

  ijms-23-09737




ijms-23-09737







Int. J. Mol. Sci. 2022, 23(17), 9737; doi:10.3390/ijms23179737




Article



Integrated Analysis of Transcriptome and Metabolome Reveals the Regulation of Chitooligosaccharide on Drought Tolerance in Sugarcane (Saccharum spp. Hybrid) under Drought Stress



Shan Yang 1[image: Orcid], Na Chu 2, Hongkai Zhou 1, Jiashuo Li 1, Naijie Feng 1, Junbo Su 3, Zuhu Deng 2, Xuefeng Shen 1,* and Dianfeng Zheng 1,*





1



College of Coastal Agricultural Sciences, South China Branch of National Saline-Alkali Tolerant Rice Technology Innovation Center, Guangdong Ocean University, Zhanjiang 524088, China






2



National Engineering Research Center for Sugarcane, Fujian Agriculture and Forestry University, Fuzhou 350002, China






3



South Subtropical Crops Research Institute, Chinese Academy of Tropical Agricultural Science, Zhanjiang 524091, China









*



Correspondence: shenxuefeng@gdou.edu.cn (X.S.); zhengdf@gdou.edu.cn (D.Z.)







Academic Editor: Esther M. González



Received: 10 August 2022 / Accepted: 25 August 2022 / Published: 27 August 2022



Abstract

:

Sugarcane (Saccharum spp. hybrid) is an important crop for sugar and biofuels, and often suffers from water shortages during growth. Currently, there is limited knowledge concerning the molecular mechanism involved in sugarcane response to drought stress (DS) and whether chitooligosaccharide could alleviate DS. Here, we carried out a combined transcriptome and metabolome of sugarcane in three different treatment groups: control group (CG), DS group, and DS + chitooligosaccharide group (COS). A total of 12,275 (6404 up-regulated and 5871 down-regulated) differentially expressed genes (DEGs) were identified when comparing the CG and DS transcriptomes (T_CG/DS), and 2525 (1261 up-regulated and 1264 down-regulated) DEGs were identified in comparing the DS and COS transcriptomes (T_DS/COS). GO and KEGG analysis showed that DEGs associated with photosynthesis were significantly enriched and had down-regulated expression. For T_DS/COS, photosynthesis DEGs were also significantly enriched but had up-regulated expression. Together, these results indicate that DS of sugarcane has a significantly negative influence on photosynthesis, and that COS can alleviate these negative effects. In metabolome analysis, lipids, others, amino acids and derivatives and alkaloids were the main significantly different metabolites (SDMs) observed in sugarcane response to DS, and COS treatment reduced the content of these metabolites. KEGG analysis of the metabolome showed that 2-oxocarboxylic acid metabolism, ABC transporters, biosynthesis of amino acids, glucosinolate biosynthesis and valine, leucine and isoleucine biosynthesis were the top-5 KEGG enriched pathways when comparing the CG and DS metabolome (M_CG/DS). Comparing DS with COS (M_DS/COS) showed that purine metabolism and phenylalanine metabolism were enriched. Combined transcriptome and metabolome analysis revealed that pyruvate and phenylalanine metabolism were KEGG-enriched pathways for CG/DS and DS/COS, respectively. For pyruvate metabolism, 87 DEGs (47 up-regulated and 40 down-regulated) and five SDMs (1 up-regulated and 4 down-regulated) were enriched. Pyruvate was closely related with 14 DEGs (|r| > 0.99) after Pearson’s correlation analysis, and only 1 DEG (Sspon.02G0043670-1B) was positively correlated. For phenylalanine metabolism, 13 DEGs (7 up-regulated and 6 down-regulated) and 6 SDMs (1 up-regulated and 5 down-regulated) were identified. Five PAL genes were closely related with 6 SDMs through Pearson’s correlation analysis, and the novel.31257 gene had significantly up-regulated expression. Collectively, our results showed that DS has significant adverse effects on the physiology, transcriptome, and metabolome of sugarcane, particularly genes involved in photosynthesis. We further show that COS treatment can alleviate these negative effects.
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1. Introduction


During growth and development, plants are affected by biotic and abiotic stresses that can reduce yield and quality [1]. Abiotic stresses include high temperature stress, low temperature stress, heavy metal stress, salt stress and drought stress (DS). DS is a major environmental stress that can threaten plant survival and crop production [2]. DS hinders photosynthesis and normal metabolic function to affect plant growth and development [3]. Sugarcane is a C4 plant, belonging to the family Gramineae, genus Saccharum. Growth of sugarcane requires substantial amounts of water, especially during the jointing stage when growth is particularly vigorous [4]. The jointing stage is also the period that has the greatest influence on final yield and when sugarcane is most sensitive to DS [5]. Therefore, study of physiological, metabolic, and transcriptional regulation mechanisms of sugarcane at jointing stage under DS is needed to preserve yield as the frequency of drought increases worldwide.



Plant growth regulators (PGRs) are synthetic compounds that at low concentration can influence plant growth and development [6]. Hormones such as indole-3-acetic acid (IAA), gibberellin (GA), abscisic acid (ABA), ethylene (ETH), cytokinin (CK), brassinosteroids (BRs), salicylic acid (SA), and jasmonic acid (JA) are common PGRs [7]. These compounds are important regulators of plant growth and mediate responses to both biotic and abiotic stresses. Cytokinin-auxin antagonistic interactions that control root development are well-characterized [8]. By regulating the content of auxin and abscisic acid during seed germination, indole-3-acetate beta-glucosyltransferase (OsIAGLU) can affect expression of the downstream ABA signaling factor (OsABIs) and determine the vigor level of rice seeds [9]. In Arabidopsis thaliana, glucose (Glc) functions as a hormone-like signaling molecule that modulates plant growth and development. Exogenous application of 1, 3 and 5% Glc represses primary root growth by shortening the meristematic zone of roots [10]. Chitosan is a main byproduct of processing of crab and shrimp shells as well as fish scales, and is used in foliar applications for various agricultural crops [11]. Chitooligosaccharide is a degradation product of chitosan that has a polymerization degree ranging between 2 and 20 and is not poisonous. Compared with chitosan, chitooligosaccharide has good water solubility, moisture absorption, and moisture retention, as well as antibacterial properties and special physiological activities. Application of oligo-chitosan (50–75 mg/L) as a foliar spray for potato plants under DS reduced the membrane stability index and malondialdehyde, whereas antioxidase activities and chlorophyll, proline, and total sugars amounts were enhanced considerably [12]. Thus, oligo-chitosan can effectively improve the drought tolerance of potato, suggesting that it may be able to alleviate biological stress in other plants.



Plants respond to DS by a series of changes in gene expression as well as physiological, biochemical, and metabolic activity. Transcriptomics is the study of gene expression at the RNA level using high-throughput sequencing. RNA-seq of sugarcane treated with PEG6000 (20%) at seedling stage to induce DS showed differential expression of AP2/ERF transcription factors. In particular, expression of 12 SsAP2/ERF genes was induced in response to DS [13]. Examination of leaf transcriptomes using Illumina NextSeq sequencing with GO analysis of two sugarcane genotypes exposed to DS showed that most of the enriched genes were associated with peroxidase activity, response to oxidative stress, and response to stress, indicating that DS can produce peroxidation and cellular damage [14]. The mechanism of DS tolerance in plants is complex and involves intricate regulatory networks. Thus, understanding the relationship between genes and downstream metabolites is important to combat negative effects of DS. Metabolomics is a robust approach for plant biologists to understand complex metabolic responses to various abiotic pressures [15]. Metabolites can be examined qualitatively and quantitatively using widely targeted metabolome technology. Metabolome profiling of cultivars IR64 (drought sensitive) and Apo (drought tolerant) exposed to different water conditions (50% field capacity and 100% field capacity) showed that expression of genes associated with the phenylpropanoid pathway, carbohydrate metabolism, and sucrose transporters were up-regulated in both cultivars, but accumulation of amino acids was lower in Apo than IR64 [16]. Furthermore, key metabolites including sucrose, putrescine, glutamate, serine, and myo-inositol related to axillary bud outgrowth were revealed through metabolite profiling [17]. Accumulation of metabolites is closely connected to gene expression regulation. Combined transcriptome and metabolome analysis revealed that cyanidin, cyanidin 6’-malonylglucoside, cyanidin O-glucoside, and peonidin O-glucoside are the main components responsible for sugarcane rind color, and 50 unigenes belonging to 15 enzyme families were identified as putative genes involved in anthocyanin biosynthesis in sugarcane rind [18]. These studies demonstrate the potential for in-depth study of gene–gene, metabolite–metabolite, and gene-metabolite regulatory networks that can be carried out using transcriptome and metabolome analysis.



Previous studies on sugarcane response to DS were conducted at a transcriptome or metabolome level without integrative analysis of multi-omics approaches. In this study, we aimed to reveal the molecular regulatory network of genes and metabolites related to DS response and chitooligosaccharide regulation of drought tolerance of sugarcane based on comprehensive analysis of the transcriptome and metabolome. The findings of the present study could enrich our understanding of sugarcane response to DS and provide a theoretical framework for breeding and cultivation strategies that enhance drought tolerance of sugarcane.




2. Results


2.1. Effect Analysis of Roc22 Phenotype and Physiology under Different Treatments


Compared to the control group (CG), the phenotypes were significantly different for drought stress (DS) plants after 10 d DS, including leaf rolling, reduced biomass, and shorter plant height (Figure S1). Different indexes were also seen for the 3 treatments (CG, DS, COS; Figure 1). The chlorophyll content and soluble sugar content were similar between the CG group and DS group but were significantly increased in the drought stress + chitooligosaccharide (COS) group (Figure 1). Similar trends were seen for variations in malondialdehyde (MDA) content, proline content, and Ci, in that the DS group was higher than the CG group, and the COS group was less than the DS group (Figure 1). Furthermore, similar variation in Photo, Cond and Trmmol were seen, with the CG group having the highest levels and DS having the lowest (Figure 1). These results showed that DS inhibited photosynthesis and physiological activity of plant and that chitooligosaccharide could alleviate the effects of DS to some extent.




2.2. Transcriptome Analysis


The raw data for 9 transcriptome libraries were subjected to quality control by filtering and cleaning the data and checking the sequencing error rate and GC content distribution prior to subsequent analysis. The Q20 and Q30 of the 9 libraries were all above 96.68% and 91.11%, respectively, and the GC content was between 51.24% and 55.74%, indicating that the data had high accuracy and could meet the requirements of the bioinformatics analysis carried out for this study (Table S1). The clean reads were mapped to the Saccharum spontaneum reference genome using HISA2, and the mapping efficiency of the 9 libraries was >84.82% (Table S1). To validate the RNA-seq data, we selected 10 differentially expressed genes (DEGs) for RT-qPCR analysis of samples exposed to different DS treatments. The results of RT-qPCR analysis were consistent with those for RNA-seq, suggesting that the RNA-seq data was accurate (Figure S2). We identified 10 DEGs that are involved in pyruvate metabolism and phenylalanine metabolism.



The DEGs were identified using DESeq2 (|log2fold change| ≥ 1 and FDR < 0.05). A total of 12,275 DEGs were identified when comparing the transcriptomes for the CG and DS groups (CG vs. DS; T_CG/DS), of which 6404 DEGs had up-regulated expression and 5871 DEGs had down-regulated expression, indicating that DS could induce differential gene expression in sugarcane (Figure S3). A total of 2525 DEGs were identified when comparing the DS and COS transcriptomes (DS vs. COS; T_DS/COS), of which 1261 were up-regulated and 1264 were down-regulated, suggesting that chitooligosaccharide treatment could affect gene expression of sugarcane under DS (Figure S3).



GO enrichment analysis indicated that 3541 DEGs were enriched in the 562 GO terms for T_CG/DS (p < 0.005), and, of these, 322 GO terms belonged to biological process (BP), 25 belonged to cellular component (CC), and 215 belonged to molecular function (MF) (Table S2). The top-3 enriched terms for BP were response to light intensity, photosynthesis-light reaction, and cellular amino acid catabolic process (Figure 2). The top-3 enriched terms for CC were photosystem, plastoglobuli, and photosystem II (Figure 2). For MF, top-3 enriched terms were pyridoxal phosphate binding, vitamin B6 binding, and amino acid transmembrane transporter activity (Figure 2). Therefore, the main DEGs under DS were genes related to photosynthesis, suggesting that DS had a substantial effect on photosynthetic activity of sugarcane. For T_DS/COS, 637 DEGs were enriched in 257 GO terms, of which 149 belonged to BP, 16 belonged to CC, and 93 belonged to MF (Table S3). For BP, the top-3 enriched terms were photosynthesis-light reaction, photosynthesis-light harvesting, and protein-chromophore linkage, and for CC the top-3 were photosystem, photosystem I, and photosystem II. For MF, the top-3 terms were chlorophyll binding, pigment binding, and endopeptidase inhibitor activity, indicating that chitooligosaccharide also regulated photosynthetic activity of sugarcane under DS (Figure 2).



KEGG pathway enrichment analysis of DEGs showed that 62 and 23 KEGG pathways were significantly enriched for T_CG/DS and T_DS/COS (p < 0.05), respectively (Tables S4 and S5). In T_CG/DS, the top-5 enriched pathways were starch and sucrose metabolism, photosynthesis, photosynthesis-antenna proteins, carbon fixation in photosynthetic organisms, and carbon metabolism, which were represented by 292 (136 up-regulated and 156 down-regulated), 74 (13 up-regulated and 61 down-regulated), 39 (1 up-regulated and 38 down-regulated), 101 (30 up-regulated and 71 down-regulated), and 245 (108 up-regulated and 137 down-regulated) DEGs, respectively, suggesting that genes related to photosynthesis had down-regulated expression in response to DS (Figure 3). For the T_DS/COS group, the top-5 enriched pathways were photosynthesis-antenna proteins (25 up-regulated DEGs), photosynthesis (26 up-regulated and 3 down-regulated DEGs), starch, and sucrose metabolism (31 up-regulated and 37 down-regulated DEGs), protein processing in endoplasmic reticulum (56 up-regulated and 8 down-regulated DEGs), and porphyrin and chlorophyll metabolism (7 up-regulated and 13 down-regulated DEGs) (Figure 3). Compared with T_CG/DS, most DEGs in T_DS/COS were up-regulated, demonstrating that chitooligosaccharide treatment could alleviate the negative effects of DS in sugarcane.




2.3. Metabolome Analysis


LC-MS/MS was used to analyze ROC22 metabolites under different treatment conditions to investigate variations in the metabolomic profiles in response to DS and the regulatory effect of chitooligosaccharide. Through screening of metabolites that had significantly different levels, a total of 269 significantly different metabolites (SDMs; 216 up-regulated and 53 down-regulated) were found when comparing the metabolites of control plants with plants exposed to DS (M_CG/DS). For M_DS/COS, 123 SDMs (33 up-regulated and 90 down-regulated) were found (Figure S4). Heat map analysis of the metabolites showed significant differences among the different treatments. Lipids, others (sugars and alcohols), amino acids and derivatives, and alkaloids were up-regulated in the M_CG/DS, but down-regulated in the M_DS/COS (Figure S5). Therefore, SDMs were induced and up-regulated when sugarcane was subjected to DS, and chitooligosaccharide treatment could alleviate DS and down-regulate SDMs in sugarcane. There were 38, 33, 52, and 35 SDMs belonging to lipids, others, amino acids and derivatives, and alkaloids in the M_CG/DS, and accounted for 17.59%, 15.28%, 24.07%, and 16.20% of the 216 up-regulated SDMs, respectively (Tables S6 and S7). There were 15, 11, 11 and 16 SDMs that belonged to lipids, others, amino acids and derivatives, and alkaloids in the M_DS/COS, accounting for 16.67%, 12.22%, 12.22%, and 17.78% of 90 down-regulated SDMs, respectively (Tables S6 and S8). As such, lipids, others, amino acids and derivatives, and alkaloids were the main SDMs in response to DS in sugarcane and chitooligosaccharide treatment alleviated DS and reduced the content of these metabolites.



According to the KEGG pathway enrichment analysis, 13 and 2 KEGG pathways were significantly enriched in M_CG/DS and M_DS/COS, respectively (p < 0.05; Tables S9 and S10). For M_CG/DS, the top-5 KEGG enriched pathways were 2-oxocarboxylic acid metabolism, ABC transporters, biosynthesis of amino acids, glucosinolate biosynthesis and valine, leucine and isoleucine biosynthesis, containing 18 (13 up-regulated and 5 down regulated), 30 (29 up-regulated and 1 down regulated), 26 (19 up-regulated and 7 down regulated), 8 (8 up-regulated), and 7 (4 up-regulated and 3 down regulated) SDMs, respectively (Figure 4 and Table S9). Most of these KEGG enriched pathways were up-regulated under DS in sugarcane (Figure 4). For M_DS/COS, there were 2 KEGG enriched pathways, namely purine metabolism and phenylalanine metabolism, containing 9 (4 up-regulated and 5 down regulated) and 6 SDMs (1 up-regulated and 5 down-regulated), respectively (Figure 4 and Table S10). Thus, chitooligosaccharide affected SDMs associated with purine metabolism and phenylalanine metabolism that were down-regulated under DS.




2.4. Combined Transcriptome and Metabolome Analysis


To further explore the effects of DS on genes and metabolites in sugarcane, we carried out a combined transcriptome and metabolome analysis. A Venn diagram analysis showed 8 common KEGG enriched pathways between T_CG/DS and M_CG/DS, namely glucosinolate biosynthesis, pyruvate metabolism, alanine, aspartate and glutamate metabolism, arginine biosynthesis, metabolic pathways, 2-oxocarboxylic acid metabolism, butanoate metabolism, and biosynthesis of amino acids (Figure S6, Tables S4 and S9). Pyruvate is an intermediate that connects photosynthesis and respiration, and also serves as a hub for the mutual conversion of sugars, fats, and amino acids. Based on this important role and its positive response to DS in sugarcane, the pyruvate metabolism was selected for further analysis. For T_CG/DS and M_CG/DS, 87 DEGs (47 up-regulated and 40 down-regulated) and 5 SDMs (1 up-regulated and 4 down-regulated) were enriched for pyruvate metabolism, respectively (Figure 5). These DEGs were annotated and classified into 17 types, of which aldehyde dehydrogenase (ALDH), malate dehydrogenase (MDH1), and pyruvate kinase (PK) were the top-3 and contained 15 (12 up-regulated and 3 down-regulated), 13 (2 up-regulated and 11 down-regulated), and 8 (1 up-regulated and 7 down-regulated) DEGs, respectively (Figure 5). The 5 SDMs were D-lactic acid, L-malic acid, pyruvic acid, 2-propylmalic acid and 2-isopropylmalic acid, of which D-lactic acid was the only up-regulated SDM (Figure 5). To understand the relationship between differential genes and differential metabolites, we produced a network diagram based on Pearson’s correlation analysis. Pearson’s correlation analysis results showed that 5 SDMs were closely related with 59 DEGs (p < 0.01 and |r| > 0.900; Table S11). Pyruvate was closely related to 14 DEGs (|r| ≥ 0.990), of which only 1 DEG (Sspon.02G0043670-1B) had a positive correlation with pyruvate (Figure 6). For L-malic acid, there were 4 DEGs that had a significant negative correlation (|r| ≥ 0.990), namely novel.25810, Sspon.05G0008290-3C, Sspon.03G0006680-1P, and Sspon.02G0013900-1A (Figure 6). D-lactic acid had a significant correlation with 3 DEGs (|r| ≥ 0.990), namely Sspon.02G0026610-2B (positive correlation), Sspon.03G0006680-1A (positive correlation), and Sspon.04G0012960-2B (negative correlation) (Figure 6). These DEGs were significantly correlated with important SDMs (pyruvate, L-malic acid and D-lactic acid) in pyruvate metabolism, and could be candidate drought tolerance genes for future studies on the mechanisms of drought tolerance in sugarcane.



We next performed an integrative analysis of the transcriptome and metabolome to examine the regulatory effects of chitooligosaccharide on sugarcane under DS. Phenylalanine metabolism was the only KEGG enriched pathway shared by T_DS/COS and M_DS/COS (Tables S5 and S10). In phenylalanine metabolism, 13 DEGs (7 up-regulated and 6 down-regulated) and 6 SDMs (1 up-regulated and 5 down-regulated) were seen for T_DS/COS and M_DS/COS, respectively (Figure 7). Among the 13 DEGs, 5 were phenylalanine ammonia-lyase (PAL, up-regulated), 4 were aromatic-L-amino-acid decarboxylase (DDC, down-regulated), 2 were primary-amine oxidase (AOC, up-regulated), and 1 each for aspartate aminotransferase (GOT1, down-regulated) and enoyl-CoA hydratase (echA, down-regulated) (Figure 7). The 6 SDMs were L-phenylalanine, phenethylamine, cinnamic acid, N-acetyl-L-phenylalanine, 2-hydroxy-3-phenylpropanoic acid, and L-tyrosine, of which cinnamic acid was the only up-regulated SDM (Figure 7). Therefore, chitooligosaccharide treatment positively regulated phenylalanine metabolism under DS in sugarcane, resulting in reduced phenylalanine content and increased amounts of cinnamic acid, that together allowed synthesis of more downstream phenylalanine secondary metabolites that engage in metabolic activities in response to DS. The gene–metabolite network graph analysis showed that L-phenylalanine, L-tyrosine, and cinnamic acid were indeed significantly correlated with 10 DEGs (3 positive and 7 negative relationship), 9 DEGs (2 positive and 7 negative relationship), and 6 DEGs (4 positive and 2 negative relationship), respectively (Figure 8 and Table S12). L-phenylalanine was strongly associated with novel.49301 (r = 0.988), novel.45461 (r = 0.960), Sspon.04G0008040-9P (r = −0.966), Sspon.02G0004710-1A (r = −0.975), Sspon.04G0008040-7P (r = −0.994), and novel.31257 (r = −0.998) in the DS/COS group (Figure 8 and Table S12). L-tyrosine was closely related to novel.49301 (r = 0.985), novel.45461 (r = 0.963), Sspon.04G0008040-5P (r = −0.965), Sspon.02G0004710-1A (r = −0.969), Sspon.04G0008040-7P (r = −0.988), and novel.31257 (r = −0.997) (Figure 8 and Table S12). Cinnamic acid was closely related to the DEGs, namely Sspon.04G0008040-9P (r = 0.967), novel.31257 (r = 0.946), and novel.45461 (r = −0.945) (Figure 8 and Table S12). These DEGs and SDMs were closely related to regulation by chitooligosaccharide under DS.





3. Discussion


The increasing frequency of water shortages and the emergence of extreme weather has seriously affected the quality and yield of many crops [19]. Many crops are now affected by drought stress (DS) during growth. Responses to DS by crops involve multiple processes, including perception, signal transduction, osmoprotection, transcription, translation, protein modification, and metabolic regulation [20]. In sugarcane, plant height, plant diameter, total leaf area, and dry matter accumulation were significantly reduced by DS [21]. In this study, we saw similar responses to DS, particularly reduced plant height and withered leaves, which are adaptive traits to protect against water loss. Chlorophyll content, net photosynthesis (Photo), stomatal conductance (Cond), and transpiration rate (Trmmol) of sugarcane plants were also reduced under DS, but the intercellular carbon dioxide concentration (Ci) increased, indicating that DS had negative influence on sugarcane photosynthesis. Six sugarcane varieties were previously shown to suffer from drought stress in the tillering stage, as well as stages when intense growth and ripening occur, and the photosynthetic apparatus was particularly and severely affected by drought, as evidenced by reduced photosynthetic rate and chlorophyll content [22]. Meanwhile, DS induces peroxidation and osmotic stress in plants. In this study, the MDA content, proline content, and soluble sugar content were indeed significantly increased by DS. Abbas et al. found that drought tolerant sugarcane genotypes had higher antioxidant activities and stronger capacity for osmotic adjustment [23]. Sugarcane does synthesize osmoprotectants to regulate osmotic pressure in response to DS, which is an adaptation to drought.



Chitosan is highly protective against the most dangerous diseases and pathogens for crops, and also can improve yield and chlorophyll content, as well as some plant growth parameters [11]. In this study, plants exposed to DS and treated with the chitooligosaccharide had higher chlorophyll content and were greener, and soluble sugar content compared to DS plants (Figure S1 and Figure 1). Photo, Cond, and Trmmol were also higher in the COS group, whereas the MDA content, proline content, and Ci were lower relative to DS, suggesting that exogenous application of chitooligosaccharide may enhance photosynthesis and osmotic adjustment in sugarcane exposed to DS. In rice, exogenous application of chitosan (50–190 kDa) promoted root growth under DS, with higher relative content of water and photosynthetic pigments, whereas lower concentrations of chitosan had higher efficacy [24]. Chitosan treatments also alleviated the effects caused by DS in barley, as evidenced by the decreases in electrolyte leakage and levels of both MDA and hydrogen peroxide (H2O2) that corresponded to increases in activities of the antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and guaiacol peroxidase (GPX) activity [25]. Therefore, chitooligosaccharide (≤3200 Da) had a higher efficacy in alleviating the negative effects of DS in this study. However, the molecular regulatory network by which these alleviating effects of chitooligosaccharide are mediated in sugarcane requires further investigation.



Transcriptome analysis can reveal a series of genes that exhibit differential expression in response to DS. In this study, a total of 12,275 DEGs (6404 up-regulated and 5871 down-regulated) were identified in the CG/DS comparison and 2525 DEGs (1261 up-regulated and 1264 down-regulated) were identified in the DS/COS comparison, indicating that there were significant differences in gene expression among the three experimental groups. GO enrichment analysis indicated that GO terms for the DEGs were mainly enriched in photosynthesis, both for the CG/DS and DS/COS comparisons. Moreover, KEGG analysis showed that starch and sucrose metabolism, photosynthesis, and photosynthesis-antenna proteins were among the top-5 enriched pathways for both T_CG/DS and T_DS/COS. Interestingly, for T_DS/COS, differential levels were seen for 68 (31 up-regulated and 37 down-regulated), 29 (26 up-regulated and 3 down-regulated), and 25 (25 up-regulated) DEGs related to starch and sucrose metabolism, photosynthesis, and photosynthesis-antenna proteins, respectively. Therefore, DS had negative effects on photosynthesis in sugarcane that could be alleviated by chitooligosaccharide treatment. Previous studies showed that water stress affects not only light reactions, but also assimilation efficiency of the dark reactions, thereby reducing the contents of photosynthetic products [26,27].



Differential metabolites are induced and accumulated by biotic and abiotic stress in a manner that is most closely related to phenotype [28]. Zhao et al. found that metabolites of two rice cultivars were temporally, tissue-specifically, and genotype-dependently regulated under salt stress, and sugars and amino acids increased significantly in the leaves and roots [29]. Vital et al. found that soluble sugar, secondary metabolite production, and activation of ROS eliminating processes are involved in drought tolerance in sugarcane [5]. In this study, we found similar results. We found 269 SDMs (216 up-regulated SDMs and 53 down-regulated SDMs) for M_CG/DS and 123 SDMs (33 up-regulated SDMs and 90 down-regulated SDMs) for M_DS/COS, indicating that SDMs were induced and up-regulated by DS, and that chitooligosaccharide could alleviate DS and reduce the SDM content in sugarcane. Moreover, most SDMs induced in response to DS were classified as lipids, others (sugars and alcohols), amino acids and derivatives, and alkaloids. KEGG analysis showed that 2-oxocarboxylic acid metabolism (13 up-regulated and 5 down regulated SDMs), ABC transporters (29 up-regulated and 1 down regulated SDMs), biosynthesis of amino acids (19 up-regulated and 7 down regulated SDMs), glucosinolate biosynthesis (8 up-regulated SDMs), and valine, leucine, and isoleucine biosynthesis (4 up-regulated and 3 down regulated SDMs) were the top-5 KEGG enriched pathways. There were 2 KEGG enriched pathways in M_DS/COS, namely purine metabolism (4 up-regulated and 5 down regulated SDMs) and phenylalanine metabolism (1 up-regulated and 5 down-regulated SDMs). Thus, the modulation of DS by chitooligosaccharide in sugarcane was mainly related to phenylalanine metabolism.



Through integrative analysis of the transcriptome and metabolome, the strong red hue of red pericarp longan is due to accumulation of cyanidin derivatives in the pericarp [30]. The genes F3′H and F3′5′H may play an important role in selecting which components of anthocyanins will be synthesized [30]. Therefore, combined transcriptome and metabolome analysis can also reveal many important metabolic processes that have powerful effects. To identify the molecular regulatory network of genes and metabolites of sugarcane under DS, as well as the regulation by chitooligosaccharide, we carried out an integrative analysis between the transcriptome and metabolome. The integrative analysis revealed 8 common KEGG enriched pathways in both T_CG/DS and M_CG/DS, of which pyruvate metabolism was closely related to photosynthesis and respiration. Meanwhile, pyruvate is a hub for the mutual conversion of sugars, fats, and amino acids [31]. In this study, only D-lactic acid levels were up-regulated and other SDMs (L-malic acid, pyruvic acid, 2-propylmalic acid, and 2-isopropylmalic acid) in the pyruvate metabolism were down-regulated, indicating that respiration in sugarcane was restrained under DS. Pyruvate was closely related to 14 DEGs (|r| > 0.99), of which only 1 DEG, the pyruvate kinase Sspon.02G0043670-1B, had a positive correlation with pyruvate. Pyruvate kinases are up-regulated by abiotic stress and hormones that can be involved in plant stress defenses [32]. In rice, the pyruvate kinase OsPK1 significantly regulates monosaccharide metabolism, sucrose transport, and GA/ABA balance [33], whereas OsPK2 regulates endosperm development and grain filling [34,35]. Therefore, Sspon.02G0043670-1B could be an important regulatory gene that participates in the regulation of drought resistance of sugarcane and may be a key regulatory gene for sugarcane growth and development. Other genes showed a significant correlation with D-lactate and malate, including Sspon.02G0026610-2B, Sspon.03G0006680-1A, Sspon.04G0012960-2B, novel.25810, Sspon.05G0008290-3C, Sspon.03G0006680-1P, and Sspon.02G0013900-1A, which are regulatory genes of pyruvate metabolism under DS. Further research is needed to characterize in detail the role of these genes in drought stress responses.



The results of the integrative analysis between the transcriptome and metabolome further showed that phenylalanine metabolism was the only common KEGG-enriched pathway between T_DS/COS and M_DS/COS. Phenylalanine is a central amino acid in plants and is the precursor for many key secondary metabolites, such as lignin, phenylpropanoids, and flavonoids, that are involved in various biotic and abiotic stresses [36,37]. Additional study of the regulation of phenylalanine metabolism by chitooligosaccharide in sugarcane under DS would be valuable, particularly since 13 DEGs (7 up-regulated and 6 down-regulated) and 6 SDMs (1 up-regulated and 5 down-regulated) that are associated with phenylalanine metabolism were found in the T_DS/COS and M_DS/COS, respectively. Phenylalanine ammonia-lyase (PAL) is a crucial enzyme that has roles ranging from primary metabolism to secondary phenylpropanoid metabolism in plants, and is critical for plant growth, development, and stress defense. In potato, expression levels of StPAL1, StPAL6, StPAL8, StPAL12, and StPAL13 were significantly up-regulated under drought and high temperature stress, indicating that they may be involved in defense against high temperature and DS [38]. Cinnamic acid is an organic acid that occurs naturally in plants and has a broad spectrum of biological activities with low toxicity [39]. In this study, we found that 5 PAL genes and levels of cinnamic acid were up-regulated while phenylalanine was down-regulated, suggesting that the chitooligosaccharide positively regulated phenylalanine metabolism under DS in sugarcane. The 5 PAL genes (Sspon.04G0008040-5P, Sspon.04G0008040-7P, Sspon.04G0008040-9P, Sspon.04G0008040-10P, and novel.31257) may be candidate genes for drought resistance in sugarcane. Indeed, a previous study showed that chitooligosaccharide could enhance drought resistance of wheat seedings, resulting in the promotion of photosynthesis and carbohydrate metabolism [40]. The physiological data in the present study also showed that chitooligosaccharide plays a regulatory role in increasing chlorophyll content and improving photosynthesis under DS. Taken together, our results show that chitooligosaccharide can improve drought resistance of sugarcane. The results further suggest that for cultivation of sugarcane, chitooligosaccharide (50 mg/L) sprayed on foliage at 450 L/hm2 at jointing stage can improve sugarcane yield and quality.




4. Materials and Methods


4.1. Plant Materials and Drought Stress


The drought-tolerant cultivar ROC22 (Saccharum spp. hybrid) used in this study was provided by the National Engineering Research Center for Sugarcane, Fujian Agriculture, and Forestry University. Sugarcane stems were cut into single-bud segments that were soaked in 0.5% carbendazim solution for 24 h before placement in pots (12 cm in diameter and height) containing pine needle soil. The pots were incubated at 30 °C in a constant temperature incubator. When the seedlings reached the 2-leaf stage, 3 seedlings for each treatment having consistent growth potential were transferred to a bucket (45 cm diameter, 30 cm height) with 35 kg mixed soil (clay soil:pine needle soil = 3:1 (v:v)). A total of 9 buckets, labeled 1–9, were placed in a greenhouse and watered every 2 days. When the plants reached the 8-leaf stage, plants in buckets 1–3 (control group, CG) were watered as usual, whereas those in buckets 4–6 (drought stress group, DS) received no additional watering. Plants in buckets 7–9 (DS + COS (≤3200 Da), COS) also were not watered but were sprayed with 50 mg/L COS solution at a dose of 15 mL/bucket. At 9:00 pm on day 10 of exposure to DS, the photosynthetic activity of the +1 and −1 leaves was measured with a portable photosynthesis system (LI6400, America) and chlorophyll content of the +1 and −1 leaves was measured with a chlorophyll meter (SPAD-502PLUS, Japan). At the same time, the +1 and −1 leaves of plants in each group were clipped and placed immediately in a Ziplock bag before freezing in liquid nitrogen. These leaf samples were stored in −80 ℃ refrigerator and used for experiments of physiology, transcriptome, RT-qPCR, and metabolome.




4.2. Measurement of Physiological Parameters


Free proline and soluble sugar concentrations were determined using the acid ninhydrin reagent method and the anthrone method, respectively [41]. Malondialdehyde (MDA) concentration was determined using the thiobarbituric acid method [42].




4.3. Rna Sequencing and Data Analysis


Nine samples of total RNA were extracted using NA Isolater Total RNA Extraction Reagent according to the manufacturer’s instructions (Novizan Biotechnology Co., LTD, Nanjing, China). The samples were termed T_CG, T_DS, and T_COS, respectively. The cDNA library was constructed and sequenced on an Illumina HiSeq X-ten platform at the Wuhan Metware Biotechnology Co., Ltd. (Wuhan, China) and the length of generated reads was 150 bp paired-end (PE 150). To obtain clear reads, low-quality reads, adapter sequences, and sequences having > 10% poly-N in the raw reads were filtered. The Q20, Q30 and GC contents of each sample were calculated. Clear reads from every sample were mapped to the Saccharum spontaneum [43] reference genome using HISAT2 [44]. Raw counts of genes were determined using feature counts [45]. Differentially expressed genes (DEGs) between two samples were identified using DESeq2 with |log2fold change| ≥ 1 and a false discovery rate (FDR) < 0.05 [46]. The function of DEGs was annotated using the KEGG and GO databases. KEGG pathway analysis of DEGs was performed with BLAST software [47] and KEGG enrichment was analyzed using KOBAS 2.0 software with p-value < 0.05 [48,49]. GO analysis of DEGs was carried out using the R package cluserProfiler [50]. Transcription factors (TFs) among the DEGs were predicted using iTAK [51] software with PlnTFDB [52] and PlantTFDB [53] databases.




4.4. Real-Time Quantitative Pcr (Rt-qpcr)


Ten candidate DEGs were verified by RT-qPCR to evaluate the accuracy of RNA-Seq. Based on the coding gene sequences, RT-qPCR primers were designed using primer premier 6.0 software. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was selected as the internal control gene (Table S13). The SYBR®® Green Premix Pro Taq HS qPCR Kit (Novizan Biotechnology Co., LTD, Nanjing, China) was used for the RT-qPCR assay using 20 μL reaction solutions containing that 10 μL 2 × ChamQ Universal SYBR qPCR Master Mix, 0.5 μL primer F (10 μM), 0.5 μL primer R (10 μM), 1 μL cDNA and 8 μL nuclease-free water. The qPCR reactions involved denaturation at 95 °C for 30 s, followed by 40 cycles of 5 s at 95 °C and 30 s at 60 °C. The RT-qPCR assays were carried out using a QuantStudio®® Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The qPCR data were analyzed using the 2−ΔΔCt quantitative method to determine differences in gene expression [54]. Three independent biological replicates and three technological replicates were used for each sample in this study.




4.5. Widely Targeted Metabolomics and Data Analysis


For metabolomic analysis, there were three biological replicates for each group termed M_CG (control group), M_DS (drought stress group), M_COS (drought stress + chitooligosaccharide group). Biological samples were freeze-dried in a vacuum freeze-dryer (Scientz-100F) and then crushed using a mixer mill (MM 400, Retsch) with a zirconia bead for 1.5 min at 30 Hz. Then, 100 mg of lyophilized powder was dissolved in 1.2 mL 70% methanol solution, vortexed for 30 s every 30 min for 6 times total, and then incubated at 4 °C overnight. Following centrifugation at 12,000 rpm for 10 min, the extracts were filtered (SCAA-104, 0.22μm pore size; ANPEL, Shanghai, China) before use in UPLC-MS/MS analysis.



Results for hierarchical cluster analysis (HCA) of samples and metabolites are presented as heatmaps with dendrograms. Pearson correlation coefficients (PCC) between samples were calculated using the core function in R and presented as only heatmaps. Both HCA and PCC were carried out using the R package heatmap. For HCA, normalized signal intensities of metabolites (unit variance scaling) are visualized as a color spectrum. Principal component analysis (PCA) was performed with the statistics function prcomp within R (www.r-project.org, accessed on 10 July 2022). The data was unit variance scaled before PCA. Significantly different metabolites (SDMs) between groups were determined by VIP ≥ 1 and absolute Log2FC (fold change) ≥ 1. VIP values were extracted from OPLS-DA results, which also contained score plots and permutation plots, and was generated using R package MetaboAnalystR. The data was log transformed (log2) and mean centering before OPLS-DA. To avoid overfitting, a permutation test (200 permutations) was performed. Identified metabolites were annotated using the KEGG compound database (http://www.kegg.jp/kegg/compound/, accessed on 10 July 2022), and annotated metabolites were then mapped to the KEGG pathway database (http://www.kegg.jp/kegg/pathway.html, accessed on 10 July 2022). Pathways with the SDMs mapped were then fed into MSEA (metabolite sets enrichment analysis), and their significance was determined using p-values hypergeometric test.




4.6. UPLC Conditions


The sample extracts were analyzed using an UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2; MS, Applied Biosystems 4500 Q TRAP) with an Agilent SB-C18 (1.8 µm, 2.1 mm × 100 mm) column. The mobile phase consisted of solvent A, pure water with 0.1% formic acid, and solvent B, acetonitrile with 0.1% formic acid. Sample measurements were performed with a gradient program starting with 95% A, 5% B, followed by a linear gradient of 5% A to 95% B over 9 min, and then holding at this composition for 1 min. Subsequently, a composition of 95% A, 5.0% B was reached within 1.1 min and maintained for 2.9 min. The flow was 0.35 mL/min and the column oven was set to 40 °C with a 4 μL injection volume. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS.




4.7. ESI-Q TRAP-MS/MS


LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (Q TRAP), AB4500 Q TRAP UPLC/MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion mode and controlled by Analyst 1.6.3 software (AB Sciex). The ESI source operation parameters were: ion source, turbo spray; source temperature, 550 °C; and ion spray voltage (IS) 5500 V (positive ion mode)/−4500 V (negative ion mode). The ion source gas I (GSI), gas II(GSII), and curtain gas (CUR) were set at 50, 60, and 25 psi, respectively. The collision-activated dissociation (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 μM polypropylene glycol solutions in QQQ and LIT modes, respectively. QQQ scans were acquired as MRM experiments with collision gas (nitrogen) set to medium. DP and CE for individual MRM transitions were measured with further DP and CE optimization. A specific set of MRM transitions was monitored for each period according to the metabolites that were eluted during this period.




4.8. Statistical Analysis


Duncan’s multiple comparison method was conducted using Statistical Product and Service Solutions software (IBM SPSS 19.0) to assess the differences in physiological indices among the three different treatments (p < 0.05). The bar diagram was drawn using Microsoft Office Excel 2016. Pearson correlation analysis of gene–metabolites was performed using SPSS 19.0 (threshold for association analysis > 0.90, p < 0.01). Gene–metabolite correlation network diagrams were visualized using Cytoscape software [55].





5. Conclusions


In this study, physiology analyses showed photosynthesis and physiological activity of sugarcane plants were inhibited under drought stress (DS), and that chitooligosaccharide treatment could alleviate DS to a certain extent. Numerous differentially expressed genes (DEGs) and significantly different metabolites (SDMs) related to DS were identified through transcriptome analysis and metabolome analysis. For DS/COS, most DEGs were up-regulated and most SDMs were down-regulated relative to CG/DS, demonstrating that chitooligosaccharide could alleviate the negative effects of DS in sugarcane. Combined transcriptome and metabolome analyses revealed eight common KEGG-enriched pathways in the CG/DS group, of which pyruvate metabolism was the most closely related to sugarcane growth and development. These findings provide the basis for further research into the role of pyruvate metabolism in drought stress tolerance of sugarcane. Chitooligosaccharide positively regulated phenylalanine metabolism of sugarcane under DS, with induction of synthesis of additional downstream phenylalanine secondary metabolites that can participate in metabolic activities in response to DS.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms23179737/s1.





Author Contributions


Conceptualization, S.Y. and X.S.; methodology, N.C. and H.Z.; software, J.L. and N.F.; validation, N.C. and J.L.; formal analysis, S.Y. and Z.D.; investigation, J.L. and J.S.; writing—original draft preparation, S.Y. and N.C.; writing—review and editing, X.S. and D.Z.; visualization, S.Y. and N.C.; supervision, H.Z., X.S. and D.Z.; project administration, S.Y. and D.Z.; funding acquisition, S.Y. and D.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by a national key research and development project of the 13th 5-year plan in China (2019YFD1002205). This project was also supported by the doctoral start-up fund of Guangdong Ocean University (060302052011) and the provincial construction project of the Agricultural Science and Technology Innovation and Extension System of Guangdong (2020KJ264). The funding institutions did not play a role in study design, data collection or analysis, or manuscript writing.




Data Availability Statement


Raw sequence data for RNA-sequencing were deposited in the NCBI database under Bioproject number PRJNA866695. Metabolite data were deposited in OMIX (https://ngdc.cncb.ac.cn/omix, accessed on 10 July 2022: accession no. OMIX001521) at the China National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences.




Acknowledgments


We thank the Wuhan Metware Biotechnology Co., Ltd. for providing the data analysis tools in this study. We greatly appreciate Bioscience Editing Solutions for critically reading this paper and providing helpful suggestions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ali, A.; Khan, M.; Sharif, R.; Mujtaba, M.; Gao, S.J. Sugarcane omics: An update on the current status of research and crop improvement. Plants 2019, 8, 344. [Google Scholar] [CrossRef]

	



Fàbregas, N.; Fernie, A.R. The metabolic response to drought. J. Exp. Bot. 2019, 70, 1077–1085. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Lu, M.; Wang, Y.; Wang, Y.; Liu, Z.; Chen, S. Response mechanism of plants to drought stress. Horticulturae 2021, 7, 50. [Google Scholar] [CrossRef]

	



Leanasawat, N.; Kosittrakun, M.; Lontom, W.; Songsri, P. Physiological and agronomic traits of certain sugarcane genotypes grown under field conditions as influenced by early drought stress. Agronomy 2021, 11, 2319. [Google Scholar] [CrossRef]

	



Vital, C.E.; Giordano, A.; de Almeida Soares, E.; Rhys Williams, T.C.; Mesquita, R.O.; Vidigal, P.M.P.; de Santana Lopes, A.; Pacheco, T.G.; Rogalski, M.; de Oliveira Ramos, H.J.; et al. An integrative overview of the molecular and physiological responses of sugarcane under drought conditions. Plant Mol. Biol. 2017, 94, 577–594. [Google Scholar] [CrossRef] [PubMed]

	



McMillan, T.; Tidemann, B.D.; O’Donovan, J.T.; Izydorczyk, M.S. Effects of plant growth regulator application on the malting quality of barley. J. Sci. Food Agr. 2020, 100, 2082–2089. [Google Scholar] [CrossRef]

	



Rostami, S.; Azhdarpoor, A. The application of plant growth regulators to improve phytoremediation of contaminated soils: A review. Chemosphere 2019, 220, 818–827. [Google Scholar] [CrossRef]

	



Bielach, A.; Duclercq, J.; Marhavý, P.; Benková, E. Genetic approach towards the identification of auxin-cytokinin crosstalk components involved in root development. Phil. Trans. R. Soc. B 2012, 367, 1469–1478. [Google Scholar] [CrossRef]

	



He, Y.; Zhao, J.; Yang, B.; Sun, S.; Peng, L.; Wang, Z. Indole-3-acetate beta-glucosyltransferase OsIAGLU regulates seed vigour through mediating crosstalk between auxin and abscisic acid in rice. Plant Biotechnol. J. 2020, 18, 1933–1945. [Google Scholar] [CrossRef]

	



Yuan, T.T.; Xu, H.H.; Zhang, K.X.; Guo, T.T.; Lu, Y.T. Glucose inhibits root meristem growth via ABA INSENSITIVE 5, which represses PIN1 accumulation and auxin activity in Arabidopsis. Plant Cell Environ. 2014, 37, 1338–1350. [Google Scholar] [CrossRef]

	



Kocięcka, J.; Liberacki, D. The potential of using chitosan on cereal crops in the face of climate change. Plants 2021, 10, 1160. [Google Scholar] [CrossRef] [PubMed]

	



Muley, A.B.; Shingote, P.R.; Patil, A.P.; Dalvi, S.G.; Suprasanna, P. Gamma radiation degradation of chitosan for application in growth promotion and induction of stress tolerance in potato (Solanum tuberosum L.). Carbohyd. Polym. 2019, 210, 289–301. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Chai, Z.; Lin, P.; Huang, C.; Huang, G.; Xu, L.; Deng, Z.; Zhang, M.; Zhang, Y.; Zhao, X. Genome-wide identification and expression analysis of AP2/ERF transcription factors in sugarcane (Saccharum spontaneum L.). BMC Genom. 2020, 21, 685. [Google Scholar] [CrossRef] [PubMed]

	



Selvi, A.; Devi, K.; Manimekalai, R.; Prathima, P.T. Comparative analysis of drought-responsive transcriptomes of sugarcane genotypes with differential tolerance to drought. 3 Biotech 2020, 10, 236. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Vijayaraghavareddy, P.; Akula, N.N.; Vemanna, R.S.; Math, R.G.H.; Shinde, D.D.; Yin, X.; Struik, P.C.; Makarla, U.; Sreeman, S. Metabolome profiling reveals impact of water limitation on grain filling in contrasting rice genotypes. Plant Physiol. Bioch. 2021, 162, 690–698. [Google Scholar] [CrossRef]

	



Ferreira, D.A.; Martins, M.C.M.; Cheavegatti-Gianotto, A.; Carneiro, M.S.; Amadeu, R.R.; Aricetti, J.A.; Wolf, L.D.; Hoffmann, H.P.; de Abreu, L.G.F.; Caldana, C. Metabolite profiles of sugarcane culm reveal the relationship among metabolism and axillary bud outgrowth in genetically related sugarcane commercial cultivars. Front. Plant. Sci. 2018, 9, 857. [Google Scholar] [CrossRef]

	



Ni, Y.; Chen, H.; Liu, D.; Zeng, L.; Chen, P.; Liu, C. Discovery of genes involved in anthocyanin biosynthesis from the rind and pith of three sugarcane varieties using integrated metabolic profiling and RNA-seq analysis. BMC Plant Biol. 2021, 21, 214. [Google Scholar] [CrossRef]

	



Gupta, A.; Rico-Medina, A.; Caño-Delgado, A.I. The physiology of plant responses to drought. Science 2020, 368, 266–269. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhu, J.; Gong, Z.; Zhu, J.K. Abiotic stress responses in plants. Nat. Rev. Genet. 2022, 23, 104–119. [Google Scholar] [CrossRef]

	



Dinh, H.T.; Watanable, K.; Takaragawa, H.; Kawamitsu, Y. Effects of Drought Stress at Early Growth Stage on Response of Sugarcane to Different Nitrogen Application. Sugar Tech 2018, 20, 420–430. [Google Scholar] [CrossRef]

	



Endres, L.; dos Santos, C.M.; Silva, J.V.; Barbosa, G.V.D.; Silva, A.L.J.; Froehlich, A.; Teixeira, M.M. Inter-relationship between photosynthetic efficiency, delta C-13, antioxidant activity and sugarcane yield under drought stress in field conditions. J. Agron. Crop Sci. 2019, 205, 433–446. [Google Scholar] [CrossRef]

	



Abbas, S.R.; Ahmad, S.D.; Sabir, S.M.; Shah, A.H. Detection of drought tolerant sugarcane genotypes (Saccharum officinarum) using lipid peroxidation, antioxidant activity, glycine-betaine and proline contents. J. Soil Plant Nut. 2014, 14, 233–243. [Google Scholar] [CrossRef]

	



Moolphuerk, N.; Pattanagul, W. Pretreatment with different molecular weight chitosans encourages drought tolerance in rice (Oryza sativa L.) seedling. Not. Bot. Horti Agrobo. 2020, 48, 2072–2084. [Google Scholar] [CrossRef]

	



Hafez, Y.; Attia, K.; Alamery, S.; Ghazy, A.; Al-Doss, A.; Ibrahim, E.; Rashwan, E.; El-Maghraby, L.; Awad, A.; Abdelaal, K. Beneficial effects of biochar and chitosan on antioxidative capacity, osmolytes accumulation, and anatomical characters of water-stressed barley plants. Agronomy 2020, 10, 630. [Google Scholar] [CrossRef]

	



Herppich, W.B.; Peckmann, K. Influence of drought on mitochondrial activity, photosynthesis, nocturnal acid accumulation and water relations in the CAM Plants Prenia sladeniana (ME-type) and Crassula lycopodioides (PEPCK-type). Ann. Bot.-Lond. 2000, 86, 611–620. [Google Scholar] [CrossRef]

	



Pagter, M.; Bragato, C.; Brix, H. Tolerance and physiological responses of Phragmites australis to water deficit. Aquat. Bot. 2005, 81, 285–299. [Google Scholar] [CrossRef]

	



Fiehn, O. Metabolomics—The link between genotypes and phenotypes. Plant Mol. Biol. 2002, 48, 155–171. [Google Scholar] [CrossRef]

	



Zhao, X.; Wang, W.; Zhang, F.; Deng, J.; Li, Z.; Fu, B. Comparative metabolite profiling of two rice genotypes with contrasting salt stress tolerance at the seedling stage. PLoS ONE 2014, 9, e108020. [Google Scholar] [CrossRef]

	



Yi, D.; Zhang, H.; Lai, B.; Liu, L.; Pan, X.; Ma, Z.; Wang, Y.; Xie, J.; Shi, S.; Wei, Y. Integrative analysis of the coloring mechanism of red longan pericarp through metabolome and transcriptome analyses. J. Agric. Food Chem. 2021, 69, 1806–1815. [Google Scholar] [CrossRef]

	



Le, X.H.; Lee, C.P.; Millar, A.H. The mitochondrial pyruvate carrier (MPC) complex mediates one of three pyruvate-supplying pathways that sustain Arabidopsis respiratory metabolism. Plant Cell 2021, 33, 2776–2793. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.J.; Park, C.J.; Ham, B.K.; Choi, S.B.; Lee, B.J.; Paek, K.H. Induction of a cytosolic pyruvate kinase 1 gene during the resistance response to tobacco mosaic virus in Capsicum annuum. Plant Cell Rep. 2006, 25, 359–364. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Xiao, W.; Luo, L.; Pang, J.; Rong, W.; He, C. Downregulation of OsPK1, a cytosolic pyruvate kinase, by T-DNA insertion causes dwarfism and panicle enclosure in rice. Planta 2012, 235, 25–38. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Y.; Li, S.; Jiao, G.; Sheng, Z.; Wu, Y.; Shao, G.; Xie, L.; Peng, C.; Xu, J.; Tang, S.; et al. OsPK2 encodes a plastidic pyruvate kinase involved in rice endosperm starch synthesis, compound granule formation and grain filling. Plant Biotechnol. J. 2018, 16, 1878–1891. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Y.; Zhang, W.; Jin, J.; Yang, X.; You, X.; Yan, H.; Wang, L.; Chen, J.; Xu, J.; Chen, W.; et al. OsPKpα1 encodes a plastidic pyruvate kinase that affects starch biosynthesis in the rice endosperm. J. Integ. Plant Biol. 2018, 60, 1097–1118. [Google Scholar] [CrossRef]

	



Frelin, O.; Dervinis, C.; Wegrzyn, J.L.; Davis, J.M.; Hanson, A.D. Drought stress in Pinus taeda L. induces coordinated transcript accumulation of genes involved in the homogentisate pathway. Tree Genet. Genomes 2017, 13, 27. [Google Scholar] [CrossRef]

	



Feng, Y.T.; Huang, Q.L.; Zhang, R.; Li, J.Y.; Luo, K.; Chen, Y.H. Molecular characterisation of PAL gene family reveals their role in abiotic stress response in lucerne (Medicago sativa). Crop Pasture Sci. 2022, 73, 300–311. [Google Scholar] [CrossRef]

	



Mo, F.Y.; Li, L.; Zhang, C.; Yang, C.H.; Chen, G.; Niu, Y.; Si, J.X.; Liu, T.; Sun, X.X.; Wang, S.L.; et al. Genome-wide analysis and expression profiling of the phenylalanine ammonia-lyase gene family in Solanum tuberosum. Int. J. Mol. Sci. 2022, 23, 6833. [Google Scholar] [CrossRef]

	



Sova, M. Antioxidant and antimicrobial activities of cinnamic acid derivatives. Mini-Rev. Med. Chem. 2012, 12, 749–767. [Google Scholar] [CrossRef]

	



Yin, X.; Liu, S.; Qin, Y.; Xing, R.; Li, K.; Yu, C.; Chen, X.; Li, P. Metabonomics analysis of drought resistance of wheat seedlings induced by β-aminobutyric acid-modified chitooligosaccharide derivative. Carbohyd. Polym. 2021, 272, 118437. [Google Scholar] [CrossRef]

	



Moustakas, M.; Sperdouli, I.; Kouna, T.; Antonopoulou, C.I.; Therios, I. Exogenous proline induces soluble sugar accumulation and alleviates drought stress effects on photosystem II functioning of Arabidopsis thaliana leaves. Plant Growth Regul. 2011, 65, 315–325. [Google Scholar] [CrossRef]

	



Lykkesfeldt, J. Determination of malondialdehyde as dithiobarbituric acid adduct in biological samples by HPLC with fluorescence detection: Comparison with ultraviolet-visible spectrophotometry. Clin. Chem. 2001, 47, 1725–1727. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Zhang, X.; Tang, H.; Zhang, Q.; Hua, X.; Ma, X.; Zhu, F.; Jones, T.; Zhu, X.; Bowers, J.; et al. Allele-defined genome of the autopolyploid sugarcane Saccharum spontaneum L. Nat. Genet. 2018, 50, 1565–1573. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12, 357–360. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 2014, 30, 923–930. [Google Scholar] [CrossRef] [PubMed]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef] [PubMed]

	



Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and applications. BMC Bioinform. 2009, 10, 421. [Google Scholar] [CrossRef]

	



Xie, C.; Mao, X.; Huang, J.; Ding, Y.; Wu, J.; Dong, S.; Kong, L.; Gao, G.; Li, C.Y.; Wei, L. KOBAS 2.0: A web server for annotation and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, W316–W322. [Google Scholar] [CrossRef]

	



Mao, X.; Cai, T.; Olyarchuk, J.G.; Wei, L. Automated genome annotation and pathway identification using the KEGG Orthology (KO) as a controlled vocabulary. Bioinformatics 2005, 21, 3787–3793. [Google Scholar] [CrossRef]

	



Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. clusterProfiler: An R package for comparing biological themes among gene clusters. Omics A J. Integr. Biol. 2012, 16, 284–287. [Google Scholar] [CrossRef]

	



Zheng, Y.; Jiao, C.; Sun, H.; Rosli, H.G.; Pombo, M.A.; Zhang, P.; Banf, M.; Dai, X.; Martin, G.B.; Giovannoni, J.J.; et al. iTAK: A program for genome-wide prediction and classification of plant transcription factors, transcriptional regulators, and protein kinases. Mol. Plant 2016, 9, 1667–1670. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Rodríguez, P.; Riaño-Pachón, D.M.; Corrêa, L.G.; Rensing, S.A.; Kersten, B.; Mueller-Roeber, B. PlnTFDB: Updated content and new features of the plant transcription factor database. Nucleic Acids Res. 2010, 38, D822–D827. [Google Scholar] [CrossRef] [PubMed]

	



Jin, J.; Zhang, H.; Kong, L.; Gao, G.; Luo, J. PlantTFDB 3.0: A portal for the functional and evolutionary study of plant transcription factors. Nucleic Acids Res. 2014, 42, D1182–D1187. [Google Scholar] [CrossRef] [PubMed]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [Google Scholar] [CrossRef]








[image: Ijms 23 09737 g001 550] 





Figure 1. Physiological and biochemical parameters under different treatments. (a) Variation diagram of chlorophyll content. (b) Variation diagram of malondialdehyde (MDA) content. (c) Variation diagram of proline content. (d) Variation diagram of soluble sugar content. (e) Variation diagram of Photo. (f) Variation diagram of Cond. (g) Variation diagram of Ci. (h) Variation diagram of Trmmol. Photo, Cond, Ci, and Trmmol indicate net photosynthesis, stomatal conductance, intercellular carbon dioxide concentration, and transpiration rate, respectively. Error bars represent standard deviation of three samples. Different letters on bars indicate statistically significant differences between treatments (p < 0.05). 
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Figure 2. Top-30 GO pathway enrichment of DEGs in the DS and COS treatment groups compared to the control group (CG/DS; left panel) and to each other (DS/COS; right panel). Numbers beside the columns indicate the number of DEGs in that pathway. Green, purple, and yellow bars represent molecular function (MF), cellular component (CC), and biological process (BP), respectively. 
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Figure 3. Top-20 KEGG pathway enrichment of DEGs in the DS and COS treatment groups compared to the control group (CG/DS; left panel) and to each other (DS/COS; right panel). The size of the circles corresponds to the number of DEGs and are color-coded according to q-value. The x-axis shows the enrichment factor value. 
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Figure 4. Top-20 KEGG pathway enrichment of SDMs in the DS and COS treatment groups compared to the control group (CG/DS; left panel) and to each other (DS/COS; right panel) as a function of differential abundance (DA) score. The size of the circles corresponds to number of DEGs and are color-coded according to p-value. 
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Figure 5. Analysis of DEGs and SDMs in the pyruvate metabolic pathway for the CG/DS group. (A) Metabolic pathways examined in KEGG analysis. (B) Genes involved in KEGG metabolic pathways. Color-coding in A and B corresponds to observed fold-change. 






Figure 5. Analysis of DEGs and SDMs in the pyruvate metabolic pathway for the CG/DS group. (A) Metabolic pathways examined in KEGG analysis. (B) Genes involved in KEGG metabolic pathways. Color-coding in A and B corresponds to observed fold-change.



[image: Ijms 23 09737 g005]







[image: Ijms 23 09737 g006 550] 





Figure 6. Gene-metabolite network of pyruvate metabolism for the CG/DS comparison (|r| ≥ 0.990). Blue squares and pink diamonds represent genes and metabolites, respectively. Green lines indicate negative correlations and red lines are positive correlations. The line thickness represents the magnitude of the correlation coefficient, which ranged from 0.990 to 0.998. 
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Figure 7. Analysis of DEGs and SDMs in the phenylalanine metabolic pathway when comparing the DS and COS groups. (A) Enriched SDMs and (B) DEGs of the phenylalanine metabolic pathway. |log2FC| denotes |log2fold change|. 
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Figure 8. Gene–metabolite network graph of phenylalanine metabolism when comparing the DS and COS groups. Blue squares and pink diamonds represent genes and metabolites, respectively. Green lines indicate negative correlations and red lines are positive correlations. The line thickness represents the magnitude of the correlation coefficient, which ranged from 0.919 to 0.998. 
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