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ABSTRACT: This review focuses on the synergistic roles of plant growth-promoting rhizobacteria (PGPR) and plant
growth-promoting fungi (PGPF) in horticultural systems, highlighting their mechanisms from physiological functions
to molecular regulation and community-level synergy. PGPR and PGPF enhance nutrient acquisition, modulate
phytohormones, induce systemic resistance, and alleviate abiotic stresses through complementary pathways. At the
molecular level, microbial signals trigger downstream signaling cascades, leading to transcriptional reprogramming
and epigenetic priming for long-lasting stress memory. The coexistence of PGPR and PGPF can generate synergistic
benefits that may outperform single strains under suitable host, microbial, and environmental conditions; however,
challenges remain in strain antagonism, host genotype specificity, environmental dependence, formulation instability,
and regulatory hurdles. This review provides a conceptual roadmap for precision microbiome management, shifting
from empirical application toward predictive, mechanism-guided consortium design. Finally, leveraging advanced
technologies (multi-omics, synthetic biology, and AI-driven modeling) together with the synergistic actions of PGPR
and PGPF offers directions for achieving sustainable and climate-resilient horticulture.
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1 Introduction

Modern horticultural production, encompassing vegetables, fruits, and ornamental plants, plays a vital
role in meeting the growing demand for high-yield, high-quality products and in generating substantial
economic benefits. However, it also faces a dual pressure: the need to continuously improve yield and
quality while simultaneously reducing environmental impact. Unlike field crops, horticultural systems are
intensively managed and confined to limited land areas, making them exceptionally vulnerable to three
interconnected challenges: soil degradation, biotic/abiotic stresses, and excessive chemical inputs. Soil
degradation is a common phenomenon across various horticultural crops, including tomato, cucumber,
strawberry, and melon. One of its main manifestations is continuous cropping obstacle, i.e., the decline in
crop yield and quality resulting from monoculture. The underlying causes mainly include the imbalance of
soil microbial communities (e.g., a reduction in beneficial bacteria and an accumulation of pathogens), as
well as the accumulation of phenolic autotoxins. These two factors jointly affect plant growth through both
direct and indirect mechanisms [1,2]. Biotic and abiotic stresses further exacerbate these issues. On one hand,
greenhouse and plastic-shed systems impose additional soil constraints. High temperature, high humidity,
and the lack of rainwater leaching accelerate acidification, secondary salinization, and nutrient imbalances,
as documented in long-term protected cultivation studies [3]. On the other hand, climate change events
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such as extreme heat, drought, and the combined stress of both cause agricultural losses [4,5]. Horticulture
relies heavily on synthetic fertilizers and pesticides to counteract soil degradation and stresses. However,
this practice incurs severe environmental costs. For example, excessive nitrogen fertilizer application
leads to low nitrogen use efficiency, nitrate leaching, and N2O emissions–problems that are particularly
aggravated in intensive protected cultivation systems [6]. Given the limitations of traditional mitigation
(chemical fumigation kills beneficial microbes non-selectively; rotation reduces income; grafting is labor-
intensive), there is growing interest in PGPR and PGPF as eco-friendly alternatives. For instance, Bacillus
subtilis C3 degrades phenolic autotoxins and inhibits Fusarium, breaking the continuous cropping cycle in
melon [2]. Since horticultural systems are characterized by intensive cultivation, high inputs of chemical
fertilizers, protected cultivation, perennial orchards, and continuous cropping systems [7], problems such
as secondary salinization, soil acidification, rhizosphere degradation, and continuous cropping obstacles
have become major constraints limiting sustainable horticultural production. However, these challenges
also create favorable conditions for microbial inoculants. Specifically, the closed and stressed rhizosphere
environment of horticultural crops not only enhances the benefits of improved nutrient acquisition and
disease suppression, but also offers relatively stable niches for introduced PGPR and PGPF to colonize and
function effectively [8].

Plant growth-promoting microorganisms (PGPM) are beneficial microbes applied as inoculants, pri-
marily categorized into PGPR and PGPF based on ecological niches and functional traits. PGPR (a term
introduced by Kloepper and Schroth [9] are rhizosphere-colonizing bacteria that enhance plant growth.
They act via direct mechanisms (e.g., nitrogen fixation, phosphate solubilization, siderophore production,
and phytohormone modulation) and indirect mechanisms (e.g., induced systemic resistance, pathogen sup-
pression, and stress tolerance improvement) [10]. Sinorhizobium meliloti enhances nitrogen availability in
alfalfa through symbiotic nitrogen fixation, thereby promoting plant growth and biomass accumulation [11].
Meanwhile, strains of Pseudomonas and Bacillus can solubilize insoluble phosphates in the soil, releas-
ing soluble phosphorus for plant uptake, thus improving phosphorus use efficiency and promoting plant
growth [12]. PGPF promote plant growth by enhancing nutrient uptake, secreting secondary metabolites, in-
ducing systemic resistance, and directly antagonizing pathogens [13]. For instance, Talaromyces pinophilus
M13 produces up to 73.6 µg⋅mL−1 of indole-3-acetic acid (IAA) and solubilizes substantial amounts of
phosphorus, thereby promoting the growth of host plants [14]. In addition, PGPR exhibit strong metabolic
diversity and signaling regulation capabilities, whereas PGPF excel in spatial occupation, long-term sym-
biosis, and mycoparasitism. Thus, although PGPR and PGPF differ in their mechanisms of action, they are
complementary to each other [15]. Fungal hyphae can transport bacteria to nutrient-rich microenviron-
ments, while bacterial biofilms can promote fungal colonization on roots [16]. These functional differences
not only reflect the respective ecological adaptability of PGPR and PGPF but also constitute the underlying
logic of their synergistic enhancement, thereby providing a theoretical basis for the subsequent construction
of functional microbial consortia.

In horticultural systems, PGPR and PGPF can enhance vegetative growth, flowering, yield, and root
development. For example, under reduced fertilization, PGPR inoculation increases lettuce biomass by
25% [17]; meanwhile, Trichoderma application accelerates blooming and raises flower bud counts in many
ornamental species [18]. Co-inoculation of Bacillus velezensis and Pseudomonas fluorescens in continuously
cropped degraded soil boosted strawberry vegetative biomass by up to 56.1% [19]. These cases demonstrate
that microbial inoculants can effectively promote the growth of horticultural crops while reducing chemical
inputs. Beyond growth promotion, thesemicroorganisms act as system-level regulators by inducing systemic
resistance and alleviating abiotic stress. Pseudomonas fluorescens activates defense enzymes (superoxide
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dismutase and catalase) to suppress Fusarium solani infection in cucumber [20], and Bacillus cereus enhances
drought tolerance in walnut by activating antioxidant systems (superoxide dismutase, catalase) and reducing
proline overaccumulation under drought [21]. For grapevine cell cultures, inoculation with endophytic
fungi such as Didymella sp. boosted stilbene production by 2.6–16.3 times in grapevine cell cultures [22].
Therefore, both PGPR and PGPF play a dual role in promoting growth and protecting plants from stress.
However, existing research has largely focused on the general mechanisms of PGPR and PGPF, lacking a
systematic integration specifically tailored to horticultural systems. In particular, there is a need to associate
the physiological functions, molecular regulatory networks, and synergistic effects of microbial consortia
with the growth performance, product quality, and stress tolerance of horticultural crops. Therefore, it is
urgent to establish a horticulture-oriented systematic framework that links microbial mechanisms of action
to quantifiable agronomic indicators.

Although numerous reviews have addressed PGPR, PGPF, microbial inoculants, biofertilizers, and
biological control agents, most remain focused on individual microbial groups or isolated functions such
as nutrient acquisition, pathogen suppression, or stress tolerance. Limited attention has been given to
integrating physiological functions with molecular regulatory networks, inter-microbial synergistic inter-
actions, and their direct linkage to measurable horticultural outcomes. Moreover, horticultural production
systems–characterized by intensive cultivation and stringent quality demands–require holistic microbiome
approaches rather than single-purpose solutions. Yet few studies have explicitly addressed these processes
within that context. In contrast, this review establishes a unified framework that links physiological func-
tions, molecular regulatory mechanisms, and ecological interactions (between PGPR and PGPF) directly
to horticultural performance. We integrate these components into a continuous mechanistic pathway.
Finally, this review identifies key limitations in current microbial consortium construction and outlines
future directions toward mechanism-guided design and precision microbiome management. Together, these
efforts provide a conceptual foundation for sustainable horticultural production under climate change and
resource constraints.

2 Physiological Functional Effects of PGPR and PGPF

Through multiple synergistic pathways, PGPR and PGPF enhance nutrient acquisition, growth, and
stress tolerance, thereby improving resource allocation and environmental adaptation in plants.

2.1 Nutrient Acquisition Enhancement

Microbial inoculants can enhance nutrient acquisition efficiency in horticultural systems; however,
PGPR and PGPF contribute through distinct but complementary mechanisms. Specifically, PGPR enhance
plant nutrient uptake via biochemical transformations and root-associated traits—namely, biological nitro-
gen fixation, phosphate solubilization, siderophore production, and root architecture modulation. Biological
nitrogen fixation (BNF) is a key mechanism through which certain PGPR enhance nitrogen availability, but
its contribution varies fundamentally depending on the type of microbial-plant association. Among these,
associative diazotrophs and indirect mechanisms are particularly relevant to horticultural systems. For
example, Azospirillum brasilense is reported to supply nitrogen to tomato and pepper through associative
fixation [23]. In addition, PGPR such as Pseudomonas and Bacillus enhance phosphorus availability through
phosphate solubilization, increasing plant-available P even under reduced fertilization [24]. They also
facilitate iron acquisition by producing siderophores that chelate Fe3+ and improve its bioavailability [25].
Beyond direct nutrient transformations, PGPR can also indirectly promote uptake by reshaping root ar-
chitecture. For instance, Brevibacillus laterosporus stimulates lateral root proliferation in apple, thereby
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expanding root absorptive capacity under the tested conditions [26]. In contrast, PGPF contribute to nutrient
acquisition primarily through organic matter decomposition, enzymatic degradation, and long-term rhizo-
sphere resource mobilization. For example, strains such as Aspergillus niger and Penicillium chrysogenum
exhibit multiple enzymatic activities—including cellulase and protease production—along with phosphate
solubilization and nitrogen-related functions, underscoring their biofertilizer potential [27]. Moreover,
PGPF such as Trichoderma spp. can mineralize insoluble soil nutrients into plant-available forms [13],
thereby enhancing nutrient cycling efficiency within the rhizosphere. Overall, PGPR and PGPF employ
complementary strategies to reshape soil-plant nutrient dynamics. PGPR primarily drive rapid biochemical
mobilization of nutrients and enhance root uptake, whereas PGPF contribute to structural decomposition
and sustained nutrient release. Together, these microbial groups form a self-reinforcing soil-microbe-plant
continuum that maintains long-term nutrient availability and supports plant growth.

2.2 Growth and Developmental Promotion

Microbial inoculants can effectively promote growth and developmental processes in horticultural crops
through both PGPR and PGPF specificmechanisms. Specifically, PGPR enhance plant growthmainly through
phytohormone production, metabolic regulation, and root development modulation. Under vegetative
growth conditions, PGPR inoculation increases photosynthetic biomass accumulation in lettuce [17]. Under
water deficit conditions, Pseudomonas spp. enhance photosynthesis and upregulate stress-responsive genes,
helping to maintain plant vigor [28]. In addition, PGPR regulate phytohormone balance through two main
routes. They produce auxins such as IAA, which control cell elongation and root initiation [26], and they
also modulate gibberellin and cytokinin pathways, affecting germination, growth, and senescence [29].
Moreover, many PGPR possess ACC deaminase activity, which alleviates stress-induced ethylene inhibition
and thereby promotes plant growth under adverse conditions [30]. Furthermore, hydrolytic enzymes and
other bioactive compounds secreted by PGPR can modulate root system architecture, leading to enhanced
lateral root branching and root hair development [31]. In contrast, PGPF promote plant growth primarily
through metabolite secretion, enzymatic activity, and long-term symbiotic interactions. For instance,
Trichoderma spp. release bioactive metabolites, including volatile organic compounds (VOCs), auxins,
and small peptides, which enhance root branching and nutrient uptake capacity [32]. In ornamental and
horticultural crops, Trichoderma spp. have also been shown to improve flowering quality and increase
flower bud numbers [18]. Although PGPR and PGPF employ different primary functional strategies,
both ultimately regulate plant developmental processes. Specifically, PGPR drive rapid hormonal and
physiological responses, whereas PGPF enhance rhizosphere structure and metabolism. Together, they
synergistically improve plant growth, developmental stability, and reproductive performance.

2.3 Stress Tolerance Enhancement

Microbial inoculants are well documented to enhance plant tolerance to both biotic and abiotic stresses
through distinct bacterial and fungal mechanisms. Specifically, PGPR enhance stress tolerance mainly
through induced systemic resistance (ISR), antioxidant activation, and hormonal regulation [33,34], while
also secreting antimicrobial metabolites such as volatile organic compounds that directly inhibit pathogen
growth [35]. In addition, PGPR activate plant immune systems via induced systemic resistance (ISR),
leading to the activation of defense enzymes and accumulation of pathogenesis-related (PR) proteins [33].
Furthermore, PGPR-triggered priming enables faster and stronger defense responses when plants encounter
pathogen attack [34]. Under abiotic stress, PGPR enhance antioxidant enzyme activity and regulate
osmolyte accumulation, thereby improving drought and salinity tolerance [36,37]. They also help maintain
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photosynthetic efficiency under extreme environmental stress [38,39]. In contrast, PGPF contribute to
stress tolerance primarily through mycoparasitism, enzymatic degradation, and long-term rhizosphere
occupation. For instance, Trichoderma and related fungi produce cell wall-degrading enzymes such as
chitinases and glucanases that directly inhibit pathogen growth, and they also compete for nutrients
through siderophore-mediated mechanisms, as reviewed by Benítez et al. [40]. Moreover, as summarized in
recent reviews, PGPF can successfully colonize plant roots and alleviate multiple abiotic stress damages
in crops [41]. Collectively, PGPR and PGPF operate through mechanistically distinct pathways. PGPR
primarily activate rapid immune responses and physiological stress adjustments, whereas PGPF provide
structural pathogen antagonism and long-term rhizosphere stability. Together, they form a complementary
system that enhances overall plant stress tolerance.

3 Molecular Regulatory Networks of PGPR and PGPF

Molecular regulatory networks translate microbial signals into plant responses through a sequential
cascade: microbial signal generation and plant perception, intracellular signal transduction, transcriptional
reprogramming, epigenetic regulation and priming, and finally metabolic remodeling that leads to holistic
outcomes. Following microbial colonization, plants sequentially perceive microbial-derived signals, activate
intracellular signaling networks, reprogram transcriptional and epigenetic states, remodel metabolism, and
ultimately translate these molecular responses into improved horticultural performance. To provide an
integrated overview of these interconnected processes, the mechanistic framework is summarized in Fig. 1,
while the individual signaling modules are discussed in Sections 3.1–3.5.

3.1 Generation of Microbial Signals and Plant Perception

The beneficial effects of PGPR and PGPF originate from the diverse microbial signals they produce
and the recognition of these signals by plant receptors. Based on their chemical properties and origins,
microbial signals can be divided into three major categories. The first category comprises microbe-associated
molecular patterns (MAMPs), such as bacterial flagellin, fungal chitin, and bacterial lipopolysaccharides.
These are conserved structural molecules of microorganisms and can be recognized by plants even in the
absence of living microbial cells [42]. The second category includes volatile organic compounds (VOCs),
such as dimethyl disulfide released by Pantoea ananatis [43] and 6-pentyl-2H-pyran-2-one (6PP) produced
by Trichoderma spp. [44]. The third category consists of secreted metabolites, including siderophores and
lipopeptides (such as surfactin and iturin) [45]. Plants perceive microbial signals via pattern recognition
receptors (PRRs), which are plasma membrane-localized receptor proteins. The major PRR families include
leucine-rich repeat receptor-like kinases (LRR-RLKs) and lysin motif receptor-like kinases (LysM-RLKs) [46].
PRRs directly bind specific microbial signal molecules via their extracellular domains, thereby activating the
intracellular kinase domains and initiating downstream signal transduction. For example, the FLS2 receptor
in Arabidopsis was identified as a key component involved in the perception of bacterial flagellin [47];
the CERK1 receptor binds fungal chitin oligosaccharides [48]; and the LORE receptor perceives medium-
chain 3-hydroxy fatty acids from bacterial lipopolysaccharides [49]. It is worth noting that the PRRs
responsible for recognizing signals such as VOCs and siderophores have yet to be identified, and certain
receptor-signal pairings remain incompletely understood. In horticultural systems, different microbial
strains produce distinct combinations of signals, leading plants to activate different downstream signaling
pathways via distinct sets of PRRs. For instance, transcriptomic analyses in tomato have shown that early
responses to Pseudomonas and Trichoderma involve differential activation of distinct defense pathways [50].
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Therefore, the combination of signals perceived by plants during the initial recognition phase determines
the subsequent direction of their signaling network.

 

Figure 1: A mechanistic cascade model of PGPR- and PGPF-mediated regulation of horticultural crop growth.

3.2 Intracellular Signal Transduction Pathways

Upon perception of microbial signals by plant pattern recognition receptors (PRRs), a multi-layered
intracellular signaling network is activated. This network integrates calcium signaling, reactive oxygen
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species (ROS), mitogen-activated protein kinase (MAPK) cascades, and various phytohormones, collectively
converting extracellular recognition into intracellular responses. First, microbial signals trigger a rapid
influx of Ca2+ into the cytoplasm, activating calcium-dependent protein kinases (CDPKs), which in turn
promote the activation of downstream defense mechanisms [51]. Meanwhile, ROS act as bifunctional
signaling molecules. On the one hand, changes in ROS levels serve as second messengers to activate MAPK
cascades and defense gene expression; on the other hand, ROS accumulation induced by microbial invasion
directly enhances plant antioxidant defense capacity [52]. Furthermore, MAP kinases such as MPK3 and
MPK6 act as central hubs in signal transduction, linking early perception signals to nuclear transcriptional
reprogramming [53]. PGPR colonization has been shown to activate MPK3/MPK6 phosphorylation within
minutes in Arabidopsis [54], and similar MPK3 activation has been observed in tomato upon microbial
challenge [55]. In addition to these early signaling events, interactions among phytohormones constitute
another important dimension of the signaling network. ISR is typically associated with the JA/ET signaling
pathway, whereas systemic acquired resistance (SAR) depends on SA [56]. Single beneficial fungi such as
Trichoderma simultaneously activate JA/ET and SA signaling cascades to broaden plant defense capacity [57].
NPR1 serves as a central integrator of the salicylic acid (SA) and jasmonic acid/ethylene (JA/ET) signaling
pathways. In addition, NPR1-independent signaling pathways exist to enable fine-tuning of defense
responses [58]. Under abiotic stress conditions, the abscisic acid (ABA) signaling pathway mediates stomatal
closure and the accumulation of osmoprotective substances, as demonstrated in studies on Flavobacterium
and Pseudomonas spp. [59,60]. Under water deficit conditions, PseudomonasN5.12 upregulates the expression
of the ABA biosynthesis gene NCED1 in tomato [28]. In summary, calcium signaling, ROS, MAPK cascades,
and phytohormone signals such as SA, JA/ET, and ABA are interwoven to form an integrated signal
transduction network that converts microbial recognition signals into targeted physiological responses.

3.3 Transcriptional Reprogramming and Key Regulatory Nodes

Upon completion of signal transduction, these signals converge at the nucleus, where they are coordi-
nately regulated by transcription factor families and core integrators such as NPR1, triggering large-scale
transcriptional reprogramming. On one hand, transcription factors such as WRKY, ERF, and MYB activate
specific gene sets by integrating inputs from hormone signaling and MAPK cascades. In oilseed rape
co-cultured with Trichoderma and Bacillus, the early expression of PDF1.2 and ERF2 reflects activation of
the JA/ET signaling pathway [61]; whereas in cucumber, Bacillus subtilis upregulates the expression of
auxin-responsive genes IAA4 and SAUR32, which is consistent with the growth-promoting phenotype [62].
In Arabidopsis,WRKY33 regulates the biosynthesis of camalexin upon pathogen infection [63]. On the other
hand, NPR1 acts as a central defense integrator. As observed in onion, Penicillium induces an ISR response
and upregulates PR1 defense genes in onion [64]; in Arabidopsis, Bacillus cereus similarly relies on NPR1 to
activate JA/ET signaling-mediated ISR defense [65]. In addition to direct transcriptional activation, PGPR
also help balance the trade-off between growth and defense. For example, under low water stress, inocula-
tion with Pseudomonas, Sinorhizobium, and Acinetobacter increases the content of phenolic compounds in
cucumber [66]. Under water deficit conditions, Pseudomonas spp. simultaneously enhance the expression of
photosynthesis-related genes and stress-responsive genes [28]. Furthermore, a PGPR consortium consisting
of Enterobacter, Pantoea, and Acinetobacter alleviates drought stress in mustard by increasing proline and
soluble sugar accumulation and activating the antioxidant enzyme system [67]. Thus, the transcriptional
reprogramming mediated by WRKY, ERF, MYB, and NPR1 achieves a dynamic balance between growth and
defense functions.
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3.4 Epigenetic Regulation and Priming

A notable feature of the response mechanisms induced by PGPR and PGPF is “priming”. This is a
low-cost alert state that enables plants to mount faster and stronger responses under subsequent stress
conditions [68]. Priming involves epigenetic modifications, which keep defense-related genes in a “standby”
state without requiring continuous activation of defense mechanisms. Changes in histone acetylation,
methylation, and DNAmethylation are associated with this memory effect [69]. Taking histone methylation
as an example, the accumulation of H3K4me3 (a histone methylation mark) at defense gene loci is closely
linked to the maintenance of the primed state in plants, and this has also been observed in SA-responsive
genes [70]. In addition to histone methylation, DNA demethylation also participates in priming. In
Arabidopsis, PGPR treatment induces ROS1-mediated DNA demethylation, thereby relieving the silenced
state of defense genes [71]. In tomato, active DNA demethylation mediates a mutualistic symbiotic
relationship with Bacillus megaterium YC4 by regulating the level of inositol in root exudates [72]. This
memory effect can last from days to weeks, endowing plants with long-term stress resistance. The “standby”
state of priming not only depends on epigenetic modifications but also involves the accumulation of
dormant signaling proteins (such as MAPKs) and the sensitization of key regulatory nodes. For instance, in
Arabidopsis leaves, pretreatment with BTH does not trigger immediate MPK3 phosphorylation but elevates
the pool of inactive MPK3 protein. After pathogen infection, MPK activation is accelerated and amplified
compared with naive plants [73]. Importantly, priming differs from immediate transcriptional activation
in that it does not require the continuous presence of microorganisms, thus offering an advantage in
terms of energy conservation. In fruits and vegetables, induced resistance has been shown to provide
effective postharvest disease control while avoiding the growth penalties often associated with constitutively
activated defense responses [68,74]. Overall, epigenetic regulation and priming together constitute the
lasting benefits conferred by PGPR and PGPF inoculation, enabling sustained stress tolerance without the
need for continuous activation of energy-intensive defense pathways.

3.5 Metabolic Remodeling and System Outputs

Metabolomics serves as a functional bridge. It closely links molecular signaling events–from microbial
signal perception to transcriptional and epigenetic regulation–with physiological outcomes, including
enhanced nutrient uptake, growth promotion, and improved stress tolerance. Changes in transcriptomics
and epigenetics trigger profound metabolic reprogramming, converting molecular signals into physiological
responses at both the primary and secondary metabolic levels. At the primary metabolic level, PGPR and
PGPF reshape carbon assimilation pathways. For instance, lettuce leaves inoculated with PGPR show
increased palisade tissue content and enhanced photosynthetic efficiency, which is directly associated
with the observed promotion of vegetative growth [17]. Under water deficit conditions, Pseudomonas
spp. enhance photosynthesis and activate stress-related genes [28]. At the secondary metabolic level,
these microorganisms activate the synthesis of phenolic compounds, terpenoids, and other defense-related
substances. For example, PGPR increase the essential oil yield of oregano and shift the terpene composition
toward thymol [75]. Bacillus amyloliquefaciens elevates the eugenol content and glandular trichome density
in basil [76]. Pretreatment with elicitor products derived from endophytic Trichoderma sp. significantly
can boost stilbene biosynthesis in Vitis amurensis cell suspension cultures [77]. Because many secondary
metabolites possess antioxidant and antimicrobial properties, these changes not only improve product
quality but also enhance plant adaptive capacity to stress. Thus, the metabolome serves as a functional
bridge connecting molecular signaling events to systemic physiological benefits. Collectively, PGPR and
PGPF induce holistic metabolic reprogramming, including the reallocation of carbon and nitrogen resources,
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activation of defensive secondary metabolism, and optimization of the balance between growth and defense.
These constitute the molecular basis for the systemic benefits observed in horticultural systems, and this
molecular framework directly lays the foundation for understanding the synergy between PGPR and PGPF.

4 Synergistic Interactions between PGPR and PGPF in Horticultural Systems

PGPR and PGPF do not act as independent factors; rather, they form synergistic consortia. Their
niche complementarity and metabolic cross-feeding jointly bring significant benefits to plant growth and
stress tolerance. However, the construction of stable consortia still faces challenges related to compatibility,
environmental dependence, and formulation stability. A functional framework for understanding and
applying the synergistic effects of PGPR and PGPF can be built around the ecological and functional basis
of synergy, the evidence for performance enhancement in horticultural crops, and the bottlenecks limiting
the establishment of stable consortia. In this review, “PGPR-PGPF synergy” refers to interactions where
bacterial-fungal consortia perform better than the sum of individual inoculants. This enhanced performance
arises from complementary physiological, metabolic, or ecological mechanisms. This definition distinguishes
true synergistic interactions from simple co-inoculation, which refers only to the simultaneous application
of multiple microorganisms, and from additive effects, where the combined response is consistent with the
summed contributions of the individual strains. As illustrated in Fig. 2, these interactions involve multiple
ecological andmolecular mechanisms, including niche complementarity, hyphal highways, biofilm-mediated
co-colonization, metabolic cross-feeding, VOC-mediated signaling, activation of silent biosynthetic gene
clusters, immune modulation, and host-mediated feedback. These mechanisms form an integrated microbial
network that links microbial cooperation to improved horticultural outcomes.

4.1 Ecological and Functional Bases for PGPR-PGPF Synergy

In both natural and managed soils, PGPR and PGPF form synergistic networks through strategies such
as optimized resource utilization, niche occupation, and microbial co-colonization. Spatial niche partitioning
constitutes the basis of this network: PGPF predominantly colonize the rhizosphere and surface soil, where
they exert mycoparasitic and saprophytic functions, excelling in root colonization and nutrient competition.
In contrast, PGPR are capable of colonizing both the root surface mucilage layer and internal root endophytic
compartments [78], thereby reducing direct competition and achieving functional complementarity. As
observed in Pyrus calleryana rootstocks, co-inoculation of Trichoderma and Bacillus was reported to
increase plant height, root length, and root biomass by up to 131%, 160%, and 165%, respectively, under pot
conditions. The consortium achieved niche synergy through the former’s mycoparasitism and rhizosphere
colonization combined with the latter’s rapid root surface occupation and secretion of growth-supporting
compounds [79]. Co-inoculation of PGPR and PGPF enhances root adhesion capacity, biofilm formation,
and microbial persistence. In tomato, Bacillus velezensis SQR9 colonizes the hyphal surface of Trichoderma
guizhouense NJAU 4742 through its motility and upregulates biofilm-related genes such as eps, tasA, and
bslA, thereby improving rhizosphere colonization ability [16]. Metabolic cross-feeding is another key driver:
filamentous fungi and PGPR form self-reinforcing cycles through resource exchange. Fungi and rhizobacteria
co-cultivation can trigger the production of unique secondary metabolites absent in monocultures, and the
mixed culture extracts exhibit stronger antimicrobial activity than single strains [80]. Co-cultivation of
Bacillus amyloliquefaciens and Trichoderma harzianum induces unique antifungal metabolites undetectable
in axenic monocultures and exhibits stronger pathogen inhibitory activity against jasmine collar rot
pathogen [81]. This synergistic effect also extends to host immunity: in tomato, inoculation with AM
fungi or Trichoderma harzianum shifts the pathogen-induced JA defense toward a SA-associated state,
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characterized by increased SA accumulation, reduced JA levels, and activation of PAL and PPO [82].
Furthermore, microorganisms engage in chemical communication via volatile organic compounds and
metabolites to regulate plant responses. For example, Trichoderma TRS25 in cucumber utilizes signals
such as Z-3-hexenal to enhance systemic resistance, coordinately upregulating both SAR and ISR marker
genes [83]. In brief, PGPR-PGPF synergy arises from niche complementarity, metabolic cross-feeding,
signal exchange, and host-mediated feedback mechanisms. Together, these processes transform individual
microbial activities into system-level functions, thereby enhancing plant growth, disease resistance, and
stress tolerance, and providing a mechanistic basis for the construction of efficient microbial consortia.

Figure 2: Ecological and molecular mechanisms underlying PGPR-PGPF synergy in horticultural systems.
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4.2 Evidence of Synergistic Effects in Horticultural Crops

Building on the definition of synergy provided above, multiple empirical studies across different horti-
cultural systems have demonstrated that microbial consortia generally outperform single-strain inoculants.
For instance, in tomato, a consortium of two PGPR strains (Pantoea ananatis D1-28 and Bacillus aryabhattai
LAD) was reported to enhance biofilm formation and rhizosphere colonization, increasing shoot fresh
and dry weights by up to 186.4% and 278.6%, respectively, under the tested conditions [84]. Similarly, in
chilli, co-inoculation of Azospirillum brasilense and Pseudomonas fluorescens with 75% recommended N and
P was found to increase fruit yield by 12–15% under pot culture conditions, enabling a 25% reduction in
fertilizer application [85]. Furthermore, in okra under drought stress, co-inoculation of AMF and PGPR
under drought stress conditions increased shoot dry matter by 51%, root dry matter by 73%, and fruit yield
by 113%, while reducing proline accumulation by 31% [86]. Unlike simple co-inoculation, the combined
application of PGPR and PGPF leads to interactions that exceed the expected additive effects of individual
inoculants, thereby giving rise to synergistic effects. For instance, in pear rootstocks, co-inoculation of
Trichoderma harzianum NJAU4742 and Bacillus sp. increased seedling height by 131%, root length by 160%,
and root biomass by 165%, with stronger growth responses than single inoculations and a shift in hormone
balance (increased IAA/IP, reduced ABA) [79]. Similarly, in pepper, co-application of Bacillus subtilis and
Trichoderma harzianum suppressed Phytophthora blight and improved yield in both greenhouse and field
trials, consistently outperforming either agent alone [87]. Moreover, a comprehensive review on grapevine
concluded that consortium applications of AMF, PGPR, and PGPF enhance drought and salinity tolerance
through synergistic effects on nutrient uptake, photosynthesis, and antioxidant defense [38]. However, syn-
ergistic outcomes are not universal, and several studies have reported antagonistic or neutral interactions. In
tomato challenged with Alternaria solani, triple co-inoculation of Funneliformis mosseae (AMF), Trichoderma
viride, and Bacillus velezensis showed no significant disease suppression or growth improvement over the
control and exhibited a negative mycorrhizal dependency (−6.7%), indicating competitive antagonism [88].
Similarly, the interaction between Bacillus velezensis and Trichoderma guizhouense was found to be mutually
antagonistic on agar plates due to antifungal metabolites; however, when the fungus was pre-cultured, the
bacterium could colonize the fungal hyphae via biofilm formation, suggesting that synergy depends on
physical contact and environmental context [16]. In addition, in tomato under low salinity, co-inoculation
of Bacillus subtilis and Funneliformis mosseae reduced shoot and root biomass accumulation compared with
non-inoculated controls, indicating that co-inoculation does not always yield positive outcomes across
all parameters [89]. Although many microbial consortia outperform individual inoculants under specific
experimental conditions, synergistic performance is not universal and depends on strain compatibility,
inoculation sequence, host genotype, native microbiome structure, and environmental context.

4.3 Constraints and Challenges in Constructing Stable Microbial Consortia

Although PGPR-PGPF consortia demonstrate great potential in horticultural systems, their practical
application is still constrained by numerous factors that give rise to issues affecting the stability and
scalability of microbial communities. These constraints operate across different scales, ranging from
microbial strain compatibility and interspecies antagonism, to host genotype specificity, and further to
environmental dependence, formulation stability, and regulatory barriers. At the internal microbial level,
issues of compatibility and metabolic interference among microorganisms are particularly prominent, as
beneficial strains may give rise to antagonistic effects, thereby destabilizing the consortium. For example,
in the study by Braga et al. [90], co-application of Bacillus methylotrophicus (one of the Bacillus spp.
tested) with Trichoderma asperellum resulted in a significant reduction in viable spore count, indicating a
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possible antagonistic interaction between these two strains. Even when individual strains perform well,
their combined use may reduce overall efficacy due to competition or inhibition, leading to diminished
performance. For instance, in cucumber (Cucumis sativus), researchers compared the antagonistic effects
of Trichoderma harzianum and Bacillus subtilis applied singly or in combination against the damping-off
pathogen Pythium spp. The results showed that the inhibition rate of B. subtilis alone was only 23%, that
of T. harzianum alone reached 70%, but when the two were co-inoculated, the inhibition rate dropped to
32% [91]. These issues highlight the necessity of systematic compatibility screening for horticultural crops
and indicate that constructing stable and reproducible microbial consortia with consistent performance
poses significant difficulties. In addition to internal compatibility, host genotype specificity gives rise to
further constraints on the application of this technology, as the same microbial consortium can produce
markedly different effects even among varieties of the same crop species. This genotype-specific response
has been validated in horticultural crops including tomato, cucumber, and broccoli. When the same
PGPR strains were applied, significant growth promotion (p < 0.05) occurred only in certain varieties,
whereas effects were weak or absent in others [92]. From an application perspective, the understanding of
formulation technologies and mechanisms of action remains incomplete, which gives rise to challenges
in practical deployment and consistent performance. At the environmental level, soil physicochemical
properties, native microbial communities, and climatic conditions collectively determine the performance of
inoculants. In protected systems such as greenhouses, high temperature, high humidity, and reduced natural
leaching create stressful soil conditions–acidification, secondary salinization, and nutrient imbalance. These
factors directly suppress the survival and activity of microbial inoculants [3,93]. More importantly, native
microbial communities shaped by long-term continuous cropping often exhibit strong competitiveness.
Long-term continuous celery cultivation in greenhouses restructured the native microbiome, substantially
depleting competitively dominant Bacillus populations and severely limiting the rhizosphere colonization
of exogenous beneficial strains [94]. Furthermore, the efficacy of PGPR and PGPF under combined abiotic
stresses–such as drought with heat, or salinity with heavy metals–remains poorly characterized. Yet
these combined stress scenarios are becoming increasingly common under climate change [4]. This
adds considerable uncertainty to field performance predictions. At the formulation and application level,
technical and economic obstacles remain substantial. Maintaining the viability and functional stability of
multiple microorganisms simultaneously requires advanced carrier systems, encapsulation technologies,
and optimized storage conditions. Although various carrier materials have been explored, including peat,
alginate, biochar, and polymer matrices, each material involves trade-offs among cost, shelf life, ease of use,
and compatibility with different microbial taxa [95]. For example, alginate encapsulation can improve root
colonization, but it often involves complex preparation procedures and high production costs, limiting its
scalability for low-profit horticultural crops [96]. Storage feasibility is another critical issue, as the shelf life
of liquid formulations typically ranges from several months to one year, with a marked decline in viable cell
counts under ambient temperature conditions [97]. This necessitates cold-chain logistics, which are often
unavailable or economically unfeasible in many production regions. Furthermore, regulatory frameworks
for microbial inoculants remain inconsistent across countries [98], with some nations requiring extensive
ecological testing that may take 3–5 years and cost millions of dollars, creating prohibitive barriers for small
and medium sized enterprises. These regulatory hurdles, coupled with high research and development costs
and the lack of standardized quality control protocols, severely impede commercial progress. Crucially,
these constraints rarely occur in isolation; rather, they are often intertwined and give rise to cascade
failures. A formulation that performs well under greenhouse conditions may fail in field applications
due to temperature fluctuations, microbiome competition, and other interacting factors. As demonstrated
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in a grapevine study, even when fungal root colonization was achieved, the growth benefits observed
in the greenhouse following inoculation were not sustained under field conditions [99]. These limiting
factors explain why many successful laboratory results fail to translate into field production. Therefore,
future research must move beyond the isolated optimization of individual factors and adopt a integrative
approach that simultaneously considers strain compatibility, host genotype, environmental conditions, and
formulation technologies. Only through such integrated, multi-factor design can the gap between proof of
concept and practical horticultural application be effectively bridged.

5 Application Scenarios of PGPR and PGPF in Horticultural Systems

In horticultural production, research on PGPR and PGPF has gradually shifted from mechanistic
investigations toward practical implementation. Rather than functioning independently, microbial signaling
pathways trigger coordinated developmental and metabolic reprogramming that is ultimately translated
into agronomic improvements. As illustrated in Fig. 3, these responses connect molecular regulation with
crop performance, linking microbial activities to seedling establishment, root system development, yield for-
mation, quality enhancement, stress resilience, and disease suppression across diverse horticultural systems.
Unlike field crops, horticultural systems face unique challenges, including continuous cropping obstacles,
greenhouse-induced secondary salinization, and high consumer demands for flavor, appearance, and shelf
life. These challenges create specific niches where PGPR and PGPF can be particularly effective. For growth
promotion, root architecture modulation and photosynthetic enhancement have been demonstrated across
multiple crops. In apple rootstock, Brevibacillus laterosporus was shown to increase lateral root proliferation
by over 50% in apple rootstocks under controlled conditions [26]. In blueberry, PGPR treatment increased
branch number, leaf number, chlorophyll content, and plant height, while also improving rhizospheric
soil nutrient contents and modifying the microbial community structure [100]. Under PEG-simulated
water stress, Pseudomonas sp. N5.12 alleviated oxidative injury in tomato seedlings by boosting photosyn-
thetic pigments and osmoprotectant accumulation [28]. In lettuce, PGPR inoculation increased palisade
parenchyma thickness and reduced airspace area, suggesting improved photosynthetic efficiency [17].
In commercial vegetable production, PGPR and PGPF are commonly applied through seedling substrate
inoculation [101], root dipping before transplanting [102], or fertigation systems [24] to facilitate rapid
root establishment and improve nutrient use efficiency. In terms of quality improvement, PGPR and PGPF
can enhance fruit aroma intensity, phenolic compound content, and essential oil composition. Strawberry
treated with a three-strain PGPR consortium showed increased total soluble solids (TSS) and elevated fruity
esters such as methyl butanoate [103]. In grapevine leaves, pre-treatment with Trichoderma harzianum T39
established a priming state, leading to stronger upregulation of stilbene biosynthetic genes upon subsequent
Plasmopara viticola infection [104]. Saffron co-inoculated with PGPR and AMF was reported to elevate
safranal content by up to 96% and total phenolics by up to 19% in hydroponic systems [105]. In medicinal
and aromatic crops, microbial inoculation has been increasingly incorporated into nursery production and
greenhouse cultivation to improve secondary metabolite accumulation and product quality [106,107]. For
stress resilience, documented gains include drought tolerance in walnut (maintained photosynthetic rate
and relative water content) [21], clubroot suppression in broccoli [108], and white rot control in onion [64].
In grapevine, comprehensive reviews have summarized substantial evidence for enhanced drought-salinity
tolerance through microbial inoculation [38]. Multi-strain consortia often outperform single inoculants: in
tomato, Trichoderma virens combined with Bacillus velezensis achieved the lowest disease incidence [109].
However, successful field translation remains hindered by unpredictable colonization, strain compatibility,
and environmental dependency. Under protected cultivation, microbial inoculants are increasingly used
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as components of integrated disease management programs and biological control strategies, reducing
dependence on synthetic pesticides [110,111]. Thus, horticultural implementation requires context-driven
optimization and rational design of stable, compatible consortia tailored to specific crop-environment com-
binations. Because evidence for PGPR-PGPF synergy in horticultural crops remains uneven, the following
tables include PGPR-alone, PGPF-alone, PGPR-PGPF, PGPR-AMF, and broader microbial consortium exam-
ples; each entry should therefore be interpreted according to its inoculant category. Representative cases of
PGPR and PGPF applications in horticultural systems, covering growth promotion, quality improvement,
and stress resilience, are summarized in Tables 1–3.

 

Figure 3: Mechanism framework of PGPR-PGPF synergistic regulation on horticultural crop growth and production.
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Table 1: PGPR- and PGPF-mediated growth promotion in horticultural crops.

Crop Microbial Inoculant Quantitative Effect Main Mechanism Reference

Tomato
Pantoea ananatis D1-28
Bacillus aryabhattai LAD

(PGPR + PGPR)

Root dry weight ↑ 543.7%
Shoot dry weight ↑ 278.6%
(vs. control, 106 cfu⋅mL−1)

Biofilm formation
IAA production

Wang et al.
2025 [84]

Tomato PGPR-PGPF consortia
(PGPR + PGPF)

Yield ↑ 156% (1292 vs. 504 g⋅m−2)
P. absoluta damage ↓ 38.6%

(34.3% vs. 55.9% infested leaves)
(vs. control)

ISR activation
Nutrient mobilization

Rizzo et al.
2026 [112]

Chilli PGPR-PGPF consortia
(PGPR + PGPF)

Yield and nutrient uptake enhanced
(vs. single inoculants, in vivo)

Nutrient mobilization
Synergistic interaction

Gehlot et al.
2026 [113]

Pear rootstock

Trichoderma harzianum
NJAU4742
Bacillus sp.

(PGPR + PGPF)

Seedling height ↑ 131%
Root length ↑ 160%
Root biomass ↑ 165%
(20% BOF vs. control)

Metabolic cooperation
Spatial niche
differentiation

Li et al. 2026 [79]

Table 2: PGPR- and PGPF-mediated quality improvement in horticultural crops.

Crop Microbial Inoculant Quantitative Effect Main Mechanism Reference

Key lime
Trichoderma harzianum
Bacillus thuringiensis

(PGPR + PGPF)

Vitamin C ↑ 59.8%
Total phenol ↑ 44.2%
Total sugar ↑ 107.7%

(T5 vs. control)

Nutrient mobilization
Root development

Salem et al.
2024 [114]

Edible rose
Bacillus subtilis

Trichoderma harzianum
(PGPR + PGPF)

Total flavonoids ↑ 183.6%
Total phenolics ↑ 204.34%

(vs. control)

Nutrient mobilization;
Metabolic

reprogramming

Jiang et al.
2026 [115]

Strawberry

Bacillus subtilis
Bacillus amyloliquefaciens
Pseudomonas monteilii

(PGPR + PGPR)

TSS (Brix) ↑
Fruit color darker (lightness and

chroma ↓)
(vs. control)

Nutrient mobilization
Synergistic effect

(promotes
nitrogen-fixing bacteria)

Nam et al.
2023 [103]

Saffron

Rhizophagus intraradices
Bacillus megaterium CB97032
Paenibacillus durus CB1806

(PGPR + AMF)

Safranal content up to 96%
Total phenolic content ↑ 19%

(vs. control)

Metabolic
reprogramming

Nutrient mobilization

Stelluti et al.,
2023 [105]

Table 3: PGPR- and PGPF-mediated stress resilience in horticultural crops.

Crop Microbial Inoculant Quantitative Effect Main Mechanism Reference

Cucumber

Bacillus amyloliquefaciens
Z2

Trichoderma harzianum
T22

(PGPR + PGPF)

Disease index ↓ 51.5%
Yield ↑ 21.02%
(vs. control)

ISR activation; Nutrient
mobilization

Luo et al.
2026 [116]

Chrysanthemum
Trichoderma complex

Bacillus amyloliquefaciens
(PGPR + PGPF)

CWR incidence ↓ 20%
Defense enzyme activities ↑
(vs. pathogen-only control)

ISR activation; JA/ET
signaling

Kuang et al.
2024 [117]

Oilseed rape

Trichoderma harzianum
OMG16

Bacillus velezensis FZB42
(PGPR + PGPF)

Verticillium longisporum DNA in
roots −~100-fold

Defense genes (PDF1.2, ERF2, AOC3,
VSP2) ↑

(vs. non-primed)

ISR activation; JA/ET
signaling

Hafiz et al.
2022 [61]

Broccoli

Pseudomonas fluorescens
Ps006

Bacillus velezensis Bs006
Lysinibacillus xylanilyticus

Br042
(PGPR + PGPR)

Clubroot severity ↓ 69%
(vs. non-treated control)

Synergistic interaction;
Rhizosphere colonization

Moreno-Velandia
et al. 2024 [108]
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6 Conclusion and Future Perspectives

The role of PGPR and PGPF in horticultural systems has transcended the traditional concept of mere
growth promotion, forming a multi-scale regulatory network encompassing molecular, metabolic, and
ecological levels. Mechanistically, they shape plant physiological traits through direct actions (nutrient
transformation, phytohormone regulation, metabolite supply) and indirect actions (pathogen suppression,
stress alleviation, induced systemic resistance). At the systems level, these processes are integrated within
the plant-soil continuum. When operating synergistically as microbial consortia, metabolic complemen-
tarity, niche differentiation, and signal transduction synergies drive non-additive emergent properties
that collectively optimize plant growth performance, quality, and stress tolerance. Therefore, microbial
inoculation should no longer be regarded merely as an exogenous input but redefined as a potential intrinsic
driver that regulates state transitions in the plant-soil system, shifting the research focus from “functional
identification” to “systems-level regulation”.

Despite conceptual advances, several critical challenges remain. The causal relationships between
specific microbial traits and distinct horticultural outcomes remain largely correlational, which limits
our ability to predict community performance. Second, strain compatibility and community stability are
currently determined through empirical screening rather than rational design, resulting in low success
rates and poor field reproducibility. In addition, little is known about why the same consortium performs
differently across environments, cultivars, and cropping systems. Addressing these gaps requires the
strategic integration of emerging technologies in three interconnected areas. First, there is a need to
move from correlational descriptions to causal mechanistic resolution through multi-omics and synthetic
biology. Future research should no longer rely on descriptive community analysis but instead adopt
integrated multi-omics approaches to dissect the functional contributions of individual consortiummembers
and to identify the genetic determinants of key beneficial traits [118]. In addition, synthetic biology
offers powerful tools for designing or optimizing microbial strains with enhanced characteristics, such
as overproduction of specific phytohormones, targeted volatile organic compounds, or stress-tolerant
biocontrol metabolites [119]. Second, there is a need to shift from empirical screening to AI-driven
predictive consortium design. Conventional screening of individual strains and combinatorial testing
are labor-intensive and offer low returns, and they often fail to capture emergent synergistic effects.
The integration of machine learning and artificial intelligence with high-throughput experimental data
provides a new paradigm. By training models on large-scale datasets, AI algorithms can predict optimal
strain combinations, metabolic complementarity, and niche compatibility in silico prior to experimental
validation [120]. Third, there is a need to transition from environmental adaptation strategies to context-
aware response prediction through digital agriculture and field-scale modeling. The inconsistent field
performance of microbial inoculants remains the greatest obstacle to their application. To address this
challenge, multi-site, multi-season field trials should be integrated with real-time environmental monitoring
(including soil sensors, weather stations, and drone-based imaging) to generate large-scale, standardized
datasets that capture the interactions among inoculants, soil properties, cultivation practices, and climatic
variables. These datasets can then be fed into predictive models to forecast inoculation outcomes under
specific field conditions, thereby enabling growers to make informed decisions [121]. In summary, the future
of PGPR and PGPF in horticultural research lies at the intersection of systems biology, synthetic biology,
artificial intelligence, and digital agriculture. By embracing these technologies, the field can move beyond
empirical screening and descriptive characterization toward predictive design, targeted optimization, and
rational deployment of microbial consortia. This will not only enhance the reliability and reproducibility of
microbial inoculants but also accelerate their commercialization and widespread adoption.
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