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The focus of this article is to summarize current knowledge of plant-associated
microbiomes, which play a key role in plant health and in maintaining soil quality.
Such microbiomes, comprising bacteria, fungi, archaea, algae, nematodes, and
protists, perform various functions, including nutrient transformation, pathogen
protection, and stress mitigation. Microbial communities are commonly used as an
indicator of ecosystem health. Soil microbiome diversity depends on environmen-
tal factors (including biotic and abiotic stresses), which can alter microbial compo-
sition, thereby modifying microbial interactions and plant resilience. Biofertilizers,
biopreparations, and microbial inoculants or consortia have been utilized in agri-
culture to enhance soil properties, such as microbial diversity and enzymatic activ-
ity, and to prime plant immune responses, thereby promoting plant growth and
health. Biofertilizers can significantly help plants adapt to environmental stresses
and climate change, mitigating drought stress and reducing greenhouse gas emis-
sions. Recent advances in DNA sequencing technologies, the computing power
available to scientists, and the development of bioinformatics tools have made
microbial community studies widely accessible. These tools enable the research
and modeling of changes in the soil microbiome, plant disease susceptibility, and
soil health. Multi-omics approaches to microbiomes are key to characterizing the
microbiome and predicting plant diseases. Future research should focus primar-
ily on understanding the interactions among soil, plants, and microbiomes. This
approach will help develop climate-resilient plants and improve the health and
functionality of agroecosystems. Key efforts closely aligned with the European
Union’s goals and biodiversity strategies for sustainable agriculture and soil health
restoration, as presented in this review, include studying the structures and func-
tions of soil microbiomes, developing new assays, and designing and investigat-
ing microbial consortia to restore healthy communities. These strategies address
contemporary challenges in agriculture, including vertical and urban farming and
superfood production.
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Highlights

Plant-associated microbiomes are crucial in maintaining plant

health and soil quality.

« Soil microbiome diversity is shifted by environmental factors,
impacting plant resilience.

« Biofertilizers and microbial inoculants can enhance soil quality,
plant growth and health.

o Advances in DNA sequencing and bioinformatics, along with
machine learning techniques, are essential for predicting soil
microbiome changes.

« Soil-plant-microbiome interactions are essential to developing
climate-resilient soils and plants.

« Innovative agricultural approaches are critical for the superfoods’

production, to ensure sustainable farming practices and food security.

1 Introduction

Current problems in sustainable agriculture include the threat of
biodiversity loss, a significant issue in recent years. The threats most

often mentioned include climate change, erosion, depletion of soil
organic matter, agricultural intensification, and land-use changes.
Therefore, the search for sustainable plant cultivation strategies is
essential for maintaining the quality of the farming environment.
These strategies are used to develop biotechnological solutions for
sustainable and organic agriculture. The new vision of agriculture
emphasizes the close connection between crop management and the
soil and plant microbiome. Therefore, plant and soil microbiome man-
agement is increasingly used to: enhance the resistance of specific
crops to pests, pathogens, drought or nutrients, select/develop pest
control practices that are best in the context of sustainable food pro-
duction, fully integrate biological agents/changes or microbiome con-
trol with crop management depending on the location, conditions and
environmental factors (e.g., climate zone, soil type, biotic and abiotic
stresses), develop biopreparations and methods for detecting phyto-
pathogens for sustainable crop production management.

Therefore, the interactions between plants and microbiomes and
their hosts are essential functional contexts. Plant-microbiome inter-
actions have co-evolved to maintain the plant’s overall stability, func-
tionality, and fitness as a holobiont (Trivedi et al., 2020). A plant
holobiont is defined as an ecological and functional unit composed
of the plant host and its associated microbiota, including bacteria,
fungi, archaea, protists, viruses, and other microorganisms inhabiting
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both above- and belowground plant compartments (Mesny et al.,
2023; Vandenkoornhuyse et al.,, 2015). These microbial partners
interact with the host through metabolic, signaling, and immune-
mediated processes, collectively shaping plant development, health,
stress resilience, and adaptive capacity within a given environment
(Berg et al., 2016; Berg et al., 2020). Plants are recognized as metaor-
ganisms because the plant-associated microbiome comprises all
microorganisms colonizing plant surfaces and internal tissues,
including the rhizosphere, phyllosphere, endosphere, and spermo-
sphere (Berg et al., 2017). These microorganisms can exert beneficial,
neutral, or detrimental effects on the host and play key roles in nutri-
ent cycling, pathogen suppression, modulation of plant immunity,
and responses to biotic and abiotic stresses (Frac et al., 2018; Jansson
and Hofmockel, 2020; Siegieda et al., 2023; Trivedi et al., 2020).

A plant microbiome comprises beneficial, neutral, and pathogenic
microorganisms. The benefits of microorganisms to their host plants
can be direct - including transformation and translocation of relevant
nutrients in the soil to make them available to plants, protection
against plant pathogens through antibiosis competition, production

10.3389/fmicb.2026.1762743

of hydrolytic enzymes, and mitigation of environmental stresses
(Trivedi et al., 2016a). Benefits can also be indirect, as they enhance
plant resistance responses (Pieterse et al., 2014). As illustrated in
Figure 1, the complex interactions among plant compartments dem-
onstrate how microorganisms actively contribute to soil health and
promote host plant growth. Through mechanisms such as the produc-
tion of extracellular polymeric substances (EPS), systemically induced
root exudation of metabolites (SIREM), and signaling via homoserine
lactones (HSL), microbial communities facilitate nutrient cycling,
stress resilience, and plant-soil communication. These interconnected
processes emphasize the functional integration of the soil and plant
microbiome in maintaining ecosystem stability and productivity.
However, diseases are characterized by microbial dysbiosis and
subsequent responses from specific microbes that can act as antago-
nists or synergists toward pathogens (Trivedi et al., 2020). A healthy
microbiome, also known as the eubiosis state, can be defined by high
microbial richness, maintenance of its symbiotic functions for the
host, and resistance to changes under physiological stress (Kuntz et al.,
2015). The plant-associated microbiome is often described in terms of

Placement of plant microbiota
Outer
L] L] Ld o i) . Ld
o A . [ [ b J
2| (ole/e/olelelee]e]
% [ ICICIC ) (JCICICICICIC] \
o) L nner
2 o‘.‘. ..\"o, \..o,,:
Zz o ‘@@ o @ps°
o o |® (J ORC]
i) o L] | ) L] |®
& P (=)
Outer E
L 3
[+]
o
3
— o
o
3
3
[
3
@
4
@
=
o
]
o
N
8
o

Microorganisms and soil interactions

EPS secretion

Siderophore secretion

Increasing macronutrient solubility
AL L LA,

Increasing amount of organic matter

Improving water retention
- -

Fixing atmospheric nitrogen
19 alMOSPNENt Irvs=l

Increasing biodiversity

FIGURE 1

com.

The interactions among plant compartments highlight how microorganisms contribute to soil health and enhance host plant growth. EPS -
extracellular polymeric substances; SIREM — systemically induced root exudation of metabolites; HSL, homoserine lactone. Created with BioRender.
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trophic modes and ecological guilds, which are defined by specific
attributes of individual microorganisms. Examples include patho-
trophs, which obtain nutrients by harming host cells, and phagotro-
phs; symbiotrophs, which obtain nutrients by exchanging resources
with host cells; and saprotrophs, which obtain nutrients by breaking
down dead host cells (Oszust and Frac, 2021).

Despite significant progress in microbiome research, major
knowledge gaps persist in understanding the functional mechanisms
linking microbial community composition with plant performance
and soil health. Most studies focus on taxonomic profiling using high-
throughput sequencing but lack insight into metabolic functions, sig-
naling pathways, and interspecies interactions that drive ecosystem
stability (Bender et al., 2016; Hartmann and Widmer, 2006).
Furthermore, the temporal dynamics of microbiomes — how com-
munities change across plant growth stages, seasons, and environmen-
tal stress events — remain largely uncharacterized (Shade et al., 2012).
Similarly, the context-dependence of microbial functions under dif-
ferent soil types, climates, and management systems has not been sys-
tematically addressed, limiting the translation of laboratory findings
into field-scale applications (Raaijmakers and Mazzola, 2016;
Fierer, 2017).

Several unresolved questions hinder our ability to harness micro-
biomes for sustainable agriculture. These include:

« What governs the assembly and resilience of the plant-soil micro-
biome under environmental stress (Trivedi et al., 2020; Walters et
al,, 2018)?

« How do specific keystone taxa or microbial consortia mediate
plant stress responses (Banerjee et al., 2018; Agler et al., 2016)?

« To what extent can microbiome manipulation (e.g., inoculants,
biofertilizers) produce consistent outcomes across different agro-
ecosystems (Berg et al., 2020)?

o What are the thresholds of microbial diversity necessary to main-
tain ecosystem function and resistance to pathogen invasion
(Loreau et al., 2001)?

Understanding these questions is vital to predicting how soil
microbial communities will respond to global change drivers
such as warming, drought, and nutrient limitation (Cavicchioli
et al., 2019).

Current approaches to studying the plant-soil microbiome are
constrained by methodological and technological limitations.
Although next-generation sequencing provides massive amounts of
genetic data, it often fails to capture functional expression and meta-
bolic activity in situ (Prosser, 2015; Jansson and Hofmockel, 2020).
Culture-dependent methods still recover only a small fraction of
microbial diversity, while metagenomic and metatranscriptomic tech-
niques require complex bioinformatics pipelines and standardized
protocols for data comparability (Franzosa et al., 2015; Knight et al.,
2018). Additionally, short-term experimental designs and the lack of
integrated multi-omics frameworks restrict our capacity to connect
microbial genes to ecological outcomes (Bahram et al., 2018; van der
Heijden and Hartmann, 2016). Addressing these limitations requires
interdisciplinary strategies that combine long-term monitoring,
experimental ecology, and predictive modeling to bridge the gap
between descriptive and functional microbiome science (Berg et al.,
2020; Trivedi et al., 2020).

Such topics as an exploration of interactions within the plant-soil-
microbiome structure, their resilience to pathogens, studying their
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composition and employing advanced bioinformatic tools to find con-
nections and impact of biodiversity shifts toward crop health and pro-
ductivity, and ways to restore and induce healthy microbiome
although were briefly discussed in the past, are not yet presented in
condensed, linked together manner, what is the primary focus of
this review.

This review examines the interactions between plants, soil, and
their microbial communities, focusing on how influencing microbial
composition can enhance agricultural sustainability and preserve or
restore biodiversity.

2 Relationships between plant
compartments and microbial benefits
to soil and host plants

2.1 Composition and roles of the plant
microbiome

Bacteria are the most dominant members of the plant microbiome
and, to date, have been studied more intensively than other commu-
nity members. Nevertheless, other organisms, including fungi,
archaea, algae, nematodes, and protists, also play essential roles in
plant functioning and health (Leach et al., 2017).

Collectively, these microorganisms form an integrated system that
supports plant growth, nutrient cycling, and defense mechanisms
within various plant compartments.

The subset of microorganisms commonly found within the plant
microbiome and providing essential functions within the habitat is
called the core microbiome (Trivedi et al., 2020), which is is directly
associated with plant health (Banerjee et al., 2018). Microbial taxa that
occupy central positions in microbial networks are referred to as hub
microorganisms or keystone species. They maintain community struc-
ture and function regardless of their abundance (Trivedi et al., 2020).
Host genomic regions involved in carbohydrate metabolism and stress
responses influence the abundance of these hub microorganisms
(Roman-Reyna et al.,, 2019), underscoring the tight connection
between plant genetics and microbial composition. Hub microorgan-
isms exert regulatory control over the network of microbial interac-
tions, as their removal results in the loss of interactions (Trivedi et
al,, 2020).

2.2 Spatial structure: microbiomes across
plant compartments

Biotic and abiotic factors shape the structure of the plant micro-
biome following ecological rules (Berg et al., 2016). Distinct microbial
communities inhabit outer compartments (rhizosphere, phyllosphere,
and sporosphere) and inner ones (endorhiza, endosphere, and sper-
mosphere). This spatial organization reflects selective pressures from
environmental conditions that shape plant compartments both below
and above ground, ultimately influencing plant traits and functions
(Ravanbakhsh et al., 2019).

Microbiome-mediated benefits often originate belowground,
especially in the rhizosphere, and can be transmitted to aboveground
parts via plant-mediated transport or signaling (van der Heijden and
Hartmann, 2016). The seed microbiome plays a critical role by
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ensuring the vertical transmission of a co-evolved microbial commu-
nity to the next generation (Berg et al., 2017).

2.3 Soil-plant connectivity and
environmental interactions

Although individual plant compartments harbor distinct micro-
biomes, they remain functionally interconnected with the surround-
ing soil environment (Berg et al., 2017). Microorganisms modulate
plant responses to environmental stress conditions, such as drought,
salinity, and temperature fluctuations, through three primary path-
ways: (1) altering the fitness of individual plant genotypes; (2) modify-
ing expression of plant traits related to stress tolerance, and (3)
influencing natural selection pressures within plant populations
(Trivedi et al., 2020). In this way, soil microbes do not merely react to
environmental stress but actively shape how plants adapt to a changing
climate.

Plants also tend to select stress-resilient microbial consortia under
abiotic and biotic stress conditions (Fitzpatrick et al., 2019), reinforc-
ing a feedback loop that links soil microbial composition to
plant growth.

2.4 Microbial genes and functional
interactions

Several microbial genes in plant holobionts mediate cooperative
or competitive interactions among microbiome members (Hassani
et al., 2018). For example, many bacteria encode antimicrobial
mechanisms that regulate community diversity, distribution, and
abundances of within the plant host (Blair et al., 2018). Traits
related to pathogen suppression, such as genes for antifungal com-
pound synthesis or protein secretion systems, are more likely to be
found in the rhizosphere of disease-resistant plant varieties (Santos
and Olivares, 2021). In contrast, the pathogen-induced activation
of chitinase genes and biosynthetic clusters encoding non-ribo-
somal peptide synthetases (NRPSs) and polyketide synthases
(PKSs) in endophytic root microbiomes supports disease suppres-
sion (Mandels and Andreotti, 1978).

Phyllosphere bacteria also possess diverse biosynthetic gene clus-
ters (BGCs), including ribosomally synthesized peptides and terpene
systems, which facilitate intermicrobial and interkingdom signaling
(Muiioz et al., 2021). The detection of antibiotic resistance genes in
plant further demonstrates microbes’ role in shaping microbial com-
munity dynamics (Larsson and Flach, 2021).

2.5 Communication and chemical signaling

Quorum sensing enables bacteria to coordinate collective behav-
iors through signaling molecules such as homoserine lactone (HSL)
(Acet et al., 2021). These signals facilitate cooperation or competition
among bacterial taxa and even influence interkingdom interactions-
plants can perceive HSLs, leading to altered metabolism, immune
activation, and root development (Fan et al., 2022). Different bacte-
rial taxa can produce the same types of signaling molecules, allowing
for cooperation or interference with other taxa (West et al., 2021). As
signal concentrations accumulate in the soil environment, popula-
tion-wide shifts in gene expression occur, affecting microbial metab-
olism and plant-microbe interactions (Lipa et al., 2017). However,
few studies have mapped these metabolic and signaling interactions
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between soil and plant microbial communities. It is important to
note that much metataxonomic and metagenomic research focuses
solely on cataloging microbial species across different ecosystems
and compartments. Moving beyond species cataloging, future
research must focus on microbiome functionality - the biochemical
processes driving plant-soil symbiosis (Frac et al., 2018; Jansson and
Baker, 2016).

2.6 Chemical and metabolic exchanges
between soil and plant

Chemical compounds involved in inter- and intra-kingdom com-
munication, called chemical mediators, such as terpenoids, serve dual
roles in defense against herbivores and pathogens, as well as in micro-
bial communication (Rosenkranz et al., 2021; Schmidt and Saha,
2021). Specific microbial colonization can trigger Systemically
Induced Root Exudation of Metabolites (SIREM), facilitating long-
distance communication across unconnected microhabitats in the
rhizosphere (Zancarini et al., 2021). These dynamic exchanges dem-
onstrate that soil microorganisms are integral not only to nutrient
cycling but also to chemical signaling networks that maintain
plant health.

2.7 Eco-evolutionary processes in
microbiome assembly

Recent research emphasizes the role of eco-evolutionary mecha-
nisms - including dispersal, selection, ecological drift, and diversifica-
tion in shaping the plant microbiome (Cordovez et al., 2019). These
forces determine microbial community composition at soil-plant
interfaces, thereby influencing plant resilience under environmen-
tal stress.

Understanding these processes provides a predictive framework
for screening beneficial microorganisms that enhance plant fitness or
act as biocontrol agents under changing climatic conditions (Trivedi
etal., 2020).

2.8 Toward soil microbiome management
for climate resilience

Given the multiple functions of soil microbes, managing the rhi-
zosphere microbiome offers a promising strategy to mitigate the
impacts of climate change. Rhizosphere microorganisms can improve
soil water retention through the production of extracellular polymeric
substances (EPS), serve as carbon sinks by incorporating plant-
derived carbon into stable forms, and enhance nutrient uptake via
mycorrhizal associations or production of growth-promoting hor-
mones such as indole-3-acetic acid (IAA) (Jansson and
Hofmockel, 2020).

Thus, sustainable management of the soil microbiome not only
benefits plant productivity but also contributes to global carbon
cycling and ecosystem stability.

Finally, microbial diversity remains the cornerstone of plant
health and biocontrol potential (Berg et al., 2016); however, defining
what constitutes a “healthy microbiome” continues to challenge
researchers worldwide (Trivedi et al., 2020).

Continuous study of soil-plant-microbe interactions will be criti-
cal for developing resilient agroecosystems in the face of global envi-
ronmental change.
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2.9 Integrative perspective: soil as the core
regulator of plant health

The plant microbiome represents a complex web of independent
organisms whose interactions are deeply rooted in soil. Since many
microorganisms migrate from bulk soil into plant-associated zones,
such as the rhizosphere (Gu et al., 2023; Siegieda et al., 2023), the soil
microbiome functions as both the foundation and regulator of the
entire plant holobiont. Maintaining soil microbial balance is therefore
essential to sustain plant health, productivity, and ecosystem resilience.

3 Managing the soil and plant
microbiome

3.1 Global patterns, ecological drivers, and
knowledge gaps in soil microbiome
diversity

Global patterns in the diversity and abundance of soil microbi-
omes depend on environmental factors and soil microbial biogeogra-
phy, which are crucial for predicting ecosystem functions across a
changing world (Chu et al., 2020). Today, knowledge concerning the
ecological drivers of microbial community composition and biodiver-
sity across different ecosystem types, such as soils (Tripathi et al.,
2018), oceans (Hellweger et al., 2014), or freshwater (Filker et al.,
2016). However, knowledge of the relationships between microbiomes
and plant-soil-microbiome interactions remains limited (Chu et al.,
2020). The capacity to predict changes in microbially driven functions
remains limited, and research focusing on culturing and whole-
genome sequencing is necessary to bridge these knowledge gaps.
Understanding the distributions of soil microbial communities, from
local to global scales, has substantially improved over the last two
decades. However, in soil ecosystems, most studies have not identified
the expected global-scale trend in soil biodiversity. The typical trend
of decreasing diversity from the tropics to the poles was partially con-
firmed as a reduction in soil bacterial diversity from the equator to
Antarctica (Delgado-Baquerizo et al., 2016). Bahram et al. (2018)
reported that bacterial and fungal diversity exhibited opposite patterns
across the latitudinal gradient in global topsoils: bacterial taxonomic
diversity was highest in temperate habitats, whereas this pattern was
not observed for fungi. Similarly to plant diversity, few studies have
reported a decline in soil microbial diversity with increasing elevation
(Delgado-Baquerizo et al., 2016). The results of Fierer and Jackson
(2006) highlighted the relevance of soil pH as a fundamental driver of
the bacterial diversity distribution and community composition across
contrasting biomes. Regarding fungal communities, Tedersoo et al.
(2014) found that climate is a significant ecological driver. The correla-
tion networks used in microbial ecology (Barberan et al., 2012)
improved our ability to quantify microbial co-occurrence patterns.
However, the field of microbial networks is relatively new. It should be
developed based on years of experience researching plant and animal
communities (Thebault and Fontaine, 2010). However, it was recently
discovered to play a crucial role in determining crop health (Siegieda
etal,, 2023). Although efforts have been made to predict future distri-
butions of soil microbial communities, there remains a lack of ability
to predict global soil biodiversity and ecosystem functions. There is a
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need to study plant and soil microbiomes to deepen our understand-
ing of soil microbiome compositions and the temporal distribution of
microbial communities, which are still largely unknown, to utilize
microbes like engineers to support human development. One way to
ensure such ideas is to use microbial-based solutions in agriculture.

3.1.1 Impact of biofertilizers and bio-inoculants
on soil microbiome

Research on the influence of biofertilizers and microbial inocu-
lants on the status of the soil bacterial microbiome and mycobiome
has emerged as an integral part of scientific work in the development
of sustainable and organic agriculture (Mitter et al., 2021; Mahmud et
al,, 2021; Sudheer et al., 2020). Microbially-based solutions include
both bioproducts containing microbial inoculants (Coleman-Derr
and Tringe, 2014; Macik et al., 2020a; Pylak et al., 2021) and new-era
solutions based on soil-plant-microbiome interactions meaningful to
plant breeding strategies (Berg et al., 2016). This is especially urgent
under changing climate conditions, as the combined effects of soil and
plants, considered as a holobiont, can yield unique traits and func-
tions, including increased resistance to abiotic and biotic stressors
(Berg et al., 2020).

One perspective is that the welfare of soil microorganisms is inex-
tricably linked to maintaining high soil quality and fertility (Hartman
et al., 2018; Kumar et al.,, 2021). Some researchers suggest that using
strains of beneficial bacteria and fungi as biofertilizers reduces mineral
fertilizer inputs and improves soil microbiological properties. These
include enzymatic activity, the occurrence of beneficial microbial taxa,
and the number of operational taxonomic units associated with meta-
bolic processes (Alori and Babalola, 2018; Macik et al., 2022), although
there are also problems with this approach (Raymond et al., 2021).

High diversity among soil microorganisms is crucial for the
proper functioning of the soil ecosystem, as the greater the number
of different microbial strains, the greater the variety of their activities
(Maron et al., 2018). It has been documented that applying biofertil-
izers can enhance soil microbial diversity. Wang G. et al. (2021)
observed an increase in Chaol, ACE, and Shannon indices in soil
inoculated with both B. subtilis and B. amyloliquefaciens, while Chen
et al. (2021) found that Trichoderma agent and B. subtilis improved
bacterial richness and diversity. Trabelsi et al. (2012), Kandasamy et
al. (2019), and Macik et al. (2020a) observed more terminal restric-
tion fragments (T-RFs) in soils amended with biofertilizers, suggest-
ing increased soil microbial biodiversity. Despite growing interest in
biofertilizers as sustainable alternatives to chemical inputs, numer-
ous studies have reported inconsistent, context-dependent effects
across soil types, climatic zones, and crop systems. The variability in
biofertilizer performance is often attributed to complex interactions
between microbial inoculants and native soil microbiota, as well as
to soil physicochemical properties, nutrient availability, and host
plant genotype (Bashan et al.,, 2014; Timmusk et al., 2017). For
instance, certain plant growth-promoting rhizobacteria (PGPR)
show strong yield improvements in nutrient-poor or degraded soils
but limited or no effects in fertile, microbially rich environments
(Shaaban et al., 2025; Rouphael et al., 2015). Climatic conditions-
particularly temperature, moisture, and pH-also influence inoculant
establishment and persistence, leading to variable responses under
field conditions (Vessey, 2003; Trivedi et al., 2020). Moreover, bio-
fertilizers that enhance productivity in one crop species or region
may fail or even negatively affect others due to differences in root
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exudate chemistry and microbiome compatibility (Bhattacharyya
and Jha, 2012; Compant et al., 2019). These contradictions highlight
the urgent need for context-specific formulation and precision
microbiome management, integrating soil, crop, and environmental
data to improve the predictability and reliability of biofertilizer
applications.

3.1.2 Potential of biocontrol agents in maintaining
the health of crops

Essential for maximizing soil productivity is controlling patho-
gens and increasing the abundance of microorganisms that confer
beneficial traits. Various microbial strains belonging to the genera
Bacillus, Pseudomonas, Trichoderma, Paenibacillus, Burkholderia,
Isaria, and Metarhizium were found to be effective biocontrol agents
against Fusarium spp. (Dong et al., 2023), Erwinia amylovora
(Sharifazizi et al, 2017), Botrytis cinerea (Toral et al., 2020),
Verticillium dahliae (Dhouib et al., 2019), Phytophthora spp. (Syed-Ab-
Rahman et al., 2018), Sclerotium rolfsii (Chen et al., 2020), Rosellinia
necatrix (Tienda et al., 2020), Sclerotinia sclerotiorum (Duke et al.,
2017), Alternaria alternata (Ji et al, 2021), Pythium ultimum,
Rhizoctonia solani (Chavez-Ramirez et al., 2020), Colletotrichum spp.
(Han et al, 2015; Kim et al, 2021), and insect pests (Brunner-
Mendoza et al., 2019). Application of biofertilizers stimulated the
abundance of indigenous, potentially beneficial microbial taxa,
including members of Bacillus, Burkholderia, Rhizobium, Streptomyces,
Leptosphaeria,
Sphingobacteriales, Trichoderma and Mortierella (Dong et al., 2023;
Shen et al., 2015; Mao and Jiang, 2021; Qi et al., 2022), all of which are
essential components of soil microbiomes. The potential of biocontrol

Pseudomonas, Frankiales, Xanthomonadales,

agents (BCAs) including beneficial bacteria and to suppress pathogens
and promote plant health has been widely demonstrated, yet findings
across studies remain inconsistent and system-dependent. While
numerous reports confirm their effectiveness against soil-borne and
foliar diseases through mechanisms such as antibiosis, induced sys-
temic resistance (ISR), and nutrient competition (O’Brien, 2017; K6hl
et al,, 2019), other studies reveal variable efficacy under field condi-
tions, often due to differences in soil microbiome composition, envi-
ronmental factors, and pathogen pressure (Compant et al., 2005). For
instance, Trichoderma and Bacillus strains that perform well in con-
trolled experiments may fail to establish or persist in soils with high
microbial competition or under extreme temperatures (Woo et al.,
2014; Mitter et al., 2017). The context specificity of BCAs is further
influenced by plant genotype, cultivation practices, and climate, all of
which modulate root exudate chemistry and microbial colonization
(Backer et al., 2018; Fira et al., 2018). Moreover, while some BCAs
enhance plant growth and disease suppression, others may exhibit
neutral or even antagonistic interactions with native microbiota,
reducing overall ecosystem stability (Berg et al., 2017). These contra-
dictions underscore the need for systems-based biocontrol strategies
that integrate multi-omics data, microbial consortia design, and pre-
dictive ecological modeling to ensure consistent and sustainable crop
protection outcomes across diverse agroecosystems.

3.1.3 Soil enzymatic activity as a key player in
maintaining quality properties and fertility

The intensity of soil processes depends strongly on the activity of
microorganisms, which synthesize a wide range of enzymes involved
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in the breakdown of complex carbon, nitrogen, and phosphorus com-
pounds (Luo et al., 2020). It has been documented that soil inoculated
with biofertilizers exhibited increased activity of B-glucosidase, prote-
ase, dehydrogenase, phosphomonoesterases, urease, invertase, nitro-
genase, and catalase (Dal Cortivo et al., 2020; Macik et al., 2020b;
Nosheen et al.,, 2018; Madhaiyan et al.,, 2010; Krey et al,, 2011;
Srivastava and Singh, 2021; Mao and Jiang, 2021). Elevated soil enzy-
matic activity is associated not only with increased rates of matter
turnover and energy flow but also with higher nutrient bioavailability,
which is indispensable for plant growth (Jacoby et al, 2017).
Concerning soil nutrient levels, utilization of nitrogen-fixing, phos-
phate, and potassium solubilizing/mobilizing microorganisms
increased nutrient uptake in agriculturally essential plants, including
wheat (Wang et al., 2020), soybean (Egamberdieva et al., 2017), maize
(Ribeiro et al., 2022), sugarcane (Rosa et al., 2020), and tomato
(Pokluda et al., 2021). Moreover, the total relative abundance of genes
involved in nitrogen metabolism, inorganic P-solubilization, and
organic P-mineralization increased in soil treated with biofertilizers
(Wang G. et al,, 2021). PICRUSt analyses of bacterial community
functional profiles showed that soil amended with biofertilizers had
more significant numbers of operational taxonomic units (OTUs)
associated with amino acids and lipid transport and metabolism,
energy production and conversion (Qi et al., 2022; Macik et al,,
2020b), coenzyme transport and metabolism, signal transduction
mechanisms (Tian et al., 2022), glycan biosynthesis and metabolism
(Liu et al., 2021), xenobiotics biodegradation and metabolism (Wang
G. etal, 2021), and P cycling (Macik et al., 2022).

Biofertilizers may also play a role in adaptation to climate change.
A meta-analysis by Rubin et al. (2017) found that plant growth-pro-
moting rhizobacteria (PGPR) can mitigate drought stress, improving
root and shoot mass and reproductive yield. Global warming pro-
motes the occurrence of new phytopathogens (Velasquez et al., 2018),
and, as described above, biofertilizers may constitute a powerful tool
against plant diseases of microbial origin. Furthermore, overloading
soil with chemical mineral fertilizers exacerbates GHG emissions
(Chai et al., 2019). One solution to alleviate these emissions and, con-
comitantly, to reduce mineral fertilizer quantities may be biological
nitrogen fixation (BNF) provided by bacteria, including Rhizobium
spp., Azotobacter spp., and Azospirillum spp. It has been estimated that
up to 70% of global crop N uptake can be attributed to BNF (Kuan et
al,, 2016). It is also worth emphasizing that Rhodopseudomonas palus-
tris reduced CH, emissions in rice paddies by 24-28% (Kantachote et
al,, 2016). Carbon sequestration decreases atmospheric CO, concen-
tration and increases soil organic carbon (SOC) content (Hu et al.,
2018). One approach to support soil carbon sequestration is biofertil-
ization. The application of biofertilizers was found to increase SOC
stocks in studies conducted by Debska et al. (2016), Adak et al. (2014),
Shukla et al. (2017), Yadav et al. (2016), Ansari and Mahmood (2017),
Thilagar et al. (2016), and Yilmaz and Sonmez (2017). Moreover, as
mentioned above, mineral fertilizer enriched with beneficial fungal
strains increased the abundance of the cbbLR and pmoA genes, which
are essential for carbon storage in soil (Pertile et al., 2021). In general,
SOC content can be improved through the following mechanisms:
accelerating organic matter humification, increasing the photosyn-
thetic activity of biofertilizers containing microalgae and cyanobacte-
ria, and promoting plant growth and the incorporation of organic
matter through plant roots (Food and Agriculture Organization of the
United Nations [FAO] and ITPS, 2021). Soil enzymatic activity plays
a central role in maintaining soil quality, fertility, and ecosystem
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function, yet findings across studies are inconsistent under different
management and environmental conditions. Enzymes such as phos-
phatases, dehydrogenases, and ureases are crucial indicators of nutri-
ent cycling and microbial activity, but their sensitivity to soil type,
organic matter content, moisture, and pH often leads to variable inter-
pretations of soil health (Nannipieri et al., 2018; Burns et al., 2013).
For instance, agricultural intensification and fertilizer regimes can
either stimulate or inhibit enzymatic activity depending on substrate
availability and microbial community structure (Allison et al., 2008;
Trivedi et al., 2016b). Similarly, climate factors such as temperature
fluctuations and drought stress can alter enzyme kinetics and stability,
influencing nutrient turnover and plant productivity (German et al.,
2012). These inconsistencies highlight the need for context-specific
assessment frameworks that integrate enzymatic activity with micro-
biome composition, soil physicochemical data, and land-use history
to accurately evaluate soil fertility and sustainability.

3.2 Managing plant microbiome
3.2.1 Beneficial microorganisms’ mode of action

Beneficial microorganisms can influence plants in numerous
ways. Applying carefully selected microbial inoculants to a plant-
growing site can enhance plants’ resilience to biotic and abiotic
stresses and improve soil quality. This increases the availability of
micro- and macro-elements to plants and the soil’s organic matter
content (Pylak et al., 2019). Their application can also impact soil and
plant health by shifting and maintaining the stability of soil microbi-
omes (Frac et al., 2018).

Bacteria and fungi that possess properties that inhibit the growth
of plant pathogens, stimulate plant growth, or positively affect soil
quality are called “beneficial,” and, after conducting sufficient research,
they might be applied to crops. Locally occurring beneficial microor-
ganisms can most effectively inhibit the growth of locally occurring
pathogens as they are already adapted to local conditions (Fikri et al.,
2018). Many bacterial strains belonging to the genera of Pseudomonas,
Bacillus, and Actinobacteria can inhibit the growth of fungal plant
pathogens such as Fusarium sp., Botrytis sp., Phytophthora sp.,
Verticillium sp., and Colletotrichum sp., which are some of the most
essential fungal and fungal-like plant pathogens that can lead to 40%
yield loss in crops (Saeed et al., 2021). Applying appropriate microor-
ganisms as biopreparations can help plants cope with biotic stresses.

The mode of action of microbial inoculants is complex. It can be
divided into five main categories: inactivation of pathogen enzymes,
competition for nutrients and space, mycoparasitism, production of
inhibitory compounds, and induced resistance (Elad et al., 1999;
Haran et al., 1996; Lorito et al., 1996; Roco and Pérez, 2001; Yedidia et
al.,, 1999; Yedidia et al., 2000; Oszust et al., 2020). Highly competitive
beneficial microorganisms quickly colonize environmental niches,
preventing other potentially harmful organisms from establishing
themselves (Poonam, 2021). Both beneficial bacteria and fungi can
secrete antibiotic compounds such as glovirin, colicin, nisin, and
mycobacillin, produced by Trichoderma sp., Lactococcus lactis,
Burkholderia sp., and Pseudomonas sp., respectively, which might
inhibit the growth of pathogenic fungi and bacteria (Elshahat et al.,
2016; Mohanty et al., 2021; Zimina et al., 2020). Mycoparasitism is a
mode of action characteristic of beneficial fungi that grow toward
other fungal hyphae and coil around them, simultaneously producing
lytic enzymes that degrade the other (pathogenic) fungi’s cell walls
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(Rajani et al., 2021). Furthermore, some strains of beneficial fungi,
such as Trichoderma harzianum T39, can produce proteases, i.e.,
endopolygalacturonase (endo-PG) or pectate lyase, which inactivate
pathogenic enzymes that can hydrolyze plant tissues (Roco and Pérez,
2001; Elad, 2000). Some plant growth-promoting rhizobacteria and
arbuscular mycorrhizal fungi can induce systemic resistance to plant
pathogens (Harel et al., 2011) and improve plant growth and vitality
(Wazny et al., 2021; Wazny et al., 2022). Trichoderma harzianum T39
applied to the soil induced systemic resistance in strawberry plants
attacked by powdery mildew caused by Podosphaera aphanis and
inhibited the pathogen’s growth (Harel et al., 2011). In this case, plants
were triggered to produce antifungal compounds or lytic enzymes,
such as chitinase, to inhibit pathogen infection.

3.2.2 Environmental stress resistance
improvement

Unlike biotic stress, abiotic stress is caused by environmental fac-
tors such as extreme temperatures, salinity, drought, acidic soil, and
metal toxicity. Globally increasing temperatures and decreasing water
availability will increase drought risk. Microbial inoculants, especially
PGPR, can produce bacterial phytohormones such as auxins, gibberel-
lins, cytokinins, ethylene, and abscisic acid (ABA). These hormones
can increase the number of root tips and root surface area, influence
water loss regulation by controlling stomatal closure, and affect stress
signal transduction pathways. PGPRs can also produce exopolysac-
charides (EPS) that coat plant roots and protect them from desiccation
during drought periods. Proper plant hydration and water manage-
ment can also help plants handle high temperatures (Kaushal and
Wani, 2016). Excessive soil salinity affects approximately 20% of the
world’s total cultivated area. Since water used for irrigation often con-
tains higher-than-preferred salt levels, up to 50% of irrigated land
globally is exposed to excessive soil salinity. This also negatively affects
soil water potential and availability, leading to cellular dehydration.
Acidic soils are often associated with changes in the solubility of metal
ions and nutrient availability. Aluminum toxicity in the soil is consid-
ered a limiting factor for plant growth, as it inhibits root growth.
Furthermore, aluminum forms complexes with phosphoric acid in
acidic soils, making it unavailable for plant assimilation. However,
many PGPR can enhance phosphorus solubilization and bind alumi-
num ions by forming AI’*-siderophore complexes. Presented mecha-
nisms have a favorable effect on plants’ resilience to environmental
stressors and pathogens. Healthy plants free of pathogens can cope
with environmental stresses and produce more reliable and higher
yields (Dutta and Bora, 2019).

Reversing the current trend of soil biodiversity degradation is one
of the most critical agricultural targets for the future (EU
Communication, 2019). Microbial supplementation can improve soil
quality, health, and biodiversity. Bacteria belonging to the Rhizobium
and Pseudomonas genera can fix atmospheric nitrogen and increase
its concentration in soil by converting it to other nitrogen compounds.
As previously described, microorganisms can increase the concentra-
tions of organic and inorganic phosphorus and sulfur available to
plants, thereby enhancing soil organic matter (Prasad et al., 2015;
Figueiredo et al., 2013; Shah et al., 2021). Increased soil organic matter
content leads to better water retention, improves soil fertility by pro-
viding cation-exchange sites, and provides a reserve of plant macro-
and micro-nutrients slowly released from soil organic matter (Yavitt
etal, 2021).
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Some currently commercially available biopreparations for farm-
ers consist of different microorganisms, such as Pythium oligandrum
spores, arbuscular mycorrhizal fungi (including Glomus sp.),
Trichoderma viride, and rhizosphere bacterial species (Bacillus subtilis,
Pseudomonas fluorescens, and Streptomyces spp.). These strains can
reduce environmental stresses and enhance the growth of apple and
sour cherry trees (Grzyb et al., 2015). Moreover, biopreparations con-
taining Trichoderma species can reduce infection rates of Fusarium
sp., Rhizoctonia sp., and Pythium sp. on various plants (Woo et al.,
2014; Oszust et al., 2020; Oszust et al., 2021). Plant growth-promoting
bacteria and arbuscular mycorrhizal fungi can produce exudates that
bind toxic metal ions and increase the availability of micro- and
macronutrients.

Beneficial microorganisms, including bacteria and fungi, may
affect and enhance plant resilience to biotic and abiotic stresses. Means
for these effects include improving soil quality and increasing nutrient
availability. Said microorganisms possess various mechanisms of
action, such as competition for nutrients and space, production of
inhibitory compounds, mycoparasitism, inactivation of pathogen
enzymes, and induced systemic resistance, thereby contributing to
more reliable and higher yields. Moreover, beneficial microorganisms
may find application in novel farming methods, such as growing
superfoods, vertical farming, and urban farming.

Improving environmental stress resistance through microbiome-
based and ecological strategies has become a key focus in sustainable
agriculture, yet outcomes remain highly variable across crops, soils,
and climates. Beneficial microorganisms such as Pseudomonas,
Bacillus, and arbuscular mycorrhizal fungi enhance plant tolerance to
drought, salinity, and temperature extremes by modulating antioxi-
dant activity, osmolyte accumulation, and hormonal balance (Yang et
al., 2009; Niu et al., 2018). However, the effectiveness of these micro-
bial inoculants often depends on soil nutrient status, native microbial
diversity, and host genotype, leading to inconsistent field performance
(Sessitsch et al., 2019; Compant et al., 2019). Environmental fluctua-
tions further influence microbial persistence and signaling, sometimes
reducing the long-term benefits observed under controlled conditions
(Timmusk et al., 2017; Trivedi et al., 2020). Consequently, integrating
stress-resilient microbiomes with adaptive management practices and
predictive ecological modeling is crucial for developing reliable strate-
gies that sustain crop productivity under changing climatic scenarios.

3.3 How microbes interact with each
other — plant—soil-microbiome networks

As Berg et al. (2020) described, microbes form networks and
interact with one another, resulting in diverse consequences for
microbial fitness, dynamics, and functional capacities within the
microbiome. Coban et al. (2022) proposed that microbial communi-
ties serve as indicators of ecosystem health and restoration, as well as
agents in the recovery of degraded soil. The microbiome improves
plant fitness and can increase plant resilience and nutrient mobiliza-
tion (Berg et al., 2016; Hirsch and Mauchline, 2012; Yadav et al,,
2021). The composition of the plant microbiome depends on plant
species and root exudates (Sasse et al., 2017), soil type (Macik et al.,
2020b), and also the cultivar of a given plant species (Panek et al.,
2021; Vink et al.,, 2021b). The soil microbiome is the primary source
from which plants recruit beneficial microbes as partners in interac-
tions; both its structure and diversity are increasingly recognized as
significant contributors to plant health enhancement and sustainable
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agricultural development (Vink et al., 2021a). Therefore, microbiome-
based strategies for plant breeding crucially include traits that interact
with the microbiome when selecting resistant varieties for specific
climate conditions and for resilience to biotic and abiotic stresses
(Dubey et al., 2019; Coban et al., 2022). Moreover, microorganism
inoculants can reshape soil microbiomes (Liu et al., 2022). They can
interact with native soil microbial communities (Mawarda et al.,
2020) and communicate indirectly through plant root exudates
(Cesari et al., 2019). Microbial inoculation can cause tremendous
shifts in the number and composition of soil microbiomes, but its
impact depends on the techniques applied (Trabelsi and
Mhamdi, 2013).

In summary, soil and plant microbiomes play a pivotal role in
maintaining the health of plant and soil ecosystems and enhancing
crop productivity. Interactions between the soil and plant microbi-
omes maintain and shape soil properties and quality. Recently, the
effects of cooperation among plant-microbial communities on plant
growth and health have become increasingly important. The services
provided by plant-associated microorganisms can shape the plant
host’s natural immunity (Vannier et al., 2019). This interaction is so
beneficial to plants that they actively attract soil microorganisms by
secreting compounds that stimulate their growth (Reinhold-Hurek et
al., 2015; Sasse et al., 2017). However, a more holistic approach is
needed to better understand the relationships between microbes and
plants. Currently, the challenges are to define microbial-plant-soil
interactions as whole communities and to design microbial consortia
to balance rhizosphere communities, thereby simultaneously protect-
ing plants, enhancing nutrient availability, and ensuring the stability
of soil microbiomes, thereby mitigating the impact of biotic and abi-
otic stressors caused by a changing climate.

4 Innovative agricultural approaches

The challenges posed by broad urbanization, a changing climate,
and a rapidly growing global population, which are driving increasing
demand for food, have led to the development of new approaches to
innovative farming, such as vertical and urban agriculture. Vertical
farming involves cultivating crops in containers stacked vertically
within controlled environments, employing technologies such as
media-based methods, hydroponics, aeroponics, and LED lighting.
Such an approach allows optimization not only of space but also of
water and nutrient use through the application of closed-loop systems,
minimizing reliance on herbicides and pesticides and further improv-
ing sustainability and resource efficiency (Benke and Tomkins, 2017).
On the other hand, urban farming integrates farming into metropoli-
tan areas, such as transforming rooftops, vacant spaces, or indoor
areas into farmland. Such urban farming can enhance food security
and resilience against disruptions to the food supply chain, while pro-
moting community engagement and environmental conservation, or
improving urban landscapes (Specht et al., 2014; Thomaier et
al,, 2015).

Another topic closely related to urban and vertical farming is the
production of so-called “superfoods.” Often, foods such as sprouts and
microgreens are considered superfoods. This food is rich in macro-
and micronutrients and possesses favorable properties and effects on
human health, thanks to its high content of vitamins, minerals, and
antioxidants (Franco Lucas et al., 2021). The integration of a
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controlled vertical farming environment with superfood production
ensures consistent quality and yield, maintaining year-round avail-
ability regardless of external conditions. Moreover, urban agriculture
can significantly reduce the carbon footprint associated with food
storage and transportation by lowering logistics requirements (Kulak
et al., 2013). As such, monitoring and maintaining the microbiome
composition of vertically and urban-cultivated plants is even more
critical, as the stability of the plant holobiont ensures the predictability
and stability of production and resilience against plant diseases (Du et
al,, 2025).

5 Sequencing methods and
bioinformatic tools as relevant
approaches to determine soil
microbiome changes for the prediction
of plant diseases, soil health, and
quality in a changing climate

Climate change impacts significant aspects of our lives. But not
only is human life altered. Rising temperatures and CO, levels alter the
soil microbiome’s abundance, behavior, and diversity, affecting its fer-
tility and soil-plant microbiome interactions, which, in turn, change
plant resistance to stresses and vulnerability to crop diseases.
Currently, the most efficient methods for studying changes in soil and
plant microbiome diversity involve sequencing and characterizing
microbial DNA. Advances in DNA sequencing methods, computer
power, and bioinformatic tools have enabled the study of the genetic
diversity of microbial communities, including previously uncultivable
species. Two strategies for determining microbiome composition have
emerged: amplicon and metagenomic sequencing. Amplicon sequenc-
ing focuses on defining and amplifying the sequence of a single gene
fragment. Most frequently targeted are marker genes that are taxo-
nomically and phylogenetically informative (Hugenholtz and Pace,
1996; Schoch et al., 2012). Such sequencing is often referred to as
metataxonomics (Marchesi and Ravel, 2015). The relatively low cost
of metataxonomic methods allows for studying how microbial profiles
and their diversity change in response to environmental changes.
Although this approach is promising and accessible, it has some criti-
cal constraints. First, amplicon sequencing is prone to PCR-related
bias, including artifacts that skew the distribution of PCR products
due to unequal amplification (Acinas et al., 2005; Hong et al., 2009).
Moreover, choosing primers is crucial for obtaining high-quality data
and is constantly being re-evaluated.

In contrast to amplicon sequencing, metagenomic sequencing
sequences all the DNA present in a studied sample. This is done using
a method known as “shotgun” metagenomics. Genetic material from
a community is cut into shorter fragments using various techniques
(such as sonication, mechanical tearing, or enzymatic restriction) and,
after adding sequencing adapters, sequenced (Sharpton, 2014).
Metagenomic sequencing can provide more comprehensive informa-
tion about the genes involved in metabolic pathways in a sample, as
well as generate metagenome-assembled genomes (MAGs). However,
shotgun sequencing, especially of soil samples, requires a sequencing
depth that is not comparable to that of amplicon sequencing.
Sequencing of microbiomes is heavily hindered by host DNA
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“contamination,’
(Sharpton, 2014).
To study shifts in soil microbiomes driven by climate change,

requiring even greater sequencing depth

appropriate sequencing techniques must be used. Illumina sequenc-
ing-by-synthesis is currently the gold standard in metataxonomics due
to its ability to sequence either the V4 region of the 16S rRNA gene or
the V3-V4 region of the 16S rRNA gene, as well as ITS1 or ITS2, in
large quantities. Due to the observation that the longer the read across
marker region, the better the accuracy of microbial identification,
developments in recent years have brought different approaches to
metataxonomics, focusing on obtaining much longer reads (Payne et
al,, 2019; Wang Y. et al., 2021), spanning the entire 16S rRNA gene
(Wagner et al., 2016) or the entire ITS1-5.85-ITS2 region (Purahong
etal, 2019). Although there have been early-stage problems with read
quality (Goodwin et al., 2016; Tedersoo et al., 2018), there already is
the possibility to utilize customer-ready third-generation long-read
sequencing technologies, with PacBio offering Single-Molecule-Real-
Time (SMRT) sequencing within its latest Revio and Vega platforms,
while Oxford Nanopore Sequencing Technologies offers nanopore
sequencing-based technology with both mobile and accessible plat-
form Minion and higher throughput ones like Gridion and
Promethion sequencers (Goodwin et al., 2016; Tedersoo et al., 2018).

Thanks to the integration of metataxonomic and metagenomics
approaches enabled by The Data Integration Analysis for Biomarker
discovery using a Latent cOmponents (DIABLO) framework (Singh
et al., 2019) in mixOmics (Rohart et al., 2017), with zero radius
Operational taxonomic units (zOTU) constructed by USEARCH
(Edgar, 2010) and Ribosomal Database Project (Cole et al., 2014),
while also using Metagenomic Rapid Annotations using Subsystems
Technology (MG-RAST), Ferrarezi et al. (2023) confirmed positive
effect of plant growth promoting bacteria Azospirillum brasilense
inoculations on maize growth. Moreover, a metagenomics metastudy
by Masuda et al. (2024) found that Anaeromyxobacteraceae and
Geobacteraceae within Deltaproteobacteria are groups of nitrogen-
fixing microorganisms present within microbiomes in ecosystems
with different land usage types and geographic origins. Functional
profiling enabled by the metagenomics approach to soil studies
allowed Pang et al. (2021) to determine that continuous sugarcane
cultivation significantly reduction the abundance of the functional
pathway, such as genes related to nitrogen and sulfur cycling in soil,
reduced diversity of soil bacterial and fungal communities, signifi-
cantly reduced the number of bacteria associated with soil nitrogen
and sulfur cycling functions, and enriched pathogenic bacteria.

Recent years have brought significant advances in computational
power, making it possible to apply supervised Machine Learning (ML)
techniques to studies of soil. ML is widely used with microbiome data,
as naive Bayesian classifiers have found utility in assigning taxonomy
to Amplicon Sequence Variants or Operational taxonomic Units
(Pedregosa et al., 2011; Wang et al., 2007), while model for learning
error profile of reads within sequencer run based on LOESS (locally
estimated scatterplot smoothing) function fitting was developed to
overcome limitations of OTU clustering with emergence of ASV
approach to metataxonomic data. Moreover, methods such as the
random forest (RF) classifier and the L2 Support Vector Machine (L2-
SVM) with a linear kernel have been successfully deployed to predict
many soil properties and even crop productivity (Chang et al., 2017;
Wilhelm et al., 2022).

What is essential is that the RF method was found to perform best
for typical microbiome data (Thompson et al., 2019; Zhou and Gallins,
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2019), while L2-SVM is often chosen for its speed (Topguoglu et al.,
2020). Depending on the choice of ML algorithm, classifier, or regres-
sor, categorical and numerical variables can be predicted.

Recent advances in metagenomics, metatranscriptomics, and
metabolomics have revolutionized our understanding of plant-
microbe interactions, enabling the identification of functional genes,
signaling pathways, and metabolic exchanges that govern plant health
and soil ecosystem dynamics (Levy et al., 2018; Hacquard et al., 2015).
These multi-omics approaches reveal not only the taxonomic compo-
sition but also the functional potential and real-time activity of micro-
bial communities in response to environmental and plant-derived
cues (Delgado-Baquerizo et al., 2018). Integrating these data with
artificial intelligence (AI) and machine learning (ML) has enabled
researchers to build predictive models that link microbiome composi-
tion to plant traits, stress tolerance, and disease outcomes (Xu et al.,
2018). For instance, ML algorithms are now applied in disease predic-
tion, microbiome-based crop yield forecasting, and trait selection for
breeding programs that favor beneficial microbial associations (Xu et
al., 2018; Zhao et al.,, 2023; Chang et al., 2017). Together, these
approaches are transforming plant-microbiome research from
descriptive ecology into predictive and actionable systems biology,
paving the way for precision agriculture and microbiome engineering.

Machine learning algorithms can now be easily employed using
QIIME2 plugin “sample-classifier; which supports supervised ML
methods for classification and regression of sample properties (Bolyen
etal., 2019; Bokulich et al., 2018). There are also attempts to utilize soil
and plant metagenomic data, along with machine learning, to predict
their susceptibility to plant diseases. It is a powerful tool that may
become useful in predicting how microbiomes will adapt to climate
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change and how these changes will affect soil properties and health
(Figure 2). Recently, Demilie (2024) suggested that the best results for
predicting plant diseases are obtained when deploying ML models on
each compartment of the studied plant and its environment. It is also
stated that new approaches, such as the real-time application of ML
methods to predict or detect diseases, are being developed, and that
studies focusing on these approaches should be encouraged.
Bioinformatics can be deployed to assess microbial community struc-
ture and functions, predict plant diseases, and assess soil health and
quality in a changing climate, based on soil microbiome analysis and
computation.

5.1 Current limitations and prospects for
future studies

Metagenomics is a crucial approach for gathering information on
microbial communities in soil. However, whether this approach pro-
vides an accurate representation of soil microbial diversity remains a
question. Soil represents a vast genetic reservoir; unfortunately,
despite new concepts and technological advancements, the diversity
and functionality of soil microbes remain largely unknown, mainly
because of the complex soil structure, which poses difficulties for
extracting DNA thoroughly and efficiently. Additionally, cell adsorp-
tion and DNA adherence to soil components result in losses of genetic
information. Therefore, current DNA exploitation techniques allow
the study of mainly dominant microbial populations in soil (Lombard
et al,, 2011). However, researchers have recently become increasingly
interested in the rare microbiota present in soil, which appears to be
a promising direction for future study.
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Metagenomic research generates enormous amounts of data, posing
significant challenges for sequence assembly and analysis. Technological
advances have made it easier to collect vast amounts of sequence data.
However, soil samples with thousands of unique taxa are frequently
poorly described and characterized (Anthony et al., 2024). Although
improved strategies for investigating DNA/RNA in soil enable an under-
standing of microbial diversity, interpreting the limited data is challeng-
ing, and a detailed catalog of soil microorganisms and functional genes
does not exist for any soil (Kaushik et al., 2020).

Therefore, there is a need to move from the microbes list pres-
ent in the samples to their functionality and involvement in soil
processes (Frac et al., 2018; Frac et al., 2022). Moreover, the chal-
lenge is to identify appropriate DNA/RNA extraction techniques
that allow distinguishing active, dormant, dead, and total microor-
ganisms within the soil microbial community (Blagodatskaya and
Kuzyakov, 2013).

Finally, as microbial communities are essential components of soil
ecosystems and metagenomics data are increasingly easy to collect,
key challenges of soil metagenomics studies include soil physicochem-
ical properties causing difficulties in genetic material extraction,
selecting natural controls as a good baseline, as well as sharing data,
allowing meta-analyses crucial for overall effects investigation (Leite
etal., 2022).

6 Conclusion and future directions

Increasing soil performance, persistence, and inoculation effi-
ciency with microbial-based products is a priority to harness their
potential and reduce risks of adverse outcomes. Although numer-
ous studies have focused on aspects of soil microbiomes, including
structure, biodiversity, and functions, significant knowledge gaps
remain, and substantial research is needed to understand the inter-
actions within soil-plant-microbiomes in different ecosystems,
thereby gaining a deeper understanding of soil functionality and
microbiome-based services for agroecosystems. The challenges in
this context can serve as principal future perspectives in soil
microbiome research, especially under changing climate condi-
tions. In conclusion, we suggest studies to include (a) a deeper
explanation of how soil microbiomes’ structure and functionality
can contribute to the future development of climate-resilient and
resistant plants to biotic and abiotic stresses; (b) integration of dif-
ferent omics approaches to increase higher-resolution character-
ization of soil microbiomes to define holistic healthy (eubiotic) and
unhealthy (dysbiotic, pathobiomic) plant and soil microbiomes
both to develop predictive models of plant disease occurrence and
to improve climate models; (c) implementation of more cultiva-
tion-based assays into microbiome research to more explicitly
describe ecotypes and adaptation modes of specific microbial
groups to a changing environment; to date, there are not well
enough described and designed studies in these areas. These pros-
pects are supported by the latest soil priorities in the European
Union, which highlight soil health restoration as an essential chal-
lenge by 2050. These priorities are contained in the Horizon
Europe mission “Caring for soil is caring for life”, supported by “A
Soil Deal for Europe”, and contribute to multiple European Green
Deal targets on climate resilience, sustainable farming, zero pollu-
tion, and biodiversity. Moreover, the strategies and approaches
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presented in this review align with the European Commission’s
Microbiome World Pathway, which identifies systemic challenges
and necessary actions by 2030 (European Commission, 2020).
Finally, given the challenges facing modern and future agriculture,
revolutionary approaches and solutions to climate and sustainability
problems, food production, security, and plant health defense must be
pursued. The methods, strategies, and challenges should not only refer
to large-scale agricultural and horticultural crops, but also range from
agroecological management techniques based on microbially medi-
ated ecosystem functions to advanced sustainable farming techniques,
such as vertical and urban farming, and the production of superfoods,
including microgreens. The application of microbial inoculants, bio-
fertilizers, and genetically enhanced biocontrol agents offers signifi-
cant promise for sustainable agriculture, yet it also raises ecological
and regulatory concerns that warrant careful consideration.
Introducing non-native or engineered microorganisms into soil eco-
systems can disrupt native microbial community structure and func-
tion, potentially leading to competitive exclusion or altered nutrient
cycling (Li et al., 2022; Miiller et al., 2016). Moreover, the risk of hori-
zontal gene transfer (HGT) between introduced strains and indige-
nous microbes poses challenges for biosafety, as antibiotic resistance
or virulence genes could be unintentionally disseminated (van Elsas
et al., 2003; Heuer and Smalla, 2012). Environmental persistence of
inoculants and their metabolites may also cause unforeseen ecological
feedbacks, particularly under varying soil and climate conditions
(Mumtaz et al., 2025). Regulatory frameworks for microbial-based
products remain fragmented globally, often lagging behind techno-
logical advances in synthetic biology and microbial engineering
(Elazzazy et al., 2025; Pellegrini et al., 2025). Therefore, risk assess-
ment protocols integrating genomic, ecological, and functional data
are essential to ensure that microbiome-based innovations promote
sustainability without compromising ecosystem integrity or biosafety.
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