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Wheat powdery mildew caused by Blumeria graminis f. sp. tritici is one of the most serious foliar diseases of wheat, causing grain yield and quality degradation by affecting plant photosynthesis. It is an effective method to improve the disease resistance of wheat plants by molecular breeding. With the continuous development of sequencing technology, long intergenic noncoding RNAs (lincRNAs) have been discovered in many eukaryotes and act as key regulators of many cellular processes. In this study, 12 sets of RNA-seq data from wheat leaves pre- and post-pathogen infection were analyzed and 2,266 candidate lincRNAs were identified. Consistent with previous findings, lincRNA has shorter length and fewer exons than mRNA. The results of differential expression analysis showed that 486 DE-lincRNAs were selected as lincRNAs that could respond to powdery mildew stress. Since lincRNAs may be functionally related to their adjacent target genes, the target genes of these lincRNAs were predicted, and the GO and KEGG functional annotations of the predicted target genes were performed. Integrating the functions of target genes and the biological processes in which they were involved uncovered 23 lincRNAs that may promote or inhibit the occurrence of wheat powdery mildew. Co-expression patterns of lincRNAs with their adjacent mRNAs showed that some lincRNAs showed significant correlation with the expression patterns of their potential target genes. These suggested an involvement of lincRNAs in pathogen stress response, which will provide a further understanding of the pathogenic mechanism of wheat powdery mildew.
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Introduction

Noncoding RNAs (ncRNAs) have emerged as major components of the eukaryotic transcriptome compared to protein-coding genes (Ariel et al., 2015). The role of ncRNAs as potent and specific regulators of gene expression is now widely recognized in almost all species to date (Brosnan and Voinnet, 2009; Beermann et al., 2016; Yamada, 2017). The long non-coding RNAs (lncRNAs) are the largest family of the ncRNAs. There are three kinds of lncRNAs: long intergenic non-coding RNAs (lincRNAs), intronic lncRNAs, and antisense lncRNAs (Chen and Zhu, 2022). Based on the location and length information, long intergenic non-coding RNAs (lincRNAs, a type of lncRNA), longer than 200 nucleotides (nt), are an abundant class of endogenous RNA molecules that are transcribed from intergenic regions of the genome (Wang et al., 2017; Sanchita et al., 2020). Accumulating evidence revealed that lincRNAs have potential roles involved in pathogen-defense responses and abiotic stress. For example, lincRNA XLOC_026030 in rice is involved in the biological response to Pi starvation, and its expression level has a significant upward trend on the third day after Pi starvation (Xu et al., 2016). LincRNAs in the soybean participate in stress response, signal transduction, and developmental processes (Golicz et al., 2017). In potato, there is high association between 17 lincRNAs and 12 defense-related genes, which suggest that lincRNAs have potential functional roles in defense responses (Kwenda et al., 2016).

Wheat is a major food crop, a staple food worldwide, and one of the sources of plant protein for humans (Dong et al., 2020). Increasing wheat yield by reducing the influence of biotic/abiotic stresses is still widely studied. The impact of plant diseases on wheat-growing regions is difficult to estimate (Morgounov et al., 2012). Powdery mildew (Blumeria graminis f. sp. tritici) disease could infect all aboveground tissues of wheat, especially in humid environment (Conner et al., 2003). Breeding and utilization of Pm-resistant varieties is the most cost-effective and environmentally acceptable approach to control damage caused by powdery mildew (Hu et al., 2020). High-throughput sequencing technology provides great convenience in RNA sequencing (RNA-seq) for transcriptome analysis, and has been applied to reveal the expression patterns of genes that respond to plant disease defense mechanisms and discover novel genes (Zhu et al., 2015; Zhang H. et al., 2016; Zhang J. C. et al., 2016). So far, a total of 89 resistance genes/alleles have been identified to confer resistance to powdery mildew in wheat (Dong et al., 2020). However, recent studies indicated that many resistance genes have lost their resistance to powdery mildew (Tan et al., 2019). Therefore, it is necessary to find new sources to resist powdery mildew.

Although the mechanism mediating wheat responses to the pathogens causing powdery mildew has been widely investigated for years, long intergenic noncoding RNAs (lincRNAs), which have been proven to regulate important processes in the stress responses of plants, are still poorly known in wheat against powdery mildew infection. In this work, the multi-study datasets from public RNA-seq bio-projects currently available for wheat have been analyzed to identify the potential expression pattern of lincRNAs in response to wheat powdery mildew infection. First, lincRNAs in wheat were identified using RNA-seq data from a previous time-series experiment in which plants were grown under infected or non-infected conditions (Zhang et al., 2014). Second, differential expression analysis of the identified lincRNAs was performed to obtain the lincRNAs that respond to powdery mildew infection. Third, based on genomic location analysis methods, mRNA–lincRNA target pairs were predicted and functional annotation of target genes was performed. Finally, to determine whether they play important roles in resisting or promoting powdery mildew infection, the expression patterns of eight mRNA–lincRNA target pairs were analyzed using qRT-PCR. This study will provide not only new ideas for further understanding the pathogenic mechanism of wheat powdery mildew but also information for a more comprehensive understanding of the molecular mechanism involved in wheat resistance to powdery mildew.





Materials and methods




Downloading the raw data

The RNA-seq data used in this study were from the NCBI SRA database (accession number PRJNA243835). The samples were leaves at the two-leaf stage of wheat seedlings, which are infected with two different fungi (Puccinia striiformis f. sp. tritici and Blumeria graminis f. sp. tritici). Samples were collected at 0 h, 24 h, 48 h, and 72 h after fungi infection. In this study, only the experimental data of wheat infection with powdery mildew were used.





RNA-Seq reads mapping and transcriptome assembly

The Fastq-dump_v2.8.0 tool was used to convert SRA files (paired-end sequencing data) into paired-end FASTQ format. FASTQC_v0.11.9 (FastQC Quality Control, version 0.11.9) software was used to assess the quality of all generated FASTQ files (Xiao et al., 2015). Trim_Galore_v0.6.7 tool was used for quality trimming and adapter removal with the default parameters. Subsequently, the clean reads were then mapped to the wheat (version 2.1, International Wheat Genome Sequencing Consortium) reference genome with the default parameters by the software HISAT2_v4.8.2 (Pertea et al., 2016). The file containing all mapped readings for each sample was saved in SAM format. SAM files contain the alignment position of sequencing data on the reference genome and other relevant information (Li et al., 2009). The parameter “sort -o” in software samtools_v1.9 was used to convert SAM format files into sorted BAM files (Pertea et al., 2016). BAM files are in binary format and are often used in subsequent analyses, such as mutation detection and gene expression analysis (McKenna et al., 2010). Using StringTie_v2.1.7 software, all BAM files were assembled into one complete GTF file with the default parameters (Pertea et al., 2015). In addition, StringTie software can estimate the expression levels of genes and transcripts in all samples (Pertea et al., 2016).





Identification of lincRNAs in wheat

Refer to previous research for lincRNA detection (Chen et al., 2019). Firstly, the parameter “- r” of gffcompare in StringTie was used to filter transcripts without the “u” character to ensure the preservation of intergenic transcripts (Pertea and Pertea, 2020). All of PLEK, CNCI, and CPC2 can be used to predict the encoding potential of transcripts. The transcript sequence with class_code = “ u “ was predicted by these three software to obtain three sets of transcripts that did not have coding capabilities. To reduce the impact of false positives, the intersection of the a, b, and c datasets was taken, and the final intersection was analyzed for subsequent analysis. To minimize the impact of false positives predicted by the software, the intersection of the three datasets was taken. The transcripts that were predicted to be non-coding in all three software were continued for subsequent analysis. LongOrfs is a core tool in software TransDecoder for predicting long open reading frames (ORFs) in transcripts. ORFs with a length of at least 100 amino acids are recognized by default. LincRNAs do not have long ORFs, so transcript sequences containing long ORFs were removed (Harrow et al., 2012). To further rule out the ability of the remaining sequences to encode proteins, the transcript sequence was translated into six possible protein sequences using the transeq command, each corresponding to a different reading frame. HMMER was used to identify whether these translated protein sequences contain specific protein domains, families, patterns, etc. (Finn et al., 2011). Protein sequences without special structures were used for subsequent analysis. Using BLAST search in the NR database, sequences similar to the query sequences can be found in known protein sequences. Protein sequences with an E-value greater than 1e-5 compared to known protein sequences were preserved. Retained transcripts as candidate lincRNAs (Figure 1A).




Figure 1 | The identification process of lincRNA. (A) The specific identification process of lincRNA and the software and tools used at each step (Chen et al., 2019). (B) Location comparison of transcripts to reference genomes and the proportion of each species, as generated by GffCompare. Classification is based on previous studies (Pertea and Pertea, 2020).







Analysis of differentially expressed lincRNA (DE-lincRNA)

The GTF file from stringtie analysis contains information such as transcripts and their expressions. After converting them to the form required for DESeq2, differential expression analysis of the transcriptome data was performed using DESeq2 (Love et al., 2014). The online software Omicshare (https://www.omicshare.com/tools/) was used for differential expression analysis, and the parameter was p < 0.05.





Prediction of adjacent target genes and functional annotation of target genes

Genomic location analysis method was used to predict adjacent target genes of lincRNA. In general, genes within a certain distance range are considered potential adjacent target genes. The distance of 100 kb is relatively close on the genomic scale. Genes closer to lincRNA may have a closer association and possibly functional relationship with lincRNA (Luo et al., 2016). Therefore, mRNA in the range of 100 kb expands in both upstream and downstream directions based on the location of differentially expressed lincRNA (DE-lincRNA) on chromosomes as possible target genes of lincRNA. GO and KEGG functional annotation of target genes was implemented using the online tool Omicshare (https://www.omicshare.com/tools/). The potential interaction between lincRNA and mRNA was plotted using software Cytoscape_v3.9.1. The software TBtools was used to generate the heat map of gene expression.





Plant material and powdery mildew infestation

Wheat (Yangmai 20 variety) seeds were germinated in a greenhouse at 25 ± 2°C. After 2–3 days, healthy wheat seedlings were selected and transferred to a round flowerpot. There are three to five seedlings in each pot at the greenhouse. Seedlings about the two-leaf stage were inoculated with Blumeria graminis f. sp. tritici race E09 from infected wheat leaves under 18 ± 2°C (Guo et al., 2021). The infected wheat leaves were presented from Professor Lijun Yang (Institute of Plant Protection and Soil Science Hubei Academy of Agricultural Sciences). The wheat leaves were collected at 0 h, 24 h, 48 h, and 72 h after inoculation, and then maintained in a −80°C cryogenic refrigerator. This experiment used non-infected wheat leaves (0 h) as the control group.





Total RNA extraction and qRT-PCR

Total RNA was extracted from wheat leaves (infected and non-infected leaves) with TRIzol reagent (Aidlab, Beijing, China) and was reverse transcribed using HiScript II Reverse transcriptase (Vazyme, Nanjing, China). Quantitative PCR was carried out in triplicate with the ChamQ SYBR Color qPCR Master Mix (Vazyme, Nanjing, China). The reactions were conducted in a 20-μL volume containing 10 μL of 2×ChamQ SYBR Color qPCR Master Mix, 0.4 μL of each primer (10 μmol/mL), 0.4 μL 50×ROX Reference Dye 1, and 2 μL of the cDNA, and the remaining double-distilled water was replenished to 20 μL. The annealing temperature of the primer was 60°C. Primers used in present study are listed in Supplementary Table 3.






Results




Characterization of lincRNA

After the low-quality sequencing fragments in the RNA seq data (Supplementary Table 1), wheat leaves under different stages of powdery mildew infection were filtered out, and 95.56% of the clean reads were successfully mapped. There are a total of 244,636 transcripts, of which 52,789 were recorded as class_code = “u”, accounting for 21.58% (Figure 1B), about half of the mRNA (class_code = “=“). After comparison with the genome and removal of coding sequences, a total of 2,266 lincRNAs were identified in wheat. The result of the number of exons of mRNA and lincRNA showed that the number of the number of exons gradually increases, and the number of mRNA and lincRNA showed a significant decrease (Figure 2A). In addition, there are also differences in sequence length between mRNA and lincRNA. The gene length of lincRNA ranged from 200 to 2,000 bp, and only a few lincRNAs had a length greater than 2,000 bp, and the number of lincRNA decreased with the increase of length. However, mRNA has a wide range of gene length distribution, and there are a large number of gene distributions in each length interval, and their number was not significantly different (Figure 2B).




Figure 2 | Analysis of the characteristics of lincRNA and mRNA. Pink represents mRNA and blue represents lincRNA. The primary ordinate was used for mRNA and the secondary ordinate was used for lincRNA. (A) Exon number analysis. (B) Gene length analysis.







Identify the lincRNAs that can respond to powdery mildew infection

According to the transcriptome data of four groups of wheat samples, the non-infected samples (0h) were compared with infected samples at three different time points (24h, 48h, and 72h). There were 107, 176, and 176 differentially expressed lincRNAs. Notably, although the number of DE-lincRNAs was the same in the latter two groups, the sequence of DE-lincRNAs was different (Figures 3A–C; Supplementary Table 2). Differential expression analysis was also performed in pairs among three infected samples of different time points, and 134, 154, and 85 DE-lincRNAs were obtained (Figures 3D–F; Supplementary Table 2). To identify the lincRNAs that can respond to powdery mildew infection, all the DE-lincRNAs in these six comparison groups were combined and repeated DE-lincRNAs in different groups were removed, resulting in a total of 486 DE-lincRNAs that could respond to powdery mildew infection in wheat.




Figure 3 | Differential expression analysis. Red indicates an upward expression and blue indicates a downward expression. Gray represents no significant difference. (A–F) Volcano plot for difference analysis for each comparison group.







Prediction of adjacent target genes

Considering the physical distance, the 100-kb distance falls within the close range on the genome scale, and relatively close genes may have a closer association and possible functional relationship with lincRNAs. From the perspective of regulatory scope, many regulatory sequences and elements are located in the upstream and downstream regions of genes. Therefore, the choice of a distance range of 100 kb in our study allows a more comprehensive consideration of the potential regulatory effect of lincRNA on genes close to it. A total of 1,062 adjacent genes were obtained by locating 486 lincRNAs within 100 kb of both 5’ and 3’ directions. This was not a one-to-one relationship, because a lincRNA responds to multiple coding genes nearby.





Functional annotations of target genes

To clarify the function of the adjacent target genes and the biological processes involved, GO and KEGG functional annotations were used to analyze the function of target genes. A total of 727 target genes from the 1,062 adjacent target gene list were successfully mapped to terms in the GO database. There were three main categories for GO terms: Molecular Function, Cellular Component, Biological Process, and the number of genes was 592, 327, and 424, respectively (Figure 4; Supplementary Table 4). Some target genes were involved in more than one biological process. According to the KEGG annotation results (Figure 5), pathways related to the regulation of plant disease resistance mechanisms were selected, including fructose and mannose metabolism, MAPK signaling pathway-plant, plant hormone signal transduction, plant-pathogen, and starch and sucrose metabolism—five processes of interaction. A total of 28 genes involved in these processes were selected for further analysis (Table 1). The correspondence between lincRNAs and mRNAs is shown in Figure 6.




Figure 4 | GO function analysis of neighboring target genes. (A) GO annotated secondary classification histogram of results. The abscissa represents the first-level classification of GO’s three ontology, the first of which is the biological pathway (BP), the second is the cellular component (CC), and the third is molecular function (MF). (B–D) GO-enriched bubble chart of the top 25 terms. The x-axis is the Rich Factor, the ratio of the number of genes enriched into the pathway by the set of selected genes to the number of genes enriched into the pathway by background genes. The y-axis is the name of the enriched pathway, arranged from smallest to largest according to p-value. The size of the dot indicates the number of genes, and the larger the dot, the more genes are enriched into that pathway. The color of the dot represents the level of the p-value, and the smaller the p-value, the more significant the pathway. (E–G) GO Enrichment Analysis Bar Chart. The abscissa is the proportion of the number of genes, and the ordinate is the GO Term and the details of each GO number. The different color depths in the figure represent different gene numbers, and the color gradually decreases from dark to light. From left to right, it corresponds to the specific classification of BP, CC, and MF.






Figure 5 | KEGG annotation results of adjacent target genes. (A) Enrichment circle chart. The first circle is the classification of enrichment. Outside the circle is the coordinate of the number of genes, and different colors represent different classifications. The second circle shows the total number of background genes in that category. The third circle is the number of selected genes enriched into the classification as well as the p-value. The more genes, the longer the bar, the smaller the value, the darker the color. (B) KEGG Enrichment Analysis Bar Chart. (C) KEGG-enriched bubble chart of the top 25 terms.




Table 1 | Pathways associated with plant disease resistance and their corresponding genes.






Figure 6 | The correspondence between lincRNAs and mRNAs. The circle represents mRNAs and the square represents lincRNAs. Lines represent the presence of potential regulatory relationships between genes. The shade of color represents the level of gene expression. A change in color from blue to red indicates higher and higher levels of gene expression (the sum of expression at all time points was taken).







Analysis of expression patterns of disease-resistant lincRNAs and their target genes

Since the target genes are identified by the genomic location analysis method, more than one mRNA is contained near a lincRNA. A total of 23 lincRNA–mRNA pairs were formed between 28 target genes and their nearby lincRNAs (Supplementary Table 5). There was clear evidence for higher expression of mRNAs than lincRNAs (Figure 7). Among them, eight pairs of genes with high expression were selected for expression pattern analysis. There were four pairs of mRNA whose changes in expression showed the same trend as the predicted results: the first, third, sixth, and eighth pairs (Figures 8A, C, F, H). The results of the expression pattern analysis of lincRNA show that the experiments of the second, fourth, fifth, and eighth pairs were consistent with the predicted results (Figures 8B, D, E, H). From the results of qRT-PCR, changes in the expression of mRNA in the first, third, fifth, and seventh pairs correlated with changes in lincRNA (Figures 8A, C, E, G). The expression patterns of the second, fourth, sixth, and eighth pairs were not significantly correlated (Figures 8B, D, F, H). As expected, some lincRNAs may have potential regulatory relationships with their corresponding target genes. Both lincRNAs and their target genes with the same expression pattern showed an increase in expression levels. This phenomenon indicates that these genes may be susceptible genes for powdery mildew.




Figure 7 | Heat map of expression levels of genes involved in the regulation of plant disease resistance mechanisms at four different time points (0 h, 24 h, 48 h, and 72 h). (A) Expression of 23 lincRNAs at different time points. (B) Expression of 28 mRNAs at different time points. To demonstrate the one-to-one correspondence of mRNAs to lincRNAs, several lincRNAs are repeated.






Figure 8 | Analysis of expression patterns of lincRNAs and neighboring target genes. (A–H) The experimental and predicted results of eight pairs of mRNA–lincRNA correspond in turn. The figure on the left is plotted from the results of qRT-PCR and the figure on the right is plotted based on the gene expression obtained from RNA-seq data.








Discussion

To obtain lincRNA in wheat that can respond to powdery mildew infection, four groups of sequencing data from non-infected wheat samples and infected wheat samples at three different time points were analyzed. All the significantly DE-lincRNAs were aggregated to obtain the lincRNAs in wheat in response to powdery mildew infection, totaling 486 lincRNAs. A similar study identified 283 DE-lincRNAs that were tightly correlated with the fungi-responsive lincRNAs in wheat, of which 254 DE-lincRNAs responded to the powdery mildew stress (Zhang H. et al., 2016). The difference between this study and previous studies is that we selected a new reference genome of wheat. There are subtle differences in the identification of lincRNA, and the identification criteria of previous studies are more stringent. The transcripts containing ORF greater than 300 bp were removed in this study, while the transcripts from previous studies were required not to contain ORF more than 150 bp. This may be the reason for the difference in prediction results for lincRNA. Our study analyzed the co-expression patterns of lincRNAs with their adjacent protein-coding genes, and previous studies analyzed the co-expression patterns of selected miRNAs targeting lincRNAs and functional genes (Zhang H. et al., 2016). The diversity of prediction methods contributes to a comprehensive understanding of the disease defense mechanism of wheat powdery mildew.

Possible expression correlations between lincRNAs and their adjacent target genes were assessed to further clarify the specific mode of action of lincRNA in response to powdery mildew infection. The method based on genomic location analysis suggests that genes within a certain distance near lincRNAs may be potential adjacent target genes (Ørom et al., 2010; Engreitz et al., 2016). In our study, a range of 100 kb was chosen, which is a common choice rather than an absolute value. Different lincRNAs may have different regulatory ranges, and the regulatory distance range may be affected by other factors (Ørom and Shiekhattar, 2013; Kopp and Mendell, 2018). Consistent with the expected results, some lincRNAs showed significant correlation with the expression patterns of their potential target genes, while others did not show any association. It should be noted that the existing prediction methods only make preliminary predictions, and further experimental verification and functional studies are required to find the real target genes of lincRNA.

LincRNAs are becoming a key regulatory factor in various cellular processes, but it is still difficult to clarify the function of individual lincRNA (Ransohoff et al., 2018). The function of adjacent target genes can be used as a reference to identify the function of lincRNA (Guttman et al., 2009). To further understand the specific functions of lincRNA in response to powdery mildew infection, GO and KEGG function annotations were performed on potential target genes of DE-lincRNAs. The annotation results help us to better understand the functions of lincRNA and their roles in biological processes. However, there are still some inevitable defects. GO functional analysis is usually the annotation of the whole genome, which may lead to the omission or masking of the functional information of some genes. The annotation information in the GO database is based on known functions and biological processes, but functional annotation may be limited for some genes that are not fully understood (Gene Ontology Consortium, 2019). Our study was limited by the fact that 335 genes have not yet been successfully annotated. This part of the bias will narrow the scope of research that matches our target genes. The KEGG database is also mainly based on known signaling and metabolic pathways, which have not yet covered all biological processes and may not account for some newly discovered functions (Hucka et al., 2003; Kanehisa et al., 2017).

The functional annotation information indicates that TraesCS2A03G1155100 is involved in pathway “Fructose and mannose metabolism” and “Plant hormone signal transduction”. Fructose and mannose are part of the process of sugar metabolism in plant. Sugar signaling contributes to plant immune responses to pathogens, and may act as a signal molecule to induce plant defense responses to invading pathogens (Bolouri Moghaddam and Van den Ende, 2012). Based on the functional similarities, it is speculated that lincRNA MSTRG.20701 with the same expression pattern as the genes mentioned above may regulate fructose and mannose metabolism and thus participate in plant defense responses. Both TraesCS2A03G1155100 and TraesCS2D03G0863900 are involved in the process of plant hormone signal transduction. Numerous studies have shown that plants can produce hormones for disease resistance and defense (Yan et al., 2023). In addition, TraesCS5D03G0595900 and TraesCS5B03G1159600 participate in plant–pathogen interaction. This information provides a reference for further understanding the role of lincRNA in response to powdery mildew infection. However, the exact mechanisms of lincRNA in plant immunity require further research for confirmation.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

PC: Writing – original draft. YW: Data curation, Writing – original draft. ZM: Validation, Writing – review & editing. XX: Methodology, Supervision, Writing – review & editing. DM: Writing – review & editing. LY: Resources, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Open Project Program of Key Laboratory of Integrated Pest Management on Crop in Central China, the Ministry of Agriculture/Hubei Province Key Laboratory for Control of Crop Diseases, Pest and Weeds (2021ZTSJJ8), the China Agriculture Research System (CARS-3), and the National Key Research and Development Program of Jiangsu (BE2021335).




Acknowledgments

The authors thank LY (Institute of Plant Protection and Soil Science Hubei Academy of Agricultural Sciences, Wuhan, China) for providing the pathogenesis of Blumeria graminis f. sp. tritici race E09.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1297580/full#supplementary-material




References

 Ariel, F., Romero-Barrios, N., Jegu, T., Benhamed, M., and Crespi, M. (2015). Battles and hijacks: Noncoding transcription in plants. Trends Plant Sci. 20, 362–371. doi: 10.1016/j.tplants.2015.03.003

 Beermann, J., Piccoli, M. T., Viereck, J., and Thum, T. (2016). Non-coding RNAs in development and disease: background, mechanisms, and therapeutic approaches. Physiol. Rev. 96 (4), 1297–1325. doi: 10.1152/physrev.00041.2015

 Bolouri Moghaddam, M. R., and Van den Ende, W. (2012). Sugars and plant innate immunity. J. Exp. Bot. 63 (11), 3989–3998. doi: 10.1093/jxb/ers129

 Brosnan, C. A., and Voinnet, O. (2009). The long and the short of noncoding RNAs. Curr. Opin. Cell Biol. 21, 416–425. doi: 10.1016/j.ceb.2009.04.001

 Chen, L., Shi, G., Chen, G., Li, J., Li, M., Zou, C., et al. (2019). Transcriptome analysis suggests the roles of long intergenic non-coding RNAs in the growth performance of weaned piglets. Front. Genet. 10. doi: 10.3389/fgene.2019.00196

 Chen, L., and Zhu, Q. H. (2022). The evolutionary landscape and expression pattern of plant lincRNAs. RNA Biol. 19 (1), 1190–1207. doi: 10.1080/15476286.2022.2144609

 Conner, R., Kuzyk, A., and Su, H. (2003). Impact of powdery mildew on the yield of soft white spring wheat cultivars. Can. J. Plant Sci. 83, 725–728. doi: 10.4141/p03-043

 Dong, Z., Tian, X., Ma, C., Xia, Q., Wang, B., Chen, Q., et al. (2020). Physical mapping of Pm57, a powdery mildew resistance gene derived from Aegilops searsii. Int. J. Mol. Sci. 21 (1), 322. doi: 10.3390/ijms21010322

 Engreitz, J. M., Haines, J. E., Perez, E. M., Munson, G., Chen, J., Kane, M., et al. (2016). Local regulation of gene expression by lncRNA promoters, transcription and splicing. Nature 539 (7629), 452–455. doi: 10.1038/nature20149

 Finn, R. D., Clements, J., and Eddy, S. R. (2011). HMMER web server: interactive sequence similarity searching. Nucleic Acids Res. 39 (suppl_2), W29–W37. doi: 10.1093/nar/gkr367

 Gene Ontology Consortium (2019). The Gene Ontology Resource: 20 years and still GOing strong. Nucleic Acids Res. 47 (D1), D330–D338. doi: 10.1093/nar/gky1055

 Golicz, A., Singh, M. B., and Bhalla, P. L. (2017). The long intergenic noncoding RNA (LincRNA) Landscape of the soybean genome. Plant Physiol. 176 (3), 2133–2147. doi: 10.1104/pp.17.01657

 Guo, H., Zhang, H., Wang, G. H., Wang, C. Y., Wang, Y. J., Liu, X. L., et al. (2021). Identification and evaluation of resistance to powdery mildew and yellow rust in a wheat mapping population. Plant Genome 14 (2), 1–15. doi: 10.1002/tpg2.20092

 Guttman, M., Amit, I., Garber, M., French, C., Lin, M. F., Feldser, D., et al. (2009). Chromatin signature reveals over a thousand highly conserved large non-coding RNAs in mammals. Nature 458 (7235), 223–227. doi: 10.1038/nature07672

 Harrow, J., Frankish, A., Gonzalez, J. M., Tapanari, E., Diekhans, M., Kokocinski, F., et al. (2012). GENCODE: the reference human genome annotation for The ENCODE Project. Genome Res. 22 (9), 1760–1774. doi: 10.1101/gr.135350.111

 Hu, W. G., Wang, Q. H., Wang, S. W., Wang, M. M., Wang, C. Y., Tian, Z. R., et al. (2020). Gene co-expression network analysis provides a novel insight into the dynamic response of wheat to powdery mildew stress. J. Genet. 99, 44. doi: 10.1007/s12041-020-01206-w

 Hucka, M., Finney, A., Sauro, H. M., Bolouri, H., Doyle, J. C., Kitano, H., et al. (2003). The systems biology markup language (SBML): a medium for representation and exchange of biochemical network models. Bioinformatics 19 (4), 524–531. doi: 10.1093/bioinformatics/btg015

 Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y., and Morishima, K. (2017). KEGG: new perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res. 45 (D1), D353–D361. doi: 10.1093/nar/gkw1092

 Kopp, F., and Mendell, J. T. (2018). Functional classification and experimental dissection of long noncoding RNAs. Cell 172 (3), 393–407. doi: 10.1016/j.cell.2018.01.011

 Kwenda, S., Birch, P. R. J., and Moleleki, L. N. (2016). Genome-wide identification of potato long intergenic noncoding RNAs responsive to Pectobacterium carotovorum subspecies brasiliense infection. BMC Genomics 17, 614. doi: 10.1186/s12864-016-2967-9

 Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The sequence alignment/Map format and SAMtools. Bioinformatics 25 (16), 2078–2079. doi: 10.1093/bioinformatics/btp352

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

 Luo, S., Lu, J. Y., Liu, L., Yin, Y., Chen, C., Han, X., et al. (2016). Divergent lncRNAs regulate gene expression and lineage differentiation in pluripotent cells. Cell Stem Cell 18 (6), 637–652. doi: 10.1016/j.stem.2016.01.024

 McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., et al. (2010). The Genome Analysis Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res. 20 (9), 1297–1303. doi: 10.1101/gr.107524.110

 Morgounov, A., Tufan, H. A., Sharma, R., Akin, B., Bagci, A., Braun, H. J., et al. (2012). Global incidence of wheat rusts and powdery mildew during 1969–2010 and durability of resistance of winter wheat variety Bezostaya 1. Eur. J. Plant Pathol. 132, 323–340. doi: 10.1007/s10658-011-9879-y

 Ørom, U. A., Derrien, T., Beringer, M., Gumireddy, K., Gardini, A., Bussotti, G., et al. (2010). Long noncoding RNAs with enhancer-like function in human cells. Cell 143 (1), 46–58. doi: 10.1016/j.cell.2010.09.001

 Ørom, U. A., and Shiekhattar, R. (2013). Long noncoding RNAs usher in a new era in the biology of enhancers. Cell 154 (6), 1190–1193. doi: 10.1016/j.cell.2013.08.028

 Pertea, M., Kim, D., Pertea, G. M., Leek, J. T., and Salzberg, S. L. (2016). Transcript-level expression analysis of RNA-seq experiments with HISAT, stringtie and ballgown. Nat. Protoc. 11, 1650–1667. doi: 10.1038/nprot.2016.095

 Pertea, G., and Pertea, M. (2020). Gff utilities: gffread and gffcompare. F1000 Res. 9, 304. doi: 10.12688/f1000research.23297.1

 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 (3), 290–295. doi: 10.1038/nbt.3122

 Ransohoff, J., Wei, Y., and Khavari, P. (2018). The functions and unique features of long intergenic non-coding RNA. Nat. Rev. Mol. Cell Biol. 19, 143–157. doi: 10.1038/nrm.2017.104

 Sanchita,, Trivedi, P. K., and Asif, M. H. (2020). Updates on plant long non-coding RNAs (lncRNAs): the regulatory components. Plant Cell Tissue Organ Cult. 140 (2), 259–269. doi: 10.1007/s11240-019-01726-z

 Tan, C., Li, G., Cowger, C., Carver, F. B., and Xu, X. (2019). Characterization of Pm63, a powdery mildew resistance gene in Iranian landrace PI 628024. Theor. Appl. Genet. 132, 1137–1144. doi: 10.1007/s00122-018-3067-9

 Wang, H., Wang, Y., Xie, S., Liu, Y., and Xie, Z. (2017). Global and cell-type specific properties of lincRNAs with ribosome occupancy. Nucleic Acids Res. 45 (5), 2786–2796. doi: 10.1093/nar/gkw909

 Xiao, H., Yuan, Z., Guo, D., Hou, B., Yin, C., Zhang, W., et al. (2015). Genome-wide identification of long noncoding RNA genes and their potential association with fecundity and virulence in rice brown planthopper, Nilaparvata lugens. BMC Genomics 16, 749. doi: 10.1186/s12864-015-1953-y

 Xu, X. W., Zhou, X. H., Wang, R. R., Peng, W. L., An, Y., and Chen, L. L. (2016). Functional analysis of long intergenic non-coding RNAs in phosphate-starved rice using competing endogenous RNA network. Sci. Rep. 6, 20715. doi: 10.1038/srep20715

 Yamada, M. (2017). Functions of long intergenic non-coding (linc) RNAs in plants. J. Plant Res. 130, 67–73. doi: 10.1007/s10265-016-0894-0

 Yan, W. Y., Jian, Y. Q., Duan, S. G., Guo, X., Hu, J., Yang, X. H., et al. (2023). Dissection of the plant hormone signal transduction network in late blight-resistant potato genotype SD20 and prediction of key resistance genes. Mol. Physiol. Plant Pathol. 113 (3), 523–538. doi: 10.1094/PHYTO-04-22-0124-R

 Zhang, H., Hu, W., Hao, J., Lv, S., Wang, C., Tong, W., et al. (2016). Genome-wide identification and functional prediction of novel and fungi-responsive lincRNAs in Triticum aestivum. BMC Genomics 17 (1), 1–11. doi: 10.1186/s12864-016-2570-0

 Zhang, H., Yang, Y., Wang, C., Liu, M., Li, H., Fu, Y., et al. (2014). Large-scale transcriptome comparison reveals distinct gene activations in wheat responding to stripe rust and powdery mildew. BMC Genomics 15 (1), 898. doi: 10.1186/1471-2164-15-898

 Zhang, J. C., Zheng, H. Y., Li, Y. W., Li, H. J., Liu, X., Qin, H. J., et al. (2016). Coexpression network analysis of the genes regulated by two types of resistance responses to powdery mildew in wheat. Sci. Rep. 6, 23805. doi: 10.1038/srep23805

 Zhu, Y., Li, Y., Fei, F., Wang, Z., Wang, W., Cao, A., et al. (2015). E3 ubiquitin ligase gene CMPG1–V from Haynaldia villosa L. contributes to powdery mildew resistance in common wheat (Triticum aestivum L.). Plant J. 84, 154–168. doi: 10.1111/tpj.12966




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


Copyright © 2023 Cao, Wang, Ma, Xu, Ma and Yang. 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.


OEBPS/Images/fpls-14-1297580-g004.jpg
Level2 GO terms of out

500
400
8 300
5
o
s
]
5
2 200
100
o ll------____f | [ — .----__
2 S s SEE S P LE S S LI ITFIRITESES ISR ST SR S I
ST TR LT il
VSIS I o F I f e TraSs s/&€$ i 4 Fg Y s FrEITFS
STEIFFTEFETE £88 &8 FEFFSE eSS ES
F & S &8 S & £ & g g &£ FESE &EF S
ECFES FFES £F5 55 ¢ £ ¢ EFSESEs
& § &L & § § S § &7 g& & $
£ 8 §59¢ § 58 £ é N g s
& SE §3 & SECE Il Biological Process
& N & & $
s $ ¢ &8 Q\é’ [l cellular Component
Sq;)es Cg é{?‘ aj? [l Volecular Function
& &

Biological Process

‘GO:0006468 protein phosphorylation:

GO:0016310 phosphorylation

60:0043412 macromolecule modification
6010009767 photosynthetic eleciron ransport chain
GO:0044267 celular protein metabolic process:
G0:0019538 protein metabolic process:

G0:0006464 celluar protein moificaton process-
G0:0036211 protein modifcation process
G0:0001709 cell ate determination

G0:0048033 heme 0 metabolic process-

G0:0048034 heme O biosynihetic process-
GO:0006796 phosphate-containing compound metabolic pracess:
G0:0015979 photosynthesis:

'G0:0006793 phosphorus metabolic process:
G0:0044260 cellular macromolecuie metzbolic process
'50:0043170 macromolecule metabolic process-
G0:0022900 electron transport chain

GO:0002181 cytoplasmic translation-

G0:0000722 telomere maintenance via recombination
G0:0000733 DNA strand renaturation

G0:0009061 anaerobic respiraion

(G0:0048478 repiication fork protection

G0:0006783 heme biosyntheic process:

G0:0006626 protein targeting to milochondrion
GO:0070585 protein localization to mitochondrion

E
]
-1
o

Genonumber

® 100
@ 150

prae

0010
. 0005

000 025 050 075

RichFactor

100

Top 25 of GO Enrichment

G0:0006468 protein phosphorylation-

50:0016310 phosphorylation:

G0:0043412 macromolecule modification
GO:0009767 photosynthetic electron ransport chain-
G0:0044267 cellular protein metabolic process-
G0:0019538 protein metabolic process:

G0:0006464 cellular protein modification process:
6010036211 protein modification process:
G0:0001709 cell fate determination:

G0:0048033 heme 0 metabolic process:

G0:0048034 heme O biosynthetic process
G0:0006796 phosphate-containing compound metabolic process:
6010015979 photosynthesis:

5010006793 phosphorus metabolic process:
G0:0044260 cellular macromolecule metabolic process
6010043170 macromolecule metabolic process
50:0022900 electron transport chain

G0:0002181 cytoplasmic transiation:

G0:0000722 telomere maintenance via recombination:
G0:0000733 DNA strand renaturation-

GO:0009061 anaerobic respiration

G0:0048478 replication fork protection

G0:0006783 heme biosynthetic process:

G0:0006626 protein targeting to mitochondrion:
30:0070585 protein localization to mitochondrion-

Goterm

— e
— )

— s 00029

Wiomsy

— - 00051
— 0001
—co 00015

— o 02015

12000

12001,

1200

— o)

- oo

— 0020
— 000
— o 0005
oo

Tsmy
1100

1m0 palve
I10mn

101099 0010|
1200

e 008
1s0my

G % & &

Gene Percent(%)

Top 25 of GO Enrichment c

£
g

Goterm

Cellular Component

G0:0009539 photosystem Il reaction center
G0:0009521 photosystem

6010044425 membrane pan:

50:0009523 photosystem I

6010098796 membrane protein complex:

600044436 thylakoid part-

G0:0034357 photosynthetic membrane

G0:0031224 intrnsic component of membrane
G0:0009361 succinate-CoA ligase complex (ADP-forming)
G0:0016021 integral component of membrane-
6010005742 mitochondial outer membrane transiocase complex
G0:0010445 nuclear dicing body-

60:0016020 membrane

G0:0098799 outer mitochondrial membrane protein complex-
G0:0033180 proton-transporting V-type ATPase, V1 domain
50:0031422 RecO helicase-Topo Il complex:

G0:0000221 Vaciiolar proton-transporting

\-type ATPase, V1 domain

G0:0005662 DNA repication factor A complex-

6010018444 wansiation release factor complex
G0:0042709 succinate-CoA ligase complex:
5010043234 protein complex

600044391 ribosomal subunit

G0:0034715 pICin-Sm protein complex:

G0.0034719 SMIN:Sm protein complex
G0:0042721 mitochondiial Inner membane.
protein insertion complex

F

Top 25 of GO Enrichment

600009539 photosystem Il reaction center
G0:0009521 photosystem-

G0:0044425 membrane part

G0:0009523 photosyste Il

600098796 membrane protein complex:

G0:0044436 thylakoid part

6010034357 photosynthetc membrane-

G0:0031224 intrinsic component of membrane-

G0:0009361 sticcinate-CoA ligase complex (ADP-forming)
G0:0016021 integral component of membrane:

6010005742 mitochondial outer membrane translocase complex:
GO:0010445 nuciear dicing body

G0/0016020 membrane:

GO:0098799 outer mitochondiial membrane protein complex
G0:0033180 proton-transporting V-type ATPase, V1 domain

50:0031422 Recq helicase-Topo Il complex:
'G0:0000221 vacuolar proton-transpofiing

V-type ATpase. V1 doman
G0:0005662 DNA repiication facior A compiex-

010018444 ranslation release factor complex
6010042709 succinate-CoA ligase complex
G0:0043234 protein complex:

G0:0044391 ribosomal subunit

6010034715 pICIn-Sm protein complex-

50:0034719 SMN-Sm protein complex
010042721 mitochondrial |hner membrane.

protein insertion complex

1200

.
o
.
.
.
L]
L]
°
. Ganotumber
. )
. ® 0
T e
.
4 004
. 003
002
‘ o0
000 025 050 075 100
RichFactor
Top 25 of GO Enrichment G
Woeon
oo
— o)
muom
-
o
oo
— )
11000

Isomm
— 052
1200
12600
I1pan
I1pem
I10am
0o
I100n pidded
— oo 004
Baes 003
oo 002
1100 001
12000
5 2 40 6 8

Gene Percent(%)

Molecular Function

D

Top 25 of GO Enrichment
G0:0016773 phosphotransferase aciiviy,

aicohol group as accepior
GO:0004813 prote Hase actuly

G0.0016301 kinase activiy-
G0:0016772 tansierase actwiy, ransiering
phosphorus-containing groups

G0:0004674 protein Serine/thrconine knase aciviy-

G0:0001871 pattern binding
6010030247 polysaccharide binding-

6010008495 protoheme IX farmesyltransferase actvity- .
50:0032559 adenyl ribonucieotide binding
G0:0030554 adenyl nucleotide binding

GO:0005524 ATP binding

6010032549 ribonucleoside binding:

500001882 nucleoside binding

GO:0070615 nucleosome-dependent ATPase activity{

G0:0000036 ACP phosphopantetheine atiachment Site binding 1
involved in fatty acid biosyntheic process

6010016297 acy! {acy!-cariet-protein] hyGrolase ACTviY - .

5010044620 ACP phosphopantetheine attachment ste binding .
GO:0051192 prosthetic group binding .

500001883 purine nucleoside binding

60:0032550 purine ribonucleoside binding

G0:0032555 purine ribonucleotide binding

6010017076 purine nucleotide binding

GO:0016740 transferase activty

010000166 nucleotide binding

6011901265 nucleoside phosphate binding

RN X ]

GOterm
o0000

000 0% 050 075

RichFactor
Top 25 of GO Enrichment

— 70
— o200
— 0
— 5
=

B

- o

Tzooom

— 0005
— 00
— : 0005
— )
— o)
120wy

30t

1m0

00

00016773 phosphotranserase activiy,
alconol group as accepior
GO:0004672 protein kinase actiiy

GO:0016301 kinase activty
GO:0016772 ransierase aciviy, ransierming.
phosphorus-containing groups

6010004674 protein Serng/inreoning kinase acaviy

00001871 pattern binding
6010030247 polysaccheride binding

5010008495 protoheme IX famesyltransferase aciivity
600032559 adeny! ribonucleotide binding
G0:0030554 adeny nucleaiide binding

G0:0005524 ATP binding:

G0:0032549 ribonucleoside binding

6010001882 nucleoside binding:

GO:0070615 nucleosome-dependent ATPase aciivty-
G0:0000036 ACP phosphopantelheine aftachment site binding
involved in faty acid biosynihelic process

G0:0016297 acy{acyl-carmier-protein] nydrolase acuviy-

5010044620 ACP phosphopantetheine atiachment site binding
G0:0051192 prostheiic group binding:

00001883 purine nucleoside binding

6010032550 purine ribonucleoside binding

00032555 purine ribonucleoride binding

GO:0017076 purine nucieotide binding

GO:0016740 transferase activity

500000166 nucieotide binding

6011901265 nucleoside phosphate binding

GOterm

110008
11 0m0

— s 00
— s 00
— s 001
— o 00
— 0 005
— 001
— 015
3 ™ % %

Gene Percent(%)

Genetumber
o5
® 10

pratie
00125
00100
00075
00050
00025

paive
00125
00100
00075
00050
00025





OEBPS/Images/fpls-14-1297580-g007.jpg
MSTRG.3806

N N MSTRG.14170
I MSTRG.20701
MSTRG.29708
I MSTRG.31445

[ (S [ R MSTRG.32318
B MSTRG.40549
MSTRG.43884
I MSTRG.48342
MSTRG.49715
B VMISTRG.51853
MSTRG.52462
MSTRG.55875

I MSTRG.67758
MSTRG.70925
B MSTRG.71312
MSTRG.75730

MSTRG.78492
N N MISTRG.82436
MSTRG.95215
MSTRG.97410
MSTRG.98695

N ,»&Q b‘fb“ (\'\y

1 | I 1 1
200 400 600 800 1000 1200 1400

0

[ N N N MSTRG.314454#1

MSTRG.55875##1
MSTRG.558754##2 |
N MSTRG.55875##3

MSTRG.75730##1

[ [ N N MSTRG.110089

B
N N TraesCS1A403G0813700
[

TraesCS1D03G0815700
B TraesCS2403G1155100
TraesCS2D03G0419900
TraesCS2D03G0711200
[ N N TraesCS2D03G0711600
N N TraesCS2D03G0863900
TraesCS3B03G0153700
TraesCS3B03G0833700
TraesCS3D03G0407400
TraesCS3D03G0638600
I TraesCS3D03G1093100
TraesCS4403G0040600
TraesCS4403G0705900
TraesCS4403G0706000
N 7raesCS4403G0706200
TraesCS4403G0706400
TraesCS5403G0126700
B TraesCS5403G0725600
TraesCS5403G0824000
TraesCS5B03G0483900
TraesCS5B03G0484700
B TraesCS5B03G1159600

TraesCS5D03G0595900
N I  TraesCS6B03G1287600
1 B TraesCS6D03G0428100
N N  7raesCS6D03G0658300
N N N N TraesCS7B03G0962800

* ,\‘&Q b‘f"‘\ t\'\?

U U U ] 1
2000 4000 6000 8000 10000 12000

0





OEBPS/Images/fpls-14-1297580-g002.jpg
1400

VNY2UIL Jo qunN

30000

22 2 2 = = s e =
4 2 82 8 § 8 = E R8E TS =
0T<

Am 0z Am
g3 o | & 2
H 8t H
LT
91
ST
148
€1
(4}
11
or
6
8
L
9
S
14
€
(4
T
£ § 5§55 gEEEEEIEGE
& & £ = 0 23 8 g ® v =«
VNYHW Jo 1quny . VANRIW JO JdquinN

000£<
6667-00ST
66¥T-00¥CT
66€£7-00€T
6627-007C
6617-001C
6607-000
6661-0061
6681-0081
66L1-00LL
6691-0091
66ST-00ST
66¥1-00+1
66£T1-00€T
66T1-00T1
6611-0011
6601-0001
666-006
668-008
66L-00L
669-009
665-00S
66¥-001
66£-00¢
667-00T
007>





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genome-wide identification of long intergenic non-coding RNAs of responsive to powdery mildew stress in wheat (Triticum aestivum)

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Downloading the raw data

          



          		

            RNA-Seq reads mapping and transcriptome assembly

          



          		

            Identification of lincRNAs in wheat

          



          		

            Analysis of differentially expressed lincRNA (DE-lincRNA)

          



          		

            Prediction of adjacent target genes and functional annotation of target genes

          



          		

            Plant material and powdery mildew infestation

          



          		

            Total RNA extraction and qRT-PCR

          



        



        



        		

          Results

        

          		

            Characterization of lincRNA

          



          		

            Identify the lincRNAs that can respond to powdery mildew infection

          



          		

            Prediction of adjacent target genes

          



          		

            Functional annotations of target genes

          



          		

            Analysis of expression patterns of disease-resistant lincRNAs and their target genes

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1297580-g006.jpg
J407400

g 0658300
.
raasCS 0419900
o,

LT

~~ 4

Yane”

TraesC§ dz11600, ™ @

raes 1500, | N\ -t 1.

] : d f‘

.- +§ Traescs 0483900
-"‘— > . ’

TraesC§ 126700 v

-

TraesC 0428100

0705900

155100

TraesC§





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1297580-g008.jpg
N W A

4

L B )

1

qRT-PCR 1

Oh 24h 48h 72h
MSTRG.20701.1
~TraesCS2A03G1155100.1

gRT-PCR 3

i

Oh 24h 48h 72h
MSTRG.78492.3
~TraesCS5B03G1159600.1

qRT-PCR 5

)

Oh 24h 48h 72h
MSTRG.82436.1
~TraesCS5D03G0595900.2

qRT-PCR 7

Oh 24h 48h 72h
MSTRG.32318.3
“TraesCS2D03G0863900.1

12 03

412

0.8

0.4

RNA-seq 1

Oh 24h 48h 72h

MSTRG.20701.1
~TraesCS2A03G1155100.1

RNA-seq 3

Oh 24h 48h 72h
MSTRG.78492.3
~TraesCS5B03G1159600.1

RNA-seq 5

Oh 24h 48h 72h
MSTRG.82436.1
~TraesCS5D03G0595900.2

RNA-seq 7

Oh 24h 48h 72h
MSTRG.32318.3
«TraesCS2D03G0863900.1

0415
0.3
0.2
0.1

1.5

[SIIEVENS

o = W
o o 2
e
= o

0.5

qRT-PCR 2

[T -
S«
- e

Oh 24h 48h 72h
MSTRG.55875.1
~TraesCS4A03G0705900.1

qRT-PCR 4

Oh 24h 48h 72h
MSTRG.75730.3
~TraesCS5B03G0484700.1

GRT-PCR 6
12 2
1
0g 1
06 1
0.4
02 93
0 0
Oh  24h  48h  T2h
MSTRG.48342.1
“TraesCS3D03G0407400.4
qRT-PCR 8
308
, 06
0.4
Yo2
0 0

Oh 24h 48h 72h
MSTRG.51853.1
“TraesCS3D03G1093100.1

RNA-seq 2
6
5
\/___ 4
3
2
1
0
Oh 24h 48h 72h
MSTRG.55875.1
~TraesCS4A03G0705900.1
RNA-seq 4
0.3
0.15

4

Oh 24h 48h 72h
MSTRG.75730.3
~TraesCS5B03G0484700.1

RNA-seq 6

\

0.5
0
Oh 24h 48h 72h
MSTRG.48342.1
~TraesCS3D03G0407400.4
RNA-seq 8

- N W o

Oh 24h 48h 72h
MSTRG.51853.1
“TraesCS3D03G1093100.1





OEBPS/Images/fpls-14-1297580-g001.jpg
Raw Data
galore

| class_code="="
/ (54.10%)
Gffcompare

class_code="u”
(21.58%)

Class_code=“u”

Assess PLEK CPC2 CNCI

Coding

i

B=NcHe "jENjEkKk"m n o pEgEym“SxEy






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1297580-g005.jpg
Pathway

1
1000
100

10

Photosynthesis

Glycolysis / Gluconeogenesis

Pentose and glucuronate interconversions
Glycerolipid metabolism

Non-homologous end-joining

Phagosome

Ribosome

Anthocyanin biosynthesis

SNARE interactions in vesicular transport
Ubiquitin mediated proteolysis

Protein processing in endoplasmic reticulum
Plant-pathogen interaction

Protein export

Porphyrin metabolism

Carotenoid biosynthesis:

Propanoate metabolism

Oxidative phosphorylation

Inositol phosphate metabolism
Endocytosis

Phosphatidylinositol signaling system
Plant hormone signal transduction

One carbon pool by folate

Valine, leucine and isoleucine biosynthesis
Fatty acid biosynthesis

Cysteine and methionine metabolism

Top 25 of KEGG Enrichment

i (73 07)
— 0 (0.005)
— 7 (0.0055)
— 7 0015)

[ ISy

I s (0055)
S 5 (05)
W 100

[ EI2H)
— 0.11)
— i 011)
— 2 0.15)
— 1)

_—cen

-2e2)

-2
— o (023
-5 024

— 03)

- s
— o 031

[ RCES)

W13

-2

- o)

pralue
0.4

03
0.2
0.1

0 5 10 15

Gene Percent(%)

Pathway

. Metabolism

. Genetic Information Processing

. Environmental Information Processing
. Cellular Processes

. Organismal Systems

“log10(Pvalue)
©013)

 asa

O es

®cuo

@ wus

@ 520

@

Top 25 of KEGG Enrichment

Photosynthesis
Glycolysis / Gluconeogenesis
Pentose and glucuronate interconversions:
Glycerolipid metabolism
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Ribosome
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Ubiquitin mediated proteolysis
Protein processing in endoplasmic reticulum
Plant-pathogen interaction
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Porphyrin metabolism
Carotenoid biosynthesis:
Propanoate metabolism
Oxidative phosphorylation
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Plant hormone signal transduction
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Pa ay Pathway ID Genes
Fructose and mannose metabolism (2) ko00051 TraesCS2A03G1155100; TraesCS3D03G0638600
MAPK signaling pathway - plant (6) k004016 TraesCS$4A03G0706000; TraesCS4A03G0705900; TraesCS5B03G0484700;

TraesCS3D03G0407400; VTraesCS1A03G0813700; TraesCS5B03G0483900

Plant hormone signal transduction (10) ko04075 TraesCS3B03G0153700; TraesCS2D03G0863900; TraesCS5A03G0126700;
TraesCS5B03G0484700; TraesCS3D03G1093100; TraesCS4A03G0040600;
TraesCS2A03G1155100; TraesCS1A03G0813700; TraesCS5B03G0483900;
TraesCS3B03G0833700

Plant-pathogen interaction (12) ko04626 TraesCS6B03G1287600; TraesCS5B03G1159600; TraesCS4A03G0706000;
TraesCS4A03G0705900; TraesCS5A03G0725600; TraesCS7B03G0962800;
TraesCS3D03G0407400; TraesCS5A03G0824000; TraesCS6D03G0428100;
TraesCS5D03G0595900; TraesCS2D03G0419900; TraesCS5B03G0483900

Starch and sucrose metabolism (6) ko00500 TraesCS2D03G0711200; TraesCS4A03G0706200; TraesCS2D03G0711600;
TraesCS4A03G0706400; TraesCS3D03G0638600; TraesCS6D03G0658300

The numbers in parentheses represent how many genes of the pathway were included.





