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ABSTRACT

Soil microbiome, the foundational engine of terrestrial ecosystems, is critical for global food security and environmental sustainability.
For decades, agricultural science has pursued microbial inoculants as "silver bullet" solutions, yet this approach has yielded inconsistent
results and failed to deliver the systemic resilience required for long-term soil health. This review synthesizes a growing body of
evidence to argue that a paradigm shift is necessary: moving from a focus on inoculation to one of habitat managements. The central
thesis posits that fostering the indigenous soil microbiome—by enhancing its organic matter, habitat complexity, and biodiversity—
represents a more robust, resilient, and sustainable path forward. Evidence is presented demonstrating that management practices such
as amending soil with organic matter, cover cropping, and practicing reduced tillage, enhance microbial diversity, functional
redundancy, and self-regulation, and ultimately providing broader, more durable, and economically viable benefits than the introduction

of single-strain microbes.
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1. Introduction: a Paradigm Shift in Soil

Microbiome Management

The soil microbiome, a complex assemblage of bacteria,
archaea, fungi, protists, and viruses, constitutes the
biological foundation of terrestrial ecosystems (Jiang et
al., 2023; Rashid et al., 2021). These diverse communities
drive essential processes that underpin soil health and
agricultural productivity, including nutrient cycling,
formation and stabilization of soil structure, suppression
of plant pathogens, and thus direct promotion of plant
growth (Etesami et al., 2023; Imran and Ortas, 2025). This
intimate, co-evolved relationships between plants and
their associated microbiota is best understood through the
lens of the "plant-soil holobiont" concept, which frames
the host and its microbial partners as a single, functional
ecological unit (Miiller et al., 2016; Vandenkoornhuyse et
al., 2015). Safety and health of this holobiont is, therefore,
inextricably linked to the diversity and functional capacity
of the native soil microbiome. For decades, the primary
strategy for harnessing microbial power in agriculture has
been microbial inoculation—the deliberate introduction of
specific, often isolated, beneficial strains into soil or onto
seeds. The allure of this approach is strong, with roots in
the successful use of Rhizobium inoculants for legumes
and expanding to a broad range of Plant Growth-
Promoting Rhizobacteria (PGPR) (Gou et al.,, 2022;
Sangar and Singh, 2011). The theoretical appeal is clear:
inoculants promise a targeted, specific, and commercially
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scalable solution to enhance crop performance, potentially
reducing reliance on chemical inputs (de Andrade et al.,
2023; Haskett et al., 2021).

However, a significant paradox has emerged between
the promise of inoculation and its real-world performance
(Figure 1). While microbial inoculants consistently
demonstrate efficacy in controlled laboratory and
greenhouse settings, their application in the field is
plagued by inconsistent and often disappointing results
(Ayala-Zepeda et al., 2024; Etesami, 2025; Khare and
Arora, 2014). This "inoculation paradox" stems from
several inherent limitations. Introduced strains frequently
face establishment failure, struggling to survive, colonize,
and compete within the resident, highly competitive soil
microbial community (Cauéevic’ et al., 2024; Etesami,
2025; Mawarda et al., 2022b). Furthermore, inoculant
success is highly context-dependent, varying dramatically
with soil type, pH, moisture, management history, and the
incumbent microbiome, making generalizable success
elusive (Adeniji et al., 2025; Etesami, 2025; Wakelin et
al., 2008). Finally, the narrow focus on one or a few
microbial functions overlooks the critical role of the
broader, multi-trophic microbial network in delivering
ecosystem services like long-term soil structure building
and carbon sequestration (Bashan et al., 2016; Trabelsi
and Mhamdi, 2013). Consequently, a paradigm shift is
underway, moving from a philosophy of microbial
replacement to one of microbial empowerment. This
review synthesizes a growing body of evidence that
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Figure 1. Contrasting paradigms for managing the soil microbiome. (A) The inoculation paradigm relies on introducing exogenous
microbes, which often fail to establish due to biotic and abiotic barriers, resulting in transient and inconsistent benefits. (B) The habitat
management paradigm fosters the indigenous microbiome through practices that enhance soil organic matter and habitat structure. This
promotes a diverse, self-organizing, and resilient microbial network that delivers robust, multifunctional, and sustainable benefits for

soil health and plant growth

proposes a superior alternative: managing soil habitat to
foster the indigenous native microbiome. It is also argued
that agricultural practices with enhancing soil organic
matter, structure, and habitat complexity by application of
organic amendments, cover cropping, reduced tillage, and
techniques like reductive soil disinfestation (RSD)—
create conditions for selectively enrich a diverse, resilient,
and self-sustaining microbial community (Yin et al., 2025;
Zhou et al., 2025b). This "soil-first" approach leverages
the inherent "home-field advantage" of native microbes,
which are pre-adapted to local conditions and integrated
into existing ecological networks (Jiang et al., 2023). By
increasing microbial diversity and network complexity,
this strategy enhances functional redundancy and
ecosystem stability, leading to more robust and sustainable
improvements in soil health and plant productivity
compared to the transient benefits often observed with
inoculation (Li et al., 2024; Mbuthia et al., 2015). This
review explores the scientific basis for this paradigm shift.
The paper first details the critical ecological roles of soil
microbiome and the concept of the plant-soil holobiont. It
then critically examines the historical allure and inherent
limitations of microbial inoculation. The core of the
argument focuses on the mechanisms and compelling
evidence supporting habitat management as a more
effective strategy, highlighting its success in enhancing
pathogen suppression, nutrient cycling, and plant growth.

Finally, these insights are synthesized to argue that the
future of sustainable agriculture lies not on introducing
exogenous microbial "silver bullets," but to the powerful
nurturing of the native microbial communities already
exist in our soils.

2. Scientific Basis for Native Community Advantage

The superiority of fostering a native microbiome over
targeted inoculation is grounded in fundamental
ecological principles. Soil microbial communities are not
random assemblages but are organized, self-regulating
systems whose stability and functionality are governed by
their diversity, internal interactions, and long-term
adaptation to their environment.

2.1. Ecological principles governing soil microbiomes

The resilience and functionality of soil ecosystems are
underpinned by three core ecological principles: the
diversity-stability hypothesis, functional redundancy, and
network complexity. The diversity-stability hypothesis
posits that richer microbial communities are more resistant
to and resilient from environmental stresses (Tardy et al.,
2014). This "insurance effect" ensures that even if some
taxa are suppressed by a stressor like drought or pollution,
other, more tolerant species can maintain essential
ecosystem processes (Wang et al., 2025). For instance, a
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meta-analysis of 62 studies found that soils with higher
microbial diversity exhibit 34-47% greater resistance to
drought stress and 28-36% faster recovery following
disturbance compared to low-diversity soils (Tardy et al.,
2014; Wang et al., 2025). This buffering capacity is not
merely a numbers game; it is often driven by specific
keystone taxa—disproportionately influential species that
can maintain specialized functions like nitrogen cycling or
pollutant degradation under stress (Chao et al., 2024; Xun
et al., 2021). However, the strength of this relationship is
context-dependent, as soil properties like pH and organic
carbon content can sometimes outweigh diversity as the
primary determinant of functional stability (Jiang et al.,
2020; Zhang et al., 2016).

Functional redundancy is the phenomenon where
multiple microbial taxa perform similar ecological roles,
ensuring that key processes persist even if some species
are lost (Wertz et al., 2006; Yu and Whalen, 2020). This
redundancy is high for broad functions like respiration but
critically low for specialized processes such as the
degradation of specific pollutants (Singh et al., 2014;
Trivedi et al., 2019). In managed systems, agricultural
intensification can erode this redundancy, increasing
vulnerability to disturbance (Chen et al., 2022b). The
persistence of function after diversity loss is facilitated by
the presence of metabolically versatile generalist taxa,
which enhance stability through network robustness,
while specialists remain crucial for specific, high-value
functions (Li et al., 2025b; Niu et al., 2025). Network
complexity captures the architecture of synergistic and
antagonistic interactions between microbes, including
cross-feeding, quorum sensing, and competition (Wang et
al., 2025; Xiao et al.,, 2024). Complex, modular co-
occurrence networks are a stronger predictor of ecosystem
multifunctionality ~than diversity alone and are
fundamental to community stability (Chen et al., 2022a;
Zhang et al., 2024). These networks are sensitive to
environmental gradients; for instance, aridity and land-use
intensification simplify network structure, reducing both
complexity and ecosystem function (Dong et al., 2025;
Idbella et al., 2025). Management practices that enhance
this complexity, such as organic amendments and reduced
tillage, are therefore critical for sustaining soil health (Luo
et al., 2023b; Wen et al., 2025).

2.2. The native microbiome's inherent advantages

Beyond these general principles, native microbial
communities possess specific, inherent advantages that are
difficult for introduced inoculants to replicate. Local
adaptation is a cornerstone of the native microbiome's
efficacy. Through long-term co-evolution with the local
plant community and soil environment, native microbes
develop genetic, metabolic, and regulatory traits tailored
to local conditions such as pH, moisture regimes, and
organic matter quality (Brady and Farrer, 2024; Li et al.,
2022). For example, microbial communities exhibit
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distinct life-history strategy shifts along aridity gradients,
optimizing their function for survival and nutrient cycling
under stress (Li et al., 2022). This adaptation is reflected
in the enrichment of stress-responsive genes and shifts in
key metabolic pathways for carbon and nitrogen cycling
during ecosystem restoration, allowing the community to
optimize resource use efficiency for the local environment
(Liao et al., 2023; Lu et al., 2024; ur Rahman et al., 2025).
Pre-existing integration refers to the native microbiome's
embeddedness within the established soil ecological
network. Native microbes are not isolated actors but are
integral components of a complex food web, with well-
established interactions with plants, fauna, and other
microorganisms (Lavelle et al., 2016; Thakur and Geisen,
2019). This deep integration is orchestrated by keystone
taxa that maintain network complexity and functional
stability (Herren and McMahon, 2018; Jiao et al., 2022).
The native community's history with local "ecosystem
engineers," such as plant roots and earthworms, creates a
biotically modulated environment that is primed for their
success, facilitating stable nutrient cycling and ecosystem
function (Williams et al., 2024). Self-organization and
regulation enable native communities to maintain
equilibrium and resist invasion. Through mechanisms like
quorum sensing, biofilm formation, and the production of
secondary metabolites, microbial populations coordinate
their behavior and regulate community composition
(Scherlach and Hertweck, 2020; Wu et al., 2024). This
self-organization fosters a home-field advantage, where
native synthetic communities (SynComs) consistently
demonstrate superior root colonization and plant growth
promotion compared to non-native commercial strains, as
they are already compatible with the resident community's
regulatory networks (Jiang et al., 2023; Velte et al., 2025).
This inherent stability makes the native microbiome a
resilient, self-sustaining resource that naturally resists
displacement by introduced inoculants.

3. Challenges and Limitations of Microbial
Inoculation

The promise of microbial inoculation is compelling, and it
is important to acknowledge that certain inoculants—most
notably Rhizobium spp. for legume crops and Azospirillum
spp. for cereals—have demonstrated consistent field
efficacy over decades of use, particularly when applied to
nitrogen-deficient soils with compatible host genotypes
(Bashan et al., 2014; de Andrade et al., 2023). These
successes have rightly motivated continued research and
commercialization. However, for the vast majority of non-
symbiotic inoculants targeting functions such as
phosphorus solubilization, pathogen suppression, or
abiotic stress mitigation, the transition from controlled
laboratory conditions to complex, heterogeneous field
environments reveals a suite of formidable challenges that
limit their reliability and scalability. These limitations
often undermine the efficacy, reliability, and economic
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viability of inoculation strategies, casting doubt on their
scalability for widespread sustainable agriculture (Etesami,
2025). This section critically examines the primary barriers,
including cultivation biases, establishment failures, context-
dependency, and profound issues of scale and permanence.

3.1. The "misconception of cultivation" and biased
selection

A foundational obstacle in microbial inoculation is the "
misconception of cultivation"—the significant bias
introduced by our reliance on standard laboratory
techniques. Historically, it was estimated that over 99% of
environmental microbes resist cultivation under standard
laboratory conditions (Prakash et al., 2021). While modern
methods like microfluidic platforms and in situ diffusion
chambers have improved recovery rates (Alkayyali et al.,
2021; Jung et al., 2022), a profound bias persists. These
methods preferentially isolate fast-growing, copiotrophic
taxa (e.g., Proteobacteria and Bacillus), while the slow-
growing, oligotrophic, and interdependent members of the
community remain largely inaccessible. This bias has a
critical consequence: the systematic missing of keystone
taxa. These are species that exert a disproportionate
influence on community structure and ecosystem function,
despite often being low in abundance (Herren and
McMahon, 2018). Many keystone taxa are recalcitrant to
cultivation because their growth depends on specific
growth initiation factors—such as resuscitation-
promoting factors (Rpfs) (Mukamolova et al., 1999) or
siderophores provided by neighboring microbes
(D'Onofrio et al., 2010)—or on complex ecological
interactions that are nearly impossible to replicate in vitro.
Consequently, inoculation programs are often built on a
non-representative fraction of microbial diversity, lacking
the very organisms that may be most critical for robust and
stable soil function.

3.2. Barriers to establishment and survival

Even when a potentially beneficial microbe is successfully
isolated and cultured, its introduction into soil is akin to
releasing a domesticated animal into the wild; it must
immediately face intense competition and environmental
pressures. Competition with the resident community. The
established native microbiome is a highly competitive
environment. Inoculants often fail to secure a niche
because resident microbes, already adapted to the local
soil conditions, can outcompete them for resources and
space (Mawarda et al., 2022a). Paradoxically, the
inoculant itself can facilitate its own competitive loss by
releasing metabolites that are exploited by the resident
community, thereby strengthening its competitors
(Causevi¢ et al., 2024). Edaphic Factors. Soil conditions
such as pH, temperature, and moisture are major
determinants of inoculant survival. For instance, the
efficacy of Azospirillum in maize is optimal at 25-35°C
but declines sharply at higher temperatures (dos Santos

Lima et al., 2022). Similarly, acidic soils can severely
reduce the survival and metabolic activity of inoculants
like Bacillus thuringiensis (Mohammad et al., 2011).
These abiotic stresses can render an otherwise potent
inoculant completely ineffective. Predation. The soil food
web presents a direct threat to introduced bacteria.
Protozoan grazing and bacteriophage predation are major
causes of inoculant mortality (Song et al., 2015; Zhang et
al., 2014). Inoculants, often applied in a planktonic state,
are particularly vulnerable to these predators, which can
rapidly decimate their populations before they can
establish in protective biofilms or microniches.

3.3. Context-dependency and lack of transferability

Perhaps the most significant practical challenge is the
stark context-dependency of inoculant success. A
formulation that demonstrates remarkable results in one
soil type, climate, or crop system frequently fails in
another (Ayala-Zepeda et al., 2024; O'Callaghan et al.,
2022). This lack of transferability stems from the complex
interplay of multiple factors: Soil properties. Soil pH,
texture, and organic matter content directly influence
inoculant survival and interact with the native community
(Pabar et al., 2024). Climate and management.
Temperature, rainfall patterns, and agricultural practices
(e.g., organic vs. conventional tillage) create dynamic
conditions that can either support or suppress the
introduced microbes (Buscardo et al., 2024). Crop
genotype. The plant host itself is a major driver, with
different cultivars recruiting distinct rhizosphere
communities through their root exudate profiles, further
modulating inoculant performance (Bulgarelli et al.,
2022). This inconsistency undermines farmer confidence
and limits the commercial potential of "one-size-fits-all"
microbial products, as their performance becomes
unpredictable outside of narrowly defined contexts.

3.4. The problem of scale and permanence

Microbial inoculation faces two interconnected, grand
challenges: the problem of physical scale and the problem
of ecological permanence. The logistical challenge of
scale. Inoculating vast agricultural landscapes is a
monumental logistical and economic undertaking. While
emerging technologies like drone-assisted application
offer promise for precision delivery (Guebsi et al., 2024;
Hernandez-Garcia et al., 2025), they come with high costs
and regulatory hurdles (Ayamga et al.,, 2021). The
feasibility of uniformly applying viable microbes across
thousands of hectares, especially for smallholder farmers,
remains a significant barrier. The transient nature vs. self-
sustaining communities. Crucially, most inoculations are
transient. Even successful introductions often result in a
rapid boom-and-bust cycle, with inoculant populations
declining to undetectable levels within a single growing
season (Wang et al., 2021). This contrasts sharply with a
well-functioning native microbiome, which is a self-
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sustaining, resilient community capable of perpetuating
itself through seasons. Achieving permanence—where an
inoculant not only establishes but becomes a stable,
functional member of the soil ecosystem—is the exception
rather than the rule. Ecological processes like competition
and assembly dictate that long-term persistence is not
guaranteed by mere introduction (Klimasmith et al., 2024;
Vandermaesen et al., 2024). In conclusion, the challenges
of cultivation bias, establishment barriers, context-
dependency, and transient efficacy reveal the inherent
limitations of a simplistic "introduce and conquer"
approach to soil microbiome management. These hurdles
compel a paradigm shift away from reliance on external
inoculation and towards strategies that nurture the resident
microbial communities already adapted to local
conditions—the focus of the subsequent sections.

4. The "Soil-First" Framework: Strategies to
Foster the Native Microbiome

Given the profound challenges associated with microbial
inoculation, a paradigm shift is warranted—from
introducing exogenous microbes to nurturing the resident
soil microbiome. This "Soil-First" framework posits that
the most robust, resilient, and self-sustaining soil
ecosystems are built by managing the environment to
favor the establishment and function of beneficial native
microbial communities. This section outlines three
synergistic strategies: using organic amendments to build
microbial wealth, leveraging plant power to engineer the
rhizosphere, and modifying soil management to protect
microbial habitats.

4.1. Organic amendments: The foundation of
microbial wealth

Organic amendments are cornerstones of the Soil-First
approach, serving a dual purpose: they provide a slow-
release food source and create a favorable physical habitat,
thereby stimulating the activity and diversity of
indigenous soil microbes. Compost and manure:
inoculation and sustenance. While compost and manure
introduce exogenous microbes, their primary value lies in
activating and sustaining the native soil-borne microbiota
(Semenov et al., 2021). These amendments provide a
complex mixture of organic carbon and nutrients that fuel
microbial growth, leading to increased microbial biomass,
enhanced enzymatic activities, and greater network
complexity (Liu et al., 2022; Ren et al., 2019). Mature
compost is particularly effective in suppressing soil-borne
pathogens by enriching beneficial taxa
like Trichoderma and Bacillus, with  field studies
reporting disease incidence reductions of 50-70%
for Fusarium wilt ~ and  40-60%  for Rhizoctonia
solani compared to unamended controls (Cao et al., 2018;
Pugliese, 2021). Long-term (=5 years) compost
application increases total microbial biomass by 30-80%
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and microbial diversity (Shannon index) by 15-25%
compared to synthetic fertilizer-only treatments (Liu et al.,
2022; Ren et al., 2019). However, careful management is
required, as excessive application can reduce microbial
diversity, and raw manure can introduce antibiotic
resistance genes (ARGs), though these often dissipate as
native communities reassert dominance (Guo et al., 2023;
Wang et al.,, 2020). Biochar: a porous scaffold for
microbial life. Biochar, a carbon-rich porous material,
functions as a long-lasting microbial habitat. Its intricate
pore network offers refuge for microbes from predation
and desiccation, while its ability to modulate soil pH and
nutrient availability creates favorable micro-niches
(Etesami et al., 2025; Palansooriya et al., 2019; Yang et
al., 2022). This scaffold supports a more diverse and stable
microbial community, enhancing functions like nutrient
cycling (Yu et al., 2019). Furthermore, the co-application
of biochar with manure or compost can synergistically
improve soil aggregation and suppress ARGs by altering
the conditions for horizontal gene transfer (Etesami et al.,
2025; Fang et al., 2025; Qian et al., 2023). The benefits
are highly dependent on biochar properties—such as pore
size, which dictates whether aerobic or anaerobic
microbes colonize it—and application rate, with moderate
doses being optimal (Srocke et al., 2021; Xia et al., 2025).

4.2. Leveraging plant power: The rhizosphere as an
engineering tool

Plants are active architects of their soil environment,
primarily through root exudates. Strategic plant
management can therefore be used to recruit and sustain
specific beneficial microbial consortia. Cover crops:
Maintaining a living root foundation. The presence of
living roots is a continuous signal for microbial activity.
Cover crops maintain this "rhizosphere pump," providing
a steady stream of root exudates—sugars, organic acids,
and secondary metabolites—that serve as the primary
energy source for soil microbes (Olanrewaju et al., 2019).
This continuous supply supports higher microbial
diversity and activity, even outside the main crop season
(Ghosh et al., 2024). The choice of cover crop species
matters, as different plants release unique exudate profiles
that selectively recruit distinct microbial taxa; for instance,
legumes release flavonoids that favor nitrogen-fixing
bacteria (Seitz et al., 2023). Cover crop incorporation has
been shown to increase subsequent cash crop yields by 5-
15% in low-input systems, with legume cover crops
providing nitrogen equivalent to 50-100 kg ha™? of
synthetic N fertilizer (Ghosh et al., 2024; Seitz et al.,
2023). Management, including termination method, also
influences outcomes, with mechanical termination
generally  fostering more  beneficial microbial
communities than chemical methods (Centurion et al.,
2022). Crop diversity and rotation: shifting the exudate
menu. Monocultures lead to a simplified, often
pathogenic, microbiome. In contrast, crop diversity and
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rotation create a dynamically shifting landscape of root
exudates, which selects for a more taxonomically and
functionally diverse microbial community (Yang et al.,
2023; Zhou et al., 2017). This diversity enhances the
complexity and stability of microbial networks, which is a
key driver of ecosystem multifunctionality, including
nutrient cycling and disease suppression (Yang et al.,
2023). Quantitatively, diversified crop rotations (3+ crop
species) increase soil microbial alpha diversity by 10-20%
and network edge density by 25-40% compared to
monocultures, translating to a 15-30% reduction in
synthetic fertilizer requirements (Yang et al., 2023; Zhou
et al,, 2017). Legume-based rotations are particularly
powerful, enriching for nitrogen-fixing bacteria and
fostering fungal networks that improve carbon
sequestration (Meng et al., 2025; Yu et al., 2023). By
breaking the continuous life cycle of host-specific
pathogens, rotations are a cornerstone of natural disease
management (Niu et al., 2017).

4.3. Modifying soil management to protect microbial
habitats

The physical habitat of soil is critical for microbial
survival. Practices that minimize disturbance and buffer
environmental extremes are essential for maintaining a
functional microbiome. Reduced/no-Till: Preserving
microbial infrastructure. Intensive tillage is a major
disruptor of soil structure, fragmenting the delicate hyphal
networks of arbuscular mycorrhizal fungi (AMF) and
other beneficial microbes. Reduced or no-till practices
preserve this critical infrastructure, leading to higher
microbial biomass, enhanced AMF colonization, and
greater accumulation of fungal-derived organic
compounds like glomalin-related soil protein (GRSP)
(Curaqueo et al., 2011; Yang et al., 2024). This fungal-
driven process is vital for forming stable soil aggregates
and sequestering carbon (Dai et al., 2015). While a
potential trade-off can be a temporary increase in certain
pathogens, this is effectively mitigated by combining no-
till with diversified crop rotations (Chen et al., 2024;
Wang et al., 2020). Water management: Avoiding abiotic
stress. Soil microbes are highly sensitive to moisture
fluctuations. Drought enriches for stress-tolerant taxa like
Actinomycetota, while waterlogging favors anaerobic
organisms, often at the expense of overall diversity
(Ebrahimi-Zarandi et al., 2023; Kundel et al., 2020; Zhang
et al., 2025). Optimal water management, which avoids
these extremes, is therefore crucial for maintaining a
diverse and functional microbiome. Practices such as
conservation tillage, which improves water infiltration and
retention, and precision irrigation help buffer microbial
communities against stress (Sharma et al., 2013). The
integration of organic amendments like compost further
enhances microbial resilience to drought and
waterlogging, particularly in sandy soils (Amarasinghe et
al., 2024; Siebielec et al., 2020). In conclusion, the "Soil-

First" framework offers a synergistic and ecologically robust
pathway to soil health. By combining organic amendments to
build resources, strategic plantings to engineer the
rthizosphere, and protective tillage and water management,
we can cultivate a native microbiome that is resilient, self-
sustaining, and capable of delivering the ecosystem services
upon which sustainable agriculture depends.

5. Comparative Analysis: Native Enhancement
Versus Inoculation

The preceding sections have detailed the challenges of
microbial inoculation and the principles of the "Soil-First"
framework. To crystallize this comparison, this section
provides a direct, head-to-head analysis of the two
paradigms across key ecological and practical metrics
(Table 1). The evidence compellingly demonstrates that
enhancing the native microbiome is a more robust,
resilient, and sustainable strategy for long-term soil health
than the introduction of exogenous microbial inoculants.
The comparative analysis reveals a fundamental
dichotomy. Microbial inoculation is a reductionist
approach, attempting to engineer soil health by adding
discrete, often non-resident parts. This strategy is
hamstrung by the immense complexity of soil ecosystems,
leading to inconsistent results and a lack of permanence.
Its most appropriate application appears to be in highly
specific, short-term scenarios, such as jump-starting
processes in severely degraded soils where the native
microbiome is absent, or in controlled environments like
hydroponics. In contrast, native community enhancement
is an ecological approach that works with the existing soil
food web. By providing the right conditions—organic
matter for food, habitat structure via biochar and reduced
tillage, and diverse plant hosts through cover crops and
rotations—we empower the native microbial community
to self-organize into a resilient and multifunctional
network. This strategy acknowledges that a healthy soil
microbiome is not a simple sum of its parts, but a complex,
adaptive system. Therefore, for the goal of widespread,
sustainable soil health, fostering the native microbiome is
not just a superior alternative to inoculation; it is a
foundational principle. The future of sustainable land
management lies not in introducing foreign microbes, but
in nurturing the vast, ancient, and highly adapted
microbial wealth already beneath our feet.

6. Synthesis and Future Perspectives

The evidence synthesized in this review compellingly
argues for a fundamental paradigm shift in agricultural soil
management: from a focus on introducing exogenous
microbial inoculants to a strategy centered on fostering the
native soil microbiome. The "Soil-First" framework,
which enhances microbial habitat through organic
amendments, cover cropping, and reduced disturbance,
provides a more robust, resilient, and self-sustaining path
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Table 1. A head-to-head comparison of soil management paradigms

Criterion Microbial inoculation Native community enhancement
Low. Typically introduces 1 to a few strains, resulting in High. Supports thousands of microbial taxa,
Microbial minimal impact on overall alpha and beta diversity maintaining a broad phylogenetic and functional
diversity compared to environmental context (Li et al., 2024; spectrum, including rare taxa critical for resilience
Trabelsi and Mhamdi, 2013). (Li et al., 2024; Wang et al., 2023).
Functional Low. Creates a "single point of failure." The loss or ngh'. Multiple taxa can p er.form .51m11ar functlon.s,
. . . buffering the ecosystem against disturbance, species
redundancy & failure of the introduced strain can lead to a complete . .
resilience loss of the targeted function (Luo et al., 2023a) loss, and environmental fluctuations (Luo et al.,
" ’ 2023a; Schwartz et al., 2000).
Often poor and transient. Inoculants are frequently Strong and self-sustaining. Managed native
Establishment outcompeted by the resident community, with effects communities are already adapted, leading to stable

& permanence

dissipating after a single season or requiring repeated,
costly applications (Causevi¢ et al., 2024; Papin et al.,
2024; Wang et al., 2021).

High. Success is highly dependent on specific soil pH,

establishment and long-term persistence without
further intervention (Honjo et al., 2024; Middleton et
al., 2015).

Low. Leverages locally adapted communities that

moisture, temperature, and the composition of the are already optimized for the prevailing conditions,
Context- . . . . . . :
dependency resident microbiome. An inoculant that works in one making the strategy robust across a wider range of
system often fails in another (Bashan et al., 2014; Jiao et environments (Cleland et al., 2013; Jiang et al.,
al., 2019). 2023).
Narrow. Typically targets a single function (e.g., Broad. Promotes simultaneous, multifunctional
Ecosystem phosphorus solubilization, pathogen suppression). May benefits, including enhanced carbon sequestration,

service scope

Network
complexity

Time scale of

even create trade-offs, such as boosting carbon
sequestration at the expense of water retention (Hao et
al., 2025; Zhou et al., 2025a).

Reduces or simplifies microbial association networks,
potentially increasing short-term stability through
dominant strain effects but reducing functional
interconnectivity (Li et al., 2024).

Short-term, rapid onset (days to weeks). Effects are
typically transient, often dissipating within a single
growing season unless reapplied. Requires repeated

soil aggregation, water retention, and nutrient
cycling, driven by high network complexity (He et
al., 2025; Maestre et al., 2012; Turner et al., 2022).

Increases complexity and robustness, fostering

positive interactions and niche stability that underpin

ecosystem multifunctionality and long-term
resilience (Chen et al., 2022b; Wang et al., 2024).

Long-term, slower establishment (months to years).
Benefits accrue gradually as soil organic matter and
habitat structure improve. Once established, effects

effectiveness applications for sustained benefits (Wang et al., 2021; are self-sqstaining and .per.sistent across multiple.
Papin et al., 2024). seasons without reappllcatlon (Luo et al., 2023b;
’ Mbuthia et al., 2015).
Moderate to high predictability when best
Low to moderate predictability under field conditions. management practices are followed. Outcomes are
High variability in outcomes due to sensitivity to more robust across environmental gradients due to
Predictability /  edaphic, climatic, and biotic factors. Greater theoretical reliance on locally adapted communities.
Controllability controllability in controlled environments (e.g., Controllability is indirect, achieved through habitat

Integration &
scalability

greenhouses) but limited in open systems (Ayala-
Zepeda et al., 2024; O'Callaghan et al., 2022).

Technologically scalable but often requires
sophisticated formulation and repeated application,

limiting practicality for smallholders. Lacks integration

with local knowledge (Bashan et al., 2014).

manipulation rather than direct introduction,
requiring adaptive management (Soto et al., 2021;
Adeniji et al., 2024).

Scalable through participatory models and adaptive
management. Integrates indigenous and local
knowledge, enhancing social-ecological resilience

and adoption (Hill et al., 2012; Lee and Chen, 2021).

to soil health. As we conclude, it is critical to synthesize
these insights, acknowledge nuanced applications,
identify key research gaps, and consider the implications
for future research and agricultural policy.

6.1. Integrating approaches: A nuanced view

While the case for nurturing the indigenous microbiome is
strong, a complete dismissal of microbial inoculants is
neither practical nor scientifically justified. The key is to
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recognize their specific, limited role within a broader
ecological framework. Inoculants can function effectively
as "starter cultures" in highly specific scenarios where the
native microbiome is severely depleted or dysfunctional,
such as in drastically degraded post-mining landscapes or
heavily sterilized soils (Jia et al., 2025; Li et al., 2025a).
In these contexts, introducing microbial consortia can
jump-start essential processes like nutrient cycling and
organic matter decomposition, creating a foundation for
ecosystem recovery (Gutierrez et al., 2020; O'Callaghan et
al., 2022). Furthermore, controlled environments like
greenhouses and hydroponic systems offer a more
predictable setting for inoculants, where environmental
variables can be managed to favor their establishment
(Arif et al., 2020). However, even in these successful
applications, the inoculant is not the end goal but a
temporary catalyst. The ultimate objective remains the
transition to a diverse, self-regulating, and self-sustaining
soil ecosystem (Adeniji et al., 2024). The most promising
inoculants for facilitating this transition are not single-
strain commercial products but synthetic microbial
communities (SynComs) derived from and tailored to
native soils, which have demonstrated a superior ability to
integrate and persist (Delgado-Baquerizo, 2022; Velte et
al., 2025). It is also worth noting that Rhizobium
inoculants represent a special case of high success due to
the intimate, co-evolved symbiosis with legumes that
provides a strong selective niche for the introduced
strain—a condition that is not generalizable to most other
microbial functions (Lindstrém and Mousavi, 2020).

6.1.1. Acknowledging potential trade-offs of enhanced
microbial complexity

While the 'Soil-First' framework predominantly favors the
enrichment of beneficial microbial consortia, it is essential
to acknowledge that increased microbial complexity and
cross-feeding interactions may not invariably favor
beneficial taxa. Under specific conditions, particularly
those involving high nutrient inputs, altered redox
conditions, or specific crop genotypes, habitat
management practices could inadvertently promote
undesirable or pathogenic microbial groups within the
native community (Jimenez-Sanchez et al., 2015; Van
Bruggen et al., 2015). For instance, long-term organic
amendments have been associated with transient increases
in potential human pathogens such as Escherichia coli or
Salmonella spp., particularly when raw manure is applied
without proper composting (Alegbeleye et al., 2018; Urra
etal., 2019). Similarly, the enhanced network connectivity
that underpins functional resilience could, in principle,
facilitate the spread of quorum-sensing signals or mobile
genetic elements among pathogenic populations, a
phenomenon sometimes termed the 'dark side' of
microbial connectivity (Raaijmakers and Mazzola, 2016;
Zhu et al., 2019). The risk of such outcomes is context-
dependent, influenced by factors such as amendment type

(mature compost vs. raw manure), crop species, and the
initial prevalence of pathogens. Importantly, a well-
managed, diverse native microbiome typically exhibits
competitive exclusion and resource preemption, which
suppress rather than facilitate pathogen establishment
(Mallon et al., 2015; Wei et al., 2015). Thus, while the
potential for unintended consequences exists, the weight
of evidence indicates that fostering native diversity
remains a net-positive strategy. Nonetheless, future
research should explicitly investigate the conditions under
which habitat management might promote pathogenic
groups and develop diagnostic frameworks to predict and
mitigate such outcomes.

6.2. Key research gaps and future directions

Despite the growing body of evidence, several critical
knowledge gaps must be addressed to refine and advance
the "Soil-First" paradigm.

Identifying keystone taxa and their triggers: While we
understand that keystone taxa disproportionately influence
microbiome structure and function (Herren and
McMahon, 2018; Xun et al, 2021), we lack a
comprehensive catalog of these critical organisms in
different agricultural soils and under various management
regimes. Future research must pinpoint specific keystone
taxa and, more importantly, identify the soil management
practices that selectively enrich them. Understanding the
"triggers"—such as specific root exudates from certain
cover crops or the chemical composition of organic
amendments—that activate their beneficial functions is a
crucial next step (Chao et al., 2024).

Understanding microbial succession during
management transitions: The shift from conventional,
high-input agriculture to soil-health-focused management
induces a succession in the soil microbial community.
However, the patterns and drivers of this succession are
not fully understood (Liu et al., 2022; Wen et al., 2025).
Longitudinal studies tracking microbial community
composition, network structure, and functional genes over
multiple seasons are needed to predict the trajectory and
timeline of soil health recovery. This knowledge would
help farmers manage expectations and optimize their
practices during the transition period.

Developing accessible diagnostic tools for soil
microbiome health: For the "Soil-First" paradigm to be
widely adopted, farmers need accessible, interpretable
tools to diagnose the "health" of their soil microbiome.
Current molecular techniques (e.g., high-throughput
sequencing) are powerful for research but are often too
complex, slow, and expensive for routine on-farm use
(O'Callaghan et al., 2022). Future work should focus on
developing simplified, cost-effective biomarkers or
bioindicators—perhaps based on key enzymatic activities,
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specific microbial taxa, or network properties—that can
provide a reliable snapshot of soil biological status,
enabling adaptive management (Adeniji et al., 2024).

6.3. Implications for policy and agricultural practice

The paradigm shift from microbial products to microbial
habitat management has profound implications for how
we support and practice agriculture.

Incentivizing soil-building practices: Agricultural
policies must evolve beyond subsidizing chemical inputs
and instead create financial incentives for farmers who
adopt practices that build long-term soil health. Programs
such as carbon farming credits, which reward practices
like cover cropping and organic amendment application
that sequester soil organic carbon, directly align with the
goal of fostering a healthy native microbiome (Soto et al.,
2021). Support for composting infrastructure and
technical assistance for transitioning to reduced-tillage
systems are also critical policy levers.

Shifting the agricultural narrative: For decades, the
agricultural industry has promoted a "silver bullet"
product-based approach. A fundamental shift in narrative
is required, moving the farmer's role from a "product
applier" to an "ecosystem manager." This involves
education and extension services that emphasize
understanding and managing the soil as a living
ecosystem. Participatory models, such as Farmer Field
Schools and co-creation projects where farmers and
scientists collaboratively develop and test management
strategies, have proven highly effective in fostering this
understanding and ensuring that practices are context-
specific and socially acceptable (Adeniji et al., 2024; Soto
et al., 2021). In conclusion, while microbial inoculants
have a niche role, the future of sustainable soil health lies
in empowering the native microbiome. By focusing on
building soil organic matter, maintaining living roots, and
reducing physical and chemical disturbance, we can
cultivate the inherent capacity of the soil to sustain its own
fertility, suppress disease, and support productive
agriculture for generations to come.

7. Conclusion

The evidence synthesized in this review overwhelmingly
indicates that the most effective, resilient, and sustainable
way to harness the power of the soil microbiome is not by
introducing exogenous microbial players, but by
systematically nurturing the immense functional potential
of the native community. The decades-long pursuit of
microbial inoculants as agricultural "silver bullets" has
largely faltered on the hard rocks of ecological reality—
establishment failure, context-dependency, and transient
effects. In contrast, a management paradigm that
prioritizes the soil habitat itself—through organic
amendments, diversified plant systems, and reduced
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disturbance—unlocks the latent power of the indigenous
microbiome. This approach leverages the native
community's inherent advantages: local adaptation, deep
integration into soil food webs, and a self-organizing
capacity for resilience that no single-strain inoculant can
match. This "Soil-First" paradigm represents more than
just a technical shift in agricultural practice; it is a more
profound alignment with fundamental ecological
principles. It moves us from a philosophy of domination
and simplistic intervention to one of stewardship and co-
evolution with the soil ecosystem. By choosing to foster
rather than replace, to empower rather than inoculate, we
open a path to agricultural systems that are not merely
productive in the short term, but are fundamentally
resilient, regenerative, and capable of sustaining life for
generations to come. The future of soil health lies not in a
package from a factory, but in the vibrant, ancient world
beneath our feet.

Acknowledgment

I would like to express my sincere gratitude to the
University of Tehran, Iran, for support throughout the
course of this research

References

Adeniji, A., Fadiji, A.E., Li, S., Guo, R., 2024. From lab
bench to farmers' fields: Co-creating microbial
inoculants with farmers input. Rhizosphere 31,
100920.

Adeniji, A., Huang, J., Li, S., Lu, X., Guo, R., 2025. Hot
viewpoint on how soil texture, soil nutrient
availability, and root exudates interact to shape
microbial dynamics and plant health. Plant and Soil
511, 69-90.

Alegbeleye, O.0., Singleton, 1., Sant’Ana, A.S., 2018.
Sources and contamination routes of microbial
pathogens to fresh produce during field cultivation: A
review. Food Microbiology 73, 177-208.

Alkayyali, T., Pope, E., Wheatley, S.K., Cartmell, C.,
Haltli, B., Kerr, R.G., Ahmadi, A., 2021. Development
of a microbe domestication pod (MD Pod) for in situ
cultivation of micro-encapsulated marine bacteria.
Biotechnology and Bioengineering 118, 1166-1176.

Amarasinghe, A., Chen, C., Van Zwieten, L., Rashti,
M.R., 2024. The role of edaphic variables and
management practices in regulating soil microbial
resilience to drought-A meta-analysis. Science of the
Total Environment 912, 169544.

Arif, 1., Batool, M., Schenk, P.M., 2020. Plant microbiome
engineering: expected benefits for improved crop
growth and resilience. Trends in Biotechnology 38,
1385-1396.

Ayala-Zepeda, M., Rojas-Padilla, J., Diaz-Rodriguez,
AM., Chavez-Luzania, R.A., Cota, F.I.P., de los
Santos Villalobos, S., 2024. Performance evaluation of



Etesami / DLSR, Vol. 2, No. 1, 2025

bacterial inoculants in the field, New Insights, Trends,
and Challenges in the Development and Applications
of Microbial Inoculants in Agriculture. Elsevier, pp.
117-127.

Ayamga, M., Tekinerdogan, B., Kassahun, A., 2021.
Exploring the challenges posed by regulations for the
use of drones in agriculture in the African context.
Land 10, 164.

Bashan, Y., de-Bashan, L.E., Prabhu, S., 2016. Superior
polymeric formulations and emerging innovative
products of bacterial inoculants for sustainable
agriculture and the environment, Agriculturally
important microorganisms: Commercialization and
regulatory requirements in Asia. Springer, pp. 15-46.

Bashan, Y., de-Bashan, L.E., Prabhu, S., Hernandez, J.-P.,
2014. Advances in plant growth-promoting bacterial
inoculant technology: formulations and practical
perspectives (1998-2013). Plant and Soil 378, 1-33.

Brady, M.V., Farrer, E.C., 2024. The soil microbiome
affects patterns of local adaptation in an alpine plant
under moisture stress. American Journal of Botany
111, e16304.

Bulgarelli, R., Leite, M., De Hollander, M., Mazzafera, P.,
Andrade, S., Kuramae, E., 2022. Eucalypt species
drive rhizosphere bacterial and fungal community
assembly but soil phosphorus availability rearranges
the microbiome. Science of the Total Environment
836, 155667.

Buscardo, E., Geml, J., Nagy, L., 2024. Secasonal
dependence of deterministic versus stochastic
processes influencing soil fungal community
composition in a lowland Amazonian rain forest.
Communications Earth & Environment 5, 334.

Cao, Y., Tian, Y., Gao, Y., Li, J., 2018. Microbial diversity
in compost is critical in suppressing plant fungal
pathogen survival and enhancing cucumber seedling
growth. Compost Science & Utilization 26, 189-200.

Caugevi¢, S., Dubey, M., Morales, M., Salazar, G.,
Sentchilo, V., Carraro, N., Ruscheweyh, H.-J.,
Sunagawa, S., van der Meer, J.R., 2024. Niche
availability and competitive loss by facilitation control
proliferation of bacterial strains intended for soil
microbiome interventions. Nature Communications
15, 2557.

Centurion, N., Ulcuango, K., Navas, M., Mariscal-Sancho,
1., Ibafiez, M.A., Moliner, A., Hontoria, C., 2022. Soil
microbial response to cover crop termination methods
under two water levels. Agronomy 12, 3002.

Chao, H., Cai, A., Heimburger, B., Wu, Y., Zhao, D., Sun,
M., Hu, F., 2024. Keystone taxa enhance the stability
of soil bacterial communities and multifunctionality
under  steelworks  disturbance.  Journal  of
Environmental Management 356, 120664.

Chen, G.-X., Wu, C.-F., Ge, T., Chen, J.-P., Deng, Y.-W.,
2022a. Response of soil multifunctionality to reduced
microbial diversity. Huan jing ke xue= Huanjing kexue
43, 5274-5285.

Chen, M., Yang, H., Yang, Q.,Li, Y., Wang, H., Wang, J.,
Fan, Q., Yang, N., Wang, K., Zhang, J., 2024.
Different Impacts of Long-Term Tillage and Manure
on Yield and N Use Efficiency, Soil Fertility, and
Fungal Community in Rainfed Wheat in Loess
Plateau. Plants 13, 3477.

Chen, W., Wang, J., Chen, X., Meng, Z., Xu, R., Duoji,
D., Zhang, J., He, J., Wang, Z., Chen, J., 2022b. Soil
microbial network complexity predicts ecosystem
function along elevation gradients on the Tibetan
Plateau. Soil Biology and Biochemistry 172, 108766.

Cleland, E.E., Larios, L., Suding, K.N., 2013.
Strengthening invasion filters to reassemble native
plant communities: soil resources and phenological
overlap. Restoration Ecology 21, 390-398.

Curaqueo, G., Barea, J.M., Acevedo, E., Rubio, R.,
Cornejo, P., Borie, F., 2011. Effects of different tillage
system on arbuscular mycorrhizal fungal propagules
and physical properties in a Mediterranean
agroecosystem in central Chile. Soil and Tillage
Research 113, 11-18.

D'Onofrio, A., Crawford, J.M., Stewart, E.J., Witt, K.,
Gavrish, E., Epstein, S., Clardy, J., Lewis, K., 2010.
Siderophores from neighboring organisms promote the
growth of uncultured bacteria. Chemistry & Biology
17, 254-264.

Dai, J., Hu, J., Zhu, A., Bai, J., Wang, J., Lin, X., 2015.
No tillage enhances arbuscular mycorrhizal fungal
population, glomalin-related soil protein content, and
organic carbon accumulation in soil macroaggregates.
Journal of Soils and Sediments 15, 1055-1062.

de Andrade, L.A., Santos, C.H.B., Frezarin, E.T., Sales,
L.R., Rigobelo, E.C., 2023. Plant growth-promoting
rhizobacteria for sustainable agricultural production.
Microorganisms 11, 1088.

Delgado-Baquerizo, M., 2022. Simplifying the
complexity of the soil microbiome to guide the
development of next-generation SynComs. Journal of
Sustainable Agriculture and Environment 1, 9-15.

Dong, L., Bai, X., Yu, X., Zhang, G., Hu, S., Ren, C,,
Zhang, S., 2025. Aridity simplified the bacterial
network and thus reduced soil multifunctionality in
arid and semiarid regions. Plant and Soil, 1-18.

dos Santos Lima, C., Birck, T.P., Stefanello, R., Aguilar,
M.V.M., Kuinchtner, C.C., Martin, T.N., Tabaldi,
L.A., 2022. Inoculation of corn seeds with
Azospirillum brasilense in different temperatures.
Acta Scientiarum. Biological Sciences 44.

Ebrahimi-Zarandi, M., Etesami, H., Glick, B.R., 2023.
Fostering plant resilience to drought with
Actinobacteria: Unveiling perennial allies in drought
stress tolerance. Plant Stress 10, 100242.

Etesami, H., 2025. The dual nature of plant growth-
promoting bacteria: Benefits, risks, and pathways to
sustainable deployment. Current Research in
Microbial Sciences, 100421.

Etesami, H., Hejazi Mahabadi, S., Otabek, U., Zahro, B.,

98



Tulkin, O., Muhammad, A., 2025. Biochar as a
Rhizosphere Modulator: Enhancing Root Resilience to
Multifaceted Environmental Stresses for Sustainable
Agriculture. Journal of Soil Science and Plant
Nutrition. 25, 10330-10363.
https://doi.org/10.1007/s42729-025-02796-z

Etesami, H., Jeong, B.R., Glick, B.R., 2023. Potential use
of Bacillus spp. as an effective biostimulant against
abiotic stresses in crops—A review. Current Research
in Biotechnology 5, 100128.

Fang, J., Chen, Z., Yu, Z., Shan, S., Hou, Y., Liu, L.,
Huang, J., Li, B., Guo, J., 2025. Biochar suppresses
conjugative transfer of antibiotic resistance genes in
manure-amended soils. The ISME Journal 19,
wraf187.

Ghosh, D., Shi, Y., Zimmermann, I.M., Stiirzebecher, T.,
Holzhauser, K., von Bergen, M., Kaster, A.-K.,
Spielvogel, S., Dippold, M.A., Miiller, J.A., 2024.
Cover crop monocultures and mixtures enhance
bacterial abundance and functionality in the maize root
zone. ISME Communications 4, ycae132.

Gou, Y., Wang, Z., Zhang, Z., Wei, H., Meng, P., Zeng,
Y., Deng, Z., Zhou, J., 2022. Advance in role
mechanisms of plant growth promoting rhizobacteria.
Chin. Journal of Applied Environmental. Biololgy. 1,
1-19.

Guebsi, R., Mami, S., Chokmani, K., 2024. Drones in
precision agriculture: A comprehensive review of
applications, technologies, and challenges. Drones 8,
686.

Guo, Y., Qiu, T., Gao, M., Ru, S., Gao, H., Wang, X.,
2023. Does increasing the organic fertilizer application
rate always boost the antibiotic resistance level in
agricultural soils? Environmental Pollution 322,
121251.

Gutierrez, C.F., Sanabria, J., Raaijmakers, J.M.,
Oyserman, B.O., 2020. Restoring degraded
microbiome function with self-assembled
communities. FEMS Microbiology Ecology 96,
fiaa225.

Hao, W., Bu, X,, Chen, J., Li, Z., Li, B., 2025. Trade-off
Between Soil Water Maintenance and Carbon
Sequestration During the Implementation of
Ecological Restoration Programs in the Semi-Arid
Loess Plateau. Forests 16, 657.

Haskett, T.L., Tkacz, A., Poole, P.S., 2021. Engineering
rhizobacteria for sustainable agriculture. The ISME
Journal 15, 949-964.

He, Y., Wen, Y., Li, K, Ye, S., Zhang, H., He, F., Fan, R.,
Wu, H., 2025. Responses of soil multifunctionality,
microbial diversity, and network complexity to tree
species mixing in Eucalyptus plantations. Industrial
Crops and Products 225, 120575.

Hernandez-Garcia, J.A., Bernal, J.S., Antony-Babu, S,
Villa-Tanaca, L., Hernandez-Rodriguez, C., De-la-
Vega-Camarillo, E., 2025. Teosinte-derived SynCom
and precision biofertilization modulate the maize

99

Fostering the native microbiome: A superior alternative ...

microbiome, enhancing growth, yield, and soil
functionality in a Mexican field. Frontiers in
Microbiology 16, 1534327.

Herren, C.M., McMahon, K.D., 2018. Keystone taxa
predict compositional change in  microbial
communities. Environmental Microbiology 20, 2207-
2217.

Hill, R., Grant, C., George, M., Robinson, C.J., Jackson,
S., Abel, N., 2012. A typology of indigenous
engagement in Australian environmental management:
implications for knowledge integration and social-
ecological system sustainability. Ecology and Society
17.

Honjo, M., Suzuki, K., Katai, J., Tashiro, Y., Aoyagi, T.,
Hori, T., Okada, T., Saito, Y., Futamata, H., 2024.
Stable States of a Microbial Community Are Formed
by Dynamic Metabolic Networks with Members
Functioning to Achieve Both Robustness and
Plasticity. Microbes and Environments 39, ME23091.

Idbella, M., Iacomino, G., Abd-ElGawad, A.M.,
Bonanomi, G., 2025. Soil Microbial Co-Occurrence
Networks Across Climate and Land Use Gradient in
Southern Italy. Environmental Microbiology Reports
17, €70093.

Imran, Ortas, I., 2025. Mechanism in Soil Health
Improvement with Soil Microbial Actions and Its Role
in Potential Agriculture. Communications in Soil
Science and Plant Analysis, 56(13), 2066-2087.
https://doi.org/10.1080/00103624.2025.2486597

Jia, Z., Li, C., Zhang, S., Tang, Y., Ma, S., Liu, X., Zhang,
J., 2025. Microbial inoculants modify the functions of
soil microbes to optimize plant growth at abandoned
mine sites. Journal of Environmental Sciences 154,
678-690.

Jiang, M., Delgado-Baquerizo, M., Yuan, M.M., Ding, J.,
Yergeau, E., Zhou, J., Crowther, T.W., Liang, Y.,
2023. Home-based microbial solution to boost crop
growth in low-fertility soil. New Phytologist 239, 752-
765.

Jiang, R., Wang, M., Chen, W., Li, X., Balseiro-Romero,
M., 2020. Changes in the integrated functional stability
of microbial community under chemical stresses and
the impacting factors in field soils. Ecological
Indicators 110, 105919.

Jiao, S., Chen, W., Wei, G., 2022. Core microbiota drive
functional stability of soil microbiome in reforestation
ecosystems. Global Change Biology 28, 1038-1047.

Jiao, S., Du, N., Zai, X., Gao, X., Chen, W., Wei, G., 2019.
Temporal dynamics of soil bacterial communities and
multifunctionality are more sensitive to introduced
plants than to microbial additions in a
multicontaminated soil. Land Degradation &
Development 30, 852-865.

Jimenez-Sanchez, C., Wick, L.Y., Cantos, M., Ortega-
Calvo, J.-J., 2015. Impact of dissolved organic matter
on bacterial tactic motility, attachment, and transport.
Environmental Science & Technology 49, 4498-4505.



Etesami / DLSR, Vol. 2, No. 1, 2025

Jung, D., Machida, K., Nakao, Y., Owen, J.S., He, S.,
Kindaichi, T., Ohashi, A., Aoi, Y., 2022. Cultivation
of previously uncultured sponge-associated bacteria
using advanced cultivation techniques: a perspective
on possible key mechanisms. Frontiers in Marine
Science 9, 963277.

Khare, E., Arora, N.K., 2014. Effects of soil environment
on field efficacy of microbial inoculants, Plant
microbes symbiosis: applied facets. Springer, pp. 353-
381.

Klimasmith, .M., Wang, B., Yu, S., Yoshikuni, Y., Kent,
A.D., 2024. Translating macroecological models to
predict microbial establishment probability in an
agricultural inoculant introduction. Frontiers in
Microbiomes 3, 1452476.

Kundel, D., Bodenhausen, N., Jorgensen, H.B., Truu, J.,
Birkhofer, K., Hedlund, K., Mider, P., Fliessbach, A.,
2020. Effects of simulated drought on biological soil
quality, microbial diversity and yields under long-term
conventional and organic agriculture. FEMS
microbiology ecology 96, fiaa205.

Lavelle, P., Spain, A., Blouin, M., Brown, G., Decaéns, T.,
Grimaldi, M., Jiménez, J.J., McKey, D., Mathieu, J.,
Velasquez, E., 2016. Ecosystem engineers in a self-
organized soil: a review of concepts and future
research questions. Soil Science 181, 91-109.

Lee, S.-H., Chen, Y.-J., 2021. Indigenous knowledge and
endogenous actions for building tribal resilience after
typhoon soudelor in northern taiwan. Sustainability 13,
506.

Li, C., Chen, X., Jia, Z., Zhai, L., Zhang, B., Griiters, U.,
Ma, S., Qian, J., Liu, X., Zhang, J., 2024. Meta-
analysis reveals the effects of microbial inoculants on
the biomass and diversity of soil microbial
communities. Nature Ecology & Evolution 8, 1270-
1284.

Li, C, Liao, H., Xu, L., Wang, C., He, N., Wang, J., Li,
X., 2022. The adjustment of life history strategies
drives the ecological adaptations of soil microbiota to
aridity. Molecular Ecology 31, 2920-2934.

Li, C., Sun, L., Jia, Z., Tang, Y., Liu, X., Zhang, J., Miiller,
C., 2025a. Microbial inoculants drive changes in soil
and plant microbiomes and improve plant functions in
abandoned mine restoration. Plant, Cell &
Environment 48, 1162-1178.

Li, X., Li, H., Wang, S., Zhang, H., Shao, Y., Chen, Y.,
Yuan, Z., 2025b. Distinct strategies of soil bacterial
generalists and specialists in temperate deciduous
broad-leaved forests. Applied and Environmental
Microbiology 91, €00992-00925.

Liao, J., Dou, Y., Yang, X., An, S., 2023. Soil microbial
community and their functional genes during grassland
restoration. Journal of Environmental Management
325, 116488.

Lindstrom, K., Mousavi, S.A., 2020. Effectiveness of
nitrogen fixation in rhizobia. Microbial biotechnology
13, 1314-1335.

Liu, X., Shi, Y., Kong, L., Tong, L., Cao, H., Zhou, H.,
Lv, Y., 2022. Long-term application of bio-compost
increased soil microbial community diversity and
altered its composition and network. Microorganisms
10, 462.

Lu, Q., An, Z., Zhang, B., Lu, X., Mao, X., Li, J., Chang,
S.X., Liu, Y., Fu, X., 2024. Optimizing tradeoff
strategies of soil microbial community between
metabolic efficiency and resource acquisition along a
natural regeneration chronosequence. Science of the
Total Environment 946, 174337.

Luo, J., Banerjee, S., Ma, Q., Liao, G., Hu, B., Zhao, H.,
Li, T., 2023a. Organic fertilization drives shifts in
microbiome complexity and keystone taxa increase the
resistance of microbial mediated functions to
biodiversity loss. Biology and Fertility of Soils 59,
441-458.

Luo, J., Liao, G., Banerjee, S., Gu, S., Liang, J., Guo, X.,
Zhao, H., Liang, Y., Li, T., 2023b. Long-term organic
fertilization promotes the resilience of soil
multifunctionality driven by bacterial communities.
Soil Biology and Biochemistry 177, 108922.

Maestre, F.T., Quero, J.L., Gotelli, N.J., Escudero, A.,
Ochoa, V., Delgado-Baquerizo, M., Garcia-Goémez,
M., Bowker, M.A., Soliveres, S., Escolar, C., 2012.
Plant species richness and ecosystem
multifunctionality in global drylands. Science 335,
214-218.

Mallon, C.A., Elsas, J.D.v., Salles, J.F., 2015. Microbial
Invasions: The Process, Patterns, and Mechanisms.
Trends in Microbiology 23, 719-729.

Mawarda, P.C., Lakke, S.L., van Elsas, J.D., Salles, J.F.,
2022a. Temporal dynamics of the soil bacterial
community following Bacillus invasion. Iscience
25(5).

Mawarda, P.C., Mallon, C.A., Le Roux, X., Van Elsas,
J.D., Salles, I.F., 2022b. Interactions between
Bacterial inoculants and native soil bacterial
community: The case of spore-forming Bacillus spp.
FEMS Microbiology Ecology 98, fiac127.

Mbuthia, L.W., Acosta-Martinez, V., DeBruyn, J.,
Schaeffer, S., Tyler, D., Odoi, E., Mpheshea, M.,
Walker, F., Eash, N., 2015. Long term tillage, cover
crop, and fertilization effects on microbial community
structure, activity: Implications for soil quality. Soil
Biology and Biochemistry 89, 24-34.

Meng, T., Fan, Y., Tao, Y., Wu, Y., Pang, S., Yang, W,
Guo, X., Zhang, X., 2025. Legume-based rotation
alters soil eukaryotic community and improves soil
multifunctionality. Annals of Microbiology 75, 1-15.

Middleton, E.L., Richardson, S., Koziol, L., Palmer, C.E.,
Yermakov, Z., Henning, J.A., Schultz, P.A., Bever,
J.D., 2015. Locally adapted arbuscular mycorrhizal
fungi improve vigor and resistance to herbivory of
native prairie plant species. Ecosphere 6, 1-16.

Mohammad, A.M., Mahmoud, S., Ali, M.H., 2011. Effect
of soil properties on survival and potency of Bacillus

100



thuringiensis spore inocula in Egyptian soils. Egyptian
Journal of Biological Pest Control 21, 69.

Mukamolova, G.V., Kormer, S.S., Kell, D.B,
Kaprelyants, A.S., 1999. Stimulation of the
multiplication of Micrococcus luteus by an autocrine
growth factor. Archives of Microbiology 172, 9-14.

Miiller, D.B., Vogel, C., Bai, Y., Vorholt, J.A., 2016. The
plant microbiota: systems-level insights and
perspectives. Annual review of genetics 50, 211-234.

Niu, J., Chao, J., Xiao, Y., Chen, W., Zhang, C., Liu, X.,
Rang, Z., Yin, H., Dai, L., 2017. Insight into the effects
of different cropping systems on soil bacterial
community and tobacco bacterial wilt rate. Journal of
Basic Microbiology 57, 3-11.

Niu, X., Sun, X., Bai, Y., Wen, N., Wei, X., Wei, G., Shu,
D., 2025. Contrasting the Relative Importance of
Microbial Generalists and Specialists in Maintaining
Assembly Processes and Community Stability.
Environmental Microbiology 27, €70167.

O'Callaghan, M., Ballard, R.A., Wright, D., 2022. Soil
microbial inoculants for sustainable agriculture:
Limitations and opportunities. Soil Use and
Management 38, 1340-1369.

Olanrewaju, O.S., Ayangbenro, A.S., Glick, B.R,
Babalola, 0.0., 2019. Plant health: feedback effect of
root exudates-rhizobiome interactions. Applied
Microbiology and Biotechnology 103, 1155-1166.

Pabar, S.A., Kotroczd, Z., Takacs, T., Bird, B., 2024.
Evaluating the efficacy of selected plant growth-
Promoting microorganisms in optimizing plant growth
and soil health in diverse soil types. Agriculture 14,
1586.

Palansooriya, K.N., Wong, J.T.F., Hashimoto, Y., Huang,
L., Rinklebe, J., Chang, S.X., Bolan, N., Wang, H., Ok,
Y.S., 2019. Response of microbial communities to
biochar-amended soils: a critical review. Biochar 1, 3-
22.

Papin, M., Philippot, L., Breuil, M., Bru, D., Dreux-Zigha,
A., Mounier, A., Le Roux, X., Rouard, N., Spor, A.,
2024. Survival of a microbial inoculant in soil after
recurrent inoculations. Scientific Reports 14, 4177.

Prakash, O., Parmar, M., Vaijanapurkar, M., Rale, V.,
Shouche, Y.S., 2021. Recent trend, biases and
limitations of cultivation-based diversity studies of
microbes. FEMS Microbiology Letters 368, fnab118.

Pugliese, M., 2021. Effect of compost against soil-borne
plant pathogens and its impact on rhizosphere
microbiota.  Environmental = Engineering  and
Management Journal 20, 1655-1659.

Qian, S., Zhou, X., Fu, Y., Song, B., Yan, H., Chen, Z.,
Sun, Q., Ye, H., Qin, L., Lai, C., 2023. Biochar-
compost as a new option for soil improvement:
Application in various problem soils. Science of the
Total Environment 870, 162024.

Raaijmakers, J.M., Mazzola, M., 2016. Soil immune
responses. Science 352, 1392-1393.

Rashid, M.M., Akhtar, N., Teli, B., Bajpai, R., Vaishnav,

101

Fostering the native microbiome: A superior alternative ...

A., 2021. Manoeuvring soil microbiome and their
interactions: a resilient technology for conserving soil
and plant health, Microbial Metatranscriptomics
Belowground. Springer, pp. 405-433.

Ren, F., Sun, N., Xu, M., Zhang, X., Wu, L., Xu, M., 2019.
Changes in soil microbial biomass with manure
application in cropping systems: A meta-analysis. Soil
and Tillage Research 194, 104291.

Sangar, S., Singh, W., 2011. Reflections on the missing
actors and institutions: the case of Rhizobium
inoculants bio-innovation in Madhya Pradesh, India.

Scherlach, K., Hertweck, C., 2020. Chemical mediators at
the bacterial-fungal interface. Annual Review of
Microbiology 74, 267-290.

Schwartz, M., Brigham, C., Hoeksema, J., Lyons, K.,
Mills, M., Van Mantgem, P., 2000. Linking
biodiversity to ecosystem function: implications for
conservation ecology. Oecologia 122, 297-305.

Seitz, V.A., Chaparro, J.M., Schipanski, M.E., Wrighton,
K.C., Prenni, J.E., 2023. Cover crop cultivar, species,
and functional diversity is reflected in variable root
exudation composition. Journal of Agricultural and
Food Chemistry 71, 11373-11385.

Semenov, M.V., Krasnov, G.S., Semenov, V.M.,
Ksenofontova, N., Zinyakova, N.B., van Bruggen,
A.H., 2021. Does fresh farmyard manure introduce
surviving microbes into soil or activate soil-borne
microbiota? Journal of Environmental Management
294, 113018.

Sharma, P., Singh, G., Singh, R.P., 2013. Conservation
tillage and optimal water supply enhance microbial
enzyme (glucosidase, urease and phosphatase)
activities in fields under wheat cultivation during
various nitrogen management practices. Archives of
Agronomy and Soil Science 59, 911-928.

Siebielec, S., Siebielec, G., Klimkowicz-Pawlas, A.,
Gatazka, A., Grzadziel, J., Stuczynski, T., 2020.
Impact of water stress on microbial community and
activity in sandy and loamy soils. Agronomy 10, 1429.

Singh, B.K., Quince, C., Macdonald, C.A., Khachane, A.,
Thomas, N., Al-Soud, W.A., Serensen, S.J., He, Z.,
White, D., Sinclair, A., 2014. Loss of microbial
diversity in soils is coincident with reductions in some
specialized functions. Environmental Microbiology
16, 2408-2420.

Song, C., Mazzola, M., Cheng, X., Oetjen, J., Alexandrov,
T., Dorrestein, P., Watrous, J., van der Voort, M.,
Raaijmakers, J.M., 2015. Molecular and chemical
dialogues in bacteria-protozoa interactions. Scientific
Reports 5, 12837.

Soto, R.L., de Vente, J., Padilla, M.C., 2021. Learning
from farmers’ experiences with participatory
monitoring and evaluation of regenerative agriculture
based on visual soil assessment. Journal of Rural
Studies 88, 192-204.

Srocke, F., Han, L., Dutilleul, P., Xiao, X., Smith, D.L.,
Masek, o, 2021. Synchrotron X-ray



Etesami / DLSR, Vol. 2, No. 1, 2025

microtomography and multifractal analysis for the
characterization of pore structure and distribution in
softwood pellet biochar. Biochar 3, 671-686.

Tardy, V., Mathieu, O., Lévéque, J., Terrat, S., Chabbi, A.,
Lemanceau, P., Ranjard, L., Maron, P.A., 2014.
Stability of soil microbial structure and activity
depends on microbial diversity. Environmental
Microbiology Reports 6, 173-183.

Thakur, M.P., Geisen, S., 2019. Trophic regulations of the
soil microbiome. Trends in Microbiology 27, 771-780.

Trabelsi, D., Mhamdi, R., 2013. Microbial Inoculants and
Their Impact on Soil Microbial Communities: A
Review. BioMed Research International 2013,
863240.

Trivedi, C., Delgado-Baquerizo, M., Hamonts, K., Lai, K.,
Reich, P.B., Singh, B.K., 2019. Losses in microbial
functional diversity reduce the rate of key soil
processes. Soil Biology and Biochemistry 135, 267-
274.

Turner, B., Devisscher, T., Chabaneix, N., Woroniecki, S.,
Messier, C., Seddon, N., 2022. The role of nature-
based solutions in supporting social-ecological
resilience for climate change adaptation. Annual
Review of Environment and Resources 47, 123-148.

ur Rahman, S., Liu, X., Khalid, M., Rehman, A., Cao, J.,
Zhao, C., Tan, H., Arif, S., Zheng, B., Bian, Y., 2025.
Cross-climatic comparison of microbial stress-
responsive genes in urban parks: A comparative
analysis. Urban Forestry & Urban Greening 103,
128595.

Urra, J., Alkorta, 1., Garbisu, C., 2019. Potential benefits
and risks for soil health derived from the use of organic
amendments in agriculture. Agronomy 9, 542.

Van Bruggen, A., Semenov, A., Finckh, M., Tamm, L.,

2015. Soil health and soilborne diseases in organic

agriculture. Plant Diseases and Their Management in

Organic Agriculture. In book Plant Diseases and Their

Management in  Organic  Agriculture.  67-89.

https://doi.org/10.1094/9780890544785.007.

Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le
Van, A., Dufresne, A., 2015. The importance of the
microbiome of the plant holobiont. New Phytologist
206, 1196-1206.

Vandermaesen, J., Daly, A.J., Mawarda, P.C., Baetens,
J.M., De Baets, B., Boon, N., Springael, D., 2024.
Cooperative interactions between invader and resident
microbial community members weaken the negative
diversity-invasion relationship. Ecology Letters 27,
el4433.

Velte, J.M., Mudiyanselage, S., Hofmann, O.F., Lee, S.T.,
Huguet-Tapia, J., Miranda, M., Martins, S.J., 2025.
Interactions between native soil microbiome and a
synthetic microbial community reveals bacteria with
persistent traits. Msystems 10(9), €00921-00925.

Wakelin, S., Macdonald, L., Rogers, S., Gregg, A.,
Bolger, T., Baldock, J., 2008. Habitat selective factors

influencing the structural composition and functional
capacity of microbial communities in agricultural
soils. Soil Biology and Biochemistry 40, 803-813.

Wang, H., Li, X., Li, X., Wang, J., Li, X., Guo, Q., Yu, Z.,
Yang, T., Zhang, H., 2020. Long-term no-tillage and
different residue amounts alter soil microbial
community composition and increase the risk of maize
root rot in northeast China. Soil and Tillage Research
196, 104452.

Wang, X., Hou, Y., Li, H,, Li, Z., Zhang, J., Bao, T., Chao,
L., Minggagud, H.,, Wang, L., Liang, C., 2024.
Network complexity and community composition of
key bacterial functional groups promote ecosystem
multifunctionality in three temperate steppes of Inner
Mongolia. Plant and Soil 494, 251-268.

Wang, X., Wang, J., Chen, J., Bezemer, T.M., Song, Z.,
Wanek, W., Liu, G., Zhang, C., 2025. Environmental
Stresses Constrain  Soil Microbial Community
Functions by Regulating Deterministic Assembly and
Niche Width. Molecular Ecology 34, ¢70096.

Wang, Z., Chen, Z., Kowalchuk, G.A., Xu, Z., Fu, X,
Kuramae, E.E., 2021. Succession of the resident soil
microbial community in response to periodic
inoculations. Applied and Environmental
Microbiology 87, ¢00046-00021.

Wang, Z., Leite, M.F., Jiang, M., Kuramae, E.E., Fu, X,
2023. Responses of soil rare and abundant
microorganisms to recurring biotic disturbances. Soil
Biology and Biochemistry 177, 108913.

Wei, Z., Yang, T., Friman, V.-P., Xu, Y., Shen, Q.,
Jousset, A., 2015. Trophic network architecture of
root-associated Dbacterial communities determines
pathogen invasion and plant health. Nature
Communications 6, 8413.

Wen, Y., Yao, W, Yu, T., Cheng, L., Zhang, Q., Yang, J.,
Lin, F., Zhu, H., Gunina, A., Yang, Y., 2025. Long-
term organic farming improves the red soil quality and
microbial diversity in subtropics. Agriculture,
Ecosystems & Environment 381, 109410.

Wertz, S., Degrange, V., Prosser, J.I., Poly, F,
Commeaux, C., Freitag, T., Guillaumaud, N., Roux,
X.L., 2006. Maintenance of soil functioning following
erosion of microbial diversity. Environmental
Microbiology 8, 2162-2169.

Williams, A., Sinanaj, B., Hoysted, G.A., 2024. Plant—
microbe interactions through a lens: tales from the
mycorrhizosphere. Annals of Botany 133, 399-412.

Wu, W., Jing, J., Chen, Z., Guo, X., Qu, Y., 2024. Indole
signaling enhances biofilm formation and quorum
sensing in sequencing biofilm batch reactors. Journal
of Environmental Chemical Engineering 12, 112494.

Xia, Y., Zhu, F., Guan, S., Dou, S., Zhang, B., Zhu, W.,
2025. Optimal rate of biochar application has positive
effects on soil functional microbial abundance and
agroecological function in a black soil of Northeast
China. Carbon Letters, 1-18.

Xiao, D., He, X., Zhang, W., Chen, M., Hu, P., Wu, H.,

102


https://doi.org/10.1094/9780890544785.007

Liao, X., Wang, K., 2024. The downhill positions
exhibit higher microbial network complexity and
ecosystem multifunctionality compared to the upper
slopes. Forest Ecology and Management 558, 121744,

Xun, W., Liu, Y., Li, W., Ren, Y., Xiong, W., Xu, Z.,
Zhang, N., Miao, Y., Shen, Q., Zhang, R., 2021.
Specialized metabolic functions of keystone taxa
sustain soil microbiome stability. Microbiome 9, 35.

Yang, C., Liu, J., Ying, H., Lu, S., 2022. Soil pore
structure changes induced by biochar affect microbial
diversity and community structure in an Ultisol. Soil
and Tillage Research 224, 105505.

Yang, H., Wang, G., Wang, J., Xiao, Q., Li, Z., De Clerck,
C., Meersmans, J., Colinet, G., Zhang, W., 2024. No-
tillage facilitates soil organic carbon sequestration by
enhancing arbuscular mycorrhizal fungi-related soil
proteins accumulation and aggregation. Catena 245,
108323.

Yang, X., Hu, H.-W., Yang, G.-W., Cui, Z.-L., Chen, Y .-
L., 2023. Crop rotational diversity enhances soil
microbiome network complexity and
multifunctionality. Geoderma 436, 116562.

Yin, C., Liu, M., Yan, D., Ye,R., Si, Y., Ma, H., Yin, Y.,
2025. Responses of Microbial Community
Composition, Diversity, and Stability To Pepper
Cultivation in Degraded Vegetable Soils Under
Reductive  Soil  Disinfestation and  Biochar
Amendment. Journal of Soil Science and Plant
Nutrition 25, 7654-7668.

Yu, J., Deem, L.M., Crow, S.E., Deenik, J., Penton, C.R.,
2019. Comparative metagenomics reveals enhanced
nutrient cycling potential after 2 years of biochar
amendment in a tropical oxisol. Applied and
environmental microbiology 85, €02957-02918.

Yu, J., Whalen, JK., 2020. A new perspective on
functional redundancy and phylogenetic niche
conservatism in soil microbial communities.
Pedosphere 30, 18-24.

Yu, T.,Nie, J., Zang, H., Zeng, Z., Yang, Y., 2023. Peanut-
based rotation stabilized diazotrophic communities
and increased subsequent wheat yield. Microbial

103

Fostering the native microbiome: A superior alternative ...

Ecology 86, 2447-2460.

Zhang, C., Lei, S., Wu, H., Liao, L., Wang, X., Zhang, L.,
Liu, G., Wang, G., Fang, L., Song, Z., 2024. Simplified
microbial network reduced microbial structure
stability and soil functionality in alpine grassland
along a natural aridity gradient. Soil Biology and
Biochemistry 191, 109366.

Zhang, J., Orméiléi—Odegrip, A.M., Mappes, J., Laakso, J.,
2014. Top-down effects of a lytic bacteriophage and
protozoa on bacteria in aqueous and biofilm phases.
Ecology and Evolution 4, 4444-4453.

Zhang, P., Li, F., Wang, D., Tian, Y., Rong, Y., Wu, Y.,
Zheng, F., Qin, H., Teng, Z., Gao, T., 2025. Soil
bacteria and fungi diversity analysis reveals effects of
sesame (Sesamum indicum L.) under waterlogging
stress. BMC Microbiology 25, 620.

Zhang, Y., Deng, H., Xue, H.-J., Chen, X.-Y., Cai, C,,
Deng, Y.-C., Zhong, W.-H., 2016. The effects of soil
microbial and physiochemical properties on resistance
and resilience to copper perturbation across China.
Catena 147, 678-685.

Zhou, L., Wang, Z., Li, P, Sa, R., Wang, Z., Wang, N.,
Xie, Y., Yang, X., 2025a. Microbial inoculation
influences bacterial and autotrophic community
assembly in cow dung—cotton straw composting to
promote carbon sequestration and humification.
Environmental Technology & Innovation, 104290.

Zhou, X., Liu, J, Wu, F., 2017. Soil microbial
communities in cucumber monoculture and rotation
systems and their feedback effects on cucumber
seedling growth. Plant and Soil 415, 507-520.

Zhou, X., Zhang, Q., Yan, Y., Qu, J., Zhou, J., Zhao, J.,
Zhang, J., Cai, Z., Dai, C., Huang, X., 2025b. Effects
of soil management strategies based on different
principles on soil microbial communities and the
outcomes for plant health. Biological Control 201,
105708.

Zhu, Y.-G., Zhao, Y., Zhu, D., Gillings, M., Penuelas, J.,
Ok, Y.S., Capon, A., Banwart, S., 2019. Soil biota,
antimicrobial resistance and planetary health.
Environment International 131, 105059.



