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Plant-microbe interactions are pivotal for ecosystem dynamics and sustainable agriculture, and are influenced by various factors, such as host characteristics, environmental conditions, and human activities. Omics technologies, including genomics, transcriptomics, proteomics, and metabolomics, have revolutionized our understanding of these interactions. Genomics elucidates key genes, transcriptomics reveals gene expression dynamics, proteomics identifies essential proteins, and metabolomics profiles small molecules, thereby offering a holistic perspective. This review synthesizes diverse microbial-plant interactions, showcasing the application of omics in understanding mechanisms, such as nitrogen fixation, systemic resistance induction, mycorrhizal association, and pathogen-host interactions. Despite the challenges of data integration and ethical considerations, omics approaches promise advancements in precision intervention and resilient agricultural practices. Future research should address data integration challenges, enhance omics technology resolution, explore epigenomics, and understand plant-microbe dynamics under diverse conditions. In conclusion, omics technologies hold immense promise for optimizing agricultural strategies and fortifying resilient plant-microbe alliances, paving the way for sustainable agriculture and environmental stewardship.

Keywords
plant-microbe interactions, omics technologies, genomics, transcriptomics, proteomics, metabolomics


1 Introduction

The profound effects of climate change, including shifting precipitation patterns, rising temperatures, and extreme weather, pose significant threats to agricultural practices and food security (Olanrewaju et al., 2024). Agriculture serves as a linchpin for economic growth, laying the foundation for secondary and tertiary industries (Shah et al., 2024). With global food production losses estimated at 352 million tons by 2070 owing to population growth (Sartori et al., 2024), there is an urgent need to accelerate food production over the next 30 years (Kimotho and Maina, 2024). Although crop improvement programs are underway, insufficient attention has been paid to modern techniques and balanced fertilization, leading to nutritional insecurity in staple crops (Jalal et al., 2024). The World Health Organization underscores the importance of food safety and urging measures to prevent foodborne diseases across various stages of food processing, production, storage, transportation, and consumption (Su et al., 2024). Sustainability of these challenges is crucial for global food systems, environmental stability, and climate resilience.

Recent advancements in omics approaches offer a promising avenue to address the challenges facing crop productivity by elucidating the benefits of plant-microbe interactions (Olanrewaju et al., 2024). Breakthroughs in analytical methodologies have provided comprehensive insights into the intricate dynamics of these interactions (Sharma et al., 2024). Omics techniques, including genomics, transcriptomics, and metabolomics, have proven invaluable in exploring the biochemical, physiological, and molecular aspects of plant-microbe interactions across various conditions (Tiwari et al., 2024). The integration of multi-omics data from different databases is essential for effective utilization of omics technologies, offering a comprehensive understanding of biological processes and interactions (Chao et al., 2024). These advancements have resulted in the accumulation of vast amounts of information at all levels, enabling deep insight into mechanisms under stressful conditions (Ahmed et al., 2024). The integrated use of multi-omics approaches enhances data analysis, visualization, and interpretation, facilitating a deeper understanding of biological processes.

The intricate relationship between plants and microbes plays a vital role in ecosystem dynamics and sustainable agriculture and is influenced by host-related elements, edaphic conditions, environmental dynamics, and anthropogenic factors (Rane et al., 2022). Understanding these factors is essential for unraveling the complexity of symbiotic relationships. Omics approaches, including genomics, transcriptomics, proteomics, and metabolomics, illuminate the molecular intricacies of plant-microbe symbiosis (Sarim et al., 2020). Genomics identifies key genes, transcriptomics reveals gene expression dynamics, proteomics identifies essential proteins, and metabolomics profiles small molecules, thereby offering a comprehensive perspective. Multi-omics techniques enable the study of various interactions, including obligate symbiotic relationships, such as those involving arbuscular mycorrhizal fungi and plants, extending to interactions with non-mycorrhizal microbes such as biofilms (Mishra et al., 2022). These insights underscore the transformative potential of omics technologies in advancing sustainable agriculture through a deeper understanding of beneficial plant-microbe relationships.

The integration of multi-omics and bioinformatics has revealed that plant-microbe interactions in polluted rhizospheres trigger the release of antioxidants and phytohormones, thereby activating plant defense mechanisms (Sengupta and Pal, 2021). Phytohormones serve as vital messengers that regulate plant growth and synthesize secondary metabolites (De Palma et al., 2022). Omics tools such as metagenomics and metatranscriptomics aid in the detection and analysis of phytohormones, deepening our understanding of their roles in these interactions. Understanding secretory metabolites can help in the design of next-generation microbial inoculants to enhance plant growth (Mishra et al., 2022). Advancements in sequencing technologies have facilitated the analysis of trace chemical substances, aiding the investigation of allelochemical biosynthesis and plant responses, thereby enhancing our understanding of rhizosphere chemistry (Weidenhamer et al., 2023). Penicillium and Aspergillus release phosphorus and potassium during mineral degradation, benefiting plant growth and defense in beneficial plant-microbe interactions (Paul et al., 2024). The presence of CAZymes from the GT4 and GT2 families suggests potential tripartite symbiotic relationships among plants, rhizospheric bacteriomes, and fungiomes, thereby guiding the application of omics tools to enhance plant resilience to environmental stress (Alshareef, 2024). Salvia miltiorrhiza boosts stress resistance through signals transmitted via AM (arbuscular mycorrhiza) hyphal networks post-pathogen stress from Fusarium solani, with metagenomics tools aiding in understanding and enhancing its resilience (Han et al., 2023).

There are limitations to each omics strategy that may affect the sensitivity or specificity of the technique. However, some of these limitations can be overcome by integrating different approaches. The objective of this review article is to explore the transformative impact of omics technologies on understanding plant-microbe interactions, which play a pivotal role in shaping ecosystems and promoting sustainable agriculture. This review explores the complexities of these interactions, which are influenced by various factors, such as host-related traits, environmental conditions, and anthropogenic activities. This highlights the emergence of omics approaches, including genomics, transcriptomics, proteomics, metabolomics, and epigenomics, which elucidate their roles in deciphering the molecular mechanisms underlying beneficial plant-microbe associations. By synthesizing findings from diverse microbial-plant interactions, this review showcases the application of omics technologies in unraveling mechanisms, such as nitrogen fixation, induction of systemic resistance, mycorrhizal association, and pathogen-host interactions. Furthermore, we discuss modern web-based omics tools that facilitate data analysis and interpretation. Ultimately, the review underscores the potential of omics approaches to revolutionize agricultural practices by offering insights into crop improvement, disease management, and sustainable agriculture, while addressing challenges in data integration and ethical considerations.



2 Molecular mechanisms underlying plant-microbe interactions

Microbial interactions with host plants involve intricate molecular signaling mechanisms that are crucial for symbiosis, pathogenesis, and environmental adaptation (Table 1 and Figure 1). Phytohormones, such as auxins and cytokinins, produced by microbes such as Rhizobium leguminosarum stimulate plant growth and nutrient uptake through signaling by plant receptors (Meena et al., 2023). Exopolysaccharides synthesized by microbes such as Pseudomonas fluorescens facilitate attachment to plant surfaces, biofilm formation, and protection against environmental stress (Niazi et al., 2023). Nod factors secreted by rhizobia such as Bradyrhizobium japonicum induce nodulation signaling cascades and establish symbiotic relationships in leguminous plants (Grundy et al., 2023; Yuan et al., 2023). Effectors from pathogens, such as Pseudomonas syringae, manipulate host cellular processes to modulate plant immunity and facilitate infection (Kalita et al., 2024). Quorum-sensing molecules produced by microbes such as Agrobacterium tumefaciens induce systemic plant responses, whereas lipopolysaccharides from bacteria such as Pseudomonas aeruginosa trigger plant defense mechanisms (Majdura et al., 2023; Orozco-Mosqueda et al., 2023; Zhou et al., 2023; Elfaky, 2024). Volatile organic compounds produced by microbes such as Trichoderma harzianum also elicit plant systemic responses (Contreras-Cornejo et al., 2024). Furthermore, extracellular enzymes such as Fusarium oxysporum facilitate nutrient acquisition and microbial colonization (Niazi et al., 2023). These molecular mechanisms play pivotal roles in microbial interactions with host plants, influencing symbiosis, pathogenesis, and plant-microbe-environment interactions.


TABLE 1 Microbial-mediated molecular mechanisms of interactions with host plants.
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FIGURE 1
 Molecular mechanisms underlying plant-microbe interactions.


The adhesion and colonization of microbes on plant surfaces involve intricate molecular processes that are essential for establishing symbiotic or pathogenic relationships. Microbes utilize various strategies such as EPS (exopolysaccharides) production, pili/fimbriae binding, adhesin secretion, and enzymatic degradation of plant cell wall components (Bhattacharyya et al., 2023; Carezzano et al., 2023; Dutta et al., 2023; Niazi et al., 2023). Additionally, chemical gradients, such as root exudates, guide microbial migration and colonization of plant surfaces (Dunn and Becerra-Rivera, 2023; Dhiman et al., 2024). Molecular effector secretion by microbial pathogens involves sophisticated mechanisms for manipulating host cellular processes. Pathogens utilize various secretion systems, including T3SS, T4SS, T6SS, outer membrane vesicles (OMVs), and direct secretion systems to deliver effector proteins into host cells (Chalupowicz et al., 2023; De Ryck et al., 2023; De Sousa et al., 2023; Maphosa et al., 2023; Wangthaisong et al., 2023). These effectors manipulate the host cellular processes to promote infection and pathogenesis. The T4SS system in rhizobial species, akin to Agrobacterium tumefaciens Vir proteins, shares similarities in key components, such as trbD (virB3), trbI (virB10), and trbL (virB6). These elements facilitate genetic exchange through tra genes, such as traD, traR, and traG, which are analogous to virD4 and are essential for conjugative transfer within rhizobial populations. Additionally, Mesorhizobium loti strain R7A utilizes its T4SS to transfer specific proteins, such as Msi059 (a protease) and Msi061 (involved in ubiquitinylation), contributing to various cellular processes and interactions with host plants (Gupta et al., 2024). Furthermore, T6SS genes are prevalent in plant-associated bacteria, including rhizobial species, and play a crucial role in interbacterial competition, providing advantages in multimicrobial plant environments (De Sousa et al., 2023). Moreover, mutations in immune receptors, such as EFR, FLS2, and BAK1, minimally affect OMV-induced immune priming (Chalupowicz et al., 2023).

Microbial nutrient acquisition involves intricate mechanisms for acquiring essential nutrients from the plant environment. Microbes produce enzymes and metabolites that degrade complex plant molecules and enhance nutrient availability (Anderson, 2023; Puranik et al., 2023). Nitrogen-fixing bacteria such as Rhizobium leguminosarum convert atmospheric nitrogen to ammonia, thereby enhancing plant growth and soil fertility (Goyal and Habtewold, 2023). Phosphate-solubilizing microbes produce organic acids to solubilize phosphate minerals and promote plant growth (da Silva et al., 2023). Microbial immune evasion strategies involve sophisticated mechanisms for subverting plant defense responses. Pathogens mimic plant hormones, interfere with signaling pathways, and suppress immune surveillance to promote colonization and infection (Barka et al., 2023; Khoshru et al., 2023; Ravelo-Ortega et al., 2023). These mechanisms highlight the ability of microbes to circumvent plant immune defenses. Symbiotic associations involve intricate mechanisms that establish mutualistic relationships. Microbes synthesize signaling molecules, respond to host signals, regulate hormone pathways, and form specialized structures for nutrient exchange (Scaria and Ravi, 2023; Shumilina et al., 2023; Kaya, 2024; Koshila Ravi and Muthukumar, 2024). These mechanisms underscore the complexity of the symbiotic interactions between microbes and host plants. These symbiotic associations not only contribute to plant health and vigor but also foster ecosystem resilience and sustainability by enhancing soil fertility and nutrient cycling (Scaria and Ravi, 2023; Wahab et al., 2023). These examples highlight the complexity and versatility of the molecular mechanisms underlying plant-microbe interactions, underscoring the importance of understanding these processes for elucidating host-microbe dynamics and developing strategies for sustainable agriculture and disease management.



3 Omics approaches mechanism in beneficial plant-microbe interaction

Advances in molecular biology and high-resolution analytical technologies have enabled the comprehensive investigation of plant-microbe interactions through genomics, metagenomics, transcriptomics, proteomics, and metabolomics (Diwan et al., 2022). These omics approaches decipher the functional and structural aspects of genes, provide insights into the entire microbial community, analyse transcript sequences, uncover protein-protein interaction networks, and unravel metabolic network modeling (Zulfiqar et al., 2024). Together, these findings enhance our understanding of the effects of omics on interactions between plants and microbes. This review provides a comprehensive overview of each omics approach and its specific focus areas in elucidating beneficial plant-microbe interactions, ultimately contributing to the development of sustainable agricultural practices (Table 2 and Figure 2).


TABLE 2 Omics approaches for studying diverse plant-microbe interactions.
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FIGURE 2
 Diverse omics approaches for studying plant–microbe interactions.



3.1 Genomics

Recent advances in genomics have revealed that plants have adapted to a wide range of biotic interactions that extend beyond their relationships with beneficial symbionts (Carper et al., 2022; Chiquito-Contreras et al., 2024). Advancements in next-generation sequencing (NGS) technologies have not only reduced sequencing costs but also accelerated access to whole-genome sequences, de novo assemblies, and resequencing of multiple strains within species (Crandall et al., 2020). Through these analyses, researchers have uncovered the genetic mechanisms responsible for crucial functions such as nitrogen fixation and synthesis of growth-promoting compounds. Metagenomic approaches further reveal the diversity and functional potential of microbial communities, shedding light on their contribution to plant health. Transcriptomic and proteomic analyses complement genomic insights by elucidating gene expression and protein profiles during interactions, thereby revealing the molecular underpinnings. Leveraging this genomic knowledge, synthetic biology strategies enable the engineering of beneficial traits in plants and microbes, whereas microbiome engineering endeavors to optimize microbial communities to bolster plant vigor and productivity (Chandok et al., 2022).


3.1.1 Metagenomics

Metagenomics systematically captures genetic sequence information across entire microbial communities, outperforming traditional culture-based methods (Ghosh et al., 2019). It encompasses structural and functional approaches, and offers insights into both individual units and ecosystem functions. Initially, using Sanger sequencing and later transitioning to next-generation sequencing, metagenomics employed 16S rRNA (ribosomal ribonucleic acid) and random shotgun sequencing to identify novel genes (Regalado et al., 2020). Metagenomics has been applied to diverse areas, from identifying novel nitrogen-fixing genes in Rhizobium-legume symbiosis (Regalado et al., 2020) to detecting mycotoxin biosynthetic genes in Alternaria alternata and its host response in apples (Bhargava et al., 2019). This involves sequencing of environmental models comprising various life forms, many of which are unculturable. The sequencing of universal genomic regions, such as ribosomal RNA genes, from diverse microbial species has proven successful (Zhang et al., 2021). Metagenomic analysis can be performed through amplicon targeting or shotgun sequencing to provide valuable insights into plant-associated microbial communities.

Nif operons, such as nifHDK, nifRLA, nifENB, nifUSVM, nifJ, and nifWF, constitute a core genetic component of diazotrophs, which are free-living anaerobic bacteria capable of nitrogen fixation. Notable examples include Azotobacter vinelandii, Klebsiella pneumoniae, Rhodobacter capsulatus, and Rhodospirillum rubrum (Idris Usman and Muazu Wali, 2024). These genes are pivotal in nitrogen fixation, as they synthesize essential components and regulate enzymes crucial for the process. Advancements in omics technologies, such as genomics and gene manipulation, have tremendous potential for bolstering crop yield. Additionally, the rhizosphere microbiome synthesizes ACC (1-aminocyclopropane-1-carboxylate) deaminase, which facilitates the breakdown of ACC into α-ketobutyrate and ammonia. This breakdown aids in plant nutrition and reduces the concentration of ethylene, thus mitigating its adverse effects. The production of ACC deaminase (ACCD) by plant growth-promoting rhizobacteria significantly enhances plant resilience to various abiotic stressors (Kumari and Kumawat, 2024). The ACCD structural gene (AcdS) is found in the genomes of rhizospheric bacteria, symbiotic rhizobia, and endophytes. In nitrogen-fixing bacteria, such as Rhizobia and Mesorhizobium, acdS expression is regulated differently. Specifically, the NifA2 gene and σ54 sigma factor control acdS expression in N-fixing bacteria (Larekeng et al., 2024). The genetic makeup of Rhizobium sp. and Hydrogenophaga sp. was comprehensively characterized using Illumina and Nanopore sequencers coupled with MaSuRCA assembly, revealing genes involved in metabolic functions and compound synthesis that contribute to plant growth stimulation. These findings underscore the symbiotic relationship between rhizobacteria and plants, potentially implicating processes such as nitrogen fixation and production of growth-promoting compounds (Ilangumaran et al., 2024). Notably, under non-sterile conditions, only Pseudomonas sivasensis exhibited notable promotion of canola growth, possibly because of the presence of additional genes in its genome, including those responsible for ACC deaminase (acdA), indole-3-acetic acid (IAA) production (trpF and trpG), and siderophore production (fbpA, mbtH, and acrB), which enhances its capacity to stimulate plant growth (Swiatczak et al., 2024). Moreover, rhizobacteria trigger defense responses through the expression of pathogenesis-related proteins (PR-proteins), such as chitinases, which are pivotal for defense mechanisms. A genome-wide examination of soybean chitinases identified GmChi01, GmChi02, and GmChi16, whose defense contributions were verified against Fusarium oxysporum in Arabidopsis transgenic lines, with GmChi02 and GmChi16 enhancing defense against F. oxysporum, whereas GmChi02 was significantly induced by Burkholderia ambifaria (Chen et al., 2024). Furthermore, transgenic expression of entomocidal and antimicrobial proteins from Bacillus thuringiensis (Bt) in maize is an alternative to host resistance against Fusarium ear rot (FER), and the recruitment of beneficial microbes is dependent on the genetic background of the host, highlighting the importance of microbe-microbe interactions in modulating FER severity (Adams et al., 2024).



3.1.2 Epigenomics

Epigenomics, as a tool for studying plant-microbe interactions, involves a thorough analysis of epigenetic modifications and genetic material changes in both plants and microbes. This approach explores heritable alterations in gene expression independent of DNA (deoxyribonucleic acid) sequence changes (Samantara et al., 2021). Epigenomics in plant-microbe interactions involves studying changes in DNA methylation patterns, histone protein modifications such as acetylation and methylation, and the roles of non-coding RNAs such as microRNAs. It also includes analyzing chromatin remodeling, understanding how these modifications enable environmental adaptation, and exploring their inheritance patterns and potential transgenerational effects on plant and microbial traits (Ali et al., 2023). Furthermore, epigenetics plays a crucial role in plant responses to diseases, encompassing both biotic and abiotic stresses. EpiEffectors, such as zinc finger (ZF), transcription activator-like effector (TALE), or modified CRISPR/Cas9 complexes, such as dead Cas9 (dCas9), are used for targeted epigenome editing, and are often fused with the catalytic domain of epigenetic enzymes for precise modifications (Doddavarapu et al., 2024). Active DNA demethylation has been shown to positively affect plant resistance to pathogens such as Pseudomonas syringae (Masenya et al., 2024). The proline-alanine-valine (PAV) gene may be associated with specific genomic and epigenomic traits in fungi, offering potential predictive insights into fungal plant pathogen adaptation to hosts and aiding in the development of more effective disease prevention strategies (Joubert and Krasileva, 2024). Epigenomic analysis revealed that hypermethylation of xyloglucan endotransglycosylase protein could be influenced by Neobacillus, a dominant and highly abundant species found exclusively in Naxos tubers (Boutsika et al., 2023). This integrated approach identifies pivotal microbial taxa, their pathways, and epigenetic markers shaping host-microbe interactions, and offers novel insights into agriculture (Masenya et al., 2024).




3.2 Transcriptomics and metatranscriptomics

Transcriptomics employs next-generation sequencing (NGS) to detect and quantify RNA molecules in biological samples, linking gene functions under specific conditions. It uses methods such as microarray analysis, SOLiD-SAGE, and RNA sequencing (RNA-seq) for transcriptional profiling (Chen et al., 2022). Transcriptome analysis quantifies the expression and provides sequences of all samples, enabling the exploration of regulatory alterations, mutation scrutiny, sequence variants, differential expression, and alternative splicing (Weidemüller et al., 2021; Jeon et al., 2022). Transcriptome analyses have identified genes crucial in transitioning plant-microbe interactions from mutualistic to pathogenic, shedding light on disrupted associations (Rathnasamy et al., 2023). Assis et al. (2014) employed transcriptomics to uncover plant defense-related genes during Pseudomonas fluorescens-induced systemic resistance in Arabidopsis, while Jeon et al. (2022) utilized transcriptomics to unveil host pathways responding to pathogen infection in Penicillium expansum-induced post-harvest fruit decay and mycotoxin production in blueberries. RNA-seq transcriptomic analysis elucidated the mechanisms underlying the interactions of the plant growth-promoting bacteria (PGPB) Delftia acidovorans RAY209 with canola and soybean plant roots, focusing on the colonization process (Gamalero et al., 2022). Metatranscriptomics examines gene expression across the microbial community, revealing dynamic functions and providing insights into the complex microbial physiology (Dubey et al., 2020). It is a powerful tool for analyzing functional profiles and understanding the structure of microbial communities. Metatranscriptomics, which investigates total mRNA, provides real-time insights into mRNA expression in environmental samples (Dubey et al., 2020). This technique aids in identifying specific transcribed genes and enables the functional analysis of plant-associated microbial communities (Kumar et al., 2021; Gamalero et al., 2022). Comparative metatranscriptomic analyses of the microbial expression levels in uncontaminated and contaminated samples will enhance phytoremediation strategies. Dubey et al. (2020) utilized metatranscriptomics to examine transcriptome-wide changes in gene expression during Xylella fastidiosa-induced Pierce's disease in grapevines.



3.3 Proteomics and metaproteomics

Proteomic studies have analyzed expressed genes, revealing the role of proteins in microbial metabolic processes across diverse habitats. During plant-microbe interactions, proteins play a crucial role in cellular homeostasis, signaling networks, and defense responses. Proteomic analysis offers practical insights into these interactions, particularly in unculturable microbes. Khatabi et al. (2019) used proteomics to study pathogen effectors and host proteins in Phytophthora infestans-induced disease in potatoes, while Jain et al. (2021) employed proteomics to identify secreted proteins in Erwinia amylovora-induced fire blight disease in apples. Proteomic techniques are instrumental in unraveling the pathogenicity, stress-related responses, and antioxidant mechanisms involved in plant-microbe interactions, providing valuable insights into physiological and cellular processes. Functional proteomics utilizes the yeast two-hybrid system (Y2H) to investigate protein-protein interactions (PPIs) by employing “Prey” and “Bait” proteins. Mass spectrometric data analysis tools, such as PeptIdent, MultiIdent, MASCOT, SEQUEST, and Sherpa, facilitate proteomic analysis, enabling researchers to identify and study protein interactions and functions. Additionally, programs such as ProFound, MS-Fit, MOWSE, PepSea, PepFrag, and MS-Tag offer specialized analyses of MALDI-TOF and MS/MS spectra, enhancing the depth of proteomic investigation (Chandok et al., 2022). Gel-based resolution methods, such as two-dimensional gel electrophoresis (2DE) and differential gel electrophoresis (DIGE) coupled with mass spectrometry (MS), enable the identification and quantification of proteins. Studies have identified plant-related proteins using 2D-LC/MS/MS in M. truncatula nodules and revealed differential protein expression in rice tissues treated with S. meliloti. Additionally, comparative proteomic analyses have elucidated the protein secretion patterns of the symbiont S. meliloti and phytopathogen P. syringae DC3000 in response to root exudates from different host plants. Investigations into near-isogenic line alleles of Fhb1 have provided insights into Fusarium graminearum tolerance, while studies on beneficial microbes in the pea rhizosphere have highlighted differential proteomic responses upon infection by the necrotrophic fungus, Sclerotinia sclerotiorum. These findings underscore the importance of proteomic approaches in understanding the complex interactions between plants and microbes (Jain et al., 2021). Comparative proteomics of the B. cinerea-secreted proteome identified altered proteins, primarily pectinases, that are responsible for cell wall degradation. The secreted proteome also features a predominance of serine proteases, followed by metalloproteases, and threonine proteases (Sarim et al., 2020). iTRAQ proteomics revealed the regulatory mechanism in both resistant and susceptible rice cultivars against Magnaporthe oryzae. Metaproteomic investigations are pivotal for studying soil fertility, plant-microbe interactions, nutrient cycling, and bioremediation. Priya et al. (2021) conducted the first metaproteogenomic study analyzing bacterial communities in the phyllosphere of various plants, revealing consistency in dominant bacterial taxa and identified proteins across different species. Rane et al. (2022) used metaproteomics to identify biocontrol-related proteins in Trichoderma harzianum-induced biocontrol, whereas Priya et al. (2021) employed metaproteomics to identify proteins involved in the pathogenicity of Fusarium oxysporum-induced vascular wilt and host defense modulation in watermelon. Metaproteomics can link specific proteins to microbial utilization of particular carbon substrates, especially in the phyllosphere.



3.4 Metabolomics

Over the past decade, metabolomics has emerged as a well-established technique for investigating plant-microbe interactions, providing both qualitative and quantitative insights into the symbiotic mechanisms of bacteria and fungi with plants (Chouchani, 2022). Shafi et al. (2021) used metabolomics to profile the changes in metabolite levels associated with mycorrhizal associations for nutrient uptake in Glomus intraradices and tomatoes (Chen et al., 2022). Untargeted metabolomics has identified lipid indicators of Plasmopara viticola inoculation in grapevines, whereas a study of maize genotypes interacting with nitrogen-fixing PGPB species revealed alterations in plant metabolites owing to bacterial nitrogen fixation (Diwan et al., 2022). Despite being underutilized in root-pathogen interaction studies compared to other omics methods, untargeted metabolomics provides valuable insights into plant-microbial interactions across various tissues, aiding the development of more effective crop and plant protection strategies (Demiwal et al., 2024). Detailed metabolomic analysis revealed Pseudomonas syringae-triggered hyperaccumulation of dihydrocamalexic acid (DHCA) in the apoplastic space of pad3 but not in cyp71a12/a13 plants, and infiltration of DHCA into cyp71a12/a13 mutant leaves restored resistance, indicating its role in restricting P. syringae growth in plants (Singh et al., 2023). Metabolomic profiling of rice infested with Magnaporthe grisea using liquid chromatography–mass spectrometry (LC-MS), gas chromatography-mass spectrometry (GC-MS), and nuclear magnetic resonance (NMR) methods revealed a varied metabolomic profile. Metabolomic profiling of Dendrobium nobile co-cultured with Trichoderma longibrachiatum using LC-MS revealed the metabolomic profile of dendrobine (Sarsaiya et al., 2024). Additionally, in maize, the resistance mechanism against Fusarium graminearum uncovered two metabolites, smiglaside and smilaside, whereas analysis of resistance to southern corn leaf blight identified polyphenols, lignin, and flavonoids through metabolite profiling using Fourier transform infrared (FT-IR) and NMR resonance (Manickam et al., 2023).




4 Modern web-based omics tools for plant-microbe interaction

Web-based tools have revolutionized the analysis of modern “omics”-generated data, providing researchers with accessible and efficient platforms for data processing and interpretation. A plethora of tools cater to various omics disciplines, including automated pipelines, functional analysis, and pathway mapping (Table 3 and Figure 3). For proteomic analysis, tools like Metaproteome Analyzer (Schiebenhoefer et al., 2020), SECIMTools (Khan et al., 2019; Jibrin et al., 2021), and MetaLab (Starr et al., 2018) provide automated pipelines for proteomic data analysis, while Galaxy-P (Mehta et al., 2023) offers a multi-omics analysis platform. Metabolomic data analysis is facilitated by tools such as Xcms (Schweiger et al., 2014; Mueller et al., 2020), MZMine, and Metabolome MetaboAnalyst (Piasecka et al., 2019), which offer functionalities for pathway mapping and analysis. For metagenomic studies, tools such as QIIME, UPARSE, and MOTHUR aid in bioinformatics data analysis and operational taxonomic unit (OTU) generation (Lucaciu et al., 2019; Hupfauf et al., 2020), whereas MG-RAST and MetaPhlAn2 (Cassman et al., 2018; Dey and Ganguly, 2022) enable phylogenetic and functional analysis of metagenomic data. Metatranscriptomic analysis tools such as HUMAnN2, MetaTrans, and SAMSA (Liu et al., 2021) provide pathways for gene expression analysis and comprehensive pipelines for metatranscriptomic data analysis. Starr et al. (2018) introduced the Galaxy Integrated Omics (GIO) platform, aiming to streamline proteomics protein identification through genome/transcriptome-informed approaches. Galaxy-P (Galaxy for Proteomics) facilitates the integrative analysis of proteomic data alongside genomic or transcriptomic data. Its application in metaproteomics offers a comprehensive solution, encompassing database generation from sequencing data, iterative database searches, and subsequent taxonomic and functional analyses using external tools, such as Unipept and MEGAN (Shah et al., 2023). These web-based tools serve as invaluable resources for researchers to decipher complex biological datasets and to advance our understanding of omics-driven research across various disciplines.


TABLE 3 Modern web-based omics tools for plant-microbe interactions.
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FIGURE 3
 Selected modern web-based omics tools.




5 Omics advancement and applications

Genomic, transcriptomic, proteomic, and metabolomic technologies have transformed agriculture, medicine, food science, and life science. New insights from plant-microbe interaction omics illuminate the complex interactions between plants and microbes and their effects on crop productivity, sustainability, and environmental resilience (Sindelar, 2024). These advances have revealed a rich tapestry of plant-associated microbial species and their roles in nutrient cycling, disease control, stress tolerance, and plant-microbe signaling networks. The omics data revealed microbial traits that boosted plant growth, stress resistance, and nutrient uptake (Figure 4). Using these insights, omics-driven strategies have been developed to exploit beneficial plant-microbe symbioses, such as biofertilisation, pest management, and plant health and productivity. These interventions aim to improve soil fertility, chemical dependence, and agricultural sustainability (Ramlal et al., 2023). Precision agriculture uses plant-microbe interaction omics to optimize crop performance in diverse environments by fine-tuning microbial communities. Integrated with advanced computational tools, omics data enables predictive modeling, microbial consortia design, and agricultural management, boosting productivity and resilience (Shoaib et al., 2023).
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FIGURE 4
 Omics approaches to understand host factors, microbial trait interactions, and their applications.


Studies have shown that plant-associated microbes such as those present in the diet may affect the human microbiome, immune function, metabolism, and disease susceptibility. Omics-based approaches can illuminate the molecular mechanisms of plant-associated microbe-human microbiome crosstalk (Bashiardes et al., 2016). Researchers have identified microbial-derived metabolites, proteins, and signaling molecules that modulate host physiology and immune responses by characterizing the genomic, transcriptomic, proteomic, and metabolomic profiles of plants and human-associated microbes (Saravanakumar et al., 2022). Additionally, plant-microbe interaction omics may offer novel therapeutic approaches for human health. Plant-derived antimicrobial, anti-inflammatory, or immunomodulatory compounds can be used to develop drugs or dietary supplements for microbiome diseases or dysfunction (Mitropoulou et al., 2023). Some plant-associated microbes produce bioactive metabolites that kill human pathogens and promote the growth of commensal bacteria (Kandasamy and Kathirvel, 2023). Omics-based screening can identify these microbial-derived compounds and reveal their mechanisms of action, enabling the development of new antimicrobials or probiotics for infectious diseases, inflammatory disorders, and metabolic syndromes (Garia et al., 2024). Plant-microbe interaction omics can also help personalize medicine by revealing inter-individual microbial community variability and dietary component interactions (Wright et al., 2023; Speckmann et al., 2024).

Understanding and controlling foodborne pathogens and spoilage microorganisms are important. Researchers can identify potential pathogens and spoilage organisms, predict their behavior under different conditions, and develop strategies to mitigate their impact on food safety and shelf life by analyzing the genomic and proteomic profiles of microbial communities in food matrices. Using omics approaches, beneficial microbes used in fermentation processes, such as yogurt, cheese, and kimchi, can be studied to optimize fermentation conditions and develop new probiotic foods with improved nutritional and health benefits. In addition, plant-microbe interaction omics helps to create environmentally friendly food production methods (Joshi et al., 2023; Kumari et al., 2023). By understanding the role of plant-associated microbes in nutrient cycling, soil health, and plant growth promotion, researchers can identify strains that can be used as biofertilizers, biocontrol agents against plant pathogens, and biostimulants to boost crop productivity and resilience to environmental stressors. Microbial alternatives to conventional agrochemicals can reduce pollution and promote eco-friendly agriculture (Hussain et al., 2023; Rai et al., 2023).

Ecological restoration and conservation biology are increasingly being applied in the life sciences. Plant-microbe interaction omics allows researchers to study how habitat degradation, climate change, and pollution affect plant-microbe interactions and ecosystem resilience (Ge et al., 2023; Nadarajah and Abdul Rahman, 2023). Scientists can develop targeted restoration strategies to promote beneficial plant-microbe associations, ecosystem stability, and biodiversity by identifying keystone microbial species and functional genes involved in ecosystem recovery (Jansson et al., 2023; Timmusk et al., 2023). Plant-microbe interaction omics also helps us understand plant and microbial evolution and adaptation (Sa, 2024). Researchers can determine the genetics of trait variation, speciation events, and host-microbe co-evolutionary dynamics by comparing plant and microbe genomic and transcriptomic data across environments and evolutionary time scales (Kwak and Hansen, 2023; Mandal et al., 2023). These findings illuminate the evolutionary forces that shape biodiversity patterns and species interactions, informing conservation and ecosystem management strategies in the face of global environmental change. Omics technologies continue to innovate and discover diverse fields, solve complex problems, and reshape our understanding of biological systems and their applications.



6 Challenges, limitation, and future perspectives

Intensive agricultural practices on limited land with reduced fertilizer and agrochemical inputs present a significant global challenge. Plants such as humans interact with a diverse range of microorganisms that can have both beneficial and harmful effects. Despite ongoing advancements in omics-based approaches, experimental and computational validation procedures lack standardized protocols (Diwan et al., 2022). Discovering complex microbial communities in diverse environments remains a significant challenge, compounded by the fact that only a small fraction of microbes has been thoroughly characterized to date. The primary obstacle lies in the selection of the most suitable technology and methods to effectively address specific problems. Additionally, limitations in available databases present another hurdle that must be overcome to advance microbial research comprehensively (Kumar et al., 2023). Despite these advancements, the development of analytical methods to integrate multiple datasets remains a challenge in the field. To address this, there is a growing need for more multi-omics studies that incorporate classical approaches, such as metabolomics, transcriptomics, proteomics, and metagenomics, and embrace new and emerging techniques, such as genomics, epigenomics, and lipidomics (Kimotho and Maina, 2024).

The complexity of these interactions, encompassing various signaling molecules, pathways, and regulatory networks, makes deciphering their dynamics and outcomes challenging. Additionally, elucidating the precise mechanisms and kinetics of molecular signal recognition, transduction, and response in different plant-microbe systems requires sophisticated experimental approaches and analytical techniques. Furthermore, the diversity of microbial species and their adaptation strategies add another layer of complexity, necessitating comprehensive studies across diverse microbial taxa and ecological niches. Integrating multi-omics data from genomics, transcriptomics, proteomics, and metabolomics poses computational and analytical challenges, including data integration, standardization, and interpretation. Metabolomics, transcriptomics, proteomics, and metagenomics are invaluable tools for deciphering the complexities of plant-microbe interactions, but they pose distinct challenges. Metabolomics applies to the analytical complexity of diverse metabolites, identification hurdles, and dynamic nature of metabolite levels. Transcriptomics faces issues with RNA stability, the complexity of regulatory networks, and the need for robust bioinformatics tools. Proteomics encounters challenges in dealing with the complexity of the proteome, sensitivity in detecting low-abundance proteins, and in ensuring quantitative accuracy. Metagenomics struggles with data integration, sample contamination, and functional annotation.

Developing modern web-based omics tools for studying plant-microbe interactions presents several challenges. First, ensuring the integration and compatibility of diverse omics data types, including genomics, transcriptomics, proteomics, metabolomics, and metagenomics, within a single platform is crucial. This requires addressing issues related to data standardization, normalization, and interoperability across omics datasets. Second, incorporating advanced analytical algorithms and computational methods to handle the complexity and volume of omics data while maintaining scalability and efficiency poses significant technical hurdles. Additionally, ensuring user-friendly interfaces and intuitive designs to cater to users with varying levels of computational expertise are essential for the widespread adoption and usability of these tools. Moreover, ensuring data privacy, security, and compliance with ethical standards while facilitating data sharing and collaboration among researchers remains a challenge. Addressing these challenges requires interdisciplinary collaboration among bioinformaticians, biologists, and web developers, along with continuous updates and improvements to keep pace with advancements in omics technology and research.

While omics techniques have revolutionized our understanding of plant-microbe interactions, they are not without limitations. One significant challenge is the complexity and variability of biological systems, which can lead to issues such as ambiguity in data interpretation and difficulty distinguishing causative factors from correlations. In addition, omics approaches often generate vast amounts of data, necessitating sophisticated computational tools and expertise in analysis and interpretation. Moreover, the dynamic nature of plant-microbe interactions across different environmental conditions and developmental stages poses challenges in capturing the full spectrum of interactions. Another limitation is the dependency of omics techniques on high-quality reference genomes and databases, which may be lacking for non-model organisms or poorly characterized microbial taxa. Furthermore, although omics techniques provide insights into molecular mechanisms, they may not fully capture the spatial and temporal dynamics of the interactions occurring in complex ecosystems. Ethical considerations related to data sharing, privacy, and potential misuse also need to be addressed to ensure the responsible application of omics technologies in plant-microbe interaction studies. Despite these limitations, continued advancements in omics methodologies and interdisciplinary collaborations hold promise for overcoming these challenges and further enhancing our understanding of plant-microbe interactions for sustainable agriculture and environmental stewardship.

Future perspectives for omics approaches in understanding the benefits of plant-microbe interactions hold immense promise for unraveling the intricate dynamics of these relationships. Utilizing genomics, transcriptomics, proteomics, metabolomics, metagenomics, and other omics tools offers opportunities to delve deeper into the molecular mechanisms underlying various interactions, from mutualistic symbiosis to pathogenicity. By integrating multi-omics data and leveraging modern web-based tools, researchers can gain comprehensive insights into the genetic, transcriptional, proteomic, and metabolic landscapes of plant-microbe associations. This holistic understanding will not only advance fundamental knowledge but also pave the way for innovative agricultural practices, including the development of tailored microbial inoculants for sustainable crop production, identification of novel biocontrol strategies, and enhancement of plant resilience to biotic and abiotic stresses. Moreover, elucidating microbial-mediated molecular mechanisms, such as phytohormone modulation, effector secretion, and nutrient acquisition, holds promise for engineering beneficial plant-microbe interactions to improve crop productivity and environmental sustainability. As omics technologies continue to evolve and become more accessible, their integration with traditional approaches will undoubtedly revolutionize our understanding of plant-microbe interactions and shape the future of agriculture and ecosystem management.



7 Conclusion

In conclusion, the integration of omics technologies, including genomics, transcriptomics, proteomics, and metabolomics, represents a revolutionary leap in unraveling the complexities of plant-microbe interactions. By navigating the intricate factors that shape these associations, this review highlights the indispensable role of omics approaches in elucidating molecular nuances. From genomic insights into genetic variations in the metagenomic revelation of microbial communities and functions, each omics facet adds depth to our understanding. Transcriptomics unveils gene expression dynamics, whereas proteomics and metabolomics have shed light on protein functions and metabolic landscapes. Despite persistent challenges, such as standardization and data integration, omics technologies hold immense promise for optimizing agricultural strategies and fortifying resilient plant-microbe alliances. Future research should prioritize enhancing omics technology resolution and throughput, addressing challenges in data integration, and fostering interdisciplinary collaborations. Moreover, exploring the dynamics of plant-microbe interactions under diverse environmental conditions and elucidating the role of epigenomics will be pivotal. Overall, continued advancements in omics technologies offer exciting opportunities to deepen our understanding and harness the benefits of interactions for sustainable agriculture, environmental preservation, and plant health.
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(LPS) by plant pattern recognition receptors (PRRs). 3. Activation aeruginosa recognition colonization. pattern-triggered immunity (PTI). etal,, 2023; Zhou
of immune responses. receptors etal, 2023
Volatile organic 1. Production and release of VOCs by microbes. 2. Diffusion | Trichoderma Plant receptors, Airborne, soilborne. | Inducing plant systemic responses, such as defense | Ahlawat et al., 2024;
compounds through air or soil. 3. Perception by plant receptors. harzianum microbial activation or stress tolerance. Contreras-Cornejo
(VOCs) communities etal, 2024
Extracellular 1. Secretion of enzymes by microbes. 2. Breakdown of Fusarium Plant cell wall Rhizosphere, leaf Facilitating nutrient acquisition, promoting Ajijah et al,, 2023;
enzymes complex molecules in the plant environment. 3. Utilization oxysporum components, surface. microbial colonization. Niazi et al., 2023
of resulting nutrients. nutrients
Adhesion and colonization
Biofilm formation 1. Initial attachment of microbes to plant surfaces. 2. Pseudomonas Extracellular Root surfaces, leaf Facilitating microbial attachment, providing Ajijah et al., 2023;
Production and secretion of extracellular polymeric aeruginosa matrix, Plant surfaces, protection against environmental stresses, Niazi et al., 2023
substances (EPS). 3. Formation of microcolonies. 4. surfaces rhizosphere enhancing nutrient availability, promoting
Maturation into a complex biofilm structure. interactions with host plants and other
microorganisms.
Pili/fimbriae 1. Production of pili/fimbriae by microbes. 2. Binding of Escherichia coli Host cell receptors | Root surfaces, leaf Facilitating strong attachment to plant tissues, Bhattacharyya et al.,
pili/fimbriae to specific receptors on plant surfaces. 3. Tight surfaces promoting biofilm formation, mediating 2023; Niazi etal.,
adherence of microbes to plant cells. interactions with host plants, aiding in nutrient 2023
acquisition.
Adhesins 1. Production and secretion of adhesins by microbes. 2. Agrobacterium Plant cell receptors, Root surfaces, leaf Mediating specific and strong attachment to host Carezzano etal.,
Binding of adhesins to specific receptors on plant surfaces. 3. | tumefaciens Extracellular matrix | surfaces plant tissues, facilitating colonization, biofilm 2023; Guptaetal.,
Establishment of stable attachment between microbes and components formation, and establishment of symbiotic or 2024
plant cells. pathogenic interactions.
Cellulases and 1. Secretion of cellulases and hemicellulases by microbes. 2. Fusarium Plant cell wall Rhizosphere, root Assisting in degradation of plant cell wall Dutta etal, 2023
hemicellulases Hydrolysis of cellulose and hemicellulose components in oxysporum components surfaces components, promoting invasion and colonization
plant cell walls. 3. Facilitation of penetration into plant of plant tissues, aiding in nutrient acquisition and
tissues. host tissue maceration.
Extracellular 1. Synthesis and secretion of EPS by microbes. 2. Bacillus subtilis Secreted Root surfaces, leaf Providing structural integrity to biofilms, Ajijah et al., 2023;
polymeric Accumulation of EPS around microbial cells and on plant polysaccharides, surfaces protecting microbial cells from environmental Santra and
substances (EPS) surfaces. 3. Formation of a protective matrix for microbial proteins, DNA stresses (e.g., desiccation, predation), facilitating Banerjee, 2024
communities. nutrient retention and exchange, promoting
adherence to surfaces and intercellular
communication within microbial communities.
Chemotaxis 1. Detection of chemical gradients by microbial cells. 2. Rhizobium Root exudates, Rhizosphere, root Guiding microbial movement toward Dunn and
Movement of microbes toward favorable chemical signals leguminosarum wounds surfaces, leaf nutrient-rich or hospitable microenvironments, Becerra-Rivera,
(e.g., root exudates). 3. Directed migration and colonization surfaces facilitating efficient colonization of plant tissues, 2023; Dhiman et al.,
of plant surfaces. enhancing interactions with host plants by 2024
responding to chemical cues.
Molecular effector secretion
Type I1I secretion 1. Recognition of host cell by T3SS. 2. Activation of T3SS Pseudomonas Effector proteins, Direct contact with Facilitating the delivery of effector proteins De Ryck etal,, 2023;
system (T3SS) machinery. 3. Injection of effector proteins directly into host | syringae host cell receptors host cells directly into host cells, manipulating host cellular Lee etal, 2023
cell cytoplasm via a needle-like structure. processes, suppressing plant defenses, promoting
pathogen virulence or symbiotic interactions.
Type IV secretion 1. Assembly of T4SS machinery. 2. Formation of a protein Agrobacterium Effector proteins, Direct contact with | Mediating the transfer of effector proteins from Wangthaisong
system (T4SS) channel connecting microbial and host cells. 3. tumefaciens host cell cytoplasm host cells microbial cells to host cells, facilitating. etal., 2023; Gupta
Translocation of effector proteins from microbe to host cell manipulation of host cellular processes, etal, 2024
cytoplasm. promoting symbiotic interactions or pathogenesis.
Type VI secretion 1. Assembly of T6SS machinery. 2. Contact-dependent Rhizobium etli Effector proteins, Direct contact with Participating in intercellular competition, De Sousa etal.,

system (T6SS)

injection of effector proteins directly into adjacent microbial
or host cells.

host cell proteins

host cells or other
microbial cells

modulating microbial community composition,
facilitating host colonization or pathogenesis
through the delivery of effectors into target cells.

2023; Yin etal,,
2024

Secretion viaouter | 1. Budding of OMVs from microbial outer membrane. 2. Escherichia coli Effector-containing | Extracellular Mediating long-distance delivery of effector Chalupowicz et al.,
membrane vesicles | Packaging of effector proteins into OMVs during biogenesis. vesicles, host cell environment proteins, facilitating communication between 2023; Pandey et al,,
(OMVs) 3. Release of OMVs into extracellular environment. 4. membranes microbial cells, promoting interactions with host 2024

Uptake of OMVs by host cells or other microbes, leading to cells by delivering effectors or modulating host

effector delivery. immune responses.
Direct secretion 1. Utilization of specialized protein channels (e.g., porins) Xanthomonas Effector proteins, Extracellular Facilitating rapid secretion of effector proteins, Maphosa et al., 2023
through protein for direct secretion of effector proteins from microbial cells campestris extracellular space environment or modulating host cellular processes or immune

channels

into the extracellular environment or into host cells.

direct contact with
host cells

responses, promoting microbial colonization or
pathogenesis by directly interacting with host cells
or affecting surrounding environment.

Molecular nutrient acquisition

Production of

1. Expression and secretion of cellulolytic enzymes (¢.g.,

Trichoderma reesei

Cellulose in plant

Rhizosphere, root

Facilitating the degradation of cellulose-rich plant

Restrepo-Leal et al,

cellulolytic enzymes | cellulases) by microbes. 2. Hydrolysis of cellulose polymers cell walls surfaces, plant materials, releasing nutrients for microbial 2023; Datta, 2024
into glucose monomers. 3. Uptake of glucose by microbes debris utilization, enhancing soil fertility, and promoting
for energy and growth. interactions with plant roots.
Synthesis of 1. Production and secretion of pectinolytic enzymes (e.g., Pseudomonas Pectin in plant cell Rhizosphere, root Facilitating the breakdown of pectin-rich plant Anderson, 2023;
pectinolytic pectinases) by microbes. 2. Degradation of pectin, a Syringae walls surfaces tissues, promoting nutrient release, enhancing Puranik et al., 2023
enzymes component of plant cell walls, into simpler sugars and microbial growth and metabolism, and fostering
breakdown products. 3. Utilization of these products by interactions with host plants.
microbes as carbon and energy sources.
Nitrogen fixation 1. Expression and activity of nitrogenase enzymes by Rhizobium Atmospheric Root nodules (in Providing plants with accessible nitrogen in the Goyal and
nitrogen-fixing bacteria (e.g., Rhizobium, Bradyrhizobium). leguminosarum nitrogen symbiotic form of ammonia, enhancing plant growth and Habtewold, 2023;
2. Conversion of atmospheric nitrogen (N,) into ammonia associations), productivity, improving soil fertility, and enabling Mahapatra et al.,
(NH3). 3. Incorporation of ammonia into organic molecules thizosphere sustainable agricultural practices. 2023
or its uptake by plants.
Phosphate 1. Production and secretion of organic acids (e.g, citric acid, Bacillus megaterium | Phosphate in soil Rhizosphere, root Enhancing the availability of phosphate for plant da Silva etal., 2023;
solubilization gluconic acid) by phosphate-solubilizing microbes. 2. minerals surfaces uptake, promoting plant growth and development, | Pantigoso et al,

Acidification of the rhizosphere environment. 3.
Solubilization of insoluble phosphate minerals, releasing
phosphate ions (PO;™) into the soil solution.

Molecular host immune evasion

improving nutrient use efficiency, and
contributing to sustainable agricultural practices.

2023

Production of 1. Synthesis and secretion of compounds mimicking plant Pseudomonas Plant hormone Rhizosphere, leaf Disrupting plant hormonal balance, manipulating Ravelo-Ortegaetal.,
phytohormone phytohormones (e.g., salicylic acid, jasmonic acid) by syringae receptors surface plant growth and defense responses, facilitating 2023; Selwal et al.,
mimics microbes. 2. Binding to plant hormone receptors. 3. ‘microbial colonization, and promoting pathogen 2023

Modulation of plant hormone signaling pathways. virulence or symbiosis.
Suppression of 1. Secretion of effector proteins by microbes. 2. Interference Xanthomonas Plant enzymes Rhizosphere, root Preventing the activation of plant defense Gupta et al., 2023;
reactive oxygen with plant signaling pathways involved in ROS production campestris involved in ROS surfaces, leaf responses associated with ROS production, Khoshru etal., 2023
species (ROS) (e.g, mitogen-activated protein kinase (MAPK) cascade). 3. production surfaces promoting microbial survival and proliferation,
production Inhibition of ROS burst in response to microbial invasion or facilitating infection or establishment of symbiosis.

elicitation.
Interference with 1. Secretion of effector proteins or metabolites by microbes. Agrobacterium Plant pattern Rhizosphere, root Evading plant immune surveillance, avoiding Barka etal., 2023;
pattern recognition 2. Binding to or modification of plant PRRs. 3. Disruption of | tumefaciens recognition surfaces, leaf recognition by the host immune system, Jiang et al., 2023;
receptors (PRRs) PRR-mediated recognition of microbial-associated receptors surfaces suppressing the activation of downstream defense Wuet al., 2024

molecular patterns (MAMPs). responses, and promoting microbial colonization

or infection.

Inhibition of plant 1. Production and secretion of effector proteins by microbes. | Fusarium Plant transcription Direct contact with Suppressing the expression of defense-related Manoharan et al.,
defense gene 2. Translocation into plant cells. 3. Suppression or oxysporum factors host cells genes, dampening plant immune responses, 2023; Rani etal,,
expression ‘manipulation of transcriptional regulators or signaling promoting microbial colonization or infection, 2023

components involved in plant defense gene expression. and facilitating establishment of symbiotic

associations.

Molecular symbiotic associations
Production of 1. Synthesis and secretion of nodulation factors (Nod Rhizobium Legume root Rhizosphere, root Inducing nodulation in leguminous plants, Grundy etal,, 2023;
nodulation factors factors) by Rhizobia bacteria. 2. Perception of Nod factors by | leguminosarum receptors surfaces initiating the formation of root nodules, Shumilina et al.,

Synthesis of
mycorrhizal
signaling molecules

plant receptors (e.g., Nod-factor receptors). 3. Initiation of
signaling cascades leading to nodulation and symbiosis.

1. Production and release of signaling molecules (e.g.,
strigolactones) by host plants in response to low phosphate
availability. 2. Perception of signaling molecules by
mycorrhizal fungi. 3. Initiation of mycorrhizal symbiosis and
hyphal colonization.

Glomus intraradices

Plant root exudates,
mycorrhizal fungi

Rhizosphere, root
surfaces

facilitating the establishment of nitrogen-fixing
symbiosis, and enhancing plant growth and
nitrogen acquisition.

Facilitating the establishment of mycorrhizal
associations, promoting hyphal growth and
colonization of plant roots, enhancing nutrient
uptake (e.g., phosphorus), and improving plant
growth and stress tolerance.

2023

Wahab et al., 2023;
Koshila Ravi and
Muthukumar, 2024

Regulation of plant | 1. Secretion of microbial metabolites or effector proteins that | Bradyrhizobium Plant hormone Rhizosphere, root Modulating plant growth, development, and stress | Gémez-Godinez
phytohormone modulate plant hormone signaling pathways. 2. Interference | japonicum receptors surfaces, leaf responses, optimizing resource allocation, etal,, 2023; Kaya,
levels with plant phytohormone biosynthesis, perception, or surfaces enhancing plant fitness and stress tolerance, and 2024

signaling. 3. Manipulation of host physiological processes promoting mutualistic interactions with microbes.

and development.
Formation of 1. Expression of microbial genes involved in the formation Frankia spp. Plant root cells Root surfaces, Facilitating nutrient exchange between microbes Gasser et al., 2023;
specialized of specialized structures (e.g., nodules, arbuscules). 2. intracellular and host plants, enhancing nutrient acquisition Scaria and Ravi,
structures Induction of morphological changes in host tissues. 3. colonization and utilization, promoting mutualistic 2023

Development of symbiotic structures facilitating nutrient
exchange and metabolic cooperation.

interactions, and improving plant growth and
fitness.
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Genomics

Klebsiella pneumoniae, Azotobacter
vinelandii, Rhodospirillum rubrum, and
Rhodobacter capsulatus

Decipher structural and functional
aspects of genes

Provide insights into the entire
microbial community, analyze
transcript sequences, uncover
protein-protein interaction networks,
and unravel metabolic network
modeling

Symbiotic
nitrogen-fixing bacteria

Reduced sequencing
costs, accessibility of
whole-genome
sequences

Diwan et al,, 2022

Metagenomics

Rhizobium-legume symbiosis,
Alternaria alternata, Apple host
response

Capture genetic sequence information
across entire microbial communities

Outperform traditional culture-based
methods, identify novel genes and
functions

Symbiotic
nitrogen-fixing bacteria

Offers insights into both
individual units and
ecosystem functions

Zulfiqar et al., 2024

Epigenomics Neobacillus (Naxos tubers), Plant Analyze epigenetic modifications and Explore heritable alterations in gene Mycorrhizal fungi, Explores changes in Samantara et al., 2021;
response to Pseudomonas syringae, genetic material changes in both plants expression independent of DNA endophytes; plant DNA methylation Ali etal., 2023; Boutsika
Correlation of genomic and epigenomic and microbes sequence changes, understand how growth-promoting patterns, histone protein etal., 2023; Doddavarapu
traits in fungi modifications enable environmental rhizobacteria (PGPR), modifications, and etal, 2024; Joubert and
adaptation, explore inheritance patterns | biocontrol agents non-coding RNAs Krasileva, 2024; Masenya
and potential transgenerational effects etal, 2024
Transcriptomics Pseudomonas fluorescens-induced Detect and quantify RNA molecules, Quantify transcript expression, explore Plant growth-promoting Provides sequences of all Assis et al., 2014; Chen

systemic resistance in Arabidopsis,
Penicillium expansum-induced
post-harvest fruit decay and mycotoxin
production in blueberries, Delftia
acidovorans with canola and soybean
plant roots

linking gene function with specific
conditions

regulatory alterations, mutation
scrutiny, sequence variants, differential
expression, and alternative splicing

rhizobacteria (PGPR),
biocontrol agents

transcripts in a sample,
enabling exploration of
molecular mechanisms

etal, 2022; Gamalero
etal,, 2022; Jeon et al.,
2022; Rathnasamy et al.,
2023

Metatranscriptomi

Xylella fastidiosa-induced Pierce's
disease in grapevine

Examine gene expression across the
‘microbial community, revealing
dynamic functions and providing
insights into complex microbial

Illuminate specific transcribed genes,
enable functional analysis of
plant-associated microbial communities

Biocontrol agents,
Disease response

Characterizes real-time
mRNA expression in
environmental samples,
helps understand

Dubey et al., 20205
Kumar et al., 2021;
Gamalero et al, 2022;
Saarenpi et al., 2023

physiology microbial physiology
Proteomics Symbiont S. meliloti and phytopathogen | Analyze expressed genes, revealing the Unravel pathogenicity, stress-related Symbiotic interactions Investigate Khatabi et al., 2019
P. syringae role of proteins in microbial metabolic responses, antioxidant mechanisms in protein-protein Sarim et al., 2020; Jain
processes across diverse habitats plant-microbe interactions interactions, identify and | etal,, 2021; Chandok
study protein functions etal, 2022
Metaproteomics Trichoderma harzianum-induced Study soil fertility, plant-microbe Link specific proteins to microbial Plant growth-promoting Analyze bacterial Priya etal., 2021; Rane
biocontrol interactions, nutrient cycling, and utilization of particular carbon rhizobacteria (PGPR), communities, identify etal, 2022
bioremediation by identifying substrates, especially in the phyllosphere | biocontrol agents proteins involved in
biocontrol-related proteins, pathogenicity and host
pathogenicity factors, and host defense defense mechanisms
mechanisms
Metabolomics Mycorrhizal association for nutrient Investigate qualitative and quantitative Shed light on mechanistic roles of Mycorrhizal fungi, Offer insights into Shafi et al., 2021; Chen
uptake in Glomus intraradices and insights into the symbiotic mechanisms | metabolites in plant-microbe endophytes metabolic regulation, etal, 2022; Manickam

tomato

of bacteria and fungi with plants

interactions

shared metabolites, and
development of plant
protection strategies

etal, 2023; Singh et al,,
2023; Demiwal et al.,
2024
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Functio

Automated proteomic data analysis

Adv:

ages

Facilitates comprehensive analysis of proteomic data
for understanding plant-microbe interactions

References

Schiebenhoefer et al., 2020

SECIMTools Proteomic data analysis Offers automated pipelines for efficient processing of Khan etal., 2019; Jibrin etal.,
proteomic data 2021
MetaLab Automated pipeline for proteomic Provides an efficient and user-friendly platform for Starr etal., 2018
analysis proteomic data analysis
Galaxy-P Multi-omics analysis platform Integrates proteomic data with genomic/transcriptomic | Mehta et al,, 2023
data for comprehensive analysis
Xems Metabolomic data analysis Offers functionalities for pathway mapping and Schweiger et al., 2014; Mueller
functional analysis of metabolomic data etal, 2020
MZMine Metabolomic data analysis Provides tools for processing and analyzing Piasecka et al., 2019
metabolomic data
MetaboAnalyst Metabolomic data analysis Enables functional analysis and pathway mapping of Piasecka et al., 2019
metabolomic data
QIIME Bioinformatic analysis for Facilitates bioinformatic analysis and OTU generation Lucaciu etal., 2019
metagenomic data for metagenomic studies
UPARSE Bioinformatic analysis for Enables efficient processing of metagenomic data for Hupfauf et al,, 2020
metagenomic data taxonomic analysis
MOTHUR Bioinformatic analysis for 165 DNA Provides tools for analyzing and visualizing 165 DNA Lucaciu et al., 2019; Hupfauf
data data for microbial community analysis etal, 2020
MG-RAST Phylogenetic and functional analysis Offers comprehensive analysis of metagenomic data, Cassman et al., 2018; Dey and
of metagenomic data enabling both phylogenetic and functional insights Ganguly, 2022
MetaPhlAn2 Profiling microbial community using Facilitates the profiling of microbial communities and Cassman et al., 2018; Dey and
clade-specific markers enables taxonomic analysis of metagenomic data Ganguly, 2022
HUMARN2 Pathway analysis for Provides pathways for gene expression analysis and Liuetal, 2021
metatranscriptomic data comprehensive pipelines for metatranscriptomic data
analysis
MetaTrans RNASeq mapping and gene Facilitates RNASeq mapping and analysis for gene Liuetal,, 2021
expression analysis expression studies
SAMSA Complete analysis pipeline for Offers a comprehensive pipeline for Liuetal,, 2021
metatranscriptomic data metatranscriptomic data analysis
Galaxy-P Integrated analysis of proteomics data | Streamlines proteomics protein identification through | Starr et al,, 2018

with genomic/transcriptomic data

genome/transcriptome-informed approaches
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