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Abstract

Rhizosphere microbiome engineering is a promising approach that can enhance crop re-
silience and input use efficiency by redirecting plant–microbe–soil interactions toward pre-
dictable functions. Here, we review the mechanistic bases underlying rhizosphere assembly
and stability, including root exudate-mediated selection, priority effects, keystone taxa, and
metabolite-driven signaling, and connect these principles to proposed design rules for mi-
crobial inoculants. We present a generalizable Design–Build–Test–Learn (DBTL) framework
for engineering synthetic microbial consortia, covering trait-to-module mapping (nutrient
acquisition, phytohormone modulation, ACC deaminase activity, stress-protective metabo-
lites, and biocontrol), compatibility screening, minimal yet robust community architectures,
and iterative optimization driven by multi-omics and high-throughput phenotyping. Trans-
lation to field settings is framed as an engineering challenge defined by formulation and
administration limitations, including carrier type, seed coating and encapsulation methods,
shelf life, strain invasiveness, and permanence of colonization amid environmental diver-
sity. We also summarize how integrative measurement pipelines (amplicon and shotgun
sequencing, transcriptomics, metabolomics, and network or causal analyses) can advance
microbiome studies from correlation to actionability. We describe how precision agriculture
(sensors, remote sensing, and variable-rate inputs) and AI/ML (split-sample comparisons,
transfer learning, and active learning) approaches can accelerate strain discovery, mixture
optimization, and adaptive experimentation, driven by the need for stringent controls,
metadata-rich reporting, and cross-site comparability. Use cases focus on stress conditions
(drought, salinity, thermal extremes, and biotic stress) to demonstrate how microbial func-
tions translate to agronomic outcomes and to highlight critical bottlenecks for reproducible,
scalable microbiome products.

Keywords: biocontrol; nutrient use efficiency; microbiome formulation; strain tracking;
multi-omics; precision agriculture
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1. Introduction
Engineering the rhizosphere microbiome is a transformative approach in 21st century

agriculture for addressing the complex challenges of sustainable global food production.
The soil surrounding plant roots, known as the rhizosphere, is a promising microbiological
frontier because it harbors unique biodiversity and serves as a dynamic interface where
plants, soil, and microbes interact. This ecosystem is influenced by various biotic factors,
such as plant species and microbial community composition, and abiotic factors, such as
soil type and moisture, which together support plant health and productivity [1,2].

The conceptual framework for agricultural sustainability is based on the intersection
of plant–soil–microbe relationships. Microbial communities in the rhizosphere can regulate
the growth dynamics of plant-beneficial microbes involved in nutrient cycling, disease
suppression, and increased plant resilience to stress [3–5]. Certain microbes, including
plant-growth-promoting rhizobacteria (PGPR) and mycorrhizal fungi, promote plant health
either directly (e.g., through nutrient acquisition) or indirectly (e.g., by improving soil
structure) [6,7].

Historically, research on plant–microbial interactions was largely descriptive, and
management of these interactions was mostly reactive rather than design-driven. More
recently, however, the field has been moving in an increasingly accelerated, design-oriented
direction. Plant performance, such as drought resistance and nutrient uptake, can be
improved by tuning community structure with synthetic microbial consortia [8–10]. To
support this transition, eco-evolutionary principles must be rigorously applied to provide
a framework for creating engineered systems capable of recapitulating the functional
landscape of native microbiomes [11,12].

Compared with earlier reviews that focus primarily on plant growth-promoting mi-
crobes, synthetic communities, or plant microbiome engineering in general, this review
provides an integrated framework connecting rhizosphere ecology, consortium design,
formulation science, multi-omics, AI-enabled optimization, and field validation within
the context of climate-smart agriculture. Instead of treating these themes separately, we
organize them as linked stages in a translational pipeline from ecological principles to
deployment and decision support. We also place greater emphasis on constraints, re-
producibility, field realism, and comparative evaluation of intervention strategies than is
typical in broader descriptive reviews.

This review synthesizes the current state of rhizosphere microbiome engineering
(RME) for researchers, agronomists, and decision-makers involved in sustainable crop
production. It covers rhizosphere ecology, consortium design, formulation and delivery,
multi-omics, AI-assisted optimization, and field translation in agriculture. Table 1 provides
a summary of the technologies and strategies discussed.

Table 1. Representative summary of the technologies and strategies used in rhizosphere microbiome
engineering and precision agriculture.

Category Technology/Strategy Purpose Data or Output Generated Application Stage

Microbial design Synthetic microbial
consortia

Combine complementary
microbial functions

Community composition,
functional profiles Design/Build

Microbial optimization Adaptive laboratory
evolution (ALE)

Enhance stress tolerance
and persistence Growth rates, stability metrics Build

Formulation Seed coating Improve early root
colonization Colonization efficiency Deployment

Formulation Encapsulation (biochar,
polymers)

Protect microbes and
control release Survival rate, release kinetics Deployment

Production On-farm bioreactors Local large-scale
inoculum production Cell density, cost efficiency Deployment
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Table 1. Cont.

Category Technology/Strategy Purpose Data or Output Generated Application Stage

Phenotyping Rhizoboxes and
microfluidics

Observe root–microbe
interactions Root traits, colonization patterns Test

Omics analysis 16S/shotgun
metagenomics

Community structure
and functions Taxa abundance, gene pathways Test

Omics analysis Metatranscriptomics and
metabolomics Functional activity Expression levels, metabolites Test

Precision agriculture Soil and plant sensors Monitor moisture,
nutrients, stress Real-time field data Test/Learn

Precision agriculture Drones and proximal
sensing

Spatial crop
health assessment NDVI, thermal indices Test/Learn

Data integration Digital twin models Simulate
crop–microbiome systems Predictive scenarios Learn

AI and ML Strain selection and mix
optimization

Improve consortium
performance

Optimized microbial
combinations Learn

Constructing microbial consortia systematically and methodically, along with de-
veloping a thorough understanding of ecological interactions in the rhizosphere, creates
opportunities for advances in precision agriculture, improving crop production efficiency
and addressing environmental challenges.

Microbiome Engineering and Climate-Relevant Soil Functions

Beyond crop performance, rhizosphere microbiome engineering may influence climate-
relevant soil functions. Improved nitrogen acquisition and better synchronization between
plant demand and microbial nutrient turnover may reduce fertilizer losses and increase
fertilization efficiency, particularly when microbial interventions enhance nutrient mobiliza-
tion, rhizosphere activity, and plant nutrient uptake efficiency [4,10]. Microbiome-mediated
changes in nitrification and denitrification could also affect N2O emissions, although the
magnitude and direction of these effects remain highly context-dependent and require field
verification under realistic agronomic conditions [4,5].

Carbon-related effects are also plausible: root-associated microbes can alter rhizode-
position, stimulate biofilm formation, improve aggregate stability, and reshape microbial
carbon processing, thereby influencing pathways of soil carbon retention and stabilization.
Rhizodeposition is increasingly recognized as a major contributor to the formation of
stable soil organic matter fractions, particularly mineral-associated organic carbon, while
microbial extracellular polymeric substances and biofilm-associated processes can improve
aggregate formation and the physical protection of carbon in soil [13,14]. In stress-prone
systems, these processes may be especially relevant because microbially mediated root
inputs, aggregate stabilization, and carbon turnover can influence how carbon is retained
under drought or saline conditions.

Consistent with this, Ref. [15] showed that amendment-driven shifts in bacterial commu-
nity composition, soil aggregate stability, and soil organic carbon sequestration were closely
linked in saline–alkali soils, supporting a mechanistic connection between microbial commu-
nity change and carbon stabilization under conditions relevant to climate-smart agriculture.
However, these mitigation-related claims should still be interpreted cautiously because direct
long-term field evidence linking engineered rhizosphere consortia to durable reductions in
N2O emissions or sustained soil carbon sequestration remains limited.

2. Rhizosphere Fundamentals
As an important ecological boundary, the rhizosphere serves as the central interface

for interactions between plants and soil microorganisms. Understanding the fundamentals
of this ecosystem is essential for developing strategies to design microbiomes that enhance
agricultural productivity and sustainability.
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As key mediators of rhizosphere interactions, root exudates can be considered eco-
logical currency and are crucial for plant–microbe communication and interactions. These
exudates include sugars, amino acids, and other organic compounds, such as organic acids
and phenolics, which are released into soil environments [16,17]. The chemical nature of
root exudates can influence microbial communities by preferentially selecting beneficial
taxa that stimulate plant growth and health [18]. Differences in exudate profiles have been
shown to favor certain microbial assemblages involved in disease suppression and nutrient
provision [19,20]. Variation in root exudation among plant species may induce competition
for microbial resources, affecting nutrient cycling and ecosystem processes [21]. Addi-
tionally, spatial and temporal changes in root exudate composition, directly influenced by
environmental factors, can affect the structure of rhizosphere microbial communities [22,23]
and, consequently, the maintenance of plant–microbe interactions. Key exudate classes and
their downstream ecological effects are summarized in Figure 1.

Figure 1. Root exudates as ecological currency: major exudate classes (sugars, amino acids, organic
acids, and phenolics) and their roles in shaping rhizosphere community assembly, signaling, nutrient
mobilization, and disease suppression.

Molecular mechanisms linking microbial community assembly in the rhizosphere
to higher-order ecological interactions shaped by priority effects and keystone taxa gov-
ern community stability. Priority effects occur when the first microbes colonizing the
rhizosphere determine the trajectories of later-colonizing microbial communities, which
subsequently influence ecosystem functions [24]. Keystone taxa are species that have a dis-
proportionate influence on community dynamics and stability [25]. For example, various
bacteria and fungi can act as keystone species involved in nutrient cycling or disease resis-
tance [26,27]. Previous studies have indicated that concentrating the ecological principles
of stability and resilience in keystone species is a prerequisite for engineering microbial
consortia [28,29].

This approach will aid in designing novel, effective microbial interventions that can
modulate and tolerate various stressors in dynamic environments. Microbial interactions
with plants occur mainly through signals and metabolites. Root exudates can recruit
beneficial microbes, signal resource availability, and influence competitive interactions
in the rhizosphere [30–34]. Understanding these signaling processes is important for

https://doi.org/10.3390/microorganisms14051138

https://doi.org/10.3390/microorganisms14051138


Microorganisms 2026, 14, 1138 5 of 30

rational microbiome manipulation and the development of interventions that improve crop
resilience and yield [35,36].

A deeper understanding of the mechanisms of rhizosphere interactions, factors gov-
erning root exudation, community assembly, and signaling pathways or communicative
processes will be essential for the rational design of intervention strategies to enhance
plants and improve food productivity.

Conceptual Limits and Context Dependency in Rhizosphere Microbiome Engineering

Although root exudate-mediated selection, priority effects, and keystone taxa are
often presented as complementary mechanisms governing rhizosphere assembly, their
relative importance is highly context-dependent. Root exudate chemistry can influence
microbial substrate preference and succession in the rhizosphere, but exudate composition
varies with plant genotype, developmental stage, nutrient status, and environmental
conditions [16]. Similarly, priority effects can shape community assembly when early
colonizers modify resource availability or niche conditions, but their persistence depends
on dispersal, resident community structure, and environmental filtering [37,38].

A useful conceptual framework is to view rhizosphere assembly as a sequence of
ecological filters. The first filter is the regional and soil microbial species pool. The second
is the physicochemical environment, including soil texture, pH, organic matter, moisture,
salinity, nutrient availability, and land-use history. The third is host-mediated selection
through root architecture, exudation, and immune signaling. The fourth is microbial
interaction, including competition, facilitation, antagonism, niche pre-emption, and priority
effects. Evidence from plant microbiome studies indicates that selection, dispersal, drift,
and diversification interact to structure plant-associated microbial communities rather than
operating as a single deterministic process [37,39].

Thus, current theories are not necessarily irreconcilable but instead operate at different
ecological scales. Root exudate-mediated selection explains host influence; priority effects
explain colonization history; keystone taxa explain disproportionate functional influence;
and resilience theory explains persistence after disturbance. The challenge for microbiome
engineering is to identify when these mechanisms align and when they conflict. In practical
terms, rhizosphere microbiome engineering should be framed less as deterministic control
and more as probabilistic steering of microbial functions under defined crop–soil–climate
constraints [10,40]. For example, host-driven recruitment may appear dominant in simplified
or controlled systems, whereas in field soils, resident community composition and physico-
chemical filtering may override host effects, leading to different conclusions across studies.

In this review, keystone taxa are defined as taxa that have a disproportionate influence
on community structure or function relative to their abundance. Stability refers to the
maintenance of composition and/or function over time. Resilience refers to a community’s
capacity to recover function after disturbance. Engineering is used here to mean intentional,
evidence-based steering of microbiome structure or function under defined constraints,
rather than deterministic control.

3. Consortium Design: From Wish List to Bill of Materials
Engineering the rhizosphere microbiome by designing specific microbial consortia is

a key strategy for promoting plant health and sustainable agriculture. The combination
of functional roles, interactions among constituent organisms, and a design based on
ecological resilience and capacity are all important for an effective consortium. An end-to-
end workflow for rational consortium design is outlined in Figure 2.
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Figure 2. From ‘wish list’ to bill of materials: a workflow for rational consortium design linking target
traits, functional modules, candidate taxa, compatibility screening, and iterative optimization.

3.1. Functional Roles

To ensure successful plant development and abiotic stress tolerance, microbial consor-
tia can be designed to meet specific functional needs. These consortia play essential roles
in nitrogen fixation, phosphorus and potassium mobilization, phytohormone production,
1-aminocyclopropane-1-carboxylate (ACC) deaminase production, and pathogen biocontrol.
Nitrogen-fixing bacteria, including those from the genera Rhizobium and Azospirillum, are im-
portant for increasing nitrogen bioavailability, while mycorrhizal fungi enhance phosphorus
supply [41]. Additionally, microbial production of phytohormones such as auxins and gib-
berellins can promote plant growth and increase tolerance to biotic and abiotic stresses [42,43].
Key biocontrol agents further support plant health by suppressing pathogens. Isolating and
assembling these functional groups into consortia tailored to specific crops can improve
nutrient uptake, plant health, and yield. Table 2 summarizes the key functional modules,
representative taxa of functional groups, and anticipated plant benefits.

Beyond nitrogen fixation, nutrient solubilization, phytohormone production, ACC
deaminase activity, and biocontrol, several other functional traits should be considered
during consortium design. Hydrolytic enzymes such as chitinases, cellulases, proteases,
lipases, and β-1,3-glucanases contribute to pathogen suppression by degrading fungal cell
wall components and interfering with pathogen establishment [44,45]. Exopolysaccharide-
producing bacteria can enhance soil aggregation, rhizosphere hydration, biofilm formation,
and tolerance to drought or salinity, making EPS production especially relevant for dryland
and saline agriculture [44,46]. Some rhizosphere bacteria may also produce or modulate
abscisic acid-related signaling, influencing stomatal regulation, stress-responsive gene
expression, drought adaptation, and responses to water excess or flooding [40,46]. For field
deployment, candidate strains should also be screened for tolerance to commonly used
pesticides and agrochemicals, as chemical incompatibility may reduce survival and efficacy
after application.
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Table 2. Functional roles of key microbial groups in rhizosphere engineering.

Functional Role
Representative
Microbial Taxa

(Examples)

Mechanism in the
Rhizosphere

Expected Plant
Benefit

Relevant
Environmental

Condition(s)

Scope of
Activity/Deployment

Context

Key
References

Symbiotic and
non-symbiotic
nitrogen fixation

Rhizobium,
Bradyrhizobium,
Azospirillum,
Azotobacter,
Paenibacillus

Biological
conversion of N2 to
NH4

+ via
nitrogenase

Improved N
nutrition,
biomass
accumulation,
and yield

Low-N soils;
low-input
systems;
drought-prone
systems where N
uptake is
constrained

Nutrient support;
partial reduction in
fertilizer dependence;
best suited to systems
where N limitation is a
major constraint

[47–51]

Phosphate
solubilization

Pseudomonas,
Bacillus,
Enterobacter,
Burkholderia

Secretion of organic
acids, phosphatases,
and phosphonate-
transforming
enzymes

Enhanced P
availability, root
growth, and early
vigor

P-deficient soils;
calcareous or
P-fixing soils

Nutrient mobilization;
can complement
fertilization programs
rather than fully
replace them

[52–54]

Potassium
mobilization

Bacillus
mucilaginosus,
Frateuria aurantia,
Paenibacillus spp.

Mineral weathering
and release of K
through
acidification and
chelation

Improved
nutrient balance,
osmotic
adjustment, and
stress tolerance

K-deficient soils;
salinity- or
drought-affected
systems

Nutrient support in
marginal soils; often
used as part of
multi-trait inoculants

[55–57]

Phytohormone
production

Azospirillum,
Serratia,
Burkholderia,
Bacillus spp.

Production of IAA,
gibberellins,
cytokinins, and
related signaling
compounds

Enhanced root
architecture,
shoot growth,
and stress
responsiveness

Early growth
stages;
stress-prone
environments;
transplant
establishment

Growth promotion and
developmental
modulation; strongest
effects are often
observed when
coupled with nutrient
or stress mitigation
traits

[58–60]

ACC deaminase
activity

Pseudomonas,
Variovorax,
Enterobacter spp.

Degradation of
ACC, lowering
stress ethylene
levels

Improved
tolerance to
drought, salinity,
flooding, and
transplant shock

Drought, salinity,
waterlogging,
and combined
abiotic stress

Stress mitigation;
particularly relevant in
climate-variable
systems

[61–63]

Siderophore
production

Pseudomonas
fluorescens,
Bacillus subtilis,
Streptomyces spp.

Chelation of Fe3+,
improved Fe
acquisition, and
competition with
pathogens

Better iron
nutrition and
indirect disease
suppression

Fe-limited soils;
saline soils;
pathogen-prone
rhizospheres

Nutrient acquisition
plus indirect
biocontrol; useful in
multifunctional
consortia

[64–67]

Biocontrol/ISR
induction

Trichoderma,
Bacillus,
Pseudomonas,
Streptomyces

Antibiotics,
lipopeptides,
volatile compounds,
competition, ISR
induction

Reduced
soil-borne
diseases and
improved plant
health

Disease-prone
soils; high
pathogen
pressure;
stress-weakened
crops

Biotic stress
management; often
crop- and
pathosystem-specific

[51,67,68]

Hydrolytic
enzyme
production

Bacillus,
Pseudomonas,
Streptomyces,
Trichoderma

Production of
chitinases,
glucanases,
cellulases,
proteases, and
lipases that degrade
pathogen cell walls

Pathogen
suppression and
improved
rhizosphere
competitiveness

Biotic stress;
fungal disease
pressure;
residue-rich soils

Biocontrol and
pathogen suppression;
useful where direct
antagonism is required

[44,45]

Exopolysaccharide
(EPS) produc-
tion/biofilm
formation

Azotobacter,
Bacillus,
Pseudomonas,
Rhizobium

EPS-mediated
biofilm formation,
aggregation of soil
particles, improved
water retention, and
root adhesion

Improved
drought/salinity
tolerance,
rhizosphere
stability, and
persistence

Drought, salinity,
coarse-textured
soils, fluctuating
moisture

Stress buffering and
colonization support;
valuable for field
persistence and
dryland systems

[44–46]

ABA modula-
tion/production

Azospirillum,
Bacillus,
Pseudomonas spp.

Modulation of
ABA-related
signaling and
stress-responsive
gene expression

Improved
stomatal
regulation and
adaptation to
drought, excess
moisture, or
fluctuating water
status

Drought, flooding
transitions,
unstable rainfall
regimes

Stress-signaling
support; still less
standardized than
ACC deaminase-based
selection

[40,46]
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Table 2. Cont.

Functional Role
Representative
Microbial Taxa

(Examples)

Mechanism in the
Rhizosphere

Expected Plant
Benefit

Relevant
Environmental

Condition(s)

Scope of
Activity/Deployment

Context

Key
References

Pesticide/
agrochemical
tolerance

Stress-adapted
PGPR and fungi
from managed
agroecosystems

Survival and
function under
seed-treatment
chemicals,
pesticides, and
mixed input
regimes

Improved
persistence and
more reliable field
performance

Conventional
farming systems
with seed
treatments or
pesticide use

Deployment
compatibility; critical
for commercial
translation and
realistic field adoption

[40,69]

3.2. Rules of Engagement

The interactions between the constituent species must be understood to effectively
engineer a microbial consortium. Even so, compatibility matrices can help identify positive
synergies with fewer negative interactions [70,71]. Certain bacteria, for example, secrete
allelochemicals that suppress the growth of pathogenic or competing microbial species,
thereby promoting beneficial species. Conversely, if species compete for substrates or
produce toxic metabolites, the consortium’s activity decreases. By employing a systematic
screening method to assess interactions and cohabitation in microbial networks, the com-
positional compatibility and ecological stability of synthetic communities can be ensured,
thereby promoting performance [72].

3.3. Minimal Yet Resilient Consortia

While interest in the functional composition of consortia has suggested that small
but diverse microbial communities tend to deliver the best function and stability [73,74],
recent studies have revealed a more complex picture. The benefits of small consortia are
compelling, but there are diminishing returns from larger consortia; as complexity and
broader interactions increase, the returns from alliances can become negative. Identifying
this “sweet spot” can lead to niche partitioning, allowing microbes to utilize resources
more efficiently and increasing community stability [75,76]. The underlying science is
based on biodiversity concepts, which advocate selecting only as many species as the
available niches can sustain—that is, species that can play complementary roles within the
same community.

3.4. Synthetic Ecology Playbook

DBTL provides an iterative framework for engineering microbial consortia. It is a
continuous, iterative process in which hypotheses about microbial behavior, collective
interactions, and functions are experimentally tested. Consortia are generated, evaluated,
and refined based on these findings, allowing for ongoing improvement [77,78]. This
iterative engineering approach enables rapid adaptation and innovation for synthetic
ecologists. Integrating omics technologies within the DBTL framework allows for detailed
characterization of microbial behavior, interaction functions, and consortium dynamics,
providing a foundation for microbiome engineering in crop management [42,43].

New microbial consortia should be designed around functional roles, compatibility,
and optimal composition to support effective and resilient deployment. Figure 3 illustrates
the iterative DBTL cycle used to refine consortium composition and deployment.

https://doi.org/10.3390/microorganisms14051138
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Figure 3. Design–Build–Test–Learn (DBTL) loop for synthetic rhizosphere consortia, integrating
omics, phenotyping, and field feedback to refine strain selection, ratios, and delivery conditions.

3.5. Worked DBTL Example: Drought- and Salinity-Tolerant Cereal SynCom

A practical DBTL workflow can be illustrated with a hypothetical cereal crop grown
in semi-arid soil affected by both drought and salinity. In the Design stage, the target
phenotype is defined as improved seedling establishment, root growth, water use effi-
ciency, nutrient acquisition, and yield stability under limited irrigation and moderate
salinity. Candidate functional modules may include ACC deaminase activity to reduce
stress ethylene, exopolysaccharide production to enhance rhizosphere water retention and
soil aggregation, phosphate solubilization to support nutrient acquisition, siderophore pro-
duction and biocontrol activity to suppress opportunistic pathogens, and osmoprotectant-
or antioxidant-associated traits to reduce stress injury [44,45,69].

In the Build stage, candidate strains are selected from stress-adapted rhizosphere or
endophytic communities and assembled into a minimal consortium. Compatibility screen-
ing is conducted using co-culture assays, antagonism tests, growth kinetics, metabolite
profiling, and functional assays. The goal is not to maximize species number but to con-
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struct a functionally complementary consortium with limited negative interactions. Strains
should also be screened for formulation compatibility, pesticide tolerance, and survival
under desiccation, salinity, and temperature fluctuation because field performance depends
not only on beneficial traits but also on persistence and ecological compatibility [12,69].

In the Test stage, the consortium is evaluated first under controlled growth-chamber
conditions, then in greenhouse soil microcosms, and finally in replicated field plots. Input
variables include strain identity, inoculum ratio, carrier type, seed-coating dose, irrigation
regime, salinity level, soil type, and crop genotype. Output variables include colonization
efficiency, persistence, microbial community shifts, root architecture, photosynthetic per-
formance, stress biomarkers, nutrient uptake, yield components, and water use efficiency.
Amplicon sequencing, shotgun metagenomics, targeted qPCR, metabolomics, and root
phenotyping can be integrated to link microbial persistence with plant performance [69,79].

In the Learn stage, data from omics, phenotyping, and agronomic measurements
are used to refine the consortium. Machine learning models can identify which strain
combinations, functional traits, or environmental variables best predict performance. How-
ever, scalability remains a major constraint, and laboratory performance may not translate
directly to field reliability in native soils. Therefore, DBTL should be implemented as an
adaptive framework that tests performance across increasing ecological complexity [10,40].

4. Light Synthetic Biology
Interest in contemporary biosystems engineering has catalyzed new strategies for designing

and developing microbiome structures with specified functionality for targeted applications,
such as engineering the plant rhizosphere microbiome to enhance agricultural productivity. In
this review, we discuss criteria for choosing microbial chassis and functional circuits, as well
as design principles such as biocontainment and orthogonality in microbial systems. Figure 4
summarizes representative chassis options, circuit concepts, and safety safeguards.

Figure 4. Light synthetic biology toolkit for rhizosphere applications: chassis selection, circuit
concepts (quorum sensing, stress toggles, and nutrient valves), and safeguards (biocontainment and
orthogonality).

https://doi.org/10.3390/microorganisms14051138
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4.1. Choosing Microbial Chassis

Selection of a microbial chassis is a fundamental consideration in synthetic biology,
particularly for agricultural crops. Genetically tractable chassis organisms that are easy to
cultivate and beneficial in the rhizosphere, such as Bacillus, Pseudomonas, Trichoderma, and
Azospirillum, are preferred [12,69]. Bacillus species, well known as ideal biocontrol agents,
have also been reported to produce antifungal compounds that suppress pathogens [69,80].
Although Pseudomonas has a reputation as a dormant saprophytic bacterium, some strains,
such as Pseudomonas syringae, are also known to promote plant growth [81]. Trichoderma
fungi enhance plant nutrient uptake through mycorrhizas and provide protection against
nematodes and pathogens [69,82]. Ecological compatibility is also important, and selected
consortia should remain stable, functional, and beneficially interactive under the intended
application conditions.

In addition to Trichoderma, Bacillus, and Pseudomonas, other functional biocontrol
organisms may be relevant depending on the target pathosystem. These include ento-
mopathogenic fungi such as Beauveria and Metarhizium, which are widely recognized as
soil-associated insect biocontrol fungi, as well as nematophagous fungi such as Purpureocil-
lium lilacinum and Pochonia chlamydosporia, which have been used against plant-parasitic
nematodes and can be relevant in crop protection-oriented microbiome designs [83–85].
Although these fungi are not universal components of rhizosphere consortia, they may be
appropriate where insect or nematode pressure is a major agronomic constraint.

4.2. Circuit Ideas

Synthetic circuits are designed in microbes to couple biological pathways that respond
to fluctuating environmental inputs. Quorum sensing (QS), a type of cell–cell communica-
tion, coordinates bacterial behavior based on population density [86,87]. Bacteria can also
modulate metabolic functions such as biofilm formation, virulence factor expression, or
intracellular nutrient uptake dynamics according to the community state in a QS-dependent
manner [88,89].

In addition, stress-response toggles can be implemented to activate targeted responses
during abiotic stress, thereby enhancing stress resistance in plants. For example, synthetic
biology approaches can be used to design gene circuits that regulate stress-responsive
phytohormones, enabling microbes to actively contribute to plant health during water stress
or nutrient-deficient conditions [89,90]. This can be achieved through so-called nutrient
valves, which govern whether important nutrients, especially nitrogen and phosphorus,
are absorbed or released. These valves may be engineered to maximize resource use and
promote plant development and productivity under nutrient-limited conditions [91].

4.3. Biocontainment and Orthogonality

Successfully biocontainment of engineered microbes is important to avoid negative
consequences for the natural environment during the use of these microbes. This necessi-
tates orthogonal systems that prevent engineered pathways from interfering with native
microbial functions [92,93]. Synthetic biology principles have been used, for example, to
design circuits that respond exclusively to synthetic signal molecules not found in natural
environments, thereby reducing the risk of crosstalk between engineered and wild-type
microbes [94].

These orthogonal circuits may be necessary for programming engineered strains to
perform important functions in an ecological niche without altering the cost–benefit ratios
that the existing microbiome has evolved to maintain. Additionally, incorporating “kill
switches” or dependence on artificial or synthetic nutrients for survival in nature allows
for the creation of engineered communities that are safe and controllable [95].
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Ultimately, the use of suitable microbial chassis, functional circuits capable of tunable
responsiveness to physiological triggers, and biocontainment via orthogonally constructed
systems would enable the application of synthetic biology to enhance the functions of microbial
consortia that support agricultural processes. Such an integrated strategy would sustainably
reinforce agricultural technologies and enhance the resilience of crop production systems.

5. Delivery and Formulation for Field Reality
Achieving field-scale outcomes in microbiome engineering requires effective delivery

and formulation strategies, including seed coatings, encapsulation, co-formulation with
biostimulants, and attention to shelf life and on-farm handling.

Seed coatings and granules are innovative methods for applying microbial inoculants
in the field. Coating seeds with beneficial microorganisms is a direct and effective delivery
method that enhances germination, growth, and establishment by providing immediate ac-
cess to the microbial community at sowing. Encapsulation strategies that enclose microbial
inoculants in coating materials can protect microbes from harsh environmental conditions
and improve their viability [96].

Biochar, due to its porous structure and large surface area, which favor microbial
attachment and activity [97], has strong potential as a microbial inoculant carrier. In addi-
tion to enhancing the survival of microorganisms within biochar, it helps retain nutrients
in the soil, indirectly supporting plant growth [98]. Biochar carriers can also regulate
the dynamics of the microbial community, positively influencing soil health and plant
growth [99,100].

The effectiveness of microbial products can be significantly increased by combining
microbial formulations with biostimulants such as humic substances and micronutrients.
Improved oxygen accessibility promotes soil structure development, increases the avail-
ability of elemental nutrients, and stimulates beneficial microbial activity [101,102]. In
co-formulated microbial inoculants, these substances act synergistically, as demonstrated
by increased microbial viability and enhanced plant responses to microbial interactions
facilitated by humic substances [103].

Polymers enhance the stability and shelf life of gases in microbial product formulations.
They can also be used for microencapsulation, protecting microbes from environmental
factors such as temperature and desiccation, thereby improving survival during transport
and storage [104]. This multifaceted approach, including co-formulation, is essential for
maximizing the potential of microbial inoculants as key components of agriculture.

To ensure microbes remain effective in the field, their shelf life and viability must be
maintained during transport and storage. Shelf life is influenced by temperature, humidity,
and packaging methods. For formulations sensitive to ambient conditions, cold-chain
logistics can help preserve microbial viability [99].

Just as it is important to keep all microbes alive until delivery, on-farm handling prac-
tices are also crucial. Comprehensive guidance documents, including recommended storage
conditions and handling practices that minimize microbial loss [97], would be valuable
for producers. Approaches such as moisture-proof packaging or temperature-controlled
transportation can extend shelf life and ensure that active microorganisms are delivered to
the field in quantities above a threshold level and in an optimal environment [96,105].

5.1. Strain Tracking and Field Persistence

Tracking the survival and persistence of introduced microbial components is essential
for distinguishing true inoculant establishment from transient application effects or indirect
stimulation of native taxa. Several approaches are available depending on regulatory ac-
ceptability and experimental resolution. Culture-dependent re-isolation on selective media
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is simple but lacks strain-level specificity. Strain-specific qPCR or digital PCR can quantify
persistence when unique genomic regions are identified. Amplicon sequencing can moni-
tor broad community shifts but often cannot distinguish closely related inoculant strains.
Shotgun metagenomics, genome-resolved metagenomics, whole-genome resequencing,
SNP-based markers, and metagenomic read recruitment offer higher resolution for tracking
strain persistence and functional potential in complex soil communities [79,106].

In experimental systems, tagged strains, reporter genes, or genetic barcodes can be
informative, but their use may be limited by biosafety and regulatory constraints. Therefore,
field studies should combine at least one strain-specific detection method with community-
level profiling and plant performance measurements to determine whether the inoculant
survived, colonized the rhizosphere, altered the resident microbiome, and contributed to
the observed phenotype [10,69].

5.2. Comparative Assessment of Formulation Technologies for Microbiome-Enabled
Field Deployment

Formulation remains a major translational bottleneck in rhizosphere microbiome
engineering because microbial viability, shelf life, release dynamics, and compatibility
with field practices vary substantially among delivery platforms. Seed coatings, polymer
encapsulation, biochar-based carriers, liquid inoculants, and granules each offer distinct
operational advantages but also impose specific biological and logistical constraints. To
highlight these trade-offs, Table 3 compares the principal formulation technologies currently
considered for microbiome-enabled field deployment.

Table 3. Comparison of major formulation technologies for microbiome-enabled field deployment.

Technology Advantages Limitations Best-Fit Application Risks

Seed coating
Direct root-zone delivery;
simple integration
with sowing

Limited shelf life;
compatibility issues with
seed treatments

early root colonization viability loss
during storage

Polymer encapsulation Protects microbes;
controlled release

added cost;
scale-up complexity

sensitive strains; harsh
environments release inconsistency

Biochar carrier
high surface area;
supports adhesion and
moisture buffering

variable quality;
inconsistent
carrier properties

dry soils; stress-prone
systems

non-standardized
performance

Liquid inoculant easy application;
flexible dosing

short shelf life; lower
field persistence

nursery or
immediate application rapid decline in viability

Granules easier field handling;
localized placement

may need a higher
inoculum dose field-scale deployment uneven placement

5.3. Comparing Intervention Strategies: Single Strains, Synthetic Consortia, and Native
Microbiome Steering

Microbiome-based interventions can be broadly divided into three strategies: single-
strain inoculation, synthetic consortia, and indirect steering of native microbiomes. Single
strains offer simplicity, a lower characterization burden, and easier quality control but often
lack robustness under field conditions. Synthetic consortia may provide complementary
functions, redundancy, and broader stress buffering, but they are more difficult to optimize,
formulate, track, and regulate.

Native microbiome steering, such as crop rotation, host genotype selection, exudate
modulation, or soil amendments, avoids the need to establish introduced strains but pro-
vides less precise control over microbial composition. No strategy is universally superior:
single strains may suit narrowly targeted functions, synthetic consortia may suit multi-trait
challenges, and native microbiome steering may suit low-input ecological intensification.
A key challenge is determining which strategy offers the best balance of controllability, cost,
and field reliability under specific agronomic conditions.
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6. Multi-Omics and Phenotyping Pipelines
Combining multi-omics strategies with high-throughput, high-resolution imaging

provides insight into complex plant–microbe interactions and plant health while enabling
a phenomic perspective on sustainable agriculture. This section discusses measurement
methods, from metagenomics to metatranscriptomics, together with phenotyping systems
that link laboratory and field observations.

Approaches such as 16S rRNA gene sequencing, Internal Transcribed Spacer (ITS)
sequencing, and shotgun metagenomics are the main methods for characterizing the
rhizospheric modular structure of microbial consortia. These techniques provide improved
insights into community dynamics and functions by enabling accurate identification and
quantification of taxa, as well as strain tracking [107]. Shotgun metagenomics, in particular,
reveals the functional potential of the microbial community and allows high-resolution
mapping of gene clusters associated with beneficial traits, such as nutrient uptake or
pathogen inhibition [108]. Using these methods, microbial community compositions can be
linked to plant phenotypes, implicating specific microbial strains in strategies that benefit
plant health and yield.

Adding metatranscriptomics and metabolomics to current phenotyping pipelines
should be implemented to provide a more complete picture of microbial activity and inter-
actions with plants. Metatranscriptomics, the study of mRNA within microbial communi-
ties, reveals functional gene expression and offers valuable information about metabolic
potential and symbiotic interactions with the host plant [109]. Similarly, metabolomics
provides access to the small-molecule profiles of plant and microbial metabolites, including
exometabolites. These exometabolites can indicate their roles in plant–microbe interactions,
especially root exudates, and may, in some cases, reflect plant stress or health [110].

Collectively, these multi-omics approaches provide a systems biology perspective
for revealing the complex and interdependent biochemical networks operating in the
rhizosphere. These include gnotobiotic, dietary-controlled, and agnosome approaches that
couple metabolomic and transcriptomic data to resolve pathways involved in nutrient
acquisition, stress response, and plant immune signaling. This knowledge enables the
targeted use of biostimulants to enhance crop stress tolerance [111].

Rhizoboxes, rhizotrons, and, more recently, microfluidic devices have introduced
new strategies for measuring and observing the root systems of various species and their
interactions with soil microbes in innovative experimental designs [112]. These systems are
designed for researchers to study how defined microbial consortia influence root morphol-
ogy, nutrient assimilation, and whole-plant physiology in controlled environments [113].

Furthermore, establishing connectivity between greenhouse and field applications is a
critical step in translating discoveries to real-world field conditions. These high-throughput
phenotyping systems enable testing of microbial inoculants under various environmental
settings, supporting the improvement of product formulation and application strategies in
agriculture [111].

This approach enables the linking of plant phenotypes to interdependence within
microbial communities in the same ecological niche through plant–microbe interaction
network analysis. Such multi-omics data can establish relationships between plant health
and key microbes [114]. Causality studies distinguish correlation from direct effects by
exchanging samples between plants grown with specific microbes and corresponding
controls [115], allowing scientists to identify the functional importance of certain microbes
or metabolites within the broader network of plant–microbe interactions.

Shifts in the relative abundance of microbes within assemblages or changes in their
functional capabilities may impact plant growth, but the extent is often unknown [116]. A
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model-driven approach will help develop improved management practices and support
the rational design of microbial consortia to address specific agronomic challenges.

Integrating multi-omics with advanced phenotyping technologies will help map links
between microbial populations and plant phenotypes and support the development of
targeted interventions for sustainable agriculture.

Quantitative Indicators for Microbiome Engineering Success

Predictive microbiome engineering requires quantitative indicators that link com-
munity structure to function. Useful metrics include colonization frequency, persistence
half-life, relative abundance of introduced strains, yield response ratio, water use efficiency,
nutrient use efficiency, disease suppression index, and stability across sites or seasons. Eco-
logical metrics such as alpha and beta diversity, functional redundancy, network centrality,
modularity, keystone score, interaction strength, and resilience after disturbance can also
be used. Co-occurrence network analysis has been widely used to infer potential microbial
interconnections and assess community stability through topological properties, although
such networks should be interpreted cautiously because correlation does not prove direct
interaction [39,69].

A practical success index may combine three components: establishment, function, and
robustness. Establishment indicates whether introduced strains persist in the rhizosphere;
function indicates whether target traits such as nutrient acquisition, ACC deaminase activity,
EPS production, or pathogen suppression are expressed; and robustness indicates whether
the benefit is maintained across soil types, crop genotypes, stress levels, and seasons. Such
semi-quantitative frameworks can help distinguish deterministic design from statistical
steering and guide decision-making before field-scale deployment [10,12].

7. Precision Agriculture Interfaces
With the demand for technology that can collect and analyze information about soil

and crop health, the development of precision agriculture is advancing. We highlight
major players in this field, including field sensors, proximal sensing via UAVs, variable-rate
applications of microbial inputs, and crop–microbiome interaction digital twins.

Field sensors are a crucial component of precision agriculture, providing real-time
feedback on ambient conditions. Key variables to measure include soil moisture, electrical
conductivity (EC), nitrate, and canopy temperature, all of which are critical for irrigation
and fertilization [117,118]. For example, soil moisture biosensors can improve irrigation
scheduling by optimizing water use while maintaining soil health [119]. Similarly, electrical
conductivity sensors provide information about nutrient availability in the soil, while
nitrate sensors are essential for managing nitrogen and preventing environmental pollu-
tion [118]. Recent advances in wireless sensor network (WSN) technology have further
enabled long-distance monitoring of these parameters, allowing farmers to make informed
adjustments to their cropping systems [120].

The use of drones equipped with multispectral and thermal sensors has transformed
agricultural data collection. Large-scale aerial monitoring with drones provides essential
information, with flying height, drone orientation, and flight speed having the greatest
influence on crop growth and thermal attributes [121,122]. Multispectral imaging offers
valuable data on environmental parameters by measuring spectral reflectance, thereby
revealing plant health and nutrient deficiencies [123]. Thermal sensors can detect plant
water stress, which can then inform irrigation schedules and improve crop water use
efficiency [124]. Combining terrestrial data with drone data creates an optimal foundation
for agricultural decision-making.
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Variable-rate technology (VRT) enables site-specific application of inputs such as fer-
tilizers, pesticides, and microbial inoculants based on field variability. With sensor data
and prescription maps, beneficial inputs can be precisely applied to areas of the field that
are biochemically or biophysically responsive, thereby increasing efficiency and minimizing
waste [125]. This approach enhances overall agricultural productivity and benefits the envi-
ronment by reducing agrochemical overuse [122]. Studies have shown that the advantages of
improved plant resistance and metabolic pathways achieved through VRT-applied microbial
inoculants outweigh the risks of adverse environmental impacts [126].

Digital twin technology in agriculture is an innovative tool that allows farmers and
researchers to create a virtual replica of a real-world agricultural system. Crop digital twins
can integrate real-time sensor data with predictive modeling to simulate crop–microbiome
interactions across various environments [127]. This technology enables users to under-
stand the effects of different parameters on plant and microbial health and to test scenarios
for decision-making [128]. In precision agriculture, digital twins facilitate simulations
of multiple “what-if” scenarios, allowing farmers to manage and allocate resources and
interventions more effectively in response to predicted conditions [129].

In summary, the integration of advanced sensors, drone technology, variable-rate
applications, and digital twins makes farms more productive, environmentally friendly,
and resource-efficient. Together, these tools enable farmers to make decisions that address
the complexity of relationships within their agricultural systems.

8. AI/ML for Microbiome Engineering
The synergy between artificial intelligence (AI) and microbiome engineering offers new

opportunities to enhance food production, efficiency, and sustainability through microbiome-
mediated improvements in agriculture. The promise of this approach lies in the ability
to design plant growth- and health-associated microbial consortia in real time, based on a
comprehensive understanding of plant–microbe interactions using machine learning and
active learning methods. This integrated knowledge of plant-beneficial microbiomes is highly
relevant, as it may eventually enable the design of plant-associated microbial consortia with
engineered functions that promote growth and health. However, interactions among species
at various levels of biological organization complicate collective learning.

Feature engineering is a crucial step in machine learning applications involving multi-
omics data. Combining omics data (genomics, transcriptomics, metabolomics, proteomics,
and phenomics) with agronomic data provides a holistic view of plant–microbe relation-
ships [130,131]. Microbial diversity indices, functional gene profiles, and plant stress mark-
ers are particularly useful features that can enhance the predictive power of microbiome
engineering models. Integrating sequencing technologies with less explored experimental
aspects, such as plant characteristics and microbial functions, holds great potential for
selecting effective strains and optimizing consortium structure [132] and depends on the
development of computational frameworks that support such integration.

In recent years, several machine learning models have been applied to select microbial
strains and optimize their proportions in consortia. Machine learning algorithms analyze
omics data (gene expression, metabolomics, etc.) and agronomic datasets to identify
patterns, hidden relationships, and associations between specific strains and beneficial
traits (e.g., stress tolerance or nutrient availability) [133]. Some models can even optimize
microbial mixtures based on functional roles, ensuring that functional representation
is sufficient to meet specific agronomic targets [134]. These computational approaches
accelerate the discovery of functional microbial consortia, reducing reliance on trial-and-
error laboratory methods.
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The use of active learning and Bayesian optimization methods is essential for acceler-
ating the (DBTL) cycles in microbiome engineering. With active learning, researchers can
iteratively and intelligently query the most informative data points, leading to improved
model performance with fewer experimental rounds [131]. Pairing these methods with
Bayesian optimization enables iterative exploration of the parameter space to incrementally
refine the microbial community in the most information-theoretically optimal way [134].
This cycle allows for rapid design and redesign of synthetic microbial consortia tailored to
specific environments or stressors and enables continuous improvement of these consortia.

AI analytics help agronomists make real-time decisions using decision dashboards.
Dashboard visualizations of processed and integrated data sources, including measured
signals from sensors and multi-omics analyses, provide field-level insights for agronomists
to assess microbial performance in the field [133]. Given the demand for rapid, actionable
insights into the efficacy of microbes and their effects on soil health and plant responses,
decision dashboards are being developed to guide farmers’ management decisions for
optimal agricultural outcomes with minimal effort [10]. Predictive analytics can also
simulate potential scenarios based on alternative methodologies, helping to reduce the gap
between planning and implementation.

Thus, the AI framework serves as a tool for microbiome engineering that could expand
the role of microbiome-based climate-smart agriculture. Through feature engineering,
machine learning models, active learning strategies, and decision-support tools, we can
enhance the efficiency of microbial consortia to be more crop-sustainable and climate-
resilient in response to soil and environmental changes.

9. Stress Targets and Use Cases
When rhizosphere microbiome engineering is explicitly linked to clear performance

targets, such as stress alleviation under drought, salinity, temperature extremes, and biotic
threats, as well as measurable agronomic endpoints like stand establishment, water use
efficiency, yield stability, and disease suppression, it becomes “use-case driven.” Under
these stresses, beneficial microbes often act through overlapping mechanisms rather than
single pathways: (i) enhanced root system architecture and resource acquisition, (ii) amelio-
ration of oxidative and osmotic damage, (iii) hormonal rebalancing (ABA/IAA/ethylene),
and (iv) priming of immune responses [135–137]. As a result, stringent approaches often
use multi-trait strains or small consortia that provide complementary functions, thereby
mimicking field heterogeneity [137,138].

9.1. Drought Resilience

Water deficit causes low relative water content, inhibits photosynthesis, and increases
reactive oxygen species (ROS) in plants, while soil drying affects diffusion processes,
nutrient availability, and the physical structure of the rhizosphere. Drought resilience-
linked microbiome interventions that have been repeatedly associated with improvements
at the root–soil interface (aggregation, biofilm formation, rhizosphere hydration) combined
with physiological reprogramming of the plant (osmolyte production, antioxidant capacity,
and stomatal regulation) [135,137].

However, drought-tolerant plant growth-promoting rhizobacteria (PGPR) and en-
dophytes offer unique benefits; through phytohormone production and signaling cross-
talk, these beneficial microbes influence root morphology and architecture (such as root
length, branching, and functional surface area) to utilize spatially heterogeneous soil wa-
ter [135,136]. Similarly, drought-sensitive microbes can enhance osmotic adjustment and
stimulate antioxidant enzyme activities, leading to reduced membrane damage and greater
genetic and metabolic stability in plants under water deficiency [136–138].
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The roles of exopolysaccharides (EPS) and biofilms—traits relevant to drought due to
their stabilization of soil aggregates, enhancement of microscale water retention, and buffering
against rapid drying–rewetting cycles [137,139]—are frequently highlighted at the rhizosphere
scale. Ethylene is another drought-related factor: stress increases ethylene, which inhibits root
growth. For example, microbes with ACC deaminase activity reduce the pool of ethylene
precursors, providing a means to maintain developmental and stress tolerance pathways
associated with root growth during periods of water deficit [135,140]. In line with these
mechanisms, recent syntheses highlight that the performance of drought inoculants is more
consistent when inoculants provide different, complementary traits (such as EPS production,
hormone modulation, and nutrient acquisition) and when evaluation is conducted under
compound stresses typical of those expected in production systems [137,138].

9.2. Salinity

Combined osmotic stress (reduced water supply) and ionic stress (Na+ toxicity and
disruption of K+/Na+ homeostasis) from salinity and sodicity lead to downstream effects
on photosynthesis, enzyme activity, and ultimately reproduction. Importantly, established
proxies such as “Na+ exclusion” do not reliably predict salinity tolerance, as tolerance
can be tissue-specific, developmentally conditional, and dependent on traits like biomass
reallocation that are not captured by single-trait measures [141]. This complexity aligns
with microbiome engineering strategies that address multiple bottlenecks simultaneously.

Soil salinization and the salinization of agricultural soils, particularly under climate
change and anthropogenic influences, are likely to become globally widespread and persis-
tent. Consequently, salt-adapted microbes and PGPR may improve plant performance by
balancing osmotic regulation, facilitating nutrient acquisition (especially K+ and P), mod-
ulating stress-responsive gene expression, and enhancing antioxidant systems [142,143].
Among EPS-producing rhizobacteria, EPS remains an important trait for saline soils, as the
polymer is known to improve soil structure and rhizosphere water availability and has also
been associated with ionic balance under stress conditions [139]. ACC deaminase-positive
PGPR are similarly often implicated in salinity mitigation by reducing stress ethylene
and enhancing physiological stability [140,143]. Because many arid and coastal systems
experience combined drought–salinity events, use-case evaluation should explicitly test
inoculants under compounded stress when possible [136,143].

9.3. Heat and Cold

Temperature extremes, through ROS bursts and impaired enzymatic kinetics, dis-
rupt membranes, photosystems, protein folding, and metabolic homeostasis. Microbial
strategies that promote thermotolerance often correlate with enhanced antioxidant capacity
and ROS detoxification, modulation of phytohormone signaling, sustained photosyn-
thetic performance, and priming of stress-responsive gene networks [144]. Reviews on
microbe-mediated mitigation of heat stress highlight that endophytes and PGPR confer
heat tolerance through cumulative physiological and molecular mechanisms, reinforcing
the view that thermotolerance should be studied and addressed as a systems phenotype
rather than a linear pathway [144]. Experimental work with endophytic bacteria associated
with rice further supports this functionality, showing that these bacteria can be introduced
into relevant strains to enhance performance under heat stress [145].

Initially, cold stress induces oxidative stress, metabolic reduction, and transcriptional
reprogramming in a manner similar to heat stress. For example, recent studies in tomato
seedlings demonstrate that cold-tolerant bacteria alleviate cold stress by fully activating
transcriptional networks involved in ROS homeostasis, cold-stress signaling, and hor-
mone pathways, consistent with a “priming plus metabolic rescue” model of cold stress

https://doi.org/10.3390/microorganisms14051138

https://doi.org/10.3390/microorganisms14051138


Microorganisms 2026, 14, 1138 19 of 30

resilience [146]. These findings support the idea of tailored screening, where candidate
lines are evaluated not only for low-temperature growth promotion but also for their effects
on oxidative stress markers and cold-responsive expression signatures [139,146].

9.4. Biotic Stress

Rhizosphere engineering for biotic threats seeks to decrease the incidence and severity of
disease by a combination of direct antagonism (antibiotics, lytic enzymes, niche competition)
and host immune priming, often presented as induced systemic resistance (ISR) [147]. Recent
syntheses endorse ISR, as a multi-partner event molded by plant–microbe–pathogen interactions,
microbial signal timing, and community composition, and emphasize that biotic “use cases”
should be defined by pathosystem and growth stage, not generic pathogen categories [147].

While direct suppression of microbial growth and immune activation represent poten-
tially different organismal outcomes, bacterial cyclic lipopeptides and related secondary
metabolites provide a mechanistic bridge between these fates by functioning as both an-
timicrobials and elicitors of plant immunity and systemic resistance [148]. Bacillus spp.
are commonly emphasized for their capabilities in lipopeptide production (e.g., iturin,
fengycin, and surfactin families) with known connection to rhizosphere competence and
pathogen suppression [149].

The plant also plays an active role: modification of root exudation under pathogen
attack can reshape rhizosphere communities into suppressive states by either attracting
or repelling soil microbes, a pattern increasingly supported across plant systems (“cry for
help”). The more interesting claims from a use-case perspective are those that (i) connect a
defined microbial trait or metabolite class (e.g., lipopeptides, ISR triggers, EPS/biofilms)
with (ii) a measurable host or disease endpoint (immune markers, disease index reduction,
yield protection), and (iii) include translation bottlenecks (colonization stability, context
dependence, and formulation variability) [136,147].

Climate-smart microbiome engineering should explicitly address multi-stressor envi-
ronments rather than single-stress models. In field systems, drought, salinity, heat, nutrient
limitation, and pathogen pressure often occur simultaneously or sequentially, and climate
volatility can alter soil moisture, aeration, nutrient diffusion, microbial metabolism, and root
exudation patterns. During drought, plant microbiomes may shift toward taxa adapted to
water limitation, while genome-resolved studies have linked drought-induced rhizosphere
shifts to microbial traits such as iron metabolism and stress-associated functional potential [79].
Under disease pressure, plants can alter microbiome assembly and recruit protective microbial
functions, but these effects are influenced by soil type, plant genotype, and resident com-
munity structure [39]. Therefore, engineered microbiomes should be considered robust only
when they maintain establishment and function across realistic stress combinations, whereas
narrowly optimized consortia may remain fragile under climate volatility.

10. Field Trials, KPIs, and Economics
The term “Adaptive Field Trials,” as used in this document, applies to the following

stage of adaptive learning: field experiments. After new agricultural practices or technolo-
gies have been evaluated in controlled experiments or other set circumstances, they must
be tested under real-life conditions through adaptive field trials, where their effectiveness
and economic viability can be assessed. This section focuses on trial design, agronomic
KPIs, cost–benefit analyses, and agricultural environmental impacts.

Field trials can generate the necessary data on the expected benefits of emerging
agricultural interventions; therefore, proper design is essential to obtain robust results.
Split-plot design is a factorial test design that enables simultaneous testing of one or more
treatments while conserving resources and effectively comparing two factors, such as

https://doi.org/10.3390/microorganisms14051138

https://doi.org/10.3390/microorganisms14051138


Microorganisms 2026, 14, 1138 20 of 30

treatment type and application method [150]. To evaluate the effectiveness of agricultural
innovations across various environmental conditions and soil types, multi-site trials are
required to yield results that are more relevant to different regions [151]. Additionally, long-
term data collection provides a comprehensive view of the interactions between climate
and agriculture, which determine the extent to which sustainability can be addressed [152].
Impacts on yield and soil health are revealed only through year-to-year interactions.

In agriculture, KPIs associated with appropriate interventions are used to determine
whether effective interventions have been implemented. Yield, a basic and fundamental KPI,
reflects the number of product items produced per unit area [153]. Water use efficiency (WUE)
is commonly defined as grain yield (or biomass) produced per unit of water used by the
crop and is a key KPI in water-limited environments [154]. Nutrient use efficiency (NUE),
the ability of crops to efficiently utilize supplied nutrients, is a key component of sustainable
and economically viable agriculture [155]. Therefore, evaluating yield stability across seasons
to ensure consistency from one year to another is essential for practitioners. Understanding
climatic limits is important for planning and risk management in cropping systems [156].

A detailed Cost Benefit Analysis (CBA) is needed to assess the economic viability of agri-
cultural technologies or practices from the perspectives of farmers and other stakeholders [157].
CBA weighs both direct and indirect costs against benefits to support better policy decisions.
Furthermore, risk assessment helps farmland end users identify uncertainties and plan for
adverse conditions, enhancing resilience to climate change and business fluctuations [158].

As the global market advances toward greater environmental friendliness, carbon
and water footprints in agriculture are becoming increasingly important [99]. Consumer
trends may favor more sustainable practices that reduce carbon and water footprints [159].
Quantifying these impacts can help establish a strong business case for adopting sustainable
practices while contributing to global sustainability goals.

Trial design, KPI selection and monitoring, cost–benefit and risk analyses, and ecological
footprint assessment are critical tools for achieving success in agricultural innovation. These
principles help researchers and practitioners maximize agricultural production in an environ-
mentally sustainable and cost-effective manner. They are informed by experiences from both
smallholder and large-scale farming systems. Figure 5 summarizes this process, providing a
practical pathway from field trial design through KPIs to economic evaluation. Currently, the
field performance of microbiome interventions should generally be considered variable and
site-dependent rather than reliably transferable across soils, climates, and host genotypes.

Figure 5. Field validation pipeline for microbiome-enabled inputs: trial design (multi-site/multi-
year), agronomic KPIs, cost–benefit and risk analysis, and environmental footprint assessment.
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10.1. Field Inconsistency, Regulation, and Commercialization

Despite the promise of SynComs and microbiome-enabled inputs, field performance
remains inconsistent. Common reasons include poor survival after formulation, inade-
quate rhizosphere colonization, displacement by native taxa, mismatch between laboratory
screening conditions and field stress combinations, and temporal variability in soil mois-
ture and temperature. Ecological drift, horizontal gene transfer, and invasion by resident
microbial populations may further reduce predictability, especially when introduced strains
are applied to highly diverse native soils. Therefore, field validation should report not
only crop responses but also inoculant persistence, community shifts, and site-specific
environmental variables [40,69].

Regulatory and commercialization barriers must also be considered. Microbial prod-
ucts must meet safety, identity, quality control, and efficacy requirements. For geneti-
cally engineered microbes, additional biosafety concerns include unintended persistence,
gene flow, non-target effects, and containment. Even for non-engineered strains, com-
mercialization requires stable formulation, acceptable shelf life, compatibility with seed
treatments and pesticides, scalable production, farmer usability, and economic advantages
over conventional agronomic practices. Cost–benefit evaluation should therefore compare
microbiome-based products with standard fertilization, irrigation, and crop protection
programs rather than evaluating them in isolation [10,40,160].

10.2. Constraints, Risks, and Failure Modes in Rhizosphere Microbiome Engineering

Despite rapid progress, rhizosphere microbiome engineering is still constrained by
major biological, technical, and translational risks. Engineered consortia may fail because in-
troduced strains do not persist, are outcompeted by native taxa, or express target traits only
under limited environmental conditions. Functional performance may decline when inocu-
lants are transferred from controlled systems to heterogeneous field soils. Additional risks
include formulation instability, short shelf life, compatibility issues with seed treatments
or agrochemicals, uncertain dose–response relationships, and variable responses across
cultivars, soil types, and seasons. For engineered strains, regulatory scrutiny, biosafety
assessment, and non-target ecological effects impose further constraints. These limitations
indicate that current microbiome engineering should be considered a context-dependent,
probabilistic intervention rather than a universally reliable technology.

10.3. Rhizosphere Microbiome Engineering Within Climate-Smart Agriculture

Rhizosphere microbiome engineering is especially relevant to climate-smart agricul-
ture because it supports the three core CSA pillars: sustaining productivity, strengthen-
ing resilience and adaptation, and reducing environmental impacts where possible. For
productivity, engineered rhizosphere functions may improve nutrient acquisition, plant
establishment, and yield stability. For adaptation, microbiome-based strategies can enhance
tolerance to drought, salinity, temperature extremes, and biotic stress. For mitigation,
microbiome-informed interventions may improve fertilizer-use efficiency, reduce nutrient
losses, influence nitrous oxide-related nitrogen cycling, and contribute indirectly to soil
carbon stabilization through improved root growth, aggregate formation, and rhizosphere
carbon turnover [69,79,160].

However, mitigation-related outcomes should be interpreted cautiously, as direct long-
term field evidence linking engineered rhizosphere consortia to lower N2O emissions or
durable carbon sequestration remains limited [10,40]. Therefore, rhizosphere microbiome
engineering should not be viewed solely as a plant growth promotion strategy, but as a
potential component of broader climate-smart crop management systems (Figure 6).
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Figure 6. Rhizosphere microbiome engineering for climate-smart agriculture.

11. Conclusions and Outlook
Rhizosphere microbiome engineering is evolving from descriptive microbiome science

to a more intervention-oriented discipline, but its practical value will depend on its ability
to deliver reliable functions under field heterogeneity. The central message of this review is
that progress in this field should be viewed not as the accumulation of isolated technologies,
but as the integration of linked stages in a translational pipeline: ecological understanding
of rhizosphere assembly, rational consortium design, lightweight synthetic biology, for-
mulation and delivery, multi-omics and phenotyping, AI-enabled optimization, and field
validation against agronomic and climate-smart endpoints. Throughout this pipeline, the
strongest conclusion is not that microbiome engineering is already predictable, but that it
is becoming increasingly designable under constrained, testable, and context-dependent
conditions [10,12,40].

For climate-smart agriculture, the most credible near-term value of rhizosphere micro-
biome engineering lies in improving stress resilience, nutrient use efficiency, and manage-
ment precision rather than assuming universal mitigation benefits. Microbiome-based in-
terventions may enhance fertilizer-use efficiency, stabilize crop performance under drought
or salinity, and, in some contexts, alter nitrogen and carbon cycling. However, direct evi-
dence linking engineered rhizosphere systems to durable reductions in N2O emissions or
long-term soil carbon sequestration remains limited and should be interpreted cautiously.
Thus, the climate-smart potential of microbiome engineering is strongest in adaptation and
input-efficiency pathways, while mitigation-oriented claims are still emerging [79,160].

This review also argues that single strains, synthetic consortia, and native microbiome
steering should be viewed as complementary tools rather than competing approaches.
Single strains offer simplicity and easier quality control but often lack robustness in the
field. Synthetic consortia may provide functional complementarity and redundancy but
are harder to optimize, formulate, track, and regulate. Native microbiome steering through
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crop rotation, host genotype, soil amendments, or exudate-mediated recruitment may be
less precise, yet in some agroecosystems it may offer greater feasibility and persistence.
Therefore, the key translational challenge is not to identify one universally superior strategy,
but to match the intervention type to the crop–soil–climate context and to the level of
controllability that is realistically achievable [37,38,69].

Several priorities emerge for the next phase of the field. First, microbiome-based
products must be supported by formulation technologies that preserve viability, compati-
bility, and on-farm usability. Second, strain tracking and persistence assessment should
become standard so that agronomic effects can be linked to actual inoculant establishment
rather than assumed presence. Third, quantitative criteria for success should be adopted,
including establishment, function, and robustness across environments. Fourth, multi-site
and multi-year validation is essential for distinguishing scalable performance from context-
specific effects. Finally, claims regarding climate mitigation, resilience, and economic value
should be benchmarked against conventional agronomic practices rather than discussed in
isolation [10,40,69].

In this sense, the future of rhizosphere microbiome engineering depends not on micro-
bial complexity alone, but on disciplined integration across ecology, agronomy, formulation
science, biosafety, and decision support. The field is most likely to advance by shifting
from broad claims of controllability to evidence-based, comparative, and field-realistic
design. Under this framework, rhizosphere microbiome engineering can become a credible
component of climate-smart agriculture, particularly where resilience, nutrient efficiency,
and adaptive management are prioritized.

Author Contributions: Conceptualization, K.H.R. and N.F.; methodology, N.F., E.M.E. and D.A.;
investigation and literature synthesis, N.F., A.Y., A.A.K., E.H.R., D.A.E.-K. and S.T.; writing—original
draft preparation, N.F. and K.H.R.; writing—review and editing, N.F., E.M.E., D.A., D.A.E.-K., A.Y.,
A.A.K., H.A.A., E.H.R., S.T., M.B. and K.H.R.; visualization, N.F., D.A. and A.Y.; supervision, E.M.E.,
D.A. and M.B.; project administration, K.H.R.; funding acquisition, S.T., M.B. and H.A.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Deanship of Scientific Research, Vice Presidency for Grad-
uate Studies and Scientific Research, King Faisal University, Saudi Arabia (Grant No. KFU262581).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors acknowledge the financial support by the Deanship of Scientific
Research, Vice Presidency for Graduate Studies and Scientific Research, King Faisal University, Saudi
Arabia (Grant No. KFU262581).

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

References
1. Zhao, L.; He, Y.; Zheng, Y.; Xu, Y.; Shi, S.; Fan, M.; Gu, S.; Li, G.; Tianli, W.; Wang, J.; et al. Differences in soil physicochemical

properties and rhizosphere microbial communities of flue-cured tobacco at different transplantation stages and locations. Front.
Microbiol. 2023, 14, 1141720. [CrossRef] [PubMed]

2. Andargie, Y.E.; Lee, G.; Jeong, M.; Tagele, S.; Shin, J. Deciphering key factors in pathogen-suppressive microbiome assembly in
the rhizosphere. Front. Plant Sci. 2023, 14, 1301698. [CrossRef]

3. Chen, M.; Acharya, S.; Yee, M.; Cabugao, K.; Chakraborty, R. Decoding root biogeography: Building reduced complexity
functional rhizosphere microbial consortia. bioRxiv 2023. [CrossRef]

4. Tyagi, R.; Pradhan, S.; Bhattacharjee, A.; Dubey, S.; Sharma, S. Management of abiotic stresses by microbiome-based engineering
of the rhizosphere. J. Appl. Microbiol. 2022, 133, 254–272. [CrossRef]

https://doi.org/10.3390/microorganisms14051138

https://doi.org/10.3389/fmicb.2023.1141720
https://www.ncbi.nlm.nih.gov/pubmed/37152740
https://doi.org/10.3389/fpls.2023.1301698
https://doi.org/10.1101/2023.06.12.544662
https://doi.org/10.1111/jam.15552
https://doi.org/10.3390/microorganisms14051138


Microorganisms 2026, 14, 1138 24 of 30

5. Oburger, E.; Schmidt, H.; Staudinger, C. Harnessing belowground processes for sustainable intensification of agricultural systems.
Plant Soil 2022, 478, 177–209. [CrossRef] [PubMed]

6. Lian, W.; Mohamad, O.; Dong, L.; Zhang, L.; Wang, D.; Liu, L.; Han, M.; Li, S.; Wang, S.; Antunes, A.; et al. Culturomics- and
metagenomics-based insights into the microbial community and function of rhizosphere soils in Sinai desert farming systems.
Environ. Microbiome 2023, 18, 4. [CrossRef]

7. Hu, J.; Wei, Z.; Friman, V.-P.; Gu, S.; Wang, X.; Eisenhauer, N.; Yang, T.; Ma, J.; Shen, J.; Xu, Y.; et al. Probiotic diversity enhances
rhizosphere microbiome function and plant disease suppression. mBio 2016, 7, e01790-16. [CrossRef]

8. Hu, J.; Yang, T.; Friman, V.; Kowalchuk, G.; Hautier, Y.; Mei, L.; Wei, Z.; Xu, Y.; Shen, Q.; Jousset, A. Introduction of probiotic
bacterial consortia promotes plant growth via impacts on the resident rhizosphere microbiome. Proc. R. Soc. B Biol. Sci. 2021,
288, 20211396. [CrossRef]

9. Pradhan, S.; Tyagi, R.; Sharma, S. Combating biotic stresses in plants by synthetic microbial communities: Principles, applications
and challenges. J. Appl. Microbiol. 2022, 133, 2742–2759. [CrossRef]

10. Lawson, C.; Harcombe, W.; Hatzenpichler, R.; Lindemann, S.; Löffler, F.; O’Malley, M.; Martín, H.G.; Pfleger, B.F.; Raskin, L.;
Venturelli, O.S.; et al. Common principles and best practices for engineering microbiomes. Nat. Rev. Microbiol. 2019, 17, 725–741.
[CrossRef]

11. Mueller, U.; Juenger, T.; Kardish, M.; Carlson, A.; Burns, K.; Edwards, J.; Smith, C.C.; Fang, C.; Des Marais, D. Artificial selection
on microbiomes to breed microbiomes that confer salt tolerance to plants. Msystems 2021, 6, e0112521. [CrossRef]

12. Marin, O.; González, B.; Poupin, M. From microbial dynamics to functionality in the rhizosphere: A systematic review of the
opportunities with synthetic microbial communities. Front. Plant Sci. 2021, 12, 650609. [CrossRef] [PubMed]

13. Villarino, S.H.; Pinto, P.; Jackson, R.B.; Piñeiro, G. Plant rhizodeposition: A key factor for soil organic matter formation in stable
fractions. Sci. Adv. 2021, 7, eabd3176. [CrossRef] [PubMed]

14. Olagoke, F.K.; Bettermann, A.; Nguyen, P.T.B.; Redmile-Gordon, M.; Babin, D.; Smalla, K.; Nesme, J.; Sørensen, S.J.; Kalbitz,
K.; Vogel, C. Importance of substrate quality and clay content on microbial extracellular polymeric substances production and
aggregate stability in soils. Biol. Fertil. Soils 2022, 58, 435–457. [CrossRef]

15. Zhao, H.; Li, J.; Li, X.; Hu, Q.; Guo, X.; Wang, Y.; Zhao, Y.; Gan, G.Y. Response of soil organic carbon and bacterial community to
amendments in saline-alkali soils of the Yellow River Delta. Eur. J. Soil Sci. 2025, 76, e70147. [CrossRef]

16. Zhalnina, K.; Louie, K.; Hao, Z.; Mansoori, N.; Rocha, U.; Shi, S.; Cho, H.; Karaoz, U.; Loqué, D.; Bowen, B.P.; et al. Dynamic
root exudate chemistry and microbial substrate preferences drive patterns in rhizosphere microbial community assembly. Nat.
Microbiol. 2018, 3, 470–480. [CrossRef]

17. Hiremath, S.; Prasanna, N.; Sudhakar, S.; Arvind, M.; Akshaya, C.K.; Nigam, R.; Kumar, S.; Elangovan, M. A review on role of
root exudates in shaping plant-microbe-pathogen interactions. J. Adv. Microbiol. 2024, 24, 1–17. [CrossRef]

18. Williams, A.; Vries, F. Plant root exudation under drought: Implications for ecosystem functioning. New Phytol. 2019, 225,
1899–1905. [CrossRef]

19. Sun, J.; Jing, Y.; Zhao, S.; Yu, Q.; Weng, L.; Xiao, C. Root exudates influence rhizosphere fungi and thereby synergistically regulate
Panax ginseng yield and quality. Front. Microbiol. 2023, 14, 1194224. [CrossRef] [PubMed]

20. Haas, B.; Dhooghe, E.; Geelen, D. Root exudates in soilless culture conditions. Plants 2025, 14, 479. [CrossRef]
21. Feng, Y.; Kang, Y.; Wang, Z.; Du, C.; Tan, J.; Zhao, X.; Qi, G. Ralstonia solanacearum infection induces tobacco root to secrete

chemoattractants to recruit antagonistic bacteria and defensive compounds to inhibit pathogen. Pest Manag. Sci. 2024, 81,
1817–1828. [CrossRef] [PubMed]

22. Sun, L.; Ataka, M.; Han, M.; Han, Y.; Gan, D.; Xu, T.; Guo, Y.; Zhu, B. Root exudation as a major competitive fine-root functional
trait of 18 coexisting species in a subtropical forest. New Phytol. 2020, 229, 259–271. [CrossRef]

23. Ma, W.; Tang, S.; Dengzeng, Z.; Zhang, D.; Zhang, T.; Ma, X. Root exudates contribute to belowground ecosystem hotspots: A
review. Front. Microbiol. 2022, 13, 937940. [CrossRef] [PubMed]

24. Yacine, Y.; Kut’áková, E.; Zandt, D.; Hadincová, V.; Semerád, J.; Cajthaml, T.; Münzbergová, Z. Between- versus within-species
variation in plant–soil feedback relates to different functional traits, but exudate variability is involved at both scales. Funct. Ecol.
2024, 38, 1156–1171. [CrossRef]

25. Fouad, N.; Amr, D.; El-Zayat, E.; Abd-Elhalim, H.M.; Radwan, K.H.; Hamwieh, A.; Tadesse, W.; Tawkaz, S.; Al-Shamaa, K.;
Youssef, A.; et al. Harnessing the plant-associated microbiome: Rhizosphere and endophyte plant growth-promoting bacteria
(PGPB) to mitigate salt Stress in the Egyptian wheat. Biologia 2026, 81, 66. [CrossRef]

26. Yue, H.; Yue, W.; Jiao, S.; Kim, H.; Lee, Y.; Wei, G.; Song, W.; Shu, D. Plant domestication shapes rhizosphere microbiome assembly
and metabolic functions. Microbiome 2023, 11, 70. [CrossRef]

27. Xue, L.; Shen, Y.; Zhao, J.; Huang, J.; Wang, H.; Yu, Y.; Xiao, C. Root exudates mediate the processes of soil organic carbon input
and efflux. Plants 2023, 12, 630. [CrossRef]

28. Rathore, N.; Hanzelková, V.; Dostálek, T.; Semerád, J.; Schnablová, R.; Cajthaml, T.; Münzbergová, Z. Species phylogeny, ecology,
and root traits as predictors of root exudate composition. New Phytol. 2023, 239, 1212–1224. [CrossRef]

https://doi.org/10.3390/microorganisms14051138

https://doi.org/10.1007/s11104-022-05508-z
https://www.ncbi.nlm.nih.gov/pubmed/36277079
https://doi.org/10.1186/s40793-023-00463-3
https://doi.org/10.1128/mBio.01790-16
https://doi.org/10.1098/rspb.2021.1396
https://doi.org/10.1111/jam.15799
https://doi.org/10.1038/s41579-019-0255-9
https://doi.org/10.1128/mSystems.01125-21
https://doi.org/10.3389/fpls.2021.650609
https://www.ncbi.nlm.nih.gov/pubmed/34149752
https://doi.org/10.1126/sciadv.abd3176
https://www.ncbi.nlm.nih.gov/pubmed/33853771
https://doi.org/10.1007/s00374-022-01632-1
https://doi.org/10.1111/ejss.70147
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.9734/jamb/2024/v24i12868
https://doi.org/10.1111/nph.16223
https://doi.org/10.3389/fmicb.2023.1194224
https://www.ncbi.nlm.nih.gov/pubmed/37547697
https://doi.org/10.3390/plants14030479
https://doi.org/10.1002/ps.8581
https://www.ncbi.nlm.nih.gov/pubmed/39673161
https://doi.org/10.1111/nph.16865
https://doi.org/10.3389/fmicb.2022.937940
https://www.ncbi.nlm.nih.gov/pubmed/36274740
https://doi.org/10.1111/1365-2435.14548
https://doi.org/10.1007/s11756-025-02077-1
https://doi.org/10.1186/s40168-023-01513-1
https://doi.org/10.3390/plants12030630
https://doi.org/10.1111/nph.19060
https://doi.org/10.3390/microorganisms14051138


Microorganisms 2026, 14, 1138 25 of 30

29. Hazrati, H.; Fomsgaard, I.; Kudsk, P. Root-exuded benzoxazinoids: Uptake and translocation in neighboring plants. J. Agric. Food
Chem. 2020, 68, 10609–10617. [CrossRef]

30. Alahmad, A.; Harir, M.; Fochesato, S.; Tulumello, J.; Walker, A.; Barakat, M.; Ndour, P.M.; Schmitt-Kopplin, P.; Cournac, L.;
Laplaze, L.; et al. Unraveling the interplay between root exudates, microbiota, and rhizosheath formation in pearl millet.
Microbiome 2024, 12, 1. [CrossRef]

31. Wang, N.; Kong, C.; Wang, P.; Meiners, S. Root exudate signals in plant–plant interactions. Plant Cell Environ. 2020, 44, 1044–1058.
[CrossRef]

32. Hao, W.; Ren, L.; Ran, W.; Shen, Q. Allelopathic effects of root exudates from watermelon and rice plants on Fusarium oxysporum
f.sp. niveum. Plant Soil 2010, 336, 485–497. [CrossRef]

33. Yang, S.; Zheng, Y.; Cen, Z.; Guo, Y.; ZhiXian, Y.; Dong, Y. Wheat root exudates suppress faba bean fusarium wilt disease. Food
Energy Sec. 2024, 13, e550. [CrossRef]

34. Quattrone, A.; Lopez-Guerrero, M.; Yadav, P.; Meier, M.; Russo, S.; Weber, K. Interactions between root hairs and the soil microbial
community affect the growth of maize seedlings. Plant Cell Environ. 2023, 47, 611–628. [CrossRef] [PubMed]

35. Wu, D.; He, X.; Jiang, L.; Li, W.; Wang, H.; Lv, G. Root exudates facilitate the regulation of soil microbial community function in
the genus Haloxylon. Front. Plant Sci. 2024, 15, 1461893. [CrossRef]

36. Yin, H.; Li, Y.; Xiao, J.; Xu, Z.; Cheng, X.; Liu, Q. Enhanced root exudation stimulates soil nitrogen transformations in a subalpine
coniferous forest under experimental warming. Glob. Change Biol. 2013, 19, 2158–2167. [CrossRef]

37. Cordovez, V.; Dini-Andreote, F.; Carrión, V.J.; Raaijmakers, J.M. Ecology and evolution of plant microbiomes. Annu. Rev. Microbiol.
2019, 73, 69–88. [CrossRef]

38. Schlatter, D.; Yin, C.; Hulbert, S.H.; Paulitz, T.C. Core rhizosphere microbiomes of dryland wheat are influenced by location and
land use history. Appl. Environ. Microbiol. 2020, 86, e02135-19. [CrossRef]

39. Gao, M.; Xiong, C.; Gao, C.; Tsui, C.K.M.; Wang, M.; Zhou, X.; Zhang, A.; Ca, L. Disease-induced changes in plant microbiome
assembly and functional adaptation. Microbiome 2021, 9, 187. [CrossRef]

40. Afridi, M.S.; Ali, S.; Salam, A.; César Terra, W.; Hafeez, A.; Sumaira; Ali, B.; S. AlTami, M.; Ameen, F.; Ercisli, S.; et al. Plant
Microbiome Engineering: Hopes or Hypes. Biology 2022, 11, 1782. [CrossRef]

41. Takahashi, Y.; Kawata, M. A comprehensive test for negative frequency-dependent selection. Popul. Ecol. 2013, 55, 499–509.
[CrossRef]

42. Mishra, A.K.; Sudalaimuthuasari, N.; Hazzouri, K.M.; Saeed, E.E.; Shah, I.; Amiri, K.M.A. Tapping into Plant–Microbiome
Interactions through the Lens of Multi-Omics Techniques. Cells 2022, 11, 3254. [CrossRef] [PubMed]

43. Ashton, I.; Miller, A.; Bowman, W.; Suding, K. Niche complementarity due to plasticity in resource use: Plant partitioning of
chemical n forms. Ecology 2010, 91, 3252–3260. [CrossRef]

44. Cherif-Silini, H.; Silini, A.; Chenari Bouket, A.; Alenezi, F.N.; Luptakova, L.; Bouremani, N.; Nowakowska, J.A.; Oszako, T.;
Belbahri, L. Tailoring Next Generation Plant Growth Promoting Microorganisms as Versatile Tools beyond Soil Desalinization: A
Road Map towards Field Application. Sustainability 2021, 13, 4422. [CrossRef]

45. Hasan, A.; Tabassum, B.; Hashim, M. Role of plant growth promoting rhizobacteria (PGPR) as a plant growth enhancer for
sustainable agriculture: A review. Bacteria 2024, 3, 59–75. [CrossRef]

46. Velasco-Jiménez, A.; Castellanos-Hernández, O.A.; Acevedo-Hernández, G.; Aarland, R.C.; Rodríguez-Sahagún, A. Rhizospheric
bacteria with potential benefits in agriculture. Adv. Mod. Agricul. 2022, 3, 2040. [CrossRef]

47. Vessey, J.K. Plant growth promoting rhizobacteria as biofertilizers. Plant Soil 2003, 255, 571–586. [CrossRef]
48. Masson-Boivin, C.; Sachs, J.L. Symbiotic nitrogen fixation by rhizobia—The roots of a success story. Curr. Opin. Plant Biol. 2018,

44, 7–15. [CrossRef] [PubMed]
49. Oldroyd, G.E.D.; Dixon, R. Biotechnological solutions to the nitrogen problem. Curr. Opin. Biotechnol. 2014, 26, 19–24. [CrossRef]

[PubMed]
50. Bhat, B.A.; Tariq, L.; Nissar, S.; Islam, S.T.; Ul Islam, S.; Mangral, Z.; Ilyas, N.; Sayyed, R.Z.; Muthusamy, G.; Kim, W.; et al. The

role of plant-associated rhizobacteria in plant growth, biocontrol and abiotic stress management. J. Appl. Microbiol. 2022, 133,
2717–2741. [CrossRef]

51. Mehmood, N.; Saeed, M.; Zafarullah, S. Multifaceted impacts of plant-beneficial Pseudomonas spp. in managing various plant
diseases and crop yield improvement. ACS Omega 2023, 8, 22296–22315. [CrossRef] [PubMed]

52. Rodríguez, H.; Fraga, R. Phosphate solubilizing bacteria and their role in plant growth promotion. Biotechnol. Adv. 1999, 17,
319–339. [CrossRef] [PubMed]

53. Alori, E.T.; Glick, B.R.; Babalola, O.O. Microbial phosphorus solubilization and its potential for use in sustainable agriculture.
Front. Microbiol. 2017, 8, 971. [CrossRef]

54. Wu, X.; Rensing, C.; Han, D. Genome-resolved metagenomics reveals distinct phosphorus acquisition strategies between soil
microbiomes. mSystems 2022, 7, e01107-21. [CrossRef]

https://doi.org/10.3390/microorganisms14051138

https://doi.org/10.1021/acs.jafc.0c04245
https://doi.org/10.1186/s40168-023-01727-3
https://doi.org/10.1111/pce.13892
https://doi.org/10.1007/s11104-010-0505-0
https://doi.org/10.1002/fes3.550
https://doi.org/10.1111/pce.14755
https://www.ncbi.nlm.nih.gov/pubmed/37974552
https://doi.org/10.3389/fpls.2024.1461893
https://doi.org/10.1111/gcb.12161
https://doi.org/10.1146/annurev-micro-090817-062524
https://doi.org/10.1128/AEM.02135-19
https://doi.org/10.1186/s40168-021-01138-2
https://doi.org/10.3390/biology11121782
https://doi.org/10.1007/s10144-013-0372-7
https://doi.org/10.3390/cells11203254
https://www.ncbi.nlm.nih.gov/pubmed/36291121
https://doi.org/10.1890/09-1849.1
https://doi.org/10.3390/su13084422
https://doi.org/10.3390/bacteria3020005
https://doi.org/10.54517/ama.v3i1.2040
https://doi.org/10.1023/A:1026037216893
https://doi.org/10.1016/j.pbi.2017.12.001
https://www.ncbi.nlm.nih.gov/pubmed/29289792
https://doi.org/10.1016/j.copbio.2013.08.006
https://www.ncbi.nlm.nih.gov/pubmed/24679253
https://doi.org/10.1111/jam.15796
https://doi.org/10.1021/acsomega.3c00870
https://www.ncbi.nlm.nih.gov/pubmed/37396244
https://doi.org/10.1016/S0734-9750(99)00014-2
https://www.ncbi.nlm.nih.gov/pubmed/14538133
https://doi.org/10.3389/fmicb.2017.00971
https://doi.org/10.1128/msystems.01107-21
https://doi.org/10.3390/microorganisms14051138


Microorganisms 2026, 14, 1138 26 of 30

55. Etesami, H.; Emami, S.; Alikhani, H.A. Potassium solubilizing bacteria (KSB): Mechanisms, promotion of plant growth, and
future prospects—A review. J. Soil Sci. Plant Nutr. 2017, 17, 897–911. [CrossRef]

56. Meena, V.S.; Maurya, B.R.; Verma, J.P. Does a rhizospheric microorganism enhance K+ availability in agricultural soils? Microbiol.
Res. 2014, 169, 337–347. [CrossRef] [PubMed]

57. Sattar, A.; Naveed, M.; Ali, M.; Zahir, Z.A.; Nadeem, S.M.; Yaseen, M.; Meena, V.S.; Farooq, M.; Singh, R.; Rahman, M.; et al.
Perspectives of potassium solubilizing microbes in sustainable food production system: A review. Appl. Soil Ecol. 2019, 133,
146–159. [CrossRef]

58. Spaepen, S.; Vanderleyden, J.; Remans, R. Indole-3-acetic acid in microbial and microorganism–plant signaling. FEMS Microbiol.
Rev. 2007, 31, 425–448. [CrossRef]

59. Dodd, I.C.; Zinovkina, N.Y.; Safronova, V.I.; Belimov, A.A. Rhizobacterial mediation of plant hormone status. Ann. Appl. Biol.
2010, 157, 361–379. [CrossRef]

60. Etesami, H.; Glick, B.R. Bacterial indole-3-acetic acid: A key regulator for plant growth, plant-microbe interactions, and
agricultural adaptive resilience. Microbiol. Res. 2024, 281, 127602. [CrossRef]

61. Glick, B.R. Bacteria with ACC deaminase can promote plant growth and help to feed the world. Microbiol. Res. 2014, 169, 30–39.
[CrossRef]

62. Gamalero, E.; Glick, B.R. Bacterial modulation of plant ethylene levels. Plant Physiol. 2015, 169, 13–22. [CrossRef]
63. del Carmen Orozco-Mosqueda, M.; Glick, B.R.; Santoyo, G. ACC deaminase in plant growth-promoting bacteria (PGPB): An

efficient mechanism to counter salt stress in crops. Microbiol. Res. 2020, 235, 126439. [CrossRef]
64. Höfte, M.; Bakker, P.A.H.M. Competition for iron and induced systemic resistance by siderophores of plant growth promoting

rhizobacteria. In Microbial Siderophores; Varma, A., Chincholkar, S.B., Eds.; Springer: Berlin/Heidelberg, Germany, 2007;
Volume 12, pp. 121–133. [CrossRef]

65. Lugtenberg, B.; Kamilova, F. Plant-growth-promoting rhizobacteria. Annu. Rev. Microbiol. 2009, 63, 541–556. [CrossRef]
66. Ferreira, M.J.; Silva, H.; Cunha, A. Siderophore-producing rhizobacteria as a promising tool for empowering plants to cope with

iron limitation in saline soils: A review. Pedosphere 2019, 29, 409–420. [CrossRef]
67. Ongena, M.; Jacques, P. Bacillus lipopeptides: Versatile weapons for plant disease biocontrol. Trends Microbiol. 2008, 16, 115–125.

[CrossRef] [PubMed]
68. Pieterse, C.M.J.; Zamioudis, C.; Berendsen, R.L.; Weller, D.M.; Van Wees, S.C.M.; Bakker, P.A.H.M. Induced systemic resistance by

beneficial microbes. Annu. Rev. Phytopathol. 2014, 52, 347–375. [CrossRef] [PubMed]
69. Song, C.; Zhu, F.; Carrión, V.J.; Cordovez, V. Beyond plant microbiome composition: Exploiting microbial functions and plant

traits via integrated approaches. Front. Bioeng. Biotechnol. 2020, 8, 896. [CrossRef]
70. Zhu, Q.; Petingi, L.; Schlick, T. RNA-as-graphs motif atlas—Dual graph library of RNA modules and viral frameshifting-element

applications. Int. J. Mol. Sci. 2022, 23, 9249. [CrossRef]
71. Baran, R.; Brodie, E.; Mayberry-Lewis, J.; Hummel, E.; Rocha, U.; Chakraborty, R.; Bowen, B.P.; Karaoz, U.; Cadillo-Quiroz, H.;

Garcia-Pichel, F.; et al. Exometabolite niche partitioning among sympatric soil bacteria. Nat. Commun. 2015, 6, 8289. [CrossRef]
72. Zhang, W.; Saif, M.; Dutschman, G.; Li, X.; Lam, W.; Bussom, S.; Jiang, Z.; Ye, M.; Chu, E.; Cheng, Y. Identification of chemicals

and their metabolites from phy906, a Chinese medicine formulation, in the plasma of a patient treated with irinotecan and
phy906 using liquid chromatography/tandem mass spectrometry (lc/ms/ms). J. Chromatogr. A 2010, 1217, 5785–5793. [CrossRef]
[PubMed]

73. Xia, M.; Suseela, V.; McCormack, M.; Kennedy, P.; Tharayil, N. Common and lifestyle-specific traits of mycorrhiza-associated
metabolite alterations in plant roots reflects strategies of root-mycorrhizal interactions. bioRxiv 2022. [CrossRef]

74. Landa, M.; Burns, A.; Roth, S.; Moran, M. Bacterial transcriptome remodeling during sequential co-culture with a marine
dinoflagellate and diatom. ISME J. 2017, 11, 2677–2690. [CrossRef] [PubMed]

75. Hanik, N.; Gómez, S.; Best, M.; Schueller, M.; Orians, C.; Ferrieri, R. Partitioning of new carbon as 11c in Nicotiana tabacum reveals
insight into methyl jasmonate induced changes in metabolism. J. Chem. Ecol. 2010, 36, 1058–1067. [CrossRef]

76. McCormick, A.; Phillips, J.; Botsch, J.; Ólafsson, J.; Ives, A. Resource use differences of two coexisting chironomid species at
localized scales. bioRxiv 2022. [CrossRef]

77. Villanueva-Rivera, L. Eleutherodactylus frogs show frequency but no temporal partitioning: Implications for the acoustic niche
hypothesis. PeerJ 2014, 2, e496. [CrossRef]

78. Ebrahim, A.; Alsusa, E.; Pramudito, W. Joint interference aware resource partitioning and cellular association for femtocell
networks. In Proceedings of the 2015 IEEE Global Communications Conference (GLOBECOM), San Diego, CA, USA, 6–10 December
2015; IEEE: Piscataway, NJ, USA, 2015; pp. 1–5. [CrossRef]

79. Xu, L.; Dong, Z.; Chiniquy, D.; Pierroz, G.; Deng, S.; Gao, C.; Diamond, S.; Simmons, T.; Wipf, H.M.-L.; Caddell, D.; et al.
Genome-resolved metagenomics reveals role of iron metabolism in drought-induced rhizosphere microbiome dynamics. Nat.
Commun. 2021, 12, 3209. [CrossRef]

https://doi.org/10.3390/microorganisms14051138

https://doi.org/10.4067/S0718-95162017000400005
https://doi.org/10.1016/j.micres.2013.09.003
https://www.ncbi.nlm.nih.gov/pubmed/24315210
https://doi.org/10.1016/j.apsoil.2018.09.012
https://doi.org/10.1111/j.1574-6976.2007.00072.x
https://doi.org/10.1111/j.1744-7348.2010.00439.x
https://doi.org/10.1016/j.micres.2024.127602
https://doi.org/10.1016/j.micres.2013.09.009
https://doi.org/10.1104/pp.15.00284
https://doi.org/10.1016/j.micres.2020.126439
https://doi.org/10.1007/978-3-540-71160-5_6
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1016/S1002-0160(19)60810-6
https://doi.org/10.1016/j.tim.2007.12.009
https://www.ncbi.nlm.nih.gov/pubmed/18289856
https://doi.org/10.1146/annurev-phyto-082712-102340
https://www.ncbi.nlm.nih.gov/pubmed/24906124
https://doi.org/10.3389/fbioe.2020.00896
https://doi.org/10.3390/ijms23169249
https://doi.org/10.1038/ncomms9289
https://doi.org/10.1016/j.chroma.2010.07.045
https://www.ncbi.nlm.nih.gov/pubmed/20696432
https://doi.org/10.1101/2022.01.27.478019
https://doi.org/10.1038/ismej.2017.117
https://www.ncbi.nlm.nih.gov/pubmed/28731474
https://doi.org/10.1007/s10886-010-9835-x
https://doi.org/10.1007/s00442-024-05584-1
https://doi.org/10.7717/peerj.496
https://doi.org/10.1109/glocom.2014.7417693
https://doi.org/10.1038/s41467-021-23553-7
https://doi.org/10.3390/microorganisms14051138


Microorganisms 2026, 14, 1138 27 of 30

80. Lephatsi, M.; Nephali, L.; Meyer, V.; Piater, L.; Buthelezi, N.; Dubery, I.; Opperman, H.; Brand, M.; Huyser, J.; Tugizimana, F.
Molecular mechanisms associated with microbial biostimulant-mediated growth enhancement, priming and drought stress
tolerance in maize plants. Sci. Rep. 2022, 12, 10450. [CrossRef]

81. Issifu, M.; Naïtchédé, L.; Ateka, E.; Onguso, J.; Ngumi, V. Synergistic effects of substrate inoculation with Pseudomonas strains on
tomato phenology, yield, and selected human health-related phytochemical compounds. Agrosyst. Geosci. Environ. 2023, 6, e20435.
[CrossRef]

82. Kelbrick, M.; Hesse, E.; Brien, S. Cultivating antimicrobial resistance: How intensive agriculture ploughs the way for antibiotic
resistance. Microbiology 2023, 169, 001384. [CrossRef] [PubMed]

83. Niu, X.; Xie, W.; Zhang, J.; Hu, Q. Biodiversity of entomopathogenic fungi in the soils of South China. Microorganisms 2019, 7, 311.
[CrossRef] [PubMed]

84. Baron, N.C.; de Souza Pollo, A.; Rigobelo, E.C. Purpureocillium lilacinum and Metarhizium marquandii as plant growth-promoting
fungi. PeerJ 2020, 8, e9005. [CrossRef] [PubMed]

85. Xie, J.; Li, S.; Mo, C.; Xiao, X.; Peng, D.; Wang, G.; Xiao, Y. Genome and transcriptome sequences reveal the specific parasitism of
the nematophagous Purpureocillium lilacinum 36-1. Front. Microbiol. 2016, 7, 1084. [CrossRef]

86. Giannakara, M.; Koumandou, V. Evolution of two-component quorum sensing systems. bioRxiv 2020. [CrossRef]
87. Scott, S.; Hasty, J. Quorum sensing communication modules for microbial consortia. ACS Synth. Biol. 2016, 5, 969–977. [CrossRef]
88. Schikora, A.; Schenk, S.; Hartmann, A. Beneficial effects of bacteria-plant communication based on quorum sensing molecules of

the n -acyl homoserine lactone group. Plant Mol. Biol. 2016, 90, 605–612. [CrossRef]
89. Ali, S.; Akhtar, M.; Siraj, M.; Zaman, W. Molecular communication of microbial plant biostimulants in the rhizosphere under

abiotic stress conditions. Int. J. Mol. Sci. 2024, 25, 12424. [CrossRef]
90. Salvi, P.; Mahawar, H.; Agarrwal, R.; Gautam, V.; Deshmukh, R. Advancement in the molecular perspective of plant-endophytic

interaction to mitigate drought stress in plants. Front. Microbiol. 2022, 13, 981355. [CrossRef]
91. Sridhar, S.; Ajo-Franklin, C.; Masiello, C. A framework for the systematic selection of biosensor chassis for environmental

synthetic biology. ACS Synth. Biol. 2022, 11, 2909–2916. [CrossRef]
92. Grandclément, C.; Tannières, M.; Moréra, S.; Dessaux, Y.; Faure, D. Quorum quenching: Role in nature and applied developments.

FEMS Microbiol. Rev. 2015, 40, 86–116. [CrossRef]
93. Rathnaprabha, D.; Ganesh, A.; Srividya, A. Quorum quenching applications in plant biotechnology. In Quorum Quenching A

Chemical Biological Approach for Microbial Biofilm Mitigation and Drug Development; Maddela, N.R., Reddy Kondakindi, V., Pabbati,
R., Eds.; Royal Society of Chemistry: Cambridge, UK, 2023; Volume 22, pp. 354–367. [CrossRef]

94. Corral-Lugo, A.; Daddaoua, A.; Ortega, Á.; Espinosa-Urgel, M.; Krell, T. Rosmarinic acid is a homoserine lactone mimic produced
by plants that activates a bacterial quorum-sensing regulator. Sci. Signal. 2016, 9, ra1. [CrossRef] [PubMed]

95. Zeng, M.; Sarker, B.; Rondthaler, S.; Vu, V.; Andrews, L. Identifying lasr quorum sensors with improved signal specificity by
mapping the sequence–function landscape. ACS Synth. Biol. 2024, 13, 568–589. [CrossRef] [PubMed]

96. Zhang, K.; Khan, Z.; Yu, Q.; Qu, Z.; Liu, J.; Luo, T.; Zhu, K.; Bi, J.; Hu, L.; Luo, L. Biochar coating is a sustainable and economical
approach to promote seed coating technology, seed germination, plant performance, and soil health. Plants 2022, 11, 2864.
[CrossRef] [PubMed]

97. Qi, Y.; Liu, H.; Wang, J.; Wang, Y. Effects of different straw biochar combined with microbial inoculants on soil environment in
pot experiment. Sci. Rep. 2021, 11, 14685. [CrossRef]

98. Khan, Z.; Zhang, K.; Khan, M.; Bi, J.; Zhu, K.; Luo, L.; Hu, L. How biochar affects nitrogen assimilation and dynamics by
interacting soil and plant enzymatic activities: Quantitative assessment of 2 years potted study in a rapeseed-soil system. Front.
Plant Sci. 2022, 13, 853449. [CrossRef]

99. Liu, M.; Cholidah, L.; Ma, S.; Ma, Q.; Song, W.; Shen, M.; Song, L.; Cui, K.; Zhou, Y.; Wang, L. Biochar combined with organic and
inorganic fertilizers promoted the rapeseed nutrient uptake and improved the purple soil quality. Front. Nutr. 2022, 9, 997151.
[CrossRef]

100. Andrés, P.; Rosell-Melé, A.; Colomer-Ventura, F.; Denef, K.; Cotrufo, M.; Riba, M.; Alcañiz, J. Belowground biota responses to
maize biochar addition to the soil of a mediterranean vineyard. Sci. Total Environ. 2019, 660, 1522–1532. [CrossRef]

101. Zhang, M.; Shen, X.; Zhang, H.; Werner, D.; Wang, B.; Yang, Y.; Tao, S.; Wang, X. Humic acid can enhance the mineralization of
phenanthrene sorbed on biochars. Environ. Sci. Technol. 2019, 53, 13201–13208. [CrossRef]

102. Siles, J.; García-Romera, I.; Cajthaml, T.; Belloc, J.; Silva-Castro, G.; Száková, J.; Tlustos, P.; García-Sánchez, M. Application
of dry olive residue-based biochar in combination with arbuscular mycorrhizal fungi enhances the microbial status of metal
contaminated soils. Sci. Rep. 2022, 12, 12690. [CrossRef]

103. Fang, X.; Zheng, P.; Wang, H.; Wang, K.; Shi, C.; Shi, F. Phytoremediation of oil-contaminated soil by Tagetes erecta L. combined
with biochar and microbial agent. Plants 2025, 14, 243. [CrossRef]

104. Zheng, T.; Huang, X.; Zhou, X.; Wu, J.; Kamran, M.; Yu, X.; Qian, J. Biochar and Bacillus subtilis co-drive dryland soil microbial
community and enzyme responses. Front. Microbiol. 2025, 16, 1603488. [CrossRef] [PubMed]

https://doi.org/10.3390/microorganisms14051138

https://doi.org/10.1038/s41598-022-14570-7
https://doi.org/10.1002/agg2.20435
https://doi.org/10.1099/mic.0.001384
https://www.ncbi.nlm.nih.gov/pubmed/37606636
https://doi.org/10.3390/microorganisms7090311
https://www.ncbi.nlm.nih.gov/pubmed/31484332
https://doi.org/10.7717/peerj.9005
https://www.ncbi.nlm.nih.gov/pubmed/32518715
https://doi.org/10.3389/fmicb.2016.01084
https://doi.org/10.1099/acmi.0.000303
https://doi.org/10.1021/acssynbio.5b00286
https://doi.org/10.1007/s11103-016-0457-8
https://doi.org/10.3390/ijms252212424
https://doi.org/10.3389/fmicb.2022.981355
https://doi.org/10.1021/acssynbio.2c00079
https://doi.org/10.1093/femsre/fuv038
https://doi.org/10.1039/BK9781837671380-00354
https://doi.org/10.1126/scisignal.aaa8271
https://www.ncbi.nlm.nih.gov/pubmed/26732761
https://doi.org/10.1021/acssynbio.3c00543
https://www.ncbi.nlm.nih.gov/pubmed/38206199
https://doi.org/10.3390/plants11212864
https://www.ncbi.nlm.nih.gov/pubmed/36365318
https://doi.org/10.1038/s41598-021-94209-1
https://doi.org/10.3389/fpls.2022.853449
https://doi.org/10.3389/fnut.2022.997151
https://doi.org/10.1016/j.scitotenv.2019.01.101
https://doi.org/10.1021/acs.est.9b05147
https://doi.org/10.1038/s41598-022-17075-5
https://doi.org/10.3390/plants14020243
https://doi.org/10.3389/fmicb.2025.1603488
https://www.ncbi.nlm.nih.gov/pubmed/40497046
https://doi.org/10.3390/microorganisms14051138


Microorganisms 2026, 14, 1138 28 of 30

105. Li, W.; Chen, F.; Zhong, R.; Chen, C. Biochar-mediated degradation of roxarsone by Shewanella oneidensis mr-1. Front. Microbiol.
2022, 13, 846228. [CrossRef] [PubMed]

106. Uritskiy, G.V.; DiRuggiero, J. Applying genome-resolved metagenomics to deconvolute the halophilic microbiome. Genes 2019, 10,
220. [CrossRef] [PubMed]
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