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Characterization of drought-tolerance mechanisms during the jointing stage in foxtail millet under water-limited conditions is essential for improving the grain yield of this C4 crop species. In this trial, two drought-tolerant and two drought-sensitive cultivars were examined using transcriptomic dissections of three tissues (root, stem, and leaf) under naturally occurring water-limited conditions. We detected a total of 32,170 expressed genes and characterized 13,552 differentially expressed genes (DEGs) correlated with drought treatment. The majority of DEGs were identified in the root tissue, followed by leaf and stem tissues, and the number of DEGs identified in the stems of drought-sensitive cultivars was about two times higher than the drought-tolerant ones. A total of 127 differentially expressed transcription factors (DETFs) with different drought-responsive patterns were identified between drought-tolerant and drought-sensitive genotypes (including MYB, b-ZIP, ERF, and WRKY). Furthermore, a total of 34 modules were constructed for all expressed genes using a weighted gene co-expression network analysis (WGCNA), and seven modules were closely related to the drought treatment. A total of 1,343 hub genes (including RAB18, LEA14, and RD22) were detected in the drought-related module, and cell cycle and DNA replication-related transcriptional pathways were identified as vital regulators of drought tolerance in foxtail millet. The results of this study provide a comprehensive overview of how Setaria italica copes with drought-inflicted environments during the jointing stage through transcriptional regulating strategies in different organs and lays a foundation for the improvement of drought-tolerant cereal cultivars through genomic editing approaches in the future.
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INTRODUCTION

Drought is the most costly and deadly environmental phenomenon across the world (Ault, 2020). Agricultural irrigation uses over 70% of the earth's available fresh water each year. This level of agricultural production currently provides sufficient grain food for the increasing human population. Water demand will be a great challenge for the sustainable development of human societies under future water-limited environments (Gong et al., 2020; Gupta et al., 2020). During the history of genetic evolution, plants have established complex regulatory modes of morphological, developmental, physiological, and transcriptional strategies for responding to and then avoiding damages from abiotic environmental stress (Zhu, 2016). Understanding the molecular basis of stress tolerance in crop species is essential for creating crop varieties with higher productivity under unfavorable conditions (Fang and Xiong, 2015).

To clarify vital regulators contributing to drought tolerance in plants, the study of critical factors and regulatory networks involved in plant drought responses has been a research focus in recent decades. The phytohormone abscisic acid (ABA) plays a central role in regulating drought tolerance responses in plants. The 9-cis-epoxycarotenoid dioxygenase enzymes (NCEDs) are crucial catalyzing enzymes of ABA synthesis, and overexpression of NCEDs leads to elevated accumulation of endogenous ABA and enhanced drought tolerance in plants (Thompson et al., 2007). Proline is one of the most vital osmotic adjustment amino acids contributing to drought tolerance of plant species under water-limited conditions (Blum, 2017). The P5CS enzyme regulates the biosynthesis of proline, which could determine the accumulation of proline in plant cells under drought and salt-stressed environments (Funck et al., 2020). Many transcription factor families, such as WRKY, bZIP, MYB, AP2/EREBP, NAC, and HSF, are essential regulators of drought response in plants (Fang and Xiong, 2015). For example, ABFs and AREBs are well-known bZIP family transcription factors with ABA-dependent regulatory functions; triple mutations of areb1/areb2/abf3 showed less ABA sensitivity and reduced drought tolerant abilities of plant individuals (Yoshida et al., 2010). Recently, H2S, small peptide, and small ncRNA have been identified as vital molecules for long-distance signal transductions of drought-stress conditions in plants (Gong et al., 2020; Zhang et al., 2021), and the formation of various ribonucleic protein complexes is known to be involved in drought-responding courses (Gong et al., 2020). Until now, most known drought-tolerant regulators have not been used in breeding programs because they caused a severe reduction in grain yield under normal conditions.

C4 cereal crops are essential food and forage sources for meeting future demands of human societies due to their higher productivity and tolerant ability under abiotic stress conditions (Peng and Zhang, 2021). Foxtail millet (Setaria italica) is an ancient crop species cultivated across dry areas of the globe. The species is considered a model crop plant for deciphering plant drought-tolerance mechanisms, owing to the small size of the diploid genome (≈420 Mb) (Bennetzen et al., 2012; Zhang et al., 2012), rapid propagation under indoor conditions, a higher level of genomic diversity (Jia et al., 2013), and the feasible outbreak of genome-modified approach constructed using the accession of xiaomi in foxtail millet (Diao et al., 2014; Yang et al., 2020). Many genome-wide transcriptomic studies clarify the genetic basis of drought tolerance in S. italica. Zhang et al. found 37 differentially expressed ESTs in the roots and shoots of foxtail millet by constructing a subtractive library under drought conditions (Zhang et al., 2007). Qi et al. identified 2,824 drought-induced genes and 17 lincRNAs in foxtail millet under PEG treatment using the deep sequencing approach (Qi et al., 2013). Yadav et al. identified 55 known and 136 novel mRNAs from two drought-tolerant foxtail millet cultivars under drought conditions during the germinating stage (Yadav et al., 2016). Tang et al. characterized transcriptomic changes between drought-tolerant and drought-sensitive cultivars during the seedling stage, and at least 20 candidate genes overlap with drought tolerance-related quantitative trait locus (QTLs) (Qie et al., 2014) in foxtail millet (Tang et al., 2017).

Previous studies have analyzed the drought-tolerant basis of foxtail millet at an early developmental stage, and most investigations have employed PEGs to simulate osmotic stress conditions, which is different from gradually occurring natural drought conditions in the field. No studies occur during the jointing stage, an essential developmental stage in which the plants demand a high-water supply. Our study used RNA-seq under both normal and drought conditions and aimed to reveal mechanisms of drought tolerance in multiple tissues, including roots, stems, and leaves at the jointing stage in two drought-tolerant cultivars (Ci328 and Ci409) and two drought-sensitive cultivars (Ci134 and Ci603) of foxtail millet (Supplementary Figure S1). The results of this study will provide a comprehensive overview of how S. italica adjusts different organs to cope with drought conditions during the jointing stage. We used transcriptional regulating strategies to complete this research and to provide a model to improve drought-tolerant cereal cultivars through genomic editing approaches in the future.



MATERIALS AND METHODS


Plant Materials and Sampling

We selected 10 S. italica accessions from a previous study (Jia et al., 2013) for field assessment under normal and water-limited conditions during the jointing stage. The 10 accessions and the decrease of phenotypes are introduced in Table 1, Figure 1A, respectively. We selected Ci134 and Ci603 as drought-sensitive genotypes and Ci328 and Ci409 as drought-tolerant genotypes for this trial.


Table 1. Information of 10 genotypes used in field experiments.
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FIGURE 1. Responses of drought-tolerant and sensitive accessions toward water-limited conditions at the jointing stage. (A) A decrease in grain weight and plant height in 10 diverse accessions under water-limited conditions during the jointing stage; (B–F) leaf-relative water contents (B), leaf water potential (C), soluble sugar content (D), photosynthetic rate (E), and stomatal conductance (F) of drought-sensitive and drought-tolerant cultivars under both normal and drought-stressed conditions; (G–J) morphological phenotypes of spreading leaves after drought treatments in drought-sensitive and drought-tolerant accessions. Ci134 (G) and Ci603 (H) are drought-sensitive genotypes, while Ci328 (I) and Ci409 (J) are drought tolerant. Bar = 10 cm. * represents p < 0.05 determined by Student's t-test, ** represents p < 0.01 determined by Student's t-test.


Drought-sensitive accessions (Ci134 and Ci603) and drought-tolerant accessions (Ci328 and Ci409) were planted in pots (diameter, 30 cm; depth, 40 cm) with five uniform individuals selected from 10 seedlings in each pot after 15 days of seed sowing. All of the pots were placed in the greenhouse at the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences (Beijing, China). After 45 days of growth under normal conditions with weekly watering, we selected uniformly developed and healthy individuals for further analysis. For the drought treatment, we randomly selected five pots from each accession to stop watering for 2 weeks, while we continued to water the control individuals every week until 3 days before sampling (Supplementary Figure S2A).

For the RNA-seq, we collected two upper, fully expanded leaves. We also harvested young, elongating stems from the same plant after removing the sheaths and leaves. We collected all of the roots from the same individual (Supplementary Figure S2B). Finally, three individuals were harvested for each accession as biological replicates. All samples were then immersed in liquid nitrogen immediately after collection and stored at −80°C until total RNA extraction.



Physiological Measurements of Foxtail Millet Accessions

We measured the photosynthesis rate and the stomatal conductance using the Li-6400 platform (LI-COR Inc., USA). We used the WP4-T Dewpoint Potential Meter (ICT International Inc., USA) to measure leaf water potential. The leaf soluble sugar content was measured using the anthrone colorimetry method described in a previous study (Wen et al., 2005).

We sampled fully expanded leaves and weighed (Wf) them to measure relative leaf water content (RLWC). After immersing the leaves in water for 4 h, we removed the surface water (Wt) and weighed the samples. The samples dried in an oven until a constant weight (Wd) was reached. The RLWC was calculated using this formula:
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RNA Extraction and Library Construction

We extracted the total RNA using a TRIZOL kit (Ambion, Thermo Fisher Scientific Inc., USA) according to the protocol described by instructions. The cDNA library was constructed and then sequenced using the Illumina HiSeq 2100 platform with 150-bp paired-end mode (Illumina Inc., USA), with three biological replications for each sample. Raw data obtained by this study are available on the EMBL-EBI database (http://www.ebi.ac.uk/) with accession No. PRJEB43702.



RNA-Seq Data Analysis Process, DEGs Identification, and qRT-PCR Validation

After removing the adapter and filtering-quality reads, we mapped clean reads to a reference genome for S. italica V2.2 (http://phytozome.jgi.doe.gov) using Hisat2 tools (Kim et al., 2015). All transcripts were assembled using StingTie (Pertea et al., 2015). The gene expression level was quantified by FPKM (Fragments Per Kilobase of exon model per million mapped fragments) and the differentially expressed genes (DEGs) were identified using DEseq2 (Love et al., 2014). The screening threshold for DEGs was fold-changes bigger than two, and the false discovery rate was < 0.05.

Identification of DEGs was conducted through two different approaches. First, the drought condition was compared with normal condition to identify drought induced/repressed DEGs, which were then used for detection of genotype/tissue-specific DEGs, differentially expressed transcription factors (DETFs), and k-means cluster analysis. The transcription factors (TF) list was obtained from PlantTFDB (http://planttfdb.gao-lab.org/). Second, drought-tolerant genotypes were compared with sensitive genotypes to find out DEGs between genotypes under the same condition. After elimination of the genotype differences under normal condition, DEGs identified under drought condition were defined as drought-induced DEGs between genotypes (di-DBG).

We randomly selected the DEGs for validation through qRT-PCR, using primers listed in Supplementary Table 15. We selected Cullin and EF1a as reference genes in stems and leaves and SDH and EF1a as reference genes in roots. The first strand of cDNA was synthesized using 1 μg of total RNA with a 20-μl reaction mixture and then was diluted to a 200-μl volume. We used 2 μl of cDNA as a template for the qRT-PCR reaction (95°C, 10 min; then 40 cycles of 95°C, 10 s; 60°C, 60 s). Four replications were conducted for each gene and calculated the relative expression levels using the 2−ΔΔCT method.



Functional Enrichment Analysis

We conducted functional annotation of transcripts using Gene Ontology (GO, https://geneontology.org) and the Kyoto Encyclopedia of Genes and Genomes (KEGG, https://www.genome.jp/kegg) database. Gene sets functional enrichment analysis was performed with clusterProfiler (Yu et al., 2012), and enrichment results were visualized using ggplot2 (Wickham, 2016).



K-Means Clustering and Weighted Gene Co-Expression Network Construction

A total of 9,237 DEGs detected in roots, 4,276 DEGs detected in stems, and 6,923 DEGs detected in leaves were used as inputs for K-means cluster analysis, respectively, after being conversed by log10 (FPKM + 1), and 6 clusters were finally generated from each DEG set.

We filtered all gene expression data by FPKM > 0.1 in at least eight samples. After normalizing the data by log2 (FPKM + 1), the weighted gene co-expression network was constructed using the WGCNA package (Langfelder and Horvath, 2012) with the default parameters except that power = 5, maxBlockSize = 5,000. We exported and visualized the network using Cytoscape software (version 3.7.2, https://cytoscape.org/).




RESULTS AND DISCUSSION


Identification of Two Drought-Tolerant and Two Drought-Sensitive S. italica Accessions Through Morphological and Physiological Analysis

We used the foxtail millet core collections reported in our previous study (Jia et al., 2013) to select drought-sensitive and drought-tolerant accessions. Many elite cultivars of S. italica exhibit exceptional drought tolerance abilities under water-limited conditions and rarely decrease grain yield under osmotic conditions, while drought-sensitive accessions incur a heavy grain yield loss for adjusting similar water-deficient conditions. In this trial, we screened out 10 accessions according to the grain-weight decreased ratio (1 – drought/control ×100%), and then we evaluated them in field experiments under normal and drought conditions (Figure 1A). To our surprise, many drought-tolerant genotypes of S. italica that we identified at the jointing stage were not consistent with those identified at the seedling stage. For instance, Ci488 is most vulnerable, and Ci309 is generally tolerant to drought conditions at the seedling stage, according to a previous study (Tang et al., 2017), but the grain weight and growth of Ci488 (Figure 1A) were only slightly affected by drought at the jointing stage in the field. This observation indicates that the drought-tolerant abilities of many foxtail millet varieties might not remain stable during the whole development period. Similar results were also characterized in other grass species like sorghum (Varoquaux et al., 2019). Compared with normal conditions, grain weight and plant height of Ci309 and Ci328 were decreased by about 6% under drought environments. Grain weight, and panicle weight of Ci409 was stable, and plant height of Ci409 was decreased by 22% under osmotic conditions compared with the control. Grain weight, panicle weight, and plant height also decreased in Ci134 (≈50%), Ci603 (≈60%), and Ci351 (≈70%) under drought conditions, respectively (Figure 1A). We also evaluated heading dates of relevant accessions (Ci235 and Ci426 were much longer; Ci035 was shorter than others. Data not shown) for accurate determination of developmental stages for drought treatment and sample harvesting. Finally, we selected Ci134 and Ci603 as drought-sensitive genotypes. We selected Ci328 and Ci409 as drought-tolerant genotypes for further RNA-seq analysis.

After 2 weeks of drought treatment, when the soil-water content fell below 15% (Table 2), we sampled from the drought-tolerant genotypes (Ci328 and Ci409) and the drought-sensitive genotypes (Ci134 and Ci603) for RNA-seq. Relative leaf water content (RLWC) of drought-sensitive and drought-tolerant genotypes was comparable (≈95%) under normal conditions, while we observed a difference in the RLWCs between drought-sensitive and drought-tolerant plants after 2 weeks of drought treatment. The RLWCs of two drought-sensitive genotypes decreased by ≈35% (35.8% for Ci134 and 34.1% for Ci603), but drought-tolerant genotypes only decreased by ≈7.5% (7.3% for Ci328 and 7.6% for Ci409) under osmotic-stress conditions (Figure 1B). Leaf water potential (LWP) of drought-tolerant genotypes was higher than drought-sensitive genotypes under drought conditions, and the change of LWPs in tolerant genotypes toward drought treatment was smaller than that of drought-sensitive genotypes (Figure 1C). Stabilities of soluble sugar content in leaves of drought-tolerant genotypes were also higher than drought-sensitive genotypes under drought treatments, implying osmatic adjustments are an essential propagation strategy for optimizing drought-tolerance of foxtail millet under water-limited conditions (Figure 1D). In addition, the photosynthesis rate (Figure 1E) and the stomatal conductance (Figure 1F) of all four accessions under drought treatments were significantly lower than the controls, with tolerant genotypes more stable than sensitive genotypes.


Table 2. Water content of soil for treatment of four accessions.
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Figures 1G–J illustrate the morphological changes of leaves in sampled accessions after drought treatments. Fully expanded leaves of drought-sensitive genotypes (Ci134 and Ci603) bleached earlier and more severely than drought-tolerant genotypes under similar drought conditions. Notably, fully expanded leaves of the Ci134 genotype died due to dehydration, indicating Ci134 is sensitive to osmotic stress conditions. Based on these findings, we confirmed that Ci134 and Ci603 are drought-sensitive accessions, while Ci328 and Ci409 are drought-tolerant accessions at jointing developmental stages of foxtail millet.



Differentially Expressed Genes Identified in Stems Might Contribute to Drought Tolerance

To achieve a better understanding of drought-tolerant mechanisms of S. italica during the jointing stage, we conducted RNA-seq for roots, stems, and leaves of two drought-sensitive (Ci134 and Ci603) and two drought-tolerant genotypes (Ci328 and Ci409) under normal and drought conditions (Supplementary Figure S2). We constructed 72 pair-end libraries for transcriptomic sequencing and generated over 222.24 GB of raw reads. We obtained 1,682,873,236 clean reads and successfully mapped 89.95% of the reads to a reference genome of foxtail millet (Sitalica_312_v2.2, https://phytozome.jgi.doe.gov/) (Supplementary Table S1). The number of reads mapped to annotated genes ranged from 1 to ≈1.5 million, with a median of 352 (Figure 2A). We detected a total of 32,170 expressed genes in all samples (Supplementary Table S2), and the log10(FPKM) value for all samples was a spread tally with a normal distribution (Figure 2B). We performed principal component analysis using expressed genes shared by all 72 samples (Figure 2C). All samples were divided into three main groups: roots, stems, and leaves. Additionally, each group was then separated into normal and drought treatment subgroups. All three biological replicates were mostly closed based on principal component analysis.
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FIGURE 2. A summary of differentially expressed genes detected in this trial. (A) Distributions of log10 (counts); (B) density of log10 (FPKM); (C) PCA analysis of each RNA-seq sample. (D) Number of DEGs responding to drought treatment in each sample. Drought-tolerant genotypes are Ci328 and Ci409; drought-sensitive genotypes are Ci134 and Ci603. NO represents the normal condition, and DR represents drought treatments.


In this trial, we screened out expressed genes with more than 2-fold change (FC) and with a false discovery rate (FDR) of less than 0.05 as differentially expressed genes (DEGs). We separately analyzed three tissues of two drought-tolerant (Ci328 and Ci409) and two drought-sensitive genotypes (Ci134 and Ci603) under both drought and normal conditions at the jointing stage. A total of 13,552 DEGs correlated with drought tolerance among twelve comparison groups were identified (Table 3, Supplementary Table S3). We found the most DEGs in roots, followed by leaves, and then stems of all four genotypes. Overall, the DEGs detected in roots (9,237 DEGs, including 3,497 in Ci134, 6,007 in Ci603, 5,656 in Ci328, and 4,583 in Ci409) were 33% higher than in leaves (6,923 DEGs, including 2,557 in Ci134, 3,549 in Ci603, 3,776 in Ci328, and 3,117 in Ci409) and more than 2-fold higher than in stems (4,276 DEGs, including 2,013 in Ci134, 2,229 in Ci603, 1,454 in Ci328, and 587 in Ci409) (Table 3, Figure 2D). These observations suggest that the roots are more sensitive to drought conditions, consistent with observations reported in rice (Wang D. et al., 2011). Moreover, the number of DEGs in the stems of two drought-sensitive genotypes (2,013 DEGs in Ci134 and 2,229 DEGs in Ci603, respectively) was higher than that of two drought-tolerant genotypes (1,454 DEGs in Ci328 and 587 DEGs in Ci409), suggesting stems might play an important role in determining drought tolerance in foxtail millet (Table 3).


Table 3. Number of DEGs detected in all four accessions.
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Different Biological Pathways Were Influenced by Drought in Three Tissues

To clarify the biological functions of the DEGs responses to drought in foxtail millet, we performed KEGG and GO enrichment analysis for each DEGs set. The functional enrichment analysis of DEGs detected in roots revealed osmotic adjustment and phytohormone-related pathways, playing important roles in drought-tolerant mechanisms of S. italica. KEGG enrichment analysis revealed “starch and sucrose metabolism,” and “galactose metabolism” pathways were enriched in upregulated DEGs, and “phenylpropanoid and diterpenoid biosynthesis” pathways were enriched in downregulated DEGs identified in roots of foxtail millet. As a whole, “glycolysis and glutathione metabolism” pathways were enriched in all DEGs detected in roots of all four accessions (Supplementary Figure S3A, Supplementary Table S4). Moreover, GO enrichment analysis also revealed that regulatory genes participated in responding pathways of heat, water, and growth hormones were obviously affected by drought stress (Supplementary Figure S3B, Supplementary Table S5). Interestingly, two ABA pathway-related genes of ABF4 (Seita.1G331600) and ABA2 (Seita.9G041900) were identified as downregulated DEGs in drought-sensitive genotypes but upregulated DEGs in drought-tolerant genotypes.

Functional categories of the DEGs identified in the stems of drought-sensitive (Ci134 and Ci603), and drought-tolerant (Ci328 and Ci409) genotypes revealed that young stem elongation was affected in drought-sensitive genotypes, and heat shock proteins (HSPs) might contribute to the growth of young stems of foxtail millet under drought conditions. Regulatory genes involved in plant cell organizations were primarily enriched in the DEGs set of drought-sensitive genotypes, and the number of downregulated DEGs of this pathway was higher in drought-sensitive genotypes than those that are drought tolerant. This observation implies that stem elongation of foxtail millet under drought conditions was seriously affected, which coincides with the plant height of both drought-sensitive and drought-tolerant accessions detected in this trial under normal and drought conditions (Figure 1A). KEGG enrichment analysis revealed “plant hormone signal transduction” and “amino sugar and nucleotide sugar metabolism” pathways were enriched in upregulated DEGs detected in the stems of drought-tolerant genotypes (Supplementary Figure S4A, Supplementary Table S4). Interestingly, heat and reactive oxygen species response GO terms were only enriched in drought-tolerant accessions (Supplementary Figure S4B, Supplementary Table S5), and five HSPs (Seita.3G175700, Seita.5G131400, Seita.9G470600, Seita.9G488400, and Seita.2G241600) were identified as upregulated DEGs in drought-tolerant genotypes under stressed conditions, while no significant change was detected in drought-sensitive genotypes. Therefore, we speculate that drought-sensitive genotypes might reduce chaperone synthesis, which could support elongation of stems under drought conditions through a transcription regulatory mode.

Functional enrichment analysis of drought-response DEGs in leaves of all genotypes revealed a clear signature that photosynthesis-related genes were downregulated, but plant hormone transduction-related genes were upregulated under drought conditions (Supplementary Tables S4, S5). Moreover, the “starch and sucrose metabolism” pathway was enriched for downregulated DEGs in sensitive genotypes. In contrast, the “glycerol phospholipid metabolism” pathway was enriched for upregulated DEGs in drought-tolerant genotypes (Supplementary Figure S5), suggesting photosynthetic characters of functional leaves were seriously affected under water-limited conditions.



The Majority of DEGs Were Identified in a Tissue or Genotype-Specific Manner

In this investigation, we detected most DEGs in a tissue-specific manner. In total, only 243, 415, 296, and 134 DEGs out of 6,481, 9,184, 8,497, and 6,953 DEGs were shared in three tissues of Ci134, Ci603, Ci328, and Ci409, respectively (Table 3, Figures 3A–D). There were 551, 1,520, 1,256, and 1,115 upregulated DEGs, 2,011, 3,224, 3,026, and 2,574 downregulated DEGs from roots of Ci134, Ci603, Ci328, and Ci409. Moreover, there were 851, 1,099, 1,010, and 887 induced DEGs, and 893, 1,171, 1,348, and 1,364 repressed DEGs in the leaves of Ci134, Ci603, Ci328, and Ci409 under drought conditions. In stems, there were 386, 350, 223, and 45 upregulated DEGs, and 799, 736, 365, and 188 DEGs were downregulated in Ci134, Ci603, Ci328, and Ci409 under osmotic stress conditions. In total, few of the DEGs were up or downregulated under drought conditions in all three tissues, including 144, 197, 174, and 94 induced DEGs and 88, 130, 78, and 32 repressed DEGs in all four accessions (Ci134, Ci603, Ci328, and Ci409) (Supplementary Figures S6A–D, S7A–D).
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FIGURE 3. Comparisons of DEGs from three tissues of four foxtail millet accessions. Venn diagrams of shared DEGs among different genotypes (A: Ci134; B: Ci603; C: Ci328; D: Ci409) and different tissues (E: root; F: stem; and G: leaf). Drought-tolerant genotypes: Ci328 and Ci409; drought-sensitive genotypes: Ci134 and Ci603. Numbers in parentheses represent total DEGs.


We also identified genotype-specific DEGs in this trial. In roots, there were 163 upregulated DEGs and 198 downregulated DEGs only detected in drought-tolerant accessions, while we identified 55 upregulated DEGs and 154 downregulated DEGs in drought-sensitive accessions (Supplementary Figures S6E, S7E). In stems, there were 26 upregulated DEGs and 10 downregulated DEGs only identified in drought-tolerant genotypes, while we only detected 73 upregulated DEGs and 217 downregulated DEGs in drought-sensitive accessions (Supplementary Figures S6F, S7F). In leaves, there were 237 upregulated DEGs and 381 downregulated DEGs only detected in drought-tolerant accessions, while we only identified 194 upregulated DEGs and 253 downregulated DEGs in drought-sensitive genotypes (Supplementary Figures S6G, S7G). The roots of all four genotypes shared a total of 1,727 DEGs (out of 9,237). The leaves of all four accessions shared a total of 786 DEGs (out of 6,923). Furthermore, the stems of all four genotypes shared a total of 123 DEGs (out of 4,276) (Table 3, Figures 3E–G).

To dissect the function of genotype-shared/specified DEGs, KEGG and GO enrichment analysis was then performed (Supplementary Figure S8, Supplementary Table S6), which revealed that water deprivation-related genes were differentially expressed in all four genotypes under drought conditions, and only few of water-deprivation DEGs were shared by different tissues. Moreover, photosynthesis-related genes were affected by drought in leaves of all four accessions, and plant hormone transduction and MAPK-related DEGs were also enriched in leaves and stems.

We detected 35 upregulated and 3 downregulated genes shared by all three tissues of the four accessions under drought treatments (Table 4). Previous studies have confirmed that many functional genes of this DEGs set are correlated with the response of plants to multiple abiotic stress conditions, such as salt, drought, and extreme temperature stresses (Wu et al., 2005; Ali et al., 2013; Nawkar et al., 2017). For instance, 5 LEA proteins, 5 HSPs (HSP70, HSP70T-2, HSA32, and HSP17.6C), 2 PP2Cs (HAI3 and AHG1), and 1 dehydrin family protein (RAB18) were upregulated under drought conditions. Previous study has confirmed that these proteins act as abiotic stress-responding factors (Table 4).


Table 4. Induced and repressed DEGs in all three tissues of four accessions.
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Notably, we detected 21 DEGs (including 4, 1, and 16 DEGs identified in roots, stems, and leaves, respectively), responding to drought with the opposite pattern between sensitive and tolerant genotypes in this study (Figure 4, Supplementary Table S7). Two heat shock protein-encoding genes [Seita.3G216900 and Seita.1G326600 (HSP23.5)] were upregulated in drought-tolerant genotypes but were downregulated in drought-sensitive genotypes under drought conditions. Heat shock protein HSP23.5 has also been confirmed to be induced by salinity and heat conditions in Arabidopsis (Sewelam et al., 2019). Moreover, one heat shock transcription factor (HSFA6B, Seita.9G095900)-has been characterized, and knock-out of HSFA6B in Arabidopsis has elevated ABA sensitivity and stress tolerance of transgenic plants (Wang et al., 2020). Seita.5G031200 (CIPK1) encodes a CBL-interacting protein kinase involved in an ABA-dependent regulatory network in the plant (D'Angelo et al., 2006). In addition, BAG5 (Seita.8G128400) is a known leaf-senescence-related regulator in Arabidopsis (Fu et al., 2017). We also found BAG5 was downregulated in the roots of sensitive genotypes and upregulated in tolerant genotypes in this trial, implying that BAG5 plays a vital role in drought adjustment of the roots in S. italica. Moreover, one chloroplast thylakoid-localized RbcX protein (RBCX1, Seita.6G151500), a chaperone in the folding of Rubisco, and two pentatricopeptide repeats (PPR like), protein-encoding genes (LPE1, Seita.3G308800; Seita.7G212200) were also identified as DEGs in the leaves of foxtail millet under drought conditions. These oppositely regulated DEGs between sensitive and tolerant accessions may play key roles in modulations of drought-tolerant abilities of S. italica during the jointing stage.
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FIGURE 4. Twenty-one oppositely regulated DEGs were identified in drought-tolerant and drought-sensitive genotypes under water-limited conditions. Cell color represents the expression pattern of relevant DEGs in all three tissues of four accessions. Red represents an upregulated pattern, while blue represents a downregulated pattern. Four, one, and 16 oppositely expressed DEGs responding to drought between drought-sensitive/tolerant accessions that were identified in roots, stems, and leaves, respectively.




Transcription Factors Play Essential Roles in the Drought-Tolerance Processes

Transcription factors play central roles in dealing with abiotic stress conditions through regulating functional genes in plants (Baillo et al., 2019). We identified a total of 915 TFs from the DEGs detected in this trial, including many WRKY, ERF, MYB, NAC, bHLH, bZIP, and HSF transcription factors that have been confirmed to be important for the tolerance of biotic and abiotic stresses in rice (Todaka et al., 2015). These differentially expressed transcription factors (DETFs) identified in foxtail millet during the jointing stage (Figure 5) were similar to observations reported in previous studies of drought tolerance in foxtail millet at the seedling stage (Tang et al., 2017). We detected 200 DETFs shared by all four accessions (Supplementary Figure S9), including 131 downregulated DETFs and 69 upregulated DETFs in this trial. We identified a total of 35 ERF, 35 WRKY, 32 bHLH, 31 MYB, 30 NAC, 23 C2H2, and 18 bZIP DETFs differentially expressed in roots, in at least two genotypes, and 10 MYBs, 7 ERFs, 6 HD-ZIPs, 5 bHLHs, and 5 bZIPs, and we detected 4 NAC family DETFs differentially expressed in stems in more than two accessions, and we identified 18 ERF, 15 MYB, 13 bZIP, 12 NAC, and 12 HD-ZIP family DETFs differentially expressed in leaves in this trial.


[image: Figure 5]
FIGURE 5. Enrichment of differentially expressed transcription factors (DETFs) identified in three tissues of all four accessions. Each column represents a gene set. The circle size represents the gene ratio, and the circle color represents the P-value. The number in the middle of each circle represents the numbers of DETFs annotated in each GO term or KEGG pathway.


Additionally, we identified 127 DETFs (including 51 in roots, 26 in stems, and 50 in leaves) with different expression patterns in response to drought conditions between drought-tolerant and drought-sensitive accessions (Supplementary Table S8). For instance, Seita.6G055700 (LATE ELONGATED HYPOCOTYL) encodes an MYB-like transcription factor, which represses the biosynthesis of ABA in plants (Adams et al., 2018); another MYB transcription factor-encoding gene (Seita.2G199900) identified as a drought-responding regulator in this study has also been confirmed as a negative regulator of ABA signal transduction; overexpressing of which could enhance salt tolerance of Arabidopsis individuals (Cui et al., 2013). Furthermore, in this study, the number of ERF-encoded DETFs identified in tolerant genotypes was higher than that of sensitive ones. For instance, an ERF-encoding gene (Seita.9G500100, ERF-IXc5) has been inferred as a crucial regulator of plant growth and drought tolerance of Hevea brasiliensis (Lestari et al., 2018). Moreover, ERF family proteins have been considered as crucial regulators responding to environmental stimuli in Arabidopsis and rice (Nakano et al., 2006). Notably, two DETFs, including Seita.1G228800 (CO-like family) and Seita.9G095900 (HSF family), were downregulated in the roots of sensitive genotypes but upregulated in tolerant genotypes. Overall, DETFs identified in this trial also suggested that TFs have played essential roles in the drought-tolerant process in foxtail millet during the jointing stage.



Stress-Related Biological Pathways Are Enriched in DEG Clusters With Similar Expressional Patterns in Three Tissues

To further dissect biological processes and pathways correlated with drought tolerance in each tissue, a k-means clustering analysis of DEGs detected in leaves, stems, and roots were carried out, respectively, and 6 clusters were generated for each DEG set (Figure 6, Supplementary Table S9). Functional enrichment analysis of each cluster (Supplementary Table S10) revealed that different biological pathways were responsible for drought tolerance in the three different tissues.
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FIGURE 6. K-means clustering of DEGs identified in three tissues of four foxtail millet accessions. K-means clusters of DEGs in roots (A), stems (B), and leaves (C) across all four accessions. NO refers to normal, and DR refers to drought conditions. Numbers in parentheses represent the numbers of DEGs found in each cluster. The y axis represents normalized gene expression. Red and brown refer to normal and drought treatment of drought-sensitive genotypes, respectively. Green and blue refer to normal and drought treatment of drought-tolerant genotypes.


In this trial, the biological processes of “water deprivation response” (drought) and “response to heat” (heat) were enriched in many clusters identified in three tissues, which implied that drought and heat are both severe environmental stresses often occurring in the field together. Many clusters, including Cluster B in roots (46 DEGs involved in drought and 33 DEGs involved in heat), Cluster A in stems (30 DEGs involved in drought and 22 DEGs involved in heat), and Cluster B in leaves (37 DEGs involved in drought and 27 DEGs involved in heat), were involved in these two pathways (Figure 6, Supplementary Table S10), which were consistent with upregulated DEGs identified under drought treatments. However, only 11 shared DEGs involved in the “response to water deprivation” pathway and 7 shared DEGs involved in the “response to heat” pathway were identified in all three tissues, implying that different tissues might take different actions to achieve the similar goal of drought tolerance in foxtail millet at the jointing stage.

In leaves, “MAPK signal transduction” and “plant hormone signal transduction” were mainly enriched in Clusters A and B, with DEGs induced or repressed, respectively, by drought treatments. Moreover, “nitrogen metabolism” and “photosynthesis” related pathways were enriched in Cluster D with downregulated DEGs influenced by drought conditions, implying that enhanced signal transduction and decreased efficiency of photosynthesis and energy metabolism in leaves are essential for drought tolerance of foxtail millet under water-limited conditions.

In stems, stress-related pathways, such as “response to water deprivation” and “heat, salt, and hydrogen peroxide,” were enriched in Clusters A and F. Pathways of “secondary cell wall biogenesis” and “xylan biosynthetic process” were also enriched in Cluster F with downregulated DEGs identified under drought conditions, indicating suppression of stem cell growth in foxtail millet under drought conditions during the jointing stage. Furthermore, the “Auxin-activated process” and “secondary cell wall biogenesis” pathways were enriched in Cluster D with downregulated DEGs identified under drought conditions, which was consistent with the fact that plant height decreased under drought conditions through suppressing stem elongation at the jointing stage in foxtail millet. Photosynthesis-related biological pathways, such as “light-harvesting process” and “antenna proteins,” were enriched in Cluster C with downregulated DEGs, and “light reaction” and “carbon fixation” categories were enriched in Cluster E with upregulated DEGs identified under drought conditions, implying that stems were also a photosynthesis-related organ during the jointing stage in foxtail millet.

In roots, “plant-pathogen” categories were enriched in Cluster A with downregulated DEGs under drought conditions, which was consistent with conclusions that the mass of arbuscular mycorrhizal symbiosis with roots decreased under drought conditions in sorghum (Varoquaux et al., 2019). Biological pathways of “plant secondary cell wall biogenesis” and “plant hormone signal transduction” were enriched in Cluster C with DEGs oppositely expressed in the roots and stems, implying that expansion of the root system is essential for water exploration under drought conditions and growth of stems might be restricted by water-deficient environments. Previous research has reported similar findings that the growth of crown roots in S. italica and Maize is sensitive to drought conditions (Sebastian et al., 2016).



Regulators Contributing to Genotypic Variations of Drought Tolerance at the Jointing Stage

To achieve a better understanding of the genotypic effect on drought tolerance for all four accessions, we conducted four group comparisons between drought-tolerant and drought-sensitive accessions (Ci328 vs. Ci134, Ci328 vs. Ci603, Ci409 vs. Ci134 and Ci409 vs. Ci603) in all three tissues under both normal and drought conditions, respectively. After eliminating the DEGs that were shared by both normal and drought conditions, a total of 406 (115 in leaves, 79 in stems, and 212 in roots) drought-specific DEGs were screened out, which was defined as drought-induced DEGs between genotypes (di-DBG) (Figure 7A).
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FIGURE 7. Drought-induced DEGs between genotypes (di-DBG) identified between tolerant and sensitive genotypes. (A) The definition and identification of di-DBG. (B,C) GO (B) and KEGG (C) enrichment analysis of di-DBG in leaves and roots.


The “flavonoid biosynthesis pathway” was enriched in di-DBG identified in roots, and the “nitrogen metabolism pathway” was enriched in di-DBG detected in leaves (Figure 7B). Moreover, the water transport biological process was enriched in di-DBG identified in roots and leaves, photosynthesis, and heat response pathways, which were also enriched in di-DBG detected in leaves (Figure 7C). Furthermore, there were 12 di-DBGs overlapped with DEGs oppositely regulated between tolerant and sensitive genotypes under limited water conditions, which were identified (marked as di-DBG in Supplementary Table S7), such as HSP70 (Seita.3G216900), HSP23.5 (Seita.1G326600), and SnRK3.16 (Seita.5G031200), vital regulators of drought tolerance in plants (Cho et al., 2018; Sewelam et al., 2019; Leonetti et al., 2021).



Hub Genes Involved in Hormone Homeostasis, Osmotic Adjustment, Post-Transcriptional Modulation, and Photosynthesis Are Essential Regulators of Drought Tolerance

The weighted gene co-expression network analysis (WGCNA) method constructs relationships of expressed genes identified from multi-samples through RNA-sequencing approaches. Totally, 28,401 expressed genes identified in 72 samples were divided into 34 modules (Supplementary Figure S10, Supplementary Table S11). We defined transcripts with connectivity intro-modular (KIM) higher than 0.8 as hub genes (Supplementary Table S11). There was a positive correlation of purple, yellow, midnight blue, and pink modules with the drought treatments of all accessions. There was a negative correlation of orange, red, and green modules with the drought treatment, and a positive correlation of the purple module with soluble sugar content in all accessions was identified (Supplementary Figure S11).

Among all drought-responding-related modules, we further analyzed the purple and orange modules. There was a total of 506 genes grouped into the purple module under drought conditions. We identified 17 out of 78 hub genes that are associated with drought tolerance in plant species (Figures 8A,B), such as CIPK12 (Yasuda et al., 2017), CBF1 (Wei et al., 2016), SnRK2.10 (Maszkowska et al., 2019), and RD22 (Matus et al., 2014), suggesting these gene sets might also be vital to drought tolerance of S. italica. The biological processes of “response to water” and “response to abiotic stimulus” were enriched in the purple module (Supplementary Table S12), which implied that the purple module might play an important role in foxtail millet for adjusting drought conditions.
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FIGURE 8. Eigengene expression and the regulatory network of DEGs in drought-correlated modules identified through the WGCNA approach. (A,B) Eigengene expression (A) and network (B) of the purple module; (C,D) Eigengene expression (C) and the network (D) of the purple module; (E,F) Eigengene expression (E) and the network (F) of the light yellow module; (G,H) Eigengene expression (G) and the network (H) of the turquoise module.


A total of 119 genes grouped into the orange module were downregulated in leaves under drought conditions, and “monobactam biosynthesis” and “lysine biosynthesis” pathways were enriched in this module. Notably, previous studies have shown that many genes grouped into the orange module are key regulators in the stress tolerance of plants (Figures 8C,D). For instance, AREB3 (Seita.5G356200) has been identified as a downstream target of the ABA-signaling pathway and could regulate stomata openness in Arabidopsis (Qian et al., 2019). The characterization of OST1 (Seita.9G318200) in rice revealed the functions involved in regulating stomatal closure in response to water-deficient conditions through ABA-signaling modulation (Yoshida et al., 2002). Additionally, GSTF3 (Seita.5G171000) is a glutathione transferase induced by oxidative stress environments in Arabidopsis (Lee et al., 2014). Therefore, the orange module might contain vital regulators responsible for drought tolerance of foxtail millet.

Moreover, pink (734 genes, R = 0.79, P = 3e-16) and yellow (1,966 genes, R = 0.77, P = 2e-15) modules were also positively correlated with drought treatment in this study. Gene sets grouped into these two modules were mainly involved in RNA processing, transport, and the surveillance process (Supplementary Table S13), implying that post-transcriptional modulation of functional regulators might play important roles in drought tolerance of S. italica.

The light yellow module (196 genes, R = 0.57, P = 2e-7) was also positively correlated with the drought treatment in leaves (Figures 8E,F). The biological processes of “response to heat” and “very-long-chain fatty acid metabolism” were enriched in this module (Supplementary Table S12). The light yellow module contains many vital regulators identified in previous studies, such as P5C1 (Seita.5G450800), which has been confirmed to be associated with the catalysis of the final step of proline biosynthesis and involved in stress-induced proline accumulation in leaves of plants (Giberti et al., 2014). TINY (Seita.5G141600) is also essential to stress tolerance, as it binds dehydration-responsive and ethylene-responsive Cis-elements of viral regulators in Arabidopsis (Sun et al., 2008). CIPK20 (Seita.5G145900) encodes a CBL-interacting serine/threonine-protein kinase involved in the ABA-signaling pathway (Wang Z. Y. et al., 2011), and DGAT1 (Seita.3G112300) catalyzes the final step of triacylglycerol assembling, which could contribute to tolerance of freezing in Arabidopsis (Arisz et al., 2018).

Interestingly, the turquoise module was negatively correlated with the drought-treated leaves and positively correlated with drought-treated stems and roots (Supplementary Figure S11). The turquoise module was also detected as a downregulated DEG in leaves of all genotypes under drought conditions, and “photosynthesis-related biological processes” were mainly enriched in this module. This result from the turquoise module yielded more than 20 DEGs functions as components of PSI, PSII, and the light-harvesting complex (Figures 8G,H), which is consistent with decreased photosynthetic rates observed in all four accessions under drought conditions (Figure 1E). Moreover, most photosynthesis-related genes have also been downregulated in the leaves of foxtail millet under drought conditions at the jointing stage (Supplementary Figure S12), suggesting that photosynthesis-related traits change dramatically under water-limited conditions in foxtail millet.



Plant Hormone Pathways Were Conserved During Multiple Growth Stages in Foxtail Millet

Given that previous study about drought tolerance of S. italica mainly focused on the aboveground part of plant individuals, we have compared DEGs detected in leaves with the previously reported dataset (including 3 seedling stages and 1 germination stage) (Qi et al., 2013; Tang et al., 2017; Qin et al., 2020; Yu et al., 2020). We found 10 shared genes in response to osmotic stress during germination, seedling, and the jointing stage in foxtail millet, including HAB1 (Seita.3G164700, Lim and Lee, 2020), AREB1 (Seita.4G082000, Yoshida et al., 2010), GBF3 (Seita.5G251200, Ramegowda et al., 2017), AHG1 (Seita.6G005300, Nishimura et al., 2007), and HAI2 (Seita.9G460200, Lim et al., 2012) that participate in the ABA pathway in plants, and LEA3-4 (Seita.5G287800) induced by multi abiotic stresses (Zhao et al., 2011) and 4 more genes with unknown functions. A total of 193 jointing stage-specific DEGs were identified, including 14 DEGs involved in plant hormone regulation, 14 DEGs in response to abiotic stress, and 5 DEGs participating in photosynthesis, implying different mechanisms of drought tolerance between lateral and early growth stages in foxtail millet (Supplementary Table S14). However, due to the different genotypes tested in previous studies, and genotype-based differences could not be eliminated in the comparison analysis, further researches are still needed in the future for clarifying the unique drought-tolerant mechanisms in foxtail millet among different developmental stages.



Verification of RNA-Seq Results Through the qRT-PCR Approach

The randomly selected DEGs in response to drought treatments from different tissues were used for qRT-PCR assays to verify the reliability of RNA-seq data. We randomly selected nine DEGs from leaves, four DEGs from stems, and six DEGs from roots, including 1 DEG (Seita.9G095900) with the opposite pattern in response to drought for further analysis. The results of qRT-PCR were highly consistent with RNA-seq data with R = 0.787, indicating that the RNA-seq results obtained in this trial are reliable (Supplementary Figure S12, Supplementary Table S15).




CONCLUSION

Setaria italica is known as one of the most drought-tolerant cereal species. In this trial, we selected two drought-tolerant and two drought-sensitive accessions of S. italica for the exploration of drought-tolerant regulators in this crop species. Under drought stress conditions, the drought-sensitive genotypes heavily lost grain yield and biomass, while the drought-tolerant genotypes showed more stable growth and yield. RNA-seq analysis of three tissues under drought conditions showed most DEGs were identified in a tissue-specific manner, and the number of DEGs was higher in roots, followed by leaves and stems. Functional enrichment analysis revealed that genes related to photosynthesis in leaves, elongation of the stem, and the growth of roots were repressed by drought stress. We only identified a few DEGs overlapped in the three tissues, which implies that different tissues take different actions to achieve similar goals of drought tolerance in foxtail millet. Comparisons of genes expression profiling between tolerant and sensitive accessions indicated 20 drought-induced regulators contributing to genotypic variations of drought tolerance. WGCNA identified 34 modules and 1,343 hub genes playing critical roles in the drought tolerance of S. italica.
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Supplementary Figure S1. The pipeline of datasets analysis. After sample harvest and RNA-seq, expression data were generated for further analysis. DEGs were screened through two approaches: drought condition vs. normal condition and tolerant genotypes vs. sensitive genotypes. The former strategy revealed differences in drought response between genotypes and tissues. Additionally, the latter strategy revealed differences between genotypes induced by drought. The co-expression network (gene modules) was generated by WGCNA. Hub genes of drought-correlated modules were then identified. Functional enrichment analysis was conducted for dissection of drought-tolerant mechanisms in foxtail millet.

Supplementary Figure S2. Drought treatment and sampling of foxtail millet tissues for RNA-seq analysis. (A) Strategy for water management. Drought treatment was conducted after 45 days of germination; (B) Sampled tissues for further analysis. Two upper fully expanded leaves, elongated stems, and all roots were sampled for RNA-seq analysis.

Supplementary Figure S3. Functional enrichment of DEGs identified in the roots. KEGG (A) and GO (B) enrichment analysis for DEGs detected in all genotypes. Each column represents different gene sets; circle size represents the gene ratio of DEGs in each category to all annotated genes; circle color represents the P-value; the number located to each circle represents the amount of DEGs.

Supplementary Figure S4. Functional enrichment of DEGs identified in the stems. KEGG (A) and GO (B) enrichment analysis for DEGs detected in all genotypes. Each column represents different gene sets; circle size represents the gene ratio of DEGs in each category to all annotated genes; circle color represents the P-value; the number located to each circle represents the amount of DEGs.

Supplementary Figure S5. Functional enrichment of DEGs identified in the leaves. KEGG (A) and GO (B) enrichment analysis for DEGs detected in all genotypes. Each column represents different gene sets; circle size represents the gene ratio of DEGs in each category to all annotated genes; circle color represents P-value; the number located to each circle represents the amount of DEGs.

Supplementary Figure S6. Comparisons of upregulated DEGs identified in all three tissues sampled from all four accessions. Up four Venn diagrams showed DEGs induced by drought among genotypes of (A) Ci134, (B) Ci603, (C) Ci328, and (D) Ci409, and below three ones showed DEGs induced by drought in tissues of (E) root, (F) stem, and (G) leaf. Numbers in parentheses refer to total DEGs detected in each circle.

Supplementary Figure S7. Comparisons of downregulated DEGs identified in all three tissues sampled from all four accessions. Up four Venn diagrams showed DEGs repressed by drought among genotypes of (A) Ci134, (B) Ci603, (C) Ci328, and (D) Ci409, and below three ones showed DEGs repressed by drought in tissues of (E) root, (F) stem, and (G) leaf. Numbers in parentheses refer to total DEGs detected in each circle.

Supplementary Figure S8. Functional enrichment of genotype-specific DEGs. (A) Relationships among sensitive-genotype-specific DEGs (Se-specific, blue color), tolerant-genotype-specific DEGs (To-specific, red color), and all genotype-shared DEGs (all-shared, yellow color); (B,C) GO (B) and KEGG (C) enrichment analysis of DEGs detected in both tolerant and sensitive genotypes. “To” represents drought-tolerant genotypes, including Ci328 and Ci409; “Se” represents drought-sensitive genotypes, including Ci134 and Ci603. Each column represents different gene sets, circle size represents the gene ratio of DEGs in each category to all annotated genes, circle color represents the P-value, and the number located to each circle represents the amount of DEGs.

Supplementary Figure S9. Heat-map of genotype-shared DETFs. The heat map of 200 DETFs detected in all genotypes. Red color refers to upregulation, while blue color refers to downregulation.

Supplementary Figure S10. Construction of the weighted gene co-expression network with all expressed genes identified among all samples. (A) The clustering tree of 72 samples used FPKM values of all expressed genes; blue and red below the clustered tree represents control and drought treatments in this trial, respectively; (B,C) a soft threshold determined through scale independence (B) and mean connectivity (C); (D) the clustering tree of all expressed genes; each color represents a module. NO refers to normal, and DR refers to drought conditions. RO refers to the root, ST refers to the stem, and LE refers to the leaf.

Supplementary Figure S11. The heatmap of module-trait relationships for all modules. Red and blue represent positive or negative correlations of modules and traits, respectively. The upper number in each cell is the R of correlation; the lower number between parentheses is the P-value. RLWC: relative leaf water content; LWP: leaf water potential; SSC: soluble sugar content.

Supplementary Figure S12. Validations of DEGs by the qRT-PCR approach. Positive numbers and red color refer to upregulation; negative numbers and blue color refer to downregulation. Log2FC featured RNA-seq and qRT-PCR featured by –ΔΔCT, calculated from the relative expression of four individual replications.

Supplementary Table S1. Quality evaluation of RNA-seq raw data.

Supplementary Table S2. FPKMs for all annotated genes identified in this trial.

Supplementary Table S3. DEGs identified in all samples between normal and drought conditions.

Supplementary Table S4. A list of KEGG categories of DEGs identified in this trial.

Supplementary Table S5. A list of GO categories of DEGs detected in this study.

Supplementary Table S6. A list of GO and KEGG categories of genotype-specific DEGs.

Supplementary Table S7. Oppositely regulated DEGs identified between drought-tolerant and sensitive genotypes.

Supplementary Table S8. DETFs detected in both drought-tolerant and sensitive genotypes.

Supplementary Table S9. K-means clustering in this trial.

Supplementary Table S10. A list of GO and KEGG categories of k-means clusters.

Supplementary Table S11. Results of WGCNA and KIM of all genes in each module.

Supplementary Table S12. A list of GO categories of each module.

Supplementary Table S13. A list of KEGG categories of each module.

Supplementary Table S14. Comparisons of drought-responsive genes in leaves between different development stages of Setaria italica.

Supplementary Table S15. Validation of DEGs by qRT-PCR in this study.



REFERENCES

 Adams, S., Grundy, J., Veflingstad, S. R., Dyer, N. P., Hannah, M. A., Ott, S., et al. (2018). Circadian control of abscisic acid biosynthesis and signalling pathways revealed by genome-wide analysis of LHY binding targets. New Phytol. 220, 893–907. doi: 10.1111/nph.15415

 Ali, M. A., Plattner, S., Radakovic, Z., Wieczorek, K., Elashry, A., Grundler, F. M., et al. (2013). An Arabidopsis ATPase gene involved in nematode-induced syncytium development and abiotic stress responses. Plant J. 74, 852–866. doi: 10.1111/tpj.12170

 Angeles-Núñez, J. G., and Tiessen, A. (2012). Regulation of AtSUS2 and AtSUS3 by glucose and the transcription factor LEC2 in different tissues and at different stages of Arabidopsis seed development. Plant Mol. Biol. 78, 377–392. doi: 10.1007/s11103-011-9871-0

 Arisz, S. A., Heo, J. Y., Koevoets, I. T., Zhao, T., van Egmond, P., Meyer, A. J., et al. (2018). DIACYLGLYCEROLACYLTRANSFERASE1 contributes to freezing tolerance. Plant Physiol. 177, 1410–1424. doi: 10.1104/pp.18.00503

 Ault, T. R.. (2020). On the essentials of drought in a changing climate. Science 368, 256–260. doi: 10.1126/science.aaz5492

 Baillo, E. H., Kimotho, R. N., Zhang, Z., and Xu, P. (2019). Transcription factors associated with abiotic and biotic stress tolerance and their potential for crops improvement. Genes 10:771. doi: 10.3390/genes10100771

 Bennetzen, J. L., Schmutz, J., Wang, H., Percifield, R., Hawkins, J., Pontaroli, A. C., et al. (2012). Reference genome sequence of the model plant Setaria. Nat. Biotechnol. 30, 555–561. doi: 10.1038/nbt.2196

 Blum, A.. (2017). Osmotic adjustment is a prime drought stress adaptive engine in support of plant production. Plant Cell Environ. 40, 4–10. doi: 10.1111/pce.12800

 Borrell, A., Cutanda, M. C., Lumbreras, V., Pujal, J., Goday, A., Culiáñez-Macià, F. A., et al. (2002). Arabidopsis thaliana atrab28: a nuclear targeted protein related to germination and toxic cation tolerance. Plant Mol. Biol. 50, 249–259. doi: 10.1023/a:1016084615014

 Cassin-Ross, G., and Hu, J. (2014). A simple assay to identify peroxisomal proteins involved in 12-oxo-phytodienoic acid metabolism. Plant Signal. Behav. 9:e29464. doi: 10.4161/psb.29464

 Cho, J. H., Choi, M. N., Yoon, K. H., and Kim, K. N. (2018). Ectopic expression of SjCBL1, Calcineurin B-Like 1 gene from sedirea japonica, rescues the salt and osmotic stress hypersensitivity in Arabidopsis cbl1 mutant. Front. Plant Sci. 9:1188. doi: 10.3389/fpls.2018.01188

 Cui, M. H., Yoo, K. S., Hyoung, S., Nguyen, H. T., Kim, Y. Y., Kim, H. J., et al. (2013). An Arabidopsis R2R3-MYB transcription factor, AtMYB20, negatively regulates type 2C serine/threonine protein phosphatases to enhance salt tolerance. FEBS Lett. 587, 1773–1778. doi: 10.1016/j.febslet.2013.04.028

 D'Angelo, C., Weinl, S., Batistic, O., Pandey, G. K., Cheong, Y. H., Schültke, S., et al. (2006). Alternative complex formation of the Ca-regulated protein kinase CIPK1 controls abscisic acid-dependent and independent stress responses in Arabidopsis. Plant J. 48, 857–872. doi: 10.1111/j.1365-313X.2006.02921.x

 Diao, X. M., Schnable, J., Jeffrey, L. B., and Li, J. Y. (2014). Initiation of Setaria as a model plant. Front. Agr. Sci. Eng. 1, 16–20. doi: 10.15302/J-FASE-2014011


 Echevarría-Zomeño, S., Fernández-Calvino, L., Castro-Sanz, A. B., López, J. A., Vázquez, J., and Castellano, M. M. (2016). Dissecting the proteome dynamics of the early heat stress response leading to plant survival or death in Arabidopsis. Plant Cell Environ. 39, 1264–1278. doi: 10.1111/pce.12664

 Falcone Ferreyra, M. L., Pezza, A., Biarc, J., Burlingame, A. L., and Casati, P. (2010). Plant L10 ribosomal proteins have different roles during development and translation under ultraviolet-B stress. Plant Physiol. 153, 1878–1894. doi: 10.1104/pp.110.157057

 Fang, Y., and Xiong, L. (2015). General mechanisms of drought response and their application in drought resistance improvement in plants. Cell. Mol. Life Sci. 72, 673–689. doi: 10.1007/s00018-014-1767-0

 Fu, S., Li, L., Kang, H., Yang, X., Men, S., and Shen, Y. (2017). Chronic mitochondrial calcium elevation suppresses leaf senescence. Biochem. Biophys. Res. Commun. 487, 672–677. doi: 10.1016/j.bbrc.2017.04.113

 Funck, D., Baumgarten, L., Stift, M., von Wirén, N., and Schönemann, L. (2020). differential contribution of P5CS isoforms to stress tolerance in Arabidopsis. Front. Plant Sci. 11:565134. doi: 10.3389/fpls.2020.565134

 Giberti, S., Funck, D., and Forlani, G. (2014). Δ1-Pyrroline-5-carboxylate reductase from Arabidopsisthaliana: stimulation or inhibition by chloride ions and feedback regulation by proline depend on whether NADPH or NADH acts as co-substrate. New Phytol. 202, 911–919. doi: 10.1111/nph.12701

 Gong, Z., Xiong, L., Shi, H., Yang, S., Herrera-Estrella, L. R., Xu, G., et al. (2020). Plant abiotic stress response and nutrient use efficiency. Sci. China Life Sci. 63, 635–674. doi: 10.1007/s11427-020-1683-x

 Gosti, F., Bertauche, N., Vartanian, N., and Giraudat, J. (1995). Abscisic acid-dependent and -independent regulation of gene expression by progressive drought in Arabidopsis thaliana. Mol. Gen. Genet. 246, 10–18. doi: 10.1007/BF00290128

 Gupta, A., Rico-Medina, A., and Caño-Delgado, A. I. (2020). The physiology of plant responses to drought. Science 368, 266–269. doi: 10.1126/science.aaz7614

 Han, Y., Chen, Y., Yin, S., Zhang, M., and Wang, W. (2015). Over-expression of TaEXPB23, a wheat expansin gene, improves oxidative stress tolerance in transgenic tobacco plants. J. Plant Physiol. 173, 62–71. doi: 10.1016/j.jplph.2014.09.007

 Jia, G., Huang, X., Zhi, H., Zhao, Y., Zhao, Q., Li, W., et al. (2013). A haplotype map of genomic variations and genome-wide association studies of agronomic traits in foxtail millet (Setaria italica). Nat. Genet. 45, 957–961. doi: 10.1038/ng.2673

 Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

 Langfelder, P., and Horvath, S. (2012). Fast R functions for robust correlations and hierarchical clustering. J. Stat. Softw. 46:i11. Available online at: https://www.jstatsoft.org/v46/i11/

 Leaden, L., Busi, M. V., and Gomez-Casati, D. F. (2014). The mitochondrial proteins AtHscB and AtIsu1 involved in Fe-S cluster assembly interact with the Hsp70-type chaperon AtHscA2 and modulate its catalytic activity. Mitochondrion 19 Pt B, 375–381. doi: 10.1016/j.mito.2014.11.002

 Lee, S. H., Li, C. W., Koh, K. W., Chuang, H. Y., Chen, Y. R., Lin, C. S., et al. (2014). MSRB7 reverses oxidation of GSTF2/3 to confer tolerance of Arabidopsisthaliana to oxidative stress. J Exp Bot. 65, 5049–5062. doi: 10.1093/jxb/eru270

 Leonetti, P., Ghasemzadeh, A., Consiglio, A., Gursinsky, T., Behrens, S. E., and Pantaleo, V. (2021). Endogenous activated small interfering RNAs in virus-infected Brassicaceae crops show a common host gene-silencing pattern affecting photosynthesis and stress response. New Phytol. 229, 1650–1664. doi: 10.1111/nph.16932

 Lestari, R., Rio, M., Martin, F., Leclercq, J., Woraathasin, N., Roques, S., et al. (2018). Overexpression of Hevea brasiliensis ethylene response factor HbERF-IXc5 enhances growth and tolerance to abiotic stress and affects laticifer differentiation. Plant Biotechnol. J. 16, 322–336. doi: 10.1111/pbi.12774

 Lim, C. W., Kim, J. H., Baek, W., Kim, B. S., and Lee, S. C. (2012). Functional roles of the protein phosphatase 2C, AtAIP1, in abscisic acid signaling and sugar tolerance in Arabidopsis. Plant Sci. 187, 83–88. doi: 10.1016/j.plantsci.2012.01.013

 Lim, C. W., and Lee, S. C. (2020). ABA-Dependent and ABA-Independent functions of RCAR5/PYL11 in response to cold stress. Front. Plant Sci. 11:587620. doi: 10.3389/fpls.2020.587620

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/s13059-014-0550-8

 Maszkowska, J., Debski, J., Kulik, A., Kistowski, M., Bucholc, M., Lichocka, M., et al. (2019). Phosphoproteomic analysis reveals that dehydrins ERD10 and ERD14 are phosphorylated by SNF1-related protein kinase 2.10 in response to osmotic stress. Plant Cell Environ. 42, 931–946. doi: 10.1111/pce.13465

 Matus, J. T., Aquea, F., Espinoza, C., Vega, A., Cavallini, E., Dal Santo, S., et al. (2014). Inspection of the grapevine BURP superfamily highlights an expansion of RD22 genes with distinctive expression features in berry development and ABA-mediated stress responses. PLoS ONE. 9:e110372. doi: 10.1371/journal.pone.0110372

 Nakano, T., Suzuki, K., Fujimura, T., and Shinshi, H. (2006). Genome-wide analysis of the ERF gene family in Arabidopsis and rice. Plant Physiol. 140, 411–432. doi: 10.1104/pp.105.073783

 Nawkar, G. M., Maibam, P., Park, J. H., Woo, S. G., Kim, C. Y., Lee, S. Y., et al. (2017). In silico study on Arabidopsis BAG gene expression in response to environmental stresses. Protoplasma 254, 409–421. doi: 10.1007/s00709-016-0961-3

 Nishimura, N., Yoshida, T., Kitahata, N., Asami, T., Shinozaki, K., and Hirayama, T. (2007). ABA-Hypersensitive Germination1 encodes a protein phosphatase 2C, an essential component of abscisic acid signaling in Arabidopsis seed. Plant J. 50, 935–949. doi: 10.1111/j.1365-313X.2007.03107.x

 Nowak, K., and Gaj, M. D. (2016). Stress-related function of bHLH109 in somatic embryo induction in Arabidopsis. J. Plant Physiol. 193, 119–126. doi: 10.1016/j.jplph.2016.02.012

 Peng, R., and Zhang, B. (2021). Foxtail Millet: A New Model for C4 Plants. Trends Plant Sci. 26, 199–201. doi: 10.1016/j.tplants.2020.12.003

 Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295. doi: 10.1038/nbt.3122

 Pudelski, B., Schock, A., Hoth, S., Radchuk, R., Weber, H., Hofmann, J., et al. (2012). The plastid outer envelope protein OEP16 affects metabolic fluxes during ABA-controlled seed development and germination. J. Exp. Bot. 63, 1919–1936. doi: 10.1093/jxb/err375

 Qi, X., Xie, S., Liu, Y., Yi, F., and Yu, J. (2013). Genome-wide annotation of genes and noncoding RNAs of foxtail millet in response to simulated drought stress by deep sequencing. Plant Mol. Biol. 83, 459–473. doi: 10.1007/s11103-013-0104-6

 Qian, D., Zhang, Z., He, J., Zhang, P., Ou, X., Li, T., et al. (2019). ArabidopsisADF5 promotes stomatal closure by regulating actin cytoskeleton remodeling in response to ABA and drought stress. J. Exp. Bot. 70, 435–446. doi: 10.1093/jxb/ery385

 Qie, L., Jia, G., Zhang, W., Schnable, J., Shang, Z., Li, W., et al. (2014). Mapping of quantitative trait locus (QTLs) that contribute to germination and early seedling drought tolerance in the interspecific cross Setaria italica × Setaria viridis. PLoS ONE 9:e101868. doi: 10.1371/journal.pone,.0101868

 Qin, L., Chen, E., Li, F., Yu, X., Liu, Z., Yang, Y., et al. (2020). Genome-wide gene expression profiles analysis reveal novel insights into drought stress in foxtail millet (Setaria italica L.). Int. J. Mol. Sci. 21:8520. doi: 10.3390/ijms21228520

 Ramegowda, V., Gill, U. S., Sivalingam, P. N., Gupta, A., Gupta, C., Govind, G., et al. (2017). GBF3 transcription factor imparts drought tolerance in Arabidopsis thaliana. Sci. Rep. 7:9148. doi: 10.1038/s41598-017-09542-1

 Ré, D. A., Capella, M., Bonaventure, G., and Chan, R. L. (2014). ArabidopsisAtHB7 and AtHB12 evolved divergently to fine tune processes associated with growth and responses to water stress. BMC Plant Biol. 14:150. doi: 10.1186/1471-2229-14-150

 Rodrigues, R. B., Sabat, G., Minkoff, B. B., Burch, H. L., Nguyen, T. T., and Sussman, M. R. (2014). Expression of a translationally fused TAP-tagged plasma membrane proton pump in Arabidopsis thaliana. Biochemistry 53, 566–578. doi: 10.1021/bi401096m

 Schmidt, A., Su, Y. H., Kunze, R., Warner, S., Hewitt, M., Slocum, R. D., et al. (2004). UPS1 and UPS2 from Arabidopsis mediate high affinity transport of uracil and 5-fluorouracil. J. Biol. Chem. 279, 44817–44824. doi: 10.1074/jbc.M405433200

 Sebastian, J., Yee, M. C., Goudinho Viana, W., Rellán-Álvarez, R., Feldman, M., Priest, H. D., et al. (2016). Grasses suppress shoot-borne roots to conserve water during drought. Proc. Natl. Acad. Sci. U.S.A. 113, 8861–8866. doi: 10.1073/pnas.1604021113

 Sewelam, N., Kazan, K., Hüdig, M., Maurino, V. G., and Schenk, P. M. (2019). The AtHSP17.4C1 gene expression is mediated by diverse signals that link biotic and abiotic stress factors with ROS and can be a useful molecular marker for oxidative stress. Int. J. Mol. Sci. 20:3201. doi: 10.3390/ijms20133201

 Smykowski, A., Zimmermann, P., and Zentgraf, U. (2016). CORRECTION. G-Box Binding Factor1 reduces CATALASE2 expression and regulates the onset of leaf senescence in Arabidopsis. Plant Physiol. 170, 1164–1167. doi: 10.1104/pp.16.00050

 Song, H., Fan, P., Shi, W., Zhao, R., and Li, Y. (2010). Expression of five AtHsp90 genes in Saccharomyces cerevisiae reveals functional differences of AtHsp90s under abiotic stresses. J. Plant Physiol. 167, 1172–1178. doi: 10.1016/j.jplph.2010.03.016

 Sun, S., Yu, J. P., Chen, F., Zhao, T. J., Fang, X. H., Li, Y. Q., et al. (2008). TINY, a dehydration-responsive element (DRE)-binding protein-like transcription factor connecting the DRE- and ethylene-responsive element-mediated signaling pathways in Arabidopsis. J. Biol Chem. 283, 6261–6271. doi: 10.1074/jbc.M706800200

 Tang, S., Li, L., Wang, Y., Chen, Q., Zhang, W., Jia, G., et al. (2017). Genotype-specific physiological and transcriptomic responses to drought stress in Setaria italica (an emerging model for Panicoideae grasses). Sci. Rep. 7:10009. doi: 10.1038/s41598-017-08854-6

 Thompson, A. J., Mulholland, B. J., Jackson, A. C., McKee, J. M., Hilton, H. W., Symonds, R. C., et al. (2007). Regulation and manipulation of ABA biosynthesis in roots. Plant Cell Environ. 30, 67–78. doi: 10.1111/j.1365-3040.2006.01606.x

 Todaka, D., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2015). Recent advances in the dissection of drought-stress regulatory networks and strategies for development of drought-tolerant transgenic rice plants. Front. Plant Sci. 6:84. doi: 10.3389/fpls.2015.00084

 Varoquaux, N., Cole, B., Gao, C., Pierroz, G., Baker, C. R., Patel, D., et al. (2019). Transcriptomic analysis of field-droughted sorghum from seedling to maturity reveals biotic and metabolic responses. Proc. Natl. Acad. Sci. U.S.A. 116, 27124–27132. doi: 10.1073/pnas.1907500116

 Wang, D., Pan, Y., Zhao, X., Zhu, L., Fu, B., and Li, Z. (2011). Genome-wide temporal-spatial gene expression profiling of drought responsiveness in rice. BMC Genomics 12:149. doi: 10.1186/1471-2164-12-149

 Wang, W. J., Chen, Q., Singh, P. K., Huang, Y., and Pei, D. (2020). CRISPR/Cas9 edited HSFA6a and HSFA6b of Arabidopsis thaliana offers ABA and osmotic stress insensitivity by modulation of ROS homeostasis. Plant Signal. Behav. 15:1816321. doi: 10.1080/15592324.2020.1816321

 Wang, Z. Y., Xiong, L., Li, W., Zhu, J. K., and Zhu, J. (2011). The plant cuticle is required for osmotic stress regulation of abscisic acid biosynthesis and osmotic stress tolerance in Arabidopsis. Plant Cell 23, 1971–1984. doi: 10.1105/tpc.110.081943

 Wei, T., Deng, K., Gao, Y., Liu, Y., Yang, M., Zhang, L., et al. (2016). ArabidopsisDREB1B in transgenic Salvia miltiorrhiza increased tolerance to drought stress without stunting growth. Plant Physiol. Biochem. 104, 17–28. doi: 10.1016/j.plaphy.2016.03.003

 Wen, C. F., Dong, A. W., Li, G. Z., Lei, S., and Lei, Y. (2005). Determination of total sugar and reducing sugar in Viola Philippicassp Munda W. Becker by anthrone colorimetry. Mod. Food Sci. Technol. 21, 122–124. doi: 10.13982/j.mfst.1673-9078.2005.03.044


 Wickham, H.. (2016). ggplot2: Elegant Graphics for Data Analysis. New York, NY: Springer-Verlag. doi: 10.1007/978-3-319-24277-4


 Woo, H. H., Jeong, B. R., Hirsch, A. M., and Hawes, M. C. (2007). Characterization of ArabidopsisAtUGT85A and AtGUS gene families and their expression in rapidly dividing tissues. Genomics 90, 143–153. doi: 10.1016/j.ygeno.2007.03.014

 Wu, G., Robertson, A. J., Zheng, P., Liu, X., and Gusta, L. V. (2005). Identification and immunogold localization of a novel bromegrass (Bromus inermis Leyss) peroxisome channel protein induced by ABA, cold and drought stresses, and late embryogenesis. Gene 363, 77–84. doi: 10.1016/j.gene.2005.06.046

 Wu, T. Y., Juan, Y. T., Hsu, Y. H., Wu, S. H., Liao, H. T., Fung, R. W., et al. (2013). Interplay between heat shock proteins HSP101 and HSA32 prolongs heat acclimation memory posttranscriptionally in Arabidopsis. Plant Physiol. 161, 2075–2084. doi: 10.1104/pp.112.212589

 Wu, X., Wang, J., Wu, X., Hong, Y., and Li, Q. Q. (2020). Heat shock responsive gene expression modulated by mrna poly(a) tail length. Front. Plant Sci. 11:1255. doi: 10.3389/fpls.2020.01255

 Yadav, A., Khan, Y., and Prasad, M. (2016). Dehydration-responsive miRNAs in foxtail millet: genome-wide identification, characterization and expression profiling. Planta 243, 749–766. doi: 10.1007/s00425-015-2437-7

 Yang, Z., Liu, J., Poree, F., Schaeufele, R., Helmke, H., Frackenpohl, J., et al. (2019). Abscisic acid receptors and coreceptors modulate plant water use efficiency and water productivity. Plant Physiol. 180, 1066–1080. doi: 10.1104/pp.18.01238

 Yang, Z., Zhang, H., Li, X., Shen, H., Gao, J., Hou, S., et al. (2020). A mini foxtail millet with an Arabidopsis-like life cycle as a C4 model system. Nat. Plants 6, 1167–1178. doi: 10.1038/s41477-020-0747-7

 Yasuda, S., Aoyama, S., Hasegawa, Y., Sato, T., and Yamaguchi, J. (2017). Arabidopsis CBL-Interacting Protein Kinases regulate carbon/nitrogen-nutrient response by phosphorylating ubiquitin ligase ATL31. Mol. Plant. 10, 605–618. doi: 10.1016/j.molp.2017.01.005

 Yoshida, R., Hobo, T., Ichimura, K., Mizoguchi, T., Takahashi, F., Aronso, J., et al. (2002). ABA-activated SnRK2 protein kinase is required for dehydration stress signaling in Arabidopsis. Plant Cell Physiol. 43, 1473–1483. doi: 10.1093/pcp/pcf188

 Yoshida, T., Fujita, Y., Sayama, H., Kidokoro, S., Maruyama, K., Mizoi, J., et al. (2010). AREB1, AREB2, and ABF3 are master transcription factors that cooperatively regulate ABRE-dependent ABA signaling involved in drought stress tolerance and require ABA for full activation. Plant J. 61, 672–685. doi: 10.1111/j.1365-313X.2009.04092.x

 Yu, A., Zhao, J., Wang, Z., Cheng, K., Zhang, P., Tian, G., et al. (2020). Transcriptome and metabolite analysis reveal the drought tolerance of foxtail millet significantly correlated with phenylpropanoids-related pathways during germination process under PEG stress. BMC Plant Biol. 20:274. doi: 10.1186/s12870-020-02483-4

 Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package for comparing biological themes among gene clusters. Omics 16, 284–287. doi: 10.1089/omi.2011.0118

 Zhang, G., Liu, X., Quan, Z., Cheng, S., Xu, X., Pan, S., et al. (2012). Genome sequence of foxtail millet (Setaria italica) provides insights into grass evolution and biofuel potential. Nat. Biotechnol. 30, 549–554. doi: 10.1038/nbt.2195

 Zhang, J., Liu, T., Fu, J., Zhu, Y., Jia, J., Zheng, J., et al. (2007). Construction and application of EST library from Setaria italica in response to dehydration stress. Genomics 90, 121–131. doi: 10.1016/j.ygeno.2007.03.016

 Zhang, J., Zhou, M., Zhou, H., Zhao, D., Gotor, C., Romero, L. C., et al. (2021). Hydrogen sulfide, a signaling molecule in plant stress responses. J. Integr. Plant Biol. 63, 146–160. doi: 10.1111/jipb.13022

 Zhao, H., Jan, A., Ohama, N., Kidokoro, S., Soma, F., Koizumi, S., et al. (2021). Cytosolic HSC70s repress heat stress tolerance and enhance seed germination under salt stress conditions. Plant Cell Environ. 44, 1788–1801. doi: 10.1111/pce.14009

 Zhao, P., Liu, F., Ma, M., Gong, J., Wang, Q., Jia, P., et al. (2011). Overexpression of AtLEA3-3 confers resistance to cold stress in Escherichia coli and provides enhanced osmotic stress tolerance and ABA sensitivity in Arabidopsis thaliana. Mol. Biol. 45, 851–862. doi: 10.1134/S0026893311050165

 Zhao, Z., and Assmann, S. M. (2011). The glycolytic enzyme, phosphoglycerate mutase, has critical roles in stomatal movement, vegetative growth, and pollen production in Arabidopsis thaliana. J. Exp. Bot. 62, 5179–5189. doi: 10.1093/jxb/err223

 Zhou, X., Cooke, P., and Li, L. (2010). Eukaryotic release factor 1-2 affects Arabidopsis responses to glucose and phytohormones during germination and early seedling development. J. Exp. Bot. 61, 357–367. doi: 10.1093/jxb/erp308

 Zhu, J. K.. (2016). Abiotic stress signaling and responses in plants. Cell 167, 313–324. doi: 10.1016/j.cell.2016.08.029

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhang, Zhi, Li, Guo, Feng, Tang, Guo, Zhang, Jia and Diao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_1.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Response of Multiple Tissues to Drought Revealed by a Weighted Gene Co-Expression Network Analysis in Foxtail Millet [Setaria italica (L.) P. Beauv.]



		Introduction



		Materials and Methods



		Plant Materials and Sampling



		Physiological Measurements of Foxtail Millet Accessions



		RNA Extraction and Library Construction



		RNA-Seq Data Analysis Process, DEGs Identification, and qRT-PCR Validation



		Functional Enrichment Analysis



		K-Means Clustering and Weighted Gene Co-Expression Network Construction







		Results and Discussion



		Identification of Two Drought-Tolerant and Two Drought-Sensitive S. italica Accessions Through Morphological and Physiological Analysis



		Differentially Expressed Genes Identified in Stems Might Contribute to Drought Tolerance



		Different Biological Pathways Were Influenced by Drought in Three Tissues



		The Majority of DEGs Were Identified in a Tissue or Genotype-Specific Manner



		Transcription Factors Play Essential Roles in the Drought-Tolerance Processes



		Stress-Related Biological Pathways Are Enriched in DEG Clusters With Similar Expressional Patterns in Three Tissues



		Regulators Contributing to Genotypic Variations of Drought Tolerance at the Jointing Stage



		Hub Genes Involved in Hormone Homeostasis, Osmotic Adjustment, Post-Transcriptional Modulation, and Photosynthesis Are Essential Regulators of Drought Tolerance



		Plant Hormone Pathways Were Conserved During Multiple Growth Stages in Foxtail Millet



		Verification of RNA-Seq Results Through the qRT-PCR Approach







		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/fpls-12-746166-t004.jpg
GenelD Arabidopsis®  Gene name  Annotation

Reference

Drought induced DEGs shared in all tissues and accessions

Seita.1G012200  AT2Gd6240 BAGS BCL-2-associated athanogene 6

Seita.2G141500 - - -

Seita.2G304700  AT5G36100 - -

Seita.2G437900  AT2G36640 ECP63 Embryonic cell protein 63

Seita.3G139000  AT2G29380 HAI Highly ABA-induced PP2C gene 3

Seita.3G142400  ATAG22220 isut SUE/NIfU family protein

Seita.3G209800  AT5G01300 - Phosphatidylethanolamine-binding protein family protein

Seita.3G264300 AT1G12920 ERF1-2 Eukaryotic release factor 1-2

Seita.3G357700  AT2G03530 uPs2 Ureide permease 2

Seita.4G159500  AT3G22490 RAB28 Seed maturation protein

Seita.4G258900  AT4G21320 HsA32 Aldolase-type TIM barrel family protein

Seita.5G011800 AT1G64110 DAAT P-loop containing nucleoside triphosphate hydrolases superfamily
protein

Seita5G012100  ATIGB4110 DAAT P-loop containing nucleoside triphosphate hydrolases superfamily
protein

Seita.5G093000 AT1G53540 HSP17.6C HSP20-like chaperones superfamily protein

Seita.5G298300  AT5G11460 - Protein of unknown function (DUF581)

Seita.5G346500  AT1GB0420 - DC1 domain-containing protein

Seita.5G422900 - - -

Seita.6G005300  AT5G51760 AHGT Protein phosphatase 2C farily protein

Seita.6G123500  AT3G22490 RAB28 Seed maturation protein

Seita.7G121700  AT5GB5100 = Ethylene insensitive 3 family protein

Seita.7G184600  AT2G4B680 HB-7 homeobox 7

Seita. 7G320200 AT3G10020 = =
Seita.8G030400 AT3G10020 - -
Seita.8G115400  AT5G66400 RAB18 Dehydin family protein

Seita.8G124200  AT1G26910 RPL10B  Ribosomal protein L16p/L10e family protein
Seita.9G043000  ATAG36730 GBF1 G-box binding factor 1

Seita.9G056300  AT3G22850 - Aluminum induced protein with YGL and LRDR motifs
Seita.9G112100  AT5GE6780 - -

Seita.9G134900  AT5G62670 HATT H(+)-ATPase 11

Seita.9G410800  ATAG02280 sus3 Sucrose synthase 3

Seita.9G416100  AT1G09780 IPGAMT Phosphoglycerate mutase, 2,3-bisphosphoglycerate-independent

Seita.9G431100 AT4G16160 ATOEP16-S  Mitochondrial import inner membrane translocase subunit
Tim17/Tim22/Tim23 family protein

Seita.9G443500  AT2G38905 - Low temperature and salt responsive protein family
Seita.9G451500  AT5G02500 HSC70 Heat shock cognate protein 70-1

Seita.9G488400  AT2G32120  HSP70T-2  Heat-shock protein 70T-2

Drought repressed DEGs shared in all tissues and accessions

Seita.1G354100  AT5G34940 GUS3 Glucuronidase 3

Seita.3G097400  ATAG12910 scpl20 Serine carboxypeptidase-like 20

Seita.9G327100  ATIG6S680  ATEXPB2  Expansin B2

Homological gene ID in Arabidopsis.

Echevarria-Zomefio et al., 2016

Nowak and Gaj, 2016
Yang et al., 2019
Leaden etal., 2014
Zhou et al., 2010
Schmidt et al., 2004
Borrel et al,, 2002
Wu etal, 2013
Aietal, 2013

Alietal., 2013

Wu et al., 2020

Nishimura et al., 2007
Borrell et al,, 2002

Réetal, 2014

Gosti et al., 1995

Falcone Ferreyra et al,, 2010
Smykowski et al., 2016

Rodrigues et al., 2014
Angeles-Nifiez and Tiessen, 2012
Zhao and Assmann, 2011
Pudelski et al., 2012

Zhao et al., 2021
Song et al., 2010

Woo et al., 2007
Cassin-Ross and Hu, 2014
Han etal,, 2015





OPS/images/fpls-12-746166-t003.jpg
~_Tissue
Genotype -

Ci134
Ci603
Ci328
Cis09
Total

Root

3,497
6,007
5,656
4,683
9,237

2,013
2,229
1,454
587
4,276

Leaf

2,557
3,549
3,776
3,117
6,923

Total

6,481

9,184
8,497
6,963
13,562





OPS/images/fpls-12-746166-t002.jpg
Normal Drought
Ciaos 246:£08% 1.2:£0.7%
Cid09 253+ 06% 138 +0.4%
cit34 263 0.9% 143 +0.6%
Cig03 257 +1.1% 13.4£08%










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





OPS/images/fpls-12-746166-g005.gif
TFs Family Enrichment
Root Sem Leat
2ZF-HD 0000006000
wrey QO OO 0000 0RO
TNE'0Q0©0 000 (0006
NF-YA1© © © © [ X] 60000
190D 0000|0000 v
MYB_related 1@ O ® ©| (0 OO 0 O DO O
we D000 DGeD 0000
HFIO DO ®||000O|00006
HZP10 O ® 0 0000|0000
o

GRF 000 2o
cras1D DD D000 0600 O| Generato
GATA1© © © ©||0 0000 ® o

ik @O0 00000 0ODO| ® o
= 0000 0000 0000 oo
0000000000000 @«
ele 80 | e000||s0en @

Colke1® ©0 0| 000000006
cH2 D00 0000 00DDO
2,1 09O 0000 0000

AP2

veLO | @
€0910{ @
92e10{ ©
60710 { ©





OPS/images/fpls-12-746166-g006.gif
S T

S sttt 35M+++w+ -++h+++++++«i-+++
At P %::-+++’*+++ ity
S et S

DOORAAES hOAAA  ShORAAS SERAAES  ShiRiads Shhesaas






OPS/images/fpls-12-746166-g003.gif





OPS/images/fpls-12-746166-g004.gif
O B Sonotypo * Genotype
sotasGisisooracx [ , [ Sensive

Soio 26397600 Torant

o0 96079200 MEE 14

Seita.9G234200 1

Soita. 16001900 organ
Soita. 36082100 TiP#;1 0 [ Lot
Soita 86128400 BAGS o W Rt
Soita 96095900 HSFAsE || ! [ Stem

Soita. 16228800 COL5
S0ita.26401300 2
sotog6216000Hse70
‘Soita 16326600 HSP23.5

" Soita. 16257800 NUDTS
Soit. 16365200
Soita 36308800 LPET

| Soita 56031200 SnRK3.16

| Soia7G212200

| Soia.5G363500
Selta. 16057100 UGTa4A1
Solta. 16093200 HCF173
Soita 36131900 SPS2

| |

woezed ||
10046070
wISHELD
woISE090
woISEZED
wISE0PD

100bELID
10088000
LD
116090
Jetazen

6080





OPS/images/fpls-12-746166-t001.jpg
Ci035
Ci134
Ci235
Ci309
Ci328
Ci3s1
Cid09
Cia26
Cia88
Cig03

Name

BoCailui
GuZi*Gaoliang
YangMaoNuo
YuGuYiHao
HongGaiGu
90357
JiuGu13
JinGut4
An04-4783
ZhangGu15

Source location

NeiMengGu, China
HeiLongJiang, China
HuBei, China
HeNan, China
BeiJing, China
HeBei, China

JiLin, China

ShanXi, China
HeNan, China
HeBe, China





OPS/images/fpls-12-746166-g007.gif
Differences under normalcondition Diffeences under crought condition

Paalue.
wator transport|

o

resgonse o ghtinteniy | o

st

response o e ight
shotosynthesis|

heat acclination

celliar response to heat

celllar heataccimaton |

0o
oo

[re——
[






OPS/images/fpls-12-746166-g008.gif
- .
PRy

T g
[l





OPS/images/cover.jpg
’ frontiers
in Plant Science

Response of Multiple Tissues to
Drought Revealed by a Weighted
Gene Co-Expression Network
Analysis in Foxtail Millet [Setaria
italica (L.) P. Beauv.]





OPS/images/fpls-12-746166-g001.gif





OPS/images/fpls-12-746166-g002.gif





