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Pyricularia oryzae causes the rice blast, which is one of the most devastating crop diseases worldwide, and is a model fungal pathogen widely used for dissecting the molecular mechanisms underlying fungal virulence/pathogenicity. Although the whole genome sequence of P. oryzae is publicly available, its current transcriptomes remain incomplete, lacking the information on non-protein coding genes and alternative splicing. Here, we performed and analyzed RNA-Seq of conidia and hyphae, resulting in the identification of 3,374 novel genes. Interestingly, the vast majority of these novel genes likely transcribed long non-coding RNAs (lncRNAs), and most of them were localized in the intergenic regions. Notably, their expressions were concomitant with the transcription of neighboring genes thereof in conidia and hyphae. In addition, 2,358 genes were found to undergo alternative splicing events. Furthermore, we exemplified that a lncRNA was important for hyphal growth likely by regulating the neighboring protein-coding gene and that alternative splicing of the transcription factor gene CON7 was required for appressorium formation. In summary, results from this study indicate that lncRNA transcripts and alternative splicing events are two important mechanisms for regulating the expression of genes important for conidiation, hyphal growth, and pathogenesis, and provide new insights into transcriptomes and gene regulation in the rice blast fungus.
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INTRODUCTION

Pyricularia oryzae (syn., Magnaporthe oryzae) is the fungal pathogen causing the rice blast disease, which has been threatening rice production worldwide. Globally, 10–30% of the annual rice harvest is lost due to the disease (Valent and Chumley, 1991; Talbot, 2003). P. oryzae is also the first sequenced plant pathogenic fungus (Dean et al., 2005) and has been widely used as a seminal model for investigating molecular mechanisms underlying pathogenesis in plant fungal pathogens (Valent and Chumley, 1991). Our group previously published the whole genome sequence of two field isolates of P. oryzae (Xue et al., 2012). The whole-genome sequencing of these strains in conjunction with recently released genome assemblies led to the prediction of approximately 13,000 protein-coding genes in P. oryzae (Dean et al., 2005; Xue et al., 2012; Gomez Luciano I, Tsai et al., 2019). However, 2,341 novel transcripts revealed by a recent RNA-Seq study were not included in the P. oryzae genome annotation (Kawahara et al., 2012). Expressed sequence tag (EST) analysis of nine cDNA libraries from seven different strains identified 134 genes that were undergone alternative splicing (Ebbole et al., 2004). In the latest annotation of the 70-15 strain, 155 genes were found to have multiple splicing isoforms. These studies indicate that our understanding of the P. oryzae genome is incomplete, and further systematic analyses are required to reveal the transcriptional landscape of the rice blast fungus.

As a systems-biology approach, transcriptome analysis provides a comprehensive understanding of orchestrated regulation of expressed genes of the genome. Transcriptome analysis is especially accelerated by the RNA sequencing (RNA-Seq) technology, which has been widely used for high throughput transcriptome analyses. RNA-Seq offers several advantages over other transcriptome analysis methods. Firstly, RNA-Seq is more sensitive and can detect a large dynamic range of expression levels. Secondly, it can be used to detect precise locations of transcription boundaries, sequence variations and alternative splicing events (Wang et al., 2009; Ozsolak and Milos, 2011). To date, RNA-Seq has been applied to transcriptome analyses of diverse organisms, including although not limited to fungi, such as Saccharomyces cerevisiae, Schizosaccharomyces pombe, Aspergillus oryzae, and Fusarium graminearum (Nagalakshmi et al., 2008; Wilhelm et al., 2008; Wang et al., 2010; Zhao et al., 2013). With wide applications of RNA-Seq, several important, novel regulatory mechanisms of gene expression were revealed. For example, it was found that most of the non-repetitive sequence in the budding yeast is transcribed and that there was heterogeneity in the 3′ end of transcripts of the same genes (Nagalakshmi et al., 2008). By determining both ends of the transcripts, it was found that most of the protein-coding genes in budding yeast express multiple isoforms, and over 26 major transcript isoforms were expressed for some ones (Pelechano et al., 2013). More interestingly, overlapping or even bicistronic transcripts could be generated between tandem genes (Pelechano et al., 2013).

In filamentous fungal transcriptomes, alternative splicing is a ubiquitous regulatory mechanism, although its frequency is not as high as in animals and plants (Kempken, 2013). In recent years, an increasing number of studies suggested its crucial roles in the survival and pathogenicity of fungal pathogens (Grützmann et al., 2014). Long non-coding RNAs (lncRNAs), as a type of non-coding RNAs with a length of over 200 nt, are another important regulatory mechanism but have been poorly understood for their functions in filamentous fungi. Several studies reported its significant roles in gene regulation. For instance, lncRNAs were important in the development of F. graminearum (Kim et al., 2018; Wang et al., 2021). LncRNA profiles during infection and development of Ustilaginoidea virens were elucidated (Tang et al., 2021). In P. oryzae, little is known about the comprehensive characteristics of alternative splicing and lncRNA profile.

In order to provide a global view of P. oryzae transcriptomes, we carried out comprehensive analyses on three sets of RNA-Seq data originating from conidia and hyphae of the two field isolates P131 and Y34. Annotation of the resulting transcriptome assemblies encompassed 3,374 new genes and 6,472 novel transcripts compared with the MG8 genome annotation. Interestingly, except for 6.8% encoding novel proteins, the vast majority of the newly identified genes were found to be expressed for lncRNAs, which might be involved in the regulation of conidiation and hyphal growth of P. oryzae. We also found that 2,358 genes had alternatively spliced events, an important mechanism to regulate gene expression. In addition, we evaluated the expression levels of individual genes and found that 2,108 genes were differentially expressed between conidia and hyphae. In general, our study provided new insights into the P. oryzae transcriptomes, which will be instrumental in understanding its functional genomes.



MATERIALS AND METHODS


Sample Preparation

P131 and Y34, two field isolates of P. oryzae with available whole-genome sequence (Xue et al., 2012), were used in this study. Conidia were produced on oatmeal tomato agar (OTA) plates, as described previously (Peng and Shishiyama, 1988) and harvested from 7-day culture plates grown at 25°C under constant fluorescent light. Hyphae were collected from 2-day-old cultures in complete medium shaken at 150 rpm at 25°C. Total RNA was extracted from conidia and hyphae with the Trizol reagent (Invitrogen, United States) and then enriched by oligo (dT) beads (Qiagen) for cDNA synthesis, respectively. Reverse transcription was performed according to the manufacturer’s protocol (Invitrogen, United States). High-throughput cDNA libraries were prepared according to the Illumina whole transcriptome library preparation protocol and sequenced on the Illumina GA platform. This work was performed by the BGI company.



Assembly of RNA-Seq Reads and Annotation

The transcriptome of P. oryzae was reconstructed using a hybrid assembly strategy that merges genome-guided and genome-independent assemblies (for details, see Supplementary Results). To annotate functions of the assembled transcripts, all were searched against the NCBI nr database (version 2013.02.25) using BLASTX (version 2.2.24) with an E-value cutoff of 10–10. OrfPredictor (Min et al., 2005) was employed to annotate ORFs. GO (Ashburner et al., 2000) and KEGG (Kanehisa et al., 2012) annotations were performed by online tools AgBase GOanna (McCarthy et al., 2006) and KAAS (Moriya et al., 2007), respectively. Subcellular localizations of proteins were predicted by WoLF PSORT program (Horton et al., 2007). RNA-Seq reads and gene structures were visualized by IGV v2.3 (Thorvaldsdottir et al., 2013).



Detection of Isolate-Specific Transcripts

To detect transcripts absent in 70-15, the transcripts of P131 and Y34 assembled by genome-independent approach were aligned individually against the 70-15 genome by BLAT (Kent, 2002) and searched against proteins by BLASTX. A transcript with no hit or poor match (sequence identity < 90% and alignment coverage < 50% for BLAT, and E-value > 10–10 for BLASTX) in the genome sequence and proteins was considered to be absent in 70-15. To identify the isolate-specific transcripts, transcripts absent in 70-15 were compared with the genomes and proteins of P131 and Y34, released previously (Xue et al., 2012). The same criteria were used in the comparison.



Comparison of Gene Expression

Raw reads of each sample were re-mapped onto the genome of 70-15 by Tophat (version 2.0.6). In this round of mapping, our new annotation was supplied to Tophat (with “–GTF”) as reference. Cuffdiff2 (version 2.0.2) was used to estimate gene expression and identify differentially expressed genes. FPKM was used to represent gene abundance. Option “–mask-file” was included in Cuffdiff2 to ignore reads that may come from tRNA and rRNA. A gene was considered to be differentially expressed between two conditions if the q-value (FDR-adjusted p-value) was ≤0.05.



Analysis of Alternative Splicing

Alternative splicing events were classified into different patterns by the online tool AStalavista1 (Foissac and Sammeth, 2007). To assess the significance of variation between conidia and hyphae, a Fisher’s exact test was performed for each event. Fragment counts assigned to each isoform were estimated by Cufflinks, which were used in tests of significance. Fragments in the 2 × 2 table of Fisher’s exact test were divided into isoforms in an event on the one hand and into conidia and hyphae on the other hand. Fisher’s exact test p-value was adjusted by FDR. An event was designated as a variation between conidia and hyphae if it passed the FDR < 0.001 criterion. An analogous approach was performed to assess the significance of variation between P131 and Y34.



Fungal Strains, Culture Conditions, Transformation, and Gene Deletion

Primer pairs uf/ur and df/dr were designed for amplifying ∼1.5 kb upstream and ∼1.5 kb downstream fragments from genomic DNA of the strain P131 and cloned into pKOV21 vector. The resulting vector was used to transform the P131 protoplasts to generate gene deletion mutants, as described previously (Kong et al., 2012). Transformants were selected via hygromycin resistance and then screened using the primer pairs ou/hu and od/hd. The resulting transformants were confirmed by Southern blot analysis of the genomic DNAs digested by XhoI and probed by the upstream fragment. The strain P131 and G003973 knockout transformants were cultured and maintained on the OTA plates (Peng and Shishiyama, 1988). Colony growth was assayed after incubation at 28°C for 5 days on OTA plates. Hyphae collected from complete medium were used for isolating fungal protoplasts that were used in transformation by the PEG/CaCl2 method (Park et al., 2004).



Microscopy Assays

Appressorium formation on an artificial cover glass slide (hydrophobic surface) was assayed using conidia harvested with 2 mL sterilized distilled water from the 7-day-old OTA cultures, and appressorium formation rate was assessed at 24 h-post-inoculation (hpi), as described previously (Yang et al., 2012).




RESULTS


Many RNA-Seq Reads Were Matched With Intergenic Regions and Predicted Introns in the Pyricularia oryzae (syn., Magnaporthe oryzae) Genome

In this study, three RNA samples originating from conidia (P131_conidia) and hyphae P131_hyphae of the P131 strain, and hyphae (Y34_hyphae) of the Y34 strain were sequenced onto Illumina GA, which resulted in the generation of 13,133,334, 48,125,694, and 47,846,570 paired-end reads, respectively (Supplementary Table 1).

When evaluated for read distribution over the genome, approximately 60 and 23% of the mapped reads from each sample matched to CDS and UTR, respectively. To our surprise, for each sample, ∼10% of the reads were mapped onto the intergenic regions, which is 5 and 3% higher than that in Arabidopsis thaliana (Filichkin et al., 2010) and Mus musculus (Mortazavi et al., 2008). Furthermore, 5.4, 7.3, and 7.3% of RNA-Seq reads from P131_conidia, P131_hyphae, and Y34_hyphae matched to the predicted introns, respectively (Figures 1A–C), which are 1.7, 1.4, and 4% higher than that in F. graminearum (Zhao et al., 2013), A. thaliana (Filichkin et al., 2010), and M. musculus (Mortazavi et al., 2008). Notably, more than half of the predicted introns were detected in RNA-Seq data (Figure 1D).
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FIGURE 1. Read distribution in the genome. (A–C) Pie charts showing reads from the RNA-Seq data of P131_conidia (A), P131_hyphae (B), and Y34_hyphae (C) that mapped to the coding region (CDS), 5′- or 3′-untranslated regions (UTR), introns, and intergenic regions. (D) Read counts mapped onto the introns. Bins denote different groups of read counts. The Y-axis shows the number of introns.




Identification of 3,374 Novel Genes in P. oryzae

We generated a new annotation of the P. oryzae genome with a hybrid assembly strategy that integrates genome-guided and genome-independent methods for assembling the RNA-Seq reads, as shown in Supplementary Figure 1 (for details, see Supplementary Table 2 and Supplementary Results). This new annotation contains 16,192 genes (represented by 19,418 transcripts), 11,513 of which consist of multiple exons and the remaining 4,679 genes are single-exon genes. When compared with the MG8 annotation, our new annotation has 3,374 more genes, including 1,006 multiple exon genes and 2,368 single exon genes (Table 1). RNA-Seq data showed that at least 66% of the P. oryzae genome were expressed in hyphae and conidia, which was more than 54% of the MG8 annotation.


TABLE 1. Comparison between newly built annotation and the MG8 annotation.
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Expression Profiles of Novel Protein-Coding Genes of P. oryzae Suggest Their Involvement in Hyphal Growth and Conidiation

Among the 3,374 new genes identified in this study, 40 genes (including 10 of the 230 protein-coding genes) were randomly selected for RT-PCR validation. 29 of the genes, including seven of the protein-coding genes, were expressed in conidia and/or in hyphae (Figures 2A,B), suggesting that most of the newly identified protein-coding genes are expressed in P. oryzae.
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FIGURE 2. Validation of the transcripts of novel protein-coding genes and lncRNAs with RT-PCR. (A) Seven genes and (B) 22 lncRNAs were expressed in conidia (left lanes) and/or hyphae (right lanes). The actin gene was used as a control.


To clarify if these protein-coding novel genes are conserved in other fungi, we searched them against the genomes of M. poae, Aspergillus nidulans, Neurospora crassa, and S. cerevisiae using BLASTN and TBLASTN (Figures 3A,B). To our surprise, only a small portion of the genes had orthologs in these four fungi, indicating that most of the newly identified protein-coding genes are unique to P. oryzae. Interestingly, 76 of the new P. oryzae genes were predicted to encode proteins with less than 100 amino acid residues (Figure 3C). When predicted for their subcellular localizations by WoLF PSORT, 79 of the new genes (34%) identified in this study encode putative nuclear proteins, which is the largest category (Figure 3D). Notably, 18 genes were predicted to encode extracellular proteins, including six proteins with less than 100 amino acid residues.
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FIGURE 3. Features of novel protein-coding genes identified in this study. (A) The number of novel Pyricularia oryzae proteins with orthologs in other filamentous ascomycetes by BLASTN and (B) TBLASTN searches. MP, Magnaporthe poae; AN, Aspergillus nidulans; NC, Neurospora crassa; SC, Saccharomyces cerevisiae. (C) Length distribution and (D) subcellular localizations of novel P. oryzae proteins compared with those of proteins present in the MG8 annotation (inlets). (E) Expression levels of novel P. oryzae protein-coding genes (represented by FPKM) in conidia and hyphae.


We also compared expression profiles of the novel protein-coding genes in conidia and hyphae. Thirty-eight were expressed only in hyphae, whereas six were specifically expressed in conidia (Figure 3E). Expression of 177 genes could be detected in both conidia and hyphae. Among them, 119 had more than 2-fold differences in expression levels between conidia and hyphae (47 higher in conidia and 72 higher in hyphae). These results indicate that many of the newly identified protein-coding genes in P. oryzae are involved in vegetative hyphal growth and/or conidiation.

With the genome-independent assembly, several hundreds of isolate-specific genes were identified in this study. In total, 270 and 358 assembled genes in P131 and Y34, respectively, were found to be absent in the genome of 70-15. Of these, 80 and 140 genes were found to be unique to P131 and Y34, respectively; 46 genes of P131, 78 genes of Y34 were novel genes identified in this study, and they lack homologous sequences in the nr database. Interestingly, 58 of the P131-specific genes (72.5%) and 109 of the Y34-specific genes (77.9%) were predicted to encode proteins smaller than 100 amino acid residues. More importantly, seven of the P131-specific genes encode extracellular proteins, three of which contain multiple cysteine residues. Five Y34-specific genes may also encode extracellular proteins. Two of them have multiple cysteine residues. These isolate-specific extracellular proteins with multiple cysteine residues may function as effectors that are important for pathotype differentiation in P. oryzae.



Long Non-coding RNAs May Play Regulatory Roles in Conidiation and/or Hyphal Growth

With the Coding Potential Calculator (CPC) that classifies transcripts into coding and non-coding groups based on six criteria (Kong et al., 2007), we identified 3,010 putative non-coding RNAs, most of which were putative species-specific genes (Figure 4A). Among them, 2,478 were transcribed from the intergenic regions, including 395 transcripts that were jointed from more than two exons. A total of 508 transcripts were transcribed from the antisense strand of protein-coding genes. Some of the antisense transcripts are putative intronic non-coding RNAs because they were transcribed from the introns of protein-coding genes, such as transcript G000473T1 mapped onto the intron of MGG_16180 (G001772). Notably, among the above-mentioned non-coding RNAs, 2,877 transcripts were longer than 200 nucleotides, including 1,515 longer than 500 nucleotides. Therefore, most of the non-coding RNAs identified in this study are lncRNAs. Among the 30 lncRNAs randomly selected for verification by RT-PCR, 22 were confirmed to be expressed in conidia and/or in hyphae (Figure 2B), confirming that most of the lncRNAs are transcribed in P. oryzae.
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FIGURE 4. Features of P. oryzae lncRNAs. (A) The number of putative non-coding genes with hits in other fungi by BLASTN searches. MP, Magnaporthe poae; AN, Aspergillus nidulans; NC, Neurospora crassa; SC, Saccharomyces cerevisiae. (B) Expression levels of putative non-coding RNA transcripts in conidia and hyphae. Expression levels of each lncRNA are represented by FPKM. (C) Examples showing the expression of lncRNAs in relation to their neighboring genes, i.e., G001772 (MGG_16180), G014105 (MGG_04005), and G010507 (MGG_06585). The assembled transcript number for each gene was appended to gene id.


When examined for their transcript profiles, 216 and 859 non-protein-coding transcripts were found to be conidium- and hypha-specific, respectively (Figure 4B). In addition, 1,714 putative non-coding genes were expressed in both tissues. Among them, 449 and 618 had higher expression levels (≥2-fold changes) in conidia and hyphae. Notably, 29 and 14 lncRNAs were significantly up-regulated in conidia and hyphae, respectively (q-value ≤ 0.05). These results suggested that some of the lncRNAs are differentially regulated in conidia and vegetative hyphae.

We further checked the expression levels of 2,773 lncRNAs in relation to their neighboring protein-coding genes in conidia and hyphae. The expression of 1,631 lncRNAs was found to be associated with the expression of their neighboring protein-coding genes (Figure 4C), suggesting that these lncRNAs may be involved in regulating expression of their neighboring genes. For example, G014104T1 is a 552-nt lncRNA originating from an intergenic region downstream of MGG_04005, which was expressed at 13 FPKM in conidia and 0.6 FPKM in hyphae. MGG_04005 was expressed consistently at 100 FPKM in conidia and 44 FPKM in hyphae, respectively. Another example is MGG_16180, which was annotated with two alternatively spliced transcripts (i.e., G001772T1 and G001772T2) and was expressed at 0.1 and 0.4 FPKM in conidia and hyphae. The intronic lncRNA, G000473T1, was expressed at 96.8 and 1187.22 FPKM in conidia and hyphae (Figure 4C). The expression relationship of these lncRNAs with their neighboring genes was verified by quantitative RT-PCR (Supplementary Figure 2).

These data indicate that most of the lncRNA genes identified in this study may be involved in the regulation of conidiation and/or hyphal growth. Many of these lncRNA may function to enhance the expression of their putative target genes, whereas many others can suppress the expression of their putative target genes. To verify the regulatory role of lncRNAs, we generated three knockout mutants of one lncRNA, G003973T1 (Supplementary Figure 3), which may be important for hyphal growth and negatively regulate the expression of MGG_15773 as suggested by the RNA-seq data (Figures 5A,B). All the three deletion mutants formed similarly smaller colonies as compared with the wild-type strain P131 (Figure 5C), indicating that G003973T1 positively regulates hyphal growth. We further measured expression levels of MGG_15773 in two of the knockout mutants. As shown in Figure 5D, the knockout mutants showed significantly higher expression of MGG_15773 than the wild-type P131 in hyphae, verifying that G003973T1 negatively regulates the expression of MGG_15773. Together, these results indicated that the lncRNA G003973T1 is important for hyphal growth and negatively regulates expression of its neighboring gene MGG_15773.
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FIGURE 5. The G003973 lncRNA is important for colony growth. (A) The G003973 lncRNA was 544 bp upstream from MGG_15773. (B) The expression levels of G003973 and MGG_15773 in conidia and hyphae, respectively. (C) Colonies of the wild-type strain P131, the G003973 deletion mutants G3973ko-2, G3973ko-9, and G3973ko-10 on OTA plates at 5 dpi. (D) Bar graphs showing the diameters of colonies P131, G3973ko-9, and G3973ko-10 on OTA plates at 5 dpi. Means ± SE were calculated from three independent replicates. ∗P < 0.01 (Student’s t-test). (E) Expression levels of MGG_15773 in strains P131, G3973ko-9, and G3973ko-10, and the actin gene was used as a control.




Pyricularia oryzae Has Thousands of Genes That Express Multiple Forms of Transcripts

Our annotation showed that 2,358 of 16,192 P. oryzae genes belonging to various function categories (Supplementary Table 3) had multiple forms of transcripts, including dozens of genes known to be important or essential for pathogenicity, such as HEX1 and MoPPG1 (Soundararajan et al., 2004; Du et al., 2013). A total of 1,738 genes had two forms of transcripts and 620 had more than three isoforms (Figure 6A), indicating that alternative splicing frequently occurs in many genes of the rice blast fungus.
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FIGURE 6. Alternative splicing analysis. (A) Distribution of the number of transcript isoforms per gene in the incumbent annotation and MG8 annotation. (B) Circle plot of patterns of alternative splicing events. The inner and outer circles indicate alternative splicing events observed in the MG8 annotation (strain 70-15) and this annotation.


The 3,479 alternative splicing events identified with AStalavista (Foissac and Sammeth, 2007) in 2,045 genes could be classified into different alternative splicing patterns, including alternative donor, alternative acceptor, exon skipping, intron retention, and “complex events” (Figure 6B). Among them, 1,809 belonged to intron retention, which accounted for approximately 52% of the total alternative splicing events, suggesting that intron retention is the most prevalent alternative splicing in P. oryzae. Whereas 502 alternative acceptor events (14%) and 273 alternative donor events (8%) were identified, we observed only 66 exon skipping events. In addition, about one-quarter of alternative splicing events were classified as “complex events” that may involve two or more common splicing patterns.

To reveal whether alternative splicing is differentially regulated between conidia and hyphae, a Fisher’s exact test (Wang et al., 2008) was performed to compare expression levels of alternatively spliced transcripts (see Section “Materials and Methods”). A total of 1,593 alternatively spliced transcripts were found to have significant differences in abundance between conidia and hyphae of P131. The alternative splicing event involved in these transcripts and functions of the corresponding genes were shown in Supplementary Figure 4. 1,417 alternatively spliced transcripts from 651 genes were found to contain the same open reading frames. Notably, intron retention was identified in UTR regions of 393 transcripts. Furthermore, 701 alternatively spliced transcripts of 1,417 were significantly differentially expressed between conidia and hyphae.

Furthermore, we identified 537 alternatively spliced transcripts from 249 genes that shared the same start/stop codons but encoded distinct proteins. Of these transcripts, 230 alternative transcripts differed significantly in their abundance between conidia and hyphae. Several previously characterized genes were found to have this type of alternative splicing. For instance, the HEX1 gene that is essential for full virulence and survival under nitrogen starvation conditions was found to have four alternatively spliced transcripts. Two of them that were described in a previous study (Soundararajan et al., 2004) encode a 439- and a 417-aa protein, respectively (Figure 7A). The MST11 (MGG_14847) gene (Zhao et al., 2005) had two transcripts. Whereas G010270T2 encodes an 894-aa protein, G010670T1 encodes a 915-aa protein. The latter retained a 63-bp intron and was more abundant in both conidia and hyphae (Figure 7B).
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FIGURE 7. Examples of pathogenicity-related genes with multiple transcripts. (A) Alternative transcripts of HEX1. Exon-exon junctions were determined by Tophat. (B) Alternative transcripts (left) and their expression levels (right) of the marked pathogenicity-related genes. For each gene, a line meant a transcript of the gene. Exons are illustrated as orange lines, and the thick regions in exons indicate the coding regions. The green and red vertical lines represent translation start and stop sites, respectively. Chromosome coordinates are shown above each gene.


To our surprise, 2,112 alternatively spliced transcripts from 938 genes contained premature termination codon (PTC), including 957 transcripts of the 453 genes that had a significant difference in their expression levels between conidia and hyphae. We compared the expression levels of the PTC transcripts with their non-PTC transcripts. Interestingly, 666 PTC transcripts were less abundant in both conidia and hyphae than the normal transcripts from the same genes. Additional 232 PTC transcripts were less abundant either in conidia or in hyphae than the normal transcripts. Furthermore, 21 and 64 transcripts with PTC were found to be conidium- and hypha-specific, respectively. GO term enrichment analysis showed that 393 of those genes with PTC transcripts encode proteins with binding activities, i.e., protein binding, nucleic acid binding and ion binding (Supplementary Table 4). The other functions included catalytic activity (352 genes), transporter activity (87 genes), enzyme regulator activity (51 genes), and signal transducer activity (19 genes) (Supplementary Table 4).

To understand how the basal splicing machinery is involved in the above-mentioned alternative splicing, we analyzed the expression levels of 109 conserved components of the spliceosome (Kanehisa et al., 2012). For more than 60 of them, their expression levels were similar in conidia and hyphae (Figure 8). However, about 40 of the genes had increased or decreased expression levels in conidia, suggesting that differential expression of some components of the spliceosome may be important for the alternative splicing. For example, SF3b1 (MGG_00356), which is essential for intron definition in yeast (Shao et al., 2012), was much more expressed in conidia than in hyphae (Supplementary Figure 5A). We also compared the expression levels of genes essential for nonsense-mediated decay (NMD; Chang et al., 2007; Kanehisa et al., 2012), and observed that UPF1 (MGG_03004) was much more expressed in hyphae than in conidia (Supplementary Figure 5B) although almost all the other NMD-related genes had similar expression levels in conidia and hyphae (Figure 8).
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FIGURE 8. Fold changes in expression levels of splicing factor genes and NMD pathway genes between the conidia and the hyphae.




Alternative Splicing Events of Genes Known to Be Important for Hyphal Growth, Conidiation, and Pathogenesis

In our annotation, transcripts from many previously characterized genes were found with alternative splicing events. For example, MST12 (MGG_12958; Park et al., 2002) were found to have two alternatively spliced transcripts, one of which was 4,027 bp in length for a protein with 715 amino acid residues as previously reported and was accumulated at 94 FPKM in conidia and 32 FPKM in hyphae. The other form was 4,651 bp in length with a 111 bp intron but encoded a truncated protein with 583 amino acids and was accumulated at 5 FPKM in conidia and 0.3 FPKM in hyphae (Figure 7B), suggesting that PTC transcripts of MST12 were less abundant. Another example was MoCDTF1 (MGG_11346; Yan et al., 2011) annotated with two transcripts. In comparison with the normal transcript, the other transcript had an intron retention that led to premature termination. The aberrant transcript was less abundant in both conidia and hyphae than the normal transcript of MoCDTF1 (Figure 7B). These PTC transcripts may subsequently become targets for NMD, an RNA surveillance mechanism that recognized mRNAs containing PTCs and degrades them, and were less abundant (Maquat, 2004).

Some genes that were differentially expressed between conidia and hyphae had aberrant transcripts as well. For instance, TEA4 (MGG_06439) is important for conidiation (Patkar et al., 2010). Among the transcripts identified in this study, the normal transcript encoding an 812-aa protein was highly accumulated in conidia, whereas the transcript with the retention of the second intron (579 bp) encoding a truncated 263-aa protein was less abundant. The COM1 gene (MGG_01215) required for normal conidial morphology (Yang et al., 2010) also had two transcripts. Compared to the normal transcript that was much more abundant in both conidia and hyphae, the alternative transcript retained the first intron (266 bp) and encoded a truncated 66-aa protein. We also found that ATG9 (MGG_09559) (Kershaw and Talbot, 2009) had two transcripts. The normal transcript encoding a 917-aa protein was highly accumulated in conidia. Both normal transcript and the alternative transcript encoding a 246-aa protein resulted from an alternative donor for the first intron were expressed equally in hyphae.

CON7 encodes a transcription factor Con7p that regulates multiple phenotypes, including appressorium formation (Odenbach et al., 2007; Cao et al., 2016). In this study, we identified four CON7 transcripts (Figure 9A), including transcript G007295T3 that is annotated as the functional form encoding a 412-aa protein.2 Transcripts G007295T2 and G007295T4 were the two transcripts with alternative splicing events. These four transcripts were differentially expressed between conidia and hyphae (Figure 9B). To investigate whether the alternative splicing transcripts are important for appressorium formation, we constructed two vectors, pHBG and pHBT, in which pHBG contained the genomic region of the entire CON7 gene and pHBT had the transcript G007295T3 fragment under the control of the CON7 promoter (Figure 9C). These two constructs were individually introduced into the con7 mutant A645 (Kong et al., 2013), and over 10 independent transformants were obtained for phenotypic analysis. To our surprise, none of the pHBT transformants rescued appressorium formation, while all the pHBG transformants were normal in appressorium formation (Figure 9D). These results indicated that the current annotated CON7 transcript is not enough to rescue appressorium formation, but suggested that the alternative splicing of CON7 is important for regulating appressorium formation.


[image: image]

FIGURE 9. Functional characterization of alternatively spliced transcripts of CON7. (A) Diagram of four different transcripts of CON7, T1, T2, T3 (=MGG_05287T0), and T4. Each line meant a transcript of CON7. Exons are illustrated as black lines, and the thick regions in exons indicate the coding regions. The green and red vertical lines represent translation start and stop sites, respectively. (B) Bar graphs showing the expression levels of the four CON7 transcripts (T1, T2, T3, and T4) in conidia and hyphae. (C) Schematic diagram of pHBG and pHBT vectors. pHBG contains the genomic DNA fragment of CON7. pHBT contains the transcript G007295T3. pHBG and pHBT were transformed into the A645. (D) Appressorium formation on hydrophobic cover glass slides with conidia of the wild-type strain P131, the con7 insertion mutant A645, strains pHBG and pHBT at 12 hpi. AP, appressorium; GT, germination tube.




Many Genes May Be Differentially Expressed Between Conidia and Hyphae

Among the 16,192 annotated genes, 2,108 of them were found likely to be differentially expressed between conidia and hyphae. The expression of 664 genes was up-regulated in conidia, including 291 and 373 genes that were highly and specifically expressed (>1 FPKM) in conidia, respectively. In contrast, 1,444 genes had induced expression in hyphae, including 302 and 1,142 genes that were highly and specifically expressed in hyphae (>1 FPKM), respectively (Supplementary Table 5, Supplementary Figures 6–8, and Supplementary Results for further analyses on gene quantification).

Several genes known to be important for conidial development were highly expressed in conidia, including ACR1 (MGG_09847; Lau and Hamer, 1998), MoFLP1 (MGG_02884; Liu et al., 2009), and MoCON6 (MGG_02246; Madi et al., 1994). In addition, many genes involved in pathogenicity were differentially expressed between conidia and hyphae as well. For example, the following genes were specifically up-regulated in conidia: MoSFL1 (MGG_06971; Li et al., 2011), ICL1 (MGG_04895; Wang et al., 2003), GAS1 (MGG_12337; (Xue et al., 2002), SLP1 (MGG_10097; Mentlak et al., 2012; Chen et al., 2014), PTH11 (MGG_05871; DeZwaan et al., 1999), and ERL1 (MGG_02549; Heupel et al., 2010). In contrast, PTH3 (MGG_07528; Sweigard et al., 1998), MgSM1 (MGG_05344; Jeong et al., 2007; Oh et al., 2008), OMO1 (MGG_04212; Hof et al., 2007) were significantly induced in hyphae. We confirmed that the chitin synthase genes CHS1, CHS3, and CHS7 were more expressed in conidia as previously reported (Kong et al., 2012), Notably, some genes implicated in chitin degradation were likely to be up-regulated in conidia (Supplementary Figure 9 and Supplementary Results for further analyses on gene quantification).




DISCUSSION

In this study, we generated a new annotation for the P. oryzae genome by assembling three sets of RNA-Seq data that originated from conidia and hyphae of the two field isolates P131 and Y34 (Xue et al., 2012). In comparison with the MG8 annotation, our annotation includes 3,374 more genes and 6,427 novel transcripts, demonstrating the feasibility of building gene models of P. oryzae with RNA-Seq data. RNA-Seq is more sensitive and accurate than the automatic annotation procedures, which use ab initio gene predictions and sequence similarity searches. To construct the transcriptomes of P. oryzae, we used a hybrid assembly approach that integrated genome-guided and genome-independent methods, which may work better for capturing both known and novel variations (Garber et al., 2011). As a result, several thousands of alternatively spliced transcripts were identified in this study. Furthermore, many isolate-specific genes were identified with the genome-independent assembly. In general, our data showed that P. oryzae has more expressed loci and more isoforms of transcripts than previously reported. To better understand the P. oryzae transcriptomes, further investigation will be required to analyze RNA-Seq data from appressoria, in planta infection stages and diverse environmental stimuli, and to define transcription boundaries of transcripts, which have been reported to be highly divergent in the S. cerevisiae transcriptomes (Pelechano et al., 2013).

One important discovery in this study is the identification of approximately 3,000 expressed loci that have not been previously reported in P. oryzae. Most of these loci lie in the intergenic regions, many are in introns or antisense strands of protein-coding genes. Notably, many of the loci are expressed likely as lncRNAs, and only a few of them have homologs in other organisms (Figure 4A). Therefore, variation of lncRNAs might have undergone rapid adaptive selection in P. oryzae, as reported in other organisms (Pang et al., 2006). Thousands of lncRNAs have been discovered in mammal genomes (Nakaya et al., 2007; Guttman et al., 2009; Hangauer et al., 2013), and some amount of lncRNAs have also been identified in plants (Heo and Sung, 2011). There have been also some case studies on the functions of lncRNAs in the budding yeast. For instance, transcription of two lncRNAs (IRT1 and IME4-AS) confers mating-type regulation of gametogenesis (van Werven et al., 2012). Although a broad functional repertoire of lncRNAs in other organisms has been studied (Mercer et al., 2009), their functions in P. oryzae have not been reported yet.

This study identified that there existed difference between conidia and hyphae in the expression of lncRNAs, suggesting they may play regulatory roles in conidiation and hyphal growth. Many of the intergenic lncRNA transcripts are likely expressed in association with their neighboring genes (Figure 4C), suggesting they may regulate the expression of the neighboring genes. As an example, we showed that deletion of a lncRNA locus led to the formation of smaller colonies and increased expression of its neighboring gene (Figure 5). These data clearly indicate that lncRNAs play important regulatory roles in conidiation and hyphal growth of P. oryzae. Further studies will be required to define functional roles of individual lncRNAs in the growth, asexual developments and pathogenesis of P. oryzae.

In this study, a total of 2,358 genes were found to have multiple isoforms of transcripts, which accounted for nearly 15% of 16,192 predicted genes, indicating that alternative splicing may be a global regulatory mechanism to enrich the functional repertoire of P. oryzae. Similarly, 15.4% (2,077 genes out of 13,487) of Aspergillus flavus genes were predicted to undergo alternative splicing (Chang and Muddiman, 2011). In contrast, only 1.3–4.2% of genes have alternative splicing in N. crassa and F. graminearum (Kempken, 2013; Zhao et al., 2013). Therefore, alternative splicing is a common regulatory mechanism in fungi, but its prevalence varies considerably among different fungi. However, without comparing RNA-Seq data extensively, we may overlook the differences.

Alternative splicing occurs in diverse processes of eukaryotes. For instance, it is important for meiosis (Engebrecht et al., 1991) and responses to environmental stress (Pleiss et al., 2007). In the plant pathogenic oomycete Pseudoperonospora cubensis, a multidrug resistance transporter gene is reported to encode a functional effector by an alternative splicing event (Savory et al., 2012). Especially, expression levels of alternative isoforms are regulated in different tissues or in different growth conditions (Wang et al., 2008). Our study explored the genome-wide alternative splicing events in the conidia and hyphae of P. oryzae, and showed that about half of the alternatively spliced transcripts varied significantly between conidia and hyphae. Notably, diverse functional genes have multiple alternatively spliced transcripts, including transcription factors, RNA recognitions and protein kinases (Supplementary Figure 4E). Therefore, we speculate that alternative splicing takes place widely in P. oryzae as an important mechanism to regulate conidiation and hyphal growth, regulate growth, asexual developments, pathogenesis and responses to environmental stimuli. It is well known that distinct functional proteins can be produced from a single gene by alternative splicing. For instance, two functionally distinct proteins are generated from the PTC7 gene in many fungi (Marshall et al., 2013). In this study, we showed that 249 genes had multiple forms of transcripts that encode distinct proteins, including HEX1. Among them, alternative transcripts in 109 genes were differentially expressed between conidia and hyphae, including MST11. Notably, 10 and 22 alternative transcripts were conidium-specific and hyphae-specific, respectively. It will be important to determine what roles are played by these distinct forms of proteins from the same genes.

We further showed that CON7, a transcription factor gene essential for appressorium formation (Odenbach et al., 2007; Kong et al., 2013), had four types of transcripts, including two PTC forms. However, the previously annotated transcript encoding the longest protein failed to rescue the defect of the con7 disruption mutant (Figure 9). Accumulation of PTC transcripts has not yet been reported in filamentous fungi, but it has been recognized as an important mechanism to regulate gene expression for normal granulocyte differentiation (Wong et al., 2013). The PTC transcripts are usually generated by intron retention, and their accumulation may activate the NMD pathway, which has been reported to be essential for the normal development of hematopoietic stem and progenitor cells in mammalian organisms (Weischenfeldt et al., 2008). However, the impact of NMD and PTC remains to be explored in filamentous fungi. Taken together, alternative splicing, an essential mechanism shaping the functional complexity of gene expression, plays a crucial role in conidiation, hyphal growth, and pathogenesis in filamentous fungi. Regulation of alternative splicing is a sophisticated process. A number of components and molecular features were involved, e.g., cis-acting elements and trans-acting factors, chromatin structure and RNA structure. Alternative splicing RNA with distinct, alternative transcription initiation or PTC generated genetic diversity as well (Wang et al., 2015).

Approximately 230 genes of the newly identified P. oryzae genes in this study may encode proteins. In addition, 80 P131-unique and 140 Y34-unique genes were also identified based on genome-independent assembly. Half of them were not annotated previously (Xue et al., 2012). Interestingly, most of these genes encode small proteins. Some of them were predicted to encode extracellular proteins that are rich in cysteine residues, indicating that they may function as effector proteins (Stergiopoulos and de Wit, 2009). The roles of these genes in vegetative growth, conidiation and pathogenesis require functional characterization thereof.



CONCLUSION

In this study, we adopted a hybrid approach that integrated genome-guided and genome-independent assemblies of the RNA-seq data to construct the transcriptomes of P. oryzae in conidia and hyphae. As a result, a new annotation for P. oryzae was contrived and contained 16,192 genes with 19,418 transcripts, including 3,347 previously unknown new genes and 6,472 novel transcripts. Notably, the vast majority of the newly identified genes were found to be transcribed in conjunction with lncRNAs, and approximately 2,000 genes had alternative splicing events. Furthermore, we revealed that thousands of genes were differentially expressed between conidia and hyphae of P. oryzae and that lncRNAs and alternative splicing are two important mechanisms to regulate gene expression in P. oryzae. In summary, our analyses provided a deeper insight into lncRNAs and alternative splicing, which are involved in the regulation of development- and infection-related genes in P. oryzae.
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Supplementary Figure 1 | Pipeline showing assembly strategy. A hybrid strategy is employed to assemble RNA-Seq data from three samples. This strategy includes three steps: genome-independent assembly, genome-guided assembly and a combination of assemblies. Boxes with brown backgrounds indicate data sets, boxes with white background mean processing procedures, and boxes with broken green frames are original data used in the assemblies.

Supplementary Figure 2 | Relative expression levels of different transcripts. Bar graphs showed the relative expressions of (A) G000473 and G001772 (MGG_16180), (B) G014104 and G014105 (MGG_04005), (C) G009577 and G010507 (MGG_06585), and (D) G003973 and G003974 (MGG_15773) in mycelium and conidia with quantitative RT-PCR assays, respectively.

Supplementary Figure 3 | Gene knockout of G003973 lncRNA and validation. (A) G003973 and its gene replacement vector (constructed by replacing G003973 with hph). The position of primers ou, od, uf, ur, df, dr, hu, and hd are indicated with small arrows. X, XhoI. (B) DNA gel blot on XhoI-digested DNAs of strains P131 and the G003973 deletion mutants G3973-2, G3973-9, and G3973-10 hybridizing against probe 1 in panel (A). The estimated sizes of each band are marked at right.

Supplementary Figure 4 | Comparison of inter-tissue and inter-isolate alternative splicing variations. (A,B) The extent of alternative splicing events that are significantly regulated between tissues and isolates. (C,D) GO categories of genes with significantly regulated alternative splicing events between tissues and isolates. (E) Pfam domains of genes with significantly regulated alternative splicing events between tissues.

Supplementary Figure 5 | Relative expression levels of different genes. Bar graphs showed the relative expression levels of (A) MGG_00356 and (B) MGG_03004 in hyphae and conidia, respectively.

Supplementary Figure 6 | Overall comparisons of gene abundances. (A,B) are pair-wise scatterplots of gene expressions. The scatterplot indicates the global change of gene abundances between the two samples. Gene abundances are represented by FPKM. (C) Overall similarities between the samples are indicated by the clustering based on Euclidean distances. (D) Venn diagram indicating expressed genes in the three samples. Number in each set means gene number.

Supplementary Figure 7 | Volcano plots depicting the relationship between fold-change and significance. Each point represents a gene in our new annotation. Red points indicate that their expression levels are significantly different between samples. (A) Comparison between P131_hyphae and P131_conidia. (B) Comparison between Y34_hyphae and P131_hyphae.

Supplementary Figure 8 | Differentially expressed (DE) genes between P131 conidia and P131 hyphae. (A) Bar graph depicts subcellular localizations of proteins encoded by DE genes. (B) GO categories of DE gene-encoded proteins. (C) Pfam categories of highly expressed genes in conidia or hyphae. (D–G) Log2 (fold change) of highly expressed genes annotated as (D) transcription factors, (E) chitin-binding proteins, (F) sugar transporters, and (G) G-protein coupled receptors.

Supplementary Figure 9 | Regulations of chitin synthesis and degradation. (A) Pathways of chitin synthesis and degradation. Genes represented by red boxes are up-regulated in conidia compared with hyphae. (B–F) Comparison of gene expression levels of CHS, chitinases, beta-N-acetyl hexosaminidases, chitin deacetylase and exo-1,4-beta-D-glucosaminidase in conidia and hyphae.

Supplementary Table 1 | Summary of RNA-Seq data.

Supplementary Table 2 | Summary of assemblies.

Supplementary Table 3 | Functional categories of genes with multiple isoforms.

Supplementary Table 4 | Functions of genes with alternative splicing.

Supplementary Table 5 | Functions of genes differentially expressed between conidia and hyphae.


FOOTNOTES

1http://genome.crg.es/astalavista/

2https://www.broadinstitute.org/scientific-community/science/projects/fungal-genome-initiative/magnaporthe-comparative-genomics-proj


REFERENCES

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet. 25, 25–29.

Cao, H., Huang, P., Zhang, L., Shi, Y., Sun, D., Yan, Y., et al. (2016). Characterization of 47 Cys2 -His2 zinc finger proteins required for the development and pathogenicity of the rice blast fungus Magnaporthe oryzae. New Phytol. 211, 1035–1051. doi: 10.1111/nph.13948

Chang, K. Y., and Muddiman, D. C. (2011). Identification of alternative splice variants in Aspergillus flavus through comparison of multiple tandem MS search algorithms. BMC Genomics 12:358.

Chang, Y. F., Imam, J. S., and Wilkinson, M. F. (2007). The nonsense-mediated decay RNA surveillance pathway. Annu. Rev. Biochem. 76, 51–74. doi: 10.1146/annurev.biochem.76.050106.093909

Chen, X. L., Shi, T., Yang, J., Shi, W., Gao, X., Chen, D., et al. (2014). N-Glycosylation of Effector Proteins by an alpha-1,3-Mannosyltransferase Is Required for the Rice Blast Fungus to Evade Host Innate Immunity. Plant Cell 26, 1360–1376. doi: 10.1105/tpc.114.123588

Dean, R. A., Talbot, N. J., Ebbole, D. J., Farman, M. L., Mitchell, T. K., Orbach, M. J., et al. (2005). The genome sequence of the rice blast fungus Magnaporthe grisea. Nature 434, 980–986.

DeZwaan, T. M., Carroll, A. M., Valent, B., and Sweigard, J. A. (1999). Magnaporthe grisea pth11p is a novel plasma membrane protein that mediates appressorium differentiation in response to inductive substrate cues. Plant Cell 11, 2013–2030. doi: 10.2307/3871094

Du, Y., Shi, Y., Yang, J., Chen, X., Xue, M., Zhou, W., et al. (2013). A serine/threonine-protein phosphatase PP2A catalytic subunit is essential for asexual development and plant infection in Magnaporthe oryzae. Curr. Genet. 59, 33–41. doi: 10.1007/s00294-012-0385-3

Ebbole, D. J., Jin, Y., Thon, M., Pan, H., Bhattarai, E., Thomas, T., et al. (2004). Gene discovery and gene expression in the rice blast fungus, Magnaporthe grisea: analysis of expressed sequence tags. Mol. Plant Microbe Interact. 17, 1337–1347. doi: 10.1094/mpmi.2004.17.12.1337

Engebrecht, J. A., Voelkel-Meiman, K., and Roeder, G. S. (1991). Meiosis-specific RNA splicing in yeast. Cell 66, 1257–1268. doi: 10.1016/0092-8674(91)90047-3

Filichkin, S. A., Priest, H. D., Givan, S. A., Shen, R., Bryant, D. W., Fox, S. E., et al. (2010). Genome-wide mapping of alternative splicing in Arabidopsis thaliana. Genome Res. 20, 45–58. doi: 10.1101/gr.093302.109

Foissac, S., and Sammeth, M. (2007). ASTALAVISTA: dynamic and flexible analysis of alternative splicing events in custom gene datasets. Nucleic Acids Res. 35, W297–W299.

Garber, M., Grabherr, M. G., Guttman, M., and Trapnell, C. (2011). Computational methods for transcriptome annotation and quantification using RNA-seq. Nat. Methods 8, 469–477. doi: 10.1038/nmeth.1613

Gomez Luciano, L. B. I, Tsai, J., Chuma, I., Tosa, Y., Chen, Y. H., Li, J. Y., et al. (2019). Blast Fungal Genomes Show Frequent Chromosomal Changes, Gene Gains and Losses, and Effector Gene Turnover. Mol. Biol. Evol. 36, 1148–1161. doi: 10.1093/molbev/msz045

Grützmann, K., Szafranski, K., Pohl, M., Voigt, K., Petzold, A., and Schuster, S. (2014). Fungal alternative splicing is associated with multicellular complexity and virulence: a genome-wide multi-species study. DNA Res. 21, 27–39. doi: 10.1093/dnares/dst038

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, 223–227. doi: 10.1038/nature07672

Hangauer, M. J. I, Vaughn, W., and McManus, M. T. (2013). Pervasive transcription of the human genome produces thousands of previously unidentified long intergenic noncoding RNAs. PLoS Genet. 9:e1003569. doi: 10.1371/journal.pgen.1003569

Heo, J. B., and Sung, S. (2011). Vernalization-mediated epigenetic silencing by a long intronic noncoding RNA. Science 331, 76–79. doi: 10.1126/science.1197349

Heupel, S., Roser, B., Kuhn, H., Lebrun, M. H., Villalba, F., and Requena, N. (2010). Erl1, a novel era-like GTPase from Magnaporthe oryzae, is required for full root virulence and is conserved in the mutualistic symbiont Glomus intraradices. Mol. Plant Microbe Interact. 23, 67–81. doi: 10.1094/mpmi-23-1-0067

Hof, C., Eisfeld, K., Welzel, K., Antelo, L., Foster, A. J., and Anke, H. (2007). Ferricrocin synthesis in Magnaporthe grisea and its role in pathogenicity in rice. Mol. Plant Pathol. 8, 163–172. doi: 10.1111/j.1364-3703.2007.00380.x

Horton, P., Park, K. J., Obayashi, T., Fujita, N., Harada, H., dams-Collier, C. J. A., et al. (2007). WoLF PSORT: protein localization predictor. Nucleic Acids Res. 35, W585–W587.

Jeong, J. S., Mitchell, T. K., and Dean, R. A. (2007). The Magnaporthe grisea snodprot1 homolog, MSP1, is required for virulence. FEMS Microbiol. Lett. 273, 157–165. doi: 10.1111/j.1574-6968.2007.00796.x

Kanehisa, M., Goto, S., Sato, Y., Furumichi, M., and Tanabe, M. (2012). KEGG for integration and interpretation of large-scale molecular data sets. Nucleic Acids Res. 40, D109–D114.

Kawahara, Y., Oono, Y., Kanamori, H., Matsumoto, T., Itoh, T., and Minami, E. (2012). Simultaneous RNA-seq analysis of a mixed transcriptome of rice and blast fungus interaction. PLoS One 7:e49423. doi: 10.1371/journal.pone.0049423

Kempken, F. (2013). Alternative splicing in ascomycetes. Appl. Microbiol. Biotechnol. 97, 4235–4241. doi: 10.1007/s00253-013-4841-x

Kent, W. J. (2002). BLAT–the BLAST-like alignment tool. Genome Res. 12, 656–664. doi: 10.1101/gr.229202.

Kershaw, M. J., and Talbot, N. J. (2009). Genome-wide functional analysis reveals that infection-associated fungal autophagy is necessary for rice blast disease. Proc. Natl. Acad. Sci. U S A 106, 15967–15972. doi: 10.1073/pnas.0901477106

Kim, W., Miguel-Rojas, C., Wang, J., Townsend, J. P., and Trail, F. (2018). Developmental Dynamics of Long Noncoding RNA Expression during Sexual Fruiting Body Formation in Fusarium graminearum. mBio 9:4.

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.

Kong, L. A., Li, G. T., Liu, Y., Liu, M. G., Zhang, S. J., Yang, J., et al. (2013). Differences between appressoria formed by germ tubes and appressorium-like structures developed by hyphal tips in Magnaporthe oryzae. Fungal. Genet. Biol. 56, 33–41. doi: 10.1016/j.fgb.2013.03.006

Kong, L. A., Yang, J., Li, G. T., Qi, L. L., Zhang, Y. J., Wang, C. F., et al. (2012). Different chitin synthase genes are required for various developmental and plant infection processes in the rice blast fungus Magnaporthe oryzae. PLoS Pathog 8:e1002526. doi: 10.1371/journal.ppat.1002526

Lau, G. W., and Hamer, J. E. (1998). Acropetal: a genetic locus required for conidiophore architecture and pathogenicity in the rice blast fungus. Fungal. Genet. Biol. 24, 228–239. doi: 10.1006/fgbi.1998.1053

Li, G., Zhou, X., Kong, L., Wang, Y., Zhang, H., Zhu, H., et al. (2011). MoSfl1 is important for virulence and heat tolerance in Magnaporthe oryzae. PLoS One 6:e19951. doi: 10.1371/journal.pone.0019951

Liu, T. B., Chen, G. Q., Min, H., and Lin, F. C. (2009). MoFLP1, encoding a novel fungal fasciclin-like protein, is involved in conidiation and pathogenicity in Magnaporthe oryzae. J. Zhejiang Univ. Sci. B 10, 434–444. doi: 10.1631/jzus.b0920017

Madi, L., Ebbole, D. J., White, B. T., and Yanofsky, C. (1994). Mutants of Neurospora crassa that alter gene expression and conidia development. Proc. Natl. Acad. Sci. U S A 91, 6226–6230. doi: 10.1073/pnas.91.13.6226

Maquat, L. E. (2004). Nonsense-mediated mRNA decay: splicing, translation and mRNP dynamics. Nat. Rev. Mol. Cell Biol. 5, 89–99. doi: 10.1038/nrm1310

Marshall, A. N., Montealegre, M. C., Jimenez-Lopez, C., Lorenz, M. C., and van Hoof, A. (2013). Alternative splicing and subfunctionalization generates functional diversity in fungal proteomes. PLoS Genet. 9:e1003376. doi: 10.1371/journal.pgen.1003376

McCarthy, F. M., Wang, N., Magee, G. B., Nanduri, B., Lawrence, M. L., Camon, E. B., et al. (2006). AgBase: a functional genomics resource for agriculture. BMC Genomics 7:229.

Mentlak, T. A., Kombrink, A., Shinya, T., Ryder, L. S., Otomo, I., Saitoh, H., et al. (2012). Effector-mediated suppression of chitin-triggered immunity by magnaporthe oryzae is necessary for rice blast disease. Plant Cell 24, 322–335. doi: 10.1105/tpc.111.092957

Mercer, T. R., Dinger, M. E., and Mattick, J. S. (2009). Long non-coding RNAs: insights into functions. Nat. Rev. Genet. 10, 155–159.

Min, X. J., Butler, G., Storms, R., and Tsang, A. (2005). OrfPredictor: predicting protein-coding regions in EST-derived sequences. Nucleic Acids Res. 33, W677–W680.

Moriya, Y., Itoh, M., Okuda, S., Yoshizawa, A. C., and Kanehisa, M. (2007). KAAS: an automatic genome annotation and pathway reconstruction server. Nucleic Acids Res. 35, W182–W185.

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L., and Wold, B. (2008). Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat. Methods 5, 621–628. doi: 10.1038/nmeth.1226

Nagalakshmi, U., Wang, Z., Waern, K., Shou, C., Raha, D., Gerstein, M., et al. (2008). The transcriptional landscape of the yeast genome defined by RNA sequencing. Science 320, 1344–1349. doi: 10.1126/science.1158441

Nakaya, H. I., Amaral, P. P., Louro, R., Lopes, A., Fachel, A. A., Moreira, Y. B., et al. (2007). Genome mapping and expression analyses of human intronic noncoding RNAs reveal tissue-specific patterns and enrichment in genes related to regulation of transcription. Genome Biol. 8:R43.

Odenbach, D., Breth, B., Thines, E., Weber, R. W., Anke, H., and Foster, A. J. (2007). The transcription factor Con7p is a central regulator of infection-related morphogenesis in the rice blast fungus Magnaporthe grisea. Mol. Microbiol. 64, 293–307. doi: 10.1111/j.1365-2958.2007.05643.x

Oh, Y., Donofrio, N., Pan, H., Coughlan, S., Brown, D. E., Meng, S., et al. (2008). Transcriptome analysis reveals new insight into appressorium formation and function in the rice blast fungus Magnaporthe oryzae. Genome Biol. 9:R85.

Ozsolak, F., and Milos, P. M. (2011). RNA sequencing: advances, challenges and opportunities. Nat. Rev. Genet. 12, 87–98. doi: 10.1038/nrg2934

Pang, K. C., Frith, M. C., and Mattick, J. S. (2006). Rapid evolution of noncoding RNAs: lack of conservation does not mean lack of function. Trends Genet. 22, 1–5. doi: 10.1016/j.tig.2005.10.003

Park, G., Bruno, K. S., Staiger, C. J., Talbot, N. J., and Xu, J. R. (2004). Independent genetic mechanisms mediate turgor generation and penetration peg formation during plant infection in the rice blast fungus. Mol. Microbiol. 53, 1695–1707. doi: 10.1111/j.1365-2958.2004.04220.x

Park, G., Xue, C., Zheng, L., Lam, S., and Xu, J. R. (2002). MST12 regulates infectious growth but not appressorium formation in the rice blast fungus Magnaporthe grisea. Mol. Plant Microbe Interact. 15, 183–192. doi: 10.1094/mpmi.2002.15.3.183

Patkar, R. N., Suresh, A., and Naqvi, N. I. (2010). MoTea4-mediated polarized growth is essential for proper asexual development and pathogenesis in Magnaporthe oryzae. Eukaryot. Cell 9, 1029–1038. doi: 10.1128/ec.00292-09

Pelechano, V., Wei, W., and Steinmetz, L. M. (2013). Extensive transcriptional heterogeneity revealed by isoform profiling. Nature 497, 127–131. doi: 10.1038/nature12121

Peng, Y.-L., and Shishiyama, J. (1988). Temporal sequence of cytological events in rice leaves infected with Pyricularia oryzae. Can. J. Bot. 66, 730–735. doi: 10.1139/b88-107

Pleiss, J. A., Whitworth, G. B., Bergkessel, M., and Guthrie, C. (2007). Rapid, transcript-specific changes in splicing in response to environmental stress. Mol. Cell 27, 928–937. doi: 10.1016/j.molcel.2007.07.018

Savory, E. A., Zou, C., Adhikari, B. N., Hamilton, J. P., Buell, C. R., Shiu, S. H., et al. (2012). Alternative splicing of a multi-drug transporter from Pseudoperonospora cubensis generates an RXLR effector protein that elicits a rapid cell death. PLoS One 7:e34701. doi: 10.1371/journal.pone.0034701

Shao, W., Kim, H. S., Cao, Y., Xu, Y. Z., and Query, C. C. (2012). A U1-U2 snRNP interaction network during intron definition. Mol. Cell Biol. 32, 470–478. doi: 10.1128/mcb.06234-11

Soundararajan, S., Jedd, G., Li, X., Ramos-Pamplona, M., Chua, N. H., and Naqvi, N. I. (2004). Woronin body function in Magnaporthe grisea is essential for efficient pathogenesis and for survival during nitrogen starvation stress. Plant Cell 16, 1564–1574. doi: 10.1105/tpc.020677

Stergiopoulos, I., and de Wit, P. J. (2009). Fungal effector proteins. Annu. Rev. Phytopathol. 47, 233–263. doi: 10.1146/annurev.phyto.112408.132637

Sweigard, J. A., Carroll, A. M., Farrall, L., Chumley, F. G., and Valent, B. (1998). Magnaporthe grisea pathogenicity genes obtained through insertional mutagenesis. Mol. Plant Microbe Interact. 11, 404–412. doi: 10.1094/mpmi.1998.11.5.404

Talbot, N. J. (2003). On the trail of a cereal killer: Exploring the biology of Magnaporthe grisea. Annu. Rev. Microbiol. 57, 177–202. doi: 10.1146/annurev.micro.57.030502.090957

Tang, J., Chen, X., Yan, Y., Huang, J., Luo, C., Tom, H., et al. (2021). Comprehensive transcriptome profiling reveals abundant long non-coding RNAs associated with development of the rice false smut fungus, Ustilaginoidea virens. Environ. Microbiol. 2021:15432.

Thorvaldsdottir, H., Robinson, J. T., and Mesirov, J. P. (2013). Integrative Genomics Viewer (IGV): high-performance genomics data visualization and exploration. Brief Bioinform. 14, 178–192. doi: 10.1093/bib/bbs017

Valent, B., and Chumley, F. G. (1991). Molecular genetic analysis of the rice blast fungus, magnaporthe grisea. Annu. Rev. Phytopathol. 29, 443–467. doi: 10.1146/annurev.py.29.090191.002303

van Werven, F. J., Neuert, G., Hendrick, N., Lardenois, A., Buratowski, S., van Oudenaarden, A., et al. (2012). Transcription of two long noncoding RNAs mediates mating-type control of gametogenesis in budding yeast. Cell 150, 1170–1181. doi: 10.1016/j.cell.2012.06.049

Wang, B., Guo, G., Wang, C., Lin, Y., Wang, X., Zhao, M., et al. (2010). Survey of the transcriptome of Aspergillus oryzae via massively parallel mRNA sequencing. Nucleic Acids Res. 38, 5075–5087. doi: 10.1093/nar/gkq256

Wang, E. T., Sandberg, R., Luo, S., Khrebtukova, I., Zhang, L., Mayr, C., et al. (2008). Alternative isoform regulation in human tissue transcriptomes. Nature 456, 470–476. doi: 10.1038/nature07509

Wang, J., Zeng, W., Xie, J., Fu, Y., Jiang, D., Lin, Y., et al. (2021). A novel antisense long non-coding RNA participates in asexual and sexual reproduction by regulating the expression of GzmetE in Fusarium graminearum. Environ. Microbiol. 2021:15399.

Wang, Y., Liu, J., Huang, B. O., Xu, Y. M., Li, J., Huang, L. F., et al. (2015). Mechanism of alternative splicing and its regulation. Biomed. Rep. 3, 152–158.

Wang, Z., Gerstein, M., and Snyder, M. (2009). RNA-Seq: a revolutionary tool for transcriptomics. Nat. Rev. Genet. 10, 57–63. doi: 10.1038/nrg2484

Wang, Z. Y., Thornton, C. R., Kershaw, M. J., Debao, L., and Talbot, N. J. (2003). The glyoxylate cycle is required for temporal regulation of virulence by the plant pathogenic fungus Magnaporthe grisea. Mol. Microbiol. 47, 1601–1612. doi: 10.1046/j.1365-2958.2003.03412.x

Weischenfeldt, J., Damgaard, I., Bryder, D., Theilgaard-Monch, K., Thoren, L. A., Nielsen, F. C., et al. (2008). NMD is essential for hematopoietic stem and progenitor cells and for eliminating by-products of programmed DNA rearrangements. Genes Dev. 22, 1381–1396. doi: 10.1101/gad.468808

Wilhelm, B. T., Marguerat, S., Watt, S., Schubert, F., Wood, V., Goodhead, I., et al. (2008). Dynamic repertoire of a eukaryotic transcriptome surveyed at single-nucleotide resolution. Nature 453, 1239–1243. doi: 10.1038/nature07002

Wong, J. J., Ritchie, W., Ebner, O. A., Selbach, M., Wong, J. W., Huang, Y., et al. (2013). Orchestrated intron retention regulates normal granulocyte differentiation. Cell 154, 583–595. doi: 10.1016/j.cell.2013.06.052

Xue, C., Park, G., Choi, W., Zheng, L., Dean, R. A., and Xu, J. R. (2002). Two novel fungal virulence genes specifically expressed in appressoria of the rice blast fungus. Plant Cell 14, 2107–2119. doi: 10.1105/tpc.003426

Xue, M., Yang, J., Li, Z., Hu, S., Yao, N., Dean, R. A., et al. (2012). Comparative analysis of the genomes of two field isolates of the rice blast fungus Magnaporthe oryzae. PLoS Genet. 8:e1002869. doi: 10.1371/journal.pgen.1002869

Yan, X., Li, Y., Yue, X., Wang, C., Que, Y., Kong, D., et al. (2011). Two novel transcriptional regulators are essential for infection-related morphogenesis and pathogenicity of the rice blast fungus Magnaporthe oryzae. PLoS Pathog. 7:e1002385. doi: 10.1371/journal.ppat.1002385

Yang, J., Kong, L., Chen, X., Wang, D., Qi, L., Zhao, W., et al. (2012). A carnitine-acylcarnitine carrier protein, MoCrc1, is essential for pathogenicity in Magnaporthe oryzae. Curr. Genet. 58, 139–148. doi: 10.1007/s00294-012-0372-8

Yang, J., Zhao, X., Sun, J., Kang, Z., Ding, S., Xu, J. R., et al. (2010). A novel protein Com1 is required for normal conidium morphology and full virulence in Magnaporthe oryzae. Mol. Plant Microbe Interact. 23, 112–123. doi: 10.1094/mpmi-23-1-0112

Zhao, C., Waalwijk, C., de Wit, P. J., Tang, D., and van der Lee, T. (2013). RNA-Seq analysis reveals new gene models and alternative splicing in the fungal pathogen Fusarium graminearum. BMC Genomics 14:21. doi: 10.1186/1471-2164-14-21

Zhao, X., Kim, Y., Park, G., and Xu, J. R. (2005). A mitogen-activated protein kinase cascade regulating infection-related morphogenesis in Magnaporthe grisea. Plant Cell 17, 1317–1329. doi: 10.1105/tpc.104.029116


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

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

Copyright © 2021 Li, Yang, Peng, Cheng, Liu, Zhang, Bhadauria, Zhao and Peng. 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-12-723636-g001.jpg
Intergenic
9.0%

UTR
22.7%

Intron
5.4%

CDS
62.9%

7.3%

Cc D

9000
8000
= 7000
o
£ 6000
R=
% 5000
_‘g 4000
£ 3000
2000
1000

Intergenic

Intron
7.3%

UTR
22.3%

Intergenic

CDS

P131 conidia P131_hyphae Y34 hyphae

59.8%

u0

u(0,5]
u(5,10]
u(10,100]

= (100,1000]
u>1000





OPS/images/fpls-12-723636-g002.jpg
A G015775 G000192  GO12377 GO10068  GO08795  G010982  G006162  Actin

B G002943 G014466 G006195 G006207 G008704 G008817

G014543  GO15995 GO015869 G014542  G006321 GO007174  G013022 GOI15870  Actin

G014104 _G008841 G008842  G008166 _G012898 G012282 GO014103  G014105 Actin






OPS/images/fpls-12-723636-g009.jpg
5296000bp 5297000bp 5298000bp C

S&;ﬁ)w i 52’7;“09 { 5&?” , pHBG

_—--—->—-»—v_-»q—T3 | CON7 promoter >| CON?7 genomic DNA >| CON?7 terminator >
s T'1 pHBT
; T2 |

y CON?7 promoter >| CON7 G007295T3 >| CON7 terminator >

CON7 (G007295)

350 1
300 - Conidia

250 A
& 200 -
150 A
100 A
50
0 4

FP

T1 T2 T3 T4

=¥
e






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Transcriptional Landscapes of Long Non-coding RNAs and Alternative Splicing in Pyricularia oryzae Revealed by RNA-Seq



		INTRODUCTION



		MATERIALS AND METHODS



		Sample Preparation



		Assembly of RNA-Seq Reads and Annotation



		Detection of Isolate-Specific Transcripts



		Comparison of Gene Expression



		Analysis of Alternative Splicing



		Fungal Strains, Culture Conditions, Transformation, and Gene Deletion



		Microscopy Assays







		RESULTS



		Many RNA-Seq Reads Were Matched With Intergenic Regions and Predicted Introns in the Pyricularia oryzae (syn., Magnaporthe oryzae) Genome



		Identification of 3,374 Novel Genes in P. oryzae



		Expression Profiles of Novel Protein-Coding Genes of P. oryzae Suggest Their Involvement in Hyphal Growth and Conidiation



		Long Non-coding RNAs May Play Regulatory Roles in Conidiation and/or Hyphal Growth



		Pyricularia oryzae Has Thousands of Genes That Express Multiple Forms of Transcripts



		Alternative Splicing Events of Genes Known to Be Important for Hyphal Growth, Conidiation, and Pathogenesis



		Many Genes May Be Differentially Expressed Between Conidia and Hyphae







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fpls-12-723636-g007.jpg
Gonrz
Garissomi
GonissoTs
Gorissoms
—— —— —
—— —

10¢

exon structure

exon-exon junction

read coverage

100

100

100

100

oy ey wrmmy .
— I I I I 1 L I I
e VY e e e O S P S ) R e
MSTI1 601067071 | ’
601067072 I )
0 20 40 60 80 1000 20 40 60
conidia(FPKM) hyphae(FPKM)
iy iy wamy umy my
— L L L ! ! ! L I L
MST12 Goog254Tt “cm L h
600825472 o =t F
0 20 40 60 80 1000 20 40 60
ullm . m:u . ulm . wlm . wlm . conidia(FPKM) hyphae(FPKM)
L 1
6G004818T1 1 d [d
MoCDTF1
600481872 : :
0 20 40 60 80 1000 20 40 60
. w]u. ) mr., ) ;ml.. . ,,,,,'..., ) conidia(FPKM) hyphae(FPKM)
G009675T2 e - — SRR ———— HE I I N NN NN
TE.A4 600%675T1 : : : -
600367573 = |
0 20 40 60 80 1000 20 40 60
conidia(FPKM) hyphae(FPKM)
: g ; - i s ; s
T d
GOOS004T? e B T O B GG, Y ¢ ¢ ey
coM1 = ?
600500471 Jeeet
0 20 40 60 80 1000 20 40 60
conidia(FPKM) hyphae(FPKM)

uy . i . hnd . o

ATG9 6003097T2 e S I O S B O S S S e

600809771 }

:

100

0 20 4 60 80
conidia(FPKM)

1000 20 40 60
‘hyphae(FPKM)

100





OPS/images/fpls-12-723636-g008.jpg
#U1

#U2

HPIp19 complex

MGG_01450 (Sm)

MGG_03895 (Sm)

GG_04033 (Sm)
MGG_04741 (Sm)

MGG_10740 (Sm)

MGG_05375 (SF3a)

HECJ/TREX

MGG_01450 (Sm) MGG_01450 (Sm)

MGG_03895 (Sm) MGG_01509 (Lsm)

[GG_03895 (Sm)

h
MGG_01426 (CDCS) | MGG_03740 (Y14) !
i« MGG_07336 (SPF27) | MGG_06859 (magoh) |
| MGG_02938 (Lsm) GG,

5_( [GG_05616 (PRL1) MGG_02806 (UAP56) }
1+ MGG_04539 (Lsm) 1 MGG_04741 (Sm)

MGG_04083 (Sm)
MGG_04741 (Sm)

MGG_10740 (Sm)

MGG_10740 (Sm)
MGG_13209 (U24) 1 MGG_01450 (Sm)
MGG_02946 (SF3a) | MGG_03895 (Sm)

16 m)

MGG_04399 (THOC) |
H
1 MGG_13500 (Snuld) |

MGG_06958 (HSP73) | M

MGG_07213 (Prp6) | #Prp19 related
MGG_12972 (SF3a) | MGG_04083 (Sm)

MGG_04741 (Sm)
MGG_10740 (Sm)
G_03182

MGG_03658 (SF3b)

MGG_03973 (SF3b)

MGG_05173 (SF3b)

#U2 related

ACIS,
MGG_00348 (U2AF) 1 411 SuRNP assoclated

MGG_09948 (U2AF)
MGG_08894 (SPF30)

L MGG 03893 (Prpd3) _

| #Common
| components

MGG_03116 (Prpl9) | MGG_04885 (elFA3) _ MGG_15532 (Prps)

| #ULU2

#1st step 1 #2nd step

| #intron remove
5

MGG_07501 (Prp2)

#NMD factors
MGG_00976 (UPFI)  MGG_03740 (Y14)
MGG_06859
(MAGOH)
MGG_04885
MGG_06063 (UPE2) e

MGG_03912 (UPF3) MGG_02580 (RNPS1)
MGG_05760 (PYM)

Expression level (P131_conidiaP131_hyphae) <025 [l <05 = >2 = >4 [}





OPS/images/fpls-12-723636-g005.jpg
6250 bp

48% 000t anr 0ty 45000t a0t 4300000 tp 430000
! ! ! ] ! 1 [ 1

Diameter of colony (mm)

— >
G003973 MGG_15773
0.7 140 -
0.6 120 A
0.5 4 S 100 -
5 0.4 - v 80 -
& 0.3 4 & 60 -
0.2 -+ 40 A
0.1 - 20 A
0 - 0 -
conidia hyphae conidia hyphae
G003973 MGG _15773
P131 G3973ko-2 G3973ko-9 G3973ko-10
E
50.0 1 \&09 \&o,\g
) >
40.0 A Q\,,;, C;)o;\ C;)o,’\
30.0 A
10.0 A
> s o N
D O O 4

S
NN I





OPS/images/fpls-12-723636-g006.jpg
14000

12000

10000

Number of genes
%
[=3
(=}

¥ new annoation

7 MG8

Intron retention = Complex events

4 >
5 = Alternative acceptor ® Exon skipping

Number of isoforms

1809

u Alternative donor





OPS/images/fpls-12-723636-g003.jpg
200
180 200
160 130
g, 160
£ P
o0 £ 140
e @
S, Soi20
2 S 100
@
E -E 30 ;
z = 60 ] o
z e
40 o
] s ] H " . °
0 20 s 3 = °
1.00E-40 1.00E-35 1.00E-30 1.00E-25 1.00E-20 1.00E-15 1.00E-10 1.00E-05 0~ T ,. ’ d
E-value IE-40  1E-35  1E-30  1E-25  1E-20  1E-1S  1E-10  1E-05
E-value
C D
80 4 1600
g 1400 mnovel golg
70 £ 1200 =MG8 olg
B0 ER. g e
] 2 eyto_pero
60 - g 20 - cyto_pero § mito_met
g E il .S mito_nucl F e
= 50 4 5 40 = 8 cyeo_mito
) Z 20 g pero L ok =
s 0 = £ cyo_nul
i El —_—
2 40 SRS S SO S SN G evomi R S—
g
£ RS &~ S \*\@\\@ OO a\* ) cysk 5 ek —
£ 30 - TN = B it —
= Protein length = cyto_nucl nuel
z E | 0 500 1000 1500 2000 2500 3000 3500 4000
20 - g plas \
= 4 Number of genes
= cyto |
10 - @ 1
extr
0 mito
S & S O © nuel
N & > oY & N
§$ N & & 0 10 20 30 40 50 60 70 80
Number of genes
E
1LE+05
PN
L E+04
=
1E+03 *
o
= LE+02 x
£ im0l .
% LE+00 2 &
=
= LE0I
S x
= LE-02
= LE-03
e
A LE04
1.E-05
1.E-05 1.E-03 1.E-01 LE+01 LE+03 LE+05

P131_conidia (FPKM+1E-5)





OPS/images/fpls-12-723636-g004.jpg
B
200 LE+07 -
180 | o @ 1E+06 1
= 3 x
160 { “N¢ B LE+0S -
4 AN * + LE+04
§ 1401 esc E LE+03 % E
2120 A 1LE+02
3 B
= 100 4 % 1.E+01
"
£ 5 ¢ £ LE+00 e
E 5 % » £ 1LE-01
z. . = 1LE02 .
5
40 . i = . o LE03
20 3 * & . A LE-04 | *
[ S S S S S S S— LE-05 " v y
1.00E-40  1.00E-35 1.00E-30 1.00E-25 1.00E-20 1.00E-15 1.00E-10  1.00E-03 LE-05 LE-03 LE-01 LE+01 LE+03 LE+05 LE+07
E-valué P131_conidia (FPKM+1E-5)
28400t 288500000 25800t 24810t 288000t
—L | 1 1 1 | 1 | 1 ! 0.1 04
600177212
6001772.” 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
GO00473T1  m--smm conidia(FPKM) hyphae(FPKM)
oo sx0mmte — o r h
= . h h . !
G014105T1 ¢ O R I S— 06
GO14104T ) e— et — ° 2 W @ © 100 1200 20 40 6 S0 100 120
conidia(FPKM) hyphae(FPKM)
19100080 3491200t 00 451508 1180t IR0 R0ty R0t R0t R0ty 31500t
1 1 1 1 1 I} 1 1 1 1 1 1 ! 1 1 1
r
601050772 B i G O G B e ]
G010507T1 om0 !
G009577T1 0 100 200 300 400 500 0 100 200 300 400 300
conidia(FPKM) hyphae(FPKM)





OPS/images/cover.jpg
frontiers
in Plant Science






OPS/images/fpls-12-723636-t001.jpg
Genes

Number of genes

Number of genes + strand

Number of genes - strand

Number of genes no strand

Mean gene length (bp)

Number of genes with multiple isoforms
Number of genes with multiple exons
Transcripts

Number of transcripts

Mean transcript length (bp)

Number of multiple exon transcripts

MGS8 annotation

12,827
6,423
6,404
0
2,011
155
10,332

12,991
1,802
10,481

new annotation

16,192
7,179
7,209
1,804
2,046
2,358
11,613

19,418
1,928
14,374









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





