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ABSTRACT

Sustainable agriculture requires a comprehensive understanding of the molecular mechanisms through which soil
microorganisms regulate ecosystem functioning and plant productivity. While metagenomics has significantly
advanced the characterization of microbial diversity and functional potential, it provides limited insight into the
biological activities occurring under dynamic environmental conditions. Functional multi-omics, integrating
metagenomics, metatranscriptomics, metaproteomics and metabolomics, overcomes this limitation by linking
microbial genetic potential with active biological processes. This integrated systems biology approach provides
unprecedented insights into plant-soil-microbiome interactions and their roles in nutrient cycling, disease
suppression, abiotic stress tolerance and carbon sequestration. Advances in functional multi-omics have elucidated
the molecular mechanisms governing microbial community assembly, rhizosphere communication and ecosystem
functioning, enabling the identification of key microbial taxa, functional genes, proteins and metabolites associated
with sustainable agricultural processes. These discoveries have accelerated the development of microbiome
engineering strategies, microbiome informed crop improvement, synthetic microbial communities and next
generation microbial biofertilizers aimed at enhancing nutrient-use efficiency, improving crop resilience and
reducing dependence on synthetic agrochemicals. Despite these advances, challenges related to experimental
standardization, multi-omics data integration, computational analyses, field scale validation and regulatory
frameworks continue to constrain large scale agricultural implementation. Future integration of functional multi-
omics with artificial intelligence, precision agriculture, remote sensing and predictive ecological modelling is
expected to facilitate site-specific microbiome management and climate-smart farming practices. Overall,
functional multi-omics provides a transformative framework for bridging microbial diversity with ecosystem
function, offering new opportunities to improve soil health, agricultural productivity and environmental
sustainability.

KEYWORDS: Functional multi-omics; Soil microbiome; Metagenomics; Metatranscriptomics; Metaproteomics;
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1. INTRODUCTION

Agriculture is facing unprecedented challenges in meeting the food demands of a rapidly growing global population
while simultaneously addressing climate change, soil degradation, biodiversity loss and the environmental
consequences associated with excessive dependence on synthetic fertilizers and pesticides (Shahmohamadloo et al.,
2021). Although conventional agricultural intensification has substantially increased crop productivity over recent
decades, it has also accelerated soil nutrient depletion, disrupted beneficial microbial communities, reduced
ecosystem resilience and contributed to environmental pollution (Sudarshan et al., 2024). Consequently, there is an
increasing global emphasis on developing sustainable agricultural systems that maintain high productivity while
preserving soil health, conserving ecosystem functions and minimizing environmental impacts.

Central to this transition is the soil microbiome, which has emerged as a fundamental determinant of agricultural
sustainability owing to its critical role in nutrient cycling, organic matter decomposition, soil carbon sequestration,
disease suppression and plant adaptation to environmental stresses (Madhulika et al., 2025). Within the rhizosphere,
complex interactions among plant roots, soil microorganisms and their surrounding environment create a highly
dynamic biological interface that regulates plant growth and productivity. Beneficial microorganisms promote
biological nitrogen fixation, phosphorus solubilization, phytohormone production, induced systemic resistance and
tolerance to abiotic stresses, thereby reducing reliance on chemical inputs while enhancing crop performance (Feng
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et al., 2026). Consequently, understanding the molecular mechanisms governing these interactions has become a
major research priority for developing climate resilient and resource efficient agricultural systems.

The rapid advancement of high sequencing technologies has revolutionized our understanding of soil microbial
communities. Initial investigations relied primarily on culture dependent methods or marker gene sequencing to
characterize microbial diversity, whereas the advent of shotgun metagenomics enabled comprehensive
characterization of both microbial taxa and their functional genes (Sardar et al., 2024). Despite this significant
progress, metagenomics primarily reveals the genetic potential of microbial communities and provides limited
insight into the biological processes that are actively occurring under specific environmental conditions. Because
the presence of functional genes does not necessarily indicate their expression or contribution to ecosystem
functioning, there is an increasing need for complementary approaches capable of capturing microbial activity
across multiple molecular levels (Jansson & Hofmockel, 2018).

To overcome these limitations, functional multi-omics has emerged as a powerful systems biology framework that
integrates metagenomics, metatranscriptomics, metaproteomics and metabolomics to bridge the gap between
microbial genetic potential and realized biological function (Zhang et al., 2010). By simultaneously investigating
gene content, transcriptional activity, protein expression and metabolite production, functional multi-omics
provides a comprehensive understanding of plant-soil-microbiome interactions and the molecular mechanisms
underlying nutrient cycling, stress adaptation, disease suppression and carbon sequestration (Li et al., 2026). Rather
than serving solely as a descriptive tool for microbial community profiling, these integrated approaches enable
mechanistic and predictive insights that can guide precision agricultural management and microbiome based
interventions.

Recent advances in functional multi-omics have transformed our understanding of plant-soil-microbiome
interactions by integrating microbial genetic potential with functional activity. The roles of metagenomics,
metatranscriptomics, metaproteomics and metabolomics in elucidating key processes underlying nutrient cycling,
disease suppression, abiotic stress tolerance and carbon sequestration are examined, together with their applications
in microbiome engineering, crop improvement and microbial biofertilizer development. Current challenges and
future research directions are also discussed to highlight the potential of functional multi-omics in advancing
resilient and sustainable agricultural systems.

2. The Soil Microbiome: Foundation of the Tripartite System

The successful application of functional multi-omics in sustainable agriculture first requires an understanding of
the biological complexity of the soil microbiome. A gram of agricultural soil can harbour thousands of bacterial and
archaeal taxa alongside a rich assemblage of fungi, protists and viruses, making soil among the most microbially
diverse habitats on Earth (Bahram et al., 2018). These microorganisms form intricate ecological networks with
plants and soil, creating a tripartite system that underpins nutrient cycling, plant productivity and overall soil health
(Pandit et al., 2026).

Bacteria and archaea dominate numerically and drive most nutrient transformation reactions, whereas fungi
including both saprotrophic decomposers and mycorrhizal symbionts contribute disproportionately to organic
matter turnover and soil structure formation (Berg et al., 2020). Protists regulate bacterial populations through
grazing, thereby influencing nutrient mineralization, while soil viruses shape microbial community composition
through lysis and horizontal gene transfer (Trivedi et al., 2020). This remarkable microbial diversity is particularly
concentrated within the rhizosphere, the narrow zone of soil directly influenced by plant roots, where microbial
abundance and metabolic activity can be several orders of magnitude greater than those observed in bulk soil
(Upadhyay et al., 2022).

Describing soil microorganisms solely on the basis of taxonomy provides only limited insight into their ecological
roles. From an agronomic perspective, it is therefore more informative to classify microorganisms according to their
functional guilds rather than their taxonomic identity (Table 1). Furthermore, because the majority of soil
microorganisms remain unculturable under laboratory conditions, the soil metagenome which represents the
collective genetic repertoire of the microbial community, constitutes a vast and largely unexplored reservoir of
biosynthetic and metabolic potential (Berg et al., 2020).

Table 1. Key functional microbial guilds in the plant-soil-microbiome system

Functional Guild Representative Taxa | Primary Agronomic Reference
Function
Nitrogen fixers Rhizobium, Root-nodule symbiosis (Chen & Zhou,
(symbiotic) Bradyrhizobium, converting N2 to plant 2024)
Sinorhizobium available ammonium
Nitrogen fixers (free- Azotobacter, Non-symbiotic biological (Smercina et al.,
living) Azospirillum nitrogen fixation in the 2019)
rhizosphere
Phosphate solubilizers Pseudomonas, Mineralization of organic P (Sun et al., 2026)
Bacillus, Penicillium | and solubilization of mineral
bound P
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PGPR Pseudomonas Phytohormone modulation, (Sivasakthi et al.,
fluorescens, Bacillus | siderophore production, ACC | 2014)
subtilis deaminase activity

Mycorrhizal fungi Arbuscular Extended nutrient (esp. P) (Miransari, 2013)
mycorrhizal fungi and water uptake,
(Glomeromycotina) rhizosphere structuring

Biocontrol agents Streptomyces, Antibiosis, competition and (Mahapatra et al.,
Trichoderma, induced systemic resistance 2024)
antagonistic
Pseudomonas

Importantly, comparative metagenomic studies have demonstrated that microbial taxonomic composition and
functional gene content are often only weakly correlated (Manor & Borenstein, 2017). Functional genes involved
in key ecosystem processes, such as phosphorus solubilization and nitrification, are distributed across taxonomically
diverse microorganisms, resulting in substantial functional redundancy (Siles et al., 2022). Consequently, critical
soil functions can often be maintained despite considerable shifts in microbial community composition arising from
changes in agricultural management or environmental conditions (Shaffer et al., 2022). This observation highlights
that understanding ecosystem functioning requires greater emphasis on microbial functional capacity than on
taxonomic composition alone.

The assembly of soil microbial communities is likewise governed by multiple interacting factors. Abiotic filters
including soil type, pH, organic matter content, land use history and management practices, determine the pool of
microorganisms capable of surviving within a given soil environment (Upadhyay et al., 2022). Superimposed on
these environmental filters is host mediated selection, whereby plants actively recruit a subset of the surrounding
microbial community into the rhizosphere and endosphere through root derived chemical signals (Pacheco-Moreno
et al., 2024). These seclective interactions establish the biological foundation of the plant-soil-microbiome
continuum, influencing microbial community assembly and the functional processes that sustain soil health and
crop productivity.

3. Soil Metagenomics: Cataloguing the Genetic Potential of Soil Microbiomes

3.1 Principles and Workflow

Characterizing the immense diversity and functional potential of soil microbial communities is fundamental to
understanding their roles in ecosystem functioning and sustainable agriculture. Because the vast majority of soil
microorganisms cannot be cultured using conventional laboratory techniques, culture independent molecular
approaches have become indispensable for studying soil microbial communities (Rincon-Florez et al., 2013).
Among these, soil metagenomics has emerged as one of the most powerful tools for comprehensively exploring the
taxonomic composition and genetic repertoire of complex microbial ecosystems (Ejaz et al., 2024).

Soil metagenomics involves sequencing the total DNA extracted directly from soil or rhizosphere samples, enabling
comprehensive characterization of microbial communities without the need for cultivation (Sabale et al., 2019).
Unlike amplicon-based sequencing, which targets conserved marker genes such as the 16S rRNA gene primarily
for taxonomic identification, shotgun metagenomic sequencing randomly fragments and sequences all DNA present
within a sample (Laudadio et al., 2018). This approach simultaneously identifies microbial taxa and the functional
genes they harbour, providing insights into both community composition and metabolic potential.

One of the major strengths of metagenomics is its ability to generate taxonomic and functional information within
a single analysis (Bagci et al., 2019). Microbial communities that differ considerably in taxonomic composition
may nevertheless possess similar functional capabilities because key nutrient cycling genes are often shared among
phylogenetically distinct microorganisms (Castellano-Hinojosa & Strauss, 2021). Consequently, gene centric
metagenomic analyses frequently provide a more meaningful assessment of ecosystem functioning than taxonomy-
based approaches alone. Recent advances in genome resolved metagenomics have further strengthened this
capability by assembling sequencing reads into metagenome-assembled genomes (MAGs), thereby enabling
functional genes involved in processes such as nitrification, phosphorus acquisition and carbon metabolism to be
assigned to specific microbial genomes (Mirete et al., 2025). This genome level resolution has considerably
improved our understanding of the ecological roles performed by individual microorganisms within highly complex
soil communities.

3.2 Insights from Soil Metagenomics for Sustainable Agriculture

The application of metagenomics has substantially advanced our understanding of the genetic mechanisms that
underpin soil biogeochemical processes essential for sustainable agriculture. By identifying functional genes
involved in nutrient cycling, metagenomics has provided valuable insights into the microbial processes regulating
soil fertility and crop productivity (Jia et al., 2025).

Large-scale metagenomic investigations have identified diverse functional genes associated with nitrogen cycling,
including those involved in biological nitrogen fixation (nifH), ammonia oxidation (amoA), nitrite oxidation (nxrA)
and the multiple pathways of nitrate reduction and denitrification (Wang et al., 2022). Similarly, genes associated
with phosphorus acquisition, including phosphate-starvation regulators, phosphate-solubilization genes (gcd),
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phosphatases (phoD) and phosphate transport systems, have been widely characterized across agricultural soils
(Siles et al., 2022).

Importantly, the abundance and diversity of these functional genes respond consistently to agricultural management
practices such as fertilizer application, cropping systems, vegetation type and soil physicochemical properties,
particularly soil pH (Li et al., 2020). Consequently, metagenomic analyses provide early molecular indicators of
changes in nutrient cycling potential that often precede measurable responses in crop growth and yield (Berg et al.,
2020).

Comparative metagenomic studies have also demonstrated that microbial taxonomy and functional capacity are not
always closely linked. Functional genes responsible for essential processes such as nitrification and phosphorus
solubilization are frequently distributed among taxonomically diverse microorganisms, resulting in considerable
functional redundancy (Louca et al., 2018). As a result, substantial changes in microbial community composition
may occur without corresponding losses in ecosystem functioning. These findings reinforce the importance of
evaluating functional gene profiles in addition to microbial taxonomic composition when assessing soil health and
ecosystem resilience.

3.3 From Genetic Potential to Functional Activity

Despite its considerable strengths, metagenomics primarily reveals the genetic potential encoded within microbial
genomes rather than the biological processes that are actively occurring at the time of sampling (Pérez-Cobas et al.,
2020). The presence of genes associated with nutrient cycling does not necessarily indicate that these genes are
being transcribed, translated or contributing to ecosystem functioning under prevailing environmental conditions
(Preheim et al., 2025). For example, microorganisms may possess phosphate-solubilizing genes, yet these genes
remain inactive unless triggered by specific nutrient limitations or environmental cues (Pang et al., 2024).

This distinction between genetic potential and functional activity represents one of the principal limitations of
metagenomics in agricultural research. Agricultural management practices, including fertilizer application,
biofertilizer inoculation and soil amendments, can induce substantial changes in microbial metabolism without
markedly altering the abundance of functional genes (Shittu et al., 2026). Consequently, metagenomic analyses
alone may overlook important physiological responses that directly influence nutrient availability, plant
performance and overall soil functioning (Leite et al., 2022). Addressing this limitation requires complementary
approaches capable of measuring gene expression, protein synthesis and metabolite production (Moshood et al.,
2025).

Functional multi-omics including metatranscriptomics, metaproteomics and metabolomics bridges this gap by
revealing not only the genetic capabilities of soil microbial communities but also the biological functions they
actively perform under specific environmental conditions (Li et al., 2026). By linking microbial genetic potential
with realized biological activity, these integrated approaches bridge microbial community composition with
ecosystem function, providing a systems-level understanding of soil microbial ecology.

4. Functional Multi-Omics: From Genetic Potential to Realized Function

The limitations of metagenomics in distinguishing between microbial genetic potential and actual biological activity
have driven the development of functional multi-omics. While metagenomics provides valuable information about
the genes present within microbial communities, understanding how these genes are regulated, translated and
ultimately expressed as biological functions requires additional molecular layers of analysis (Roller et al., 2013).
Functional multi-omics addresses this need by integrating metatranscriptomics, metaproteomics and metabolomics
into a unified systems biology framework, thereby providing a comprehensive understanding of microbial
functioning from genotype to phenotype (Aguiar-Pulido et al., 2016).

Unlike individual omics approaches, which capture only a single aspect of microbial activity, functional multi-
omics simultaneously investigates gene expression, protein synthesis and metabolite production, enabling
researchers to trace the complete molecular pathway from microbial genetic potential to realized biological function
(Sahoo et al., 2021). Because each omics layer reflects a different stage of cellular regulation and possesses distinct
methodological strengths and limitations, their integration offers a far more accurate representation of microbial
processes than any single technique alone (Yan et al., 2026). Consequently, functional multi-omics has become an
increasingly valuable approach for understanding how soil microorganisms respond to changing environmental
conditions and agricultural management practices, thereby supporting the development of more sustainable and
resilient agricultural systems.
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Figure 1. Integrated functional multi-omics workflow connecting soil microbial genetic potential to
agricultural ecosystem services.

4.1 Metatranscriptomics: Revealing Active Gene Expression

Among the different functional omics approaches, metatranscriptomics provides the first indication of microbial
activity by identifying genes that are actively being transcribed. Because messenger RNA (mRNA) reflects the
immediate physiological response of microorganisms to environmental stimuli, metatranscriptomics offers a real
time snapshot of microbial function under prevailing soil conditions (Mukherjee & Reddy, 2020).
Metatranscriptomics investigates the actively transcribed messenger RNA (mRNA) within microbial communities,
providing insights into gene expression under specific environmental conditions. (Tyagi & Katara, 2024). Unlike
DNA, which represents relatively stable genetic information, mRNA has a short half-life, allowing researchers to
capture rapid microbial responses to drought stress, nutrient availability, pathogen invasion and fluctuations in root
exudation (Falk et al., 2025). Consequently, metatranscriptomics reveals not only the functional capacity of soil
microorganisms but also the biological processes that are actively occurring at the time of sampling.

A major advantage of metatranscriptomics lies in its integration with metagenomic datasets (Morales & Holben,
2011). By mapping RNA sequences onto assembled metagenomes or metagenome-assembled genomes (MAGs),
researchers can determine which microorganisms are actively contributing to specific ecosystem processes. This
integrated approach frequently demonstrates that microorganisms present at relatively low abundance can exhibit
disproportionately high metabolic activity, highlighting that ecological importance is not always reflected by
numerical abundance (Yang et al., 2026). Such findings considerably enhance our understanding of the functional
dynamics governing complex soil microbial communities.

4.2 Metaproteomics: Confirming Functional Activity

Although transcription provides valuable evidence of microbial responses, gene expression alone does not
necessarily predict protein production. Transcription, translation and post-translational regulation are independently
controlled processes, meaning that transcript abundance does not always correspond to functional enzyme activity
(Liu et al., 2016). Consequently, direct analysis of proteins is essential for confirming whether expressed genes
ultimately contribute to biological processes within the soil ecosystem (Starke et al., 2019). Metaproteomics
addresses this limitation by directly identifying and quantifying proteins produced by the entire microbial
community using high resolution mass spectrometry (Pan et al., 2024). Because proteins are the primary functional
molecules responsible for catalysing biochemical reactions, metaproteomics provides direct evidence of microbial
activity within the soil environment (Starke et al., 2019).

Beyond protein identification, metaproteomics also provides valuable information on post-translational
modifications, enzyme activation and protein-protein interactions that cannot be detected through transcriptomic
analyses alone (Shrestha et al., 2021). Nevertheless, applying metaproteomics to soil remains technically
challenging because soil is an exceptionally complex matrix containing extracellular proteins, intracellular proteins,
humic substances and mineral particles that interfere with protein extraction and identification (Pan et al., 2024).
Furthermore, incomplete reference databases and the immense taxonomic diversity of soil microorganisms
frequently complicate peptide annotation, particularly for previously undescribed microbial taxa.

4.3 Metabolomics: Measuring the Chemical Outcome

While metatranscriptomics identifies active gene expression and metaproteomics confirms protein production,
metabolomics captures the final biochemical outcome of microbial activity. Because metabolites represent the end
products of cellular metabolism, they provide the closest molecular representation of the physiological status of the
plant-soil system (Brown et al., 2024). Metabolomics characterizes the complete repertoire of low molecular weight
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metabolites present within the soil-plant environment (Feussner & Polle, 2015). Using analytical platforms such as
mass spectrometry and nuclear magnetic resonance spectroscopy, it identifies diverse compounds including organic
acids, amino acids, sugars, phytohormones and secondary metabolites produced by both plants and microorganisms
(Vinay et al., 2021).

Consequently, metabolomics provides direct evidence of the biochemical processes occurring within the soil
ecosystem. Metabolomic analyses have substantially advanced our understanding of rhizosphere interactions by
identifying chemical signals involved in plant-microbe communication, microbial recruitment, nutrient
mobilization and stress adaptation (Sibanyoni et al., 2025). Changes in metabolite profiles often precede detectable
shifts in microbial community composition, making metabolomics particularly valuable for evaluating the
functional consequences of agricultural management practices and environmental change (Withers et al., 2020).
4.4 Integrating Multi-Omics for Sustainable Agriculture

Although each omics approach provides valuable information individually, their greatest strength lies in their
integration. Combining metagenomics, metatranscriptomics, metaproteomics and metabolomics enables
researchers to connect microbial identity with gene expression, protein synthesis and metabolic activity thereby,
providing a holistic understanding of soil ecosystem functioning (Aguiar-Pulido et al., 2016).

Recent advances in systems biology have facilitated the integration of these datasets through correlation network
analysis, genome-scale metabolic modelling and machine learning based analytical frameworks (Sanches et al.,
2024). These approaches establish direct links between microbial community composition, transcriptional activity,
protein production and metabolite synthesis allowing complex biological interactions to be interpreted at a systems
level (Parveen et al., 2026). However, cross ecosystem investigations have demonstrated that relationships among
microbial taxa, functional genes, proteins and metabolites vary considerably across different environments,
indicating that analytical frameworks developed for one ecosystem cannot always be directly transferred to
agricultural soils (Hicks et al., 2022). This highlights the need for soil specific multi-omics integration strategies
capable of accurately capturing the complexity of agricultural ecosystems.

For sustainable agriculture, integrated functional multi-omics transforms microbial profiling from a descriptive
inventory into a predictive and actionable framework. For example, a soil may exhibit an apparently stable
metagenomic inventory of nitrogen fixation genes while simultaneously displaying reduced transcription of those
genes, diminished nitrogenase protein abundance and lower concentrations of nitrogen-related metabolites (Sun et
al., 2021). Such integrated evidence indicates that nitrogen fixation is functionally impaired despite the underlying
genetic potential remaining intact, thereby guiding management interventions such as pH adjustment, improved soil
aeration or optimized fertilizer application (Dong et al., 2024). By bridging the gap between microbial potential and
realized ecosystem function, functional multi-omics provides a powerful framework for understanding soil health
and developing precision management strategies that enhance agricultural sustainability.

5. The Plant—-Soil-Microbiome Interface: Mechanistic Insights

The application of functional multi-omics has significantly advanced our understanding of the complex interactions
occurring at the plant—soil-microbiome interface. Rather than functioning as independent biological entities, plants,
soil and microorganisms form an integrated and dynamic system in which continuous molecular communication
regulates nutrient cycling, plant health, stress adaptation and overall ecosystem functioning (Bhimani et al., 2024).
By integrating multiple layers of molecular information, functional multi-omics has revealed not only the
composition of microbial communities but also the mechanisms through which plants and microorganisms influence
one another, providing unprecedented insights into the biological processes that sustain agricultural productivity
(Suresh et al., 2025).

5.1 The Rhizosphere and Root Exudates

At the centre of these interactions lies the rhizosphere, the narrow zone of soil directly influenced by root growth
and activity, where intense biological, chemical and physical processes occur (Slaughter, 2021). Plants allocate a
substantial proportion of their photosynthetically fixed carbon to this region through the release of root exudates,
creating a nutrient rich environment that supports highly diverse microbial communities. These exudates comprise
a complex mixture of organic acids, sugars, amino acids, phytohormones, vitamins, phenolic compounds,
flavonoids, terpenoids and other secondary metabolites that function not only as carbon and energy sources but also
as signaling molecules regulating plant-microbe interactions (Wankhade et al., 2025).

Root exudates play a central role in shaping rhizosphere microbial communities by selectively recruiting beneficial
microorganisms while simultaneously influencing microbial activity and community assembly (Zhalnina et al.,
2018). Microorganisms detect these chemical gradients through specialized sensory systems, including methyl-
accepting chemotaxis proteins, enabling motile bacteria to migrate towards actively growing roots (O’Neal et al.,
2020). Importantly, root exudation is not merely a passive consequence of plant metabolism but a highly regulated
process that varies according to plant developmental stage, nutrient availability and environmental stress (Robert et
al., 2025).

For example, under nitrogen deficient conditions, legumes increase the secretion of flavonoids that selectively
attract compatible rhizobia, thereby facilitating biological nitrogen fixation (Liu & Murray, 2016). Recent advances
in metabolomics have greatly enhanced understanding of these interactions by identifying individual exudate
compounds and elucidating their specific roles in microbial recruitment and rhizosphere assembly (Suresh et al.,
2025). These findings demonstrate that the rhizosphere is not simply a zone of microbial colonization but a
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chemically regulated environment in which plants actively shape the composition and function of their associated
microbiome.

5.2 Molecular Dialogues and Beneficial OQutcomes

Following microbial recruitment, successful colonization depends on an intricate molecular dialogue between plants
and microorganisms. Plants initially recognize conserved microbial molecules, known as microbe associated
molecular patterns (MAMPs), through pattern recognition receptors located on the root surface, thereby activating
pattern triggered immunity (PTI), which constitutes the first line of defence against microbial invasion (Yu et al.,
2017). However, because beneficial microorganisms often possess many of the same conserved molecular
signatures as pathogens, they must carefully modulate host immune responses to establish stable and mutually
beneficial associations (Yu et al., 2019).

Plant growth-promoting rhizobacteria (PGPR) achieve this by producing a diverse range of metabolites and
enzymes that regulate plant hormonal signalling pathways (Irfan et al., 2026). For instance, bacterial ACC
deaminase lowers stress-induced ethylene accumulation, thereby alleviating the inhibition of root growth and
facilitating successful microbial colonization (Etesami et al., 2020). Likewise, beneficial microorganisms influence
jasmonic acid, ethylene and salicylic acid mediated signalling pathways resulting in induced systemic resistance
(ISR), a primed physiological state that enhances the plant's capacity to withstand subsequent pathogen attack (Yu
et al., 2022). Through these coordinated molecular interactions, microorganisms improve nutrient acquisition,
stimulate root development, enhance tolerance to abiotic stresses such as drought and salinity, suppress soil-borne
pathogens and ultimately increase plant growth and productivity (Dhiman et al., 2026).

Functional multi-omics has substantially strengthened the mechanistic understanding of these processes by
integrating complementary layers of molecular information. While metagenomics identifies the microorganisms
and functional genes present within the rhizosphere, metatranscriptomics reveals the genes actively expressed
during plant-microbe interactions, metaproteomics confirms the proteins responsible for these biological functions
and metabolomics identifies the signaling molecules exchanged between plants and microorganisms (Srivastava &
Sarethy, 2021). Collectively, these complementary approaches provide a systems level understanding of the plant-
soil-microbiome interface, demonstrating how molecular communication governs microbial community assembly,
regulates ecosystem processes and supports sustainable agricultural productivity.
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Figure 2. Molecular dialogues and functional outcomes at the plant-soil-microbiome interface

6. Functional Multi-Omics Discoveries with Direct Relevance to Sustainable Agriculture

The integration of metagenomics, metatranscriptomics, metaproteomics and metabolomics has transformed soil
microbiology from descriptive community profiling to a mechanistic understanding of microbial functioning. By
linking microbial identity with gene expression, protein synthesis and metabolite production, functional multi-omics
has revealed the molecular mechanisms underlying nutrient cycling, disease suppression, abiotic stress tolerance
and carbon sequestration (Li et al., 2026). These advances have substantially expanded understanding of how soil
microorganisms influence agricultural productivity and sustainability, while providing new opportunities to
improve nutrient-use efficiency, enhance crop resilience, reduce chemical inputs and promote long-term soil health
(Pandey & Saharan, 2025).
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6.1 Functional Regulation of Nitrogen and Phosphorus Cycling

Among the various ecosystem services provided by soil microorganisms, nutrient cycling remains one of the most
fundamental determinants of agricultural productivity. Nitrogen and phosphorus are the primary nutrients limiting
crop growth and their transformation within the soil is largely regulated by microbial activity (Bayu, 2024).
Although metagenomics has successfully identified numerous functional genes associated with these processes,
functional multi-omics has demonstrated that the presence of these genes alone does not necessarily reflect their
biological activity (Wani et al., 2025).

Metatranscriptomic analyses have revealed that genes involved in nitrogen fixation, nitrification, denitrification,
phosphate solubilization and phosphorus mineralization are differentially expressed under varying fertilization
regimes, enabling researchers to distinguish between soils that merely possess nutrient cycling potential and those
actively performing these functions (Du et al., 2023). These findings emphasize that microbial activity is highly
dynamic and responds directly to agricultural management and environmental conditions.

Similarly, comparative studies across different land use systems and plantation types have demonstrated that
microbial phosphorus cycling pathways respond rapidly to nutrient availability (Martins et al., 2026). Under
phosphorus deficient conditions, microorganisms increase the expression of genes involved in phosphate
solubilization and mineralization as an adaptive strategy to enhance phosphorus acquisition (Wu et al., 2022). Such
mechanistic insights provide valuable molecular evidence for optimizing fertilizer management and support the
development of low input, resource efficient agricultural systems that capitalize on indigenous microbial functions.
6.2 Understanding Disease Suppressive Soils

Beyond nutrient acquisition, functional multi-omics has substantially improved our understanding of the microbial
mechanisms that protect plants against disease. Disease suppressive soils represent one of the clearest examples of
how microbial community function directly influences plant health. In these soils, soil-borne pathogens either fail
to establish, cause only limited disease or progressively lose their capacity to induce infection (Latz et al., 2016).
This suppression results from three complementary mechanisms, general suppression through intense microbial
competition, specific suppression mediated by antagonistic microorganisms and induced suppression, whereby the
microbial community reorganizes in response to pathogen invasion (Schlatter et al., 2017).

Functional multi-omics has played a pivotal role in elucidating the molecular basis of these suppressive
mechanisms. Functional amplicon sequencing targeting non-ribosomal peptide synthetase (NRPS) genes has
identified microbial biosynthetic pathways responsible for producing antifungal secondary metabolites that
distinguish Fusarium suppressive soils from disease conducive soils (Tracanna et al., 2021). Earlier studies
integrating PhyloChip analysis with metagenomics similarly identified bacterial consortia responsible for
suppressing Rhizoctonia solani in sugar beet rhizospheres, thereby establishing the foundation for subsequent
transcriptomic and metabolomic investigations (Wolfgang et al., 2020).

Recent metabolomic studies have further demonstrated that plants actively participate in disease suppression
through the "cry for help" mechanism (Rizaludin et al., 2021). Under pathogen attack or environmental stress, plants
modify the composition of their root exudates to selectively recruit beneficial microorganisms capable of
suppressing pathogens while simultaneously enhancing host defence responses (Spooren et al., 2024). This
phenomenon provides a direct mechanistic link between the molecular interactions occurring within the rhizosphere
and practical disease management strategies for sustainable agriculture.

6.3 Enhancing Drought and Salinity Tolerance

As climate change intensifies the frequency and severity of drought and salinity, understanding microbial
mechanisms that enhance plant resilience has become increasingly important. Functional multi-omics has revealed
that beneficial microorganisms improve stress tolerance through coordinated regulation of plant hormonal
signalling, osmotic adjustment, antioxidant defence and root system architecture (Chakrovarty et al., 2026).
Integrated transcriptomic, proteomic and metabolomic investigations consistently demonstrate that plant growth-
promoting microorganisms regulate key hormonal pathways involving abscisic acid (ABA), ethylene, jasmonic
acid, salicylic acid and auxins (Song et al., 2026). Beneficial bacteria producing ACC deaminase reduce stress-
induced ethylene accumulation, while microbial synthesis of exopolysaccharides and compatible solutes enhances
cellular water retention and protects plants against osmotic stress (Singh et al., 2022). Simultaneously, microbial
interactions stimulate modifications in root architecture that improve water and nutrient acquisition under adverse
environmental conditions.

A representative example is provided by the inoculation of maize with the diazotrophic bacteria Azospirillum
brasilense and Herbaspirillum seropedicae, where integrated transcriptomic and physiological analyses
demonstrated reduced expression of a maize ABA biosynthesis gene (Irineu et al., 2022). This modulation alleviated
drought induced hormonal imbalance and significantly improved plant adaptation to water deficit (Upadhyay et al.,
2022). Such findings illustrate how functional multi-omics can identify the precise molecular mechanisms through
which beneficial microorganisms enhance crop resilience under environmental stress.

6.4 Carbon Sequestration and Microbial Necromass Formation

In addition to supporting crop productivity, soil microorganisms play a fundamental role in long term carbon
sequestration and climate regulation. Recent multi-omics investigations have substantially revised the traditional
understanding of soil organic carbon formation (Overy et al., 2021). Rather than originating predominantly from
chemically recalcitrant plant residues, a significant proportion of stable soil organic carbon is now recognized to
derive from microbial necromass, the residual cellular material and extracellular compounds remaining after
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microbial death (Rempfert et al., 2024). This emerging paradigm highlights microbial carbon use efficiency,
microbial turnover and mineral stabilization of necromass as the principal biological drivers of long-term carbon
storage.

Functional multi-omics has further demonstrated that microbial death pathways, including starvation, predation and
viral lysis, not only influence the quantity of necromass produced but also determine its biochemical composition
and subsequent stabilization within soil aggregates (Etesami, 2026). Consequently, microbial necromass formation
is increasingly recognized as a biologically regulated process that can be investigated at genomic, proteomic and
metabolomic levels (Wu et al., 2023).

Importantly, these mechanistic insights have direct implications for agricultural management. A global meta-
analysis comprising 481 paired field observations demonstrated that conservation practices such as reduced or no
tillage, organic manure application and straw incorporation increased cropland microbial necromass carbon by
approximately 12-21%, with the greatest improvements occurring when these practices were implemented in
combination (Zhou et al., 2023). These findings provide compelling evidence that management practices promoting
microbial activity and necromass accumulation can simultaneously improve soil fertility, enhance carbon
sequestration and strengthen climate-smart agricultural systems.

7. Translating Functional Multi-Omics Insights into Sustainable Agricultural Practice

The mechanistic understanding generated through functional multi-omics is increasingly being translated into
practical agricultural innovations. By identifying key microbial taxa, functional genes, metabolic pathways and
plant-microbe interactions, multi-omics provides the scientific foundation for developing targeted microbiome
based strategies that improve crop productivity while reducing environmental impacts (Diwan et al., 2022). These
advances are reshaping modern agriculture through microbiome engineering, microbiome informed crop breeding
and the development of biologically based alternatives to conventional agrochemicals, thereby supporting more
resilient, resource efficient and climate-smart farming systems.

7.1 Microbiome Engineering: Designing Synthetic Microbial Communities

One of the most promising applications of functional multi-omics is the rational design of microbial communities
capable of performing multiple beneficial functions simultaneously. Conventional microbial inoculants generally
consist of single microbial strains selected for specific plant growth-promoting characteristics (Zaramela et al.,
2021). Although these inoculants often perform well under controlled laboratory or greenhouse conditions, their
effectiveness under field conditions is frequently inconsistent because introduced microorganisms must compete
with well established native microbial communities and often lack the functional diversity required to support plants
under fluctuating environmental conditions (Sarker et al., 2026).

To overcome these limitations, synthetic microbial communities (SynComs) have emerged as an innovative
microbiome engineering strategy. SynComs are deliberately assembled microbial consortia composed of
taxonomically and functionally complementary microorganisms selected to collectively perform multiple
ecological functions, including nutrient acquisition, disease suppression, stress tolerance and efficient rhizosphere
colonization (Zhang et al., 2026). The design of these microbial consortia increasingly relies on functional multi-
omics, which enables researchers to identify keystone taxa, complementary metabolic pathways and ecological
interactions that promote stable community establishment and enhanced plant performance (Xu et al., 2026).

The practical value of this approach has recently been demonstrated in maize, where a teosinte derived seven strain
SynCom was evaluated alongside conventional urea fertilization and drone assisted phosphorus application.
Integrated multi-omics analyses revealed significant changes in bacterial and fungal community composition that
were accompanied by measurable improvements in soil functionality and crop performance (Hernandez-Garcia et
al., 2025). This study illustrates how microbiome engineering, precision agriculture and advanced molecular
technologies are beginning to converge to develop more efficient and sustainable crop management strategies.

7.2 Microbiome-Informed Crop Breeding

In addition to engineering microbial communities, functional multi-omics has demonstrated that plants themselves
play an active role in shaping their associated microbiome. Plant genotype significantly influences the composition
and functional characteristics of rhizosphere microbial communities, leading to the recognition that microbiome
recruitment is, at least in part, a heritable trait (Negre Rodriguez et al., 2025).

Genome wide association studies have identified host genetic loci associated with the recruitment of beneficial
microbial taxa (Deng et al., 2021), while comparative studies of crop domestication suggest that historical breeding
has inadvertently selected for microbial communities capable of enhancing nutrient acquisition, plant growth and
stress resilience (Ramirez-Villacis et al., 2025). These findings have given rise to the concept of microbiome
informed breeding, in which crop improvement programmes aim not only to optimize plant genetics but also to
enhance the recruitment and maintenance of beneficial microbial communities (Kumar et al., 2026).

Nevertheless, translating this concept into routine breeding programmes remains challenging because the
composition and function of rhizosphere microbial communities are strongly influenced by environmental
conditions, soil properties and plant developmental stage. Consequently, microbiome heritability often varies across
different production systems (Araujo et al., 2025). To address this challenge, some researchers advocate selecting
plant phenotypes associated with beneficial microbiome recruitment rather than relying exclusively on host
genotype, thereby integrating plant performance with microbiome functionality during crop improvement (Song et
al., 2020).
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7.3 Reducing Chemical Inputs through Microbial Biofertilizers

The mechanistic insights generated through functional multi-omics also provide strong scientific support for
reducing dependence on synthetic fertilizers and pesticides. The molecular processes including biological nitrogen
fixation, phosphate solubilization, induced systemic resistance, phytohormone regulation and microbial
enhancement of abiotic stress tolerance, collectively demonstrate the capacity of beneficial microorganisms to
function as sustainable alternatives to conventional agrochemicals.

Functional multi-omics has facilitated the identification of microbial strains possessing complementary plant
growth-promoting characteristics while simultaneously revealing the molecular mechanisms responsible for their
beneficial effects (Sahoo et al., 2025). These insights have accelerated the development of more effective
biofertilizers and microbial formulations tailored to specific crops, soils and environmental conditions.
Consequently, microbiome based products are increasingly being incorporated into integrated nutrient management
strategies to improve nutrient-use efficiency, enhance crop resilience and reduce the environmental impacts
associated with intensive fertilizer use (Singh et al., 2025).

Despite these advances, achieving consistent field performance remains a major challenge. The effectiveness of
microbial inoculants depends not only on microbial functionality but also on formulation quality, carrier
compatibility, shelf life, survival during storage and successful establishment within native soil microbial
communities (Lobo et al., 2019). Addressing these formulation and delivery constraints therefore remains essential
for translating laboratory discoveries into reliable agricultural technologies that can be adopted on a large scale
(Fadiji et al., 2024).
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Figure 3. The translational pipeline from multi-omics discovery to field-scale sustainable agriculture.

8. Challenges and Future Perspectives

Despite the remarkable advances achieved through functional multi-omics, several scientific, technical,
computational and practical challenges continue to limit its widespread application in sustainable agriculture.
Although integrated multi-omics has substantially improved mechanistic understanding of plant-soil-microbiome
interactions, translating these discoveries into reliable field scale technologies remains a major challenge.
Addressing these limitations will be essential for harnessing the full potential of functional multi-omics to improve
crop productivity, soil health and environmental sustainability.

From a technical perspective, the absence of standardized protocols for sample collection, nucleic acid extraction,
protein isolation, metabolite analysis, sequencing and data processing remains a significant obstacle (Ece et al.,
2026). Variations in experimental methodologies among laboratories often reduce the reproducibility of multi-
omics datasets and hinder direct comparisons across independent studies (Tarazona et al., 2020). Furthermore,
reference databases remain incomplete for many taxonomically novel and uncultured soil microorganisms, making
accurate functional annotation and taxonomic assignment particularly challenging (Keck et al., 2023). Another
important limitation is the disparity between controlled experimental environments and agricultural field conditions,
where microbial interactions are influenced by highly heterogeneous soil properties, climatic variability and
management practices. Consequently, microbial functions identified under greenhouse conditions frequently fail to
perform consistently under field conditions (Dao & Ho, 2026).

Beyond experimental challenges, the integration of multiple omics datasets presents substantial computational
difficulties. Combining metagenomic, metatranscriptomic, metaproteomic and metabolomic datasets into a unified
biological framework requires sophisticated computational tools capable of integrating highly heterogeneous data
types (Pedersen et al., 2018). Although numerous statistical, systems biology and machine learning approaches have
been developed, standardized analytical workflows remain limited, making comparisons across studies difficult
(Fernandes & Husi, 2019). Moreover, most current multi-omics investigations primarily identify statistical
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associations between microbial taxa, functional genes, metabolites and plant traits rather than establishing direct
causal relationships. Demonstrating causality therefore requires complementary experimental validation using
synthetic microbial communities or targeted functional assays (Chesneau et al., 2025).

Another major challenge lies in capturing the spatial and temporal complexity of agricultural soils. Most multi-
omics investigations rely on single sampling events conducted at relatively few locations, providing only static
representations of highly dynamic soil ecosystems (Joos et al., 2025). However, rhizosphere microbial communities
continuously change throughout plant development and respond to variations in soil depth, environmental
conditions and agricultural management practices. Understanding these dynamic interactions will therefore require
long term, high resolution investigations capable of monitoring microbial community structure and function across
multiple growing seasons and diverse agroecosystems (Shah et al., 2025).

In addition to scientific and technical limitations, regulatory and biosafety considerations remain critical for the
successful implementation of microbiome based technologies. Existing regulatory frameworks were primarily
designed for chemical fertilizers and pesticides and are often inadequate for evaluating living microbial products
(Kohl, 2025). Consequently, inconsistencies persist in the classification and regulation of products marketed as
biofertilizers, biostimulants or biologicals (Sible et al., 2025). Furthermore, the deliberate introduction of non-native
or engineered microorganisms into agricultural ecosystems raises important concerns regarding ecological safety,
persistence, horizontal gene transfer and long-term impacts on native microbial communities (Mawarda et al.,
2020). Developing harmonized regulatory frameworks together with comprehensive biosafety assessments will
therefore be essential for the responsible deployment of microbiome-based agricultural innovations.

Despite these challenges, the future of functional multi-omics in agriculture remains highly promising. One of the
most significant emerging directions is the transition towards site-specific microbiome management, where
integrated multi-omics profiling is used to characterize the microbial and functional status of individual fields and
guide customized recommendations for microbial inoculants, nutrient amendments, crop rotations and soil
management practices rather than relying on generalized management strategies (Li et al., 2026). At the same time,
integrating host genetics with microbiome engineering is expected to accelerate microbiome-informed breeding
programmes capable of simultaneously optimizing crop genotypes and their associated beneficial microbial
communities, thereby improving nutrient-use efficiency, disease resistance and climate resilience (Escudero-
Martinez & Bulgarelli, 2023).

Looking further ahead, future research should increasingly focus on understanding how microbial communities
respond to multiple interacting environmental stresses, including drought, salinity, heat, flooding, nutrient limitation
and pathogen pressure (Fernandez-Triana et al., 2024). Functional multi-omics provides an ideal platform for
investigating these complex responses because it captures microbial activity across multiple molecular levels, from
genetic potential to metabolic function (Chetty & Blekhman, 2024). The continued integration of multi-omics with
artificial intelligence, precision agriculture, remote sensing, digital agriculture and predictive ecological modelling
is expected to transform microbiome research into a predictive and decision-support framework capable of guiding
climate-smart agricultural management.

Overall, continued advances in experimental standardization, computational integration, field validation and
regulatory harmonization will be instrumental in transforming functional multi-omics from a predominantly
research oriented approach into a practical agricultural technology (Hemme et al., 2026). Achieving this transition
will enable microbiome research to move beyond descriptive analyses towards predictive and actionable solutions
that improve crop productivity, maintain soil health and promote long term agricultural sustainability.

9. CONCLUSION

Functional multi-omics has fundamentally transformed our understanding of soil microbiomes by shifting the focus
from describing microbial diversity to elucidating the molecular mechanisms that regulate ecosystem functioning
(Li et al.,, 2026). While metagenomics provides valuable insights into the genetic potential of microbial
communities, its integration with metatranscriptomics, metaproteomics and metabolomics enables a comprehensive
understanding of how microbial genes are expressed, translated into functional proteins and ultimately manifested
as metabolic activities under specific environmental conditions (Aguiar-Pulido et al., 2016). This systems level
perspective has significantly advanced our understanding of the intricate interactions occurring at the plant-soil-
microbiome interface and their contribution to sustainable agricultural productivity.

The integration of multiple omics approaches has revealed the indispensable roles of soil microorganisms in
regulating nutrient cycling, suppressing plant diseases, enhancing tolerance to abiotic stresses and promoting long
term carbon sequestration (Parveen et al., 2026). By linking microbial identity with functional activity, multi-omics
has transformed microbiome research from predominantly descriptive ecological investigations into mechanistic
studies with direct agricultural relevance (Roy et al., 2026). These advances have facilitated the identification of
functional microbial consortia, key signalling pathways and metabolite-mediated plant-microbe interactions,
thereby creating new opportunities for microbiome engineering, microbiome informed crop breeding and the
development of next generation biofertilizers capable of reducing dependence on synthetic agrochemicals while
improving crop productivity and soil health (De Souza et al., 2020).

Despite these remarkable advances, several challenges must be addressed before functional multi-omics can be
routinely implemented in agricultural practice. Standardized experimental protocols, robust computational
frameworks for multi-omics data integration, comprehensive reference databases, long term field validation and
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harmonized regulatory policies remain essential for translating laboratory discoveries into reliable field applications
(Syeda, 2025). Furthermore, integrating functional multi-omics with emerging technologies such as artificial
intelligence, precision agriculture, remote sensing, digital agriculture and predictive ecological modelling is
expected to accelerate the development of data driven management strategies capable of addressing increasingly
complex agricultural and environmental challenges (Liang et al., 2025).

Overall, functional multi-omics represents a transformative framework for advancing sustainable agriculture by
bridging microbial diversity with ecosystem function and agronomic performance. As technological innovations
continue to improve analytical resolution, computational integration and systems level interpretation, multi-omics
will play an increasingly central role in designing resilient, climate smart agricultural systems that optimize nutrient-
use efficiency, strengthen plant health, enhance soil carbon storage and promote long term food security and
environmental sustainability. By integrating molecular scale insights with practical field applications, functional
multi-omics has the potential to redefine future agricultural management and support the transition towards more
productive, resource efficient and environmentally sustainable farming systems.
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