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Transcriptome Profile Analysis of Arabidopsis Reveals the Drought Stress-Induced Long Non-coding RNAs Associated With Photosynthesis, Chlorophyll Synthesis, Fatty Acid Synthesis and Degradation
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Long non-coding RNAs (lncRNAs) play an important role in the response of plants to drought stress. The previous studies have reported that overexpression of LEA3 and VOC could enhance drought tolerance and improve the oil content in Brassica napus and Arabidopsis thaliana, and most of the efforts have been invested in the gene function analysis, there is little understanding of how genes that involved in these important pathways are regulated. In the present study, the transcriptomic results of LEA3 and VOC over-expressed (OE) lines were compared with the RNAi lines, mutant lines and control lines under long-term and short-term drought treatment, a series of differentially expressed lncRNAs were identified, and their regulation patterns in mRNA were also investigated in above mentioned materials. The regulation of the target genes of differentially expressed lncRNAs on plant biological functions was studied. It was revealed that the mutant lines had less drought-response related lncRNAs than that of the OE lines. Functional analysis demonstrated that multiple genes were involved in the carbon-fixing and chlorophyll metabolism, such as CDR1, CHLM, and CH1, were regulated by the upregulated lncRNA in OE lines. In LEA-OE, AT4G13180 that promotes the fatty acid synthesis was regulated by five lncRNAs that were upregulated under both long-term and short-term drought treatments. The key genes, including of SHM1, GOX2, and GS2, in the methylglyoxal synthesis pathway were all regulated by a number of down-regulated lncRNAs in OE lines, thereby reducing the content of such harmful compounds produced under stress in plants. This study identified a series of lncRNAs related to the pathways that affect photosynthesis, chlorophyll synthesis, fatty acid synthesis, degradation, and other important effects on drought resistance and oil content. The present study provided a series of lncRNAs for further improvement of crop varieties, especially drought resistant and oil content traits.
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BACKGROUND

Drought is one of the most common abiotic stresses that plants face, and which is a leading cause of crop failure globally (Lesk et al., 2016). In recent years, various studies have focussed on the biology of drought tolerance and laid some foundations on the mechanism underlying the drought resistance of plants. Some important genes and pathways that related to drought stress have been identified, such as the dehydration response element binding proteins (DREBs) (Agarwal et al., 2006) and abscisic acid signal transduction system (Cai et al., 2017). Consequently, these multiple genes involved in a complex regulatory networks related to drought tolerance have posed challenges in the selection of drought tolerance traits in plant breeding. Late embryogenesis abundant group 3 (LEA3) genes are part of a category that could function in the protection of membranes and proteins. Vicinal oxygen chelate (VOC) proteins are members of an enzyme superfamily with a common mechanistic attribute enabled by conserved active site residues. In our previous study, we found that overexpression of LEA3 and VOC genes could increase the drought resistance and oil content in Arabidopsis and B. napus (Liang et al., 2019).

Long non-coding RNA (lncRNA) refers to the RNA that is longer than 200 nucleotides and is not capable of translation into protein. Some IncRNAs can take part in the regulation of response to abiotic stresses with genes (Liu et al., 2013). A large number of lncRNAs have been identified in multiple species with the rapid development of high-throughput sequencing technology, and some of them could be classified as polyadenylic acid and non-polyadenylic acid (Liu et al., 2012, 2013). The lncRNA plays an important role in response to abiotic stress in plants. Previous studies have shown that the regulatory mechanism of lncRNA is very complex. For example, lncRNA could regulate the expression of protein-coding genes in cis or trans format and plays a regulatory role in modification of histones (Wang et al., 2011; Kung et al., 2013). In cassava, 124 lncRNAs under drought treatment that exhibited significant effects on carbohydrate metabolism, the Calvin cycle, light response, and light signalling, have been identified (Ding et al., 2019). Xiao et al. (2019) have identified two lncRNAs (LNC_001148 and LNC_000160) that related to drought resistance of tetraploid cassava, which mediate drought tolerance by regulating the stomatal density (Xiao et al., 2019). Drought-responsive lncRNA has been discovered to play a role as a transcription regulator in tomato, and it has a certain regulatory effect on tolerance-related genes such as stimuli, signalling, and response to transporter activity (Eom et al., 2019). A recent study in Arabidopsis thaliana also identified an important drought-induced lncRNA (lncRNA-DRIR) which had the key role in regulating plant tolerance to drought and salt stress (Qin et al., 2017). In addition, a large number of lncRNAs related to stress have been identified in corn, grape, Tibetan wild barley and pepper (Fei et al., 2019; Pang et al., 2019; Qiu et al., 2019; Wang et al., 2019).

B. napus (AACC, 2n = 38) is an allopolyploid species with a triplicated genome structure and many duplicated genes (Chalhoub et al., 2014). Rapeseed is the third largest oil seed crop in the world, and many areas where it is planted are affected by drought. Thus, it is important to further study the exact roles of genes involved in oil accumulation and response to drought stress conditions.

LEA genes are part of a category that could function in the protection of membranes and proteins. Some studies have suggested that LEA-type proteins could act as water-binding molecules, playing important roles in macromolecule and membrane stabilisation and in ion sequestration (Wang et al., 2003; Chakrabortee et al., 2012). These structural characteristics are related to the prediction of their function in response to desiccation stress (Chakrabortee et al., 2007; Candat et al., 2014). VOC proteins are members of an enzyme superfamily with a common mechanistic attribute enabled by conserved active site residues. Glyoxalase I (GLYI) is a major member of the VOC family. It is a metalloenzyme that participates in the glyoxalase system, which has been reported to be a major pathway for the detoxification of methylglyoxal (MG) in living organisms. GLYI can use one molecule of glutathione (GSH) to convert MG to S-D-lactoylglutathione and functions in abiotic stress response (Singla-Pareek et al., 2003; Mustafiz et al., 2014).

In our previous study, it was revealed that the LEA and VOC proteins were highly expressed in B. napus plants that had high oil content by proteomics analysis (Gan et al., 2013). We also found that most of the BnLEA and BnVOC genes had higher expression levels under drought stress in B. napus (Liang et al., 2016, 2017). The overexpression (OE) of different copies of the drought response genes LEA3 and VOC enhanced both drought tolerance and oil content in B. napus and Arabidopsis. In contrast, oil content and drought tolerance were decreased in the AtLEA3 mutant (atlea3) and AtVOC-RNAi of Arabidopsis and in both BnLEA-RNAi and BnVOC-RNAi B. napus RNAi lines. Hybrids between two lines with increased or reduced expression (LEA3-OE with VOC-OE, atlea3 with AtVOC-RNAi) showed corresponding stronger trends in drought tolerance (Liang et al., 2019).

All these results showed that LEA3 and VOC genes can play an important role in drought response (not only AtLEA and AtVOC genes, but also BnLEA and BnVOC genes). And different transgenic plants lines which can be used for further study, including the OE lines, RNAi lines, knock-out mutants and hybrids. In the previous study, we have demonstrated the differential expression patterns of protein-coding genes and their corresponding effects in important pathways (Liang et al., 2019). In the present study, the expression pattern of lncRNA in each sample, and their effect on the regulation of target genes on plant drought resistance and key pathways related to lipid synthesis were analysed in order to investigate the role of LEA and VOC genes in long-term and short-term drought stress. 2744 known lncRNAs and 1113 new lncRNAs in 56 samples were identified, and a large number of genes, especially in the metabolism of carbon and chlorophyll, that are regulated by lncRNA were observed. Among which, some single genes are regulated by multiple lncRNAs, such as CRD1 are trans-regulated by AT1G07993, AT1G09513, AT5G15845, AT2G08665, AT1G05207, AT3G08795, AT5G02095, and AT2G23672. The current study revealed that lncRNA plays an important role in the regulation of abiotic stress and enhances oil accumulation in Arabidopsis.



MATERIALS AND METHODS


Data Sources

The RNA-seq data of 40 samples from leaf and silique tissues of multi genotypes of Arabidopsis in the present study were from our previous study, including the overexpression of AtLEA, AtVOC, RNAi of AtVOC, and AtLEA mutant (Liang et al., 2019). Detailed sample information is listed in Table 1. Based on these data, we explored the expression levels of known and newly predicted lncRNA, and the expression patterns of lncRNA in transgenic, overexpression, mutation, and RNAi-treated samples under long-term drought treatment and short-term drought treatment conditions were studied, as well as the regulation of the expression of protein-coding genes.


TABLE 1. RNA-seq analysis codes for the drought treatments combining the genotype and sample tissues.
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Data Processing

After removing sequencing adaptors and low-quality sequences using Cutadapt (Martin, 2011), the RNA-seq clean data of each sample was aligned to the Arabidopsis reference genome using HiSAT2 (Kim et al., 2015). RNA-seq alignment results of each sample were further assembled and merged by StringTie (Pertea et al., 2015).



Identification of lncRNAs

To obtain qualified lncRNA candidates, we performed a preliminary filtering of transcripts and predicted the coding potential of the screened transcripts. Four principles were employed in the filtering step (Jia et al., 2020): (1) Transcript length and exon number should be above 200 bp and 2, respectively. (2) Transcripts should be covered by at least five reads in all samples. (3) Transcripts aligned to known mRNAs and other non-coding RNAs (such as rRNA, tRNA, snoRNA, snRNA) of this species should be discarded. (4) The potential lncRNA, intronic lncRNA, and anti-sense lncRNA were identified according to class_code information (“u,” “i,” “x”). Lacking coding ability, the candidate lncRNA transcripts were further measured on coding potential using four methods. The coding-non-coding index (CNCI) (Sun et al., 2013), coding potential calculator (CPC) (Kong et al., 2007), and coding potential assessment tool (CPAT) (Wang et al., 2013) were utilised to calculate the encoding and non-coding capabilities of transcripts. In addition, the protein domains in HMM library were searched in each candidate sequence using pfamscan1 tool to screen out sequences with known protein domains.



Joint Analysis of lncRNA and mRNA

The DESeq (Anders and Huber, 2010) was used for differential expression analysis, and genes with | log2 ratio| ≥ 1 and q < 0.05 as a cut-off for significant differential expression were selected. The lncRNA mainly binds to regulatory regions of protein-coding genes and regulates gene expression in cis or trans formations. For differentially expressed lncRNAs, cis and trans regulation analyses were performed, and their function was indirectly predicted by the target genes. Cis regulation refers to the function of lncRNA that is related to the protein-encoding genes adjacent to it at the genomic locus. Therefore, the prediction method of the target gene for cis regulation is to screen out protein-encoding genes adjacent to lncRNA (upstream and downstream 50 Kb) as target genes. The trans-regulated genes were recognised according to the correlation coefficient of lncRNA and mRNA expression values (pearson correlation coefficient ≥ 0.9 or pearson correlation coefficient ≤ −0.9). Heatmaps of the differentially expressed lncRNA and mRNAs were plotted with the Complexheatmap package (Gu et al., 2016). The qPCR were performed based by the methods in previous study (Liang et al., 2019).



Function Analysis of Differentially Expressed lncRNA Target Genes

The target genes were analysed for enriched GO (Harris et al., 2004) and KEGG categories (Kanehisa and Goto, 2000) by applying hypergeometric tests. An adjusted P-value of 0.05 was used as a threshold for significant enrichment.




RESULTS


The Identification of lncRNAs and Their Expression Patterns

A total of 2,744 known lncRNAs were identified in 40 samples, 1,751, 2,344, 2,203, and 1,631 novel lncRNAs were identified by using CNCI, CPC, and CPAT software, and pfam database, respectively. Among these lncRNAs, 1113 new lncRNAs were shared in the results of all four methods. Compared to lncRNA, the mRNAs presented a larger exon number and a longer gene length (Figures 1, 2A,B).
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FIGURE 1. Numbers of novel lncRNAs in 56 samples (details in Table 1). Novel lncRNAs were identified by using CNCI, CPC, and CPAT software, and compared with the pfam database, respectively.
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FIGURE 2. Comparison of IncRNA and mRNA. (A) Exon numbers of IncRNA and mRNA. (B) Length of IncRNA and mRNA. (C) JS score distribution of IncRNA and mRNA. (D) FPKM distribution of IncRNA and mRNA.


The FPKM of transcripts for mRNA and lncRNA in Arabidopsis were calculated in order to explore the expression patterns of identified lncRNAs, and a lower expression level of lncRNA (Wilcoxon rank sum test P < 0.001) than protein-coding genes were observed (Figure 2D). To quantitatively evaluate the expression specificity of each transcript, an entropy-based metric relying on the Jensen-Shannon (JS) distance was employed to calculate the expression-specific score for each transcript. For each transcript, the maximum JS score of each RNA was considered to be tissue-specific. A large proportion of lncRNA exhibited a higher maximal JS score (Figure 2C), indicating that the identified lncRNA carries a stronger tissue-specificity of expression.



Expression Level of lncRNA in Siliques and Leaves Under Long-Term Drought Treatment

For leaf samples, the RNA sequencing data of AtLEALL, AtVOCLL, AtVOCRNAiLL, mLEALL, AtLEALS, AtVOCLS, AtVOCRNAiLS, and mLEALS were analysed. Compared with WTLS, 209 and 5 differentially expressed lncRNAs in AtLEALS and mLEALS were detected, respectively. Compared with WTLL, 161 and 38 differentially expressed lncRNAs for AtLEALL and mLEALL under long-term treatment conditions were also detected (Figures 3A,B, 4A). The present results indicated that the AtLEA over-expressed lines could induce more changes of lncRNA expression levels than mutant lines under both long-term and short-term drought treatment conditions.
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FIGURE 3. Numbers of differentially expressed lncRNAs in samples. (A,E) Leaves samples in long-term drought; (B,F) leaves samples in short-term drought; (C,G) silique samples in long-term drought; (D,H) silique samples in short-term drought. For leaf samples, by using the wild type long-term treatment sample (WTLL) and wild type short-term treatment sample (WTLS) as controls (the first letter “L” represents leaf samples, the second letters “L” and “S” represent long-term and short-term drought treatments, respectively, the first letter “m” represents mutants). For siliques, using WTSL and WTSS (the first letter “S” represents the silique sample, and the second letter “L” and “S” indicate long-term and short-term drought treatments, respectively, the first letter “m” indicates mutants) as controls.
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FIGURE 4. Heatmaps of differentially expressed lncRNAs in samples. (A) Leaves of LEA relative samples; (B) siliques of LEA relative samples; (C) leaves of VOC relative samples; (D) siliques of VOC relative samples.


For leaf samples focussing on VOC, 19 and 2 differentially expressed lncRNAs were identified from AtVOCLS and AtVOCRNAiLS under short-term drought treatment conditions compared with WTLS, respectively. Of these, only one lncRNA was shared. Under long-term drought treatment, 82 and 48 differentially expressed lncRNAs from AtVOCLL and AtVOCRNAiLL were identified compared with WTLL, respectively. Of which, 16 lncRNAs were shared (Figures 3E,F, 4C). These results indicated that the changes of target genes of lncRNAs that effected by VOC was mainly occurred from long-term drought treatment.

For siliques, the sequencing sample data of AtLEASL, AtVOCRNAiSL, AtVOCSL, mLEASL, ATLEASS, AtVOCRNAiSS, AtVOCSS, and mLEASS were further analysed. For the LEA gene of siliques under short-term treatment, 55 and 51 differentially expressed lncRNAs in samples ATLEASS and mLEASS were detected compared with WTSS, respectively. 50 and 6 differentially expressed lncRNAs for AtLEASL and mLEASL were detected under long-term treatment conditions (Figures 3C,D, 4B). The results indicated that more differentially expressed lncRNA were produced in the mutant lines of LEA under short-term drought treatments.

In silique samples focussing on the VOC gene under short-term treatment 22 and 8 differentially expressed lncRNAs for samples AtVOCRNAiSS and AtVOCSS were detected compared with WTSS, respectively. 175 and 342 differentially expressed lncRNAs in AtVOCRNAiSL and AtVOCSL under long-term treatment conditions were detected (Figures 3G,H, 4D).



Effects of lncRNA Expression Level on Lipid Metabolism and Photosynthetic Carbon Sequestration

It would be enhanced the biosynthesis and attenuated degradation of fatty acid (FA) in the LEA overexpression lines as revealed in our previous study (Liang et al., 2019). KEGG pathway analysis showed that a number of key enzyme genes that involved in FA synthesis and degradation pathways were differentially expressed in these LEA-overexpressing plants. Interestingly, based on lncRNA target gene prediction results, we also discovered that several genes that differentially expressed in the FA synthesis and degradation pathways were regulated by lncRNAs (Figure 5A). These lncRNAs were also differentially expressed in LEA-overexpressing plants. For example, AT4G13180 [NAD (P) -binding Rossmann-fold superfamily protein] was regulated by five differentially expressed lncRNAs.
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FIGURE 5. Key genes expression in crucial pathways. (A,B) Pathways of FA metabolism; (C) porphyrin and chlorophyll metabolism; (D) glyoxylate and dicarboxylate metabolism.


VOC genes were actively involved in FA degradation and FA elongation, and multiple genes related to FA degradation were downregulated in VOC over-expressed samples (Liang et al., 2019). The lncRNA analysis revealed that only few FA-related genes were regulated by lncRNA in VOC over-expressed samples (Figure 5B). Ten differentially expressed lncRNAs exhibited a regulatory function on AT4G13180. Moreover, the regulation patterns of these lncRNAs on AT4G13180 were not consistent. The lncRNAs AT1G09627, AT3G24518, and AT2G35945 were downregulated in AtVOCSL, and lncRNA MSTRG.35793 was upregulated in AtVOCSL.

The KEGG pathway analysis of the lncRNA target genes also showed that the genes involved in carbon fixation and chlorophyll metabolism of photosynthetic organisms could be regulated by multiple lncRNAs. Most of the lncRNAs that regulate these genes were upregulated in LEA-overexpressing samples (Figure 5C). However, the expression level of lncRNAs in samples did not exhibit a significant difference under short-term drought conditions. In long-term drought conditions, lncRNAs in AtLEA overexpressing samples tended to play a regulatory role (Figure 5C) to assist the plants to obtain a stronger photosynthetic capacity and thus stronger drought resistance.

Metabolism of glyoxylic acid and dicarboxylic acid as well as plant hormone signal transduction, was vigorous in the leaves of transgenic rapeseed VOC gene overexpression samples. Additionally, the results of lncRNA target genes analysis indicated that the extensively downregulated lncRNAs were involved in the regulation of genes involved in the metabolism of glyoxylate, dicarboxylic acid, and transduction of plant hormone signals (Figure 5D). In the short-term drought treatment, AGT, GOX1, GOX2, and PMDH2 genes were regulated by several upregulated lncRNAs, which further revealed that glyoxylate metabolism and oxygen-related metabolic processes were affected by VOC genes (Figure 5D).



GO Enrichment of Target Genes of Differentially Expressed lncRNAs

GO analysis was performed on the target genes of differentially expressed lncRNAs. In the silique of LEA-overexpressing plants, genes regulated by upregulated lncRNA under short-term or long-term drought treatment were significantly enriched in transferase activity, transferring acyl groups, and acyl groups converted into alkyl groups on transfer (Figures 6C,D). Moreover, under short-term drought treatment, downregulated lncRNA also affected the genes that related to the regulation of endosperm development, lipid transport, and lipid localisation in LEA-overexpressing plants. In contrast, lncRNA of the mutant plants under long-term treatment did not exhibit a significant effect on the functions of these genes, but under short-term treatment, a downregulating effect on genes with functions such as regulation of endosperm development was observed.
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FIGURE 6. GO enrichment of differentially expressed lncRNAs in samples. (A,E) Leaves samples in long-term drought; (B,F) leaves samples in short-term drought; (C,G) silique samples in long-term drought; (D,H) silique samples in short-term drought.


In leaves, overexpression of LEA affected multiple genes that related to photosynthesis and stress resistance (Figures 6A,B). Under short-term and long-term treatment conditions, the target genes of up-regulated lncRNA in the chloroplast envelope, chloroplast, photosynthetic membrane and chloroplast were enriched. Moreover, additional functions such as response to stress and oxygen-containing compounds were also regulated by lncRNA during short-term treatment. These results suggested that a number of genes related to stress resistance are rapidly regulated by lncRNA in Arabidopsis in early stage of treatment under the condition of LEA overexpression, while stress responses that are based on the lncRNA regulation are fewer in the mutant plants under short-term drought treatment.

Compared with LEA, the overexpression of VOC genes induced more lncRNAs in leaves (especially upregulated lncRNA) to participate in the regulation of photosynthesis and stress-related genes (Figures 6E,F). Under short-term treatment, the target genes in AtVOC over-expressing plants were mainly participated in the regulation of photosynthesis. Notably, in AtVOCRNAi plants, short-term treatment did not stimulate the regulation of stress and photosynthesis by lncRNA, but was consistent with AtVOCLS under long-term conditions (Figures 6G,H).

AtVOC over-expressing plants produced upregulated lncRNA mostly under long-term drought treatment, which significantly regulated the carbohydrate biosynthetic process, response to salicylic acid, and other functions. For AtVOCRNAi-treated plants, regardless of short-term or long-term drought treatment, down-regulated lncRNA were produced in response to some of the above functions, indicating that the suppression of the VOC gene had a negative effect on short-term stress and long-term adaptation of plants, which was not conducive to plant resistance to stress.



Specific Expression Pattern of lncRNA Trans-Regulatory Target Genes

The trans-regulatory target genes of the differentially expressed lncRNAs were predicted by the absolute values of correlation coefficient between lncRNA and mRNA expression values. A heatmap was used to show the expression pattern of differentially expressed lncRNAs and its target genes (Figure 7). The figure indicates that the expression pattern of these target genes were line-specific. The trans-regulatory target genes were almost all high expressed in WTLS, mLEALS, AtVOCRNAiLS, and WTSS (Figures 7A,C,D). Meanwhile, as Figure 7 shows, the expression level of lncRNAs were lower than its trans-regulatory target genes.
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FIGURE 7. Heatmaps of IncRNAs and target mRNAs. (A) Leaves of LEA relative samples; (B) siliques of LEA relative samples; (C) leaves of VOC relative samples; (D) siliques of VOC relative samples.





DISCUSSION

The stomata of LEA and VOC-OE transgenetic lines were regularly closed under drought conditions, which could maintain their normal shape and function, while the leaf surface of the wide type were possessed more wrinkles and tended to dry up under drought stress. Previous studies have shown that a number of drought marker genes, including RD29A, SnRK2.6, and RbohD, were highly expressed in the OE line (Liang et al., 2019), However, it was mainly focussed on the changes in the expression of coding genes and essential pathways, such as ABA signalling and photosynthesis pathways. In the present study, we focussed on the changes of lncRNA expression and the effects of these differentially expressed lncRNAs on the regulation of coding genes against drought. The previous study showed that VOC genes were able to affect late silique development under drought conditions (Liang et al., 2019). The present results further suggest that lncRNA is more likely to participate in the regulation of VOC genes during late silique development. At the same time, the present results shown that compared to the lncRNA, the mRNAs had a larger exon number and a longer gene length (Figures 1, 2A,B), which concurs with a previous study (Lagarde et al., 2017). An expression difference between mRNA and lncRNA is also consistent with previous reports (Deng et al., 2018). The identified lncRNA carries a stronger tissue-specificity of expression (Figure 2C), which is consistent with previous findings that the expression pattern is heterogeneous between lncRNA and mRNA (Chen et al., 2018).

Studies on various plants, such as rice and cotton have shown that lncRNAs are essential to the resistance of plants to drought stress (Chen et al., 2018; Deng et al., 2018). Predicting the function of lncRNA target genes could accelerate the study of lncRNAs. The predicated possible target genes of differentially expressed lncRNAs revealed that some target genes were significantly enriched in different pathways. Photosynthesis is fundamental in the synthesis of carbohydrates, which is a critical raw material for plants to further synthesise fatty acids. The photosynthesis-related genes analysis results indicated that the carbon fixation and chlorophyll metabolism of photosynthetic organisms were upregulated in LEA overexpression lines, and LEA was able to activate plants to improve photosynthesis capacity under drought stress (Liang et al., 2019). Furthermore, under adverse environments, lncRNA participates in regulating photosynthetic pathways, which are essential for plants to resist stress (Scherer et al., 1984; Colom and Vazzana, 2003; Xu et al., 2019; Zeng et al., 2019). When the genes are far away from lncRNAs, regulation occurs through trans-action, and then the expression levels of target genes were changed. These trans-action lncRNAs can guide ribonucleoprotein (RNP) complexes to specific genome locations or recruit chromatin-modifying enzymes to target genes (Wu et al., 2020). This study revealed that, a large number of up-regulated lncRNAs were involved in trans-regulation of target genes involved in photosynthesis and chlorophyll synthesis pathways in LEA-overexpressing plants, among which, some genes were trans-regulated by multiple lncRNAs. CRD1 and CHLM are essential genes in the process of chlorophyll synthesis (Kobayashi and Masuda, 2016; Herbst et al., 2018; Zubo et al., 2018), the present study revealed that the CRD1 was trans-regulated by eight lncRNAs including AT1G07993, AT1G09513, AT5G15845, AT2G08665, AT1G05207, AT3G08795, AT5G02095, and AT2G23672; and the CHLM was trans-regulated by six lncRNAs including AT1G07693, AT1G05207, AT5G07885, AT1G09927, AT5G02095, and AT2G23672. In Cucumis, the CHLM was regulated by LINC-chc01G00070-1 when the plant response to allopolyploidization, indicating that CHLM is involved in the lncRNA-mediated regulatory mechanisms (Wang et al., 2020). The fact that a large number of upregulated lncRNAs were involved in the regulation of these genes, further reveals that lncRNA regulation of the photosynthesis and chlorophyll synthesis pathways is a key factor in trigging the stress response in plants. Pearson correlation analysis also showed that these lncRNAs were positively correlated with CRD1 and CHLM. In addition, CRD1 and CHLM were significantly upregulated in LEA-overexpressing lines. The maintenance of chlorophyll synthesis in leaves may assist plants to enhance photosynthesis in arid environments, thereby further promoting the accumulation of FA. The lncRNA in LEA-OE and VOC-OE strains exhibited a positive regulatory effect on photosynthetic efficiency, which could further enhance the drought resistance and promote lipid accumulation.

In the leaves of VOC-overexpressing plants, lncRNA also showed very interesting results in the regulation of methylglyoxal (MG). MG is a highly cytotoxic and mutagenic compound. Under normal growth conditions, the basal level of MG in plants is low, and it acts as an important signalling molecule. However, when the plant is subjected to abiotic stress, MG can accumulate, and acts as a toxic molecule under this situations, inhibiting different developmental processes, including seed germination, photosynthesis, and root growth (Hoque et al., 2016; Li et al., 2017), a large number of down-regulated lncRNAs in VOC-OE were involved in the regulation of the MG synthesis pathway were observed. The key genes, including SHM1, GOX2, and GS2, involved in the methylglyoxal synthesis pathway, were all regulated by multiple down-regulated lncRNAs, which were positively correlated with the expression levels of SHM1, GOX2, and GS2. Through such regulation, the accumulation of MG was reduced. In another study, the GOX2 was trans-regulated by lncRNA MSTRG.14375 under infection of downy mildew in Chinese cabbage (Zhang et al., 2021). That study shows that GOX2 is the target of lncRNA regulation in response to stress. These results indicated that when VOC is overexpressed in Arabidopsis, lncRNAs produced under drought stress were able to regulate the glyoxylate enzyme system to a certain extent, and thus could be a factor in the response to drought stress.

Previous studies (Liang et al., 2019) have demonstrated that the oil content of LEA-OE and VOC-OE lines has increased. Under drought stress conditions, LEA-OE would drive seeds to form a stable and thick cell membrane to protect lipid synthesis in plants. In the siliques of the VOC and LEA overexpression lines, lncRNAs were not intensively involved in the regulation of the fatty acid synthesis pathway. However, but a few genes were still regulated by multiple differentially expressed lncRNAs, for example in LEA-OE, AT4G13180 was regulated by seven lncRNAs, of which five were upregulated, both under long-term and short-term drought treatments, and this promoted fatty acid synthesis.



CONCLUSION

In summary, the changes in lncRNA caused by the expression of LEA and VOC genes may be related to the drought tolerance and oil content of Arabidopsis thaliana, and the lines that overexpressed these two genes showed strong drought resistance and oil production. LEA and VOC increase photosynthetic efficiency and reduce reactive oxygen species under drought stress. For future breeding purposes, one of the regulatory methods to achieve this goal is to regulate the key genes involved in these two pathways through up-regulation and down-regulation of the related lncRNAs. Consequently, these drought-responsive lncRNAs not only played a role in the drought stress, but also promote oil accumulation, which requires further investigation. In short, this study provides a novel perspective for the study of the relationship between oil accumulation and drought resistance from the regulatory relationship between lncRNA and mRNA, offering a new approach to further promote the breeding of oil crops.
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Supplementary Table 7 | Differentially expressed lncRNAs between AtLEALS and WTLS samples.

Supplementary Table 8 | Differentially expressed lncRNAs between AtLEASL and WTSL samples.

Supplementary Table 9 | Differentially expressed lncRNAs between AtLEASS and WTSS samples.

Supplementary Table 10 | Differentially expressed lncRNAs between AtVOCLL and WTLL samples.

Supplementary Table 11 | Differentially expressed lncRNAs between AtVOCLS and WTLS samples.

Supplementary Table 12 | Differentially expressed lncRNAs between AtVOCSL and WTSL samples.

Supplementary Table 13 | Differentially expressed lncRNAs between AtVOCSS and WTSS samples.

Supplementary Table 14 | Primers used in qPCR.



ABBREVIATIONS

lncRNAs, Long non-coding RNAs; OE, over-expressed; DREBs, dehydration response element binding proteins; CNCI, coding-non-coding index; CPC, coding potential calculator; CPAT, coding potential assessment tool; JS, Jensen-Shannon; WTLL, wild type long-term treatment samples; WTLS, wild type short-term treatment samples.



FOOTNOTES

1https://www.ebi.ac.uk/Tools/pfa/pfamscan/



REFERENCES

Agarwal, P. K., Agarwal, P., Reddy, M. K., and Sopory, S. K. (2006). Role of DREB transcription factors in abiotic and biotic stress tolerance in plants. Plant Cell Rep. 25, 1263–1274. doi: 10.1007/s00299-006-0204-8

Anders, S., and Huber, W. (2010). Differential expression analysis for sequence count data. Genome Biol. 11:R106. doi: 10.1186/gb-2010-11-10-r106

Cai, S., Chen, G., Wang, Y., Huang, Y., Marchant, D. B., Wang, Y., et al. (2017). Evolutionary conservation of ABA signaling for stomatal closure. Plant Physiol. 174, 732–747. doi: 10.1104/pp.16.01848

Candat, A., Paszkiewicz, G., Neveu, M., Gautier, R., Logan, D. C., Avelange-Macherel, M. H., et al. (2014). The ubiquitous distribution of late embryogenesis abundant proteins across cell compartments in Arabidopsis offers tailored protection against abiotic stress. Plant Cell 26, 3148–3166. doi: 10.1105/tpc.114.127316

Chakrabortee, S., Boschetti, C., Walton, L. J., Sarkar, S., Rubinsztein, D. C., and Tunnacliffe, A. (2007). Hydrophilic protein associated with desiccation tolerance exhibits broad protein stabilization function. Proc. Natl. Acad. Sci. U.S.A. 104, 18073–18078. doi: 10.1073/pnas.0706964104

Chakrabortee, S., Tripathi, R., Watson, M., Kaminski Schierle, G. S., Kurniawan, D. P., Kaminski, C. F., et al. (2012). Intrinsically disordered proteins as molecular shields. Mol. Biosyst. 8, 210–219. doi: 10.1039/c1mb05263b

Chalhoub, B., Denoeud, F., Liu, S., Parkin, I. A. P., Tang, H., Wang, X., et al. (2014). Early allopolyploid evolution in the post-neolithic Brassica napus oilseed genome. Science 345, 950–953. doi: 10.1126/science.1253435

Chen, L., Zhang, Y. H., Pan, X., Liu, M., Wang, S., Huang, T., et al. (2018). Tissue expression difference between mrnas and lncrnas. Int. J. Mol. Sci. 19:3416. doi: 10.3390/ijms19113416

Colom, M. R., and Vazzana, C. (2003). Photosynthesis and PSII functionality of drought-resistant and drought-sensitive weeping lovegrass plants. Environ. Exp. Bot. 49, 135–144. doi: 10.1016/S0098-8472(02)00065-5

Deng, P., Liu, S., Nie, X., Weining, S., and Wu, L. (2018). Conservation analysis of long non-coding RNAs in plants. Sci. China Life Sci. 61, 190–198. doi: 10.1007/s11427-017-9174-9

Ding, Z., Tie, W., Fu, L., Yan, Y., Liu, G., Yan, W., et al. (2019). Strand- specific RNA-seq based identification and functional prediction of drought-responsive lncRNAs in cassava. BMC Genomics 20:214. doi: 10.1186/s12864-019-5585-5

Eom, S. H., Lee, H. J., Lee, J. H., Wi, S. H., Kim, S. K., and Hyun, T. K. (2019). Identification and functional prediction of drought-responsive long non-coding RNA in tomato. Agronomy 9:629. doi: 10.3390/agronomy9100629

Fei, X., Shi, Q., Liu, Y., Yang, T., and Wei, A. (2019). RNA sequencing and functional analyses reveal regulation of novel drought-responsive, long-non-coding RNA in Zanthoxylum bungeanum Maxim. Plant Growth Regul. 90, 425–440. doi: 10.1007/s10725-019-00541-y

Gan, L., Zhang, C. Y., Wang, X. D., Wang, H., Long, Y., Yin, Y. T., et al. (2013). Proteomic and comparative genomic analysis of two Brassica napus lines differing in oil content. J. Proteome Res. 12, 4965–4978. doi: 10.1021/pr4005635

Gu, Z., Eils, R., and Schlesner, M. (2016). Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics 32, 2847–2849. doi: 10.1093/bioinformatics/btw313

Harris, M. A., Clark, J., Ireland, A., Lomax, J., Ashburner, M., Foulger, R., et al. (2004). The Gene Oncology (GO) database and informatics resource. Nucleic Acids Res. 32, D258–D261. doi: 10.1093/nar/gkh036

Herbst, J., Girke, A., Hajirezaei, M. R., Hanke, G., and Grimm, B. (2018). Potential roles of YCF54 and ferredoxin-NADPH reductase for magnesium protoporphyrin monomethylester cyclase. Plant J. 94, 485–496. doi: 10.1111/tpj.13869

Hoque, T. S., Hossain, M. A., Mostofa, M. G., Burritt, D. J., Fujita, M., and Tran, L. S. P. (2016). Methylglyoxal: an emerging signaling molecule in plant abiotic stress responses and tolerance. Front. Plant Sci. 7:1341. doi: 10.3389/fpls.2016.01341

Jia, X., Tang, L., Mei, X., Liu, H., Luo, H., Deng, Y., et al. (2020). Single-molecule long-read sequencing of the full-length transcriptome of Rhododendron lapponicum L. Sci. Rep. 10:6755. doi: 10.1038/s41598-020-63814-x

Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

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

Kobayashi, K., and Masuda, T. (2016). Transcriptional regulation of tetrapyrrole biosynthesis in Arabidopsis thaliana. Front. Plant Sci. 7:1811. doi: 10.3389/fpls.2016.01811

Kong, L., Zhang, Y., Ye, Z. Q., Liu, X. Q., Zhao, S. Q., Wei, L., et al. (2007). CPC: assess the protein-coding potential of transcripts using sequence features and support vector machine. Nucleic Acids Res. 35, W345–W349. doi: 10.1093/nar/gkm391

Kung, J. T. Y., Colognori, D., and Lee, J. T. (2013). Long noncoding RNAs: past, present, and future. Genetics 193, 651–669. doi: 10.1534/genetics.112.146704

Lagarde, J., Uszczynska-Ratajczak, B., Carbonell, S., Pérez-Lluch, S., Abad, A., Davis, C., et al. (2017). High-throughput annotation of full-length long noncoding RNAs with capture long-read sequencing. Nat. Genet. 49, 1731–1740. doi: 10.1038/ng.3988

Lesk, C., Rowhani, P., and Ramankutty, N. (2016). Influence of extreme weather disasters on global crop production. Nature 529, 84–87. doi: 10.1038/nature16467

Li, Z. G., Duan, X. Q., Min, X., and Zhou, Z. H. (2017). Methylglyoxal as a novel signal molecule induces the salt tolerance of wheat by regulating the glyoxalase system, the antioxidant system, and osmolytes. Protoplasma 254, 1995–2006. doi: 10.1007/s00709-017-1094-z

Liang, Y., Kang, K., Gan, L., Ning, S., Xiong, J., Song, S., et al. (2019). Drought-responsive genes, late embryogenesis abundant group3 (LEA3) and vicinal oxygen chelate, function in lipid accumulation in Brassica napus and Arabidopsis mainly via enhancing photosynthetic efficiency and reducing ROS. Plant Biotechnol. J. 17, 2123–2142. doi: 10.1111/pbi.13127

Liang, Y., Wan, N., Cheng, Z., Mo, Y., Liu, B., Liu, H., et al. (2017). Whole-genome identification and expression pattern of the vicinal oxygen chelate family in rapeseed (Brassica napus L.). Front. Plant Sci. 8:745. doi: 10.3389/fpls.2017.00745

Liang, Y., Xiong, Z., Zheng, J., Xu, D., Zhu, Z., Xiang, J., et al. (2016). Genome-wide identification, structural analysis and new insights into late embryogenesis abundant (LEA) gene family formation pattern in Brassica napus. Sci. Rep. 6:24265. doi: 10.1038/srep24265

Liu, J., Jung, C., Xu, J., Wang, H., Deng, S., Bernad, L., et al. (2012). Genome-wide analysis uncovers regulation of long intergenic noncoding RNAs in arabidopsisC W. Plant Cell 24, 4333–4345. doi: 10.1105/tpc.112.102855

Liu, T. T., Zhu, D., Chen, W., Deng, W., He, H., He, G., et al. (2013). A global identification and analysis of small nucleolar RNAs and possible intermediate-sized non-coding RNAs in Oryza sativa. Mol. Plant 6, 830–846. doi: 10.1093/mp/sss087

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10–12. doi: 10.14806/ej.17.1.200

Mustafiz, A., Ghosh, A., Tripathi, A. K., Kaur, C., Ganguly, A. K., Bhavesh, N. S., et al. (2014). A unique Ni2 + -dependent and methylglyoxal-inducible rice glyoxalase I possesses a single active site and functions in abiotic stress response. Plant J. 78, 951–963. doi: 10.1111/tpj.12521

Pang, J., Zhang, X., Ma, X., and Zhao, J. (2019). Spatio-temporal transcriptional dynamics of maize long non-coding RNAs responsive to drought stress. Genes (Basel) 10:138. doi: 10.3390/genes10020138

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

Qin, T., Zhao, H., Cui, P., Albesher, N., and Xionga, L. (2017). A nucleus-localized long non-coding rna enhances drought and salt stress tolerance. Plant Physiol. 175, 1321–1336. doi: 10.1104/pp.17.00574

Qiu, C. W., Zhao, J., Chen, Q., and Wu, F. (2019). Genome-wide characterization of drought stress responsive long non-coding RNAs in Tibetan wild barley. Environ. Exp. Bot. 164, 124–134. doi: 10.1016/j.envexpbot.2019.05.002

Scherer, S., Ernst, A., Chen, T. W., and Böger, P. (1984). Rewetting of drought-resistant blue-green algae: time course of water uptake and reappearance of respiration, photosynthesis, and nitrogen fixation. Oecologia 62, 418–423. doi: 10.1007/BF00384277

Singla-Pareek, S. L., Reddy, M. K., and Sopory, S. K. (2003). Genetic engineering of the glyoxalase pathway in tobacco leads to enhanced salinity tolerance. Proc. Natl. Acad. Sci. U.S.A. 100, 14672–14677. doi: 10.1073/pnas.2034667100

Sun, L., Luo, H., Bu, D., Zhao, G., Yu, K., Zhang, C., et al. (2013). Utilizing sequence intrinsic composition to classify protein-coding and long non-coding transcripts. Nucleic Acids Res. 41:e166. doi: 10.1093/nar/gkt646

Wang, K. C., Yang, Y. W., Liu, B., Sanyal, A., Corces-Zimmerman, R., Chen, Y., et al. (2011). A long noncoding RNA maintains active chromatin to coordinate homeotic gene expression. Nature 472, 120–124. doi: 10.1038/nature09819

Wang, L., Park, H. J., Dasari, S., Wang, S., Kocher, J. P., and Li, W. (2013). CPAT: coding-potential assessment tool using an alignment-free logistic regression model. Nucleic Acids Res. 41:e74. doi: 10.1093/nar/gkt006

Wang, P., Dai, L., Ai, J., Wang, Y., and Ren, F. (2019). Identification and functional prediction of cold-related long non-coding RNA (lncRNA) in grapevine. Sci. Rep. 9, 1–15. doi: 10.1038/s41598-019-43269-5

Wang, P., Yu, X., Zhu, Z., Zhai, Y., Zhao, Q., Meng, Y., et al. (2020). Global profiling of lncRNAs expression responsive to allopolyploidization in cucumis. Genes (Basel) 11:1500. doi: 10.3390/genes11121500

Wang, W., Vinocur, B., and Altman, A. (2003). Plant responses to drought, salinity and extreme temperatures: towards genetic engineering for stress tolerance. Planta 218, 1–14. doi: 10.1007/s00425-003-1105-5

Wu, L., Liu, S., Qi, H., Cai, H., and Xu, M. (2020). Research progress on plant long non-coding RNA. Plants 9:408. doi: 10.3390/plants9040408

Xiao, L., Shang, X. H., Cao, S., Xie, X. Y., Zeng, W. D., Lu, L. Y., et al. (2019). Comparative physiology and transcriptome analysis allows for identification of lncRNAs imparting tolerance to drought stress in autotetraploid cassava. BMC Genomics 20:514. doi: 10.1186/s12864-019-5895-7

Xu, L., Fan, J., and Wang, Q. (2019). Omics application of bio-hydrogen production through green alga chlamydomonas reinhardtii. Front. Bioeng. Biotechnol. 7:201. doi: 10.3389/fbioe.2019.00201

Zeng, M., He, S., Hao, L., Li, Y., Zheng, C., and Zhao, Y. (2019). Conjoint analysis of genome-wide lncrna and mrna expression of heteromorphic leavesin response to environmental heterogeneityin populus euphratica. Int. J. Mol. Sci. 20:5148. doi: 10.3390/ijms20205148

Zhang, B., Su, T., Li, P., Xin, X., Cao, Y., Wang, W., et al. (2021). Identification of long noncoding RNAs involved in resistance to downy mildew in Chinese cabbage. Hortic. Res. 8, 1–15. doi: 10.1038/s41438-021-00479-1

Zubo, Y. O., Blakley, I. C., Franco-Zorrilla, J. M., Yamburenko, M. V., Solano, R., Kieber, J. J., et al. (2018). Coordination of chloroplast development through the action of the GNC and GLK transcription factor families. Plant Physiol. 178, 130–147. doi: 10.1104/pp.18.00414


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.

Copyright © 2021 Chen, Huang, Liu, Liang and Li. 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/fpls-12-643182-t001.jpg
Code Genotype Drought Sample tissue
treatment
AtLEALL Over expression of AtLEA Long-term Leaves
AtVOCLL Over expression of AtVOC Long-term Leaves
mLEALL Mutant of AtLEA Long-term Leaves
AtVOCRNAILL RNAi of AtVOC Long-term Leaves
WTLL Wild type Long-term Leaves
AtLEALS Over expression of AtLEA Short-term Leaves
AtVOCLS Over expression of AtVOC Short-term Leaves
mLEALS Mutant of AtLEA Short-term Leaves
AtVOCRNAILS RNAi of AtVOC Short-term Leaves
WTLS Wild type Short-term Leaves
AtLEASL Over expression of AtLEA Long-term Silique
AtVOCSL Over expression of AtVOC Long-term Silique
mLEASL Mutant of AtLEA Long-term Silique
AtVOCRNAISL RNAi of AtVOC Long-term Silique
WTSL Wild type Long-term Silique
AtLEASS Over expression of AtLEA Short-term Silique
AtVOCSS Over expression of AtVOC Short-term Silique
mLEASS Mutant of AtLEA Short-term Silique
AtVOCRNAISS RNAi of AtVOC Short-term Silique
WTSS Wild type Short-term Silique






OPS/images/fpls-12-643182-g002.jpg
mMRNA IncRNA
40

Density

10

IncRNA vs mRNA B IncRNA vs mRNA

3000 1500

2500

o

2000 <Z( 1000
1500 0
&)
1000 = 500
500
lm_ 0 0
12000 ST
10000 —_—
8000 <ZE
3000
6000 X
AR e 2000
2000 1000
q,yq,ch“»b“b‘bQ‘bb“b‘b'bQO 5 °
NI N I L I L LSOO S
4 Q ,9°,19°,5e° @Q@%,@,\Q%@Q@'\@\@'39\,,909 DS S, WQQ q:s ({}9 &Q‘»@ qu° q‘,°° q,'\Q q:@ @:/,,50
exon number length
L] - -
JS Score Distribution D FPKM Distribution
{e]
_ = LncRNA -
= mRNA —
m —
ﬂ —
—
F
+
=
a
ﬁ -
7 L.
S
?
- N
F ] ]
_ o e
I I I I I I T T
0.0 0.2 0.4 0.6 0.8 1.0 IncRNA mBNA

Maximal specificity JS score





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Transcriptome Profile Analysis of Arabidopsis Reveals the Drought Stress-Induced Long Non-coding RNAs Associated With Photosynthesis, Chlorophyll Synthesis, Fatty Acid Synthesis and Degradation



		BACKGROUND



		MATERIALS AND METHODS



		Data Sources



		Data Processing



		Identification of lncRNAs



		Joint Analysis of lncRNA and mRNA



		Function Analysis of Differentially Expressed lncRNA Target Genes













		RESULTS



		The Identification of lncRNAs and Their Expression Patterns



		Expression Level of lncRNA in Siliques and Leaves Under Long-Term Drought Treatment



		Effects of lncRNA Expression Level on Lipid Metabolism and Photosynthetic Carbon Sequestration



		GO Enrichment of Target Genes of Differentially Expressed lncRNAs



		Specific Expression Pattern of lncRNA Trans-Regulatory Target Genes









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES











OPS/images/fpls-12-643182-g003.jpg
A AtLEALL WTLL mLEALL WTLL B AtLEALS WTLS mLEALS WTLS C AtLEASL_WTSL mLEASL_WTSL

D AtLEASS_WTSS mLEASS WTSS E AtVOCLL_WTLL AtVOCRNAiILL WTLL F AtVOCLS_WTLS AtVOCRNALILS WTLS

AtVOCSL_WTSL AtVOCRNAiSL WTSL AtVOCSS_WTSS AtVOCRNA1SS WTSS





OPS/images/fpls-12-643182-g001.jpg





OPS/images/fpls-12-643182-g006.jpg
A GO_enrichment

=
Z
m
>
b=
=
3
i
e
T

3
2
m
>
z
F
=
5
3
5
c
]

P4
z
m
>
T
g
3
E
T
o
(o]
s
=

GO_enrichment

Z2x
< s
o O
QO
F2
=
$E
=D
L3
L=
¢
o

P4
5
£)
=
3
E
T
8
=
=

P4
<
(o]
(]
Pl
=
>
=
3
E
T
8
b3
z

B GO_enrichment

C

photosynthesls light reaction ! response to stimulus !
photos: 0.05 response to stress 0:05
response to I|ght stimulus response to oxygen containing compound
photosystem I assembly photosynthes
esponse to sti photosyntheshls Ilght reaction
response to horm
carbohydrate blosynthetlc process response to light st|mu|us
e Sl_e to hormone o response to salicylic aci 4
metabolic process sponse to jasmonic aci
esponse to stres regulation of hormone levels
respons oxygen-— contalnlng compound response to abscisic acid
response to abscisic aci photosystem Il assembly
response to gibberelli f:gbg%drta(}e :"OZ}’QItIhe“C process u
response to jasmonic acid mefabolic prgc ss
regulation of hormone levels abscisic acid transport
response to salicylic acid chloroplast par
abscisic acid transpor photosynthetic membrane
mloropla ten ope chloroplas
chlorop! | chloroplast envelope =
pho osynthetlc membrane A - 2
chloroplast part 2B )
3 preg 2
b k- 2
Z b oHo S
(A dcou
= SS90 g
2 22
3
=3
z
; GO_enrichment
photosynthesis, light reaction - pho osynthes
Phot}OSYfmh?S N : ph tosynthesrs Ilght reaction
carbon fixatiol hotosystem Il assembl
photosystem Il assembly 2arbony ixation Y
f;ssg(?::gc(;ase:jegght harvesting complex Il catabolic process carbohydrate derlvative metabolic process
respons

carbohydrate denvatlve metabollc process
photosynthetlc mem
chloropla:
chloroplast thylakoid
thylakoid membrane
chloroplast stroma
thylakoid
chloroplast envelope
plastid thylakoid
photosystem
photosystem |
chloroplast part
thylakoid par
photosystem | reaction center

PSII assocrated Ilght—harvestmg complex Il catabolic process

thylakoid membrane
hylakoi

chloroplast thylak0|d
plastid thylakoid

pho tosynthetlc membrane
th d part

p!
¢
¢l
photosystem |
ol
cl
p!

ope
hotosystem | reactlon center

dN-STLM STOONV

dN-STLM STVNYOOAY
NMOQ-STLM STO0AW

NMOQ-STLM STVYNYOOAY

dN-1SIM ISYITW

NMOG-1SLIM 1SYI TV

NMOG-1SIM ISV Tw

GO_enrichment

Ilpld biosynthetic process
regulation of response to stimulus
fatty acid biosynthetic process

Iipivd transport

p g
response to lipid
lipid localization
lipid storage
extracellular region
T

D

GO_enrichment

0.05

transfer

ansferase activity,
id bindin,

igase activit

transferase activity

igase activity, forming carbon-nitrogen bonds

P Yy

atty acid elongase activity
fatty acid synthase activity

than amino-acyl groups

dN-SSLM SSYILY
NMOG-SSLM SSVI W

dN-SSIM SsSvaTw
NMOQ-SSLM SSVYILY

GO_enrichment

. A
0.05
0

dN-TSLM ISOOAY
dN-1SLM 1SIVNEOOAY
NMOG-1SLM 1SO0NY

NMOQ-1SLM ISIVNEOOAY

carbohydrate blosynthetlc process
ic

Q

salicyl 0.05

stress
ponse to abscisic acid
ponse to oxygen—containing compound
ulation of hormone levels
ponse to hormone 0
esponse to Jasmonlc acid
response to gibberellin
photosynthesis, light reaction

hotosynthes
response to Ilght stlmulus
tabolic p
pnoto ys tem II assembly

abscisic acid transport

photosynthetic membrane
hloroplast

Iipiad transport
lipid localization

lipiud biosynthetic process
fatty acid biosynthetic process

response to Iipid

llpld storage
ex(racellular reglon

Ilpld binding
llgase activity, formlng carbon nltrogen bonds

than amino-acyl groups
ligase activity

transferase activit)

fatty acid elongase activity

fatty acid synthase activity

GO_enrichment
response to oxygen- contalnlng compound
response to jasmonic a
nse to abscmc aC|d
S!

response to glbberellln

photosyntl
carbohydrate blosynthet|c process
m etabollc pro
photosystem II mbly
pnotosyntheS|s I|ght reaction
abscisic amd transport
chloropla
chlol roplast envelope
chloroplast
pnotosynthetlc membrane
2222
558585
0000
w3 na
CE° g
3830
R e
T8SG
cig
s
z

1
0.05





OPS/images/fpls-12-643182-g007.jpg
Gene-exp-cluster

Gene-exp—cluster

et_mRNA_value

10
8
4
2
0
et
8
6
4
2
0

Q
=
(2]
>
<«
=
o
(%]
£

ta I'q

SSvy3aw

SS1M

Isvaw

Gene-exp—cluster

SSVav

ikt

VNYW 1o61e)

VNS

t_mRNA_value

10~
8
6

4
2

* IncRNA_value

targe

SIvVamv

T1LM

TvIw

TIVITNV

Gene-exp-cluster

SIvauw

ST1M

VNYW 1061e]

VNHU|

10 ~
et_mRNA_value
10

2

IncRNA_value

: targ

=

SS1IM

SSOONYV

SSIVNHOOAV

1SOONY
7 _ _ ISIVNHOONAY

VNYoU|

g

VNYw jeble)

10
8

%t_mRNA value
8

©

4
2

[
=
©
>
<
=
14
o
£

I.

O o
=
]
-

<t N O
N
5 TIDONIY

T1LM

TIVNIOONY

o

STOONY

STVNHOONV

STLM

VN&2U|

VNYW 1o6ie)





OPS/images/fpls-12-643182-g004.jpg
Color Ke

0 4 8
Value

Color Ke

Value

0 4 8

SSVI1LV

asv3aqu

SS1IM

ISIM

ASvav

SsSv3auw

TIvaw

TI1LM

TIVINV

STIM

Svaw

sSvanv

Color Ke

s

Color Kel

SSIVNYOOAWV

SSOONV

SS1M

IS1IM

ISIVNYOOAV

1SO0OAWV

STIVNAUDOAIV

STO0AWV

ST11IM

TTVNIIOOAWV

T1LM

TTO0AWV





OPS/images/fpls-12-643182-g005.jpg
C |tr‘llc cycle (TCA cycle)
ovate
seauence:AtLEASL, AtLEAss [
log2(Sample/
WT)
Thpp 2-Hydroxy-y
ethyl-Thpp /d\
3
Lipoamide-E
Acetyldihydro-
lipoamide-E Dihydro-
Lipomaide-E
Long-chain L/ Fatt Y ac id
fatty acid degradation 0
Acetyl-CoA ¢
CACI1: atiGoss27 Il
Malonyl-CoA ¥ Acp
Long-chain
acyl-CoA
Fatty acid L-Palmitoyl-
i Makon & lacpl carnitine
elongation
2
3-Oxohexadecanoyl-[acp]d Hexadecanoyl
MSTHG. 35793 -CoA
AT3G02
AT4G13180 { . Lacst: (e I
AT2635945
(R)-3-Hydroxy- Hexadgcanolc
Hexadecanoyl-[acp] acid
AT2G22230: Aricossor [ Hexadecanoyl-CoA
Hexa-
t d Decanoyl-[acp]
2-enoyl-[acp]
AAD2: arzcossss I
Hexadecenoic
acid
Fatty acid biosynthesis
Glutamate-1- .
semialdehyde porphyrin and -
chlorophyll
metabolism Sequence: AILEALL ALLEALS
ATSG19221
51
Y ls.Alll:ino. A'{i((:gw?
evulinate ATIGOT693 o) le/
ATIGT4470:<4 ATicnse: log2(Sample
ATIG0S207 WT)
AT3GO8795
TSGOT88S
:T‘,G"JMZ 5
ATSG19221
Chlorophyllb  Chlorophylla st (v Il
Prophobilinogen ; < 2 > Bacterio-
Bacterio- chlorophyll b
G4'{ Fesioa ’ chlorophyllide b
“LATeG20362
Y H
ydroxymethyl < — > >
-bilane T Chlorophyllidea  Bacterio-  G4: {ATSGWIZI ' Bacterio-
ATSGISSAS chlorophyllide a AT4G20362 chlorophyll a
1:4 AT2G08665 AT1G74470:
ATIG05207
AT3G03795 L [AT4G20362
Chloro- PORC.{AUCM ATSGI9221 [}
Y hyllide b Ao 0
. U_"’Po"‘ o Py Divinyl-proto- Hecasin
phyrinogen chlorophyllide AT4G20362
,81(;{7»% ATIG0S207
ATIGOSS I3 ATIGN
ATSGISS4S | i?g‘gﬁg
0L {25?.32&?3
y  Copropor- Arscoms
phyrinogen Il A l3l-0xo-ﬁg‘i)ro toporphyrin
IX 13-monome(hyl ester
! ATIG05207'
ATIW‘U AT3IGOS795
AT‘GI‘MS \TSG02095
AT2G23672
¥ Protopor-
phyrinogen IX A Mgprotoporphyrln lx 13- 1
ATIG05207)
ATIGO‘?SU
0 15(‘|5K4‘| ATSG02095
Protoporphyrin ! mmvu
Y
X by Mg-Protoporphyrin X
13-monomethyl ester
ATIGO7693
ATIG05207
ATSGO788S
Protoporphyrin L ,:{;((;?Df);
IX AT2G23672
GUN5: aicos2o [l protoporphyrin IX
FC2: arscosmos [l ALBI: ATiGo9s13 -
Y
Heme

Citrate cycle (TCA cycle)

seauence:AtvocsL, Atvocss [
2-Hydroxy-
Thpp log2(Sample/
ethyl-Thpp /\ WT)
3
Lipoamide-E
I - Acetyldihydro-
_ong-chain i .
fatty acid lpoamide Dihydro-
Lipomaide-E
e Fatty acid
degradation 0
Acetyl-CoA ¢
ACX3; ATsGosess I
Malonyl-CoA
Long-chain &
acyl-CoA
Fatty acid L-Palmitoyl-
. Malonyl-[acp] iti
elongation carniine
SO 3-Oxohexadecanoyl-[acp| Hexadecanoyl =2
A -CoA
Y 05
] AT4GI13180:
. e ; (R)-3-Hydroxy- Hexadecanoic
Ll Hexadecanoyl-[acp] acid
Hexadecanoyl-CoA
Hexa-
trans-Hexadec- Decanoyl-[acp]

2-enoyl-[acp]

Fat

AADS:msTRG2750 Il

Hexadecenoic
acid

ty acid biosynthesis

Glyoxylate and

Sequence: AtVOCLL, AtVOCLS,

log2(Sample/
WT)

Sedoheptulose-1,7- gty oqe4p D-Fructose 6P ;
bisphosphate dicarboxylate
; A HCEF:ATsG1o2 metabolism
{:m; Starch CEErio:
1] ATigumess
ATIGIST9S
ATsounss (8 D-Fructose 1,6P2 ATIGO993
ATlou) A o arscio 1 e
P'BAZ:{AMW”I p {rmrs I! AT3G08 s [
U / A Ghjerone-P ATSGUS | L-Serine
ot N\ Glyce:ﬂ:zt)l’de-sp SHL: {ATIWW} .
GAPB: { {racaunns TS0
. AmiGos20Tll - GAPA:
Lalipge GAPA-Z:{:EE";% i 2-Oxoglutarate  L-Glutamine
ATHCATE Glycine ‘>—‘
r 1-3,Bisphosphoglycerate
Ribulose-5P ATIGIYS * GOX1: amicaiss i
ATIGHRSS| .
:::z’:: | H,0 RBcSIB: ool | eoxz:{ﬁm
< i RBCS2B: amscoaxss [l ATHGH9TS
RibSloscLSE2 By :ﬁg’ﬁ |\ RBCS3B:amiGes B | Glycerate-3P AGT: amcosiss i}
AT e ! >0 >0 > GSNZ:
RBCSIA: ] Aricomr Phosphoglycolate Glycolate  [Glyoxylate ATiomIn
Pl L-Glutamate "%
Phosphoenolpyruvate Pyruvate
= e »o Alanine A
< »0 » (S)-Malate
Carbon
fixation in P2z anscomnss i
photosynthetic
organisms
- m:mlm.m Oxaloacetate
ATIG91%8
LI Malate Y
Oxaloacetate I > Pyruvate
Phosphocno | 7
Glycse;ale- LIVCEAES I-pyruvate |
> ‘: > F »O-
ATIGOT99
FBAZ:{ :m'm'l‘fh Valine,leacine and tarch and sucrose
g " leucine biosynthesis metabolism
Gheerae: ¥ A ml;{iﬁ&?ﬁi }
wn Aol
ALDHI1A3: AT2623672 ' -
Aiﬁim m7:{:m;liﬂ-D-Frudow B-D- Cne
Y S| yod:OP2 Fructose-6P g _p.Glucose- 1P
A L B A P
Glycerate- = 4
1,3F1 Gl HCEF1:AsGI921 A i
yde-3P [N
B -D-Glucose-
6P
Y
8-D- < »ag
Glycerone-P Glucose
@-D-Glucose






OPS/images/cover.jpg
frontiers
In Plant Science

Transcriptome Profile Analysis
of Arabidopsis Reveals
the Drought Stress-Induced
Long Non-coding RNAs
Associated With Photosynthesis,
Chlorophyll Synthesis, Fatty
Acid Synthesis and Degradation









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





