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ABSTRACT

Plant growth-promoting rhizobacteria (PGPR) are key components of the plant microbiota that coevolved with
hosts as an entity called holobiont, acquiring traits for chemotaxis, root adhesion, high-affinity nutrient capture,
and antagonism of phytopathogens. By integrating evolutionary, molecular, and multi-omics perspectives, this
review aims to synthesize how these adaptations drive direct (biofertilization, phytohormone modulation) and
indirect (biocontrol, stress tolerance) benefits that enhance crop productivity and ecosystem services. Multi-
omics studies are revealing conserved PGPR functions, including induction of nitrogenase, ACC deaminase,
siderophore biosynthesis, exo/endometabolites among others, that coordinate colonization and plant signaling.
Also, PGPR activate induced systemic resistance (JA/ET pathways) and interact with systemic acquired resistance
to improve immunity. Agronomic applications span biofertilizers, biostimulants, biological control agents,
improving nutrient use efficiency, root architecture, and resilience to abiotic/biotic stress. Nonetheless, field
performance is context dependent, shaped by environmental factors, host genotype, management, competition with
native microbiota, and among others imposing challenges to PGPR use. Thus, a framework including multi-omics,
ecological modeling, and machine learning is needed to predict their functions, design synthetic consortia and tailor
bioinoculants to crops and soils. Embedding PGPR within climate-smart and precision agriculture can reduce inputs,
stabilize yields, and support long-term soil health, advancing sustainable, resilient food systems globally.
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INTRODUCTION consortium that carry beneficial effects

including disease suppression, immune system

Throughout evolution and due to their sessile
nature, plants have had to overcome the
challenges imposed by abiotic and biotic
environmental factors. The latter group,
includes the set of viruses, prokaryotes
(archaea and bacteria) and eukaryotes (fungi,
protists including oomycetes, algae), that
interact with plant surfaces and inner parts,
are collectively known as microbiota
(Tharanath et al, 2024). To survive, these
microorganisms use the carbon compounds
generated by plants (Mesny et al., 2024), and
through  specialized adaptations, they
participate in nutrient absorption, providing
plants with new metabolic capabilities
(Mohamed, 2020).

For plants, these interactions can induce
deleterious (pathogenic relationships),
neutral (commensalism) or positive
(mutualism) effects (Bauer et al., 2020). Thus,
while some microorganisms can be
detrimental or neutral to plant survival, some
others can form a complex microbial

activation, induction of systemic resistance,
increased nutrient absorption, enhanced
tolerance to biotic and abiotic stress, adaptation
to environmental variations, among others
(Singh et al., 2025).

In agroecosystems, these mutualistic
relationships impact on the regulation of
carbon dynamics, greenhouse gases, soil acidity,
the mediation of the cycling of nutrients and the
mitigation of soil erosion and pollutants, and
are associated with improvements in crop yield,
productivity, and efficiency in the use of
resources (Berg et al, 2023). In particular, a
group termed Plant-Growth-Promoting
Rhizobacteria (PGPR) has become of vital
importance to achieving the efficient and
sustainable management of modern farming

systems.
PGPR are being extensively studied to
understand their ecological roles and

agronomical applications as biofertilizers that
improve physiological parameters in the plant.
Most of the research has focused on the analysis
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of the physiological benefits of PGPR or their
application as biofertilizers (Kurt, 2025), often
overlooking how evolutionary processes and
genomic adaptations are related to these
functions. Thus, there is a research gap in our
understanding of how the evolutionary
principles, molecular mechanisms, and
agronomic potential of PGPR are linked in
sustainable agricultural systems. This review
aims to integrate evolutionary, molecular, and
omics-based evidence to explain how PGPR
evolved and diversified as key drivers of plant
adaptation and sustainable crop productivity.
Providing a novel conceptual framework
connecting fundamental microbial evolution
with applied agricultural innovation.

To prepare this review the authors made a
comprehensive literature search using PubMed,
Scopus, and Web of Science databases.
Keywords included “plant growth-promoting
rhizobacteria (PGPR),” “rhizosphere”, “plant-
microbe interactions” “metabolomics”, and
“sustainable agriculture.” Articles published
between 2018 and 2025 in English were
prioritized, focusing on peer-reviewed
research and review papers relevant to PGPR
mechanisms and agricultural applications.

EVOLUTIONARY ADAPTATION OF PGPR

The nature of the molecular principles that
govern the interaction between plants and
PGPR has been developed through years of
evolution. Viruses, bacteria, and archaea
originated approximately 3500 million years
ago (Mya), followed by the appearance of
protists (~1500 Mya), fungi (~1000 Mya),
green plants (~1000 Mya), and terrestrial
plants (~450 Mya). These evolutionary events
established a framework for multiple
interaction networks in which plants serve as
hosts for their microbiomes, forming a
functional entity called the holobiont
(Bettenfeld et al.,, 2022), which combines the
plant and microbiome genomes to form a
hologenome. This entity allows holobionts to
adapt in morphological, developmental,
behavioral, physiological and disease
resistance aspects (Lyu et al., 2021).

In this context, PGPR have coevolved with
their hosts, acquiring different adaptive traits
for root colonization (adhesion, extracellular
polymeric substances EPS/biofilm formation),
chemotaxis toward root exudates, and high-
affinity resource acquisition (iron via
siderophores, nitrogen via biological fixation,
phosphate via solubilization), that have all
been progressively selected within the plant
holobiont (Santoyo et al,, 2021). These traits

enable efficient arrival to the rhizosphere,
stable persistence on or within root tissues, and
rapid metabolic responses to plant-derived
cues, thereby linking microbial evolution to
host performance under fluctuating edaphic
conditions (Mashabela et al, 2022).
Functionally, such adaptations translate into
enhanced nutrient mobilization and hormone
modulation, as well as competitive exclusion
and antagonism against phytopathogens, which
collectively support plant growth and stress
tolerance (Sharma et al, 2025). These
capabilities are conserved and have emerged in
evolution from repeated selection due to the
interaction between different organisms and
have been established within agroecosystems,
consistent with the holobiont/hologenome
framework. Among them, bacteria-bacteria
interactions, include nutritional
interdependence, biofilm formation, quorum
sensing, resource competition, contact-
dependent competition, and secretion of
antimicrobial compounds. Bacteria-micro-
eukaryote interactions, are characterized by
nutritional interdependence, biofilm formation,
fungal displacement, endosymbiosis,
production of wvolatile organic compounds
(VOCs), quorum sensing interception, resource
competition, contact-dependent competition,
and antimicrobial secretion. Micro-eukaryote-

micro-eukaryote interactions encompass
nutritional interdependence, molecular
quorum  sensing, resource competition,
antimicrobial compound secretion, and

predation. Microorganism-plant interactions,
involve plant growth promotion, nutrient
exchange and  solubilization (nitrogen,
phosphate, and carbon), biocontrol activities,
microbial diseases, and competition for
nutrients (Figure 1).

At the same time, the holobiont is affected by
abiotic factors such as soil pH, organic carbon
quality and quantity, nitrogen availability,
temperature, and redox status, which are the
primary determinants of soil microbiota
composition and functioning (Grzyb & Szulc,
2024). In agroecosystems, these environmental
factors are further influenced by agricultural
practices including fertilizer application,
pesticide use, crop genotype, and rotation
systems, which can further modify the
interactions and functional potential of the
rhizospheric microbiota (Meena et al.,, 2020).
The aforementioned practices work as selective
pressures, imparting ecological filters that
determine community structure and drive the
retention of microbial traits to optimize
nutrient acquisition and stress resistance
within the holobiont (Dutta et al., 2022).
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Some adaptative responses have been
reported in soils exposed to nutrient depletion,
salinity, or drought. These include, the
selection of siderophore-producing strains
under iron-limited conditions, which

enhances microbial competitiveness and iron
uptake within the rhizosphere (Deb & Tatung.,
enrichment of 1-
(ACQ)

2024), or the
aminocyclopropane-1-carboxylate
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deaminase-containing bacteria improves the
response to abiotic stress, modulating plant
ethylene levels for improved root elongation
and stress tolerance (Ferreira et al., 2025).
These adaptations reflect the evolutionary and
ecological filtering processes that favor
microbial genotypes with traits conferring both
survival advantages and plant-beneficial effects.
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Fig. 1. Evolutionary timeline of the development of biological organisms and the emergence of interactions
between them. Adapted with permission from Hassani et al. (2018). Licensed under the Creative
Commons Attribution (CC BY) license. Created with BioRender.com.

Indeed, in agroecosystems, the interactions
among multiple organisms generate a complex
and dynamic network that is continually
influenced by fluctuating environmental
conditions including soil management, leading
to modifications in the gene expression of both
plants and their associated microbiota to
produce specific adaptive traits (Du et al,
2025). These interaction networks underpin
key processes such as induced systemic
resistance, nutrient mobilization, and
competitive exclusion, which are
characteristic of the functional role of PGPR
within the rhizosphere. Through these
mechanisms, PGPR contribute to maintaining
ecosystem stability and enhancing plant
performance under biotic and abiotic stress
conditions (Palermo et al., 2025; Al-Turki et al,,
2023.

Currently, near 50,000 species are regarded as
part of the plant microbiota, although this
number might be underestimated because a
large proportion of microorganisms cannot be
isolated or cultured using conventional

techniques (Seabloom et al, 2023). To
overcome this limitation, several techniques,
including shotgun metagenomics and the
reconstruction of metagenome-assembled
genomes (MAGs) allow the discovery of PGPR
taxonomic diversity, the understanding of
community composition and their relation with
functional attributes such as nutrient cycling,
phytohormone biosynthesis, and secondary
metabolite production relevant to rhizospheric
bacteria (Kifle et al., 2024).

Moreover, functional gene annotation and
comparative genomics from MAGs have
uncovered the presence of key PGPR-associated
genes such as ACC deaminase, the nitrogenase
enzyme complex for nitrogen fixation, and
siderophore biosynthetic clusters. These
findings highlight the evolutionary
conservation and ecological significance of
these traits across diverse plant-associated taxa
(Al-Turki et al, 2023). Moreover, they
demonstrate how genomic technologies are
deepening our understanding of PGPR
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evolution, adaptation, and their potential for
sustainable crop management.

MOLECULAR MECHANISMS OF PGPR
FUNCTION

The establishment of PGPR symbiosis involves
a multistage signaling and recognition process
mediated by specific chemical, genetic,
metabolic and cellular interactions that play
critical roles in shaping microbial
communities and their interactions with
plants (Figure 2) (Fan & Smith, 2021). Physical
and ecological interactions, include biomass
turnover driven by predation (e.g,
bacteriophage infection of  bacteria);
encapsulation via lipopolysaccharides (LPS),
which facilitates adhesion and protection;
competitive exclusion for shared substrates,

Cynthia Ramos, Cecilia Bardales-Vasquez, Percy Asmat and Manuel Hidalgo

competition. On the other hand, Molecular-level
interactions include syntrophic interactions,
where distinct microbial species share and
exchange metabolic intermediates (S1, S2, S3),
including directional or commensal nutrient
flow; quorum sensing mediated by signaling
molecules, coordinating microbial behavior
such as biofilm formation or secondary
metabolite production; production of
antimicrobial compounds that regulate
population balance; division of labor among
microbial consortia, optimizing substrate use
and metabolic efficiency. These interactions are
actively being studied through a multi-omics

perspective, integrating genomics,
transcriptomics, proteomics, and metabolomics
to analyze and elucidate the complex

mechanisms by which PGPR influence plant
growth and development (Sahil et al., 2025).
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Fig. 2. Microorganism-microorganism interactions and their molecular mechanisms in soil ecosystems.
Adapted with permission from Jansson & Hofmockel (2018). Licensed under the Creative Commons
Attribution (CC BY) license. Created with BioRender.com. LPS: lipopolysaccharides, S1, S2, S3:

exchange metabolic intermediates.

Plants actively exudate signaling molecules
including flavonoids, sugars, and
phytohormones, which act as chemotactic
signals and transcriptional modulators of
bacterial traits. These compounds are
recognized by bacterial sensor systems. Gram-
negative PGPR employ LuxI/LuxR-type
quorum-sensing circuits (Soto-Aceves et al,,
2023), whereas Gram-positive PGPR use

peptide pheromones and two-component
regulators to synchronize gene expression for
chemotaxis, extracellular polymeric substances
(EPS) secretion, and exoenzyme production
(Chen et al, 2024). In response to plant
exudates, PGPRs synthesize specific signaling
molecules that serve as molecular signatures of
the symbiotic bacterium, and as these
communication process intensifies, signals
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such as acyl homoserine lactones (AHLs),
volatile organic compounds (VOCs), and cyclic
lipopeptides coordinate biofilm formation and
secondary-metabolite production (Sibanyoni
et al, 2025). Specific VOCs including 2,3-
butanediol and acetoin can prime plant
defenses, while lipopeptides (e.g., surfactin,
fengycin, iturin) facilitate swarming, root
attachment, and pathogen membrane
disruption (Badri et al., 2025). In later stages,
signal turnover is tempered by quorum-
quenching enzymes (AHL
lactonases/acylases), which help stabilize
community structure (Jacobson et al,, 2025).
The changes also include a genetic regulation,
with the participation of severala loci,
including nonribosomal peptide synthetase
(NRPS) and polyketide synthase (PKS)
clusters, quorum-sensing genes, and
siderophore biosynthetic genes that can be
detected in shotgun metagenomes and
metagenome-assembled genomes, linking
community membership to function.
Collectively, this signaling architecture
governs colonization hierarchies, cooperative
metabolic handoffs, and competitive exclusion,
thereby shaping rhizosphere assembly and
plant fitness (Imchen et al,, 2022; Zhou et al,,
2021). These processes are further affected by
soil type, plant compartment, genotype,
immune system, and stage of development
(Hanif et al.,, 2024). Thus, in agroecosystems,
individual species establish specific
interrelationships that sustain the trophic
network comprising thousands of interacting
taxa (Copeland et al., 2025).

Plant Growth-Promoting Rhizobacteria
(PGPR)

The rhizosphere, the soil region surrounding
roots, is strongly influenced by the root system
and is enriched in organic compounds
released through exudation, secretion, and
rhizodeposition, which provide carbon and
energy for rhizobacteria (Santoyo et al,, 2021;
Upadhyay et al, 2023). Some act as
decomposers of residual agents and
agricultural waste, whereas others positively
influence plant growth and development and
are termed plant growth-promoting
rhizobacteria (PGPR) (Azizoglu et al.,, 2021).
At this interface, three mechanisms including
chemotaxis toward exudates, adhesion via
EPS/LPS, and coordinated biofilm formation
enable effective and stable root colonization
(Igbal et al., 2024). Recent imaging studies
with fluorescently tagged PGPR highlight
enhanced colonization efficiency linked to

these mechanisms and show that biofilm matrix
components contribute to root surface
attachment and microbial aggregation (Lazarus
& Easwaran, 2024)

PGPR promote plant growth directly or
indirectly and are commonly grouped into
biofertilizers, biostimulants, biopesticides, and
biological control agents, as well as modulators
of tolerance to biotic and abiotic stress (Zhang
et al.,, 2025). On the direct side, they improve
nutrient availability through atmospheric
nitrogen fixation, production of iron-chelating
siderophores, mineralization of organic matter,
phosphate solubilization, and production of
plant growth hormones and stress regulators
such as 1-aminocyclopropane-1-carboxylate
(ACC) deaminase, the nitrogenase enzyme
complex (nifHDK), and biosynthetic clusters for
siderophores and organic acids (Gamalero et al.,,
2023). These interrelationships may be
restricted to the rhizosphere—colonizing the
rhizosphere, rhizoplane, surface intercellular
spaces, or dead layers of root cells—or may be
endophytic, occupying the apoplastic space
with or without specialized structures such as
nodules (Yusuf et al, 2025). Therefore,
classification schemes distinguish extracellular
PGPR (e-PGPR), limited to the rhizoplane, from
intracellular PGPR (i-PGPR), which colonize
spaces between cortical cells or form nodules.
The colonization begins when bacteria are
directed to root entry routes such as lateral root
emergence sites and wounds, with EPS-
mediated adhesion facilitating persistence in
these niches (Igbal et al., 2024).

Rhizosphere Interactions and Metabolomics
Potential

Our understanding of the plant-plant and
plant-microorganism interactions has
advanced considerably in recent years,
revealing that they are mediated by a wide
array of chemical compounds that regulate
physiological processes between above- and
below-ground tissues. Nonetheless, the precise
nature of this molecular communication is still
being elucidated through metabolomics
approaches that focus on the characterization
of exometabolites and endometabolites to
determine their roles in specific biochemical
interactions (Yusuf et al,, 2025). More recently,
analytical platforms such as LC-MS/MS, GC-MS,
NMR, and MALDI-TOF have enabled the
detection of phytohormones (e.g., [AA), volatile
organic compounds (VOCs), cyclic lipopeptides,
and other metabolites that influence root
architecture, defense signaling, and ultimately,
the identification and classification of PGPR.
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These metabolomic tools have also facilitated
the development of strategies for sustainable
crop production, including the induction of
systemic resistance against foliar pathogens
(Mhlongo et al, 2020), reinforcement of
structural barriers against pathogen entry and
herbivory, and the activation of immune
responses mediated by microbe- or pathogen-
associated molecular patterns (MAMPs).

Information derived from these metabolomic
analyses  further clarify how  plants
differentiate between microorganisms,
triggering distinct physiological outcomes.
Depending on the molecular signals perceived,
microorganisms may be recognized as non-

resulting in successful symbiotic interactions.
Non-pathogenic microorganisms do not affect
preformed plant barriers. Pathogenic
microorganisms are able to penetrate
preformed barriers, inducing responses of
susceptibility and disease, or tolerance and
resistance. Beneficial microorganisms also
cross the preformed plant barriers, but do not
trigger induced barriers, causing a beneficial
response in the plant (Figure 3) (Pang et al.,,
2021). At the physiological level, these
outcomes are orchestrated through complex
changes in metabolite composition and the
coordinated regulation of signaling molecules
such as salicylic acid (SA), jasmonic acid (JA),
and ethylene (ET) (Verma et al., 2024).

pathogenic, pathogenic, or beneficial,
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Induced defense defenses
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Fig. 3. Plant-microorganism interactions in relation to plant defenses. Adapted with permission from Mhlongo
et al. (2018). Licensed under the Creative Commons Attribution (CC BY) license. Created with

Biorender.com.

Indeed, PGPR enhance plant defense by
activating Induced Systemic Resistance (ISR),
which is typically mediated through JA and ET
signaling pathways, which coordinate defense
responses against necrotrophic pathogens and
certain herbivores. ISR does not rely on the
accumulation of pathogenesis-related (PR)
proteins but instead prepares the plant for a
faster and stronger activation of defense
mechanisms upon subsequent pathogen
attack (Mazuecos-Aguilera et al, 2025). In
contrast, Systemic Acquired Resistance (SAR)
is wusually triggered following a localized
infection by a pathogen and is primarily
mediated by the salicylic acid (SA) pathway.
SAR is characterized by the systemic

expression of PR genes, accumulation of SA, and
long-lasting protection against a broad
spectrum of biotrophic and hemibiotrophic
pathogens (Zhao et al,, 2024). Although ISR and
SAR are governed by distinct hormonal
pathways, cross-talk between JA/ET and SA
signaling enables plants to fine-tune their
immune responses according to the nature of
the threat and environmental context.
Consequently, beneficial PGPR act not only as
growth promoters but also as key modulators of
the plant immune system, contributing to
sustainable protection in agroecosystems.

The microorganisms composing the plant
microbiome are being studied through different
-omics perspectives, and the information
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derived from their genomes shows genetic
mechanisms involved in plant growth
promotion, including ACC deaminase, auxins,
pyoverdine, and rhamnolipids which are
important in hormone modulation, iron
acquisition, and biosurfactant-aided
colonization, illustrating how genomic traits
underpin PGPR function in hosts. Among
rhizobacteria, the family Rhizobiaceae has
long been of special interest for its role in
symbiotic nitrogen fixation, primarily with
members of the Fabaceae, where nodules are
established. Through phenotypic, biochemical,
physiological, and genetic characterizations,
the original genus Rhizobium has been divided
into several genera including Allorhizobium,
Azorhizobium, Bradyrhizobium,
Mesorhizobium, Rhizobium, and Sinorhizobium
and others that are now regarded as PGPR
(Koskey et al., 2018).

In the case of legumes, the symbiotic
establishment is governed by nodulation
(nodABC) and nitrogen-fixation (nifHDK)
genes, which coordinate host recognition,
nodule organogenesis, and nitrogenase
complex expression. The nod genes are
primarily responsible for the synthesis of
lipochitooligosaccharide Nod factors, which
mediate host recognition and trigger early
plant responses such as root hair curling,
cortical cell division, and the initiation of
nodule organogenesis. Once nodules are
formed, the nif genes, together with associated
fix genes, encode the components of the
nitrogenase complex responsible for
biological nitrogen fixation (BNF), converting
atmospheric nitrogen (Nz) into ammonia that
can be assimilated by the plant (Paulitsch et al,,
2020). Thus, through this molecular
coordination, the symbiosis generates benefits
for both organisms, the plant receives
biologically available nitrogen, while the
bacterium gains access to carbon sources from
the host.

Understanding the structure, regulation, and
expression of nod and nif gene clusters has

been fundamental to improving legume
productivity and is currently inspiring
biotechnological approaches to transfer

nitrogen-fixing capabilities to non-leguminous
crops, expanding the potential applications of
PGPR in sustainable agriculture (Han et al,
2023). By knowing these mechanisms,
scientists will have more information to adapt
new biotechnological tools that further
improve the application of PGPR and could
enable the rational design of PGPR strains with
enhanced functionality (Argentel-Martinez et
al., 2024). Hence, genome editing tools such as

CRISPR-Cas systems allow precise modification
of genes involved in nitrogen fixation,
phytohormone biosynthesis, and stress
adaptation, while synthetic biology could
facilitate the construction of regulatory
modules and metabolic pathways that optimize
biosurfactant, siderophore, and volatile
compound production (Singh and Ramakrishna,
2021). These improvements, have the potential
to generate strains with the ability to modulate
quorum sensing, improve root colonization,
and deliver stress-alleviating molecules,
contributing to greater resilience under
adverse environmental conditions. Together,
these strategies represent a transition from
natural strain selection toward programmable
bioinoculants tailored for sustainable and
climate-resilient agriculture.

AGRONOMIC POTENTIAL AND
SUSTAINABILITY

As detailed in the previous section, the PGPR
effects include nitrogen fixation, phosphorus
solubilization, phytohormone modulation, and
induced systemic resistance, which collectively
enhance plant performance. In the plant, these
mechanisms improve nutrient use efficiency,
stimulate plant growth, and strengthen
tolerance to abiotic and biotic stresses, which
significantly increase crop yield and soil fertility
under both conventional and stress-prone
conditions (Ehinmitan et al,, 2024). When PGPR
are established, their effects become
permanent and contribute to sustainable
farming systems balancing productivity,
ecosystem health, and resource conservation.
Thus, these mechanisms make PGPR crucial
biofertilizers and biocontrol agents in precision
and sustainable agriculture, reducing the need
for synthetic fertilizers and pesticides while
boosting plant productivity and resilience
(Alzate et al., 2024). As a consequence, they
reduce dependence on synthetic inputs,
improving in soil health and efficiency in the
use of resources. However, PGPR effects are also
subjected to interactions with biotic factors
such as nematodes, fungi, bacteria, and
herbivorous arthropods, that are associated to
the rhizosphere and under selective pressure
from the plant (Park et al., 2023).

At the same time, PGPR function is subjected to
plant genotypes with traits that directly or
indirectly influence the composition, activity, or
structure of the associated microbiome (Zhao et
al,, 2025). These microorganisms promote

plant growth through direct
(biofertilizer/biostimulant) and indirect
(biocontrol/stress tolerance) pathways.
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Biofertilizers promote biological nitrogen
fixation and phosphorus solubilization.
Phytostimulators increase the production of
phytohormones, including auxins, cytokinins,
and gibberellins. Biopesticide and biological
control agents induce systemic resistance,
production of cellulolytic enzymes,
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Fig. 4. Main functional traits of plant growth-promoting rhizobacteria (PGPR), grouped into four areas:
biofertilizers, phytostimulators, biocontrol agents and stress tolerance enhancers. Nif: nitrogen
fixation genes, Fix: nitrogen fixation regulatory genes, IAA: indole-3-acetic acid, GA: gibberellins, CK:
cytokinins, ACC: 1-aminocyclopropane-1-carboxylic acid, ACC deaminase: enzyme that degrades ACC,
VOC: volatile organic compounds, ISR: induced systemic resistance, SAR: systemic acquired resistance,
2,4-DAPG: 2,4-diacetylphloroglucinol, HCN: hydrogen cyanide, ROS: reactive oxygen species, SOD:
superoxide dismutase, CAT: catalase, POD: peroxidase, EPS: exopolysaccharides, APase: acid or

alkaline phosphatase.

Direct effects improve the plant’s internal
status via Dbiological nitrogen fixation,
phosphate solubilization, mineralization of
organic matter, siderophore-mediated iron
acquisition, and production of growth
regulators and ACC deaminase that modulate
ethylene (Gamalero et al., 2023). In practice,
there is numerous evidence that PGPR
enhance root system architecture by
promoting lateral root formation and root hair
development, which increases the root surface
area available for absorption. As a result,
plants exhibit improved uptake of essential
nutrients such as nitrogen, phosphorus, and

iron, along with better water acquisition and
retention under wvariable environmental
conditions. Collectively, these effects translate
into greater resource-use efficiency, enabling
plants to achieve higher productivity with
reduced input requirements (Lee et al., 2025).

On the other hand, biopesticides and biological
control agents act indirectly by modifying the
rhizosphere environment—Ilimiting pathogens
through niche exclusion, hydrolyzing harmful
molecules, producing enzymes targeting fungal
cell walls, synthesizing hydrogen cyanide (HCN),
and promoting beneficial symbioses with
rhizobacteria and/or mycorrhizae; they also
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contribute to insect or pathogen control
(Chauhan et al.,, 2015; Santoyo et al,, 2021).
These indirect effects are consistent with the
activation of Induced Systemic Resistance
(ISR), inducing the immune system without
causing disease symptoms (Mazuecos-
Aguilera et al., 2025). Through ISR, plants
respond more rapidly and effectively to
subsequent pathogen attacks, resulting in
lower pathogen pressure across the crop cycle.
Consequently, these mechanisms contribute to
reduced dependence on chemical pesticides in
well-managed systems, promoting safer and
more sustainable agricultural practices.

PGPR can impact productivity continuously
because most of their life cycle remains
associated with the rhizosphere (Helal et al,,
2022). Consequently, several commercial
PGPR products are available, including strains
of Agrobacterium, Azospirillum, Azotobacter,
Bacillus, Burkholderia, Delftia, Paenibacillus
macerans, Pantoea agglomerans,
Pseudomonas, Serratia, Rhizobium,
Bradyrhizobium, and mycorrhizae (Alzate et
al, 2024). They are present in common
formulations including peat-based inoculants,
liquid suspensions, and polymer-encapsulated
carriers, each designed to maintain microbial
viability and facilitate application to seeds, soil,
or nutrient solutions. However, due to the
biological nature of this relationship, the field
performance of these bioinoculants can vary
significantly depending on soil
physicochemical properties, climatic
conditions, crop genotype, and agronomic
management (Fadiji et al.,, 2024). Therefore,
local validation and adaptation are essential to
ensure consistency, efficacy, and compatibility
within specific agricultural systems.

Other applications of PGPR use include:
improved heavy-metal removal and growth of
Agrostis capillaris with phytoremediation
potential (Robas et al., 2021); IAA production,
phosphorus solubilization, siderophore
production, and antifungal activity by Bacillus
spp. in wheat (Triticum aestivum), maize (Zea
mays) and peanut (Arachis hypogaea) (Zhang
et al,, 2025) intercropping systems; enhanced
oil removal of soils cultivated with Festuca
arundinacea with the presence of a bacterial
community composed by a proteobacteria and
bacteroides consortium (Lee et al, 2022); P
solubilization/mobilization by Bacillus cereus
in soybean greenhouse cultivation,
significantly improving nodulation and
nitrogen fixation rate (Joshi et al., 2023); zinc-
solubilization by PGPR such as Priestia
megaterium, Staphylococcus succinus, and
Bacillus cereus participate in nutrient

acquisition, enhancement of growth, yield, and
oil content of canola (Jalal-Ud-Din et al., 2024).
Also, the use of Pseudomonas strains as
inoculants for biocontrol, fertilization, and
phytostimulation has also been investigated
and has become an alternative to reduce
pesticide and fertilizer inputs in peanut
(Bigatton et al., 2024);

In the rhizosphere of Curcuma longa, diverse
strains of Bacillus, Burkholderia thailandensis,
Agrobacterium tumefaciens, Klebsiella,
Pseudomonas, and Azotobacter have been
evaluated, demonstrating growth-promoting
activity, salt tolerance, antibiotic sensitivity, and
antimicrobial properties (Khan et al., 2023).
These cases highlight that environmental and
management context including soil salinity,
contaminant levels, and cultivation conditions
strongly influences the extent and consistency
of plant responses to PGPR inoculation. Thus,
variations in these factors can alter microbial
survival, root colonization, and metabolite
activity, ultimately shaping the magnitude of
agronomic benefits observed under different
production systems.

The agricultural potential of PGPR is related to
the indirect regulation of physiological
processes via nutritional balance and hormone
modulation, increasing growth-regulator
production and nutrient solubilization (Berg et
al,, 2023). Of particular interest is the flowering
process, which is controlled by an
evolutionarily conserved genetic network with
direct consequences for crop productivity
(Hidalgo et al., 2022). Besides, PGPR-mediated
modulation of hormonal signaling involving
auxin and ethylene, can influence key
developmental stages such as flowering, fruit
initiation, and maturation (Sharma et al., 2025).
By adjusting hormone balance, PGPR may
accelerate or delay these processes, leading to
measurable effects on yield components like
grain number, fruit set, or biomass
accumulation, with outcomes that vary
according to the crop species and growth
conditions.

PGPR also display synergistic and antagonistic
interactions with other microorganisms, which
is critical for sustainable agriculture (Singh et
al.,, 2023). They can induce resistance against
pathogens or associate with other beneficial
organisms. A notable synergy occurs with
mycorrhizae, fungal organisms that enhance P
and other nutrient uptake with substantial
effects on plant growth and development
(Hidalgo et al., 2024). Indeed, coinoculation of
mycorrhizae with PGPR such as Rhizobium can
increase plant productivity and improve food
quality (Hidalgo Rodriguez et al,, 2019). These
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findings support the development of synthetic
microbial consortia combining PGPR,
arbuscular mycorrhizal fungi (AMF), and
complementary bacterial species to enhance
plant growth and resilience. Such multispecies
inoculants can provide synergistic benefits,
improving nutrient acquisition, stress
tolerance, and disease suppression, while
increasing the stability and consistency of
performance across variable environmental
and soil conditions (Zeng et al., 2025).

Moreover, embedding Plant Growth-
Promoting Rhizobacteria (PGPR) within
climate-smart and precision agriculture

frameworks offers a synergistic strategy to
enhance productivity while minimizing
environmental impact (Zhang et al., 2025). By
integrating PGPR inoculants with data-driven
irrigation, nutrient management, and soil
monitoring systems, farmers can reduce
reliance on chemical fertilizers and pesticides,
stabilize yields under wvariable climatic
conditions, and improve soil structure and
fertility over time (Khawula et al., 2025). This
alignment not only promotes resource
efficiency and carbon sequestration, but also
contributes to the resilience of
agroecosystems, advancing the transition
toward sustainable and climate-adaptive
global food systems (Grover et al,, 2021).

Despite the extensive evidence supporting the
beneficial effects of PGPR, several knowledge
gaps and methodological limitations remain.
One of the most common problems are the
inconsistencies observed among laboratory or
greenhouse results and field-scale outcomes,
largely due to uncontrolled environmental
variables, soil heterogeneity, and plant
genotype differences. Also, many studies rely
on single-strain inoculants or simplified
conditions that do not fully represent the
complexity of the rhizosphere microbiome,
leading to limited reproducibility and variable
efficacy under real agricultural settings.
Another limitation is the dependence of PGPR
performance on environmental factors such as
soil physicochemical properties, nutrient
availability, and competition with native
microbial communities, which may
outcompete introduced strains. Moreover,
large-scale commercialization is constrained
by challenges in strain formulation stability,
shelf life, and delivery methods, as well as by
the absence of harmonized biosafety and
regulatory frameworks for microbial
biofertilizers. Addressing these limitations
through multi-omics-guided field validation,
ecological modeling, and standardized
biosafety guidelines is essential to fill the gap

between experimental research and the
sustainable agricultural implementation

CONCLUSIONS

Plant Growth-Promoting Rhizobacteria (PGPR)
utilization represents a promising and
sustainable alternative to improve agricultural
productivity while reducing dependence on
chemical fertilizers and pesticides. The
evidence reviewed highlights their ability to
enhance plant growth, nutrient acquisition, and
stress tolerance through direct mechanisms
such as nitrogen fixation, phosphate
solubilization, and phytohormone modulation,
as well as indirect mechanisms that include
induced systemic resistance, antioxidant
regulation, and pathogen  suppression;
providing ecological benefits to processes such
as soil aggregation, nutrient cycling, and
phytoremediation, long-term soil health
support and ecosystem restoration.

Despite these benefits, field-scale applications
remain inconsistent due to environmental
variability, soil physicochemical constraints, and
competition with native microbiota. Successful
PGPR implementation requires selecting
context-adapted strains, improving formulation
stability, and developing delivery systems suited
to local agroecosystems. Thus, integrating multi-
omics and machine learning approaches will be
essential to predict PGPR functions, identify
metabolic signatures linked to plant-microbe
communication, and design synthetic microbial
consortia tailored to specific crops or soil
conditions. Furthermore, embedding PGPR
technologies within climate-smart and precision
agriculture frameworks can enhance resilience
to drought, salinity, and heat stress.

Finally, the growing commercialization of
PGPR-based bioinoculants highlights the need
for clear regulatory guidelines to ensure
biosafety, quality control, and efficacy under
diverse field conditions. Continued
interdisciplinary research, combined with
policy support and technology transfer to
farmers, will be key to translating PGPR
potential into practical solutions that promote
climate-resilient, productive, and sustainable
agriculture that provides food security.
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