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Abstract

The increasing demand for food driven by population growth, together with climate change,
environmental degradation, and the excessive dependence of modern agriculture on syn-
thetic fertilizers and pesticides, has intensified the search for sustainable strategies capable
of maintaining crop productivity while reducing environmental impacts. Beneficial inter-
actions between plants, arbuscular mycorrhizal fungi (AMF), and rhizobacteria (RHZb)
represent one of the most successful evolutionary adaptations of terrestrial plants and have
emerged as fundamental components of climate-smart and sustainable agriculture. Here,
we comprehensively review the evolutionary origin of these interactions, the molecular
and physiological mechanisms underlying plant recruitment, recognition, and establish-
ment of symbiotic and associative relationships, as well as the structural adaptations that
support nutrient exchange between partners. Particular emphasis is given to the comple-
mentary roles of AMF and RHZb in improving nutrient acquisition, reprogramming plant
phytohormone networks, and enhancing tolerance to biotic and abiotic stresses through co-
ordinated physiological, biochemical, and molecular responses. Finally, recent case studies
are discussed to demonstrate how these microorganisms contribute to reducing fertilizer
inputs, increasing crop productivity, improving stress resilience, and supporting ecological
restoration under diverse agricultural systems. Collectively, the evidence highlights that
integrating AMF and RHZb into crop management offers a robust biological strategy to
enhance resource-use efficiency and agricultural resilience, providing a solid scientific
foundation for the development of next-generation bioinoculants and more sustainable
food production systems.
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1. Introduction
Microorganisms are indispensable components of terrestrial ecosystems and play a

central role in maintaining environmental balance. Soil harbors an extraordinary level of
biological diversity, containing up to 109 microbial cells and thousands of species within
a single gram, making it one of the most complex and biodiverse habitats on Earth [1–3].
These microorganisms actively contribute to a wide range of ecosystem services, including
nutrient cycling [4,5], organic matter decomposition [6,7], soil structure formation and
stabilization [8,9], and the promotion of plant growth [10,11].

Particularly in agricultural systems, the integration of microbial processes with soil
health is essential for sustaining plant growth and productivity. According to projections by
the OECD/FAO [12], the global population is expected to reach approximately 8.5 billion by
2030. Furthermore, van Dijk [13] estimated that global food demand may increase by 35%
to 56% between 2010 and 2050. Consequently, economically viable and environmentally
sustainable agricultural production systems must be increasingly adopted, especially
considering that many agricultural inputs, such as mineral fertilizers, are derived from finite
and non-renewable natural resources. The continued dependence on these resources poses
a significant challenge to the long-term sustainability of agricultural production [14,15].

Plant growth-promoting microorganisms represent a promising strategy for re-
ducing reliance on synthetic fertilizers, as they enhance the acquisition, mobilization,
and/or biosynthesis of nutrients available in the environment that are essential for plant
development [16,17]. Among these beneficial microorganisms, two groups have received
particular attention: arbuscular mycorrhizal fungi (AMF) and plant growth-promoting
rhizobacteria (RHZb). AMF establish symbiotic associations with the roots of most terres-
trial plants, substantially enhancing nutrient uptake, particularly phosphorus, while also
improving water acquisition and increasing tolerance to abiotic stresses [18]. In contrast,
RHZb promote plant development through multiple mechanisms, including biological ni-
trogen fixation, nutrient solubilization, and phytohormone production, thereby enhancing
plant growth and productivity. Moreover, the synergistic interaction between AMF and
RHZb can further improve soil fertility and nutrient use efficiency, resulting in significant
gains in crop performance [19,20].

Although the individual mechanisms underlying the beneficial effects of arbuscu-
lar mycorrhizal fungi and plant growth-promoting rhizobacteria have been extensively
investigated, these interactions are still predominantly examined independently in the
literature. Relatively few studies integrate the evolutionary, ecological, molecular, and
physiological dimensions of these associations, linking microbial recruitment, symbiosis
establishment, plant growth-promotion mechanisms, and their application in sustainable
agriculture. This fragmented perspective limits a comprehensive understanding of how
these microorganisms function cooperatively to optimize plant performance under diverse
environmental conditions.

Accordingly, this review synthesizes the current knowledge on the interactions be-
tween agriculturally important plants, AMF and RHZb. Specifically, it discusses the
evolutionary and ecological foundations of these associations, highlights representative
case studies illustrating the benefits conferred by these microorganisms to plants, and
examines their contribution to the development of more sustainable agricultural systems.

2. Origin and Evolution of Symbiotic Associations
2.1. Evolutionary History of Plant–AMF Symbioses

Plant–microorganism interactions are among the oldest and most influential ecological
associations in the history of life on Earth and played a pivotal role in the colonization
of terrestrial environments. However, even before plants established themselves on land,
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aquatic ecosystems already harbored mycorrhiza-like symbiotic associations between
plants and fungi dating back to the Cryogenian period (720–635 Ma), coinciding with the
earliest evidence of terrestrial fungal colonization [21]. Thus, the origins of these ecological
interactions reflect a continuous evolutionary specialization that has been fundamental to
the coevolution of plants and fungi.

By the Devonian period, approximately 407 Ma, fungi belonging to the subphyla
Glomeromycotina and Mucoromycotina had established associations with ancestral land
plants of the genera Horneophyton and Aglaophyton preserved in the Rhynie Chert sedimen-
tary deposit (Scotland), forming rooting structures morphologically comparable to those of
extant arbuscular mycorrhizas [22–25].

Evidence also indicates that fungi established mutualistic relationships with other
photosynthetic organisms, with the only confirmed example being Geosiphon pyriformis,
which forms an endosymbiotic association with cyanobacteria of the genus Nostoc [26,27].
However, the ancestral nature of this endosymbiosis remains controversial. According
to Malar et al. [28], the association between Geosiphon and cyanobacteria may represent
an ancestral state within Glomeromycotina, based on its apparently basal phylogenetic
position, its resemblance to primitive symbiotic systems, and interpretations derived from
early fossil and genomic evidence. In contrast, more recent studies by Nelsen et al. [29],
integrating phylogenetic evidence, ancestral-state reconstruction, temporal analyses, and
comparative genomics, indicate that this fungus is nested within Glomeromycotina. These
findings make it unlikely that Geosiphon represents a direct remnant of a primordial symbio-
sis predating arbuscular mycorrhizas. Instead, the authors propose that this endosymbiosis
originated much later, possibly between the Mesozoic and Cenozoic eras rather than dur-
ing the Paleozoic, representing a relatively recent evolutionary innovation rather than an
ancestral symbiotic stage involved in the early colonization of terrestrial environments.

Although these findings argue against the interpretation of the extant Geosiphon–
Nostoc endosymbiosis as a direct remnant of a primordial association, they do not exclude
the possibility of much older evolutionary interactions between Glomeromycotina and
cyanobacteria. In this context, genomic and transcriptomic analyses of Rhizophagus irregu-
laris (reported by Lee et al. [30]) and other representatives of Glomeromycotina revealed
evidence of horizontal gene transfer (HGT) from autotrophic cyanobacteria. Among the
acquired genes are those encoding a class I ribonuclease III, an enzyme of prokaryotic origin
that, until then, had not been identified in eukaryotic organisms. Proteins belonging to the
ribonuclease III family are involved in small RNA regulation and act together with other
core components of the RNA interference machinery, such as Argonaute/Piwi and RNA-
dependent RNA polymerase. The conservation of at least one of these HGT events across
different species of arbuscular mycorrhizal fungi indicates that the acquisition occurred,
at the latest, before the divergence of Diversisporales and Glomerales. Therefore, the
apparently more recent origin of the extant Geosiphon–Nostoc endosymbiosis and the much
older HGT signal are not necessarily contradictory, but rather may reflect distinct stages in
the evolutionary history of interactions between cyanobacteria and Glomeromycotina.

Nevertheless, there is broad consensus that the mutualistic association between
plants and fungi based on the exchange of photosynthetically derived carbon for soil-
derived nutrients was one of the key drivers of plant expansion across terrestrial environ-
ments. During the Carboniferous period (359–299 Ma), arbuscular mycorrhiza-like associ-
ations became established in diverse plant lineages, including cordaites, seed ferns, and
lycophytes [22,31–33]. Subsequently, AMF likely contributed to the expansion of
gymnosperm-dominated forests during the early Triassic through associations with conifers
and cycads [22,34,35]. Later, during the Cretaceous, AMF also played an important role in
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the ecological succession of terrestrial vegetation by colonizing basal angiosperms as well
as early monocots and eudicots [22,36–39].

Currently, AMF symbioses are estimated to occur in approximately 80–90% of all
terrestrial plant species, making them the most widespread plant–microorganism interac-
tion in terrestrial ecosystems [40,41]. The remarkable evolutionary conservation of these
associations suggests that AMF played a fundamental role in the adaptive success of plants
during their colonization and diversification across heterogeneous terrestrial environments.
The functional plasticity of these symbioses enabled plants to establish and thrive under a
wide range of edaphic and climatic conditions, including oligotrophic environments, arid
regions, highly weathered soils, and ecosystems exposed to multiple abiotic stresses [42,43].

2.2. Evolutionary History of Plant–RHZb Symbioses

The evolutionary history of plant–RHZb interactions has not been investigated as
extensively as the evolutionary relationships between plants and mycorrhizal fungi. Never-
theless, it is reasonable to assume that, following the emergence of the first microorganisms
approximately 3.5 billion years ago [44,45], several fundamental metabolic processes, in-
cluding biological nitrogen fixation, phosphate solubilization, siderophore production,
phytohormone biosynthesis, and biofilm formation, initially evolved as microbial adapta-
tions for nutrient acquisition, competition, and survival in primitive environments.

According to Boyd and Peters [46] biological nitrogen fixation, one of the most essential
processes supporting plant growth and development, is considered one of the oldest
metabolic innovations on Earth, having likely originated approximately 3.5 billion years ago
in response to the progressive depletion of bioavailable nitrogen in early ecosystems [47,48].
As abiotic sources of fixed nitrogen became insufficient to sustain the expansion of microbial
biomass, the evolution of nitrogenase enabled microorganisms to utilize atmospheric N2 as
a nitrogen source [49]. Only hundreds of millions of years later, following the emergence
and colonization of terrestrial environments by plants, these microbial growth-promoting
mechanisms were progressively recruited and refined through evolution, ultimately giving
rise to the complex mutualistic associations currently observed between plants and plant
growth-promoting rhizobacteria.

Within this evolutionary framework, the emergence of cyanobacteria approximately
2.7 Ga ago and the evolution of oxygenic photosynthesis led to the gradual accumula-
tion of atmospheric oxygen, culminating in the Great Oxidation Event (approximately
2.4–2.1 Ga) [50,51]. Rising atmospheric O2 concentrations enabled the formation of the ozone
layer, which absorbed a substantial proportion of incoming ultraviolet radiation and con-
tributed to the set of environmental conditions that made terrestrial colonization possible [52].
According to Kasting and Catling [53], before the Great Oxidation Event, when the ozone
layer had not yet formed, additional ultraviolet radiation within the 200–300 nm (UV-C)
wavelength range would have exerted lethal effects on living organisms.

Following the colonization of terrestrial environments, plant–bacterial associations
became increasingly intimate and diversified. The earliest direct evidence of bacterial endo-
phytism dates to approximately 407–400 Ma, when filamentous cyanobacteria colonized
the internal tissues of the early land plant Aglaophyton major, entering through stomata and
occupying substomatal chambers and intercellular spaces of the outer cortex [54]. Much
later, with the diversification of angiosperms and the emergence of lineages predisposed
to nodulation, plant–bacterial coevolution gave rise to specialized root nodule symbioses.
In these associations, plants provide a highly regulated microenvironment within root
nodules, enabling rhizobia and the actinobacterium Frankia to efficiently perform biological
nitrogen fixation and directly supply fixed nitrogen to their hosts [55].
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Root nodule symbiosis represents an evolutionary innovation restricted to a lineage of
angiosperms belonging to the Nitrogen-Fixing Nodulation (NFN) clade, which originated
during the early Cretaceous approximately 100 million years ago [56,57]. Phylogenetic evi-
dence indicates that all extant nodulating plants descend from a common ancestor possess-
ing a genetic predisposition for nodulation. However, the subsequent evolution of this trait
remains debated. One hypothesis proposes that functional nodulation evolved only once in
this ancestral lineage and was subsequently lost independently multiple times [36,56–59].
Alternatively, recent phylogenetic reconstructions support a multiple-origin scenario, in
which the ancestral predisposition arose once, but the complete nodulation phenotype
evolved independently in several descendant lineages, followed by subsequent secondary
losses, with estimates of 16 independent origins and 10 losses of root-nodule symbiosis
within the NFN clade [60,61]. Thus, the current debate concerns whether nodulation itself
had a single evolutionary origin or arose repeatedly from a shared ancestral predisposition.

This symbiotic capability evolved primarily in species belonging to the families
Fabaceae and Cannabaceae (e.g., the tropical genus Parasponia), which establish symbioses
with rhizobia belonging to the Alphaproteobacteria and Betaproteobacteria [57,62,63]. In
contrast, members of the orders Rosales, Fagales, and Cucurbitales predominantly establish
actinorhizal symbioses with the genus Frankia (Actinomycetota) [57,62,63]. It is widely
believed that the molecular mechanisms underlying microsymbiont recognition and nodule
organogenesis evolved through the recruitment of ancestral signaling pathways already
present in the arbuscular mycorrhizal symbiosis. This evolutionary scenario highlights the
central role of plant, fungal, and prokaryotic coevolution in the origin and diversification
of mutualistic symbioses [56,64,65].

Today, virtually all land plants maintain some form of beneficial interaction with
prokaryotic microorganisms, collectively forming a holobiont in which the host and its
associated microbiota function as an integrated ecological and evolutionary unit [66]. This
perspective reinforces the concept that the adaptive success of plants is intimately linked
to their long-term coevolution with associated microorganisms. Figure 1 summarizes the
evolutionary history of plant interactions with AMF and RHZb.
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Figure 1. Evolutionary history of associations between plants, arbuscular mycorrhizal fungi (AMF), and rhizobacteria (RHZb). Conceptual framework adapted
from Martin et al. [22]. * The Neoproterozoic is only partially represented in the timeline; the Cryogenian interval (720–635 Ma) is shown, while intervening
geological intervals were omitted for graphical clarity. Letters (A–E) identify externally sourced images for attribution only and do not represent independent
subpanels. (A) Unicellular algae (Chlorella) by Andrei Savitsky, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0), via Wikimedia Commons; (B) Mature
sporangium of a Mucor sp. fungus by Dr. Lucille K. Georg, Public domain, via Wikimedia Commons; (C) Vesicular Arbuscular Mycorrhizae by Rajarshi
Rit, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0), via Wikimedia Commons; (D) Transmission electron microscopy of a soybean (Glycine max)
root nodule (Bradyrhyzobium japonicum) by Louisa Howard, Public domain, via Wikimedia Commons; (E) Franki nodules by Lebrac, CC BY-SA 3.0 (https:
//creativecommons.org/licenses/by-sa/3.0), via Wikimedia Commons.
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3. Recruitment and Establishment of Beneficial
Plant–Microbe Interactions

Communication between plants and soil microorganisms is a fundamental step in
the establishment of mutualistic interactions, as it enables molecular recognition between
symbiotic partners through the exchange of specific chemical signals. These signaling
events trigger coordinated responses that culminate in root colonization, modulation of
plant immunity, and the formation of specialized symbiotic structures [67].

Approximately 5–25% of the carbon fixed during photosynthesis is released into the
rhizosphere as root exudates, highlighting the importance of plant–environment commu-
nication throughout the plant life cycle [68–70]. In addition to sugar-derived compounds
(e.g., glucose, sucrose, and fructose) [71], several other classes of low-molecular-weight
primary metabolites contribute to rhizosphere dynamics, including organic acids (e.g., cit-
rate, isocitrate, and oxalate) [72], amino acids (e.g., serine, asparagine, and glutamine) [73],
vitamins (e.g., riboflavin, biotin, and thiamine) [74,75], and lipids (e.g., triacylglycerols,
sphingolipids, and sterols) [76].

Plants also secrete a wide range of specialized metabolites, including flavonoids (e.g.,
quercetin, biochanin A, and daidzin) [77], strigolactones (e.g., 5-deoxystrigol, orobanchol,
and sorgomol) [78], phenolic compounds (e.g., gallic acid, p-coumaric acid, and ferulic
acid) [79], coumarins (e.g., scopoletin, scopolin, and fraxin) [80], terpenoids (e.g., abscisic
aldehyde, loliolide, and dehydrovomifoliol) [81], and alkaloids (e.g., nicotine, nornicotine,
and anabasine) [82]. In addition, the root secretome contains macromolecules such as
chitinases, β-1,3-glucanases, peroxidases, acid phosphatases, and pathogenesis-related
proteins [83–85]. Beyond their roles in mediating interactions with soil microorganisms,
root-exuded compounds perform essential functions in nutrient acquisition, modulation
of the physicochemical properties of the rhizosphere, defense against pathogens, allelopa-
thy, tolerance to abiotic stresses, soil aggregation, phytoremediation, and regulation of
plant–plant interactions, thereby contributing directly to plant growth, adaptation, and
survival [86,87].

Collectively, primary metabolites, specialized metabolites, and root secretome macro-
molecules constitute major components of rhizodeposition and act synergistically and/or
complementarily to increase the diversity and abundance of soil microorganisms while
regulating microbial signaling, plant defense, and the selective recruitment of beneficial
microorganisms [88]. Consequently, the narrow soil zone directly influenced by roots and
rhizodeposits exhibits intense biological activity and dynamic interactions among plants,
microorganisms, and soil, forming the rhizosphere [89].

Recent studies have demonstrated that plants not only recruit beneficial microorgan-
isms through the secretion of root exudates but also dynamically modulate their chemical
composition in response to nutritional status, developmental stage, and biotic and abi-
otic stresses [90,91]. According to Van Dijck et al. [92], the composition of root exudates
is continuously remodeled in response to plant nutritional conditions. In Arabidopsis
thaliana, iron deficiency induced a significant increase in the exudation of the coumarin
scopoletin, promoting the recruitment of the endophytic fungus Macrophomina phaseolina
MPI-SDFR-AT-0080 (F80), previously isolated from wild Arabidopsis roots. Following root
colonization, the fungus converted scopoletin into esculetin, a catecholic coumarin with a
high Fe3+-chelating capacity, thereby increasing iron availability to the host plant. These
findings demonstrate how specific changes in the chemical composition of root exudates
can selectively regulate the assembly and functional activity of the rhizosphere microbiome.

Similarly, Stringlis et al. [93] demonstrated that colonization of A. thaliana by Pseu-
domonas simiae WCS417 activates the MYB72/BGLU42-regulated pathway, promoting the
biosynthesis and exudation of the coumarin scopoletin into the rhizosphere. This special-

https://doi.org/10.3390/agriculture16182014

https://doi.org/10.3390/agriculture16182014


Agriculture 2026, 16, 2014 8 of 65

ized metabolite selectively reshaped the microbial community by inhibiting the growth
of the phytopathogens Fusarium oxysporum and Verticillium dahliae, whereas beneficial
rhizobacteria, including P. simiae WCS417 and Pseudomonas capeferrum WCS358, exhibited
high tolerance to scopoletin. Together, these findings highlight that specialized root metabo-
lites are key determinants of rhizosphere microbiome assembly, promoting the selective
recruitment and establishment of mutualistic microorganisms.

3.1. AMF Recruitment Mechanisms

Following the establishment of the rhizosphere as a highly dynamic environment for
chemical communication, a complex exchange of molecular signals is initiated between
plant roots and AMF. The recruitment of these fungi results from a highly coordinated
process of bidirectional signaling, in which both plants and fungi secrete specific molecules
that mediate partner recognition, directional growth, and root colonization [94,95].

The primary environmental cue governing AMF recruitment is the limited availabil-
ity of inorganic phosphate (Pi) in the soil [96]. Although deficiencies of other nutrients,
including nitrogen, zinc, iron, and sulfur, can influence the extent of mycorrhizal colo-
nization, phosphorus limitation remains the principal environmental regulator of this
process [97–100]. This is largely because phosphorus exhibits extremely low mobility in
soils and is predominantly immobilized through adsorption to metal oxides and clay min-
erals, greatly limiting its bioavailability to plants [101,102]. Consequently, as plants deplete
the pool of available phosphate surrounding their roots, localized phosphorus depletion
zones are formed, increasing the selective pressure to explore additional soil volumes for
nutrient acquisition [103–105].

In response to phosphate deficiency, plants activate the Phosphate Starvation Response
signaling pathway. Importantly, the intracellular phosphate status is not sensed directly
through Pi itself, but rather through the concentration of inositol pyrophosphates, particu-
larly InsP8 [106,107]. Under phosphate-sufficient conditions, intracellular InsP8 levels re-
main high, allowing these molecules to bind SPX (SYG1/Pho81/XPR1 domain-containing)
proteins, which repress the activity of the transcription factor PHR1 (Phosphate Starvation
Response 1). As a result, the transcription of phosphate starvation-responsive genes is
suppressed [108]. Conversely, under phosphate-deficient conditions, InsP8 concentrations
decline, causing SPX proteins to dissociate from PHR1. Activated PHR1 subsequently recog-
nizes P1BS (PHR1 Binding Sequence) cis-regulatory elements located within the promoters
of phosphate-responsive genes, inducing the expression of phosphate transporters, phos-
phatases, root architectural remodeling pathways, and strigolactone biosynthetic genes,
thereby promoting the establishment of arbuscular mycorrhizal symbiosis [106,109].

Strigolactones are a class of carotenoid-derived phytohormones involved in numerous
aspects of plant growth and development, including seed germination, root architec-
ture, leaf senescence, and responses to environmental stresses [110,111]. Notably, these
compounds play a central role in AMF recruitment. Once released into the rhizosphere,
strigolactones diffuse through the surrounding soil, where they are perceived by AMF
spores, stimulating spore germination and directional chemotropic hyphal growth toward
the host root [112]. Table 1 summarizes representative strigolactones and their reported
biological activities.
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Table 1. Experimental evidence of the activity of natural strigolactones and their analogs in the pre-symbiotic activation of AMF.

Evaluated Signal Stimulated AMF (Strain) Observed Response Reference

5-Deoxystrigol (5DS) Gigaspora margarita (CGC1411) Extensive branching (secondary and higher-order) of germinating hyphae Akiyama et al. [113]

5DS Rhizophagus irregularis
(A5 and C2)

In co-culture, strigolactones enhanced hyphal branching in both strains but increased
hyphal length only in strain A5. Klein et al. [114]GR24

Orobanchol

Gigaspora margarita (CGC1411)

Minimum Effective Concentrations for Inducing Hyphal Branching (MECHB): 1 pg per disc

Akiyama et al. [115]

2′-Epiorobanchol MECHB: 1 pg per disc
5DS MECHB: 3 pg per disc

ent-2′-epi-5DS MECHB: 3 pg per disc
Fabacyl acetate MECHB: 10 pg per disc

Orobanchyl acetate MECHB: 10 pg per disc
-7-Oxoorobanchyl acetate MECHB: 10 pg per disc

GR24 MECHB: 100 pg per disc
Strigol MECHB: 100 pg per disc

Sorgomol MECHB: 100 pg per disc

Methyl phenylactonoate MP1 Gigaspora margarita (BEG 34)
Funneliformis mosseae

Reduced spore germination during the pre-symbiotic phase
Kountche et al. [116]Methyl phenylactonoate MP3 Enhanced intraradical colonization and arbuscule development

Carlactonoic acid

Gigaspora margarita (MAFF 520054)

MECHB: 100 pg per disc

Mori et al. [117]
Methyl carlactonoate MECHB:1000 pg per disc

Carlactone MECHB: 100,000 pg per disc
Hydroxycarlactones Activity varied according to hydroxyl position.

GR24 Gigaspora rosea (DAOM 194757) Mitochondrial activation, increased NADH and ATP production, mitosis, and growth Besserer et al. [118]

GR24 + Jasmonate Rhizophagus clarus (HR1) Asymbiotic growth and production of numerous infective spores Tanaka et al. [119]

Root extract Funneliformis mosseae
(BGC NM01A)

Stimulated spore germination and hyphal branching. Under low Pi conditions, also
promoted sporulation. Sun et al. [120]

SL-rich rice root exudate Gigaspora rosea (DAOM 194757) Differential hyphal branching depending on the root exudate profile Cardoso et al. [121]

SL: Stringolactones.
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As summarized in Table 1, diverse strigolactones act as signaling molecules that initi-
ate the pre-symbiotic phase of the plant–AMF interaction by triggering rapid metabolic
reprogramming within the fungus. This response is characterized by the activation of
mitochondrial metabolism, accompanied by the mobilization of lipid reserves stored in
spores and increased ATP production [118,122,123]. In parallel, extensive transcriptional re-
programming occurs, including the induction of genes associated with energy metabolism,
cellular respiration, and the transition to the pre-symbiotic state, such as AM1, AM2, AM3,
and AM11, whose specific biological functions remain incompletely understood [124–126].

Collectively, these pre-symbiotic responses culminate in spore germination, hyphal
elongation, and extensive hyphal branching, thereby increasing the likelihood of phys-
ical contact with the host root. However, root exudates are perceived by a broad diver-
sity of rhizosphere microorganisms, including mutualists, commensals, and potential
pathogens, making molecular discrimination between symbiotic partners and opportunis-
tic microorganisms essential [127,128]. To accomplish this, plants possess a sophisticated
receptor system composed primarily of LysM (Lysin Motif)-containing receptors, includ-
ing LysM Receptor-Like Kinases (LysM-RLKs), such as CERK1, LYK, and LYR, as well
as NFR5-like receptors belonging to the LysM Receptor-Like Protein (LysM-RLP) family.
These receptors recognize distinct microbe-associated molecular patterns (MAMPs) and
symbiotic signaling molecules (Myc factors), including chitin-derived oligomers such as
lipo-chitooligosaccharides (LCOs) and chitooligosaccharides (COs) [95,129–133].

Recognition of these molecules triggers distinct signaling outcomes that may either
activate basal immune responses or, alternatively, initiate the Common Symbiosis Signalling
Pathway (CSSP) [132,134]. The activation of either pathway depends on the specific
combination of receptors, ligands, and downstream regulatory networks involved [135].
Upon activation, the CSSP promotes the coordinated opening of ion channels located on
the nuclear envelope, resulting in periodic oscillations of nuclear Ca2+ concentrations,
a phenomenon known as nuclear calcium spiking [136,137]. These calcium oscillations
are decoded by the calcium- and calmodulin-dependent protein kinase (CCaMK), which
subsequently activates transcriptional regulators such as CYCLOPS. This signaling cascade
initiates a transcriptional program responsible for cytoskeletal reorganization, assembly of
the prepenetration apparatus, hyphopodium differentiation, arbuscule development, and
ultimately the establishment of arbuscular mycorrhizal symbiosis [138–140].

Although activation of the CSSP constitutes the central molecular pathway governing
the establishment of arbuscular mycorrhizal symbiosis, its progression depends on a
complex regulatory network integrating developmental signals, immune responses, and the
nutritional status of the host plant. In this context, signaling cascades mediated by mitogen-
activated protein kinases (MAPKs) function as important regulators of the symbiotic
response by balancing the controlled suppression of plant defense mechanisms with the
activation of genes required for fungal accommodation, arbuscule development, and
maintenance of the mutualistic association [141,142]. In parallel, microRNAs (miRNAs),
including miR399, miR171, and miR827, post-transcriptionally regulate genes involved
in phosphate homeostasis, phosphate starvation responses, and the extent of mycorrhizal
colonization, thereby fine-tuning the plant response according to nutrient availability and
the progression of symbiosis [143,144].

In addition to host-mediated reprogramming, AMF actively reinforce symbiosis
through the secretion of mycorrhizal effectors small secreted proteins (MiSSPs). These
effector molecules are translocated into host cells, where they modulate phytohormone
signaling pathways and components of the plant immune system, particularly jasmonate-
dependent responses. As a consequence, plant defense responses are attenuated, facilitating
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hyphopodium differentiation, arbuscule development, and the establishment of a stable
mutualistic association between the plant and the fungus [145–148].

3.2. RHZb Recruitment Mechanisms

Unlike the recruitment of arbuscular mycorrhizal fungi, in which strigolactones play
a central role as signaling molecules during the pre-symbiotic stage, the recruitment of
RHZb is mediated by a diverse array of root exudates. The composition of these exudates
is continuously modulated in response to nutrient deficiencies, biotic and abiotic stresses,
as well as the plant’s developmental stage, thereby enabling the selective recruitment of
distinct bacterial groups [149].

Nutrient availability strongly influences the qualitative and quantitative composition
of root exudates. According to Carvalhais et al. [150], in maize, Fe deficiency increased
the release of glutamate, glucose, ribitol, and citrate, whereas P deficiency stimulated the
exudation of γ-aminobutyric acid (GABA), glucose, fructose, arabinose, inositol, ribitol
and erythritol. In contrast, K deficiency reduced the release of several sugars, particularly
glycerol, ribitol, fructose, and maltose, while N deficiency decreased the amount of amino
acids released by roots. These distinct exudation profiles indicate that plants differentially
adjust rhizodeposition according to the specific nutrient limitation experienced.

Thus, selective recruitment is driven by stress-dependent changes in the chemical com-
position of root exudates, which generate distinct rhizosphere niches and favor bacterial
groups with complementary functional traits [149]. Changes in the relative abundance
of signaling molecules, primary metabolites, and specialized compounds can influence
microbial chemotaxis, substrate utilization, and competitive filtering, thereby reshaping
community composition according to plant physiological demands. Representative exam-
ples of these stress-specific exudation patterns, the bacterial groups preferentially enriched,
and their associated functional roles are summarized in Table 2.
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Table 2. Stress-Specific Modulation of Root Exudates and Selective Recruitment of Rhizosphere Bacteria under Nutrient Deficiencies and Abiotic Stresses.

Stress Condition Main Root-Exudate Response Selectively Enriched Bacteria Proposed/Observed Function Reference

P deficiency ↑ Oxalate and Citrate Gammaproteobacteria_Incertae_Sedis,
KF_JG30_C25, Solirubrobacterales

P solubilization/mineralization and
improved P acquisition Chen et al. [151]

N deficiency ↑ Apigenin and Luteolin Oxalobacteraceae Promotion of lateral-root
development and N acquisition Yu et al. [152]

K deficiency ↑ Malonic acid Paenibacillus, Rhodanobacter
Chemical weathering and K

solubilization (medium acidification);
improved K acquisition

Liu et al. [153]

Fe deficiency ↑ Sideretin, Fraxetin,
and esculetin.

↑ Agrobacterium, Methylobacterium,
Agromyces and Streptomyces

↓ Pseudomonas

Microbiota-assisted Fe mobilization
and acquisition Voges et al. [154]

Drought

In Tolerant Plants:
↑ Abscisic acid (ABA)
↑ Jasmonic acid (JA)

↑ Azelaic acid, suberic acid,
citraconic acid, and

2-furoic acid.
↓ L-proline, L-leucine,

L-histidine, and L-cystine.

↑ Bacillus
↑ Streptomyces

(ABA: Recruitment and enrichment)
↓ Streptomyces

(JA: Inhibition and population control)

Osmotic-stress adaptation,
rhizosphere restructuring and
improved drought resilience

Li et al. [155]

Salinity
↑ Xanthine;

↑ N-Cyclohexylformamide
↑ 2,4,5-trimethoxybenzoic acid

Pseudomonas
Xanthine-dependent chemotaxis and
enrichment of beneficial Pseudomonas,

improving salt tolerance
Zheng et al. [156]

↑ and ↓ indicate increases and decreases, respectively, in metabolite concentration, microbial relative abundance, or species diversity compared with the corresponding
nutrient-sufficient or non-stressed control.
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According to Wang et al. [157], the abundance of root-associated bacteria increases
progressively throughout plant development. In soybean, the bacterial population in the
rhizosphere increased from approximately 5.8 × 109 copies of the 16S rRNA gene g−1

during the early stages of growth to 2.3 × 1010 copies g−1 at 72 days after emergence.
Likewise, bacterial abundance within the root endosphere increased from 1.5 × 108 to
4.7 × 109 copies g−1 over the same period, demonstrating a gradual enrichment of the
bacterial community during root development.

Following the release of stimulatory compounds into the soil, RHZb recruitment
within the rhizosphere is regulated through a coordinated sequence of chemotaxis, motility,
biofilm formation, and root colonization. Chemotaxis is defined as the directed movement
of microorganisms along a chemical gradient and may be either positive, when bacte-
ria move toward an attractant, or negative, when they migrate away from a repellent
compound [158].

Bacteria perceive chemical signals through membrane-bound chemoreceptors known
as Methyl-accepting Chemotaxis Proteins (MCPs). Binding of a ligand to the ligand-binding
domain (LBD) induces conformational changes that are transmitted through the HAMP
domain to the protein interaction region (PIR), where the activity of the histidine kinase
CheA is modulated in association with the adaptor protein CheW [159–163]. In the absence
of an attractant gradient, CheA remains predominantly active, using ATP to autophospho-
rylate its P1 domain and subsequently transferring the phosphate group to the response
regulator CheY. Phosphorylated CheY (CheY-P) binds to the FliM component of the flagel-
lar motor, promoting clockwise flagellar rotation and frequent changes in swimming
direction [159–163]. Conversely, when bacteria detect an increasing concentration of
chemoattractants, CheA activity is reduced, leading to lower intracellular levels of CheY-P.
As a result, counterclockwise flagellar rotation predominates, allowing prolonged direc-
tional swimming toward the root surface [159–163].

Simultaneously, the sensitivity of MCPs is continuously adjusted through the chemo-
tactic adaptation system, in which CheR catalyzes receptor methylation and CheB promotes
receptor demethylation. This dynamic regulation continuously resets receptor sensitivity,
enabling bacteria to remain responsive to changes in attractant concentration [159–163]. In
bacteria possessing the canonical chemotaxis system, the phosphatase CheZ accelerates
the dephosphorylation of CheY-P, rapidly terminating the signaling response and allowing
subsequent rounds of chemotactic sensing. Collectively, these mechanisms enable bacterial
cells to continuously compare changes in chemical gradients and translate this information
into directed movement, thereby constituting the basis of bacterial motility [159–163].

Recent studies have demonstrated that myo-inositol secreted by plant roots functions
not only as a carbon source but also as a signaling molecule capable of modifying bacterial
phenotypes associated with root colonization. In Pseudomonas, perception and metabolism
of myo-inositol through the iol locus enhance swimming motility and increase bacterial
competitiveness within the rhizosphere. Transcriptomic evidence further suggests that
this response may involve repression of the transcriptional regulator DksA, whose activity
has been associated with reduced motility. However, the direct causal role of DksA in this
regulatory mechanism remains to be experimentally validated [164–167].

Once bacteria reach the vicinity of the root surface, the process known as rhizosphere
competence is established. In the context of bacterial root colonization, this phenomenon
refers to the ability of microorganisms to proliferate, perform their physiological functions,
and compete successfully with other microorganisms for resources released through rhi-
zodeposition [168–170]. Bacteria preferentially colonize the youngest regions of the root
system, as these tissues exhibit higher metabolic activity, greater exudation rates, and lower
levels of lignification than older root tissues [90,171].
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Upon contact with the root surface, bacterial adhesion is mediated by cellular struc-
tures including flagella, adhesive pili, fimbriae, outer membrane proteins, porins, and
extracellular polysaccharides. These components enable bacteria to overcome the electro-
static repulsion between the bacterial cell and the root surface by promoting physicochem-
ical interactions such as van der Waals forces, electrostatic attractions, and hydrophobic
interactions [167]. Because these interactions are relatively weak, the initial attachment
of bacterial cells to the root surface is considered reversible, allowing microorganisms
to detach and colonize other favorable microhabitats when environmental conditions
change [167,172].

According to Parsons et al. [173], the primary adhesion of Rhizobium leguminosarum
to plant roots is a highly complex process that is strongly influenced by environmental
conditions, particularly soil pH. The authors identified 115 genes involved in this stage,
of which 22 constitute a core set essential for bacterial adhesion across different pH con-
ditions. These genes are primarily associated with cell surface synthesis and remodeling,
exopolysaccharide production, adhesins, outer membrane proteins, and stress response
mechanisms, highlighting that the integrity of the bacterial cell surface is a key determinant
of successful initial root colonization. Furthermore, the study demonstrated that reversible
attachment results from the coordinated action of multiple structural and regulatory factors
rather than from a single adhesion mechanism.

Following this initial attachment, the interaction may progress toward a highly sta-
ble state, traditionally referred to as irreversible adhesion. This transition involves the
production of fibrils, adhesins, surface proteins, lipopolysaccharides, and extracellular
matrix components that promote cell aggregation and initiate biofilm formation [167,172].
As rhizobacteria organize into biofilms, they establish highly structured microbial com-
munities composed of one or multiple bacterial species. Biofilm formation enhances
attachment stability on the root surface while providing increased protection against des-
iccation, antimicrobial compounds, environmental stresses, and competition with other
microorganisms [174,175]. In addition to promoting persistence on the rhizoplane, biofilms
facilitate cell-to-cell communication, metabolic cooperation, and horizontal gene trans-
fer, thereby improving the efficiency and long-term stability of root colonization while
strengthening beneficial plant–bacterium interactions [176,177].

Biofilm formation is not constitutive but is tightly regulated by bacterial signaling
networks that integrate signals derived from root exudates and the rhizosphere environ-
ment, thereby coordinating the transition between motile and sessile lifestyles. Following
the perception of these environmental cues, membrane-associated receptors (primarily
histidine kinases such as KinD in Bacillus) activate signaling cascades that regulate global
transcriptional factors [169,178]. In Bacillus, the response regulators Spo0A and DegU
function as molecular switches, whereby distinct phosphorylation levels repress genes
involved in motility and chemotaxis while simultaneously inducing the expression of
genes responsible for exopolysaccharide synthesis, extracellular matrix production, and
adhesin biosynthesis [178,179]. In Pseudomonas, this developmental transition is primarily
controlled by the transcriptional regulator FleQ, whose activity is modulated by the second
messenger cyclic di-GMP (c-di-GMP). Elevated intracellular concentrations of c-di-GMP
repress the expression of flagellar genes while stimulating biofilm matrix production,
thereby promoting irreversible attachment and microcolony formation [180]. Collectively,
rhizosphere-derived signals are integrated through interconnected signal transduction
networks that coordinate the transition from a motile lifestyle to stable colonization of the
root surface.

Despite their strong attachment, biofilms remain highly dynamic structures capable
of active remodeling and dispersal in response to environmental and regulatory signals,
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thereby enabling recolonization of new ecological niches. Chou et al. [181] demonstrated
that biofilm dispersal in Bacillus subtilis is mediated not only by enzymatic degradation
of the extracellular matrix but also by a previously unrecognized mechanical mechanism.
Specifically, the production of the extracellular polymer poly-γ-glutamate (γ-PGA) gen-
erates a hydrogel capable of producing sufficient osmotic pressure to propel cells from
the interior of the biofilm through its outer layers, ultimately driving their ejection and
dispersal. Furthermore, modulation of γ-PGA biosynthesis was shown to regulate this
process by either promoting or suppressing cellular dispersal. These findings reveal a novel
mechanism underlying biofilm remodeling and dissemination and identify γ-PGA as an
important regulator of bacterial community dynamics and environmental adaptation.

Finally, as observed during interactions with AMF, plant immune mechanisms also
regulate associations with rhizobacteria. Initially, MAMPs, including flagellin (Flg22),
elongation factor Tu (EF-Tu), lipopolysaccharides, peptidoglycans, and exopolysaccharides,
are recognized by pattern recognition receptors (PRRs), predominantly leucine-rich repeat
receptor-like kinases (LRR-RLKs) and LysM receptor-like kinases (LysM-RLKs), thereby
activating Pattern-Triggered Immunity (PTI) [182,183]. This response involves a rapid
increase in cytosolic Ca2+ concentrations, production of reactive oxygen species, activation
of mitogen-activated protein kinase (MAPK) cascades, particularly MPK3, MPK4, and
MPK6, callose deposition, and extensive transcriptional reprogramming of defense-related
genes [184,185].

Beneficial rhizobacteria, however, are able to modulate these immune responses
through the secretion of lipopeptides, exopolysaccharides, effector proteins, volatile or-
ganic compounds, and signaling molecules such as N-acyl homoserine lactones, which
attenuate the intensity of PTI without completely suppressing it [186,187]. Simultaneously,
plant hormones, particularly jasmonate and ethylene, together with salicylic acid to a lesser
extent, integrate this regulatory network, ultimately leading to the establishment of induced
systemic resistance [188,189]. Consequently, plants maintain a finely balanced equilibrium
between defense and tolerance, permitting colonization by mutualistic rhizobacteria while
preserving their ability to mount rapid immune responses against pathogenic microor-
ganisms. Figure 2 illustrates the molecular mechanisms involved in the recruitment and
recognition of AMF and RHZb.

3.3. Root Colonization and the Development of Associative and Symbiotic Structures

Following the recruitment and molecular recognition of beneficial microorganisms,
the process of root colonization is initiated. As colonization progresses, mutualistic and
symbiotic associations become established, providing favorable conditions for both the
plant and its microbial partners to benefit from this ecological interaction.

3.3.1. Structural Features of the AMF Symbiosis

Following spore germination, AMF hyphae undergo coordinated growth toward the
root surface. Upon contact with the root epidermis, the hyphae branch extensively to
form a hyphopodium, a specialized structure that functions both as an appressorium,
ensuring firm attachment of the fungus to the root surface, and as the penetration structure
that initiates invasion of root tissues. Root penetration is guided by the prepenetration
apparatus, a dynamic plant-derived structure composed of cytoskeletal elements and
endoplasmic reticulum components that modulate Ca2+ homeostasis and direct fungal
growth through the host tissues toward the root cortex [190,191].

After crossing the epidermis, fungal hyphae initially proliferate through the intercel-
lular spaces of the root cortex before invading cortical cells, where successive rounds of
branching ultimately give rise to arbuscules. Based on the pattern of fungal colonization,
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arbuscular mycorrhizal symbioses are classified into distinct morphological types. In the
Arum-type, hyphae predominantly spread through intercellular cortical spaces before
producing terminal arbuscules within cortical cells. In contrast, the Paris-type is char-
acterized by direct cell-to-cell growth, resulting in intracellular hyphal coils associated
with arbuscules intercalated along these structures. Finally, the intermediate type exhibits
structural characteristics of both the Arum and Paris morphologies within the same root
system [192–194].

Figure 2. Comparative overview of the molecular mechanisms underlying the recruitment, recogni-
tion, and establishment of beneficial interactions between plants and arbuscular mycorrhizal fungi
(AMF) or beneficial rhizobacteria (RHZb). Red arrows indicate plant-derived recruitment cues
and root exudate-mediated signaling, whereas blue arrows indicate microbial responses and subse-
quent steps involved in the establishment and molecular recognition of plant–microbe interactions.
LCOs, lipochitooligosaccharides; COs, chitin oligomers; Myc-LCOs, mycorrhizal lipochitooligosac-
charides; Myc-COs, mycorrhizal chitin oligomers; MCPs, methyl-accepting chemotaxis proteins;
MAMPs, microbe-associated molecular patterns; Flg22, 22-amino-acid epitope of bacterial flagellin;
EF-Tu, elongation factor Tu; LPS, lipopolysaccharides; EPS, exopolysaccharides; LysM-RLKs, LysM-
containing receptor-like kinases; LRR-RLKs, leucine-rich repeat receptor-like kinases; PRRs, pattern
recognition receptors (* Representative receptor classes forming a shared plant recognition interface
for microbial signals from both fungi and bacteria); CSSP, Common Symbiosis Signalling Pathway;
PTI, Pattern-Triggered Immunity.

Arbuscules are highly branched structures that constitute the principal site of nutrient
and carbon exchange between the two symbiotic partners. Completely surrounding each
arbuscule, the periarbuscular space forms a dynamic apoplastic interface where bidirec-
tional nutrient exchange is coupled with intense molecular communication between the
plant and the fungus [187,188]. This interface is enriched with receptors, signaling peptides,
cell wall components, and extracellular vesicles that regulate symbiont perception and
accommodation, modulate plant immune responses, and ensure the development and
maintenance of the symbiotic association [195,196].

Importantly, despite their intracellular development, arbuscules remain physically
separated from the host cell cytoplasm by a highly specialized symbiotic interface. Each
arbuscular branch retains its fungal plasma membrane and cell wall and is surrounded
by a plant-derived periarbuscular membrane (PAM), with the periarbuscular space (PAS)
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forming an apoplastic compartment between the fungal wall and the PAM [197]. The fungal
cell wall undergoes pronounced remodeling during intracellular development, becoming
progressively thinner and more amorphous toward the fine arbuscular branches. The PAS
also contains loosely organized plant cell wall-related components, including cellulose,
hemicelluloses, pectins, and arabinogalactan/hydroxyproline-rich proteins; this interfa-
cial matrix is comparatively thicker around the arbuscule trunk and becomes extremely
thin around the fine branches [197]. Moreover, the PAM is structurally and functionally
differentiated into distinct domains, including a trunk-associated domain and a branch-
associated domain enriched in symbiosis-specific transport proteins, further emphasizing
the specialized organization of the arbuscular interface [198].

Despite their high physiological activity, arbuscules are transient structures with a
lifespan of only a few days. Their formation, maintenance, and degeneration are tightly
regulated by a complex network of molecular signals originating from both the host plant
and the fungus [199]. Furthermore, because of their strong dependence on the host, AMF
are classified as obligate biotrophs [200]. Although their spores are capable of germinating
and producing hyphae in the absence of a host plant, asymbiotic growth is limited and
insufficient to sustain fungal development and reproduction.

This obligate dependence is primarily attributed to their inability to synthesize suf-
ficient quantities of fatty acids (fatty acid auxotrophy), rendering AMF dependent on
lipids and other carbon compounds supplied by the host throughout the symbiotic inter-
action [201]. At the molecular level, the proposed pathway is transcriptionally coupled
to arbuscule development. Symbiotic signaling through the CCaMK–CYCLOPS–DELLA
module activates RAM1 (Reduced Arbuscular Mycorrhiza 1), which acts in concert with
AM-associated WRINKLED transcription factors (e.g., WRI5/WRI6). These factors recog-
nize MYCS and AW-box cis-elements to induce key genes required for lipid biosynthesis
and export, including RAM2 and STR. In parallel, enhanced plastidial fatty-acid synthesis
(driven by the type-II fatty-acid synthase machinery and the AM-specific KASI paralog DIS)
generates 16:0-ACP. FatM then hydrolyzes 16:0-ACP, releasing C16:0 fatty acids that are
channeled into RAM2-dependent production of 16:0 β-monoacylglycerol (β-MAG). Finally,
β-MAG (or a related lipid derivative) is exported across the PAM-localized STR/STR2
ABCG transporter complex into the periarbuscular interface, providing an essential carbon
source to the fungal partner. Once acquired, these host-derived C16 fatty acids are desatu-
rated, elongated, and incorporated into fungal membrane and storage lipids [202–204].

Another intracellular structure formed during arbuscular mycorrhizal symbiosis is
the vesicle, a specialized storage organ that primarily accumulates lipids serving multiple
functions in fungal metabolism. In addition to acting as storage structures, vesicles may
contribute to the vegetative propagation of certain AMF species, thereby supporting the
maintenance of root colonization and enhancing the persistence of the symbiosis under
adverse environmental conditions, including water limitation [205,206].

Finally, an extensive extraradical mycelial network develops outside the root sys-
tem. Through this highly branched hyphal network, AMF greatly expand the volume
of soil explored beyond the rhizosphere, thereby enhancing the acquisition of water and
mineral nutrients, particularly those with low soil mobility such as phosphorus, while
simultaneously contributing to improvements in soil physical structure [207,208].

3.3.2. Colonization Strategies and Plant–RHZb Associations

Following their recruitment into the rhizosphere, RHZb may establish beneficial
associations with plants through distinct colonization strategies, the nature of which is
determined by the biological characteristics of both the bacterial species and the host
plant. Importantly, these interaction modes should not be interpreted as successive stages
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of increasing symbiotic complexity, but rather as distinct colonization and interaction
strategies. Here, associative interactions refer primarily to bacteria remaining externally
associated with the rhizosphere or root surface, whereas endophytic interactions involve
colonization of internal plant tissues without necessarily inducing specialized host organs.
In contrast, the term symbiotic nitrogen-fixing association is reserved for highly coordinated
interactions involving specialized host structures, particularly nitrogen-fixing nodules.

Rhizospheric and Associative Rhizobacteria

The simplest form of beneficial plant–rhizobacteria association is established by mi-
croorganisms inhabiting the rhizosphere without directly adhering to the rhizoplane, the
outer surface of plant roots comprising the epidermis and the mucilage layer [209]. These
rhizospheric microorganisms, generally classified as free-living bacteria, retain active motil-
ity while promoting plant nutrition, enhancing tolerance to abiotic stresses, and suppressing
the proliferation of soilborne pathogens [210].

Because root exudates provide a continuous supply of carbon and energy, the rhi-
zosphere functions as a hotspot of microbial abundance and activity, harboring a highly
diverse microbial community [211]. Since free-living microorganisms remain highly re-
sponsive to environmental cues, adverse conditions or the presence of more attractive root
exudates may stimulate their migration along chemical gradients within the soil, allowing
them to colonize new ecological niches [90,212,213].

In contrast, rhizobacteria may establish themselves on the rhizoplane through an initial
attachment mediated by physicochemical interactions between the bacterial cell and the
root surface, followed by the production of an extracellular matrix and biofilm formation,
which promote more stable colonization [167]. By remaining in direct contact with the root,
these microorganisms optimize mutualistic interactions while becoming less susceptible
to environmental stresses due to the protective properties of the biofilm matrix [214,215].
Conversely, this stable attachment substantially reduces the motility of a proportion of the
bacterial population, which adopts a predominantly sessile lifestyle [216].

Free-living and associative rhizobacteria comprise a taxonomically diverse group,
predominantly including species belonging to the genera Bacillus, Pseudomonas, Azospir-
illum, Azotobacter, Arthrobacter, Burkholderia, Enterobacter, Serratia, Paenibacillus, and
Klebsiella [217–219].

Endophytic Plant–RHZb Associations

Another important mode of plant–rhizobacteria association is endophytism. In this
form of colonization, bacteria establish themselves within internal plant tissues follow-
ing compatible molecular recognition between the host and the microorganism, thereby
facilitating colonization while minimizing the activation of plant defense responses. In
roots, bacterial entry occurs preferentially through sites of lateral root emergence, root hairs,
root apices, and natural wounds, and may be facilitated by the production of hydrolytic
enzymes, including cellulases, endoglucanases, pectinases, and xylanases, which promote
the degradation of plant cell wall components and facilitate tissue penetration [220–224].

Endophytic colonization provides mutual benefits to both the plant and the bacterium.
For microorganisms, the internal plant environment offers a relatively protected niche,
reducing exposure to microbial competition and environmental fluctuations while provid-
ing a continuous source of nutrients and enabling systemic colonization throughout the
host [225]. For the plant, the close association between bacteria and host tissues enhances
the efficiency of plant growth promotion by improving nutrient acquisition, stimulating
phytohormone production, inducing systemic resistance, and increasing tolerance to both
biotic and abiotic stresses [226].
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Despite these advantages, endophytic colonization also presents important constraints.
Successful establishment depends on a high degree of molecular compatibility between the
plant and the bacterium and requires metabolic investment from the host. Moreover, under
certain environmental conditions, some endophytic bacteria may shift toward opportunistic
or pathogenic lifestyles [222,227]. Likewise, endophytic microbial communities are strongly
influenced by the ecological performance of their host, meaning that susceptibility to biotic
and abiotic stresses, together with plant survival and reproductive success, can substantially
affect the composition and stability of the endophytic microbiota [228].

Once inside the root, endophytic bacteria may colonize host tissues through
two distinct strategies. The first is intercellular colonization, in which bacteria remain
within the apoplastic spaces between plant cells, frequently associating with cell walls and
the extracellular matrix without directly entering the host cytoplasm [222,229]. The second
is intracellular colonization, in which bacteria penetrate and establish themselves within
living host cells, occupying the cytoplasm [230]. Although intracellular colonization is
considerably less common, several studies have demonstrated its occurrence in diverse
plant–bacterium associations [230–236].

Following colonization of the internal root tissues, some endophytic bacteria reach
the vascular bundles, particularly the xylem, by progressing through cortical tissues and
crossing the endodermis [222,237]. Once inside the vascular system, these microorganisms
are transported passively by the transpiration-driven flow of xylem sap, enabling systemic
dissemination to stems, leaves, flowers, fruits, and seeds [238,239]. This strategy expands
the ecological niche available to endophytic bacteria, promotes their persistence throughout
the plant life cycle, and enhances their beneficial effects on multiple host organs.

According to Velichko et al. [240], Herbaspirillum lusitanum P6-12 rapidly colonized
common bean (Phaseolus vulgaris) and wheat (Triticum aestivum), being detected in the
root cap region only 30 min after inoculation, suggesting that bacterial penetration occurs
through the loosely organized parenchyma of this tissue. During the following hours, the
bacterium migrated through the zones of cell division, elongation, and maturation, and
after two days formed intracellular aggregates distributed throughout the root tissues.
Approximately four days after inoculation, colonization had extended to the aerial portions
of the plant, whereas the bacterial population reached its maximum abundance around the
seventh day.

According to Liu et al. [241], endophytic bacterial communities exhibit substantially
lower cell densities and diversity than those found in bulk soil and the rhizosphere, with
populations ranging from approximately 104 to 108 cells per gram of root tissue, whereas
bulk soil and rhizosphere communities typically contain between 106 and 109 cells g−1 [242].
This reduced complexity reflects an intense ecological filtering process imposed by the
host plant during the establishment of the endophytic microbiota, whereby only a small
fraction of the microorganisms initially recruited from the rhizosphere successfully colonize
internal plant tissues [241,243]. This sequential filtering process involves microbial selection
within the rhizosphere, successful attachment to the rhizoplane, and the action of the
plant immune system, ultimately resulting in less diverse microbial communities enriched
primarily with members of the phyla Proteobacteria, Actinobacteria, Firmicutes, and
Bacteroidetes, whereas groups commonly abundant in bulk soil, such as Acidobacteria,
Gemmatimonadetes, and Archaea, become comparatively underrepresented [241,244].

Nodule-Forming Symbiotic Associations

Distinct from associative and endophytic colonization, some nitrogen-fixing bacteria
establish highly specialized symbiotic interactions with their hosts that involve coordi-
nated molecular recognition, bacterial accommodation, and the development of dedi-
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cated nitrogen-fixing organs. In this review, the term symbiotic nitrogen-fixing associa-
tion is specifically used for interactions involving host-controlled nodule organogenesis
and specialized structures for bacterial accommodation and N2 fixation. These associa-
tions are therefore distinguished from associative diazotrophs, which remain predomi-
nantly associated with the root surface or rhizosphere, and from endophytic diazotrophs,
which colonize internal plant tissues without inducing specialized nitrogen-fixing organs.
Two major forms of nodule-forming symbiosis are considered here: rhizobial symbioses in
legumes and Frankia-mediated symbioses in actinorhizal plants.

Nodulation in legumes is a highly specific interaction between the host plant and
rhizobial bacteria, generally initiated under conditions of limited nitrogen availability in
the soil [245]. Under nitrogen-deficient conditions, plant roots secrete flavonoids such as
luteolin, genistein, and daidzein, which attract rhizobia through chemotaxis while simulta-
neously activating the regulatory protein NodD, thereby inducing the expression of nod
genes responsible for the biosynthesis of Nod factors (LCOs) [246,247]. These bacterial
signaling molecules are recognized by LysM receptor-like kinases (LysM-RLKs), including
NFR1 and NFR5, located in the root epidermis, thereby activating the CSSP. This signal-
ing cascade generates characteristic nuclear and perinuclear Ca2+ oscillations, which are
decoded by CCaMK. Upon activation, CCaMK phosphorylates the transcriptional regula-
tor CYCLOPS, enabling it to bind cis-regulatory elements in the Nodule Inception (NIN)
promoter and activate its transcription. NIN subsequently coordinates rhizobial infection
and nodule organogenesis [248–250]. Importantly, the CCaMK–CYCLOPS module rep-
resents a conserved regulatory core reused in both rhizobial and arbuscular mycorrhizal
symbioses. Whereas phosphorylated CYCLOPS promotes NIN transcription during nodu-
lation, in arbuscular mycorrhiza symbiosis it cooperates with DELLA proteins to induce
RAM1, thereby directing the shared CSSP toward arbuscule development and nutrient
exchange [139,251].

Simultaneously, the host plant recognizes bacterial exopolysaccharides through re-
ceptors such as EPR3, ensuring symbiotic compatibility. Subsequently, root hairs undergo
characteristic curling, entrapping rhizobial cells and allowing the formation of the infection
thread, an invagination of the plasma membrane and cell wall that guides bacteria through
the root cortex [246,252]. As the infection thread progresses, cortical cell divisions induced
by NIN together with phytohormones, particularly cytokinins and auxins, give rise to the
nodule primordium [253,254].

Upon reaching this developing tissue, rhizobia are released into host cells through an
endocytosis-like process and remain enclosed within a plant-derived membrane, forming
symbiosomes, where they differentiate into nitrogen-fixing bacteroids [255,256]. Within
mature nodules, the nitrogenase enzyme catalyzes the reduction of atmospheric N2 to
ammonia under microaerobic conditions maintained by leghemoglobin, which buffers free
oxygen concentrations at sufficiently low levels to prevent oxygen-mediated nitrogenase
inactivation while ensuring an adequate oxygen supply for bacteroid respiration [257,258].
The host plant, in turn, regulates nodule number through the Autoregulation of Nodula-
tion (AON) pathway, a systemic regulatory mechanism mediated by CLE peptides, the
HAR1/SUNN receptor kinase, microRNA miR2111, and the TOO MUCH LOVE (TML)
protein, thereby preventing excessive nodule formation and minimizing the metabolic costs
associated with symbiosis [259,260].

In actinorhizal plants, species of the genus Frankia establish symbiosis through
two distinct infection pathways, intracellular or intercellular, depending on the host species.
In the intracellular infection pathway, observed in genera such as Alnus, Myrica, and Comp-
tonia, symbiosis is initiated through the perception of reciprocal chemical signals exchanged
between the plant and Frankia, leading to root hair curling and bacterial attachment to the
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root surface [261]. Subsequently, bacterial hyphae penetrate the root hair and advance to-
ward the cortex through a structure analogous to the infection thread observed in legumes,
remaining enclosed within a matrix derived from the plant cell wall [262].

Colonization stimulates cortical cell divisions, initially producing a prenodule, while
cells of the pericycle initiate the formation of the nodule primordium, which is subse-
quently colonized by Frankia hyphae. In contrast, the intercellular infection pathway,
described in species of Elaeagnus, Discaria, and other representatives of the families Elaeag-
naceae, Rhamnaceae, and Rosaceae, does not involve root hair deformation or prenodule
formation [39,263,264]. Instead, Frankia penetrates through the apoplastic spaces between
epidermal and cortical cells, probably assisted by enzymes that promote cell wall loosening,
migrating intercellularly until reaching the pericycle-derived nodule primordium, where
the hyphae subsequently colonize the developing cortical cells [261,265–267].

Regardless of the infection pathway, once inside nodule cells the hyphae differentiate
into specialized vesicles, which constitute the site of biological nitrogen fixation. These vesi-
cles are surrounded by a thick envelope enriched in hopanoid lipids, pentacyclic molecules
that restrict oxygen diffusion and establish the microaerobic conditions required for ni-
trogenase activity while protecting the enzyme from oxygen inactivation [268,269]. As a
result, an indeterminate actinorhizal nodule is formed, consisting of multiple lobes that
retain the typical architecture of modified lateral roots, including a functional apical meris-
tem and a centrally positioned vascular system. This structural organization supports a
highly efficient symbiotic association between the host plant and Frankia [270,271]. Figure 3
summarizes the principal microbial colonization strategies and the specialized structures
formed during interactions between plants, AMF, and RHZb.

Figure 3. Major colonization strategies and specialized structures formed during beneficial interac-
tions between plants, arbuscular mycorrhizal fungi (AMF), and rhizobacteria (RHZb).
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3.4. Bidirectional Recruitment Between AMF and RHZb

Once root colonization has been established, the interactions occurring within the
rhizosphere enable reciprocal communication between AMF and rhizobacteria, resulting
in bidirectional recruitment. Through these mutual interactions, both microbial partners
enhance each other’s establishment and activity, ultimately providing additional benefits
to the host plant throughout its life cycle. The mechanisms underlying these reciprocal
interactions are discussed below.

3.4.1. RHZb Recruitment and Interactions with AMF

According to Linderman [272], the mycorrhizosphere is the region of the rhizosphere
influenced by the mycorrhizal association, where physiological changes induced in the host
plant, together with the physical presence and metabolic activity of extraradical mycorrhizal
hyphae, promote significant alterations in the chemical, physical, and microbiological
properties of the surrounding soil. Consequently, the extensive extraradical mycelial
network not only expands the soil volume explored by the host plant but also extends its
capacity for chemical communication with soil microorganisms.

Within this mycelial network lies the hyphosphere, defined as the zone of soil di-
rectly influenced by the activity of extraradical hyphae. This region constitutes a distinct
microenvironment in which hyphal exudation, the flow of plant-derived carbon, and nu-
trient uptake collectively modify the composition and activity of microbial communities
associated with fungal hyphae [273]. According to Jin et al. [274], Li et al. [275], and
Zhang et al. [276], extraradical AMF hyphae release a wide variety of compounds into
the soil, including sugars (glucose, fructose, and trehalose), amino acids, organic acids,
carboxylates, flavonoids, proteins, polysaccharides, and other secondary metabolites. These
compounds simultaneously serve as carbon sources and signaling molecules, stimulating
bacterial chemotaxis, growth, and colonization within the hyphosphere. Consequently,
AMF selectively recruit functionally specialized bacterial communities capable of perform-
ing plant growth-promoting functions that ultimately benefit the host plant.

According to Jin et al. [277], AMF selectively recruit functionally specialized bacteria
within the hyphosphere, establishing mutualistic interactions that enhance fungal nutrient
acquisition while shaping the structure of the associated bacterial community. Using in vitro
culture systems and pot experiments involving different AMF species, soil leachates, and
synthetic microbial communities, the authors demonstrated that, under conditions in
which organic phosphorus was the predominant phosphorus source, fungi belonging to
the genus Rhizophagus preferentially enriched Streptomyces sp. D1, identified as a keystone
bacterium of the hyphosphere. This actinobacterium utilized carbon compounds exuded
by fungal hyphae as an energy source while, in return, mineralizing organic phosphorus
and increasing its availability to the fungus. Moreover, Streptomyces sp. D1 modified the
bacterial community associated with the hyphae by suppressing bacterial populations
with low phosphorus-mobilizing capacity, thereby reducing competition for this nutrient
and enhancing phosphorus acquisition by AMF. The authors concluded that keystone
bacteria simultaneously mediate fungus–bacterium and bacterium–bacterium interactions,
demonstrating that mycorrhizal hyphae constitute a selective ecological niche capable
of recruiting and organizing bacterial communities that enhance the performance of the
mycorrhizal symbiosis.

Furthermore, He et al. [278] demonstrated that AMF hyphae can function as physical
dispersal routes and chemical communication pathways for rhizobia in the soil, thereby
promoting nodulation in legumes. To investigate this mechanism, the authors employed
in vitro systems and greenhouse microcosms containing R. irregularis (AMF), Sinorhizobium
meliloti (rhizobium), Solanum tuberosum (potato), and Medicago truncatula (legume). Their
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results showed that, in the presence of AMF, rhizobia migrated over long distances along
the fungal mycelium toward the roots of the legume, resulting in nodule formation, a
phenomenon that was absent in treatments lacking AMF. In experimental systems where
potato and the legume were connected by a common mycelial network, S. meliloti prefer-
entially migrated toward the legume. This directional movement was attributed to the
transport of flavonoids through the hyphal network, which stimulated bacterial growth
and induced the expression of nod genes. Additionally, the presence of rhizobia increased
cytoplasmic streaming within fungal hyphae, suggesting enhanced transport of nutrients
and signaling molecules that further promoted bacterial recruitment and the establishment
of nodulation.

In addition to actively recruiting bacteria through the release of stimulatory exudates,
AMF also facilitate bacterial translocation through the soil. Williams et al. [279] described
that the establishment of the extraradical mycelium gives rise to fungal highways, in which
fungal hyphal networks function as physical conduits that promote bacterial dispersal
through the complex soil matrix. Because bacterial movement is often constrained by
the discontinuity of water films and the heterogeneous architecture of soil pores, fungal
hyphae provide an effective dispersal route by being coated with a thin, continuous water
film that enables bacteria to swim or glide over distances substantially greater than those
achievable through the bulk soil [280–282]. This hypha-mediated dispersal mechanism
not only expands the spatial distribution of bacteria but also enables fungi to strategically
recruit beneficial microbial partners.

According to Bouchard et al. [283], the formation of fungal highways is strongly influ-
enced by the interaction between biological and environmental factors. To investigate this
process, the authors developed three-dimensional (3D)-printed experimental devices that
enabled the evaluation of bacterial translocation along fungal networks under different
nutrient availabilities, inoculation strategies, and fungus–bacterium combinations. Their
results demonstrated that bacterial dispersal was significantly enhanced under nutrient-
limited conditions, in which fungal hyphae exhibited a more exploratory growth pattern.
Moreover, both motile and non-motile bacteria were transported along the hyphae, indicat-
ing that translocation may occur through both active and passive mechanisms. The authors
further demonstrated that fungal hyphae facilitated bacterial colonization of natural sub-
strates and, for the first time in plants, showed that Fusarium graminearum (although not
an AMF and capable of behaving either as a pathogen or an endophyte depending on the
host [284]) can transport bacteria during the colonization of wheat spikes. Collectively,
these findings demonstrate that fungal hyphae serve as highly efficient dispersal pathways
for bacteria, although the magnitude of this process depends on fungal identity, bacterial
characteristics, and environmental conditions.

Beyond accommodating bacteria on the hyphal surface, AMF are also capable of
hosting RHZb intracellularly. Several studies have demonstrated that AMF spores naturally
harbor bacteria, highlighting the importance of these associations from the earliest stages of
the fungal life cycle [285–289]. These bacterial partners may occupy distinct niches within
the spores, including the cytoplasm, where they are referred to as endohyphal bacteria, or
they may remain protected within the layers of the spore wall [290].

Among the best-characterized endohyphal bacteria are Candidatus Glomeribacter gigas-
porarum (CaGg) and Candidatus Moeniiplasma glomeromycotorum (CaMg), which are regarded
as persistent symbionts of numerous AMF species [291,292]. Their intracellular localiza-
tion promotes long-term maintenance throughout the fungal life cycle while enabling
intimate metabolic interactions with the host fungus. According to Bianciotto et al. [293],
endobacteria of Gigaspora margarita proliferate throughout the coenocytic mycelium, ac-
cumulate within vegetative spores, and are subsequently transmitted vertically across
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fungal generations. Furthermore, Salvioli et al. [294] demonstrated that the association
between CaGg and G. margarita enhances fungal fitness by promoting sporulation, energy
metabolism, ATP production, and tolerance to oxidative stress. These beneficial effects
are particularly pronounced during the pre-symbiotic stage of the mycorrhizal interaction,
thereby supporting fungal growth and development before host colonization.

According to Hoffman et al. [295], endohyphal bacteria exhibit broad phylogenetic
diversity and are capable of establishing facultative associations with endophytic fungi.
To investigate this diversity, the authors analyzed 414 endophytic fungal isolates obtained
from leaf tissues of six Cupressaceae species using microscopy and molecular techniques
to detect intracellular bacteria. Viable bacterial cells were identified within the hyphae
of fungi belonging to the classes Pezizomycetes, Dothideomycetes, Eurotiomycetes, and
Sordariomycetes, representing all plant species and geographical regions examined. Char-
acterization of 29 fungus–bacterium associations identified eight bacterial families and
15 distinct endohyphal bacterial genotypes, with Proteobacteria predominating together
with several representatives of the family Bacillaceae. Phylogenetic analyses further re-
vealed that bacterial diversity was not congruent with either fungal or host plant phylogeny,
suggesting multiple independent evolutionary origins for these associations. Moreover, the
frequent loss of bacteria during successive subcultures indicated that these interactions are
predominantly facultative rather than obligate.

3.4.2. Mycorrhiza Helper Bacteria in AMF Establishment

Mycorrhiza Helper Bacteria (MHB) comprise a functional group of bacteria capable
of enhancing the establishment, development, and efficiency of arbuscular mycorrhizal
symbiosis through multiple mechanisms, including stimulation of spore germination,
promotion of hyphal growth and branching, enhancement of root colonization, mobi-
lization of nutrients, and protection of the symbiotic interface against biotic and abiotic
stresses [296,297]. Consequently, MHB reinforce the association between AMF and their
host plants, thereby amplifying the benefits provided by mycorrhizal symbiosis. The princi-
pal bacterial genera reported as MHB include Pseudomonas, Bacillus, Paenibacillus, Rhizobium,
Azotobacter, Azospirillum, Klebsiella, Enterobacter, Agrobacterium, Bradyrhizobium, Streptomyces,
Brevibacillus, Alcaligenes, Burkholderia, and Arthrobacter [298]. Nevertheless, despite the
growing body of evidence supporting these beneficial effects, the molecular mechanisms
governing communication between AMF and hyphosphere-associated bacteria remain only
partially understood [144,296].

One of the primary functions attributed to MHB is the stimulation of AMF spore ger-
mination. Interestingly, this activity shows functional similarities to that described for AMF
endobacteria discussed in the previous section. Although the literature does not clearly
define the relationship between fungal endosymbionts and MHB, endobacteria already
residing within AMF spores enhance fungal fitness from the earliest stages of development
and therefore perform a functional role analogous to that of MHB in promoting spore
germination and fungal establishment.

In this context, Wu et al. [299] developed a synthetic microbial consortium composed
of Escherichia coli and the yeast Saccharomyces cerevisiae capable of producing several biolog-
ically active strigolactones, including carlactone, carlactonoic acid, 5-deoxystrigol (5DS),
4-deoxyorobanchol, and orobanchol. Through metabolic engineering, 5DS production
was increased to 47.3 µg L−1, demonstrating the potential of this approach for investi-
gating strigolactone biosynthesis, evolution, and biotechnological production. Because
strigolactones are phytohormones that directly stimulate AMF spore germination, their
microbial production represents a potential mechanism contributing to fungal recruitment
and activation of the pre-symbiotic stage.
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Similarly, Hildebrandt et al. [300] demonstrated that two strains of Paenibacillus validus
promoted the asymbiotic development of Glomus intraradices to the stage of fertile spore
formation, enabling the fungus to subsequently recolonize carrot roots. These findings
showed that, in the presence of these bacteria, the fungus was capable of completing its
life cycle even in the absence of a host plant. The authors further demonstrated that the
bacterial culture supernatant contained raffinose together with an unidentified trisaccha-
ride, with raffinose being the most effective compound in stimulating mycelial growth.
However, raffinose alone was insufficient to induce the formation of fertile spores, in-
dicating that additional bacterial metabolites or signaling molecules also participate in
this developmental process. Furthermore, gene expression analyses revealed differential
regulation of signaling-related genes in G. intraradices during co-cultivation with P. validus,
suggesting that fungal development and symbiosis establishment depend on complex
molecular communication between the fungus and its bacterial partner.

Shi et al. [301] demonstrated that co-inoculation of Rhizophagus intraradices with the
helper bacteria Agrobacterium rhizogenes and B. subtilis significantly enhanced mycorrhizal
colonization in rice plants exposed to low-temperature stress. The microbial consortium
increased root colonization by approximately 17% compared with inoculation with the
fungus alone, resulting in 87.5% of roots being colonized. This enhanced establishment of
the mycorrhizal symbiosis was accompanied by improved plant growth and greater cold
tolerance, indicating that MHB increased the efficiency of fungal colonization and conse-
quently amplified the physiological benefits conferred by AMF. Beyond promoting AMF
establishment and proliferation, MHB also contribute substantially to nutrient acquisition
processes [302–306], which are discussed in the following sections of this review.

Collectively, these findings demonstrate that plants, AMF, and RHZb establish a highly
complex and interdependent relationship in which the host plant provides the ecological
and nutritional conditions required for the proliferation of its associated microorganisms,
which subsequently enhance nutrient acquisition and overall plant performance. As
discussed throughout this section, microbial recruitment together with the establishment of
associative and symbiotic structures culminates in the formation of a functional holobiont
characterized by extensive metabolic and molecular cooperation among its members.
Accordingly, numerous studies describe this system as a tripartite interaction, recognizing
that the observed benefits emerge from the integrated activities of the host plant, arbuscular
mycorrhizal fungi, and their associated rhizobacteria [307–309].

4. Benefits of Plant–Microorganism Interactions
Following the establishment of plant–microorganism interactions, a wide range of

physiological and biochemical processes contribute to enhanced plant growth and develop-
ment. Among the principal mechanisms are improved nutrient acquisition, phytohormonal
regulation, increased tolerance to biotic and abiotic stresses, and protection against phy-
topathogens, all of which are discussed throughout this section.

Before addressing these mechanisms in detail, it is important to emphasize that the
widespread occurrence of beneficial microorganisms in cultivated plant species demon-
strates that these interactions are not restricted to specific plant groups but are found
across a broad range of crops of agricultural importance. To illustrate the extent of these
associations, Table 3 summarizes representative examples of AMF and RHZb reported in
association with different crop species.
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Table 3. Representative AMF and RHZb genera reported in association with different agricultural crops.

Microorganisms
AMF RHZb

Genus Colonized Plant Reference Genus Colonized Plant Reference

Acaulospora Rice (Oryza sativa) Nopphakat et al. [310] Achromobacter Common bean (Phaseolus vulgaris) Mohamadpoor et al. [311]
Ambispora Coffee (Coffea arabica) Prates Júnior et al. [312] Arthrobacter Cactus pear (Opuntia ficus-indica) Platamone et al. [313]

Archaeospora Wheat (Triticum aestivum) Solórzano-Acosta et al. [314] Azospirillum Potato (Solanum tuberosum) Naqqash et al. [315]
Cetraspora Cucumber (Cucumis sativus) Al-Hinai et al. [316] Azotobacter Pea (Pisum sativum) Ibrahim et al. [317]

Claroideoglomus Pepper (Capsicum annuum) Bilgili [318] Bacillus Tomato (Solanum lycopersicum) Shao et al. [319]
Dentiscutata Coastal she-oak (Casuarina equisetifolia) Das and N. Sivashri [320] Bradyrhizobium Peanut (Arachis hypogaea) Frezarin et al. [321]
Diversispora Walnut (Juglans regia) Zou et al. [322] Burkholderia Banana (Musa spp.) Gulzar et al. [323]

Funneliformis Ginger (Zingiber officinale) Jabborova et al. [324] Enterobacter Cotton (Gossypium hirsutum) Yue et al. [325]
Gigaspora Eucalyptus (Eucalyptus sp.) Klinsukon et al. [326] Gluconacetobacter Carrot (Daucus carota subsp. sativus) Ceballos-Aguirre et al. [327]
Glomus Quinoa (Chenopodium quinoa) Gutierrez et al. [328] Herbaspirillum Mombaça grass (Megathyrsus maximus) Canellas et al. [329]

Pacispora Faba bean (Vicia faba) Abd-Alla et al. [330] Klebsiella Oat (Avena sativa) Sapre et al. [331]
Paraglomus Tea (Camellia sinensis) Yuan et al. [332] Methylobacterium Lettuce (Lactuca sativa) Zhang et al. [333]
Racocetra Sugarcane (Saccharum species hybrids) Juntahum et al. [334] Paenibacillus Oil palm (Elaeis guineensis) Rosid et al. [335]

Rhizoglomus Maize (Zea mays) de Souza Buzo et al. [336] Pantoea Sweet sorghum (Sorghum bicolor) Mareque et al. [337]
Rhizophagus Soybean (Glycine max) Jie et al. [338] Pseudomonas Cacao (Theobroma cacao) Miguelez-Sierra et al. [339]
Scutellospora Date palm (Phoenix dactylifera) Ziane et al. [340] Rhizobium Lentil (Lens culinaris) Pathak et al. [341]
Septoglomus Tobacco (Nicotiana tabacum) Yang et al. [342] Streptomyces Chickpea (Cicer arietinum) Gopalakrishnan et al. [343]

AMF: Arbuscular Mycorrhizal Fungi; RHZb: Rhizobacteria.
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4.1. Nutrient Acquisition

Nutrient acquisition is one of the primary functions performed by AMF and RHZb
during their interactions with plants. Although many of the nutrients essential for
plant growth are naturally present in soils, a substantial proportion remains either
in chemically insoluble forms or beyond the depletion zone explored by the root
system [344,345]. The enhancement of nutrient availability by beneficial microor-
ganisms occurs predominantly through four major processes: (1) solubilization [346],
(2) mineralization [347,348], (3) biological nitrogen fixation [349], and (4) chemical
mobilization [350,351].

(1) Solubilization involves the conversion of nutrients present in poorly soluble min-
erals into dissolved forms available in the soil solution, thereby making them
accessible for plant uptake. This process is primarily mediated through the secre-
tion of low-molecular-weight organic acids, proton (H+) extrusion, production of
chelating compounds, and oxidation–reduction reactions, which reduce nutrient
adsorption to soil colloids or promote mineral dissolution. Consequently, the
availability of nutrients such as phosphorus (P), potassium (K), zinc (Zn), copper
(Cu), and iron (Fe) is significantly increased [346,352,353].

(2) Mineralization refers to the microbial degradation of nutrient-containing organic
compounds into mineral forms that can be assimilated by plants. This process is
mediated by extracellular enzymes, including phosphatases, phytases, proteases,
ureases, and sulfatases, which release orthophosphate (Pi), ammonium (NH4

+), sulfate
(SO4

2−), and other inorganic ions from soil organic matter [347,348,354,355].
(3) Biological nitrogen fixation, unlike the previous mechanisms, does not mobilize

nutrients already present in the soil but instead introduces new nitrogen into the
ecosystem through the reduction of atmospheric N2 to ammonia (NH3), catalyzed
by the nitrogenase enzyme complex present in diazotrophic bacteria. The am-
monia produced is rapidly converted into NH4

+, making nitrogen available for
assimilation by plants or other microorganisms [349,356]. A more specialized form
of biological nitrogen fixation also occurs directly within the nodules of symbiotic
plants, as discussed in the previous section. Collectively, these processes substan-
tially increase nitrogen availability in the rhizosphere and represent the principal
contribution of rhizobacteria to plant nutrition [357].

(4) In addition, numerous microorganisms enhance nutrient acquisition through chem-
ical mobilization, including the production of siderophores (exclusively RHZb),
rhizosphere acidification, modification of redox potential, and the formation of
metal-chelating complexes. These mechanisms increase the bioavailability of
micronutrients, particularly iron (Fe), zinc (Zn), copper (Cu), and manganese
(Mn), complementing nutrient solubilization and further improving plant nutrient
acquisition [350,351,358].

With the exception of biological nitrogen fixation, which is exclusively performed
by prokaryotes, all of the mechanisms described above can be found in both AMF and
RHZb. However, their relative efficiencies differ considerably. Prokaryotes possess
a remarkably diverse repertoire of extracellular enzymes [359], whereas AMF exhibit
comparatively limited extracellular enzymatic capabilities, a characteristic that is likely
associated with their obligate biotrophic lifestyle [360,361].
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Whereas RHZb predominantly mediate nutrient mobilization and chemical trans-
formation within the rhizosphere, arbuscular mycorrhizal fungi are highly specialized
in nutrient acquisition, long-distance transport through the extraradical mycelium, and
subsequent transfer to the host plant [144]. These distinct functional roles demonstrate
that AMF and RHZb contribute to plant nutrition through complementary mechanisms.
From this perspective, RHZb can be regarded primarily as nutrient providers, transform-
ing or releasing nutrients into plant-available forms, whereas AMF function principally
as nutrient transporters, efficiently capturing and delivering these resources to the host
plant. Together, these complementary activities maximize nutrient acquisition by the
ultimate beneficiary of the symbiosis, the host plant. Table 4 summarizes the principal
mechanisms by which AMF and RHZb enhance nutrient availability and acquisition in
the soil–plant system.
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Table 4. Comparative mechanisms and quantitative evidence of nutrient mobilization, uptake, and translocation mediated by AMF and RHZb.

Mechanism Major Nutrients
Mobilized

AMF
Evidence

AMF Quantitative
Evidence

RHZb
Evidence

RHZb Quantitative
Evidence

Nutrient
Solubilization

P, K, Zn, Fe,
Cu, Mn

Organic Acid:
Andrino et al. [362]

Citrate ≈100 nmol g−1 substrate;
malate and oxalate peaked during

active uptake of goethite-bound P [362].

Organic Acid:
Archana et al. [363]

Pseudomonas sp. NK2 increased
secretion of citric acid by 31.5%, oxalic
acid by 27.5%, acetic acid by 21%, and
gluconic acid by 20% under insoluble

phosphorus conditions [364].

Proton Extrusion:
Xu et al. [365]

H+ efflux reached 2.53–3.32 pmol cm−2

s−1, reducing medium pH from 6.0 to
4.13 under PEG-induced drought [365].

Proton Extrusion:
Tao et al. [366]

P solubilization correlated strongly
with H+ concentration and reached 590
mg L−1 P under NH4

+ nutrition; NH4
+

uptake promoted H+ extrusion at an
approximately 1:1 molar ratio [366].

Enzymatic
Mineralization of

Organic
Matter

P, N, S

Phosphatase:
Della Mónica et al. [367]
Phytase: Limited (NRF)
Protease: Limited (NRF)
Urease: Limited (NRF)

Sulfatase: Limited (NRF)

Rhizophagus intraradices phosphatase
activity increased up to 3-fold (alkaline)

and 2-fold (acid) in response to PSF
exudates [367].

Phosphatase: Khalid et al. [368]
Phytase: El Ifa et al. [369]

Protease: Sritongon et al. [370]
Urease: Goswami et al. [371]

Sulfatase: Guimarães et al. [372]

Psychrobacter sp. AA-27 increased acid
phosphatase activity by 46% and

alkaline phosphatase activity by 48%
compared with the control. When

combined with poultry manure, the
increases reached 52–53% and 68%,

respectively
[368]

Biological
Nitrogen Fixation N

The capacity for biological nitrogen
fixation is exclusive to

prokaryotes.
- Associative: Buisset et al. [373]

Symbiotic: Kumar et al. [374]

Klebsiella variicola and Kosakonia sacchari
supplied ≈21 kg N ha−1 to maize,

with ≈11% of plant N derived from
atmospheric N2 [375].

Chemical
Mobilization

Fe (primarily), with
indirect effects on

other micronutrients

Siderophore: Absent in AMF;
functional iron acquisition relies on

bacterial siderophores in the
hyphosphere.

Haselwandter [376], Winkelmann [377]

- Siderophore:
Mushtaq et al. [378]

Pseudomonas sp. 1502IPR-01 pyoverdine
mobilized Fe(III) from insoluble

Fe(OH)3 in an approximately 1:1 molar
relationship and increased rhizosphere

iron availability by 53.6–73.2% [379].

Long-distance nutrient
Uptake and

Translocation

P, N, K, S, Zn, Cu, Fe,
and Mn

Uptake:
Qin et al. [380]
Translocation

Jakobsen et al. [381]

Rhizophagus sp. supplied up to 81.8%
(maize) and 75.8% (wheat) of shoot P

uptake under low-P conditions.
Contributions declined to 40.6% and

9.1% under high P. [380]
32P was transported from up to 7 cm
beyond the root zone; Glomus sp. was

more effective at <1 cm. [381]

Predominantly local nutrient
mobilization (rhizosphere); no

specialized long-distance
transport network

-

AMF: Arbuscular Mycorrhizal Fungi; RHZb: Rhizobacteria; NRF: No reports found.
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How, then, are nutrients acquired, transported, and ultimately transferred from AMF
to their host plants? Duan et al. [144] provided a comprehensive description of the mecha-
nisms involved in nitrogen (N) and phosphorus (P) transport. Following nutrient mobiliza-
tion within the rhizosphere, uptake by the fungus occurs through the extraradical hyphae,
which explore a soil volume far exceeding that reached by the root system. Inorganic
phosphate (Pi) is absorbed by high-affinity phosphate transporters located in the plasma
membrane of the hyphae, including GvPT, GintPT, and GigmPT, whereas inorganic nitro-
gen is taken up as ammonium (NH4

+) and nitrate (NO3
−) through specific transporters

such as AMT1, AMT3, and GiNT. In addition to inorganic forms, AMF can also assimilate
organic nitrogen sources, including amino acids and small peptides [382,383].

Although AMF release carbon-containing compounds through their extraradical hy-
phae, including sugars, amino acids, and carboxylates, their direct capacity to solubilize or
mineralize poorly available nutrient forms appears to be comparatively limited [273]. In par-
ticular, the direct phosphate-solubilizing capacity of AMF remains controversial. Although
these fungi exhibit phosphatase activity and can hydrolyze some organic phosphorus
substrates under controlled conditions, their saprotrophic and extracellular enzymatic ca-
pacities appear limited, and the quantitative contribution of hyphae-derived phosphatases
to organic phosphorus mineralization in soil remains uncertain [384]. Instead, AMF can
indirectly stimulate nutrient mobilization by releasing labile carbon compounds that recruit
and sustain metabolically active bacteria in the hyphosphere. These bacteria complement
functions that are limited or absent in AMF, such as organic phosphorus mineralization and
inorganic phosphate solubilization through phosphatase activity, organic acid production,
and other biochemical processes [274].

According to Kuyper and Jansa [385], the direct contribution of AMF to the solubi-
lization and mineralization of poorly available phosphorus forms should be interpreted
with caution. AMF are obligate biotrophs and cannot live saprotrophically, which limits
their capacity to directly exploit complex organic phosphorus pools. Moreover, there is
no direct evidence that AMF can take up organic phosphorus compounds without their
prior mineralization to inorganic orthophosphate. Although phosphatase activity and
carboxylate release have been reported in mycorrhizal systems, these processes cannot
always be unequivocally attributed to the fungal partner, since hyphosphere-associated
bacteria may contribute substantially to extracellular enzyme activity and carboxylate
production. Thus, the mobilization of organic phosphorus in the mycorrhizal pathway may
depend largely on associated microorganisms that mineralize organic phosphorus into
orthophosphate, which can subsequently be absorbed by AMF hyphae and transported to
the host plant.

According to Duan et al. [144], bacteria inhabiting the hyphosphere cooperate with
AMF during nutrient acquisition by mineralizing complex organic compounds through the
secretion of phosphatases and other extracellular hydrolases, thereby increasing nutrient
availability for fungal uptake. Once internalized, nutrients are converted into forms suit-
able for long-distance transport throughout the mycelial network. Phosphorus is rapidly
polymerized into polyphosphate, stored within vacuoles, and subsequently translocated to-
ward the intraradical hyphae, a process that may be facilitated by the water flow generated
by plant transpiration [386,387].

Simultaneously, assimilated ammonium is incorporated into arginine, which serves as
the principal nitrogen transport molecule within the fungal mycelium and is frequently
translocated in association with polyphosphate [144,388,389]. Final nutrient transfer occurs
within the arbuscules, the specialized structures formed inside cortical root cells. At this
symbiotic interface, polyphosphate is hydrolyzed by fungal exopolyphosphatases, includ-
ing PPX1 and PPN1, releasing orthophosphate that is exported into the periarbuscular space
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through transporters such as RiPT7 and members of the PHO1 transporter family [144,390].
Likewise, arginine is catabolized, releasing ammonium (NH4

+), which is exported into the
periarbuscular space, while part of the nitrate pool may also be discharged directly into
this compartment [144,389,391].

The released nutrients are subsequently absorbed by the host plant through special-
ized transporters localized in the periarbuscular membrane, including MtPT4 and OsPT11
for phosphate uptake and members of the AMT2 transporter family for ammonium ac-
quisition [144,392,393]. The activity of these transport systems is driven by the proton
electrochemical gradient established by H+-ATPases located in the periarbuscular mem-
brane, particularly MtHA1 [394]. In exchange for mineral nutrients, the host plant supplies
arbuscular mycorrhizal fungi with photosynthetically derived carbon, primarily in the
form of soluble sugars and lipids. Sucrose transported through the phloem is metabolized
within colonized root tissues to generate glucose and fructose, which are exported into
the periarbuscular space by plant transporters, including members of the SWEET family,
and subsequently imported by fungal monosaccharide transporters. These hexoses sus-
tain fungal respiration, ATP production, and the biosynthesis of structural and storage
compounds [395,396].

Concurrently, arbuscule-containing cortical cells activate a specialized lipid biosyn-
thetic pathway regulated by RAM1 and involving the enzymes FatM, KASI, and RAM2,
which are responsible for the synthesis of C16 fatty acids, particularly palmitate, together
with their monoacylglycerol derivatives [201,395,397]. These lipid compounds are thought
to be exported through the STR/STR2 transporter complex located in the periarbuscular
membrane and subsequently utilized by AMF for the synthesis of cellular membranes,
triacylglycerols, vesicles, spores, and the extraradical mycelium [204,395]. Thus, whereas
soluble sugars provide a readily metabolizable carbon source, lipids constitute an essential
source of structural, energetic, and storage carbon, highlighting the profound metabolic
dependence of AMF on their host plant [395,398].

Expansion of Soil Exploration by AMF

The expansion of the soil volume explored is one of the principal mechanisms by
which AMF enhance nutrient acquisition by plants. In non-mycorrhizal root systems, one
of the major constraints to nutrient uptake is the formation of depletion zones surrounding
the roots. These zones develop when the rate of nutrient uptake by the root system
exceeds nutrient replenishment through diffusion and mass flow, progressively reducing
nutrient availability in the soil solution, particularly for elements with low mobility, such
as phosphorus (P), zinc (Zn), and copper (Cu) [399–401].

As a consequence, nutrient uptake efficiency declines as the nutrient pool adjacent to
the root surface becomes depleted, requiring continuous root growth to exploit previously
unoccupied soil volumes [402]. Using chemical imaging techniques, Kreuzeder et al. [403]
demonstrated that the phosphorus depletion zone may extend up to approximately
2.5 mm on each side of the root, expanding at a rate close to 1 mm per day.

Following the establishment of mycorrhizal symbiosis, the development of an ex-
tensive extraradical hyphal network enables AMF to extend beyond the depletion zone
surrounding the roots and explore soil micropores and microsites that are inaccessible
to the root system. This enhanced exploratory capacity is primarily attributable to the
considerably smaller diameter of fungal hyphae compared with plant roots. According
to Wang et al. [404], AMF hyphae range from 2 to 10 µm in diameter, making them up to
two orders of magnitude thinner than fine roots (approximately 0.2 mm). Furthermore,
the density of the extraradical mycelium may exceed 108 m of hyphae per cubic meter
of soil, surpassing root length density (approximately 104 m m−3) by several orders of
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magnitude [405,406]. Figure 4 provides a schematic representation of how the extraradical
mycelium expands the soil volume explored for nutrient acquisition.

Figure 4. Architecture of the Extraradical Mycelium and Expansion of Soil Exploration. AZ:
Absorption Zone.

As illustrated in Figure 4, the exploration of new soil volumes exclusively through
root growth would require substantial investments of carbon, energy, and nutrients for
the development and maintenance of lateral roots. According to Jansson et al. [407],
approximately 20–30% of recently assimilated photoassimilates are allocated belowground,
of which nearly 50% are invested in root growth and development.

Mycorrhizal symbiosis substantially reduces this demand by transferring much of the
soil exploration function to the extraradical mycelium. Owing to its exceptionally high
length-to-biomass ratio, the fungal hyphal network greatly expands the absorptive interface
while requiring considerably less biomass investment from the host plant than would be
necessary for the production of additional roots [408]. Although this symbiosis requires
the allocation of photosynthetically derived carbon to the fungus, the resulting increase in
water and nutrient acquisition, particularly under nutrient-limited conditions, generally
outweighs this metabolic cost, making mycorrhizal symbiosis a highly efficient strategy
for optimizing carbon use efficiency. Consequently, plants can maintain efficient resource
acquisition while reducing their root-to-shoot ratio [204,409].

4.2. Phytohormonal Regulation

Phytohormones are a class of signaling molecules produced at low concentrations that
regulate virtually every aspect of plant growth and development, including cell division
and expansion, root architecture, nutrient acquisition, responses to biotic and abiotic
stresses, and defense mechanisms [410,411]. In addition to coordinating endogenous
physiological processes, these compounds play a central role in plant–microorganism
communication by integrating environmental cues with the metabolic responses of the host
plant [412].

The following sections discuss the major phytohormones involved in these interactions,
as well as the mechanisms by which AMF and RHZb modulate their biosynthesis and
signaling pathways to enhance plant physiological performance and maintain the stability
of the mutualistic association.
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4.2.1. AMF-Mediated Phytohormonal Regulation

During arbuscular mycorrhizal symbiosis, AMF modulate the host plant’s hormonal
balance by activating or repressing phytohormone biosynthetic pathways, thereby alter-
ing the levels of auxins, cytokinins, abscisic acid, ethylene, jasmonic acid, salicylic acid,
and gibberellins [413]. This hormonal reprogramming promotes root system develop-
ment, arbuscule formation and maintenance, nutrient and water acquisition, and the
coordination of growth and defense responses, enabling the host plant to maximize the
benefits of the symbiosis without eliciting immune responses that would interfere with its
establishment [414,415].

Although there is growing evidence that arbuscular mycorrhizal fungi produce
or release compounds exhibiting auxin-, cytokinin-, and possibly abscisic acid-like
activities [416–419], their primary contribution to host hormonal balance is currently con-
sidered to arise from the modulation of plant hormone biosynthesis, transport, perception,
and signaling pathways [420–422]. Thus, AMF function predominantly as regulators of
plant hormonal homeostasis, promoting a physiological reprogramming that favors both
the establishment and maintenance of the symbiotic association.

The influence of AMF on plant hormone metabolism has been demonstrated in
several studies. Du et al. [423] reported that colonization by R. intraradices triggered
a localized activation of hormone-related pathways in M. truncatula, particularly un-
der phosphorus-deficient conditions, and that this response was closely associated with
changes in root architecture. Transcriptomic analysis revealed the upregulation of genes
involved in gibberellin biosynthesis (GA20ox), auxin-responsive pathways (GH3 and
SAUR), and brassinosteroid biosynthesis (CYP92A6), all of which showed positive cor-
relations with root morphological traits. Compared with non-inoculated controls, AMF
inoculation increased root biomass by 71.2% under partial colonization and by 87.7% under
complete colonization.

Furthermore, the authors [423] reported that colonized roots exhibited greater total root
length, increased root surface area, and enhanced formation of second-order lateral roots,
traits associated with the induction of phytohormone-responsive genes. In contrast, ACC
oxidase, the key enzyme involved in ethylene biosynthesis, showed a negative correlation
with most root morphological characteristics, although it was positively associated with the
number of secondary roots. Concurrently, AMF induced the expression of genes involved
in sucrose and glucose metabolism, pyruvate production, fatty acid biosynthesis, and lipid
transport to the fungus, highlighting a coordinated metabolic reprogramming that supports
the establishment and functioning of the symbiosis.

Similarly, Guo et al. [424] demonstrated that Funneliformis mosseae regulated root
development in Poncirus trifoliata through the temporal modulation of auxin biosynthesis,
transport, and distribution. AMF inoculation promoted a progressive increase in indole-3-
acetic acid (IAA) content throughout the colonization process, accompanied by dynamic
changes in auxin flux and in the expression of PtPIN genes, which encode auxin efflux
transporters. The expression of these transporters was strongly correlated with both total
IAA flux and root hair development, with PtPIN6 emerging as a potential positive regulator
of this process.

The authors further demonstrated that the hormonal response depended on the
stage of symbiosis establishment. Root hair growth was initially inhibited between the
fourth and eighth weeks after inoculation but became significantly stimulated during the
tenth and twelfth weeks. Compared with non-mycorrhizal controls, this auxin-mediated
reprogramming was accompanied by marked improvements in root architecture, including
increases in total root length, root surface area, root volume, and the number of second-
order lateral roots, ultimately resulting in greater plant growth and biomass accumulation.
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4.2.2. RHZb-Mediated Phytohormonal Regulation

In addition to arbuscular mycorrhizal fungi, RHZb also play a central role in the
hormonal regulation of plants. These microorganisms influence plant development through
two complementary mechanisms: (1) The direct production of phytohormones or their
precursors [425,426], and (2) The modulation of the host plant’s hormone biosynthesis,
transport, perception, and signaling pathways [427–429].

Among the phytohormones influenced by RHZb, auxin, particularly indole-3-acetic
acid (IAA), is one of the most extensively studied regulators. It is estimated that
approximately 80% of plant growth-promoting rhizobacteria are capable of synthesiz-
ing IAA, predominantly using L-tryptophan exuded by plant roots as the primary
precursor [430–432].

According to Wang et al. [433], bacterial IAA production represents one of the ma-
jor mechanisms underlying RHZb-mediated stimulation of root development. Among
21 bacterial isolates obtained from the nodules and rhizosphere of Sesbania bispinosa,
eight strains belonging to the genera Bacillus, Chryseobacterium, Enterobacter, Klebsiella,
and Herbaspirillum were capable of synthesizing IAA. Hormone production varied substan-
tially among the isolates, with Klebsiella aerogenes N10 producing the highest concentration
(111.01 µg mL−1), followed by K. aerogenes W15 (52.87 µg mL−1), Enterobacter ludwigii N9
(48.55 µg mL−1), Chryseobacterium indologenes N7 (33.52 µg mL−1), and Enterobacter cloacae
W16 (26.97 µg mL−1). Under greenhouse conditions, inoculation with these bacteria, either
individually or as microbial consortia, significantly increased primary root length, lateral
root formation, and root fresh biomass compared with non-inoculated plants, with E. cloacae
and K. aerogenes producing the most pronounced growth-promoting effects.

Similarly, Palberg et al. [434] demonstrated the capacity of Methylobacterium species to
synthesize cytokinins. The characterization of 46 bacterial strains using high-performance
liquid chromatography coupled with tandem mass spectrometry revealed substantial
variation in cytokinin production, with total cytokinin concentrations ranging from 5.09 to
191.47 pmol mL−1 and concentrations of the biologically most active form, trans-zeatin,
ranging from 0.46 to 82.16 pmol mL−1. Furthermore, sixteen distinct cytokinin forms were
identified, highlighting the remarkable metabolic diversity among the evaluated strains.

In addition to directly producing phytohormones, numerous studies have demon-
strated that RHZb modulate endogenous plant hormone metabolism. Chen et al. [435]
reported that the rhizobacterium Variovorax paradoxus 5C-2 promotes plant growth by
regulating ethylene biosynthesis through the activity of the enzyme ACC deaminase. Inoc-
ulation of A. thaliana reduced foliar concentrations of 1-aminocyclopropane-1-carboxylic
acid (ACC), the immediate precursor of ethylene, by 59% and decreased ethylene emis-
sion by 42% in wild-type plants and by 37% in the ethylene-overproducing mutant eto1-1.
Consequently, inoculated plants exhibited significant increases in leaf area, shoot biomass,
and flowering occurred approximately 2.5 days earlier than in non-inoculated controls.
In contrast, these responses were absent in the ethylene-insensitive mutants etr1-1 and
ein2-1, despite levels of root colonization comparable to those of wild-type plants. These
findings demonstrate that the reduction of ethylene biosynthesis mediated by bacterial
ACC deaminase requires an intact ethylene signaling pathway to stimulate plant growth
and development, providing direct evidence that modulation of ethylene metabolism
constitutes one of the principal mechanisms through which RHZb promote plant growth.

Finally, Liu et al. [436] demonstrated that inoculation of Platycladus orientalis with the
cytokinin-producing rhizobacterium B. subtilis induced extensive hormonal reprogram-
ming under drought conditions. Whereas drought stress reduced cytokinin concentrations
in the shoots of non-inoculated plants by 39.14%, this decline was limited to only 10.22% in
inoculated plants, indicating that the bacterium substantially alleviated cytokinin depletion
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during water deficit. The maintenance of cytokinin levels was accompanied by increased
concentrations of abscisic acid (ABA), suggesting coordinated regulation between these
two phytohormones in maintaining plant water homeostasis. Consequently, inoculated
plants exhibited higher relative water content, improved leaf water potential, and opti-
mized stomatal conductance, demonstrating that the interaction between cytokinins and
ABA enhanced physiological adaptation to drought stress. Moreover, bacterial inoculation
increased shoot dry biomass by 34.85% under well-watered conditions and by 19.23% under
drought, while root biomass increased by 15.45% and 13.99%, respectively. Collectively,
these findings demonstrate that cytokinin-producing RHZb can regulate host hormonal dy-
namics by maintaining cytokinin levels during drought while coordinating their interaction
with ABA, thereby enhancing drought tolerance and sustaining plant growth.

4.3. Stress Amelioration

In addition to promoting plant growth through enhanced nutrient acquisition and
modulation of phytohormonal balance, AMF and RHZb play a fundamental role in the
amelioration of both biotic and abiotic stresses. These beneficial microorganisms enhance
plant adaptive capacity through a combination of physiological, biochemical, and molec-
ular mechanisms that reduce the detrimental effects of environmental constraints and
phytopathogen infection [437].

Among the principal mechanisms involved are improved water and nutrient use effi-
ciency, reinforcement of the antioxidant defense system, maintenance of ionic and osmotic
homeostasis, modulation of plant hormone metabolism, accumulation of compatible os-
molytes, and activation of local and systemic defense responses, including induced systemic
resistance (ISR) and systemic acquired resistance (SAR) [438–440]. Consequently, plants
associated with these microorganisms exhibit greater photosynthetic stability, reduced
accumulation of reactive oxygen species, improved membrane integrity, and enhanced per-
formance under drought, salinity, extreme temperatures, nutrient deficiency, contamination
by potentially toxic metals, and phytopathogen attack [441].

Taken together, plant interactions with beneficial microorganisms represent an impor-
tant adaptive strategy for increasing crop resilience under the environmental challenges
imposed by climate change and the intensification of agricultural systems. The following
subsections focus on the mechanisms through which AMF and RHZb alleviate the impacts
of drought and salinity stress.

4.3.1. Abiotic Stresses
Drought

Drought is one of the major constraints on global agricultural productivity, and its
frequency and severity are expected to increase as a consequence of climate change and the
growing irregularity of precipitation patterns [442]. Reduced soil water availability limits
water uptake by plant roots, leading to loss of cellular turgor, stomatal closure, decreased
carbon assimilation and photosynthetic activity, and impaired transport and acquisition
of mineral nutrients [443]. Under prolonged drought, these physiological disturbances
promote excessive accumulation of reactive oxygen species (ROS), resulting in oxidative
damage to lipids, proteins, and nucleic acids, thereby compromising membrane integrity,
plant growth, and ultimately crop productivity [443,444].

Although plants possess intrinsic mechanisms to mitigate these adverse effects, such
responses are often insufficient under severe or prolonged drought conditions [445]. In
this context, AMF and RHZb play a pivotal role in drought stress amelioration through
complementary mechanisms, including enhanced water uptake and water use efficiency,
maintenance of osmotic and ionic homeostasis, activation of antioxidant defense sys-
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tems, modulation of phytohormone metabolism, and induction of stress-responsive
genes [446,447].

In AMF-associated plants, drought tolerance is primarily enhanced by the extensive
extraradical mycelial network, which expands the volume of soil explored and thereby
improves water acquisition. Specifically, Quiroga et al. [448] demonstrated that symbiosis
with R. irregularis preserves root water uptake and transport under drought conditions
through the regulation of aquaporin activity. In inoculated maize (Zea mays) plants, root
cell water permeability and cellular hydraulic conductivity remained comparable to those
observed under well-watered conditions, whereas both parameters declined markedly
in non-mycorrhizal plants subjected to water deficit. This response was associated with
increased phosphorylation of PIP2 aquaporins, indicating enhanced activation of these
water transport channels and, consequently, greater permeability of root cells. Maintenance
of root water flux was directly reflected in shoot physiology, resulting in higher stomatal
conductance, increased net photosynthetic rates, and improved photosynthetic performance
under drought stress.

Similarly, Yang et al. [449] reported that inoculation of Leymus chinensis with the arbus-
cular mycorrhizal fungi Funneliformis mosseae and Claroideoglomus etunicatum significantly
enhanced drought tolerance by promoting greater plant growth and biomass accumula-
tion compared with non-inoculated controls, regardless of drought severity. Mycorrhizal
colonization increased soluble sugar concentrations and antioxidant enzyme activities,
thereby reducing oxidative stress and contributing to the maintenance of plant productivity.
However, the physiological mechanisms underlying these responses varied according to
drought intensity. Under moderate drought, biomass enhancement was primarily associ-
ated with increased cytokinin concentrations and soluble sugar accumulation, accompanied
by reduced catalase activity. In contrast, under severe drought, improved plant growth re-
sulted from enhanced peroxidase activity, which promoted greater accumulation of soluble
sugars, whereas cytokinin levels declined. Furthermore, C. etunicatum exhibited superior
performance under severe drought by maintaining a more extensive extraradical mycelial
network with lower carbon demand, thereby enabling more efficient exploration of the soil
and improved acquisition of residual water.

Drought tolerance mediated by RHZb has also been extensively documented. Accord-
ing to Preeti et al. [450], co-inoculation with Azotobacter chroococcum, Pseudomonas putida,
and B. subtilis significantly increased drought tolerance in tomato (Solanum lycopersicum)
plants by increasing relative water content from 55.41% to 72.06% and chlorophyll content
from 0.85 to 1.70 mg g−1 fresh weight. The microbial consortium also enhanced the activi-
ties of the antioxidant enzymes superoxide dismutase (35.4 µmol min−1 mg−1), catalase
(74.6 µmol min−1 mg−1), and peroxidase (0.89 µmol g−1), thereby alleviating drought-
induced oxidative stress. Consequently, inoculated plants achieved greater productivity,
reaching 0.94 kg plant−1, outperforming both individually inoculated plants and non-
inoculated controls. These findings demonstrate that the synergistic action of rhizobacteria
improves plant water status, preserves photosynthetic capacity, and enhances plant re-
silience under drought conditions.

In addition, Sandhya et al. [451] evaluated sunflower (Helianthus annuus) plants inoc-
ulated with the exopolysaccharide (EPS)-producing strain Pseudomonas putida GAP-P45.
Drought tolerance was significantly improved through modifications of the physical prop-
erties of the rhizosphere. High EPS production promoted root surface colonization and
biofilm formation while simultaneously increasing soil aggregate stability and the pro-
portion of soil adhering to the roots. These changes enhanced water retention within the
rhizosphere, ultimately resulting in greater plant survival and increased biomass accumu-
lation under drought stress.
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Quantitative evidence indicates that the benefits of the three-way plant–AMF–RHZb
interaction under drought extend beyond general improvements in plant growth and
involve measurable changes in water relations, nutrient acquisition, and photosynthetic
performance. In maize exposed to moderate and severe drought, co-inoculation with
Acaulospora laevis and B. subtilis increased root mycorrhizal colonization by 104.6–113.2%
and soil microbial biomass carbon by 36.4–40.2% compared with non-inoculated plants.
This interaction also increased water-use efficiency by 21.6% and 12.8% under moderate and
severe drought, respectively, while leaf photosynthetic rates increased by 27.3–29.8% [452].
However, the magnitude of the co-inoculation effect is not uniformly superior across
environmental conditions or functional traits. Using 33P tracing, Silva et al. [20] showed
that under severe drought, shoot acquisition of labeled phosphorus was 2.4-fold higher in
both the RHZb alone (Bacillus sp.) and AMF (Rhizophagus clarus) + RHZb treatments than
in the uninoculated control, whereas under moderate drought, AMF alone resulted in a
2.1-fold increase and outperformed the combined treatment. These results demonstrate
that functional complementarity between AMF and rhizobacteria is strongly dependent
on drought intensity and the response variable considered, rather than representing an
invariably synergistic interaction.

Soil Salinity

Soil salinity is one of the major abiotic stresses limiting agricultural productivity in
arid and semi-arid regions, and its severity has been intensified by inadequate irrigation
practices, seawater intrusion, and climate change [453]. Excessive concentrations of soluble
salts, particularly Na+ and Cl−, initially induce osmotic stress by reducing soil water
availability and impairing water uptake by plant roots [454]. As salinity persists, the
accumulation of these ions within plant tissues leads to ionic toxicity, nutrient imbalance,
and increased production of reactive oxygen species (ROS), ultimately compromising
membrane integrity, photosynthetic activity, and plant growth [454,455].

Although plants activate several adaptive responses, including ion compartmentaliza-
tion, osmotic adjustment, antioxidant defense, and hormonal regulation, these mechanisms
are often insufficient to maintain cellular homeostasis under severe or prolonged saline
conditions [456,457].

In this context, AMF and RHZb play a pivotal role in salinity stress ameliora-
tion through complementary mechanisms, including enhanced selective uptake of nu-
trients, particularly K+, Ca2+, and P, maintenance of ionic homeostasis by reducing the
Na+/K+ ratio, accumulation of compatible osmolytes, reinforcement of antioxidant defense
systems, modulation of phytohormone metabolism, and induction of stress-responsive
genes [458,459]. As a result, plants associated with these beneficial microorganisms ex-
hibit greater photosynthetic efficiency, reduced ROS accumulation, improved membrane
stability, and enhanced growth and productivity under saline conditions.

Recently, Han et al. [460] demonstrated the effectiveness of AMF in alleviating the
detrimental effects of salinity stress. Inoculation of hybrid poplar (Populus alba × P. tremula
var. glandulosa) seedlings significantly enhanced salt tolerance by modulating plant water
relations, antioxidant defenses, and ionic balance. AMF efficiently colonized the root
system even under saline conditions, reduced water loss by improving transpiration,
and promoted greater biomass accumulation. Furthermore, mycorrhizal plants exhibited
lower concentrations of proline and malondialdehyde, together with increased activities
of antioxidant enzymes, indicating improved membrane stability. AMF inoculation also
reduced Na+ accumulation in plant tissues, thereby contributing to the maintenance of
ionic homeostasis.
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The effectiveness of RHZb in mitigating salinity stress has likewise been extensively
documented. Neshat et al. [461] demonstrated that inoculation of Brassica napus with
Pseudomonas sp. C16-2O and Enterobacter sp. S16-3 alleviated the adverse effects of salinity
by maintaining ionic homeostasis and strengthening the antioxidant defense system. These
rhizobacteria enhanced potassium and phosphorus solubilization, thereby reducing Na+

uptake by plants, one of the principal mechanisms underlying salt tolerance. In addition,
bacterial inoculation increased the activities of the antioxidant enzymes superoxide dismu-
tase, catalase, ascorbate peroxidase, and polyphenol oxidase, thereby reducing oxidative
damage caused by H2O2 generated during photosynthetic electron transport.

Similarly, Hui et al. [462] demonstrated that the combined application of AMF and
RHZb produced synergistic effects on plant salt tolerance. The authors showed that inocula-
tion of Robinia with salt-tolerant rhizobia enhanced tolerance to salinity through improved
ionic homeostasis. Inoculated plants exhibited reduced Na+ accumulation and increased K+

concentrations, resulting in higher K+/Na+ ratios in both roots and leaves. This response
was further enhanced by co-inoculation with AMF, which intensified Na+ exclusion and
K+ accumulation, particularly in the salt-tolerant cultivar Lu155. Moreover, the combined
inoculation induced the expression of the ion transporter genes RpSOS1, RpHKT1, RpNHX1,
and RpSKOR, which regulate Na+ transport, K+ transport, and intracellular ion compart-
mentalization. These findings demonstrate that the regulation of ion transport systems
constitutes one of the principal mechanisms through which AMF and RHZb preserve ionic
homeostasis and enhance plant tolerance to salinity.

The benefits of AMF–RHZb interactions under salinity are also quantitatively evident,
although their magnitude depends on microbial identity and stress intensity. In Sulla
carnosa exposed successively to 100 and 200 mM NaCl, dual inoculation with R. intraradices
and B. subtilis consistently improved plant biomass and, under severe salinity, reduced
leaf electrolyte leakage by 32% compared with non-inoculated salt-stressed plants. Co-
inoculated plants also showed the lowest hydrogen peroxide accumulation and a strong
association between the combined treatment and antioxidant and hormonal responses,
including superoxide dismutase activity and abscisic acid-related signaling [463]. Similarly,
in maize subjected to 40–80 mM NaCl, the association of R. clarus with selected RHZb
increased mycorrhizal colonization by approximately 50% and improved biomass accu-
mulation and osmotic adjustment [464]. Importantly, these effects were dependent on
the bacterial strain used, indicating that salinity tolerance cannot be generalized to any
AMF–RHZb combination. Thus, the three-way interaction appears to alleviate salinity
through complementary regulation of fungal establishment, membrane stability, redox
homeostasis, and ionic/osmotic adjustment, but its efficiency remains highly dependent
on microbial compatibility.

4.3.2. Biotic Stresses: Biological Control

Biotic stresses caused by biological agents such as fungi, bacteria, viruses, and nema-
todes represent one of the major constraints to agricultural productivity and the stability of
cropping systems, resulting in substantial reductions in both crop yield and quality world-
wide. Savary et al. [465] quantified the impact of pests and diseases on the productivity of
major food crops, reporting average yield losses of approximately 21.5% in wheat, 30.0% in
rice, 22.5% in maize, 21.4% in soybean, and 17.2% in potato.

Infection by these organisms compromises the structural and functional integrity of
plant tissues, reduces photosynthetic activity, alters primary and secondary metabolism,
and redirects metabolic resources toward defense responses, thereby restricting plant
growth and productivity [466].
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Although plants possess an innate immune system capable of recognizing microbe-
or pathogen-associated molecular patterns (MAMPs/PAMPs) and pathogen-derived ef-
fectors, thereby activating local and systemic defense responses, these mechanisms are
often insufficient to prevent pathogen establishment and disease progression, particu-
larly under conditions of high inoculum pressure or environments favorable to pathogen
development [467,468]. In this context, AMF and RHZb serve as important biological con-
trol agents by acting through both direct and indirect mechanisms that reduce disease inci-
dence and severity. These mechanisms include competition for space and nutrients within
the rhizosphere, production of siderophores (exclusively RHZb), antibiotics, lipopeptides,
volatile organic compounds, and antimicrobial hydrolytic enzymes, as well as activation of
plant defense responses, particularly induced systemic resistance (ISR) [469–471].

Among AMF, Zoubi et al. [472] demonstrated that inoculation of the citrus rootstocks
Citrus aurantium and Carrizo citrange with the arbuscular mycorrhizal fungi Funneliformis
mosseae and R. irregularis significantly reduced infestation by the citrus nematode Tylenchu-
lus semipenetrans while simultaneously promoting plant growth. In the soil, F. mosseae
reduced nematode populations by 95.44% and 95.57%, whereas R. irregularis achieved
reductions of 86.50% and 80.47% in C. aurantium and Carrizo citrange, respectively. Within
the root system, nematode suppression ranged from 63.10% to 88.89%, depending on the
fungal species and rootstock combination. In addition to suppressing nematode popula-
tions, both AMF significantly enhanced plant growth and biomass accumulation compared
with plants inoculated solely with T. semipenetrans, highlighting their potential as biological
control agents in citrus production.

In RHZb, a wide range of antimicrobial metabolites, including phenazine-1-carboxylic
acid (PCA), 2,4-diacetylphloroglucinol (2,4-DAPG), oomycin, pyoluteorin, pyrrolnitrin,
kanosamine, zwittermicin A, and pantocin, contribute to pathogen suppression while
simultaneously promoting induced systemic resistance in the host plant [473]. According
to Balthazar et al. [474], Pseudomonas protegens Pf-5 suppresses Botrytis cinerea primarily
through the production of the antibiotics pyoluteorin (PLT) and 2,4-diacetylphloroglucinol
(2,4-DAPG). Mutant strains deficient in the synthesis of these compounds exhibited a
marked reduction in antagonistic activity, decreasing gray mold severity by only 10%
(∆pltD) and 19% (∆phlA), whereas the wild-type strain reduced disease severity by ap-
proximately 40%.

Quantitative studies also demonstrate that the tripartite plant–AMF– RHZb interac-
tion can provide stronger protection against phytopathogens than either microbial partner
alone. Reference [475] showed that co-inoculation of tomato with R. irregularis and Bacillus
velezensis reduced Botrytis disease severity by approximately 60% and disease incidence
by approximately 75% relative to the non-inoculated control. Notably, AMF or bacterial
inoculation alone also provided protection, but at significantly lower levels than the com-
bined treatment, providing direct evidence of functional complementarity between the
two microorganisms. The mechanism involved more than direct bacterial antagonism:
B. velezensis migrated along the extraradical hyphae of R. irregularis, while the AMF modu-
lated bacterial secondary metabolism, and the resulting microbial partnership enhanced
systemic resistance in the host plant. Similar complementarity has been observed against
soil-borne pathogens. In date palm challenged with F. oxysporum f. sp. albedinis, combined
AMF and RHZb consortia provided greater disease suppression than either consortium in-
dividually and simultaneously increased mycorrhizal colonization intensity approximately
threefold and colonization frequency 1.5-fold [340]. Together, these findings indicate that
biological control through the three-way interaction can result from the integration of direct
pathogen antagonism, improved microbial establishment, and activation of host defense
rather than from a single protective mechanism.
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5. AMF and RHZb Applied to Sustainable Agricultural Production
In light of the mechanisms discussed throughout this review, the benefits of plant–

microorganism interactions for plant growth and development are unequivocal. Consid-
ering that the vast majority of terrestrial plants establish associations with AMF and that
virtually all plants benefit, to some extent, from RHZb, these interactions can be successfully
harnessed in agricultural systems to improve resource-use efficiency and promote more
sustainable crop production [40,41].

In this context, increasing nutrient use efficiency has become a major priority, par-
ticularly given agriculture’s dependence on finite natural resources and the high energy
demands associated with mineral fertilizer production. According to Scholz et al. [476],
the projected global increase in food demand of approximately 40% by 2060 is expected
to intensify the demand for phosphate fertilizers, placing additional pressure on mineral
phosphorus resources. Currently, approximately 93% of the phosphate rock extracted
worldwide is used for food production. However, overall phosphorus use efficiency re-
mains remarkably low, ranging from only 5% to 10%, owing to substantial losses throughout
the agricultural production chain. Although current phosphate rock reserves are considered
sufficient for more than one thousand years, the authors emphasize that the long-term sus-
tainability of this resource will depend primarily on improving phosphorus use efficiency
and expanding the recycling of phosphorus-rich residues, thereby reducing the need for
new mining activities and enhancing the resilience of agricultural systems.

Unlike phosphorus, whose principal limitation lies in the finite nature of mineral
reserves, the major challenge associated with nitrogen fertilization is its low utilization
efficiency and the high energy cost required for fertilizer production. Although atmospheric
nitrogen is abundant, the industrial synthesis of nitrogen fertilizers relies on the Haber–
Bosch process, which is highly energy-intensive and depends predominantly on fossil
fuels [477]. Furthermore, crop nitrogen recovery efficiency is typically below 50%, as
a substantial proportion of the applied fertilizer is lost through volatilization, leaching,
and denitrification, resulting in significant environmental, economic, and public health
consequences [478].

In addition, the high geographical concentration of global mineral fertilizer reserves
and production exposes the supply of strategic nutrients to geopolitical instability, trade
disputes, and disruptions in global supply chains, threatening food security and rein-
forcing the need for strategies that improve nutrient-use efficiency and promote nutrient
recycling [479,480]. Using Hubbert and Gompertz logistic models, Al Rawashdeh [481]
estimated that global potash production is likely to reach its peak between 2057 and 2060,
although different reserve scenarios suggest a broader range between 2029 and 2095. The
study also highlights that global potassium reserves are concentrated in a relatively small
number of countries, further increasing the vulnerability of worldwide fertilizer supplies.

Another major challenge for sustainable agriculture is the heavy reliance on syn-
thetic pesticides for the control of pests, diseases, and weeds. Although these inputs have
played a fundamental role in increasing agricultural productivity over recent decades,
their intensive and often indiscriminate use has accelerated the selection of resistant
populations of phytopathogens, insect pests, and weeds, progressively reducing their
effectiveness [482,483]. Moreover, the persistence and environmental transport of these
compounds can contaminate soils, water bodies, and non-target organisms, negatively af-
fecting biodiversity, soil microbial communities, and essential ecosystem services [484,485].

Beyond the challenges associated with synthetic fertilizers and pesticides, climate
change represents another critical threat to agricultural sustainability [486]. The increasing
frequency and intensity of extreme climatic events, including prolonged droughts, heat
waves, floods, and expanding soil salinization, have compromised agricultural productivity,
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reduced the availability of natural resources, and increased the vulnerability of production
systems [467–489]. These environmental changes directly affect water availability, soil
fertility, nutrient dynamics, and the incidence of pests and diseases, making agricultural
systems increasingly dependent on strategies capable of enhancing their resilience.

As the global population continues to grow, the need for agricultural systems capable
of maximizing productivity while simultaneously minimizing environmental impacts and
conserving natural resources and soil ecosystem services has become increasingly urgent.
Consequently, strategies that improve water and nutrient use efficiency, reduce dependence
on synthetic inputs, and preserve biodiversity and agroecosystem functionality are essential
to ensuring global food security and the long-term sustainability of agricultural production.

Within this framework, AMF and RHZb have emerged as strategic components for
the transition toward more sustainable and resilient agricultural systems. By acting syner-
gistically to enhance nutrient acquisition and use efficiency, improve water-use efficiency,
mitigate biotic and abiotic stresses, suppress phytopathogens through biological control,
and promote soil health, these beneficial microorganisms reduce dependence on synthetic
fertilizers and pesticides, contribute to the conservation of soil biodiversity and ecosystem
services, support the restoration of degraded lands, and increase the resilience of agroe-
cosystems to climate change. Table 5 summarizes representative experimental studies
illustrating these contributions across different crops and agricultural production systems.
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Table 5. Recent experimental applications of arbuscular mycorrhizal fungi (AMF) and rhizobacteria (RHZb) for enhancing agricultural sustainability.

Microorganism Crop Contribution Study Highlights Reference

Rhizophagus and Glomus (AMF) Potato
(Solanum tuberosum)

Reduced phosphorus
fertilization

Reduced 25% of P fertilizer without yield losses, achieving 47.9 t ha−1 and increasing P and
Zn uptake.

Ghobadi et al. [490]

Bacillus subtilis and Bacillus
megaterium (RHZb)

Common bean
(Phaseolus vulgaris)

Improved phosphorus
use efficiency

Increased grain yield by 12% (+389 kg ha−1) and P export to 15.3 kg ha−1, improving
phosphorus use efficiency.

Souza et al. [491]

Rhizophagus irregularis (AMF) Poplar
(Populus cathayana) Drought stress mitigation Enhanced drought tolerance by promoting NH4

+ assimilation, increasing GS and GOGAT
activities, and improving N status, antioxidant activity, and photosynthetic performance. Wang et al. [492]

Rhizobium spp. (RHZb) Common bean
(Phaseolus vulgaris)

Reduced nitrogen
fertilization

Meta-analysis of 68 studies showed a 32.96% increase in yield and greater efficiency than
mineral N fertilization under no-tillage, dry-season cultivation, and soils with high

organic matter.

dos Santos Sousa
et al. [493]

Rahnella aquatilis and
Burkholderia cepacia (RHZb)

Rice
(Oryza sativa)

Reduced chemical
fertilization

Enabled a 25% reduction in chemical fertilizer without yield loss; co-inoculation increased
grain yield by up to 44.3% and K (65.4%) and Zn (54.6%) uptake.

Bakhshandeh
et al. [494]

AMF community (dominated by
Rhizophagus and Dominikia)

Maize
(Zea mays)

Reduced nitrogen
fertilization

A 40% reduction in N fertilizer combined with straw return maintained maize yield while
increasing AMF colonization and diversity. Pen et al. [495]

Pseudomonas spp. (RHZb) Radish
(Raphanus sativus)

Remediation of
fungicide-contaminated

soils

Alleviated fungicide phytotoxicity, increasing biomass (10%), plant length (13%), and
chlorophyll content (18%), while reducing oxidative stress markers. Khan et al. [496]

Glomus, Rhizophagus,
Funneliformis, Paraglomus, and

Gigaspora (AMF)

Tomato
(Solanum lycopersicum) Reduced fungicide use Reduced early blight severity (Alternaria solani) and enabled the use of reduced fungicide doses

while maintaining plant growth. Demir et al. [497]

Streptomyces spp. (RHZb) Cucumber
(Cucumis sativus)

Reduced chemical
fertilization

Strain SS12 allowed a 25% reduction in NPK fertilization, increased yield by 40%, improved
fruit quality, and induced ISR and SAR. Orouji et al. [498]

Rhizobium sophoriradicis and
Rhizobium tropici (RHZb)

Common bean
(Phaseolus vulgaris)

Reduced nitrogen
fertilization

Enhanced nodulation and biological N fixation; the 50–25% mineral N regime reduced fertilizer
dependency, with only an 11% yield reduction compared with the 100% mineral N treatment.

Karavidas
et al. [499]

Sulfate-reducing
bacteria (RHZb)

Lettuce
(Lactuca sativa) Drought stress mitigation Improved drought tolerance by increasing leaf area, relative water content, antioxidant activity,

and photosynthetic efficiency, particularly under severe water deficit.
Hassani

et al. [500]

Rhizophagus intraradices and
Nocardia halotolerans

(AMF + RHZb)
Aeluropus littoralis Salinity stress mitigation

Co-inoculation alleviated salinity effects on mycorrhizal colonization, reducing colonization
losses from 23.5–32.6% to 2.8–3.4% under 100–200 mM NaCl, while increasing

glomalin production.

Zarei
et al. [501]

Native AMF consortium Bulb onion
(Allium cepa)

Biological control of
phytopathogens

Induced resistance against Fusarium oxysporum, promoting plant growth and increasing
productivity under sterile soil conditions.

Almanza
et al. [502]

Bacillus amyloliquefaciens and
Pseudomonas capeferrum (RHZb)

Tomato
(Solanum lycopersicum)

Biological control
of nematodes

The bacterial consortium achieved 100% efficacy against Meloidogyne spp. in vitro and
reduced nematode infectivity in plants by threefold, without affecting the non-target organism

Caenorhabditis elegans.
Mata et al. [503]

AMF: Arbuscular Mycorrhizal Fungi; RHZb: Rhizobacteria.
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6. Final Considerations, Current Bottlenecks, and Future Perspectives
The evidence discussed throughout this review demonstrates the considerable poten-

tial of plant–AMF–RHZb interactions to improve nutrient acquisition, plant development,
and tolerance to biotic and abiotic stresses. However, the transition from controlled ex-
periments to agricultural fields remains one of the major challenges for the practical use
of microbial consortia. Responses obtained under greenhouse or pot conditions are often
more consistent than those observed under field conditions, where soil physicochemical
heterogeneity, climatic fluctuations, crop management, host genotype, and competition
with the native microbiome can strongly influence microbial establishment and functional-
ity. Different agricultural ecosystems therefore impose distinct ecological filters that may
favor some microbial species or strains while restricting others. Consequently, the same
inoculant cannot be expected to perform equally well across all soils, crops, and environ-
ments. Soil type is particularly important because texture, pH, organic matter content,
nutrient availability, water retention, and indigenous microbial communities directly affect
propagule survival, bacterial proliferation, AMF colonization, nutrient exchange, and the
competitive ability of introduced microorganisms. This context reinforces the importance of
continuous exploration and bioprospecting of native and locally adapted microorganisms,
which may exhibit greater ecological compatibility, persistence, and functional stability
under the environmental conditions in which they will ultimately be applied.

Another important limitation concerns the ecological stability of introduced micro-
bial communities. Successful inoculation cannot be evaluated solely by short-term plant
responses, because the persistence of AMF and RHZb, their ability to maintain root coloniza-
tion, and the stability of their interactions throughout the crop cycle remain insufficiently
understood. Particularly in three-way plant–AMF–RHZb associations, the molecular and
ecological dynamics occurring in situ are considerably more complex than those inferred
from simplified experimental systems. Future studies should therefore move beyond end-
point measurements and investigate how microbial populations, colonization patterns,
signaling networks, metabolite exchange, and functional traits change over time and in
response to environmental fluctuations. Long-term monitoring across successive crop
stages and growing seasons will be essential to determine whether introduced microor-
ganisms remain functionally active, become integrated into the resident microbiome, or
progressively decline after inoculation.

The industrial development of microbial inoculants introduces an additional set of
bottlenecks that must be addressed before these biological interactions can be translated
into predictable agricultural technologies. The performance of an effective strain under
experimental conditions does not necessarily guarantee its suitability for large-scale pro-
duction, formulation, storage, transport, or field application. Microbial viability must be
maintained throughout the production chain, while formulations must preserve physio-
logical activity and compatibility among microbial partners. This challenge is particularly
relevant for multi-organism inoculants, because conditions that favor the survival of one
microorganism may reduce the viability or functionality of another. Carrier composition,
storage conditions, shelf life, inoculum concentration, quality control, and recovery after
application therefore represent critical components of product development. In addi-
tion, AMF presents specific constraints because their obligate biotrophic lifestyle makes
large-scale propagation and standardization considerably more complex than conventional
bacterial fermentation. Equally important is the field persistence period of formulated
microorganisms, since high viability at the moment of application does not necessarily
translate into successful establishment or prolonged activity in the rhizosphere. From a
commercial perspective, these biological and formulation constraints also influence produc-
tion costs, scalability, batch-to-batch consistency, application frequency, and ultimately the
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economic return expected by growers. Mixed inoculants must therefore provide sufficiently
consistent agronomic benefits to justify the additional complexity and cost associated with
producing and maintaining multiple viable microbial partners within the same product.

Importantly, these constraints become even more pronounced in dual AMF–RHZb
inoculation, because successful performance depends not only on the establishment of each
microorganism individually, but also on the maintenance of a compatible and functionally
coordinated interaction between them. Under field conditions, one partner may establish
successfully while the other declines because of soil pH, nutrient availability, moisture, tem-
perature, native microbial competition, or management practices. High soil P availability,
for example, may reduce plant dependence on AMF and suppress mycorrhizal colonization,
whereas bacterial establishment may be strongly affected by rhizosphere competition, sub-
strate availability, or chemical inputs. Differences in colonization timing, inoculum density,
spatial distribution, and persistence may further prevent the two partners from interacting
during the period in which their complementary functions would be beneficial to the plant.
In addition, strains that perform synergistically under controlled conditions may compete
for resources, alter one another’s signaling, or become functionally redundant under field
conditions. Consequently, the failure of dual inoculation is often not attributable to the
inefficacy of either microorganism alone, but rather to the instability of the tripartite plant–
AMF–RHZb interaction across heterogeneous agricultural environments. This explains
why positive results obtained under controlled conditions cannot be assumed to translate
directly into additive or synergistic responses in the field.

Beyond these biological and technological constraints, the adoption of microbial
products also depends on farmer perception, confidence, and accumulated production
experience. Compared with conventional management based on synthetic inputs, bio-
logical products may face greater resistance because many producers prefer production
systems that are already consolidated, predictable, and often culturally transmitted across
generations. This preference is understandable in contexts where crop failure represents
substantial economic risk. Moreover, the effects of biological inoculants may be less immedi-
ate or visually evident than those associated with conventional fertilizers or pesticides, and
their benefits may become more apparent only over longer periods or through cumulative
improvements in nutrient-use efficiency, soil biological functioning, plant resilience, and
input reduction. Therefore, successful adoption of microbial technologies will depend not
only on demonstrating biological efficacy, but also on generating consistent field evidence,
improving predictability, facilitating product use, and communicating benefits in a way
that is compatible with the practical decision-making processes of farmers.

Future advances will therefore depend on integrating ecological, molecular, agro-
nomic, technological, and socioeconomic approaches rather than focusing exclusively on
the identification of microorganisms with strong individual plant growth-promoting traits.
Priority should be given to understanding the in situ molecular dynamics of plant–AMF–
RHZb interactions, identifying the mechanisms that determine compatibility or antagonism
among microbial partners, and monitoring colonization stability under realistic field con-
ditions. Multi-location and multi-season experiments will be particularly important for
distinguishing reproducible microbial effects from responses that are highly dependent
on local conditions. At the same time, strain selection should increasingly incorporate
ecological adaptation, formulation compatibility, storage stability, and persistence after
application as selection criteria. The development of crop- and soil-specific microbial
consortia, supported by continuous bioprospecting of native microbial diversity, robust
quality-control procedures, and strategies that facilitate farmer adoption, may ultimately
provide a more realistic pathway toward reliable bioinoculants. Bridging the gap between
mechanistic knowledge and agricultural implementation will therefore require not only
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understanding how AMF and RHZb promote plant performance, but also determining
where, when, for how long, and under which ecological, technological, and socioeconomic
conditions these interactions can be consistently reproduced.

7. Conclusions
This review synthesized current knowledge on the evolutionary origin, molecular

mechanisms, physiological processes, and agricultural applications of beneficial plant inter-
actions with AMF and RHZb. Together, these microorganisms establish complementary
associations that enhance nutrient acquisition, optimize water use, modulate plant hor-
monal networks, increase tolerance to biotic and abiotic stresses, and improve soil health,
ultimately promoting plant growth and productivity.

Recent experimental evidence demonstrates that AMF and RHZb can significantly
reduce the dependence on synthetic fertilizers and pesticides while improving crop re-
silience under diverse environmental conditions. These findings reinforce their potential as
key components of sustainable agricultural systems and as promising bioinoculants for
increasing resource-use efficiency and reducing environmental impacts.

Despite these advances, further research is needed to better understand the molecular
basis of plant–microbe interactions, optimize microbial consortia, and improve the perfor-
mance and persistence of bioinoculants under field conditions. Advances in multi-omics
approaches, microbial formulation technologies, and precision agriculture will be essential
for developing next-generation bioinputs capable of meeting future agricultural demands.

Overall, integrating AMF and RHZb into crop management represents a robust bio-
logical strategy to improve productivity, strengthen agroecosystem resilience, and support
the transition toward more sustainable and climate-resilient agriculture.
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7. Khan, M.T.; Supronienė, S.; Žvirdauskienė, R.; Aleinikovienė, J. Climate, Soil, and Microbes: Interactions Shaping Organic Matter
Decomposition in Croplands. Agronomy 2025, 15, 1928. [CrossRef]

8. Xie, X.; Larson, S.L.; Ballard, J.H.; Zhang, Q.; Zhang, H.; Han, F.X. Exopolysaccharides from Rhizobium tropici Promote the
Formation and Stability of Soil Aggregates: Insights from Soil Incubation. Agronomy 2026, 16, 314. [CrossRef]

9. Schulz, S.; Brankatschk, R.; Dümig, A.; Kögel-Knabner, I.; Schloter, M.; Zeyer, J. The role of microorganisms at different stages of
ecosystem development for soil formation. Biogeosciences 2013, 10, 3983–3996. [CrossRef]

10. El-Saadony, M.T.; Saad, A.M.; Soliman, S.M.; Salem, H.M.; Ahmed, A.I.; Mahmood, M.; El-Tahan, A.M.; Ebrahim, A.A.M.;
El-Mageed, T.A.A.; Negm, S.H.; et al. Plant growth-promoting microorganisms as biocontrol agents of plant diseases: Mecha-
nisms, challenges and future perspectives. Front. Plant Sci. 2022, 13, 923880. [CrossRef]

11. Taheri, P.; Puopolo, G.; Santoyo, G. Plant growth-promoting microorganisms: New insights and the way forward. Microbiol. Res.
2025, 297, 128168. [CrossRef]

12. OECD; FAO. OECD-FAO Agricultural Outlook 2021–2030; OECD Publishing: Paris, France, 2021. [CrossRef]
13. van Dijk, M.; Morley, T.; Rau, M.L.; Saghai, Y. A meta-analysis of projected global food demand and population at risk of hunger

for the period 2010–2050. Nat. Food 2021, 2, 494–501. [CrossRef]
14. Barbieri, P.; MacDonald, G.K.; Bernard de Raymond, A.; Nesme, T. Food system resilience to phosphorus shortages on a

telecoupled planet. Nat. Sustain. 2022, 5, 114–122. [CrossRef]
15. McDowell, R.W.; Pletnyakov, P.; Haygarth, P.M. Phosphorus applications adjusted to optimal crop yields can help sustain global

phosphorus reserves. Nat. Food 2024, 5, 332–339. [CrossRef]
16. Ikiz, B.; Dasgan, H.Y.; Gruda, N.S. Utilizing the power of plant growth-promoting rhizobacteria on reducing mineral fertilizer,

improved yield, and nutritional quality of Batavia lettuce in a floating culture. Sci. Rep. 2024, 14, 1616. [CrossRef]
17. Moharrami, F.; Bolandnazar, S.; Alizadeh Salteh, S.; Sarikhani, M. Plant growth-promoting microorganisms and phosphorus

levels influence growth, nutrient uptake, and secondary metabolites in hydroponic basil. Sci. Rep. 2026, 16, 18397. [CrossRef]
18. Chen, M.; Arato, M.; Borghi, L.; Nouri, E.; Reinhardt, D. Beneficial services of arbuscular mycorrhizal fungi—From ecology to

application. Front. Plant Sci. 2018, 9, 1270. [CrossRef]
19. Lugtenberg, B.; Kamilova, F. Plant-growth-promoting rhizobacteria. Annu. Rev. Microbiol. 2009, 63, 541–556. [CrossRef]
20. Silva, A.M.M.; Jones, D.L.; Chadwick, D.R.; Qi, X.; Cotta, S.R.; Araújo, V.L.; Matteoli, F.P.; Lacerda-Júnior, G.V.; Pereira, A.P.;

Fernandes-Júnior, P.I.; et al. Can arbuscular mycorrhizal fungi and rhizobacteria facilitate 33P uptake in maize plants under water
stress? Microbiol. Res. 2023, 271, 127350. [CrossRef]

21. Lutzoni, F.; Nowak, M.D.; Alfaro, M.E.; Reeb, V.; Miadlikowska, J.; Krug, M.; Arnold, A.E.; Lewis, L.A.; Swofford, D.L.;
Hibbett, D.; et al. Contemporaneous radiations of fungi and plants linked to symbiosis. Nat. Commun. 2018, 9, 5451. [CrossRef]

22. Martin, F.M.; Uroz, S.; Barker, D.G. Ancestral alliances: Plant mutualistic symbioses with fungi and bacteria. Science 2017,
356, eaad4501. [CrossRef]

23. Delaux, P.M.; Schornack, S. Plant evolution driven by interactions with symbiotic and pathogenic microbes. Science 2021,
371, eaba6605. [CrossRef]

24. Strullu-Derrien, C.; Kenrick, P.; Pressel, S.; Duckett, J.G.; Rioult, J.; Strullu, D. Fungal associations in Horneophyton ligneri from
the Rhynie Chert (c. 407 million year old) closely resemble those in extant lower land plants: Novel insights into ancestral
plant-fungus symbioses. New Phytol. 2014, 203, 964–979. [CrossRef]

25. Strullu-Derrien, C.; Wightman, R.; McDonnell, L.P.; Evans, G.; Fercoq, F.A.; Kenrick, P.; Ferrari, A.C.; Schornack, S. An arbuscular
mycorrhiza from the 407-million-year-old Windyfield Chert identified through advanced fluorescence and Raman imaging. New
Phytol. 2026, 249, 448–459. [CrossRef]

26. Gehrig, H.; Schüßler, A.; Kluge, M. Geosiphon pyriforme, a fungus forming endocytobiosis with Nostoc (cyanobacteria), is an
ancestral member of the Glomales: Evidence by SSU rRNA analysis. J. Mol. Evol. 1996, 43, 71–81. [CrossRef]

27. Schüßler, A. Molecular phylogeny, taxonomy, and evolution of Geosiphon pyriformis and arbuscular mycorrhizal fungi. Plant Soil
2002, 244, 75–83. [CrossRef]

28. Malar, C.M.; Krüger, M.; Krüger, C.; Roux, C.; Delaux, P.-M.; Corradi, N. The genome of Geosiphon pyriformis reveals ancestral
traits linked to the emergence of the arbuscular mycorrhizal symbiosis. Curr. Biol. 2021, 31, 1570–1577.e4. [CrossRef]

https://doi.org/10.3390/agriculture16182014

https://doi.org/10.1371/journal.pbio.3003093
https://doi.org/10.3390/su15010625
https://doi.org/10.1016/j.scitotenv.2024.171435
https://doi.org/10.1016/j.geoderma.2004.12.038
https://doi.org/10.3390/agronomy15081928
https://doi.org/10.3390/agronomy16030314
https://doi.org/10.5194/bg-10-3983-2013
https://doi.org/10.3389/fpls.2022.923880
https://doi.org/10.1016/j.micres.2025.128168
https://doi.org/10.1787/19428846-en
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1038/s41893-021-00816-1
https://doi.org/10.1038/s43016-024-00952-9
https://doi.org/10.1038/s41598-024-51818-w
https://doi.org/10.1038/s41598-026-45285-8
https://doi.org/10.3389/fpls.2018.01270
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1016/j.micres.2023.127350
https://doi.org/10.1038/s41467-018-07849-9
https://doi.org/10.1126/science.aad4501
https://doi.org/10.1126/science.aba6605
https://doi.org/10.1111/nph.12805
https://doi.org/10.1111/nph.70655
https://doi.org/10.1007/BF02352301
https://doi.org/10.1023/A:1020238728910
https://doi.org/10.1016/j.cub.2021.01.058
https://doi.org/10.3390/agriculture16182014


Agriculture 2026, 16, 2014 47 of 65

29. Nelsen, M.P.; Lumbsch, H.T.; Boyce, C.K. The Geosiphon–Nostoc symbiosis: Recent elaboration or remnant of an enduring
association? Ann. Bot. 2025, 136, 473–484. [CrossRef]

30. Lee, S.J.; Kong, M.; Harrison, P.; Hijri, M. Conserved proteins of the RNA interference system in the arbuscular mycorrhizal
fungus Rhizoglomus irregulare provide new insight into the evolutionary history of Glomeromycota. Genome Biol. Evol. 2018, 10,
328–343. [CrossRef]

31. Krings, M.; Taylor, T.N.; Taylor, E.L.; Dotzler, N.; Walker, C. Arbuscular mycorrhizal-like fungi in Carboniferous arborescent
lycopsids. New Phytol. 2011, 191, 311–314. [CrossRef]

32. Morris, J.L.; Leake, J.R.; E Stein, W.; Berry, C.M.; Marshall, J.; Wellman, C.H.; Milton, J.A.; Hillier, S.J.; Mannolini, F.; Quirk, J.P.; et al.
Investigating Devonian trees as geo-engineers of past climates: Linking palaeosols to palaeobotany and experimental geobiology.
Palaeontology 2015, 58, 787–801. [CrossRef]

33. Mitchell, R.L.; Kenrick, P.; Pressel, S.; Duckett, J.; Strullu-Derrien, C.; Davies, N.; McMahon, W.J.; Summerfield, R. Terrestrial
surface stabilisation by modern analogues of the earliest land plants: A multi-dimensional imaging study. Geobiology 2023, 21,
454–473. [CrossRef]

34. Brundrett, M.C. Coevolution of roots and mycorrhizas of land plants. New Phytol. 2002, 154, 275–304. [CrossRef]
35. Zonneveld, K.L.; Bustos-Diaz, E.D.; Barona-Gómez, F.; Cibrian-Jaramillo, A. The cycad coralloid root: Is there evidence for

plant-microbe coevolution? Curr. Opin. Microbiol. 2025, 88, 102660. [CrossRef]
36. Soltis, D.E.; Soltis, P.S.; Morgan, D.R.; Swensen, S.M.; Mullin, B.C.; Dowd, J.M.; Martin, P.G. Chloroplast gene sequence data

suggest a single origin of the predisposition for symbiotic nitrogen fixation in angiosperms. Proc. Natl. Acad. Sci. USA 1995, 92,
2647–2651. [CrossRef]

37. Werner, G.D.A.; Cornwell, W.K.; Sprent, J.I.; Kattge, J.; Kiers, E.T. A single evolutionary innovation drives the deep evolution of
symbiotic N2-fixation in angiosperms. Nat. Commun. 2014, 5, 4087. [CrossRef]

38. Raymond, J.; Siefert, J.L.; Staples, C.R.; Blankenship, R.E. The natural history of nitrogen fixation. Mol. Biol. Evol. 2004, 21,
541–554. [CrossRef]

39. Kundu, A.; Moraes, T.A.; Price, R.J.; Harrison, R.J.; Oldroyd, G.E.D. Getting to the route: The evolution of nitrogen-fixing nodules.
Annu. Rev. Cell Dev. Biol. 2025, 41, 457–478. [CrossRef]

40. Wang, M.; Wang, Z.; Guo, M.; Qu, L.; Biere, A. Effects of arbuscular mycorrhizal fungi on plant growth and herbivore infestation
depend on availability of soil water and nutrients. Front. Plant Sci. 2023, 14, 1101932. [CrossRef]

41. Wu, Y.; Chen, C.; Wang, G. Inoculation with arbuscular mycorrhizal fungi improves plant biomass and nitrogen and phosphorus
nutrients: A meta-analysis. BMC Plant Biol. 2024, 24, 960. [CrossRef]

42. Madouh, T.A.; Quoreshi, A.M. The function of arbuscular mycorrhizal fungi associated with drought stress resistance in native
plants of arid desert ecosystems: A review. Diversity 2023, 15, 391. [CrossRef]

43. Formenti, C.; Mauromicale, G.; Pandino, G.; Lombardo, S. Arbuscular mycorrhizal fungi mitigate crop multi-stresses under
Mediterranean climate: A systematic review. Agronomy 2026, 16, 113. [CrossRef]

44. Westall, F. What the earliest evidence for life tells us about the early evolution of the biosphere. Philos. Trans. R. Soc. B Biol. Sci.
2025, 380, 20240106. [CrossRef]

45. Knoll, A.H. Paleobiological perspectives on early microbial evolution. Cold Spring Harb. Perspect. Biol. 2015, 7, a018093. [CrossRef]
46. Boyd, E.S.; Peters, J.W. New insights into the evolutionary history of biological nitrogen fixation. Front. Microbiol. 2013, 4, 201.

[CrossRef]
47. Kasting, J.F.; Siefert, J.L. Biogeochemistry: The nitrogen fix. Nature 2001, 412, 26–27. [CrossRef]
48. Navarro-González, R.; McKay, C.P.; Mvondo, D.N. A possible nitrogen crisis for Archaean life due to reduced nitrogen fixation by

lightning. Nature 2001, 412, 61–64. [CrossRef]
49. Boyd, E.S.; Anbar, A.D.; Miller, S.; Hamilton, T.L.; Lavin, M.; Peters, J.W. A late methanogen origin for molybdenum-dependent

nitrogenase. Geobiology 2011, 9, 221–232. [CrossRef]
50. Fournier, G.P.; Moore, K.R.; Rangel, L.T.; Payette, J.G.; Momper, L.; Bosak, T. The Archean origin of oxygenic photosynthesis and

extant cyanobacterial lineages. Proc. R. Soc. B Biol. Sci. 2021, 288, 20210675. [CrossRef]
51. Blank, C.E.; Sanchez-Baracaldo, P. Timing of morphological and ecological innovations in the cyanobacteria—A key to under-

standing the rise in atmospheric oxygen. Geobiology 2010, 8, 1–23. [CrossRef]
52. Schirrmeister, B.E.; Gugger, M.; Donoghue, P.C.J. Cyanobacteria and the Great Oxidation Event: Evidence from genes and fossils.

Palaeontology 2015, 58, 769–785. [CrossRef]
53. Kasting, J.F.; Catling, D. Evolution of a habitable planet. Annu. Rev. Astron. Astrophys. 2003, 41, 429–463. [CrossRef]
54. Krings, M.; Hass, H.; Kerp, H.; Taylor, T.N.; Agerer, R.; Dotzler, N. Endophytic Cyanobacteria in a 400-Million-Yr-Old Land Plant:

A Scenario for the Origin of a Symbiosis? Rev. Palaeobot. Palynol. 2009, 153, 62–69. [CrossRef]
55. Yeremko, L.; Czopek, K.; Staniak, M.; Marenych, M.; Hanhur, V. Role of environmental factors in legume–Rhizobium symbiosis: A

review. Biomolecules 2025, 15, 118. [CrossRef]
56. Gualtieri, G.; Bisseling, T. The evolution of nodulation. Plant Mol. Biol. 2000, 42, 181–194. [CrossRef]

https://doi.org/10.3390/agriculture16182014

https://doi.org/10.1093/aob/mcaf057
https://doi.org/10.1093/gbe/evy002
https://doi.org/10.1111/j.1469-8137.2011.03752.x
https://doi.org/10.1111/pala.12185
https://doi.org/10.1111/gbi.12546
https://doi.org/10.1046/j.1469-8137.2002.00397.x
https://doi.org/10.1016/j.mib.2025.102660
https://doi.org/10.1073/pnas.92.7.2647
https://doi.org/10.1038/ncomms5087
https://doi.org/10.1093/molbev/msh047
https://doi.org/10.1146/annurev-cellbio-101123-093247
https://doi.org/10.3389/fpls.2023.1101932
https://doi.org/10.1186/s12870-024-05638-9
https://doi.org/10.3390/d15030391
https://doi.org/10.3390/agronomy16010113
https://doi.org/10.1098/rstb.2024.0106
https://doi.org/10.1101/cshperspect.a018093
https://doi.org/10.3389/fmicb.2013.00201
https://doi.org/10.1038/35083660
https://doi.org/10.1038/35083537
https://doi.org/10.1111/j.1472-4669.2011.00278.x
https://doi.org/10.1098/rspb.2021.0675
https://doi.org/10.1111/j.1472-4669.2009.00220.x
https://doi.org/10.1111/pala.12178
https://doi.org/10.1146/annurev.astro.41.071601.170049
https://doi.org/10.1016/j.revpalbo.2008.06.006
https://doi.org/10.3390/biom15010118
https://doi.org/10.1023/A:1006396525292
https://doi.org/10.3390/agriculture16182014


Agriculture 2026, 16, 2014 48 of 65

57. Ardley, J.; Sprent, J. Evolution and biogeography of actinorhizal plants and legumes: A comparison. J. Ecol. 2021, 109, 1098–1121.
[CrossRef]

58. Griesmann, M.; Chang, Y.; Liu, X.; Song, Y.; Haberer, G.; Crook, M.B.; Billault-Penneteau, B.; Lauressergues, D.; Keller, J.;
Imanishi, L.; et al. Phylogenomics reveals multiple losses of nitrogen-fixing root nodule symbiosis. Science 2018, 361, eaat1743.
[CrossRef]

59. van Velzen, R.; Doyle, J.J.; Geurts, R. A resurrected scenario: Single gain and massive loss of nitrogen-fixing nodulation. Trends
Plant Sci. 2019, 24, 49–57. [CrossRef]

60. Doyle, J.J.; Ren, J.; Pawlowski, K.; James, E.K.; Gao, Y. One versus many independent assemblies of symbiotic nitrogen fixation in
flowering plants. Nat. Commun. 2025, 16, 5345. [CrossRef]

61. Kates, H.R.; O’Meara, B.C.; LaFrance, R.; Stull, G.W.; James, E.K.; Liu, S.-Y.; Tian, Q.; Yi, T.-S.; Conde, D.; Kirst, M.; et al. Shifts in
evolutionary lability underlie independent gains and losses of root-nodule symbiosis in a single clade of plants. Nat. Commun.
2024, 15, 4262. [CrossRef]

62. Van Berkum, P.; Eardly, B.D. Molecular evolutionary systematics of the Rhizobiaceae. In The Rhizobiaceae; Spaink, H.P.,
Kondorosi, A., Hooykaas, P.J.J., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1998; pp. 9–20.

63. Coleman, D.C.; Callaham, M.A.; Crossley, D.A. Primary production processes in soils: Roots and rhizosphere associates. In
Fundamentals of Soil Ecology, 3rd ed.; Coleman, D.C., Callaham, M.A., Crossley, D.A., Eds.; Academic Press: Cambridge, MA, USA,
2018; pp. 21–45.

64. Geurts, R.; Huisman, R. Innovations in two genes kickstarted the evolution of nitrogen-fixing nodules. Curr. Opin. Plant Biol.
2024, 77, 102446. [CrossRef]

65. LaRue, T.A.; Weeden, N.F. The symbiosis genes of the host. In Proceedings of the 1st European Nitrogen Fixation Conference; Kiss, G.B.,
Endre, G., Eds.; Officina Press: Szeged, Hungary, 1994; pp. 147–151.

66. Berg, G.; Dorador, C.; Egamberdieva, D.; Kostka, J.E.; Ryu, C.-M.; Wassermann, B. Shared governance in the plant holobiont and
implications for One Health. FEMS Microbiol. Ecol. 2024, 100, fiae004. [CrossRef]

67. Srivastava, A.K.; Singh, R.D.; Pandey, G.K.; Mukherjee, P.K.; Foyer, C.H. Unravelling the molecular dialogue of beneficial
microbe–plant interactions. Plant Cell Environ. 2025, 48, 2534–2548. [CrossRef]

68. Jones, D.L.; Nguyen, C.; Finlay, R.D. Carbon flow in the rhizosphere: Carbon trading at the soil–root interface. Plant Soil 2009, 321,
5–33. [CrossRef]

69. Lamichhane, J.R.; Barbetti, M.J.; Chilvers, M.I.; Pandey, A.K.; Steinberg, C. Exploiting root exudates to manage soil-borne disease
complexes in a changing climate. Trends Microbiol. 2024, 32, 27–37. [CrossRef]

70. Chai, Y.N.; Schachtman, D.P. Root exudates impact plant performance under abiotic stress. Trends Plant Sci. 2022, 27, 80–91.
[CrossRef]

71. Hemelda, N.M.; Noutoshi, Y. Root-exuded sugars as drivers of rhizosphere microbiome assembly. Plant Biotechnol. 2025, 42,
215–227. [CrossRef]

72. Almeida, D.S.; Delai, L.B.; Sawaya, A.C.H.F.; Rosolem, C.A. Exudation of organic acid anions by tropical grasses in response to
low phosphorus availability. Sci. Rep. 2020, 10, 16955. [CrossRef]

73. Coker, H.R.; Lin, H.-A.; Shackelford, C.E.B.; Tfaily, M.M.; Smith, A.P.; Howe, J.A. Drought stimulates root exudation of organic
nitrogen in cotton (Gossypium hirsutem). Front. Plant Sci. 2024, 15, 1431004. [CrossRef]

74. Bosch, G.; Fuentes, M.; Erro, J.; Zamarreño, Á.M.; García-Mina, J.M. Hydrolysis of riboflavins in root exudates under iron
deficiency and alkaline stress. Plant Physiol. Biochem. 2024, 210, 108573. [CrossRef]

75. Yang, C.X.; Chen, S.J.; Hong, X.Y.; Wang, L.Z.; Wu, H.M.; Tang, Y.Y.; Gao, Y.Y.; Hao, G.F. Plant exudates-driven microbiome
recruitment and assembly facilitates plant health management. FEMS Microbiol. Rev. 2025, 49, fuaf008. [CrossRef]

76. Couvillion, S.P.; Yang, I.H.; Hermosillo, D.; Leach, D.; Eder, J.; Bell, S.; Hofmockel, K.S. Root exudate lipids: Uncovering
chemodiversity and carbon stability potential. Soil Biol. Biochem. 2025, 206, 109799. [CrossRef]

77. Qiu, X.; Wang, W.; Yang, J.; Li, D.; Jiao, J.; Wang, E.; Yuan, H. Fulvic acid promotes legume–Rhizobium symbiosis by stimulating
endogenous flavonoids synthesis and secretion. J. Agric. Food Chem. 2024, 72, 6133–6142. [CrossRef]

78. Ahmed, N.M.; Babiker, A.G.T.; Bouwmeester, H.J. A role for strigolactones in the genetic variation in tolerance to Striga infection
in sorghum. Weed Res. 2025, 65, e70011. [CrossRef]
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