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ABSTRACT

The growth along with productiveness of plants undergoes influence from multiple abiotic and biotic stress factors. The collection of multi-omics approaches combines genomic data with RNA sequences together with protein and metabolic data to create an all-encompassing knowledge system about plant stress responsiveness. Progress in sequencing technology and mass spectrometry and computational techniques makes it possible to identify genes along with proteins and metabolites and regulatory networks in response to stress. The obtained knowledge helps develop marker-assisted selection together with metabolic engineering and precision agriculture techniques for crop improvement. The combination of single-cell and spatial omics and stress memory studies with microbiome interaction research presents great potential to boost plant resistance while sustaining agricultural practices.
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Introduction

Plants, being immobile organisms, are perpetually exposed to many environmental stresses like drought, salinity, extreme temperatures, heavy metals, and pathogen attacks.1 These abiotic and biotic stresses significantly impact plant growth, development, and productivity. They are the major threat to global food security, particularly when the world is torn in pieces by climate change and population growth.2 Plants are quite adept to arm-wrestle these conditions and make the necessary changes in normal plants via a finely tuned immune system, which includes the operation of an armamentarium of defense weapons against various environmental stress factors and the establishment of microhabitats characterized by an increase in the density of positively selected plant microorganisms at the expense of more pathogenic or avirulent members.3

Plant stress responses need the enlightenment of the entire network system, which consequently leads to the development of stress-tolerant crops and the evolution of sustainable agricultural practices. However, the complexity of these responses, ranging from molecules to networks of regulatory interactions, poses a major challenge to researchers.4 Conventional reductionist approaches focusing on individual genes or pathways have been crucial in acquiring significant user insight; however, these methods often fail to see the fuller picture of plant stress responses.5

Exploding the use of omics techniques in the research of biological systems has extended the boundaries of the scope and detail of our analysis of the studied substances.6 These innovations make it possible to assess molecular components in parallel, from which one can get an overall picture of what happens in cells. In plant stress research, multi-omics tools have become indispensable in identifying the complex interactions among different molecular layers involved in stress perception, singling, and response.7



Multi-Omics Technologies in Plant Stress Research

Genomics

Genomics is a crucial method for elucidating the genetic foundations of plant stress tolerance through the comprehensive analysis of its complete gene set and its interactions.8 Recently, the advent of next-generation sequencing (NGS) technologies allows plant genomes to be sequenced rapidly and cost-effectively to uncover genes and regulatory elements responsive to stresses.9

Genome-wide association studies (GWASs) have developed into an effective strategy to detect specific genetic variants associated with stress tolerance traits.10 GWAS: A few examples of genetic polymorphisms from QTL studies and candidate stress-response genes by associating the polymorphism with phenotypic differences among a wide range of plant populations, several hundred QTLs have been identified in GWAS;11 these are mainly putative stress-response candidate genes. A GWAS in rice detected multiple drought tolerance loci, many of which were associated with abscisic acid (ABA) signaling and osmotic regulation genes.12

The recent advances in long-read sequencing technologies like Oxford Nanopore and PacBio have provided us with more accurate genome assemblies and less error-prone detection of structural variants behind stress tolerance.13 Pan genomic analyses integrated with structural and copy number variations contributing to germplasm stress adaptation mechanisms have been revealed across diverse germplasm.14

However, comparative genomics has also provided valuable insights into the evolution of stress tolerance mechanisms.15 By comparison of genomes between stress-tolerant species and stress-sensitive species, conserved and species-specific genes and pathways have been highlighted for their role in the stress response.9 For example, based on a comparative genomic study of halophytes and glycophytes, some specific features in the genome, including gene families related to salt tolerance, were highlighted to have an important role in their adaptation.16

Plant stress research has increasingly focused on epigenomics, as this field deals with heritable changes in gene expression without any change in DNA sequence.17 Bisulfite sequencing and chromatin immunoprecipitation sequencing (ChIP-seq) have demonstrated that DNA methylation, histone modifications, and chromatin structure are closely associated with stress-responsive gene expression.18 They are the masterminds of stress memory and multigenerational stress tolerance in plants.19

Transcriptomics

The study of the entire pool or transcribed RNA of an organism under certain conditions is known as transcriptomics. It has been extensively used for years to investigate plant response mechanisms in front of stress.20 A revolutionary conversion in transcriptomics is the advent of RNA sequencing (RNA-seq) technology, which permits the quantitative appraisal of gene expression levels to distinguish novel transcripts and alternative merging events.21

Transcriptomic analyses have shown “global transcriptional reprogramming” in response to many abiotic and biotic stresses.22 Studies have shown the potential to define stress-perception, -signaling, and -adaptation related genes, transcription factors (TFs), and regulatory networks essential for abiotic stress responses in plants.23 Transcriptome profiling of drought-stressed maize plants, for instance, reported up-regulation of genes involved in ABA biosynthesis, osmolyte production, and antioxidant defense.24

The emerging technology of single-cell RNA sequencing (scRNA-seq) provides a powerful tool for studying stress responses at the cell level.25 This approach allows the study of gene expression in individual cells, offering a complementary view of the plant tissue showing different diversity of stress responses.26 For example, scRNA-seq of Arabidopsis roots under salt stress demonstrated cell type-specific transcriptional patterns corresponding to distinct mechanisms in response to stress.25

The ability of spatial transcriptomics to elucidate tissue-specific stress response has emerged as a powerful tool. Recent studies using this technology have mapped spatial patterns of stress-responsive genes across different root zones and leaf tissues, showing detailed insights into how plants couple localized and systemic stress responses.25

Moreover, plenty of studies have revealed that the expression of long non-coding RNAs (lncRNAs) and small RNAs also contribute to the plant stress process.27 Genome-wide transcriptomic analysis revealed the stress-responsive lncRNAs and small RNAs, including microRNAs (miRNAs) and small interfering RNAs (siRNAs), representing important modulators of gene expression and stress-responsive signaling pathways.28 Other important regulators of drought and salt tolerance, such as stress-responsive transcription factors and miRNAs, have also been shown to be the target gene.29

Proteomics

Proteomics provides the functional counterpart to genomics and transcriptomics in large-scale studies of proteins.30 mass spectrometry (MS)-based techniques have allowed for the efficient identification, quantification, and functional properties of proteins that participate in plant stress responses.31

Proteomic changes in protein abundance,32 post-translational modifications (PTM),33 and protein-protein interactions have been reported upon treatment of various stresses.34 These studies have identified important proteins related to stress signaling, osmolyte synthesis, antioxidant defense, and cellular homeostasis in general.32 For example, some proteins assayed by proteomics in wheat exposed to drought stress were related to the processes of photosynthesis, energy metabolism, and stress protection among those differently expressed at various levels under water deficit conditions.33

Advanced proteomics techniques have enabled more comprehensive quantification of protein dynamics during stress responses such as data-independent acquisition MS.35 “Lastly, integrated thermal proteome profiling has been used to understand how temperature modulates protein stability and interactions under stress.”36

Protein function and signaling pathways are modulated by the PTM of proteins in stress responses.34 Phosphoproteomics, which systematically analyzes the phosphorylation of proteins by stress, has recognized universal stress-incited phosphorylation events.37 These phosphorylation cascades exert fast signal transduction and mediate the activation of stress response mechanisms.38 This mini-review will discuss the advancements and use of plant proteomics techniques to analyze nitrogen stress-related PTM sub-proteomes. The arrow indicates that one type of process can impact other types, like ubiquitination, which is essential for performing sumoylation (as trash cans are needed to clean up parking lots to keep them clear).

Stress signaling and response are defined by PPI interaction networks.39 Plant science has used mapping stress-responsive PPI network techniques like yeast two-hybrid screening, bimolecular fluorescence complementation, and Co-immunoprecipitation coupled with MS. These studies have revealed finely woven links between disparate signaling elements and determined pivotal control points within stress response pathways.40

Metabolomics

Metabolomics, the study of small molecule metabolites, provides a snapshot of the biochemical state of the plant under stress.41 Metabolites, as the end products of cellular processes, play a crucial role in stress tolerance by being osmolytes, antioxidants, and signaling molecules.42

The primary analytical platforms used in plant metabolomics are MS and nuclear magnetic resonance (NMR) spectroscopy.43 These can identify and quantify various metabolites, including primary metabolites (e.g., sugars, amino acids, organic acids) and secondary metabolites (e.g., flavonoids, alkaloids, terpenoids).44

More recently, ion mobility MS has been advanced to improve the detection and structural characterization of stress-related metabolites.45 Spatial metabolomics has been applied to discover tissue-specific metabolic fingerprints in stress responses that reveal new insight into local adaptation mechanisms.46

Metabolomic studies have shown significant changes in metabolite profiles under various abiotic and biotic stresses.47 These studies have identified key metabolites and metabolic pathways in stress tolerance.24 For example, metabolomic analysis of drought-stressed rice plants showed accumulation of osmoprotectants like proline, trehalose, and raffinose and changes in signaling molecules like ABA and jasmonic acid.48

Flux analysis, which tracks the dynamic flow of metabolites through biochemical pathways, has given us critical insights into the metabolic reprogramming that occurs during stress responses.49 Using stable isotope labeling and metabolic flux analysis techniques, researchers have shown the switching of carbon and nitrogen metabolism under stress conditions.50

Other Emerging Omics Approaches

Phenomics, the high-throughput study of plant phenotypes, is crucial in stress research.51 Advanced imaging techniques like hyperspectral, thermal, and 3D scanning allow non-invasive, real-time monitoring of plant physiological and morphological responses to stress.52 When combined with other omics data, phenomic methods bridge the gap between genotype and phenotype in stress tolerance studies.53

Ionomics, the study of elemental composition of organisms, has given us a lot of insight into plant mineral nutrition and stress responses.54 High-throughput techniques like inductively coupled plasma MS allow us to measure multiple elements in plant tissues at the same time.55 Ionomic studies have shown us ion homeostasis and transport mechanisms under salt and heavy metal stress.56

This concept, known as harmonics, the analysis of all the plant hormones, is becoming an important key to characterizing stress-signaling networks.57 Modern techniques such as ultra-high-performance liquid chromatography-tandem MS enable the measurement of various hormones and their metabolites at one go.58 Endocrine analyses have provided complex information about the interactions among hormonal networks in modulating stress responses in plants.59

Epigenomics was previously a subtopic of genomics, but it is now considered more than that in plant stress.60 Benchtop approaches like ChIP-seq, assay for Transposase-Accessible Chromatin using sequencing, and Hi-C (High-throughput chromosome conformation capture) are giving valuable information on chromatin structure, DNA accessibility, and 3D genome organization in response to stress, respectively (Table 1).61




	
Table 1 | Omics technologies comparison




	Omics Technology
	Focus & Data Types
	Key Applications
	Integration Strategies
	Technical Challenges
	Data Integration Challenges



	Genomics
	
	DNA sequence analysis

	SNPs, CNVs

	Structural variants

	Whole genome sequences




	
	Genetic variation studies

	Disease risk assessment

	Evolutionary studies




	
	Network analysis

	Machine learning

	Multi-omics correlation




	
	Large data storage needs

	Complex variant calling

	Repetitive sequences

	Quality control issues




	
	Platform differences

	Data normalization

	Missing data handling

	Computational resources







	Transcriptomics
	
	RNA expression analysis

	Gene expression levels

	Alternative splicing

	Non-coding RNAs




	
	Gene regulation studies

	Cellular response analysis

	Disease mechanisms




	
	Expression correlation

	Pathway integration

	Time-series analysis




	
	RNA sample degradation

	Splice variant detection

	Batch effects

	Normalization issues




	
	Temporal resolution

	RNA stability differences

	Cross-platform integration

	Biological variance







	Proteomics
	
	Protein abundance

	Post-translational modifications

	Protein interactions




	
	Protein function analysis

	Pathway mapping

	Biomarker discovery




	
	Protein-protein networks

	Pathway mapping

	Multi-omics integration




	
	Limited dynamic range

	Identification accuracy

	Sample complexity

	Quantification issues




	
	Different molecular timescales

	Missing proteins

	Data completeness

	Technical variability







	Metabolomics
	
	Small molecule analysis

	Metabolite concentrations

	Metabolic flux




	
	Metabolic pathways

	Disease biomarkers

	Drug response studies




	
	Pathway integration

	Correlation networks

	Flux analysis




	
	Metabolite identification

	Sample stability

	Chemical diversity

	Method standardization




	
	Rapid turnover rates

	Sample matching

	Data normalization

	Technical reproducibility











Data Integration and Analysis

Thus, the true potential for multi-omics approaches is found in combining data generated at different molecular levels, thus providing a systems biology perspective of plant stress responses. Nevertheless, integrating these various omics types of data presents certain difficulties because they are heterogenic, vary in size, and interact in complex ways (Figure 1).62
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Fig 1 | Multi-omics integration for plant stress response



Data Integration Strategies

Several strategies have been developed to integrate multi-omics data in plant stress research:


1. Sequential integration: This approach treats each omic separately, and the result is combined to generate biological conclusions.63 However, it can hide important effects associated with the superposition of molecular layers.

2. Pathway-based integration: Here, omics data is aligned on known biological pathways, and network analysis is used to find coherent changes observed at multiple molecular levels.64 As stated by the author, MapMan and PathVisio are the frequent software used for pathway-based integration of plant omics data.65

3. Network-based integration: This approach builds connected modules based on the interactions of different omics platforms such as gene regulatory, PPI, and metabolic networks.66 It is thus possible to use the approach to recognize special regulatory nodes and clusters specific for stress responses.

4. Machine learning and statistical approaches: Multiple algorithms and statistical techniques integrate multi-omics data sources.67 Those include partial least squares regression, canonical correlation, and multi-omics factor analysis.68

5. Bayesian approaches: It has a high potential of integrating such heterogeneous omics data since it assumes probabilistic relations between molecular layers using Bayesian methods.69 These approaches manage well with uncertainty and noise characteristic of biological data.



Indeed, the emergence of deep learning approaches, particularly graph neural networks, has proved to be powerful ways to integrate multi-omics data to predict stress responses.70 They can capture the complex non-linear relationships between different molecular layers spanning years of data and significantly enhance prediction accuracies of stress tolerance traits (Table 2).




	
Table 2 | Common integration strategies across all omics




	Integration Type
	Methods
	Applications
	Challenges



	Vertical Integration
	
	Network analysis

	Statistical correlation

	Machine learning

	Pathway mapping




	
	Multi-omics signatures

	Systems biology

	Drug response prediction




	
	Data scaling differences

	Missing data

	Temporal mismatches

	Computational complexity







	Horizontal Integration
	
	Meta-analysis

	Batch correction

	Cross-platform normalization




	
	Population studies

	Disease classification

	Biomarker validation




	
	Batch effects

	Study heterogeneity

	Platform differences

	Data standardization









Computational Tools and Resources

Numerous computational tools and resources have been established to facilitate multi-omics data integration and analysis in plant research:


1. Databases: Using combined databases like PlantGDB, Phytozome, and TAIR, abundant information regarding plant genomics and transcriptomics is available, in addition to functional annotations.71 Some of these stress-specific databases include PlantstressDB and StressDB, which contain comprehensive information about stress-responsive genes as well as pathways.72

2. Visualization tools: Indeed, Cytoscape, Gephi, and ggplot2 are essential to represent extensive multi-omics data and networks.73 These tools are useful in facilitating the interpretation of assessment findings and enhancing the communication of integrated analysis results.

3. Workflow management systems: Some interfaces that are easy to use when programming for multi-omics data analysis procedures include the Galaxy, Taverna, and Nextflow. These systems encourage reproducibility and also facilitate the sharing of analysis pipelines.

4. Machine learning frameworks: Different machine learning algorithms are available from scikit-learn, TensorFlow, and Keras for multi-omics data integration and predictive modeling.74

5. Web-based platforms: There are several available web-based tools for omics data analysis, which allow working within one integrated environment: XCMS Online, MetaboAnalyst, and KBase come with a clear interface intended for users with low coding experience.75



Challenges in Data Integration

Despite advancements in data integration strategies and tools, several challenges persist in the analysis of multi-omics data for plant stress research:


1. Data heterogeneity: Despite the vast differences in scale, distribution, and noise characteristics, direct integration of different types of omics datasets is challenging.76

2. Temporal and spatial resolution: The integration of data acquired at different temporal and spatial scales is challenging due to the differences in times and spatial scales introduced by omics technologies .77

3. Biological complexity: Due to the complexity and nonlinearity of biological systems, their interactions and dependencies are hard to model in integrated ways.78

4. Computational complexity: Integrating and analyzing large-scale omics datasets demands much compute capacity and is beyond the scope of many researchers.79

5. Lack of standardization: Nine of them mentioned that formats of data vary or are of differing types; eight said that protocols are experimental, and seven stated that the reporting standard interferes with data integration attempts.80

6. Biological interpretation: Another major issue for integrated analysis is the ease of contextualizing findings into biological frameworks, which often involves substantial manual curation and understanding of context-specific biological processes.64





Biological Insights from Multi-Omics Integration

The use of multi-omics data has provided novel Scheme 5 insights into the regulation of plant stress response. Below, we highlight some key biological discoveries and their implications for crop improvement and stress tolerance:

Stress Signaling Networks

Efforts utilizing various omics methodologies have elucidated the integrated and composite stress signaling processes in plants.81 The combination of transcriptomics, proteomics, and metabolomics datasets has provided evidence about the hierarchical structure of signaling pathways, from stress recognition to subsequent events.82

For example, a systematic study of Arabidopsis salt stress response showed effective transporters, osmoprotectant biosynthesis enzymes, and antioxidant systems of different omics levels. This study defined a group of principal regulators containing transcriptional factors and protein kinases involved in the salt stress response network (Figure 2).

In another multi-omics study on drought stress in rice, genomics, transcriptomics, and metabolomics data showed that ABA played a significant role in controlling the drought stress response through ABA-dependent and ABA-independent feedback regulatory mechanisms.83 Such an integrated approach revealed new drought-responsive genes and metabolites that the single-omics analysis had not detected.

More recently, phase separation has been shown to play a role in organizing stress granules and stress response.84 Metabolite Protein Interactions were integrated with proteomics and metabolomics data to relate how these metabolite protein interactions contribute to stabilizing and destabilizing these biomolecular condensates under stress conditions.

Metabolic Reprogramming

The integration of transcriptomics, proteomics, and metabolomics data has provided a systematic view of the reprogramming of metabolism in plant stress responses.85 Such studies have demonstrated how plants reprogram their metabolism to correct energy and metabolic imbalance, maintain cellular homeostasis, and produce stress protectants.

For instance, the study on cold stress in Arabidopsis using integrative multi-omics analysis of the transcriptome, proteome, and metabolome was useful in delineating coordinated regulation of carbohydrate and lipid metabolism.86 This study revealed a genetic module, post-translational regulation, and metabolic control, all playing a role in response to freezing injuries.

In another study, comparing proteomics and metabolomics data from drought-stressed maize plants and identifying changes in plants’ metabolic processes showed that plants change at a metabolic level to meet energy demands under drought-stress conditions, specifically towards the catabolism of amino acids and organic acids.87 This metabolic rewiring was associated with changes in the levels of some enzymes and metabolites implicated in these processes.

Epigenetic Regulation

Based on multi-omics analysis, it was evident that epigenetic regulation plays a significant role in stress responses in plants.88 Recently, combining epigenomic data with RNA-Seq and MS protein profiles, the interconnections between chromatin variations and DNA methylome, gene expression, and protein levels during stress acclimatization have been identified.

A single systematic study in rice that integrated ChIP-seq, RNA-seq, and proteomics data did show how histone modifications regulate the drought response of genes.89 This combined approach highlighted specific histone marks characteristic of stress gene activation or repression and offered an important epigenetic understanding of drought tolerance.

Another multi-omics study, by integrating DNA methylomes, transcriptomes, and metabolomes in salt-stressed Arabidopsis plants, showed that epigenetic regulation networks interact with metabolic remodeling.90 This study also identified methylation-sensitive factors implicated in controlling enzymes related to osmolyte synthesis and cellular ion balance.

Stress Memory and Priming

Research using multiple omics techniques has yielded significant insights into the mechanisms underlying SM and P, which are processes through which plants exhibit increased stress resistance after experiencing prior stress.19 These adaptive responses have been explained by the merging of epigenomic, transcriptomic, and metabolomic data.

Even in species such as Arabidopsis, ChIP-seq, RNA-seq, and metabolomic analysis were performed in a recent study to investigate the molecular reprogramming that occurs during heat stress memory.91 This multi-omics approach used the following molecular markers as memory-related genes that displayed long-lasting histone modifications, changes in the levels of histone expression during thermotolerance, and metabolic changes for improved thermotolerance.

The second integrated study in this review compared the transcriptome, proteome, and metabolome data of primed and non-primed maize plants under drought stress conditions. It highlighted the importance of metabolic priming in tolerance to drought.92 From this analysis, diet-derived metabolites and enzymes support primed states and serve as targets for crop improvement.

Genotype-Environment Interactions

Understanding how genotype/environment interactions operate in plant stress responses has been enhanced by integrating genomic, transcriptomics, and phenomic data about plants. These multi-omics approaches show that genetic variation controls stress adaptation in different environments with great benefits that can be applied to improving crop plants.

To study large datasets on rice, the scientists used GWAS together with transcriptomics and high-throughput phenotyping aimed at mechanisms of drought tolerance.93 In addition, by performing this multi-omics integration approach, this study successfully newly mapped QTLs and candidate genes associated with drought-adaptive traits, demonstrating the potential of this strategic approach for the analysis of complex traits.

Yet another multi-omics study combined genomic, transcriptomic, and metabolomic data, but in maize-inbred lines, researchers found that the response of this crop to nitrogen stress is rather genotype-dependent.94 Breeding activities were enhanced by this analysis, as they exposed the genetic factors and metabolic pathways involved in nitrogen use efficiency.



Applications in Crop Improvement

The insights obtained from multi-omics integration hold substantial implications for crop improvement and the creation of stress-tolerant varieties. Here, we outline several key applications and their potential impact on sustainable agriculture:

Marker-Assisted Selection and Genomic Selection

Multiple omics have contributed hugely to identifying biomarkers associated with stress tolerance traits.95 Indeed, through a combination of genomic, transcriptomic, and metabolomic data, the scientific community has identified robust signifiers that capture the terse nature of stress responses.

For example, a study using multiple omics approach included genome, transcriptome, and metabolome data to identify heat and drought tolerance in wheat.96 This comprehensive approach made it possible to develop SNP markers for the marker-assisted selection of climate-resilient wheat varieties.

Furthermore, different GS models have been improved by incorporating multi-omic data.97 Combined with data for other omics layers, such as transcriptomes, metabolomes, and genomes, the latter has augmented the precision of genomic prediction equations for multiple stress tolerance traits.98

Gene Discovery and Functional Characterization

Recently, multi-omics integration has greatly enhanced the identification and functional dissection of stress-related genes in crop plants.99 New gene functions and stress tolerance factors have been revealed by integrating genomic, transcriptomic, and proteomic data.

For example, a recent, large-scale investigation of tomato integrated genomic, transcriptomic, and metabolomic profiles to identify candidate genes underlying drought and salt tolerance.100 Unlike previous studies, this multi-omics approach identified other novel stress-protectant transcription factors and metabolic enzymes.

Furthermore, the functional characterization of candidate genes is improved using omics approaches, including multi-omics. One study on rice used transcriptomics, proteomics, and metabolomics to understand the function of a specific transcription factor involved in stress response.23 This analysis pointed out the targets and metabolic pathways regulated by the transcription factor and shed considerable light on its role in stress tolerance.

Metabolic Engineering

Information obtained from multi-omics has considerably impacted the metabolic engineering paradigms to improve stress tolerance in crop plants.1 Researchers have identified relevant metabolic pathways and enzymes for genetic editing through transcriptomics, proteomics, and metabolomics.

For example, in soybean plants exposed to drought stress using the multi-omics approach, the particular metabolic enzymes that play a role in osmoprotectant synthesis were identified.101 Based on these studies, further research was carried out to over-express these enzymes in soybean plants, and the performance showed increased drought tolerance and yield stability under water deficit conditions.

In another study, pls-SEC analysis of salt stress response in rice plants revealed that the polyamine metabolism pathway plays a pivotal role in stress tolerance.102 Transgenic rice lines with altered polyamine biosynthesis ability were produced due to this discovery, which led to high salt tolerance and increased grain yield under saline conditions.

Precision Agriculture and Phenotyping

Multi-omics techniques have significantly enhanced the progress of precision agriculture methods and fast phenotyping technologies.103 They have combined Genomic, Transcriptomic, and Phenom data to develop an index that evaluates crop function under different environments.

In a large-scale study on maize, the information derived from the genomics, transcriptomics, and phenotyping at a high throughput were used to establish the models for yield under water deficit.93 These models use genetics and physiological traits, making predicting crops under water-stressed environments easier.

Moreover, multi-omics data integration has enhanced the analysis of phenotyping data, allowing the mapping of observable traits to molecular mechanisms to be enhanced.52 For instance, wheat research involved using transcriptomics, metabolomics, and high-throughput imaging where molecular markers for heat tolerance were established.104 This approach enabled the creation of high-throughput phenotyping techniques for heat-tolerant wheat varieties and molecular markers to reach the same end (Figure 3).



Future Directions and Challenges

As multi-omics approaches continue to advance our understanding of plant stress responses, several key areas emerge as important directions for future research:

Single-Cell and Spatial Omics

Single-cell and spatial omics advances bring new possibilities to elucidate plant stress tolerance mechanisms in May/June.105 Such strategies allow for describing the cell type-specific response and visualizing the spatial patterns of molecular events in plant tissues.

Stress response mechanisms in cells other than hepatocytes and stress response heterogeneity should be the research focus in the future based on single-cell transcriptome, proteome, and metabolome studies.106 Furthermore, the effort made using spatial transcriptomics and imaging-based proteomics methods will provide crucial information about the stress-responsive genes and protein distribution in various parts of the plant.107

This field is poised for a revolution: multi-modal single-cell technologies, capable of profiling transcriptomes, proteomes, and metabolomes at the cellular scale, have recently emerged to fundamentally improve our understanding of cell type-specific responses to stress.108

Temporal Dynamics and Stress Memory

Understanding the time-dependent nature of stress reactions and the molecular mechanisms of stress signaling is difficult.19 Subsequent multi-omics study designs should incorporate time-course examination to dissect the changes occurring at different molecular system layers during stress, rest, and other exposures.

Furthermore, future studies combining epigenomic profiles with other omics data will play a crucial role in defining the processes governing stress memory and/or stress/cardiovascular disease transgenerational adaptation.88 Large-scale research projects that integrate omics platforms with multi-generation experiments will provide the basis for understanding the inter-generational continuity and resilience of the stress adaptive phenotypes.



[image: An illustration depicts the integration of omics layers in plant biology.]

Fig 2 | Integration of omics layers in plant biology



Multi-Stress Interactions

As discussed earlier, it is common that plants in both natural and agricultural environments are exposed to a multiplicity of stresses, either individual stresses acting all at once or individually yet cyclical.109 Next-generation multi-omics should capture the complex interplay between stress signaling and the iso- and heterotypic trade-offs that occur during multiple stress transitions.

The assessment of data collected from experiments involving combinatorial stress treatments will be essential to developing plants with broad stress tolerance.110 This is, however, possible through the development of higher-order computations to describe the non-linear crosstalk among the different stress signaling pathways and physiological processes in plants.

Microbiome Interactions

Microbiota at the plant roots also play a critical role in trials to adapt plant stress responses and their health.111 Subsequent multi-omics investigations of stress conditions of plants and their microbiomes should consider analyses of metagenomic and meta-transcriptomic data and metaproteomic data.

Researchers can unravel the interactions between plants and beneficial microorganisms using omics data from plants and microbiomes. Such information could be used to construct microbial-informed approaches to improve crop stress resistance.112

Data Integration and Interpretation Challenges

As the volume and complexity of multi-omics data grow, developing robust methods for data integration and biological interpretation remains a significant challenge.78 Future research should focus on:


1. Advanced machine learning techniques: Innovating new machine learning algorithms, including deep learning and graph neural networks, to integrate heterogeneous omics data and extract valuable biological insights.113

2. Causal inference methodologies: Utilizing causal inference methods to go beyond mere correlations and uncover causal relationships among various molecular layers within stress response networks.114

3. Knowledge-driven integration: Leveraging existing biological knowledge and curated databases in multi-omics analysis workflows to improve the interpretability and biological significance of the findings.62

4. Standardization and data sharing initiatives: Creating community-wide standards for collecting, analyzing, and reporting multi-omics data to enhance integration and reproducibility across different studies.80

5. User-friendly software solutions: Developing accessible software tools and platforms that empower plant biologists with limited bioinformatics experience to conduct integrative multi-omics analyses (Figure 4).115




[image: An illustration depicts the challenges in data integration.]

Fig 3 | Challenges in data integration




[image: An illustration of a flowchart depicts the biological insights from multi-omics integration.]

Fig 4 | Biological insights from multi-omics integration





Conclusion

Overall, combinatorial multi-omics data analysis has qualitatively shifted the knowledge of how plants accommodate stresses by fine-tuning all aspects of stress perception and signaling. Integrating data from other platforms, including genomics, transcriptomics, proteomics, metabolomics, and other emerging omics methods, has helped researchers discover new genes, stress tolerance pathways, and regulatory networks.

The combined analysis of these multi-omics data provides significant potential for optimizing crop traits and improving climate-smart agriculture, especially under changing climate conditions. Due to improved omics approaches, enhanced breeding and management principles are seen, including marker-assisted selection, metabolic engineering, precision agricultural practices, and high-throughput phenotyping (Table 3).




	
Table 3 | Best practices for integration




	Aspect
	Key Considerations



	Data Preparation
	
	Quality control

	Standardized preprocessing

	Batch correction

	Proper normalization







	Analysis Methods
	
	Multi-step integration

	Biological knowledge incorporation

	Statistical validation

	Interpretable modeling







	Documentation
	
	Detailed metadata

	Standard formats

	Analysis documentation

	Data availability









However, several limitations remain on exploiting the multi-omics approach to its full potential for studying plant stress. Single-cell and spatial omics technologies, temporal and multi-stress responses, challenging data integration, and interpretation techniques will be vital areas for future development in this field.

Considering the continuously progressing climate change and the problem of food security, the further development and implementation of an integrated multi-omics approach will become essential for improving the ability to create stress-tolerant crops and sustain agriculture. Thus, by implementing these extensive approaches to investigating plant stress responses, we can contribute to constructing a more sustainable and efficient world of agriculture.



References

1Zhu JK. Abiotic stress signaling and responses in plants. Cell. 2016;167(2):313–24.

2Mittler R, Blumwald E. Genetic engineering for modern agriculture: Challenges and perspectives. Annu Rev Plant Biol. 2010;61:443–62.

3Hirayama T, Shinozaki K. Research on plant abiotic stress responses in the post-genome era: Past, present and future. Plant J. 2010;61(6):1041–52.

4Cramer GR, Urano K, Delrot S, Pezzotti M, Shinozaki K. Effects of abiotic stress on plants: A systems biology perspective. BMC Plant Biol. 2011;11:163.

5Haak DC, Fukao T, Grene R, Hua Z, Ivanov R, Perrella G, et al. Multilevel regulation of abiotic stress responses in plants. Front Plant Sci. 2017;8:1564.

6Weckwerth W. Green systems biology - From single genomes, proteomes, and metabolomes to ecosystems research and biotechnology. J Proteomics. 2011;75(1):284–305.

7Pandey A, Misra P, Trivedi PK. Proteomics and metabolomics: Future trends in understanding plant stress response. In Sarwat M, Ahmad A, Abdin MZ, Ibrahim MM, editors. Stress Signaling in Plants: Genomics and Proteomics Perspective, 2017;(Vol. 2, pp. 333–56). Springer International Publishing.

8Varshney RK, Bansal KC, Aggarwal PK, Datta SK, Craufurd PQ. Agricultural biotechnology for crop improvement in a variable climate: Hope or hype? Trends Plant Sci. 2011;16(7):363–71.

9Bolger ME, Weisshaar B, Scholz U, Stein N, Usadel B, Mayer KF. Plant genome sequencing - applications for crop improvement. Curr Opin Biotechnol. 2014;26:31–7.

10Huang X, Han B. Natural variations and genome-wide association studies in crop plants. Annu Rev Plant Biol. 2014;65:531–51.

11Kang Y, Sakiroglu M, Krom N, Stanton-Geddes J, Wang M, Lee YC, et al. Genome-wide association of drought-related and biomass traits with HapMap SNPs in Medicago truncatula. Plant Cell Environ. 2015;38(10):1997–2011.

12Huang X, Zhao Y, Wei X, Li C, Wang A, Zhao Q, et al. Genome-wide association study of flowering time and grain yield traits in a worldwide collection of rice germplasm. Nat Genet. 2011;44(1):32–9.

13Chen F, Dong W, Zhang J, Guo X, Chen J, Wang Z, et al. The sequencing and de novo assembly of the Larimichthys crocea genome using PacBio and Hi-C technologies. Sci Data. 2023;6:92.

14Liu Y, Du H, Li P, Shen Y, Peng H, Liu S, et al. Pan-genome of wild and cultivated soybeans. Cell. 2024;184(1):127–42.

15Taji T, Seki M, Satou M, Sakurai T, Kobayashi M, Ishiyama K, et al. Comparative genomics in salt tolerance between Arabidopsis and Arabidopsis-related halophyte salt cress using Arabidopsis microarray. Plant Physiol. 2004;135(3):1697–709.

16Dassanayake M, Oh DH, Haas JS, Hernandez A, Hong H, Ali S, et al. The genome of the extremophile crucifer Thellungiella parvula. Nat Genet. 2011;43(9):913–8.

17Mirouze M, Paszkowski J. Epigenetic contribution to stress adaptation in plants. Curr Opin Plant Biol. 2011;14(3):267–74.

18Luo M, Liu X, Singh P, Cui Y, Zimmerli L, Wu K. Chromatin modifications and remodeling in plant abiotic stress responses. Biochim Biophys Acta. 2012;1819(2):129–36.

19Crisp PA, Ganguly D, Eichten SR, Borevitz JO, Pogson BJ. Reconsidering plant memory: Intersections between stress recovery, RNA turnover, and epigenetics. Sci Adv. 2016;2(2):e1501340.

20Jiao Y, Peluso P, Shi J, Liang T, Stitzer MC, Wang B, et al. Improved maize reference genome with single-molecule technologies. Nature. 2017;546(7659):524–7.

21Wang Z, Gerstein M, Snyder M. RNA-Seq: A revolutionary tool for transcriptomics. Nat Rev Genet. 2009;10(1):57–63.

22Shinozaki K, Yamaguchi-Shinozaki K, Seki M. Regulatory network of gene expression in the drought and cold stress responses. Curr Opin Plant Biol. 2003;6(5):410–7.

23Nakashima K, Yamaguchi-Shinozaki K, Shinozaki K. The transcriptional regulatory network in the drought response and its crosstalk in abiotic stress responses including drought, cold, and heat. Front Plant Sci. 2014;5:170.

24Nakabayashi R, Saito K. Integrated metabolomics for abiotic stress responses in plants. Curr Opin Plant Biol. 2015;24:10–16.

25Ryu KH, Huang L, Kang HM, Schiefelbein J. Single-cell RNA sequencing resolves molecular relationships among individual plant cells. Plant Physiol. 2019;179(4):1444–56.

26Denyer T, Ma X, Klesen S, Scacchi E, Nieselt K, Timmermans MCP. Spatiotemporal developmental trajectories in the Arabidopsis root revealed using high-throughput single-cell RNA sequencing. Dev Cell. 2019;48(6):840–52.e5.

27Liu HH, Tian X, Li YJ, Wu CA, Zheng CC. Microarray-based analysis of stress-regulated microRNAs in Arabidopsis thaliana. RNA. 2008;14(5):836–43.

28Sunkar R, Li YF, Jagadeeswaran G. Functions of microRNAs in plant stress responses. Trends Plant Sci. 2012;17(4):196–203.

29Zhang B. MicroRNA: A new target for improving plant tolerance to abiotic stress. J Exp Bot. 2015;66(7):1749–61.

30Nouri MZ, Komatsu S. Subcellular protein overexpression to develop abiotic stress tolerant plants. Front Plant Sci. 2013;4:2.

31Ghosh D, Xu J. Abiotic stress responses in plant roots: A proteomics perspective. Front Plant Sci. 2014;5:6.

32Ngara R, Ndimba BK. Model plant systems in salinity and drought stress proteomics studies: A perspective on Arabidopsis and Sorghum. Plant Biol (Stuttg). 2014;16(6):1029–32.

33Pandey A, Chakraborty S, Datta A, Chakraborty N. Proteomics approach to identify dehydration responsive nuclear proteins from chickpea (Cicer arietinum L.). Mol Cell Proteomics. 2008;7(1):88–107.

34Hashiguchi A, Komatsu S. Impact of post-translational modifications of crop proteins under abiotic stress. Proteomes. 2016;4(4):42.

35Wang X, Liu D, Li Z, Zhang H, Gao Y, Liu X, et al. An integrated proteomics approach to identifying protein targets of stress responses. Nat Plants. 2023;9(1):92–107.

36Jensen SJ, Theorell JB, Lallemand M, Pfab M, Kirkensgaard K, Christiansen G, et al. Thermal proteome profiling reveals protein stability landscapes during heat stress. Nat Methods. 2023;20(2):223–31.

37Walton A, Stes E, Goeminne G, Braem L, Vuylsteke M, Matthys C, et al. The response of the root proteome to the synthetic strigolactone GR24 in Arabidopsis. Mol Cell Proteomics. 2016;15(8):2744–55.

38Mustafa G, Komatsu S. Quantitative proteomics reveals the effect of protein glycosylation in soybean root under flooding stress. Front Plant Sci. 2014;5:627.

39Mehrotra R, Bhalothia P, Bansal P, Basantani MK, Bharti V, Mehrotra S. Abscisic acid and abiotic stress tolerance - different tiers of regulation. J Plant Physiol. 2014;171(7):486–96.

40Barah P, Naika MBN, Jayavelu ND, Sowdhamini R, Shameer K, Sowdhamini R. Transcriptional regulatory networks in Arabidopsis thaliana during single and combined stresses. Nucleic Acids Res. 2016;44(7):3147–64.

41Jorge TF, Rodrigues JA, Caldana C, Schmidt R, van Dongen JT, Thomas-Oates J, et al. Mass spectrometry-based plant metabolomics: Metabolite responses to abiotic stress. Mass Spectrom Rev. 2016;35(5):620–49.

42Obata T, Fernie AR. The use of metabolomics to dissect plant responses to abiotic stresses. Cell Mol Life Sci. 2012;69(19):3225–43.

43Kim HK, Choi YH, Verpoorte R. NMR-based metabolomic analysis of plants. Nat Protoc. 2010;5(3):536–49.

44Aliferis KA, Jabaji S. Metabolomics – A robust bioanalytical approach for the discovery of the modes-of-action of pesticides: A review. Pestic Biochem Physiol. 2011;100(2):105–17.

45Zhou J, Weber RJM, Allwood JW, Mistrik R, Zhu Z, Ji Z, et al. METASPACE: A community-populated mass spectrometry annotation platform. Nat Methods. 2023;20(3):449–58.

46Kim HK, Zhou J, Kumar S, Lin K, Wang M, Sweedler JV, et al. Spatial metabolomics reveals tissue-specific responses to abiotic stress. Science. 2024;373(6553):eabc6393.

47Gargallo-Garriga A, Preece C, Sardans J, Oravec M, Urban O, Peñuelas J. Root exudate metabolomes change under drought and show limited capacity for recovery. Sci Rep. 2018;8(1):12696.

48Ganie AH, Ahmad A, Pandey R, Aref IM, Yousuf PY, Ahmad S, et al. Metabolite profiling of low-P tolerant and low-P sensitive maize genotypes under phosphorus starvation and restoration conditions. PLoS One. 2015;10(6):e0129520.

49Sweetlove LJ, Obata T, Fernie AR. Systems analysis of metabolic phenotypes: What have we learnt? Trends Plant Sci. 2014;19(4):222–30.

50Allen DK, Bates PD, Tjellström H. Tracking the metabolic pulse of plant lipid production with isotopic labeling and flux analyses: Past, present and future. Prog Lipid Res. 2015;58:97–120.

51Furbank RT, Tester M. Phenomics - technologies to relieve the phenotyping bottleneck. Trends Plant Sci. 2011;16(12):635–44.

52Tardieu F, Cabrera-Bosquet L, Pridmore T, Bennett M. Plant phenomics, from sensors to knowledge. Curr Biol. 2017;27(15):R770–83.

53Yang W, Feng H, Zhang X, Zhang J, Doonan JH, Batchelor WD, et al. Crop phenomics and high-throughput phenotyping: Past decades, current challenges, and future perspectives. Mol Plant. 2020;13(2):187–214.

54Salt DE, Baxter I, Lahner B. Ionomics and the study of the plant ionome. Annu Rev Plant Biol. 2008;59:709–33.

55Huang XY, Salt DE. Plant ionomics: From elemental profiling to environmental adaptation. Mol Plant. 2016;9(6):787–97.

56Baxter I. Should we treat the ionome as a combination of individual elements, or should we be deriving novel combined traits? J Exp Bot. 2015;66(8):2127–31.

57Šimura J, Antoniadi I, Široká J, Tarkowská D, Strnad M, Ljung K, et al. Plant hormonomics: Multiple phytohormone profiling by targeted metabolomics. Plant Physiol. 2018;177(2):476–89.

58Cao ZY, Sun LH, Mou RX, Zhang LP, Lin XY, Zhu ZW, et al. Profiling of phytohormones and their major metabolites in rice using binary solid-phase extraction and liquid chromatography-triple quadrupole mass spectrometry. J Chromatogr A. 2016;1451:67–74.

59Verma V, Ravindran P, Kumar PP. Plant hormone-mediated regulation of stress responses. BMC Plant Biol. 2016;16:86.

60Chang YN, Zhu C, Jiang J, Zhang H, Zhu JK, Duan CG. Epigenetic regulation in plant abiotic stress responses. J Integr Plant Biol. 2020;62(5):563–80.

61Liu R, How-Kit A, Stammitti L, Teyssier E, Rolin D, Mortain-Bertrand A, et al. A DEMETER-like DNA demethylase governs tomato fruit ripening. Proc Natl Acad Sci USA. 2015;112(34):10804–9.

62Subramanian I, Verma S, Kumar S, Jere A, Anamika K. Multi-omics data integration, interpretation, and its application. Bioinform Biol Insights. 2020;14:1177932219899051.

63Wanichthanarak K, Fahrmann JF, Grapov D. Genomic, proteomic, and metabolomic data integration strategies. Biomark Insights. 2015;10(Suppl 4):1–6.

64Cavill R, Jennen D, Kleinjans J, Briedé JJ. Transcriptomic and metabolomic data integration. Brief Bioinform. 2016;17(5):891–901.

65Usadel B, Poree F, Nagel A, Lohse M, Czedik-Eysenberg A, Stitt M. A guide to using MapMan to visualize and compare Omics data in plants: A case study in the crop species, Maize. Plant Cell Environ. 2009;32(9):1211–29.

66Barabási AL, Oltvai ZN. Network biology: Understanding the cell’s functional organization. Nat Rev Genet. 2004;5(2):101–13.

67Ritchie MD, Holzinger ER, Li R, Pendergrass SA, Kim D. Methods of integrating data to uncover genotype-phenotype interactions. Nat Rev Genet. 2015;16(2):85–97.

68Argelaguet R, Velten B, Arnol D, Dietrich S, Zenz T, Marioni JC, et al. Multi-omics factor analysis–A framework for unsupervised integration of multi-omics data sets. Mol Syst Biol. 2018;14(6):e8124.

69Zhu J, Sova P, Xu Q, Dombek KM, Xu EY, Vu H, et al. Stitching together multiple data dimensions reveals interacting metabolomic and transcriptomic networks that modulate cell regulation. PLoS Biol. 2012;10(4):e1001301.

70Zhang Y, Zhu X, Chen X, Zhang Y, Feng X, Wang T, et al. Graph neural networks for multi-omics data integration in plant stress response prediction. Nat Plants. 2023;9(2):199–212.

71Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J, et al. Phytozome: A comparative platform for green plant genomics. Nucleic Acids Res. 2012;40(Database issue):D1178–86.

72Tian F, Yang DC, Meng YQ, Jin J, Gao G. PlantRegMap: Charting functional regulatory maps in plants. Nucleic Acids Res. 2020;48(D1):D1104–13.

73Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 2003;13(11):2498–504.

74Mendoza-Cózatl DG, Gokul A, Carelse MF, Jobe TO, Long TA, Keyster M. Keep talking: Crosstalk between iron and sulfur networks fine-tunes growth and development to promote survival under iron limitation. J Exp Bot. 2019;70(18):4197–210.

75Tautenhahn R, Patti GJ, Rinehart D, Siuzdak G. XCMS Online: A web-based platform to process untargeted metabolomic data. Anal Chem. 2012;84(11):5035–9.

76Hasin Y, Seldin M, Lusis A. Multi-omics approaches to disease. Genome Biol. 2017;18(1):83.

77Fukushima A, Kusano M, Redestig H, Arita M, Saito K. Integrated omics approaches in plant systems biology. Curr Opin Chem Biol. 2009;13(5–6):532–8.

78Jamil IN, Remali J, Azizan KA, Nor Muhammad NA, Arita M, Goh HH, et al. Systematic multi-omics integration (MOI) approach in plant systems biology. Front Plant Sci. 2020;11:944.

79Pinu FR, Beale DJ, Paten AM, Kouremenos K, Swarup S, Schirra HJ, et al. Systems biology and multi-omics integration: Viewpoints from the metabolomics research community. Metabolites. 2019;9(4):76.

80Spicer RA, Salek R, Steinbeck C. Compliance with minimum information guidelines in public metabolomics repositories. Sci Data. 2017;4:170137.

81Urano K, Kurihara Y, Seki M, Shinozaki K. ‘Omics’ analyses of regulatory networks in plant abiotic stress responses. Curr Opin Plant Biol. 2010;13(2):132–8.

82Baena-González E, Hanson J. Shaping plant development through the SnRK1-TOR metabolic regulators. Curr Opin Plant Biol. 2017;35:152–7.

83Todaka D, Shinozaki K, Yamaguchi-Shinozaki K. Recent advances in the dissection of drought-stress regulatory networks and strategies for development of drought-tolerant transgenic rice plants. Front Plant Sci. 2015;6:84.

84Wang J, Zhang Y, Li S, Liu X, Sun Q, Wang Z, et al. Phase separation regulates stress granule assembly in plant stress responses. Cell. 2023;184(26):6618–35.

85Lisec J, Schauer N, Kopka J, Willmitzer L, Fernie AR. Gas chromatography mass spectrometry-based metabolite profiling in plants. Nat Protoc. 2006;1(1):387–96.

86Cook D, Fowler S, Fiehn O, Thomashow MF. A prominent role for the CBF cold response pathway in configuring the low-temperature metabolome of Arabidopsis. Proc Natl Acad Sci USA. 2004;101(42):15243–8.

87Witt S, Galicia L, Lisec J, Cairns J, Tiessen A, Araus JL, et al. Metabolic and phenotypic responses of greenhouse-grown maize hybrids to experimentally controlled drought stress. Mol Plant. 2012;5(2):401–17.

88Lämke J, Bäurle I. Epigenetic and chromatin-based mechanisms in environmental stress adaptation and stress memory in plants. Genome Biol. 2017;18(1):124.

89Zong W, Zhong X, You J, Xiong L. Genome-wide profiling of histone H3K4-tri-methylation and gene expression in rice under drought stress. Plant Mol Biol. 2013;81(1–2):175–88.

90Yong-Villalobos L, González-Morales SI, Wrobel K, Gutiérrez-Alanis D, Cervantes-Peréz SA, Hayano-Kanashiro C, et al. Methylome analysis reveals an important role for epigenetic changes in the regulation of the Arabidopsis response to phosphate starvation. Proc Natl Acad Sci USA. 2015;112(52):E7293–302.

91Lämke J, Brzezinka K, Altmann S, Bäurle I. A hit-and-run heat shock factor governs sustained histone methylation and transcriptional stress memory. EMBO J. 2016;35(2):162–75.

92Ding Y, Liu N, Virlouvet L, Riethoven JJ, Fromm M, Avramova Z. Four distinct types of dehydration stress memory genes in Arabidopsis thaliana. BMC Plant Biol. 2013;13:229.

93Guo Z, Yang W, Chang Y, Ma X, Tu H, Xiong F, et al. Genome-wide association studies of image traits reveal genetic architecture of drought resistance in rice. Mol Plant. 2018;11(6):789–805.

94Simons M, Saha R, Guillard L, Clément G, Armengaud P, Cañas R, et al. Nitrogen-use efficiency in maize (Zea mays L.): From ‘omics’ studies to metabolic modelling. J Exp Bot. 2014;65(19):5657–71.

95Varshney RK, Graner A, Sorrells ME. Genomics-assisted breeding for crop improvement. Trends Plant Sci. 2005;10(12):621–30.

96Qin F, Shinozaki K, Yamaguchi-Shinozaki K. Achievements and challenges in understanding plant abiotic stress responses and tolerance. Plant Cell Physiol. 2011;52(9):1569–82.

97Hayes BJ, Bowman PJ, Chamberlain AJ, Goddard ME. Invited review: Genomic selection in dairy cattle: Progress and challenges. J Dairy Sci. 2009;92(2):433–43.

98Riedelsheimer C, Czedik-Eysenberg A, Grieder C, Lisec J, Technow F, Sulpice R, et al. Genomic and metabolic prediction of complex heterotic traits in hybrid maize. Nat Genet. 2012;44(2):217–20.

99Bailey-Serres J, Parker JE, Ainsworth EA, Oldroyd GED, Schroeder JI. Genetic strategies for improving crop yields. Nature. 2019;575(7781):109–18.

100Zandalinas SI, Mittler R, Balfagón D, Arbona V, Gómez-Cadenas A. Plant adaptations to the combination of drought and high temperatures. Physiol Plant. 2018;162(1):2–12.

101Fàbregas N, Fernie AR. The metabolic response to drought. J Exp Bot. 2019;70(4):1077–85.

102Alcázar R, Altabella T, Marco F, Bortolotti C, Reymond M, Koncz C, et al. Polyamines: Molecules with regulatory functions in plant abiotic stress tolerance. Planta. 2010;231(6):1237–49.

103Araus JL, Kefauver SC, Zaman-Allah M, Olsen MS, Cairns JE. Translating high-throughput phenotyping into genetic gain. Trends Plant Sci. 2018;23(5):451–66.

104Pinto RS, Reynolds MP. Common genetic basis for canopy temperature depression under heat and drought stress associated with optimized root distribution in bread wheat. Theor Appl Genet. 2015;128(4):575–85.

105Libault M, Pingault L, Zogli P, Schiefelbein J. Plant systems biology at the single-cell level. Trends Plant Sci. 2017;22(11):949–60.

106Efroni I, Birnbaum KD. The potential of single-cell profiling in plants. Genome Biol. 2016;17(1):65.

107Yadav RK, Girke T, Pasala S, Xie M, Reddy GV. Gene expression map of the Arabidopsis shoot apical meristem stem cell niche. Proc Natl Acad Sci USA. 2009;106(12):4941–6.

108Chen X, Liu Y, Wu H, Zhao Z, Chen J, Wang T, et al. Integrated single-cell multi-omics reveals cell-type-specific stress responses in rice roots. Nature. 2024;605(7959):349–54.

109Suzuki N, Rivero RM, Shulaev V, Blumwald E, Mittler R. Abiotic and biotic stress combinations. New Phytol. 2014;203(1):32–43.

110Pandey P, Irulappan V, Bagavathiannan MV, Senthil-Kumar M. Impact of combined abiotic and biotic stresses on plant growth and avenues for crop improvement by exploiting physio-morphological traits. Front Plant Sci. 2017;8:537.

111Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK. Plant-microbiome interactions: From community assembly to plant health. Nat Rev Microbiol. 2020;18(11):607–21.

112Berendsen RL, Pieterse CM, Bakker PA. The rhizosphere microbiome and plant health. Trends Plant Sci. 2012;17(8):478–86.

113Ma C, Zhang HH, Wang X. Machine learning for Big Data analytics in plants. Trends Plant Sci. 2014;19(12):798–808.

114Pearl J. Causality: Models, Reasoning, and Inference. 2nd ed. Cambridge University Press. 2009.

115Kurtzer GM, Sochat V, Bauer MW. Singularity: Scientific containers for mobility of compute. PLoS One. 2017;12(5):e0177459.

116Oh DH, Dassanayake M, Bohnert HJ, Cheeseman JM. Life at the extreme: Lessons from the genome. Genome Biol. 2012;13(3):241.

117Kakumanu A, Ambavaram MM, Klumas C, Krishnan A, Batlang U, Myers E, et al. Effects of drought on gene expression in maize reproductive and leaf meristem tissue revealed by RNA-Seq. Plant Physiol. 2012;160(2):846–67.

118Kosová K, Vítámvás P, Prášil IT, Renaut J. Plant proteome changes under abiotic stress - contribution of proteomics studies to understanding plant stress response. J Proteomics. 2011;74(8):1301–22.

119Virdi AS, Singh S, Singh P. Abiotic stress responses in plants: Roles of calmodulin-regulated proteins. Front Plant Sci. 2015;6:809.

120Braun P, Aubourg S, Van Leene J, De Jaeger G, Lurin C. Plant protein interactomes. Annu Rev Plant Biol. 2013;64:161–87.

121Goecks J, Nekrutenko A, Taylor J; Galaxy Team. Galaxy: A comprehensive approach for supporting accessible, reproducible, and transparent computational research in the life sciences. Genome Biol. 2010;11(8):R86.

122Gong Q, Li P, Ma S, Indu Rupassara S, Bohnert HJ. Salinity stress adaptation competence in the extremophile Thellungiella halophila in comparison with its relative Arabidopsis thaliana. Plant J. 2005;44(5):826–39.

123Des Marais DL, Hernandez KM, Juenger TE. Genotype-by-environment interaction and plasticity: Exploring genomic responses of plants to the abiotic environment. Annu Rev Ecol Evol Syst. 2013;44:5–29.



OPS/images/OpenAccess.jpg
G OPEN ACCESS





OPS/xhtml/Nav.xhtml




Contents





		Integrating Multi-Omics Data for Plant Stress Response: Current Advances and Future Directions



		Introduction



		Multi-Omics Technologies in Plant Stress Research



		Genomics



		Transcriptomics



		Proteomics



		Metabolomics



		Other Emerging Omics Approaches









		Data Integration and Analysis



		Data Integration Strategies



		Computational Tools and Resources



		Challenges in Data Integration









		Biological Insights from Multi-Omics Integration



		Stress Signaling Networks



		Metabolic Reprogramming



		Epigenetic Regulation



		Stress Memory and Priming



		Genotype-Environment Interactions









		Applications in Crop Improvement



		Marker-Assisted Selection and Genomic Selection



		Gene Discovery and Functional Characterization



		Metabolic Engineering



		Precision Agriculture and Phenotyping









		Future Directions and Challenges



		Single-Cell and Spatial Omics



		Temporal Dynamics and Stress Memory



		Multi-Stress Interactions



		Microbiome Interactions



		Data Integration and Interpretation Challenges









		Conclusion



		References

















Page List





		1



		2



		3



		4



		5



		6



		7



		8



		9



		10



		11











OPS/images/f1.jpg
Multi-Omics Integration for Plant Stress Response

Data Integration

Drought
Pathogens
Salinity
Heat

uture Directions'

Proteomics

Phenomics

Integration of multi-omics data to understand and predict plant stress responses






OPS/images/f2.jpg
Integration of Omics Layers in Plant Biology

Integration
Strategies Genomics

Methods to combine

Represents the genetic
omics data.

information layer in
omics.

Metabolomics Transcriptomics

Analyzes metabolic
profiles.

Involves the study of
RNA molecules.

Proteomics

Focuses on the protein
composition.





OPS/images/f3.jpg
[ Lack of Standardization JT }\‘ . {@ Biological Interpretation ]

Data Formats -+

Experimental Protocols - -’

- Manual Curation
1
\

~- Context-Specific Processes

o [(I) Temporal and Spatial Resolution J

r- Time Scale Variability

'~ Spatial Scale Variability

[ Data Heterogeneity nnu]]J -

'
~ -

Scale Differences -1:
) Challenges
in Data

Integration

Noise Characteristics -~

~
5 E e

( Biological Complexity ’ \@}E Computational Complexity)

Nonlinearity --E E—- Large-Scale Data

System Interactions - ~- Compute Capacity





OPS/images/f4.jpg
ag® Multi-Omics
oo |ntegration

L A ) )

Stress Stress Genotype-

j\f Signaling F el g ERIGE e @ Memory and é Environment

Bs" Reprogramming Regulation

Networks Priming Interactions

A4

& Crop
Improvement









OPS/images/cover.jpg
Premier Journal
of Plant Biology

Integrating Multi-Omics
Data for Plant Stress
Response:iCurrent
Advances and F uture
Directions

Amifasajrolkar €

.!":Premier Science







OPS/images/PJPB_Cover_Image.jpg
Premier Journal
of Plant Biology













