life of 

fruits and vegetables [81]. 

3. Physiological Mechanisms of Plant-Microorganism Interaction 

The beneficial interaction between plants and bacteria occurs in a dynamic environment, where 

molecular and biochemical signals play a fundamental role [82]. This symbiotic relationship relies on 

a continuous exchange of signals that mediate communication between plants and free-living 

bacteria, leading to mutual benefits for both organisms [83]. Among these bacteria, PGPB enhance 

plant development through both direct and indirect mechanisms, as previously discussed. This 

chapter examines the physiological mechanisms underlying plant-microorganism interactions, with 

the aim of elucidating the modes of action through which bacteria exert their beneficial effects. 

3.1. Bacterial Contribution to Plant Nutrient Acquisition 

3.1.1. Nitrogen 

According to Liebig's law of the minimum, nitrogen (N) is usually the most limiting nutrient for 

plant growth, followed by phosphorus (P) [84]. Nitrogen is an essential element for all living 
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organisms, as it is a key component of nucleic acids and proteins [85]. While atmospheric nitrogen 

(N₂) is abundant, most organisms cannot directly assimilate it. Only a specific group of bacteria and 

archaea, known as diazotrophs, have developed the ability to fix N₂, converting it into ammonia 

(NH₃) through a process called biological nitrogen fixation (BNF). This process is facilitated by 

nitrogenase, an enzyme complex that is sensitive to oxygen [86]. 

Diazotrophic bacteria do not release ammonia freely, as nitrogen assimilation and fixation are 

tightly coupled and regulated by intricate control mechanisms [87]. These regulatory pathways 

include, transcriptional regulators, post-translational protein-modifying enzymes, and PII signal 

transduction proteins that control the expression of nitrogen metabolism genes [88–91]. In 

diazotrophic proteobacteria, these mechanisms interact with the nitrogen-fixing gene regulator 

(NifA), ensuring that nitrogenase expression is adjusted according to N demand [92]. The ammonia 

produced during nitrogen fixation diffuses across the bacterial cell membrane and is actively 

recovered by the ammonium transporter (AmtB), despite the high energetic cost of this process [92]. 

BNF is an energy-intensive process, requiring approximately 16 moles of ATP per mole of fixed N₂ 

[94]. 

Nitrogenase plays a critical role in nitrogen fixation, a highly conserved evolutionary process 

[94]. All nitrogen-fixing organisms possess the nif genes, which encode the nitrogenase complex. 

Additionally, key genes involved in nutrient cycling, such as cbbL, nifH, amoA, and apsA, highlight 

the significance of nitrogen fixation in microbial metabolism and soil health [96]. Nitrogenase consists 

of two metalloproteins: molybdenum-iron nitrogenase (MoFe) and iron nitrogenase reductase (Fe) 

[97]. MoFe nitrogenase (NifDK) functions as an oxygen-sensitive dinitrogenase, while the Fe protein 

(NifH) facilitates electron transfer to the MoFe protein using two molecules of MgATP per electron 

[98]. The MoFe₇S₉-homocitrate cofactor in the MoFe protein serves as the active site for N₂ reduction, 

as well as for other substrates such as acetylene and protons [99]. 

The ATP-hydrolyzing nitrogenase complex consists of two primary proteins: the γ₂ homodimer 

of dinitrogenase reductase (NifH) and the α₂β₂ heterotetramer of dinitrogenase (where NifD 

represents the α subunit and NifK the β subunit). The MoFe₇S₉ metal cluster, located in the α subunit, 

is essential for dinitrogen reduction [100]. In some microorganisms, such as Azotobacter vinelandii and 

Methanosarcina acetivorans, molybdenum (Mo) can be replaced by iron (Fe) or vanadium (V), giving 

rise to the alternative nitrogenase variants Anf and Vnf, respectively. Among these, FeMo nitrogenase 

is the most efficient at reducing dinitrogen to ammonia, followed by Anf and Vnf [101]. Since 

nitrogenase is highly oxygen-sensitive, nitrogen-fixing organisms develop specialized mechanisms, 

such as oxygen barriers around infected cells, to maintain a microaerobic environment conducive to 

nitrogen fixation [102]. 

Bacterial nitrogen assimilation occurs through the production of glutamate from ammonium 

and 2-oxoglutarate via two alternative pathways: the glutamine synthetase-glutamate synthase (GS-

GOGAT) pathway and the glutamate dehydrogenase (GDH) pathway. The GDH enzyme catalyzes 

the reductive amination of 2-oxoglutarate to glutamate using NADPH. This pathway is mainly active 

under conditions of high ammonium and low carbon/energy availability due to its high Km (~1 mM) 

for ammonium and its lack of ATP dependence [105]. 

The GS-GOGAT pathway, on the other hand is more prevalent in bacteria, and functions under 

low-ammonium and high-carbon/energy conditions. This pathway involves the activity of glutamine 

synthetase (GS), an enzyme with a much lower Km for ammonium that requires ATP to convert 

glutamate into glutamine. Subsequently, glutamate synthase (GOGAT) transfers the amide group 

from glutamine to 2-oxoglutarate in a reaction that requires NADPH, resulting in the production of 

two molecules of glutamate [106] (Figure 3). This pathway represents the primary route for ammonia 

assimilation in bacteria [103]. 
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Figure 3. The enzyme GS catalyzes the conversion of ammonium (15NH4+) and glutamate into glutamine in an 

ATP-dependent reaction that generates ADP and inorganic phosphate (Pi). Subsequently, GOGAT transfers the 

amide group from glutamine to α-ketoglutarate, utilizing NADPH as a reducing cofactor, to produce two 

glutamate molecules. This pathway, which predominates under low-ammonium and high-carbon/energy 

conditions, is highly efficient in glutamate synthesis, a key intermediate in bacterial nitrogen and carbon 

metabolism. 

Glutamate plays a critical role as a nitrogen transporter in plants, facilitating the translocation of 

this element from the roots through the xylem to various plant tissues [107]. Once glutamate-derived 

amino acids reach their target sites, they are efficiently utilized in seed germination, protein synthesis, 

nucleic acid biosynthesis, and the production of other essential metabolites required for growth and 

development [108]. Additionally, glutamate-derived metabolites regulate key metabolic pathways, 

including photosynthesis, respiration, and responses to environmental stress, ensuring proper 

physiological function and adaptation to changing environmental conditions [104]. The integration 

of nitrogen into diverse biological molecules through glutamate highlights the complexity and 

efficiency of plant nitrogen metabolism, enabling plants to optimize nitrogen utilization for sustained 

growth and productivity. 

3.1.2. Phosphorus  

After N, P is the most limiting essential mineral element for plant growth, as it is only absorbed 

in its soluble monobasic (H₂PO₄⁻) or dibasic (HPO₄²⁻) forms [109]. In soils, (P) is predominantly found 

in inorganic forms, either adsorbed onto soil mineral surfaces or in poorly available precipitates. It is 

also present in organic forms, where it is incorporated into biomass or associated with soil organic 

matter [86]. 

P is one of the nineteen essential elements for plant life, playing a vital role in energy uptake, 

storage, and transfer. It is also a key structural component of important biomolecules like DNA, RNA, 

and phospholipids in both plant and animal cells [76]. P is involved in fundamental physiological 

processes, including photosynthesis, root development, stem strengthening, flower and seed 

formation, crop maturation, energy metabolism, cell division and expansion, nitrogen fixation in 

legumes, disease resistance, starch synthesis, and genetic information transfer [110]. Additionally, 

adequate P availability is crucial for the formation of reproductive primordia during the early stages 

of plant development [111]. Therefore, P is indispensable for virtually all physiological processes in 

plants. 

Within the soil-plant system, approximately 90% of total phosphorus is found in the soil, while 

less than 10% remains available outside of it. However, only a small portion of soil-bound (P) is 

directly available to plants, as over 90% is strongly attached to soil particles and inorganic minerals 

like apatite, hydroxyapatite, and oxyapatite. Furthermore, phosphorus is found in organic forms, 

such as inositol phosphates (soil phytate), phosphomonoesters, and phosphotriesters, which need to 

undergo mineralization before they become bioavailable [112]. 

Phosphate-solubilizing bacteria (PSBs) are key members of the plant microbiome that facilitate 

the conversion of insoluble organic and inorganic phosphate compounds into plant-available forms, 

particularly under phosphorus-deficient conditions [113]. This microbial activity is crucial for 

enhancing soil P availability, ultimately promoting plant growth and development [86]. 
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The primary mechanism by which PSBs solubilize phosphate is through the acidification of the 

surrounding environment via organic acid production or proton release. This decrease in pH 

increases P solubility [114]. In alkaline soils, phosphate tends to precipitate as calcium phosphates, 

such as fluorapatite and francolite, rendering it insoluble [115]. As soil pH increases, the divalent 

(HPO₄²⁻) and trivalent (H₂PO₄⁻) forms of inorganic phosphorus become more prevalent. PSBs release 

various organic acids as metabolic byproducts, primarily through oxidative respiration or 

fermentation, particularly when utilizing glucose as a carbon source [114]. The composition and 

concentration of these acids can differ, and the efficiency of phosphate solubilization depends on the 

strength and type of acids produced. Di- and tricarboxylic acids are generally more effective than 

monobasic and aromatic acids. Organic acids that play a role in phosphate solubilization include 

gluconic, lactic, citric, isovaleric, succinic, glycolic, oxalic, formic, 2-ketogluconic, and acetic acids 

[112,116]. 

Among these, gluconic acid and 2-ketogluconic acid are the most commonly reported mineral 

phosphate solubilizers [117]. Gluconic acid is primarily produced by Pseudomonas spp. [118,119] and 

Burkholderia spp. [120,121], whereas 2-ketogluconic acid is produced by Nguyenibacter sp. [122] and 

Rhizobium tropici [123]. Additionally, Priestia megaterium and Bacillus velezensis produce lactic, acetic, 

and citric acids, while Enterobacter sp. synthesizes acetic acid [119,124]. Gram-negative bacteria have 

been found to be more efficient dissolving mineral phosphates because their ability to release a wide 

range of organic acids into the surrounding soil environment [125]. 

Mineralization plays a crucial role in soil ecosystems, as it is driven by the decomposition of 

plant and animal residues, which contain significant amounts of organic phosphorus compounds, 

such as sugar phosphates, nucleic acids, phospholipids, phytic acid, phosphonates and 

polyphosphates. [126]. The mineralization and immobilization of organic P in soil play a fundamental 

role in its biogeochemical cycle, particularly in agricultural lands and degraded soils. Through 

mineralization, PSBs release inorganic phosphate from these complex organic compounds, thereby 

increasing its availability to plants [127]. 

PSBs facilitate the mineralization of soil organic P by producing phosphatases—enzymes that 

hydrolyze organic phosphate compounds, liberating inorganic P in a bioavailable form for plant 

uptake. The production of these enzymes has been reported in both Gram-positive bacteria, such as 

those of the genus Bacillus [128], and Gram-negative bacteria, including Burkholderia sp., 

Gluconacetobacter sp. [120], and Pseudomonas sp. [128]. Additionally, fungi of the genera 

Aspergillus and Penicillium have also been shown to produce phosphatases [129]. 

Phytases, a specific class of phosphatases, differ in their cellular localization between Gram-

negative and Gram-positive bacteria. In Gram-negative bacteria, phytases are intracellular or 

periplasmic proteins [130], whereas in Gram-positive bacteria, they are primarily extracellular 

enzymes [131]. Two main types of phytases have been identified: acidic and alkaline [132]. Acidic 

phytases, with an optimal pH range of 2.5–5.5, belong to the histidine acid phosphatase family and 

are characterized by a highly conserved motif near the N-terminal region [133]. These enzymes do 

not require cofactors for optimal activity and are typically produced by Gram-negative bacteria and 

fungi. In contrast, alkaline phytases, which exhibit optimal activity at pH 6–8, are considered a 

distinct class due to their high specificity for phytic acid and their dependence on calcium ions for 

enzymatic function [132]. 

Another mechanism by which PSBs facilitate phosphorus solubilization is chelation. This 

process involves the production of organic and inorganic acids that dissolve insoluble phosphate 

compounds in the soil by chelating metal cations and competing with phosphate for adsorption sites 

[126]. These acids bind to insoluble aluminum and iron oxides, stabilizing them and forming chelates 

[134]. Additionally, their hydroxyl and carboxyl functional groups interact with phosphate-

associated cations, converting phosphorus into soluble forms that plants can absorb [135]. Reported 

inorganic acids produced by PSBs include carbonic, hydrogen sulfide, nitric, and hydrochloric acid 

[136]. 
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3.2. Bacterial Modulation of Plant Hormonal Pathways and Signaling Mechanisms 

3.2.1. Plant Growth Regulators 

PGRs are essential molecules that govern plant growth and development by stimulating both 

the root and aerial systems [137]. Beyond their role in growth, these regulators function as molecular 

signals in response to biotic factors that may limit plant development or even become lethal if not 

properly regulated [138]. Rhizospheric bacteria have been documented to secrete hormones that 

enhance nutrient absorption in roots or modulate the plant’s hormonal balance, thereby promoting 

growth and improving stress responses [139,140]. 

Indole-3-acetic acid (IAA) is the most widely studied and prevalent natural auxin produced by 

plant growth-promoting bacteria (PGPB). It plays a central role in regulating various plant 

developmental processes, including vascular tissue differentiation, cell elongation, apical dominance, 

lateral root initiation, and fruit ripening [141]. In addition to its structural roles, IAA acts as an 

important signaling molecule that regulates several aspects of plant development [142]. Among its 

primary functions are the regulation of cell division, expansion, and differentiation, as well as the 

modulation of gene expression necessary for plant growth and adaptation to environmental 

conditions [143]. For instance, IAA promotes organ formation and modulates responses to abiotic 

stresses such as salinity, drought, nutrient deficiencies and extreme temperatures [144,145]. These 

regulatory effects are mediated by the activation of specific genes that enable plants to adjust their 

development under adverse conditions. 

IAA is also fundamental to plant cell signaling, controlling multiple growth and developmental 

processes through complex signal transduction mechanisms. One of its key roles is promoting cell 

expansion by activating protein synthesis [146]. In roots, IAA stimulates cell elongation in the 

elongation zone, facilitating root system development, whereas in stems, it regulates cell elongation, 

contributing to vertical growth and branch formation [147]. Another crucial function of IAA is its 

involvement in apical dominance, a phenomenon in which the growth of the terminal shoot 

suppresses the development of lateral shoots. This regulation is mediated by a negative feedback 

mechanism: IAA synthesized in the apical meristem is transported downward along the stem, 

inhibiting the outgrowth of lateral shoots from axillary buds [148]. Furthermore, IAA accumulates in 

the rhizosphere in response to internal and external signals, inducing the formation of lateral and 

adventitious roots through the activation of specific genes that promote cell division and 

differentiation in root initiation zones [149]. Additionally, IAA plays a critical role in ovary 

development, fruit ripening [150], and the differentiation of floral tissues, including the 

determination of floral structure and reproductive organ formation [151]. 

Another key function of IAA is the regulation of gene expression, influencing plant 

development, growth, and responses to environmental stress [152]. Its mechanism of action begins 

with the binding of IAA to specific receptors, such as Transport Inhibitor Response 1 (TIR1) and 

Auxin Signaling F-Box (AFB) proteins, which are components of the Skp1-Cullin-F-box (SCF) 

ubiquitin ligase complex. This interaction triggers a series of molecular events in which the SCF 

complex targets auxin repressor proteins (Aux/IAA) for ubiquitination and subsequent degradation 

by the 26S proteasome. The degradation of Aux/IAA repressors releases auxin response factors 

(ARFs), which then control the transcription of auxin-responsive genes [153].  ARFs are 

transcription factors that bind to specific DNA sequences, called auxin response elements (AuxREs), 

found in the promoters of target genes. Depending on their function, ARFs can either activate or 

repress gene transcription [154,155]. Activating ARFs promote gene expression, whereas repressive 

ARFs inhibit it [156]. Moreover, ARFs do not function in isolation; they interact with other 

transcription factors and co-regulatory proteins to fine-tune gene expression in response to plant 

physiological needs and environmental cues [152]. This tightly regulated system ensures a precise 

response to fluctuations in IAA levels, optimizing plant development and adaptation. 

IAA plays a crucial role in plants' response to stress, inducing the expression of genes that 

increase their resistance to pathogens and improve their adaptation to adverse conditions such as 
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drought, salinity, and extreme temperatures [157,158]. Among the genes regulated by IAA, GH3 

genes stand out, which encode enzymes responsible for conjugating IAA with amino acids, which 

allows the levels of free IAA in the plant to be regulated. Another important group is the SAUR (Small 

Auxin-Up RNA) genes, which are rapidly activated in response to IAA and are involved in processes 

such as cell elongation. In addition, the TIR1/AFB genes, which encode auxin receptors, generate a 

feedback loop that reinforces IAA signaling [159]. These molecular mechanisms allow plants to adjust 

their growth and development based on internal and external stimuli, ensuring a dynamic and 

adaptive response to their environment. Research in this field continues to uncover new components 

and processes that expand our understanding of how IAA regulates gene expression and, ultimately, 

plant development and adaptation. 

IAA plays a crucial role in plant stress responses by inducing the expression of genes that 

enhance resistance to pathogens and improve adaptation to adverse conditions such as drought, 

salinity, and extreme temperatures [157,158]. Among the genes regulated by IAA, the GH3 gene 

family is particularly notable, encoding enzymes responsible for conjugating IAA with amino acids, 

thereby regulating free IAA levels in the plant. Another important group includes the SAUR (Small 

Auxin-Up RNA) genes, which are rapidly activated in response to IAA and participate in processes 

such as cell elongation. Additionally, the TIR1/AFB genes, which encode auxin receptors, establish a 

feedback loop that reinforces IAA signaling [159]. These molecular mechanisms enable plants to 

dynamically adjust their growth and development in response to internal and external stimuli, 

ensuring an adaptive response to their environment. Ongoing research continues to reveal novel 

components and processes that expand our understanding of how IAA regulates gene expression 

and, ultimately, plant development and adaptation. 

In addition to IAA, other key PGR and development include cytokinins—purine-derived 

hormones that play a critical role in promoting and maintaining cell division [160]. These hormones 

play a key role in several differentiation processes, such as callus induction, bud formation, and 

primary root growth [161]. One of their crucial functions is to maintain totipotent stem cell 

populations in the shoot and root meristems, which regulate essential developmental processes and 

influence plant architecture [68]. Due to these functions, cytokinins are essential for plant growth 

plasticity, ensuring adaptability to different environmental conditions. 

Gibberellins constitute the most extensive group of PGRs, with over 100 identified molecules 

exhibiting varying biological activities [162]. These diterpene-derived hormones share a common 

chemical structure based on a 19–20 carbon backbone, which is directly related to their function. A 

key feature of gibberellins is their ability to translocate from the roots to the aerial parts of the plant, 

where they exert significant effects on growth, flowering, and germination [163]. While gibberellins 

are essential for plant development, little is known about microorganisms capable of producing them. 

However, it has been established that symbiotic bacteria, such as rhizobia in legume nodules, 

synthesize gibberellins, auxins, and cytokinins at low concentrations, primarily during nodule 

formation and phases of rapid cell division [164]. 

Abscisic acid (ABA) acts as a stress-responsive signal that is transported through the xylem from 

the roots to the plant's aerial parts [165]. Upon arrival, it regulates stomatal movement and the activity 

of the shoot meristem [166]. The intensity of ABA signaling in plants is regulated by several 

mechanisms, including the activity of PGPB in the rhizosphere. Furthermore, the lateral transport of 

ABA in the root cortex across apoplastic barriers, pH variations in the leaf apoplast, the activity of β-

glucosidases in both the apoplast and the mesophyll cytosol, and their redistribution in the stem 

contribute significantly to ABA regulation. [167]. 

Ethylene is another essential PGR that acts as a key regulator of plant responses to biotic 

interactions [168]. It plays a critical role in plant defense against pathogens and in mediating 

beneficial interactions with symbiotic microorganisms [169–171]. These interactions enable plants to 

balance disease resistance with the promotion of symbiotic relationships that enhance growth and 

development [172]. PGPB positively influence ethylene signaling via the acdS gene, which encodes 

the enzyme ACC deaminase [163]. During plant-microbe interactions, this enzyme metabolizes 1-
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aminocyclopropane-1-carboxylic acid (ACC), the immediate precursor of ethylene, thereby reducing 

its availability [173]. A significant portion of ACC synthesized by ACC synthase (ACS) in the roots is 

exuded into the rhizosphere, where it is taken up by bacteria and degraded by ACC deaminase 

(Figure 4). This process lowers ACC levels in roots, consequently reducing ethylene biosynthesis 

[174]. By attenuating ethylene’s inhibitory effects on root development, this mechanism ultimately 

promotes plant growth [175]. These interactions highlight the critical role of PGPB not only in 

enhancing nutrient availability but also in modulating hormonal pathways that govern plant 

development. This underscores the potential of PGPB as biotechnological tools for optimizing plant 

growth and stress adaptation. 

 

Figure 4. The enzyme ACC deaminase lowers ethylene levels by degrading ACC, an ethylene precursor, thereby 

alleviating its inhibitory effects on plant growth. In addition, bacteria produce IAA, a PGR derived from Trp, 

which promotes root development. They also solubilize Pi and chelate Fe³⁺ through siderophore production, 

enhancing the bioavailability of these essential nutrients to plants. The synthesis of exopolysaccharides 

contributes to soil aggregation and water retention, promoting root health. On the plant side, the activation of 

genes associated with defense (CaPR-10), stress tolerance (VA, sHSP), and ion transport (K⁺, Na⁺, and Ca²⁺) 

strengthens resilience to abiotic and biotic stress. 

3.2.2. Volatile Organic Compounds  

In addition to producing PGRs, PGPB generate volatile organic compounds (VOCs), which are 

essential for long-distance communication within microbial communities and between 

microorganisms and plants in the rhizosphere [142]. These small, lipophilic molecules are produced 

through several metabolic pathways and act as chemical mediators for signal transduction [163]. Both 

bacteria and fungi produce a broad range of VOCs, such as ketones, terpenoids, alcohols, alkanes, 

alkenes, and sulfur-containing compounds [176]. Among these, 2-heptanol, 2-undecanone, and 

pentadecane have been identified as key signaling molecules in plant-microbe interactions [177]. 

Upon detection by plant roots, these VOCs modulate root system architecture, enhancing the mutual 

association between roots and PGPBs [178]. This process facilitates bacterial colonization of the 

rhizosphere, creating a more favorable environment for plant growth. 

VOCs perform two primary functions: acting as chemical signals and exhibiting antimicrobial 

activity. Compounds such as pyrrolnitrin (PRN) and 2,4-diacetylphloroglucinol (DAPG), produced 

by bacterial genera such as Pseudomonas [179], Butiauxella and Serratia [180], play a crucial role in plant 

defense against bacterial and fungal pathogens. These molecules not only possess direct antimicrobial 
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properties but also stimulate systemic defense responses in plants, thereby enhancing their resistance 

mechanisms [181,182]. PRN and DAPG modulate plant hormonal pathways, activating internal 

defense mechanisms that lead to the production of protective molecules and the reinforcement of 

structural barriers [183,184]. This process, known as induced systemic resistance (ISR), primes plants 

for a more efficient and rapid response to future pathogen attacks [185]. Thus, VOCs provide both 

immediate protection and long-term preparedness against biotic stressors. 

Additionally, VOCs influence quorum sensing (QS) systems by interfering with intra- and 

interspecies microbial communication [186]. They also regulate the expression of genes involved in 

hormone signaling, thereby affecting root development and enhancing plant defenses against 

herbivorous insects, primarily through the modulation of auxin pathways [187]. Furthermore, VOCs 

contribute to plant tolerance to both biotic and abiotic stressors [188,189], as well as processes such 

as virulence [190] and biofilm formation [191]. The volatile profile of these metabolites is unique to 

each genotype or species, reflecting their ecological and functional significance in plant-microbe 

interactions [192]. 

3.2.3. Quorum Sensing Detection  

Inter- and intraspecies signaling in the rhizosphere primarily occurs through quorum-sensing 

(QS) molecules, which enable microbial communities to synchronize and coordinate their behavior 

[193]. This cell-to-cell communication mechanism is essential for the colonization of PGPBs in plant 

roots [194]. QS signals, also known as autoinducers, facilitate communication both within bacterial 

species (intraspecific) and between different species (interspecific), regulating gene expression in 

response to population density [85] (Figure 5). These signals control various microbial phenotypes, 

including conjugation, virulence, competition in the rhizosphere, and the production of hydrolytic 

enzymes and secondary metabolites [142]. 

In Gram-negative bacteria, N-acyl homoserine lactones (AHLs) serve as the primary QS 

signaling molecules [195]. These compounds regulate gene expression and influence key processes 

such as symbiotic interactions with plants, root development, stress responses, activation of plant 

defense mechanisms, metabolic regulation, and hormonal balance [196] (Figure 6). Studies have 

shown that various rhizosphere-associated bacteria, including Serratia, Aeromonas, Acinetobacter, and 

other proteobacteria, produce and respond to QS signaling molecules, particularly AHLs [197–199]. 

This ability underscores the significance of QS communication in rhizosphere dynamics, facilitating 

complex and beneficial interactions between microbes and plants while promoting a more favorable 

environment for plant growth and health. 

  

Figure 5. In low-density populations, bacteria exhibit individual behaviors, whereas in high-density 

populations, they transition to collective behavior through the production, release, and detection of signaling 
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molecules known as autoinducers. This QS mechanism regulates gene expression associated with group 

behaviors, including biofilm formation, virulence, and extracellular enzyme production. 

 

Figure 6. Plant-microorganism interactions mediated by signaling molecules and communication mechanisms. 

Plants release chemical compounds that influence microbial behavior in the rhizosphere through processes such 

as QS and antibiosis. In response, microorganisms produce specific signaling molecules, including AHLs and 

other chemical signals, which can induce plant resistance, modulate root development, and shape the 

surrounding microbiota. Additionally, quorum quenching (QQ) serves as a regulatory mechanism that degrades 

or interferes with QS signals, modulating inter-organism interactions and controlling processes such as virulence 

and microbial competition. 

Some Gram-negative bacteria, such as Burkholderia, produce diffusible signaling factor (DSF), 

a QS molecule with a chemical structure corresponding to cis-11-methyl-2-dodecenoic acid [200]. DSF 

facilitates bacterial communication and enhances innate immunity in various crops, strengthening 

their natural defenses against pathogens [186]. 

In addition to DSF, antibiotics also function as signaling molecules in QS systems [201]. At low, 

non-inhibitory concentrations, antibiotics act as both intraspecific and interspecific communication 

signals, regulating collective bacterial behaviors and coordinating community responses [202]. This 

dual role—as antimicrobial agents and signaling molecules—underscores their significance in 

microbial ecosystems, where they contribute to the organization and adaptation of bacterial 

populations [203]. 

Fungal species also produce a diverse array of QS molecules, including γ-heptalactone, γ-

butyrolactone, tyrosol, farnesol, and dodecanol, which facilitate communication with bacterial 

species [204]. Certain fungi, such as Saccharomyces cerevisiae, secrete alcohols as signaling 

molecules, primarily associated with specific developmental processes [205]. Fungal-bacterial 

interactions mediated by QS molecules represent an intricate evolutionary strategy that enables 

microorganisms to compete for host infection and space colonization [206]. This cross-

communication allows fungi and bacteria to coordinate their activities, shaping microbial community 

dynamics. By engaging in QS-mediated interactions, these organisms optimize their survival and 

competitive advantage in the rhizosphere, highlighting the intricate balance between cooperation 

and competition that drives adaptation and ecological dominance in specific niches [207]. 

3.3. Plant Molecular Signaling and Microbial Communication in the Rhizosphere 

In addition to the signaling molecules produced by PGPB, plants secrete a wide range of 

compounds through their root exudates. These compounds, which include both low- and high-
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molecular-weight molecules, as well as volatile and non-volatile substances, play a crucial role in 

mediating interactions with various microorganisms in the rhizosphere [209]. By facilitating plant-

microbe communication, these exudates influence the function and composition of microbial 

communities, promoting positive beneficial interactions that improve plant growth and its overall 

health. [208]. 

Plants activate multiple signaling pathways in response to environmental stimuli, including 

mitogen-activated protein kinase (MAPK) cascades, which are central to both abiotic and biotic stress 

responses [210,211]. These pathways are tightly regulated by PGRs, which coordinate defense 

mechanisms and key developmental processes [212]. Through the integration of external and internal 

signals, plants adapt to their environment to ensure survival and optimal growth. MAPK pathways 

exhibit remarkable evolutionary conservation, underscoring their fundamental role in cellular 

signaling networks [213]. The MAPK cascade consists of three tiers: MAPKKK, MAPKK, and MAPK, 

which relay signals through phosphorylation events. Although MAPK pathways are generally 

activated in response to specific stimuli, they can also exhibit cross-talk, leading to finely tuned and 

coordinated cellular responses. Additionally, MAPKs interact with other signaling molecules to 

process stimuli and elicit specific physiological outcomes [214] (Figure 7). These proteins are involved 

in diverse signaling processes, including stress responses and developmental regulation [215]. This 

intricate and highly adaptable signaling system enables plants to efficiently respond to 

environmental cues while optimizing their interactions with rhizosphere microorganisms, ultimately 

enhancing survival and growth [216]. 

  

Figure 7. Signaling pathways involved in plant stress responses induced by pathogens and rhizobacteria. 

External signals, including reactive oxygen species (ROS), nitric oxide (NO), and calcium (Ca²⁺) fluctuations, 

activate hormonal signaling pathways and MAPKs, which regulate gene expression to enhance defense 

mechanisms and stress adaptation. 

The chemical compounds secreted by both PGPB and plants function as signaling molecules that 

significantly influence rhizosphere associations and plant development. By producing specialized 

metabolites, plants can shape the composition of their surrounding microbiota, which in turn 

modulates plant metabolism and physiology [217]. This extensive, dynamic, and cross-kingdom 

signaling network plays a pivotal role in structuring and adapting the rhizomicrobiome. The diverse 

chemical signals produced by plants are essential for shaping microbial communities associated with 

the roots, facilitating microbial recruitment and interaction [218]. Both microbial and plant-derived 

signaling molecules can be leveraged to manipulate plant responses, enabling plants to communicate 
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with and adapt to their microbiome. These signaling interactions regulate multiple biological 

processes, including plant growth, gene expression, hormonal signaling, and defense responses, 

ultimately ensuring a balanced and beneficial relationship between plants and their associated 

microbial communities [142]. 

4. PGPB-Mediated Soil Restoration of Soils Degraded by Excessive Cultivation 

Soil is a complex system composed of diverse biotic and abiotic components that collectively 

create a favorable environment for plant growth and support a wide range of microorganisms [219]. 

These elements play essential roles in maintaining soil health and providing critical ecosystem 

services, including nutrient cycling, climate regulation, and organic matter decomposition (Figure 8) 

[220]. However, intensive and prolonged agricultural use has led to soil degradation, characterized 

by fertility loss, compaction, erosion, and a decline in microbial biodiversity [30]. Consequently, the 

soil's capacity to sustain efficient and sustainable agricultural production has been significantly 

compromised, affecting both crop yield and quality [221]. To mitigate these issues, it is essential to 

implement strategies that incorporate bio-inputs, which contribute to soil restoration and 

preservation, promote sustainable agricultural practices, and ensure long-term food security.  

 

Figure 8. Key factors influencing soil quality and stability, which determine erosion dynamics and their impact 

on environmental recovery. These factors are categorized into five interrelated groups: soil properties, microbial 

communities, contaminants, economic considerations, and non-technical factors. 

Plant growth and productivity are adversely affected by a variety of stressors, broadly classified 

as abiotic and biotic [222]. These stress factors can arise naturally or result from anthropogenic 

activities, which have been exacerbated by continuous population growth and the subsequent 

expansion of agricultural practices to ensure food security [223]. 

Abiotic stressors include drought, heavy metal contamination, salinity, suboptimal 

temperatures, and nutrient deficiencies, all of which induce physiological and morphological 

alterations in plants [224,225]. Additionally, intensive agricultural practices have led to the excessive 

application of chemical fertilizers, pesticides, and herbicides, significantly reducing the diversity of 

beneficial soil microorganisms [222]. 

The decline in microbial diversity, reduced crop productivity, loss of soil fertility, and increased 

competition for nutrients are direct consequences of these stressors, which often act synergistically 

to exacerbate their negative impacts [226]. In response to these adverse conditions, plants activate 

rapid defense mechanisms, including the synthesis of PGRs and the accumulation of protective 

compounds such as phenolic acids and flavonoids [41]. While these adaptive strategies enhance plant 

resilience to unfavorable environments, they often come at the expense of reduced growth and 

productivity, highlighting the trade-off between survival and agricultural yield (Figure 9). 
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Figure 9. Primary adaptive responses promoted by PGPB to mitigate stress factors such as heavy metals, 

hydrocarbons, salinization, and drought, acting as microbial strategies to alleviate biotic and abiotic stress in 

plants. These microbial interactions contribute to the regulation of plant growth, enhancement of stress 

tolerance, and restoration of soil functionality, ultimately supporting plant resilience and sustaining agricultural 

productivity under environmental stress conditions. 

4.1. Nutrient Dynamics in the Restoration of Degraded Soils 

PSBs not only enhance soil fertility but also play a crucial role in restoring degraded soils [117]. 

These bacteria facilitate P solubilization by converting insoluble forms into bioavailable phosphates, 

thereby improving nutrient accessibility for plants. This process improves soil structure, boosts 

aggregate stability and promotes root development, leading to reduced erosion and enhanced water 

retention capacity [227]. Additionally, PSBs support the establishment of cover crops, which mitigate 

soil exposure and further prevent erosion in degraded areas [114]. Moreover, PSBs actively contribute 

to the P cycle, ensuring its sustained availability in ecosystems where nutrient balance is often 

disrupted, a key factor in soil restoration [228]. Beyond their direct benefits to plants, PSBs also 

stimulate the growth of other beneficial microbial communities, enhancing organic matter 

decomposition and nutrient recycling, thereby improving overall soil health [229]. 

Diazotrophic bacteria are essential for the restoration of degraded soils due to their ability to fix 

atmospheric N and convert it into plant-assimilable forms. This process is critical for revitalizing soils 

that have lost fertility due to intensive cultivation and nutrient depletion. Fixed N not only directly 

benefits host plants by enhancing their growth and development but also enriches the surrounding 

soil, making N available to non-N-fixing plants [230]. 

Beyond N fixation, these bacteria contribute to soil structure improvement through multiple 

mechanisms. They promote root growth by producing PGRs, such as auxins, cytokinins, and 

gibberellins [231], and facilitate soil aggregate formation via the exudation of polysaccharides, 

exopolysaccharides (EPS), proteins, glycoproteins, and lipids. EPS, which include sugars such as 

glucose, galactose, mannose, rhamnose, and uronic acids, form a biofilm that enhances bacterial 

adhesion to surfaces and promotes microbial aggregation. This biofilm increases soil aggregate 

stability, improving porosity and water retention capacity [232]. 

Finally, the presence of diazotrophic bacteria enhances microbial biodiversity, thereby 

contributing to ecosystem stability and resilience [233]. Collectively, these bacteria play a 

fundamental role in soil restoration strategies by facilitating fertility recovery, improving soil 

structure, and sustaining the growth of robust, healthy vegetation. 
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4.2. Biological Strategies for Mitigating Salt-Induced Stress in Degraded Soils 

Soil salinization is a complex phenomenon that can result from processes such as nitrification, 

denitrification, organic matter decomposition, and excessive irrigation. These processes lead to the 

accumulation of salts on the soil surface, including sodium sulfate, sodium chloride, magnesium 

sulfate and magnesium chloride [234–236]. Excessive salt concentrations disrupt plant biochemical 

and physiological processes, significantly reducing photosynthetic efficiency [237]. 

The removal of salts through physical and chemical methods is often slow, costly, and 

unsustainable. Moreover, these approaches can negatively impact soil structure, particularly in soils 

with high salinity levels [238]. As an alternative, halophilic and halotolerant bacteria, capable of 

surviving in extreme saline conditions—including concentrations of up to 150 g/L NaCl—have been 

identified. Among these, PGPBs play a crucial role in enhancing plant tolerance to salinity through 

multiple mechanisms. 

These mechanisms include the accumulation of osmolytes, increased proline production, 

selective uptake of K+ ions, reduced electrolyte leakage, enhanced nutrient absorption, N fixation, 

and the solubilization of P and other essential elements. Additionally, these bacteria produce plant 

growth regulators that strengthen plant cellular defense systems, siderophores that enhance Fe 

availability, and EPS, which function as biocontrol agents and osmoprotectants, improving stress 

tolerance. PGPBs also exhibit ACC deaminase activity, which mitigates the negative effects of 

ethylene accumulation, reducing stress and promoting plant growth under saline conditions [36]. 

Another key mechanism involves the regulation of aquaporins, proteins whose synthesis is 

induced under water stress. Aquaporins facilitate water uptake and optimize photosynthetic 

efficiency, thereby mitigating the adverse effects of salinity [239]. Collectively, these bacteria 

represent a promising biological strategy for enhancing plant resilience to salinity and restoring 

degraded soils. 

Phosphate uptake and transport in plants are highly sensitive to salinity. Under saline 

conditions, P tends to precipitate, rendering it unavailable for plant growth [240]. To counteract this 

issue, PGPBs play a critical role by solubilizing inorganic P, a key mechanism for mitigating salt stress 

[241]. This process enhances P availability and supports plant development under saline conditions, 

helping plants overcome the challenges associated with salt stress [242]. 

4.3. Bioremediation of Heavy Metal-Contaminated Soils Using PGPB. 

Industrialization, anthropogenic activities, and the excessive use of chemical fertilizers have 

contributed to soil contamination with heavy metals (HMs), profoundly impacting the plant 

microbiome and posing risks to human and animal health [243]. This contamination is not confined 

to soil; HMs can leach into groundwater and accumulate in agriculturally important plant species, 

increasing the risk of exposure through consumption [244]. These toxic metals induce DNA damage 

and exhibit carcinogenic effects in animals and humans due to their mutagenic capacity [245]. 

Moreover, prolonged exposure to high HMs concentrations has been linked to severe health effects 

in humans and wildlife [246]. As a result, HMs contamination is a globally significant environmental 

issue. 

Heavy metals are defined as metals with densities greater than 5 g/cm³ [247]. The most common 

HMs in soils include manganese (Mn), copper (Cu), cadmium (Cd), lead (Pb), chromium (Cr), 

aluminum (Al) and zinc (Zn). Of the 53 identified HMs, 17 are biologically active and essential for 

the proper functioning of organisms and ecosystems [245]. Some, such as copper (Cu), iron (Fe), 

molybdenum (Mo), manganese (Mn) and boron (B), function as micronutrients [248], while others, 

including selenium (Se), arsenic (As), chromium (Cr), nickel (Ni), vanadium (V), and zinc (Zn), are 

classified as trace elements [249]. However, metals such as silver (Ag), mercury (Hg), lead (Pb), 

cadmium (Cd), and uranium (U), have no known biological function and are highly toxic to plants 

and microorganisms [250] (Figure 10). 
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Figure 10. Soil degradation is driven by human activities such as industrialization, urbanization, chemical usage, 

extensive agriculture, waste accumulation, and mining, leading to the buildup of heavy metals (Hg, Cd, Cr, Pb, 

As) and the depletion of essential nutrients (N, P, K). In healthy soil, phytoremediation is enhanced by 

stimulating biological processes such as phytomineralization, which facilitate contaminant detoxification and 

nutrient recovery. Additionally, the use of nanoparticles (NPs) and sulfidation processes aids in stabilizing toxic 

elements. 

Plant-associated microorganisms play a crucial role in alleviating stress in HM-contaminated 

soils by producing PGRs such as gibberellins, cytokinins, and IAA, as well as ACC deaminase and 

siderophores [243]. 

PGPB exhibit resistance to HM toxicity through various mechanisms, including metal exclusion 

via permeability barriers, active transport, extracellular and intracellular sequestration, modification 

of cellular metal targets, detoxification, and passive transport systems. These mechanisms are 

primarily regulated by genes located on chromosomal or plasmid DNA. The permeability barrier 

preventing metal entry consists of the bacterial cell wall, extracellular layers, exopolysaccharides EPS, 

and the capsule, which collectively block the uptake of toxic metals. Additionally, the genetic 

modulation of protein channels in the bacterial membrane enables selective permeability, allowing 

PGPB to regulate metal influx. These metals can non-specifically bind to extracellular polymeric 

substances, lipopolysaccharides, membrane proteins, and the outer membrane envelope, thereby 

preventing their interference with metal-sensitive biochemical processes [251]. 

Despite the detrimental effects of HMs on bacterial viability, activity, and abundance in soils, 

certain bacterial populations have adapted to their presence. This adaptation leads to shifts in the 

composition of soil and rhizosphere microbial communities, as HM resistance is frequently encoded 

in plasmids [244]. 

Under HMs stress conditions, PGPB contribute to metal removal and promote plant 

development through mechanisms such as sequestration via EPS, efflux pumps, volatilization, metal 

complex formation, reduced cell permeability, and enzymatic detoxification [245]. These bacteria also 

facilitate key ecological functions, including N fixation, siderophore production, nutrient 

mobilization, and phosphate solubilization, which support the establishment of plant species used in 

phytoremediation and microbially mediated transformations [252]. 

Moreover, PGPB activity reduces ethylene production and modulates IAA and ACC deaminase 

levels in plants, thereby mitigating stress responses and decreasing disease incidence in HM-

contaminated soils [253]. The application of inoculants containing growth-promoting bacterial 

strains, in combination with phytoremediation strategies, has emerged as an effective approach for 

HM removal [83]. 
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The interaction between microorganisms and plants represents a promising biotechnological 

strategy for the remediation of HM-contaminated soils. Through direct and indirect plant growth-

promoting mechanisms, PGPB mitigate HM toxicity, restore soil health, and enhance agricultural 

productivity in polluted environments. 

 

Figure 11. Mechanisms of interaction between HMs and microorganisms. Microorganisms engage with HMs 

through five primary pathways that facilitate their transformation, immobilization, or accumulation: biosorption 

(binding of metals to cell surface components), bioaccumulation (active transport and intracellular storage), 

biomineralization (conversion into mineral compounds such as sulfides or carbonates), biotransformation 

(modification of oxidation states, such as reduction to less toxic forms), and microbially mediated 

chemoadsorption (formation of complexes with phosphates, leading to immobilization). 

Initially, PGPB were utilized and studied to improve crop yields and to control plant diseases. 

However, their role in bioremediation has recently become more significant because of their ability 

to degrade and even mineralize organic compounds in association with plants [245]. This expanded 

functionality broadens the potential applications of PGPB, which could significantly influence future 

bioremediation strategies [251]. To date, various native bacterial strains capable of degrading specific 

contaminants have been isolated from diverse environments [254–256]. Additionally, the genetic 

pathways underlying these degradation processes have been extensively characterized [257]. 

5. Perspectives on Innovative Strategies for Soil Restoration Using PGPB in 

Overcultivated Lands 

According to the report “The State of the World's Land and Water Resources for Food and 

Agriculture”, the biophysical condition of 5,670 million hectares of land is declining worldwide. Of 

this, 1,660 million hectares (29%) have been degraded due to human activities, while the remaining 

4,026 million hectares are experiencing degradation due to natural processes or human-induced 

factors. Approximately half of these deteriorated lands are in poor condition, making them highly 

susceptible to further degradation. Additionally, 656 million hectares (12% of globally degraded land) 

are under moderate pressure, which could accelerate degradation processes. Overall, it is estimated 

that 41% of global land degradation is directly attributed to anthropogenic pressures [258]. 

This scenario underscores the urgent need for viable and effective solutions to soil degradation, 

given its strong link to human activity and its implications for food security. As agricultural land 

expansion is increasingly constrained while global food demand continues to rise, implementing 

alternative strategies to restore both vulnerable and degraded agricultural soils is essential. Such 

efforts are critical to sustaining agricultural productivity and meeting future food demands [259]. 

At the 2023 United Nations Sustainable Development Goals (SDG) Summit, the 17 SDGs were 

evaluated, with particular emphasis on those directly related to soil and natural resource 

management: Zero Hunger (SDG 2), Climate Action (SDG 13), and Life on Land (SDG 15). These 

goals are fundamental to achieving food security and fostering sustainable economic growth [260]. 

In this context, preserving PGPB biodiversity in soils has become a key component of sustainable 

agricultural strategies, particularly in degraded agricultural ecosystems [261,262]. 
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The implementation of these strategies would significantly enhance global food production, 

addressing one of the major barriers to sustainable development—hunger [263]. In this critical 

context, integrating microbial technologies into agricultural systems is essential, with PGPB playing 

a central role as an environmentally friendly solution. Their application has proven effective in 

sustainable land management, restructuring rhizospheres in degraded agricultural soils, and 

improving both crop health and yield [264]. 

Microbial inoculants have the potential to enhance soil health and sustain agricultural 

productivity across various agroecosystems. However, while numerous studies have demonstrated 

the effectiveness of PGPB under controlled or optimal conditions, their application in degraded soils 

at the field level has not consistently produced satisfactory results. To overcome these challenges, 

researchers have focused on developing PGPB consortia tailored to address soil degradation in real-

world environments [265]. 

A promising strategy involves combining these consortia with compostable organic residues, 

which significantly enhances their effectiveness. For instance, Menguala et al. [266] conducted a field 

trial to assess the effects of inoculating Lavandula dentata L. seedlings with a consortium of 

rhizobacteria in combination with sugar beet residues. The results demonstrated a significant 

increase in dry shoot and root biomass, as well as an improvement in foliar nutrient content (NPK). 

Additionally, P and N availability in the rhizosphere increased by 29% and 46%, respectively, 

compared to the control. These treatments also improved the microbiological and biochemical 

properties of the soil. The selection of efficient rhizobacterial strains and their integration with 

organic residues has been identified as a key factor in maximizing the effectiveness of these 

biotechnological tools for revegetating and rehabilitating degraded soils, particularly in semi-arid 

conditions. 

The combined application of PGPB and biochar (BC) offers multiple benefits. BC enhances soil 

physicochemical properties, serves as a carrier for PGPB inoculation, provides a carbon source for 

bacterial proliferation, and offers a protective microenvironment against competitors due to its 

porous structure [209,267]. Recent studies have shown that the combination of PGPB and BC is an 

effective strategy for the remediation and restoration of degraded soils, as it increases organic carbon 

content, improves soil water retention, and enhances microbial activity, particularly in mitigating 

ethylene-induced stress [268]. 

Notable examples include the remediation of soils contaminated with heavy metals [206,269], 

hydrocarbons [270–273], and those affected by salinity stress [274–276]. Despite these promising 

findings, further research is required to confirm the long-term efficacy of this approach under diverse 

field and climatic conditions. 

Natural revegetation in soils subjected to prolonged agricultural activity, particularly in rainfed 

cropping systems, is often a slow process due to recurrent water scarcity, which limits plant 

establishment and growth [277]. Other factors, such as soil type, suitability, and nutrient availability, 

also play a critical role in the regeneration of vegetation cover [278]. To address these challenges, 

revegetation programs using native plant species have been implemented, as they are considered the 

most suitable strategy for restoring degraded lands [180]. For example, Calle et al. [279] propose the 

use of shrubs and grasses to rehabilitate arid areas, a strategy that has proven effective in both arid 

and semi-arid regions [280,281]. 

Moreover, the application of PGPB, either through seed inoculation [44] or direct soil application 

[282], has emerged as an effective tool for restoring degraded soils. Successful revegetation strategies 

based on microbial inoculation require the development of inoculants that perform optimally under 

specific environmental conditions, thereby enhancing plant growth, nutrient uptake, and water 

status [283]. 

Plants and soil microorganisms often share adaptations to the same environmental conditions, 

suggesting that native strains may be more effective in promoting plant growth. This approach not 

only supports the preservation of local biodiversity but also minimizes the risks associated with 

introducing exogenous microbial species. As previously discussed, free-living bacteria can colonize 
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the rhizosphere, facilitating root system establishment and, consequently, enhancing plant health and 

nutrition. Additionally, PGPB have been shown to synthesize essential vitamins that play a crucial 

role in key physiological processes involved in plant-microorganism interactions [280]. 

6. Conclusions 

Ensuring sufficient agricultural production to sustain human life amid accelerating soil 

degradation, pollution, and water scarcity represents one of the greatest challenges of our time. 

Additionally, the growing demand for organic products reflects concerns over the excessive use of 

agrochemicals, which have been shown to compromise soil integrity, reduce crop yields, and 

exacerbate environmental issues. 

Extensive research has been dedicated to developing sustainable alternatives to synthetic 

agricultural inputs. Among these, the application of PGPB stands out as a promising strategy, 

demonstrating immediate and positive effects on soil health and plant development. However, field-

level application remains challenging, particularly in degraded soils, highlighting the need for 

optimized microbial formulations. 

Recent studies indicate that combining PGPB with organic amendments such as biochar or 

compostable residues significantly enhances their effectiveness. These combinations improve soil 

structure, increase nutrient availability, and provide a more favorable microenvironment for 

microbial survival. Additionally, integrating microbial inoculants into revegetation programs using 

native plant species has proven to be an effective strategy for restoring degraded soils, particularly 

in arid and semi-arid ecosystems. 

Leveraging PGPB-based strategies in conjunction with complementary soil improvement 

approaches presents a viable and environmentally friendly solution for soil restoration. Prioritizing 

research and large-scale implementation of these integrated solutions is essential to mitigating soil 

degradation and ensuring the sustainability of global food production in the face of climate change. 

The latest findings suggest that adopting multiple soil restoration strategies, particularly those 

that enhance soil biodiversity, yields the most promising results. The coming years will be critical in 

addressing these challenges, but the scientific community is well-prepared to advance innovative 

solutions that contribute to sustainable agriculture and ecosystem resilience. 
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