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Global food and nutritional security are being threatened by abiotic stresses such as drought, salinity, cold, and heat, owing to the rapid and deleterious effects of climate change. Millets represent an incredibly promising agricultural crop in terms of their potential to ensure global food security by virtue of their resiliency against climate change and escalating demand for nutritious food and feed. Considering their durability against climate change and the increasing demand for nutritional food and feed, millets, which refers to the diverse class of small-seeded C4 panicoid grasses, endure remarkable potential for safeguarding the world’s food supply. With a rapid surge in the availability of genomic information through microarray and next-generation sequencing, transcriptomics facilitated the extensive examination and quantification of shifts brought about by abiotic stresses. This stipulates an imperative way of ascertaining the expression of vital genes. This technological advancement targeted toward deciphering the gene expression patterns underpinning the molecular mechanisms/pathways. Other techniques, for instance, genome-wide expression analysis which provides insights into the regulatory networks controlling the cellular processes, genome-wide location analysis which elucidates the control over genes by the transcriptional regulatory proteins, and genomic selection strengthens the reliability of stress tolerance predictions in millet breeding populations. This review emphasizes the impact of transcriptomics on millet improvement by collating the differentially expressed genes (DEGs), and transcription factors (TFs) specific to abiotic stress response in millets which could open advantageous avenues with intriguing opportunities in breeding cultivars for climate resilience.
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1 Introduction

Climate change entails several biotic and abiotic stresses on crop plants, seriously threatening agricultural productivity. These abiotic stresses account for a loss of 51–82% of crop output in the context of global agriculture (Oshunsanya et al., 2019). Plants in turn are equipped with various coping mechanisms to evade these stresses; however, during the course of domestication, several crops have lost their ability to withstand the environmental impacts. For instance, wild rice is comparatively more climate resilient than cultivated rice. Cultivated wheat is highly sensitive to temperature, wherein even a 1°C increase in temperature reduces the yield by 3–4% during the grain filling period addressed by accelerated phenological development, a spike in respiration rate and thereby, reduced dry matter production (Fujimura et al., 2012). Semi-domesticated crops like small millets are inherently tolerant to climatic aberrations rendering them the ideal models to uncover the mechanisms underlying abiotic stresses. These small millets include finger millet (Eleusine coracana), foxtail millet (Setaria italica), proso millet (Panicum miliaceum), barnyard millet (Echinochloa crus-galli), kodo millet (Paspalum scrobiculatum), little millet (Panicum sumatrense), browntop millet (Urochloa ramosa), tef (Eragrostis tef), fonio (Digitaria exilis), adlay millet (Coix lacryma-jobi), guinea millet (Brachiaria deflexa), and Taiwan oil millet (Spodiopogon formosanus). The ability of small millets to grow in marginal regions with limited irrigation and poor soil fertility makes these crops a better choice for cultivation in arid and semi-arid areas (Choudhary et al., 2023). Contrary to major cereals, millets pose a number of morpho-physiological, molecular, and biochemical traits that strengthen their resilience to external stressors. The short lifecycle of millets (averaging 12–14 weeks from seed to seed) is of prime relevance to abiotic stress tolerance by avoiding stress (Bandyopadhyay et al., 2017). Furthermore, the C4 mechanism affirms the CO2 content in bundle sheath witnessing an upsurge in the photosynthetic rates with diminishing photorespiration reliant on the temperature and strengthens the in planta catalytic activity of RuBisCO resulting in increased nutrient use efficiency (NUE) and water use efficiency (WUE) in contrast to C3 crops. Millets present a readily navigable system for exploring the features of stress-related responses at the cellular, molecular, and physiological levels owing to their intriguing tolerance against an array of abiotic stresses, such as heat, salt, light, and drought (Sage and Zhu, 2011). The prime attributes concerning abiotic stress in millets are represented in Table 1 and Figure 1.



TABLE 1 Morphological and physiological features of millets in response to abiotic stress tolerance.
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FIGURE 1
 Key attributes of different millets that confer abiotic stress resistance. A. Panel A represents the morphological attributes possessed by the millets such as improved and well-developed root, stem, and leaf characteristics; B. Some of the physiological attributes that enable millets to adapt and survive under adverse environmental conditions are depicted in Panels B and C. The large network of expressed genes, proteins, metabolites, and their regulatory networks constitute molecular attributes in millets concerning abiotic stress resistance; D. A multitude of biochemical attributes involving the metabolic pathways and compounds that help mitigate stress-induced damages and maintain cellular homeostasis are shown in panel D.


In contrast to major cereals and major millets, small millets have invited less attention pertaining to the production, and research in exploring the mechanisms governing abiotic stress response. The molecular strategies underlying abiotic stress tolerance in plants can be unraveled with the advent of next-generation sequencing to pinpoint the coding and non-coding regions of the genome that regulate stress resilience. Given this, the foxtail millet genome was first sequenced in 2012 by BGI and JGI (Bennetzen et al., 2012; Zhang et al., 2012). In addition to genome sequencing, the researchers also carried out the transcriptome profiling of foxtail millet, particularly of, root, stem, leaf, and spica. This offered a fresh perspective on the tissue-specific gene expression pattern of the genes encoded by the foxtail millet genome. Following this, several transcriptomics studies involving RNA-Seq and macroarray have been performed in other small millet viz., finger millet, little millet, kodo millet, and proso millet. Sequencing the transcriptome of these millet crops exposed to abiotic stresses provides insights into the dynamics of gene expression, and enhancement of genomic resources, thereby providing an efficient approach for the development of markers (Arzani and Ashraf, 2016). In addition, RNA-seq reveals its application in decoding the biological processes and molecular functions governing abiotic stress response and identifies the candidate genes for further functional characterization (Guo et al., 2021; Rajawat, 2018). Given this, the present review focuses on comprehending the transcriptomic approach toward uncovering the gene expression patterns and their regulatory mechanisms toward abiotic stress resilience in minor millets.



2 Transcriptomics

Transcriptomic analysis is one of the most prevalent methods for unraveling of stress-responsive genes through the deployment of advanced technological breakthroughs like RNA-seq which presents an overview of gene expression providing insights into transcriptome as depicted in Figure 2. The entirety of RNA, notably non-coding and mRNA, that is transcribed by a particular cell or tissue in an inevitable state of activity is referred to as the transcriptome. It also covers the exploration of novel transcriptional regions, non-coding region function, structure, and gene transcription level (Rodrigues et al., 2014). The early 1990s witnessed the first endeavors to examine the transcriptome as an ensemble, and since the late 1990s, groundbreaking discoveries in technology have transformed transcriptomics into a sought-after discipline of research (Lowe et al., 2017; Tyagi et al., 2022). Functional genomics researchers are capable of uncovering prospective genes that exercise control over a broad spectrum of biological processes leveraging transcriptome-based gene profiling, which additionally lends comprehensive analyses of functional polymorphisms and patterns of gene expression (Ravikesavan et al., 2023). Deciphering the genes with varying expression patterns by swiftly scanning the transcriptome by means of hybridization-based gene microarray/chip technology, expressed sequence tag-based approach (EST-SAGE), and NGS-based RNA-sequencing (RNA-seq) technology is one of the preliminary objectives of the analysis, in addition to the classification and determination of transcriptional products (McGettigan, 2013; Nejat et al., 2018).
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FIGURE 2
 Schematic representation of transcriptomics in the identification of candidate genes for climate resilience. Samples are collected, and tissue is extracted using RNA extraction methods that preserve the integrity and quality of the RNA molecules to ensure accurate downstream analysis followed by mRNA enrichment, fragmentation, and cDNA library preparation for sequencing. High-throughput sequencing is performed generating short and clean reads creating a primary transcriptome profile, which is aided by mapping the processed reads to a reference genome. The final transcriptome profile is developed preceding quantification and validation by deploying qRT-PCR followed by amelioration and clustering of transcripts which can be utilized for annotating genes in addition to elucidation of the differential expression of genes. These genes are then subjected to gene ontology analysis, which assists in comprehending the functional roles of genes within specific biological contexts and pathway analysis to elucidate the interconnectedness of genes and their involvement in various metabolic or signaling pathways. Then, validation is done to reveal the functional roles of annotated genes through overexpression or complementation assays, thereby confirming the biological significance of annotated genes and their contributions to specific phenotypes or biological processes. Genetic and mutational analysis is carried out to uncover the phenotypic expression of genetic variation and the integration of this functional annotation data with phenotyping data generated by means of conventional phenotyping or high throughput phenotyping (imaging platforms and imaging sensors) results in the identification of candidate genes underlying complex molecular mechanisms and phenotypic traits for climate resilience.


This merely reflects that the aforementioned techniques, which were hitherto confined to only a restricted number of species with fully sequenced genomes, have been adopted for the empirical investigation of an expansive spectrum of biological systems. Transcript data from orphan crops cater to exciting prospects for plant breeding in crop improvement, bolstering the copious RNA sequencing (RNA-Seq) data accessible for major crops implying valuable and exacerbated gene pools by unraveling the cellular process underlying the plant stress responses by providing perspective precisely how plants comply with abiotic stresses (Bajay et al., 2023).



3 Transcriptome dynamics of abiotic stress response

Transcriptomics is leveraged to illustrate the intricate regulatory network and expression at the genome-wide level amid stress, filter for novel genes pertinent to tolerance, and quantitatively delve into shifts in plant gene regulation at a given time point and in a specific context (Wang et al., 2020). With an increased likelihood and fostered growth of transcriptomics, millet genomic resources provide genomic data for precision breeding for crop improvement (Banshidhar et al., 2023). The remainder of this article outlines the instances of transcriptomics that focus on abiotic stress resistance in millets.


3.1 Drought stress response

The emergence of drought tolerance entails an accelerated oversight of an array of genes entangled in multiple metabolic pathways linked to the mitigation or restitution of water stress-induced impairment. Owing to the inherent complexity of drought tolerance and the way it interacts with the environment and other genes/characteristics afflict its expression, conventional breeding has encountered fewer positive outcomes than envisaged (Kido et al., 2016). Transcriptomics emphasizes how genetic information is revamped in an organism adhering to an initial stimulation and, thereby assists in defining the molecular avenues for its exploitation in breeding endeavors (Morozova et al., 2009). Guo et al. (2023), while working on three different cultivars of foxtail millet displayed 2,954, 1,531, and 2,344 differentially expressed genes under drought stress and annotated through Gene Ontology (GO) pathway analysis. From this study, it was inferred that the genes were found to be enriched in photosynthesis, chlorophyll metabolism, amino acid metabolism, and carbohydrate metabolism and revealed that trends of transcription changes were consistence with the recurring patterns of drought stress. Transcriptome profiling (RNA-seq) was carried out in little millet by Narayanrao et al. (2023) and disclosed transcriptional stability. He noticed that twenty essential genes were up- or downregulated in the control and treated roots of the OLM-203 genotype in addition to 36 upregulated (root) and 21 downregulated (leaves) serine transcripts from the study. This analysis serves as a guide in providing the fresh insight into the inherent approach of gene regulation in little millet. Cao et al. (2022) performed a transcriptomic analysis in proso millet by deploying PacBio transcriptomic sequencing. The study displayed 245 genes related to energy metabolism; and 219 genes related to plant hormone signal reduction differentially expressed when subjected to drought driven by 495 transcription factors belonging to 10 different families. This study inferred that above said mechanisms were related to the drought resilience of millets and that it tailors to adversity by meticulously altering the magnitude of underlying molecular mechanisms. Suresh et al. (2022) worked on kodo millet by deploying Illumina Hi Seq 4,000 platform for sequencing and identified 9,201, 9,814, and 2,346 differentially expressed genes (DEGs). This study deduced that the gene expression has revealed its relevance to ABA breakdown, detoxification of lipid-related peroxidation products, plant hormones signaling, and metabolism in the aftermath of dehydration stress. Zhang et al. (2012) used the Illumina Hi Seq 2,100 platform for sequencing of foxtail millet genotypes and identified the upregulation of few genes and downregulation of genes (GUS3, scpl20, ATEXPB2). It is inferred from this study that drought tolerance is primarily regulated by genes expressed in transcriptional cascades linked to the cell cycle and DNA replication. A similar study was conducted by Qin et al. (2020) in foxtail millet by deploying RNA-seq technology. He identified the differential expression of a few genes in the wake of drought stress and this study explained that the expressed genes were engaged in metabolic pathways for carbohydrate metabolism, the photosynthesis process, signal transduction, phenylpropanoid production, and osmotic adjustment contributing to resilience to drought stress. Yu et al. (2020) conducted studies on foxtail millet by utilizing the Illumina Hi Seq 4000™ platform and showed that the DREB gene regulatory network, which is triggered by SiCDPK24, enables the millet CDPK (calcium-dependent protein kinases) group to survive drought stress. Studies on finger millet were performed by Li et al. (2021) and revealed the expression of genes BAMY2 and ISA1. This study inferred that these genes were shown to play an imperative part in the response to drought stress because they are strengthened in hydrolase activity, glycosyl bond formation, oxidoreductase activity, sugar binding, and unsaturated fatty acid production. Likewise, Parvathi et al. (2019) revealed the differential expression of genes [serine–threonine protein phosphatase 2A (PP2A), calcineurin B-like interacting protein kinase 31 (CIPK31), farnesyl pyrophosphate synthase (FPS), signal recognition particle receptor α (SRPRα)] while working on finger millet cultivars. This research discovered that these genes were associated with protein targeting, post-translational modification, and signaling networks for increased tolerance. Macroarray-employed sequencing studies were also conducted to reveal the differential expression of genes in finger millet cultivars by Singh et al. (2016). This study revealed that the upregulation of these genes was responsible for intracellular trafficking, rendering boosted plant defense. The studies displaying the differential expression of genes in response to drought stress are tabulated in Table 2.



TABLE 2 Differentially expressed genes in response to drought.
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Many transcriptomics studies examining crops under drought stress discern genes, implying a drop in transcripts rooted from photosynthesis and primary energy metabolism and an upsurge in stress signaling and antioxidative and osmoprotective proteins (Kido et al., 2016). From the above-mentioned reports, we can infer that functional analysis of these expressed genes to comprehend their function in regulating drought stress responses in respective millet crops may provide new options for cultivar development that are climate-resilient.



3.2 Salinity stress response

The overall productivity of grain legume crops has been significantly constrained by salt stress, particularly in the aftermath of unpredictable temperatures, injudicious irrigation water consumption, and poor farmland use. Plants react to salt stress by unleashing sophisticated molecular mechanisms explicating the underlying complicated processes which are critical to strengthening our comprehension of plant salinity response (Jha et al., 2019). The increasing demand for salt stress resilience to plants broadened the millet cultivated gene pool by thriving on “adaptive characteristics” in response to salinity stress tolerance. The growing popularity of transcriptomics has rendered it feasible to locate and quantify transcripts which will unveil fresh insights into the molecular drivers by revealing the genetic elements falling behind the salt stress tolerance (Shelden and Roessner, 2013). A large-scale transcriptome data set was derived by Han et al. (2022) to determine the mechanism of salt stress response of salt-tolerant and salt-sensitive accessions deploying the Illumina technology platform. He identified the differential expression of 2019 genes and 736 genes in salt-tolerant and sensitive cultivars, respectively responding to photosynthetic pathways, which will be mostly affected under salt stress. These reports provide important cues for the further characterization and identification of potential candidate genes which fosters the designing of new cultivars with salinity stress resilience. Besides, studies carried out in proso millet cultivars by Yuan et al. (2021) through digital RNA-Seq revealed the differential gene expression patterns of 6,878 and 1940 genes at two time intervals. This study deduced that these genes were reported to regulate phenylpropanoid biosynthesis, carbon metabolism, and auxin and gibberellin signal transduction under conditions of salt stress which facilitates further gene characterization. Das et al. (2020) performed an RNA-seq study to screen the transcriptome of little millet cultivar and revealed differences in regulatory mechanisms governed by differential gene expression patterns in response to drought stress and salinity stress. The results produced by this study could be exploited for further utilization of candidate genes in molecular breeding approaches, thereby, imparting resilience to cultivars. The transcriptomic analysis was conducted by Pan et al. (2019) in fox tail millet cultivars by employing RNA-seq. The study findings displayed the DEGs’ involvement in ion transmembrane transport, redox equilibrium, secondary metabolism, polyamine, and phenylpropanoid biosynthesis in response to salinity. From the study conducted by Puranik et al. (2011) in fox tail millet cultivars, a total of 249 non-redundant ESTs was identified by random EST sequencing and macroarray analysis of these clones. He reported the presence of 159 differentially expressed genes in response to salinity stress, with 115 genes upregulated and 44 downregulated with preferential expression of transcription factors and signaling genes. Sreenivasulu et al. (2004) showed the differential expression of genes governing the cellular metabolism and H2O2 scavenging as a defensive strategy against salt-induced oxidative damage while working on fox tail millet cultivars. The results of transcriptomics revealing their potentiality under salinity stress are furnished in Table 3.



TABLE 3 Differentially expressed genes in response to salinity.
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Genome-wide identification of genes and their transcriptomic profiling driven by transcription factors furnish the groundwork for functional characterization and the unveiling of regulation mechanisms in plant stress responses. This can be exploited for crop enhancement through genome editing and molecular breeding methods, augmenting crop yield and guaranteeing food security in the near future.



3.3 Heat stress response

Heat stress has been viewed as a potential risk to food production in an ever-shifting landscape which seriously impedes nearly all facets of crop growth irrevocably damaging the cellular homeostasis and deteriorating the structural and functional proteins & metabolites. This further leads to the activation of signal molecules like heat shock proteins (HSPs) and molecular chaperones (Sung et al., 2003). The morphological, cellular, physiological, and biochemical changes spurred under heat stress are eventually regulated by the encoding of distinct genes. The transcriptome analysis over heat stress sheds illumination on the regulatory functions of the gene spectrum through the clear comprehension of molecular pathways. This has been rendered more facile by the growing wealth of genome and transcriptomic data (Sailaja et al., 2014). In addition to high dynamics over genomics, the complex nature of transcriptomics is advanced at multiple stages of post-transcriptional regulation, notably, alternate splicing, polyadenylation, RNA editing, and post-transcriptional gene silencing revealing its application in heat stress tolerance. A study was conducted by Hu et al. (2024) for screening foxtail millet cultivars by RNA-seq and revealed the expression of seven SiSUT and 24 SiSWEET genes corresponding to sugar transport and dry matter production. This study serves as a guide explaining the yield condition of the crop when exposed to heat stress. Goyal et al. (2023) reported the differential expression of 684 genes under heat stress treatment with upregulated genes almost thrice that of downregulated genes corresponding to the ERF, WRKY, MYB, NAC, DREB, bZIP, and HSF transcription factor families. This study underpins the candidate genes for their effective utilization in screening the germplasm for heat stress tolerance in finger millet. In the study conducted by Liu et al. (2022) in fox tail millet cultivars by using the RNA-Seq platform, it inferred that shade tolerance is ascribed to genetic regulation of these genes, whose expression has been implicated in photosystem phytochemistry, thiamine functioning, and hormone mechanisms. The research efforts in contemplation with heat stress tolerance are enumerated in Table 4.



TABLE 4 Differentially expressed genes in response to heat.
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The above-mentioned studies suggest that further investigation into the significance of these genes in controlling thermal stress responses in the corresponding millet crops might lead to the exploring of new avenues for cultivar design by conventional and transgenic approaches.




4 Transcription factors expressed in response to abiotic stress in millets

Transcription factors, known to be significant regulators of gene expression, are indispensable for orchestrating the ideal functioning of several metabolic processes. This process is achieved by adhering itself to cis-regulatory regions located in the promoter region, thereby modifying the target gene’s expression profile (Kajal et al., 2024; Rai et al., 2021). These transcription factors (TFs) constitute the major molecular triggers responsible for regulating how plants develop in response to varying forms of stress by the functional analysis of TFs and their interactions elucidating various signaling cascades (Manna et al., 2021; Khan et al., 2018). Significant advancement has been driven by comprehending the way TFs impact resilience to abiotic stresses like drought with the substantial number of strong candidate genes. Nevertheless, it remains tricky to pin down the transcription factor families and leverage them. Furthermore, academia tends to face pressing difficulties in plants carrying such TF genes that provide the predicted degree of tolerance in field circumstances. For instance, in the reports presented by Das et al. (2020), WRKY transcription factors WRKY1 and WRKY2 were found to be highly expressed in leaves of little millet, shifting by more than 13 and 7-fold, respectively, in the wake of drought stress. Conversely, WRKY3 was almost solely upregulated in root tissue, upgrading by more than 50-fold in response to both salinity and drought. Pan et al. (2020) revealed the mechanism of salinity tolerance in foxtail millet by the functioning of transcription factors PAP1 (MYB75), PAP2 (MYB90), TT2 (MYB123) regulating the activity of anthocyanin gene transcription, thereby elevating the tolerance to salt stress. This study infers that these TFs were found to be potential candidates in the regulation of several responsive upstream and downstream genes, thereby rendering resilience. Xu et al. (2019) demonstrated the role of bHLH, WRKY, NAC, ERF, and MYB transcription factors in response to drought stress regulation and function beside bHLH TF in the control of ROS-mediated signaling thus linking resilience to drought stress. The research efforts in finger millet carried out by Rahman et al. (2014) found the upregulation of transcription factors, i.e., NAC domain, MYB family, bZIP transcription factor, and WRKY29 in regulation to salinity stress in addition to AP2/EREBP family of transcription factors mediating response against abiotic stresses hormone-dependent gene expression. Dehydration-responsive transcription factors viz., bZIP, ERF, NAC, WRKY, bHLH, and MYB were upregulated displaying the differential expression pertaining to dehydration stress in kodo millet by Suresh et al. (2022). These TFs can be considered for further validation based on their contribution to abiotic stress. Some important transcription factors concerning abiotic stress are presented in Table 5.



TABLE 5 Transcription factors activated in response to abiotic stresses.
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5 Omics techniques for abiotic stress resilience in millets

The exploitation of plant species’ genetic resources has sparked owing to the next-generation nucleic acid sequencing technologies, which have opened the door for the advancement of draft genome sequencing, whole genome resequencing, and genotype-by-sequencing platforms (Salgotra and Chauhan, 2023; Ganal et al., 2014). These genomic resources tend to be examined to track down the genomic location or gene(s) that contribute to the desired attribute, which could eventually be introduced via breeding or genetic engineering techniques to the susceptible/elite species.

Abiotic stress tolerance in plants corresponds to a challenging quantitative characteristic monitored by diminutive main-effect quantitative trait loci (QTLs) or the mutually reinforcing effects of several genes (Fan et al., 2015; Hasanuzzaman et al., 2015; Bansal et al., 2014). The majority of the millet species are innately resilient to a variety of abiotic stressors, thereby serving as an intriguing potential source of QTLs or alleles pertinent to environmental hardships that could ultimately be used to further enhance crops. Precise genomic areas linked to the intended phenotype might be geared toward the susceptible crops by the prudent mapping of putative QTLs. Among the minor millets, foxtail millet was found to be extensively studied and genomic information generated, followed by finger millet and proso millet (Dwivedi et al., 2012). Being a naturally stress-resilient millet crop, it is necessary for foxtail millet crop to delineate their contribution to stress tolerance. Singh et al. (2016) conducted an extensive characterization of foxtail millet cultivars contrasting for stress tolerance. He identified 20, 9, 27, 20, and 37 genes belonging to SiHSP100, SiHSP90, SiHSP70, SiHSP60, and SisHSP families, respectively, among which SisHSP-27 revealed the higher expression on exposure to heat stress and salinity stress showing lower levels of methylation. Expression profiling of these genes revealed their potential in conferring abiotic stress tolerance. Comprehensive genome analysis was performed in foxtail millet by Yadav et al. (2016) and they identified 53 SET domain-containing genes. The upregulation of the SiSET14 gene was observed under cold stress and was confirmed to be the candidate gene after its overexpression in yeast. Similar studies by Qie et al. (2014) revealed the presence of 18 QTLs concerning drought and osmotic stress from an interspecific mapping population derived from a cross between the foxtail millet species. A comprehensive genome-wide analysis was performed in foxtail millet by Khan et al. (2014) and he identified 355 mature miRNAs encoding various DNA protein and transcription factors crucial for abiotic stress tolerance. The miRNAs, miR171b were reported to show tolerance to cold stress and miR6248a to dehydration stress. From the aforementioned reports, we infer that the genes identified through genome-wide analysis serve as potential cues in elucidating the response of foxtail millet to abiotic stress tolerance while the studies in other minor millets were still at infancy. However, comparative genomics, which relies on the conservation across closely related plant species, is an intriguing way to acquire information for other millet species with completely unexplored genomes (Akpınar et al., 2013). In addition, species-specific genomic characteristics can also be traversed by utilizing fully annotated reference genome sequences, for instance, homeologous genes with orthologous relationships (Wicker et al., 2011; Glover et al., 2016).

With the advancement in microarray and next-generation sequencing (NGS) technologies, crop genomes and transcriptomes are widely characterized to unravel the molecular response of crops to abiotic stress (Rensink and Robin Buell, 2005; Varshney et al., 2009). Apart from transcription regulation, other significant regulatory mechanisms that govern the potency and precision of plant behaviors to abiotic stress include the translation of mRNA into proteins and their alterations. While transcript data shed light on the protein variant synthesis, sophisticated proteomics techniques are required to identify and measure the post-translational modifications of proteins (Vanderschuren et al., 2013). Heat shock proteins, other chaperones, and enzymes that scavenge reactive oxygen species (ROS) are some of the pathways and proteins that are often modulated by abiotic stressors, despite their complexity and diversity (Kosová et al., 2011). In a proteomic study conducted by Pan et al. (2020) in foxtail millet cultivars using LC–MS/MS analysis, he identified 759 and 990 sites concerning 484 and 633 proteins under salinity in An04 (salt sensitive cultivar) and Yugu2 (salt-tolerant cultivar), respectively, and 1,264 and 1,131 phosphorylation sites corresponding to 789 and 731 proteins were identified between these two varieties before and after salt stress response. This study displayed the differential phosphoprotein regulation in signal transduction, gene expression, and ion transport. From this phosphoproteomic investigation, we infer that this study serves as a gateway to comprehending the regulatory networks involved under stress and further insights into the adaptation mechanisms. Research findings from a study conducted by Pan et al. (2018) in foxtail millet for drought response revealed differential expression of 2,474 proteins among which 321 exhibited expression changes concerning photosynthesis, carbon metabolism, protein synthesis, and ROS scavenging. This study also reported the significance of post-translational modification when subjected to drought based on inconsistent results between protein and related mRNAs in gene expression regulation. Li et al. (2019) carried out proteomic analysis deploying two-dimensional electrophoresis (2-DE) coupled with matrix-assisted laser desorption/ionization-tandem time-of-flight (MALDI-TOF/TOF) analysis in foxtail millet cultivars and identified 104 differentially abundant proteins (DAPs). These DAPs were found to be involved in the regulation of metabolic pathways viz., protein folding, starch and sucrose metabolism, glycolysis/gluconeogenesis, biosynthesis of amino acids, detoxification and defense, protein degradation, tricarboxylic acid cycle, protein synthesis, energy metabolism, pentose phosphate pathway, and signal transduction. We infer from the aforementioned reports that this serves as a valuable inventory of proteins involved in drought stress response. A large-scale transcriptome-proteome data set was derived by Li et al. (2021) in finger millet in response to drought stress. He performed integrated analysis combining proteome and transcriptome and identified 1,305 differentially expressed proteins (DEPs) corresponding to the DEGs (DEPs-DEGs) enriched in hydrolase activity, glycosyl bond formation, oxidoreductase activity, carbohydrate binding, and unsaturated fatty acids metabolism. Two hub genes (BAMY2 and ISA1) were found to be upregulated and reported to be potential candidates for drought tolerance. It is inferred from this study that this coordinated effort of transcriptome and proteome provides valuable insights into enhanced drought tolerance in finger millet.

In pursuant to most abiotic stress events, plant metabolism is disrupted possibly due to a diminished production of metabolic enzymes, scarcity of substrate, high demand for particular chemicals, or an assortment of these parameters (Obata and Fernie, 2012; Bowne et al., 2011). In order to preserve vital metabolism and adapt by acquiring a new steady state in light of the current stress conditions, the metabolic framework must be reformed. This urges the need for metabolomics in understanding the chemical responses during the growth and development of stress-responsive plants (Sharma et al., 2018; Arbona et al., 2013; Nakabayashi et al., 2015). However, the full potential of metabolomics was less discussed in the minor millets owing to its difficulty to estimate, unlike the case with transcriptome and proteome, as it is not associated with the genome (Carrera et al., 2021; Roychoudhury et al., 2011). A metabolomic assay was performed by Pan et al. (2020) in foxtail millet cultivar in response to salinity in which 28 classes of metabolites were observed, more specifically flavonoids functioning as antioxidants. He also revealed the functional role of metabolic pathways viz., flavonoid biosynthesis, starch, and sucrose metabolism, glutathione metabolism, ascorbate and aldarate metabolism, and glycerophospholipid metabolism while coping with salt stress. Lysophospholipids were found to be functional signal transduction components when subjected to stress. From this study, we infer that the enhanced level of flavonoids and lysophospholipids provides deep insights into understanding the metabolic mechanisms associated with the salt stress. Dhawale (2022) carried out the metabolomic analysis in little millet for drought tolerance by employing gas chromatography–mass spectrometry (GC–MS). He displayed the 60 untargeted metabolites and 31 metabolic pathways, thereby providing valuable information about the metabolomic profile of the little millet cultivar in response to drought. In proso millet, Ma et al. (2023) conducted metabolomic profiling utilizing ultra-high-pressure liquid chromatography and identified five DAMs (l-alanine, l-aspartic acid, biliverdin, l-glutamic acid, and phosphoric acid) concerning to photosynthetic pathway and four DAMs (5-l-glutamine)-l-amino acid (l-gamma-glutamyl-l-amino acid), 5-oxoproline, Cys-Gly (l-cysteinylglycine), and l-glutamic acid (l-glutamate) concerning to antioxidant machinery. This study revealed the compensatory effect of DAMs in response to alkaline stress. This metabolic study was also extended to orphan millet crop, viz., fonio millet for studying the drought stress response by using GC–MS analysis, and he observed 12 significant metabolites, mainly overaccumulation of sugars, fatty acids, and siloxanes. We infer from this study that this could shed light on exploiting the drought-tolerant mechanisms in fonio millet. The above-discussed investigations could provide new insights into the metabolomics of abiotic stress tolerance in millet crop species.

Despite the progress of genomics, transcriptomics, proteomics, and metabolomics, the area of research in phenomics and ionomics is still lagging behind, which is critical for understanding the mechanisms of abiotic stress response. The above-mentioned omics approaches determine to generate large data sets to provide thorough understanding of the plant system. When compared with individual techniques, systems biology and integrating omics approach offer a more comprehensive molecular perspective on the biology of plants. Nevertheless, owing to the inherent data disparities between omics platforms, integrating them remains a challenging task (Macklin, 2019). Thus, rather than performing separate investigation efforts, it is imperative to establish a highly integrated community for plant systems biology research and to create and exchange datasets, software tools, and other resources as depicted in Figure 3. Given the necessity of increased abiotic stress tolerance under unknown climate scenarios, this is exceedingly significant.
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FIGURE 3
 Flow chart of spatial transcriptomics integrated with single-cell transcriptomics for climate-resilient agriculture. Spatial transcriptomics, which enables the simultaneous visualization and quantification of gene expression within intact tissue sections or spatially resolved samples, begins by collecting frozen tissue sections to provide spatial information by in situ capture method, which is performed by coupling of RNA microarray with the spatial barcode. This spatial information generated can also be directed toward library construction and sequencing approaches. Besides, single-cell transcriptomics targeted toward analyzing the gene expression profiles at the level of individual cells within a heterogeneous population, begins with tissue disassociation generating a single-cell barcode, which is currently subjected to sequencing. The sequencing information will be currently tested for data analysis for studying the quality control, read alignment, gene expression quantification, dimensionality reduction, and cell clustering at both the gene and cellular levels for identification and characterization of genes present in the cell/tissue followed by their further validation using qRT-PCR. Genome-wide association studies (GWAS) help in the identification of the regions in the genome associated with the particular trait, and when coupled with bioinformatic tools, they analyze the gene sequences and identify the conserved domains. These validated candidate genes can currently be effectively used in breeding programs through marker-assisted selection (MAS) or genetic engineering approaches for crop improvement concerning climate resilience.




6 Way forward

When the plants are subjected to abiotic stress, the orchestrated activity of single cells in the respective tissues conduces to plant function. A substantial breakthrough arose from the assessment of genetic variation using transcriptomic analysis in expanding our comprehension of plant growth mechanisms and response to stimuli. Nevertheless, this approach loses cell heterogeneity information as it is capable of generating average cell data and is forbidden to delve into an immense number of cells (Bawa et al., 2022). This constraint of transcriptomic analysis opened avenues for the paradigm shift in technological advancement, for instance, cell transcriptomics, which examines the gene expression of individual cells and spatial transcriptomics for positioning cell types, which are identified by mRNA reads in appropriate locations within the histological sections.


6.1 Single-cell transcriptomics

Single-cell transcriptomics assays the concentration of RNA residing in thousands of genes deploying droplet-based methods (encapsulating individual cells in droplets containing barcoded beads for mRNA quantification), laser microdissection (LMD, laser-based isolation of single cells), or fluorescence-activated cell sorting (FACS, the marker gene-associated fluorescence associated with a particular cell type to separate individual cells). This is worked out with the intent to investigate the gene expression level of individual cells within a given population, which facilitates the study of change in cellular developmental pathways, the simulation of transcriptional dynamics, and the deciphering of diverse cell populations (Kanter and Kalisky, 2015). An upsurge in studies on plant single-cell transcriptome studies using high-throughput droplet-based scRNA-seq became apparent in 2019 enabling the formulation of extensive trajectory maps of development and the hunt for new distinctive cell markers (Rich-Griffin et al., 2020). Despite the limitations of single-cell transcriptomics, being strenuous coupled with low throughput, have witnessed an intriguing increase in single-cell transcriptomics in rice, this study revealed the transcriptional regulation of genes in a cell type-specific manner and uncovered the modifications to cell populations in the wake of abiotic stress (Wang Y. et al., 2021). This study in wheat aided in research into genetics by leveraging transcriptional networks, anticipating genetic redundancy, and locating potential genes linked to variables related to agricultural productivity (Wang J. et al., 2021) with the dearth of research findings on millets. Henceforth, concerning millets’ unique characteristics in the context of climate change, single-cell transcriptome research in millets is crucial to feature profound discoveries into the control of gene expression at the cellular level in the aftermath of abiotic stress (Figure 4).
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FIGURE 4
 Process chart integrating the multi-omics approaches with systems biology for accelerated abiotic stress tolerance.




6.2 Spatial transcriptomics

The growing interest in spatial transcriptomics has been driven by the critical capacity to correlate gene expression and cell location knowing that the spatial position of cells is a prerequisite for figuring out their physical interactions in the development of tissues (Moses and Pachter, 2022). This approach signified the continued retention of the spatial information of individual cells simultaneously distinguishing cell kinds and assessing their heterogeneity (Larsson et al., 2022). Improvements in recent years in ST have made it achievable to examine single cells of plant tissues from a spatial standpoint utilizing laser capture microscopy methods (sorts the target tissue areas and isolated tissues are subjected to gene expression analysis); imaging-based methods (high-resolution microscopy imaging to identify the spatial location of target RNAs in the cells); and in situ capture sequencing methods (leveraging barcodes to retrieve the associated cells’ mRNA for reverse transcription, imprinting spatial data onto the RNA transcripts followed by sequencing). These techniques bring about significant results in distinguishing different cell types, reestablishing cell-fate lineages, and elucidating how cells interact (Yin et al., 2023). From the findings of Moreno-Villena et al. (2022) in Portulaca, the differential spatial gene expression of the C4 and CAM pathway was demonstrated in mesophyll and bundle sheath cells, when subjected to drought. This research finding revealed the intriguing viewpoint in the C4 photosynthetic pathway through a reliable examination of plant tissue architecture. Consequently, by virtue of millets being C4 plants, spatial transcriptomics study can also be tapped into millet research for improved resilience to climate change by examining the spatial expression of genes when exposed to stress conditions. The integration of spatial transcriptomics into single-cell transcriptomics makes it feasible for plant researchers to uncover the key genes present in specific cells or tissues against the backdrop of abiotic stress as depicted in Figure 2.



6.3 Integrating spatial transcriptomics with 3D imaging in plants

In the course of the intervening years, the field of spatial transcriptomics has swiftly emerged, predominantly because of its practical applicability in spatially resolving, capturing, and capturing RNA from tissue slices at or near single-cell resolution. In addition, it involves subcellular mapping to provide a two-dimensional spatial analysis of gene expression (Cho et al., 2021). The enticing likelihood of acquiring these data in three dimensions currently exists, but it will entail reassembling the tissue from a serial array of two-dimensional optical or tactile tissue slices. This is made possible by the application of optical techniques such as light sheet fluorescence microscopy (LSFM), expansion microscopy (ExM), X-ray microscopy (XRM), and X-ray computed tomography (XCT) (Gurazada et al., 2021). Their unparalleled 3D visual information may enhance spatial transcriptomic techniques by functioning as a model volumetric framework of individual plant cells within particular plant tissues and organs (Cox et al., 2022). When superimposed by the expression data over this framework, it will provide a real-world spatial context, which is achieved through building an enclosure by piling several serial sections; then followed by merging their imaging and biochemical data into a computationally generated 3D framework utilizing computational tools like ST spot detector. This detector is customized to assess ST imaging data interspersed over a high-quality tissue picture, thereby revealing gene expression information specified by 2D spatial coordinates (Wong et al., 2018). This approach can be used in practical research of abiotic stress resilience with the molecular information provided by spatial transcriptomics. When ST merges with the phenotyping deploying the optical imagery, it provides deep insights into plant system architecture adaptability to the stress conditions.



6.4 Transcriptomics and plant stress memory

The tendency of plants to “remember” previous instances of stress and react differentially to successive stress exposures by means of imprinting, training, priming, hardening, conditioning, or acclimation is referred to as memory response (Avramova, 2015). Berry and Dean (2015) delineated between cis molecular memory, which necessitates physical signatures embarked on the chromatin, such as DNA methylation or histone changes, and trans memory, which thrives by feedback loops and the intensity of a diffusible signal that traverses via cytosol segmentation. Scientific inquiry into the accrual of pivotal signaling molecules, transcription factors (TFs), and chromatin alterations have contributed to broadening our awareness about the processes engaged in the stress-induced memory response (Crisp et al., 2016). Memory patterns were readily apparent intuitively as an outcome of inquiries into plant transcriptional memory, which is in dire need of rigorous characterization to get biologically significant revelations, particularly in the realm of the RNA-Seq research. This allows for concurrent assessment of a multitude of memory genes and hyperlinking of these patterns to biological pathways associated with stress (Ding et al., 2013). In a study conducted by Ding et al. (2012) in Arabidopsis, he reported the spike in transcript levels of RD29B and RAB18 genes on multiple exposures to dehydration stress and explained that the tenacity of RNA pol II and methylation marks correlated with the duration of transcriptional memory, corroborating the contention that chromatin remodeling processes play a part in the memory response. This relevance of transcriptomics in plant stress memory driven by stress conditions is still in its infancy in millets, which serves as a potent mechanism for probing the basic facets of the transcriptional memory response in plants.




7 Conclusion

Abiotic stresses weigh in almost 50% of the average returns for cereal crops, making them the root cause of agricultural catastrophe on a global scale. Consequently, broadening the cultivation is necessary to bridge the widening disparity among agricultural supplies and the growing populace via fostering resilience to stress by implementing changes at cellular, physiological, and molecular levels. Taking advantage of their suitability for cultivation in arid and semi-arid areas, millets are characterized and uniquely defined by their propensity to adapt to detrimental abiotic stresses. However, their effective use in agricultural development is endangered by an acute shortage of germplasm and a dearth of genetic diversity information, which could be accomplished by conventional and molecular approaches. In contrast to conventional breeding with its limitations, leveraging biotechnological strategies to circumvent abiotic challenges productively calls for an in-depth consciousness of the intended crop species. This can be achieved through the assessment from the molecular level down to the whole plant, which is conceivable by spurring advancement of transcriptomics. The empirical investigation has been upgraded by next-generation sequencing tools, which enable the decoding of cell transcript sequences/differentially expressed genes avoiding the complications triggered by huge genomes, reminiscently millets. Genome-scale data collected via various simulations pursuant to distinct ecological circumstances are readily analyzed by adopting advanced bioinformatics algorithms to discern and deduce significant patterns in tandem with specific cis-elements and regulatory genes, such as TFs aiding in examining the metabolic and regulatory networks. Recent advancements in transcriptomics, viz., single-cell and spatial transcriptomics, are found to decipher gene expression at the cellular level from a spatial standpoint. This consolidated effort of transcriptomics which assists in uncovering and scoring molecular markers, precisely SNPs, ascertaining the discrepancies in gene sequences and gene expression patterns, may further be utilized in MAS or genetic transformations to breed for varieties with climate resilience, thereby contributing to millet improvement.
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