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Abstract

The rhizosphere microbiome, the plant’s “second genome” is pivotal for crop nutrient
acquisition, health, and stress responses. While fertilization ensures high agricultural
yields, a key challenge is reshaping this microbiome to boost crop performance. This
review synthesizes how mineral, organic, and bio-organic/microbial inoculant fertilizers
affect rhizosphere microbial structure, diversity, and function. Long-term excessive mineral
fertilizers (especially nitrogen) reduce microbial diversity, diminish beneficial groups (e.g.,
diazotrophs, PGPR), and disrupt microbial networks via soil acidification and altered root
exudates, causing continuous cropping obstacles. In contrast, organic fertilizers improve
soil microenvironments, maintaining high microbial diversity, enriching beneficial taxa
(e.g., Proteobacteria, Actinobacteria), and enhancing community complexity. Bio-organic
fertilizers/microbial inoculants “engineer” the microbiome by introducing exogenous
beneficial microbes (e.g., Bacillus, Pseudomonas, AMF), directly promoting growth, suppress-
ing diseases, and “reconditioning” indigenous beneficial communities. We also clarify
how fertilization regulates plant-microbe dialog via root exudates and rhizosphere chem-
istry (e.g., pH, ion balance), discuss current challenges (causality, lab-to-field translation,
genotype-microbiome-fertilization interactions), and outline future directions. Integrating
rhizosphere microbiome management into fertilization is crucial for reducing chemical
fertilizer reliance and advancing agricultural green transformation.

Keywords: rhizosphere microbiome; fertilization strategies microbial community assembly;
root exudates; plant growth-promoting rhizobacteria (PGPR); sustainable agriculture

1. Introduction
The rhizosphere, the narrow soil zone intensely influenced by root activities, is a highly

dynamic interface for plant–soil microbe interactions. It serves not only as a hotspot for
nutrient acquisition but also hosts the rhizosphere microbiome, often regarded as the plant’s
“second genome” whose complex microbial communities are crucial for plant health [1,2].
These microbial assemblages constitute the ‘first line of defense’ for plants against soil-borne
pathogens, protecting their hosts through various mechanisms, including competition,
antagonism, and induced systemic resistance [3]. Consequently, a deep understanding of
the rhizosphere micro-ecosystem is fundamental to unlocking plant productivity potential
and achieving agricultural sustainability [2].

The rhizosphere microbiome exhibits astonishing diversity, encompassing tens of
thousands of species of bacteria, fungi, archaea, and protozoa [1,4]. These microbes are
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not randomly assembled but form specific communities shaped by precise plant genotypic
regulation [5]. Functioning as ‘microbial engines’ of the ecosystem, they drive a series
of core processes: for instance, bacteria and archaea are involved in nitrogen fixation,
nitrification/denitrification, while phosphate- and potassium-solubilizing microbes activate
insoluble soil nutrients, and arbuscular mycorrhizal fungi (AMF) significantly expand the
root absorption range [6,7]. Furthermore, the rhizosphere microbiome aids plants in
resisting biotic (e.g., pathogen infection) and abiotic stresses (e.g., drought, heavy metal
contamination) and contributes to soil remediation by degrading organic pollutants [8,9]
(Figure 1).

Figure 1. Schematic Diagram of Fertilization-Regulated Rhizosphere Microbiome and Its Core Functions.

Fertilization is one of the most crucial management practices in modern agriculture,
aimed at supplementing soil nutrients and ensuring high crop yields [10]. However, long-
term excessive application of chemical fertilizers, especially nitrogen, while potentially
boosting short-term yield, can lead to negative consequences such as soil acidification,
compaction, organic matter decline, and microbial community structure dysbiosis [11,12].
Such deterioration of soil health directly impacts the rhizosphere micro-ecosystem [13].
Research indicates that different fertilization strategies (e.g., chemical fertilizers, organic
fertilizers, microbial fertilizers) significantly alter the community structure and functional
gene expression of rhizosphere microbes [14,15]. For example, organic fertilizer applica-
tion tends to increase microbial diversity and the abundance of beneficial microbes (e.g.,
Proteobacteria, Actinobacteria), whereas sole reliance on chemical fertilizers may promote
oligotrophic taxa and suppress key nutrient cycling functions [12,16]. Therefore, investigat-
ing how fertilization specifically influences this critical interface is essential for optimizing
fertilization strategies [17].

Despite significant advances in soil microbiome research, current studies often focus on
macro-descriptions of bulk soil microbial communities, lacking systematic compilation and
comparison of the specific responses of the rhizosphere—this distinct micro-domain—to
fertilization management [5,18]. In particular, the intrinsic mechanisms by which different
fertilization regimes (e.g., combined organic-inorganic application, introduction of micro-
bial fertilizers) precisely affect the functional networks of the rhizosphere microbiome (such
as carbon, nitrogen, and phosphorus cycling, and pathogen suppression) via regulating sig-
naling molecules like root exudates remain poorly understood [19,20]. This knowledge gap
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limits our ability to precisely manage the rhizosphere microbiome for enhanced fertilizer
use efficiency and crop stress resilience.

This review aims to systematically summarize and critically analyze recent research
progress on how different fertilization strategies influence the structure and function of
the plant rhizosphere microbiome. It will elaborate on the composition and core functions
of the rhizosphere microbiome, with a focus on how chemical, organic, and biological
fertilizers reshape these microbial communities and the underlying regulatory mechanisms.
Finally, the challenges associated with manipulating the rhizosphere microbiome through
fertilization strategies and the application prospects for promoting sustainable agricultural
development will be discussed. By integrating multi-omics technologies and ecological
theory, this review seeks to provide a theoretical basis and new perspectives for achieving
fertilizer reduction and efficiency gain, along with healthy crop cultivation, via rhizosphere
microbiome management.

2. Structure and Function of the Rhizosphere Microbial Community
2.1. Structural Characteristics of the Rhizosphere Microbial Community

The structure of the rhizosphere microbial community is not randomly assembled but
is a result of strict filtering by plant, soil, and environmental factors, presenting unique
diversity patterns, a core microbiome, and distinct community assembly processes [21–23].

The rhizosphere microbiome possesses astonishing diversity, encompassing tens of
thousands of species [2]. However, compared to the surrounding bulk soil, microbial
diversity in the rhizosphere is typically lower. This discrepancy stems from the selective
screening of microorganisms by plant roots from the soil microbial “seed bank,” leading to
the enrichment of specific microbial taxa in the rhizosphere [24]. This selective pressure
results in a community assembly process dominated by stochastic processes, forming
highly modular yet unstable bacterial networks, reflecting microbial adaptation to and
interactions within the dynamic rhizosphere conditions [24]. Metagenomic studies further
reveal that the assembly of the rhizosphere microbiome is a two-step selection process: root
deposits first drive initial, substrate-based community changes in the rhizosphere, which
then combine with host genotype-dependent fine-tuning to ultimately select for a specific
endophytic microbial combination within the roots [25].

Under this selective pressure, plants form a relatively stable core microbiome. Research
indicates that different plant species harbor distinct microbial assemblages even when
grown in the same soil [1,2]. Strategies like serial passage allow for the derivation of
simplified yet representative synthetic communities from the complex root microbiome [26].
For instance, a synthetic community obtained from the wheat root microbiome, comprising
a limited number of bacterial strains, not only successfully colonized the roots but also
demonstrated an ability to suppress pathogenic fungi, with Enterobacter identified as a
keystone species crucial for maintaining community stability [26]. Members of this core
microbiome, such as Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes, play
key roles in nutrient cycling and plant health [25].

Plants can also actively “recruit” beneficial microorganisms through signaling
molecules like root exudates. For example, seed-borne microorganisms can surpass native
soil microbes to become a dominant source in root community assembly. The genomes of
these seed-originating microbes are enriched with host-associated functional traits, such as
the ability to degrade key sugars for niche differentiation and cross-feeding interactions
that support partner strains, thus playing a significant role in microbial succession and
community assembly [27].
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2.2. Core Functions of the Rhizosphere Microbiome

The rhizosphere microbial community directly or indirectly promotes plant growth,
enhances stress resistance, and improves the rhizosphere microenvironment through a
suite of core functions [28–30].

Nutrient solubilization and cycling represent one of the most fundamental functions
of the rhizosphere microbiome. Microorganisms act as “microbial engines” of soil nu-
trient cycling, driving the transformation of key elements such as carbon, nitrogen, and
phosphorus [31]. Studies have shown that the abundance of microbial functional genes
is closely correlated with the nutrient cycling indicators they proxy [32]. For instance,
long-term fertilization significantly alters the functional profiles of soil carbon and nitrogen
cycling. The application of organic fertilizer enriches genes associated with carbon fixation
and assimilatory/dissimilatory nitrate reduction, while chemical fertilizer promotes the
enrichment of genes related to nitrogen degradation, nitrification, and anammox [11]. The
functional potential of the rhizosphere microbiome, particularly of taxa involved in carbon
degradation, nitrification, and organic phosphorus mineralization, shows a significant
positive correlation with ecosystem multifunctionality [33].

In terms of phytohormone regulation, rhizosphere microbes directly influence plant
growth and development by producing or modulating plant hormones, such as auxin.
Research has demonstrated that inoculating with plant growth-promoting rhizobacte-
ria (PGPR) can enhance root activity and promote crop nutrient uptake [34]. Synthetic
microbial communities (SynComs), particularly those composed of moderately related
strains, exhibit superior plant growth-promoting effects by enhancing plant growth, root
colonization, indole-3-acetic acid (IAA) production, and siderophore production [35].

Induced systemic resistance (ISR) is a key mechanism through which the rhizosphere
microbiome enhances plant health. Rhizosphere microbes can help plants resist pathogen
invasion by inducing systemic resistance [1,24]. Core microbial species influence plant
health by enhancing cooperation and network complexity within the soil microbial com-
munity [36]. For example, in continuous watermelon cropping systems, the introduction
of more healthy soil can reduce the plant disease index by increasing the stability and
complexity of the microbial network. The positive cohesion, which reflects the degree of
cooperation among microbes, is negatively correlated with the plant disease index [36].

Finally, the rhizosphere microbiome participates in modulating rhizosphere structure.
Roots and the associated rhizosphere drive the formation of soil structure from the rhizo-
sphere to the detritusphere by shaping soil physical architecture [37]. Root growth, the
production of root exudates and root hairs, and soil microbial activity collectively regulate
this process. Root-secreted extracellular polymeric substances (EPS) contribute to aggre-
gate formation, while microbes further stabilize soil structure through their hyphae and
metabolic products, thereby improving rhizosphere aeration and water-holding capacity to
create a more favorable growth environment for plants [37] (Table 1).

Table 1. Core functions of the rhizosphere microbiome and their mechanisms of action.

Core Function
Category Specific Action/Process Key Actors (Microbial

Taxa/Factors) Benefit to Plant/Soil References

Nutrient
Mobilization &

Cycling

Drives biogeochemical
cycles of key elements

(e.g., N2 fixation, nitrifica-
tion/denitrification, P
solubilization, organic
matter decomposition).

N2-fixing
bacteria/archaea,

nitrifying/denitrifying
bacteria, P-solubilizing

bacteria/fungi,
Arbuscular Mycorrhizal

Fungi (AMF).

Enhances soil
nutrient availability

and crop nutrient use
efficiency.

[11,31–33]
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Table 1. Cont.

Core Function
Category Specific Action/Process Key Actors (Microbial

Taxa/Factors) Benefit to Plant/Soil References

Phytohormone
Modulation

Synthesizes and
modulates

phytohormones (e.g.,
auxin/IAA); produces

growth-promoting
substances like
siderophores.

Plant Growth-Promoting
Rhizobacteria (PGPR, e.g.,
Pseudomonas, Bacillus).

Directly stimulates
root development

and growth,
enhancing nutrient

uptake.

[34,35]

Induced Systemic
Resistance (ISR)

Enhances plant defense
against pathogens by

inducing systemic
resistance.

Specific beneficial
bacterial consortia/core

microbial species.

Improves overall
plant health,

reducing disease
incidence and

reliance on chemical
pesticides.

[1,24,36]

Rhizosphere
Structure

Modulation

Promotes soil aggregate
formation and stabilizes

soil structure via secretion
of extracellular polymeric

substances (EPS) and
hyphal networks.

Plant roots (EPS
secretion), mycorrhizal

fungi, expolysaccharide-
producing bacteria.

Improves
rhizosphere aeration,
water infiltration and
retention, creating a
favorable physical
microenvironment.

[37]

3. Effects of Different Fertilization Strategies on the Rhizosphere Microbiome
3.1. Impact of Mineral Fertilizers

The application of mineral fertilizers, particularly long-term and excessive use, exerts
profound and complex influences on the rhizosphere microbial community by altering
the physicochemical properties of the rhizosphere soil (e.g., pH, electrical conductivity,
nutrient availability) and the physiological status of the plant. These effects are primarily
manifested in aspects such as microbial community structure, diversity, specific functional
groups, and microbial interaction networks.

Long-term application of mineral fertilizers, especially nitrogen fertilizers, is a key
driver of changes in rhizosphere microbial community structure. Research indicates that
the application of inorganic nitrogen fertilizer significantly altered the taxonomic and
predicted functional structure of the wheat rhizosphere microbiome [38]. Excessive nitrogen
application (N300, 300 kg N ha−2) significantly decreased the nifH gene copy number,
species richness and Shannon index of diazotrophs in black soil maize rhizosphere by
53.7–79.7%, 37.2–47.6% and 20.0–31.6%, respectively, and altered diazotroph community
composition with reduced relative abundance of Burkholderia but elevated abundance of
Sphingobium [39]. This shift in community structure was closely correlated with decreased
soil pH and increased electrical conductivity [39]. A 25-year fertilization trial in acidic
red soil also found that the application of nitrogen fertilizer alone or in combination with
phosphorus and potassium (NPK) reduced both maize biomass and the nifH gene copy
number of rhizosphere diazotrophs, whereas the application of only phosphorus and
potassium (PK) increased them, indicating a suppressive effect of nitrogen input on the
diazotrophic community [40].

The impact of mineral fertilizers on diversity presents a complex picture. An 8-year
long-term nitrogen gradient experiment on wheat showed that the alpha diversity of rhi-
zosphere bacteria increased with the historical nitrogen input rate but stabilized after the
rate exceeded 280 kg N ha−1 year−1 [41]. More studies report negative effects of mineral
fertilizers, particularly inorganic nitrogen, on microbial diversity. Long-term application
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of inorganic fertilizers led to soil acidification in the walnut rhizosphere, reducing fungal
diversity [42]. Studies on the wheat rhizosphere also found that inorganic nitrogen fertilizer
application reduced bacterial richness and diversity, while manure treatment maintained
higher diversity [38]. Excessive nitrogen fertilizer imposes greater environmental filter-
ing pressure on the diazotroph community by lowering soil pH and increasing salinity,
resulting in a higher degree of phylogenetic clustering (indicating stronger environmental
selection) [39,41].

The impact of mineral fertilizers on microbial function is particularly significant.
Quantitative microbiome analysis revealed that unbalanced mineral fertilizer treatments
(lacking N, P, or K) significantly affected the assembly of soybean rhizosphere bacteria.
The nitrogen-deficient treatment caused the bacterial community to diverge from other
fertilized treatments, while phosphorus deficiency hindered the total load and turnover
of rhizosphere bacteria [43]. Mineral fertilizer application alters the profile of microbial
functional genes. For example, the nitrogen application rate influenced the relative and total
abundance of nitrogen-cycling-related genes (e.g., nitrification genes pmoA-amoA and deni-
trification genes nirK, nosZ) in the maize rhizosphere [44]. A high nitrogen application rate
increased the total amount of root exudates and raised the overall abundance of rhizosphere
bacteria, which might be one reason for the decreased fertilizer use efficiency and increased
nitrogen loss under high nitrogen levels [44]. Furthermore, culture-dependent techniques
confirmed that compared to no fertilization, the application of inorganic fertilizers sig-
nificantly reduced the proportion of rhizobacteria isolated from the wheat rhizosphere
that exhibited plant growth-promoting (PGP) traits such as phosphate solubilization and
potassium release [45].

From the perspective of microbial interactions, long-term mineral fertilization affects
community stability and complexity. Studies have found that soils with a history of high
nitrogen input subject their rhizosphere bacterial communities to stronger environmental
filtering pressure, leading to a higher degree of phylogenetic clustering [41]. Consecutive ap-
plication of mineral fertilizers alters the co-occurrence network structure of bacterial-fungal
communities. For instance, in a continuous watermelon cropping system, the persistent
use of mineral fertilizers suppressed the abundance of key ecological clusters containing
beneficial bacteria (e.g., Lysobacter and Haliangium) within the bacterial co-occurrence net-
work, thereby exacerbating the obstacles associated with continuous monocropping [46].
In contrast, reduced mineral fertilizer application combined with organic amendments
(e.g., straw, organic manure) can improve soil fertility, increase the abundance of bacteria
and fungi, alter the community structure, and lead to more complex and stable microbial
networks [47].

In addition to nitrogen, phosphorus (P) and potassium (K) fertilizers also significantly
influence the rhizosphere microbial community [48]. Long-term P deficiency sup-presses
microbial metabolic activity and reduces the abundance of phosphatase-producing mi-
crobes (e.g., Burkholderia and Pseudomonas), thereby affecting soil P availability [49]. Studies
have shown that under P deficiency, plants increase the secretion of organic acids to recruit
phosphate-solubilizing bacteria (PSB), partially alleviating P stress [50]. K deficiency affects
microbial osmoregulation and reduces the colonization ability of certain PGPR strains.
Moreover, long-term unbalanced fertilization (e.g., NPK lacking P or K) simplifies micro-
bial network structures and reduces functional gene abundance, ultimately impairing crop
nutrient uptake [51]. Therefore, systematic studies on the roles of P and K fertilizers in
regulating the rhizosphere microbiome are urgently needed [52].

In summary, the influence of mineral fertilizers, particularly nitrogen fertilizers, on
the rhizosphere microbiome is characterized by: reducing soil pH, thereby creating envi-
ronmental stress for the microbial community; suppressing the abundance and diversity of
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beneficial functional groups such as diazotrophs; altering the functional gene profiles asso-
ciated with microbially mediated nutrient cycling and disrupting the stability of microbial
interaction networks. These effects subsequently constrain the maintenance of soil health
and the sustainability of agricultural production.

3.2. Impact of Organic Fertilizers

In contrast to mineral fertilizers, organic fertilizers (e.g., farmyard manure, green
manure, compost) introduce abundant organic matter and diverse nutrients into the soil
ecosystem, thereby exerting distinctly different effects on the rhizosphere microbial commu-
nity [53,54]. Their mechanisms of action primarily involve improving soil physicochemical
properties, providing diversified energy sources, and modulating the microbial growth
environment [55,56].

Long-term application of organic fertilizers can significantly improve soil physico-
chemical properties, creating a more favorable habitat for microorganisms. A 10-year
maize-green manure intercropping trial in the Hexi Corridor demonstrated that green
manure application significantly increased soil pH, nutrient content, and enzyme activities,
while simultaneously reducing the relative abundance of potential plant pathogens. These
improvements were closely associated with changes in microbial community structure
and activity [57]. A study on ameliorating acidified soil also found that the application
of organic fertilizer (e.g., farmyard manure) combined with lime increased soil pH and
significantly enriched the abundance of beneficial microorganisms such as Actinobacteria
and Proteobacteria in the rhizosphere [58]. These optimizations of soil properties lay the
foundation for enhanced microbial diversity and the proliferation of beneficial microbes.

One of the most notable impacts of organic fertilizers is the enhancement of rhizo-
sphere microbial diversity. Long-term stationary experiments have shown that continuous
application of organic fertilizer maintains higher bacterial and fungal diversity compared to
mineral fertilizer alone in walnut orchards [59]. Short-term application of organic fertilizer
also significantly increased the Chao1 and Shannon indices of rhizosphere bacteria in tea
garden soils [60]. This enhancement in diversity stems from the complex and recalcitrant
organic carbon sources provided by organic fertilizers, which create diverse ecological
niches, supporting the coexistence and development of a wider variety of microorganisms
and thereby buffering the community stability against environmental fluctuations [59,60].

Organic fertilizers show promise in regulating specific functional microbial groups.
A 31-year rice-rice-green manure rotation system study found that green manure ro-
tation significantly altered the structure of the rice rhizosphere microbial community
and enriched known plant growth-promoting bacteria, such as Acinetobacter and Pseu-
domonas [61]. In a peanut cropping system, long-term organic amendment changed the
microbial co-occurrence patterns related to phosphorus cycling, enriching key OTUs (Op-
erational Taxonomic Units) with potential for synergistic C-P and N-P transformations
(e.g., Chitinophaga pinensis and Nitrospira moscoviensis), thereby promoting rhizosphere
phosphorus cycling [62]. Metagenomic studies further revealed that compared to mineral
fertilizer, organic fertilizer treatment enriched more functional genes involved in nitrogen
cycling (e.g., denitrification) and carbon degradation (particularly recalcitrant carbon) [63].

Organic fertilizers can also significantly alter inter-microbial interactions, enhancing
community complexity and stability. Network analysis indicates that long-term organic
fertilization increases the size and connectivity of bacterial co-occurrence networks [63].
Research in kiwifruit orchards found that organic fertilizer application stimulated the forma-
tion of functional microbial groups and activated antagonistic or mutualistic relationships
among microbial taxa, thereby enhancing the complexity of the microbial network [64].
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This complex network structure is often positively correlated with the enhancement of soil
ecosystem functions and crop yield increases [64,65].

Furthermore, organic fertilizers play a role in inducing systemic resistance. Although
they introduce fewer direct probiotics compared to bio-organic fertilizers, they indirectly
enhance plant health by reshaping the soil microbial community. Studies have shown that
organic amendment can indirectly promote the activity of enzymes related to root disease
resistance (e.g., phenylalanine ammonia-lyase and superoxide dismutase) by improving
soil chemical properties and the microbial community structure [58]. Under drought stress,
the soil microbial community in organic fertilizer treatments exhibited higher resistance
and resilience. Its bacterial diversity was higher than that in mineral fertilizer treatments
during the drought period and showed higher ecological recovery after rewatering, which
helps suppress pathogen-related functions [66].

Through their “soil conditioning” function, organic fertilizers positively influence
the rhizosphere microbiome in multiple ways: they improve the soil microenvironment,
providing a substrate for microbial proliferation; supply diverse carbon sources, support-
ing higher microbial diversity; selectively enrich beneficial microbial taxa with specific
nutrient cycling functions; and promote the formation of more complex and stable interac-
tion networks among microbes [67,68]. Ultimately, this enhances the buffer capacity and
service functions of the soil ecosystem, creating a healthy rhizosphere environment for crop
growth [69].

3.3. Impact of Bio-Organic Fertilizers and Microbial Inoculants

Bio-organic fertilizers (BOFs) and microbial inoculants represent an advanced form of
fertilization strategy. They not only supply organic nutrients but also directly introduce
exogenous beneficial microorganisms (e.g., plant growth-promoting rhizobacteria—PGPR,
arbuscular mycorrhizal fungi—AMF), aiming to proactively design and manipulate the
rhizosphere microbiome for a more precise enhancement of soil ecological functions and
services [70,71]. The core mechanism of their impact lies in the interaction between the in-
troduced microorganisms and the indigenous microbial community, as well as the targeted
regulation of the overall rhizosphere microenvironment [72,73].

The most direct effect of BOFs and microbial inoculants is their successful colonization
and subsequent influence on the structure of the rhizosphere microbial community. In a
study on suppressing banana Fusarium wilt, the application of BOF containing Bacillus amy-
loliquefaciens NJN-6 not only enabled the successful colonization and stable abundance of
the strain in the rhizosphere but also significantly increased bacterial richness and diversity,
while reducing fungal abundance. It enriched beneficial taxa such as Sphingobium, Dyadobac-
ter, and Cryptococcus, and decreased the relative abundance of pathogens like Fusarium
oxysporum [74]. In a peanut continuous cropping system, the application of microbial agents
(MA) and microbial fertilizers (MF) increased the richness of rhizosphere soil bacteria and
altered the community structure by increasing the abundance of potentially beneficial
bacteria (e.g., Bradyrhizobium, Rhizobium, Burkholderia) and fungi (e.g., Trichoderma), while
reducing the abundance of pathogenic fungi (e.g., Penicillium, Fusarium) [14]. The success
of colonization and the magnitude of the effect are closely related to the compatibility
between the introduced strain and the indigenous microbial flora. Research has shown that
a synthetic community (SynCom) composed of 21 bacterial strains screened from local soil
exhibited a stronger “home-field advantage” in low-fertility soil compared to commercial
PGPR inoculants. The superior growth-promoting effect on maize was associated with the
SynCom’s stronger colonization ability in the rhizosphere and more positive interactions
with the indigenous community [75].
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The introduction of these exogenous microorganisms often functions indirectly by
modulating the indigenous microbial community, rather than relying solely on their
direct effects. Studies on banana Fusarium wilt have revealed the disease suppression
mechanism of BOFs: the introduced probiotics (e.g., Bacillus and Trichoderma) primarily
induce systemic resistance by altering the structure and function of the soil microbiome,
rather than directly inhibiting pathogens [74,76]. Specifically, the application of BOFs
enriches indigenous microbial taxa with the ability to produce secondary metabolites,
such as members of the Sphingomonadaceae and Xanthomonadaceae families. These taxa
are activated upon pathogen invasion, thereby suppressing Ralstonia solanacearum [77].
Similarly, BOF containing Trichoderma asperellum NJAU4742 can stimulate beneficial
indigenous microbial populations in the soil, such as Pseudomonas, to suppress diseases
through synergistic interactions among microorganisms [78]. This mechanism of “prim-
ing” or “reconditioning” the indigenous community is considered key to the long-term
and stable effects of BOFs [76,77].

By introducing specific functional strains, BOFs and inoculants can significantly en-
hance particular functions of the rhizosphere microbiome. For instance, BOFs containing
Bacillus velezensis SQR9 or Trichoderma harzianum NJAU4742 tend to increase the levels
of soil organic matter, available phosphorus, nitrogen, potassium, iron, zinc, and other
nutrients by enriching functional genera such as Urebacillus and Streptomyces [79]. In the
remediation of multi-metal contaminated saline-alkali soil, the synergistic application
of AMF and BOF significantly enriched key taxa with potential for pollutant degrada-
tion and nutrient cycling, such as Chloroflexi and Patescibacteria [80]. Inoculation with
Pseudomonas plecoglossicida induced the root secretion of amino acids and carbohydrates,
recruiting beneficial bacteria like Pseudomonas and Sphingomonas, which collectively
enhanced the degradation of BDE-47 in the rhizosphere [81]. Under saline-alkali stress,
the microbial inoculant GB03 increased the abundance of beneficial bacteria such as
Acidobacteriota, Bdellovibrionota, and Bacillus, thereby alleviating stress and improving
grape fruit quality [82].

The application of BOFs and inoculants can also significantly alter microbial inter-
action networks, enhancing their complexity and stability. Long-term application of
BOF containing Trichoderma increased the complexity and connectivity of the bacterial
co-occurrence network in the kiwifruit rhizosphere, forming a more functional micro-
biota [64]. In the pear rhizosphere, BOF containing Bacillus velezensis SQR9 optimized
the microbial co-occurrence network and enhanced metabolic functions related to car-
bon/nitrogen fixation, phosphorus solubilization, and nitrification. This more complex
network was directly correlated with improved soil nutrient availability [83]. Inocu-
lation with AMF also enhanced the complexity and stability of the maize rhizosphere
microbial ecological network under drought stress, indicating tighter interactions among
microorganisms [84]. It is noteworthy that composite inoculation (e.g., combined AMF
and PGPR) often produces synergistic effects superior to single inoculation. For example,
co-inoculation with AMF and Pseudomonas sp. SG29 showed the best promoting effect
on tobacco seedling growth, resulting in the highest rhizosphere microbial diversity and
significantly promoting the colonization of both AMF and Pseudomonas [85]. Similarly,
the synergistic inoculation of AMF and PGPR significantly enhanced alfalfa’s tolerance
to saline-alkali stress by strengthening the link between rhizosphere metabolites and the
microbiome [86].

Through “engineering” strategies, bio-organic fertilizers and microbial inoculants go
beyond the soil amendment role of conventional organic fertilizers. Their core impact
pathways include: the successful colonization of exogenous functional microorganisms,
making them new members of the rhizosphere microbiome; regulation of the structure and
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function of the indigenous microbial community through “priming” or “reconditioning”
mechanisms; direct or indirect enhancement of specific microbe-driven soil functions (e.g.,
nutrient cycling, pollution remediation, stress resistance); and optimization of microbial
interaction networks, improving the functional redundancy and stability of the entire
microbial community. These mechanisms work together, providing powerful tools for the
targeted manipulation and sustainable production of agricultural ecosystems.

3.4. Comprehensive Comparison of Fertilization Strategies

Fertilization strategies exert profound influences on the rhizosphere microbial com-
munity, as different fertilization practices directly regulate microbial diversity, structure,
and function by altering the soil environment. Long-term application of mineral fertilizers
can lead to soil acidification and reduced microbial diversity; for instance, it decreases the
abundance of diazotrophs, thereby potentially inhibiting plant growth [38]. In contrast,
organic fertilizers, such as manure, can significantly enhance the abundance and enzyme
activities of rhizosphere microorganisms, promote nutrient cycling, and enrich beneficial
microbes like Proteobacteria [87]. Green manure intercropping further improves soil physic-
ochemical properties, enhances the complexity of microbial networks, and increases plant
stress resistance [57]. Biofertilizers, by introducing specific probiotics (e.g., Bacillus spp.),
directly reshape the rhizosphere microbial community and enhance disease suppression
capacity [14]. These distinctions underscore the critical role of sustainable fertilization
strategies in optimizing the rhizosphere micro-ecology (Table 2).

Table 2. Differences among various fertilization strategies.

Fertilization
Strategy

Impact on Microbial
Diversity

Impact on Community
Structure

Impact on Abundance of
Key Functional Microbes References

Mineral
Fertilizer

Often reduces
microbial diversity,

e.g., long-term
application decreases
bacterial and fungal

diversity.

Alters community structure,
e.g., increases Bacteroidetes
and decreases Acidobacteria;

causes soil acidification,
increasing environmental

filtering pressure.

Reduces the abundance of
beneficial microbes such as

plant growth-promoting
rhizobacteria (PGPR) and

diazotrophs (e.g.,
Burkholderia).

[38–40,42]

Organic
Fertilizer

Significantly
increases microbial

diversity, e.g.,
enhances the

Shannon index and
richness of bacteria

and fungi.

Improves community
structure by increasing
beneficial phyla (e.g.,

Proteobacteria, Actinobacteria)
and enhancing microbial

network complexity.

Increases the abundance of
key functional microbes like

PGPR,
phosphate-solubilizing

bacteria, and diazotrophs,
promoting nutrient cycling.

[87–89]

Bio-organic
Fertilizer

Further increases
microbial diversity,

outperforming
organic fertilizer
alone, e.g., raises

bacterial and fungal
diversity indices.

Introduces beneficial
microbes (e.g., Bacillus,

Pseudomonas), shifts
community structure, and

increases co-occurrence
network complexity and

stability.

Significantly enriches
specific beneficial microbes

(e.g., Trichoderma,
Pseudomonas) and

suppresses pathogens.

[74,77,90]

Biochar

Increases microbial
diversity, especially
at high application

rates, boosting
bacterial and fungal

diversity.

Affects phylum-level
structure, e.g., increases

Proteobacteria; alters
microbial interaction

networks.

Enhances the abundance of
certain beneficial microbes

(e.g., Burkholderia,
Gemmatimonas), improving

nutrient utilization.

[63,91,92]

https://doi.org/10.3390/plants15172711

https://doi.org/10.3390/plants15172711


Plants 2026, 15, 2711 11 of 21

Table 2. Cont.

Fertilization
Strategy

Impact on Microbial
Diversity

Impact on Community
Structure

Impact on Abundance of
Key Functional Microbes References

Green Manure

Increases microbial
diversity, e.g.,

increasing bacterial
diversity in

intercropping
systems.

Improves microbial
community structure by

enriching beneficial bacteria
(e.g., Rhizobium) and
promotes soil health.

Increases the abundance of
key functional microbes like

diazotrophs and
phosphate-solubilizing

bacteria, enhancing
ecosystem functions.

[57,61,93]

Microbial
Inoculant

Increases or alters
microbial diversity,

e.g., inoculation with
PGPR or AMF

enhances bacterial
and fungal diversity.

Significantly modifies
community structure by
introducing exogenous

beneficial microbes,
strengthening microbial

interactions and network
stability.

Directly increases the
abundance of beneficial
microbes (e.g., Bacillus,

Pseudomonas, AMF),
enhancing plant stress

resistance.

[14,94,95]

Note: Biochar is essentially a soil amendment rather than a nutrient fertilizer. It is listed as an
independent fertilization strategy here according to its common single or combined application mode
in agricultural field trials.

4. Mechanisms of Fertilization in Regulating the Rhizosphere
Microbiome and Crop Effects
4.1. Mechanisms of Regulating the Rhizosphere Dialog

Fertilization strategies directly regulate the “rhizosphere dialog” between plants and
microorganisms by altering the composition of root exudates and the chemical environment
of the rhizosphere, thereby driving the restructuring of the microbial community [96]. Root
exudates serve as key communication media between plants and microbes, and their com-
position and quantity are significantly influenced by fertilization practices. For instance,
long-term application of chemical nitrogen fertilizers (e.g., nitrate) can induce cucumber
roots to increase the release of pathogen-preferential exudates such as gluconic acid and
sorbitol [97,98]. In contrast, an adequate nitrate supply promotes the secretion of antibacte-
rial compounds like guanidinosuccinic acid and behenic acid, thereby selectively enriching
beneficial bacteria and inhibiting pathogen growth [99]. Conversely, treatments with or-
ganic and bio-organic fertilizers can increase the concentrations of sugars, organic acids,
and secondary metabolites (e.g., flavonoids) in crop root exudates. These compounds act as
specific chemotactic signals that attract plant growth-promoting rhizobacteria (PGPR), such
as Pseudomonas and Bacillus, ultimately optimizing microbial community function [100].
In citrus orchards, the application of green manures like rice straw increases the content
of organic acids and flavonoids in root exudates. These substances significantly enhance
nitrogen cycling efficiency by modulating the rhizosphere C/N ratio and the expression of
microbial nitrogen fixation genes (e.g., nifH) [101].

Fertilization also directly filters microbial communities by altering rhizosphere pH
and ion balance. The long-term use of chemical fertilizers often leads to soil acidifica-
tion, lowering rhizosphere pH. This suppresses the activity of beneficial microorganisms
such as Actinobacteria while promoting the proliferation of acid-tolerant phyla like Aci-
dobacteria [102]. In contrast, the addition of organic fertilizers and biochar can effectively
neutralize soil acidity, raise rhizosphere pH, and provide abundant organic carbon sources,
thereby enriching bacterial phyla with nutrient-mobilizing functions, such as Proteobacteria
and Firmicutes [103]. In saline-alkali soils, the application of bio-organic fertilizers containing
Paenibacillus mucilaginosus can lower rhizosphere pH through bacterial secretion of organic
acids, enhancing the solubility of nutrients like iron and phosphorus. Simultaneously, it helps
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regulate ion balance, mitigating the inhibitory effects of salt stress on microorganisms [104].
These changes in chemical factors collectively create a rhizosphere microenvironment that is
favorable for the colonization of plant-beneficial microbial communities.

4.2. Feedback Effects on Crop Growth

Fertilization strategies, through their regulation of the rhizosphere microbiome, exert
significant positive or negative feedback effects on crop growth. In terms of positive feedback,
optimized fertilization can enhance nutrient use efficiency and subsequently increase crop
yield by reshaping the microbial community [102,105,106]. For instance, in a peanut-rice
rotation system, the application of a compound microbial inoculant containing nitrogen-fixing
rhizobia (e.g., Pararhizobium giardinii) and endophytes (e.g., Serratia plymuthica) significantly
increased nodule nitrogenase activity (evidenced by a 200% increase in nifH gene expression),
promoted plant uptake of nitrogen and phosphorus, and resulted in a peanut grain yield
of 1168 kg ha−1, which was significantly higher than that achieved with chemical fertilizer
alone [107]. In cucumber continuous cropping soil, the application of bio-organic fertilizer
amended with Trichoderma enriched beneficial bacteria (e.g., Sphingomonas), enhanced the
activities of soil phosphatase and urease, consequently improved phosphorus use efficiency, in-
creased cucumber biomass by 20.39%, and reduced the incidence of Fusarium wilt [67]. These
cases demonstrate that fertilization strategies can directly promote crop nutrient acquisition
and disease resistance by regulating microbial community functions.

Inappropriate fertilization practices may trigger negative feedback, leading to dys-
function of the microbial community, thereby exacerbating continuous cropping obstacles
or disease outbreaks. Long-term excessive application of chemical nitrogen fertilizer can
cause soil acidification, suppress the abundance of beneficial microorganisms such as
arbuscular mycorrhizal fungi (AMF) and diazotrophs, and reduce the complexity of the
soil microbial network, ultimately diminishing crop nutrient acquisition and aggravating
continuous cropping obstacles [108]. In a continuous tomato cropping system, the sole
application of chemical fertilizer reduced rhizosphere microbial diversity, decreased the
abundance of antagonistic bacteria like Pseudomonas, and increased the relative abundance
of pathogens such as Fusarium, finally intensifying the occurrence of bacterial wilt [109].
Furthermore, imbalanced fertilization can disrupt the interactive networks within the rhizo-
sphere microbiome, decrease microbial functional redundancy, weaken the soil’s buffering
capacity against biotic stresses, and consequently lead to crop yield reduction and quality
deterioration [110]. Therefore, scientific fertilization strategies must consider the stability of
microbial community functions to maximize the sustainability of crop production (Table 3).

Table 3. Pathways of fertilization-mediated feedback effects on crop growth via the
rhizosphere microbiome.

Feedback Type Typical Fertilization
Scenario

Impact on Rhizosphere
Microbiome

Final Effect on
Crop Growth Core Mechanism References

Positive
Feedback

Application of a
compound microbial
inoculant containing

N2-fixing rhizobia and
endophytes in a

peanut-rice rotation
system.

Significantly increases
nodule nitrogenase
activity (nifH gene

expression +200%) and
promotes plant uptake

of N and P.

Peanut grain yield
reaches 1168 kg

ha−1, significantly
higher than

chemical fertilizer
alone.

Direct enhancement of
biological N fixation

and nutrient
mobilization via

introduced functional
microbes.

[107]

Application of
bio-organic fertilizer

amended with
Trichoderma in

continuous cucumber
cropping soil.

Enriches beneficial
bacteria (e.g.,

Sphingomonas) and
enhances activities of
soil phosphatase and

urease.

Improves P use
efficiency, increases
cucumber biomass

by 20.39%, and
reduces Fusarium

wilt incidence.

Enriches indigenous
beneficial flora and

activates soil enzyme
activity via probiotics,

synergistically
promoting growth and

disease resistance.

[67]

https://doi.org/10.3390/plants15172711

https://doi.org/10.3390/plants15172711


Plants 2026, 15, 2711 13 of 21

Table 3. Cont.

Feedback Type Typical Fertilization
Scenario

Impact on Rhizosphere
Microbiome

Final Effect on
Crop Growth Core Mechanism References

Negative
Feedback

Long-term excessive
application of chemical

N fertilizer.

Causes soil acidification,
suppresses the

abundance of AMF and
diazotrophs, and
reduces microbial

network complexity.

Reduces crop
nutrient acquisition

and aggravates
continuous

cropping obstacles.

Soil acidification and
disruption of biotic

interaction networks
lead to loss of key

beneficial microbial
functions.

[108]

Sole application of
chemical fertilizer in a

continuous tomato
cropping system.

Reduces rhizosphere
microbial diversity,

decreases abundance of
antagonistic bacteria

(e.g., Pseudomonas), and
increases the relative

abundance of pathogens
(e.g., Fusarium).

Ultimately
intensifies the
occurrence of
bacterial wilt.

Loss of microbial
diversity and dysbiosis

weaken the natural
disease-suppressive

barrier.

[109]

Imbalanced fertilization
(e.g., skewed nutrient

ratios).

Disrupts microbial
interaction networks

and decreases
functional redundancy.

Weakens soil’s
buffering capacity

against biotic
stresses, leading to

crop yield reduction
and quality

deterioration.

Impairment of
ecological network

stability and functional
buffering capacity.

[110]

5. Challenges and Future Perspectives
5.1. Challenges in Current Research

Despite significant progress in understanding how fertilization regulates the rhizosphere
microbiome, multiple challenges persist, hindering its translation into practical agricultural
applications [111,112]. A core challenge lies in unraveling the complex causality. Fertilization
practices can directly alter soil physicochemical properties (e.g., pH, nutrient availability),
thereby filtering the microbial community [113]. Alternatively, they can indirectly drive mi-
crobial succession by modulating plant root exudates (e.g., the composition and quantity of
sugars, organic acids) [114–116]. The intertwining of these direct and indirect effects makes
it difficult to precisely pinpoint the dominant mechanisms within the “fertilization-plant-
microbiome” triad [117]. For instance, after organic fertilizer application, is the observed
increase in microbial diversity primarily due to introduced exogenous microbes or the pro-
moted growth of indigenous microbes via improved soil conditions? Current research often
relies on correlative analyses, lacking validation through causal experiments (e.g., grafting
experiments or gnotobiotic systems), leading to ambiguous mechanistic explanations [118].

A significant gap between laboratory findings and field application impedes the practical
use of microbial inoculants. Under controlled conditions (e.g., pot experiments), inoculating
with probiotics (e.g., Bacillus or Pseudomonas) often significantly promotes crop growth and
suppresses diseases. However, upon introduction to the field, these microbes face complex en-
vironmental stresses (e.g., temperature fluctuations, water stress, competition from indigenous
microbiota), leading to a substantial decrease in their colonization efficiency and functional
stability [119,120]. The heterogeneity of field soils (e.g., spatially distributed nutrient patches)
further exacerbates the uncertainty of inoculant survival [121]. Moreover, current technologies
for the production, storage, and application of microbial formulations are often immature,
making it difficult to ensure the alignment of inoculant viability with field requirements [122].

The interplay among plant genotype, microbiome, and fertilization has not been sys-
tematically elucidated. Different crop varieties, or even different lines of the same variety,
have genetic differences in their root exudate profiles, which recruit specific microbial
taxa [123,124]. Fertilization strategies may amplify or weaken this genotype-dependent
microbial assembly [125]. For example, would high phosphorus fertilization disrupt the
interaction where low-phosphorus-tolerant rice varieties enrich phosphate-solubilizing

https://doi.org/10.3390/plants15172711

https://doi.org/10.3390/plants15172711


Plants 2026, 15, 2711 14 of 21

bacteria by secreting specific organic acids? Current research predominantly focuses on
single-factor effects, lacking multi-factorial experimental designs (e.g., Genotype × Fertil-
ization × Microbiome), which limits the development of precise management strategies.

5.2. Future Research Directions

To overcome the challenges outlined above, future research needs to innovate method-
ological frameworks and maintain a strong application-oriented focus. The primary di-
rections are as follows. A paramount direction is to deepen the integrated application of
multi-omics technologies. Systematically elucidating the molecular basis of the “plant-
microbe” dialog under fertilization can be achieved by leveraging metagenomics to re-
veal the microbial functional gene pool, meta-transcriptomics to dynamically track active
metabolic pathways, and metabolomics to decipher the interaction networks between root
exudates and microbial metabolites. For example, integrating spatiotemporal transcrip-
tomics with metabolic flux analysis can precisely identify how plant signaling molecules
(e.g., flavonoids), altered by fertilization, regulate the expression of microbial phosphate
transformation genes, thereby uncovering the mechanisms behind nutrient-use efficiency.

The development of intelligent fertilization strategies is key to achieving precision
agriculture [126]. Utilizing rapid soil microbiome detection technologies (e.g., portable
sequencing devices or biosensors) to monitor field microbial community structure and
the abundance of key functional microbes in real time will allow for the construction of
predictive models linking fertilization, microbiome, and yield. Based on these models, fertil-
ization schemes can be optimized dynamically; for instance, automatically recommending
probiotic inoculation when pathogen abundance increases or adjusting nitrogen fertilizer
application when diazotrophs are deficient [127]. Coupling these approaches with the Inter-
net of Things (IoT) and artificial intelligence (AI) to establish a “soil-microbiome-climate”
big data platform can enable dynamic, on-demand fertilization management.

Cultivating crop varieties that promote a beneficial rhizosphere microbiome represents
a revolutionary direction [128,129]. This can be achieved by employing genome-wide asso-
ciation studies (GWAS) to identify host gene loci controlling root exudate synthesis, thereby
screening germplasm resources capable of recruiting beneficial microbes (e.g., N2-fixing bac-
teria, disease-suppressing bacteria). Gene editing technologies (e.g., CRISPR) can be used
to precisely modify root exudation traits, breeding “microbe-recruiting” crops [130,131]. For
instance, optimizing rice genes responsible for organic acid secretion could enhance their
ability to recruit phosphate-solubilizing microorganisms, reducing dependence on phospho-
rus fertilizers. This approach would empower the plant itself to act as an “engineer” of its
microbiome, propelling agriculture towards a fully biological-driven paradigm (Table 4).

Table 4. Key challenges and corresponding future directions in rhizosphere microbiome research.

Key Challenge Specific Issues/Difficulties Future Research
Direction

Key Technolo-
gies/Methods

Expected Outcome/Solution
Path

Complexity of
Causal Relationships
Negative Feedback

The intertwined direct
(altering soil properties) and

indirect (modulating root
exudates) effects of

fertilization make it difficult to
parse the dominant
mechanisms in the
“fertilization-plant-

microbiome” triad. Current
studies often rely on

correlative analyses, lacking
causal experimental

validation.

Deepening
Integrated

Multi-Omics
Applications

Metagenomics,
metatranscriptomics,

metabolomics,
spatiotemporal
transcriptomics,
metabolic flux

analysis.

Systematically elucidate the
molecular basis of the

“plant-microbe” dialog
under fertilization, and
precisely identify the

mechanisms by which
signaling molecules (e.g.,

flavonoids) regulate
microbial functional gene

expression.
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Table 4. Cont.

Key Challenge Specific Issues/Difficulties Future Research
Direction

Key Technolo-
gies/Methods

Expected Outcome/Solution
Path

The Lab-to-Field Gap

Microbial inoculants show
significant effects in controlled

experiments but suffer from
drastically reduced

colonization efficiency and
functional stability in complex

field environments. Soil
heterogeneity, environmental
stress, and competition from

indigenous microbiota are
major obstacles. Production,

storage, and application
technologies for formulations

are immature.

Developing Smart
Fertilization

Strategies

Rapid soil microbiome
detection (portable

sequencing,
biosensors), Internet of
Things (IoT), Artificial

Intelligence (AI),
predictive modeling.

Build a
“soil-microbiome-climate”

big data platform and
predictive models to achieve

on-demand, dynamic, and
precise fertilization based on

real-time microbial
community data (e.g.,
auto-recommending

inoculants or adjusting
fertilizer rates).

Poorly Understood
Plant Genotype–

Microbiome–
Fertilization
Interactions

Plant genotype regulates
specific microbial assembly via

root exudates. Fertilization
may amplify or weaken this

genotype-dependency.
Current research lacks

multi-factorial (Genotype ×
Fertilization × Microbiome)

experimental designs, limiting
the development of precise

management strategies.

Breeding Crops for a
Beneficial

Rhizosphere
Microbiome

Genome-wide
association studies

(GWAS), gene editing
(e.g., CRISPR),

germplasm screening,
synthetic microbial

community (SynCom)
testing.

Identify host genes
controlling root exudate

synthesis, use gene editing
to precisely modify root

exudation traits, and breed
“microbe-recruiting” crop

varieties capable of actively
recruiting beneficial
microbes (e.g., PSB,

diazotrophs), empowering
the plant to act as an

“engineer” of its own
microbiome.

Author Contributions: Z.Z. and J.A. conceived and supervised the study and wrote the manuscript.
Q.W., Z.S. and W.Z. revised the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by National Key R&D Program of China (2025YFD2300103-01)
and China Agriculture Research System (CARS-16).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Trivedi, P.; Leach, J.E.; Tringe, S.G.; Sa, T.; Singh, B.K. Plant-microbiome interactions: From community assembly to plant health.

Nat. Rev. Microbiol. 2020, 18, 607–621. [CrossRef] [PubMed]
2. Berendsen, R.L.; Pieterse, C.M.J.; Bakker, P.A.H.M. The rhizosphere microbiome and plant health. Trends Plant Sci. 2012,

17, 478–486. [CrossRef] [PubMed]
3. Kumar, A.; Verma, J.P. Does plant-Microbe interaction confer stress tolerance in plants: A review? Microbiol. Res. 2018, 207, 41–52.

[CrossRef] [PubMed]
4. Xun, W.; Liu, Y.; Ma, A.; Yan, H.; Miao, Y.; Shao, J.; Zhang, N.; Xu, Z.; Shen, Q.; Zhang, R. Dissection of rhizosphere microbiome

and exploiting strategies for sustainable agriculture. New Phytol. 2024, 242, 2401–2410. [CrossRef] [PubMed]
5. Wang, G.; van der Putten, W.H.; Klironomos, J.; Zhang, F.; Zhang, J. Steering plant-soil feedback for sustainable agriculture.

Science 2025, 389, eads2506. [CrossRef] [PubMed]
6. Compant, S.; Cassan, F.; Kostic, T.; Johnson, L.; Brader, G.; Trognitz, F.; Sessitsch, A. Harnessing the plant microbiome for

sustainable crop production. Nat. Rev. Microbiol. 2025, 23, 9–23. [CrossRef] [PubMed]
7. Lyu, H.; Li, Y.; Wang, Y.; Wang, P.; Shang, Y.; Yang, X.; Wang, F.; Yu, A. Drive soil nitrogen transformation and improve crop

nitrogen absorption and utilization—A review of green manure applications. Front. Plant Sci. 2024, 14, 1305600. [CrossRef]
[PubMed]

8. Zhou, X.; Zhang, J.; Rahman, M.K.U.; Gao, D.; Wei, Z.; Wu, F.; Dini-Andreote, F. Interspecific plant interaction via root exudates
structures the disease suppressiveness of rhizosphere microbiomes. Mol. Plant 2023, 16, 849–864. [CrossRef] [PubMed]

https://doi.org/10.3390/plants15172711

https://doi.org/10.1038/s41579-020-0412-1
https://www.ncbi.nlm.nih.gov/pubmed/32788714
https://doi.org/10.1016/j.tplants.2012.04.001
https://www.ncbi.nlm.nih.gov/pubmed/22564542
https://doi.org/10.1016/j.micres.2017.11.004
https://www.ncbi.nlm.nih.gov/pubmed/29458867
https://doi.org/10.1111/nph.19697
https://www.ncbi.nlm.nih.gov/pubmed/38494698
https://doi.org/10.1126/science.ads2506
https://www.ncbi.nlm.nih.gov/pubmed/40705888
https://doi.org/10.1038/s41579-024-01079-1
https://www.ncbi.nlm.nih.gov/pubmed/39147829
https://doi.org/10.3389/fpls.2023.1305600
https://www.ncbi.nlm.nih.gov/pubmed/38239220
https://doi.org/10.1016/j.molp.2023.03.009
https://www.ncbi.nlm.nih.gov/pubmed/36935607
https://doi.org/10.3390/plants15172711


Plants 2026, 15, 2711 16 of 21

9. Mihoub, A.; Ahmad, I.; Radicetti, E. Alternative fertilizer harnessing plant-microbe interactions (AFPMI) for improved soil and
plantnutrient management. Front. Plant Sci. 2023, 14, 1333927. [CrossRef] [PubMed]

10. Xing, Y.; Zhang, X.; Wang, X. Enhancing soil health and crop yields through water-fertilizer coupling technology. Front. Sustain.
Food Syst. 2024, 8, 1494819. [CrossRef]

11. Hu, X.; Gu, H.; Liu, J.; Wei, D.; Zhu, P.; Cui, X.A.; Zhou, B.; Chen, X.; Jin, J.; Liu, X.; et al. Metagenomics reveals divergent
functional profiles of soil carbon and nitrogen cycling under long-term addition of chemical and organic fertilizers in the black
soil region. Geoderma 2022, 418, 115846. [CrossRef]

12. Tang, S.; Ma, Q.; Marsden, K.A.; Chadwick, D.R.; Luo, Y.; Kuzyakov, Y.; Wu, L.; Jones, D.L. Microbial community succession in
soil is mainly driven by carbon and nitrogen contents rather than phosphorus and sulphur contents. Soil Biol. Biochem. 2023,
180, 109019. [CrossRef]

13. Guiying, S.; Hongqiang, S.; Alejandro, C.; Mouqiang, L.; Hongyu, Y.; Wenzhu, W.; Guoli, S. Bacterial communities as indicators of
soil health under a continuous cropping system. Land Degrad. Dev. 2021, 32, 2393–2408. [CrossRef]

14. Ahsan, T.; Tian, P.C.; Gao, J.; Wang, C.; Liu, C.; Huang, Y.Q. Effects of microbial agent and microbial fertilizer input on soil
microbial community structure and diversity in a peanut continuous cropping system. J. Adv. Res. 2024, 64, 1–13. [CrossRef]
[PubMed]

15. Hu, W.; Zhang, Y.; Rong, X.; Zhou, X.; Fei, J.; Peng, J.; Luo, G. Biochar and organic fertilizer applications enhance soil functional
microbial abundance and agroecosystem multifunctionality. Biochar 2024, 6, 3. [CrossRef]

16. Sun, X.; Zhang, C.; Liu, K.; Xu, M.; Cai, A. Long-term manure application enhances carbon use efficiency in soil aggregates by
regulating microbial communities in cropland. Soil Biol. Biochem. 2025, 210, 109945. [CrossRef]

17. Xu, H.-L. Soil-Root Interface Water Potential in Sweet Corn as Affected by Organic Fertilizer and a Microbial Inoculant. J. Crop
Prod. 2001, 3, 139–156. [CrossRef]

18. Fan, X.; Ge, A.-H.; Qi, S.; Guan, Y.; Wang, R.; Yu, N.; Wang, E. Root exudates and microbial metabolites: Signals and nutrients in
plant-microbe interactions. Sci. China-Life Sci. 2025, 68, 2290–2302. [CrossRef] [PubMed]

19. Sasse, J.; Martinoia, E.; Northen, T. Feed Your Friends: Do Plant Exudates Shape the Root Microbiome? Trends Plant Sci. 2018,
23, 25–41. [CrossRef] [PubMed]

20. Qiao, M.; Sun, R.; Wang, Z.; Dumack, K.; Xie, X.; Dai, C.; Wang, E.; Zhou, J.; Sun, B.; Peng, X.; et al. Legume rhizodeposition
promotes nitrogen fixation by soil microbiota under crop diversification. Nat. Commun. 2024, 15, 2924. [CrossRef] [PubMed]

21. Aliya, F.; Zhongling, W.; Minkai, Y.; Changyi, W.; Chenyu, H.; Xiaohui, L.; Wencai, J.; Liu, Y.; Zhuoyu, H.; Huan, Y.; et al.
Triple-transgenic soybean in conjunction with glyphosate drive patterns in the rhizosphere microbial community assembly.
Environ. Pollut. 2023, 335, 122337. [CrossRef] [PubMed]

22. Ma, Y.; Wang, H.; Kang, Y.; Wen, T. Small molecule metabolites drive plant rhizosphere microbial community assembly patterns.
Front. Microbiol. 2025, 16, 1503537. [CrossRef] [PubMed]

23. Yan, H.Y.; Wu, Y.; He, G.X.; Wen, S.Z.; Yang, L.L.; Ji, L. Fertilization regime changes rhizosphere microbial community assembly
and interaction in Phoebe bournei plantations. Appl. Microbiol. Biotechnol. 2024, 108, 417. [CrossRef] [PubMed]

24. Ling, N.; Wang, T.; Kuzyakov, Y. Rhizosphere bacteriome structure and functions. Nat. Commun. 2022, 13, 836. [CrossRef]
[PubMed]

25. Bulgarelli, D.; Schlaeppi, K.; Spaepen, S.; van Themaat, E.V.L.; Schulze-Lefert, P. Structure and Functions of the Bacterial
Microbiota of Plants. Annu. Rev. Plant Biol. 2013, 64, 807–838. [CrossRef] [PubMed]

26. Niu, B.; Paulson, J.N.; Zheng, X.; Kolter, R. Simplified and representative bacterial community of maize roots. Proc. Natl. Acad.
Sci. USA 2017, 114, E2450–E2459. [CrossRef] [PubMed]

27. Garrido-Sanz, D.; Keel, C. Seed-borne bacteria drive wheat rhizosphere microbiome assembly via niche partitioning and
facilitation. Nat. Microbiol. 2025, 10, 1130–1144. [CrossRef] [PubMed]

28. Ma, H.Z.; Li, P.P.; Liu, X.W.; Li, C.; Zhang, S.K.; Wang, X.H.; Tao, X. Poly-γ-glutamic acid enhanced the drought resistance of
maize by improving photosynthesis and affecting the rhizosphere microbial community. BMC Plant Biol. 2022, 22, 11. [CrossRef]
[PubMed]

29. Zeng, W.Z.; Hou, Y.L.; Ao, C.; Huang, J.S. Effects of PGPR and γ-PGA on maize growth and rhizosphere microbial community in
saline soil. Agric. Water Manag. 2024, 295, 108736. [CrossRef]

30. Wang, M.J.; Yang, X.L. Effects of plant growth-promoting rhizobacteria on blueberry growth and rhizosphere soil microenviron-
ment. PeerJ 2024, 12, 16992. [CrossRef] [PubMed]

31. Chauhan, P.; Sharma, N.; Tapwal, A.; Kumar, A.; Verma, G.S.; Meena, M.; Seth, C.S.; Swapnil, P. Soil Microbiome: Diversity,
Benefits and Interactions with Plants. Sustainability 2023, 15, 14643. [CrossRef]

32. Jia, J.; de Goede, R.; Li, Y.; Zhang, J.; Wang, G.; Zhang, J.; Creamer, R. Unlocking soil health: Are microbial functional genes
effective indicators? Soil Biol. Biochem. 2025, 204, 109768. [CrossRef]

33. Jiao, S.; Peng, Z.; Qi, J.; Gao, J.; Wei, G. Linking Bacterial-Fungal Relationships to Microbial Diversity and Soil Nutrient Cycling.
Msystems 2021, 6, e01052-20. [CrossRef] [PubMed]

https://doi.org/10.3390/plants15172711

https://doi.org/10.3389/fpls.2023.1333927
https://www.ncbi.nlm.nih.gov/pubmed/38126018
https://doi.org/10.3389/fsufs.2024.1494819
https://doi.org/10.1016/j.geoderma.2022.115846
https://doi.org/10.1016/j.soilbio.2023.109019
https://doi.org/10.1002/ldr.3919
https://doi.org/10.1016/j.jare.2023.11.028
https://www.ncbi.nlm.nih.gov/pubmed/38030126
https://doi.org/10.1007/s42773-023-00296-w
https://doi.org/10.1016/j.soilbio.2025.109945
https://doi.org/10.1300/J144v03n01_13
https://doi.org/10.1007/s11427-024-2876-0
https://www.ncbi.nlm.nih.gov/pubmed/40080268
https://doi.org/10.1016/j.tplants.2017.09.003
https://www.ncbi.nlm.nih.gov/pubmed/29050989
https://doi.org/10.1038/s41467-024-47159-x
https://www.ncbi.nlm.nih.gov/pubmed/38575565
https://doi.org/10.1016/j.Envpol.2023.122337
https://www.ncbi.nlm.nih.gov/pubmed/37562532
https://doi.org/10.3389/fmicb.2025.1503537
https://www.ncbi.nlm.nih.gov/pubmed/40008040
https://doi.org/10.1007/s00253-024-13106-5
https://www.ncbi.nlm.nih.gov/pubmed/38995388
https://doi.org/10.1038/s41467-022-28448-9
https://www.ncbi.nlm.nih.gov/pubmed/35149704
https://doi.org/10.1146/annurev-arplant-050312-120106
https://www.ncbi.nlm.nih.gov/pubmed/23373698
https://doi.org/10.1073/pnas.1616148114
https://www.ncbi.nlm.nih.gov/pubmed/28275097
https://doi.org/10.1038/s41564-025-01973-1
https://www.ncbi.nlm.nih.gov/pubmed/40140705
https://doi.org/10.1186/s12870-021-03392-w
https://www.ncbi.nlm.nih.gov/pubmed/34979944
https://doi.org/10.1016/j.agwat.2024.108736
https://doi.org/10.7717/peerj.16992
https://www.ncbi.nlm.nih.gov/pubmed/38426138
https://doi.org/10.3390/su151914643
https://doi.org/10.1016/j.soilbio.2025.109768
https://doi.org/10.1128/mSystems.01052-20
https://www.ncbi.nlm.nih.gov/pubmed/33758030
https://doi.org/10.3390/plants15172711


Plants 2026, 15, 2711 17 of 21

34. Wang, T.; Xu, J.; Chen, J.; Liu, P.; Hou, X.; Yang, L.; Zhang, L. Progress in Microbial Fertilizer Regulation of Crop Growth and Soil
Remediation Research. Plants 2024, 13, 346. [CrossRef] [PubMed]

35. Liu, Y.; Jia, B.; Ren, Y.; Xun, W.; Stefanic, P.; Yang, T.; Miao, Y.; Zhang, N.; Yao, Y.; Zhang, R.; et al. Bacterial social interactions in
synthetic Bacillus consortia enhance plant growth. Imeta 2025, 4, e70053. [CrossRef] [PubMed]

36. Qiao, Y.; Wang, T.; Huang, Q.; Guo, H.; Zhang, H.; Xu, Q.; Shen, Q.; Ling, N. Core species impact plant health by enhancing soil
microbial cooperation and network complexity during community coalescence. Soil Biol. Biochem. 2024, 188, 109231. [CrossRef]

37. Mueller, C.W.; Baumert, V.; Carminati, A.; Germon, A.; Holz, M.; Koegel-Knabner, I.; Peth, S.; Schlueter, S.; Uteau, D.; Vetterlein,
D.; et al. From rhizosphere to detritusphere—Soil structure formation driven by plant roots and the interactions with soil biota.
Soil Biol. Biochem. 2024, 193, 109396. [CrossRef]

38. Bai, Y.C.; Chang, Y.Y.; Hussain, M.; Lu, B.; Zhang, J.P.; Song, X.B.; Lei, X.S.; Pei, D. Soil Chemical and Microbiological Properties
Are Changed by Long-Term Chemical Fertilizers That Limit Ecosystem Functioning. Microorganisms 2020, 8, 694. [CrossRef]
[PubMed]

39. Chen, L.; Li, K.K.; Shi, W.J.; Wang, X.L.; Wang, E.T.; Liu, J.F.; Sui, X.H.; Mi, G.H.; Tian, C.F.; Chen, W.X. Negative impacts of
excessive nitrogen fertilization on the abundance and diversity of diazotrophs in black soil under maize monocropping. Geoderma
2021, 393, 114999. [CrossRef]

40. Kavamura, V.N.; Hayat, R.; Clark, I.M.; Rossmann, M.; Mendes, R.; Hirsch, P.R.; Mauchline, T.H. Inorganic Nitrogen Application
Affects Both Taxonomical and Predicted Functional Structure of Wheat Rhizosphere Bacterial Communities. Front. Microbiol.
2018, 9, 1074. [CrossRef] [PubMed]

41. Liu, W.B.; Ling, N.; Guo, J.J.; Ruan, Y.; Zhu, C.; Shen, Q.R.; Guo, S.W. Legacy effects of 8-year nitrogen inputs on bacterial
assemblage in wheat rhizosphere. Biol. Fertil. Soils 2020, 56, 583–596. [CrossRef]

42. Reid, T.E.; Kavamura, V.N.; Abadie, M.; Torres-Ballesteros, A.; Pawlett, M.; Clark, I.M.; Harris, J.; Mauchline, T.H. Inorganic
Chemical Fertilizer Application to Wheat Reduces the Abundance of Putative Plant Growth-Promoting Rhizobacteria. Front.
Microbiol. 2021, 12, 642587. [CrossRef] [PubMed]

43. Wang, C.; Zheng, M.M.; Song, W.F.; Wen, S.L.; Wang, B.R.; Zhu, C.Q.; Shen, R.F. Impact of 25 years of inorganic fertilization on
diazotrophic abundance and community structure in an acidic soil in southern China. Soil Biol. Biochem. 2017, 113, 240–249.
[CrossRef]

44. Wang, M.X.; Ge, A.H.; Ma, X.Z.; Wang, X.L.; Xie, Q.J.; Wang, L.K.; Song, X.W.; Jiang, M.C.; Yang, W.B.; Murray, J.D.; et al.
Dynamic root microbiome sustains soybean productivity under unbalanced fertilization. Nat. Commun. 2024, 15, 1668. [CrossRef]
[PubMed]

45. Zhang, B.; Chen, L.; Jin, S.; Guo, Q.Z.; Hou, J. The Influence of Plants on the Migration and Transformation of Nitrogen in
Plant-Soil Systems: A Review. J. Soil Sci. Plant Nutr. 2022, 22, 4084–4102. [CrossRef]

46. Zhang, H.Q.; Zheng, X.Q.; Wang, X.T.; Xiang, W.; Xiao, M.L.; Wei, L.; Zhang, Y.; Song, K.; Zhao, Z.; Lv, W.G.; et al. Effect of
fertilization regimes on continuous cropping growth constraints in watermelon is associated with abundance of key ecological
clusters in the rhizosphere. Agric. Ecosyst. Environ. 2022, 339, 108135. [CrossRef]

47. Zhu, S.S.; Vivanco, J.M.; Manter, D.K. Nitrogen fertilizer rate affects root exudation, the rhizosphere microbiome and nitrogen-
use-efficiency of maize. Appl. Soil Ecol. 2016, 107, 324–333. [CrossRef]

48. Enebe, M.C.; Babalola, O.O. Effects of inorganic and organic treatments on the microbial community of maize rhizosphere by a
shotgun metagenomics approach. Ann. Microbiol. 2020, 70, 49. [CrossRef]

49. Ma, L.; Zhang, J.B.; Li, Z.Q.; Xin, X.L.; Guo, Z.B.; Wang, D.Z.; Li, D.C.; Zhao, B.Z. Long-term phosphorus deficiency decreased
bacterial-fungal network complexity and efficiency across three soil types in China as revealed by network analysis. Appl. Soil
Ecol. 2020, 148, 103506. [CrossRef]

50. Wu, Q.H.; Chen, D.W.; Zhou, W.L.; Zhang, X.X.; Ao, J.H. Long-term fertilization has different impacts on bacterial communities
and phosphorus forms in sugarcane rhizosphere and bulk soils under low-P stress. Front. Plant Sci. 2022, 13, 1019042. [CrossRef]
[PubMed]

51. Bouwmeester, H.; Dong, L.M.; Wippel, K.; Hofland, T.; Smilde, A. The chemical interaction between plants and the rhizosphere
microbiome. Trends Plant Sci. 2025, 30, 1002–1019. [CrossRef] [PubMed]

52. Zeng, X.N.; Wang, Q.; Song, Q.L.; Liang, Q.X.; Sun, Y.; Song, F.Q. Effects of Different Nitrogen Fertilizer Application Rates on Soil
Microbial Structure in Paddy Soil When Combined with Rice Straw Return. Microorganisms 2025, 13, 79. [CrossRef] [PubMed]

53. Bachelder, J.; Wiggenhauser, M.; Winkel, L.H.E.; Frossard, E.; Tolu, J. Drastic Variations in Chemical Composition of Organic
Inputs: Implications for Organic Fertilization. Environ. Sci. Technol. 2025, 59, 16463–16477. [CrossRef] [PubMed]

54. Sedlár, O.; Balík, J.; Cerny, J.; Kulhánek, M.; Smatanová, M. Long-Term Application of Organic Fertilizers in Relation to Soil
Organic Matter Quality. Agronomy 2023, 13, 175. [CrossRef]

55. Guo, C.; Hao, J.; Ma, S.; Hong, J.; Wang, S.; Zhang, L.; Zhang, B.; Ding, H.; Liu, X.; Xing, S.; et al. Effects of microbial fertilizers on
tobacco plants and soil microbial community during the prosperously growing stage. Front. Soil Sci. 2025, 5, 1666961. [CrossRef]

https://doi.org/10.3390/plants15172711

https://doi.org/10.3390/plants13030346
https://www.ncbi.nlm.nih.gov/pubmed/38337881
https://doi.org/10.1002/imt2.70053
https://www.ncbi.nlm.nih.gov/pubmed/40860443
https://doi.org/10.1016/j.soilbio.2023.109231
https://doi.org/10.1016/j.soilbio.2024.109396
https://doi.org/10.3390/microorganisms8050694
https://www.ncbi.nlm.nih.gov/pubmed/32397341
https://doi.org/10.1016/j.geoderma.2021.114999
https://doi.org/10.3389/fmicb.2018.01074
https://www.ncbi.nlm.nih.gov/pubmed/29896167
https://doi.org/10.1007/s00374-020-01435-2
https://doi.org/10.3389/fmicb.2021.642587
https://www.ncbi.nlm.nih.gov/pubmed/33776974
https://doi.org/10.1016/j.soilbio.2017.06.019
https://doi.org/10.1038/s41467-024-45925-5
https://www.ncbi.nlm.nih.gov/pubmed/38395981
https://doi.org/10.1007/s42729-022-01009-1
https://doi.org/10.1016/j.agee.2022.108135
https://doi.org/10.1016/j.apsoil.2016.07.009
https://doi.org/10.1186/s13213-020-01591-8
https://doi.org/10.1016/j.apsoil.2020.103506
https://doi.org/10.3389/fpls.2022.1019042
https://www.ncbi.nlm.nih.gov/pubmed/36212295
https://doi.org/10.1016/j.tplants.2025.06.001
https://www.ncbi.nlm.nih.gov/pubmed/40603217
https://doi.org/10.3390/microorganisms13010079
https://www.ncbi.nlm.nih.gov/pubmed/39858847
https://doi.org/10.1021/acs.est.5c06493
https://www.ncbi.nlm.nih.gov/pubmed/40720931
https://doi.org/10.3390/agronomy13010175
https://doi.org/10.3389/fsoil.2025.1666961
https://doi.org/10.3390/plants15172711


Plants 2026, 15, 2711 18 of 21

56. Ayaz, M.; Feiziene, D.; Feiza, V.; Tilvikiene, V.; Baltrenaite-Gediene, E.; Khan, A. The Impact of Swine Manure Biochar on the
Physical Properties and Microbial Activity of Loamy Soils. Plants 2022, 11, 1729. [CrossRef] [PubMed]

57. Ablimit, R.; Li, W.K.; Zhang, J.D.; Gao, H.N.; Zhao, Y.M.; Cheng, M.M.; Meng, X.Q.; An, L.Z.; Chen, Y. Altering microbial
community for improving soil properties and agricultural sustainability during a 10-year maize-green manure intercropping in
Northwest China. J. Environ. Manag. 2022, 321, 115859. [CrossRef] [PubMed]

58. Chen, D.L.; Wang, X.X.; Carrion, V.J.; Yin, S.; Yue, Z.F.; Liao, Y.W.K.; Dong, Y.H.; Li, X.G. Acidic amelioration of soil amendments
improves soil health by impacting rhizosphere microbial assemblies. Soil Biol. Biochem. 2022, 167, 108599. [CrossRef]

59. Du, T.Y.; Hu, Q.F.; He, H.Y.; Mao, W.J.; Yang, Z.; Chen, H.; Sun, L.N.; Zhai, M.Z. Long-term organic fertilizer and biofertilizer
application strengthens the associations between soil quality index, network complexity, and walnut yield. Eur. J. Soil Biol. 2023,
116, 103492. [CrossRef]

60. Hu, Z.M.; Ji, L.F.; Wan, Q.; Li, H.; Li, R.L.; Yang, Y.Y. Short-Term Effects of Bio-Organic Fertilizer on Soil Fertility and Bacterial
Community Composition in Tea Plantation Soils. Agronomy 2022, 12, 2168. [CrossRef]

61. Zhang, X.X.; Zhang, R.J.; Gao, J.S.; Wang, X.C.; Fan, F.L.; Ma, X.T.; Yin, H.Q.; Zhang, C.W.; Feng, K.; Deng, Y. Thirty-one years of
rice-rice-green manure rotations shape the rhizosphere microbial community and enrich beneficial bacteria. Soil Biol. Biochem.
2017, 104, 208–217. [CrossRef]

62. Chen, Y.; Sun, R.B.; Sun, T.T.; Liang, Y.T.; Jiang, Y.J.; Sun, B. Organic amendments shift the phosphorus-correlated micro-
bial co-occurrence pattern in the peanut rhizosphere network during long-term fertilization regimes. Appl. Soil Ecol. 2018,
124, 229–239. [CrossRef]

63. Wu, Z.X.; Li, H.H.; Liu, Q.L.; Ye, C.Y.; Yu, F.X. Application of bio-organic fertilizer, not biochar, in degraded red soil improves soil
nutrients and plant growth. Rhizosphere 2020, 16, 100264. [CrossRef]

64. Liu, Z.; Guo, Q.; Feng, Z.Y.; Liu, Z.D.; Li, H.Y.; Sun, Y.F.; Liu, C.S.; Lai, H.X. Long-term organic fertilization improves the
productivity of kiwifruit (Actinidia chinensis Planch.) through increasing rhizosphere microbial diversity and network complexity.
Appl. Soil Ecol. 2020, 147, 103426. [CrossRef]

65. Zeng, Q.; Yin, M.; Fu, L.B.; Singh, B.K.; Liu, S.Y.; Chen, H.; Ge, A.H.; Han, L.L.; Zhang, L.M. Green manure substitution for
potassium fertilizer promotes agro-ecosystem multifunctionality via triggering interactions among soil, plant and rhizosphere
microbiome. Plant Soil 2024, 498, 431–450. [CrossRef]

66. Sun, Y.F.; Tao, C.Y.; Deng, X.H.; Liu, H.J.; Shen, Z.Z.; Liu, Y.X.; Li, R.; Shen, Q.R.; Geisen, S. Organic fertilization enhances the
resistance and resilience of soil microbial communities under extreme drought. J. Adv. Res. 2023, 47, 1–12. [CrossRef] [PubMed]

67. Chen, F.; He, X.Y.; Liu, Q.M.; Gao, F.L.; Zeng, C.Z.; Li, D.J. Bio-Organic Fertilizer Modulates the Rhizosphere Microbiome to
Enhance Sugarcane Growth and Suppress Smut Disease. Microorganisms 2025, 13, 2563. [CrossRef] [PubMed]

68. Chen, X.L.; Ma, X.Z.; Liu, Z.X.; Gu, H.D.; Fang, H.R.; Shen, Z.Z.; Zhang, H.B.; Wan, S.M.; Li, W.Q.; Hao, X.Y.; et al. Organic
fertilizers increase microbial community diversity and stability slowing down the transformation process of nutrient cycling.
Environ. Microbiome 2025, 20, 130. [CrossRef] [PubMed]

69. Jiang, H.F.; Wu, J.Y.; Guan, J.L.; Zhao, F.Z.; Tan, L.H.; Chen, H.M. Biochar is an innovative strategy for reconstructing microbial
communities and enhancing nutrient utilization efficiency in acidic red soils. Front. Microbiol. 2025, 16, 1622408. [CrossRef]
[PubMed]

70. Mancilla, A.G.; Suárez, J.J.A.; Cerrato, R.F.; Guzmán, M.d.P.R.; Gaytán, O.R.T. Photosynthetic activity and growth of poblano
pepper biofertilized with plant growth promoting rhizobacteria and arbuscular mycorrhizal fungi. Curr. Res. Microb. Sci. 2024,
7, 100269. [CrossRef] [PubMed]

71. Adeyinka, F.O.; Oluranti, B.O.; Olubisi, A.T. Harnessing of plant growth-promoting rhizobacteria and arbuscular mycorrhizal
fungi in agroecosystem sustainability. CABI Agric. Biosci. 2023, 4, 26. [CrossRef]

72. Lee, H.; Kim, D.U.; Son, J.; Kim, S.B.; Ka, J.O. Environmental Risk Assessment of Living Modified Microorganisms (LMM) on the
Indigenous Microbial Community. Sustainability 2020, 12, 5566. [CrossRef]

73. Yang, F.; Han, J.J.; Lin, R.Z.; Yin, Y.; Deng, X.X.; Li, Y.M.; Lin, J.X.; Wang, J.H. Regulation of the Rhizosphere Microenvironment
by Arbuscular Mycorrhizal Fungi to Mitigate the Effects of Cadmium Contamination on Perennial Ryegrass (Lolium perenne L.).
Microorganisms 2024, 12, 2335. [CrossRef] [PubMed]

74. Fu, L.; Penton, C.R.; Ruan, Y.Z.; Shen, Z.Z.; Xue, C.; Li, R.; Shen, Q.R. Inducing the rhizosphere microbiome by biofertilizer
application to suppress banana Fusarium wilt disease. Soil Biol. Biochem. 2017, 104, 39–48. [CrossRef]

75. Jiang, M.T.; Delgado-Baquerizo, M.; Yuan, M.M.; Ding, J.X.; Yergeau, E.; Zhou, J.Z.; Crowther, T.W.; Liang, Y.T. Home-based
microbial solution to boost crop growth in low-fertility soil. New Phytol. 2023, 239, 752–765. [CrossRef] [PubMed]

76. Xiong, W.; Guo, S.; Jousset, A.; Zhao, Q.Y.; Wu, H.S.; Li, R.; Kowalchuk, G.A.; Shen, Q.R. Bio-fertilizer application induces soil
suppressiveness against Fusarium wilt disease by reshaping the soil microbiome. Soil Biol. Biochem. 2017, 114, 238–247. [CrossRef]

77. Deng, X.H.; Zhang, N.; Li, Y.C.; Zhu, C.Z.; Qu, B.Y.; Liu, H.J.; Li, R.; Bai, Y.; Shen, Q.R.; Salles, J.F. Bio-organic soil amendment
promotes the suppression of Ralstonia solanacearum by inducing changes in the functionality and composition of rhizosphere
bacterial communities. New Phytol. 2022, 235, 1558–1574. [CrossRef] [PubMed]

https://doi.org/10.3390/plants15172711

https://doi.org/10.3390/plants11131729
https://www.ncbi.nlm.nih.gov/pubmed/35807682
https://doi.org/10.1016/j.jenvman.2022.115859
https://www.ncbi.nlm.nih.gov/pubmed/35985268
https://doi.org/10.1016/j.soilbio.2022.108599
https://doi.org/10.1016/j.ejsobi.2023.103492
https://doi.org/10.3390/agronomy12092168
https://doi.org/10.1016/j.soilbio.2016.10.023
https://doi.org/10.1016/j.apsoil.2017.11.023
https://doi.org/10.1016/j.rhisph.2020.100264
https://doi.org/10.1016/j.apsoil.2019.103426
https://doi.org/10.1007/s11104-023-06445-1
https://doi.org/10.1016/j.jare.2022.07.009
https://www.ncbi.nlm.nih.gov/pubmed/35907631
https://doi.org/10.3390/microorganisms13112563
https://www.ncbi.nlm.nih.gov/pubmed/41304248
https://doi.org/10.1186/s40793-025-00791-6
https://www.ncbi.nlm.nih.gov/pubmed/41088478
https://doi.org/10.3389/fmicb.2025.1622408
https://www.ncbi.nlm.nih.gov/pubmed/40529594
https://doi.org/10.1016/j.Crmicr.2024.100269
https://www.ncbi.nlm.nih.gov/pubmed/39545204
https://doi.org/10.1186/s43170-023-00168-0
https://doi.org/10.3390/su12145566
https://doi.org/10.3390/microorganisms12112335
https://www.ncbi.nlm.nih.gov/pubmed/39597724
https://doi.org/10.1016/j.soilbio.2016.10.008
https://doi.org/10.1111/nph.18943
https://www.ncbi.nlm.nih.gov/pubmed/37149890
https://doi.org/10.1016/j.soilbio.2017.07.016
https://doi.org/10.1111/nph.18221
https://www.ncbi.nlm.nih.gov/pubmed/35569105
https://doi.org/10.3390/plants15172711


Plants 2026, 15, 2711 19 of 21

78. Tao, C.Y.; Li, R.; Xiong, W.; Shen, Z.Z.; Liu, S.S.; Wang, B.B.; Ruan, Y.Z.; Geisen, S.; Shen, Q.R.; Kowalchuk, G.A. Bio-organic
fertilizers stimulate indigenous soil Pseudomonas populations to enhance plant disease suppression. Microbiome 2020, 8, 137.
[CrossRef] [PubMed]

79. Ma, Y.W.; Zuohereguli, K.; Zhang, L.S.; Kang, Y.L.; Shi, L.W.; Xu, H.; Ruan, Y.; Wen, T.; Mei, X.L.; Dong, C.X.; et al. Soil Microbial
Mechanisms to Improve Pear Seedling Growth by Applying Bacillus and Trichoderma-Amended Biofertilizers. Plant Cell Environ.
2025, 48, 3968–3980. [CrossRef] [PubMed]

80. Lu, C.Y.; Zhang, Z.C.; Guo, P.R.; Wang, R.; Liu, T.; Luo, J.Q.; Hao, B.H.; Wang, Y.C.; Guo, W. Synergistic mechanisms of
bioorganic fertilizer and AMF driving rhizosphere bacterial community to improve phytoremediation efficiency of multiple
HMs-contaminated saline soil. Sci. Total Environ. 2023, 883, 163708. [CrossRef] [PubMed]

81. Qi, X.; Xu, X.X.; Xu, C.L.; Lv, G.C.; Cai, J.Z.; Cheng, Z.; Yang, Z.B.; Yin, H. Pseudomonas plecoglossicida inoculation reshapes
rhizosphere microbiome for BDE-47 dissipation in the alfalfa rhizosphere. J. Hazard. Mater. 2025, 495, 138959. [CrossRef]
[PubMed]

82. Yan, H.K.; Zhang, C.C.; Nai, G.J.; Ma, L.; Lai, Y.; Pu, Z.H.; Ma, S.Y.; Li, S. Microbial Inoculant GB03 Increased the Yield and
Quality of Grape Fruit Under Salt-Alkali Stress by Changing Rhizosphere Microbial Communities. Foods 2025, 14, 711. [CrossRef]
[PubMed]

83. Kang, Y.L.; Ma, Y.W.; Xie, C.Y.; Dong, C.X.; Xu, Y.C.; Shen, Q.R. Bioorganic fertilizer drives the root system architecture and
rhizosphere microbiome interactions to stimulate aboveground growth of pear trees in acid red soil. J. Supercomput. 2025,
516, 629–650. [CrossRef]

84. Li, J.; Zhou, L.Y.; Chen, G.; Yao, M.Y.; Liu, Z.G.; Li, X.R.; Yang, X.P.; Yang, Y.; Cai, D.R.; Tuerxun, Z.; et al. Arbuscular mycorrhizal
fungi enhance drought resistance and alter microbial communities in maize rhizosphere soil. Environ. Technol. Innov. 2025,
37, 103947. [CrossRef]

85. Zeng, W.L.; Xiang, D.; Li, X.M.; Gao, Q.; Chen, Y.D.; Wang, K.M.; Qian, Y.Y.; Wang, L.P.; Li, J.; Mi, Q.L.; et al. Effects of
combined inoculation of arbuscular mycorrhizal fungi and plant growth-promoting rhizosphere bacteria on seedling growth and
rhizosphere microecology. Front. Microbiol. 2025, 15, 1475485. [CrossRef] [PubMed]

86. Zhang, Z.C.; Zhou, Z.H.; Feng, S.C.; Guo, P.R.; Wang, Y.C.; Hao, B.H.; Guo, W.; Li, F.Y. Synergistic effects of AMF and PGPR
on improving saline-alkaline tolerance of Leymus chinensis by strengthening the link between rhizosphere metabolites and
microbiomes. Environ. Technol. Innov. 2024, 36, 103900. [CrossRef]

87. Amadou, A.; Song, A.L.; Tang, Z.X.; Li, Y.L.; Wang, E.Z.; Lu, Y.Q.; Liu, X.D.; Yi, K.K.; Zhang, B.; Fan, F.L. The Effects of Organic
and Mineral Fertilization on Soil Enzyme Activities and Bacterial Community in the Below- and Above-Ground Parts of Wheat.
Agronomy 2020, 10, 1452. [CrossRef]

88. Shi, Y.W.; Niu, X.X.; Chen, B.Z.; Pu, S.H.; Ma, H.H.; Li, P.; Feng, G.P.; Ma, X.W. Chemical fertilizer reduction combined with
organic fertilizer affects the soil microbial community and diversity and yield of cotton. Front. Microbiol. 2023, 14, 1295722.
[CrossRef] [PubMed]

89. Wu, X.; Zhang, T.; Zhao, J.N.; Wang, L.L.; Yang, D.N.; Li, G.; Xiu, W.M. Variation of Soil Bacterial and Fungal Communities from
Fluvo-Aquic Soil Under Chemical Fertilizer Reduction Combined with Organic Materials in North China Plain. J. Soil Sci. Plant
Nutr. 2021, 21, 349–363. [CrossRef]

90. Qiao, C.C.; Penton, C.R.; Xiong, W.; Liu, C.; Wang, R.F.; Liu, Z.Y.; Xu, X.; Li, R.; Shen, Q.R. Reshaping the rhizosphere microbiome
by bio-organic amendment to enhance crop yield in a maize-cabbage rotation system. Appl. Soil Ecol. 2019, 142, 136–146.
[CrossRef]

91. Yang, Y.F.; Ye, C.H.; Zhang, W.; Zhu, X.H.; Li, H.H.; Yang, D.H.; Ahmed, W.; Zhao, Z.X. Elucidating the impact of biochar with
different carbon/nitrogen ratios on soil biochemical properties and rhizosphere bacterial communities of flue-cured tobacco
plants. Front. Plant Sci. 2023, 14, 1250669. [CrossRef] [PubMed]

92. Yang, H.Y.; Kerner, P.; Liang, X.; Struhs, E.; Mirkouei, A.; You, Y.Q. Biochar amendment modulates root metabolome and
rhizosphere microbiome of wheat. Biochar 2025, 7, 46. [CrossRef]

93. Fu, H.J.; Sun, C.Y.; Shu, X.L.; Zhang, M.L.; Kong, Z.R.; Qi, F.; Xue, Q.H.; Lai, H.X.; Guo, Q. Multi-omic profiling reveals
green manuring with maize enhances fruit quality of strawberry via the microbiome-plant-metabolite axis. Plant Soil 2025, 514,
1167–1185. [CrossRef]

94. Cheng, Y.Y.; Ma, Y. Plant growth-promoting bacteria reshape rhizosphere microbial networks and biochemical properties to drive
sustainable Zea mays growth. Appl. Soil Ecol. 2025, 213, 106275. [CrossRef]

95. Francioli, D.; Kampouris, I.D.; Kuhl-Nagel, T.; Babin, D.; Sommermann, L.; Behr, J.H.; Chowdhury, S.P.; Zrenner, R.; Moradtalab,
N.; Schloter, M.; et al. Microbial inoculants modulate the rhizosphere microbiome, alleviate plant stress responses, and enhance
maize growth at field scale. Genome Biol. 2025, 26, 148. [CrossRef] [PubMed]

96. Hnini, M.; Rabeh, K.; Oubohssaine, M. Understanding plant-microorganism interactions: The key roles of soil, rhizosphere, and
direct and indirect mechanisms. AIMS Microbiol. 2025, 11, 1035–1078. [CrossRef] [PubMed]

https://doi.org/10.3390/plants15172711

https://doi.org/10.1186/s40168-020-00892-z
https://www.ncbi.nlm.nih.gov/pubmed/32962766
https://doi.org/10.1111/pce.15395
https://www.ncbi.nlm.nih.gov/pubmed/39871496
https://doi.org/10.1016/j.scitotenv.2023.163708
https://www.ncbi.nlm.nih.gov/pubmed/37105481
https://doi.org/10.1016/j.jhazmat.2025.138959
https://www.ncbi.nlm.nih.gov/pubmed/40554345
https://doi.org/10.3390/foods14050711
https://www.ncbi.nlm.nih.gov/pubmed/40077414
https://doi.org/10.1007/s11104-025-07756-1
https://doi.org/10.1016/j.eti.2024.103947
https://doi.org/10.3389/fmicb.2024.1475485
https://www.ncbi.nlm.nih.gov/pubmed/39867496
https://doi.org/10.1016/j.eti.2024.103900
https://doi.org/10.3390/agronomy10101452
https://doi.org/10.3389/fmicb.2023.1295722
https://www.ncbi.nlm.nih.gov/pubmed/38053554
https://doi.org/10.1007/s42729-020-00365-0
https://doi.org/10.1016/j.apsoil.2019.04.014
https://doi.org/10.3389/fpls.2023.1250669
https://www.ncbi.nlm.nih.gov/pubmed/37790782
https://doi.org/10.1007/s42773-025-00434-6
https://doi.org/10.1007/s11104-025-07450-2
https://doi.org/10.1016/j.apsoil.2025.106275
https://doi.org/10.1186/s13059-025-03621-7
https://www.ncbi.nlm.nih.gov/pubmed/40452057
https://doi.org/10.3934/microbiol.2025046
https://www.ncbi.nlm.nih.gov/pubmed/41522446
https://doi.org/10.3390/plants15172711


Plants 2026, 15, 2711 20 of 21

97. Jin, X.; Shi, Y.J.; Ge, X.; Li, D.L.; Wang, J.; Pan, K.; Wu, F.Z.; Zhou, X.G. Effects of cucumber root exudates components on Fusarium
spp. community structure and abundance. Allelopath. J. 2019, 47, 73–81. [CrossRef]

98. Suresh, G.; Sharma, P.; Dadrwal, B.K.; Jat, R.K.; Singh, V.P.; Kumar, M.; Kumari, A.; Teja, M.S.V.R. Biochemical Interactions in the
Rhizosphere: Roles of Root Exudates, Flavonoids and Phytoalexins inPlant–Microbe Communication. Plant Cell Biotechnol. Mol.
Biol. 2025, 26, 270–279. [CrossRef]

99. Zeng, J.X.; Gu, Z.C.; Li, J.; Wang, R.F.; Huang, M.T.; Wang, M.; Guo, S.W. Nitrate supply increases the resistance of cucumber to
Fusarium wilt disease by regulating root exudation. Biol. Fertil. Soils 2025, 61, 805–820. [CrossRef]

100. Stirnemann, E.M.; Sasse, J. How to harness the effects of exudates and microbes that support beneficial plant-plant interactions
for sustainable agriculture. PLoS Biol. 2025, 23, 3003416. [CrossRef] [PubMed]

101. Li, Y.F.; Zhang, Y.; He, Q.S.; Liu, S.S.; Ren, F.; Lu, A.X. Effects of Root Exudates on Ecological Function and Nitrogen Utilization
Strategy of Orchard Multi-Planting System. Agronomy 2025, 15, 2173. [CrossRef]

102. Enagbonma, B.; Fadiji, A.E.; Babalola, O.O. Anthropogenic fertilization influences a shift in barley rhizosphere microbial
communities. PeerJ 2024, 12, e17303. [CrossRef] [PubMed]

103. Aparicio, M.A.; Ruiz-Castilla, F.J.; Ramos, J.; Romera, F.J.; Lucena, C. The inoculation with Pseudomonas simiae WCS417 strain
promotes growth and the induction of iron-deficiency responses in cucumber plants (Cucumis sativus L.). Planta 2025, 262, 136.
[CrossRef] [PubMed]

104. Ma, M.C.; Jiang, X.; Wang, Q.F.; Guan, D.W.; Li, L.; Ongena, M.; Li, J. Isolation and Identification of PGPR Strain and its Effect on
Soybean Growth and Soil Bacterial Community Composition. Int. J. Agric. Biol. 2018, 20, 1289–1297.

105. Yang, J.; Han, X.D.; Li, Q.; Wang, D.; Li, Y.K.; Zhang, Z.Y. Potassium fertilization modulates potato (Solanum tuberosum L. V7)
yield and rhizosphere microbiome dynamics. Front. Plant Sci. 2025, 16, 1618600. [CrossRef] [PubMed]

106. Wu, Q.; Shen, P.; Liang, H.Y.; Liu, M.; Chen, D.X.; Yang, L.Y. Targeted Phosphorus Fertilization in the Peanut Pod Zone Modulates
Pod Nutrient Allocation and Reshapes the Geocarposphere Microbial Community. Agronomy 2025, 15, 2850. [CrossRef]

107. Debnath, S.; Sorongpong, S.; Das, N.; Choure, K.; Agnihotri, V.K.; Pandey, P. Sustainable lentil intensification in rice-fallow systems
through bioaugmentation with atypical rhizobia and endophytes modulates rhizosphere and nodule microbiome dynamics.
BMC Plant Biol. 2025, 25, 1237. [CrossRef] [PubMed]

108. Zhao, X.; Liang, H.; Chang, D.N.; Zhang, J.D.; Bao, X.G.; Cui, H.; Cao, W.D. Maize-green manure intercropping improves maize
yield and P uptake by shaping the responses of roots and soil. J. Integr. Agric. 2026, 25, 313–325. [CrossRef]

109. Zhu, L.X.; Wang, R.F.; Zeng, J.X.; Huang, M.T.; Li, J.; Wang, M.; Shen, Q.R.; Guo, S.W. Mitigating obstacles to monocropping using
integrated rhizosphere management. Plant Soil 2025, 516, 455–472. [CrossRef]

110. Solomon, W.; Janda, T.; Molnár, Z. Unveiling the significance of rhizosphere: Implications for plant growth, stress response, and
sustainable agriculture. Plant Physiol. Biochem. 2024, 206, 108290. [CrossRef] [PubMed]

111. Shi, R.; Wang, S.; Xiong, B.J.; Gu, H.Y.; Wang, H.L.; Ji, C.; Jia, W.J.; Horowitz, A.R.; Zhen, W.J.; Ben Asher, J.; et al. Application
of Bioorganic Fertilizer on Panax notoginseng Improves Plant Growth by Altering the Rhizosphere Microbiome Structure and
Metabolism. Microorganisms 2022, 10, 275. [CrossRef] [PubMed]

112. Xu, T.Q.; Ke, J.H.; Wang, Y.F.; Zhang, Y.Q.; Xi, J.; Wei, X.M.; Ma, Y.Q.; Lin, Y.B. Silicon Fertilization Improves Sunflower
Rhizosphere Microbial Community Structure and Reduces Parasitism by Orobanche cumana Wallr. Agronomy 2024, 14, 1312.
[CrossRef]

113. Tang, J.; Wu, H.; Li, Y.; Chen, J. The Response Microbial of the Cucumber Rhizosphere Network Keystone Taxa of the Cucumber
Rhizosphere to Continuous Fertilization. Microorganisms 2025, 13, 451. [CrossRef] [PubMed]

114. Qu, P.; Wang, B.T.; Qi, M.J.; Lin, R.; Chen, H.M.; Xie, C.; Zhang, Z.W.; Qiu, J.C.; Du, H.B.; Ge, Y. Medicinal Plant Root Exudate
Metabolites Shape the Rhizosphere Microbiota. Int. J. Mol. Sci. 2024, 25, 7786. [CrossRef] [PubMed]

115. Yang, Y.; Li, J.Q.; Yang, B.; Wang, L.L.; Tang, W.Q.; Cha, L.L. Influence of root secretions of understory Chinese herbal medicines
on the characterization of inter-root microbial communities. Front. Plant Sci. 2026, 16, 1697347. [CrossRef] [PubMed]

116. Seitz, V.A.; McGivern, B.B.; Daly, R.A.; Chaparro, J.M.; Borton, M.A.; Sheflin, A.M.; Stephen, K.; Lindsay, S.; Meagan, E.S.;
Kelly, C.W.; et al. Variation in Root Exudate Composition Influences Soil Microbiome Membership and Function. Appl. Environ.
Microbiol. 2022, 88, e0022622. [CrossRef] [PubMed]

117. McGrath, A.H.; Lema, K.; Egan, S.; Wood, G.; Gonzalez, S.V.; Kjelleberg, S.; Steinberg, P.D.; Marzinelli, E.M. Disentangling direct
vs indirect effects of microbiome manipulations in a habitat-forming marine holobiont. npj Biofilms Microbiomes 2024, 10, 33.
[CrossRef] [PubMed]

118. Li, Q.; Lang, S.X.; Ma, X.B.; Liu, L.Z.; Zhao, Q.; Cheng, C.Z.; Li, L. Effects of organic fertilizers on apple growth and drought
resistance, soil properties and microbial diversity: A comparison of mature organic fertilizers and weathered coal organic
fertilizers. Plant Soil 2025, 516, 1329–1346. [CrossRef]

119. Hashem, A.; Tabassum, B.; Abd Allah, E.F. Bacillus subtilis: A plant-growth promoting rhizobacterium that also impacts biotic
stress. Saudi J. Biol. Sci. 2019, 26, 1291–1297. [CrossRef] [PubMed]

https://doi.org/10.3390/plants15172711

https://doi.org/10.26651/allelo.j/2019-47-1-1220
https://doi.org/10.56557/pcbmb/2025/v26i9-109828
https://doi.org/10.1007/s00374-025-01895-4
https://doi.org/10.1371/journal.pbio.3003416
https://www.ncbi.nlm.nih.gov/pubmed/41100520
https://doi.org/10.3390/agronomy15092173
https://doi.org/10.7717/peerj.17303
https://www.ncbi.nlm.nih.gov/pubmed/39006020
https://doi.org/10.1007/s00425-025-04844-5
https://www.ncbi.nlm.nih.gov/pubmed/41160188
https://doi.org/10.3389/fpls.2025.1618600
https://www.ncbi.nlm.nih.gov/pubmed/40641869
https://doi.org/10.3390/agronomy15122850
https://doi.org/10.1186/s12870-025-07165-7
https://www.ncbi.nlm.nih.gov/pubmed/41029195
https://doi.org/10.1016/j.jia.2025.02.051
https://doi.org/10.1007/s11104-025-07732-9
https://doi.org/10.1016/j.plaphy.2023.108290
https://www.ncbi.nlm.nih.gov/pubmed/38150841
https://doi.org/10.3390/microorganisms10020275
https://www.ncbi.nlm.nih.gov/pubmed/35208730
https://doi.org/10.3390/agronomy14061312
https://doi.org/10.3390/microorganisms13020451
https://www.ncbi.nlm.nih.gov/pubmed/40005816
https://doi.org/10.3390/ijms25147786
https://www.ncbi.nlm.nih.gov/pubmed/39063028
https://doi.org/10.3389/fpls.2025.1697347
https://www.ncbi.nlm.nih.gov/pubmed/41640767
https://doi.org/10.1128/aem.00226-22
https://www.ncbi.nlm.nih.gov/pubmed/35536051
https://doi.org/10.1038/s41522-024-00503-x
https://www.ncbi.nlm.nih.gov/pubmed/38553475
https://doi.org/10.1007/s11104-025-07800-0
https://doi.org/10.1016/j.sjbs.2019.05.004
https://www.ncbi.nlm.nih.gov/pubmed/31516360
https://doi.org/10.3390/plants15172711


Plants 2026, 15, 2711 21 of 21

120. Jie, H.; Zhong, W.; Ville-Petri, F.; Shao-Hua, G.; Xiao-Fang, W.; Nico, E.; Tian-Jie, Y.; Jing, M.; Qi-Rong, S.; Yang-Chun, X.;
et al. Probiotic Diversity Enhances Rhizosphere Microbiome Function and Plant Disease Suppression. mBio 2016, 7, e01790-16.
[CrossRef] [PubMed]

121. Xue, W.; Huang, L.; Yu, F.H. Importance of starting points in heterogeneous environments: Interactions between two clonal plants
with contrasting spatial architectures. J. Plant Ecol. 2020, 13, 323–330. [CrossRef]

122. Luft, L.; Mazutti, M.A. Freeze and Spray Drying Technologies to Produce Solid Microbial Formulations for Sustainable Agriculture.
Processes 2025, 13, 2188. [CrossRef]

123. Hafner, B.D.; Pietz, O.; King, W.L.; Scharfetter, J.B.; Bauerle, T.L. Early developmental shifts in root exudation profiles of five Zea
mays L. genotypes. Plant Sci. 2025, 354, 112439. [CrossRef] [PubMed]

124. Acuña, D.; Bletz, M.C.; Sasse, J.; Micallef, S.A.; Kosina, S.; Bowen, B.P.; Northen, T.R.; Carmona, A.C. Disruption of the endogenous
indole glucosinolate pathway impacts the Arabidopsis thaliana root exudation profile and rhizobacterial community. Rhizosphere
2025, 33, 101046. [CrossRef]

125. Jiang, Y.; Lin, X.; Wang, H.; Muhammad, W.; Xu, Y.; Lin, W. Evaluation of fertilization on microbial assembly, metabolites of root
exudates and rhizosphere soil in tea plant. Sci. Hortic. 2024, 338, 113812. [CrossRef]

126. Harikumaran, M.; Vijayalakshmi, P. Optimizing fertilizer recommendations in precision agriculture: A novel defuzzification
approach with adaptive intelligent optimization. Knowl.-Based Syst. 2025, 321, 113550. [CrossRef]

127. de Andrada, L.V.P.; de Brito, F.A.L.; Soares, A.L.; Brito, A.; da Silva, T.G.F.; Silva, I.D.D.; Vinhas, G.M.; Simoes, A.D. Nitrogen
Fertilization Optimizes the Physicochemical Properties of Cactus Mucilage and the Biopolymeric Films Produced. Acs Omega
2026, 11, 13413–13424. [CrossRef] [PubMed]

128. Wei, Z.H.; Cao, H.; Wang, C.; Liu, H.J.; Shen, Q.R.; Li, R. Exploration of Acid-Tolerant Peanut Varieties Associated with Key
Beneficial Rhizosphere Microbiome and Their Plant Growth-Promoting Effects in Acidic Soil. Agronomy 2026, 16, 371. [CrossRef]

129. González, M.; Araya-Angel, J.P.; Muñoz, A.; Alfaro-Flores, A.; Cardinale, M.; Stoll, A. Genetic Diversification of Tomato and
Agricultural Soil Management Shaped the Rhizospheric Microbiome of Tomato (Solanum lycopersicum). Microorganisms 2025,
13, 1550. [CrossRef] [PubMed]

130. Sarsaiya, S.; Yadav, A.N.; Tiwari, P.; Singh, R. Editorial: Futuristic plant microbes biotechnology and bioengineering. Front.
Microbiol. 2024, 15, 1514583. [CrossRef] [PubMed]

131. Lin, J.; Hazaisi, H.; Guan, Y.; Bai, M. Multiplex gene editing drives revolution in crop breeding: Overlaid editing of multiple
genes and customization of complex traits. Adv. Biotechnol. 2026, 4, 5. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15172711

https://doi.org/10.1128/mBio.01790-16
https://www.ncbi.nlm.nih.gov/pubmed/27965449
https://doi.org/10.1093/jpe/rtaa018
https://doi.org/10.3390/pr13072188
https://doi.org/10.1016/j.plantsci.2025.112439
https://www.ncbi.nlm.nih.gov/pubmed/39988132
https://doi.org/10.1016/j.Rhisph.2025.101046
https://doi.org/10.1016/j.Scienta.2024.113812
https://doi.org/10.1016/j.knosys.2025.113550
https://doi.org/10.1021/acsomega.5c10740
https://www.ncbi.nlm.nih.gov/pubmed/41799073
https://doi.org/10.3390/agronomy16030371
https://doi.org/10.3390/microorganisms13071550
https://www.ncbi.nlm.nih.gov/pubmed/40732059
https://doi.org/10.3389/fmicb.2024.1514583
https://www.ncbi.nlm.nih.gov/pubmed/39600572
https://doi.org/10.1007/s44307-026-00099-7
https://www.ncbi.nlm.nih.gov/pubmed/41712102
https://doi.org/10.3390/plants15172711

	Introduction 
	Structure and Function of the Rhizosphere Microbial Community 
	Structural Characteristics of the Rhizosphere Microbial Community 
	Core Functions of the Rhizosphere Microbiome 

	Effects of Different Fertilization Strategies on the Rhizosphere Microbiome 
	Impact of Mineral Fertilizers 
	Impact of Organic Fertilizers 
	Impact of Bio-Organic Fertilizers and Microbial Inoculants 
	Comprehensive Comparison of Fertilization Strategies 

	Mechanisms of Fertilization in Regulating the Rhizosphere Microbiome and Crop Effects 
	Mechanisms of Regulating the Rhizosphere Dialog 
	Feedback Effects on Crop Growth 

	Challenges and Future Perspectives 
	Challenges in Current Research 
	Future Research Directions 

	References

