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Varieties of various crops with high resilience are urgently needed to feed the increased population in climate change conditions. Human activities and climate change have led to frequent and strong weather fluctuation, which cause various abiotic stresses to crops. The understanding of crops’ responses to abiotic stresses in different aspects including genes, RNAs, proteins, metabolites, and phenotypes can facilitate crop breeding. Using multi-omics methods, mainly genomics, transcriptomics, proteomics, metabolomics, and phenomics, to study crops’ responses to abiotic stresses will generate a better, deeper, and more comprehensive understanding. More importantly, multi-omics can provide multiple layers of information on biological data to understand plant biology, which will open windows for new opportunities to improve crop resilience and tolerance. However, the opportunities and challenges coexist. Interpretation of the multidimensional data from multi-omics and translation of the data into biological meaningful context remained a challenge. More reasonable experimental designs starting from sowing seed, cultivating the plant, and collecting and extracting samples were necessary for a multi-omics study as the first step. The normalization, transformation, and scaling of single-omics data should consider the integration of multi-omics. This review reports the current study of crops at abiotic stresses in particular heat stress using omics, which will help to accelerate crop improvement to better tolerate and adapt to climate change.
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INTRODUCTION

To achieve “zero hunger” among sustainable development goals and to ensure food security, crops must be improved especially under changeable climate conditions (Hickey et al., 2019; Janni et al., 2020). Plant scientists and breeders are under pressure and are being challenged to develop climate-smart crops with high resilience (Hickey et al., 2019). Climate change has accelerated to an unpredictable pace, which brings in extreme weather events with more frequency. For instance, extreme temperature events have hit us with stronger intensity as indicated by the maximum temperature reached, longer duration, and more frequency.

Abiotic stresses such as heat, drought, salinity, waterlogging, and particularly multiple stresses have negative effects on the world’s crop production. Recently, these negative effects have become more alarming due to accelerating global climate changes and aggravated abiotic stresses (Devireddy et al., 2021). Among the abiotic stresses, heat stress is a natural challenge for crop growth and development, which has led to significant yield loss. When the temperature is above the threshold, it can cause vegetative growth inhibition and reproductive development failure for both warm- and cool-season crops. At the molecular level, the survival strategy of crops under heat stress relies on the regulation of gene expression, resulting in the production of heat shock proteins (HSPs) (Khan and Shahwar, 2020). It is notable that HSPs play crucial roles in crops not only under heat stress but also under other stressful conditions (e.g., cold stress, water stress, and high light) by maintaining cell membrane integrity and reactive oxygen species (ROS) balance (Khan and Shahwar, 2020).

Crop improvements can help to ease the burden to feed the 10 billion population using advanced techniques, such as genotyping, high-throughput phenotyping, and genome editing (Hickey et al., 2019). Crops respond to various abiotic stresses by activating complicated molecular networks, e.g., signal transduction, gene expressions, physiological regulation, and metabolite production. The omics techniques mainly comprise genomics, transcriptomics, proteomics, metabolomics, and phenomics (Figure 1). Single-cell omics have been widely applied to study the response of crops to abiotic stresses and investigate stress tolerance of crops, such as transcriptomics (Sharma et al., 2017; Jha et al., 2021; Wen et al., 2021). Devireddy et al. (2021) suggested that the interaction of ROS, hormones, and other signaling molecules derived the changes in metabolomics, transcriptomics, proteomics, and phenomics in plants at abiotic stresses (Devireddy et al., 2021). The integration of multi-omics is necessary to be applied to better clarify the crop tolerance and regulatory mechanism to abiotic stresses. In this review, we discussed the application of single and combined omics to elaborate crop tolerance and adaption to abiotic stresses. This review will boost the understanding of crop stress tolerance using multi-omics and benefit crop improvement.
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FIGURE 1. The opportunities, challenges, and future visions for crop improvement by integrating multiomics techniques.




OMICS APPROACHES

The major omics– techniques including genomics, transcriptomics, proteomics, metabolomics, and phenomics have enabled us to quickly, accurately, and comprehensively monitor the response of crops to environmental changes (Janni et al., 2020). The following sections provide basic knowledge of the major omics.


Genomics

The responses of plants to abiotic stresses require regulatory changes to activate multiple genes and pathways (Bohnert et al., 2006). Next-generation sequencing techniques accelerated the progress in crop functional genomic studies (Werner, 2010; Li et al., 2018; Kersey, 2019). A bunch of genes in plants controlling key agronomic traits, especially at abiotic stresses, were identified (Ma et al., 2012; Sharma et al., 2017; Kilasi et al., 2018; Jha et al., 2021; Wen et al., 2021). Genome-wide association study (GWAS) has been widely applied to connect traits to their underlying genetics. Lots of association studies have been conducted on various crops, such as sorghum under heat stress (Chen et al., 2017), rice under drought stress (Li et al., 2017), wheat under drought stress (Bhatta et al., 2018), and wheat under salt stress (Hu et al., 2021). Li et al. (2017) conducted a GWAS using 529 rice accessions for root traits at the seed maturation stage under water deficit and found many known root-related genes being located in significant association loci (Li et al., 2017). Bhatta et al. (2018) identified 90 novel marker-trait associations (MTAs) in wheat, and 45 MTAs were in genes with a potential role in drought stress (Bhatta et al., 2018). Hu et al. (2021) investigated that 389 single-nucleotide polymorphisms (SNPs) representing 11 quantitative trait loci (QTLs) were significantly associated with yield and related traits (Hu et al., 2021).



Transcriptomics

The RNA in plant cells consisted of messenger RNAs (mRNAs) and non-coding RNAs (ncRNAs). Transcriptomics is the study of RNA profiles including both mRNAs and ncRNAs in the cells, which has been widely applied in plant science studies in recent years (Schiessl et al., 2020). The development of high throughput sequencing enables plant scientists to study transcriptomics on a large scale (Pandit et al., 2018). In recent years, RNA-seq (RNA sequencing) using next-generation sequencing techniques has allowed the transcriptome to be more accurately characterized as compared with microarray even though qRT-PCR (quantitative real-time PCR) of selected genes is necessary to validate the sequencing results.

The expression of mRNAs in plants at various abiotic stresses was widely explored (Schiessl et al., 2020). Schiessl et al. (2021) found that winter oilseed rape (Brassica napus) had high regulatory diversity of drought tolerance as indicated by altered expression patterns of stress-related genes using transcriptomics (Schiessl et al., 2020). MicroRNAs (miRNAs) with approximately 20 nucleotides (nt) played roles by cleaving target mRNAs and depressing the translation of target mRNAs. Circular RNAs (circRNAs) played roles as miRNA sponges, regulators of splicing and transcription, and modifiers of parental gene expression. Long ncRNAs (lncRNAs), as key regulators in a series of essential biological processes in plants, are a group of transcripts with more than 200 nt. These ncRNAs including miRNAs, circRNAs, and lncRNAs are considered an emerging target for crop improvement (Lai et al., 2018). The global landscape of mRNAs, miRNAs, lncRNAs, and circRNAs was constructed using whole-transcriptome sequencing in plants, such as sugar beet (Li J. et al., 2020) and Chinese cabbage (Shi et al., 2021).

In recent times, it is of significant importance to study transcriptome responses of plants at the level of individual cells, since it is well known that different cell types play different biological roles in plant growth and development. Single-cell RNA-sequencing (scRNA-seq) is a high-resolution approach to study plant functional genomes and transcriptional activity of plants at the single-cell levels (Rich-Griffin et al., 2020), which helps scientists to explore heterogeneity in plants within cells types. A significant difference in some genes was detected among cell types in Arabidopsis thaliana at heat stress, even if the response of heat-shock proteins dominates gene expression across different cell types (Jean-Baptiste et al., 2019). Although the advanced techniques of scRNA-seq have far been widely applied in animal science, the potential in plant science has just begun to be recognized. Thereby, until now, there are few studies concerning high-throughput single-cell transcriptome in the field of plants as compared with animals.



Proteomics

The resilience of crops to deal with various environmental changes depends on a series of alterations in their proteins as a consequence of changes in gene expression (Hakeem et al., 2012). The majority of proteins showed modification of their expression levels in crops under stress even though they were constitutively expressed in crops under normal conditions (Hakeem et al., 2012). Proteomic, the analysis of genomic complements of proteins, has been widely applied to quantify proteins and reveal protein expression changes in studying crop response to abiotic stresses (Zhao et al., 2016; Mu et al., 2017; Zhang et al., 2017; Mazzeo et al., 2018). Global determination of protein expression levels in crops at abiotic stresses was performed using isobaric tags for relative and absolute quantitation (iTRAQ), facilitating the identification of the differentially expressed proteins under control and stresses (Zhao et al., 2016). The proteome difference in crop responses to abiotic stresses could uncover protein-regulatory mechanisms and explain how specific protein functions in stress tolerance (Hakeem et al., 2012). This can be exploited in the crop breeding system to increase crop production in future challenging environments (Zhao et al., 2016).



Metabolomics

Metabolome in the plant is comprised of primary and secondary metabolites. Primary metabolites are crucial for the synthesis of lipids, sugars, and amino acids in plants (Razzaq et al., 2019). Secondary metabolites include not only flavonoids, atropine, carotenoids, and phytic acid but also ROS, antioxidants, and coenzymes (Razzaq et al., 2019).

Metabolites such as sugars, lipids, amino acids, organic acids, and nucleotides play crucial roles in crops responding to abiotic stresses. Metabolites can link genome, transcriptome, and proteome with phenotype since metabolites are usually end products of complicated biochemical cascades (Misra et al., 2018). Metabolomics is one of the emerging methods of omics tools to probe specific metabolites and clarify the stress tolerance of crops. The relative and absolute amounts of metabolites can be determined using targeted or untargeted analyses. The analytical tools being applied for metabolomics mainly included liquid chromatography–mass spectrometry (LC-MS), capillary electrophoresis–mass spectrometry (CE-MS), gas chromatography–mass spectrometry (GS-MS), nuclear magnetic resonance (NMR), direct flow injection (DFI), high-performance liquid chromatography (HPLC), and ultra-high-performance liquid chromatography (UPLC) (Razzaq et al., 2019). The choice of tools depends on the speed, precision, and sensitivity of measurement using each tool. NMR is an efficient, non-destructive, and effective tool with high repetition. However, the NMR has a lower dynamic range, less resolution, and lower sensitivity as compared with MS. The integration of the tools, such as GC-MS and LC-MS, provided a more efficient platform for crop metabolites profiling.



Phenomics and High-Throughput Phenotyping

Plant performance was influenced by the interaction of multiple genes and environmental factors (G × E) (Orgogozo et al., 2015). Phenomics with an automatic non-invasive sampling method, a new discipline to acquire high-dimensional phenotypic data, emerged to bridge the gap between genotype and phenotype (Egea-Cortines and Doonan, 2018). Plant phenotyping is an emerging science that connects genomics with plant agronomy and physiology, which has been considered an effective plant screening tool (Shakoor et al., 2017). However, the development of phenomics generally lagged far behind the other omics (Yang et al., 2020).

Advances in phenomics from sensors to data extraction and analysis are required to make phenomics match with other omics. Sensor techniques have enabled the recording of changes in environmental parameters and corresponding dynamic responses in crops (Yang et al., 2020). Different imaging sensors played specific roles in phenotyping facilities. First, RGB imaging can measure plant morphological characters, such as biomass and growth; however, it cannot measure physiological indexes (Yang et al., 2014). Second, fluorescent imaging can provide physiological information, such as photosynthetic ability and ROS signal (Fichman et al., 2019). Third, far-infrared thermal imaging can measure plant temperature. Fourth, hyperspectral imaging can obtain visible and near-infrared spectral and spatial information; however, it is costly with complex data processing. Fifth, the 3D imaging facilities with image-based and laser-based technologies can generate 3D models and provide spatial and volumetric traits as compared with 2D imaging. Nowadays, different imaging sensors are usually integrated into the phenomics platform to fulfill the different requirements for plant phenomic studies.

High-throughput phenotyping plays an important role in achieving the goal of understanding crop genetic architectures through combining genomic information with the whole phenotypes of main crops. Traditional crop phenotyping approaches for plant performance detection are time-consuming, labor-intensive, and mainly destructive to crops (Furbank and Tester, 2011). Accurate, efficient, non-destructive, and even dynamic high-throughput phenotyping can access crop morphology and physiology throughout plant growth and across a large population, which will benefit crop improvement. However, dealing with the large-scale phenotypic data is one of the primary bottlenecks and challenges hindering genomic studies, breeding, and improvement of crops (Yang et al., 2020), which need the continued effort from computer scientists. The efforts and cooperation from stakeholders, including plant and computer scientists, breeding companies, and farmers, are necessary to develop a joint phenotyping society (Rosenqvist et al., 2019).




CROP RESPONSE TO ABIOTIC STRESSES USING OMICS APPROACHES: A CASE STUDY ON HEAT STRESS

The genetic diversity of most crops was lost during the drive for selecting beneficial traits for human beings while breeding modern cultivars. The modern cultivars became more vulnerable to climate changes and abiotic stresses due to narrow genetic diversity. Elite cultivars with better adaption and high resilience to changeable climates were urgently needed in the breeding system to meet the growing demand for crop production (Janni et al., 2020). Conventional breeding methods, such as introgression of stress-tolerance genes from wild relatives into cultivated species, benefited crop improvement over a long period, even though it is slow and usually accompanied by the side effects of low genetic diversity (Østerberg et al., 2017). In recent times, omics techniques were applied to accelerate crop breeding and improvement to increase crop tolerance to abiotic stresses.


Heat Stress as One of the Major Abiotic Stresses for Crop Yield Loss

Heat stresses are sensed by plants when the growth temperature is above the optimal temperature for the plants. Heat stress can lead to seed germination failure, plant growth inhibition and development retardation, and even death. Heat stress study is of great importance since it particularly negatively affects crop production more severely and frequently (Janni et al., 2020). Crops have evolved and are equipped with physiological, metabolic, and molecular regulatory mechanisms to react and adapt to the changes in surrounding temperature. However, most crops are sensitive to heat stress especially at the reproductive stage (Karwa et al., 2020). Janni et al. (2020) reported the threshold temperature for the main crops including wheat, maize, rice, chickpea, and tomato (Janni et al., 2020). More importantly, global warming has led to more frequent and more severe high temperatures, which resulted in more damage of heat stress on crops (Ohama et al., 2017).



Heat Stress Response of Crops Using Genomics and Transcriptomics

Crop functional genomic studies have received big achievements due to the whole-genome sequencing of many crops (Kersey, 2019). Chen et al. (2017) found that 14 SNPs were directly linked to heat stress responses (HSRs) in sorghum using GWAS (Chen et al., 2017). Wen et al. (2019) identified key HSR within major QTL in tomatoes by integrating QTL mapping with RNA-seq (Wen et al., 2019). Wen et al. (2021) further analyzed key genes (cathepsin B-like protease 2 in tomato or SlCathB2) and found that the expression level of SlCathB2 was upregulated in both heat-sensitive and heat-tolerant plants at 40°C for 12 h. Sharma et al. (2017) found three QTLs with a direct role in the heat tolerance of wheat (Sharma et al., 2017). Kilasi et al. (2018) found 213 annotated genes between boundary markers for QTL for heat stress tolerance in rice (Kilasi et al., 2018). Jha et al. (2021) identified 37 major QTLs across the genome for 12 traits, particularly heat-tolerance traits, using F7 RIL (recombinant inbred line) lines derived from heat-sensitive and heat-tolerant chickpea (Jha et al., 2021).

Transcript profiling offers new insights into the dynamic transcriptional changes in the plant at abiotic stresses (Bohnert et al., 2006). The transcriptomic data identified abundant genes in crops responding to high temperatures (Liao et al., 2015; Shi et al., 2017; Wen et al., 2019). For instance, the expression of 21 genes playing various roles in oxidation–reduction, metabolism, transport, transcript regulation, defense response, and photosynthetic processes were different between heat-tolerant and heat-sensitive rice at 38°C for 48 h (Liao et al., 2015). Shi et al. (2017) identified 516 upregulated and 1,261 downregulated genes in two maize types with different heat susceptibilities at 42°C for 0.5 or 3 h (Shi et al., 2017). The 4 h of 40°C induced 3,686 and 3,781 differentially expressed genes in heat-sensitive and heat-tolerant tomatoes, respectively (Wen et al., 2019). The technique of RNA-seq not only identified the heat-responsive genes but also the heat-responsive ncRNAs in crops (González-Schain et al., 2016; Mangrauthia et al., 2017; He et al., 2020; Zhou et al., 2020a,b). The ncRNAs and epigenetic regulation were shown to play crucial roles in heat-induced response in crops (Ohama et al., 2017). González-Schain et al. (2016) suggested that reproductive tissues in rice alter their transcriptome within 1 h to prevent damage caused by 38°C (González-Schain et al., 2016). The miRNAs that are only expressed in heat-tolerant rice (Nagina 22) at high temperatures were identified (Mangrauthia et al., 2017). The ncRNAs played important roles in crops being suffered to high temperatures. The expression level of 108 lncRNAs, 2,130 mRNAs, 2,477 novel circRNAs, and 348 miRNAs were significantly changed in cucumber at 42°C/32°C as compared with 28°C/18°C for 7 days (He et al., 2020). We found that the expression profiles of 74 miRNAs and 17 circRNAs were significantly altered in tomatoes at 38°C for 36 h as compared with control at 26°C (Zhou et al., 2020a,b).



Proteomics Uncovered Responsive Proteins in Crops at Heat Stress

Proteins, as the products of genes, can directly play roles in the response of crops to heat stress. For instance, the HSPs are proteins being produced by cells under stress conditions, particularly under heat stress, in almost all organisms (Khan and Shahwar, 2020). The molecular size of the HSPs ranged from 10 to more than 100 kDa. The HSPs included HSP100, HSP90, HSP70, HSP60, and small HSP (sHSP), were distinguished based on their molecular weight (Khan and Shahwar, 2020). Heat stress transcription factors (HSFs) contributed to heat stress response in crops by regulating the expression of HSPs genes. Apart from the HSPs, a series of proteins being involved in the heat tolerance of crops were identified using proteomics (Shi et al., 2013; Zhao et al., 2016; Lu et al., 2017; Mu et al., 2017; Zhang et al., 2017; Mazzeo et al., 2018).

Upregulation of proteins for calcium signaling and hormone biosynthesis were found in heat-tolerant rice at heat stress (Shi et al., 2013). Heat stress induced degradation of ribosomal proteins in heat-sensitive rice and increase of sHSP, β-expansins, and lipid transfer proteins in heat-tolerant rice (Mu et al., 2017). Heat-tolerant and sensitive rice at heat stress exhibited 38 differentially expressed proteins, which involved signal transduction, transcript regulation, oxidation, energy metabolism, defense responses, transport, and biosynthesis (Zhang et al., 2017). The abundance of proteins involved in photosynthesis, defense, and energy metabolism increased in heat-tolerant wheat at high temperatures (Wang et al., 2015). Lu et al. (2017) found 258 heat-responsive proteins in wheat that were playing roles in redox regulation, chlorophyll synthesis, protein turnover, and carbon fixation (Lu et al., 2017). Expression levels of 135 proteins showed significant changes in maize under heat stress, and chaperone proteins and proteases played roles in the heat adaption of maize (Zhao et al., 2016). Heat stress primarily regulated the expression of proteins playing roles in assuring protein quality and ROS detoxification in tomatoes (Mazzeo et al., 2018). Thereby, proteomics has become a useful tool to analyze protein profiling and investigate the mechanisms of a plant responding to heat stress.



Heat Stress Response of Crops Using Metabolomics

Metabolomics provides an efficient method for characterizing heat tolerance in plants, and the composition and dynamics of the metabolome in various crops at heat stress were identified using metabolomics (Chebrolu et al., 2016; Qi et al., 2016; Sun et al., 2016; Das et al., 2017; Paupière et al., 2017). Chebrolu et al. (2016) found that 11 of the top 12 metabolites with the difference between the heat-sensitive and heat-tolerant soybeans at 36°C were antioxidant compounds (Chebrolu et al., 2016). Higher accumulation of flavonoids, ascorbate precursors, and tocopherols in heat-tolerant soybean might act by alleviating ROS damage induced by heat stress in soybean (Chebrolu et al., 2016). Sun et al. (2016) suggested that biomass distribution, amino acids derived from oxaloacetate, shikimate, and its aromatic amino acid derivatives contributed to the difference in plastic response of maize to high and low temperatures (Sun et al., 2016). The biosynthesis of phytochemicals, such as daidzein, daidzin, glycitin, syringic acid, formononetin, genistein, and genistein in soybean, was affected by high temperature (Das et al., 2017). Under high temperature, 25 different metabolites (three polyols, four sugars, six organic acids, and 12 amino acids) were identified in transgenic wheat lines containing maize phosphoenolpyruvate carboxylase gene as compared with its wild type (Qi et al., 2016). Accumulation of flavonoids in the tomato microspore at short-term heat stress could play an important role in protecting pollen against heat damage (Paupière et al., 2017). Overall, metabolomics is required to complement the other omics’ knowledge and develop models for the system as a whole (Paupière et al., 2017), which can contribute to heat tolerance illumination from the aspect that the other omics cannot cover.



Phenotyping of Heat-Tolerant Crop Genotype

Sharma et al. (2012) screened 1,274 wheat cultivars at heat stress using Fv/Fm phenotyping and successfully obtain heat-tolerant and heat-sensitive types of wheat (Sharma et al., 2012). Similarly, Zhou et al. (2015) identified two heat-tolerant and two heat-sensitive tomatoes from 67 tomato genotypes using heat injury index and Fv/Fm phenotyping in climate chambers (Zhou et al., 2015). More importantly, Rosenqvist et al. (2019) pinpointed that more attention to crop performance under abiotic stresses in the field condition were required (Rosenqvist et al., 2019). Poudyal et al. (2018) verified that the heat-tolerant tomato selected from climate chambers had favorable phenotyping of lower heat injury index and higher fruit yield during heat stress in the field. Heat-tolerant rice with high spikelet fertility, pollen viability as well as grain yield, and quality at high temperature was identified after phenotyping 36 rice genotypes (Karwa et al., 2020). Rascio et al. (2020) developed a low-cost phenotyping approach to analyze wheat leaf wilting after heat stress by automatically tracking leaf angle (Rascio et al., 2020). However, high-throughput plant phenomic studies have focused on the development of sensors or imaging, and high-throughput system is limited by multiple climate conditions. Specifically, the current high-throughput phenotyping platform usually cannot achieve stable high-temperature environmental conditions for heat stress treatment.

One of the most popular approaches is to screen a large scale of germplasm to identify and develop tolerant genotypes (Sharma et al., 2012; Zhou et al., 2015; Chaudhary et al., 2020; Karwa et al., 2020). The investigation of the heat-tolerant mechanism in tolerant genotypes laid the foundation for alleviating heat stress damage and improving crop resilience (Chaudhary et al., 2020; Karwa et al., 2020). The tolerant lines can be a donor for heat tolerance in crop breeding programs (Karwa et al., 2020). Meanwhile, the contrasting lines with different heat sensitivities can be crossed and segregants with desirable agronomic traits can be chosen to produce a new heat-tolerant cultivar. More importantly, breeders focus on yield-related traits at high temperature; thereby, heat-tolerant lines or cultivars with favorable production at high temperatures will be selected. This is quite important for food security worldwide, especially under the current dramatic climate change conditions together with global warming and continuously increasing population.




APPLICATION OF MULTI-OMICS APPROACHES IN CROP STUDY AT ABIOTIC STRESSES

A multi-omics study on the stress-responsive behavior of crops examines the genes, mRNAs, proteins, metabolites, and phenotypes, which brought both opportunities and challenges (Figure 1). Biology has been revolutionized by access to large-scale datasets from genomics, transcriptomics, proteomics, metabolomics, and phenomics, which enhanced our understanding of various biological processes (Misra et al., 2018). The predictions by integrating genomic and metabolomic data commonly generate better results than the predictions by single-omics or other combined omic data in rice (Wang S. et al., 2019). The need for and the significance of the integration of multi-omics has been recognized for plant science research (Jha et al., 2017; Zhao et al., 2021). To combat the increasing challenges of climate change on crops, integrating the multiomics method to study plant science is required (Jha et al., 2017). Designing, conducting, and interpreting multiomics studies can help us to understand plant biology with multiple layers of information on biological data (Haas et al., 2017). Multi-omics can facilitate technique-assisted breeding, genetic engineering, and genome editing and thereby accelerate crop improvement. Existed insights regarding plant response to abiotic stresses by integrating omics are shown in Table 1, which was expressed in detail as follows.


TABLE 1. Integration of omics study in crops responding to abiotic stresses.
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Integrated analysis of transcriptomics and proteomics was applied to various crops, such as soybean (Valdés-López et al., 2016), rice (Wang et al., 2017; Anupama et al., 2019), maize (Zhang et al., 2019), barley (Lai et al., 2020), and rapeseed (Mehmood et al., 2021; Wei et al., 2021). Valdés-López et al. (2016) found 10 gene regulatory key modules and a variety of proteins that played roles in the heat tolerance of soybean at high temperatures (Valdés-López et al., 2016). Abundant genes and proteins responding to salt stress in hulless barley during seed germination were identified using two contrasting genotypes (Lai et al., 2020). Cold stress induced 48 differentially expressed genes (DEGs) corresponding to 17 differentially expressed proteins (DEPs) in cold-tolerant rapeseed and 82 DEGs corresponding to 38 DEPs in cold-sensitive rapeseed (Mehmood et al., 2021).

The transcriptomics and metabolomics were also integrated to study various crops to different abiotic stresses (Li et al., 2015; Wang J. et al., 2019; Jian et al., 2020; Mellidou et al., 2021; Wang et al., 2021). Sugar metabolism was a key transcriptional and metabolic component that distinguished heat tolerance or susceptibility of the floral organ in rice (Li et al., 2015). High temperature induced a higher accumulation ability of common heat-responsive genes and metabolites in heat-tolerant pepper than in heat-sensitive pepper (Wang J. et al., 2019). Cold acclimation and freezing induced the reaction of proline-synthesis and abscisic acid (ABA) and jasmonic acid (JA)-Ile signal transduction pathways in wheat (Zhao et al., 2019). Pan et al. (2020) suggested that phenylpropanoid, flavonoid, and lignin biosynthesis pathways and lysophospholipids played roles in the salinity tolerance of foxtail millet (Pan et al., 2020). Recently, Zhao et al. (2021) generated a regulatory mechanism for flavonoid secondary metabolism and adaptive characteristics of soybean under drought stress (Zhao et al., 2021).

A combination of proteomics and metabolomics revealed a regulatory network in crops to abiotic stresses, such as heat (Wang et al., 2018), drought (Michaletti et al., 2018; Budzinski et al., 2019; Du et al., 2020), and drought–flood alternation (Xiong et al., 2019). Michaletti et al. (2018) revealed that total protein content decreased more severely in drought-sensitive wheat than in drought-tolerant wheat and drought stress changed the abundance of main metabolites (Michaletti et al., 2018). Proteomic and metabolomic analyses identified 309 heat-responsive proteins and 98 metabolites specifically altered in wheat at high temperatures, respectively (Wang et al., 2018). High storage of protein content and high stable filling rate in wheat at heat stress are due to the reallocation of energy to heat protection and reserves deposition (Wang et al., 2018). Du et al. (2020) found that the drought response of rice was altered by nitrogen management methods as indicated by differentially expressed proteins and differential metabolites (Du et al., 2020). Halosufuron-methyl (HSM) stress induced the accumulation of detoxification-related proteins and metabolites in soybean (Li Y. et al., 2020). Furthermore, integration analysis of metabolomics and phenomics found that multiple strategies were employed to increase the tolerance of rice root to cadmium stress, such as upregulation of lipids, fatty acids, and phenylethanoid glycosides (Liu et al., 2021).

With the rapid development of high-throughput omics methods, it is quite challenging to interpret the multidimensional data from genomics, transcriptomics, proteomics, metabolomics, and phenomics and translate the data into a biologically meaningful context (Misra et al., 2018). Even though the individual omic data might not be “big data,” their integration could turn them to “big data.” To better overcome the difficulties, putting more effort into experimental design, such as plant cultivation, sample collection, and extraction, was necessary as the first step. The normalization, transformation, and scaling of the individual omic data should take the integration of multi-omics into account. More importantly, forming a culture of multiomics data sharing and multidisciplinary collaboration can support us to conduct integrated analysis across disciplines and better investigate tolerance characteristics.

CRISPR/Cas genome editing has emerged as a revolutionary technique for making accurate, robust, and efficient genetic manipulations in plant genomes, especially for engineering abiotic stress tolerance of crops (Zafar et al., 2020). Klap et al. (2017) confirmed that SlAGAMOUS-LIKE 6 (SIAGL6) played roles in tomato fruit settings under heat stress and was responsible for the parthenocarpic phenotype by combining marker-assisted mapping, the next-generation sequencing with CRISPR/Cas9 gene knockout (Klap et al., 2017). The integration of multi-omics can benefit the extensive application of CRISPR/Cas9 technology in crop improvement to climate challenges.



CONCLUSION

The response of crops to various stresses is considered a complicated process. Integrated techniques and strategies of omics in stress-tolerance study will provide new insights for crop improvement at different levels. Constructing regulatory mechanisms hubs by integrating the omics method can help us to understand systematically the entire behavior and adaption of crops to abiotic stresses. The development of new crop varieties using modern multiomics technologies will help us to combat the emerging challenges of climate change effects on crops and meet the high demand for population growth in the next decade. Here, we suggested that the new emerging phenomics should be integrated more with other omics, especially for screening heat-tolerant crops. The function of key genes responsible for heat tolerance in the levels of metabolites, proteins, and phenotypes can be further validated with the new-emerging CRISPR/Cas technique. Furthermore, several stress conditions can occur concurrently, especially in the field. Tolerance of crops to single stress might not correspond to that to combined stress. Thereby, more efforts are required in the future in the response of crops to combined stress using multi-omics. Meanwhile, most of the studies now focused on the response of roots or leaves in crops, while the response of reproductive organs in crops was more important to study since it was directly associated with crop yield. In order to uncover new and breakthrough insights in stress resilience and tolerance of crops using multiomics techniques, multidisciplinary collaborations from plant scientists and computer scientists, breeding companies, and the farmer should create a knowledge sharing and joint community.
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Proteomics, metabolomics

Metabolomics, phenomics

Growth stage

Seedling stage

Seedling stage

Seedling stage
Seedling stage

Seedling stage

Germination
Seedling stage

Seedling stage
Flowering stage

Seedling stage

Seedling stage

Seedling stage
Seedling stage
Seedling stage

Seedling stage

Seedling stage
Seedling stage

Grain filing stage
Vegetative stage

Three-months plants

Seedling stage

Seedling stage

Seedling stage

Sample

Roots

Leaves

Leaves
Roots

Leaves

Seeds
Leaves

Leaves

Anthers, pistils
before pollination
and pollinated
pistils

Leaves

Crowns

Leaves
Roots
Leaves and roots

Roots

Whole seedlings
Leaves

Spikes
Leaves

Spikes

Leaves

Leaves

Roots

Stress type, duration and intensity

Heat stress, 40°C for 24 h

Quinclorac stress, 0.1 mM quinclorac
herbicide for 6 h

Salt stress, 200 mM NaCl for 4 or 24 h

Drought stress, decreased water supply for
4 day

Zinc deficiency, no Zn supply for 10 and
15 day

Salt stress, 200 mM NaCl for 4 and 16 h
Cold stress, 8°C/4°C (day/night) for 7 day

Freezing stress, —4°C for 12 h

Heat stress, 38°C for 6 h; drought stress,
withdraw water for 5 day; combined heat
and drought

Heat stress, 40° for 28 h

Cold acclimation, 4° for 28 day; freezing
stress, —5°C for 24 h

Cold stress, 4°C for 12 h
Salt stress, 150 mM NaCl for 7 day
Salt stress, 200 mM NaCl for 7 day

Alkaline salt stress, 40 mm of Na,CO3 for
3 day

Drought stress, 10% PEG for 14 d
Drought stress, withholding water for 7 day

Heat stress, 37°C for 4 h

Drought stress, 4 and 12 day without
irrigation

Abrupt drought-flood alternation stress,
naturally dried for 10 day and then
submerged in water-filled box for 8 day

Drought stress, withdraw water for 2 day
Halosufuron-methyl (HSM) stress, 0.01,
0.05, and 0.5 mg/L HSM for 8 day
Cadmium (Cd) stress, 0.1, 1.0, or 10.0 pM
Cd for 3 day
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