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Editorial on the Research Topic
 Genomics and Effectomics of Filamentous Plant Pathogens



Fungi and oomycetes are filamentous microorganisms that include a diversity of highly developed pathogens of plants. Notorious plant diseases, such as rice blast (Magnaporthe oryzae), wheat head blight and crown rot (Fusarium graminearum and F. pseudograminearum), wheat rust (Puccinia spp.), Botrytis bunch rot (Botrytis cinerea), and pear or apple canker (Valsa pyri) are caused by fungal pathogens, while soybean Phytophthora root rot and Pythium damping-off (Phytophthora sojae and Pythium spp.), potato late blight (Phytophthora infestans), pepper blight (Phytophthora capsici), and fruit and vegetable downy mildew (Pseudoperonospora and other Peronosporaceae spp.) are caused by oomycete pathogens. Over the past 15 years, the genomes of more than 150 plant pathogenic fungi and oomycetes have been sequenced. The fast-accumulating “omic” data and bioinformatics techniques have significantly promoted the understanding of molecular mechanisms for plant-pathogen interactions.

Accumulating evidence has revealed that a co-evolutionary arms race with host plants has shaped the genomes of the filamentous plant pathogens into diverse architectures, in addition to producing some common features in phylogenetically unrelated species. Typically, the pathogens have evolved a large repertoire of secreted virulence proteins, called effectors, which are able to target different compartments of host cells to facilitate colonization and infection. Some effectors can be recognized by the plant immune system and trigger immunity, while others may escape recognition of the host by rapid evolution. This Research Topic aims to showcase the utility of genomics and effectomics to gain insights into the pathogenesis and virulence factor evolution of filamentous plant pathogens by revealing the breadth of novelty that was in the past largely untapped. It finally comprises 19 submissions from experts in the field and covers a broad range of themes. We have broadly grouped the articles under the following ten themes:


GENOME ASSEMBLY

Long-read sequencing can greatly improve the genome assembly quality, thus is also helpful for genome annotation. Wu et al. generated the first long-read sequencing-based de novo genome assembly for the wheat leaf rust pathogen Puccinia triticina (Pt) strain Pt104. Compared to the previous Pt race1 assembly, the Pt104 assembly reduces the contig number by 91-fold and improves the contig N50 by 4-fold. Comparative genomics among Pt104 and six additional strains, which have differential virulence profiles on different wheat varieties carrying leaf rust resistance gene Lr26, Lr2a, or Lr3ka, provided evidence for the identification of 31–38 candidates for each corresponding avirulence gene. Based on an updated genome assembly of Phytophthora parasitica using PacBio long sequence reads, Panabières et al. identified several families of tandemly repeated sequences varying in size, copy number, and sequence conservation. Two abundant families, PpSat1 and PpSat2, displayed typical features of satellite DNA but differed by their length, sequence, organization, genomic environment, and evolutionary dynamics. Characterization of transcripts of the two families further suggested that these satellite DNA families likely play a conserved role within oomycete pathogens.



EFFECTOR IDENTIFICATION

Identification of secretome and candidate effectors from phytopathogen genomes is a fundamental work for pathogenesis research. In the genome of Pseudoperonospora humuli isolate OR502AA, Purayannur et al. predicted 1,250 secretome-coding genes, and 296 RxLR or RxLR-like effector-encoding genes. Based on 12 different isolates collected from various hop cultivars, they further identified a set of core effectors that showed transcription evidence and elevated expression during infection. In Phytophthora betacei, Rojas-Estevez et al. found that the proteome has both significantly higher numbers of whole proteome (40,543) and predicted secretome (5,653), and the proportion of secretome in the proteome is also slightly higher (13.9%) than other Phytophthora spp. There is an extremely large repertoire of RxLR effectors (791), among which 203 RxLR effectors were specific in P. betacei. The avirulence RxLR effectors identified in other Phytophthora spp., such as Avr1, Avr3b, Avr4, and Avrblb1, were likely conserved in P. betacei.



EFFECTOR EVOLUTION

In many plant pathogens, some effectors can be detected by corresponding resistance proteins from their host plants and activate immunity. The high selection pressure from host resistance usually results in a high degree of variability of pathogens. Wang et al. investigated the distribution, variation, and evolution of the corresponding Avr gene AvrPiz-t among 312 M. oryzae isolates collected from Yunnan rice production areas of China. The data revealed that AvrPiz-t evolved to virulent from avirulent forms via point mutation, retrotransposon, shift mutation, and structure variance under field conditions. In P. sojae, all previously identified Avr genes belong to the RxLR effector family. Zhang et al. investigated the genomic variation of 25 P. sojae isolates by high-throughput genome re-sequencing, and found that the P. sojae isolates possess varying numbers of RxLR effectors with diverse sequences. Forty two core RxLR effectors are assumed to be important for infection, and several novel variants of avirulent RxLR effectors leading to the evading of host resistance were identified.



EFFECTOR FUNCTIONAL SCREENING

Many effectors exhibit specific transcriptional induction during early stages of pathogen infection. Zhao et al. performed RNA-seq and identified a set of upregulated genes upon Puccinia triticina infection, including 79 genes predicted as possible effectors. Among the effector candidates which contained a PNPi-like or a CFEM motif, four PNPi-like effector candidates showed physical interactions with wheat NPR1 protein in yeast two-hybrid assay. Transient expression of one CFEM effector candidate in Nicotiana benthamiana accelerated the progress of cell death and promoted the accumulation of reactive oxygen species.



APOPLASTIC CELL DEATH-INDUCING EFFECTORS

Li et al. reviewed the latest advances in the identification of apoplastic cell death-inducing proteins (CDIPs) from plant pathogenic oomycetes and fungi, and discussed the role of many apoplastic CDIPs as essential virulence factors. At the same time, apoplastic CDIPs have been documented to be recognized by plant cells as pathogen-associated molecular patterns (PAMPs). The recent findings of extracellular recognition of apoplastic CDIPs by plant leucine-rich repeat-receptor-like kinases (RLKs) or receptor-like proteins (RLPs) have greatly advanced our understanding on how plants detect microbial patterns and mount a defense response.



TRANSCRIPTION FACTORS

Transcription factor (TF) is a class of sequence-specific DNA-binding factors playing important roles in the development and pathogenicity of plant pathogens. Kange et al. identified VpFSTF1, a fungal-specific TF from the pear canker pathogen Valsa pyri. The gene knockout mutants lost the ability to form fruiting bodies along with the reduced virulence, and were sensitive to increasing concentrations of hydrogen peroxide and salicylic acid. RNA-seq analysis revealed 69 candidate downregulated genes related to virulence, and five promoters proposed to be directly or indirectly targeted by VpFSTF1. Wang et al. compared the transcriptomes of gene-silenced and wild-type strains and identified candidate downstream genes regulated by a histone deacetylase in Phytophthora infestans. Among 18 candidate genes related to α hormones biosynthesis, overexpression of a gene encoding the NF-Y TF increased the production of hormone α2. Yin et al. report that the plant-specific RWP-RK TF family is also widely present in the Stramenopila kingdom, particularly among the oomycetes, with 12–15 members per species. In addition to protein sequences and DNA-binding domains, the transcriptional activities of orthologous RWP-RK genes in oomycetes were also conserved, and some genes may be associated with pathogenicity.



PENTATRICOPEPTIDE REPEAT PROTEINS

Pentatricopeptide repeat (PPR) proteins are a large family of modular RNA-binding proteins that mediate several aspects of gene expression, but compared to plants, the function of PPR proteins is still largely unknown in filamentous plant pathogens. Wang et al. reported that FpPPR1, a PPR encoding gene, is essential for asexual development, sporulation, and pathogenesis in F. pseudograminearum. RNA-seq revealed significant transcriptional changes in the Fpppr1 deletion mutant, and several differentially regulated genes may function in mating type, heterokaryon incompatibility, and dysfunction of mitochondria-mediated oxidative stress, and explain the functions of FpPPR1.



CARBOHYDRATE-ACTIVE ENZYMES

Carbohydrate-active enzymes (CAZymes) of plant pathogens are involved in the degradation of the host cell wall and storage compounds, and many have been revealed as virulence factors. In Phytophthora sojae, Tan et al. identified PsGH7a, which encodes a glycoside hydrolase (GH)7 family cellobiohydrolase and was highly induced during the cyst germination and infection stages. The PsGH7a knockout mutants showed reduced virulence on susceptible soybean. Notably, PsGH7a protein triggers hypersensitive response in diverse plants, and it is highly conserved in oomycetes. de Vries et al. performed comparative genomics to understand how the repertoire of the carbohydrate esterase (CE)1 and CE10-encoding gene families is shaped across oomycete evolution. These genes are mainly induced in the analyzed oomycete plant pathogens and some homologous genes show lifestyle-specific gene expression levels during infection, with hemibiotrophs showing the highest expression levels. Liang et al. compared the full CAZyme complement among nine Pythium (two are mycoparasitic) and four Phytophthora species. They found that 20 CAZyme families involved in the degradation of cellulose, hemicellulose, glucan, and chitin were expanded in, or unique to, mycoparasitic Pythium species. Three families might be expanded via tandem gene duplication, and five families were likely via horizontal gene transfer.



POST-TRANSLATIONAL MODIFICATION

Protein lysine 2-hydroxyisobutyrylation (Khib) and histone lysine lactylation (Kla) are two newly discovered post-translational modification (PTM). Xu et al. present research on a proteome-wide analysis of Khib protein in Botrytis cinerea. A total of 5,398 Khib sites from 1,181 proteins were identified. Functional annotations showed that the Khib proteins are widely distributed in cellular compartments and involved in diverse cellular processes, and significantly, 37 Khib proteins were proposed to function in different aspects of pathogenicity regulation. Gao et al. describe a global lysine lactylome analysis in B. cinerea. Among the 166 proteins with 273 Kla sites identified, 88% were predicted to distribute in nucleus, mitochondria, and cytoplasm, and 12 may participate in fungal pathogenicity. The combined datasets of Khib and Kla in B. cinerea provide a good foundation for further explorations of PTM in plant fungal pathogens.



PATHOGEN-RESPONSIVE PLANT SMALL RNAS

Small RNAs are critical for plant immunity against diverse virus, bacteria, and a couple of eukaryotic pathogens. Based on a high-throughput sequencing approach, Zhu et al. identify 293 known and six novel small RNAs (miRNAs or siRNAs) in Arabidopsis thaliana, which were responsive to Phytophthora capsici at early stage of infection. The predicted target genes of 33 selected miRNAs were enriched in pathways of starch and sugar metabolism, spliceosome, and plant-pathogen interaction, indicating that the splicing machinery and pathogenesis-related proteins play important roles in response to P. capsici infection. Based on a powdery mildew (PM)-susceptible cucumber line and a PM-resistant line, Xu et al. applied small RNA and degradome sequencing to identify PM-responsive miRNAs and their target genes. The comparative study highlighted an extensive genotype-specific response to PM infection that was different from the common responses in the resistant and susceptible genotypes. Four miRNAs and their target genes were found to play critical roles in the PM-inoculated cucumber leaves.

Overall, this Research Topic showcases a broad range of articles which illustrate the utility of multi-omics approaches to investigate genomic (and effectomic) features associated with the development, pathogenicity, and virulence evolution of filamentous plant pathogens. Future advances in genomic technology will undoubtedly reveal further novelty and diversity of pathogenic mechanisms for a better understanding of plant-pathogen interaction.
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Due to the monocultural basis of agricultural crops, mutated plant microbes with increased pathogenicity can easily spread in the field and lead to serious yield losses. As a major threat to a wide range of crop plants, oomycete pathogens continuously undergo adaptive evolution to overcome plant defense barriers. However, the genetic basis of their evolution at the molecular level remains largely unknown. Here, we investigated the nature variation and the population genomics of the soybean pathogen Phytophthora sojae by high-throughput genome re-sequencing. Genomic variation analysis revealed uneven “two-speed” evolutionary pattern with genes in gene-sparse regions (GSRs) showing higher rates of structural polymorphisms and positive selection. GSRs are enriched in effector genes and transposase-related genes. Our results also suggested that the NADH oxidase and MIP transporter gene families undergo rapid and diversifying selection. Furthermore, we demonstrated that P. sojae isolates possess varying numbers of RxLR effectors with diverse sequences, totaling 471 members. Among them, 42 core RxLR effectors are assumed to be important for infection. Finally, we observed that Avr genes exhibit abundant sequence variation in P. sojae isolates. Several novel variants lead to the evading of host resistance, including a complete deletion in Avr3c and amino acid mutations in Avr1a. Taken together, our results provide an adaptive landscape of P. sojae at single-nucleotide resolution, as well as resources for further resistance breeding and disease prevention against this important plant pathogen.

Keywords: Phytophthora sojae, genome re-sequencing, natural variation, adaptive evolution, RxLR effectors, avirulent genes


INTRODUCTION

Oomycetes are fungal-like eukaryotic organisms classified into the Stramenopila kingdom, which includes multiple plant- and animal-infecting pathogens (Fawke et al., 2015). Oomycetes cause devastating diseases on a wide range of crop plants and result in severe yield loss (Jiang and Tyler, 2012). The most notorious plant-infecting oomycete pathogens belong to the genus Phytophthora, which includes over 100 species (Hansen et al., 2012). Being responsible for root rot in soybean (Glycine max), Phytophthora sojae is one of the most economically important Phytophthora pathogens (Tyler et al., 2006). As the second most destructive pathogen and a major yield-limiting factor for soybean, P. sojae can cause up to 100% yield loss in individual fields, resulting in around $2 billion of annual loss worldwide (Tyler, 2007). Despite the importance of P. sojae in soybean disease control, the molecular details of its pathogenesis and population genomics remain elusive.

Currently, the most effective way to manage disease caused by P. sojae is to develop cultivars harboring major resistance (Rps, Resistance P. sojae) genes (Dorrance et al., 2003). To date, over 20 Rps genes have been identified and mapped to nine chromosomes in soybean, including Rps1a, Rps1b, Rps1c, Rps1k, Rps3a, and Rps6. Some Rps genes have been incorporated into commercial soybean cultivars (Chawla et al., 2013; Huang et al., 2016). Meanwhile, 11 Avr genes have been identified and cloned from P. sojae, including Avr1a, Avr1b, Avr1c, Avr1d, Avr1k, Avr3a, Avr3b, Avr3c, Avr4, Avr5, and Avr6 (Shan et al., 2004; Dong et al., 2009; Dou et al., 2010; Dong S. et al., 2011; Dong S.M. et al., 2011; Na et al., 2013; Song et al., 2013; Na et al., 2014). Among them, the Avr3a/Avr5 and Avr4/Avr6 pairs are different alleles of the same gene, respectively. All known Avr genes are predicted to encode effector proteins containing a secretion signal peptide followed by the RxLR (arginine-any amino acid–leucine–arginine) motif (Anderson et al., 2015). To cope with the selection pressure from soybean Rps genes, P. sojae can overcome Rps-mediated immune surveillance through mutations of the Avr genes, including amino acid changes, complete or partial deletions, frameshift, insertions and loss of transcripts (Huang et al., 2019). Continuous emergence of new P. sojae virulent pathotypes limits the effectiveness of Rps genes in the field (Schmitthenner, 1985). To prevent disease outbreaks, it is important to understand the population genomics of P. sojae in the field and the associated genetic variation in Avr genes.

Apart from their avirulent roles, Phytophthora RxLR effectors can play virulent roles to promote infection (Anderson et al., 2015). Every known Phytophthora genome harbors 100s of putative RxLR effector genes (Anderson et al., 2015). Structural studies demonstrate that the WY domain common to many RxLR type proteins possesses the core fold, which may involve in avirulence and virulence adaptation (Anderson et al., 2015). Functional studies reveal that RxLR effectors can suppress host immunity by either hijacking plant resistance pathways or utilizing plant susceptibility factors (Dou and Zhou, 2012). Comparative genomic studies indicate that most RxLR effectors are highly divergent across different pathogens (Jiang et al., 2008). Recent research has been focused on conserved effector repertoire shared by different pathogens and core effectors that are common in different strains of the same pathogen. For example, the conserved effectors between P. sojae and Hyaloperonospora arabidopsidis suppress PAMP- and effector-triggered immunity across diverse plant species (Deb et al., 2018). Four P. infestans core effectors contribute to virulence through defense suppression (Yin et al., 2017). Core effectors can be effective for breeding cultivars with durable resistance (Dangl et al., 2013). The re-sequencing strategy has been used to identify core effectors from 65 strains of the bacterial pathogen Xanthomonas axonopodis pv. manihotis (Bart et al., 2013). Currently we have little knowledge on core RxLR effectors of oomycete species. Identification of the core RxLR effector repertoire in P. sojae will be critical for screening soybean Rps genes conferring broad-spectrum and durable resistance.

Genome plasticity can help organisms adapt to the new environment, which is particularly the case for pathogens as they coevolve with their hosts via “arms races” (Raffaele and Kamoun, 2012; Sanchez-Vallet et al., 2018). Many filamentous microorganisms fit a typical “two-speed” genome model with distinct gene dense regions (GDRs) and gene-sparse regions (GSRs). The dynamic GSRs are enriched in rapidly evolving genes and transposons to drive adaptive evolution (Dong et al., 2015; Schrader and Schmitz, 2018). Comparative analysis of 15 Clavicipitaceae genomes has revealed large repeat blocks in their alkaloid biosynthesis gene loci, which can facilitate frequent gene losses, mutations, and duplications for symbiotic adaptation (Schardl et al., 2013). Comparative genomic analysis of four Phytophthora species has showed that their “two-speed” genome evolution is driven by host jumps. Genes in GSRs, including effector- and epigenetic-related genes, exhibit higher evolutionary rates of structural polymorphisms and positive selection (Raffaele et al., 2010). Comparative genomic analysis of four P. sojae isolates has revealed a relatively covert “two-speed” genome evolution, with effectors overrepresented in positive selection (Ye et al., 2016b). Despite the progress mentioned above, it remains largely unknown how the “two-speed” genome evolution model contributes to Phytophthora pathogenic adaptation. Considering the strong selection pressure in both nature and agricultural ecosystems (Thrall et al., 2011), population genomic analysis of P. sojae will enable integrated investigation of its genome plasticity and yet unknown pathogenicity determinants. In this study, we dissected the genetic basis of P. sojae adaptive evolution with emphasis on pathogen adaptation. We analyzed the whole genomes of 29 field P. sojae isolates from China and the North America. Population genomic variation analysis confirmed uneven “two-speed” evolution with genes in GSRs showing higher rates of structural polymorphisms and positive selection. In particular, both NADH oxidase and MIP transporter families are under rapid diversifying selection in GSRs. Pan-genome analysis presumed 42 putative core RxLR effectors. Moreover, Avr genes exhibit abundant sequence variation with several novel variants identified. Taken together, our results suggest that P. sojae adopts novel mechanisms for virulence, which can be a valuable resource for resistance breeding in soybean.



MATERIALS AND METHODS


Pathogenicity Assays

All P. sojae isolates used in this study were routinely maintained on V8 juice agar slant at 12°C in the dark. For pathogenicity assays, all isolates were transferred to V8 juice agar plate medium at 25°C in the dark for 5 to 7 days. Their virulence was evaluated by hypocotyl inoculation (Dou et al., 2010; Song et al., 2013). Pathogenicity determination was repeated twice for each isolate. Isolates were considered as avirulent if more than 70% of the inoculated seedlings survived. Otherwise they were determined as virulent (Na et al., 2013).



DNA Extraction, PCR Amplification, and Sequencing

Genomic DNA of P. sojae isolates was isolated from mycelia using the CTAB (hexadecyl trimethyl ammonium bromide) method (Murray and Thompson, 1980). Extracted DNA was quantified using the Qubit® 2.0 Fluorometer kit. PCR amplifications were performed as previously described (Song et al., 2013). All primers are listed in Supplementary Table S6.

Sequencing libraries were constructed using the standard Illumina protocol. Library quality was determined using the Agilent 2100 Bioanalyzer (Agilent Technologies). All samples were sequenced using Illumina HiSeq X-ten. The paired-end reads have an average insert size of 300 bp. All read sequences were deposited to the NCBI Sequence Read Archive (SRA), under the BioProject: PRJNA578597.



Reads Mapping and Variants Calling

Raw reads were filtered using the clean_adapter and clean_lowqual software1. High-quality reads account for 97.03% of the raw reads with average error rate below 0.001. They were then aligned to P. sojae reference genome v3.0 (Tyler et al., 2006) using the Burrows–Wheeler Transform Alignment (BWA) software package v0.7.5a (Li and Durbin, 2009). For each sample, duplicate reads were removed from alignments using samtools software package v1.8 (Li et al., 2009). The mpileup function in samtools was used to generate mpileup files for each sample. Bcftools-vcftools (Li, 2011) was used to identify SNPs and Indels in individual samples. Several criteria were applied during SNP filtering: (i) The phred quality score of base sequencing and score of read mapping higher than 60; (ii) Minimum coverage higher than 10; (iii) Allele frequency ≥ 80% for homozygous SNPs; (iv) Allele frequency between 20 and 80% for heterozygous SNPs. CNVs were estimated from read depth by the published methodology (Alkan et al., 2009). Rates of synonymous substitution (dS), non-synonymous substitution (dN) and dN/dS were calculated using KaKs_Calculator software v2.0 (Wang et al., 2010). The P-value for dN/dS ratio was calculated by the Fisher’s exact test. Genes with dN/dS > 1.00 and P-value < 0.05 were defined as under positive selection. Genes with over 1.5 kb intergenic regions were considered as GSRs (Dong et al., 2015; Chen et al., 2018). All variants were visualized by the Circos software v0.696 (Krzywinski et al., 2009).



Population Structure Analysis

Phylogenetic analysis and principal component analysis were based on all detected SNPs. Phylogenetic tree was constructed using PhyML v3.0 (Guindon et al., 2010). Principal component analysis was conducted by SNPRelate (Zheng et al., 2012).



RxLR Effectors Identification

Two distinct pipelines were adopted to identify RxLR effectors. The first pipeline is a reads mapping strategy with three steps: (i) Use samtools (Li et al., 2009) to extract mapped reads of each RxLR gene from re-sequenced genomes; (ii) Use SeqMan from the Lasergene software package to assemble these mapped reads; (iii) Modify the assembled sequence manually to get ORF (from start codon to stop codon) from predicted gene model. Three isolates (P7064, P7074, and P7076) were excluded from the analysis due to their low sequencing depth. All RxLR effectors identified by the first pipeline were further used to study their conservation and divergence across all isolates. Additionally, the de novo assembly approach (Ye et al., 2016a) was also employed to supplement the repository of RxLR effector candidates. Genomes were assembled via the SOAPdenovo assembly process (Li et al., 2010). Multiple sequence alignments were performed using MUSCLE v3.8.31 (Edgar, 2004) with default setting.



Gene Annotation and Enrichment Analysis

Genes were annotated with PFAM terms against the Pfam database (El-Gebali et al., 2019). Hmmer software package v3.1b2 (Finn et al., 2011) was used for annotation with 1e–5 as the cut-off E-value. Databases for all species used in this study were obtained from their original sources: P. capcisi (Lamour et al., 2012), P. infestans (Haas et al., 2009), P. ramorum (Tyler et al., 2006), H. parasitica (Baxter et al., 2010), P. ultimum (Levesque et al., 2010), S. parasitica (Jiang et al., 2013), A. laibachii (Kemen et al., 2011), and T. pseudonana (Armbrust et al., 2004). After curation of the alignment with the G-blocks tool (Castresana, 2000), phylogenetic tree was constructed using PhyML v3.0 (Guindon et al., 2010) with 1000 bootstrap replicates.

Genes were classified as fast-evolving between any two P. soaje isolates with the criteria of (i) duplication or deletion event and (ii) dN/dS > 1. Gene enrichment was calculated by the formula: (Genes(g)∩Genes(c)/Genes(c))/(Genes(g)/Genes(a)), where Genes(g) is the number of genes in a family, Genes(c) is the number of fast-evolving genes or genes in GSRs, and Genes(a) is the total number of genes. With calculated value greater than 1, the family can be defined as enriched in fast-evolving genes or GSRs. The enrichment was considered to be significant with value above 2.



Transcriptional Analysis

Transcriptome data was obtained from published literature (Wang et al., 2018). Briefly, RNA samples from mycelia and soybean leaves collected 3 h after infection were obtained as references. RNA samples from soybean leaves collected 0.5, 6, 12, 24, 36, and 48 h after infection were added. The P. sojae isolate P6497 and the susceptible soybean cultivar Williams were used in the stages of infection. Three biological replicates were performed for each treatment. Heatmap was generated using the Heml software (Deng et al., 2014). Z score normalization was calculated as (ExpressionA – Mean expressionA1–An)/SDA1–An, where ExpressionA represents the expression level of a gene at one stage, Mean expressionA1–An represents the mean expression level of a gene at all stages, and SDA1–An represents the standard error of the expression level of a gene at all stages.



RESULTS


Virulence Assay and Genome Sequencing

Twenty-nine P. sojae isolates were collected from different geographical locations and investigated in this study. Using the hypocotyl split inoculation method (Song et al., 2013), the pathotypes of these isolates were determined on a set of 13 soybean lines carrying a single Rps gene, respectively. Twenty-eight distinct pathotypes were identified and shown in Supplementary Figure S1. Eleven and 16 isolates were able to overcome 2 to 7 and 8 to 12 Rps genes, respectively. The remaining two isolates were able to overcome all 13 Rps genes tested. These results suggest that virulence diversity is abundant in these P. sojae isolates.

To investigate the genetic basis of virulence diversity across P. sojae isolates, genome re-sequencing was performed using Illumina Hiseq X-ten PE150. A total of 93.65 Gb pair-end (PE) data were generated from 25 P. sojae isolates with sequencing depth of 27.9 to 51.4X coverage (Supplementary Table S1). Three published P. sojae genomes were obtained from eumicrobedb.org (formerly VBI Microbial Database) with sequencing depth ranging from 6.8 to 13.2X coverage (Wang et al., 2011). After removing low-quality reads, approximate 83.98 Gb high-quality PE reads were mapped to the reference genome V3.0 of P. sojae (Tyler et al., 2006). Including the reference, a total of 29 isolates were used for further studies below.



Genomic Variation and Population Structure in P. sojae

Genomic sequence variations, including single-nucleotide polymorphism (SNP), insertion or deletion (Indel), and copy-number variation (CNV), were cataloged using a read-mapping strategy against the P. sojae reference genome (Tyler et al., 2006). We detected 207,740 SNPs, 35,324 Indels, and 6,573 CNVs (Figure 1A). The proportions of SNPs identified in intergenic, intron, promoter, and coding regions were 30.45, 8.76, 30.16, and 30.63%, respectively (Figure 1B). 24,311 synonymous, 39,317 missenses, and 1,168 nonsense SNPs were detected from the coding sequences. The 35,324 Indels identified ranged from 1 to 106 bp in length (Supplementary Figure S2), with the majority (86.15%) shorter than 12 bp and low proportion (4.60%) of long (>20 bp) sequences. The proportions of Indels in intergenic, intron, promoter, and coding regions were 31.78, 11.86, 39.62, and 16.74%, respectively (Figure 1C). Most (4,445) coding-region Indels caused frame-shift mutations, reflecting the influence of positive selection. The 6,573 CNVs characterized in coding genes included 5,423 duplications, 776 deletions and 374 duplications/deletions (Figure 1D).
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FIGURE 1. Genome-wide landscape of genetic variation in P. sojae. (A) Circos plot of the top 13 longest scaffolds (90.25% coverage of the P. sojae genome). Tracks from outside to inside are: ➀ scaffolds (Sca) number; ➁–➄ density of gene, transposable element, SNP (single-nucleotide polymorphism) and Indel (insertion or deletion) in non-overlapping 10 kb windows; ➅ CNV (copy number variation) location. (B) Distribution of SNPs in different gene regions. (C) Distribution of Indels in different gene regions. (D) Categories of CNVs.


To investigate the phylogenetic relationship of P. sojae populations, a phylogenetic tree was first constructed with detected 207,740 SNPs among the 29 isolates. Results showed no clustering of isolates by geography. We found that isolates from China could be roughly divided into two groups (Figure 2A). Group I was clustered with all four isolates from North America, and group II contained isolates only form China, indicating that isolates from China might not be part of the same clonal lineage. Principal component analysis also got the similar results (Figure 2B).
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FIGURE 2. Population structure in P. sojae. (A) Phylogenetic analysis of P. sojae populations with all detected SNPs. The maximum likelihood tree was constructed using PhyML v3.0 with 1000 bootstrap replicates. Groups I and II are designated using the purple and green lines, respectively. (B) Principal component (PC) analysis of P. sojae populations with all detected SNPs. Principal component analysis was performed by SNPRelate. Groups I and II are encircled using the purple and green circles, respectively. Red diamonds represent isolates collected from China. Green circles represent isolates collected from North America.




Genomic Variation Uncovers Adaptive Evolution in P. sojae Populations

To explore whether distinct genomic regions evolve at significantly different rates, we calculated and compared genomic variations in GSRs and GDRs, including SNP and Indel densities per kb, CNVs and dN/dS ratios in genes (ORFs) (Supplementary Figure S3A). Compared to GDRs, GSRs showed significantly higher densities of both SNP and Indel. Averages of CNVs and dN/dS ratios were also significantly higher in GSRs than in GDRs. Moreover, we compared the transcription induction levels at seven stages versus the mycelia stage (Wang et al., 2018). Genes in GSRs showed significantly higher induction levels than those in GDRs within 24 h of soybean leave inoculation (Supplementary Figure S3B), implicating the adaptation of P. sojae genome evolution to plant infection.

Using previously reported method (Raffaele et al., 2010), we performed domain enrichment analysis on predicted proteomes encoded by rapidly evolving genes and genes in GSRs, respectively. A total of 274 domains met the criteria of appearing in 10 or more proteins. We demonstrated that 27 and 33 domains were statistically enriched in proteomes encoded by rapidly evolving genes and GSRs, respectively. There were 23 domains shared by both groups (Figure 3A). As expected, some RxLR effectors, pectate lyase, NLP and protease were enriched in both groups whereas CRN effectors and elicitins were only enriched in the proteome encoded by rapidly evolving genes. Some domains, such as transposase, retrotransposon gag, and ribonuclease H, were also enriched in both groups. Interestingly, we found that histone methylation and DNA-binding domains, which were thought to be key regulators of gene expression (Brennan and Matthews, 1989; Raffaele et al., 2010), were enriched in the proteome encoded by rapidly evolving genes. We then calculated the pairwise sequence similarity of DNA-binding proteins between two related species P. sojae and P. ramorum. The highest sequence identity within any given DNA-binding protein paralogs was only 38.18%, whilst the average sequence identity of 1,000 randomly selected protein paralogs was 69.27%. The result indicates that DNA-binding proteins have above-average divergence levels (Figure 3B). Transcriptome analysis further revealed that most of their encoding genes exhibited stage-specific expression patterns (Figure 3C). Among them, 20 and 141 genes exhibited developmental- and infection-specific expression patterns, respectively.
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FIGURE 3. High correlation of genes density and evolving speed. (A) Enrichment index in GSRs (x axis) and rapidly evolving genes (y axis). The top 40 enrichment gene families are shown as the indicated colored bubbles. Bubble sizes are proportional to the sizes of gene families. (B) Violin plot visualization of sequence divergence of genes encoding DNA-binding proteins and randomly selected genes between P. sojae and P. ramorum. Gene sequence divergence is defined as one minus sequence identity. Red bar indicates genes encoding DNA-binding proteins. Blue bar indicates randomly selected genes as controls. (C) Hierarchical clustering of transcriptional patterns for genes encoding DNA-binding proteins in P. sojae. Z score normalization was applied for the transcription levels of genes at all stages. Cluster analysis was performed using the Heml software.


NADH oxidases play key roles in the development and virulence of filamentous fungi (Segmuller et al., 2008; Heller and Tudzynski, 2011; Liu et al., 2014). MIP transporters are potential targets of antifungal drugs against pathogenic fungi (Verma et al., 2014). Surprisingly, domains annotated as NADH oxidase and MIP transporter families were significantly enriched in the proteome encoded by rapidly evolving genes. Further analysis revealed that the NADH oxidase gene family expanded in P. sojae when compared to other oomycetes (Figure 4A and Supplementary Table S2). We identified 65 NADH oxidase genes in P. sojae and 26, 20, 27, 4, 29, 9, 1, and 1 homologous genes in P. capcisi, P. infestans, P. ramorum, H. parasitica, Pythium ultimum, Saprolegnia parasitica, Albugo laibachii, and Thalassiosira pseudonana, respectively. Gene expansion in P. sojae was mainly found in the NADH-III clade. Transcriptome analysis revealed that 38 NADH oxidase genes showed highest expression at the mycelia stage and 58 genes of this family were downregulated during the early biotrophic phase (Figure 4B). Additionally, we identified 35, 25, 22, 35, 4, 11, 5, 2, and 2 MIP genes in P. sojae, P. capcisi, P. infestans, P. ramorum, H. parasitica, P. ultimum, S. parasitica, A. laibachii, and T. pseudonana, respectively (Supplementary Table S3). Unlike NADH oxidase genes, MIPs had no significant expansion in P. sojae.
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FIGURE 4. Member expansion of the NADH oxidase gene family in P. sojae. (A) Phylogenetic analysis of oomycete NADH oxidase genes. Nine indicated species were used for analysis. The maximum likelihood tree was constructed using PhyML v3.0 with 1000 bootstrap replicates. Bootstrap values higher than 50% are shown. The accession numbers of sequences used in the analysis are available in Supplementary Table S2. (B) Phylogenetic analysis and transcriptional patterns of NADH oxidase genes in P. sojae. Z score normalization was applied for transcription levels at all stages.




The P. sojae RxLR Effector Repertoire

During virulence and colonization, Phytophthora pathogens target different subcellular compartments of the plant cell via deploying a large number of RxLR effectors (Jiang and Tyler, 2012; Anderson et al., 2015; Qiao et al., 2015; Kong et al., 2017). Genome sequencing unveiled 374 RxLR effectors in P. sojae isolate P6497 previously (Jiang et al., 2008). In the updated of reference genome of P. sojae isolate P6497, a total of 423 RxLR effectors were obtained in our re-identification. Considering the low sequencing depth of P. sojae isolates P7064, P7074 and P7076, we used the remaining 25 isolates for RxLR effector analysis. First, we identified 390 to 418 homogeneous RxLR effectors in 25 isolates using the reads mapping approach (Figure 5A). In addition, we identified 3 to 28 novel RxLR effectors in 25 isolates using the de novo assembly approach (Figure 5A). Altogether, the numbers of RxLR effectors ranged from 407 to 430 in these isolates (Figure 5A). There were totally 471 RxLR effectors across isolates with 97 novel ones being identified for the first time.
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FIGURE 5. The RxLR effector repertoire in P. sojae. (A) Number of RxLR effectors predicted in 26 P. sojae isolates. Blue color indicates homologs of known RxLR effectors. Yellow color indicates predicted novel RxLR effectors. (B) Distribution of RxLR effectors across 26 P. sojae isolates. Number of species in which certain effectors were exclusively found is indicated at the outermost circle, and number of effectors in the set is indicated at the bottom. The innermost circle represents conserved effectors found in all 26 P. sojae isolates. (C) The FPKM values in mycelia and highest FPKM values at infection stages of 132 conserved RxLR effectors. (D) Hierarchical clustering of the transcriptional patterns of 42 core RxLR effectors in P. sojae. Z score normalization was applied for the transcription levels at various stages.


Next, we investigated the conservation and divergence of the RxLR effectors that identified by reads mapping across P. sojae populations. Generally, the RxLR effectors were highly divergent in P. sojae isolates. There were 157 RxLR effectors that could be found in no more than 20 P. sojae isolates (Figure 5B). In contrast, 132 conserved RxLR effectors existed in all 26 isolates with 100% similarity (Figure 5B). In particular, 42 conserved RxLR effectors had detectable expression (FPKM > = 2) at one or more stages of infection (Figures 5C,D and Supplementary Table S4), indicating their roles in virulence. We considered these 42 RxLR effectors as core effectors based on their sequence and transcriptional patterns. Among them, PsAvh241 and PsAvh23 have been demonstrated to be essential for the full virulence of P. sojae (Yu et al., 2012; Kong et al., 2017). The other 40 core effectors may also play critical roles in the infection process.



Avr Genes Exhibit Abundant Sequence Variation

The gene-for-gene resistance to Phytophthora is often overcome by the rapid evolution of Avr genes under field conditions. To date, nine Avr genes recognized by 11 cognate soybean R genes have been cloned in P. sojae (Anderson et al., 2015). To better understand the gene-for-gene interactions between P. sojae and soybean, we examined 261 (29∗9) interaction combinations between 29 P. sojae isolates and 9 Rps genes. Among them, 182 interactions confirmed previous studies on Avr haplotypes and associated phenotypes. Taking Avr1a as an example, 12 isolates harbored the Avr haplotype and the other 17 isolates exhibited three different virulent haplotypes. Five virulent isolates contained Avr1a-I haplotype, which may undergo gene silencing to escape the recognition of Rps1a. Nine virulent isolates lost Avr1a. Both haplotypes were consistent to previous report (Na et al., 2014). Interestingly, we found the three isolates left constituted a novel Avr1a haplotype (named as Avr1a-II). In this haplotype, substitution of 14 nucleotides led to the mutation of 9 amino acid residues (Figure 6A). Taken together, 17 new interactions were identified in 4 Avr genes and their corresponding haplotypes (Figure 6B and Supplementary Table S5). Among them, 15 newly discovered homozygous Avr haplotypes were verified by PCR amplification and sequencing (Supplementary Table S5).
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FIGURE 6. Avr genes exhibit abundant sequence variation among 29 P. sojae isolates. (A) Structural and nucleotide diversity at the Avr1a locus among 29 P. sojae isolates. The green arrow indicates gene-coding region. Red vertical lines indicate variant regions of the gene. Variant positions and types are connected by dotted lines. Schematic graphs of the variant positions in all isolates are grouped by haplotypes. Black circles indicate previously reported haplotypes and corresponding phenotypes. Red circles indicate novel haplotypes and corresponding phenotypes. Disease outcomes on soybean plants harboring Rps1a are recorded as avirulent (A) or virulent (V). Variation positions are from P. sojae reference genome V3.0. (B) Summary of different variant types of the 9 Avr genes. X axis indicates variant types of corresponding Avr genes. “Novel variants” indicates new variant types identified in this study. “Reported variants” indicates variant types previously described. “No variants” indicates no variant being found. Y axis denotes cluster analysis generated by the Heml software using the variant types of Avr genes. (C) Summary of Avr variant types and virulence formulas across 29 P. sojae isolates. Bubble sizes are proportional to the numbers of corresponding variant types. Cluster analysis was generated by Heml using the virulence formulas of P. sojae.


We summarized five strategies for overcoming gene-for-gene resistance in P. sojae, including amino acid mutation, gene absence, pseudogenization, gene silencing, and CNV (Figure 6B). Among them, amino acid mutation was the most common escape mechanism. Avr1b, Avr1c, and Avr3c all harbored new virulent alleles (Figure 6B and Supplementary Figures S4–S6). In contrast, pseudogenization of Avr genes is rare and only in response to Avr1k (Song et al., 2013). Seven haplotypes were detected in Avr1b. Avr1b-II showed a nucleotide substitution at -2nd base upstream of the start codon in three virulent isolates. Avr1b-VI exhibited two-amino-acid polymorphisms in two virulent isolates (Supplementary Figure S4). There were also seven haplotypes detected in Avr1c (Supplementary Figure S5). In four virulent isolates, Avr1c-IV showed five-amino-acid polymorphisms resulted from substitution of 20 nucleotides. Interestingly, Avr1c-III was heterozygous with one avirulent copy of Avr1c-I. For Avr3c, six haplotypes were identified (Supplementary Figure S6). Avr3c-VI showed a complete deletion in one virulent isolate. Avr3c-V displayed 14th-amino-acid polymorphisms caused by substitution of 19 nucleotides in one virulent isolate. Avr3c-I showed 10-amino-acid polymorphisms mediated by substitution of 12 nucleotides in one avirulent isolate.

Phytophthora sojae isolates exhibited distinct evolution themes. For example, isolates PS9 and PS15 could overcome all 11 Rps genes. Four evolutionary mechanisms, including amino acid mutation, gene absence, pseudogenization and gene silencing, existed in these two isolates with the first two being dominant (Figure 6C). Isolates PS1 and P6497, which overcame only one Rps, showed either pseudogenization or gene silencing (Figure 6C).



DISCUSSION

Plant diseases caused by Phytophthora are a major threat to crop production. However, little is known about the genetic basis of adaptive evolution, especially pathogen adaptation, in Phytophthora. In this study, we sequence the genomes of 28 field P. sojae isolates and compare them to the reference genome.

Previous studies indicate that several Phytophthora genomes contain a typical “two-speed” architecture, with GSRs being more plastic than GDRs and serving as a cradle for adaptive evolution (Raffaele and Kamoun, 2012; Dong et al., 2015). We confirm that genomic variation in P. sojae shows uneven “two-speed” evolutionary rates with GSRs experiencing accelerated evolution. This observation is consistent with previously reported comparative genome analysis results of four Phytophthora clade 1c species (Raffaele et al., 2010). The “two-speed” strategy for driving adaptive evolution may be conserved across Phytophthora species. Under strong selection pressures from plant immune systems and the environment (Croll and McDonald, 2017), many pathogen genes tend to evolve rapidly for various adaptation. Consistent with previous analysis on four Phytophthora clade 1c species (Raffaele et al., 2010), P. sojae GSRs are enriched in transposons and rapidly evolving genes encoding virulence effectors, cell wall hydrolases, transposon-related proteins, and proteins related to epigenetic maintenance, suggesting the existence of a conserved Phytophthora adaptation and pathogenicity strategy. Interestingly, P. sojae GSRs are also enriched in genes encoding NADH oxidases and MIP transporters. NADH oxidases are involved in sexual differentiation (Malagnac et al., 2004), virulence (Segmuller et al., 2008), cell degeneration and host defense (Haedens et al., 2005). MIP transporters are involved in a wide range of cellular processes in human (Preston et al., 1992), plant (Wong et al., 2018) and protozoan parasites (Dean et al., 2014). They are attractive targets for antifungal drugs in pathogenic fungi (Verma et al., 2014). No NADH oxidase or MIP transporter has been functionally investigated in Phytophthora. They can be promising targets for future research.

Effectors, especially highly-conserved core effectors, have become powerful tools to develop disease resistance cultivars against various pathogens (Dangl et al., 2013; Vleeshouwers and Oliver, 2014). For example, by referring to an effector repertoire predicted from the P. infestans genome, two cognate Rps genes (Rpi-sto1 and Rpi-pta1) were rapidly cloned from incompatible Solanum species (Vleeshouwers et al., 2008). Unfortunately, little is known about the core effectors in P. sojae to date. In this study, we identify a set of 471 RxLR effectors across 26 P. sojae genomes. We demonstrate that P. sojae harbors a significantly larger RxLR repertoire than other species. Being conserved in protein coding sequences and expressed at one or more infection stages, 42 members are defined as core RxLR effectors. Core effectors are generally considered important to pathogen virulence (Dangl et al., 2013). For example, PsAvh241 and PsAvh23 are two core effectors that are essential for full virulence of P. sojae (Yu et al., 2012; Kong et al., 2017). Transcriptome comparison uncovers 18 core RxLR effectors from five P. infestans isolates. Nine of them contribute to virulence through defense suppression (Yin et al., 2017). Soybean Rps proteins may recognize certain core effectors to activate defense against P. sojae isolates. Our RxLR effector repertoire provides a valuable resource for the search of novel Rps genes.

Nine Avr genes have been cloned and their gain-of-virulence alleles have been analyzed in P. sojae (Anderson et al., 2015). However, little is known about their polymorphism across P. sojae populations and interactions with Rps genes. In this study, we examine Avr polymorphism as well as haplotype-phenotype matches in 261 interactions between 9 Rps genes and 29 P. sojae isolates. Recently, re-sequencing of 31 P. sojae isolates has revealed stable predictive markers and variants for five Avr genes (Arsenault-Labrecque et al., 2018). Our results not only confirm these existing markers but also identify new markers for a broader range of Avr genes. Inexplicably, unexpected phenotypic outcomes were often observed when taking into account Avr haplotypes and corresponding phenotype. Previous study has revealed that gene silencing and epistatic effects might confuse the phenotypic interactions (Qutob et al., 2013; Arsenault-Labrecque et al., 2018). Nevertheless, these inexplicable interactions require further investigation.

In our study, Avr effectors containing new amino acid polymorphisms will offer new resources for functional characterizations of Avr genes in plant–pathogen interactions. Meanwhile, CNV and gene silencing raise new challenges to traditional PCR detection of Avr genes. Other methods, such as RT-PCR, are needed to measure the transcript levels and CNVs of Avr genes. 26 out of 29 collected isolates can overcome Rps5. In contrast, only 13 isolates can overcome Rps1d, indicating that Rps1d is overall more effective for controlling Phytophthora diseases. This result is consistent with a previous report by Moriwaki (2010). No Rps gene can render resistance to all 29 isolates in our test. Therefore, efforts should be made to identify novel Rps genes conferring durable and broad-spectrum resistance. The core RxLR effector repertoire we report can play a key role in the Rps search.

In recent years, genome re-sequencing has emerged as a powerful tool for dissecting the genetic basis of trait adaptation in fungal pathogens, such as virulence, lifestyles, fungicide resistance, host jump, and host specialization (Grunwald et al., 2016). However, few cases have been reported in oomycete pathogens. In this study, we re-sequence the genomes of 26 field P. sojae isolates. Our comparative genomic analysis results provide new clues for adaptive evolution, especially pathogen adaptation, in Phytophthora. We demonstrate that P. sojae genome undergoes uneven “two-speed” evolution with genes in GSRs exhibiting higher rates of sequence polymorphism and positive selection. GSRs are enriched by effector genes, transposase-related genes and gene families encoding NADH oxidases and MIP transporters. In addition, we report an updated RxLR effector repertoire with 42 core effectors. Finally, we show that Avr genes exhibit abundant sequence variation and present several novel variants. Our work provides a genomic platform for studying soybean-Phytophthora interaction and breeding new resistant cultivars.
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Valsa pyri is the causal agent of pear canker disease, which leads to enormous losses of pear production in eastern Asian, especially China. In this study, we identified a fungal-specific transcription factor 1 (termed as VpFSTF1) from V. pyri, which is highly conserved in fungi. To characterize its functions, we generated mutant and complementation strains in V. pyri and found that ΔVpFSTF1 mutants lost the ability to form fruiting bodies along with the reduced virulence. The radial growth of ΔVpFSTF1 mutant was sensitive to increasing concentrations of hydrogen peroxide (H2O2) and salicylic acid (SA). Moreover, RNA-sequencing (RNA-Seq) analysis of wild-type (WT) and ΔVpFSTF1 mutant strains was performed, and the results revealed 1,993 upregulated, and 2006 downregulated differentially expressed genes (DEGs) in the mutant. The DEGs were corresponding to the genes that are involved in amino acid metabolism, starch, and sucrose metabolism, gluconeogenesis, citrate cycle, and carbon metabolism. Interestingly, pathogen host interaction (PHI) analysis showed that 69 downregulated genes were related to virulence, suggesting that they might function downstream of VpFSTF1. Nine DEGs were further validated by quantitative reverse transcription-polymerase chain reaction (qRT-PCR), and the results were consistent with RNA-seq analysis. Furthermore, promoter regions were predicted, and VpFSTF1 binding activity was assessed. We demonstrated that five promoters are directly or indirectly targeted by VpFSTF1, including catalase-related peroxidase (VPIG_01209) and P450 family genes. Taken together, these findings indicate that VpFSTF1 is crucial for the virulence of V. pyri via direct or indirect regulation of downstream genes expression and lay an important foundation for understanding the molecular mechanism of V. pyri infection.

Keywords: fungal-specific transcription factor, Valsa pyri, virulence, RNA-seq, differentially expressed genes


INTRODUCTION

Valsa pyri is an ascomycete organism (Sordariomycetes and Diaporthales) from Valsaceae family that causes pear and apple canker disease with significant fruit yield losses (Yin et al., 2015). The disease represents a significant threat to pear and apple production in East Asia including China and often leads to tree death or failure of the entire orchard (Abe et al., 2007; Wang et al., 2013; Li et al., 2015; Yin et al., 2015). The pathogen invades its host through wounded tissues and forms canker lesions (Wang et al., 2014). The primary management of the disease includes strict cultivation management, chemical treatment (Cao et al., 2009; Wang et al., 2013), and removal of infected tissues with subsequent fungicide application (He et al., 2018b). V. pyri can penetrate systemically in xylem and phloem tissues and infect the host at any time of the year, leading to many challenges in its control (Abe et al., 2007). V. pyri is a necrotrophic pathogen that may secrete many cell wall-degrading enzymes and peroxidases, which may help to facilitate the infection and colonization of host bark (He et al., 2018b). Overall, the V. pyri infection process is complex and involves numerous proteins, whose expression is usually orchestrated by transcription factors (TFs).

By regulating gene expression as activators or repressors, TFs have crucial roles in eukaryotic cells (Chung et al., 2013). Approximately 80 families of TFs have been found in fungi and function in various processes, including amino acid metabolism, vitamin synthesis, sugar metabolism, gluconeogenesis, respiration, meiosis, mitosis, chromatin remodeling, peroxisome proliferation, nitrogen utilization, pleiotropic drug resistance, and stress response (MacPherson et al., 2006; Shelest, 2017). Importantly, many TFs are crucial for fungal pathogenicity, for example, in Magnaporthe grisea, homeobox TFs are essential for conidiation and appressorium development ultimately affecting its pathogenicity (Kim et al., 2009; Zhang et al., 2009). AbVf19 TFs are required for virulence in Alternaria brassicicola (Srivastava et al., 2011). In Valsa mali, VmSeb1 TFs regulate growth, development and virulence (Wu et al., 2018). In Verticillium dahlia, VdMcm1 regulates conidiation, microsclerotium formation, pathogenicity, and secondary metabolism (Xiong et al., 2016).

Despite the large number of TFs in fungi, a great percentage of these factors are C6 Zn cluster (Zn2Cys6), C2H2-like Zn finger (C2H2) and homeodomain-like proteins (Luo et al., 2016; Shelest, 2017). All Zn2Cys6 TFs and a few C2H2 TFs are fungal-specific TFs that contain a fungal-trans domain, which is a typical feature of fungal-specific TFs (Shelest, 2017). Zn2Cys6 TFs contain a DNA-binding domain with six cysteine residues that together coordinate two zinc atoms and a fungal_trans domain, have been well studied in many fungi (MacPherson et al., 2006). However, only a few Zn2Cys6 TFs are crucial for virulence. For example, AbPf2 and its orthologs regulate effector gene expression to control fungal virulence (Cho et al., 2013; Rybak et al., 2017). In addition, fungal-specific TF Vdpf and VdFTF1 influence pathogenicity in V. dahliae (Luo et al., 2016; Zhang et al., 2017). EBR1 affects virulence and apical dominance of the hyphal tip in Fusarium graminearum (Zhao et al., 2011). Zcf15 and Zcf29 are required for the virulence of human pathogen Candida albicans (Issi et al., 2017). The Zn2Cys6 cluster domain binds as a dimer to CGG triplets that occur in everted, inverted, and direct repeats (MacPherson et al., 2006). Reports to date for this superfamily have mostly focused on crop pathogens or human pathogens, whereas there are few reports on woody plant pathogens.

Valsa pyri is mainly woody plant pathogen that infects the branches or trunks of pear and apple trees. Although various genes encoding TFs have been annotated in the V. pyri genome and transcriptome (Yin et al., 2015; He et al., 2018b), only VpCRZ1, which is a C2H2 Zn finger TF, has been characterized (He et al., 2016). Due to the importance of fungal-specific TFs in fungi, elucidation of their roles in the woody pathogen V. pyri will offer new insight into this TF family. Based on transcriptome analysis of two V. pyri isolates (He et al., 2018b), we observed that the expression levels of several Zn2Cys6 TF-encoding genes were induced in the infection stage. Since we considered that these TFs may be involved in the virulence of V. pyri, we selected one gene, VpFSTF1 (Fungal Specific Transcription Factor, KUI53834.1), whose orthologs have not been characterized in other fungi. Using polyethylene glycol (PEG)-mediated transformation, we generated deletion mutant and complementation strains. The deletion mutant showed reduced virulence in pear and sensitivity to H2O2 and SA. Furthermore, RNA-seq analysis was performed, and several downstream genes were confirmed using qRT-PCR and Y1H. This study contributes in understanding of mechanism regulated by a novel Zn2Cys6 TF, VpFSTF1, a key regulator of virulence in V. pyri.



MATERIALS AND METHODS


Bioinformatic Identification of VpFSTF1

The sequence of the gene encoding VpFSTF1 was obtained from the transcriptome (He et al., 2018b). The protein sequences of Zn2Cys6 TFs in V. pyri were archived using the HMMSCAN program from the HMM software suite HMM 3.0, and one protein-encoding gene (KUI53834.1) unregulated in the infection stage was chosen for further study. We obtained its orthologs in other fungi using BLASTP with the National Center for Biotechnology Information (NCBI) database1 and downloaded the corresponding sequences from Theiervia terrestris (XP_003653580.1), Thermothelomyces thermophile (XP_003660880.1), Madurella mycetomatis (KXX79220.1), Neurospora crassa (XP_011394332.1), Podospora anserine (CDP26737.1), Podospora comate (VBB76835.1), Coniochaeta ligniaria (OIW32290.1), Sporothrix insectorum (OAA67115.1), Magnaporthe grisea (ELQ404431.1), Coniella lustricola (PSS05266.1), Diaporthe ampelina (KKY30034.1), and V. mali (KUI68526.1) (McGinnis and Madden, 2004). Sequence alignment was analyzed with Clustal W (Thompson et al., 1994), and a phylogenetic tree was constructed using the neighbor-joining method in MEGA 7.0 software (Kumar et al., 2016). Confidence levels were obtained from a bootstrap test replicated 1000 times. The protein domains analyzed using SMART website2.



Fungal Strain Culture and Fruiting Body Induction

Valsa pyri wild-type (WT) strain Vp297 was used. The WT and all the transformant strains generated in this study were regularly cultured on potato dextrose agar medium (PDA, 20% peeled potato, 2% dextrose, and 1.5% agar) at 25°C in the dark. Mycelia were cultured in potato dextrose broth (PDB, 20%, peeled potato and 2% sucrose) medium; after 48 h, the mycelia were collected and used for RNA and DNA extraction. Czapek Dox medium (30 g/L sucrose, 2 g/L NaNO3, 0.5 g/L MgSO4-7H2O, 0.5 g/L KCl, 0.02 g/L FeSO4⋅7H2O, and 1 g/L K2HPO4) was used for analysis of mutant growth on various carbon sources. A 5-mm mycelial agar plug was cut from the edges of 2-day-old colony cultures and used in stress and virulence inoculation assays.

The deletion mutants generated were characterized regarding to developmental and morphological features. WT, deletion mutant (K-29 and K-50), and complementation (C-140 and C-141) strains were cultured on PDA medium and incubated at 25°C under a fluorescent cycle of 16 h light/8 h dark for 15 days to promote fruiting body formation. Each experiment was repeated at least three times.



Generation of the ΔVpFSTF1 Deletion Mutant

The WT genomic DNA was extracted using the cetyltrimethylammonium bromide (CTAB) protocol (Umesha et al., 2016). Mutant alleles were constructed using double joint polymerase chain reactions (PCRs) (He et al., 2016). Upstream and downstream fragments were amplified using the 1/2 and 3/4 primer pairs (Supplementary Table S2), respectively. A cassette containing the hygromycin phosphotransferase gene (hph) was amplified using the 5/6 primer pair. Mutant gene constructs of the three PCR products were utilized as templates at a ratio of 1:3:1 and amplified using 1/4 primer pair. The deletion mutant recombinant construct was directly transformed into WT strain protoplasts using an improved PEG-mediated V. pyri transformation protocol (He et al., 2016). Stable transformants were initially screened on PDA medium supplemented with 50 mg/L hygromycin B. The VpFSTF1 open reading frame (ORF) was then screened for genomic PCR using the 9/10 primer pair. Determination of a successful deletion in the V. pyri genome was performed using the 5/6 primer pair. Allele site replacement was confirmed using the 6/7 and 5/8 primer pairs. The transcript levels of the transformants were determined by qRT-PCR using the 17/18 primer pairs.



Generation of the Complementation Strain

To obtain the complementation strain, we ligated VpFSTF1 gene to vector pFL2 (Li et al., 2018) to generate a construct that harbors the target gene driven by the strong promoter RP27 and also contains a neomycin resistance gene. To generate the VpFSTF1 fusion pFL2:VpFSTF1:GFP, we amplified VpFSTF1 ORF using the 11/12 primer pair. Briefly, the coding region for the C-terminus of VpFSTF1 was fused to that of enhanced green fluorescent protein (EGFP) using double-joint PCR with the 13/14 and 15/16 primer pairs. The resulting PCR product was ligated into XhoI-digested pFL2 and then transformed into Escherichia coli DH5ɑ cells. The plasmid was extracted using Plasmid Mini Kit 1 (Omega Bio-tek, Inc., 400 Pinnacle Way, Suite 450 Norcross, GA 30071). The plasmid was confirmed by PCR using the 15/16 primer pair (Supplementary Table S1) and by sequencing (GenScript, Nanjing, China) and then transferred to V. pyri. One hundred fifty transformants were obtained by screening with 75 mg/L G418 on PDA, and several positive transformants were confirmed by genomic PCR using the 7/8 primer pair and qRT-PCR using the 17/18 primer pair (Supplementary Table S1).



RNA Extraction and Quantitative RT-PCR

Total RNA was extracted from WT, ΔVpFSTF1, and VpFSTF1com using the RNAsimple Total RNA kit (Tiangen, Beijing, China). Total RNA concentrations were measured using a spectrophotometer (Nanodrop ND-1000), and quality was determined by agarose gel electrophoresis. The RNA was inoculated at 42°C for 2 min to digest DNA, and cDNA was synthesized with PrimeScript reagent kit (TaKaRa). qRT-PCR was conducted using an ABI Prism 7300 Fast Real-Time PCR System (Applied Biosystems) with SYBR Premix ExTaq (TaKaRa). Reaction Ct values were determined, and expression levels were calculated using 2–ΔΔCt (Livak and Schmittgen, 2001). For comparison with WT levels, the transcript levels of candidate genes were normalized to that of the V. pyri actin (KUI53217.1) gene. Eachexperiment was repeated at least three times.



Gene Expression Pattern During Infection

To determine the transcriptional profile of VpFSTF1 in the WT strain during pear infection, pear bark slices inoculated with WT mycelia were harvested at 0, 3, 6, 12, 24, and 48 hpi (hours post inoculation) and then frozen in liquid nitrogen and stored at −70°C. The pear bark slices that were initially inoculated with WT mycelia were set as 0 hpi. Total RNA from inoculated pear tissues was extracted using the CTAB-LiCl protocol (Gambino et al., 2010). Total RNA concentration and quality determinations, cDNA synthesis, and qRT-PCR were performed as described above. All experiments were repeated at least three times.



Mutant Utilization of Carbon Sources

The growth of the deletion mutant was determined using three carbon sources: pectin, cellulose, and sucrose. Each carbon source was separately added (20 g/L) to Czapek Dox medium (lacking carbon source), and Czapek Dox medium lacking all carbon sources was employed as a control. The petri plates containing medium of three different carbon sources were inoculated with mycelial agar plugs and incubated at 25°C. Colony diameter was measured and recorded, and typical images were taken at 24 hpi. The experiment was repeated at least three times.



Measurement of Stress Responses

To assess the sensitivity of the mutant strain to oxidative, hydrogen peroxide (H2O2) and salicylic acid (SA) stresses, mycelial agar plugs of the WT, ΔVpFSTF1, and VpFSTF1com strains were placed onto PDA medium supplemented with 0, 0.5, 1.0, 1.5 or 2.0 mM H2O2 or 0, 1, 2, 3, or 4 mM SA (Sigma-Aldrich). The plates were incubated at 25°C in the dark. Colony diameter was measured and photographed at 48 h for H2O2 and 24 h for SA. The experiment was repeated at least three times.



Pathogenicity Assay

Fresh pear leaves and 1-year-old branches were used for this assay. The leaves and branches were initially wounded with needles and then inoculated with agar plugs cut from 2-day-old PDA cultures of the WT, ΔVpFSTF1, and VpFSTF1com strains. The inoculated leaves and branches were placed on clean trays and incubated at 25°C in the dark. Disease development on inoculated leaves and branches was observed daily during the incubation period. Lesion canker sizes were measured at 3 and 5 days post inoculation (dpi). The assay was repeated with at least eight leaves and ten branches in each treatment, and the data were analyzed using ANOVA.



RNA Extraction, Library Construction, and RNA Sequencing

The WT strain Vp297 and the mutant K-50 were cultured on PDA medium for 2 days at 25°C in the dark, and then fresh fungal plugs were transferred in PDB for 36 h at 25°C. Total RNA extraction, concentration and quality determinations were carried out as described above. Three biological replicates were prepared for the WT and mutant. cDNA library preparation and sequencing were performed using the Illumina sequencing HiSeqTM 2000/2500 platform (IlluminaTM, San Diego, CA, United States) (He et al., 2018a). Clean reads were obtained by the removal of reads containing the adapter and low-quality reads from raw data (raw reads), and GC content was calculated from clean reads using the genome of V. pyri as a reference (Yin et al., 2015). The expression levels of each predicted gene were analyzed using HTSeq through the union model, and they were determined as reads per kilobase of exon model per million (RPKM) (Anders and Huber, 2010). Differentially expressed genes (DEGs) were identified from three biological replicates for both the mutant and Vp297 using DESeq R with a 1% false discovery rate (FDR) and P ≤ 0.05 cutoff (Anders and Huber, 2010). We performed gene ontology (GO) analyses using the GOseq package (Young et al., 2010; The Gene Ontology Consortium, 2017) as well as analyses of kyoto encyclopedia of genes and genomes (KEGG) pathways with the KEGG orthology (KO)-Based Annotation System (KOBAS) (Mao et al., 2005). The significant enriched GO terms were selected based on biological process and molecular function (MF) using p-value < 0.05 as the criterion. DEGs involved in virulence were analyzed using BLASTp with the pathogen-host interaction (PHI) database3, and virulence-related genes were obtained (Supplementary Table S3). To confirm whether VpFSTF1 gene was knocked out, the reads from the wild type and K-50 were mapped to V. pyri genome via Hisat2 and visualized by IGV2.7.2 (Thorvaldsdottir et al., 2013).



qRT-PCR Validation of Differentially Expressed Genes

qRT-PCR was performed to determine the molecular mechanisms associated with VpFSTF1-mediated regulation of virulence-related genes in V. pyri. WT and mutant total RNA in three biological replicates was extracted, and cDNA was synthesized as described above. The expression levels of DEGs in the WT and mutant strains were quantified using qRT-PCR (an ABI Prism 7300 Fast Real-Time PCR System (Applied Biosystems) with SYBR Premix ExTaq (TaKaRa). Ct values were exported, and levels of gene expression were calculated using 2–ΔΔCt (Livak and Schmittgen, 2001). For comparison with WT levels, transcript levels of candidate genes were normalized to those of the V. pyri actin gene. The experiment was repeated at least three times.



Yeast One-Hybrid Assay

Genes for yeast one-hybrid (Y1H) experiments were selected according to the results of PHI analysis. The promoters of these genes were considered a 1500-bp fragment upstream of ATG start codon. The promoter fragments were amplified using WT genomic DNA as a template and cloned into the pHIS2 (BD vector) plasmid, which had been linearized by SmaI digestion. TFs were cloned into a pGADT7 (AD vector) plasmid linearized by NdeI digestion. The plasmids were sequenced by GenScript Company, Nanjing, China. The pAD/VpFSTF1 construct containing the VpFSTF1 sequence and the pHIS2 reporter construct were co-transformed into AH109 Gold yeast cells. The cells were cultured on SD–Trp–Leu medium and then sub-cultured on SD–Trp–Leu–His medium amended with 10 mM 3-aminotriazole (Aldrich) with 10-fold gradient dilutions at 28°C for 3 days. The results were recorded, and the representative images were taken. Growth on SD–Trp–Leu–His medium containing 10 mM 3-aminotriazole indicated that the TFs were able to bind to the promoter region and stimulate gene expression (Mao et al., 2016; Miao et al., 2018).



RESULTS


Identification and Transcript Expression Analysis of VpFSTF1 During Valsa pyri Infection of Pear

Previously, we found that seven Zn2Cys6 TF-encoding genes were upregulated during the infection phase (Supplementary Table S1), among which, a gene (KUI53834.1) was 4.8-fold higher in infected pear fruit at 24 dpi than the mycelial stage. This gene was selected for further study and designated as VpFSTF1 (V. pyri Fungal Specific Transcription Factor 1). Phylogenetic analysis of the fungal orthologs showed that VpFSTF1 shared highly sequence similarity with its ortholog in V. mali and other species (Figure 1A). Furthermore, the protein domains analyzed using SMART revealed that VpFSTF1 contains a Zn cluster Zn2Cys6 domain and a fungal-trans domain, similar to its orthologs (Figure 1B). To determine its expression pattern during infection, we performed qRT-PCR analysis on infected samples at different time points (0, 3, 6, 12, 24, and 48 hpi). Expression of VpFSTF1 was upregulated by threefold at 3 hpi compared to the time of initial invasion and at least fourfold at 48 hpi (Figure 1C). These results suggest that VpFSTF1 is a fungal-specific TF and that its expression was markedly induced in V. pyri during the initial infection stage of pear.
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FIGURE 1. Identification and transcript expression analysis of VpFSTF1 during V. pyri infection of pear. (A) Phylogenetic analysis of fungal VpFSTF1 proteins. Fungal-specific transcription factor sequences were downloaded from the NCBI database. The sequences were aligned using the Clustal W tool, and a phylogenetic tree was constructed by the neighbor-joining method using MEGA 7.0 software. The confidence levels above the nodes were obtained from 1000 bootstrap analysis. (B) Main domains of VpFSTF1. The domain architecture of VpFSFT1 and its orthologs were predicted with SMART. (C) Transcriptional expression analysis of VpFSTF1 during V. pyri infection of pear. The relative levels of VpFSTF1 in V. pyri were quantified by qRT-PCR and normalized to the transcript levels of the V. pyri actin gene. Fold changes were calculated by the 2–ΔΔCt approach.




Generation of the ΔVpFSTF1 Mutant

In order to functionally characterize VpFSTF1 in V. pyri, we generated a gene knockout mutant using an improved PEG-mediated fungal transformation protocol (He et al., 2016). The ORF of VpFSTF1 was replaced by a hygromycin resistance cassette (hph) (Supplementary Figures S1Ai–iii). The VpFSTF1 deletion mutants were initially screened on PDA medium containing 50 mg/L hygromycin B, and more than 200 primary transformants were obtained. To identify true knockout transformants, a partial DNA fragment of the VpFSTF1 ORF was amplified by genomic PCR, with no amplification in one hundred thirty mutants (Supplementary Figure S1Bi). However, the hph fragment was successfully amplified in these mutants (Supplementary Figure S1Bii), indicating that the original gene was successfully deleted. To further confirm whether this process resulted in allele replacement, we performed genomic PCR using outer primers consisting of hph cassette primers and found that two independent strains (K-29 and K-50), but not the WT, showed positive bands, demonstrating successful deletion of the target gene in them (Supplementary Figures S1Biii,iv). Furthermore, we selected one mutant (K-50) to generate complementation strains and the results of genomic PCR showed that the gene was successfully restored in two independent transformants (C-140 and C-141) (Supplementary Figures S1Bi–iv). Accordingly, VpFSTF1 transcripts were undetectable in the knockout mutants, whereas the gene was overexpressed in the complementation strains (Supplementary Figure S1C). Taken together, these results demonstrate that the gene was successfully knocked out.



VpFSTF1 Is Required for the Formation of Fruiting Bodies

To determine whether VpFSTF1 plays a role in growth of V. pyri, we cultured WT, ΔVpFSTF1 (K-29 and K-50) and VpFSTF1com (C-140 and C-141) on media containing pectin, sucrose, and cellulose. None differences were found among the WT, the deletion mutants and the complementation strains on these carbon sources (Supplementary Figures S2A,B). These results suggest that VpFSTF1 is not involved in growth of V. pyri on media amended with different carbon sources. However, when mutants were cultured on PDA medium, fruiting bodies did not form, unlike the complementation and WT strains (Supplementary Figure S2C). These results indicate that VpFSTF1 plays a crucial role in the formation of fruiting bodies in V. pyri.



The Valsa pyri ΔVpFSTF1 Mutant Is Hypersensitive to Oxidative Stress

To determine whether VpFSTF1 is involved in the response to oxidative stress, we cultured the mutant, WT and complementation strains on PDA medium amended with 0, 0.5, 1, 1.5, and 2 mM H2O2 and measured colony diameters. Compared with WT strain, colony growth of deletion mutants showed negative relation with increased concentration of H2O2, and colony growth was completely inhibited at 2.0 mM H2O2 compared with WT. The colony growth of the complementation strain was comparable to WT at indicated H2O2 concentrations (Figure 2). These results show that VpFSTF1 is involved in the response to oxidative stress in V. pyri.
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FIGURE 2. Hypersensitivity of the ΔVpFSTF1 mutant to H2O2. (A) Effect of oxidative stress on colony growth. Wild-type (WT), ΔVpFSTF1 (K-29 and K-50) deletion mutant and VpFSTF1com (C-140 and C-141) complementation strains were grown on PDA medium supplemented with indicated H2O2 concentrations and incubated at 25°C for 48 h. Representative photographs are shown. (B) Radial growth of different strains on PDA medium under oxidative stress compared with growth on PDA without oxidative stress. Colony diameters were measured at 48 h. Different letters indicate significant differences (P < 0.05, ANOVA).




VpFSTF1 Is Essential for Salicylic Acid Elimination by Valsa pyri

To assess whether VpFSTF1 is involved in the response to SA stress, we measured colony diameters of the mutant, WT and complementation strains grown on PDA medium amended with 0, 1, 2, 3, and 4 mM SA (Figure 3A). The results for radial growth demonstrate that the mutant was more sensitive to SA than the WT, with colony growth inhibited at 3 and 4 mM SA after 24 h (Figure 3B). Colony growth of the complementation strain was comparable to the WT at all tested concentrations. To further evaluate the role of VpFSTF1 in response to SA stress, culture plates with 4 mM SA were incubated up to 72 h, and colony growth of the mutant was completely inhibited, though the diameters of the WT and complementation strain colonies gradually increased (Figure 3C). These results suggest that VpFSTF1 is involved in SA elimination in vitro and possibly also in pear trees.
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FIGURE 3. Effects of VpFSTF1 gene deletion on the V. pyri SA stress response. (A) WT, ΔVpFSTF1, and VpFSTF1com strains were grown on PDA medium amended with 0, 1, 2, 3, and 4 mM SA and incubated at 25°C in the dark for 24 h. Representative photographs are shown. (B) Radial growth of the strains on PDA supplemented with different concentrations of SA compared with PDA without SA. Colony diameters were measured at 24 h. (C) Inhibition of colony growth on PDA with 4 mM SA at indicated time points. Colony diameter was measured at indicated time points. Bars indicate the standard deviation of the mean of three replicates. Different letters indicate significant differences (P < 0.05, ANOVA). The experiment was repeated three times with similar results.




VpFSTF1 Is Required for Virulence

To determine whether VpFSTF1 plays a role in disease development, virulence assays were performed on pear leaves and branches using the WT, ΔVpFSTF1, and VpFSTF1com strains, and lesion sizes were quantified. Compared with the WT lesion diameters, the mutant lesion diameters were slightly reduced on pear leaves at 3 dpi and significantly reduced at 5 dpi (Figures 4A,B), and lesions on 1-year-old pear branches caused by inoculation with the mutant were significantly shorter at both 3 and 5 dpi (Figures 4C,D). The virulence of the complementation strains was similar to the WT (Figure 4). These results indicate that VpFSTF1 plays a significant role in regulating virulence in V. pyri.
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FIGURE 4. Phenotypes of pear leaves and branches inoculated with the ΔVpFSTF1 deletion mutant of V. pyri. (A) Abaxial surfaces of pear leaves were inoculated with mycelial agar plugs of WT, ΔVpFSTF1, and VpFSTF1com strains. The inoculated leaves were incubated at 25°C in the dark. Lesions were photographed at 3 and 5 dpi, respectively. (B) Lesion diameters at inoculated sites on the leaves. (C) Wounded 1-year-old branches were inoculated with mycelial agar plugs of WT, ΔVpFSTF1, and VpFSTF1com strains and incubated at 25°C in the dark. The lesions were photographed at 3 and 5 dpi, respectively. (D) Inoculated lesion lengths on pear branches. Bars indicate the standard deviations of means of three replicates. Different letters indicate significant differences (P < 0.05, ANOVA).




Differentially Expressed Genes and Functional Annotations

To investigate transcriptional changes due to gene knockout, we selected the WT and the mutant K-50 for RNA-seq analysis. We prepared mycelia of the WT (Vp297) and mutant in three biological replicates. The RNA-seq analysis produced 248,348,202 paired-end reads, and the raw data were deposited in SRA database (Accession numbers PRJNA588311). After the removal of adapters and low-quality reads, 232,175,488 bp of clean data were acquired. The Q30 value was more than 93.45%. The genome of V. pyri was used as a reference (Yin et al., 2015). Clean reads were mapped to this genome with a ratio ranging from 92.48 to 96.34%. Approximately 92.2 to 95.96% of the total mapped reads were uniquely aligned. Multi-aligned reads were removed, and only unique reads were used for further analysis. These results indicate the good quality of our V. pyri RNA sequencing. To examine whether VpFSTF1 gene was knocked out, the reads from the wild type and K-50 samples were mapped to deletion region. We observed that there are no reads from K-50 samples mapped on the deletion part, while abundant reads from the WT strian were detected in this region (Figure 5A), further confirming that VpFSTF1 gene was successfully deleted from the genome. Furthermore, we analyzed DEGs between the K-50 mutant and WT using 1% FDR and P ≤ 0.01 for upregulation and downregulation as the criteria for defining DEGs. The DEGs were further validated by RT-qPCR (Supplementary Figure S3 and Supplementary Table S4), the results were highly consistent with RNA-seq analysis with a high Pearson coefficient (R = 0.899) (Supplementary Table S4). Finally, we identified 3999 significant DEGs between K-50 and Vp297, including 1993 upregulated and 2006 downregulated DEGs in the K-50 mutant (Figure 5B).
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FIGURE 5. Gene characterization and analysis of differentially expressed genes (DEGs). (A) The reads from the wild type (Vp297) and K-50 mutant mapped to the fragment including the knockout site. (B) Volcano plot of DEGs between K-50 and WT. The x-axis represents the log2-fold change. The y-axis represents –log10 adjustments (padj). The red spots indicate upregulated DEGs, and the green spots indicate downregulated DEGs.




Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathways of Differentially Expressed Genes

Gene ontology annotation was performed to reveal the function of DEGs. For downregulated DEGs, biological processes, microtubule organizing center, and catalytic activity were abundant in biological process (BP), cellular component (CC), and MF, respectively (Figure 6A). For upregulated DEGs, single organism metabolic processes, membrane part, and catalytic activity were the most plentiful categories in BP, CC, and MF, respectively (Figure 6B). To identify which MF or biological process is affected in the deletion mutant, we performed GO enrichment analysis. The results showed that cellulose binding, catalytic activity, oxidoreductase activity, polysaccharide binding, and pattern binding related genes were significantly enriched (Figure 6A).
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FIGURE 6. Gene ontology (GO) analysis of DEGs. (A) The most enriched GO terms. The downregulated DEGs of each category are shown on the graph. (B) The upregulated DEGs of each category are presented on the graph as related to BP, CC, and MF. BP, biological process; CC, cellular component; MF, molecular function. ∗ indicates the significantly enriched terms.


To confirm which pathway was interrupted in the deletion mutant, we performed KEGG analysis to categorize the most enriched pathways. Downregulated DEGs involving amino acid metabolism, starch, and sucrose metabolism, gluconeogenesis, the citrate cycle, and carbon metabolism were enriched, and their functions are associated with energy production, growth, and development in V. pyri (Figure 7A). For upregulated DEGs, pathways related to the sulfur relay system, steroid biosynthesis, and the pentose phosphate pathway were enriched (Figure 7B).
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FIGURE 7. KEGG pathway enrichment of DEGs. (A) The graph shows enriched KEGG terms for downregulated DEGs influenced by the gene deletion. (B) The pathways of enriched KEGG terms for upregulated DEGs influenced by the gene deletion. Rich factor is the ratio of the differentially expressed gene number to the total gene number in a certain pathway.




qRT-PCR Validation of Differentially Expressed Genes

Because VpFSTF1 has important roles in virulence and H2O2 stress, we deduced that virulence-related genes or H2O2 scavenging-related genes may be controlled by TFs. To evaluate whether the DEGs obtained are involved in virulence or H2O2 stress, we annotated the DEGs with PHI database via blast searches. According to our analysis, sixty-nine DEGs may have important roles in virulence or H2O2 stress (Supplementary Table S3). For example, nine DEGs may involve in virulence, including isotrichodermin C-15 hydroxylase (VP1G_08741, KUI61556.1), MFS transporter (VP1G_06375, KUI59140.1), trichodiene oxygenase (VP1G_05619, KUI58327.1), NPP1 (VP1G_02838, KUI55454.1), pisatin demethylase (VP1G_08357, KUI61188.1), fumitremorgin c monooxygenase (VP1G_09108, KUI61983.1), catalase-related peroxidase (VP1G_01209, KUI53753.1), TOX (VP1G_02904, KUI55504.1), and oxalate–CoA ligase (VP1G_02119, KUI54754.1). To confirm whether these 9 genes are regulated by VpFSTF1, we performed a RT-qPCR validation. We found that except VP1G_02119 (has a very low expression level, data not shown) and VP1G_01209, all the rest 7 genes were significantly downregulated in the deletion mutant, indicating that the transcriptomic data were reliable (Figure 8). These results suggest that VpFSTF1 can positively control the level of virulence-related gene expression to affect virulence in V. pyri.


[image: image]

FIGURE 8. qRT-PCR analysis of the representative DEGs. Expression levels of isotrichodermin C-15 hydroxylase (VP1G_08741), MFS transporter (VP1G_06375), trichodiene oxygenase (VP1G_05619), NPP1 (VP1G_02838), pisatin demethylase (VP1G_08357), fumitremorgin c monooxygenase (VP1G_09108), catalase-related peroxidase (VP1G_01209), and TOX (VP1G_02904). The expression level of each gene was analyzed by qRT-PCR and normalized to actin expression, and the relative expression ratio was calculated as 2–ΔΔCt compared to that of WT. Different letters indicate significant differences, P < 0.05, ANOVA).




Transcription Factor Promoter-Binding Activity

To determine whether gene transcript levels are directly controlled by VpFSTF1, TF promoter-binding activity was assessed by Y1H using putative promoter (approximately 1500 bp upstream of start codon) of above nine DEGs (Supplementary Table S3). The TF-protein interaction results showed that VpFSTF1 was able to bind to the promoter regions of the genes encoding pisatin demethylase, trichodiene oxygenase, oxalate-CoA ligase, catalase-related peroxidase, and fumitremorgin C monooxygenase in vivo, suggesting that these genes may be downstream of VpFSTF1 in the regulation of virulence or H2O2 stress (Figures 9A–E). In contrast, the remaining promoters may not be directly controlled by VpFSTF1 (Figure 9F). These results indicate that VpFSTF1 is necessary for controlling virulence-related genes expression in V. pyri.
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FIGURE 9. VpFSTF1 (TF) binding activity test using yeast one-hybrid (Y1H) assays. Genes were selected from PHI analysis. (A) VP1G_08357, Pisatin demethylase, (B) VP1G_05619, trichodiene oxygenase, (C) VP1G_02119, oxalate-CoA ligase, (D) VP1G_01209, catalase-related peroxidase, and (E) VP1G_09108, fumitremorgin C monooxygenase. (F) (a) VP1G_02904, TOX, (b) VP1G_08741, isotrichodermin C-15 hydroxylase, (c) VP1G_06375, MFS transporter, and (d) VP1G_02838, NPP1. Yeast transformants were grown on SD/-Leu/His (SD-2) and selected on SD/-Trp/-Leu/-His (SD-3 + 3AT). The plasmid pGADT7 VpFSTF1 (AD-VpFSTF1, TF) and pHIS2 (P) plasmids containing each promoter of the above genes were cotransformed into the yeast AH109 Gold. The positive control strain contains 53 m: pGADT7, and p53:pHis, AD-empty (–) and BD-empty (–) plasmids were used as negative controls. Yeast transformants were grown on SD/-Leu/His (SD-2) and selected on SD/-Trp/-Leu/-His (SD-3 + 3AT). The plasmid pGADT7 VpFSTF1 (AD-VpFSTF1, TF) and pHIS2 (P) plasmids containing each promoter of the above genes were co-transformed into the yeast AH109 Gold. AD-empty (–) and BD-empty (–) plasmids were used as negative controls. The cultures were diluted to 1–10–3 by 10-fold gradient dilution (OD600 = 0.5). Cultures were diluted to 1–10–3 by 10-fold gradient dilution (OD600 = 0.5). The results were obtained after 3 days of growth at 28°C, and typical images were taken.




DISCUSSION

Valsa pyri is a woody pathogen that causes pear or apple canker disease (Yin et al., 2015), which represents a significant threat to pear and apple production (Abe et al., 2007; Wang et al., 2013; Yin et al., 2015). To infect a host pear or apple tree, the pathogen must overcome the stresses or resistance produced by the host plant, such as ROS (reactive oxygen species) and SA stresses, PTI (pathogen-triggered immunity) and ETI (effector-triggered immunity) (Jones and Dangl, 2006; Shamrai, 2014). In the invasion period, transcription of the pathogens will be alerted to increase the production of proteins that aid in invasion (Cho et al., 2013; Zhang et al., 2017; He et al., 2018b). TFs regulate gene expression during this process, which is required for infectious growth or infection (Zhao et al., 2011; Cho et al., 2013; Rybak et al., 2017; Zhang et al., 2017). Many Zn2Cys6 TFs are involved in virulence in fungi. However, no orthologs of VpFSTF1 have studied. Moreover, V. pyri hosts are woody plants, and this pathogen secretes many cell wall-degrading enzymes, peroxidases, and amino acid transporters, which mainly participate in degrading host nutrients or ROS (He et al., 2018b). Nonetheless, as limited experimental studies have performed to date, our findings will enrich the knowledge regarding invasion mechanism of this pathogen.

Because orthologs of VpFSTF1 are not well studied in other fungi, a VpFSTF1 deletion mutant was generated to explore its function. The phenotypic characterization showed that the mutant exhibited an inability to form fruiting bodies but no significant reduction in growth (Supplementary Figure S1). Importantly, the virulence was significantly reduced (Figure 4). Furthermore, VpFSTF1 deletion caused greater sensitivity to host factors elicited in response to infection, such as H2O2 and SA. These results provide proof that VpFSTF1 is important for virulence. Moreover, these results indicate that VpFSTF1 is a multifunctional fungal-specific TF in V. pyri. The virulence reduction phenotype of the VpFSTF1 mutant is similar to the many reported Zn2Cys6 TFs mutants, including VdPf (Luo et al., 2016), AbPf2 (Cho et al., 2013), VdFTF1 (Zhang et al., 2017), TPC1 (Galhano et al., 2017), MoCOD1, and MoCOD2 (Chung et al., 2013). Similar but not the same, TPC1 can control the growth of mycelia (Galhano et al., 2017) while VdFTF1 has no impact on vegetative growth, mycelial pigmentation and conidial morphology (Zhang et al., 2017) and VdPf can influence conidial production and melanized microsclerotium formation (Luo et al., 2016). The phenotype of the VpFSTF1 mutant was mostly similar to that of the VdPf mutant in V. dahliae. However, these TFs are not orthologs of VpFSTF1. Unexpectedly, the phenotypes of VpFSTF1 mutants were similar to that of a C2H2 TF VpCRZ1 mutant, suggesting that both TFs possibly regulate genes controlling fruiting body formation and pigment formation in V. pyri (He et al., 2016). Taken together, the results of our study contribute to further understanding of the Zn2Cys6 TFs family.

Deletion of VpFSTF1 from V. pyri resulted in less virulence than WT (Figures 4A–D), which is consistent with previous studies on the filamentous fungi M. grisea (Choi et al., 2009), A. brassicicola (Cho et al., 2013), and V. dahliae (Luo et al., 2016), though the mechanism of the reduced virulence was still unclear. In our study, the oxidative stressors H2O2 and SA inhibited colony growth to various degrees. The sensitivity of deletion mutants to oxidative stress increased with increasing H2O2 concentration (Figures 2A,B), which is consistent with previous studies on M. grisea, F. graminearum (Nikolaou et al., 2009), and Ustilago maydis (Molina and Kahmann, 2007). Additionally, the sensitivity of the mutant to SA stress also increased with concentration (Figures 3A–C), consistent with previous studies on Phytophthora capsici (Candela et al., 2010) and Eutypa lata (Amborabé et al., 2002). In response to pathogenic infection, plants can vary the internal environment of the apoplast, xylem and phloem, including production of ROS and phytoalexin, and alteration of pH (Bhattacharjee, 2005). Some TFs, such as the bZIP TFs (MoAP1 and YAP1), are essential for ROS and other defense responses in host plants (Cessna et al., 2000; Molina and Kahmann, 2007; Guo et al., 2011). The reduced virulence of the deletion mutant might result from reduction of ROS suppression activity or expressions of virulent genes.

Because the function of VpFSTF1 has not been reported in other fungi, how it regulates virulence or other phenotypes remains unclear. To evaluate the level of transcription promoted by TFs, we used RNA-Seq to illustrate global gene transcript changes in the mutant. DEGs were obtained by bioinformatics analysis and further validated by RT-qPCR (Supplementary Figure S3 and Supplementary Table S4). The results were highly consistent with RNA-seq analysis with a high Pearson correlation (R = 0.899) (Supplementary Table S4). Among these DEGs, the most enriched GO terms between the mutant and WT were similar to the results of the transcriptomic analysis for the DEGs, highlighting catalytic activity, hydrolase activity and oxidoreductase activity. These GO terms were also abundant in Aspergillus cristatus and A. brassicicola (Cho et al., 2013; Tan et al., 2018). Combined with the phenotypes of the deletion mutants, these enrichments indicated that VpFSTF1 also plays important roles in H2O2 manipulation which may involve in response plant immune. However, there were also many oxidoreductase encoding genes upregulated in the mutant. We deduced that these genes may supplement the loss-function caused by the deletion of VpFSTF1. Regardless, for GO and KEGG enrichment, there was insufficient information indicating involvement in virulence.

Thus, to obtain genes involved in virulence, the DEGs were annotated using the PHI database. Finally, 69 proteins were obtained, including protein kinases, secreted proteins, catalase-1, and cell wall-degrading enzymes (Supplementary Table S3). Multiple genes are involved in virulence, such as MFS transporter (Choquer et al., 2007), Dicer-like protein 1 (Feng et al., 2017) and Catalase (Hernandez et al., 2010). And their orthologs VP1G_06375 (KUI59140.1), VP1G_04205 (KUI56844.1), VP1G_02970 (KUI55594.1) are also modulated by VpFSTF1, indicating that VpFSTF1 may be a key regulator. In our study, we found multiple genes are downregulated in the deletion mutant. Based on our analysis, several TFs such as zas1 (VP1G_00919, KUI53557.1), klf1 (VP1G_06378, KUI59144.1), and ZIC 5 (VP1G_06489, KUI59194.1) (Supplementary Table S3) are responsive to VpFSTF1 gene deletion, further implying that VpFSTF1 may function as a hub of gene regulatory network. However, there are many proteins with no clear functions in various fungi (Supplementary Table S3). For example, MgNLP was not required in Mycosphaerella graminicola (Motteram et al., 2009), but CoNLP could impair infection in Colletotrichum orbiculare (Azmi et al., 2018). The hypothetical proteins may be involved in virulence of V. pyri, but further analysis need detail characterization in the future. These results of our analysis demonstrated that VpFSTF1 might control many virulence-related genes and development-related genes, leading to virulence reduction in the VpFSTF1 deletion mutant. These analyses also provide clues for further studies on the pathogenic mechanism of V. pyri.

We also examined the molecular mechanism by which VpFSTF1 regulates target genes using qRT-PCR and Y1H. The results demonstrate that nine genes are directly or indirectly regulated by VpFSTF1. Among them, pisatin demethylase, fumitremorgin C monooxygenase and trichodiene oxygenase belong to the P450 family and are important for pathogenic fungus infection (Funnell and VanEtten, 2002; Siewers et al., 2005; Alexander et al., 2008; Zhang et al., 2012). Orthologs of NPP1 in different fungi have various roles (Motteram et al., 2009; Azmi et al., 2018). Although the level of NPP1 expression was significantly reduced in the deletion mutant, further characterization is needed to confirm its roles in V. pyri. Moreover, the promoter-binding experiment was performed in vivo, and VpFSTF1 can bind several gene promoters directly. P450 family play important roles in pigment synthesis in VdPf deletion mutant (Luo et al., 2016) and VpFSTF1 mutants, indicating that Zn2Cys6 TFs may have conserved roles in pigment deposition. VpFSTF1 could directly control the catalase-related peroxidase responding to H2O2 stress. However, the studies for these genes involving in virulence in V. pyri should be carried out in the future. Therefore, these results indicate that VpFSTF1 controls expression of virulence-related genes by directly or indirectly binding to their promoters, and further affects fungal virulence.



CONCLUSION

In conclusion, VpFSTF1, a novel fungal-specific TF with a Zn2Cys6 binuclear cluster, is essential for fruiting body formation and virulence of V. pyri. The VpFSTF1 deletion mutants exhibit similar growth phenotype as the WT on the normal medium, but are more sensitive to H2O2 and SA stresses in a dose dependent manner. VpFSTF1 may regulate expression of some virulence related genes, including well-known effector NPP1, catalase-related peroxidase and P450 superfamily. Finally, we demonstrated that VpFSTF1 could directly bind to the promoters of some genes, which encode the catalase-related peroxidase and P450 family protein. These results together reveal a role and possible mechanisms of VpFSTF1 in V. pyri, which may lay a foundation framework for further functional characterization of other fungal-specific TFs.
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FIGURE S1 | Generation of the VpFSTF1 deletion mutant and complementation strains. (A) ΔVpFSTF1, deletion mutant, and complementation strain constructs were generated by PCR amplification (described in section “Materials and Methods”). The arrows indicate probe sites. The numbers (1–8) represent the primers (Supplementary Table S2) used for construction. (B) The mutant was confirmed by genomic PCR. WT, wild-type strain (Vp297); ΔVpFSTF1 (K-29 and K-50), deletion mutant isolates obtained by PEG-mediated transformation; VpFSTF1com (C-140 and C-141), complementation strain isolates. (C) Transformant expression levels. Expression levels were quantified by qRT-PCR and normalized to actin gene expression. Expression levels of the mutant relative to those of WT are represented by fold changes calculated using 2–ΔΔCt.

FIGURE S2 | Growth of the mutant on different carbon sources. (A) Colony growth on carbon sources. Mycelial agar plugs of wild type (WT), ΔVpFSTF1 (K-29 and K-50), and VpFSTF1com (C-140 and C-141) were placed on agar media with different carbon sources, and the plates were incubated at 25°C in the dark for 24 h. Typical images of the colonies were taken at 24 h. (B) Radial growth of WT, ΔVpFSTF1, and VpFSTF1com on carbon sources. Colony diameters were measured at 24 h. (C) Fruiting bodies formed for WT and the complementation strain isolates (C-140 and C-141) but not for the K-29 and K-50 mutant isolates. Fruiting body formation was induced by growth under a cycle of 16 h light/8 h darkness for 15 days on PDA medium. The images were taken after 15 days.

FIGURE S3 | RT–qPCR validations for DEGs. The twelve genes were using for RT-qPCR analyses. Columns indicate the relative expressions of genes were tested by the RT-qPCR, and linear graphs show the mean relative expressions data of genes that were predicted by RNA-seq. Relative expression of each gene was analyzed by RT-qPCR, normalized to actin expression levels and the relative expression ratio was calculated as the fold change (2−ΔΔCt) compared to the wild type (∗p < 0.05 or ∗∗p < 0.01, t-test). The relative expression levels of genes in RNA-seq were calculated using “WT, the mean RPKM (WT) value/the mean RPKM (WT) value or K-50: The mean RPKM (K-50) value/the mean RPKM (WT) value.” The mean relative expression levels of three replicates from RT-qPCR analyses were used for drawing graph. Each experiment was repeated at least three times.

TABLE S1 | Transcript levels of several C6 transcription factor encoding genes.

TABLE S2 | The primers used in this study.

TABLE S3 | Differentially expressed genes (DEGs) controlled by VpFSTF1 involved in virulence.

TABLE S4 | qRT-PCR validation of RNA-seq.


FOOTNOTES

1
https://www.ncbi.nlm.nih.gov/blast

2
http://smart.embl-heidelberg.de

3
http://www.phi-base.org

REFERENCES

Abe, K., Kotoda, N., Kato, H., and Soejima, J. (2007). Resistance sources to Valsa canker (Valsa ceratosperma) in a germplasm collection of diverse Malus species. Plant Breed. 126, 449–453. doi: 10.1111/j.1439-0523.2007.01379.x

Alexander, N. J., McCormick, S. P., and Blackburn, J. A. (2008). Effects of xanthotoxin treatment on trichothecene production in Fusarium sporotrichioides. Can. J. Microbiol. 54, 1023–1031. doi: 10.1139/W08-100

Amborabé, B.-E., Fleurat-Lessard, P., Chollet, J.-F., and Roblin, G. (2002). Antifungal effects of salicylic acid and other benzoic acid derivatives towards Eutypa lata: structure–activity relationship. Plant Physiol. Biochem. 40, 1051–1060. doi: 10.1016/s0981-9428(02)01470-5

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

Azmi, N. S. A., Singkaravanit-Ogawa, S., Ikeda, K., Kitakura, S., Inoue, Y., Narusaka, Y., et al. (2018). Inappropriate expression of an NLP effector in Colletotrichum orbiculare impairs infection on cucurbitaceae cultivars via plant recognition of the C-terminal region. Mol. Plant Microbe Interact. 31, 101–111. doi: 10.1094/MPMI-04-17-0085-FI

Bhattacharjee, S. (2005). Reactive oxygen species and oxidative burst: roles in stress, senescence and signal transduction in plants. Curr. Sci. 89, 1113–1121.

Candela, M. E., Alcázar, M. D., Espín, A., Egea, C., and Almela, L. (2010). Soluble phenolic acids in Capsicum annuum stems infected with Phytophthora capsici. Plant Pathol. 44, 116–123. doi: 10.1111/j.1365-3059.1995.tb02723.x

Cao, K., Hebei, A. U. O., and Protection, C. O. P. (2009). Investigations on the occurrence and control of apple canker in China. Plant Protect. 25, 384–389.

Cessna, S. G., Sears, V. E., Dickman, M. B., and Low, P. S. (2000). Oxalic acid, a pathogenicity factor for Sclerotinia sclerotiorum, suppresses the oxidative burst of the host plant. Plant Cell 12, 2191–2200.

Cho, Y., Ohm, R. A., Grigoriev, I. V., and Srivastava, A. (2013). Fungal-specific transcription factor AbPf2 activates pathogenicity in Alternaria brassicicola. Plant J. 75, 498–514. doi: 10.1111/tpj.12217

Choi, J., Kim, Y., Kim, S., Park, J., and Lee, Y.-H. (2009). MoCRZ1, a gene encoding a calcineurin-responsive transcription factor, regulates fungal growth and pathogenicity of Magnaporthe oryzae. Fungal Genet. Biol. 46, 243–254. doi: 10.1016/j.fgb.2008.11.010

Choquer, M., Lee, M. H., Bau, H. J., and Chung, K. R. (2007). Deletion of a MFS transporter-like gene in Cercospora nicotianae reduces cercosporin toxin accumulation and fungal virulence. FEBS Lett. 581, 489–494. doi: 10.1016/j.febslet.2007.01.011

Chung, H., Choi, J., Park, S.-Y., Jeon, J., and Lee, Y.-H. (2013). Two conidiation-related Zn(II)2Cys6 transcription factor genes in the rice blast fungus. Fungal Genet. Biol. 61, 133–141. doi: 10.1016/j.fgb.2013.10.004

Feng, H., Xu, M., Liu, Y. Y., Dong, R. Q., Gao, X. N., and Huang, L. L. (2017). Dicer-like genes are required for H2O2 and KCl stress responses, pathogenicity and small RNA generation in Valsa mali. Front. Microbiol. 8:1457. doi: 10.3389/fmicb.2017.01457

Funnell, D. L., and VanEtten, H. D. (2002). Pisatin demethylase genes are on dispensable chromosomes while genes for pathogenicity on carrot and ripe tomato are on other chromosomes in Nectria haematococca. Mol. Plant Microbe Interact. 15, 840–846. doi: 10.1094/mpmi.2002.15.8.840

Galhano, R., Illana, A., Ryder, L. S., Rodrã-Guez-Romero, J., Demuez, M., Badaruddin, M., et al. (2017). Tpc1 is an important Zn(II)2Cys6 transcriptional regulator required for polarized growth and virulence in the rice blast fungus. PLoS Pathog. 13:e1006516. doi: 10.1371/journal.ppat.1006516

Gambino, G., Perrone, I., and Gribaudo, I. (2010). A rapid and effective method for RNA extraction from different tissues of grapevine and other woody plants. Phytochem. Anal. 19, 520–525. doi: 10.1002/pca.1078

Guo, M., Chen, Y., Du, Y., Dong, Y., Guo, W., Zhai, S., et al. (2011). The bZIP transcription factor MoAP1 mediates the oxidative stress response and is critical for pathogenicity of the rice blast fungus Magnaporthe oryzae. PLoS Pathog. 7:e1001302. doi: 10.1371/journal.ppat.1001302

He, F., Li, B., Ai, G., Kange, A. M., Zhao, Y., Zhang, X., et al. (2018a). Transcriptomics analysis of the Chinese pear pathotype of Alternaria alternata gives insights into novel mechanisms of HSAF antifungal activities. Int. J. Mol. Sci. 19, 1841. doi: 10.3390/ijms19071841

He, F., Zhang, X., Li, B. X., Safdar, A., Ai, G., Kange, A. M., et al. (2018b). Comparative transcriptomics of two Valsa pyri isolates uncover different strategies for virulence and growth. Microb. Pathog. 123, 478–486. doi: 10.1016/j.micpath.2018.08.013

He, F., Zhang, X., Mafurah, J. J., Zhang, M., Qian, G., Wang, R., et al. (2016). The transcription factor VpCRZ1 is required for fruiting body formation and pathogenicity in Valsa pyri. Microb. Pathog. 95, 101–110. doi: 10.1016/j.micpath.2016.02.018

Hernandez, C. E. M., Guerrero, I. E. P., Hernandez, G. A. G., Solis, E. S., and Guzman, J. C. T. (2010). Catalase overexpression reduces the germination time and increases the pathogenicity of the fungus Metarhizium anisopliae. Appl. Microbiol. Biotechnol. 87, 1033–1044. doi: 10.1007/s00253-010-2517-3

Issi, L., Farrer, R. A., Pastor, K., Landry, B., Delorey, T., Bell, G. W., et al. (2017). Zinc cluster transcription factors alter virulence in Candida albicans. Genetics 205:559. doi: 10.1534/genetics.116.195024

Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature 444, 323–329.

Kim, M., Suh, H., Cho, E.-J., and Buratowski, S. (2009). Phosphorylation of the yeast Rpb1 C-terminal domain at serines 2, 5, and 7. J. Biol. Chem. 284, 26421–26426. doi: 10.1074/jbc.M109.028993

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054

Li, C. H., Cao, S. L., Zhang, C. K., Zhang, Y. H., Zhang, Q., Xu, J. R., et al. (2018). MoCDC14 is important for septation during conidiation and appressorium formation in Magnaporthe oryzae. Mol Plant Pathol. 19, 328–340. doi: 10.1111/mpp.12523

Li, Z., Yin, Z., Fan, Y., Xu, M., Kang, Z., and Huang, L. (2015). Candidate effector proteins of the necrotrophic apple canker pathogen Valsa mali can suppress BAX-induced PCD. Front. Plant Sci. 6:579. doi: 10.3389/fpls.2015.00579

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCt Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Luo, X., Mao, H., Wei, Y., Cai, J., Xie, C., Sui, A., et al. (2016). The fungal-specific transcription factor Vdpf influences conidia production, melanized microsclerotia formation and pathogenicity in Verticillium dahliae. Mol. Plant Pathol. 17, 1364–1381. doi: 10.1111/mpp.12367

MacPherson, S., Larochelle, M., and Turcotte, B. (2006). A fungal family of transcriptional regulators: the zinc cluster proteins. Microbiol. Mol. Biol. Rev. 70, 583–604. doi: 10.1128/mmbr.00015-06

Mao, J. L., Miao, Z. Q., Wang, Z., Yu, L. H., Cai, X. T., and Xiang, C. B. (2016). Arabidopsis ERF1 mediates cross-talk between ethylene and auxin biosynthesis during primary root elongation by regulating ASA1 expression. PLoS Genet. 12:e1005760. doi: 10.1371/journal.pgen.1005760

Mao, X., Cai, T., Olyarchuk, J. G., and Wei, L. (2005). Automated genome annotation and pathway identification using the KEGG Orthology (KO) as a controlled vocabulary. Bioinformatics 21, 3787–3793. doi: 10.1093/bioinformatics/bti430

McGinnis, S., and Madden, T. L. (2004). BLAST: at the core of a powerful and diverse set of sequence analysis tools. Nucleic Acids Res. 32, W20–W25.

Miao, Z.-Q., Zhao, P.-X., Mao, J., Yu, L., Yuan, Y., Tang, H., et al. (2018). Arabidopsis HB52 mediates the crosstalk between ethylene and auxin by transcriptionally modulating PIN2, WAG1, and WAG2 during primary root elongation. Plant Cell [Preprint]. doi: 10.1105/tpc.18.00584

Molina, L., and Kahmann, R. (2007). An Ustilago maydis gene involved in H2O2 detoxification is required for virulence. Plant Cell 19:2293. doi: 10.1105/tpc.107.052332

Motteram, J., Kufner, I., Deller, S., Brunner, F., Hammond-Kosack, K. E., Nurnberger, T., et al. (2009). Molecular characterization and functional analysis of MgNLP, the sole NPP1 domain-containing protein, from the fungal wheat leaf pathogen Mycosphaerella graminicola. Mol. Plant Microbe Interact. 22, 790–799. doi: 10.1094/MPMI-22-7-0790

Nikolaou, E., Agrafioti, I., Stumpf, M., Quinn, J., Stansfield, I., and Brown, A. J. (2009). Phylogenetic diversity of stress signalling pathways in fungi. BMC Evol. Biol. 9:44. doi: 10.1186/1471-2148-9-44

Rybak, K., See, P. T., Phan, H. T., Syme, R. A., Moffat, C. S., Oliver, R. P., et al. (2017). A functionally conserved Zn2 Cys6 binuclear cluster transcription factor class regulates necrotrophic effector gene expression and host-specific virulence of two major Pleosporales fungal pathogens of wheat. Mol. Plant Pathol. 18, 420–434. doi: 10.1111/mpp.12511

Shamrai, S. N. (2014). Plant immune system: basal immunity. [image: image] I Genetika 48:67.

Shelest, E. (2017). Transcription factors in fungi: TFome dynamics, three major families, and dual-specificity TFs. Front. Genet. 8:53. doi: 10.3389/fgene.2017.00053

Siewers, V., Viaud, M., Jimenez-Teja, D., Collado, I. G., Gronover, C. S., Pradier, J. M., et al. (2005). Functional analysis of the cytochrome P450 monooxygenase gene bcbot1 of Botrytis cinerea indicates that botrydial is a strain-specific virulence factor. Mol. Plant Microbe Interact. 18, 602–612. doi: 10.1094/mpmi-18-0602

Srivastava, A., Ohm, R. A., Oxiles, L., Brooks, F., Lawrence, C. B., Grigoriev, I. V., et al. (2011). A zinc-finger-family transcription factor, AbVf19, is required for the induction of a gene subset important for virulence in Alternaria brassicicola. Mol. Plant Microbe Interact. 25, 443–452. doi: 10.1094/mpmi-10-11-0275

Tan, Y., Wang, H., Wang, Y., Ge, Y., Ren, X., Ren, C., et al. (2018). The role of the veA gene in adjusting developmental balance and environmental stress response in Aspergillus cristatus. Fungal Biol. 122, 952–964. doi: 10.1016/j.funbio.2018.05.010

The Gene Ontology Consortium (2017). Expansion of the Gene Ontology knowledgebase and resources. Nucleic Acids Res. 45, D331–D338. doi: 10.1093/nar/gkw1108

Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994). CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 22, 4673–4680. doi: 10.1093/nar/22.22.4673

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

Umesha, S., Manukumar, H. M., and Raghava, S. (2016). A rapid method for isolation of genomic DNA from food-borne fungal pathogens. 3. Biotech 6, 123–123. doi: 10.1007/s13205-016-0436-4

Wang, C., Guan, X., Wang, H., Li, G., Dong, X., Wang, G., et al. (2013). Agrobacterium tumefaciens-mediated transformation of Valsa mali: an efficient tool for random insertion mutagenesis. Sci. World J. 2013:968432. doi: 10.1155/2013/968432

Wang, X., Zang, R., Yin, Z., Kang, Z., and Huang, L. (2014). Delimiting cryptic pathogen species causing apple Valsa canker with multilocus data. Ecol. Evol. 4, 1369–1380. doi: 10.1002/ece3.1030

Wu, Y., Xu, L., Yin, Z., Hao, F., and Huang, L. (2018). Transcription factor VmSeb1 is required for the growth, development, and virulence in Valsa mali. Microb. Pathog. 123, 132–138. doi: 10.1016/j.micpath.2018.06.043

Xiong, D., Wang, Y., Tian, L., and Tian, C. (2016). MADS-Box transcription factor VdMcm1 regulates conidiation, microsclerotia formation, pathogenicity, and secondary metabolism of Verticillium dahliae. Front. Microbiol. 7:1192. doi: 10.3389/fmicb.2016.01192

Yin, Z., Liu, H., Li, Z., Ke, X., Dou, D., Gao, X., et al. (2015). Genome sequence of Valsa canker pathogens uncovers a potential adaptation of colonization of woody bark. New Phytol. 208, 1202–1216. doi: 10.1111/nph.13544

Young, M. D., Wakefield, M. J., Smyth, G. K., and Oshlack, A. (2010). Gene ontology analysis for RNA-seq: accounting for selection bias. Genome Biol. 11:R14. doi: 10.1186/gb-2010-11-2-r14

Zhang, H., Zhao, Q., Liu, K., Zhang, Z., Wang, Y., and Zheng, X. (2009). MgCRZ1, a transcription factor of Magnaporthe grisea, controls growth, development and is involved in full virulence. FEMS Microbiol. Lett. 293, 160–169. doi: 10.1111/j.1574-6968.2009.01524.x

Zhang, S. Z., Widemann, E., Bernard, G., Lesot, A., Pinot, F., Pedrini, N., et al. (2012). CYP52X1, representing new cytochrome P450 subfamily, displays fatty acid hydroxylase activity and contributes to virulence and growth on insect cuticular substrates in entomopathogenic fungus Beauveria bassiana. J. Biol. Chem. 287, 13477–13486. doi: 10.1074/jbc.M111.338947

Zhang, W. Q., Gui, Y. J., Dpg, S., Li, T. G., Zhang, D. D., Zhou, L., et al. (2017). Verticillium dahliae transcription factor VdFTF1 regulates the expression of multiple secreted virulence factors and is required for full virulence in cotton. Mol. Plant Pathol. 19, 841–857. doi: 10.1111/mpp.12569

Zhao, C., Waalwijk, C., de Wit, P. J., Van der Lee, T., and Tang, D. (2011). EBR1, a novel Zn(2)Cys(6) transcription factor, affects virulence and apical dominance of the hyphal tip in Fusarium graminearum. Mol. Plant Microbe Interact. 24, 1407–1418. doi: 10.1094/MPMI-06-11-0158


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

Copyright © 2020 Kange, Xia, Si, Li, Zhang, Ai, He and Dou. 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.











	 
	ORIGINAL RESEARCH
published: 26 March 2020
doi: 10.3389/fgene.2020.00246





[image: image]

Identification of MicroRNAs and Their Targets That Respond to Powdery Mildew Infection in Cucumber by Small RNA and Degradome Sequencing

Xuewen Xu1,2, Cailian Zhong1, Min Tan1, Ya Song1, Xiaohua Qi1, Qiang Xu1 and Xuehao Chen1,2,3*

1School of Horticulture and Plant Protection, Yangzhou University, Yangzhou, China

2Joint International Research Laboratory of Agriculture & Agri-Product Safety, Yangzhou University, Yangzhou, China

3State Key Laboratory of Vegetable Germplasm Innovation, Tianjin, China

Edited by:
Meixiang Zhang, Nanjing Agricultural University, China

Reviewed by:
Weibo Jin, Zhejiang Sci-Tech University, China
Jing Fan, Sichuan Agricultural University, China

*Correspondence: Xuehao Chen, xhchen@yzu.edu.cn

Specialty section: This article was submitted to Evolutionary and Genomic Microbiology, a section of the journal Frontiers in Genetics

Received: 08 October 2019
Accepted: 02 March 2020
Published: 26 March 2020

Citation: Xu X, Zhong C, Tan M, Song Y, Qi X, Xu Q and Chen X (2020) Identification of MicroRNAs and Their Targets That Respond to Powdery Mildew Infection in Cucumber by Small RNA and Degradome Sequencing. Front. Genet. 11:246. doi: 10.3389/fgene.2020.00246

Powdery mildew (PM) is a prevalent disease known to limit cucumber production worldwide. MicroRNAs (miRNAs) are single-stranded molecules that regulate host defense responses through posttranscriptional gene regulation. However, which specific miRNAs are involved and how they regulate cucumber PM resistance remain elusive. A PM-resistant single-segment substitution line, SSSL508-28, was developed previously using marker-assisted backcrossing of the PM-susceptible cucumber inbred D8 line. In this study, we applied small RNA and degradome sequencing to identify PM-responsive miRNAs and their target genes in the D8 and SSSL508-28 lines. The deep sequencing resulted in the identification of 156 known and 147 novel miRNAs. Among them, 32 and six differentially expressed miRNAs (DEMs) were detected in D8 and SSSL508-28, respectively. The positive correlation between DEMs measured by small RNA sequencing and stem-loop quantitative real-time reverse transcription–polymerase chain reaction confirmed the accuracy of the observed miRNA abundances. The 32 DEMs identified in the PM-susceptible D8 were all upregulated, whereas four of the six DEMs identified in the PM-resistant SSSL508-28 were downregulated. Using in silico and degradome sequencing approaches, 517 and 20 target genes were predicted for the D8 and SSSL508-28 DEMs, respectively. Comparison of the DEM expression profiles with the corresponding mRNA expression profiles obtained in a previous study with the same experimental design identified 60 and three target genes in D8 and SSSL508-28, respectively, which exhibited inverse expression patterns with their respective miRNAs. In particular, five DEMs were located in the substituted segment that contained two upregulated DEMs, Csa-miR172c-3p and Csa-miR395a-3p, in D8 and two downregulated DEMs, Csa-miR395d-3p and Csa-miR398b-3p, in SSSL508-28. One gene encoding L-aspartate oxidase, which was targeted by Csa-miR162a, was also located on the same segment and was specifically downregulated in PM-inoculated D8 leaves. Our results will facilitate the future use of miRNAs in breeding cucumber varieties with enhanced resistance to PM.
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INTRODUCTION

Powdery mildew (PM) fungi are obligate biotrophic parasites that are spread worldwide and cause severe diseases in a large variety of horticultural plants, such as cucurbits, tomato, pea, and okra (Martínez-Cruz et al., 2017; Cobos et al., 2018; Fan et al., 2019). Podosphaera xanthii is the main cause of PM on cucumber under glasshouses and in open fields, which causes serious losses in crop yield and quality (Xu et al., 2016). The disease initiates as thin white spots, first on the surfaces of older leaves and then gradually spreading to younger leaves. Grayish white mycelia are visible on severely affected leaves, and such leaves finally exhibit chlorosis and senescence. The application of fungicide can effectively control the disease at present but is not environmentally friendly and is harmful to consumers’ health because cucumbers are harvested almost daily for fresh market consumption (Fukino et al., 2013; Xu et al., 2016). Genetic strategies to breed PM-resistant cultivars are currently the most promising and economical ways of controlling this disease. Thus, a deeper understanding of the molecular mechanisms that trigger cucumber plants to recognize and eventually prevent or limit PM infection is required.

Genetic mapping, RNA sequencing-based transcriptomic, and iTRAQ-based proteomic studies have revealed candidate genes and pathways associated with the genetic control and molecular responses of host immunity against cucumber PM. They include genes that encode cysteine-rich receptor-like protein kinases (Csa1G064780 and Csa1G064790) and mildew locus O (Csa5M623470), as well as molecular events involving cell wall modifications, salicylic acid metabolism, and signal transduction pathways (Berg et al., 2015; Xu et al., 2016; Xu et al., 2017). However, little is known about the coordination and regulation of host genes that affect these biological processes. Studies of microRNAs (miRNAs) in plant species have found strong evidence that some miRNAs that are responsive to pathogen infections may be critical in regulating the host defenses (Islam et al., 2017). However, more investigations are needed to understand which and how these miRNAs contribute to the dialogue between plant and pathogen attack (Carrera et al., 2009; Sanz-Carbonell et al., 2019). MiRNAs are a group of 18 to 24 long nucleotides (nt) that are endogenous small single-stranded non-coding RNAs that regulate gene expression by repressing protein translation or by targeting mRNAs for degradation (Lin et al., 2016). Genome-wide analysis of miRNAs showed that eight wheat miRNAs from six families (miR394, miR528, miR396, miR171, miR156, and miR160) were differentially expressed upon PM (Blumeria graminis f. sp. tritici Bgt) infection (Wu et al., 2015). More recently, miRNAs related to the response of barley to PM (B. graminis f. sp. hordei) were putatively identified as regulating the transcript levels of transcription factors (TFs), such as auxin response factors, NAC [for NAM (no apical meristem), ATAF, CUC (cup-shaped cotyledon)], and homeodomains, as well as several splicing factors (Hunt et al., 2019).

Because miRNAs have been shown to be involved in PM infection, we hypothesized that miRNAs may also play a role during P. xanthii parasitism of its cucumber host and that they may exhibit different expression patterns between resistant and susceptible lines. To test the hypothesis, we inoculated cucumber seedlings from the D8 and SSSL508-28 lines with P. xanthii. D8 is PM susceptible, and SSSL508-28, which has the genetic background of D8 but contains a single segment from PM-resistant line Jin5-508, is PM resistant. The extracted RNA from cucumber leaves 2 ‘s after inoculation was used for small RNA (sRNA) and degradome sequencing to capture cucumber PM-responsive miRNAs and their corresponding target genes. The results will widen our understanding of PM-responsive miRNA-mediated regulatory mechanisms in Cucurbitaceae plants.



MATERIALS AND METHODS


Plant Material and Treatment

Cucumber seedlings of D8 and SSSL508-28 were grown in a growth chamber under controlled conditions (65% relative humidity, 28°C/16 h light and 20°C/8 h dark). At 21 days (three-leaf stage), homogeneous plants were selected for inoculation by spraying with a P. xanthii conidia (harvested from naturally infected D8 leaves) spore suspension of 1 × 106 conidia/mL containing 0.01% Tween-20 or sterile distilled water until runoff (Xu et al., 2017). The leaves sprayed with the sterile water served as mock controls. An average relative humidity of 90–100% was maintained after inoculation. The PM-inoculated and control leaves with three biological replicates were harvested 2 days after treatment, quickly frozen in liquid nitrogen, and maintained at −80°C until used for RNA isolation.



Small RNA Dequencing and Data Processing

Total RNA was extracted from 10 pooled cucumber leaves using Trizol reagent (Invitrogen, Carlsbad, CA, United States). RNA quality was assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, United States), and samples with RNA integrity ≥8 were used to generate the sRNA libraries. Twelve sRNA libraries were generated following the protocol of the TruSeq sRNA Sample Prep Kits (Illumina, San Diego, CA, United States). Briefly, the RNA fragments that were 18 to 30 nt were enriched by polyacrylamide gel electrophoresis and ligated to 5′ and 3′ adaptors using T4 RNA ligase. The ligated RNAs were reverse transcribed to generate the cDNAs libraries. Single-end sequencing (50 bp) was performed on an Illumina HiSeq 2500 platform (Illumina) by Biomarker Technologies (Beijing, China).

Clean reads were obtained from the raw reads by removing low-quality and adaptor-containing reads using the FASTAX-Toolkit. Clean reads that were 18- to 30-nt long were retained and aligned to the cucumber draft genome assembly (9930 V2.01), Rfam 14.1,2 Silva,3 GtRNAdb,4 and Repbase5 to identify non-coding RNAs using Bowtie (Langmead et al., 2009). The remaining clean reads were mapped to the miRBase database (release 226) to identify known cucumber miRNAs. Up to two mismatches were allowed in the alignments. The remaining unaligned sequences were analyzed using MTide, a probabilistic model-based miRNA prediction software especially designed for plant miRNAs (Zhang et al., 2014), to predict novel miRNAs. The cucumber genome (9930 V2.0) was used as the reference genome. The novel miRNAs that met the following stringent criteria were retained: (1) sequence length 18 to 25 nt; (2) maximal free energy of the miRNA precursor −20 kcal/mol; (3) presence of star sequences and 3′ overhang; and (4) ≤7 nucleotide mismatches between the miRNA and star miRNA. The potential novel miRNA precursors that aligned with tRNA, rRNA, snRNA, or snoRNA sequences were discarded.

The abundance of identified miRNAs in the different samples was normalized to transcripts per kilobase million (TPM). The R-based DESeq2 package (Love et al., 2014) was used to determine differential expression patterns of the identified miRNAs between PM-inoculated and control leaves. An miRNA was considered to be significantly differentially expressed if it exhibited a fold change ≥1.5 or ≤0.67 with p ≤ 0.05.



Degradome Sequencing and Data Processing

Four libraries were constructed for degradome sequencing with the RNA extracted from PM-inoculated D8, PM-inoculated SSSL508-28, and the control D8 and SSSL508-28 leaves. An Oligotex mRNA mini kit (Qiagen, Hilden, Germany) was used to separate poly(A) +RNA from the total RNA. The poly(A) +RNA was bound to the mRNACapture beads. A 5′-adaptor was ligated to the RNAs with 5′ monophosphates, followed by reverse transcription with 3′-random primers and polymerase chain reaction (PCR) amplification. The gel-purified products were sequenced using only the 5′-adaptor ligated sequences. Single-end sequencing (36 bp) of the degradome libraries also was performed on an Illumina HiSeq 2500 platform by Beijing Biomarker Technologies (Beijing, China).

After trimming, the clean reads that matched sequences in GenBank and Rfam 14.1 were removed. The remaining 20- or 21-nt high-quality reads were aligned to the cucumber cDNA sequences (9930 V2.0). Perfectly matched sequences were processed using the CleaveLand pipeline (v4.4) to predict potential cleavage sites (Addo-Quaye et al., 2008).



Identification and Annotation of Target Genes

The psRNATarget server7 was used to predict the miRNA-mediated target genes. We used the cucumber miRNA sequences as query sequences. The cucumber draft genome assembly (cDNA, 9930 V2.0) was used as the reference database. BLASTn hits with fewer than three mismatches were selected as potential targets. Gene ontology (GO) slim classification analysis was performed using the gene classification toolkit in CuGenDB.8



Stem-Loop Quantitative Real-Time Reverse Transcription–PCR Analysis

To validate the differential expressions of miRNA identified by sRNA sequencing (sRNA-seq), quantification of selected miRNAs was performed by stem-loop quantitative real-time reverse transcription (qRT)–PCR analysis. Synthesis of first-strand cDNA and the qRT-PCRs were performed using the miRcute fluorescent quantitative detection (SYBR Green) kit (FP401; Tiangen, Beijing, China). Primers were designed using the Vazyme miRNA designer (V1.01; Nanjing, China). The primer sequences are listed in Table 1. The PCRs were performed on an iQ5 multicolor real-time PCR detection instrument (Bio-Rad, Hercules, CA, United States). The relative expressions of the miRNAs were calculated using the 2–ΔΔCT method with U6 snRNA as the internal control. The PCRs were performed in triplicate. A correlation analysis between the expressions obtained by qRT-PCR and the expression levels obtained using the sRNA-seq data was performed using SAS 9.0 software (SAS Institute, Inc., Cary, NC, United States).


TABLE 1. Primers used for the stem-loop qPCRs in this study.
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RESULTS


Symptoms of PM Infection on SSSL508-28 and D8 Leaves

Representative symptoms to PM infection on D8 and SSSL508-28 leaves are shown in Figure 1A. The mean disease indexes of D8 and SSSL508-28 were 37.3 and 2.1, respectively (Figure 1B). The phenotypic differences between the PM-resistant and PM-susceptible lines were determined by observing the extent of PM growth on the leaf surface at 2 days post PM inoculation by scanning electron microscopy. Dense PM hyphae were seen on the surface of the D8 leaves, whereas no conidia were detected on the surface of the SSSL508-28 leaves (Figure 1C). This suggested that differences in the resistance mechanisms between SSSL508-28 and D8 may contribute to the observed difference in phenotype.


[image: image]

FIGURE 1. Performance of cucumber SSSL508-28 and D8 lines infected with PM. (A) Typical symptoms on cucumber leaves in different growth stages upon infection with the PM pathogen. Upper: D8; Lower: SSSL508-28. (B) Disease indexes of the two lines upon infection with the PM pathogen. Phenotypes of D8 (C) and SSSL508-28 (D) leaves 48 h after PM inoculation by scanning electron microscopy.




Sequencing the sRNA Libraries of Cucumber Leaves

To detect miRNAs related to PM resistance, 12 sRNA libraries with three biological replicates were constructed for sRNA-seq. They contained the RNAs extracted from non-inoculated D8 control leaves, PM-inoculated D8 leaves, non-inoculated SSSL508-28 control leaves, and PM-inoculated SSSL508-28 leaves. The numbers of raw reads from each library were between 17.9 and 35.1 million (Table 2). After filtering low-quality reads, adaptor sequences, and reads <16 or >30 nt long, more than 13.5 million clean reads remained in each library (Table 2). After the non-coding RNAs (e.g. tRNAs, rRNAs, snRNAs, and snoRNAs) were removed, the remaining >2.49 million reads in each library had at least one match to the cucumber reference genome (Table 2). The length distribution of all the miRNAs that mapped to the reference genome is presented in Figure 2A. The 24-nt miRNAs were the most abundant in all 12 libraries, which is similar to previous findings in plant species such as Arabidopsis, rice, and soybean. Analysis of nucleotide bias in the 18- to 30-nt miRNAs showed that the 19- to 22-nt mature miRNAs preferentially began with uracil (U) (Figure 2B). In addition, analysis of specific nucleotide occurrence showed a dominant bias for U at the first two positions, and the frequency of cytosine (C) was always lowest at positions 2 to 24 in the mature miRNA sequences (Figure 2C).


TABLE 2. Statistics of the sRNA sequencing reads in the 12 libraries of cucumber leaves.
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FIGURE 2. Length distribution and nucleotide bias of the detected cucumber miRNAs. (A) Length distribution of known and novel cucumber miRNAs. (B) Nucleotide composition of the mature miRNAs. (C) Nucleotide bias at each position of the mature miRNA sequences.




Identification of Known Cucumber miRNAs

To identify the known miRNAs, we aligned the 18- to 30-nt sRNA reads to the known plant miRNA sequences in miRBase release 22 using BLASTn. A total of 170 known miRNAs corresponding to 35 miRNA families, including miR156, miR160, miR171, miR396, and miR408, were identified from the 12 libraries (Supplementary Table 1). The miR156 family was the largest with 20 members, followed by miR166 with 16 members and miR171 with 13 members. The precursor miRNA sequences varied in length from 54 to 403 nt. Of the known miRNAs, 152 and 148 were common between the control and PM-inoculated D8 and SSSL508-28 leaves, respectively, suggesting that expression of the known miRNAs was stable in the two cucumber lines. We also found that members of the same miRNA family exhibited variations in expression levels. For example, Csa-miR156j and Csa-miR156h both belong to miR156 family, and TPM values of Csa-miR156j were 3,553 to 7,519, whereas the TPM values of Csa-miR156h were only 0 to 9.8 in the 12 libraries. These differences in expression levels among different members of the same miRNA family suggest their roles in the PM response are different. Further, six known miRNAs, Csa-miR156o-3p, Csa-miR156q-3p, Csa-miR156v, Csa-miR169k, Csa-miR172b-5p, and Csa-miR477a, were detected in only one of the 12 samples.



Identification of Novel Cucumber miRNAs

A total of 133 novel miRNAs were identified from the 12 libraries (Supplementary Table 2), and all had star sequences. The novel miRNAs were named as Csa_novel-number. The lengths of the novel miRNAs varied from 18 to 25 nt, with 24 nt being the predominant length (102/133). The minimum free energies of their pre-miRNA hairpin structures were −192.5 to −20.9 kcal⋅mol–1 with an average of −53.2 kcal⋅mol–1, which corresponds to those of other plant miRNA precursors (Zeng et al., 2018). Csa-novel_12 was the most abundant novel miRNA with a TPM value of >52,000 in all 12 libraries. Forty-nine of the novel miRNAs clustered with known miRNA families (Supplementary Table 2), suggesting they may be recently evolved members of these families.



Differentially Expressed miRNAs in PM-Inoculated Cucumber Leaves

The read counts for the detected miRNA varied from 0 to 224,965, normalized to 0 to 368,491 TPM, among the 12 libraries (Supplementary Tables 1, 2). Using a fold change ≥1.5 and p ≤ 0.05 as the threshold, we identified 32 differentially expressed miRNAs (DEMs), including 27 known and five novel miRNAs, by comparing the PM-inoculated D8 (ID) with the non-inoculated D8 (NID) libraries (Table 3). Only six DEMs, including three known and three novel miRNAs, were identified by comparing the PM-inoculated SSSL508-28 (IS) with the non-inoculated SSSL508-28 (NIS) libraries (Table 4). Interestingly, all of the 32 DEMs identified in the ID versus NID comparison were upregulated, whereas four of the six DEMs identified in the IS versus NIS comparison were downregulated. This result provides an important basis for further studies of the roles of miRNAs in cucumber PM resistance and confirms that miRNAs may have important roles during pathogen infection.


TABLE 3. Differentially expressed miRNAs identified in the cucumber D8 line.
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TABLE 4. Differentially expressed miRNAs identified in the cucumber SSSL508-28 line.
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Verification of the Expression of Cucumber PM-Responsive miRNAs

To verify the identified DEMs obtained by sRNA-seq, seven known miRNAs (Csa-miR156g, Csa-miR171g, Csa-miR160b, Csa-miR162a, Csa-miR396d-3p, Csa-miR395d-3p, Csa-miR398d), and one novel miRNA (Csa-novel_71) were selected, and their expression levels were analyzed by stem-loop qRT-PCR. As shown in Figure 3, the stem-loop qRT-PCR showed that Csa-miR156g, Csa-miR171g, Csa-miR160b, Csa-miR162a, and Csa-miR396d-3p were upregulated only in PM-inoculated D8; Csa-miR398d was downregulated only in PM-inoculated SSSL508-28, and Csa-novel_71 was upregulated only in PM-inoculated SSSL508-28 compared with the corresponding non-inoculated controls. The Pearson correlation coefficient revealed a strong positive correlation (r2 = 0.611, p < 0.01) between the sRNA-seq and stem-loop qRT-PCR expression values, which confirmed the reliability of the sRNA-seq data. However, divergences between the two analyses were also observed.
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FIGURE 3. Analysis of eight selected miRNAs in cucumber SSSL508-28 and D8 lines 48 h after PM inoculation by stem-loop qRT-PCR. Data are the means of three replicates (±SD). The U6 gene was used as an internal control to normalize the expression data. Means with the same lowercase letter do not significantly differ by the least significant difference test at p ≤ 0.05 with a completely randomized design. Regression analysis between the eight miRNA expression levels measured by RNA sequencing and qRT-PCR indicates strong correlation between the two approaches with Pearson correlation coefficient r2 = 0.611. The gene expression values were transformed to the log2 scale.


For example, our stem-loop qRT-PCR experiment showed that Csa-miR171g was downregulated in PM-inoculated SSSL508-28, whereas no significant difference was found from the sequencing results.

The discrepancies were also previously described and may be ascribed to sequence bias introduced by sRNA libraries or profiling stem-loop qRT-PCR or to different normalization approaches employed in these two strategies (Pantaleo et al., 2010; Tian et al., 2017).



Identification of miRNA Target Genes by in Silico and Degradome Approaches

To identify miRNA targets, we combined target prediction with degradome sequencing. The in silico approach predicted 517 target genes for the 32 DEMs in the ID versus NID comparison and 20 target genes for the six DEMs in the IS versus NIS comparison (see Supplementary Table 3 for details). Ten predicted targets, Csa2G423580, Csa5G497010, Csa3G144230, Csa6G298490, Csa1G153530, Csa2G215520, Csa7G447980, Csa6G510860, Csa2G076520, and Csa3G872160, were common in the two comparisons. They were targeted by Csa-miR395a-3p and Csa-miR395d-3p in the ID versus NID and IS versus NIS comparisons, respectively. The highest number of targets was identified for Csa-miR172c-3p (139 genes), followed by Csa-miR156g (53 genes) and Csa-miR396d-3p (50 genes). Four degradome cDNA libraries (NID, ID, NIS, IS) were constructed and sequenced to detect miRNA-guided cleavage products. A total of 16,479,774 degradome tags were obtained and mapped to the cucumber genome (9930 V2.0), with approximately 59.7% (over 9.8 million) matching perfectly to the genome. Based on the strength of the degradome signal at the miRNA target sites, a total of 67 target genes corresponding to 101 miRNAs were identified (p < 0.05) (Supplementary Table 4). The 67 target genes fell into three categories (0, 1, and 3). Approximately 85% (57 genes) of them were in category 0, which represents the most abundant degradome tags corresponding to the cleavage site and matching cognate transcripts (Zhu et al., 2019). The highest number of targets (60) was identified for IS, and the lowest number was identified for NIS (35). All the DEM–target pairs identified by degradome sequencing were among those predicted by psRNATarget. These two methods also showed that one target gene could be cleaved by multiply miRNAs. For example, Csa3G020600 (a GRAS TF) was cotargeted by Csa-miR171f-3p, Csa-miR171a-3p, and Csa-miR171g at the same location (Figure 4).
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FIGURE 4. MicroRNAs Csa-miR171f-3p, Csa-miR171a-3p, and Csa-miR171g cotarget Csa3G020600. (A) Degradome target plot (T-plot) of Csa-miR171f-3p. (B) Degradome T-plot of Csa-miR171a-3p. (C) Degradome T-plot of Csa-miR171g. (D) Alignment of the Csa3G020600 and mature Csa-miR171f-3p, Csa-miR171a-3p, and Csa-miR171g sequences. The red vertical arrow above the aligned sequences indicates the cleavage site. The x axis indicates the positions in the Csa3G020600 cDNA, and the y axis indicates the numbers of degradome sequencing reads.


Gene ontology slim classification analysis was carried out to elucidate the potential functions of the DEM targets in response to PM inoculation. We obtained 86 different GO annotations for the target genes (Supplementary Table 5). The GO terms including carbohydrate metabolic process (GO:0005975, 31 genes), lipid metabolic process (GO:0006629, 16 genes), photosynthesis (GO:0015979, five genes), signal transduction (GO:0007165, 28 genes), and response to endogenous stimulus (GO:0009719, 13 genes) were among others (Figure 5A). It has been suggested that miRNAs may provide genetic switch mechanisms to essentially inactivate the target genes by regulation of TF functioning and TF-mediated events (Chen et al., 2011; Arora et al., 2013). In total, 77 targets belonging to 19 TF families were detected, which accounted for nearly 15% of the target genes of the 32 DEMs in ID versus NID. These TFs included members of the MYB (20 genes), NAC (nine genes), and SBP (eight genes) families (Figure 5B; see Supplementary Table 6 for details).


[image: image]

FIGURE 5. Functional annotation of the predicted target genes of the DEMs. (A) Selected GO terms that were significantly enriched among the predicted target genes. (B) Graphical representation of the target genes annotated as TFs under their assigned TF families. Other TF families among the target genes included BES1, bHLH, bZIP, C2H2, C3H, CO-like, FAR1, HB-PHD, Nin-like, and TALE. Detailed information about these families is available in the plant TF database V3.0 (http://planttfdb.cbi.pku.edu.cn/).




Negatively Regulated miRNA Target Genes

Given that miRNAs negatively regulate their targets, we considered that true targets will be downregulated when the miRNA is upregulated under the same PM-inoculation treatment and vice versa (Xu et al., 2019). Thus, the expression of PM-responsive DEMs (from the current sRNA-seq data) and their target genes (from the published RNA-seq study that had the same experimental design, GSE81234) were compared. We identified 92 and three miRNA–mRNA interaction pairs in D8 and SSSL508-28, respectively. A complete list of these DEMs and their negatively regulated targets (p < 0.05) with the log2 fold changes and annotations can be found in Supplementary Table 7. The identified miRNA–mRNA pairs accounted for only a small proportion of the predicted targets. The remaining targets either showed no significant change in their expression levels or had similar expression patterns as the corresponding miRNAs.

Among the 92 miRNA–mRNA interaction pairs in D8, two were located on the substituted segment (Chr5:16,676,542–23,484,079 bp; Xu et al., 2017) that includes Csa-miR172c-3p and Csa-miR395a-3p. Eight targets of Csa-miR172c-3p that were negatively regulated upon PM inoculation were classified as TFs, namely, two Dofs (Csa1G009790 and Csa1G033250), one TALE (Csa6G426360), one AP2 (Csa2G279250), one LBD (Csa5G219380), one Trihelix (Csa2G350410), one bHLH (Csa1G612950), and one CO-like (Csa7G031530) (Supplementary Table 7). Among the three miRNA–mRNA interaction pairs in SSSL508-28, three of the DEMs were located on the substituted segment (Csa-miR395d-3p, Csa-miR398d, and Csa-miR398b-3p), and their targets included a polygalacturonase (PG, Csa7G433170) and eukaryotic translation initiation factor 2α (eIF2α, Csa4G011690). A gene encoding UDP-glycosyltransferase 1 (UTG, Csa1G526840) was the target of Csa-miR398b-3p. Only one negatively regulated target of Csa-miR162a, Csa5G524850 (L-aspartate oxidase, Chr5:18,665,821–18,670,912 bp), was located on the substituted segment.

We further investigated the expression dynamics of Csa-miR172c-3p, Csa-miR395a-3p, Csa-miR395d-3p, and Csa-miR398b-3p at 12, 24, 48, and 96 h after PM inoculation by stem-loop qRT-PCR. The details are presented in Figure 6. Csa-miR172c-3p and Csa-miR395a-3p shared similar expression patterns in response to PM inoculation in D8 as compared with SSL508-28. Csa-miR395d-3p was downregulated in SSL508-28 at 48 h and upregulated in D8 at 96 h after PM inoculation. Csa-miR398b-3p was repressed congruously in PM-inoculated SSL508-28. These results further confirmed that these DEMs may be involved in the cucumber–PM interaction.
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FIGURE 6. Analysis of Csa-miR172c-3p, Csa-miR395a-3p, Csa-miR395d-3p, and Csa-miR398b-3p at 12, 24, 48, and 96 h after PM inoculation in cucumber SSSL508-28 and D8 lines by stem-loop qRT-PCR. NID, non-inoculated D8 control leaves; ID, PM-inoculated D8 leaves; NIS, non-inoculated SSL508-28 control leaves; IS, PM-inoculated SSL508-28 leaves. Data are the means of three replicates (± SD). The U6 gene was used as an internal control to normalize the expression data.




DISCUSSION

The role of miRNAs in the PM response has been reported in wheat (Xin et al., 2010; Wu et al., 2015) and barely (Hunt et al., 2019), but the relationship between miRNAs and cucumber PM resistance is still not clear. The scanning electron microscopy results showed a higher density of PM hyphae on the leaf surface of D8 than on SSSL508-28 48 h after inoculation (Figure 1), which reflected their different responses to PM. To better understand the molecular mechanisms behind PM resistance in cucumber, we sequenced sRNA and degradome libraries constructed from the PM-infected leaves of D8 and SSSL508-28 at 48 h after treatment and the corresponding non-infected controls. The comparative analysis identified 32 and six PM-responsive DEMs in D8 and SSSL508-28, respectively. More DEMs were identified in the ID versus NID comparison (approximately 5.4-fold) than in the IS versus NIS comparison (Tables 3, 4), which suggested the miRNA expression levels may vary greatly depending on the lines/varieties. All of the 32 DEMs identified in the PM-susceptible D8 were upregulated, whereas most of the DEMs identified in the PM-resistant SSSL508-28 were downregulated. Interestingly, several of these PM-related miRNAs have been reported previously. For instances, Han et al. (2016) found the accumulation of vvi-miR156f in PM-inoculated Chinese wild Vitis pseudoreticulata leaves, and Jagadeeswaran et al. (2009) found miR398 expression decreased in Arabidopsis leaves infiltrated with a virulent strains of Pseudomonas syringae pv. tomato, Pst DC3000. In the current study, we found that several miR156 variants (Cs-miR156j, Cs-miR156k, Cs-miR156, and Cs-miR156 g) were upregulated in PM-inoculated cucumber D8 leaves, which is consistent with the previous studies. In addition, Csa-miR398b-3p and Csa-miR398c were downregulated upon PM inoculation only in SSSL508-28. These results suggested some miRNAs may have similar expression patterns in disease resistance among different plant species. However, many of the DEMs identified in our study were not significantly affected or showed opposite trends to those reported by Xin et al. (2010) and Han et al. (2016), including members of the miR398 (Csa-miR398a-3p and Csa-miR398d) and miR858 (Csa-miR858a and Csa-miR858b) families. These discrepancies suggest that some miRNAs may be species-specific in response to PM inoculation or are expressed at specific developmental stages or in specific tissues. Thus, the expression patterns of these miRNAs need to be studied individually.

MicroRNAs respond to environmental stresses by degrading or inhibiting the translation of their target genes. We obtained more than 500 target genes with diverse functions for the identified DEMs using computational and degradome approaches. The enrichment of GO terms such as regulation of RNA biosynthetic process (GO:2001141) and defense response (GO:0006952) highlighted the importance of these targets in the PM response (Figure 5A). Generally, the accumulation of miRNAs silences their target genes and vice versa (Xu et al., 2019). To reduce the number of false positives and obtain a more mechanistic insight about the regulatory activity of the cucumber DEMs, we focused on those that targeted negatively expressed genes with transcriptomic evidence. The DEMs and/or target genes within the substituted segment of SSL508-28 might be used to prioritize genetic factors because they directly affect phenotypic variation. Csa-miR172c-3p, which is located on the substituted segment, is of particular interest because it accumulated in PM-inoculated D8 leaves and targeted TFs. It is conceivable that miRNAs that target TFs will have an extensive influence on gene expression. We found that Csa-miR172c-3p regulated TFs such as AP2 (Csa2G279250), bHLH (Csa1G612950), and Dofs (Csa1G009790 and Csa1G033250), which have been shown to play important roles in disease responses in plants (Samad et al., 2017; Kessens et al., 2018). Further, expression profiling studies have shown that some of these TFs positively regulate plant immune responses. For example, in barley, several AP2 TFs were upregulated at 12 h after PM inoculation (Molitor et al., 2011), and in the pumpkin resistant line “112-2”, bHLH61 (c71304_g1) was found to be induced at 3, 6, 24, and 48 h after PM infection (Guo et al., 2018). Moreover, seven Dofs (CsDof27, CsDof29, CsDof03, CsDof18, CsDof28, CsDof35, and CsDof36) from cucumber and one from grape (VvDOF3) were found to be induced by inoculation with the downy mildew pathogen and PM, respectively (Wen et al., 2016; Yu et al., 2019). Thus, we hypothesized that, in D8 leaves, the specific downregulation of the TFs targeted by Csa-miR172c-3p may at least partially account for the low PM resistance of the cucumber D8 line. Besides the TFs, Csa-miR172c-3p also targets Csa6G062300, which encodes a type 2c protein phosphatase (PP2C). Protein phosphatases are the obligate partners of protein kinases in the cellular control circuitry (DeLong, 2006). Biological functions have been assigned to several PP2Cs, including organ development (Lita et al., 2003), MAPK signaling (Schweighofer et al., 2004), ABA perception (Park et al., 2009), and disease resistance (Widjaja et al., 2010). Hu et al. (2009) found that ectopic expression of a rice PP2C gene OsBIPP2C2a in tobacco plants resulted in enhanced disease resistance to Phytophthora parasitica var. nicotianae and mosaic virus and constitutive expression of defense-related genes. The PP2C identified in this work, Csa6G062300, was downregulated in D8 after PM inoculation, implying that phosphatase levels regulated by Csa-miR172c may be important for cucumber PM resistance. However, little is known about the two negatively regulated targets of Csa-miR395a-3p, Csa3G020600 (encoding a zinc finger protein), and Csa4G664250 (encoding a coiled-coil domain-containing protein).

Despite the limited number of miRNA–mRNA interaction pairs that were identified in SSL508-28, two of the DEMs (Csa-miR395d-3p and Csa-miR398b-3p) were located on the substituted segment, and many predicted targets have been reported previously to be involved in disease resistance. An inverse expression pattern was found for Csa-miR395d-3p and its target gene Csa4G011690, which encodes the eukaryotic translation initiation factor 2α (eIF2α). eIF2α is required in the initiation of the translation process because it regulates the rate of global protein synthesis (Chambers et al., 2015; Sesma et al., 2017). Enhanced global protein synthesis is cytoprotective in the early response to many biotic stresses. The downregulation of Csa-miR395d-3 and upregulation of eIF2α in SSSL508-28 suggested that the resistant genotype could activate protein synthesis of, for example, receptor-like kinases and receptor-like proteins, at an early stage of infection to restrict the growth of PM pathogens as was reported previously (Tang et al., 2017). Csa-miR398b-3p was found to negatively regulate its target Csa1G526840, which encodes UGT, in response to PM inoculation. This role of Csa-miR398b has not been reported previously. UGTs encode cytosol-localized enzymes that catalyze the conjugation of a range of diverse small lipophilic compounds with sugars to generate water-soluble glycosides (Ahn et al., 2012). The importance of UGTs in plant defense responses against infections has been well characterized. For example, overexpression of UGT74F2 and UGT76B1, or knockout of ugt73b3 and ugt73b5, significantly altered plant resistance to pathogen infection (Langlois-Meurinne et al., 2005; Song et al., 2008; von Saint Paul et al., 2011). Xing et al. (2018) found that wheat overexpressing UGT3 exhibited significantly enhanced resistance to Fusarium head blight and increased the endogenous salicylic acid and jasmonic acid content in the grains compared with in the untransformed control. Therefore, the enhanced expression of the UGT (Csa1G526840) genes in the resistant SSSL508-28 genotype compared with their expression in the susceptible D8 genotype might be associated with PM resistance.

One of the negatively regulated targets of Csa-miR162a, L-aspartate oxidase (LASPO, Csa5G524850), also was located on the substituted segment and was specifically downregulated in PM-inoculated D8 leaves (Supplementary Table 7). Although LASPO is the first enzyme in the de novo biosynthesis of NAD+ pathway in plants, little is known about its biochemical properties in plants. Pétriacq et al. (2012) reported the upregulation of AtLASPO (At5g14760) transcripts in Arabidopsis leaves infected with the hemibiotrophic bacterial plant pathogen P. syringae. Macho et al. (2012) observed that the impaired stomatal immunity against P. syringa was caused by mutations in the gene encoding AtLASPO. Hao et al. (2018) found that AtLASPO expression was clearly correlated with LASPO activity and NAD+ levels. These results suggested a pivotal role for LASPO in NAD+ production upon pathogen infection. We speculated that downregulation of cucumber LASPO by Csa-miR162a in D8 may be another reason for its sensitivity to PM.



CONCLUSION

Key miRNA–target regulatory pairs were identified in cucumber in response to PM infection by sRNA transcriptomics and degradome sequencing. A total of 32 and six DEMs were identified in the ID versus NID and IS versus NIS comparisons, respectively. The integrated analysis of the expression data identified a total of 92 and three miRNA–mRNA interaction pairs in D8 and SSSL508-28, respectively, which showed inverse expression patterns. The comparative study highlighted an extensive genotype-specific response to PM infection that was different from the common responses in the resistant SSSL508-28 and susceptible D8 genotypes. The miRNAs Csa-miR172c-3p, Csa-miR395a-3p, Csa-miR395d-3p, and Csa-miR398b-3p and the target genes AP2, bHLH, Dof, UGT, and LASPO were found to play critical roles in the PM-inoculated cucumber leaves. Further studies of these miRNAs and target genes will further expand our understanding of the molecular mechanisms underlying PM resistance in cucumber.
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Late blight caused by Phytophthora infestans, is one of the most devastating diseases of potato, and was responsible for the death of millions of people during the Irish Potato Famine in the nineteenth century. Phytophthora infestans is a heterothallic oomycete that typically requires two compatible types (mating types), A1 and A2, to complete sexual reproduction (i.e., oospore production). Oospores have critical effects on disease epidemiology because they serve as the primary inoculum in subsequent growing seasons. The sexual reproduction of Phytophthora species is regulated by α hormones. In previous studies, we proved that transformants in which selected histone deacetylase (HDAC) genes are silenced exhibit abnormal hormone production. In the current study, we compared the transcriptomes of HDAC-silenced and wild-type strains to explore the genes regulated by HDAC and the genes involved in sex hormone biosynthesis in Phytophthora species. A total of 14,423 transcripts of unigenes were identified in the wild-type strain, the HDAC family-silenced transformant (HDST), and the HDAC7-silenced transformant (H7ST). After comparing the intergroup gene expression levels, 1,612 unigenes were identified as differentially expressed among these strains. The expression levels of 16 differentially expressed genes (DEGs) were validated by quantitative real-time PCR. The functional annotation of the DEGs by gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway analyses indicated that HDACs affect the expression of genes related to metabolic and biosynthetic processes, RNA processing, translation, ribosome biogenesis, cellular structural constituents, RNA binding, and protein binding. Moreover, HDAC7 specifically influences the transcription of genes associated with transport, methylation, mitochondria, organelle inner membranes, receptors and transporters, and hydrolase activities. We also identified 18 candidate genes related to α hormones biosynthesis, including a gene encoding the NF-Y transcription factor (PITG_10861). The overexpression of PITG_10861 increased the production of hormone α2. The results of this study revealed P. infestans genes affected by histone acetylation. The data presented herein provide useful inputs for future research on the epigenetic mechanisms and mating behaviors of Phytophthora species.

Keywords: oomycetes, epigenetic mechanisms, oospores, α hormones, P450, transcription factors, RNA-seq


INTRODUCTION

Phytophthora species are filamentous organisms that cause severe diseases in many plant species, resulting in substantial economic losses in the global agricultural industry. Phytophthora species are oomycetes, which form a specific eukaryotic group in the kingdom Stramenopila, and are phylogenetically close to photosynthetic algae (Sogin and Silberman, 1998; Baldauf et al., 2000; Yoon et al., 2002; Adl et al., 2005). Phytophthora infestans is one of the most destructive plant pathogens. It is the causal pathogen of the Irish Potato Famine, which resulted in the death of millions of people in the middle of the nineteenth century. Additionally, it is a model heterothallic Phytophthora species, which normally requires two compatible mating types (A1 and A2) producing specific hormones to initiate selfing and hybridizations in cocultures of the same species (Judelson, 1997; Qi et al., 2005; Ko, 2007; Ojika et al., 2011).

Previous studies revealed that the sexual reproduction of Phytophthora species is regulated by two interspecies universally active, diterpene hormones, α1 and α2 (Ko, 1980; Qi et al., 2005; Ojika et al., 2011), and requires two distinct and independent processes, hormone production and hormone reception (Ko, 1978). Hormone α1, secreted by A1 strains, induces oospore production in A2 strains, whereas hormone α2, secreted by A2 strains, induces oospore production in A1 strains. The production of oospores in strains of homothallic species is stimulated by self-produced α hormones (α1, α2, or both) (Ko, 1980). Using deuterium-labeled 1H, Ojika et al. (2011) proved that A2 strains can use phytol to synthesize α2, and A1 strains can use α2 to synthesize α1. However, the hormone synthesis-related genes remain to be investigated.

Gene expression in eukaryotes can be regulated by epigenetic mechanisms, especially DNA methylation and histone modifications (Hattori and Ushijima, 2014). Histone acetylation occurs at the amino groups of lysine residues at the N-terminus of histone tails, and is regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Allfrey et al., 1964; Brownell and Allis, 1996; Pflum et al., 2001). The HATs, which act as “writers,” are responsible for transferring an acetyl moiety from acetyl coenzyme A (acetyl CoA) to the ε-amino group of specific lysine residues at the histone N-terminal tails (Bertos et al., 2001; Thiagalingam et al., 2003). Consequently, RNA polymerase and other transcription factor complexes interact with DNA (Hong et al., 1993), leading to up-regulated gene expression (Mukherjee et al., 2012). In contrast, HDACs function as epigenetic “erasers” (i.e., HAT antagonists), which remove acetyl groups from histones, thereby down-regulating gene expression. The balance between “erasers” and “writers” makes chromatin regulation a dynamic process. Many studies have indicated that the expression of biosynthesis-related genes is regulated by histone acetylation. In mammals, the key regulator of cholesterol biosynthesis, sterol-regulatory element binding protein (SREBP)-2, is regulated by sirtuin (Sirt6) (Tao et al., 2013). In the endogenous cholesterol synthesis pathway, a transcription factor, CCAAT-binding factor/nuclear factor Y (CBF/NF-Y), is required for the sterol-regulated transcription of the gene encoding a key regulatory enzyme, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) synthase (Dooley et al., 1998). In Arabidopsis thaliana, the HDACs SRT1 and SRT2 interact with EIN2 nuclear-associated protein 1 (ENAP1) to regulate the extent of the H3K9 acetylation in the ethylene signaling pathway and mediate transcriptional repression (Zhang et al., 2018). In Aspergillus flavus, the epigenetic reader SntB, which is a transcriptional regulator of the sterigmatocystin biosynthetic gene, controls the global levels of H3K9K14 acetylation and secondary metabolite synthesis (Pfannenstiel et al., 2018). The cytoplasmic effector PsAvh23 produced by the soybean pathogen Phytophthora sojae modulates HATs in plants, suppresses the activation of host defense genes by disrupting HAT complex functionality during an infection, and ultimately increases the plant susceptibility to disease (Kong et al., 2017). However, the mechanism underlying the metabolic biosynthesis regulated by histone acetylation in oomycetes remains unclear.

We previously analyzed the expression of HAT and HDAC genes during various P. infestans biological stages (Wang et al., 2016). We also generated transformants in which at least one HDAC gene was silenced, which altered compatible type. Therefore, we speculated that the biosynthesis of hormones in P. infestans might be regulated by histone acetylation. The aim of this study was to investigate the genes regulated by histone acetylation and identify the genes related to sex hormone biosynthesis. We selected the wild-type (WT) P. infestans MX5-1 strain and two HDAC-silenced transformants for RNA sequencing (RNA-seq) and comparative transcriptome analyses. We then screened for genes related to hormone biosynthesis by comparing the gene expression profiles with the phenotypes of the strains.



MATERIALS AND METHODS


Experimental Design

The WT A1 strain MX5-1 as well as the HDAC family-silenced transformant HDST43 and the HDAC7-silenced transformant H7ST20 were analyzed in this study (Supplementary Figure S1). The HDAC family-silenced transformants were obtained with vectors containing a partial antisense PiHDAC7 open reading frame (ORF) sequence that is conserved in P. infestans HDAC genes. The HDAC7-silenced transformants were generated using vectors containing the 5′ and 3′ untranslated regions of PiHDAC7. The down-regulated HDAC expression of gene-silenced transformants was confirmed by quantitative real-time (qRT)-PCR analyses (Supplementary Figure S1). The two transformants grew slowly and their mating types differed from that of the WT MX5-1 (Supplementary Figure S2). These three strains have a nearly identical genetic background, but vary regarding mating behavior (phenotypes). Their gene expression profiles were compared based on RNA-seq data, which were validated by qRT-PCR (Figure 1). Furthermore, differential expression profiles were examined to screen for genes potentially associated with sex hormone biosynthesis, including genes related to diverse hormone chemical structures, genes involved in terpene biosynthesis pathways, and genes encoding regulators of sex hormone biosynthesis (e.g., transcription factors). We selected one candidate gene and evaluated its effect on hormone production. All experiments were repeated with different sets of biological samples.
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FIGURE 1. Experimental design and workflow. (A) Expected expression-level changes to genes associated with sex hormone biosynthesis in WT, HDST, and H7ST strains according to the differences in hormone production in these strains. (B) Chemical structures of α1 and α2 hormones and the predicted hormone biosynthesis pathway with phytol as a precursor (modified from Ojika et al., 2011). (C) Study workflow.




Sample Collection and RNA Extraction

The HDST43, H7ST20, and WT MX5-1 strains were grown on 290 tomato rye agar at 18°C in darkness for 6 days (Guo et al., 2010). All strains were analyzed with three biological replicates, each comprising five plates (60 mm). The mycelia were collected and ground in liquid nitrogen, after which total RNA was extracted with the NucleoSpin RNA Plant kit (MACHEREY-NAGEL, Düren, Germany). The purity and quality of the RNA were assessed with the Thermo NanoDrop 2000 spectrophotometer (Wilmington, United States) and by 1% agarose gel electrophoresis.



Transcriptome Profiling

After completing the RNA quality control procedures, mRNA was enriched with oligo(dT) beads and fragmented randomly in fragmentation buffer before first-strand cDNA was synthesized with random hexamers and reverse transcriptase. A custom second-strand synthesis buffer (Illumina, San Diego, CA, United States) was added with dNTPs, RNase H, and Escherichia coli polymerase I to generate the second strand via nick translation. The final cDNA library was prepared after a round of purification, terminal repair, A-tailing, ligation of sequencing adapters, size selection, and PCR enrichment. The cDNA library concentration was determined with the Qubit 2.0 fluorometer (Life Technologies), and then diluted to 1 ng/μl before checking the insert size with the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, United States) and by quantitative PCR to ensure accuracy. Libraries were sequenced with the Illumina HiSeq X Ten RNA-seq platform (Illumina, San Diego, CA, United States). The resulting raw data were transformed into sequenced reads by base calling. The raw data were recorded in a FASTQ file, which contained sequence information (reads) and the corresponding sequencing quality details. Each biological replicate was treated as an independent sample. Raw reads were then filtered to remove reads containing adapters or those of low quality. All remaining clean reads were mapped to the P. infestans reference genome (the EMBL/Genbank/DDBJ databases under the accession GCA_000142945.1) with the TopHat2 software1 (Kim et al., 2013).



Differential Expression Analysis

Gene expression levels were recorded in terms of transcript abundance, which was measured by counting the reads mapped to genes or exons. The expected number of fragments per kilobase of transcript sequence per million base pairs sequenced (FPKM) was considered for examining the sequencing depth and gene fragment lengths (Trapnell et al., 2010). The HTSeq program was used to analyze the gene expression levels. Specifically, an FPKM value of 1 was set as the threshold for determining whether a gene was expressed (Anders et al., 2015). To compare gene expression levels under different conditions, an FPKM distribution diagram and violin plot was applied. The final FPKM for each strain was the mean value of the three biological replicates. The correlation analysis between samples of each strain was used to test the reliability of the transcriptome profiles. When the correlation coefficient is larger than 0.8, the three biological samples were used as replicates in the analyses of differentially expressed genes (DEGs). The DEGs between each sample pair were completed with the DESeq R package (Robinson et al., 2010). The p-values were adjusted based on q-values. A q-value < 0.05 was set as the threshold for determining significant differences in expression. The DEGs were functionally annotated based on gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. The GO enrichment analysis was completed according to the GO-seq R package-based Wallenius non-central hypergeometric distribution (Young et al., 2010). The manually curated KEGG databases were related to genomes, biological pathways, diseases, drugs, and chemical substances. Pathway enrichment analyses of the DEGs with the KOBAS software identified significantly enriched metabolic or signal transduction pathways (Mao et al., 2005).



Quantitative Real-Time PCR Validation

We selected some genes to validate the transcriptome data by qRT-PCR, with the elongation factor gene (PiEF1) as an internal control. Regarding the cDNA synthesis, 1 μg total RNA was reverse transcribed with the oligo(dT)18 primer and Reverse Transcriptase M-MLV (TaKaRa Bio Inc., Shiga, Japan) following the manufacturer’s instructions (Supplementary Table S1). A qRT-PCR assay was performed with the ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, United States) as previously described (Wang et al., 2016). Gene expression levels were normalized against the expression of PiEF1. Each RNA sample was analyzed in triplicate. The experiments were repeated once with a different set of biological samples. The expression data were analyzed with the ABI 7500 system software.



Plasmid Construction and Generation of Phytophthora infestans Transformants

The pTOR-X vector, which is pTORmRFP4 with an added XbaI restriction site, was used to construct recombinant plasmids for transforming P. infestans. The PITG_10861 ORF was amplified with specific primers (Supplementary Table S1) and the cDNA of the WT P. infestans A2 strain 80787-94L. The PITG_10861 ORF was inserted into the pTOR-X vector in the sense orientation and was verified by DNA sequencing. The constructed recombinant plasmid was used for overexpressing PITG_10861. The 80787-94L strain was transformed as previously described (Judelson et al., 1991; Mcleod et al., 2008; Guo et al., 2017). All transformants were validated by measuring mycelial PITG_10861 transcript levels in a qRT-PCR assay with specific primers (Supplementary Table S1).



Detection of α Hormone Production

The bioassay method developed by Ko (1980) was used for analyzing hormone production and reception. Specifically, P. infestans strains MX5-1 (A1) and HCl7-7-2 (A2SF) were used as the receptors of the transformant-produced hormones α2 and α1, respectively. To evaluate the hormone production of the transformants, a culture block of the hormone receptor strain (1-day-old) was placed at the center of a Petri plate (60 mm in diameter) and covered with a polycarbonate membrane (Millipore HTTP04700, 0.22 μm, 47 mm in diameter). A transformant block (4-day-old) was placed on top. The cultures were then incubated in a humid chamber in darkness for 3 weeks. For each test, the oospores produced on each block were counted. All experiments were repeated with three replicates per treatment.



RESULTS


Differences in the Hormone Production of Three Tested Strains

Phytophthora species mating types are determined based on the type of hormone production and reception. The silencing of HDAC genes resulted in transformants that differed from the WT strain regarding hormone production. The HDAC family-silenced transformant HDST43 was A2SF (self-fertile and produced more oospores with the A1 strain than with the A2 strain), whereas the HDAC7-silenced transformant H7ST20 was A1SF (self-fertile and produced more oospores with the A2 strain than with the A1 strain). The two transformants produced both hormones α1 and α2. However, the bioassay data revealed that HDST43 produced more hormone α2, whereas H7ST20 produced more hormone α1 (Supplementary Figure S2).



Overview of Illumina Sequencing Data

To investigate the effect of histone acetylation on gene expression as well as the molecular mechanism underlying the biosynthesis of sex hormones, we conducted next-generation sequencing of WT, HDST, and H7ST P. infestans strains, which varied in terms of sex hormone production. The sequencing data were used for a comparative transcriptomic analysis. After filtering the raw reads, more than 44 million clean reads (>6.5 Gb) were generated for each mycelial sample of these strains. Detailed sequencing results are summarized in Table 1.


TABLE 1. Summary statistics of transcriptome sequencing for three different phenotypes of Phytophthora infestans.

[image: Table 1]The transcriptome assemblies obtained for three strains were pooled and used to assemble full-length transcripts with the P. infestans reference genome. After eliminating the redundant transcripts, 72.68–79.13% of the clean reads for these samples were uniquely mapped to the reference genome (Figure 2A and Supplementary Table S2). Furthermore, 91.8–95% of the reads were located within exons (Supplementary Figure S3). The transcriptome sequencing of mycelia identified a total of 27,657 unigenes (Supplementary Table S3). In this study, a gene was considered to be expressed in a strain if its transcript was detected in the cDNA library for all biological replicates. A total of 14,423 transcripts of unigenes were detected in the WT, HDST, and H7ST strains, but relatively few genes were highly expressed (Figure 2B and Supplementary Table S3). For each strain, the data were highly correlated among three biological replicates (Pearson’s r > 0.98) (Figure 2C), suggesting the transcriptome profiles were highly reproducible and reliable.
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FIGURE 2. Analysis of the transcriptome data. (A) Distribution plot of the mapped reads in supercontigs. The x-axis indicates the chromosome length (in Mb), whereas the y-axis indicates the median log2 read density. Green and red indicate the positive and negative strands, respectively. (B) Violin plots of the FPKM values for gene expression levels in various samples. The x-axis indicates the sample names, whereas the y-axis indicates the log10(FPKM + 1) values. Each violin plot has five statistical magnitudes (maximum value, upper quartile, median, lower quartile, and minimum value). The violin width represents the gene density. (C) RNA-seq correlation analysis. Heat maps of the correlation between samples are presented. R2, the square of the Pearson correlation coefficient.




Functional Enrichment Analysis of Differentially Expressed Genes

To investigate the effect of histone acetylation on gene expression in P. infestans, we compared the three transcriptomes. We identified 7,142 DEGs between the HDST and WT strains, of which 3,446 and 3,696 DEGs exhibited up- and down-regulated expression, respectively. We also identified 6,900 DEGs between the H7ST and WT strains, including 3,441 and 3,459 DEGs with up- and down-regulated expression, respectively. Additionally, 7,001 DEGs were detected between the H7ST and HDST strains, of which 3,558 and 3,443 DEGs exhibited up- and down-regulated expression, respectively (Figure 3A). An exploration of the global transcriptional changes among samples revealed the co-expression of 4,085 DEGs between the HDST vs. WT and H7ST vs. WT comparisons as well as 1,612 DEGs among the HDST vs. WT, H7ST vs. WT, and H7ST vs. HDST comparisons (Figure 3B).
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FIGURE 3. Differentially expressed genes (DEGs) in three phenotypically diverse strains. (A) Volcano plot for DEGs. The x-axis indicates the gene expression fold-changes between different strains, whereas the y-axis indicates the significance of the differences. Significantly up- and down-regulated genes are highlighted in red and green, respectively. The blue dots indicate the genes that were not differentially expressed between strains. (B) Venn diagram of DEGs. The sum of the numbers in each circle represents the total number of expressed genes within a comparison, whereas the numbers in the overlapping areas represent the number of expressed genes shared between groups.


To functionally characterize the DEGs, we performed a GO enrichment analysis. The 10 most significantly overrepresented GO terms were as follows: organonitrogen compound metabolic and biosynthetic process, translation, peptide metabolic and biosynthetic process, gene expression, intracellular ribonucleoprotein complex, ribosome, cytoplasm, structural constituent of ribosome, RNA binding, and protein binding (Figure 4 and Supplementary Table S4). The cellular metabolic and biosynthetic processes were the two largest subcategories within the biological process category. The most abundant cellular component subcategories were ribosome and intracellular, whereas the two largest molecular function subcategories were binding and catalytic activity. The GO analysis of the HDAC-silenced transformants and the WT strain implied that HDACs affect the expression of diverse genes, including those related to metabolic and biosynthetic processes, RNA processing, translation, ribosome biogenesis, ribosomal structural constituents, intracellular and extracellular components, the cytoplasm and organelles, RNA binding, protein binding, ion binding, and nucleic acid binding. We previously identified eight Class I and II HDACs in the P. infestans genome, with HDAC7 belonging to Class II (Wang et al., 2016). A comparison of the DEGs between H7ST vs. WT and H7ST vs. HDST indicated that HDAC7 specifically influences the expression of genes associated with transport, methylation, mitochondria, organelle inner membranes, receptors, transporters, and hydrolase activity.
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FIGURE 4. Gene ontology functional classification of differentially expressed genes. The x-axis indicates the enriched GO terms, whereas the y-axis indicates the number of differentially expressed genes in the HDST vs. WT (A), H7ST vs. WT (B), and H7ST vs. HDST (C) comparisons. Different colors are used to distinguish the biological process, cellular component, and molecular function GO categories. The enriched GO terms are marked with an asterisk. The ± numbers represent the up-/down-regulated genes.


The functions of the DEGs were also examined based on a KEGG pathway enrichment analysis. The DEGs detected in the HDST vs. WT, H7ST vs. WT, and H7ST vs. HDST comparisons were related to 25 pathways (Supplementary Table S5). Most of the DEGs between the HDST and WT strains appear to contribute to ribosome biogenesis, metabolic pathways, and RNA transport. The genes associated with fatty acid degradation were expressed at lower levels in the HDST strain than in the WT strain. In contrast, the expression levels of some of the DEGs involved in the biosynthesis of amino acids were up-regulated in the HDST strain. Similar trends were observed for the DEGs between the H7ST and WT strains. Additionally, some of the DEGs with lower expression levels in the H7ST strain than in the WT strain were related to endocytosis, regulation of autophagy, and tyrosine metabolism. Moreover, most of the DEGs between the H7ST and HDST strains were significantly associated with cyanoamino acid metabolism, starch and sucrose metabolism, ribosome biogenesis, and fatty acid degradation. The expression levels of DEGs involved in nicotinate and nicotinamide metabolism were down-regulated in the H7ST strain relative to the corresponding expression in the HDST strain, whereas genes related to DNA replication and other glycan degradation exhibited the opposite trend.



Validating the Differentially Expressed Genes Identified With RNA-Seq Data by Quantitative Real-Time PCR

To assess the reliability of the DEGs identified by the comparative transcriptomic analysis, we randomly selected 16 genes that were differentially expressed among strains (fold-change > 2) and expressed in at least one sample (FPKM > 1) for a qRT-PCR assay. The qRT-PCR data were highly consistent with the RNA-seq results (Pearson’s r > 0.80, p < 0.01; Figure 5).
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FIGURE 5. Validation of differentially expressed genes by qRT-PCR. The left y-axis indicates the gene expression fold-changes based on the qRT-PCR data, whereas the right y-axis indicates the FPKM values based on the RNA-seq data, which represent the relative expression of the same gene in the HDST, H7ST, and WT strains. The r value represents the Pearson correlation coefficient of two data sets.




Expression of Genes Related to Terpene Biosynthesis

In Phytophthora species, hormones α1 and α2 are straight-chain diterpenes. Because the terpene pathway in Phytophthora species has not been characterized, we screened for genes related to terpene biosynthesis and generated putative pathways according to the KEGG pathway enrichment analysis (Supplementary Figure S4). There are two main terpenoid backbone biosynthesis pathways, namely the mevalonate (MAV) pathway and the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. After the terpenoid backbone is synthesized, there are many candidate pathways for diterpene biosynthesis. We identified some P. infestans genes related to the MAV pathway, but did not find any orthologs related to the MEP pathway. Moreover, we did not detect any orthologs of genes related to various diterpene biosynthesis pathways predicted in Phytophthora species. These results suggested that Phytophthora species either have a unique diterpene biosynthesis pathway or do not have one at all.

To investigate the terpene biosynthesis-related genes, a GO enrichment analysis was performed, resulting in the identification of 210 candidate genes annotated with 31 GO terms (Figure 6A and Supplementary Table S6). A comparison between the candidate gene expression patterns and the changes in hormone production in the analyzed strains uncovered nine genes potentially associated with hormone production. Among these genes, the following four with down-regulated expression levels in the HDST and H7ST strains might be related to hormone α1 synthesis: PITG_14532, Novel01090, PITG_15033, and PITG_01370 (p < 0.05). The other five genes (PITG_16974, PITG_14619, PITG_13614, PITG_03525, and PITG_10837), whose expression levels were up-regulated in the HDST and H7ST strains (p < 0.05; Figure 6B), might be related to hormone α2 synthesis. The molecular functions of these down-regulated genes are associated with binding during various biosynthesis-related processes, including flavin adenine dinucleotide binding, ion binding, small molecule binding, and nucleic acid binding. The up-regulated gene PITG_16974 encodes a coenzyme in cofactor metabolic processes. Two other genes with up-regulated expression, PITG_14619 and PITG_10837, encode transferases related to hexosyl groups. The proteins encoded by the remaining two up-regulated genes, PITG_13614 and PITG_03525, have hydrolase activities affecting glycosyl and ester bonds, respectively.
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FIGURE 6. Expression of the genes related to terpene biosynthesis. (A) Heat map presenting the expression of 210 genes related to terpene biosynthesis. (B) Heat map presenting the expression of nine candidate genes associated with α hormone biosynthesis. Red and green denote genes with up- and down-regulated expression levels, respectively. The numbers represent the log2(fold-change) values.




Expression of Genes Related to Chemical Groups on Hormones Structures

Phytophthora species can use organic compounds with structures similar to those of diterpenes to synthesize sex hormones. Ojika et al. (2011) proved that A2 strains can use phytol to synthesize α2, whereas A1 strains can use α2 to synthesize α1. In this biosynthetic pathway, four chemical groups on the phytol undergo changes, including the addition of 11-OH and 16-OH to form hormone α2 as well as the formation of a C2–C3 double bond and an α-methyl-branching ketone at C4 on hormone α2 to synthesize hormone α1. Ojika et al. (2011) suggested that cytochrome P450s might be the enzymes catalyzing the modifications that convert phytol to hormone α2. We speculated that alcohol dehydrogenases (ADHs) might contribute to the formation of an α-methyl-branching ketone at C4 on the backbone of hormone α1 via a dehydrogenation after an OH group is added to hormone α2. Additionally, 2-coumarate reductases may help break the C2–C3 double bond on hormone α2 to form hormone α1. We then screened the candidate genes by comparing the changes in their expression levels with the changes in hormone production in the analyzed strains.

We detected 20 P450 genes in the P. infestans genome. Because the FPKM of P450 gene PITG_13866 was less than 1.0, we considered this gene to be unexpressed. The expression patterns of the other P450 genes varied (Figure 7A). The changes in the PITG_07424 and PITG_14018 expression levels (p < 0.05) were consistent with the hormone production levels in the WT, HDST, and H7ST strains (Figure 1 and Supplementary Figure S2), implying these genes are related to hormone production. The PITG_07424 expression level was significantly up-regulated in the HDST and H7ST strains, suggesting it may participate in the production of hormone α2. In contrast, PITG_14018 expression was significantly down-regulated in the HDST and H7ST strains, indicating that it may contribute to the production of hormone α1. Similarly, we identified 47 ADH genes in the P. infestans genome, of which 42 were differentially expressed among strains. Three genes with significantly down-regulated expression levels in the HDST and H7ST strains were identified (PITG_10290, PITG_11293, and PITG_11295) (p < 0.05, Figure 7B). Moreover, of the seven genes encoding 2-coumarate reductases, the expression of PITG_14479 was significantly up-regulated in the HDST and H7ST strains (p < 0.05, Figure 7C). Accordingly, this gene may mediate the biosynthesis of hormone α1.


[image: image]

FIGURE 7. Expression-level differences of genes encoding (A) cytochrome P450, (B) ADH, and (C) 2-coumarate reductase, which alter hormone chemical groups. Red and green denote genes with up- and down-regulated expression levels, respectively. The numbers represent the log2(fold-change) values. Yellow arrows represent the hormone synthesis related genes.




Transcription Factors Related to Hormone Production

Transcription factors are important regulators of gene expression. A thorough analysis of the P. infestans genome uncovered 257 transcription factor genes belonging to 18 families (Supplementary Table S7). Our DEG analysis revealed a MYB family gene (PITG_16152), a homeodomain family gene (PITG_08175), and a CBF/NF-Y family gene (PITG_10861) (Figure 8). The PITG_16152 expression level was significantly down-regulated in the HDST and H7ST strains, whereas the opposite expression trend was observed for PITG_08175 and PITG_10861 (p < 0.05), suggesting these genes may differentially regulate hormone production.
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FIGURE 8. Expression-level differences of transcription factor genes. Red and green denote genes with up- and down-regulated expression levels, respectively. The color bar represents the log2(fold-change) value.




Effect of Transcription Factor NF-Y (PITG_10861) on Hormone Production

The expression level of a gene (PITG_10861) encoding an NF-Y transcription factor, which contains a CBF/NF-Y/archaeal histone domain, was significantly up-regulated in the HDST and H7ST strains (Figure 9A). We speculated that this transcription factor promotes the production of hormone α2. We tested this hypothesis by generating transformants overexpressing PITG_10861 (OT11, OT27, OT56, and OT57) relative to the corresponding expression levels in the WT and empty vector controls (Figure 9B). The growth rates of the PITG_10861-overexpressing transformants were similar to the WT and empty vector control growth rates (Figure 9C). We then quantified the oospore production in the A1 strain induced by these PITG_10861-overexpressing transformants as well as the WT and empty vector controls. The data revealed that the A1 strain produced more oospores with OT11, OT27, OT56, and OT57 than with the WT and empty vector controls (Figure 9D). Thus, overexpressing PITG_10861 increased the production of hormone α2 in P. infestans, which is consistent with our hypothesis. Therefore, PITG_10861 is an important regulator of hormone α2 production.
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FIGURE 9. Transcription factor gene PITG_10861 promotes the production of hormone α2. (A) Fold-changes to PITG_10861 expression levels in the HDST, H7ST, and wild-type strains. Relative expression levels (B) and colony diameters (C) of wild-type, empty vector control, and four PITG_10861-overexpressing transformants. (D) Oospore production in the A1 strain induced by the wild-type, empty vector control, and four PITG_10861-overexpressing transformants. *p < 0.05; **p < 0.01.




DISCUSSION

In this study, we identified many DEGs associated with histone acetylation in P. infestans based on Illumina sequencing analyses of a WT P. infestans strain, MX5-1, as well as HDAC family-silenced and HDAC7-silenced transformants. The highly correlated data among the three biological replicates for each strain are indicative of the high reproducibility and reliability of the transcriptome profiling performed in this study. The consistency between the qRT-PCR and RNA-seq data suggests the DEG analysis is accurate. In a previous study, we identified many P. infestans genes encoding HATs and HDACs that are expressed in different developmental stages as well as during infections and in response to stresses (Wang et al., 2016). The HDAC7 expression level is up-regulated during the cyst formation and sexual reproduction stages. Compared with the WT control, the HDAC-silenced transformants grew more slowly, with altered hormone production and mating types as well as defective asexual and sexual structures, indicating that HDACs have many biological roles. In this study, we used 6-day-old mycelia as samples for RNA-seq analyses because Phytophthora species regularly produce sex hormones during the mycelial growth stage. Thus, the identified DEGs were associated mainly with vegetative growth and the early sexual reproduction stage rather than with infections, the late sexual reproduction stage, or stress responses. To reveal the biological roles of HDACs related to asexual and sexual structures, infections, and stress responses, RNA-seq data for these specific biological stages will need to be generated and analyzed.

The sexual behaviors of Phytophthora species are regulated by α hormones (Ko, 1980, 2007; Qi et al., 2005). The three strains examined in this study vary regarding their ability to produce α hormones. By comparing the DEGs between the transformants and the WT control with the changes in hormone production in the transformants, we identified 18 candidate genes related to α hormone synthesis, including three transcription factor genes, two P450 genes, three ADH genes, one 2-coumarate reductase gene, and nine terpene biosynthesis-related genes. We further examined the effect of PITG_10861 on hormone production by generating transformants in which the gene was overexpressed. Subsequent analyses indicated that overexpressing PITG_10861 enhanced the production of hormone α2 in P. infestans, implying this gene encodes an important regulator of α hormone biosynthesis. This result was also suggestive of the reliability of our analysis. The genetic verification of the regulatory effects of the other genes on α hormone biosynthesis is in progress.

The PITG_10861 gene encodes the NF-Y transcription factor carrying the CBF/NF-Y/archaeal histone domain. Previous research confirmed that NF-Y is an essential transcription factor for mammalian development, from the early stages to adulthood, and in human pathogenesis (Maity, 2017). In mice, the NF-Y transcription factor interacts with the orphan nuclear receptor steroidogenic factor-1 to regulate the expression of the mouse follicle-stimulating hormone-β gene (FSHβ) (Jacobs et al., 2003). In A. thaliana, NF-YCs interact with the histone deacetylase HDA15 when exposed to light to co-target the promoters of a set of hypocotyl elongation-related genes, thereby modulating the extent of the histone H4 acetylation of the associated chromatin (Tang et al., 2017). Additionally, MYB and homeodomain transcription factors might affect α hormone biosynthesis. Previous studies revealed that MYB transcription factors regulate P. infestans sporulation (Xiang and Judelson, 2014). The AaMYB1 gene and its ortholog AtMYB61 affect terpene metabolism and trichome development in Artemisia annua and A. thaliana (Matías-Hernández et al., 2017). We are currently conducting experiments to genetically verify the regulation of α hormone biosynthesis by the MYB and homeodomain transcription factors.

Ojika et al. (2011) reported that A2 isolates can use plant phytols to synthesize the α2 hormone, whereas A1 isolates can use α2 to synthesize α1. In the associated biosynthetic pathway, four phytol chemical groups are altered by the addition of 11-OH and 16-OH to form hormone α2 and the formation of a C2–C3 double bond and an α-methyl-branching ketone at C4 to synthesize hormone α1. Ojika et al. (2011) suspected that oxidizing enzymes (cytochrome P450s) might play a role in the conversion of phytol to hormone α2. In this study, we revealed that P450 genes PITG_07424 and PITG_14018 might be involved in sex hormone biosynthesis. The PITG_07424 expression level was significantly up-regulated in the HDST and H7ST strains, suggesting it may participate in the production of hormone α2. However, PITG_14018 expression was significantly down-regulated in the HDST and H7ST strains, indicating that it may be involved in the production of hormone α1. In A. thaliana, CYP77A6 is an in-chain hydroxylase that functions after CYP86A4, the fatty acid ω-hydroxylase, during the synthesis of 10,16-dihydroxypalmitate, which is required for the synthesis of the cutin polyester at floral surfaces (Li-Beisson et al., 2009). Although the KEGG pathway analysis indicated PITG_07424 is a homolog of CYP86, we were unable to determine which P450 gene is the homolog of CYP77A6 or CYP86A4 via a BLAST search because of the low similarity between P. infestans and A. thaliana P450 genes (Supplementary Figure S5). Consequently, further experimental evidence is needed to elucidate the role of PITG_07424 related to hormone α2 synthesis. During the conversion of hormone α2 to hormone α1, alcohol dehydrogenases (ADHs) may modify the C4 site to form an α-methyl-branching ketone via a dehydrogenation after the addition of an OH group by P450s. The PITG_14018 expression profile suggested that this gene might participate in the oxidation during the biosynthesis of α-methyl-branching ketone on sex hormone α1. The genetic verification of the effects of these two cytochrome P450s on α hormone production and their roles in α hormone biosynthesis is in progress.

Considering the diterpene structures of α hormones, we also screened for genes related to terpene synthesis in Phytophthora species. Previous studies proved that MAV and MEP pathways are mainly involved in the production of the terpenoid backbone (McGarvey and Croteau, 1995; Rohmer, 1999). However, a genomic examination did not uncover orthologs related to the MEP pathway in Phytophthora species. This suggests that only the MAV pathway exists in these oomycetes. After the terpenoid backbone is formed, diterpene compounds can be formed via various pathways, including the pathway involving geranylgeraniol, which is structurally similar to the sex hormones of Phytophthora species. However, orthologs of the genes in these pathways have not been detected in Phytophthora species. Earlier research indicated that monoterpenes, diterpenes, and tetraterpenes, which are synthesized in the plastids of various organisms, are derived from the isopentenyl diphosphate produced by the MEP pathway (Lichtenthaler, 2000). However, oomycetes lost these plastids during long-term evolution (Tyler et al., 2006; Derelle et al., 2016). The ambiguities related to the terpene biosynthetic pathway are related to these contradictory observations. In the current study, we identified nine terpene biosynthesis-related genes in P. infestans. However, their roles in α hormone synthesis remain to be investigated.

This study revealed P. infestans genes affected by histone acetylation, including genes related to the biosynthesis of sex hormones and the associated regulation. The data presented herein provide useful inputs for future investigations on the epigenetic mechanisms and the regulation of mating behaviors in Phytophthora species.
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Rust fungi secrete various specialized effectors into host cells to manipulate the plant defense response. Conserved motifs, including RXLR, LFLAK-HVLVxxP (CRN), Y/F/WxC, CFEM, LysM, EAR, [SG]-P-C-[KR]-P, DPBB_1 (PNPi), and ToxA, have been identified in various oomycete and fungal effectors and are reported to be crucial for effector translocation or function. However, little is known about potential effectors containing any of these conserved motifs in the wheat leaf rust fungus (Puccinia triticina, Pt). In this study, sequencing was performed on RNA samples collected from the germ tubes (GT) of uredospores of an epidemic Pt pathotype PHTT(P) and Pt-infected leaves of a susceptible wheat cultivar “Chinese Spring” at 4, 6, and 8 days post-inoculation (dpi). The assembled transcriptome data were compared to the reference genome of “Pt 1-1 BBBD Race 1.” A total of 17,976 genes, including 2,284 “novel” transcripts, were annotated. Among all these genes, we identified 3,149 upregulated genes upon Pt infection at all time points compared to GT, whereas 1,613 genes were more highly expressed in GT. A total of 464 secreted proteins were encoded by those upregulated genes, with 79 of them also predicted as possible effectors by EffectorP. Using hmmsearch and Regex, we identified 719 RXLR-like, 19 PNPi-like, 19 CRN-like, 138 Y/F/WxC, and 9 CFEM effector candidates from the deduced protein database including data based on the “Pt 1-1 BBBD Race 1” genome and the transcriptome data collected here. Four of the PNPi-like effector candidates with DPBB_1 conserved domain showed physical interactions with wheat NPR1 protein in yeast two-hybrid assay. Nine Y/F/WxC and seven CFEM effector candidates were transiently expressed in Nicotiana benthamiana. None of these effector candidates showed induction or suppression of cell death triggered by BAX protein, but the expression of one CFEM effector candidate, PTTG_08198, accelerated the progress of cell death and promoted the accumulation of reactive oxygen species (ROS). In conclusion, we profiled genes associated with the infection process of the Pt pathotype PHTT(P). The identified effector candidates with conserved motifs will help guide the investigation of virulent mechanisms of leaf rust fungus.

Keywords: fungal effectors, conserved motif, wheat leaf rust, transcriptome, RXLR, CRN, Y/F/WxC, CFEM


INTRODUCTION

Wheat leaf rust, caused by Puccinia triticina (Pt), has expanded its epidemic region to most of the wheat-cultivating area in China due to changes associated with global warming and high-density wheat planting (Helfer, 2014). The yield reduction caused by this disease ranges from 5 to 20%, and can reach as high as 50% during epidemics (Eversmeyer and Kramer, 2000; Bolton et al., 2008). The successful biotrophic lifestyle of rust fungi relies on the ability to secrete various effectors into the inter-cellular space, some of which further translocate into plant cells and act to suppress or evade plant defense response.

To understand the virulent mechanism of wheat rust species, genomic and transcriptomic sequencing has been applied to wheat stripe rust (Puccinia striiformis f. sp. tritici, Pst), stem rust (Puccinia graminis f. sp. tritici, Pgt), and leaf rust (Cantu et al., 2011; Duplessis et al., 2011; Zheng et al., 2013; Kiran et al., 2016; Xu et al., 2020). The draft genome of the wheat leaf rust fungus has greatly facilitated efforts to identify genes associated with leaf rust infection (Kiran et al., 2016). For example, the effective secretome of leaf rust fungus was identified by sequencing RNA samples collected from wheat leaves infected with six Pt pathotypes at 6 days post-inoculation (dpi) (Bruce et al., 2014). In a separate study, comparative genomic analysis was used to initially explore candidate effector genes corresponding to the wheat leaf rust resistance gene Lr20 (Wu et al., 2017). Recent progress in dissecting high quality dikaryotic genomes of the wheat leaf rust fungus revealed the natural somatic exchange mechanisms of the pathogen (Wu et al., 2019). However, the expression levels of genes in the germ tube and during early infection stages of Pt uredospores have not been profiled, and a time-resolved transcriptional investigation is needed to identify specific genes associated with the Pt infection process.

Using available genomic resources and specialized transcriptome sequencing, various rust effectors have been identified and initially characterized during the last decade (Lorrain et al., 2018). The bioinformatics program EffectorP uses machine learning to predict effector candidates from the fungal secretome (Sperschneider et al., 2016). Additionally, tools such as yeast two-hybrid (Y2H) library screening and immunoprecipitation of GFP-fused effectors coupled with liquid chromatography–tandem mass spectrometry (CoIP/MS) have been used to confirm wheat targets of several rust effectors. The wheat stripe rust effector PEC6 was reported to suppress pattern-triggered immunity (PTI) by physically interacting with wheat adenosine kinases (Liu et al., 2016). Another effector from Pst, PST02549, showed protein interaction with wheat enhancer of mRNA decapping protein 4 (EDC4) and exhibited association with processing bodies (Petre et al., 2016b). A haustorium-specific Pst effector Pst_12806 is translocated into wheat chloroplasts to target wheat cytochrome b6-f complex TaISP protein and suppress plant basal immunity (Xu et al., 2019). Another glycine-serine-rich effector from wheat stripe rust, PstGSRE1, decreases the accumulation of reactive oxygen species (ROS) by targeting the transcription factor TaLOL2 (Qi et al., 2019).

In a previous study, we found that a virulent Pst effector, PNPi, directly interacted with wheat NPR1 (wNPR1) protein and suppressed the wNPR1-mediated systemic acquired resistance (Wang et al., 2016). A string of amino acids (RSLL–DEEP) at the N-terminus of the PNPi is located after the cleavage site of the predicted signal peptide, and is similar to the RXLR motif (PF16810) frequently detected in oomycete effectors. The RXLR motif may guide the translocation of Phytophthora sojae effectors into plant cells (Kale et al., 2010). Other studies suggested that re-entry signals of certain RXLR effectors (AvrM and AVR3a) might be triggered by traffic congestion of the secretion pathway, and the cleavage of the RXLR motif of AVR3a occurred before secretion (Petre et al., 2016a; Wawra et al., 2017). Another investigation of animal-pathogenic oomycete Saprolegnia parasitica found that the uptake process of a host-targeting protein SpHtp3 is guided by a gp96-like receptor via its C-terminal YKARK region, but not by the N-terminal RXLR motif (Trusch et al., 2018).

In addition to the RXLR motif in oomycete effectors, several other conserved motifs, including LFLAK-HVLVXXP motif in oomycete CRN effectors, Y/F/WxC motif in powdery mildew effectors, and [SG]-P-C-[KR]-P motif in Fusarium effectors, were also predicted to facilitate effector up-take processes (Godfrey et al., 2010; Schornack et al., 2010; Sperschneider et al., 2013). Other conserved motifs identified from well-characterized effectors may be more functionally specialized. For example, fungal effectors containing LysM motif (PF01476) act in both suppressing chitin-triggered immune response and regulation of fungal development (De Jonge et al., 2010; Seidl-Seiboth et al., 2013). The EAR motif (PF07897) was shown to be required for avirulence of effector protein PopP2 from Ralstonia solanacearum, possibly by recruitment of transcriptional co-repressors (Cécile et al., 2017). The Toxin_ToxA motif (PF11584) from Pyrenophora tritici-repentis proteinaceous host-selective toxin ToxA is necessary and sufficient to induce cell death in sensitive wheat cultivars (Sarma et al., 2005).

In this study, a transcriptome sequencing approach was used to analyze RNA samples collected from germinated urediospores of virulent Pt pathotype PHTT(P) and infected wheat leaves at 4, 6, and 8 dpi, allowing the identification of DEGs associated with the Pt infection process. A total of 79 effector candidates encoded by the upregulated DEGs were predicted using SignalP and EffectorP. From the deduced protein database of the “Pt 1-1 BBBD Race 1” genome and the transcriptome data, effector candidates with conserved motifs were initially identified by hmmsearch, Regex, and homology analysis. Several differentially expressed effector candidates containing these conserved motifs were selected for further functional characterization.



MATERIALS AND METHODS


Rust Inoculation and RNA Samples

Uredospores of the epidemic Pt pathotype PHTT(P) were collected from the field as described in our earlier study (Zhang et al., 2020). Seedling plants of the common wheat cultivar “Chinese Spring” were grown in a glasshouse. The fully expanded third leaves of the wheat seedling plants were spray-inoculated with uredospores of Pt pathotype PHTT(P) in water solution. RNA samples were collected from the Pt-inoculated leaves at 4, 6, and 8 dpi. The uredospores of the same Pt pathotype were germinated overnight and sampled to serve as a control. We used three independent biological replicates to generate samples for RNA-seq assay, and four replicates were included in the qRT-PCR assay. Harvested samples were immediately transferred into liquid nitrogen.



Transcriptome Sequencing

RNA was isolated using an RNA extraction kit (QIAGEN, Hilden, Germany). KAPA library preparation and Illumina sequencing were conducted on a Novaseq 6000 System by Novogene Co., Ltd. The published genome of “Pt 1-1 BBBD Race 1” (Kiran et al., 2016) was employed as the reference for the assembly of the transcriptome using Hisat2 v2.0.5 (Kim et al., 2015). StringTie was utilized to compare all the sequenced reads with gene models in the reference genome (Pertea et al., 2015). Clusters that could not be found in the reference genome (class_code “u”) were designated as “novel” transcripts. Open reading frames (ORFs) of the “novel” transcripts were predicted using glimmer v3.02, and the deduced protein sequences were combined with the protein database from “Pt 1-1 BBBD Race 1” genome and subjected to hmmsearch, Regex, and homology analysis. Since the Person’s correlations of overall gene expression levels in “GT_3 (Sample #3 from germ tubes)” and “4_dpi_3 (Sample #3 from 4 days post-inoculation)” with their corresponding biological replicates were less than 0.92, these two samples were excluded for further gene expression analysis. The expected number of fragments per kilobase of transcript sequence per millions base pairs (FPKM) values for each of the extracted transcripts were determined using featureCounts v1.5.0-p3 (Liao et al., 2014). By comparing the expression levels of genes among different groups with “FDR-adjusted p-value < 0.05” and “| Log2FoldChange| > 1,” differentially expressed genes (DEGs) were profiled using DESeq2 (Love et al., 2014). Effector candidates were predicted from 3,149 co-upregulated DEGs using SignalP1 and EffectorP2 (Supplementary Figure S1A). Conserved domains in each of the identified effectors were predicted using pfam3. The GOseq package was employed to assign gene ontology (GO) annotations to each of the genes (Young et al., 2010). Heatmaps were generated based on the FPKM values for each of the selected genes using MeV v4.9.0 (Howe et al., 2011). Neighbor-joining trees were constructed based on multiple sequence alignment according to the MUSCLE method using MEGA v7.0 (Edgar, 2004; Kumar et al., 2008).



Effector Candidates With Conserved Motifs

The combined protein database was searched to identify effector candidates with conserved motifs of RXLR, DPBB_1 (PNPi), Y/F/WxC, CFEM, LysM, EAR, LFLAK-HVLVxxP (CRN), [SG]-P-C-[KR]-P, and ToxA using a customized workflow (Supplementary Figure S1B). Briefly, HMM features of RXLR (PF16810), DPBB_1 (PF03330), CFEM (PF05730), LysM (PF01476), EAR (PF07897), and ToxA (PF11584) were downloaded from the pfam website3. Conserved regions from 141 oomycete CRN effectors (Stam et al., 2013), 54 barley powdery mildew Y/F/WxC effectors (Godfrey et al., 2010), and 30 Fusarium [SG]-P-C-[KR]-P effectors (Sperschneider et al., 2013) were utilized to generate HMM features using hmmbuild. The hidden Markov models for these conserved motifs were visualized using Weblogo4 (Supplementary Figure S2). The combined protein database was initially searched using hmmsearch to identify proteins containing any of the previously identified conserved motifs. For RXLR-like motif, previous study indicated that substitutions of the first R with K or H, the L with I, M, F, Y, W, or K, and the fourth R with A, L, Q, G, T, or F, would still allow the translocation function of this motif (Kale et al., 2010). Regex code of (∧w{10,40}\w{1,96}[RKH]\w[LIMFYWK][RALQGTF]) modified from a previous study (Haas et al., 2009) was applied to identify proteins containing the RXLR-like motif from the combined protein database. All the collected RXLR-like effector candidates were further screened with Regex code of [ED][ED][KR] derived from a previous study (Haas et al., 2009) to discover proteins containing a complete RXLR-dEER-like motif. Using a similar approach, proteins containing motifs of LFLAK (CRN), [SG]-P-C-[KR]-P, and Y/F/WxC in the N-terminal region of the protein were identified using Regex codes of (∧\w{10,40}\w{1,96}L[FYRL][LKF][ATVRK][KRN]), (∧\w{10,40}\w{1,96}[GS]PC[KR]P), and (∧\w{10,40}\w{1,30} [YFW]\wC), respectively. Homology analysis was performed using sequences of previously published rust effectors with conserved motifs (PNPi, PtY/F/WxC, and PgtY/F/WxC) by local Blastp. Secreted proteins were identified using SignalP and the effector probability for each of the secreted protein was evaluated using EffectorP. The expression patterns of all effector candidates were profiled based on their FPKM values in the transcriptome database.



qRT-PCR Validation

First-strand cDNA was synthesized from an equal amount of RNA using an EasyScript First-Strand cDNA Synthesis SuperMix (TransGen, Beijing, China). The qRT-PCR primers were designed for four selected genes encoding effector candidates with conserved motifs (Supplementary Table S1). The wheat leaf rust PtActin gene (GenBank accession OAV91054) was utilized as an internal reference gene. The qRT-PCR reactions were conducted using a TransStart® Top Green qPCR SuperMix (TransGen, Beijing, China) with a Roche LightCycler96 qRT-PCR machine (Roche, Basel, Switzerland). Melting curves were generated by the machine to evaluate the specificity of the PCR products. The transcriptional abundances of genes encoding effector candidates were quantitated relative to that of the PtActin gene following the 2–ΔCt method (Schmittgen and Livak, 2008).



Gene Cloning and Yeast Two-Hybrid (Y2H) Assay

Using cDNA synthesized from wheat leaves of “Chinese Spring” inoculated with Pt pathotype PHTT(P) at 8 dpi, full length ORFs of 28 genes encoding 12 PNPi-like, 9 Y/F/WxC, and 7 CFEM effector candidates were cloned into the pENTRTM TOPO® vector (Invitrogen, Carlsbad, CA, United States). Genes encoding PNPi-like effector candidates were moved to Y2H vectors pLAW10 (binding domain, BD) and pLAW11 (activation domain, AD), respectively, as described (Yang et al., 2013). Potential signal peptides were truncated from the effector candidates to avoid the secretion of the protein from the Y2H system (Supplementary Table S1). Next, Y2H vectors carrying the full-length ORF of the wNPR1 gene (wNPR1-BD and wNPR1-AD) described in our previous study (Wang et al., 2016) were co-transformed with the effector-recombined Y2H vector into yeast using the LiAc/SS carrier DNA/PEG method (Gietz, 2014). Co-transformants were initially selected on synthetic dropout (SD) selection media lacking leucine and tryptophan (SD–Leu–Trp), and then assayed on SD selection media lacking leucine, tryptophan, histidine, and adenine (SD–Leu–Trp–His–Ade).



Transient Expression Assay

Full-length ORFs encoding 9 Y/F/WxC and 7 CFEM effector candidates were engineered into the PVX vector pGR107 (35S:Gene-GFP) as described (Zhao et al., 2018). The natural stop codons of the tested effector candidate genes were included (Supplementary Table S1). PVX vectors expressing the mouse cell death inducer BAX (Lacomme and Santa Cruz, 1999), Phytophthora infestans hypersensitive response elicitor INF1 (Kamoun et al., 1997), and GFP alone (empty pGR107) were derived from previous studies and employed as controls (Zhao et al., 2018). The recombinant vector was transformed into Agrobacterium tumefaciens strain EHA105 using the freeze/thaw method (Wise et al., 2006). The transformants were initially selected on LB medium with Kanamycin (50 μg/mL) and Rifampicin (50 μg/mL), and further validated by PCR test. Positive clones of A. tumefaciens transformants were inoculated in liquid LB medium and cultivated for 2 days. The transformed agrobacteria samples were collected by a brief centrifugation and suspended in 10 mM MgCl2 to OD600 = 0.2. Leaves from 4–6-week-old seedling plants of Nicotiana benthamiana were initially infiltrated with A. tumefaciens transformants carrying candidate effectors, and then infiltrated with BAX at the same site 24 h later. A cell death phenotype was observed around 3–5 days post-inoculation with BAX in the GFP alone control. For each of the effector candidates, this complete experiment was systemically repeated twice, for a total of three biological replicates. The cell death phenotype was recorded every 12 h.

To explore possible roles of the candidate effectors with conserved motifs during the early stage of plant defense response, tobacco leaves infiltrated with transformed A. tumefaciens were collected at 24 h-post inoculation (hpi) and stained using nitroblue tetrazolium (NBT) to visualize the accumulation of superoxide anion (O2–). The staining protocol was modified from a previous study (Wang et al., 2007). Briefly, tobacco leaves were collected and soaked in 10 mM NaN3 and 10 mM potassium phosphate buffer (pH 7.8) with 0.1% NBT (w/v) for 24 h. Next, samples were decolored in boiling 95% ethanol for 10 min. The percentage of stained area in each leaf was determined using ASSESS software (Lamari, 2008) and a Dunnett’s test was conducted using SAS software v9.4.



RESULTS


Pt Pathotype PHTT(P) Was Designated Based on Its Virulent Profile

Urediospores of Pt were collected from wheat fields and then isolated in a greenhouse. A total of 20 wheat differential hosts carrying a single leaf rust resistance (Lr) gene were employed to clarify the virulent profile of the Pt isolate. Based on the observed leaf rust phenotypes (Supplementary Table S2) and the modified naming code for Pt pathotypes (Kolmer and Hughes, 2016), we temporally designated the Pt isolate as PHTT(P), which was reported as one of the predominant virulent pathotypes in China in both 2014 and 2015 (Zhang et al., 2020). Among the differential hosts screened, a few wheat isogenic lines carrying the Lr2a, Lr9, Lr24, and Lr28 genes showed resistance to this Pt pathotype.

We then tested the phenotype of Pt pathotype PHTT(P) on the wheat cultivar “Chinese Spring,” which was recently used as the model of common wheat in a large-scale genome sequencing project (Appels et al., 2018). Like most of the differential hosts, wheat cultivar “Chinese Spring” was susceptible to Pt pathotype PHTT(P) as evidenced at 10 dpi.



RNA-Seq Analysis Was Applied on Pt Pathotype PHTT(P) During Different Stages of Infection

To determine the virulent mechanism of Pt pathotype PHTT(P), RNA-seq analysis was performed on samples collected from infected leaves of the susceptible wheat cultivar “Chinese Spring” at 4, 6, and 8 dpi. Samples collected from the germinated urediospores (germ tube, GT) of Pt pathotype PHTT(P) were used as controls. Three biological replicates for each material were sampled and a total of 12 RNA samples were sent for 12-Gb transcriptome sequencing (Supplementary Table S3). Approximately 22–76 million 150-bp pair-end reads were obtained for each sample and mapped to the genome sequence of “Pt 1-1 BBBD Race 1” (Supplementary Table S4). For the transcriptome assembly, a total of 17,976 genes, including 2,284 “novel” transcripts, were annotated. The protein database of the “Pt 1-1 BBBD Race 1” genome and deduced proteins from these “novel” transcripts were combined into a single protein database that was used for further analyses. Biological replicates with significantly correlated (R2 > 0.92) gene expression levels (Supplementary Figure S3) were selected for further analysis. The transcriptional accumulation of genes was predicted based on the fragments per kilobase of transcript per million mapped reads (FPKM) value. Differentially expressed genes (DEGs) were identified by DESeq2. All raw data were uploaded to NCBI as BioProject PRJNA605036.



DEGs of Pt Pathotype PHTT(P) During the Infection Process

Based on the most commonly observed expression patterns, four sub-clusters of genes were classified (Figure 1): genes highly expressed in germ tube (GT, sub_cluster_1), genes induced upon infection (sub_cluster_2), genes not induced (sub_cluster_3), and genes induced at late stage of rust infection (sub_cluster_4). Significantly upregulated genes (Log2FoldChange > 1, adjust p-value < 0.05) in comparisons of “4 dpi vs. GT,” “6 dpi vs. GT,” and “8 dpi vs. GT” were combined as co-upregulated DEGs. A total of 3,149 non-redundant co-upregulated DEGs were identified, including genes encoding secreted proteins, sugar transporters, amino acid permeases, and protein kinases (Supplementary Table S5). On the other hand, a total of 1,613 non-redundant co-downregulated DEGs (Log2FoldChange < −1, adjust p-value < 0.05) were highly expressed in GT, including genes encoding hydrolases, protein kinases, and reverse transcriptases (Supplementary Table S6).
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FIGURE 1. Clusters of Pt genes based on gene expression patterns. A total of 17,976 genes, including 2,284 “novel” transcripts, were annotated in the transcriptome. Four sub-clusters of genes were classified based on the observed expression patterns during rust infection. The sub-clusters are genes highly expressed in germ tubes (GT, sub_cluster_1), genes induced upon infection (sub_cluster_2), genes not induced (sub_cluster_3), and genes induced at late stage of rust infection (sub_cluster_4).


Although many DEGs were annotated as hypothetical proteins, the GO annotations of the co-upregulated DEGs revealed enrichment of genes with “oxidoreductase activity,” “structural molecule activity,” and “structural constituent of ribosome.” Proteins encoded by these co-upregulated DEGs were predicted to be localized in “macromolecular complex” and involved in “organonitrogen compound metabolic/biosynthetic process” (Figure 2A). For the co-downregulated DEGs, the encoded proteins were predicted to be localized in the “membrane,” and involved in “transmembrane transport” and “carbohydrate metabolic process” (Figure 2B).
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FIGURE 2. Gene ontology (GO) annotation for DEGs. The DEGs were categorized by their GO annotations and classified into three main categories: biological process, cellular component, and molecular function. (A) Significantly co-upregulated DEGs upon Pt infection were enriched in biological process of “oxidoreductase activity” and predicted to be localized in “macromolecular complex”. (B) For DEGs highly expressed in germ tubes of Pt uredospores, genes were annotated with “transporter” activity and predicted to be localized in “membrane.” The x-axis indicates the ratio in each category.


SignalP was applied to identify secreted proteins encoded by the 3,149 co-upregulated DEGs. Secreted proteins were subjected to further evaluation of the effector probability using EffectorP (workflow presented in Supplementary Figure S1A). A total of 464 secreted proteins were encoded by the co-upregulated DEGs, with 79 of them also predicted as possible effectors by EffectorP (Supplementary Table S7).



Genome-Wide Identification of RXLR-Like Effector Candidates From the Wheat Leaf Rust Fungus

We previously identified a virulent wheat stripe rust effector PNPi with a N-terminal RXLR-like (RSLL-DEEP) region and a C-terminal DPBB_1 conserved domain (PF03330) that suppressed plant systemic acquired resistance by directly targeting wheat NPR1 protein (Wang et al., 2016). To identify more RXLR-like effector candidates from the wheat leaf rust fungus, the combined protein database was analyzed using hmmsearch with the downloaded oomycete RXLR motif (PF16810) and Regex code of RXLR-like motif with all functional substitutions ([RKH]X[LIMFYWK][RALQGTF]) reported in a previous study (Kale et al., 2010). A total of 719 secreted proteins containing an N-terminal RXLR-like motif were identified, with 205 of these also predicted as possible effectors by EffectorP. There are 20 RXLR-like effector candidates contain an identical RXLR sequence (Supplementary Table S8). All the RXLR-like effector candidates were further screened using a Regex code of dEER-like motif ([ED][ED][KR]) derived from a previous research (Haas et al., 2009), which resulted in the discovery of 10 secreted proteins containing a complete RXLR-dEER-like motif (Supplementary Table S8). Hidden Markov models for the conserved regions of 719 RXLR-like and 10 RXLR-dEER-like effector candidates were visualized using Weblogo (Figure 3).
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FIGURE 3. Hidden Markov models for the conserved regions of Pt RXLR-like effector candidates identified in the current study. A total of 719 RXLR-like effector candidates were identified from the wheat leaf rust fungus, including 10 proteins containing a complete RXLR-dEER-like motif. Hidden Markov models for the conserved regions of 719 RXLR-like and 10 RXLR-dEER-like effector candidates were generated using Weblogo.




Four PNPi-Like Effector Candidates Showed Protein Interaction With Wheat NPR1

We further noticed that one of the protein hits from oomycete RXLR hmmsearch, PTTG_00399 (E-value = 0.0085, Figure 4A), and the other five RXLR-like effector candidates identified by Regex have a C-terminal DPBB_1 conserved domain (PF03330). This domain in PNPi protein allows physical interaction with the C-terminal NPR1/NIM1-like domain (PF12313) of wheat NPR1 protein (Wang et al., 2016). We speculated that more PNPi-like effector candidates with DPBB_1 domain might co-target wheat NPR1 protein. Subsequent hmmsearch using DPBB_1 domain (PF03330) and homology analysis identified a total of 19 PNPi-like secreted proteins with similar structure (Table 1). Polygenetic analysis indicated that these PNPi-like effector candidates were conserved among different rust species (Supplementary Figure S4).
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FIGURE 4. Identification of PNPi-like effector candidates from the wheat leaf rust fungus. (A) Sequence alignment of wheat leaf rust PNPi-like effector candidate PTTG_00399 and its closest homologs from related rust species. (B) The protein structure was annotated to indicate the signal peptide, RXLR-like region, and DPBB_1 conserved domain for each of the putative PNPi-like effectors. (C) Yeast transformants co-expressing different bait and prey constructs were assayed on SD–Leu–Trp–His–Ade.



TABLE 1. Genome-wide prediction of PNPi-like effector candidates in the wheat leaf rust fungus.

[image: Table 1]The expression patterns of genes encoding these PNPi-like effector candidates were profiled based on FPKM values, and 12 of them were significantly upregulated during the infection process of Pt pathotype PHTT(P) (Table 1), suggesting these genes may encode effectors. We then cloned these 12 genes encoding PNPi-like effector candidates (Figure 4B) and tested their potential interactions with wheat NPR1 protein by Y2H assay. The signal peptides of the effector candidates were truncated to avoid the secretion of the protein. All effector candidates were initially constructed into the pGADT7(AD) vector and then co-transformed with wNPR1-pGBKT7 (BD) into yeast. Several effector candidates exhibited self-activation of the AD vector, so these were subsequently cloned into the pGBKT7 vector and tested against wNPR1-pGADT7 in yeast. Four PNPi-like effector candidates showed interactions with wNPR1 under SD–Leu–Trp–His–Ade selection media (Figure 4C). We did not observe any growth defects of yeast co-transformants on non-interaction specific media (SD–Leu–Trp), except for PTTG_04128-pGBKT7 co-transformants, which did not grow.



CRN-Like, Y/F/WxC, and CFEM Effector Candidates Were Identified From the Pt Pathotype PHTT(P)

Effector candidates with other conserved motifs, including LFLAK (CRN), Y/F/WxC, CFEM, LysM, EAR, [SG]-P-C-[KR]-P, and ToxA, were explored following a similar workflow (Supplementary Figure S1B). Briefly, the hmm features for the conserved motifs of LysM (PF01476), EAR (PF07897), CFEM (PF05730), and ToxA (PF11584) were directly downloaded from the pfam website. Conserved regions from 141 oomycete CRN, 54 barley powdery mildew Y/F/WxC, and 30 Fusarium [SG]-P-C-[KR]-P effectors were collected from previous publications (Godfrey et al., 2010; Sperschneider et al., 2013; Stam et al., 2013) and employed to generate the hmm features using hmmbuild. Regex codes were generated for the conserved motifs of LFLAK (CRN), Y/F/WxC, and [SG]-P-C-[KR]-P based on the corresponding hidden Markov models (Supplementary Figure S2). Using hmmsearch, Regex, and homology analysis, we identified 19 CRN-like (Supplementary Table S9), 138 Y/F/WxC (Supplementary Table S10), and 9 CFEM (Table 2) effector candidates from the combined protein database. We did not detect any HVLVxxP-like motif in the 19 Pt CRN-like effector candidates. Phylogenetic analysis of PtCFEM with their closest homologs in other species indicated conservation of CFEM effectors among different rust species (Figure 5A). Additionally, at least eight conserved cysteine (C) residues were found in the sequence alignment (Figure 5B), which displayed a common feature of CFEM effectors. We did not find any secreted proteins containing conserved motifs of LysM, EAR, [SG]-P-C-[KR]-P, and ToxA.


TABLE 2. Genome-wide identification of secreted proteins with CFEM conserved motif from the wheat leaf rust fungus.
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FIGURE 5. Identification of wheat leaf rust effector candidates with CFEM motif. Using HMM feature and homology analysis, nine secreted proteins with CFEM motif were identified from the wheat leaf rust fungus. (A) A phylogenetic tree of PtCFEM effector candidates and their closest homologs from related rust species was generated by MEGA software. Seven genes selected for further cloning and functional characterization are labeled with asterisks (*). (B) Protein sequences of the seven PtCFEM effector candidates were aligned using MUSCLE method. Conserved Cysteine residues are indicated with red arrows.




The Expression Profiles of Selected Effector Candidates Were Validated by qRT-PCR Assay

Distinct samples than those used for the RNA sequencing were collected from germinated urediospores of Pt pathotype PHTT(P) and Pt-infected leaves of susceptible wheat cultivar “Chinese Spring” at 4, 6, and 8 dpi. PtActin (GenBank accession OAV91054) was employed as an internal reference gene to compare expression levels. The expression levels of genes in the germinated urediospores served as control. Four genes encoding effector candidates with different expression patterns were selected for qRT-PCR validation. The expression of PtY/F/WxC_PTTG_11739 was significantly induced during early stage (4 dpi) of Pt infection, and there was high expression of PtPNPi_PTTG_03809 in the late stage (6 dpi). PNPi-like_PTTG_00399 and PtY/F/WxC_PTTG_11693 showed higher expression in the germinated urediospores. These results were similar with the gene expression patterns predicted based on their FPKM values (Figure 6).
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FIGURE 6. The expression patterns of four selected effector candidates during Pt infection were validated by qRT-PCR assay. Four genes encoding effector candidates with different expression patterns were selected. Their expression patterns were generated based on corresponding FPKM values from the transcriptome database. The transcript levels of the four selected effector candidates during Pt infection at 4, 6, and 8 dpi were determined by qRT-PCR assay. Samples collected from the germ tubes (GT) of Pt uredospores served as a control. The transcript levels for all genes were expressed as linearized fold-PtActin levels, which were calculated according to the formula 2(ACTIN CT–TARGET CT). Data were expressed as mean values ± SE from four biological replicates. An asterisk (*P < 0.05, **P < 0.01) indicates a significant difference between the control and infection samples by Dunnett’s test.




CFEM Effector Candidate PTTG_08198 Accelerated the Progress of Cell Death and Promoted the Accumulation of ROS

The coding regions of 9 Y/F/WxC (Supplementary Table S10) and 7 CFEM (Figure 5 and Table 2) effector candidates were separately cloned into a plant expression vector (35S:Gene, T-DNA) and transiently expressed in N. benthamiana using Agrobacterium infiltration. None of the constructs directly induced cell death in tobacco leaves (Figure 7A). We used the mammalian BAX gene (GenBank accession NP_031553) to trigger plant effector-triggered immunity (ETI), and then assayed effects of expression of these 16 effector candidates on plant cell death. Agrobacterium transformants carrying 35S:BAX were infiltrated 48 h after the initial infiltration of 35S:GFP (negative control) and 35S:Effector. None of the 16 tested effector candidates with conserved motifs suppressed cell death triggered by the expression of BAX gene in tobacco leaves (Figure 7A). However, BAX-induced cell death was observed 24 h earlier in tobacco leaves pre-expressing the CFEM effector candidate PTTG_08198 compared to leaves expressing 35S:GFP or other effector candidates.
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FIGURE 7. Functional characterization of leaf rust effector candidates with conserved motifs of Y/F/WxC and CFEM. (A) Sixteen effector candidates with conserved motifs (9 Y/F/WxC and 7 CFEM) were transiently expressed in Nicotiana benthamiana using Agrobacterium infiltration. An Agrobacterium transformant carrying 35S:BAX was infiltrated 48 h after the initial infiltration of 35S:GFP (negative control) and 35S:Effector. None of the 16 tested effector candidates showed suppression of cell death triggered by the expression of BAX gene in tobacco leaves. Phenotype of BAX-induced cell death in tobacco leaves pre-expressing a CFEM effector candidate PTTG_08198 was observed 24 h earlier than those expressing 35S:GFP and other effector candidates. (B) Tobacco leaves were fully infiltrated with Agrobacterium transformant carrying 35S:GFP (negative control), 35S:INF1 (positive control), 35S:BAX, or 35S:CFEM-PTTG_08198, respectively. Infiltrated leaves were collected at 24 hpi and subjected to NBT staining to visualize the accumulation of ROS. The percentage of the superoxide anion (O2–) accumulation area in the infiltrated leaf was calculated using the ASSESS software v2.0. The asterisk (*P < 0.05) indicates the significance of the differences between the GFP control and effector by Dunnett’s test.


To further investigate the role of CFEM-PTTG_08198 in plant pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI), tobacco leaves were fully infiltrated with Agrobacterium transformants carrying 35S:GFP (negative control), 35S:INF1 (positive control), 35S:BAX, or 35S:CFEM-PTTG_08198. To visualize the accumulation of ROS, infiltrated leaves were collected at 24 hpi and subjected to NBT staining. Compared with the GFP control, transient expression of INF1 resulted in significant higher accumulation of superoxide anion (O2–), whereas leaves expressing BAX protein showed rapid removal of ROS (Figure 7B). Relatively higher (P = 0.056) accumulation of ROS was observed in tobacco leaves expressing CFEM-PTTG_08198 (Figure 7B).



DISCUSSION

Wheat leaf rust, caused by P. triticina (Pt), is one of the most severe and globally widespread fungal diseases in wheat (Huerta-Espino et al., 2011; Helfer, 2014). The Pt isolate PHTT(P) identified and sequenced here represents the major epidemic virulent pathotype in China in recent years (Zhang et al., 2020). Most of the designated wheat leaf rust resistance (Lr) genes have been compromised by this virulent rust pathotype (Supplementary Table S2), indicating that PHTT(P) may be a suitable model to study the virulence mechanism by which leaf rust suppresses various plant defenses.

Approximately 22–76 million reads were obtained from each sample in the current study (Supplementary Table S3), which was significantly more than previous RNA-seq assays (23–33 million reads) of wheat leaves infected with six different Pt pathotypes (Bruce et al., 2014). This first set of sequencing data from purified germ tubes of the wheat leaf rust fungus should be a valuable resource to understand the germination process and very early infection stage of this devastating pathogen. We identified 17,976 genes, including 2,284 “novel” transcripts, from our transcriptome assembly based on the reference genome of “Pt 1-1 BBBD Race 1” (Kiran et al., 2016). Testing multiple time points after infection, the expression patterns of Pt genes involved in the germination process (GT), early infection (4 and 6 dpi), and sporulation process (8 dpi) of the wheat leaf rust fungus were profiled on the basis of their FPKM values (Figure 1). The identified 3,149 co-upregulated DEGs associated with the Pt infection process were enriched for genes encoding secreted proteins, sugar transporters, amino acid permeases, and protein kinases (Supplementary Table S5). According to GO annotation, many of these genes were associated with “oxidoreductase activity” and the encoded proteins were predicted to be localized in “macromolecular complex” (Figure 2A). A total of 464 secreted proteins were encoded by these co-upregulated DEGs, with 79 of them also predicted as possible effectors by EffectorP (Supplementary Table S7). Previous studies identified 660 and 532 secreted proteins from the genome and transcriptome, respectively, of the wheat leaf rust fungus (Bruce et al., 2014; Kiran et al., 2016). Hundreds of genes encoding secreted proteins that are highly induced during infection have been identified from different rust species (Figueroa et al., 2016; Lorrain et al., 2019). Compared with related studies, effector candidates encoded by the co-upregulated DEGs identified here should be more directly associated with the infection process of the wheat leaf rust fungus.

Fungal or oomycete effectors with conserved motifs, such as RXLR, Y/F/WxC, CFEM, LysM, EAR, LFLAK-HVLVxxP (CRN), [SG]-P-C-[KR]-P, and ToxA, are considered “core effectors” that play crucial roles during pathogen infection (Liu et al., 2019). Many effectors with the RXLR motif from P. sojae function through a plant cell death-related pathway and contribute to pathogen virulence (Wang et al., 2011). Through systematic mutagenesis of the Avr1b RXLR motif, a broadened “RXLR-like” motif was defined and found in many intracellular fungal effectors such as Melampsora lini AvrL567 (RFYR), Fusarium oxysporum Avr2 (RIYER), Leptosphaeria maculans AvrLm6 (RYWT), and Laccaria bicolor MiSSP7 (RALG) (Kale et al., 2010; Rafiqi et al., 2010; Plett et al., 2011). The genome-wide identification of RXLR-like effector candidates from the wheat leaf rust fungus may provide further insight into the virulent mechanism of this destructive pathogen. An earlier study identified a wheat stripe rust effector candidate Ps87 containing a RXLR-like motif (KRLTG), which was found capable of delivering oomycete effector Avr1b into soybean leaf cells and carrying GFP into soybean root cells (Gu et al., 2011). In a previous study, we discovered a virulent rust effector, PNPi, with a RXLR-like motif (RSLL–DEEP) and a DPBB_1 conserved domain that suppressed systemic acquired resistance by directly targeting the wheat NPR1 protein (Wang et al., 2016). In this study of the wheat leaf rust fungus, we initially identified 719 RXLR-like effector candidates (Figure 3), including 20 secreted proteins containing an identical sequence of RXLR and 10 secreted proteins containing a complete RXLR-dEER-like motif (Supplementary Table S8).

We noticed additional RXLR-like effector candidates with a DPBB_1 conserved domain in their C-terminal regions. Subsequent hmmsearch using DPBB_1 conserved domain (PF03330) and homology analysis identified a total of 19 PNPi-like secreted proteins with similar structures (Table 1). Twelve of these PNPi-like effectors were selected for further characterization (Figure 4B), and four of them exhibited protein interaction with wheat NPR1 in Y2H assay (Figure 4C). NPR1 protein was predicted to be potentially targeted by various effectors, especially YopJ effectors with desumoylation activity (Sun et al., 2018). A bacterial type III effector AvrPtoB was reported to interact with and ubiquitinate NPR1 in Arabidopsis (Chen et al., 2017). Another RXLR effector, RXLR48 from Phytophthora capsica, associated with NPR1 and suppressed plant immune response (Li et al., 2019). The four wNPR1-interacting PNPi-like effector candidates from the wheat leaf rust fungus could be used as novel targets for both mechanism research and fungicide design.

A total of 19 CRN-like (Supplementary Table S9), 138 Y/F/WxC (Supplementary Table S10), and 9 CFEM (Figure 5 and Table 2) effector candidates were identified from the combined protein database. Oomycete pathogens produce abundant CRN effectors to manipulate plant immune responses and promote infection. One P. sojae CRN effector, PsCRN108, reprogrammed the expression of plant HSP genes by targeting their promoters (Song et al., 2016). Recent studies have also discovered a large number of CRN-like effector candidates in different fungal pathogens (Raffaele et al., 2010; Voß et al., 2018). A CRN-like effector RiCRN1from Rhizophagus irregularis acts in arbuscule development (Voß et al., 2018). The identified 19 CRN-like effector candidates may provide insight into the mechanism of virulence of the wheat leaf rust fungus.

The Y/F/WxC motif is present in the N-terminal region of various powdery mildew fungal effector candidates, positioned after the cleavage site of the signal peptide (Godfrey et al., 2010; Vela-Corcia et al., 2016). Barley powdery mildew Y/F/WxC effector candidates CSEP0081 and CSEP0254 were found to contribute to pathogen virulence (Ahmed et al., 2016). However, in initial tests of the nine selected Y/F/WxC effector candidates, we did not find any promotion or suppression of plant cell death (Figure 7A). Thus, the role of these effector candidates in the virulence of the wheat leaf rust fungus requires further exploration.

Fungal-specific CFEM effectors normally contain at least eight conserved cysteine residues (Figure 5B) and are considered extracellular avirulent effectors that triggering plant immunity responses (Catanzariti et al., 2006; Zhang et al., 2015). For example, a CFEM domain-containing protein BcCFEM1 from Botrytis cinerea directly induced chlorosis in N. benthamiana (Zhu et al., 2017). A CFEM effector found here, PTTG_08198, accelerated plant cell death triggered by BAX protein and induced higher accumulation of ROS in tobacco leaves (Figure 7B). Further investigations on the molecular receptor of this Pt CFEM effector should greatly improve our understanding of the avirulent mechanism of the wheat leaf rust fungus.



CONCLUSION

We have initially profiled genes associated with the infection process of the Pt pathotype PHTT(P). Effector candidates with conserved motifs and other DEGs induced upon Pt infection identified in this study will be valuable resources to determine the molecular mechanisms of the wheat leaf rust fungus.
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Leaf rust, caused by Puccinia triticina (Pt), is one of the most devastating diseases of wheat, affecting production in nearly all wheat-growing regions worldwide. Despite its economic importance, genomic resources for Pt are very limited. In the present study, we have used long-read sequencing (LRS) and the pipeline of FALCON and FALCON-Unzip (v4.1.0) to carry out the first LRS-based de novo genome assembly for Pt. Using 22.4-Gb data with an average read length of 11.6 kb and average coverage of 150-fold, we generated a genome assembly for Pt104 [strain 104-2,3,(6),(7),11; isolate S423], considered to be the founding isolate of a clonal lineage of Pt in Australia. The Pt104 genome contains 162 contigs with a total length of 140.5 Mb and N50 of 2 Mb, with the associated haplotigs providing haplotype information for 91% of the genome. This represents the best quality of Pt genome assembly to date, which reduces the contig number by 91-fold and improves the N50 by 4-fold as compared to the previous Pt race1 assembly. An annotation pipeline that combined multiple lines of evidence including the transcriptome assemblies derived from RNA-Seq, previously identified expressed sequence tags and Pt race 1 protein sequences predicted 29,043 genes for Pt104 genome. Based on the presence of a signal peptide, no transmembrane segment, and no target location to mitochondria, 2,178 genes were identified as secreted proteins (SPs). Whole-genome sequencing (Illumina paired-end) was performed for Pt104 and six additional strains with differential virulence profile on the wheat leaf rust resistance genes Lr26, Lr2a, and Lr3ka. To identify candidates for the corresponding avirulence genes AvrLr26, AvrLr2a, and AvrLr3ka, genetic variation within each strain was first identified by mapping to the Pt104 genome. Variants within predicted SP genes between the strains were then correlated to the virulence profiles, identifying 38, 31, and 37 candidates for AvrLr26, AvrLr2a, and AvrLr3ka, respectively. The identification of these candidate genes lays a good foundation for future studies on isolating these avirulence genes, investigating the molecular mechanisms underlying host–pathogen interactions, and the development of new diagnostic tools for pathogen monitoring.

Keywords: wheat leaf rust, avirulence genes, secreted protein, long-read assembly, comparative genomics


INTRODUCTION

Leaf rust, caused by Puccinia triticina (Pt), is one of the most devastating diseases of wheat, affecting production in nearly all wheat-growing regions worldwide. A recent global survey of the impact of pests and pathogens in wheat rated leaf rust as the most damaging, causing losses of approximately 3.25% globally (Savary et al., 2019). To control rust diseases, the most effective and environmentally friendly approach is to grow wheat with resistance (R) genes (Aktar-Uz-Zaman et al., 2017). The proteins encoded by R genes in wheat can recognize effectors encoded by avirulence (Avr) genes in rust pathogens, and upon recognition, plant defense responses known as effector-triggered immunity (ETI) are initiated (Chen et al., 2017). Compared to pathogen-associated molecular pattern–triggered immunity (Jones and Dangl, 2006), ETI is more rapid and robust and is frequently associated with localized cell death known as hypersensitive response. The specific recognition phenomenon between host and pathogen during ETI was first described by Flor (1971) as the gene-for-gene hypothesis. However, host recognition and the ETI response can be evaded by pathogens through the modification of Avr genes (e.g., mutation and deletion), driving host–pathogen coevolution. To date, more than 79 leaf rust (Lr) resistance genes have been cataloged in wheat (Mcintosh et al., 2017), many of which including Lr9, Lr14a, Lr16, Lr17a, Lr24, Lr26, and Lr39 have been overcome by newly detected Pt races (Huerta-Espino et al., 2011). The identification of Avr genes and in-depth understanding of host–pathogen interactions are fundamental in developing strategies for durable resistance in wheat and the sustainable control of rust diseases.

The inability to grow obligate biotrophs such as rust fungi readily in vitro has hampered biological and genetic studies of these organisms. Next-generation sequencing technology, however, has greatly extended our understanding of rust fungal biology, as demonstrated by the generation of more than 20 rust genomes from 12 rust fungal species (Chen et al., 2019; Lorrain et al., 2019). Following the initial sequencing and assembly of the three rust fungi causing major diseases of wheat, viz. Puccinia graminis f. sp. tritici (Pgt), Puccinia striiformis f. sp. tritici (Pst), and Pt (Cuomo et al., 2016), different isolates of these species were also sequenced and assembled with diverse sequencing strategies mostly based on short-read sequencing, for example, Pgt race 21-0 (Upadhyaya et al., 2014), Pst race 67S64 and 46S119 (Kiran et al., 2017), and Pt race 77 and 176 (Kiran et al., 2016). While revealing that rust genomes are characterized by high levels of heterozygosity, a high proportion of repeat elements (as high as >50%), and large numbers of genes (14,000–28,000 per genome) (Cuomo et al., 2016; Lorrain et al., 2019), most rust assemblies published to date are highly fragmented, largely due to the technical limitation of short-read sequencing and the repetitive nature of rust genomes (Aime et al., 2017). To overcome these limitations, long-read sequencing (LRS) has recently been used for de novo genome assemblies of Pst (Pst104E) and Puccinia coronata f. sp. avenae (Pca), which has generated high-quality genomes with significantly improved contiguity (Miller et al., 2018; Schwessinger et al., 2018). However, a high-quality genome based on LRS is still lacking for Pt despite its fundamental importance in comparative genomic studies.

With increasing genome resources becoming available, more and more resequencing studies of wheat rust fungi have been undertaken, enabling comparative genomics for effector mining. For example, comparative studies of five Pgt isolates (Upadhyaya et al., 2014), 10 Pst isolates (Cantu et al., 2013; Zheng et al., 2013), and 20 Australian Pt isolates (Wu et al., 2017) have identified a panel of promising effector candidates for functional validation. Recently, two comparative studies on Pgt, one using an isolate of Pgt (Pgt279) and a Sr50 virulent derivative (Pgt632) and the other using ethylmethane sulfonate (EMS)–induced mutant strains, successfully identified AvrSr50 and AvrSr35, respectively, which are the first Avr genes biologically validated and characterized in a wheat attacking rust (Chen et al., 2017; Salcedo et al., 2017). As compared to studies of Pgt and Pst, comparative studies of Pt to identify candidate Avr genes are limited, and our previous study identifying candidates for AvrLr20 is the only comparative study based on whole-genome sequencing of Pt (Wu et al., 2017).

Puccinia triticina is not known to undergo sexual recombination in Australia, as the alternative host Thalictrum is rare or absent (Park et al., 1995). Pathotype 104-2,3,(6),(7),11 (hereafter referred to as Pt104) was first detected in 1984 and considered to be of exotic origin (Park et al., 1995). It is regarded as the founding isolate of a clonal lineage of putative mutational derivatives that dominated Pt populations in all mainland states from 1989 to 2010 (Park et al., 1995, 2000; Park, unpublished data). Following the detection of this founding isolate, a panel of variant pathotypes presumably derived from it through simple step mutation was detected. One of the derivative pathotypes, 104-1,2,3,(6),(7),9,11, carried added virulence for the resistance gene Lr26 and rendered two cultivars possessing Lr26 susceptible (Park et al., 2000). Within this lineage, isolates with virulences for Lr2a and Lr3ka were also detected. While Lr26 has been used widely in many winter and spring wheats and has had a major impact on global wheat production, genes Lr3ka and Lr2a have been utilized less commonly but have been important when deployed in combination with other resistance genes to achieve multiple gene resistances (Mcintosh et al., 1995).

In the present study, LRS-based de novo genome assembly of the founding isolate Pt104 was carried out, generating the best-quality Pt genome assembly to date in terms of contiguity and completeness. Transcript-based annotation identified 29,043 genes in the Pt104 genome, of which 2,178 genes were further predicted as encoding secreted proteins (SPs). Six additional isolates presumed to be mutant derivatives of Pt104, along with Pt104, were subjected to Illumina sequencing, and the resequencing data were mapped to the Pt104 assembly to examine genetic variations that may account for the virulence of derivative pathotypes for wheat resistance genes Lr26, Lr2a, and Lr3ka. This approach successfully identified 38, 31, and 37 candidates for AvrLr26, AvrLr2a, and AvrLr3ka, respectively. This study not only provides important new resources for comparative studies of Pt in Australia and beyond, but also demonstrates a practical framework of using field-evolved mutational derivatives for Avr gene identification.



RESULTS


Long-Read–Based de novo Genome Assembly of Pt104

For isolate Pt104, the founding “parental” isolate, LRS data were obtained using three SMRT cells from the PacBio Sequel system. A total of 22.4-Gb data with average read length of 11.6 kb and average coverage of 150-fold were used to generate a de novo genome assembly for Pt104 using Falcon and Falcon-Unzip pipeline. After manual curation, the Pt104 genome contained 162 contigs with a total length of 140.5 Mb and N50 of 2 Mb (Table 1), with the associated haplotigs providing additional haplotype information for 91% of the genome (Supplementary Table S1). As compared to the previously published Pt race1 assembly, our genome substantially improved contiguity as demonstrated by the greatly reduced number of contigs (91-fold; from >14,000 to <200) and the increase in N50 statistics (4-fold; contig N50 2,073 kb vs. Scaffold N50 544 kb) (Cuomo et al., 2016; Figure 1 and Table 1). Blastn searches against the NCBI nucleotide reference database showed that none of the contigs had non-eukaryotic sequences as best BLAST hits at any given position.


TABLE 1. Pt104 assembly statistics and completeness evaluation.
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FIGURE 1. The Pt104 genome assembly with significantly reduced total contig number and improved N50 as compared to Pt race1 genome. The log10 counts of contigs within each size bin are shown by histograms with the left y-axis. Each dot represents a single contig of a given size corresponding to the x-axis. The cumulative sizes of contig lengths sorted from small to large are shown by the dots with the right y-axis. The number of contigs or scaffolds, total assembly size, and N50 of the assembly are also shown within each plot.


The completeness of the Pt104 genome assembly was assessed using BUSCO analysis, based on highly conserved fungal genes (basidiomycota_odb9) comprising 1,335 basidiomycete conserved orthologs, which revealed that 92.2% of the BUSCO genes were present as complete sequences (Table 1). The fragmented and missing BUSCO genes were 3.7 and 4.1%, respectively. When the associated haplotigs were combined, the percentage of the missing BUSCO genes was as low at 2.6% (3.1% in Pt race1).

The repeat content in the Pt104 genome assembly was evaluated using both de novo predicted repeats and fungal elements from RepBase (Bao et al., 2015). The total interspersed repeats of the Pt104 assembly covered 58.4% of the genome (Table 2). Despite the presence of unclassified repeats, the most prevalent repetitive elements were long terminal repeats (>16%).


TABLE 2. The repeat contents identified in the Pt104 genome assembly.
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Gene Prediction and Functional Annotation

To capture all genes expressed in planta, RNA sequencing data for total RNA extracted from wheat leaves 3, 5, and 7 days after inoculation with Pt104 were obtained. After aligning to the Pt104 genome, fungal specific reads were selected for Trinity to generate both de novo and genome-guided transcriptome assemblies (Haas et al., 2013). These mRNA assemblies and the previously reported expressed sequence tags (ESTs) from various stages of the Pt life cycle (Xu et al., 2011) as transcript evidence and Pt race1 protein sequences as protein evidence were put into the Funannotate v0.7.2 pipeline for gene prediction. This comprehensive approach led to the annotation of 29,043 genes for the Pt104 assembly (Figure 2, Table 3, and Supplementary Table S2).


[image: image]

FIGURE 2. Genomic landscape of predicted gene and secreted protein in Pt104 and genetic variations of the Pt isolates represented by the Circos plot of the top 42 contigs ranked by contig length (71% of the Pt104 genome). Tracks from outside to inside are as follows: (1) contig name; (2–5) density of gene; SP, secreted protein SP; SNP, single-nucleotide polymorphism; InDel, insertion or deletion; in non-overlapping 100-kb windows. Each major tick on the contig track is for 1-Mb length.



TABLE 3. Gene prediction and functional annotation for the Pt104 assembly.

[image: Table 3]As compared to the previous study on Pt race1 focusing largely on core protein comparisons between the three rust pathogens of wheat (Cuomo et al., 2016), our study extended the functional annotation using a range of databases including GO (Gene Ontology), PFAM domains (a large collection of protein families with annotations), interproscan (a database of protein families, domains and functional sites), CAZymes (carbohydrate active enzymes), MEROPS (peptidase database), and transcription factor (TF) families for the Pt104 assembly (Figure 3 and Table 3). Gene Ontology enrichment analysis of the annotated genes revealed no significant overrepresentations or underrepresentations, implicating similar abundances of GO terms. Using the CAZymes database, we detected 420 CAZymes in the Pt104 genome, and the most populated subclass of CAZymes was glycoside hydrolase (GH) enzyme (>200 members; Table 3), with GH5 (cellulases/hemicellulase) and GH18 (chitinase) families being the most abundant ones (Figure 3). Using the MEROPS database, 290 proteases were identified belonging to five classes including serine (S), cysteine (C), metallo (M), threonine (T), and aspartic proteases (A), as well as one protease inhibitor class (I51) (Table 3). As for the TF families, the two top ranked families were zinc finger proteins (Figure 3) including the zinc knuckle CCHC class (IPR001878) and fungal Zn(2)-Cys(6) binuclear cluster domain (IPR001138).
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FIGURE 3. Functional annotation of transcription factors, CAZymes, and Merops proteases for the Pt104 genome. (A) Percentages of genes predicted to encode proteins of transcription factor families based on InterProScan annotation. (B) Heatmap showing percentages of genes annotated as members of CAZyme families including: AA, auxiliary activities; CBM, carbohydrate-binding modules; CE, carbohydrate esterases; GH, glycoside hydrolases; GTs, glycosyltransferases; PL, polysaccharide lyases. Expanded families GH5 and GH18 are indicated. (C) Heatmap showing the percentages of genes annotated as members of the Merops families including: A, aspartic acid; C, cysteine; M, metallo protease; S, serine protease; T, threonine protease; I, peptidase inhibitors. Expanded families A01A and S08A are indicated.




Secretome Prediction

Proteins possessing a signal peptide, lacking a transmembrane segment, and with no target location to mitochondria were predicted as SPs. We predicted 2,178 SPs on the Pt104 assembly (Figure 2, Table 3, and Supplementary Table S3), comprising approximately 8% of the total proteins, in line with the SP percentages (8–9%) reported for the total predicted proteins in Pt race1, Pst, and Pca (Cuomo et al., 2016; Miller et al., 2018; Schwessinger et al., 2018). Of the 2,178 predicted SPs, 1,530 SP genes had detectable expression levels by Pt RNA-sequencing analysis, which was used for Avr gene mining in the subsequent investigation. Of the total CAZymes members, approximately 20% were predicted as SPs and more than 50% of these CAZyme SPs belonged to the GH subclass (Table 3). For the total proteases identified, 15.5% were predicted as SPs. Of these protease SPs, aspartic proteases A01A family and serine peptidases families (S08A of subtilisin-like serine proteases and S10 of carboxypeptidases) were the major types expanded in the Pt104 assembly (Figure 3 and Table 3). All detected protease inhibitors belonged to the I51 family (an inhibitor of serine carboxypeptidase Y that inhibits various kinases), and 25% were predicted as SPs.



The Mapping of Whole-Genome Sequencing Data of Seven Pt Isolates

The Pt104 assembly was used as the reference genome for the mapping of the resequencing data to examine genetic variations that could account for added virulence for resistance genes Lr26, Lr2a, and Lr3ka in the putative derivative mutants of Pt104. Whole-genome sequencing data as 150 base-paired reads from an Illumina HiSeqX platform were generated for the founding isolate Pt104 and six additional strains. Of the six additional isolates, two (S459 and S477) had the same virulence/avirulence as Pt104 but were collected from the field in subsequent years (1988 and 1991, respectively), and four were presumed to be simple mutational derivatives of Pt104, viz. S472 with added virulence on Lr3ka, S521 with added virulence on Lr26 and Lr20, S474 with added virulence on Lr2a and Lr20, and S467 with added virulence on Lr20. Genomic DNA was extracted from urediniospores of these seven Pt isolates, each established from single pustules and characterized for purity and pathogenicity using standard and additional differential wheat lines. Overall, 65 million to 82 million paired-end reads per sample (Table 4) were obtained after quality trimming, which were mapped to the Pt104 genome. The average aligned read depth was 60.6-fold, and the minimum and maximum depths were 53.6 and 72.8-fold, respectively (Table 4). The average mapping rate of these isolates was 90.1%, which covered between 99.2 and 99.4% of the Pt104 reference genome bases.


TABLE 4. Mapping information for the seven Pt isolates.
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Genome-Wide Polymorphism and Phylogenetic Analysis

To compare genotypes across the seven strains, genome-wide polymorphisms including single-nucleotide polymorphisms (SNPs) and insertion/deletion (InDel) between individual pathotypes were detected using GATK HaplotypeCaller based on the reads mapped to the Pt104 genome (Figure 2). The average number of total variants identified was 533,799 and the average number of SNP and InDel variants were 454,642 and 79,157, respectively. The average ratio of SNP/InDels was 5.7:1 (Table 5), and the average rates of heterozygous variants (SNP and InDel) and SNPs were 3.5 variants/kb and 3.2 SNPs/kb, respectively. Based on the genome-wide SNPs identified, a phylogenetic tree was inferred (Figure 4), which showed that the six isolates formed two clades along with S423 forming a separate branch. This phylogeny indicated that S423 and the common ancestries of the two clades were closely related. Given that S423 was the first isolate collected and a less developed virulence profile as compared to all of the remaining isolates (Park et al., 1995, 2000), it was plausible to postulate that these six isolates were likely members of a clonal lineage derived from S423 or certain progenitors closely associated with S423 lineage.


TABLE 5. Statistics of the genomic variants in the seven Pt isolates.
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FIGURE 4. Dendrogram of seven Pt strains based on the identified SNPs. The numbers shown on the dendrogram branches are the percentage of bootstrap replicates (1,000) supporting the cluster.




Functional Impact of the Genomic Variants

Of the total genomic variants identified, 91,363 (ca. 15%) were located within a coding region, covering 16,486 genes in total. The functional impact of these coding variants was further annotated by the Bioconductor package variant Annotation (Obenchain et al., 2014). Amino acid (aa) changes were predicted, and functional consequences were classified into four categories including synonymous (SY), non-synonymous (NSY), frame shift (the variants resulting in sequence length not in a multiple of three), and nonsense (premature stop codons). The average counts in the seven Pt strains for each category as aforementioned were 25,648, 45,189, 7,597, and 1,197, respectively (Table 6). Excluding SY mutations, which did not result in an aa change, all remaining categories may have a direct functional impact on Pt pathogenicity and hence were included in the subsequent analysis.


TABLE 6. Statistics of the functional impacts of the genomic variants in the seven Pt isolates.
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Secretome Genes Associated With Virulence by Differential Genomic Variants

Based on previous studies, we assumed that effectors were most likely encoded by SPs and focused on searching for genomic variants with functional impact located within these genes. For the seven isolates, we identified 2,269 variants with functional impact distributed in 694 SP genes. The variants in these 694 SP genes were inspected manually for read count support and the alignment status, confirming 1,957 variants in 591 SP genes harboring genomic variants with functional impact (Supplementary Table S4). To identify the variations that may account for Avr on Lr26, Lr2a, and Lr3ka, pairwise comparisons were constructed, which included (1) S467 (Lr26 avirulent) versus S521 (Lr26 virulent) and S474 (Lr26 avirulent) versus S521 with both contrasting for AvrLr26; (2) S467 (Lr2a avirulent) versus S474 (Lr2a virulent) and S521 (Lr2a avirulent) versus S474 with both contrasting for AvrLr2a; and (3) S423 (Lr3ka avirulent) versus S472 (Lr3ka virulent), S459 (Lr3ka avirulent) versus S472, and S477 (Lr3ka avirulent) versus S472 with all contrasting for AvrLr3ka.

For each Avr gene, the SP genes with differential variants within each pair were first selected, and those present across pairwise comparisons were considered as potential candidates. For AvrLr26, S521 and S467 showed 121 differential variants distributed in 46 SP genes, whereas S521 and S474 showed 98 differential variants distributed in 50 SP genes. Intersecting the two sets led to a common panel of 38 SP genes as the final candidates of AvrLr26 (Figure 5 and Supplementary Tables S5, S6). Similarly, for AvrLr2a, the comparison of S467 versus S474 and S521 versus S474 identified two candidate gene sets with 39 and 50 SP genes, respectively. Intersection of the two sets led to a common panel of 31 SP genes as AvrLr2a candidates (Figure 5 and Supplementary Tables S5, S6). For AvrLr3ka, the three pair comparisons S423, S459, and S477 versus S472 individually yielded three candidate gene sets comprising 47, 52, and 55 SP genes, respectively. The overlapping of these gene sets identified 37 SP genes as AvrLr3ka candidates (Figure 5 and Supplementary Tables S5, S6). As for the variation types of the differential variations leading to the identification of the candidates of AvrLr26, AvrLr2a, and AvrLr3ka, NSY mutations contributed 42% to 50% of the differential variations; frameshifts contributed 8% to 23%; and combinations (e.g., combinations of NSY and frameshift) contributed 32% to 43%; and nonsense was found to contribute only to the identification of AvrLr3ka candidates, with a 3% contribution (Supplementary Table S4).
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FIGURE 5. Venn diagrams for the intersection of the candidate genes derived from multiple pair comparisons. (A–C) demonstrate the candidates for AvrLr26 (38), AvrLr2a (31), and AvrLr3ka (37), respectively.




Biological Functions of Avr Candidate Genes in Pt

The Avr candidate genes were further inspected in relation to biological functions and pathogenicity mechanisms. In the aspect of CAZyme activity, two candidates of AvrLr26 (GN104ID162_008434 from GH5 family and GN104ID162_021096 from GH7 family) and one candidate of AvrLr2a (GN104ID162_001475 from GH65 family) belonged to the GH family, and one candidate of AvrLr3ka GN104ID162_021071 belonged to the carbohydrate esterase family (CE5) consisting of cutinases, all of which were impacted by NSY mutations (Supplementary Tables S4, S5). For example, the candidate GN104ID162_008434 harbored an NSY mutation at the aa position 369 bearing a change from a charged residue lysine to an uncharged residue glutamine (Supplementary Table S4), which may introduce significant changes in the protein function. The candidates from both GH and CE families have biological functions involved in degrading and loosening plant cell walls, which may enable them to penetrate the protective outer layer of plant tissues (Nakamura et al., 2017). Furthermore, three candidates were predicted to have protease function, including GN104ID162_006831 (metallopeptidase) of AvrLr26, GN104ID162_005829 (ubiquitin carboxyl-terminal hydrolase) of AvrLr2a, and GN104ID162 _019986 (aspartic peptidase) of AvrLr3ka, all of which harbored NSY mutations (Supplementary Tables S4, S5). While several studies have suggested aspartic proteases may act as effectors in rust fungi (Cooper et al., 2016; Jing et al., 2017; Li et al., 2017), a study on Magnaporthe oryzae has found that one of the ubiquitin-specific proteases is essential for pathogenicity (Wang et al., 2018). Based on the annotation with InterPro domain as aforementioned (Supplementary Table 5), five of the candidates may be involved in TF-mediated gene regulation, which includes GN104ID162_006801 (IPR001841, zinc finger, RING-type) and GN104ID162_009770 (IPR008917, Skn-1-like TF) of AvrLr26, GN104ID162_005718 (IPR001841) and GN104ID162_006814 (IPR001781, zinc finger, LIM type) of AvrLr2a, and GN104ID162_006800 (IPR001841) of AvrLr3ka. Whereas GN104ID162_006800 had NSY mutations, the remaining four candidates experienced frameshift mutations (Supplementary Table S4).



Orthologs of the Candidate Avirulence Genes in Pt Race1

To inspect our results in the context of previous studies that were based largely on the Pt race1 genome, ortholog analyses were carried out for the Pt104 (29,043 genes) and Pt race1 genomes (∼15,000 genes), which identified 10,511 entries showing corresponding orthologs between these two genomes (Supplementary Table S7). The orthologs consist of more than 70% of the total genes of Pt race1, which reflects a good consistency in gene annotation between the two assemblies. For the AvrLr26, AvrLr2a, and AvrLr3ka candidates identified in the Pt104 genome, 20, 15, and 19 orthologs were found in the Pt race1 genome, respectively. Of these orthologs, the AvrLr2a candidate GN104ID162_007386, the AvrLr3ka candidate GN104ID162_024924, and the AvrLr26 candidate GN104ID162_020918 had corresponding orthologs of PTTG_07365, PTTG_28070, and PTTG_11943 in the race1 genome, respectively (Supplementary Table S6). In agreement with these findings, these orthologs from Pt race1 were also predicted as candidate effectors based on a proteomics study of haustoria isolated from Pt race1 (Rampitsch et al., 2015).



DISCUSSION

The wheat leaf rust fungus Pt causes one of the most common diseases of wheat worldwide and is considered to be the most damaging wheat disease globally. Despite its economic significance, genomic resources for this pathogen are relatively limited as compared to the other two wheat rust pathogens Pgt and Pst (Kiran et al., 2016). In the present study, we generated the first long-read based genome assembly with unprecedented high quality. The assembly is based on the Australian Pt pathotype, Pt104, which is the presumed founding isolate of pathotypes that dominated the Australian Pt population from 1989 to 2010 (Park et al., 1995, 2000; Park, unpublished data). This LRS-based Pt assembly with greatly improved contiguity provides more accurate and richer resources to address central comparative genomics questions such as the identification of Avr genes in Pt. In addition to Pt104, we also used Illumina short-read sequencing to generate whole-genome sequencing data for six additional field-collected Pt pathotypes presumed to be simple mutational derivatives of Pt104 with stepwise additions of virulence for three resistance genes. The sequencing data of these pathotypes were mapped to the Pt104 genome assembly to identify potential candidates for AvrLr26, AvrLr2a, and AvrLr3ka.

To date, the genomic resources of genome assembly and resequencing that are available for Pt remains limited. There are only two studies that document Pt genome assemblies and two studies that report whole-genome resequencing of various Pt strains including our recent study on AvrLr20 (Cuomo et al., 2016; Kiran et al., 2016; Wu et al., 2017). For the previous Pt assembly, one study used a combination of Sanger sequencing and next-generation pyrosequencing to build draft genome assemblies for races 77 and 106 from India, which were highly fragmented even after scaffolding as exemplified by the small N50 of 102.4 kb for race 77 and 20.7 kb for race106 (Kiran et al., 2016). The other study was for the American Pt BBD race1, which used various DNA libraries (e.g., fosmid and BAC libraries) and sequencing platforms (e.g., Roche 454 and Sanger sequencing) to build an assembly comprising 14,818 scaffolds with an N50 length of 544 kb (Cuomo et al., 2016). Although this assembly has better quality and has been used as a reference genome by a couple of transcriptome and proteome studies as well as our study on AvrLr20 identification (Song et al., 2011; Bruce et al., 2014; Rampitsch et al., 2015; Wu et al., 2017), the major issue of high fragmentation largely due to the limitation of short-read sequencing and repetitive nature of rust genomes remains to be resolved (Aime et al., 2017). While our LRS-based Pt104 assembly has a genome length close to 135.3 Mb as previously reported for Pt race1, our assembly is significantly improved in terms of contiguity and completeness as exemplified by 91-fold reduction in the number of contigs, 4-fold improvement in N50 statistics (contigs N50 versus scaffolds N50; Figure 1 and Table 1), and no missing data represented by Ns (Cuomo et al., 2016). When compared with the recently developed LRS-based rust genomes of Pst and Pca, with N50 length of 1.3 Mb and 268 kb, respectively, our Pt104 assembly has high quality similar to the former, and better than the latter (Miller et al., 2018; Schwessinger et al., 2018). This high-quality Pt104 assembly provides invaluable new resources for comparative genomics and effector identification for the destructive wheat pathogen Pt.

Characteristic of the rust fungi genome enriched in repetitive elements, 58.4% of the Pt104 assembly was covered by interspersed repeats (Table 2), higher than the previous report of 51% repeat coverage in Pt race1 (Cuomo et al., 2016). Previous studies also noted that the genome expansion in Pt was mainly due to repetitive elements and that Pt has higher repeat contents than Pst (31.5%) and Pgt (36.5%) (Fellers et al., 2013; Cuomo et al., 2016). Compared with the new LRS-based Pst assembly reporting 54% repeat coverage (Schwessinger et al., 2018), the estimated repeat content of Pt remains higher than in Pst. While our results confirmed the highly repetitive nature of the Pt genome, our LRS-based assembly of Pt104 overcame many of the difficulties caused by such repetition that have led to fragmentation in previously published assemblies of Pt.

Our transcript-based annotation of the Pt104 genome identified 29,043 genes (Figure 2, Table 3, and Supplementary Table S2), which is close to the number of genes predicted from Pt races 77 and 106 (26,000–27,000) (Kiran et al., 2016), but higher than Pt race1 (∼15,000) (Cuomo et al., 2016). The predicted gene number for the Pt104 genome is also in the range of the gene numbers predicted for other rust fungal genomes, such as Pgt (22,391) (Upadhyaya et al., 2014), Pst (20,000–25,000) (Cantu et al., 2013; Zheng et al., 2013), and Pca (26,000–28,801) (Miller et al., 2018). The differences between Pt104 and race1 could be attributed to a number of reasons, such as improved contiguity of the assembly, different gene annotation and filtering methods, and differences between isolates within a species. Nevertheless, keeping a comprehensive set of predicted genes is beneficial for the purpose of Avr gene mining.

Functional annotation of the genes in the Pt104 assembly revealed that a significant portion of the genes annotated in the families of CAZymes, MEROPS, and TF were implicated in the pathogenicity of Pt, supporting findings in other rust genome studies (Duplessis et al., 2011; Cooper et al., 2016; Jing et al., 2017; Li et al., 2017). Of the predicted effectors within CAZymes families, 51 (59%) belonged to the GH family (Table 3). Similar to Pgt and Melampsora larici-populina (Mlp) (Duplessis et al., 2011), the GH5 (cellulases/hemicellulase) and GH18 (chitinase) families were most abundant in the Pt104 genome (Figure 3 and Table 3). For the Avr candidates identified, four belonged to the GH families including one from GH5, and these candidates may be related to pathogenicity mechanism involved in degrading and loosening plant cell walls for penetrating host tissues. For the protease effectors, both the aspartic proteases and serine peptidase families were the major types expanded in the Pt104 assembly (Figure 3 and Table 3), which was also seen in Pgt and Mlp (Duplessis et al., 2011). Notably, 43% of aspartic proteases and 23% of serine proteases were predicted as potential effectors, respectively (Table 3). Previously, serine and aspartic proteases have been suggested to act as effectors in rust fungi (Cooper et al., 2016; Jing et al., 2017; Li et al., 2017), and it has been argued that, in addition to playing a major role in nutrient acquisition, proteases may determine the outcome of plant–pathogen interactions via alternative mechanisms (Lowe et al., 2015). Consistent with these studies, three candidates identified here were predicted as proteases, and the candidate GN104ID162 _019986 of AvrLr3ka was the aspartic peptidase, a class that has been implicated in the pathogenicity of rust fungi (Cooper et al., 2016; Jing et al., 2017). For the TF families, two zinc finger protein families were prominent, with the zinc knuckle (CCHC) class containing more than 100 members and fungal Zn (2)-Cys (6) binuclear cluster domain containing more than 30 members (Figure 3). Consistent with previous studies, the CCHC class was also found to be expanded in Pgt, Mlp, and Pca as compared to other fungi (Duplessis et al., 2011; Miller et al., 2018). For the Avr candidates we identified here, four were predicted to belong to zinc finger TF families, which, along with previous studies, highlighted a potentially important role of zinc TFs in rust fungal physiology, possibly involved in the process of effector regulation (Macpherson et al., 2006; Tan and Oliver, 2017).

As for the identification of the candidates for AvrLr26, AvrLr2a, and AvrLr3ka, genome-wide comparisons were made for the seven Pt isolates including the founding isolate Pt104 and six presumed mutational derivatives contrasting in virulence profile as described previously. The Illumina sequencing reads of these pathotypes were mapped to the Pt104 genome, and the mapping reads ranged from 83 to 94% with an average rate of 90% (Table 4). Compared to our previously reported 74% to 81% mapping rates of 20 Pt isolates to the race1 genome, the current study had approximately 10% improvement in the mapping rate, implying that the Pt104 assembly is a better reference genome for studying Australian Pt isolates (Wu et al., 2017). This improvement in mapping rate could be largely attributed to both improved quality of the LRS-based Pt104 assembly and differences between Australian and American isolates within the Pt species. Along with the improved mapping rate, we detected an average of 454,642 SNPs per isolate (Table 5), which is approximately 12% higher than the average of 404,690 SNPs identified in our previous study of AvrLr20. This improved detection of genomic variants could also be largely related to the improved assembly quality. Based on the genome-wide SNPs identified, a phylogenetic tree was inferred (Figure 4), which was consistent with these isolates being most likely derived from isolates within the S423 lineage or progenitors closely associated with S423 lineage. By including both homozygous and heterozygous polymorphisms, the functional impact of the genomic variants was annotated (Table 6), and the subsequent analysis then focused on the 1,957 variants in 591 SP genes harboring genomic variants with functional impact (Supplementary Table S4). Differential variants derived from the pairwise comparisons set up with contrasting virulence profiles (Supplementary Tables S3, S4) led to the identification of 38, 31, and 37 Avr genes as candidates for AvrLr26, AvrLr2a, and AvrLr3ka, respectively (Figure 5 and Supplementary Table S6). Interestingly, three of the candidate genes had orthologs in Pt race1 as aforementioned, which were also predicted as potential effectors in a proteomic study of haustoria isolated from race1 (Rampitsch et al., 2015). This consistency provided further support for our candidate genes at the level of haustorial proteomes. No functional annotation information is available for these three candidates, except that GN104ID162_007386 with ortholog PTTG_07365 was annotated with an InterPro domain of IPR006740, which included a conserved region found in several uncharacterized plant proteins1.

Recently, the utility of mutational derivatives in effector mining has been highlighted by two comparative studies that successfully identified two Avr genes in Pgt, AvrSr35 and AvrSr50 (Chen et al., 2017; Salcedo et al., 2017). Besides the broad criteria of effector prediction including presence of signal peptide, absence of transmembrane segment, and protein localization (Sperschneider et al., 2015), both studies integrated additional criteria to further narrow down the range of the predicted SPs. The AvrSr50 study focused on the subset of the SP encoding genes (592 haustorial SP) (Chen et al., 2017), whereas the AvrSr35 study targeted specific CG to TA mutations induced by EMS (Salcedo et al., 2017). In addition to this method, genome-wide association (GWA) mapping has been attempted by several fungal studies to identify pathogenic genetic determinants, including our study on AvrLr20 (Bartoli and Roux, 2017; Wu et al., 2017). Recently, both GWA and variant comparisons using mutant derivatives have been used in combination to achieve the successful identification of AvrPm3 effectors (Bourras et al., 2019). This approach demonstrated the potential power of the integrated approach for effector mining in fungal pathogens. Similarly, with more and more sequencing data of Pt isolates becoming available, the comparisons of mutant derivatives demonstrated in this study combined with association analysis for the Pt population could be attempted in the future.

While whole-genome sequencing techniques have facilitated efficient mining of candidate effectors in rust pathogens, the biological characterization of these candidates remains challenging. Given that Lr26, Lr2a, and Lr3ka have not yet been cloned from wheat, feasible techniques of biological characterization of the corresponding Avr genes include in planta expression systems to express the Avr genes in wheat lines containing Lr26, Lr2a, and Lr3ka; RNA interference–based host-induced gene silencing (HIGS) of Avr genes (Lee et al., 2012); and transient expression of the Avr genes in protoplasts (Lu et al., 2016). Although these approaches may allow functional characterization of Avr genes, strong efforts are still needed to improve their accuracy and efficiency. Once high-throughput approaches for functional characterization of candidate Avr genes are established, the identification of Avr genes is expected to accelerate, which will substantially expedite our understanding of the wheat−rust interactions.

In summary, our study has reported the first LRS-based genome assembly of Pt with dramatically improved quality, representing the highest-quality and most complete reference genome to date in this species. The in-depth analysis of this genome assembly and resequencing of the derivative pathotypes not only improved our knowledge of genomic variation and gene content in Pt, but also led to the successful identification of candidate genes for AvrLr26, AvrLr2a, and AvrLr3ka. The high-quality reference genome and the whole-genome sequencing data of multiple pathotypes provided important new resources for comparative genomics studies of Pt in Australia and beyond. In the future, Hi-C sequencing will be obtained to further improve the accuracy of the Pt104 assembly. By mapping Hi-C data to the contigs of the genome assembly, the frequency of contact between pairs of loci can be obtained indicating one-dimensional distance between loci within the genome, which can be exploited to associate and order contigs to large scaffolds (Lajoie et al., 2015; Dudchenko et al., 2017). Integrating the Hi-C approach will yield a more complete assembly at chromosome-scale, which shall further facilitate comparative analysis within and between rust species. With the continuous accumulation of the resources of sequencing data for Pt, the approaches of GWA mapping and direct comparisons between derivative strains could be effectively integrated. With the establishment of high-throughput functional characterization of candidate Avr genes, accelerated identification of Avr genes is expected, which will undoubtfully enable a better understanding of the interactions in the Pt–wheat pathosystem and expedite the development of durable resistance in wheat and sustainable control of rust disease.



MATERIALS AND METHODS


Puccinia triticina Isolates and Plant Inoculation

The Pt pathotypes used in this study were identified in nationwide race surveys of pathogenicity in Pt in Australia and are curated in the Plant Breeding Institute Rust Collection, The University of Sydney, Australia. To ensure the purity of each isolate for sequencing, a single pustule was selected from a region of low-density infection and propagated on wheat plants of the susceptible variety Morocco prior to DNA preparation. The identity and purity of each isolate were checked by pathogenicity tests with a set of host differentials at each cycle of inoculum increase and also using urediniospores subsampled from those used for DNA extraction. For rust infection, plants were grown at high density (∼25 seeds per 12-cm pot with compost as growth media) to the one leaf stage (∼7 days) in a greenhouse microclimate set at 18°C to 25°C temperature and with natural day light. Plants were inoculated as previously described. For DNA isolation, mature spores were collected, dried, and stored at −80°C.



DNA Extraction and Genomic DNA Sequencing

DNA was extracted from urediniospores as previously described (Schwessinger and Rathjen, 2017), and PacBio sequencing was performed at the Australian Genome Research Facility Ltd. (Adelaide, Australia). For library preparation, the SMRT cell Template Prep Kit 1.0-SPv3 with BluePippin size-selection with 15- to 20-kb cutoff (PacBio) was used and DNA libraries were sequenced on a PacBio Sequel System with Sequel Sequencing chemistry 2.1. For Pt104, three SMRT cells were used, and each SMRT cell had a 5- to 10-Gb capacity. For Illumina short-read sequencing, TruSeq library of DNA samples for the seven Pt races was constructed with a 150-bp paired-end and sequenced on a HiSeqX instrument at Novogene (Hong Kong, China).



Genome Assembly and Curation

The integrated pipeline of FALCON and FALCON-Unzip (v4.1.0) was used for genome assembly (Chin et al., 2016). Read length cutoffs were computed by FALCON based on the seed coverage and expected genome size. After assembly by Falcon, FALCON-Unzip was used to phase haplotypes and to generate consensus sequences for primary contigs and the associated haplotigs. The generated assembly was subjected to error correction using the final consensus-calling algorithm Quiver implemented in SMRT (v4.0.0), an algorithm for calling highly accurate consensus from PacBio reads using a hidden Markov model exploiting both the base calls and QV metrics to infer the true underlying DNA sequence (Chin et al., 2013). Blastn searches against the NCBI nucleotide reference database were used to check potential non-eukaryotic contamination, and none of the contigs were found to have predominant non-eukaryotic sequences as best BLAST hits at any given position. These assemblies were further curated and polished by removing low quality contigs and reassigning primary contigs without haplotigs showing a significant match with another primary contig. Three manual curation steps were performed using the following criteria for removing low quality contigs or reassigning primary contigs: (1) contigs with extreme low or high coverage (coverage <10- or >2,000-fold) were removed; (2) contigs smaller than 100 kb and >20% of the contigs showing no consensus call marked by Quiver (lowercase) were removed; and (3) primary contigs without haplotigs showing significant match (>85% best match coverage) with another primary contig were reassigned to haplotigs (Roach et al., 2018). To evaluate assembly completeness, the software BUSCO (v3.0) (Simao et al., 2015) was used for comparison with the fungal lineage set of orthologs (basidiomycota_odb9), which consisted of 1,335 conserved orthologs of basidiomycete.



RNA Isolation and Sequencing

Infected leaves were collected at 3, 5, and 7 days after inoculation with Pt104 and immediately frozen in liquid nitrogen. Samples were ground to a fine powder in liquid nitrogen and total RNA was isolated with the isolate II RNA Mini Kit (Bioline, NSW, Australia). After DNase treatment (Promega, NSW, Australia), RNA was further purified by on-column DNase treatment, and the quality was assessed using the Bioanalyzer 2100. For library preparation, approximately 10 μg of total RNA was processed with the mRNA-Seq Sample Preparation kit (Illumina), which was then sequenced on the Illumina HiSeq2500 platform (125 bp paired-end reads).



Transcriptome Assembly and Genome Annotation

Quality trimmed RNA-seq reads were first aligned to the Pt104 genome by using the CLC module large gap read mapping (default parameters), and mapped reads were extracted as fungal specific reads. The extracted reads were then used as input to build de novo transcriptome assembly using Trinity (v2.1.1) (Haas et al., 2013). Separately, Trinity was also used to build genome-guided transcriptome assembly with the RNA sequencing bam file generated from the CLC. These transcript models along with EST sequences from various life cycle stage of Pt (Xu et al., 2011) were then used as transcript evidence, and Pt race 1 protein sequences were used as protein evidence for a comprehensive annotation of Pt104 assembly using the Funannotate pipeline (https://github.com/nextgenusfs/funannotate). Funannotate (v0.7.2) is a pipeline specifically developed for fungi genome annotation with an integrated workflow, including repeat identification with RepeatModeler (v1.0.8) and soft masking with RepeatMasker (v4.0.62), alignment of protein evidence to the genomes with TBLASTN and exoneratet (v2.2.0) (Slater and Birney, 2005), alignment of transcript evidence with GMAP (Wu and Watanabe, 2005), ab initio gene prediction with AUGUSTUS (v3.2.1) and GeneMark-ET (v4.33) trained by BRAKER1 (Hoff et al., 2016), tRNAs prediction with tRNAscan-SE (v1.3.1) (Lowe and Chan, 2016), generating gene models using EVidenceModeler (v1.1.1) (Haas et al., 2008), and final clean by removing low-quality gene models. After genome annotation, the orthologs between Pt104 and Pt race 1 genomes were identified by Proteinortho v5.16 (synteny mode) (Lechner et al., 2011).



Secretome Prediction and Functional Annotation

Proteins predicted to have a signal peptide with no transmembrane segment and no target location to mitochondria were identified as effector candidates. SignalP v4.1 (Dyrløv Bendtsen et al., 2004), TMHMM v2.0 (Krogh et al., 2001), and TargetP v1.1 (Emanuelsson et al., 2000) were used for the prediction of signal peptide, transmembrane domain, and subcellular location, respectively. Following the gene prediction module as aforementioned, functional annotation to the protein-coding genes was carried out by Funannotate using curated databases including UniProt (Apweiler et al., 2004), Pfam domains (Finn et al., 2014), CAZymes (Yin et al., 2012), MEROPS for proteases (Rawlings et al., 2016), and InterProScan (Jones et al., 2014). The Bioconductor package ComplexHeatmap was used for the plots of the functional annotation (Gu et al., 2016).



Read Mapping, Variant Calling, and Annotation

After trimming, paired-end Illumina reads of the seven pathotypes were independently mapped to the Pt104 genome using BWA mem v0.7.17 (Li and Durbin, 2009). High-quality alignments (with the mapping quality cutoff of 30) were selected using the SAMTools view command and the generated BAM files were used for SNP calling with GATK v3.8.1. To minimize false positives around InDels, regions around InDels were identified using the GATK RealignerTargetCreator. With the InDel intervals defined, the GATK IndelRealigner was implemented on the BAM alignment files. The re-aligned BAM generated was then used as input to call SNPs and InDels using GATK HaplotypeCaller (Mckenna et al., 2010). Based on the genome-wide SNPs identified, the evolutionary relationships of the strains were inferred using SNPhylo (https://github.com/thlee/SNPhylo) with the performance of 1,000 bootstrap replicates and visualized by Ggtree (Yu et al., 2018). The identified SNPs and InDels were visualized by the R package Circlize (Krzywinski et al., 2009) and annotated with the Bioconductor package variantAnnotation (Obenchain et al., 2014), which predicted and classified the functional impact of the variants into different categories such as SY, NSY, and frame shift. To manually check the variant calls produced by GATK, reads were mapped to the reference genome using bowtie2 v2.2.5 (Langmead and Salzberg, 2012) with parameters “-sensitive-local.” The resulting bam files of read alignments were visualized in IGV for the confirmation of the GATK variant calls of the SP genes.
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Satellite DNA is a class of repetitive sequences that are organized in long arrays of tandemly repeated units in most eukaryotes. Long considered as selfish DNA, satellite sequences are now proposed to contribute to genome integrity. Despite their potential impact on the architecture and evolution of the genome, satellite DNAs have not been investigated in oomycetes due to the paucity of genomic data and the difficulty of assembling highly conserved satellite arrays. Yet gaining knowledge on the structure and evolution of genomes of oomycete pathogens is crucial to understanding the mechanisms underlying adaptation to their environment and to proposing efficient disease control strategies. A de novo assembly of the genome of Phytophthora parasitica, an important oomycete plant pathogen, led to the identification of several families of tandemly repeated sequences varying in size, copy number, and sequence conservation. Among them, two abundant families, designated as PpSat1 and PpSat2, displayed typical features of satellite DNA and were collectively designated as PpSat. These two satellite families differ by their length, sequence, organization, genomic environment, and evolutionary dynamics. PpSat1, but not PpSat2, presented homologs among oomycetes. This observation, as well as the characterization of transcripts of PpSat families, suggested that these satellite DNA families likely play a conserved role within this important group of pathogens.
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INTRODUCTION

Most eukaryotic genomes are mainly composed of repetitive sequences which may take into account a main proportion of total nuclear DNAs (Charlesworth et al., 1994; Haas et al., 2009; Lee and Kim, 2014). These sequences generally include multigene families, as well as two major groups that are classified according to their abundance and genomic organization: tandem repeats, including micro-, mini, and satellite DNA (SatDNA), and transposable elements (TEs), which are, by definition, mobile and tend to spread across the genome (Padeken et al., 2015). The abundance and diversity of both SatDNA and TEs may vary from one organism to another within a given species or genus (Razali et al., 2019; Louzada et al., 2020). TEs are further divided into two main classes, DNA transposons, which transpose via a cut-and-paste mechanism, and retrotransposons, which transpose via a copy-and-paste mechanism, and they have a huge expansion potential and constitute an important (up to 70%) fraction of the genome (Wicker et al., 2007). SatDNA families generally consist of 150–500-bp head-to-tail tandemly repeated sequences (Garrido-Ramos, 2017), present in hundreds to thousands of copies, and compose a main constituent of heterochromatin, often found at centromeric, pericentromeric, and telomeric regions (Tek and Jiang, 2004; Garrido-Ramos, 2017; Hartley and O’Neill, 2019). Centromeres constitute the region at which spindle microtubules attach to the kinetochores to ensure the faithful segregation of chromosomes during cell division (Henikoff and Dalal, 2005). They thus play a pivotal role in cellular homeostasis. Satellite DNA families may also be found in interspersed locations (Brajković et al., 2018). In addition, centromeres not only host SatDNA but also are highly repeated centromere-specific retrotransposons (Presting, 2018). SatDNA has long been considered as junk or selfish DNA, as no function could be attributed to this genomic complement and because it was considered to persist over generations at the expense of the rest of the genomes (Doolittle and Sapienza, 1980; Orgel and Crick, 1980). SatDNA is now, like TEs, considered as an important driver of genome architecture and plasticity, as well as evolution and speciation (Presting, 2018; Louzada et al., 2020).

Repetitive DNA may also contribute to virulence of pathogenic microbes, as proposed in the case of filamentous plant pathogens, among which are fungi and oomycetes (Razali et al., 2019). These eukaryotic organisms are phylogenetically distant (Adl et al., 2019), but they share several features such as filamentous growth and common ecological niches and hosts. Common infection strategies have also evolved in these organisms, such as stage-specific infection structures and the ability to deliver into plant cells hundreds of effectors, which are generally small proteins that manipulate or defeat defense mechanisms and divert plant functions for successful infection (Franceschetti et al., 2017). The availability of complete sequences from both fungi and oomycetes further revealed additional commonalities, one of the most intriguing being the modular architecture of their genomes. Hence, microbial genomes are composed of gene-rich regions alternating with gene sparse compartments enriched in repetitive sequences and TEs, leading to the emergence of the “two-speed genome” concept for filamentous pathogens (Raffaele and Kamoun, 2012). More surprisingly, a large amount of effector genes was found to be associated with these gene sparse regions in a number of genomes (Haas et al., 2009; Dong et al., 2015). Hence, the impact of the genomic environment plasticity on the virulence in host organisms may be associated with the relation between effector gene evolution and repetitive DNA sequences. The regulation of effector gene expression may also be under the influence of the global TE-driven translocations and chromosomal rearrangements (Haas et al., 2009; Grandaubert et al., 2014; Dutheil et al., 2016). Several reports validated this hypothesis (Kasuga et al., 2012), along with the evidence that a fungal effector may itself derive from a TE (Amselem et al., 2015). So, good knowledge on the landscape of repetitive DNAs of filamentous pathogens is crucial for a better understanding on their potential impact on the evolution and host adaptation of their host genomes. Despite the numerous commonalities evoked above, oomycetes, which are grouped with diatoms and brown algae within stramenopiles (Adl et al., 2019), differ from fungi by a number of features, such as metabolic and structural particularities, as well as a probable, although largely understudied, diploidy (Kamoun et al., 2015). The assembly of genome sequences allowed identifying a large catalog of TEs of oomycetes (Tyler et al., 2006; Haas et al., 2009; Baxter et al., 2010; Jiang et al., 2013; Liu et al., 2016; Ye et al., 2016; Ali et al., 2017; Yang et al., 2018; Malar et al., 2019), but it did not provide any information on their chromosomal organization. The ploidy level and the chromosome number have been determined in a handful of Phytophthora species (Sansome and Brasier, 1974; Sansome et al., 1975; Brasier et al., 1999), which are far from reflecting the diversity of the thousands of oomycete species, and variability and abnormalities appear to be common (Biasi et al., 2016). In addition, oomycete centromere locations are unknown and a preliminary analysis of telomeric regions has been reported in Phytophthora infestans, indicating a very high rate of intraspecific polymorphism (Pipe and Shaw, 1997). Moreover, no information is available on the diversity of satellite DNA in these organisms. The most likely reason is that these sequences, because of their repetitive nature and size, in which they are longer than the average read length generated by next-generation sequence (NGS) technologies (Thomma et al., 2016), as well as their extreme conservation triggered by concerted evolution (Dover et al., 1982) escaped to identification and were collapsed in most genome assemblies.

Aiming to gain insights on the molecular bases of oomycete virulence, we developed a study on P. parasitica, a soilborne pathogen that attacks up to 200 plant species worldwide (Panabières et al., 2016). P. parasitica as a species has a very broad host range, but many isolates belong to host-specific lineages (Colas et al., 1998; Biasi et al., 2016; Chowpadda et al., 2016) while some strains can attack a very large array of hosts, including the model plant species Arabidopsis thaliana (Panabières et al., 2016). This species therefore offers a unique opportunity to investigate on a genome-wide basis the relationships between mechanisms underlying general pathogenicity and those that govern host specificity. These would include variability in the effector repertoires, as well as the involvement of repeats and TEs in chromosomal shuffling and rearrangements. On the course of an international initiative, we generated a draft genome, based on Illumina sequencing, of PP INRA-310, a polyphagous strain initially collected on tobacco (Attard et al., 2008). A 111X coverage led to an assembly of ∼82.39 Mb, in accordance with the estimated size of the P. parasitica genome (Shan and Hardham, 2004). Yet, the total length of ungapped sequences only reached 53.87 Mb, suggesting that a substantial part of the genome was refractory to the current assembly. We thus intended to generate an improved version of this genome using PacBio technology. On the course of this sequencing effort, we identified several classes of repetitive sequences, among which are two families that displayed features of a satellite DNA but that dramatically differ by their organization, evolutionary dynamics, conservation among oomycetes, and transcriptional profiles. We report here the detailed analysis of these families, which constitutes to our knowledge the first description of oomycete satellite DNA families.



MATERIALS AND METHODS


Biological Materials and Genome Sequencing

Phytophthora parasitica strain PPINRA-310 was maintained at the INRA ISA collection and grown on a V8 medium at 24°C for 10 days prior to extraction of genomic DNA as described (Panabières and le Berre, 1999). Library preparation and sequencing were performed at the GeT-PlaGe core facility, INRAE Toulouse. Assembly was performed using Falcon-Unzip v.0.7.3.



Bioinformatic Analysis

Repeated sequences were identified with Tandem Repeats Finder (Benson, 1999) using default parameters. The exact start, end, and length of repeat units were assessed from examination of the different loci harboring the satellite arrays. The monomeric consensus sequences were used as queries in Blastn searches against the entire P. parasitica INRA 310 genome, then against the various oomycete genomes available at Ensembl and GenBank. GC content was calculated using the GC content calculator online1, with a window size ranging from 10 to 50 nucleotides. Pairwise comparisons were performed between the consensus and the variant sequences using Blastn at the NCBI using default parameters. Searches for known repetitive sequences and transposable elements were done at Repbase using the Censor tool (Bao et al., 2015). An initial assessment of internal repeats was performed manually. Potential secondary structures were investigated using RNAfold 2.4.13 (Gruber et al., 2008) implemented at the ViennaRNA Web server2. Structures displaying the lowest free energy values were selected, reflecting the most stable folding. Multiple alignments were conducted using Muscle (Edgar, 2004) implemented in SeaView 4.0 (Gouy et al., 2010). Phylogenetic trees were constructed by maximum likelihood (ML) using Mega7 (Kumar et al., 2016) using the best-fitting substitution model, which is the Tamura 3-parameter, with uniform rates of substitutions and 500 bootstrap replicates. A discrete gamma (+G) distribution was used to model evolutionary rate differences among sites (5 categories). Trees were drawn using the Interactive Tree Of Life (ITOL) online tool (Letunic and Bork, 2016). A phylogenetic network of the PpSat families was conducted using the SplitsTree software with the Neighbor-Net and uncorrected p-distance parameters (Huson and Bryant, 2006).

PpSat1 and PpSat2 expression was evaluated through evaluation of the total amount of reads matching satellite sequences in Blastn searches against RNA-Seq data available at GenBank (accessions SRX1124837–SRX1124840, SRX1124842–SRX1124845, SRX1124847–SRX1124868, SRX27 27839–SRX2727852, and SRX4902085–SRX4902107).



RESULTS


High Diversity of Tandem Repeat Families in P. parasitica INRA-310 Includes SatDNA Repeats

We generated a 115× sequencing coverage of the genome of P. parasitica PPINRA-310 using the PacBio sequence technology. This provided 10.1 Gb of long (N50 ∼ 15 kb) reads that were further assembled into 339 primary contigs, ranging from 20.20 to 2,685 kb (N50 ∼ 498 kb). This resulted into a 77.3-Mb genome, therefore uncovering >23 Mb of sequences awaiting annotation. On the course of the assembly, we identified 6 highly similar contigs of 20–25-kb length that were absent from the initial genome version. The GC content of these contigs was low (>37%), greatly deviating from the known average GC content observed in various Phytophthora genomes and contrasting our estimation of the overall P. parasitica GC content which is ∼50.2%. In addition, no significant ORF could be predicted from these sequences. Each scaffold consisted of 66–76 repeats of ∼330 bp, tandemly arranged in head-to-tail orientation. The length and nucleotide composition as well as the repetitive nature of the sequences constituting these scaffolds were characteristic of satellite DNA, which prompted us to evaluate the relative proportion of satellite DNA in the new P. parasitica assembly. We thus searched tandemly repeated sequences with a monomer size ranging from 100 to 500 bp, which is the common range for most satellite DNA families and present in the assembly in ≥100 copies. Analysis using Tandem Repeats Finder (TRF) revealed numerous consensus patterns that were sorted according to their size and base composition. Yet, pairwise comparisons of these sequences allowed retrieving only four distinct families obeying to our criteria, which were provisionally designated as PpSat1 to PpSat4, according to their decreasing abundance (Table 1). Each sequence family was present in moderate to low copy number, the putative satellite family initially identified being the most abundant. Comparison of the consensus sequences of each family against Repbase revealed that PpSat3 derived from retrotransposons of the Gypsy lineage, whereas PpSat4 displayed the signature of a DNA transposon of the MuDR type (Table 1). PpSat1 and PpSat2 did not match to any repeat consensus hosted at Repbase. Further searches in GenBank assembly did not reveal significant matches so that these two families were considered as novel sequences.


TABLE 1. Characteristics for the most abundant tandem repeat families of P. parasitica.

[image: Table 1]The consensus sequences of PpSat1 and PpSat2 generated by TRF were used to identify homologs and possibly dispersed copies in the genome. PpSat1 was retrieved in 12 additional scaffolds, which harbored 1–34 repeats of 290–338 bp, as well as truncated repeats located at the boundaries of some arrays (Table 2). We then identified five scaffolds of 29.5–2186 kb that possessed a single unit varying from 326 to 337 bp, three scaffolds (445–1715 kb) yielding 6–10 repeats, and two scaffolds of ∼26 and ∼15 kb that possessed 22 and 34 repeats (Table 2). Last, two scaffolds possessed 2 and 11 repeats that were located at one end of the sequence, so it was not possible to estimate the extent of the array. Discarding truncated copies led to the generation of a 504-repeat dataset consisting of single-copy (SC, 5 repeats), low-copy (LC, 24 repeats), and high-copy (HC, 463 repeats) arrays, while 12 entire monomers constituted an ambiguous group (Table 2).


TABLE 2. Main features of the P. parasitica PpSat families.

[image: Table 2]The situation was simpler in the case of PpSat2, which was organized only in high copy arrays (Table 2). As already observed with PpSat1, two scaffolds contained a moderate number of repeats, but the arrays were located at one end of the sequences. Discarding truncated copies revealed a 426-member family with a mean monomer length of 142 bp and a mean GC content of 57.43%.

To estimate the level of conservation of satellite families, pairwise comparisons were performed which revealed a total of 135 and 323 distinct sequences within PpSat1 and PpSat2, respectively. Yet, the sequences were not equally represented. Hence, PpSat1 complexity presented a bimodal distribution, as a monomer was present in 333 copies, while 113 sequences were unique, and 21 sequences were present in 2–6 copies. Conversely, PpSat2 was mainly made of unique or low-copy sequences (Figure 1).
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FIGURE 1. Complexity of PpSat sequences, illustrated by the distribution of the repeats into complexity classes where repetition level 1 = single copy, 2 = 2 identical copies, 3 = 3 identical copies, and so on.




PpSat1 and PpSat2 Define Two Satellite DNA Families With Different Dynamics

Despite an apparent diversity, PpSat sequences are highly conserved, as the most divergent monomers display 91.2 and 89.26% identity with the PpSat1 and PpSat2 consensus, respectively.

As a consequence of sequence conservation, the base composition was also highly conserved between repeats of the satellite families. The base distribution varied across PpSat1 and PpSat2, revealing GC-rich and GC-poor segments deviating from the average GC content (Figure 2). A further analysis indicated that PpSat2 was also AC rich (62.93%), especially in the central region of the monomer, and that the overall GC richness resulted from a rather relative paucity in T residues (13.28%).
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FIGURE 2. Distribution of the GC content across the PpSat consensus, as evaluated by sliding window analysis. The GC content presented in the figure was calculated using a sliding window of 30 nucleotides. The average GC content is shown by a solid line.


We further examined whether the base composition reflected a further structuration of the PpSat monomers into shorter motifs. PpSat1 contained several homopolymeric (A3–5 and T3–5) stretches throughout the sequence, as expected from the overall high AT content. No such stretches were observed in PpSat2, which rather displayed (CA) repeats, as a consequence of its biased nucleotide composition. Despite the presence of several short direct repeats, we could not find traces of an internal repeated structure, so that the PpSat families did not arise from amplification of shorter satellites. We then aimed at determining the extent of secondary structure formation potential from single-strand PpSat DNA or transcripts, if these sequences are expressed. Results are presented in Figure 3. The free energy of formation of secondary structures was −82.66 and −38.4 kcal/mol for PpSat1 and PpSat2, respectively, and complex secondary structures could be predicted (Figure 3). So, we could conclude that PpSat1 and PpSat2 may theoretically adopt stable secondary structures either as single-strand DNA or if transcribed.
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FIGURE 3. Predicted secondary structures of PpSat consensus. The most stable predicted secondary structures for PpSat1 (A) and PpSat2 (B) were generated at the ViennaRNA web server.




PpSat1 and PpSat2 Have Complex and Distinct Evolutionary Trajectories

We scored 682 and 1742 mutations (substitutions and indels) among PpSat1 and PpSat2 monomers, respectively. Considering that the length of the PpSat1 monomers is more than two-fold the length of PpSat2 and that they are more abundant, we could assume that PpSat1 is less diverse than PpSat2. Substitutions took into account 46.72% of the total mutations observed in PpSat2, whether they represented only 9.53% of the mutations occurring within PpSat1. By contrast, deletions constitute 89% of the mutations in PpSat1, compared to 26.75% in PpSat2. We also noted that mutations were not randomly distributed across the monomers but rather accumulated in a few sites in each family (Figure 4). Analysis of PpSat2 sequences further revealed that substitutions preferentially occurred in four regions where the local GC content is lower than the average, whereas indels were generally located in regions that outcompete the mean GC content. To further assess the consequences of these mutations on the overall PpSat2 sequences, we examined the nature of the substitutions and indels. Substitutions induced a net rise in the GC content of PpSat2, although 31% of them were neutral. Deletions also led to a rise in the GC content, unlike insertions which rather provoked a marked dip in the GC content. Together, indels rather lowered the GC content. However, the sum of substitutions and indels did not impact the overall GC content of PpSat2 (Supplementary Figure S1).


[image: image]

FIGURE 4. Identification of variable sites across PpSat repeats. The x-axis represents the nucleotide position and the y-axis the frequency of base substitutions (blue), deletions (red), and insertions (green) revealed by alignment with each consensus sequence.


We further intended to correlate the nucleotide variation of monomers of each satellite family to their relative location within the various arrays. Only entire repeats were retained for this analysis. Concerning PpSat1, two scaffolds (P226 and P231) were exclusively composed of the consensus sequence, which also constituted 67/68 repeats of a third scaffold (P234, Figure 5). Conversely, repeats from the scaffolds H446, H469, P236, and P244 largely diverged from the consensus, especially through deletions. As a consequence, these arrays consisted of slightly shorter repeats. Hence, 59 out of the 64 repeats identified in P244 and 36 out of the 68 repeats of P236 were shorter than the consensus sequence. In addition, all repeats located in low copy arrays and solo monomers were variants (Figure 5). Lastly, some scaffolds appear to have an intermediate organization, with a variable proportion of repeats identical to the consensus. Looking at the mutated repeats across the HC arrays revealed that they are preferentially located at the 5′ end and 3′ ends, while the central regions of the arrays were generally identical to the consensus (Figure 5). Noticeably, mutated repeats from HC arrays generally displayed deletions, while substitutions were predominantly found in LC arrays and solo repeats which all diverged from the consensus (Figure 5). Assuming that this rule is conserved among arrays, we anticipated that the repeats found in scaffolds H446 and H469 might belong to low copy arrays. Unlike what was observed in PpSat1, no particular hierarchical or structural organization could be characterized among PpSat2 arrays.
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FIGURE 5. Graphic representation of the PpSat1 repeats according to their deviation to the consensus sequence. Each rectangle represents a monomer. Repeats strictly identical to the consensus are indicated as white rectangles. Repeats containing at least one indel are colored in gray, repeats harboring only substitutions are represented by black rectangles, and repeats harboring both substitutions and indels are colored in red. Only entire repeats are presented.


We inferred phylogenetic relationships among each satellite family, using the maximum likelihood (ML) method. The PpSat1 repeats were mainly clustered according to their arrays of origin. Hence, most of sequences from the HC arrays were tightly clustered into a central location group, from which few sequences emerged, among which are the solo repeats, the monomers from the LC arrays, few HC repeats, and monomers located at ambiguous loci (Figure 6A). Focusing on the LC arrays and solo repeats revealed a further differentiation of the solo repeats which formed a distinct group with the 5′ distal repeats of the LC arrays (Figure 6B). By contrast, PpSat2 sequences were poorly resolved into loose groups (Figure 6C), as expected from pairwise comparisons. To refine the relationships among repeats, we calculated a neighbor-net network of PpSat1 and PpSat2 monomers (Figures 6D,E). The SplitsTree supported a major clade within PpSat1, consisting of all HC arrays, while LC monomers and solo repeats were located on three distinct branches (Figure 6D). The topology of the tree suggested that the diversification of PpSat1 proceeded from successive events rather than random mutations. On the opposite, we observed a very complex structure of interactions among PpSat2 sequences, as illustrated in Figure 6E. Hence, despite an overall strong conservation among repetition units of each satellite family, analyses revealed two different evolutionary trajectories.
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FIGURE 6. Phylogenetic relationships between representative repeats of PpSat1 and PpSat2. (A) Analysis of the whole PpSat1 dataset. Branches corresponding to repeats from HC arrays are indicated in black, those from LC arrays and solo repeats in red, and branches from unassigned repeats in green. (B) Analysis of LC arrays and solo repeats, excluding HC array-derived sequences. (C) Analysis of representative monomers from PpSat2. The trees were constructed using the Maximum Likelihood (ML) method based on the Tamura 3 model with a gamma rate of heterogeneity and 500 bootstrap replicates. (D) Phylogenetic network of PpSat1 sequences. (E) Phylogenetic network of PpSat2 sequences. (Phylogenetic networks were constructed using the SplitsTree software with the Neighbor-Net and uncorrected p-distance parameters. HC, high copy; LC, low copy; SC, single copy).




PpSat1 and PpSat2 Have Complex and Distinct Genomic Locations

To better explore the possible function of the satellite DNA families, we undertook the characterization of sequences located at the vicinity of PpSat arrays. The scaffolds containing ≥64 copies of PpSat1 were exclusively composed of repeats and could not be mapped to a particular region of the genome. They could not be assembled into longer scaffolds, because their size (20–25 kb) broadly corresponds to the average maximal length of the reads generated by the PacBio technology in our project (Rhoads and Au, 2015) and their extensive conservation hampers further assembly, so that we could not deduce the precise length of PpSat1 arrays at the chromosomal level. PpSat1 sequences shared several features with centromeric satellite families from a range of organisms, such as the average length, the overall base composition, and global organization. In addition, centromeric satellite DNA elements are generally present in extremely high abundance, and as PpSat1 was the most abundant family identified in the P. parasitica genome, it was a good candidate for a centromeric satellite. Two partial HC arrays and the “ambiguous arrays” of PpSat1 were located in the 3′ moiety of their respective scaffolds, so that we could define four “5” flanking’ regions likely unrelated to satellites (Table 2). Comparison of the 5′ flanking regions revealed a near perfect alignment over 3.16 kb between P224 and H542 and more generally allowed determining three blocks (designated as blocks A–C) that were conserved between two to four scaffolds (Supplementary Figure S2). Searching for the presence of repetitive sequences and potential protein-coding genes in the respective flanking regions revealed large fragments of known TEs scattered all along the four scaffolds, including both class I (Gypsy and Copia) and class II elements, among which are MuDR-derived sequences (Supplementary Table S1). No protein-coding region of significant length or bearing any structural or functional domain could be identified in these regions, with the exception of TEs. This result suggested that PpSat1 copies organized into HC arrays are located in TE-rich, gene sparse regions, reinforcing the hypothesis that they might constitute centromeric components.

The three identified LC arrays of PpSat1 were interrupted by 1213–1624-bp insertions (Table 2). We analyzed the 5′ and 3′ regions flanking the satellite sequences over a 25–35-kb length, as well as the intervening sequences. The scaffold H040 shared a >26-kb region highly homologous (98% identity) to the P046 sequence and a 1084-bp conserved region at the boundary of the PpSat arrays with the P007 sequence. Conservation between P007 and P046 were weaker, although noticeable (67% identity). Additional regions of weaker homology were identified among these alignments, indicating the repetitive nature of these regions. The three intervening sequences could be aligned over a 1083-bp length with an identity of 99%. This region, which was located immediately 5′ upstream the PpSat1 sequences, was found to be similar in length and sequence to the conserved region identified among the 5′ flanking regions (Block A). So, the so-called intervening sequences were reevaluated as a possible general, 5′ upstream component of the PpSat1 arrays. We thus aligned 5′ flanking regions of HC and LC repeats as well as intervening sequences and identified a ∼1,080-bp region that was highly conserved among all sequences that was associated with the PpSat1 arrays (Supplementary Figure S3). A refined analysis of this 1,080-bp element showed that its 5′ end consisted in imperfect repetitions of the TTTAGGG motif, a typical feature of telomeric sequences, observed in plants and oomycetes, while mammals and most fungi rather display a (TTAGGG)n sequence. Such motifs, found in a TE-rich region associated with satellite DNA, corresponded to interstitial telomeric regions, frequently observed in vertebrates and plants but not yet in oomycetes. The alignment revealed additional regions that were conserved among the various flanking regions, as a reflection of the numerous TE-derived sequences populating them (Supplementary Table S1). Investigation of the available 3′ flanking regions first revealed a 182-bp tandemly repeated sequence organized as a 40-unit array at the H040 locus and a 9-unit array flanking the P046 array, which was absent in the P007 locus. Extending the investigation revealed a ∼29.5-kb-long alignment with a 99% identity between H040 and P046 loci. The sequence located 3′ downstream the PpSat1 repeats in the P007 scaffold did not share any homology with other 3′ flanking regions, although all of them mainly consisted of retrotransposon-derived sequences (Supplementary Table S1).

We explored the genomic environment of the 5 PpSat1 solo repeats. Four of them were located 5′ upstream a (TTTAGGG)44–52 stretch corresponding to a telomeric end. Each solo repeat was flanked on its 5′ end by the 1080-bp region already identified in LC and HC arrays. In the case of the scaffold P051, this region was interrupted by a ∼4.75-kb Copia-derived element. The fifth solo repeat, located on scaffold 135, was not directly associated with a telomere, although we could identify telomeric DNA at ∼52 kb downstream the satellite sequence. As observed with the other repeats, it was flanked by the 1,080-bp block at its 5′ end. Exploring adjacent regions revealed significant regions of homology with sequences flanking the PpSat1 arrays among which are a large proportion of TE relics, and no indication of protein-encoding genes (Supplementary Table S1). Additional searches in the P. parasitica genome did not reveal independent copies of the 1,080-bp block, which thus was considered as a component of the PpSat1 machinery. We anticipated that this block should participate to the biogenesis of PpSat1 and compared the two sequences, which turned out to display significant homologies, with a marked conservation in the 3′ moiety of PpSat1 (Supplementary Figure S4). So, this homology would likely explain the constant association of these two sequences, which at least have a common origin. Another possibility is that one sequence originates from the other.

Performing the same analysis with the PpSat2 elements revealed several features. Four PpSat2 were interrupted by intervening sequences of 2,736–2,994 bp (Table 2). Yet, the resulting 5′ and 3′ arrays were arranged in a head-to-tail orientation, a situation prone to recombination. Flanking regions and intervening sequences from all scaffolds were submitted to a global alignment. As observed for PpSat1, several cases of high similarities were revealed among these regions that were scrutinized for TEs and protein-encoding genes. Compared to PpSat1 flanking regions, they contained few TE fragments, but housed a significant proportion of protein-encoding genes, which spanned up to 81% of the total sequences flanking PpSat2 (Supplementary Table S2). They could be assigned to a wide array of functional categories, including metabolism, signaling, effectors possibly involved in virulence, cytoskeleton organization, and transcription, as well as a large set of hypothetical proteins of unknown function, so that no bias could be observed in the nature and potential function of genes located in the vicinity of PpSat2. Nonetheless, this result indicated that PpSat2 members were located in regions enriched in genes while PpSat1 is rather located into gene sparse regions. This latter finding reinforced other observations pointing out the divergences between PpSat1 and PpSat2 and suggesting that they may fulfill distinct functions, if any.



Conservation of PpSat Families Among Oomycetes and Putative Transcription in P. parasitica

A hallmark of satellites is their ability to evolve rapidly, so that the presence of PpSat1 and PpSat2 outside P. parasitica appeared unlikely. Yet, conservation of these sequences among Phytophthora spp., if not oomycetes, would suggest that they constitute ancient families that have been fixed, and are submitted to a strong selection pressure. We thus investigated oomycete genomes publicly available. Unfortunately, a majority of them were generated by short read sequencing technologies, so that SatDNA and other repetitive fractions escaped amplification prior to sequencing or were collapsed during the assembly process. Consequently, we generally failed to find PpSat analogs, except an incomplete copy of PpSat1 in two P. parasitica strains (CJO1A1 and CJ05B6), and several hits in the genomes of two strains designated as Phytophthora nicotianae which were sequenced using the PacBio technology. This finding was expected, as both P. nicotianae and P. parasitica denominations correspond to the same species. Satellite repeats were identified on 31 and 33 contigs from the P. nicotianae genomes, respectively, and they were present as solo repeats or arranged in arrays of 2–57 copies. They were generally identical to the PpSat1 consensus, as a reflection of probable concerted evolution among P. parasitica. We could define only one and two HC arrays in the two genomes, due to the relatively small length of the P. nicotianae contigs. Anyway, we could identify telomeric sequences composed of (TTTAGGG)5–65 stretches that were associated with PpSat1 repeats in 14/31 contigs of one strain.

PpSat1 matched with several genomic sequences from P. infestans and Phytophthora cactorum, and more surprisingly with three contigs from Aphanomyces stellatus, an oomycete taxonomically distant from Phytophthora. Of interest, Aphanomyces sequences were strictly identical to PpSat1, while homologs from P. infestans and P. cactorum were more divergent (Supplementary Figure S3). Unfortunately, the small length of the Aphanomyces contigs did not allow determining the length of the repeat and the complexity of arrays within this oomycete. We thus focused our comparison on the Phytophthora sequences. The P. cactorum contigs generally contained two tandem repeats of different length and relatively divergent, so that the precise length of the repetitive unit could not be determined. P. parasitica and P. cactorum sequences could be aligned over a 240-bp on the 5′ moiety of the monomer (Supplementary Figure S5A). The P. infestans contigs displayed until 27 repeats in a single contig. The consensus repeat was 337 bp long, with a GC content of 34% and which displayed 73.94% identity to PpSat1 (Supplementary Figure S5B). Blastn searches against the P. parasitica genome did not reveal a better match than PpSat1. As expected, we found relics of the 1,080-bp block flanking PpSat1 analogs in all species, including A. stellatus, confirming the common origin of this sequence and PpSat1. It also confirmed that sequences retrieved in Blastn searches were actually homologs of PpSat1. In contrast, PpSat2 homologs were found only within P. nicotianae contigs, where they constituted arrays of 19–59 repeats. Single hits were observed in various P. parasitica genomes resulting from short read sequencing projects, indicating that they probably were collapsed during assembly and simply missed in the current genome assemblies.

We then investigated the transcriptional profiles of PpSat1 and PpSat2 and the 1080-bp-block in P. parasitica. To this aim, we performed Blastn searches against the various RNA-Seq libraries available at GenBank. RNA-Seq reads were generated from various pre-infection stages of P. parasitica, as well as two different infected plants. We also mined two libraries enriched in small RNAs. As a rule, the three sequences were represented by a paucity of reads in the various libraries corresponding to free-swimming zoospores, germinated cysts, sporulating hyphae, and vegetative mycelia, as well as lupine or Arabidopsis roots collected at various steps of infection (Supplementary Table S3). As a control, we evaluated the representation in these libraries of WS41, a P. parasitica gene usually considered as constitutively expressed. The situation was quite different when exploring libraries enriched in sRNA. Hence, the three sequences were in the mycelium library enriched in small RNAs, as well as in the small RNA library prepared from later stages of Arabidopsis infection (Supplementary Table S3). Reads covered the whole sequence of PpSat1. In contrast, sRNAs were identified throughout the entire PpSat2 region at the exception of a ∼45-bp fragment located at the 5′ end. Lastly, the 5′ and 3′ distal regions of the 1,080-bp block were largely covered more by reads than its central region. Not only did the three sequences differ by the extent of their coverage by sRNA, but also the size of their corresponding sRNAs varied in a sequence-specific manner. Hence, the sRNAs were 28–38 nucleotides long for PpSat1, 28–33 nucleotides for the 1,080-bp block, and 28–29 nucleotides for PpSat2. No significant hits were found for WS41 in the sRNA-enriched libraries (Supplementary Table S3), indicating that the reads matching the satellite families correspond to genuine sRNAs and do not correspond to degraded mRNA molecules. There was no bias in sRNA orientation, as both sense and antisense reads were identified in quite a similar amount whatever the satellite sequence that was analyzed.



DISCUSSION


Updated Genome Assembly Uncovers Two Satellite DNA Families in P. parasitica

We present here two classes of tandemly repeated DNA which may be considered as the first satellite DNA families from oomycetes to be described. This class of repetitive DNA has been understudied until now within this group of lower organisms despite its potential importance to our understanding of genome architecture and evolution of most eukaryotes. This may be explained by the fact that satellite DNA elements were generally not identified using short read (e.g., Illumina) sequencing and de novo assembly, because aligning and assembling highly conserved sequences constituted an important computational challenge (Treangen and Salzberg, 2012; Lower et al., 2018). This is illustrated by PpSat1 and PpSat2 whose monomers are longer than the Illumina average read length and that were probably collapsed during assembly. Another problem encountered is that short-read library preparation steps introduce a bias against amplification of GC-rich sequences, like PpSat2, which may result in their under-representation (Lower et al., 2018). With a N50 of ∼15 kb, the updated assembly of P. parasitica PPINRA-310, based on the use of the PacBio sequencing technique, allowed filling approximately 30 Mb of gaps and uncovered two satellite DNA families. Yet, we were unable to precisely determine the extent of the various arrays that constitute these families. Further investigations on the satellite complement of the P. parasitica genome would require specific computational pipelines rather developed on unassembled reads on a range of organisms (Garrido-Ramos, 2017). Alternatively, the generation and further assembly of ultra-long reads would provide knowledge on the satellite catalog of this pathogen. Yet, the aim of the present sequencing project was essentially filling gaps in the whole genome and not an exhaustive repertoire of repetitive sequences.

The repeat length and the AT content of PpSat1 are similar to those found in satellites from insects (Ugarković et al., 1996) and plants (Li et al., 2019) and more generally to centromeric satellites whose canonical size of 170 or 340 bp has been proposed to correspond to the size of one or two nucleosome units (Grellet et al., 1986; Henikoff et al., 2001; Heslop-Harrison and Schwarzacher, 2013). Satellite DNA families are often AT rich (Plohl et al., 2008), and homopolymeric stretches may be identified across the sequence (Ugarković et al., 1996). Such features have been proposed to induce DNA curvature and to ease the packing of DNA and proteins in the heterochromatin, providing satellite DNA with a crucial function (Ugarkovic, 2005; Escudeiro et al., 2019). Such stretches are present in PpSat1, which therefore potentially contributes to the DNA bendability. GC-rich families were also detected (Petrovic et al., 2009). Therefore, PpSat2 was also proposed to form a satellite family, with a >57% GC content. Despite their respective biased GC contents, PpSat1 and PpSat2 have the potential to adopt complex secondary structures. Such structures could be under selective constraint, due to the overall sequence conservation among each family, and possibly participate to interactions with other nucleic acid molecules or DNA-binding proteins, as shown for satellite repeats in a number of cases (Ugarkovic, 2005; McNulty and Sullivan, 2018).



Distinct Trajectories Govern the Dynamics of PpSat1 and PpSat2

PpSat1 and PpSat2 diverge by several criteria, among which is their diversity. Hence, PpSat1 repeats broadly fit into two categories: a prevalent sequence, which represents 66% of the dataset, and a myriad of unique sequences differing from the primary monomer by slight differences, which overwhelmingly consist of deletions. Whether the major monomer is the founder sequence is highly probable, as it was found in all HC arrays, while all LC arrays and solo repeats constituted variants. This potential founder repeat is distributed neither equally nor randomly across HC arrays. Hence, some arrays are composed of this single sequence, while other arrays mainly contain variants. Using the PacBio technique provides reads spanning tens of contiguous monomers, so that the observed situation does not result from artifacts occurring during the assembly process, but rather corresponds to the actual organization of PpSat1. Whether the arrays identified in the present work are contiguous on the genome or represent parts of longer arrays. It is also impossible to determine whether the divergent HC arrays are specific to distinct chromosomes, as already observed (Roizes et al., 1980; Gong et al., 2012). Consequently, we cannot estimate the number of chromosomes in P. parasitica via the characterization of centromeric sequences. It has been shown that plant and animal chromosomes may lack tandem repeats, and it may occur in oomycetes as well (Nasuda et al., 2005). The situation observed in PpSat2 is totally different, as no major sequence could be evidenced, so that we face a bloom of variant sequences and it is impossible to infer a potential founder sequence. Yet, a deeper analysis of mutations within PpSat2 provided unexpected clues on the evolution of this sequence. Hence, we showed that substitutions accumulated in few GC “poor” regions and contributed to a GC enrichment, while indels globally provoked a dip of the GC content, more generally located in regions otherwise exhibiting a GC count higher than the average content of the entire monomer. Finally, there was no global change in the GC content of PpSat2. This observation might reflect a trend to maintain a global stability in the GC content of PpSat2. So, we can suppose that although no clear founder sequence was characterized among PpSat2 monomers, selection pressure acts, through targeted substitutions and indels at preferred sites, to maintain a given homeostasis of the GC content and limit the impact of possible local changes in base composition and consequently on the potential secondary structure of PpSat2, which might govern its function. It also indicates that distinct mechanisms drive PpSat1 and PpSat2 evolution, the former mainly evolving via indels, the latter via a strict conservation of its base composition.

The coexistence of a major sequence and minor variants in PpSat1 and the overall high conservation is likely the result of a molecular drive, an important force commonly proposed to drive the evolution of satellite DNA (Dover et al., 1982) leading to concerted evolution of the whole family (Waye and Willard, 1989). Following this model, sequence homogenization would occur through various mechanisms such as unequal crossing-over, which have been predicted to be less efficient in bordering regions, so that distal arrays would be more divergent that those located centrally within the array (Plohl et al., 2008). This situation is observed in several scaffolds bearing PpSat1 sequences, in accordance with the concerted evolution theory. The accumulation of mutations among PpSat2 members would suggest that these sequences are resistant to concerted evolution, although a global analysis revealed that mutations accumulated in few locations and at high frequency, leading to the fixation of sequence variants, another expression of sequence homogenization. A possibility is that PpSat2, located in gene-rich regions, is not prone to global chromosomal rearrangements, while the genomic environment of PpSat1, mainly composed of TEs, favors reshuffling and homogenization and the spreading of this satellite family toward different genomic regions such as telomeres.

The occurrence of PpSat1 either as solo repeats in the vicinity of telomeres or in arrays containing tens of monomers may shine a light on the possible evolution of this satellite family and apparently fit the model established by MacGregor and Sessions from analysis of newt satellites (MacGregor and Sessions, 1986). In this model, satellite DNA tends to accumulate at discrete locations like centromeres through tandem duplication and then is subject to chromosomal rearrangements, which frequently occur in these regions. These rearrangements induce a progressive dispersal of satellite DNA from the centromeres to pericentric regions, leading to a further dispersal to the telomeres, where the sequences degenerate and ultimately become undetectable following accumulation of mutations (MacGregor and Sessions, 1986). According to this model, HC arrays, LC arrays, and telomeric solo repeats might correspond to three distinct steps of the dispersal pattern of PpSat1 across the genome, illustrated by their phylogenetic relationships and their relative extent of deviation toward the consensus sequence, which is highly likely representative of the founder sequence. Fitting this model would also reinforce the hypothesis of a centromeric location for HC arrays.



Searching a Function for Satellite DNA Families From Comparative and Transcriptome Analyses

Sequence homologs to PpSat1 were found in at least two Phytophthora species. It has to be noted that the P. cactorum repeats were relatively divergent and present in tandem of unequal length. In contrast, the P. infestans homolog retained the high copy organization and monomer length and displayed ∼75% identity, in frame with the phylogenetic affinity between P. infestans and P. parasitica (Yang et al., 2017). Maintaining the strict conservation of length, rather than sequence, suggests a structural role for these satellites. More surprisingly, truncated copies of PpSat1 are strictly conserved in A. stellatus, a distant oomycete opportunistic pathogen (Gaulin et al., 2018). In the absence of longer scaffolds, it was impossible to evaluate properly the length of the conserved monomers and their abundance. A specific mining of oomycete genomes would indicate whether PpSat1 was present in the precursor of Phytophthora, and maybe in other oomycete lineages, and whether it is also present in tandemly repeat copies. Conversely, PpSat2 appears to be specific to P. parasitica. It may imply that this satellite is of more recent origin than PpSat1, a hypothesis illustrated by the lack of major repeat and the high mutation rate. Alternatively, it may correspond to an old satellite family which accumulated unfixed mutations, so that it could not be detected in other Phytophthora species. Comparative analysis of repeats from several P. parasitica strains would reveal insights into the evolution of this family.

PpSat 1 and PpSat2 are harbored by distinct scaffolds. In addition, PpSat1 arrays are generally flanked by TE islands while PpSat2 arrays are located close to gene-rich regions. The base composition of each family may participate to these distinct locations. Hence, an AT-rich composition is a frequent feature of centromeric repeats. With an increased GC content, PpSat2 may be more suited to adapt to the overall GC content of the P. parasitica genome, at least of the gene-rich regions, as a strategy to persist within this environment. The observation that the GC percentage varies across the monomer consensus, resulting in local rises and dips compared to the mean content, but remains globally unchanged through accumulation of non-random substitutions and indels that maintain a global “GC homeostasis,” strikingly supports the hypothesis that the base composition and consequently the potential secondary structure of PpSat2 are submitted to a strong selection pressure.

The accumulation of differences may suggest that, if functional, PpSat1 and PpSat2 may participate to different processes. Yet, mining RNA-Seq data revealed that they display highly similar transcriptional patterns, indicative of an apparent co-expression, if not co-regulation. Hence, the two families, as well as the PpSat1-associated 1,080-bp block, present a very faint expression level in pre-infection structures, as deduced from a handful of reads in RNA-Seq experiments. Moreover, these sequences appear to be repressed during plant infection. Yet, these three sequences are clearly identified in RNA-Seq data from libraries enriched in small RNAs, although at different levels. PpSat1 is by far the most expressed sequence, while PpSat2 is largely less represented in the libraries. The 1,080-bp block displays an intermediate situation. This observation reinforces the idea that this fragment, which is always associated with PpSat1 and shares with this latter sequence significant homology, may constitute a component of the PpSat1 machinery. The observation that the three sequences are mainly transcribed in the form of sRNA suggests that epigenetic mechanisms regulate their expression.

The importance of small RNA-based silencing and epigenetics in the biology and pathogenicity of Phytophthora has emerged with the evidence of silencing events (van West et al., 2008), the identification of the silencing machinery, and the characterization of sRNAs in various species (Vetukuri et al., 2012; Fahlgren et al., 2013; Åsman et al., 2016; Bollmann et al., 2016, 2018; Wang et al., 2016; Jia et al., 2017). These studies revealed that Phytophthora possess several small RNA populations diverging by their size (Vetukuri et al., 2012; Fahlgren et al., 2013). Among them, two main classes were centered on 21 and 25–26 nucleotides (nt), which may fulfill distinct roles in the silencing mechanisms (Åsman et al., 2016; Jia et al., 2017). The two satellite families and the associated 1080-bp block differed by the mean length of matching sRNAs, their relative abundance, and their location across the sequence. The reads identified in the sRNA libraries matched PpSat1 on longer regions (28–38 nt) and spanned its entire region with an abundant coverage. Matches with the associated 1080-bp block were shorter molecules (28–33 nt) and rather accumulated at both 5′ and 3′ regions, while the central region displayed a lower coverage. The global number of corresponding reads was 10-fold less abundant than in the case of PpSat1. Lastly, shorter, homogeneous (28–29 nt) regions of homology were identified with PpSat2. They were largely (∼50-fold) less abundant than PpSat1 sRNA and mapped the entire region at the exception of the 45-bp 5′ end. Interestingly, this region largely exceeded the average GC content, locally reaching 70% (Figure 2). Whether the level of expression of each sequence is correlated with their relative copy number or to their relative percentage of the genome content is unknown and would merit further explorations. These studies would also allow determining whether PpSat1 and PpSat2 are targeted by distinct classes of sRNA varying in size as supposed from the observed length of the matches in blast analyses. More generally, it remains to know whether sRNAs targeting satellite DNA constitute a distinct class, in addition to the main 21-nt and 25–26-nt classes identified in Phytophthora, including P. parasitica (Jia et al., 2017).

The differences in the relative expression of the satellite families, as deduced from the number of reads in the mycelium sRNA libraries, were similar to those scored in the sRNA libraries from A. thaliana roots infected with P. parasitica. sRNAs matching the satellites were observed only at 24 h post inoculation. This likely reflects the accumulation of Phytophthora biomass during plant infection, so that we may suppose that the expression of PpSat1 and PpSat2 in the form of sRNA occurs all along the Phytophthora life cycle. This finding is not totally unexpected. Hence, long considered as junk DNA, satellite DNA has been shown to be transcriptionally active in a number of organisms, especially in the form of siRNA (Ugarkovic, 2005; Biscotti et al., 2015a). This activity would participate to centromere biogenesis, kinetochore formation through recruitment of centromere proteins, and heterochromatin formation at both centromeric and telomeric regions (Biscotti et al., 2015b; McNulty and Sullivan, 2018). Whether this observed expression actually corresponds to a constitutive repression through a silencing mechanism has been poorly documented. Yet, satellite repression is required for maintaining genome stability (Zeller and Gasser, 2017). Satellite-derived sRNAs may be induced upon stress (Pezer and Ugarkovic, 2012; Brajković et al., 2018). In addition, alpha satellite derepression was linked to DNA damage, mitotic errors, and genome instability (McNulty and Sullivan, 2018). So, we can hypothesize that PpSat1 and PpSat2 are repressed by siRNA-mediated silencing under normal conditions, and further studies on the Phytophthora stress response would provide invaluable information on the PpSat biology. PpSat1 possesses a range of features characteristics of centromeric SatDNAs and therefore is a good candidate to ensure such functions. The role of PpSat2 is totally unknown to date. A refined exploration of the distribution and evolutionary dynamics of this family among P. parasitica would accelerate the elucidation of the role of the two present satellite families in the biology and pathogenicity of this important pathogen.
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FIGURE S1 | impact of mutations on the GC content of PpSat2. Presented is the relative proportion of mutations (substitutions, insertions, and deletions) that induce a rise (higher GC) or a dip (lower GC) in the average GC content of PpSat2. Mutations were examined in separated analyses. Observed substitutions leading to a higher GC content were AC, AG, and TG. Substitutions toward a lower GC content were CA, CT, GA, and GT. Neutral substitutions were AT, CG and GC.

FIGURE S2 | Schematic representation of the upstream regions flanking HC PpSat1 arrays.

FIGURE S3 | Partial nucleotide alignment of regions located 5′ upstream PpSat1 repeats from HC and LC arrays, focused on the 1,080-bp conserved element. The motifs corresponding to interstitial telomeric regions are underlined. Int: sequences initially identified as interrupting the LC arrays. Conserved nucleotides are indicated by *.

FIGURE S4 | Alignment of PpSat1 and the 1,080-bp block.

FIGURE S5 | Alignment of PpSat1 with homologs from P. cactorum (A) and P. infestans (B).

TABLE S1 | Simplified description of Transposable Element (TE)-derived sequences flanking the various PpSat1 arrays. TEs were searched at RepBase using the Censor tool (see section “Materials and Methods”).

TABLE S2 | Potential protein-encoding genes associated with PpSat2 arrays. Indicated are the extent of the ORF and its location on the flanking sequence, the gene model, its length in bp, the orientation of the ORF, and a short description. Below the description of each flanking region are indicated the total length of coding regions and the relative proportion of coding space. Putative transposable elements (indicated in bold, italic characters) were removed from the calculation of the coding space.

TABLE S3 | Relative expression of PpSat1, PpSat2 and the 1,080bp-block estimated as the total number of reads matching each sequence. WS41 was used as internal constitutive control (see section “Results”).


FOOTNOTES

1
https://en.vectorbuilder.com/tool/gc-content-calculator.html

2
http://rna.tbi.univie.ac.at
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Phytophthora betacei is an oomycete plant pathogen closely related to Phytophthora infestans. It infects tree tomato (Solanum betaceum) in northern South America, but is, under natural conditions, unable to infect potatoes or tomatoes, the main hosts of its sister species P. infestans. We characterized, and compared the effector repertoires of P. betacei and other Phytophthora species. To this end, we used in silico approaches to predict and describe the repertoire of secreted proteins in Phytophthora species and determine unique and core effectors. P. betacei has the largest proteome and secretome of all Phytophthora species evaluated. We identified between 450 and 1933 candidate effector genes in Phytophthora ramorum, Phytophthora sojae, Phytophthora cactorum, Phytophthora parasitica, Phytophthora palmivora, P. infestans, and P. betacei genomes. The P. betacei predicted secretome contains 5653 proteins, 1126 of which are apoplastic effectors and 807cytoplasmic effectors. Genes encoding cytoplasmic effectors include 791 genes with an RxLR domain (the largest number known so far in a Phytophthora species) and 16 with a Crinkler (CRN) domain. We detected homologs of previously described avirulence gene (Avr) present in Phytophthora spp., such as Avr1, Avr3b, Avr4, and Avrblb1, suggesting a high level of effector gene conservation among Phytophthora species. Nonetheless, fewer CRN effectors were obtained in P. betacei compared to all other Phytophthora species analyzed. The comparison between P. infestans and P. betacei effector profiles shows unique features in P. betacei that might be involved in pathogenesis and host preference. Indeed, 402 unique predicted effector genes were detected in P. betacei, corresponding to 197 apoplastic effector genes, 203 RxLR cytoplasmic effector genes, and 2 effector genes with CRN domain. This is the first characterization of the effector profile of P. betacei and the broadest comparison of predicted effector repertoires in the genus Phytophthora following a standardized prediction pipeline. The resultant P. betacei putative effector repertoire provides a reasonable set of proteins whose experimental validation could lead to understand the specific virulence factors responsible for the host specificity of this species.
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INTRODUCTION

The oomycete genus Phytophthora is known for its role as a plant pathogen that infects a wide range of plants of economic importance (Hardham, 2001; Kamoun, 2007). Nowadays there are 142 described species and more than 40 provisionally recognized species as a result of the available genomic technologies and the use of different concepts to define a species within the genus (Grünwald and Flier, 2005; Fry, 2008; Haas et al., 2009; Yang et al., 2017). Notoriously in this group stands Phytophthora infestans, a pathogen causing the late blight disease of potato (Solanum tuberosum; Fry, 2008). This pathogen is able to infect other members of the Solanaceae family, including tomato (Solanum lycopersicum) and tree tomato (Solanum betaceum; Mideros et al., 2018). Recently, P. betacei was proposed as a new species within the clade 1c using phylogenetic, population genetics and morphological approaches (Mideros et al., 2018). However, P. betacei has not been reported infecting potatoes or tomatoes, the main hosts of its sister species P. infestans (Mideros et al., 2018). These observations suggest that this species presents host specificity for tree tomato (S. betaceum; Mideros et al., 2018). A detailed investigation of the infection cycle of P. betacei and P. infestans allowed to clearly identify their biotrophic and necrotrophic stages and to notice that P. betacei shows a typical hemibiotrophic infection (Guayazán et al., 2017).

Plant pathogens introduce effector proteins inside host plant cells to promote infection (Evangelisti et al., 2017). Effector proteins target different sites in host plant tissues. Some effectors act in the extracellular space, where they interfere with apoplastic plant proteins involved in plant defense; other effectors such as RxLR and Crinkler (CRN) families, translocate inside host cells (Kamoun, 2006, 2007). RxLR effectors are characterized by the presence of a secretion signal peptide followed by a conserved N-terminal domain defined by the RxLR (Arg–Xaa–Leu–Arg) consensus sequence. The RxLR domain is required for the translocation inside plant cells (Whisson et al., 2007) but it is dispensable for the biochemical activity of the effectors when expressed directly inside host cells (Schoebitz et al., 2013). Thus, RxLR effectors are usually short proteins with low similarity in their C terminal. They are localized into diverse subcellular compartments where they interact with plant target proteins playing an important role in the infection process (Vleeshouwers et al., 2008; Oh et al., 2009). Besides that, the LFLAK motif is present in CRN effectors, named after a crinkling and necrosis phenotype caused by some CRN proteins when expressed in plants (Amaro et al., 2017). Critically, expressed mature CRN proteins retained cell death-inducing activity, suggesting functions targeting cytoplasmic host factors, a hypothesis that was confirmed when the translocation activity of CRN, carrying an LFLAK motif at the N-terminus, was demonstrated (Oh et al., 2009; Schornack et al., 2009, 2010; Stam et al., 2013a).

Effector proteins modulate the immune response of the host and enable the infection process (Kamoun, 2007). Thus, in some cases, they may determine the pathogenicity in a susceptible host (Haldar et al., 2006; Ntoukakis et al., 2009). In this sense, P. infestans exhibits a high evolutionary potential and its genome shows a discontinuous distribution of gene density. Effector genes, such as members of the RXLR and CRN families, are located in expanded, repeat-rich and gene-sparse regions of the genome, corresponding to highly plastic genomic regions, enriched in transposable elements (TEs; Haas et al., 2009). Raffaele et al. (2010) supported this hypothesis by identifying new previously-overlooked genes involved in virulence of P. infestans using a comparative genomics and transcriptomics approach. Then, they provided genomic context to each effector by quantitatively delimiting the gene-dense and gene sparse regions in the P. infestans genome. The effector repertoire of P. betacei remains unexplored, and there is no information about the factors responsible for its host specificity. Thus, it could be possible that P. betacei presents an effector repertoire that allows it to infect only S. betaceum and preclude it from infecting the other main hosts of its sister species P. infestans.

The objective of this study was to predict and characterize the P. betacei repertoire of effector proteins and its genomic context. We compared this repertoire with that of P. infestans and other Phytophthora species, in order to shed light on potential candidates that might define host range in this clade of the genus Phytophthora. This is the first contribution addressed to characterize the effector profile in this new species, therefore, it would be important to describe new possible virulence factors probably responsible for the host specificity of P. betacei.



MATERIALS AND METHODS


Proteome and Secretome Predictions

The genome of P. betacei (strain P8084; accession number: PRJNA608953) as well as the genomes and annotation information of Phytophthora ramorum (strain: Pr102; accession number: GCA_000149735.1), P. infestans (strain: Refseq T30-4; Accession number: GCA_000142945.1), Phytophthora cactorum (Strain: 10300; accession number: GCA_003287315.1), Phytophthora sojae (strain: V3; accession number: GCA_000149755.2), Phytophthora parasitica (strain: INRA310; accession number: GCA_000247585.2), and the transcriptome of Phytophthora palmivora (strain: LILI; accession number: PRJNA503573) available at the NCBI database were downloaded and used as input to obtain the proteome of each species. Unfortunately, the genome of Phytophthora andina could not be included in the analysis due to its genome assembly poor quality. For P. betacei, the genome sequence, is the result of a hybrid assembly between Illumina and PacBio data. The annotation information of P. betacei was carried out using MAKER2 (Holt and Yandell, 2011) with default settings and using the annotation information of P. infestans T30-4 as input (data not published, available upon request).Briefly, the proteomes were predicted using the gffread function with the “coding only” and “only print mRNAs with a full valid CDS” options, this function is available at the cufflinks (v. 2.2.1) package (Trapnell et al., 2012). Next, to obtain the secretome for the six Phytophthora species included in this analysis, we based our prediction strategy on the methodology proposed by Evangelisti et al. (2017) and implemented in the SecretSanta pipeline developed by Gogleva et al. (2018) that takes predicted proteomes as input files. This pipeline corresponds to an interface in R (R Core Team, 2018) that uses different tools to allow the prediction of extracellular proteins that are secreted in a classical way. To this end, Gogleva’s pipeline uses (i) SignalP (v. 2.0) (Nielsen and Krogh, 1998), SignalP (v. 3.0) (Bendtsen et al., 2004), and the most recent version SignalP (v. 4.1) (Petersen et al., 2011) to predict signal peptides and cleavage sites with thresholds specific for oomycetes sequences; (ii) TMHMM (v. 2.0) (Krogh et al., 2001) to discard proteins with predicted transmembrane domains; (iii) TargetP (v. 1.1) (Emanuelsson et al., 2000) to select proteins that do not target plastids or mitochondria. Finally, (iv) all proteins with terminal “KDEL” or “HDEL” motifs were removed, because these motifs are known to be ER-retention signals (Evangelisti et al., 2017). It is worth mentioning that we used the transcriptome of P. palmivora as a positive control to assure the correct performance of Gogleva’s pipeline. The whole pipeline is depicted in Supplementary Figure S1.

To avoid SignalP output bias, the first resulting set of predicted proteins having a signal peptide was retained. Then, a retrieval of partial proteins was performed, using the function m_slicer which generates sequences with alternative translation start sites based on the assumption that translation start sites might be misclassified in the proteome, which in turn would result in signal peptides also being misclassified. The m_slicer output was used as an input for secretome prediction pipeline (SecretSanta), as described above, we call this set of proteins, rescued proteins (Supplementary Figure S1).

Finally, we removed duplicate sequences using cd-hit (v. 4.6.8) (Li and Godzik, 2006) with a similarity cutoff of 100%. This process resulted in a non-redundant (NR) dataset of putative secreted proteins that was denominated as the secretome.



Functional Annotation of Secreted Proteins

To annotate the predicted secretome, different approaches were used. Initially we performed a blastp (Altschul et al., 1997) search against the GenBank NR database with an e-value cutoff of ≤10–6. In addition, draft functional annotations were assigned for proteins using InterProScan (v. 5.18–57.0) (Jones et al., 2014) with the default parameters. The search was performed using databases of functional domains, as implemented previously (Evangelisti et al., 2017), such as PANTHER, Pfam, Coils, Gene3D, Superfamily, Smart, Pirsf, and Prints (Zdobnov and Apweiler, 2001). Based on the InterProScan output, we performed an analysis of GO (gene ontology) terms annotations. Graphs only show GO terms with a frequency above the 75 quantile of the GO terms count for the three ontology classes (biological process, molecular function, and cellular component). Apoplastic effectors were predicted using ApoplastP (Sperschneider et al., 2018) using default parameters. For the prediction of candidate effectors having RxLR and CRN motifs, the effectR package was used (Tabima and Grünwald, 2019). Once the effector types were determined, we compared the effector profile obtained for P. betacei with the effectors reported for the other six Phytophthora species.

To validate our secretome predicted proteins, we collected the reported information on the effector profile of the six evaluated species and generated three control databases: (i) database with 1585 effector proteins predicted in silico, where 650 proteins are of CRN type (Armitage et al., 2018) and 935 are of RxLR type (Haas et al., 2009). (ii) database with 36 biologically validated proteins, where 16 are CRN-type effectors (Stam et al., 2013b) and 20 correspond to RxLR-type effectors (Wang et al., 2011). (iii) database with P. betacei transcripts with (data not published, available upon request). Then, we screened our secretome predicted proteins against the databases (i) and (ii) using blastp (v. 2.6.2) with an e-value threshold of ≤10–6. Only hits with an identity percentage greater than 90% and a coverage above 80% were considered.



Orthology Analysis

Orthologs identification across all the tested Phytophthora species proteomes was performed using OrthoMCL (v. 2.0.9) (Li et al., 2003), with default parameters. Next, we selected only those orthologous groups associated with the secretome of each analyzed species. Additionally, upset plots showing the orthologous groups were generated using UpSetPlot library (v. 0.3.0.post3) (Lex et al., 2014). This analysis was also performed to identify orthologous groups of the RxLR and CRN effector proteins from P. infestans and P. betacei. We obtained a catalog of core effectors and the unique putative effectors present only in the P. betacei genome. We defined the core and unique effectors based on the orthologous groups obtained. The unique effectors correspond to singletons (proteins that did not cluster with any other protein from the other species compared). The core effectors correspond to proteins in an orthologous group where proteins from all the species compared are present.



Genomic Context

Based on the hypothesis regarding the possible importance of gene distribution to identify new effector candidates, we performed a genomic context analysis using the methodology of Raffaele et al. (2010). We designed a custom script in which we implemented the following steps: (i) First, we identified the single-copy core orthologs using the results obtained in the orthology analysis. (ii) Second, to quantitatively evaluate the parameters that allowed segregation between gene dense regions (GDRs) and gene sparse regions (GSRs) in our data, we evaluated different values for the length cutoff (L). L was used to classify the lengths of flanking intergenic regions (FIRs), measured for each gene, as dense, sparse, or in between. For L values between 100 bp and 6 Kbp, we computed the percentage of core ortholog genes falling in GDRs and GSRs of the total genes located in both of these categories. Of the total core ortholog genes, we calculated the percentage of those genes classified as dense. (iii) We computed the segregation rate defined as the difference between the percentage of core ortholog genes in GDRs and the percentage of core ortholog genes in GSRs. (iv) To select the FIRs cutoff L that best classifies the data, we selected the one that maximizes the segregation rate and in which the percentage of core ortholog genes classified as either gene dense or in the boundaries of gene regions (in-between) corresponded to at least 90%.



RESULTS


Secretome Prediction

We used an in silico secretome prediction pipeline to identify the putative secretome encoded by P. betacei (Figure 1). Subsequently, this secretome was compared to those obtained for the other analyzed Phytophthora species. The pipeline was implemented to predict signal peptides and cellular localization and to exclude proteins with internal transmembrane domains or an endoplasmic reticulum (ER) retention signal. For the seven species analyzed, secretomes ranged between 10.0 and 13.9% of the total proteome. Phytophthora betacei secretome was the largest one with a total of 5653 secreted proteins predicted, corresponding to 13.9% of its proteome (Figure 2 and Supplementary Table S1); P. palmivora secretome was represented by a 10.5% of its total proteome; for P. infestans and P. parasitica, the secretome represented 11.4 and 10.8%, respectively (Figure 2). Protein size distribution analysis of the P. betacei secretome revealed that all its proteins (5653) contained between 1999 and 27 amino acids (aa). In the case of P. infestans secreted proteins contained between 1562 and 49 aa (Supplementary Table S2). Regarding the seven species, P. betacei’s largest predicted protein was above the average of the largest predicted proteins of all the evaluated species. Similarly, this species has the shortest proteins in comparison with the six species evaluated.
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FIGURE 1. Number of proteins obtained throughout the SecretSanta pipeline used for the prediction of the Phytophthora betacei secretome. The secretome prediction pipeline is depicted on the left. The proteins include: (a) proteins without signal peptide, (b) proteins with mitochondria/plastid targeting signals, (c) proteins with transmembrane domains (black lines) located after signal peptide, (d) proteins with short ER lumen retention signals, and (e) proteins with a signal peptide and an effector domain; ensuring the absence of motifs and domains preventing the protein from being secreted or those targeting it to specific organelles. Step 1: identification of short signal peptides at the N-terminal end of a protein using different version of SignalP. In steps 2, 3 and 4, proteins with motifs and domains preventing the protein from being secreted or those that target it to specific organelles are filtered, using TMHMM, TargetP and KHDEL. The number of proteins retained in each step is shown on the right. The m_slicer function that generates sequences with alternative translation start sites, had as input the first resulting set of predicted proteins having a signal peptide (Rightward arrow).
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FIGURE 2. Proportion of the predicted secretomes relative to the proteomes of the Phytophthora species evaluated. Proportion of secreted proteins relative to the total proteome for all Phytophthora species evaluated. Numbers at the end of each bar indicate the number of proteins predicted in the secretome and proteome of each species. Data were normalized to the size of proteome.




Functional Annotation of the Secretome

For the functional annotation of Phytophthora secretome, we detected the protein domains using Pfam (v. 32.0) and Superfamily (v. 1.73) HMM model databases and GO terms mapping using InterProScan. A total of 22,226 secreted proteins were obtained for the seven Phytophthora species evaluated. Of these secreted proteins we found that 13,704 proteins had at least one predicted domain, and of these, 7234 proteins were associated to at least one GO term (Figure 3). The GO term categorization of the secreted proteins revealed that P. betacei had a greater number of proteins in all GO categories than the other analyzed Phytophthora species. The “molecular function” category for P. betacei presented a greater number of entries when compared to the other six species, particularly to P. infestans which showed a lower number of proteins in each GO category with respect to all the evaluated species (Figure 3). As it was the case for the proportion of secreted proteins relative to the whole proteome (Figure 2), the proportions of proteins in each GO categories were similar for P. palmivora and P. betacei (Figure 3).
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FIGURE 3. Gene Ontology categories for the Phytophthora species secretome. Number of proteins annotated with GO molecular function, GO cellular component, and GO biological process in the secretome. P. betacei shows a greater number of proteins associated in each GO category, unlike P. infestans, which has a fewer number of associated proteins compared to the other species evaluated.


We found 52 “biological process” ontologies, 12 “cellular component” ontologies and 84 “molecular function” ontologies shaping the secretome profile of P. betacei. Proteolysis (GO:0006508) and carbohydrate metabolic processes (GO:0005975) showed the highest count among biological processes ontologies in the P. betacei secretome compared to the rest of the proteomes (Figure 4A and Supplementary Table S3). Other related biological processes are related to Interference with host cell signaling pathways [protein phosphorylation (GO:0006468)] and protein degradation for pathogenesis (GO:0009405). For the cellular component category, organelle and membrane terms were dominant (Figure 4B). The terms that were direct descendants (child terms) of Extracellular region (GO: 0005576) were related to apoplast (GO:0048046), Regarding “molecular function” terms, genes related to binding (GO:0005515; GO:0005524) and catalytic activity (GO:0003824) were highly represented. Remaining terms indicate that P. betacei uses plant cell wall degradation activity [cellulase activity (GO:0008810), polygalacturonase activity (GO:0004650), pectate lyase activity (GO:0030570), pectinesterase activity (GO:0030599), and hydrolase activity (GO:0004553)]. Another important molecular function ontology is the endopeptidase inhibitor (GO:0004867), corresponded to Kazal-like serine protease inhibitors (Figure 4C).
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FIGURE 4. Assignment of GO terms in the Phytophthora betacei secretome. Number of proteins annotated in each GO category. (A) Proteins annotated with GO biological process (B) Proteins annotated with GO cellular component (C) Proteins annotated with GO molecular function. We only show those GO terms that are present in the upper 75% of the annotated effector proteins.




The secretome From P. betacei Revealed Both Conserved and Unique Effector Domains

In order to identify the effector proteins in the P. betacei secretome, we performed an effector domain search for apoplastic and cytoplasmic effectors. Out of the 5653 secreted proteins found in P. betacei, 1126 were found to be apoplastic effectors (Figure 5), corresponding to 19.9% of the whole secretome. Comparing with the other Phytophthora species evaluated, apoplastic effectors in P. infestans represented 26.8% of its secretome, and P. ramorum showed the higher proportion with 36.9% of the secretome represented by apoplastic effectors, while P. cactorum showed 27.2% of these effectors in its secretome.
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FIGURE 5. Proportion of predicted effectors relative to the predicted secretome of the Phytophthora species evaluated. Proportion of effectors in the secretome. Total amount of proteins predicted as apoplastic effectors and cytoplasmic effectors. Numbers at the end of each bar indicate the number of proteins predicted for the effectors’ categories and for the secretome. Data were normalized to the size of secretome.


For P. betacei, 751 (59.6%) of the predicted apoplastic effectors had at least one motif detected by InterProScan search. Of these proteins, 231 (31%) correspond to biological process, 93 (12.%) to cellular component and 427 (54.7%) to molecular function (Supplementary Table S4). Among them, the most representatives are extracellular region (GO:0005576) for cellular component, carbohydrate metabolic process (GO:0005975) for biological process and protein binding (GO:005515) for molecular function (Figure 6A). In addition, we found GO terms associated to infection processes that are highly represented in the set of the predicted apoplastic effectors, such as, pathogenesis and proteolysis. Regarding the blast annotation strategies, we obtained that 538 (47%) out of the 1126 putative apoplastic effectors were annotated when mapped against NR database. Of these, pectin lyase, protease inhibitors, cutinases, Phytotoxic protein (PcF) and necrosis peptide-like proteins (NLPs) domain-carrying proteins previously reported in different Phytophthora species were identified. Additionally, we detected elicitins, which can mediate sterol obtention during pathogenesis as well as recognition by some plant cells. On the other hand, we found a high amount of predicted proteins that match with hypothetical proteins related to Phytophthora species. It would be interesting to determine the function of these proteins in the future.
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FIGURE 6. Assignment of GO terms in the Phytophthora betacei effectors. Number of proteins associated with each GO Term. The corresponding GO category is shown: Biological process (Red), cellular component (Green) and molecular function (Blue). (A) GO terms in putative apoplastic effectors (B) GO terms in putative RxLR effectors. We only show those GO terms that are present in the upper 75% of the annotated effector proteins.


As mentioned before, cytoplasmic effectors such as RxLR and CRNs are proteins consisting of an N-terminal carrying the conserved domains. For P. betacei, we obtained 807 predicted cytoplasmic effectors (12.4% of the secretome) using the effectR package. Of these, 791 correspond to RxLR and 16 to the CRN type (Figure 7). In the alignments of the N-terminal regions of RxLR and CRN effectors, both RxLR_EER and LFLAK_HVL motifs were found (Figures 8A,B, respectively). P. infestans showed the highest proportion of cytoplasmic effectors in its secretome, with 32.0%, while P. ramorum showed the lowest one with 10.5% (Supplementary Table S1). As expected the majority of N-terminal sequences on the predicted proteins showed a high similarity (Figure 8A) as evidenced in multiple sequence alignment of such effectors. The C-terminal regions, on the other hand, are highly diverse as they are thought to specify effector biochemical functions (Figures 8A,B).
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FIGURE 7. Proportion of effectors with RxLR_EER and LXLFLAK_DWL (CRNs) motifs relative to the total amount of predicted cytoplasmic proteins. Numbers at the end of each bar indicate the number of proteins predicted for each effector category (RxLR and LFLAK). Data were normalized to the number of cytoplasmic effectors.
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FIGURE 8. Structure analysis of Phytophthora betacei cytoplasmic effectors. (A) Architecture of a RxLR_EER putative effector (B) Architecture of LFLAK_HVVP CRN putative effector. The bigger the letter, the more conserved the amino acid site. Numbers in the sequence logo are referring to the corresponding positions in the alignment. The C-terminal region is polymorphic. The consensus sequence pattern was calculated using Skylign (V.2.0). (C) N-terminal domain consisting of a Signal Peptide (1–29 aa) and a recognized domain in the unique putative proteins with RxLR motif in P. betacei. (D) N-terminal domain consisting of a Signal Peptide (1–16 aa) and a Ubiquitin like (Ubl) domain recognized in P. betacei and P. infestans that is thought to be responsible for secretion and translocation into the host cell. At the bottom of the figure, we show the C-terminal domains with distinct domain types as NTPase + HTH + REase.


The putative RxLR effectors were compared among the seven Phytophthora species in order to obtain the RxLR core effectors (P. palmivora was not included because the predicted effectors were obtained from a transcriptome – see “Materials and Methods”). We obtained 10 RxLR core effectors (Figure 9A) in which the first conserved regions in proteins were found to be situated at the N-terminus, featuring a highly conserved RxLR motif. In addition, we observed that the most frequent amino acids at the x position of the effector motif, were serine, leucine, arginine and lysine (Figure 8A).
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FIGURE 9. Number of unique ortholog effectors in Phytophthora species. Number of effectors from P. betacei which are orthologous to those of P. infestans. On the bottom left side horizontal bar chart, we show the cluster size of each species. The first columns show singletons effectors present only in each species. Next column shows the number of ortholog effectors shared between the species. (A) Orthogroups determined by clustering RxLR effectors in species evaluated without P. palmivora. (B) Orthogroups determined by clustering CRN effectors in species evaluated without P. palmivora. (C) Orthogroups determined by clustering apoplastic effectors between P. betacei and P. infestans. (D) Orthogroups determined by clustering RxLR effectors between P. betacei and P. infestans. (E) Orthogroups determined by clustering CRN effectors between P. betacei and P. infestans.


With respect to the GO terms annotation of the cytoplasmic effectors, in P. betacei, 25 (3.2%) of the predicted RxLR effectors had at least one detected motif in the InterProScan search (Supplementary Table S4). Of these proteins, six effectors (24%) were related to biological processes, two (8%) to cellular components and 17 (68%) to molecular functions. The most representative GO terms included were hydrolase activity (GO: 0016787) for molecular function, nucleoside metabolic process (GO:0009116) and protein glycosylation (GO:0006486) for biological process and two Go terms associated to cellular component, that are, ribosome (GO:0005840) and integral component of membrane (GO: 0016021) (Figure 6B). In addition, the domains Zinc finger FLYWCH-type and PexRD2 WYL were registered as the most frequent ones (Figure 8C). Regarding the blast annotation strategies, we obtained that 322 (40.7%) out of the 791 RxLR effectors were annotated when mapped against NR database. Of these, in the functional characterization of these RxLR core effector, homologs of genes such as Avr1, Avr3b, Avr4, Avrblb1, Avrblb2, and Avrvnt1 were detected, indicating a high level of conservation of RxLR effector genes in Phytophthora species (Supplementary Table S4). For both the apoplastic and cytoplasmic effectors predicted for P. betacei we found a high amount of hypothetical proteins related to Phytophthora species.

On the other hand, we found just one CRN effector shared among all the six species compared (Figure 9B). This CRN core effector featured an Ubiquitin-like (Ubl) domain that is thought to be responsible for secretion and translocation into the host cell. The majority of Phytophthora CRN C-terminal regions contained the depicted domain structure (NTPase + HTH + REase) (Figure 8D). Domains as Ubiquitin-like (Ubl_SNRNP25), HAD hydrolase, TIGR01548 family and Elicitin also were found (Supplementary Table S4).

To define core and unique genes between P. betacei and P. infestans, apoplastic and cytoplasmic effectors in both species were clustered into gene families based on the orthology analysis. In total, 349 apoplastic secreted proteins were predicted for P. betacei. Of them, 152 are shared with P. infestans, and 197 were considered unique, representing 56% of the predicted apoplastic effectors of P. betacei (Figure 9C). Comparison between cytoplasmic effectors of P. betacei and P. infestans, showed that 62.5% (203) corresponded to P. betacei unique RxLR type effectors and 37.5% (122) corresponded to effectors shared between both species (Figure 9D). In the case of CRN type effectors, of nine predicted CRN effectors in P. betacei, two were categorized as unique to P. betacei representing the 12.5% of the CRN effectors predicted in our species of interest and seven were shared with P. infestans (Figure 9E). When performing blastp searches of the effectors categorized as unique of P. betacei, most of them show alignments with very low identity percentages and query coverage with hypothetical proteins from other Phytophthora species (Supplementary Table S4).

From a total of 205 unique predicted cytoplasmic effector proteins (203 RxLR, 2CRN), 156 mapped on the P. betacei transcriptome (data not published, available upon request), of which two of them corresponded to CRN type effectors. A total of 47 out of the 156 predicted effectors expressed in P. betacei had at least one annotation based on InterProScan results. The other predicted effectors corresponded to unknown proteins or hypothetical proteins that had not been characterized or linked to known genes.



Genomic Distribution of P. betacei Effectors

We identified 1600 core orthologs for all the sampled species. We established a FIRs cutoff length L = 1.3 Kbp based on the criteria established (see section “Materials and Methods”). At this cut-off, 7.6% of the core orthologs genes were assigned to GSRs, leaving 58.8% of the core orthologs genes assigned to GDRs and a remaining 33.6% of the single-copy core orthologs genes assigned to In-Between regions. At the established cutoff, 6.2% of all the genes in GDRs were core orthologs, 3.1% of all the genes in In-Between regions were core orthologs and, 1.0% of the genes in GSRs were core orthologs (Figure 10A). The GDRs contain 14,924 genes corresponding to 29.8% of P. betacei genes. The GSRs contain 11,564 genes representing 26.6% of P. betacei genes. The 16,856 genes assigned to the left-superior and right-inferior quadrants correspond to 38.8% of P. betacei genes (Figure 10B). The rest of the genes (4.8% of P. betacei) were excluded either because they lacked one FIR (located at one border of the scaffold) or they overlapped with other genes. GSRs contain 34.5% of P. betacei genes identified in this study as possible effectors. Also 65.5% of the P. betacei genes identified as unique RxLR fall in GSRs. This represents an enrichment consistent with previous analysis for other Phytophthora species. In particular, genes identified as unique RxLR present a 2.5-fold enrichment compared with the percentage of total genes assigned to GSRs regions. All the genes classified as unique CRN effectors of the species were assigned to In-Between regions, and no CRN effectors were found in GDRs (Figure 10C). We selected 114 apoplastic and 74 RxLR P. betacei unique effectors located in GSR regions to be considered as possible virulence factors (Supplementary Table S6).
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FIGURE 10. Distribution of Phytophthora betacei genes according to the length of their FIRs. Delimitation and effector content of P. betacei gene sparse regions (GSRs) (A) Simulation of core ortholog gene segregation. Genes with both FIRs longer than a value “L” were considered to be present in a gene-sparse region (GSR), whereas genes with both FIRs below L were considered to belong to a gene-dense region (GDR). The percentage of core orthologs in GDRs (%CO_in_GDR) (blue line), the percentage of core orthologs in GSRs (%CO_in_GSR) (red line) and segregation rate (green line) were calculated for a specific cutoff L value. The core ortholog genes segregation rate was defined as the difference between %CO_in_GDR (blue line) and %CO_in_GSR (red line). The highest core ortholog genes segregation rate in which the percentage of core ortholog genes classified as sparse was less than 10% was obtained for L = 1.3 Kb (dotted lines) (B) Distribution of P. betacei genes according to the length of their FIRs. All P. betacei predicted genes were sorted into 2-variable bins according to their 3’FIR (Y-axis) and 5’FIR (X-axis). The 1.3 Kbp limit for GSRs genes (dotted lines) delimits three groups of genes: genes found in GDRs, GSRs, and In-between regions. (C) Distribution of gene groups into the GDRs and GSRs of P. betacei. The proportion of secretome, effectors, RXLR core effector genes, CRN core effector genes and the unique RxLR/CRN that occur in GSRs (green), GDRs (red) and in between (blue) are shown.




DISCUSSION

In this study, we have generated, identified and carefully selected the P. betacei secretome to predict the effector profile of this species. We have also identified its main similarities and differences with several Phytophthora species and in particular, its sister species P. infestans. To accomplish our main objective, we compared different species of the Phytophthora genus and generated the catalog of unique and core effectors for each of them. The unique effectors in P. betacei will allow us in the near future to experimentally assess if they are involved in host specificity. It is interesting to highlight that, while there are important differences in the number of total proteins among species, the number of secreted proteins showed less differences.

Our results showed that P. betacei is the species with the largest proteome and the highest proportion of secretome with respect to its proteome. This species also presents a large number of unique apoplastic and cytoplasmic effectors. These effectors are highly diverse in their sequences and most of them are localized in GSR in the genome. These characteristics suggest that they might be considered as strong candidate virulence factors. Previously, gene distribution (Raffaele et al., 2010; Haas et al., 2013) and gene diversity (Lee et al., 2006; Win et al., 2007; Schornack et al., 2009) were proposed as two main characteristics of effector proteins in P. infestans, the sister species of P. betacei. In P. infestans most known effector genes were found to be in GSRs and presented C-Terminal polymorphic regions, as we found for P. betacei in this study (Figures 8A,B).

Phytophthora species utilize a diverse range of secreted apoplastic and cytoplasmic effectors to support the infection mechanisms. Effector prediction from genomes or transcriptomes of Phytophthora in previous studies have revealed variable numbers of effectors in different species (Jiang et al., 2008; Haas et al., 2009; Evangelisti et al., 2017; Armitage et al., 2018). Our results agree with previous annotations of diverse Phytophthora species tested (Supplementary Table S5). We identified a considerably greater number of apoplastic effector candidates (1126) in P. betacei than in the other Phytophthora species evaluated. Equal or greater numbers of genes encoding elicitins, NLPs, protease inhibitors, cutinases and PcF domain-carrying proteins were identified, the main apoplastic effectors involved in the virulence in P. infestans, P. sojae, and P. cactorum (Gough et al., 2001; Tian and Kamoun, 2005; Raffaele et al., 2010; Resjö et al., 2017).

Cytoplasmic effectors are defined as those that function specifically within host cells. The past decade of genome sequencing has allowed the identification of hundreds of candidate cytoplasmic effectors in Phytophthora genomes. The secretome of P. betacei revealed 791 candidate RxLR while for P. infestans more than 550 effector genes were predicted (Haas et al., 2009). Proteins in shared ortholog groups between P. betacei and P. infestans allowed identification of RxLR effector genes fulfilling the typical features of oomycete Avr genes as they encode for modular proteins that contain an N-terminal signal peptide followed by an RxLR motif and a C-terminal effector domain, and occur in gene-sparse regions of the P. infestans genome, these effector genes represent key targets for further functional studies.

The CRN protein family is an understudied class of oomycete effectors, difficult to identify and classify. Thus, CRN proteins have hampered functional studies in different oomycetes. Here, we applied a pipeline of CRN prediction, manual verification and mapping studies in catalogs of effectors already reported for the Phytophthora species evaluated. This approach improved CRN identification and prediction accuracy for both full length genes and pseudogenes, compared to previously published results (Haas et al., 2009; Zhang et al., 2019). We identified nine CRN effectors in P. betacei and when compared to P. infestans, two unique effectors for P. betacei were found. Existing descriptions of CRN domain composition and structure, allowed us to identify conserved domains in all Phytophthora species analyzed, but also to identify unique ones. One of the two unique P. betacei CRN effector (P8084_finalAssembly_32667) has a domain that was previously described in P. capsici, as a novel domain called DPA that may have specific roles but that had not been found so far in other oomycetes (Haas et al., 2009; Stam et al., 2013b). This effector could be proposed as a novel type of effector for the clade, and its relevance in pathogenicity needs to be validated. Haas et al. (2009) determined that CRN proteins are modular with domains that execute distinct functions, with a highly conserved N-terminal domain of around 130 amino acids and containing both an LFLAK motif and diversified DWL domains. In our study, the highly conserved HVLVXXP motif marks the end of the N-terminal region as it is considered a recombination hotspot where C-terminal regions, carrying effector functions are linked up (Figure 5A; Haas et al., 2009). In our annotation the unique effectors presented a conserved domain corresponding to a Ubl domain with a beta-grasp Ubl fold, a common structure involved in protein-protein interactions (Amaro et al., 2017).

Effector genes have previously been characterized as showing uneven distributions throughout Phytophthora genomes, with measurements of FIRs showing that effector genes are located in gene-sparse regions of the P. infestans genome (Haas et al., 2009) and the same scenario was observed for P. betacei. This has led to the concept of a “two-speed” genome in these organisms, where different regions of the genome are subject to different evolutionary pressures (Dong et al., 2015). The predicted apoplastic effectors, RxLR and CRN, from P. betacei showed increased FIRs distance compared with non-effector genes, supporting that genomic variation in P. betacei shows uneven “two-speed” evolutionary rates with the presence of GSRs and GDRs, as previous studies indicated in several Phytophthora genomes (Raffaele and Kamoun, 2012; Dong et al., 2015). Unique P. betacei effectors that were found to be located in GSRs might be helping the pathogen to colonize and might therefore help explain the higher fitness of this species on tree tomato when compared to its sister species P. infestans (Mideros et al., 2018). On the other hand, the unique effectors candidates might also be recognized by potato and tomato and hence could be involved in the lack of ability of P. betacei to infect these hosts. Alternatively, the effectorome of P. betacei might not be sufficiently effective against crucial targets in tomato and potato cells. Nonetheless functional assays must be performed to validate these hypotheses.

In summary, in the present study we predicted and annotated the putative effector profile of P. betacei. We found seven characteristics representative of the P. betacei secretome when compared to other Phytophthora species: (i) The P. betacei proteome has a higher number of proteins. (ii) The proportion of the secretome compared to the whole proteome is higher (13.9%) (iii) Secreted proteins are smaller. (iv) This novel species presents a higher number of RxLR type effectors. (v) The number of cytoplasmic CRN type effectors is lower (vi) One of the CRN proteins shows a domain so far only reported for P. capsici (vii) It has 203 cytoplasmic RxLR effectors and 2 unique CRN effectors, and they are polymorphic in their C-terminal region. These characteristics suggest that P. betacei, produces a greater number of effectors. Unique effectors that are found in the GSR zones of the P. betacei genome are proposed as virulence factors candidates involved in its host specificity, 114 apoplastic and 74 RxLR effectors. These effectors might make it more efficient at colonizing tree tomato when compared to closely related Phytophthora species. These effectors might also explain the lack of ability of this species to colonize potato and tomato through recognition by R genes in these plants, which might in turn serve as resistance sources for tree tomato.
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FIGURE S1 | Overview of Phytophthora species proteome analysis workflow with SecretSanta library developed by Gogleva et al. (2018). The most recent Signalp 4.1 version, was executed by specifying sensitive = TRUE to predict certain classes of secreted oomycete.

TABLE S1 | Record of the net values and proportions obtained during the prediction and annotation of the secretome of the different Phytophthora species evaluated.

TABLE S2 | Size of proteins secreted for each species of Phytophthora evaluated.

TABLE S3 | Functional characterization of GO found in effector RxLR and CRN in species evaluated.

TABLE S4 | Annotation generated for apoplastic, RxLR and CRN effectors using Blastp, Interproscan and GO categorization for core and unique effectors.

TABLE S5 | Number of cytoplasmic effects obtained throughout the study and cytoplasmic effectors reported to the Pythophthora species evaluated. Here “trCDS” corresponds to the predicted effectors type RxLR and CRN of each species that were predicted using effectR package, and “published” corresponds to the predicted effectors type RxLR and CRN of each species that were predicted and published on NCBI.

TABLE S6 | Apoplastic and cytoplasmic effectors candidates as possible virulence factors responsible for P. betacei host specificity.
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MicroRNAs (miRNAs) are a group of small non-coding endogenous RNAs. In plants, miRNAs play vital functions in regulating growth, development, and stress response. However, the role of miRNAs in Arabidopsis-Phytophthora capsici (P. capsici) model pathosystem is poorly understood. Here, we used a high-throughput sequencing approach to identify pathogen-responsive miRNAs using 15 small RNA (sRNA) libraries prepared from Arabidopsis thaliana leaves collected at 0, 3, 6, 12, and 24 h post-inoculation with P. capsici. A total of 293 known miRNAs and 6 potential novel sRNAs (miRNAs or siRNAs) were identified, of which 33 miRNAs were differentially expressed at four different infection stages. To verify the reliability of the sRNA-seq results, we investigated the expression of five sRNAs upregulated throughout the four infection stages and their potential target genes using northern blot analysis and/or stem-loop quantitative real-time polymerase chain reaction (qRT-PCR). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses revealed that the potential target genes of the differentially expressed miRNAs, both conserved and novel, were enriched in pathways such as starch and sugar metabolism, spliceosome, and plant-pathogen interaction, indicating that the splicing machinery and pathogenesis-related (PR) proteins play important roles in the response to P. capsici infection. Taken together, these results provide novel insights into the molecular mechanisms of pathogenesis by P. capsici. Additionally, these results will serve as a strong foundation for further in-depth analysis of miRNAs involved in the resistance to Phytophthora species in other crops.

Keywords: Arabidopsis, host-pathogen interaction, high-throughput sequencing, microRNA, Phytophthora capsici, target gene


INTRODUCTION

MicroRNAs (miRNAs) are a class of endogenous non-coding single-stranded small (21–22 nt) RNAs commonly found in eukaryotes (Reinhart et al., 2002). In plant cells, endogenous MIR genes are transcribed to form the primary transcript, pre-miRNA, which is gradually processed in the nucleus in an ATP-dependent manner to first form a pre-miRNA with a hairpin structure and then form an miRNA:miRNA∗ double-stranded complex after methylation (Liu et al., 2018). A mature miRNA is produced and combined with a series of proteins to form an RNA-induced silencing complex (RISC), which recognizes target mRNAs for degradation or translation inhibition (Kurihara and Watanabe, 2004). The miRNAs regulate genes at the post-transcriptional level and play an important role in plant metabolism, tissue growth, organ development and differentiation, and programmed cell death (Wightman et al., 1993; Bruscella et al., 2017). Increasing evidence suggests that miRNA is an indispensable regulator of the plant response to biotic and abiotic stresses (Shukla et al., 2008; Zhang et al., 2020).

In plants, miRNAs were first reported as regulators of development and various transcription factors such as MYBs, bZIPs, ARFs, and GRFs (Alonso-Peral et al., 2010; Glazinska et al., 2014; Liebsch and Palatnik, 2020). Recently, it was shown that microRNAs also target other types of genes such as pathogenesis-related (PR) genes involved in the resistance to invading pathogens (Wang and Galili, 2019). Plant miRNAs change their expression during development and/or in response to environmental challenges. Because of plant-pathogen coevolution, plants have developed two layers of immunity that must be broken by microbial pathogens to cause damage (Dodds and Rathjen, 2010). The first layer of immunity is based on the perception of pathogen-associated molecular patterns (PAMPs) and is known as PAMP-triggered immunity (PTI), which prevents a large number of potential pathogenic microbes from invasion (Jones and Dangl, 2006). The second layer of immunity is known as effector-triggered immunity (ETI). Recent studies demonstrate that small RNAs (sRNAs) are involved in both PTI and ETI in plants (Padmanabhan et al., 2009).

The sRNAs either inhibit gene transcription or degrade mRNAs and participate in the regulation of various physiological plant processes, especially pathogen resistance. For instance, amiR-P69159 and amiR-HC-Pro159, which target the toxicity proteins of the turnip mosaic virus (TuMV) and the turnip yellow mosaic virus (TYMV), induced resistance against TuMV and TYMV infections when expressed in Arabidopsis (Niu et al., 2006). Yin and colleagues showed that treatment of cotton plants with Verticillium wilt significantly decreased the expression of miR862 and miR1536 and up-regulated the target gene TCH4, indicating that these miRNAs play an important role in defense against Verticillium species (Yin et al., 2012). Additionally, overexpression of miR160a and miR398b in transgenic rice enhanced resistance to the fungal pathogen Magnaporthe oryzae (Li et al., 2014). In tomatos, miR482 and miR2118 regulate the expression of a nucleotide-binding site leucine-rich repeat (NBS-LRR)-type resistance (R) gene (Shivaprasad et al., 2012). Additionally, research shows that miR472 and RNA-dependent RNA polymerase (RDR)-mediated silencing pathways are key regulatory checkpoints that modulate PTI and ETI via post-transcriptional regulation of R genes (Boccara et al., 2014).

Oomycetes are a distinct kind of eukaryotic microorganisms that differ from many notorious plant pathogenic fungi, such as Phytophthora sojae (P. sojae), P. capsici, Phytophthora parasitica, and Plasmopara viticola. Previous reports show that sRNAs in plants are involved in the response to oomycete stress. In soybeans, knocking down the level of mature miR393 led to enhances susceptibility to P. sojae, indicating that miR393 promotes defense against P. sojae (Wong et al., 2014). Additionally, deep sequencing data revealed the induction of miRNAs in soybeans after an infection with P. sojae, indicating these miRNAs impart resistance to P. sojae in soybeans (Guo et al., 2011).

In a cucumber, the role of miR164b, miR171e, miR160b, and miR159f was validated in the response to Pseudoperonospora cubensis infection (Jin and Wu, 2015). In a tomato, miR1918 was reported to enhance sensitivity to Phytophthora infestans infection (Luan et al., 2016). In black pepper, sRNAs derived from the 5’ end of mature tRNAs (5’tRFs) were highly expressed under P. capsici stress and targeted defense–related mRNAs, such as NPR1 (Luan et al., 2016).

P. capsici is a soil-borne pathogenic oomycete that causes severe blight and fruit rot of more than 50 plant species, including pepper, tomato, cucumber, and other commercially important crops (Lamour et al., 2012). Blight and fruit rot results in tremendous yield losses approximating $1 billion worldwide each year (Lamour et al., 2012; Howden et al., 2017). Recent research indicates that the P. capsica–Arabidopsis system is a model pathosystem for analyzing a wide range of oomycete-plant interactions (Wang et al., 2013). Exploring host-pathogen interactions is the first step toward enhancing our understanding of the molecular basis of pathogenicity and developing disease management strategies that safeguard food production from P. capsici infection. Endogenous sRNAs represent a general regulatory mechanism employed by the plant immune system to respond to various pathogens. However, the effect of P. capsici infection on endogenous sRNAs of Arabidopsis has not yet been reported.

Here, we constructed and sequenced 15 sRNA libraries prepared from the leaves of Arabidopsis thaliana ecotype Columbia (Col-0) at different stages of infection post-inoculation with P. capsici. Potential novel and previously known miRNAs were identified in 15 sRNA-seq libraries via bioinformatics analyses. Among the detected miRNAs, 5 up-regulated miRNAs and their target genes were chosen for further examination by northern blot and quantitative real-time PCR (qRT-PCR) analyses. Additionally, we predicted and analyzed potential target genes of the differentially expressed miRNAs by bioinformatics analysis. This study provides useful information for uncovering the regulatory functions of Arabidopsis miRNAs upon P. capsici infection and understanding host-pathogen interactions.



MATERIALS AND METHODS


Plant Material and Treatments

Plants of Arabidopsis thaliana ecotype Columbia (Col-0) were grown at 22°C in soil in an environmentally controlled growth room under long-day photoperiod (16 h light/8 h dark). Arabidopsis ecotype Col-0 was used in this study because it is highly susceptible to P. capsici isolate LT263. The abaxial leaf surface of 3-week-old Col-0 plants was inoculated with 10 μL of P. capsici suspension (1 × 105 zoospores mL–1) or treated with MgCl2 (control). Leaves were collected at 0 (control), 3, 6, 12, and 24 hpi and frozen in liquid nitrogen for RNA extraction. For each sample, 40 leaves of Arabidopsis inoculated with P. capsici were collected to extract the total RNA. Three independent biological replicates were performed for each treatment.



P. capsici Zoospores Preparation for Plant Infection Assays

P. capsici isolate LT263 was cultured on 20% (v/v) V8 agar plates in the dark at 25°C for 4 days (Wang et al., 2013). Cut into uniformly sized hypha pieces (Ø 1.0 cm), incubating mycelial pieces in 10% (v/v) cleared V8 juice in the dark at 25°C for 2 days. Thereafter, the V8 medium was replaced with sterilized water and changed the wash solution once an hour and refresh up to 4 times. After 2 days of incubation under continuous light, many sporangia formed. A zoospore release was induced with a cold shock by placing plates at 4°C for 30 min. The resulting zoospore solution was examined with a light microscope, and then adjusted to the desired concentration with distilled water.



RNA Isolation, Library Construction, and sRNA-Seq

Total RNA was isolated from P. capsica–infected and uninfected Col-0 leaves using the plant RNA reagent (Invitrogen, Life Technologies, United States). The quantity and quality of the isolated total RNA were assessed using a NanoDrop OneC Spectrophotometer. Then, sRNA libraries were constructed using the Small RNA Sample Prep Kit (Illumina, San Diego, CA, United States) and sequenced on the Illumina HiSeq platform by Novogene, Beijing, China.



Analysis of sRNA-Seq Data

The sRNA reads were mapped to the Arabidopsis thaliana_Ensembl_42 genomes1 and P. capsici genomes that we have sequenced before (unpublished). Reads mapped to the reference sequence were compared with the specified sequence range in miRBase to obtain the details of the matched sRNA in each sample, including the secondary structure, sequence, and length of the miRNA and the number of occurrences of the miRNA in each sample. No mismatch was allowed when the reads were mapped to the genomes. Digestion by the Dicer enzyme converts a miRNA precursor into mature miRNA. Because of the specificity of the digestion site, the first base of the mature miRNA is highly biased (Tang, 2005). Different AGOs recruit its specific subset of small RNAs, such as AGO2 and AGO4 harbors miRNAs that favor a 5′ terminal adenosine, whereas AGO1 preferentially recruit small RNAs with a 5′ terminal uridine (Mi et al., 2008). Therefore, in this study, the base distribution of the first nucleotide of miRNAs of different lengths was analyzed, and the base distribution statistics of each site of miRNAs was also determined.

The signature hairpin structure of potential novel miRNA precursors was predicted using miREvo and mirdeep2 software (Friedlander et al., 2012; Wen et al., 2012). Subsequently, the potential novel sRNAs were further analyzed by strict filtering as described previously (Axtell and Meyers, 2018; Kozomara et al., 2019). The basic principle of miRNA hairpin structure prediction is to analyze the reference sequence of a certain length of sRNA alignment and its secondary structure, Dicer digestion site, energy, and other characteristics. The input data of the miRNA differential expression is read count data obtained from the miRNA expression analysis. Samples with biological duplication were calculated using DESeq2, based on negative binomial distribution. Venn diagrams were constructed using the Calculate online tool2. Heatmaps were constructed by using the RStudio software.



Histological Staining and Microscopy

P. capsica–infected Col-0 leaves sampled at 3, 6, 12, and 24 hpi were stained as described previously (Wang et al., 2013). Briefly, the inoculated leaves were fixed in trypan blue (Sigma, St. Louis, MO, United States) for visualizing the infected hyphae. The stained samples were cleared in saturated chloral hydrate until the leaf tissue became translucent. Differential interference contrast (DIC) images were captured using a Nikon 90i microscope (Nikon, Amstelveen, Netherlands).



Northern Blot Analysis

Total RNA was isolated from P. capsici–infected and control Col-0 leaf samples using the TRIzol reagent (Invitrogen, United States). The quality and concentration of total RNA were determined by denaturing gel electrophoresis and NanDrop ND 100x. Northern blot analysis was conducted as described previously (Qiao et al., 2015). Briefly, approximately 20 μg of the total RNA of each sample was analyzed on a denaturing 19% polyacrylamide gel and transferred to Hybond-NX nylon membranes (GE Healthcare, Madison, WI, United States), which were subsequently crosslinked using a Stratagene UV Crosslinker. DNA oligonucleotides complementary to different sequences of miRNAs were synthesized and labeled with biotin (TaKaRa). The membranes were prehybridized with PerfectHyb (Sigma) hybridization solution and then hybridized with the labeled probes. After several washes, the membranes were autoradiographed using a Gel imaging system (Amersham Imager 600, GE, Japan). U6 RNA was used a loading control. Probe sequences used for northern blot hybridizations are listed in Supplementary Table 1.



Expression Analysis of miRNAs and Their Targets by qRT-PCR and Stem-Loop PCR

Samples were analyzed by qRT-PCR as described previously (Zhang et al., 2019; Xu et al., 2020). Briefly, 1 μg of total RNA was reverse transcribed using the TransScript II One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech). The reverse transcription products were used as templates for qRT-PCR, which was performed on a LightCycler480 II Real-Time PCR System (Roche diagnostics, Mannheim, Germany) using SYBR Premix Taq (TransGen Biotech). ACTIN1 and U6 were used as an internal control. The primers used for qRT-PCR and stem-loop RT-qPCR are listed in Supplementary Table 1.



Prediction and Functional Annotation of miRNA Target Genes

Potential target genes of the differentially expressed miRNAs were predicted using the plant specific-TargetFinder software. To determine the biological function of target genes, GO enrichment analysis was performed using GOseq, which is based Wallenius non-central hyper-geometric distribution (Cai et al., 2006), and KEGG enrichment analysis was performed using the KEGG database3 (Kanehisa et al., 2008), which provides genomic, chemical, and systemic information of target genes (Mao et al., 2005). KOBAS software was employed for determining statistically significant enrichment of target genes among the KEGG pathways.



RESULTS


Analysis of Compatible Interactions Between Arabidopsis and P. capsici

To identify miRNAs most likely involved in Arabidopsis immunity against P. capsici, we performed a thorough evaluation of the infection process of P. capsici isolate LT263 in Arabidopsis Col-0 leaves; Col-0 was selected for this experiment because it is highly susceptible to P. capsici (Wang et al., 2013). Three-week-old Col-0 leaves were inoculated with P. capsici strain LT263 zoospores, and the progression of infection was observed under a microscope. Leaves treated with MgCl2 were used as a control (Figure 1A). In leaves infected with P. capsici isolate LT263, most zoospores produced germ tubes and attached to the leaf surface at 3 h post-inoculation (hpi), and appressoria were formed at the tips of germ tubes (Figure 1B). P. capsici penetrated epidermal cells directly (Figure 1C), entering the leaf tissue either through the junction between epidermal cell walls (Figure 1D) or via stomatal cavities (Figure 1E). At 6 hpi, the hyphae progressed into the adjacent epidermal cells or mesophyll cell layers upon penetration (Figure 1F). Subsequently, the number of haustoria formed from the infection hyphae increased from 12 hpi onward (Figure 1G). At 24 hpi, the inoculated leaf tissues were covered with ramifying mycelia (Figures 1H–K). Taken together, these data suggest that the inoculated Col-0 leaves represented different stages of P. capsici infection. Therefore, we used these leaf samples at different infection stages for subsequent library construction and sequencing of sRNAs.
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FIGURE 1. Microscopic analysis of the progression of Phytophthora capsici strain LT263 infection in Arabidopsis thaliana Col-0 leaves. (A) Surface of control leaves not infected by P. capsici. (B) Germination of zoospores and formation of appressoria on the leaf surface at 3 h post-inoculation (hpi). (C–E) Appressorium-mediated penetration of the leaf directly through the epidermis (C), anticlinal cell wall junction (D), or stomata (E). (F) Hyphae on Col-0 leaves at 6 hpi. (F–H) Massive invasive hyphae with haustoria in the leaf tissue at 6 hpi (F), 12 hpi (G), and 24 hpi (H). (I,J) Infection hyphae emerging from the leaves via stomata (I) or epidermis (J). (K) Haustoria development on the leaf surface. st, stomata; ap, appressorium; gt, germ tube; cy, cyst; aw, anticlinal cell wall junction; ha, haustorium; hy, invasive hyphae. Scale bars = 20 μm.




Deep-Sequencing of sRNA Libraries

To explore the role of miRNAs in P. capsici infection, we constructed 15 sRNA libraries from Arabidopsis Col-0 leaves inoculated with P. capsici. A total of 16,545,182, 14,799,285, 14,717,539, 15,401,465, and 18,270,638 clean reads were obtained from the inoculated leaf samples collected at 0, 3, 6, 12, and 24 hpi, respectively, which were then mapped on to the Arabidopsis genome (Supplementary Table 2). After filtering to remove tRNAs, rRNAs, small nucleolar RNAs (snRNAs), and other categories of RNAs, we obtained 419,422, 303,754, 445,221, 210,813, and 89,988 reads from known miRNA and 4,928, 3,653, 5,311, 2,718, and 1,180 potential novel miRNA reads from 0, 3, 6, 12, and 24 hpi samples, respectively, ranging in size from 18 to 30 nt (Table 1).


TABLE 1. Classification of small RNAs (sRNAs) induced by Phytophthora capsici infection in Arabidopsis at different time points.

[image: Table 1]Analysis of miRNA sequences indicated that 21 and 24 nt reads represented the two most abundant classes of sRNAs at the four infection stages (Figure 2A). More than 90% of the first nucleotide of the 21 and 24 nt miRNA sequence reads was an uracil (Figure 2B) indicating a high consistency in the distribution of plant sRNAs. In the 0, 3, 6, 12, and 24 hpi libraries, 86.73, 85.15, 83.60, 73.63, and 91.55% of the reads mapped on to the Col-0 genome, respectively (Figure 2C). In addition, 6.74, 6.98, 22.92, and 6.40% of the reads from samples collected at 3, 6, 12, and 24 hpi mapped on to the P. capsici genome, whereas only 2.95% of the reads from the control sample mapped on to the P. capsici genome (Figure 2C). These data indicated that the identified miRNAs were obtained mainly from Col-0. A total of 293 known miRNAs belonging to different families were identified from the 15 sRNA libraries (Supplementary Tables 3, 4). Moreover, 26 unknown sRNAs were predicted based on miREvo and mirdeep2 analyses and secondary hairpin structure prediction (Friedlander et al., 2012; Wen et al., 2012). After strict filtering of unknown sRNAs, we finally identified 6 novel sRNAs, which represented potential novel miRNAs or siRNAs (Table 2 and Supplementary Table 5). To further examine these 6 unknown sRNAs, we investigated whether the flanking sequences of miRNAs could be folded into a signature hairpin structure and exactly mapped to the unknown genome sequence of the plant miRNAs. The predicted hairpin structures of the unknown miRNA precursors showed negative minimum free energies (MFEs), ranging from -27.3 to -116 kcal/mol (average: 62.39 kcal/mol), which was similar to the MFE values of Arabidopsis miRNA precursors (-59.5 kcal/mol) (Bonnet et al., 2004). Additionally, these miRNAs were 21–24 nt in length (Table 2 and Supplementary Figure 1), which is consistent with the typical length distribution of miRNAs (Voinnet, 2009), indicating that these 6 newly identified miRNAs represent potential novel miRNAs.
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FIGURE 2. Analysis of small RNAs (sRNAs) by deep sequencing sRNA libraries of Arabidopsis leaves inoculated with P. capsici. (A) Length distribution of unique mapping reads obtained from 15 sRNA-seq libraries. (B) Nucleotide frequency of the 5′ end of previously known sRNAs. (C) Percent identity of sRNAs with A. thaliana and P. capsici genomes.



TABLE 2. Potential novel miRNAs identified by sRNA-seq analysis of Arabidopsis leaves inoculated with P. capsici.
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Expression Profiles of miRNAs in Response to P. capsici Infection

To identify miRNAs potentially involved in the immunity of Arabidopsis against P. capsici, we compared the expression profiles of miRNAs at different infection stages by analyzing high-throughput sequencing data. The sequenced reads that mapped to miRNAs were normalized using the DESeq package, which identified miRNAs showing differential expression among the different infection stages and the control. After normalization, the reads of the tags of each miRNA family were determined as reads per million (p < 0.05). The number of miRNA reads generated from the control and P. capsici–infected Col-0 samples ranged from several hundreds to several thousands, showing the variability of miRNA transcript abundance. Compared with the control (0 hpi), 23, 28, 29, and 30 miRNAs were up-regulated at 3, 6, 12, and 24 hpi, respectively, and 27, 23, 30, and 26 miRNAs were downregulated at these four infection stages (Figures 3A,B). Among these, 19 and 14 miRNAs were up-regulated and downregulated, respectively, at all four infection stages, as shown by the Venn diagrams (Figures 3A,B) indicating that approximately 30.9% of the newly identified miRNAs were continuously expressed throughout the P. capsici infection period.


[image: image]

FIGURE 3. Analysis of differentially expressed miRNAs. (A,B) Venn diagrams showing up-regulated (A) and downregulated (B) miRNAs in P. capsici-infected Col-0 leaves at four different infection stages. (C,D) Heatmaps of up-regulated (C) and downregulated (D) miRNAs at four different infection stages. The change in expression, expressed as log2 (TPM + 1), is quantified from high (red) to low (blue), as shown in the color scale.


Next, we investigated the abundance of 19 known upregulated miRNAs exhibiting more than 2-fold (|log2 ratio| ≥ 1) higher expression in at least at one of the four infection stages compared with the control (Supplementary Figure 2). Notably, a potentially novel miRNA, novel_24, was up-regulated in all stages of P. capsici infection, suggesting that novel_24 plays an important role in host–pathogen interaction (Supplementary Figure 2A). Similarly, |log2 ratio| < −1 was used as a threshold for selecting downregulated miRNAs. The expression of 14 known miRNAs was downregulated at the four infection stages compared with the control (Supplementary Figure 2B). The heatmap showing the expression patterns of 19 up-regulated miRNAs and 14 downregulated miRNAs at the four different infection stages is shown in Figures 3C,D.



Validation of Differentially Expressed miRNAs and Their Target Genes

To validate sRNA-seq results, we examined the expression of five up-regulated (one potential novel and four known miRNAs, including miR398a-5p, novel_24, miR4228-3p, miR408-5p, and miR846-5p, by northern blot analysis. The results of sRNA northern blot analysis were generally consistent with sRNA-seq data. Similar to the sRNA-seq data, the accumulation of all five up-regulated miRNAs was significantly induced to a higher level upon P. capsici infection, as shown by northern blot analysis (Figure 4A). However, some discrepancies were observed in miRNA expression levels between sRNA-seq data and northern blot analysis; for example, unlike sRNA-seq analysis, the northern blot assay showed greater accumulation of novel_24, miR4228-3p, and miR408-5p at 12 hpi than at other time points (Figure 4A).
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FIGURE 4. Verification of sRNA-seq data. (A) Northern blot analysis of five up-regulated miRNAs at 0, 3, 6, and 12 hpi. U6 RNA was used as a loading control. (B) Relative expression levels of five up-regulated miRNAs analyzed by stem-loop quantitative real-time PCR (qRT-PCR). Transcript abundance of miRNAs was normalized to U6 snRNA. Data represent mean ± standard error (SE) of three biological replicates.


To further confirm this observation, we performed stem-loop qRT-PCR and quantified the abundance of miRNA transcripts. Stem-loop primers were designed to amplify the biologically active form of miRNAs (pri-miRNAs). Expression profiles of qRT-PCR products are shown in Figure 4B. The results of stem-loop qRT-PCR were consistent with those of sRNA-seq and northern blotting analyses. The transcript abundance of novel_24, miR4228-3p, and miR408-5p was the highest at 12 hpi, while that of miRNA846-5p was the highest at 3 hpi compared with the control (Figure 4B). Thus, the stem-loop qRT-PCR directly confirmed that sRNA-seq data effectively identified differentially expressed miRNAs of Arabidopsis induced by P. capsici.

Because the miRNAs regulate gene expression by cleaving target mRNAs and suppressing mRNA transcription (Krol et al., 2010; Wang and Galili, 2019), we examined the transcript abundance of one of the potential candidate targets of each of the five miRNAs by qRT-PCR (Figure 5). The expression of the tested mRNAs showed a negative correlation with the abundance of miRNAs, which is consistent with one of the roles of miRNAs (Figure 5). Interestingly, sequences of the target gene and its cognate miRNA showed highly complementary (Supplementary Figure 3). Among the tested target genes, three genes including AT3G18040, AT1G48090, and AT1G16570 showed a drastic reduction in expression (approximately 60%) upon P. capsici infection (Figure 5); AT3G18040 encodes mitogen-activated protein kinases (MAPKs, e.g., MAPK9, one of the targets of miR4228-3p), AT1G48090 encodes calcium-dependent lipid-binding (CBL) protein (target of miR408-5p), and AT1G16570 encodes a putative UDP-glycosyltransferase (UGT; target of miR846-5p). Additionally, the expression of genes encoding a drought-inducible transcription factor ERF053 (AT2G20880; target of miR398a-5p) and TIR-NBS-LRR-type PR protein (AT4G36150; PR, target of novel_24), was repressed in Col-0 leaves by approximately 50% at 12 hpi. These target genes are likely involved in the regulation of Arabidopsis immunity against P. capsici. Collectively, these results showed a clear negative correlation between the expression levels of target mRNAs and their corresponding miRNAs, thus providing key insights into miRNA-mediated gene regulation under pathogen stress.
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FIGURE 5. Expression analysis of miRNA target genes by quantitative real-time RT-PCR. (A–F) Relative expression levels of AT1G16570 (target of miR846-5p) (A), AT4G36150 (target of the potential novel miRNA, novel_24) (B), AT2G20880 (target of miR398a-5p) (C), AT1G48090 (target of miR408-5p) (D), and AT3G18040 (target of miR4228-3p) (E) in Col-0 leaves at 12 hpi. Arabidopsis leaves treated with MgCl2 were used as a control. The Actin gene was used as an internal control for data normalization. Data represent mean ± SE of three biological replicates. Single or double asterisks indicate significant differences (p < 0.05 or p < 0.01, respectively).




Functional Annotation and Signaling Pathway Analysis of Potential Target Genes

Because miRNAs identify target genes via sequence complementarity, identification of the target transcripts and potential functions of miRNAs is essential for a comprehensive understanding of miRNA-mediated gene regulation. To further investigate the possible role of the identified miRNAs in regulating Arabidopsis immunity, we first predicted the potential target genes of miRNAs in the Arabidopsis database using TargetFinder. Subsequently, we performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of the target genes of miRNAs differentially expressed at 12 hpi. A total of 31,427 potential targets of miRNAs were assigned to 34 categories (Figure 6A). A detailed summary of the GO classification is shown in Figure 6A. In the cell component category, the most abundant terms were cell, cell part, and intracellular. In the molecular function category, the most abundant GO terms were binding and molecular function. In the biological process category, the metabolic process and regulation of biological process showed the highest enrichment. KEGG pathway analysis revealed that 20 pathways were enriched in response to P. capsici infection including spliceosome and plant-pathogen interaction (Figure 6B). Thus, the results of functional annotation indicated that P. capsici regulates the immunity of Arabidopsis via differentially expressed miRNAs.
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FIGURE 6. Functional analyses of target genes of the differentially expressed miRNAs at 0, 3, 6, 12, and 24 hpi. (A) Gene ontology (GO) enrichment analysis. The molecular function, cellular component, and biological process GO categories are indicated in blue, orange, and green, respectively. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The q-values varied from 0 to 1, as shown in the color scale. The size of the dot indicates the number of genes in the corresponding pathway. TF, Transcription factor; MP, Metabolic process. Rich factor, numbers of enriched genes/numbers of background pathway genes.




DISCUSSION

Plant endogenous miRNAs, a class of small non-coding RNAs, play vital functions in host-pathogen interactions. Identification of miRNAs showing differential expression in response to pathogen infection is the first step toward the elucidation of their functions in plant immunity. Previously, several studies identified a set of pathogen-induced miRNAs, and functionally characterized their role in plant immunity (Navarro et al., 2006; Du et al., 2011; Radwan et al., 2011; Seo et al., 2013; Li et al., 2014). However, the effect of P. capsici infection on Arabidopsis Col-0 miRNAs has not been reported to date.

In this study, we first investigated the infection process of P. capsici by microscopic evaluation, which showed clear correlation between the time from inoculation and P. capsici infection stages (Figure 1). This finding is consistent with a previous study on Arabidopsis (Wang et al., 2013), which contributed to the determination of sampling time points and subsequent functional analysis. In the current study, 333 miRNAs differentially expressed in response to P. capsici infection were identified by deep sequencing, and most of these miRNAs were highly conserved. Seemingly, the number of known miRNAs that negatively regulate Arabidopsis immunity is greater than that of positive regulators. All 293 known miRNAs belonged to 176 families. The number of miRNAs in each family varied greatly, with MIR156, MIR167, MIR169, MIR172, MIR398, and MIR396 families containing the most members. The expression of different miRNAs also varied greatly (Supplementary Table 4); miRNA826a was the most highly expressed, which is similar to the expression of the nitrogen (N) starvation-induced miR826 (Liang et al., 2013), while miR395b showed the lowest expression, which is consistent with a previous study showing the induction of miR395 in Arabidopsis under sulfate starvation conditions (Jones-Rhoades and Bartel, 2004).

The objective of this study was to identify miRNAs up-regulated in Arabidopsis upon P. capsici infection. We examined five up-regulated miRNAs including four known miRNAs (miR398a-5p, miR408-5p, miR846-5p, and miR4228-3p) and one potential novel miRNA (novel_24). All five miRNAs were up-regulated as soon as P. capsici zoospores attached to the leaf surface, and their expression remained up-regulated throughout the infection process. Although some studies previously reported the role of miR846-5p and miR398a-5p in plant biotic stress response (Xie et al., 2018), no study has investigated the sRNAs roles of Phytophthora species about these five miRNAs between Phytophthora species and host plants. In soybeans, knocking down the level of mature miR393 enhances susceptibility to P. sojae (Wong et al., 2014). Our sRNA-seq data showed that miR393-3p and miR169h were also induced upon P. capsici infection. Furthermore, we verified the transcript abundance of all five differentially expressed miRNAs by RNA blot and qRT-PCR analyses. The results suggested that our sRNA-seq data are highly reliable, and the identified Col-0 miRNAs were up-regulated in response to P. capsici infection.

Increasing evidence shows that miRNAs are highly conserved across species and cleave the same or similar target genes. Such as miR156, miR165/166, miR167, miR169, miR171, and miR172, they target crucial transcription factors belonging to the AP2, ARF, bZIP, and WRKY families in multiple species (Sire et al., 2009; Lee et al., 2010). These target genes play the most basic role in regulating plant growth, development, and biotic and abiotic stress responses (Wang and Galili, 2019). In this study, the predicted target genes of known miRNAs, such as miR398a-5p and miR408-5p, were conserved among different plant species and targeted common factors such as resistance related genes. Given the interaction of known miRNAs with their common targets in different plant species, these known miRNAs likely employ similar mechanisms to regulate P. capsici–triggered immunity in Arabidopsis. The miR398a-5p is conserved across different plant species and targets ERF genes, which regulate disease resistance pathways (Gutterson and Reuber, 2004; Meng et al., 2013; Dong et al., 2015). Consistent with the induction of miR398a-5p, we detected reduced expression of ERF053 genes in P. capsici–infected leaves. The repression of ERF053 genes may contribute to the repression of PR genes, thus affecting plant defense. In wheat, miR408 targets TaCLP1, which promotes resistance against stripe rust (Feng et al., 2013). In this study, the gene encoding calcineurin B-like (CBL)-interacting protein kinase, chosen as the potential target of miR408-5p in Arabidopsis, was downregulated in P. capsici–infected leaves, implying that miR408-5p negatively regulates plant immunity by affecting the CBL-interacting protein kinase (CIPK)-CBL signaling pathway, which is involved in the response to various biotic and abiotic stresses (Xi et al., 2017; Aslam et al., 2019). In this investigation, while miR846-5p was up-regulated, its target gene, UGT, was downregulated in Col-0 leaves. Considering that UGT genes promote plant immunity, suppressing the expression of UGT genes may inhibit the response of Col-0 to P. capsici infection. Some of the known but non-conserved miRNAs (such as miR4228-3p), which were also detected in the present study, have been identified only in one or a few plant species so far. The expression of AT3G18040 (one of the targets of miR4228-3p), was significantly downregulated in Col-0 leaves, which may inhibit the MAPK signaling pathway. Notably, accumulation of one potential novel miRNA was detected in Arabidopsis leaves inoculated with P. capsici. Nevertheless, consistent with the up-regulation of novel_24, its target PR genes were downregulated. PR proteins are generally induced by different types of pathogens, such as fungi, oomycetes, and viruses (van Loon et al., 2006). Because PR proteins accumulate at the infection site in response to the invading pathogen and contribute to systemic acquired resistance (SAR) (van Loon et al., 2006), downregulation of PR genes by the novel_24 in response to P. capsici infection possibly repressed PTI in Arabidopsis. In plant-microbe compatible interactions system, there seem to be more miRNAs that negatively regulate plant immunity than those that do positively (Li et al., 2014). Similarly, during the Arabidopsis–P. capsici interaction system, the plant also can employ its own miRNAs to downregulate genes that are important for defense. We speculate that the pathogen could suppresses miRNA biogenesis or directed manipulation of host miRNA during infection process in a compatible interaction system. Thus, how miRNAs induced due to pathogen infection or the pathogen-derived miRNAs and their biological implications are need to be explored. A northern blot assay confirmed the increased abundance of these miRNAs, including miR398a-5p, miR408-5p, miR846-5p, miR4228-3p, and novel_24, in infected plants. Further investigation is needed to determine how miRNAs interact with their target genes and how the latter are expressed under biotic stress conditions. Thus, future studies will need to focus on the functional investigation of miRNA target genes and identification of functional components of the regulatory network.
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Filamentous pathogens, such as phytopathogenic oomycetes and fungi, secrete a remarkable diversity of apoplastic effector proteins to facilitate infection, many of which are able to induce cell death in plants. Over the past decades, over 177 apoplastic cell death-inducing proteins (CDIPs) have been identified in filamentous oomycetes and fungi. An emerging number of studies have demonstrated the role of many apoplastic CDIPs as essential virulence factors. At the same time, apoplastic CDIPs have been documented to be recognized by plant cells as pathogen-associated molecular patterns (PAMPs). The recent findings of extracellular recognition of apoplastic CDIPs by plant leucine-rich repeat-receptor-like proteins (LRR-RLPs) have greatly advanced our understanding of how plants detect them and mount a defense response. This review summarizes the latest advances in identifying apoplastic CDIPs of plant pathogenic oomycetes and fungi, and our current understanding of the dual roles of apoplastic CDIPs in plant-filamentous pathogen interactions.
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INTRODUCTION

Filamentous pathogens, such as oomycetes and fungi, are the causal agents of many of the world’s most serious plant diseases, causing extensive annual yield losses of crops worldwide (Giraldo and Valent, 2013; Sánchez-Vallet et al., 2018). Pathogenic oomycetes and fungi secrete a complex repertoire of effector proteins to establish successful interactions with host plants. These oomycete- or fungi-secreted effector proteins may function in the apoplast as well as within plant cells to interfere with host defense by a variety of mechanisms (Dou and Zhou, 2012; Lo Presti and Kahmann, 2017).

Studies from diverse filamentous pathogens have shown that many oomycete or fungal effector proteins possess the ability to induce cell death in plants (Gijzen and Nürnberger, 2006), including avirulence (AVR) proteins which trigger hypersensitive response (HR) upon recognition by cognate resistance (R) proteins (Kamoun, 2006; Ellis et al., 2009), nuclear-localized Crinkling and Necrosis proteins (CRNs) and nucleo-cytoplasmic RxLR proteins with capacity to induce plant cell death (Torto et al., 2003; Amaro et al., 2017), and extracellular cell death-inducing proteins (CDIPs) that function in the plant apoplast (Guo et al., 2019). The role of AVR proteins, CRN and RxLR effectors involved in the interactions of plants with filamentous pathogens have been reviewed extensively (Ellis et al., 2009; Giraldo and Valent, 2013; Amaro et al., 2017; Lo Presti and Kahmann, 2017). Here we focus this review on apoplastic CDIPs of filamentous plant pathogens and their roles in plant-pathogen interactions.

Because cell death plays an important role in the interactions of plants with pathogens, there has been a long-standing interest in the characterization of pathogenic molecules which are able to induce plant cell death (Gijzen and Nürnberger, 2006). Since the characterization of elicitins, a family of conserved small secreted proteins from oomycetes that induce necrosis in Nicotiana species, in the 1980s (Billard et al., 1988; Huet and Pernollet, 1989; Ricci et al., 1989), a large number of apoplastic CDIPs have been identified in oomycete and fungal plant pathogens (Tables 1, 2). These apoplastic CDIPs induce plant cell death in a non-race- or non-species-specific manner, and were initially defined or considered as “elicitors” or “toxins” (Gijzen and Nürnberger, 2006; Derevnina et al., 2016). The role of apoplastic CDIPs in the interactions of plants with filamentous pathogens has been controversial for a long time.


TABLE 1. Apoplastic cell death-inducing proteins identified in oomycete plant pathogens.
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TABLE 2. Apoplastic cell death-inducing proteins identified in fungal plant pathogens.
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Over the past decades, tremendous progress has been made in understanding the biological functions of apoplastic CDIPs in filamentous oomycetes and fungi, such as their contribution to pathogen virulence and being recognized by plant cells. These findings have greatly enriched our knowledge on the roles of apoplastic CDIPs as virulence factors and how plants detect them and mount a defense response. In this review, we summarize the latest advances in identifying apoplastic CDIP effectors in plant pathogenic oomycetes and fungi, and our current understanding of the dual roles of apoplastic CDIPs in plant-filamentous pathogen interactions.



APOPLASTIC CDIPs IDENTIFIED IN PLANT PATHOGENIC OOMYCETES AND FUNGI


Apoplastic CDIPs Identified in Phytopathogenic Oomycetes

The purification and identification of extracellular proteins from phytopathogenic oomycetes that induce plant cell death began in the 1980s. Pernollet and colleagues purified three extracellular proteins, namely capsicein, cinnamomin and cryptogein, in culture filtrates of Phytophthora capsici, P. cinnamomi and P. cryptogea, respectively (Billard et al., 1988; Huet and Pernollet, 1989; Ricci et al., 1989). Determination of the amino acid sequences of these proteins led to definition of a novel protein family, called elicitins (Derevnina et al., 2016). Over the past decades, building on advances in molecular biology and genome sequencing, significant progress has been made in identifying extracellular proteins from phytopathogenic oomycetes that induce cell death in plants. To date, over 62 apoplastic CDIPs have been identified in 16 oomycete species (Table 1). While a few identified oomycete apoplastic CDIPs belong to PcF toxin, pectate lyase and glycoside hydrolase (GH) families or with no conserved domains, the majority are elicitins or Nep1 (necrosis- and ethylene-inducing peptide 1)-like proteins (NLPs) (Tables 1, 3).


TABLE 3. Major protein families of apoplastic cell death-inducing proteins identified in oomycete and fungal plant pathogens.
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Apoplastic CDIPs Identified in Phytopathogenic Fungi

Similarly, the availability of genome sequences of fungi has led to a rapid identification of apoplastic CIPDs from phytopathogenic fungi. To date, over 115 apoplastic CDIPs have been identified in 27 fungal species, including biotrophic, hemibiotrophic and necrotrophic pathogens (Table 2). The identified fungi apoplastic CDIPs include CFEM (common in fungal extracellular membrane)-containing proteins, cerato-platanin proteins (CPPs), GHs, NLPs, cutinases, and pectate lyases, and some proteins with other domains or with no conserved domains (Tables 2, 3). Among the identified oomycete and fungus apoplastic CDIPs, GHs, NLPs, Pectate lyases, and VmE02 homologues are widely distributed across oomycetes and fungi (Tables 1–3). On the other hand, many CDIPs are oomycete-specific or fungi-specific. For example, elicitins and elicitin-like proteins are unique to oomycetes, whereas CFEM-containing proteins and CPPs are unique to fungi (Table 3).



MAJOR PROTEIN FAMILIES OF OOMYCETE AND FUNGUS APOPLASTIC CDIPs


CFEM Containing CDIPs

The CFEM domain, which contains eight conserved cysteines, is unique to fungi (Kulkarni et al., 2003; Zhang Z. N. et al., 2015). CFEM was first identified in a M. oryzae MAC1-interacting protein, ACI1 (Kulkarni et al., 2003). CFEM containing proteins are widely distributed in fungi (Zhang Z. N. et al., 2015). While some of CFEM containing proteins have been identified to have prominent roles in pathogenicity or virulence, such as MoPth11 and its ortholog FGRRES_16221 in Magnaporthe oryzae and Fusarium graminearum, respectively (Kou et al., 2017; Dilks et al., 2019), and CgCcw14, CgMam3 in Candida glabrata (Srivastava et al., 2014), several CFEM containing proteins have been identified to possess cell death-inducing activity.

The CFEM-containing protein BcCFEM1 from Botrytis cinerea, contains a CFEM domain at the N-terminus, and a glycosylphosphatidylinositol (GPI) anchored site at the C-terminus. BcCFEM1 was induced and expressed at high levels during early stages of infection on bean leaves. Targeted disruption of the BcCFEM1 gene reduced virulence, conidiation and stress tolerance in B. cinerea. Transient expression of BcCFEM1 in Nicotiana benthamiana leaves triggered obvious chlorosis (Zhu et al., 2017b), suggesting the involvement of BcCFEM1 in eliciting plant responses.

The M. oryzae genome harbors 19 proteins with the CFEM domain (Kou et al., 2017). Two CFEM-containing proteins MoCDIP2 and MoCDIP11 have been identified to induce cell in the non-host N. benthamiana and host rice cells (Chen S. et al., 2013; Guo et al., 2019). MoCDIP2 contains a CFEM domain at the N-terminus, and a GPI-anchored site at the C-terminus, whereas MoCDIP11 contains only a CFEM domain at the N-terminus. Transient expression assays in rice protoplasts or N. benthamiana leaves revealed that the signal peptides that led the secretion of proteins, were required for cell death inducing activity of MoCDIP2 and MoCDIP11, indicating that both two effectors function in the apoplast (Chen S. et al., 2013; Guo et al., 2019).



CPP Family CIDPs

CPPs are small secreted cysteine-rich proteins that widely occur in filamentous fungi but not in bacteria, oomycetes, plants, or animals (Chen H. et al., 2013). CPPs have many aspects in common with expansins. Structural analysis revealed that CPPs have a double ψβ-barrel similar to the D1 domain of expansins (de Oliveira et al., 2011). Moreover, similar to expansins, CPPs possess properties to weaken cellulose (de O Barsottini et al., 2013; Baccelli et al., 2014b). Many CPPs have been shown to function as virulence factors in fungi, and on the other hand are able to induce cell death and elicit defense response in plants (Pazzagli et al., 2014).

The first CPP family CIDP, CP, was identified from the culture filtrates of Ceratocystis fimbriata f. sp. platani, the causal agent of the plane canker stain (Pazzagli et al., 1999). CP induced cell death in host and non-host plants, activated phytoalexin synthesis, pathogenesis-related (PR) gene expression, and mitogen-activated protein kinase (MAPK) phosphorylation, and triggered salicylic acid (SA) and ethylene (ET)-signaling pathways (Pazzagli et al., 1999; Scala et al., 2004; Baccelli et al., 2014a; Luti et al., 2016).

Till now, in addition to CP, 11 more CPP family CIDPs have been identified from different fungal pathogens (Table 2), such as BcSpl1 in B. cinerea (Frías et al., 2011, 2013), EPL1 in Colletotrichum falcatum (Ashwin et al., 2017), CgCP1 in Colletotrichum gloeosporioides (Wang W. et al., 2018), Pop1 in Ceratocystis populicola (Comparini et al., 2009), FgCPP2 in F. graminearum (Quarantin et al., 2016, 2019), FocCP1 in Fusarium oxysporum (Li et al., 2019a; Liu et al., 2019), HaCPL2 in Heterobasidion annosum sensu stricto (Chen et al., 2015), MoSM1/MSP1 (Jeong et al., 2007; Yang et al., 2009; Wang et al., 2016; Hong et al., 2017) in M. oryzae, MpCP1 in Moniliophthora perniciosa (Zaparoli et al., 2009), SsCP1 in Sclerotinia sclerotiorum (Yang et al., 2018b), and VdCP1 in Verticillium dahliae (Zhang et al., 2017a). Similar to CP, these 11 CPP family CIDPs induced strong necrosis and elicited defense responses in plants. For example, BcSpl1 induced strong necrosis, electrolyte leakage, cytoplasm shrinkage, and PR gene expression in plants including tomato, tobacco and Arabidopsis. In addition, BcSpl1 elicited systemic acquired resistance (SAR) in tobacco against Pseudomonas syringae and B. cinerea (Frías et al., 2011). The CPP family CIDPs possess similar biological properties as that of CP. For example, Pop1 and VdCP1 possessed chitin-binding properties (Baccelli et al., 2014b; Zhang et al., 2017a), and Pop1 and FgCPP2 exhibited the ability of loosening cellulose substrates and enhancing fungal cellulase activity in an expansin-like manner as well as CP (Baccelli et al., 2014b; Quarantin et al., 2016, 2019).



Elicitin and Elicitin-Like CDIPs

Elicitins are a family of small, highly conserved proteins secreted by Phytophthora and Pythium species (Derevnina et al., 2016). The first three elicitins, cryptogein, cinnamomin and capsicein were identified from the culture filtrates of P. cryptogea, P. cinnamomi and P. capsici, respectively (Billard et al., 1988; Huet and Pernollet, 1989; Ricci et al., 1989). Sequence analysis revealed that these elicitins share a conserved domain of 98 amino acids, which contains six cysteine residues at conserved positions forming three disulphide bridges (Boissy et al., 1996). Further studies revealed that elicitins are encoded by complex gene families (Kamoun et al., 1993; Panabieres et al., 1995; Jiang et al., 2006). In addition, Phytophthora and Pythium genomes contain a number of elicitin-like proteins possessing diverse, shorter or longer elicitin domains (Jiang et al., 2006).

Over 22 elicitin and elicitin-like CDIPs that induce cell death in certain plant species such as Nicotiana species and some Brassicaceae cultivars have been identified from different Phytophthora pathogens (Table 1). Among the elicitin and elicitin-like CDIPs, β-cryptogein and INF1 have been widely studied for their roles in the interactions of Phytophthora pathogens with plants. Cryptogein induced necrosis on tobacco leaves, triggered SAR and enhanced disease resistance in tobacco. Upon the SAR induction, the expression of the plant extracellular S-like RNase NE gene and its RNase activity were highly up-regulated, indicating that NE possibly associated with the cryptogein-induced SAR (Galiana et al., 1997). Cryptogein promoted the movement of plant respiratory burst oxidase homologues (RBOHs) from the Golgi cisternae to the plasma membrane, which may play a fundamental role for ROS production (Noirot et al., 2014). Cryptogein induced production of ROS, which was differentially regulated by the sphingolipid long-chain bases (LCBs) and their phosphorylated derivatives (LCB-Ps) in tobacco cells (Coursol et al., 2015). In addition, cryptogein induced production of NO, partly dependent on the ROS-dependent pathway, indicating that the defense responses induced by cryptogein involving interaction of the NO and ROS signaling pathways (Kulik et al., 2015). INF1 induced cell death on tobacco and potato leaves with the necrotic activity higher than that of other a-elicitins, such as cacto, parasiticein, capsicein and cryptogein, but less than that of β-cryptogein (Huet et al., 1994). INF1 induced the expression of chitinase, β-1,3-glucanase, phenylalanine ammonia-lyase (PAL), and PR1 genes, and rapid accumulation of H2O2 in tobacco (Sasabe et al., 2000; Huitema et al., 2005). INF1 induced the expression of NbrbohB in N. benthamiana, and silencing of NbrbohA or NbrbohB led to a reduction and delay of the necrotic reaction triggered by INF1 (Yoshioka et al., 2003), suggesting that INF1-induced cell death was dependent on the ROS burst.

Elicitins are able to bind sterols, phospholipids or fatty acids, and transport them between biological membranes (Mikes et al., 1997). However, the lipid-binding ability did not influence elicitin-induced response in tobacco. Investigations based on the mutant proteins of cryptogein with limited abilities to bind sterols revealed that induction of ROS synthesis, cytosol acidification and cell death in tobacco cells were not correlated with the sterol-binding abilities of the cryptogein proteins (Dokládal et al., 2012; Ptáčková et al., 2015).

Elicitins do not induce cell death in tomato plants. However, elicitins could induce immune responses in tomato, and enhance plant resistance against Phytophthora spp., bacterial wilt disease, and powdery mildew (Picard et al., 2000; Kawamura et al., 2009; Starý et al., 2019). INF1 induced the expression of jasmonic acid (JA)-responsive PR-6, LeATL6 and LOX-E, and ET-responsive PR-2b and ERF2, but not SA-responsive PR-1a and PR-2a in tomato leaves (Kawamura et al., 2009). Consistently, Starý et al. (2019) showed that cryptogein induced defense responses without cell death in tomato through JA- and ET-signaling pathways, but not SA-signaling pathway. These results indicated that elicitins triggered different signaling pathways between tobacco and tomato.



NLP Family CDIPs

NLP family proteins are characterized by the presence of a common NPP1 (necrosis-inducing Phytophthora protein) domain. This family is widely distributed across taxa including oomycetes, fungi, and bacteria (Gijzen and Nürnberger, 2006). The first NLP protein, namely Nep1, was identified from culture filtrates of F. oxysporum (Bailey, 1995), and has been shown to induce necrosis in plants, such as Erythroxylum coca, Theobroma cacao and Arabidopsis, with activating PR gene expression, ROS production and other general defense response (Bailey et al., 2005; Bae et al., 2006). To date, over 39 NLP family CDIPs have been identified in phytopathogenic oomycetes and fungi. Among them, 20 NLP family CDIPs were from phytopathogenic oomycetes (Table 1), and the remaining 19 NLP CDIPs were from phytopathogenic fungi (Table 2).

NLP family CDIPs have been confirmed to induce cell death in dicot but not monocot plants. Among the identified NLP family CDIPs, PpNLP/NLPPp, PsojNIP and PaNie213/NLPPya have been extensively studied in the context of inducing cell death and immune responses in dicot plants. PpNLP/NLPPp induced necrosis in Arabidopsis, and activated PR genes expression, ROS production, callose apposition (Fellbrich et al., 2002), as well as the posttranslational expression of mitogen-activated protein kinase and production of nitric oxide and phytoalexin camalexin, suggesting dual roles of PpNLP/NLPPp as both toxin-like virulence factors and plant innate immunity triggers (Qutob et al., 2006). Determining and modeling of the structures of PaNie213/NLPPya, PpNLP/NLPPp, and a PccNLP protein from the phytopathogenic bacterium Pectobacterium carotovorum, revealed that NLPs displayed identical toxin folds which contributed to host infection and plant defense gene activation, suggesting that a common fold of the cytolytic toxin is required for both pathogen virulence and plant immunity activation (Ottmann et al., 2009). Böhm et al. (2014) further identified and characterized a pattern of 20 amino acid residues (nlp20) of cytotoxic NLPs that triggered immunity associated plant defenses in certain dicot plants.

Based on the finding that NLPs display a striking similarity to cytolytic sphingomyelin-binding actinoporins (Ottmann et al., 2009), glycosylinositol phosphorylceramide (GIPC) sphingolipids in eudicot plants were further shown to be bound by NLPs. The inositol phosphorylceramide in GIPCs was covalently bound to glucuronic acid and variable terminal hexoses which were different between eudicots and monocots. Eudicot GPICs typically carried two terminal sugars (series A), while monocots GIPCs bore three terminal sugars (series B) (Cacas et al., 2013). The absence of series A GIPCs lead to insensitivity to NLPs of monocot plants. Consistently, Arabidopsis mutants with altered GIPC composition suffered less cell death than the wild type upon NLP infiltration (Lenarčič et al., 2017). These results thus explained host specificity of cell death induced by NLPs in eudicot plants (Van den Ackerveken, 2017).



Cell Wall-Degrading Enzyme Family CDIPs

Phytopathogenic oomycetes and fungi secrete a large amount of effector proteins related to plant cell wall degradation, such as enzymes to degrade cellulose, xylan, pectin, etc. (Kubicek et al., 2014). Certain cell wall-degrading enzymes (CWDEs) have been proved to be associated with pathogen virulence, and some induced cell death and trigged defense responses in plants. CWDE family CDIPs have been identified in carbohydrate esterase (CE5), glycoside hydrolase (GH) and polysaccharide lyase (PL) families (Tables 1–3).

With functions to degrade plant cuticle or suberin polymers, the CE family cutinases has been associated with important roles in filamentous pathogen-plant interactions. Two cutinase family CDIPs, SsCut1 and VdCUT11 have been identified in S. sclerotiorum and V. dahliae (Zhang H. et al., 2014; Gui et al., 2018), respectively. SsCut1 induced cell death in both dicot and monocot species and activated plant resistance against S. sclerotiorum, P. nicotianae and Phytophthora sojae (Zhang H. et al., 2014). Further, SsCut1-induced cell death along with stomatal closure, ROS burst and NO production, was suppressed by silencing of a C2H2-type zinc finger gene NbCZF1 in N. benthamiana, showing that SsCut1-triggered defense could be mediated by NbCZF1-ROS-NO pathway (Zhang et al., 2016). VdCUT11 induced cell death and defense responses in N. benthamiana, cotton, and tomato plants, and the enzymatic activity was required for its cell death-inducing activity (Gui et al., 2018).

GHs hydrolyze the glycosidic bond between carbohydrates or between a carbohydrate and a noncarbohydrate moiety through acid catalysis (Zhao et al., 2013). About 18 GH domain-containing CDIPs have been identified (Table 3). The GH family CDIPs induced cell death as well as defense responses in host and nonhost plants. For example, BcXyn11A induced ROS burst, electrolyte leakage, cytoplasm shrinkage and PR gene expression, and these effects were dependent on its short 25-residue peptide (Frías et al., 2019). BcXYG1 triggered pattern-triggered immunity (PTI) response and systemic resistance in bean (Zhu et al., 2017a). PsXEG1 induced disease resistance in N. benthamiana and soybean (Ma et al., 2015). BcGs1 induced systemic resistance in tobacco and tomato against B. cinerea, Phytophthora syringae and tobacco mosaic virus (Zhang Y. et al., 2015). Furthermore, BcGs1 triggered ROS burst, PAL and peroxidase (POD) enzyme activity, and lignin accumulation in tomato (Yang et al., 2018a). Many of the GH family CDIPs have been shown to possess hydrolase activity. While hydrolase activity of BcPG2 was required for its cell death induction (Kars et al., 2005), the enzymatic activity of most identified GH family CDIPs was not necessary for cell death inducing activity. For example, the cell death inducing activity of Xyn11A, PsXEG1, BcXYG1, VdEG1 and VdEG3 was independent of their enzymatic activity (Brito et al., 2006; Ma et al., 2015; Gui et al., 2017; Zhu et al., 2017a).

The PL family pectate lyases play a critical role in pectin degradation. Four pectate lyases PcPL1, PcPL15, PcPL16 and PcPL20 in P. capsici, and one pectate lyase VdPEL1 in V. dahliae have been identified to have cell death inducing activity in plants (Fu et al., 2015; Yang et al., 2018d). PcPL1, PcPL15, PcPL16 and PcPL20 were highly expressed in P. capsici during infection of pepper, and transient expression of the four PcPLs induced severe cell death in pepper leaves (Fu et al., 2015). VdPEL1 induced cell death in N. benthamiana, tomato, soybean and cotton, and triggered defense responses and systemic resistance to B. cinerea and V. dahliae in N. benthamiana and cotton plants. Furthermore, the enzymatic activity was found to be necessary for cell death-inducing activity (Yang et al., 2018d).

Besides, a SGNH hydrolase subfamily protein BcXyl1 was identified to induce cell death in N. benthamiana, tomato, soybean and cotton (Yang et al., 2018c). BcXyl1 exhibited xylanase activity, but its cell death inducing activity was independent of the enzymatic activity. BcXyl1 triggered plant PTI responses with a pattern of 26-amino acid peptide.



CDIP Families With Other Conserved Domains or Without Conserved Domain

Besides the above-mentioned CDIP families, a number of apoplastic CDIPs contain other conserved domains or no conserved domain (Tables 1, 2), indicating the incredible diversity of apoplastic CDIPs secreted by oomycetes and fungi. On the other hand, many of these apoplastic CDIPs are widely distributed across microbial taxa or different pathogen species and the homologs can induce cell death and defense responses in different plant species, indicating that recognition of these proteins is evolutionarily conserved. For example, the Valsa mali small cysteine-rich protein VmE02 induces cell death in N. benthamiana, tomato, pepper, Arabidopsis and apple and enhances resistance in N. benthamiana against S. sclerotiorum and P. capsic (Nie J. et al., 2019). VmE02 is widely conserved across oomycete and fungal species, and the homologs can induce cell death in N. benthamiana. Similarly, the Colletotrichum orbiculare NIS1 and its homologs from Colletotrichum higginsianum and Fusarium virguliforme (Yoshino et al., 2012; Chang et al., 2016), and the Rhynchosporium commune RcCDI1 and its homologues from M. oryzae, Neurospora crassa and Zymoseptoria tritici (Franco-Orozco et al., 2017), induced cell death in N. benthamiana. These results clearly supported that, although the physiological properties remain unknown, these apoplastic CDIPs are recognized as conserved patterns that induce defense responses in plants.



APOPLASTIC CDIPs CONTRIBUTE TO PATHOGEN VIRULENCE

Phytopathogenic oomycetes and fungi initially colonize in the plant apoplast or extracellular space, and subsequently penetrate host cells. Therefore, the apoplastic effectors secreted by oomycetes and fungi are likely the primary weapons of filamentous plant pathogens. Despite the diversity of lifestyles as biotrophic, hemibiotrophic or necrotrophic, filamentous oomycetes and fungi secrete a high number of apoplastic CDIPs. Biotrophic pathogens feed on living plant cells (Giraldo and Valent, 2013). Whether apoplastic CDIPs of biotrophic pathogens actually cause plant cell death or function as important virulence factors during a natural infection remain to be determined (Tables 1, 2). In contrast, necrotrophic pathogens thrive on dead host tissues and take advantage of CDIP-triggered plant cell death. For example, NLP-triggered necrosis could aid infection by necrotrophic pathogens (Van den Ackerveken, 2017). Hemibiotrophic pathogens combine a biotrophic phase in early stages with a necrotrophic phage during later infection stages. Many apoplastic CDIPs of hemibiotrophic pathogens have been found to be highly expressed at late infection stages, suggesting that they contribute to the necrotrophic growth of hemibiotrophic pathogens (Qutob et al., 2002; Kelley et al., 2010).

Functional analysis based on overexpression, deletion or silencing of genes encoding apoplastic CDIPs have functionally proved many of them as important virulence factors in hemibiotrophic and necrotrophic pathogens (Tables 1, 2). Among the 62 identified oomycete apoplastic CDIPs, 12 have been proven to function as virulence factors that are required for pathogenicity or contribute to virulence. The P. cactorum SCR96 belongs to the PcF toxin family. Silencing of the scr96 gene in Phytophthora cactorum caused loss of pathogenicity on host plants, indicating that SCR96 is required for pathogenicity (Chen et al., 2016). In P. capsici, silencing of the genes encoding NLP-like proteins PcNLP2, PcNLP6 or PcNLP14, and the genes encoding pectate lyases PcPL1, PcPL15, PcPL16 or PcPL20 caused significantly reduced virulence on pepper (Feng et al., 2014; Fu et al., 2015), demonstrating the important roles of these apoplastic CDIPs in pathogen virulence. In Phytophthora palmivora, three fractions isolated from culture filtrates including high-molecular-weight glycoprotein, broad-molecular-weight glycoprotein and 42-kDa glycoprotein were observed to promote P. palmivora infection of rubber tree leaves (Pettongkhao and Churngchow, 2019). However, the virulence role of these three glycoproteins remains to be genetically confirmed. The P. sojae XEG1, a GH12 family CDIP, functions as a major virulence factor during infection. Both silencing and overexpression of the PsXEG1 gene in P. sojae severely impaired virulence (Ma et al., 2015). Interestingly, P. sojae also secretes a PsXLP1 (PsXEG1-like) apoplastic effector with a truncated GH12 domain functioning as a decoy to shield XEG1-mediated virulence (Ma et al., 2017).

Among the 115 identified fungi apoplastic CDIPs, 16 have been proven to be required for pathogenicity or contribute to virulence of both hemibiotrophic and necrotrophic pathogens. In B. cinerea, targeted deletion of the genes encoding BcCFEM1 (Zhu et al., 2017b), BcSpl1 (Frías et al., 2011), BcXyl1 (Yang et al., 2018c), or BcXyn11A (Brito et al., 2006) caused severely compromised virulence, suggesting that these CDIPs were important virulence factors of B. cinerea. Overexpression and deletion of BcXYG1 did not significantly affect B. cinerea infection on bean leaves. However, the BcXYG1 overexpression strains produced significantly earlier and more intense local necrosis, suggesting that BcXYG1 contributes to the establishment of infection in early stages (Zhu et al., 2017a). The C. gloeosporioides CgCP1 belongs to the CPP family. Knock-out of CgCP1 in C. gloeosporioides significantly reduced infection on rubber tree leaves (Wang W. et al., 2018). Similar to BcSpl1 and CgCP1, the CPP family CIDPs FocCP1, SsCP1 and VdCP1 function as important virulence factors. Deletion of FocCP1 in F. oxysporum (Liu et al., 2019), SsCP1 in S. sclerotiorum (Yang et al., 2018b), or VdCP1 in V. dahliae (Zhang et al., 2017a) caused significantly reduced virulence of pathogens on hosts banana, Arabidopsis or cotton, respectively. In M. oryzae, deletion of mohrip1, or mohrip2 remarkably compromised fungal virulence on rice (Nie H. et al., 2019; Nie H. Z. et al., 2019). MoHrip1 belongs to the Alt a 1 (AA1) family (Zhang et al., 2017b). Similarly, the V. dahliae PevD1, an AA1 family CDIP, is required for full virulence of V. dahliae on hosts (Zhang et al., 2019). In addition to VdCP1 and PevD1, VdCUT11, VdEG1, VdEG3, VdNLP1, VdNLP2, and VdPEL1 have been shown to play important roles in virulence of V. dahliae. Targeted deletion of VdCUT11 (Gui et al., 2018), VdEG1, VdEG3 (Gui et al., 2017), or VdPEL1 (Yang et al., 2018d) significantly compromised virulence of V. dahliae on cotton plants. Interestingly, while both VdNLP1 and VdNLP2 appear to be dispensable for V. dahliae infection in cotton plants (Zhou et al., 2012), VdNLP1 as well as VdNLP2 deletion strains were found to be significantly less pathogenic on tomato and Arabidopsis (Santhanam et al., 2013), demonstrating the functional diversification of the two NLP family CDIPs in virulence of V. dahliae.

Pathogenicity assays also revealed that many apoplastic CDIPs were not required for fungal pathogenicity or virulence. Targeted deletion of the genes encoding these proteins did not impair the virulence of pathogens (Table 2). One possibility why these apoplastic CDIPs were dispensable for virulence could be due to the functional redundancy with other apoplastic effectors (Yoshino et al., 2012; Guo et al., 2019).



RECOGNITION OF APOPLASTIC CDIPs IN PLANTS: CELL SURFACE RECEPTORS AND DOWNSTREAM COMPONENTS

In recent years, there have been breakthroughs in the identification of cell surface receptors recognizing apoplastic CDIPs. By screening T-DNA insertion mutants and natural accessions of Arabidopsis, Albert et al. (2015) identified T-DNA insertion alleles of RLP23 and Arabidopsis accessions carrying a frameshift mutation of RLP23 that were insensitive to the conserved nlp20 pattern found in most NLPs. RLP23 encodes a leucine-rich repeat-receptor-like protein (LRR-RLP), which binds extracellularly to nlp20, thereby mediating NLP-elicited immune response in Arabidopsis (Albert et al., 2015). Transgenic potato plants expressing RLP23 displayed enhanced resistance to oomycete and fungal pathogens, such as P. infestans and S. sclerotiorum (Albert et al., 2015), further supporting that RLP23 confers protection to oomycete and fungal pathogens. More recently, RXEG1 (Response to XEG1), an LRR-RLP that specifically recognizes the GH12 family CDIP XEG1, has been identified from N. benthamiana through a high-throughput virus-induced gene silencing (VIGS) screen (Wang Y. et al., 2018). RXEG1 interacts with XEG1 by the extracellular LRR domain in the apoplast, and regulates XEG1-induced plant cell death and immune responses.

Using a genetic mapping approach, an ELR (elicitin response) gene has been identified from a population derived from the cross of Solanum microdontum genotype mcd360-1 (responds to INF1 with a cell death response) with S. microdontum ssp. gigantophyllum gig714-1 (does not respond to INF1) (Du et al., 2015). ELR encodes an LRR-RLP, and ELR mediates extracellular recognition of a broad range of elicitins exhibiting relatively low sequence similarity, suggesting that ELR recognizes elicitins most likely based on domain similarity but not a small conserved peptide. Moreover, cultivated potato transformed with the ELR gene exhibited enhanced resistance to Phytophthora infestans. Overall, the results suggested ELR as a potential cell surface receptor to mediate response to elicitins. However, the physical association of ELR with INF proteins remains unclear (Du et al., 2015). Interestingly, two intracellular proteins, a lectin-like receptor kinase (NbLRK) and a pepper calcium-binding protein (SRC2-1), have been shown to interact with P. infestans INF1 (Kanzaki et al., 2008) and P. capsici PcINF1 (Liu et al., 2015), and mediate P. infestans INF1 or PcINF1-induced cell death, respectively. These results correspond with the speculation that elicitins could be possibly transported into plant cells through clathrin-mediated endocytosis (Leborgne-Castel et al., 2008). Hence, it would appear that plants possess multiple mechanisms to recognize elicitins.

The three cell surface receptors RLP23, ELR and RXEG1 have extracellular LRRs but lack a cytoplasmic signaling domain. Two LRR receptor-like kinases (LRR-RLKs) SUPPRESSOR OF BIR1-1 (SOBIR1) and/or BRI1-ASSOCIATED KINASE-1/SOMATIC EMBRYOGENESIS RECEPTOR KINASE-3 (BAK1/SERK3) were shown to be essential for RLP23, ELR or RXEG1-induced cell death and immune responses that act as co-receptors to transduce signals to downstream elements. RLP23 forms a complex with SOBIR1 and recruits BAK1/SERK3 into a tripartite complex upon ligand binding (Albert et al., 2015); ELR associates with BAK1/SERK3 and mediates recognition of diverse elicitins from Phytophthora species (Du et al., 2015); RXEG1 associates with BAK1/SERK3 and SOBIR1 to transmit the XEG1-induced defense signal (Wang Y. et al., 2018).

BAK1/SERK3 and SOBIR1 appear to be general and central regulators of plant cell death and defense response induced by diverse apoplastic CDIPs besides nlp20, INF1 and XEG1. In Arabidopsis, bak1 mutants showed a significantly reduced sensitivity to the CPP family CIDP BcSpl1, indicating that BAK1 plays an important role in the perception of BcSpl1 (Frías et al., 2011). In N. benthamiana, VIGS-mediated silencing of BAK1 or SOBIR1, resulted in significant reductions of cell death induced by a number of apoplastic CDIPs, including BcXYG1 (Zhu et al., 2017a), BcXyl1 (Yang et al., 2018c), RcCD1 (Franco-Orozco et al., 2017), VdCUT11 (Gui et al., 2018), VdEG1, VdEG3 (Gui et al., 2017), VmE02 (Nie J. et al., 2019), MgNLP, Zt9, Zt11 or Zt12 (Kettles et al., 2017). These results indicate that BAK1/SERK3 and SOBIR1 are required for apoplastic CDIP-induced cell death.

Several cytosolic, or nucleo-cytoplasmic regulators have been shown to be important components in apoplastic CDIP-induced cell death and defense signal transduction pathways downstream of the cell surface receptor complexes. The ubiquitin ligase–associated protein SGT1 functions as a conserved component in both PTI and effector-triggered immunity (ETI) pathways. Silencing of SGT1 in N. benthamiana suppressed cell death induced by P. capsici PcINF1 (Liu Z. Q. et al., 2016), INF1, INF2A (Huitema et al., 2005), PiNPP1.1, PsojNIP (Kanneganti et al., 2006), BcSpl1 (Frías et al., 2011), NIS1 (Yoshino et al., 2012), NcCDI1 (Franco-Orozco et al., 2017), or VmE02 (Nie J. et al., 2019). In addition, VIGS-mediated silencing analysis revealed that HSP70, HSP90 (Kanzaki et al., 2003; Kanneganti et al., 2006; Yoshino et al., 2012; Nie J. et al., 2019), COI1, MEK2, NPR1, TGA2.2 (Kanneganti et al., 2006), and Avr9/Cf-9-INDUCED F-BOX1 (ACIF1) (Li et al., 2019c) were required for cell death induced by certain apoplastic CDIPs.



CONCLUDING REMARKS AND PERSPECTIVES

An emerging number of studies have shown that many apoplastic CDIPs are required for pathogenicity, or contribute to the virulence of hemibiotrophic and necrotrophic pathogens, demonstrating the important role of these apoplastic CDIPs as essential virulence factors. On the contrary, apoplastic CDIPs were shown to elicit plant defense responses. Over the past decades, studies have documented that many apoplastic CDIPs are recognized by plants as PAMPs, being able to trigger PR gene expression, phytoalexin synthesis, MAPK phosphorylation, SA-, JA/ET-signaling pathways, as well as resistance against pathogens. The recent findings of extracellular recognition of NLPs, elicitins and XEG1 by plant RLPs, RLP23, ELR and RXEG1 (Albert et al., 2015; Du et al., 2015; Wang Y. et al., 2018), respectively, have greatly advanced our understanding of the roles of apoplastic CDIPs in plant-pathogen interactions. More importantly, the identification of receptors for apoplastic CDIPs provides valuable gene resources for engineering crops with broad and durable disease resistance (Albert et al., 2015; Du et al., 2015).

Currently, the majority of apoplastic CDIPs have been characterized based on demonstrations in dicot plants, especially based on transient expression in N. benthamiana, even many apoplastic CDIPs were identified from monocot pathogens. Particularly, recognition receptors and downstream components that have been identified remain restricted to dicot plants. Given the paramount importance of monocot cereal plants, such as rice, wheat and maize, as staple crops, it would be important to determine recognition of apoplastic CDIPs in monocot hosts, which could help engineer monocot cereal crops with broad-spectrum resistance against filamentous pathogens.
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Phytopathogens deploy glycoside hydrolases (GHs) to disintegrate plant cell walls for nutrition and invasion. However, the pathogenic mechanisms of the majority of GHs in virulence remain unknown, especially in oomycetes. In this study, a Phytophthora sojae gene encodes a GH7 family cellobiohydrolase, named PsGH7a, was identified. PsGH7a was highly induced during the cyst germination and infection stages. PsGH7a is conserved in oomycetes, and shares a high amino acid sequence identity (>85%) within Phytophthora genus. The recombinant PsGH7a catalyzes the hydrolysis of β-1,4-glucan and avicel, which represent the major components of cellulose in plant cell wall. The mutation of catalytic residue Glu236 to alanine resulted in a lower catalytic activity. In addition, the PsGH7a promotes Phytophthora invasion, while the mutant can not. Notably, PsGH7a protein triggers hypersensitive cell death in diverse plants. PsGH7a knockout mutants were generated via CRISPR/Cas9 system, to investigate its biological function. Compared to wild-type strain P6497, the mutants showed reduced virulence on susceptible soybean, indicates PsGH7a is indispensable to P. sojae virulence.

Keywords: Phytophthora sojae, glycoside hydrolase 7, virulence, soybean, cellobiohydrolase


INTRODUCTION

The battle between plants and microbes is the product of million-years of co-evolution. The front line of the plant defense is numerous physical barriers such as the cell walls, waxes and hairs (Hématy et al., 2009). A primary challenge for microbial pathogens is to penetrate the formidable and dynamic barrier of plant cell walls, which are constructed of cellulose, hemicellulose, pectin, and joined by complex distinct connection types (Somerville et al., 2004; Vorwerk et al., 2004; Wang et al., 2019).

Plant pathogens produce cell wall degrading enzymes (CWDEs) as part of their arsenal for nutrition and plant invasion (Faure, 2002; Martinez et al., 2004; Hashimoto et al., 2007; Hématy et al., 2009; Bakunina et al., 2013; van Wyk et al., 2017; Pluvinage et al., 2019). Phytopathogenic fungi and oomycetes are unique microbial pathogens that being able to break the intact physical surfaces of host plants (Soanes et al., 2007). Many plant-pathogenic fungi secrete a range of CWDEs to degrade the host cell wall, such as glycoside hydrolases, polysaccharide lyases, and esterases, even much more than that in Trichoderma reesei, which is known as a major industrial cellulase-producing fungus (Ma Y. A. et al., 2015; Gui et al., 2017; Le Mauff et al., 2019). For example, the genome of phytopathogenic fungi Magnaporthe grisea and Fusarium graminearum contains two to three times of genes encoding cellulases and xylanases as that in industrial fungus T. reesei (Martinez et al., 2008; King et al., 2011). The effects of the CWDEs usually support their direct contributions to invasion and disease. Emasculation of the endo-beta-1,4-xylanase xyn11A affected the virulence of Botrytis cinerea (Brito et al., 2006), and the mutation of pectate lyase CcpelA had a marked effect on the aggressiveness of Colletotrichum coccodes toward tomato fruits (Ben-Daniel et al., 2012). Oomycetes, from the kingdom Stramenopila (Baldauf, 2003; Yutin et al., 2008), encompass numerous phytopathogens such as Phytophthora, Pythium, Albugo, and downy mildews, which genomes encode abundant of CWDEs toward plant cell wall components (Tyler et al., 2006; Haas et al., 2009; Baxter et al., 2010). It is reported that Phytophthora sojae, the causal agent of soybean stem and root rot disease, manipulates plant immunity by protecting xyloglucanase XEG1 through its truncated paralogous PsXLP1 as a decoy (Ma et al., 2017). Nevertheless, the pathogenetic roles of the vast majority of CWDEs remain unknown, especially in oomycetes (Ma Z. et al., 2015).

The CWDEs produced by microorganisms were shown as multiple components, and their synergistic effect was reported (King et al., 2011; Payne et al., 2015). Some reports indicate that the glycoside hydrolases (GHs) is required for pathogen virulence on host, but the virulence mechanism are still unknown (Ma Z. et al., 2015; Baker et al., 2016; Ma et al., 2017; Fleming et al., 2017; Gui et al., 2017; Snarr et al., 2017; Le Mauff et al., 2019; Shen et al., 2020). Glycoside hydrolases are a widely distributed group of carbohydrate active enzymes (CAZy), which hydrolyze glycosidic bonds in glycosides, glycans and glycoconjugates (Henrissat and Davies, 2000). The primary action mode glycoside hydrolases is regarded as endoglucanases (EGs) act by cleaving β-1,4-glucosidic linkages in amorphous regions of cellulose chains, and cellobiohydrolases (CBHs) attach to the chain end of cello-oligosaccharides and then depolymerize these cellulosic fibers into disaccharide units (Payne et al., 2015). So far, the CAZy database1 classified glycoside hydrolases into 167 families based on predicted structures and sequence similarities (Turbe-Doan et al., 2019). Of these, GH7 family is somewhat enigmatic because it contains both CBHs and EGs in terms of the similar protein comformation, almost undoubtedly it provide the majority of hydrolytic turnover (Wood, 1985). This feature permits efficient hydrolysis activity, and reduces the possibly that the broken chain can reanneal into the crystal surface (Kurasin and Valjamae, 2011). In virtually, all organisms employing GH7 cellulases to degrade lignocellulosic biomass possess multiple genes of GH7 cellulases. To date, the CAZy database lists nearly 5000 GH7 sequences, including EGs and CBHs, and these GH7 cellulases offer complicated evolutionary branches with each other (Lombard et al., 2014).

In addition, unlike some prevalent GH families, such as GH5, GH6, GH12, and GH45, GH7 enzymes mainly consist in fungi, but have not been found in bacteria or archaea (Payne et al., 2015). The cellulose depolymerization of GH7 could be employed by some biomass-degrading fungi, such as the white-rot basidiomycete Phanerochaete chrysosporium, for nutrition and to promote entry into plant tissue (Martinez et al., 2004; Vanden Wymelenberg et al., 2006). So far, there is little research on the GH7 enzymes of phytopathogenic pathogens. Here we have isolated and characterized a gene of oomycete P. sojae, named PsGH7a, encoding a cellobiohydrolases belonging to the glycoside hydrolase family 7. PsGH7a is up regulated during early infection, and the protein product promotes the invasion of Phytophthora pathogens. The deletion of PsGH7a had pronounced effects on P. sojae virulence, delaying the rot of hypocotyls and reducing the lesion size on soybean leaves.



MATERIALS AND METHODS


Phylogenetic Analysis of PsGH7a Homologs

All sequences of PsGH7a Homologs from oomycetes and fungi were obtained from NCBI (National Center for Biotechnology Information) website. Sequence alignments were generated via the Clustal Omega program (Sievers et al., 2011). The phylogenetic tree was constructed using MEGA 6.0 program via a neighbor joining algorithm with 1,000 bootstrap replicates.



Plant and Phytophthora Cultivation

Nicotiana benthamiana, soybean (Glycine max), and tomato (Solanum lycopersicum L.) plants were grown in the chamber at 25°C with a cycle of 16 h of high light intensity and 8 h of darkness. P. sojae strain P6497 and Phytophthora capsici strain LT1534 and all transformants were grown on 10% V8 medium at 25°C in the dark. 1 × 1-mm hyphal plugs were cultured in V8 liquid medium. After 48 h, mycelia were collected for RNA and DNA extraction. For the expression pattern analysis, mycelia (MY), as well as infection stages (10 min, 30 min, 1, 3, 6, 12, and 24 h), were collected as described previously (Ye et al., 2011).



Nucleic Acid Manipulation and Quantitative PCR Assay

The DNAMAN software was used to analyze the genes and help to design primers. The signal peptides of the proteins were predicted at the SignalP4.0 Server2. Genomic DNA of the P. sojae strains for gDNA PCR or biomass assay was isolated using HP Plant DNA kit (OMEGA Bio-Tek, Norcross, GA, United States), respectively. Total RNA of P. sojae was extracted using EZNA Total RNA Kit I (OMEGA Bio-Tek, Norcross, GA, United States). The concentration of DNA or RNA was measured using a spectrophotometer, and the mass was determined by agarose gel electrophoresis. cDNA was synthesized with HiScript Reverse Transcriptase Kit (Vazyme, Nanjing, China). The PsGH7a gene was amplified using Phanta Super-Fidelity DNA Polymerase (Vazyme, Nanjing, China) from the cDNA. The mutagenesis of PsGH7aE236A was generated by using Mut Express II Fast Mutagenesis Kit V2 (Vazyme, Nanjing, China) following the previous protocol (Han et al., 2018).

Quantitative RT-PCR was performed with the PsGH7a forward primer TCAAGGAACCTACGGCATCAC and the reverse primer AGTTCACTCTCGACGTGGAC. The actin gene (PsActin = Ps108986) was used as an internal reference to detect PsGH7a transcription levels changes. Relative P. sojae biomass in infected plan tissue were quantified with qPCR as described previously (Wang et al., 2011). Primers used in this study are listed (Supplementary Table S2).



Heterologous Expression and Immunoblotting

After PCR progress, the purified PsGH7a PCR products and pPIC9K vector were incubated with EcoRI and NotI (Fermentas, Glen Burnie, MD, United States) and ligated using T4 DNA ligase (Fermentas, Glen Burnie, MD, United States). The recombinant plasmid pPIC9K/PsGH7a was linearized with the restriction enzyme SacI and then transformed into Pichia pastoris GS115. The transformants were seeded onto minimal dextrose (MD) plates and minimal methanol (MM) plates and were then screened on yeast peptone dextrose (YPD) agar medium supplemented with different concentrations of G418 (geneticin; Sangon, Shanghai, China) for the selection of multicopy integrants.

Methanol-induced enzyme expression was performed with shaking cultivation (200 rpm, 28°C) for 7 days based on the Pichia Expression Kit (Invitrogen, Carlsbad, CA, United States). Subsequently, the cell-free supernatant was harvested by centrifugation at 8,000 rpm for 20 min. The obtained supernatant liquor was adjusted with ammonium sulfate with 80% saturation at 4°C overnight (Han et al., 2018). Then, the precipitate was dissolved in phosphate buffer solution (PBS, 20 mM, pH 7.4). After dialysis with PBS, the crude extract was centrifuged at 8,000 rpm for 20 min, and the supernatant liquor was collected. Subsequently, the crude enzyme was purified using Ni2+ affinity chromatography through a HisTrap HP column (GE Healthcare, Waukesha, United States). The purified enzyme was preserved and used for subsequent assays. Protein immunoblots were performed as previously described (Wang et al., 2011). PsGH7a and the mutant were assessed using the anti-6xHis-tag primary antibody (Abclonal, College Park, MD, United States). Purified PsGH7a proteins are diluted into 100 nM for infiltration, as described by Ma (Ma Z. et al., 2015).



Detection of Enzyme Active

The 3,5-dinitrosalicylic acid (DNS) method was employed for evaluating the cellulase activity using barley β-D-glucan and Avicel (Sigma-Aldrich) as the substrates (Song et al., 2016), respectively. The reaction system contained 150 μL of 0.2% (w/v) β-D-glucan or 1% (w/v) Avicel and 15 μg of the purified enzyme in a 300 μL reaction mixture. The hydrolysis reaction was performed at optimal 60°C and pH 4.0 for 30 min, and then terminated by adding 300 μL of DNS solution in a boiling water bath for 10 min. After the sample was cooled down to the room temperature, the absorbance was measured at 540 nm, as described by Miller (Miller, 1959). The standard curve was quantified with D-glucose. One international unit (IU) of enzymatic activity is defined as the amount of enzyme capable of releasing 1 μmol of reducing sugars per minute (Hua et al., 2018). Each experiment was performed in triplicate.



Phytophthora Infection Assay on N. benthamiana

Nicotiana benthamiana leaves were harvested after infiltration and maintained on wet filter paper in Petri dishes. Infiltrated regions were inoculated with hyphal agar plugs (diameter 5 mm) of P. sojae and P. capsici, as previously described (Yang et al., 2017). The expanding lesions were photographed at 36 h after inoculation. Three independent biological replicates were included.



CRISPR/Cas9 Knockout PsCBH7a

The PsGH7a gene sequence was introduced into the website3, and at least two sgRNA sequences were obtained by screening the specificity of the sgRNA sequence and self-circulation. The sgRNA was constructed in the pYF515 vector using the double digestion method with Nhe I and Bsa I as restriction sites. The PsGH7a gene was located on the FungiDB website, and upstream 1000 bp sequence and downstream 1000 bp sequence of PsGH7a in the whole genome of strain P6497 were found. The upstream 1000 bp and downstream 1000 bp fragment of PsGH7a was connected to the pBluescript II KS + vector, and the mCherry gene was inserted between them. The plasmids pYF515 and pBluescript II SK + were co-transformed into protoplast of P. sojae via Polyethylene-Glycol (PEG)-mediated transformation (Hua et al., 2008). After G418 resistance screening, gDNA was extracted from the transformants. The PsGH7a gene was trying to be amplified from gDNA of the transformants using PsGH7a-specific primers, and those without detected amplicons were selected for subsequent assays. The truncated fragments were sequenced to identify positive transformants.



Pathogenicity Assay

Pathogenicity of the transformants was tested by hyphal inoculation. Hyphal agar plugs were inoculated on hypocotyls of potted soybean seedlings or leaves of soybean cultivar Williams, which is compatible with P. sojae strain P6497. Soybeans leaves from the second-leaf stage were used for leaf infection while the hypocotyls for hypocotyl infection. Then, the hyphal plugs were inoculated on hypocotyls or leaves and incubated at 25°C in the dark for 2 days before sampling. Place the leaves of the inoculated hypha pieces in a wet filter paper dish in the dark at 25°C for 3 days. Pictures were taken and relative virulence was measured by qRT-PCR. The ratios of P. sojae DNA to soybean DNA were quantified in the infected plants tissues. All these assays were repeated independently at least three times.



RESULTS


Identification and Phylogenetic Analysis of PsGH7a

Seven candidate genes encoding GH7 cellulases (PsGH7a to PsGH7g) were identified in the P. sojae (strain P6497) genome. According to the predictions on SignalP Sever-5.0 (see footnote 2), four of these seven proteins (PsGH7a to PsGH7d) contain potential signal peptide, indicating those are secreted enzymes (Supplementary Table S1).

The PsGH7a gene is 1395 bp long with no introns (NCBI Gene ID: 20663650), encodes a 464-aa GH family 7 protein (NCBI Reference Sequence: XP_009531399.1). The expression pattern was investigated based on global digital gene expression profiling as reported (Ye et al., 2011). PsGH7a was highly expressed during the cyst germination and infection stages (Supplementary Table S1), and the expression pattern during infection was confirmed via quantitative reverse transcription (qRT)-PCR (Supplementary Figure S1). This indicates that PsGH7a may be required during P. sojae invasion and infection.

Based on Protein BLAST (Basic Local Alignment Search Tool)4 searches, the homologs of PsGH7a in some oomycetes and some other pathogen species were identified. The phylogenetic tree was constructed using PsGH7a protein sequence and the homologs from oomycetes and fungi (Figure 1). The result showed that PsGH7a-homologous proteins are widespread among plant pathogenic oomycetes and fungi. The NCBI-blast results revealed PsGH7a shares a high degree of identity (>85%) within Phytophthora genus (Supplementary Figure S2). Of these, PsGH7a shared 90.7% identity with the Phytophthora fragariae GH7 cellobiohydrolase (KAE9199421), 90.5% identity with the Phytophthora infestans GH7 family cellobiohydrolase (XP_002902727) and 90.0% identity with the Phytophthora parasitica GH7 family protein (ETL91310). Also, PsGH7a shared 86.97% identity with the GH7 family protein (RMX63503.1) of Peronospora effusa, which is an obligate downy mildew pathogen. That indicates PsGH7a may contribute to the biotrophic phase of pathogens.
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FIGURE 1. Phylogenetic tree of PsGH7a and its homologous enzymes from oomycetes and fungi. The phylogenetic tree was constructed through the MEGA 6.0 program with a neighbor-joining algorithm using 1,000 bootstrap replicates.




Biochemical Characterization of PsGH7a

To determine the biochemical properties, mature PsGH7a was heterologously expressed in Pichia pastoris and purified following a previously described protocol (Ma Y. A. et al., 2015). Western blotting exhibited that the purified PsGH7a protein appeared as a single band with an approximate molecular weight of 48 kDa (Supplementary Figure S3). The recombinant PsGH7a is able to efficiently hydrolyze the natural cellulose material of β-1,4-glucan (Figure 2). Evidently, PsGH7a is able to catalyze the hydrolysis of avicel, which is a typical characteristic of cellobiohydrolase (Figure 2). However, PsGH7a could not efficiently hydrolyze carboxymethyl cellulose (CMC) (Figure 2) and this phenomenon is also detected by other previous reports on cellobiohydrolases (Baramee et al., 2017; Han et al., 2018). Lichenin also could not be efficiently hydrolyzed (Figure 2), because it is composed of glucose units by the main β-1,3-1,4-glycosidic bonds which is not the preference for a β-1,4-cellobiohydrolase. Although previous reports have demonstrated that some glycoside hydrolases are bifunctional cellulase-xylanase enzymes (Hua et al., 2018; Lee et al., 2018; Chu et al., 2019), PsGH7a has no catalytic ability on the hydrolysis of xylan (Figure 2).


[image: image]

FIGURE 2. Substrate specific activity of cellobiohydrolase PsGH7a. Values are means ± SD of three replications.




PsGH7a Is an Elicitor and Induces Hypersensitive Responses in Various Plants

The recombinant PsGH7a protein was infiltrated into expanded leaves of N. benthamiana. 5 days later, trypan-blue staining indicates the areas of cell death, which were enlarged with increasing concentrations of PsGH7a protein from 20 to 100 nM (Figure 3A). Compared to the other reported fungal and oomycete cellulase elicitors, the response in N. benthamiana is weakened and restricted to the infiltration site (Ma Y. A. et al., 2015; Ma Z. et al., 2015; Gui et al., 2017). To examine the host specificity, purified PsGH7a (100 nM) was infiltrated into expanded leaves of soybean (Glycine max) and obvious symptoms appeared at 5 days after infiltration (Figure 3B). Thus, PsGH7a protein can elicits hypersensitive response in the host, soybean.
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FIGURE 3. PsGH7a induces hypersensitive responses in various plants. (A) Protein solutions (20, 40, 60, 80, and 100 nM) and use buffer as control (CK) were infiltrated in N. benthamiana leaves, and then stained with trypan blue at 5 days post infiltration. (B) Soybean leaves were infiltrated with 100 nM protein solution and control (CK), and pictures were taken after 5 days.




PsGH7a Promotes the Invasion of Phytophthora

To investigate the function of PsGH7a, a malfunction mutation was constructed. According to the structure determination of homologous GH7 cellobiohydrolases, the highly conserved residue Glu236 served as a catalytic acid in the glycosyl group hydrolysis and the conserved residue Glu241 acted as the acid/base for increasing the nucleophilicity of the catalytic water (Figure 4A and Supplementary Figure S2; Momeni et al., 2013). When the catalytic residue Glu236 was substituted with Ala, the intrinsic functional hydrogen bond in carboxyl of Glu236 was eliminated and could not effectively induce the nucleophilic attack on the anomeric carbon atom to cleave the glucosidic bond through a covalent glycosyl-enzyme intermediate (Davies et al., 1993; Vocadlo and Davies, 2008; Supplementary Figure S4). Besides, in mutant PsGH7aE236A, the extended distance between Ala236 and Glu241 is adverse to the substrate binding, and this single mutation was not sufficient to induce comformational change of the active site architecture. Therefore, the mutant on the Glu236 (PsGH7AE236A) did not affect the stability and molecular mass of PsGH7a, and can not induce cell death at 5 dpi (Supplementary Figure S3).
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FIGURE 4. The hydrolysis of PsGH7a promotes Phytophthora invasion. (A) Predicted three dimensional structure of the PsGH7a protein obtained using the homologous Phanerochaete chrysosporium cellobiohydrolase Cel7D as the template (PDB: 1z3t). The color gradient shows the sequence from the N terminus (blue) to the C terminus (red). In particular, the putative catalytic residues Glu236 and Glu241 are presented as green sticks. (B) Cellulase activity (IU) of the wild-type and the mutant form PsGH7aE236A. One unit (U) of cellulase activity was defined as the amount of cellulase that catalyzed the liberation of reducing sugar equivalent to 1.0 μg glucose/min under assay conditions. Three independent biological replicates were used for each protein. (C) After the PsGH7a and the mutant form PsGH7aE236A proteins were infiltrated into N. benthamiana leaves, P. sojae and P. capsici hyphal plugs were put on the infiltration sites. The buffer was infiltrated as a control (CK); the cell-free supernatant from Pichia pastoris GS115 which contains a empty vector (EV) was also infiltrated as another control. Arrow indicates enlarged lesion area. The pictures were taken at 3 days after inoculation.


The catalytic activity assay indicates that PsGH7aE236A showed much lower activity than wild type (Figure 4B). The purified PsGH7a and PsGH7aE236A was infiltrated into N. benthamiana leaves, and hyphal plugs of P. sojae and P. capsici were put on the infiltration sites. Three days after inoculation, the lesions on the area with PsGH7a were significantly larger than others on the leaves (Figure 4C). The results indicated that the infiltration of PsGH7a in leaves increased their susceptibility to P. sojae and P. capsici, and its enzymic activity is also required.



CRISPR/Cas9 Genome Editing for PsGH7a Knockout

The contribution of PsGH7a to P. sojae virulence was investigated through CRISPR/Cas9 genome editing. The PsGH7a-knockout mutants of P. sojae (strain P6497) via CRISPR/Cas9 system were generated following a previously described protocol (Fang and Tyler, 2016). Two single guide RNAs (sgRNAs) with independent targeting were designed to disrupt the PsGH7a coding region (Figure 5A). The plasmid pBS KS + containing a homologous donor DNA (the mCherry gene with PsGH7a flanking sequences are used as a template for fragment homologous substitution, Figure 5A) and pYF515 vectors carrying each sgRNA information and hSpCas9 sequence were introduced into P. sojae via protoplast transformation as described (Hua et al., 2008). Six independent transformants were identified by gDNA PCR (Supplementary Figure S5) and sequencing screening, which all showed normal filamentous growth. The sequencing result showed that the PsGH7a gene was replaced by inserted mCherry in the mutants TG1 and TG6 (Figure 5B). The transformant TG3 is failed to acquire PsGH7a deletion and be used as the assay control (CK) (Supplementary Figure S5).
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FIGURE 5. CRISPR/Cas9 Genome Editing for PsGH7a Knockout. (A) sgRNA1, sgRNA2 are designed to target PsGH7a, and the mCherry gene with PsGH7a flanking sequences are used as template for fragment homologous substitution. (B) The sequencing results consist with the forecast result, indicates the PsGH7a gene have been successfully replaced as mcherry. The DNA used for sequencing are obtained from transformants, and the sequencing peaks are attached.




PsGH7a Is Required for Full Virulence of P. sojae

Potted seedlings of the soybean susceptible cultivar (Williams, without any known resistance genes) were inoculated with hyphal plugs on the wounded hypocotyls, respectively. After 4 days, the recipient strain P6497 killed soybean seedlings quickly while the transformants did not (Figure 6A). Consistent with these results, the virulence of these transformants was damnified on soybean leaves also. Hyphal agar plugs were inoculated on the opposite leaves of Williams, and moisturized in petri dishes for 2 days. The lesion regions caused by TG1 and TG6 were much smaller than WT and CK (Figure 6B). The biomass quantification showed the relative amount of P. sojae DNA of the mutants were significantly reduced in the inoculated soybean hypocotyls and leaves compared to WT and CK (Figures 6C,D). These results suggest that PsGH7a is required for full virulence of P. sojae in soybean infection.
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FIGURE 6. PsGH7a is required for full virulence of P. sojae. (A) P6497 wild-type and transformants hyphae plugs infected wounded hypocotyls, the pictures were taken at 3 days later. (B) P6497 and transformants hyphae plugs infected soybean leaves, the pictures were taken at 3 days later. (C) Determination of P. sojae DNA content in infected hypocotyls. Hypocotyls were collected at 3 days after infection with P6497 and transformants, and DNA was extracted for real-time PCR. (D) Determination of P. sojae DNA content in leaves. Leaves were collected 3 days after infection with P6497 and transformants, and DNA was extracted for real-time PCR. Three independent replicates of each real-time PCR.




DISCUSSION

Plants and pathogens are involved in a dynamic co-evolutionary struggle for survival. To cope with pathogen infection, plants rely on the physical barriers and layered innate immunity to program defenses (Jones and Dangl, 2006; Wang et al., 2019). Plant cell walls provide the primary physical defense, and may be dynamic strengthened for added defense during interaction with pathogens (Vorwerk et al., 2004). To penetrate plant cell walls and colonization of living host tissue, phytopathogens deploy secreted CWDEs as part of their arsenals (Hématy et al., 2009). The enzymes include glucanases, cellulases, polygalacturonases, pectinases and xyloglucanases (Vorwerk et al., 2004). For example, Ustilago maydis, the causal agents of corn smut, contains 33 such CWDE-encoding genes, (Kamper et al., 2006). However, there is little detailed information available about oomycete apoplastic CWDEs to date (Ma et al., 2017).

The CWDEs target multiple plant polysaccharides. Here we identified a P. sojae GH7 family protein, PsGH7a, which is a typical CBH GH7 family has been mainly found in fungi, our results showed that GH7 proteins are conserved in oomycetes. Both phytopathogenic fungi and oomycete are able to break the intact physical surfaces of host plants, which indicates the hydrolytic activity provided by GH7 enzymes maybe employed by these pathogens. Our results showed that the PsGH7a is highly conserved in both oomycetes and fungi (Figure 1). The PsGH7a shares a high degree of identity (>85%) within Phytophthora genus (Supplementary Figure S2), and shared 86.97% identity with the Peronospora effusa GH7 family protein (RMX63503.1). That indicates GH7a of Phytophthora may contribute to the biotrophic phase. The homologs from saprophytic oomycetes, including Aphanomyces euteiches, Pythium oligandrum, and Pythium brassicum, and Pythium splendens, share 60–65% identity with PsGH7a, are clustered to adjacent branch. The homologs from other obligate oomycetes, such as Bremia lactucae, Albugo candida and Albugo laibachii, are clustered to sub-groups. The homologs from fungi, including Sphaerosporella brunnea, Diplodia seriata, and Lasiodiplodia theobromae, are clustered into sub-population, that means they are evolved independently. These differences suggest that independent evolutionary events may have occurred in target sequences of oomycetes and fungi.

In the hydrolysis activity detection assay, PsGH7a is able to hydrolyze β-1,4-glucan and avicel. The main load-bearing component of plant cell wall is cellulose, which is the β-1,4-linked homopolymer of glucosides (Vorwerk et al., 2004). Thus, β-1,4-glucan represents the major component of cellulose in plant cell wall (Glass et al., 2013). In addition, the highly ordered arrangement of cellulose fibers connected by regular hydrogen bonds is termed as the crystalliferous region of cellulose, which is recognized as the critical traffic jam for reducing hydrolytic efficiency of cellulases on cellulose surface (Igarashi et al., 2011). The crystallinity of cellulosic avicel plays a major role in determining the rate of hydrolysis by cellulases, especially for CBH (Hall et al., 2010). As CBHs attach to cellulose chain ends, immediately triggering the internal bond cleavage by EGs, CBH can immediately capture the newly exposed reducing chain ends (Kurasin and Valjamae, 2011). So PsGH7a is identified as a cellobiohydrolase, provides the majority of hydrolytic turnover.

Usually, the hydrolysis activities of CWDE cocktails are required for phytopathogen virulence, which help to macerate plant tissues during infection (King et al., 2011). Silencing of P. sojae XEG1, which encodes a GH12-family xyloglucanase, severely reduced virulence (Ma Z. et al., 2015). Consistent with these results, pathogenicity assays showed the P. sojae lose its virulence when PsGH7a was knocked out. These results suggest that the PsGH7a plays key roles during P. sojae invasion. Furthermore, infiltration of PsGH7a even promote invasion of P. sojae and P. capsici on the non-host N. benthamiana leaves. So far, little is known about the differences in components of cell wall between hosts and non-hosts, and also the chemical composition is a factor in the outcome of the non-host disease resistance (Somerville et al., 2004). Usually, pathogenic CWDEs have obvious selectivity for hosts and good adaptability to the most preferred host (King et al., 2011), so it is possible to control fungus and oomycete disease by fine-tuned dynamic enhancement of plant cell walls. Our progress in defining P. sojae GH7a has provided new insights into the possible role of cell wall composition in controlling disease interactions.

In the co-evolution of plants and pathogens, some conserved CWDEs secreted by phytopathogens are recognized as pathogen-associated molecular patterns (PAMPs) by plant cell surface pattern recognition receptors (PRRs), and trigger plant immunity (PTI) (Wang and Wang, 2018). For example, an endocellulase from Rhizoctonia solani is an elicitor (Ma Y. A. et al., 2015). P. sojae XEG1 act as virulence factors and PAMPs in oomycetes (Ma Z. et al., 2015). Two GH12 proteins VdEG1 and VdEG3 produced by the fungus Verticillium dahliae Vd991 acted as PAMPs to trigger cell death (Gui et al., 2017). Plant cells also have molecular mechanisms for sensing and responding to cell wall derangement. Some of the cell wall degradation fragments produced by pathogen CWEDs, which are termed damage-associated molecular patterns (DAMPs), can elicit defensive responses by plant (Hématy et al., 2009). For example, oligogalacturonic acid, which is produced when degradation of pectins by polygalacturonase generates, can trigger plant defenses (D’Ovidio et al., 2004). We found that PsGH7a protein can elicits hypersensitive response in tobacco and soybean. The necrotic lesions usually appear at 3 to 5 days post protein infiltration, it is hard to say the response is due to PAMP or DAMP. For the protein mutant PsGH7a E236A showed much lower activity than wild type, and cannot induce HR on soybean leaves, that indicate the degradation product but not the protein triggers PTI. We thought maybe the degradation product but not the protein triggers cell death, and for some reason, the cell death spread out slowly from the wound, while control or the protein mutant PsGH7a E236A does not. Maybe that is a kind of DAMP-triggered immunity. Also, we noticed that the cell death was increased with increasing concentrations of enzyme, so we guess it is probably because more damage was created by PsGH7a, which had been proved as a cellobiohydrolase.

It is well reported a novel decoy strategy is used in Phytophthora pathosystems (Ma et al., 2017). P. sojae manipulates plant immunity by protecting the GH12-family xyloglucanase XEG1 through its truncated paralogous PsXLP1 as a decoy. It is worth to notice that the CAZy database lists nearly 5000 GH7 sequences, and the GH7 cellulases in Phytophthora offer complicated evolutionary branches with each other. The decoy pattern provides an explanation for the multiple, similar sequences from the same family. The cross fire at the front line of plant defense is always the most intense. Thus, the researches on Phytophthora CWDEs provide more novel viewing angles of evolutionary struggle between plants and pathogens.
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Nitrogen is a major constituent of proteins, chlorophyll, nucleotides, and hormones and has profound effects on plant growth and productivity. RWP-RK family transcription factors (TFs) are key regulators that bind to cis-acting elements in the promoter regions of nitrogen use efficiency-related genes and genes responsible for gametogenesis and embryogenesis. The proteins share a conserved RWPxRK motif; have been found in all vascular plants, green algae, and slime molds; and are considered to be a plant-specific TF family. In this study, we show that RWP-RK proteins are also widely present in the Stramenopila kingdom, particularly among the oomycetes, with 12–15 members per species. These proteins form three distinct phylogenetic subgroups, two of which are relatively closely related to the nodule inception (NIN)-like protein (NLP) or the RWP-RK domain protein (RKD) subfamilies of plant RWP-RK proteins. The donor for horizontal gene transfer of RWP-RK domains to slime molds is likely to have been among the Stramenopila, predating the divide between brown algae and oomycetes. The RWP-RK domain has secondary structures that are conserved across plants and oomycetes, but several amino acids that may affect DNA-binding affinity differ. The transcriptional activities of orthologous RWP-RK genes were found to be conserved in oomycetes. Our results demonstrate that RWP-RK family TF genes are present in the oomycetes and form specific subgroups with functions that are likely conserved. Our results provide new insights for further understanding the evolution and function of this TF family in specific eukaryotic organisms.

Keywords: transcription factor, evolution, plant, oomycete, nitrate signaling


INTRODUCTION

Nitrogen is a major constituent of proteins, chlorophyll, nucleotides, and hormones and has profound effects on plant growth and productivity (Crawford, 1995; Gojon, 2017). In the green alga Chlamydomonas reinhardtii, vegetative cells differentiate into gametes in response to nitrogen starvation, and the minus and plus programs of gametic differentiation are switched on and switched off, respectively, by the minus dominance (MID) protein, which is a transcription factor (TF). This protein contains an RWPYRK sequence that went unnoticed when the protein was initially identified, but it was the first identified member of what would be later described as RWP-RK TFs (Ferris and Goodenough, 1997). Subsequently, the first nodule inception (NIN) protein was identified in the legume plant Lotus japonicus as a crucial regulator, which controls nitrogen-mediated symbiotic root nodule formation. Sequence comparison between the NIN and MID proteins identified a conserved RWP-RK domain that is involved in DNA binding. Proteins containing this conserved domain encompassing the RWPXRK motif were then named RWP-RK proteins and defined as a new class of TFs (Schauser et al., 1999).

In recent years, genome-wide identification of RWP-RK proteins or NIN-like proteins (NLPs) has been conducted in many plant species (Schauser et al., 2005; Koi et al., 2016; Ge et al., 2018; Kumar et al., 2018; Liu et al., 2018; Wang Z. et al., 2018; Mu and Luo, 2019). Thus far, the RWP-RK protein family has been found in all vascular plants, green algae, and slime molds and is considered to be a plant-specific TF family (Mu and Luo, 2019). In addition, two sub-families have been classified; i.e., NLPs and RWP-RK domain proteins (RKDs). The proteins in both sub-families share the RWP-RK domain; however, NLPs carry an additional C-terminal region Phox and Bem1 (PB1) domain, an octicosapeptide that allows interaction with other proteins, and an additional N-terminal region nitrate responsive domain (NRD) that allows NLPs to receive nitrate signals (Chardin et al., 2014; Mu and Luo, 2019).

The RWP-RK proteins bind to cis-acting elements in the promoter regions of nitrogen use efficiency (NUE)-related genes (including nitrate reductase NIA1 and nitrite reductase NIR1) and the genes responsible for gametogenesis and embryogenesis (Konishi and Yanagisawa, 2013a). In general, NLPs regulate tissue-specific expression of genes involved in NUE (Konishi and Yanagisawa, 2013b; Yu et al., 2016), while RKDs regulate expression of genes involved in gametogenesis or embryogenesis (Lin and Goodenough, 2007; Koi et al., 2016). In addition, the NRD domain in the N-terminal region of NLPs can respond to nitrate signals and bind specifically to nitrate responsive elements (NREs) found in the promoter regions of nitrate inducible genes (Castaings et al., 2009; Konishi and Yanagisawa, 2013a).

Oomycetes form a diverse group of eukaryotic microbes that outwardly resemble fungi in their growth habits and nutritional strategies, but are actually classified in the kingdom Stramenopila and are more closely related to golden-brown algae, diatoms, and brown algae (Sogin and Silberman, 1998). Many oomycetes are saprophytes or pathogens not only of plants but also of insects, crustaceans, fish, vertebrate animals, and various microbes. Plant-pathogenic oomycetes comprise approximately 200 formal and provisional species of the genus Phytophthora, which are arguably the most devastating pathogens of dicotyledonous plants, as well as downy mildew and Pythium species (Kamoun, 2003; Yang et al., 2017). Gene transcriptional regulation has been well characterized as an important biological process necessary for successful infection and normal sexual and asexual development in several oomycete plant pathogens (Wang et al., 2011; Ye et al., 2011; Ah-Fong et al., 2019). Genomic and functional analyses have identified several novel promoters (Mcleod et al., 2004; Xiang et al., 2009; Roy et al., 2013), TFs (Xiang and Judelson, 2010; Ye et al., 2013; Pham et al., 2018), and regulatory non-coding RNAs (Jia et al., 2017; Wang Y. et al., 2018), indicating that a number of transcriptional regulatory components and mechanisms are relatively specific to oomycetes in comparison to other eukaryotic organisms; however, detailed analyses are still largely lacking.

In this study, based on our previous comparative genomics study of the DNA-binding domain-containing proteins of various kingdoms, we found that the “plant-specific” RWP-RK family TFs are widely present among the species of Stramenopila, particularly among the oomycetes. Therefore, we systematically identified the RWP-RK proteins in 10 oomycete species for detailed comparisons of the phylogeny, sequences, and secondary structures of the RWP-RK domains of these proteins in oomycetes and plants. We also compared the transcription levels and patterns of the genes in two model oomycete plant pathogens, Phytophthora sojae and Pythium ultimum, to make preliminary predictions of the biological roles of the RWP-RK proteins in oomycetes.



RESULTS


Distribution of the RWP-RK Domain Across Kingdoms

As a preliminary investigation of the RWP-RK proteins in different species, we queried the RWP-RK family (PF02042) profile in the PFAM database. As shown in Supplementary Figure S1, we identified a total of 1823 RWP-RK proteins in 117 eukaryotic species. As expected, the candidates forming the largest group were from the Viridiplantae (1274 proteins in 86 species) with 15 proteins per species on average, and a few candidates were found in the Amoebozoa (14 proteins in 8 species; slime molds). Unexpectedly, the majority of the remaining candidates were from Stramenopila (194 proteins in 18 species), including not only microalgae and brown algae but also oomycetes. In particular, in Phytophthora, Pythium, and downy mildew genera of oomycetes, each species had 15 candidate RWP-RK proteins on average, as many as in Viridiplantae. Therefore, in addition to their presence in vascular plants, green algae, and slime molds, the range of identified RWP-RK proteins is now expanded to include the Stramenopila, with average family sizes in each oomycete species similar to those in plants.



Identification of RWP-RK Proteins in Oomycetes

Based on a genome-wide search using HMMER and BLAST programs, and confirmation of candidate proteins using the functional domain prediction servers SMART and NCBI Batch CD-search, we identified 12 to 18 RWP-RK proteins in each of nine oomycete plant pathogens, including P. sojae (18), Phytophthora ramorum (18), Phytophthora capsici (15), Phytophthora infestans (15), Phytophthora parasitica (16), Phytophthora litchii (16), Hyaloperonospora arabidopsidis (12), Plasmopara halstedii (17), and Py. ultimum (15), and identified five RWP-RK proteins in Saprolegnia parasitica, which is parasitic to animals (Supplementary Table S1).

After a correction of gene models based on RNA-seq datasets (Supplementary Figure S2) or alignments among orthologs, we found that the lengths of RWP-RK protein sequences ranged from 147 aa to 627 aa, with 313 aa on average, shorter than 672 aa in Arabidopsis thaliana and 591 aa in Glycine max; in addition, nearly all of the oomycete RWP-RK genes had a single exon, while the majority of the RWP-RK genes in non-oomycetes contained multiple introns (Supplementary Figure S3 and Supplementary Tables S1, S2). In P. sojae, only Ps_139301 might contain an intron; however, it is a likely pseudogene because it had few RNA-seq transcripts and orthologs were absent from many species. In Py. ultimum, only PYU1_T009453 contained an intron; however, it might have alternative splicing with an additional transcript isoform which has no intron (Supplementary Figure S4).



Phylogenetic Relationships of the RWP-RK Proteins Across Kingdoms

To examine the phylogenetic relationships of the RWP-RK proteins in oomycetes and other species, we constructed a tree using 83 RWP-RK domain sequences, including 33 sequences identified in two representative oomycete species (P. sojae and Py. ultimum) and 50 sequences from Viridiplantae, Amoebozoa (slime mold), green algae, brown algae, and microalgae (Supplementary Tables S1, S2). As shown in Figure 1, the RWP-RK proteins belonging to the reported RKD and NLP sub-families of Viridiplantae were clearly distinct in the tree, and VcaNIT2 and CreNIT2 of green algae were closely related to the NLP sub-family, while the VcaMID1m and CreMID sequences of green algae, as well as the other proteins of plants (with “RWP” in the IDs; but not Amoebozoa), were closely related to the RKD sub-family.
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FIGURE 1. Phylogenetic relationships of the RWP-RK proteins across kingdoms. A phylogenetic neighbor-joining tree was constructed using the RWP-RK domain sequences of the indicated species. Bootstrap values higher than 70 are displayed. The characters in brackets after the species name represent the prefixes of the protein IDs labeled in the tree. G1 to G15 indicate the classified orthologous groups of the oomycete RWP-RK proteins, blue branches indicate the two major sub-families (NLP and RKD) of the plant RWP-RK proteins, and red branches indicate the three major subgroups of the Stramenopila (and Amoebozoa) RWP-RK proteins.


In addition to these results, which were consistent with previous reports (Koi et al., 2016), we found that the RWP-RK proteins of oomycetes, as well as brown algae, microalgae, and Amoebozoa, were separated from those of Viridiplantae and green algae (Figure 1). According to the topological structure of the tree, the clades for Stramenopila (and Amoebozoa) could be divided into three major subgroups. Subgroups 2 and 3 were more closely related to the RKD and NLP sub-families, respectively, while subgroup 1 was relatively distinct in the tree. Among the three subgroups, the clades of subgroup 1 had relatively short branch lengths and most proteins of brown algae, microalgae, and Amoebozoa were in this subgroup, indicating that evolutionary conservation of RWP-RKs in Stramenopila (and Amoebozoa) was higher in subgroup 1 than in subgroups 2 and 3 (Figure 1).



Phylogenetic Relationships of the RWP-RK Proteins in Oomycetes

For a more detailed understanding of the evolution of RWP-RK proteins in oomycetes, we also constructed a phylogenetic tree using all 147 RWP-RK domain sequences identified from the 10 oomycete species. As shown in Figure 2, there were 15 obvious orthologous groups (termed G1 to G15) among the RWP-RK proteins. The majority of the members in each group were also syntenic with conserved gene order, further confirming their orthologous relationships (Supplementary Figure S5). The majority of the species of the Phytophthora, Pythium, and downy mildew genera had members belonging to 12 to 15 orthologous groups, while those of S. parasitica belonged to only four such groups, indicating that the RWP-RK protein family was highly conserved in all of the analyzed oomycete plant pathogens.
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FIGURE 2. Phylogenetic relationships of the RWP-RK proteins in oomycetes. A phylogenetic neighbor-joining tree was constructed using the RWP-RK domain sequences of the indicated species. Bootstrap values higher than 80 are displayed. G1 to G15 indicate the classified orthologous groups of the oomycete RWP-RK proteins.


Among the 15 orthologous groups of oomycete RWP-RK proteins, six species contained two candidate proteins in one or two specific group(s) of the G1 through G14 groups, e.g., G3 and G11 in P. ramorum, G14 in P. sojae, and G2 in P. infestans; while seven species contained two to four members in G15 (Figure 2 and Supplementary Figure S5). These results may imply later duplication-like events in specific or several oomycete species. In addition, members of the G5–G7 and G13–G15 groups were clustered in the genomes (Supplementary Figure S5) and were likely duplicated in ancient ancestors.



Prediction of Protein Domains and Additional Motifs

The arrangement of the predicted functional domain(s) was conserved in each orthologous group among the oomycete RWP-RK proteins (Supplementary Table S1). The RWP-RK proteins of all groups G1 to G15 contained a single RWP-RK domain, except for the members of G4 (e.g., Ps_141522 of P. sojae), which contained an additional Myb DNA-binding domain (Figure 3A). The PB1 or ParM-like domains shared in the RWP-RK proteins of NLP sub-family were not found in any oomycete RWP-RK proteins (Supplementary Figure S6A). Based on MEME webserver1 for a de novo discovery of conserved motifs in the RWP-RK proteins of A. thaliana and P. sojae, we identified four motifs additional to those at the RWP-RK domain region only for the NLP sub-family RWP-RK proteins in A. thaliana (Supplementary Figure S6B). However, in some ortholog group(s) of oomycetes, the RWP-RK proteins shared specific motif(s) (Supplementary Figure S7).
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FIGURE 3. Predicted functional domains of RWP-RK proteins and secondary structures of RWP-RK domains. (A) Predicted functional domains of Phytophthora sojae RWP-RK proteins and sequence alignment of the corresponding RWPxRK motif. (B–D) Weblogo presentation of conservation of the RWP-RK domains in plants and oomycetes. With respect to sequence alignment, the height of symbols within the stack indicates the relative level of conservation of each amino acid at that position. With respect to secondary structure and surface accessibility, “H”, “E”, and “C” represent alpha helix, beta strand, and random coil, respectively; “S” and “E” represent buried and exposed residues, respectively; and the height of symbols within the stack indicates the relative frequency of each result at that position.




Comparison of RWP-RK Domain Secondary Structures

In the sequence alignments of RWP-RK domains, we observed conserved amino acids similar to those of the RWPxRK motif of plants, although “R” at the first position (R1st) and “K” at the sixth position (K6th) were less conserved (Figure 3A and Supplementary Figure S3). In a comparison between plants and oomycetes, similar conserved amino acids were found not only for the RWPxRK motif itself, but also for the full region of the RWP-RK domain (Figure 3B). The predicted secondary structures contained four conserved alpha helices in the RWP-RK domains of both plants and oomycetes, and the RWP-RK motif was located at the junction of the fourth alpha helix and its upstream coil (Figure 3C). Based on predicted protein surface accessibility, we found that the majority of the conserved amino acids in the RWP-RK domain were buried, which was likely indicative of their role as protein scaffolds (Figure 3D). As a putative DNA-binding region, the most conserved W2nd and P3rd positions of the RWPxRK motif tended to be buried, while the other sites were exposed (Figure 3D). These exposed sites might be located on the protein surface and be associated with DNA-binding affinity.



RWP-RK Transcription Levels in Oomycete Plant Pathogens

Based on the RNA-seq data of P. sojae and Py. ultimum during host infection, we further compared the transcriptional levels and patterns of the RWP-RK genes to analyze their activity and predict their potential biological roles in oomycete plant pathogens. Under similar treatments, i.e., mycelia and soybean roots or hypocotyls after 3, 6, 12, 24, and 36 h of infection with zoospores, the average transcription levels of the orthologous genes in the two species showed an overall Pearson’s correlation coefficient (R) of 0.80, indicating a positive correlation (Figures 4A–C). In general, the overall transcription levels of the RWP-RK genes in subgroup 1 (G1–G7) were relatively higher than those in subgroups 2 and 3 (G8–G15); in both pathogens, the transcription levels of genes in G1–G4, G6, and G11 were relatively higher (Figures 4A–C). In addition to soybean, the Py. ultimum RWP-RK genes also showed similar transcription levels during the infection in other hosts (rye, pea, and potato; R = 0.86; Figure 4B). The results indicated that the transcription levels of the orthologous RWP-RK genes in oomycete plant pathogens were likely conserved and that some genes were more active transcriptionally while some were nearly silenced.
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FIGURE 4. Transcription of the RWP-RK genes in Phytophthora sojae and Pythium ultimum. (A) Transcription of the indicated Phytophthora sojae RWP-RK genes in mycelia and at 3, 6, 24, 24, and 36 h post-infection in soybean roots. (B) Transcription of the indicated Pythium ultimum RWP-RK genes in mycelia and at 3, 6, 24, 24, and 36 h post-infection in soybean hypocotyls, and early and late stages during infection of rye, pea, and potato. The numbers in the blocks represent log2 values converted from FPKM, with colored backgrounds from red to white representing the values from high to low. (C) Correlation of average transcription levels between orthologous genes or treatments. Average transcription levels were calculated according to the indicated RNA-seq stages or treatments.


Several pairs of orthologous genes in the two species exhibited conserved patterns of transcription. For example, in G1 and G9, the RWP-RK genes exhibited transcription levels in both P. sojae and Py. ultimum that were relatively weaker during the early stage of infection than during the late stage of infection and mycelial stage (Figures 4A,B: soybean, 3—12 h < 24—36 h; rye/pea/potato, E < L), while in G6, G7, and G11, the RWP-RK genes exhibited relatively higher transcription levels during the early stage of infection than during the other stages of infection even mycelial stage (Figures 4A,B: soybean, 3 > 12–36 h; rye/pea/potato, E > L). The results indicated that the transcription of some RWP-RK genes might be repressed or activated to function during specific stages of infection.



DISCUSSION

In this study, we showed that the well-characterized “plant-specific” RWP-RK family TFs are also present in the kingdom Stramenopila. These results provide further evidence to support the previous inference that the RWP-RK domain is an ancient motif rather than the result of novel evolution in plants, while the absence of this domain in the proteome of some kingdoms, such as the metazoans and fungi, might reflect gene loss later in evolution (Schauser et al., 2005).

Unlike the wide distribution in the Viridiplantae and Stramenopila, only a few RWP-RK proteins have also been identified in the Amoebozoa or slime molds such as Dictyostelium, and they were identified as an outgroup of plant RWP-RK domains in a phylogenetic tree (Koi et al., 2016). It has been speculated that they may have been acquired through horizontal gene transfer (HGT) (Schauser et al., 2005). In our results, we found that the two RWP-RK domains in Dictyostelium discoideum nested in clades associated with brown algae and oomycetes, which further supports that the donor for HGT of RWP-RK domains to slime molds is likely to have been in the Stramenopila, predating the brown algae and oomycetes divide (Figure 1).

In our phylogenetic analysis, the RWP-RK domains of Stramenopila as well as slime molds formed three subgroups distinct from those of plants. Similar to the majority of the non-NLP sub-family proteins in non-oomycetes, the RWP-RK domain alone was present in almost all of the oomycete RWP-RK proteins including those of subgroup 3, which was more closely related to the plant NLP sub-family. By contrast, additional functional NRD and PB1 domains have been found both up- and downstream, respectively, of the RWP-RK domain in NLPs (Chardin et al., 2014; Mu and Luo, 2019). In oomycetes, the RWP-RK proteins in orthologous group G4 contained an additional Myb DNA-binding domain, which was not found in non-oomycete species. All of these results imply that ancient RWP-RK proteins might have contained a single RWP-RK domain, while the ancient proteins of the NLP sub-family in plants might have evolved the additional domains to increase the functional diversity of this TF family, and likewise for the plant NLPs and oomycete RWP-RK proteins in the G4 group.

The analysis of phylogeny, synteny, sequence alignment, secondary structure, and gene transcription levels revealed that the RWP-RK family is conserved among oomycete species in general. The RWP-RK domain is similar between plants and oomycetes in conserved amino acids and secondary structures, but has amino acid differences that are likely associated with DNA-binding affinity. This result is similar to that of the novel bZIP domains in oomycetes (Ye et al., 2013) and adds evidence to support speculation that many transcriptional regulatory components and mechanisms are relatively specific to oomycetes.

Based on the transcriptomic data of P. sojae and Py. ultimum, we identified RWP-RK genes with high transcription levels as well as RWP-RK genes that exhibited weak transcription levels or were likely silenced. Some of the identified genes might be associated with infection of soybean and/or other hosts. Therefore, the RWP-RK family may have evolved proteins with conserved functions needed for important biological processes in oomycetes, and the functions of the RWP-RK genes in oomycetes would be an interesting topic for study in the future. For example, whether the oomycete RWP-RK proteins, like those of plants, are also involved in regulation of nitrogen metabolism process, and whether nitrogen metabolism is also associated with pathogenicity of oomycetes. In summary, the results of this study provide new insights for further understanding of the evolution and functions of RWP-RK TFs in specific eukaryotic organisms.



MATERIALS AND METHODS


Sequence Data Collection

RWP-RK gene sequences of the oomycetes P. sojae (v1), P. ramorum (v1.1), P. capsici (v1), P. infestans (v1), P. parasitica (v1), P. litchii, H. arabidopsidis (v8.3), Pl. halstedii (V1), Py. ultimum (V1), and S. parasitica (V1) were obtained from the EumicrobeDB database2 (Panda et al., 2018). Those of the brown alga Ectocarpus siliculosus and the green microalga Nannochloropsis gaditana were obtained from the UniProt database,3 and the others were from a reported dataset (Koi et al., 2016).



Identification of RWP-RK Proteins

The distribution of the RWP-RK domain across species was obtained from the profile page of the RWP-RK domain (PF02042) in the PFAM database.4 To further identify candidate RWP-RK proteins in specific species, the HMMER program (v3.0)5 and Hidden Markov Model (HMM) of the RWP-RK domain (PF02042) obtained from the PFAM database were used for the first stage of a search. The identified candidate proteins became new references for the next stage of the search using the BLASTP program (cut-off: e-value < 1e–8) integrated in SeqHunter software (Ye et al., 2010). All candidate proteins were then checked using the functional domain prediction servers SMART6 and Batch CD-search of NCBI.7 Finally, gene models of the candidate RWP-RK genes in P. sojae and Py. ultimum were confirmed or updated according to the alignments with the available RNA-seq transcripts (Ah-Fong et al., 2017; Wang Y. et al., 2018), and the results were used as references for those of the other species. RNA-seq data were visualized using Integrative Genomics Viewer (IGV).8 Gene structures were plotted using GSDS2.0.9 Novel sequence motifs were analyzed using MEME server (see text footnote 1).



Phylogeny, Synteny, and Protein Structure Analyses

Based on alignments of the RWP-RK domain sequences (Supplementary Tables S1, S2), phylogenetic trees were constructed using MEGA7 software (Kumar et al., 2016) employing the neighbor-joining method; each tree was tested by bootstrapping of 1000 repetitions. Synteny of the RWP-RK genes among oomycetes was analyzed using the web server Oomycete Gene Order Browser (OGOB).10 Protein secondary structure and surface accessibility were predicted using NetSurfP-2.0 software.11 Conservation of sequence, secondary structure, and surface accessibility was graphically presented using Weblogo3 web server.12



Gene Transcription Analysis

Transcription levels of RWP-RK genes were obtained from published RNA-seq data (Jing et al., 2016; Ah-Fong et al., 2017) (BioProject IDs: PRJNA318321 and PRJNA407960). Those of P. sojae were analyzed in mycelia and at 3, 6, 24, 24, and 36 h post-infection in soybean roots. Those of Py. ultimum were analyzed in mycelia and at 3, 6, 24, 24, and 36 h post-infection in soybean hypocotyls and in early and late stages during infection of rye, pea, and potato. The presented data on transcription levels in Figure 4 are the log2 values converted from fragments per kilobase per million mapped reads (FPKM). The Pearson’s correlation coefficient (R) and P-value were calculated based on pairs of average gene transcription levels using SPSS Statistics software (v. 26 for Windows; IBM, Armonk, NY, United States).
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FIGURE S1 | Distribution of RWP-RK proteins across kingdoms. The result is displayed according to the profile of RWP-RK domain (PF02042) in the PFAM database.

FIGURE S2 | Correction of RWP-RK gene model using RNA-seq data. Two Phytophthora sojae genes are shown as examples. Blue stripes and red stripes represent the original and corrected gene exons, respectively. Gray and bright blue thin lines represent the transcript reads and splicing junctions within transcript reads, respectively.

FIGURE S3 | Comparison of gene structures and RWP-RK motif. The tree is consistent with those in Figure 1 for comparison. Wide and thin lines represent exons and introns, respectively.

FIGURE S4 | Alignment of RNA-seq reads for PYU1_T009453. Blue stripes and blue lines represent the original gene exon and intron, respectively. Gray and bright blue thin lines represent the transcript reads and splicing junctions within transcript reads, respectively.

FIGURE S5 | Synteny of the RWP-RK genes in the indicated species. Results of analysis using the Oomycete Gene Order Browser (https://ogob.ie). The IDs of syntenic genes are highlighted with a specific color, and each color represents a group of syntenic genes.

FIGURE S6 | Predicted domains (A) and motifs (B) of the Arabidopsis thaliana and Phytophthora sojae RWP-RK proteins. Seven motifs were predicted using MEME, and among them, motifs 1-2-3 correspond to the region of RWP-RK domain and motif 4 corresponds to the partial region of PB1 domain, while the others are novel.

FIGURE S7 | Predicted motifs of the oomycete RWP-RK proteins in groups G1-G15. Eight motifs were predicted using MEME, and among them, motifs 4-1-2 correspond to the region of RWP-RK domain, while the others are novel.

TABLE S1 | Predicted RWP-RK domain-containing proteins in oomycetes.

TABLE S2 | RWP-RK domain-containing proteins in non-oomycete species.


FOOTNOTES

1http://meme-suite.org

2http://www.eumicrobedb.org/eumicrobedb/index.php

3https://www.uniprot.org

4https://pfam.xfam.org

5http://hmmer.org

6https://smart.embl-heidelberg.de

7https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi

8https://igv.org

9http://gsds.gao-lab.org/index.php

10https://ogob.ie

11http://www.cbs.dtu.dk/services/NetSurfP

12http://weblogo.threeplusone.com
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Carbohydrate-active enzymes (CAZymes) are a cornerstone in the phytopathogenicity of filamentous microbes. CAZymes are required for every step of a successful infection cycle—from penetration, to nutrient acquisition (during colonization), to exit and dispersal. Yet, CAZymes are not a unique feature of filamentous pathogens. They are found across eukaryotic genomes and including, for example, saprotrophic relatives of major pathogens. Comparative genomics and functional analyses revealed that CAZyme content is shaped by a multitude of factors, including utilized substrate, lifestyle, and host preference. Yet, family size alone says little about usage. Indeed, in a previous study, we found that genes putatively coding for the CAZyme families of carbohydrate esterase (CE)1 and CE10, while not specifically enriched in number, were suggested to have lifestyle-specific gene expression patterns. Here, we used comparative genomics and a clustering approach to understand how the repertoire of the CE1- and CE10-encoding gene families is shaped across oomycete evolution. These data are combined with comparative transcriptomic analyses across homologous clusters within the gene families. We find that CE1 and CE10 have been reduced in number in biotrophic oomycetes independent of the phylogenetic relationship of the biotrophs to each other. The reduction in CE1 is different from that observed for CE10: While in CE10 specific clusters of homologous sequences show convergent reduction, CE1 reduction is caused by species-specific losses. Comparative transcriptomics revealed that some clusters of CE1 or CE10 sequences have a higher expression than others, independent of the species composition within them. Further, we find that CE1- and CE10-encoding genes are mainly induced in plant pathogens and that some homologous genes show lifestyle-specific gene expression levels during infection, with hemibiotrophs showing the highest expression levels.

Keywords: oomycetes, CAZymes, evolution, gene families, plant pathogens, microbial lifestyle


INTRODUCTION

Oomycetes include many destructive crop pathogens (Kamoun et al., 2015). Among the top 10 of these crop pathogens are many members of the genus Phytophthora. Next to plant pathogens, the diversity of oomycetes includes organisms that are pathogenic to animals (Phillips et al., 2008). Further, some oomycetes may not be pathogenic at all. A prime example for these are saprotrophic oomycetes (Marano et al., 2016; Thines, 2018). The oomycete pathogens can be broken down into biotrophs (that is, they require a living host to complete their life cycle), necrotrophs (that is, they kill their host to live from degradants), and hemibiotrophs (that is, they start as biotrophs and switch to necrotrophy at some later time point of infection) (Fawke et al., 2015).

Independent of their hosts and lifestyles, oomycetes need to degrade host tissue to colonize and/or make a living of the degradants. To do so, oomycetes use carbohydrate-active enzymes (CAZymes). Indeed, many CAZyme-encoding genes are induced during the infection process or colonization of dead tissue (Ah-Fong et al., 2017; Gaulin et al., 2018; de Vries et al., 2019; Grams et al., 2019). Further, many CAZymes are found in culture secrets (Wang et al., 2018), pointing to active secretion of these enzymes. Based on growth comparison on different carbohydrate sources, it was, however, hypothesized that some of the secreted CAZyme families of oomycete plant pathogens are more likely involved in plant pathogenesis rather than nutrient acquisition as respective carbon sources are poor substrates for in vitro growth (Brouwer et al., 2014).

CAZyme families are sorted into three major groups: glycoside hydrolases (GHs), polysaccharide lyases (PLs), and carbohydrate esterases (CEs). In addition, redox enzymes with auxiliary activities (AAs) and those with carbon-binding modules (CBMs) are required. Comparative genomics of filamentous pathogens strongly suggest that the different substrate compositions that the diversity of hosts offers shapes the requirement of different subfamilies of CAZymes (Ohm et al., 2012; Zhao et al., 2013; Gaulin et al., 2018; Shen et al., 2019). A study in fungi analyzing the role of substrate and lifestyle with regard to degradation capacity showed that first the substrate and second the lifestyle shaped the degradation profile (King et al., 2011). In a recent study by Barbi et al. (2020) that compared two saprotrophs, it was the transcriptomic response, especially that of CAZyme-encoding genes, that gave a good explanation for their different ecological strategies. Similarly, analyses of the fungus Fusarium virguliforme colonizing maize as an endophyte and soybean as a pathogen revealed that transcriptomic differences, also in CAZyme-encoding genes, are shaped by the mode of life of this fungus (Baetsen-Young et al., 2020). Comparisons of the transcriptome of a saprotrophic oomycete with those of plant pathogenic oomycetes also showed distinct expression of diverse CAZyme-encoding genes between the different oomycetes (de Vries et al., 2019). Among these CAZyme-encoding genes with lifestyle-specific expression were members of the family of CE1 and CE10.

Carbohydrate esterases are a large class of enzymes that remove ester-based modifications from carbohydrates (Cantarel et al., 2009). There are, depending on the classification, 16 recognized families of CEs; the assignment of the family CE10 to the group of CEs is currently challenged, as members of this family appear to act on ester-based modifications from other compounds than carbohydrates (Nakamura et al., 2017). With tens of thousands of CEs known from across the tree of life, the diversity of carbohydrate substrates is equally impressive—ranging from peptidoglycan that abounds in the bacterial cell wall, to chitin of fungi and insects, to pectin found in plants (Lombard et al., 2014; Nakamura et al., 2017).

In their entirety, the CEs are a versatile tool kit for a plant pathogen to get through different types of physical barriers that a plant body musters, including the cuticle, pectinaceous cell walls, and xylan (Ospino-Giraldo et al., 2010; van den Brink and de Vries, 2011; Zerillo et al., 2013; Nakamura et al., 2017). The substrate versatility of a given CE family varies, with the large families such as CE1 and CE4—as one would expect—having a larger number of described reactions on a given substrate (Nakamura et al., 2017).

Here we analyzed the CE1 and CE10 repertoire and their transcription in oomycetes with different host choices and lifestyles. In total, we screened 26 oomycetes. All oomycetes had genes of the families CE1 and CE10. In addition, in silico prediction identified many species-specific composite enzymes for the two CAZyme families. The repertoire of CE1 and CE10 was significantly reduced in biotrophic pathogens; analyses of clusters of homologous sequences pinpoint two distinct mechanisms behind this reduction in biotrophs. We mapped gene expression levels, lifestyle information, and host choice onto each cluster within the phylogeny of CE1 and CE10 sequences. A few clusters of CE1 and CE10 were highly expressed during mycelial growth on plate or during infection. Additionally, we find some clusters of CE1 and CE10 that showed a higher expression in hemibiotrophs compared to biotrophs or necrotrophs. Our data pinpoint CE1 and CE10 homologs of oomycetes that likely have lifestyle-specific expression patterns.



MATERIALS AND METHODS


Identification of Carbohydrate Esterase Families 1 and 10

We screened 26 oomycete datasets (25 genomes, one transcriptome; Supplementary Table S1; Tyler et al., 2006; Haas et al., 2009; Baxter et al., 2010; Lévesque et al., 2010; Kemen et al., 2011; Adhikari et al., 2013; Jiang et al., 2013; Quinn et al., 2013; Misner et al., 2015; Sambles et al., 2015; Sharma et al., 2015; Gaulin et al., 2018; Fletcher et al., 2019) for the presence of CE1 and CE10 family members. To do so, we initially used HMMER (biosequence analysis using profile hidden Markov models) on the dbCAN meta server (Yin et al., 2012). We then filtered the output data only using an e-value cutoff of 10–5. The filtered dataset was screened for sequences that are annotated as CE1, CE10, or either of the two in combination with another CAZyme family.



Analyses of Gene Family Distribution

We tested whether the strict CE1 or CE10 families are enriched with regard to lifestyle (biotroph, hemibiotroph, necrotroph), host choice (plant or animal pathogen), and phylogenetic position (Peronosporales or Saprolegniales). Lifestyle, host choice, and phylogenetic position are summarized in Supplementary Table S2 according to Hughes and Grau (2007), Judelson (2012), Fawke et al. (2015), and Misner et al. (2015). For this analysis, we included only the genome data and excluded the data from the transcriptome of Salisapilia sapeloensis. The data were tested for normal distribution using a Shapiro–Wilk test (Shapiro and Wilk, 1965) and equal variance. All data were normally distributed. Depending on whether the compared datasets showed equal or unequal variance, a two-sample t-test or a Welch two-sample t-test was used to test for significant differences in CE1 and CE10 content. All statistical analyses were done in R v.3.6.0.



Clustering of Homologous Groups of Carbohydrate Esterase 1 and 10 Sequences Utilizing a Phylogenetic Methodology

CE1 and CE10 sequences (that is, only protein sequences that contained either CE1 or CE10 domain and no other CAZyme domain) were aligned using MAFFT (Katoh and Standley, 2013). For CE1, we used G-INS-I, and for CE10, we used L-INS-I. We initially created full-length alignments for CE1 (Supplementary Dataset S1) and CE10 (Supplementary Dataset S2) protein sequences. Unsurprisingly, these had a very low relative identity in their amino acid sequences (length = 7,748 positions and 7.7% identity for CE1 and length = 5,026 positions and 10.4% identity for CE10). We therefore cropped the alignments (Supplementary Datasets S3, S4) to remove the highly variable N- and C-terminal regions and additionally removed CE10 sequences from the dataset that were too short. The curated datasets were realigned using G-INS-I for CE1 and L-INS-I for CE10. This resulted in an increase of ∼2% in identity rate (length = 1,523 positions and 9.9% identity for CE1 and length = 1,876 positions and 12.0% identity for CE10). Based on a trade-off between signal and relative amino acid identity, we used the full-length alignment for clustering CE1 sequences and the cropped alignment for clustering CE10 sequences into homologous sequence clusters. To do so, we used IQ-TREE (Nguyen et al., 2015) to create phylogenies using best model prediction (Kalyaanamoorthy et al., 2017). The phylogenies that we used for determining clusters are based on 100 bootstrap replicates. Bootstrap replicates were utilized as an additional guidance in pinpointing reasonable clusters of CE sequences.



Calculating the Global and Local Identity of the Clusters of Carbohydrate Esterase 1 and 10 Sequences

Based on the clusters obtained utilizing the phylogenetic methodology outlined above, we extracted all full-length sequences of a given cluster, that is, 21 groups of CE1 sequences and 14 groups of CE10 sequences. We aligned these full-length sequences cluster by cluster using MAFFT (Katoh and Standley, 2013) with a G-INS-I approach, resulting in 21 alignments for CE1 and 14 alignments for CE10. We inspected these alignments using Geneious R11 and calculated average global pairwise identities. For several alignments, we additionally calculated average local pairwise identities.



Expression Analyses

For expression analyses, we downloaded transcriptomic datasets from eleven oomycetes (Albugo laibachii, Hyaloperonospora arabidopsidis, Plasmopara halstedii, Phytophthora parasitica, Phytophthora infestans, Pythium ultimum, Aphanomyces euteiches, Aphanomyces invadans, Aphanomyces astaci, Saprolegnia parasitica, and Saprolegnia diclina; Supplementary Table S3; Jiang et al., 2013; Asai et al., 2014; Sharma et al., 2015; Ah-Fong et al., 2017; Prince et al., 2017; Gaulin et al., 2018). We used data from growing mycelium and late infection phases (or in case of the saprotroph S. sapeloensis late colonization phase). For S. sapeloensis, we used the TPM (Transcripts Per Million) values published in de Vries et al. (2019) (Supplementary Table S3). For the other datasets, we first assessed quality using FastQC v. 0.11.51. We next removed the adapters and trimmed the raw read data using Trimmomatic v. 0.36 (Bolger et al., 2014). After reassessing the quality of the data, we used the trimmed read data and mapped them to the genomes of the respective oomycetes using Bowtie following calculation of TPM values via RSEM v. 1.2.18 (Li and Dewey, 2011).

Transcript budget (Supplementary Table S4) was calculated according to de Vries et al. (2018). In brief, the transcript budget is the relative amount of transcript invested into a given gene that is the percentage of the TPM normalized by the sum of all TPMs. To test for significant differences in expression levels between different sequence clusters, we used a Kruskal–Wallis test in combination with a post hoc Tukey test available in the R CRAN package PMCMR. For all pairwise comparisons of expression levels, normal distribution of the data was assessed using a Shapiro–Wilk test (Shapiro and Wilk, 1965). If data were not normally distributed, we calculated significant differences using a Mann–Whitney U-test (Mann and Whitney, 1947). Normally distributed data were additionally tested for equal variance. If the datasets had equal variance, a two-sample t-test was conducted. If the datasets showed unequal variance, a Welch two-sample t-test was used. We only compared differences in expression if at least three expression values were available per treatment.

To calculate fold changes (FCs), we used average TPM data from infection or colonization vs. mycelium and calculated log2 values.



RESULTS AND DISCUSSION


Carbohydrate Esterases 1 and 10 Are Enriched in Hemibiotrophic and Necrotrophic Oomycetes

Filamentous pathogens require CEs to infect and colonize their hosts (Kubicek et al., 2014). Every host tissue has a unique fingerprint of carbohydrate and other ester compounds. The pathogens have to degrade these ester compounds in order to first overcome the physical barriers of host cells to facilitate infection and, second, to gain nutrients from them. Thus, depending on the lifestyle, a pathogen has different needs of its CE repertoire. Based on global differential gene expression patterns (de Vries et al., 2019), we pinpointed proteins that fall into the enzyme families CE1 and CE10 as lifestyle-specific candidates in oomycetes. To identify whether this is also reflected in the genomes of oomycete pathogens on a broader scale, we screened 25 genomes and one transcriptome of oomycetes with different host spectra and lifestyles.

All 26 oomycetes encode CE1s and CE10s, as well as genes encoding different composite CE enzymes. Here, CE1 or CE10 domains are combined with either each other or CE5, CE7, CE13, or CE15 domains. The most abundant group of composition was CE1/CE10 (159 occurrences), followed by CE1/CE7 (70 occurrences) and CE1/CE7/CE10 (66 occurrences) (Figure 1A and Supplementary Table S5). Additionally, combinations with other CAZyme domains were identified (CBM1, GT4, GT60, and PL22). Both the CE combinations and the composite enzymes of CEs and other CAZyme domains appear to occur in a species-specific manner (Figure 1). Such species specificity likely is the result of the unique environment that each of the oomycetes dwells in.
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FIGURE 1. Distribution of carbohydrate esterase 1 (CE1)- and 10 (CE10)-coding genes among diverse oomycete genomes. On the top, a stacked column chart shows the coding capacity for the CE1 and CE10 families and composite enzymes with CE1 and CE10 domains found in 25 oomycete genomes and the transcriptome of Salisapilia sapeloensis; (A) the total number and (B) the relative coding capacity for CEs in relation to the total number of protein-coding genes on the genome—or in case of S. sapeloensis in relation to all the oomycete-specific protein-coding genes detected in the transcriptome. The stacked columns are projected onto a cladogram (drawn based on Diéguez-Uribeondo et al., 2009; Hulvey et al., 2010; McCarthy and Fitzpatrick, 2017; Fletcher et al., 2019) that shows the phylogenetic relationship between the oomycete species whose genomes/transcriptome were analyzed here. Note that alternatively, S. sapeloensis may also be placed between the genera Phytophthora and Pythium (Bennett and Thines, 2019). Background shading of the cladogram indicates the taxonomic orders (Albugonales, Peronosporales, and Saprolegniales). Colored bubbles indicate the lifestyles. Lifestyles were categorized according to Hughes and Grau (2007), Hulvey et al. (2010), Judelson (2012), Fawke et al. (2015), and Misner et al. (2015).


Despite the occurrence of species-specific compositions of CEs, similar environmental settings may also shape the CE1 and CE10 repertoire. To analyze this, we, from now on, focus on genes encoding CE1 and CE10 members excluding combined CE1/CE10 and other composite enzymes. Indeed, we noted that genomes of biotrophic oomycetes and the transcriptome dataset of the saprotroph S. sapeloensis featured less CE1s and CE10s than the other oomycete genomes. Because S. sapeloensis is only represented by a transcriptome (and not a genome) and biotrophic oomycetes have less proteins encoded in their genomes compared to other oomycetes, we calculated the relative amount of CE1 and CE10 encoding sequences in respect to the total amount of sequences (Figure 1B). By doing so, we found that the skew for CE1- and CE10-encoding genes was still present for the biotrophic pathogens but not for the transcriptome of S. sapeloensis. This suggests that the lifestyle-dependent difference for biotrophs vs. other oomycete pathogens is robust, while that between S. sapeloensis and the other oomycetes may not be. Not inconsistent with the species-specific alterations in CE1 and CE10 repertoire, the appearance of this pattern supports that the overall CE repertoire might be shaped by the mode of life of a pathogenic oomycete.

To investigate this further, we compared the difference between biotrophs, hemibiotrophs, and necrotrophs and found that biotrophs have a significantly reduced amount of both CE1- and CE10-encoding genes compared to necrotrophs and hemibiotrophs (Figure 2A). There was no significant difference in the overall repertoire of CE1 or CE10 between plant and animal pathogens (Figure 2B). This is noteworthy. Plants and animals have their own specific fingerprint of carbohydrate (and other) compounds. One would expect that the cocktail of compounds that an oomycete pathogen interacts with makes a bigger difference on its CE repertoire than the lifestyle. Indeed, comparisons of the genomes of animal and plant pathogenic Aphanomyces species indicated that the specialization to the different hosts drives a distinct CAZyme family repertoire (Gaulin et al., 2018). Also, in fungi, the substrate had a bigger influence on CAZyme content than lifestyle (Zhao et al., 2013). Yet, our data suggest that the opposite seems to be the case for oomycetes with regard to the CE families 1 and 10. Further, this pattern indicates that species-specific differences of CE1 and CE10 are likely found in the details—that is, specific homologous groups.
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FIGURE 2. Lifestyles shape the distribution of carbohydrate esterases 1 (CE1) and 10 (CE10) in oomycetes. Box plots of the number of CE1- and CE10-coding genes found in 25 oomycete genomes. (A) The coding capacity for CE1 and CE10 sorted by lifestyles. (B) The coding capacity for CE1 and CE10 sorted by host type, i.e., whether the oomycete pathogens infect plants or animals. Significant differences (p < 0.05) are indicated by different letters, ns, not significant.




Carbohydrate Esterase 1- and 10-Encoding Genes in Oomycetes Are Diverse and Bear Signs of a Dynamic Evolutionary History

What mechanisms shaped the repertoire of CE enzymes in oomycetes? We had a closer look at the CE1 and CE10 protein sequences of oomycetes. CE1 and CE10 sequences showed an overall low identity (CE1: 7.7% identity; cropped: 9.9% identity; CE10: 10.4% identity; cropped: 12.0% identity; Supplementary Datasets S1–S4). This is not surprising as these families are defined by nothing more than possessing at least one CE1 or CE10 domain, and the specific substrates of these enzymes differ. To explore the question on how the CE repertoire of oomycetes was shaped and to bring some reasonable order into their sequence diversity, we utilized a phylogenetic approach to separate the plethora of CE1 and CE10 sequences into clusters of homologous sequences (Figures 3, 4). This strategy allowed us to bring some structure into the largely uncharacterized range of CE1 and CE10 protein sequences; we used this structuring of the sequence diversity in CE1 and CE10 as a starting point for meaningful comparisons.


[image: image]

FIGURE 3. Clustering of the carbohydrate esterase 1 (CE1) gene family in oomycetes utilizing a phylogenetic approach. A maximum likelihood phylogeny of 383 CE1 protein sequences mined from 25 oomycete genomes and the transcriptome of Salisapilia sapeloensis is shown. The tree was computed based on a G-INS-I alignment using IQ-TREE multicore version 1.6.12; ModelFinder was used to test 168 protein models, and WAG+I+G4 was chosen according to the Bayesian information criterion (BIC) as the best model. One hundred bootstrap replicates were computed. Only bootstrap values ≥ 50 are shown. Colors indicate the phylogenetic affiliation of the species: blue, Peronosporales; orange, Saprolegniales; purple, Albugonales. Classification into orders is based on McCarthy and Fitzpatrick (2017). Alignment is provided in Supplementary Dataset S1.
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FIGURE 4. Clustering of the carbohydrate esterase 10 (CE10) gene family in oomycetes utilizing a phylogenetic approach. A maximum likelihood phylogeny of 313 CE10 protein sequences mined from 25 oomycete genomes and the transcriptome of Salisapilia sapeloensis is shown. The tree was computed based on an L-INS-I alignment using IQ-TREE multicore version 1.5.5; ModelFinder was used to test 144 protein models, and WAG+I+G4 was chosen according to the Bayesian information criterion (BIC) as the best model. One hundred bootstrap replicates were computed. Only bootstrap values ≥ 50 are shown. Colors indicate the phylogenetic affiliation of the species: blue, Peronosporales; orange, Saprolegniales; purple, Albugonales. Classification into orders is based on McCarthy and Fitzpatrick (2017). Alignment is provided in Supplementary Dataset S4.


With our approach, we sorted the CE1 sequences into 21 clusters (Figure 3) and the CE10 sequences into 14 clusters (Figure 4). Within these groups, we found an average global identity of 43.0 ± 16.6% for CE1 and 40.3 ± 15.3% for CE10; and an average local identity of 47.6 ± 14.5% for CE1 and 45.3 ± 13.4% for CE10 (Supplementary Figures S1, S2). Most clusters in both families include sequences from species of Peronosporales and Saprolegniales, suggesting that these homologs have their origin in the last common ancestor of the later-branching oomycetes. However, not every species from the Peronosporales and Saprolegniales that were analyzed here is included in the aforementioned clusters (Figures 3, 4). Additionally, some clusters have more than one representative encoded in an oomycete genome. For example, homologs of CE10 cluster 2 are present in 24 of 25 oomycete genomes and the transcriptome of S. sapeloensis but is missing from Bremia lactucae. Given the phylogenetic position of B. lactucae, it appears that this oomycete has lost all CE10 sequences that we here assigned to cluster 2. Contrastingly, A. invadans, P. ultimum, and Pythium irregulare possess paralogs of CE10 sequences that fall into cluster 2 (Figure 4). Within the Albugonales, which only include biotrophic pathogens (Thines and Kamoun, 2010), we found that 15 of the 21 clusters of CE1 and 11 of 14 clusters of CE10 were missing (Figure 5). Given that the Albugonales are more closely related to the Peronosporales than to the Saprolegniales (McCarthy and Fitzpatrick, 2017), this suggests secondary loss of many of the CE1 and CE10 clusters in these biotrophs. In summary, the patterns within the clusters of homologous sequences support that the evolutionary history of CE1 and CE10 is a story of high dynamics. It is conceivable that multiple lineage-specific gains, convergent sequence evolution, and losses of several homologous groups gave rise to the rich sequence variation in CE1 and CE10 proteins that are encoded in the diverse oomycete genomes.
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FIGURE 5. Distribution of clusters of the carbohydrate esterase 1 (CE1) and 10 (CE10) families across oomycetes. Heat map of gradient-colored dots that depicts the size of the clusters of the CE1 (A, pink) and CE10 (B, teal) gene families in 26 oomycetes. Cluster labels are based on Figures 3, 4. The darker a dot, the more genes were found in a given cluster. The species are clustered by lifestyle, followed by numbers of clusters present. The box plots to the right of the matrix give the expression as transcript budget of CE1- and CE10-encoding genes across each species. The yellow box plot shows the expression during infection or colonization (in case of the saprotroph S. sapeloensis), and gray box plots give expression during mycelial growth on artificial medium.


Secondary loss of entire clusters of CE1 and CE10 is apparent for all species. Yet, in case of the CE1 family, we find that the biotrophs in the dataset (A. candida, A. laibachii, H. arabidopsidis, P. halstedii, and B. lactucae) have retained the fewest numbers of clusters (Figure 5A)—speaking to a general reduction in CE1 sequence diversity. This might reflect the general streamlining of genomes of oomycete biotrophs (Spanu, 2012) that was previously already observed for other genes, such as those coding for proteases. A similar pattern, as observed in the biotrophs, was found for the saprotroph S. sapeloensis. As it stands, S. sapeloensis is, however, represented by just a transcriptome—and not a genome. It may be that sequences falling into some clusters were not expressed under the conditions in which S. sapeloensis was grown for obtaining the material for transcriptome sequencing. If the genome of the only other saprotroph in the dataset, Thraustotheca clavata, is any indication despite its distinct phylogenetic position, the genome of S. sapeloensis should indeed include more CE1 clusters. Future sequencing efforts for obtaining genomes of saprotrophic oomycetes will allow for circling back to the question of how frequent loss of genes coding for CE1s is in this lifestyle. The significantly reduced repertoire of CE1 in biotrophs, however, likely derives from the secondary loss of several clusters. The clusters that have been lost are different in the different species.

In the case of CE10, biotrophs have not lost more clusters than other species. Yet, they all have lost cluster 4, which is the cluster with the second highest number of sequences—especially in the hemibiotrophs (Figure 5B). Additionally, the biotrophs also have lost or reduced the number of CE10-encoding genes belonging to cluster 1 (Figure 5B). This might reflect not only the versatility in changes of the CE10 repertoire in the evolution of oomycetes but also the substrate versatility of CE10. Indeed, recently, it has been called into question whether CE10s should be classified as CEs as functional data suggest that several members act on non-carbohydrate substrates (Nakamura et al., 2017).

Overall, both genes encoding CE1 and CE10 proteins have been lost in biotrophic species. The underlying mechanisms by which this loss occurred, however, seem to be distinct from each other, with a species-specific reduction in CE1 and a convergent cluster-specific loss in CE10.



Differential Gene Expression Patterns of Carbohydrate Esterase 1 and 10 Homologs Across 12 Oomycetes

Carbohydrate esterase-encoding genes are often among those genes that are induced during plant colonization by oomycetes (Ah-Fong et al., 2017; de Vries et al., 2019). Here, we asked how much transcript the different oomycetes invest into their CE1 and CE10 genes and whether specific clusters of the CE1 and CE10 families are specifically recruited during the infection process or mycelial growth on plate. For this, we analyzed transcriptome data of 12 oomycetes (including data from nine transcriptomic datasets from infection/tissue colonization and nine datasets from mycelial growth on plate).

In agreement with the general reduction in CE10-encoding genes, we find that the biotrophs only invest minimal amounts of transcript in CE10 across clusters, showing little variation (Figure 5B). In contrast, many of the hemibiotrophs and necrotrophs, as well as the saprotroph S. sapeloensis, show a broad spectrum of expression level of CE10s, with several genes having a rather high expression. Here, we analyzed the expression during the late infection phase in the hemibiotrophs and necrotrophs. The hemibiotrophs, necrotrophs, and the saprotrophs all were degrading plant material, while the biotrophs required a living host. The expression patterns we observed for CE10s may hence speak to an involvement of CE10s in plant degradation. The loss of CE10-encoding genes may thus be related to the low expression of these; that is, the biotrophs may lose what they do not use. This pattern is, however, not apparent in all samples. To investigate this in more detail, we next compared the expression of CEs in mycelium grown on plate vs. mycelium during an infection. To do so, we analyzed the transcript budget in percentage TPM across all testable clusters—that is, those clusters that entail at least three genes stemming from species for which transcriptome data were available. These criteria allowed for the comparison of 12 clusters (medium) and 13 clusters (infection) of the CE1 family and eight clusters (medium) and six clusters (infection) of the CE10 family (Figure 6).
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FIGURE 6. Comparison of expression levels of carbohydrate esterase 1 (CE1)- and 10 (CE10)-coding genes. Box plots show the transcript budget (relative to the overall expression level; calculations are based on TPM) that oomycetes invested into CE1- (A–I) and CE10-coding genes (J–R). All cluster assignments are based on the phylogenies shown in Figure 3 (CE1) and Figure 4 (CE10). (A,B,J,K) Compare expression levels between the different clusters of the CE families analyzed for growth on plate (medium) and growth on a host (infection). Different letters indicate significant differences in expression levels (p < 0.05). (C,I) Show the comparison of expression levels between growth on medium (M) and during infection (I) within a cluster (ns, not significant). (D,E,M,N) Compare the expression levels between plant (P) and animal (A) pathogens during growth on medium (D,M) or infection (E,N); significant differences are indicated by *p < 0.05 and **p < 0.01; ns, not significant. (F,G,O,P) Compare the expression levels between pathogens with different lifestyles (H, hemibiotroph; B, biotroph; and N, necrotroph) with each cluster for growth on medium or during infection. Significant differences are indicated by *p < 0.05, **p < 0.01, and ns, not significant. (H,I,Q,R) Show a comparison of expression levels between oomycetes from the orders of Saprolegniales (S) and Peronosporales (P). Significant differences are indicated by *p < 0.05; non-significant differences are indicated by ns.


Projecting gene expression data onto the individual clusters of homologs of CE1-encoding genes reveals that expression during mycelial growth on plate was significantly higher for clusters 15 and 17 compared to clusters 9, 12, and 16 (p < 0.05; Figure 6A). During infection, cluster 1 (p = 0.037), cluster 8 (p = 0.015), and cluster 17 (p = 0.017) had higher expression levels than cluster 9 (Figure 6B). Hence, only clusters 9 and 17 showed significant differences in expression in both mycelium and infection in CE1-encoding genes.

We used the same analysis for the gene repertoire of CE10-encoding genes (Figures 6J,K). Here, the expression pattern was similar for all testable clusters during infection. However, during growth on plate, we found that clusters 2 and 4 (p = 0.049) and clusters 4 and 14 (p = 0.017) significantly differed in their expression—clusters 2 and 14 exhibited an on average higher expression level than cluster 4. Additionally, cluster 10 had an on average significantly higher expression level than cluster 1 (p = 0.015) and cluster 4 (p = 0.001).

Our data suggest that, at least in case of CE1, different oomycetes recruit their own set of specific homologs of CEs during infection. Given that the different clusters have not the exact same species setup due to lineage-specific expansions and losses, we next asked whether these cluster-specific expression patterns may correlate with lifestyle specificity, host choice, and/or the species composition within those clusters. Therefore, we next investigated the cluster composition of the clusters that differed significantly in their relative expression levels.

CE1 clusters 9 and 12 only consist of sequences from plant pathogenic oomycetes (cluster 9 includes only A. euteiches, cluster 12 consists of several plant pathogenic oomycetes from the Peronosporales with different lifestyles), while clusters 15 and 17 include sequences from a mixture of plant and animal pathogenic (and saprotrophic in cluster 17) oomycetes from the three orders of later-branching oomycetes (Figure 3). Hence, clusters 9 and 12 differ in two ways from clusters 15 and 17: They are less diverse in (i) their species compositions and (ii) the host/substrate of the included species. In CE10, clusters 2 and 14 include sequences from Peronosporales, Albugonales, and Saprolegniales; clusters 1 and 10 include Peronosporales and Saprolegniales; and cluster 4 includes only Peronosporales (Figure 4). Further, clusters 2 and 14 include the saprotroph S. sapeloensis, as well as plant and animal pathogenic oomycetes. Similarly, clusters 1 and 10 also include representatives of animal and plant pathogens. Cluster 4, however, lacks genes from animal pathogenic Saprolegniales. Despite these differences, neither in the clusters from CE1 nor CE10, it is the species composition that can explain the differences in expression levels (Supplementary Table S4). It is rather that all species in clusters 15 and 17 (CE1) and clusters 2 and 14 and cluster 10 (CE10) (even those that overlap between the significantly different clusters) have a consistently higher expression level than clusters 9 and 12 (CE1) and cluster 4 and cluster 1 (CE10), respectively. That said, we observe some variance in the expression between genes from different species within all testable clusters.



Plant Pathogens Induce Carbohydrate Esterase 1- and 10-Encoding Genes During Infection

Next, we asked whether some CE1 or CE10 clusters show a general higher expression during infection or mycelial growth across a specific cluster. This would suggest that a specific set of CE1s or CE10s has a tendency to be recruited during infection or mycelial growth on plate by several distinct pathogens. To tackle this question, we analyzed clusters that entailed at least three genes for which we had transcriptomic data available. We found that none of the clusters that could be analyzed (12 in CE1 and six in CE10) showed a significant difference between infection and mycelium (Figures 6C,L). This suggests that most CE1 and CE10 homologs are used either in a species-specific manner during infection or only for pathogens with certain similar characteristics (e.g., plant vs. animal pathogen, lifestyle, or phylogenetic relatedness). To investigate this more closely, we compared FCs during growth on plate and infection/substrate colonization for four plant pathogens (P. infestans, P. parasitica, P. ultimum, and A. euteiches), one animal pathogen (S. parasitica), and one saprotroph (S. sapeloensis). Genes were defined as induced during infection/colonization when they had a log2(FC) ≥ 1 for infection/colonization vs. growth on plate and as reduced when they had a log2(FC) ≤ −1 (Table 1).


TABLE 1. Differential gene expression changes for carbohydrate esterase 1 (CE1)- and 10 (CE10)-encoding genes calculated as log2[fold change (FC)] for growth during infection/colonization vs. growth on medium.

[image: Table 1]For the CE1 family, we were able to calculate log2(FC) for genes from 18 clusters. In all 18 clusters, genes with no induction or reduction were found (Table 1). Of those clusters where genes with log2(FC) ≥ 1 or log2(FC) ≤ −1 were identified, six clusters had both genes with induced and reduced gene expression, six other clusters had only genes that were induced, and three clusters had only genes with reduced gene expression. Most genes showed a log2(FC) ≥ 1 (26 induced, 15 reduced), suggesting that most of the CE1-encoding genes, which are differentially responding, are induced during late infection. This was especially true for the plant pathogens, where only P. parasitica has CE1-encoding genes that are reduced during the infection process, while the other plant pathogens (even A. euteiches, which is a saprolegnian oomycete), only have CE1-encoding genes, which were induced during plant infection. The animal pathogen S. parasitica has both induced and reduced CE1-encoding genes, although those with a reduction in gene expression are more abundant (two induced, 10 reduced). It should, however, be considered that S. parasitica is the only animal pathogen with a genome for which data for growth on mycelium and growth during infection were available at the time of the analyses. Therefore, we cannot assume that the pattern observed in S. parasitica represents that of other animal pathogenic oomycetes. Future transcriptomic data on other animal pathogenic oomycetes will highlight whether this pattern is valid across the animal pathogens.

For the CE10 family, we could calculate log2(FC) for genes from 12 clusters. All 12 clusters include genes that showed neither an induction nor a reduction in gene expression during infection. Of those clusters that include genes showing a log2(FC) ≥ 1 or log2(FC) ≤ −1 in the comparison of growth during infection vs. growth on plate, two clusters included genes that were either induced or reduced, five clusters included only induced genes, and one cluster included only downregulated genes. Most of the induced genes (16 of 19 differentially responding genes) are from plant pathogens, one is from the saprotroph S. sapeloensis and two are from S. parasitica. In contrast, only the two plant pathogens P. parasitica (eight genes) and P. infestans (one gene) and the animal pathogen S. saprolegnia (five genes) had genes with reduced gene expression.

Both CE1 and CE10 appear to be more often induced during infection of plants than during the infection of the animal host analyzed in this study. While we cannot infer a general pattern of expression of CE1 and CE10 genes (due to the lack of available data), our data suggest that most plant pathogens preferentially induce their CE1- and CE10-encoding genes during infection.



Clusters of Carbohydrate Esterases 1 and 10 Show Lifestyle-Specific Expression Levels During Infection

In our aforementioned analyses, we noted that some of the clusters for which we compared the transcript budget showed variances of their gene expression levels depending on whether they stem from a plant or animal pathogen. Indeed, CAZymes, including CEs, are employed during tissue colonization and nutrient acquisition by pathogens and saprotrophs (Kubicek et al., 2014). Comparative genomics and transcriptomics have highlighted a differential use of these enzymes depending on the hosts and lifestyles of filamentous microorganisms (Ohm et al., 2012; Gaulin et al., 2018; de Vries et al., 2019; Shen et al., 2019; Baetsen-Young et al., 2020; Barbi et al., 2020).

To test whether host choice or lifestyle may have an impact on CE expression levels, we compared the transcript budget of CE-encoding genes from oomycetes with different host choices (plant or animal pathogen) and different lifestyles (biotrophs, hemibiotrophs, or necrotrophs) during growth on plate or infection (Figures 6D–G,M–P). As a control, we analyzed the role of the evolutionary relationship of oomycetes (Peronosporales vs. Saprolegniales; Figures 6H,I,Q,R) on differences in transcript budget during growth on plate or during an infection.

We found that genes in CE1 clusters 1 and 17 show significantly higher expression during infection in the hemibiotrophic pathogens compared to the necrotrophic ones in this cluster (Figures 6F,G). Similarly, genes from CE1 cluster 8 show significantly higher expression in the mycelium of hemibiotrophs vs. necrotrophs. For CE10, hemibiotrophs invest a significantly higher transcript budget in genes from cluster 1 than biotrophs during infection (Figure 6P). This is in agreement with the previously observed differences in some putative orthologs of CE1 and CE10 genes between the saprotroph S. sapeloensis and diverse plant pathogenic oomycetes (de Vries et al., 2019).

Genes that fall in CE1 clusters 1 and 15 show a higher expression during growth on medium or host in plant pathogens compared to animal pathogens (Figures 6D,E). This trend is not apparent in any testable cluster from the CE10 family (Figures 6M,N). The difference in expression during infection for genes in CE1 cluster 1 and the differences in mycelial expression while growing on medium for genes in CE1 cluster 15 are, however, also visible when Peronosporales are compared to Saprolegniales, leaving a possibility that this change in expression is phylogenetically related (Figures 6H,I). More transcriptomic data on animal pathogens from the Peronosporales and plant pathogens from the Saprolegniales will be useful to determine whether the expression of CEs (and many other genes) is rather determined by relatedness or environment. Given that transcriptomic datasets of plant pathogens (oomycetes and fungi) paint a picture of environmentally dependent and highly versatile transcription within one organism (e.g., Ah-Fong et al., 2017, 2019; Gaulin et al., 2018; Baetsen-Young et al., 2020), it is likely that convergent expression patterns in different species with similar environments exist. First data that this happens already exist (Barbi et al., 2020).
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Pseudoperonospora humuli is an obligate biotrophic oomycete that causes downy mildew (DM), one of the most destructive diseases of cultivated hop that can lead to 100% crop loss in susceptible cultivars. We used the published genome of P. humuli to predict the secretome and effectorome and analyze the transcriptome variation among diverse isolates and during infection of hop leaves. Mining the predicted coding genes of the sequenced isolate OR502AA of P. humuli revealed a secretome of 1,250 genes. We identified 296 RXLR and RXLR-like effector-encoding genes in the secretome. Among the predicted RXLRs, there were several WY-motif-containing effectors that lacked canonical RXLR domains. Transcriptome analysis of sporangia from 12 different isolates collected from various hop cultivars revealed 754 secreted proteins and 201 RXLR effectors that showed transcript evidence across all isolates with reads per kilobase million (RPKM) values > 0. RNA-seq analysis of OR502AA-infected hop leaf samples at different time points after infection revealed highly expressed effectors that may play a relevant role in pathogenicity. Quantitative RT-PCR analysis confirmed the differential expression of selected effectors. We identified a set of P. humuli core effectors that showed transcript evidence in all tested isolates and elevated expression during infection. These effectors are ideal candidates for functional analysis and effector-assisted breeding to develop DM resistant hop cultivars.

Keywords: downy mildew, Pseudoperonospora, secretome, effectors, RXLR


INTRODUCTION

Downy mildew (DM) pathogens are a group of obligate biotrophic oomycetes that belong to the Peronosporales lineage oomycetes and have caused epidemics in many agriculturally important plants including grapes (Gessler et al., 2011), spinach (Correll et al., 2011), cucumber (Holmes et al., 2015), and lettuce (Parra et al., 2016), to name a few. Despite their economic importance, DM pathogens have been relatively under-examined because they cannot be cultured on artificial media and are difficult to transform. Most DM research has been conducted on the Arabidopsis DM pathogen Hyaloperonospora arabidopsidis due to the wealth of genetic information available on the model plant, Arabidopsis (Kamoun, 2006). Advancements in genome sequencing have facilitated development of genomic resources for several economically important DM pathogens in the past decade. These include Pseudoperonospora cubensis (cucurbit DM) (Savory et al., 2012a, b), Peronospora tabacina (tobacco DM) (Derevnina et al., 2015), Plasmopara halstedii (sunflower DM) (Sharma et al., 2015), Plasmopara viticola (grape DM) (Dussert et al., 2016, 2019), Bremia lactucae (lettuce DM) (Fletcher et al., 2019), and Pseudoperonospora humuli (hop DM) (Rahman et al., 2019).

During infection on host plants, oomycetes secrete molecules called effectors that alter host cell machinery to allow colonization (Bozkurt et al., 2012). In resistant hosts, effectors can be directly or indirectly recognized by R proteins, in which case an effector acts as an avirulence factor that activates effector-triggered immunity (ETI) in host plants (Jones and Dangl, 2006). This avirulence function of effectors can be used in plant improvement programs to search for genotypes that contain R genes against core in planta expressed pathogen effectors (Jones et al., 2014; Vleeshouwers and Oliver, 2014).

Based on host cell localization, oomycete effectors are classified into apoplastic and cytoplasmic effectors, those localizing to the plant apoplast and those translocated into the host cell, respectively (Schornack et al., 2009). Apoplastic effectors are enzymes and enzyme inhibitors that bind to host-secreted defense molecules (Sperschneider et al., 2017). Oomycete cytoplasmic effectors are modular proteins that are distinguished by conserved domains. The most well-studied class of cytoplasmic effectors are the RXLRs, which possess an Arg-X-Leu-Arg (RXLR) amino acid motif positioned within 40 amino acids downstream of the secretion signal followed by a Glu-Glu-Arg (EER) motif (Bozkurt et al., 2012). The RXLR motif bears a striking similarity to the Plasmodium falciparum PEXEL proteins that contain a characteristic RXLXE/D/Q motif (Hiller et al., 2012) and the Toxoplasma gondii TEXEL motif (RRLXX) (Coffey et al., 2015). RXLR effector proteins are enriched in the Peronosporales clade, which contains Phytophthora and the DM pathogens (Thines and Kamoun, 2010; Thines, 2014). Several evolutionary scenarios such as gene duplication, recombination events and point mutation scenarios that can promote diversification of RXLR effectors within Peronosporales have been described (Jiang et al., 2008; Goss et al., 2013). A level of degeneracy can occur in the RXLR motif as evidenced by the RVRN motif in H. arabidopsidis (Bailey et al., 2011), QXLRs in P. cubensis (Tian et al., 2011), GKLR in B. lactucae (Stassen et al., 2013), and RXLKs in P. halstedii (Sharma et al., 2015).

The function of the RXLR motif is highly debated (Ellis and Dodds, 2011). This motif is thought to enable host cell targeting in a mechanism yet to be described. The role of the RXLR motif in host cell translocation was proposed in the Phytophthora infestans effector Avr3a (Whisson et al., 2007) whereas in the Phytophthora sojae effector AVR1b, the RXLR motif was shown to mediate binding to phosphatidylinositol phosphates for host cell uptake (Kale et al., 2010). However, recent research suggests that the RXLR motif is cleaved before secretion in Avr3a and is involved in secretion from the pathogen rather than translocation into the host cell (Wawra et al., 2017).

To add another level of complexity to the RXLR effector domain features, the C-termini of some RXLRs have combinations of the hydrophobic amino acids W, Y, and L forming a WY domain (Jiang et al., 2008; Haas et al., 2009). This domain forms a conserved structural feature and may also be present in tandem repeats joined by linker sequences (Boutemy et al., 2011; Chou et al., 2011). The WY domain is thought to mediate the “effector” function of RXLRs and suppress host immune signaling by various mechanisms, like suppression of cell death in the P. sojae effector Avr1b (Dou et al., 2008), interaction with the E3 ligase CMPG1 in the P. infestans effectors Avr3a (Bos et al., 2010), and interaction with MAPKKK in the P. infestans PexRD2 (King et al., 2014). Mutations in the WY domain abolish the interaction of the Avr3a (Bos et al., 2010) and PexRD2 (King et al., 2014) effectors with their targets. A recent report shows the role of the WY domain in effector dimerization and subsequent virulence activity (Guo et al., 2019).

Recently, genome and effectorome analyses of DM pathogens revealed the presence of WY domain-containing effectors that lacked a canonical RXLR motif in P. tabacina (Derevnina et al., 2015), P. halstedii (Sharma et al., 2015; Pecrix et al., 2019), P. viticola (Combier et al., 2019; Dussert et al., 2019), and B. lactucae (Fletcher et al., 2019). Similar effectors also are present in some Phytophthora species (Wood et al., 2019). Intriguingly, recent reports suggest that DM effectors lacking canonical RXLR motif but possessing EER and WY motifs (henceforth referred to as WY-EERs herein) display virulence and avirulence activities during host interaction (Combier et al., 2019; Wood et al., 2019).

It has been suggested that RXLRs from haustoria-forming Peronosporaceae species may be an adaptation to facilitate biotrophy because their expression is induced during pre-infection and biotrophic phases of infection (Whisson et al., 2007; Thines, 2014; Fawke et al., 2015). Therefore, follow up studies that can facilitate the identification of in planta expressed effector genes during interaction with the host are essential. To date, there are only two reported studies of gene expression profiling during pathogen-host interactions of haustoria-forming Peronosporaceae species, Pseudoperonospora cubensis infecting cucumber (Savory et al., 2012a) and H. arabidopsidis infecting Arabidopsis (Asai et al., 2014).

Pseudoperonospora humuli is an oomycete pathogen that causes DM on hop (Humulus lupulus). Symptoms including arrest in shoot development, abortion of developing cones, and defoliation, result in reduced yield, decrease in bittering acids, and even plant death in some cultivars (Ojiambo et al., 2015; Purayannur et al., 2020). DM is perhaps the most important and destructive disease that threatens cone yield and quality in certain production regions (Gent et al., 2009). Management of hop DM is mainly achieved through cultural practices and regular application of fungicides (Gent et al., 2010, 2012). Nonetheless, the pathogen can develop resistance to fungicides and cultivars with resistance to P. humuli are rare (Gent et al., 2008, 2020; Gent and Ocamb, 2009). Host resistance is the ideal control method for plant diseases, however, breeding in perennial crops such as hop is a long-term effort (Natsume et al., 2014) and a complicated one because of the narrow genetic base of resistant germplasm. Identification and utilization of effectors to identify germplasm containing R genes can accelerate breeding for resistance to DM (Vleeshouwers and Oliver, 2014). Recently, the genome sequence of P. humuli was published thus expanding the resources in this pathogen (Rahman et al., 2019). In this study we describe the effector repertoire of P. humuli with emphasis on the RXLR family. The presence of effector transcripts across different isolates and the expression of core effectors during infection are also presented.



MATERIALS AND METHODS


Pathogen and Plant Material

Pseudoperonospora humuli isolate OR502AA, originally isolated from hop in Oregon, was used in this study. For RNA-Seq experiments, the susceptible hop cultivar, Pacific Gem was used. Hop leaves were placed inside square petri dishes (245 mm × 245 mm × 26 mm, Corning, Cat No. 06-443-22) and over wet sterile paper towels. Leaves were drop inoculated using 10 μl of a zoospores solution and incubated at 25°C with a 12 h light/dark cycle in a precision plant growth chamber (Thermo Fisher Scientific, Cat No. PR505755L). Twenty leaf disks were collected with a sterile core borer size 4 (Humboldt Mfg., Co., H9664, Cat No. S50166D) at 2, 3, and 4 days post inoculation (DPI). Leaf samples were ground in liquid nitrogen with a mortar and pestle to a fine powder and stored at −80°C for later RNA extraction.



RNA Extraction, Library Preparation, and Sequencing of Pseudoperonospora humuli

RNA was extracted from a fresh pellet of collected sporangia and from frozen fine leaf powder samples using the Qiagen RNeasy Plant Mini Kit (Qiagen, Cat No. 74904) and submitted to The Genomic Sciences Laboratory at North Carolina State University for library preparation and sequencing in an Illumina NextSeq 500 platform (Illumina, Inc). cDNA libraries of 350 bp insert size were prepared and sequenced as described in Withers et al. (2016). All data generated in this study is available at the Sequence Read Archive (SRA) database under accession PRJNA354153: SRX2363032 (2 DPI), SRX2363027 (3 DPI), SRX2363031 (4 DPI). The predicted coding genes from P. cubensis isolate MSU1 (study number SRP011018) reported by Savory et al. (2012b) were used for comparative sequence analysis with P. humuli OR502AA. The nuclear genome assembly and annotation of P. humuli OR502AA (Rahman et al., 2019) can be found under GenBank accession PRJNA354153, and figshare https://figshare.com/s/5cfeda89bd3d29f3d259 and https://figshare.com/s/35951fc4569554efdc34, respectively.



Phylogenetic Analysis of Nuclear Genes

A phylogenetic analysis was conducted with a concatenated set of 362 Core Eukaryotic Genes (CEGs) obtained by CEGMA version 2.5 (Parra et al., 2007) following methods by Sharma et al. (2015) with modifications. The 362 single-copy CEG genes from P. humuli OR502AA were used to extract homologs shared among 11 oomycete species The oomycete species included: P. cubensis MSU1 (Savory et al., 2012b), P. tabacina 968-J2 (Derevnina et al., 2015), P. halstedii BLA4 (Sharma et al., 2015), H. arabidopsidis EMOY2 (Baxter et al., 2010), P. infestans T30-4 (Haas et al., 2009), Phytophthora ramorum PR102a (Tyler et al., 2006), P. sojae P6497 (Tyler et al., 2006), Pythium ultimum BR144 (Levesque et al., 2010), Albugo laibachii NC14 (Kemen et al., 2011), and Saprolegnia parasitica CBS223.65 (Jiang et al., 2013). All genomes, except for P. tabacina, are available at the Fungi and Oomycete Genomics Resources Database1 and Ensembl2. The P. tabacina genome data was obtained by courtesy of R. Michelmore. Multiple sequence alignments were performed using MUSCLE version 3.8.31 (Edgar, 2004) and subsequently concatenated using custom scripts. Maximum likelihood phylogenetic analysis was done with RAxML version 8.2.4 (Stamatakis et al., 2005), with 1000 bootstrap replicates.



Identification of the Secretome

The 18,656 predicted proteins of P. humuli from published genome assembly by Rahman et al., 2019 were evaluated for the presence of signal peptides using SignalP version 2.0 (Nielsen et al., 1997) and for the absence of transmembrane domains with TMHMM version 2.0 (Krogh et al., 2001). Secreted proteins with a SignalP HMM score >0.9, NN cleavage site within 10 and 40 amino acids (aa), and no transmembrane domains found at >40 amino acids away from the starting amino acid methionine, were selected. The gene calls originally inferred from genome assembly for P. cubensis MSU1 reported by Savory et al. (2012b) were revised in this study using a BLASTN search against the NCBI nucleotide database with a cutoff sequence coverage of 90% and a percentage of identity of 90% to remove contaminating sequences. The remaining filtered gene calls of P. cubensis MSU1 were then analyzed for potential secreted proteins as described above for P. humuli. Apoplastic effectors were predicted using ApoplastP (Sperschneider et al., 2017). CAZymes were predicted using the dbCAN2 metaserver (Zhang et al., 2018). Effectors were functionally annotated using Blast2GO and BlastP searches against NCBI nr databases using an e-value of 1e-0.5.



RXLR Effector Annotation

The presence of RXLR motifs on secreted proteins was determined with custom scripts as described by Win et al. (2007) with some modifications. RXLR effectors were annotated as such when: the RXLR motif was present within 25 and 110 amino acids, the RXLR position was higher than the NN cleavage site, and the signal peptide length was 10–40 amino acids. We also used the WY domain hidden markov model (HMM) model described by Boutemy et al. (2011) to predict proteins carrying this motif downstream of the RXLR, RXLR-like motif, EER, and EER-like motifs. Proteins were permuted using the script published by Ai et al. (2020) and each script was run separately on the permuted proteins and the total number of motifs predicted was averaged. Proteins were clustered using OrthoFinder version 2.3.3 (Emms and Kelly, 2019). Sub-cellular localization of RXLRs was predicted using DeepLoc version 1.0 (Almagro Armenteros et al., 2017).



RNA-Seq Analysis

To predict transcript evidence in different isolates of P. humuli, Illumina RNA-Seq read data obtained from sporangia for OR502AA and 11 other isolates used by Rahman et al. (2019) were aligned to the coding genes of P. humuli OR502AA using TopHat2 version 2.0.9 (Trapnell et al., 2009) with 200 bp as the insertion length parameter. Alignments in SAM format were obtained from TopHat2 for gene expression analysis. Absolute read counts were calculated for each gene by using the htseq-count script part of the HTSeq python module (Anders et al., 2014). The reads per kilobase million (RPKM) values were then estimated according to a published method (Mortazavi et al., 2008). To analyze expression data of P. humuli isolate OR502AA infecting hop leaf samples at 2, 3, and 4 DPI, SAM alignments from TopHat2 and RPKM values from HTSeq were obtained as described above. To estimate the expression in planta, RPKM absolute values were transformed into log2 fold values by dividing the RPKM data from infected leaf tissue by the RPKM values from sporangia of OR502AA (Wagner et al., 2012). The log2 values were used to generate heatmaps using the R package pheatmap. Upset plots were generated using the R package UpsetR (Conway et al., 2017).



Quantitative RT-PCR

Quantitative RT-PCR was performed using gene-specific oligonucleotides. Tissue was collected and RNA was extracted as described in Sections “Pathogen and Plant Material” and “RNA Extraction, Library Preparation, and Sequencing of Pseudoperonospora humuli.” PCR was performed in a CFX96 TouchTM Real-time system (Bio-Rad Laboratories, Inc.) using a PowerUpTM SYBRTM Green Master Mix (Applied Biosystems). Gene-specific primers (Supplementary Table S1) were generated using Primer3 (Untergasser et al., 2012). P. humuli actin (Phum_OR502AA_v1_g_08820), Glycerol-3-phosphate dehydrogenase (Phum_OR502AA_v1_g_18083), and ubiquitin-conjugating enzyme E2 (Phum_OR502AA_v1_g_00443) were used as reference genes and the values were averaged for calculation. ΔΔCt values were calculated for each time-point using the expression in sporangia as a control by the method published by Livak and Schmittgen (2001) with the slight modification of the initial ΔCt being calculated as ΔCT = CT(reference gene)-CT(target gene) in order to obtain positive values. RT-qPCR was performed three times with independent biological replicates. P-values were calculated by a paired t-test using the GraphPad Prism 8.00 software for Mac.



RESULTS


Phylogenetic Relationship of Pseudoperonospora humuli With Other Oomycetes

The genome of P. humuli showed a 97.8% complete and 98.8% partial completeness based on the coverage of eukaryotic genes (Rahman et al., 2019) described in the CEGMA pipeline (Parra et al., 2007). We generated a nuclear phylogenetic tree of P. humuli with the 10 other oomycete species listed in Section “Phylogenetic Analysis of Nuclear Genes” using 362 of the core eukaryotic housekeeping genes described by Parra et al. (2007), P. humuli and its sister species P. cubensis were clustered in a group with maximum bootstrap support confirming their close relationship (Figure 1). Other DM pathogens such as P. tabacina, and the Arabidopsis DM H. arabidopsidis formed sister groups and separated themselves from the sunflower DM pathogen P. halstedii and Phytophthora species.
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FIGURE 1. Pseudoperonospora humuli and Pseudoperonospora cubensis phylogenetic clade generated from conserved nuclear genes. Phylogenetic tree constructed with 362 nuclear core eukaryotic genes (CEGs) sharing homology among 11 oomycetes. CEG genes were aligned with Muscle (Edgar, 2004) and the maximum likelihood tree was generated with RAxML program (Stamatakis et al., 2005), with 1,000 bootstrap replicates.




Pseudoperonospora humuli Secretome and Apoplastic Effectors

For in silico prediction of the P. humuli secretome, we used the 18,656 predicted proteins published by Rahman et al. (2019). SignalP v2 was used for the prediction of proteins containing signal peptides since it was noted to be more sensitive for oomycete effectors in comparison to newer versions (Sperschneider et al., 2015b). Using the presence of signal peptide and the absence of a transmembrane domain as criteria, 1,250 secreted proteins were predicted in P. humuli (Supplementary Table S2). Since apoplastic effectors do not have distinguishing motifs, the machine learning tool ApoplastP (Sperschneider et al., 2017) was used to predict apoplastic effector candidates in the P. humuli secretome. Among the predicted secreted proteins, 321 proteins were predicted as apoplastic proteins (Supplementary Table S3).

The predicted apoplastome was classified into known classes of effectors (Figure 2A). CAZymes formed the largest class of apoplastic effectors in P. humuli (Figure 2A and Supplementary Table S3). Of the five known classes of CAZymes: carbohydrate esterases (CE), glycoside hydrolases (GH), glycosyltransferases (GT), polysaccharide lyases (PL), and auxiliary activity (AA) (Levasseur et al., 2013), P. humuli had only CEs, GHs, and AAs (Supplementary Table S3). The P. humuli apoplastic effector suite also consisted of 32 enzyme inhibitors of which five were protease inhibitors (Figure 2A). All the identified protease inhibitors in P. humuli belonged to the Kazal-like serine protease inhibitor family. Four of the predicted protease inhibitors in P. humuli had a single Kazal-like domain (Supplementary Figures S1A,B). The remaining protease inhibitor had five Kazal-like domains (Supplementary Figure S1B). Glucanase inhibitors formed the other abundant class of enzyme inhibitors of which there were 27 proteins in P. humuli. The P. humuli glucanase inhibitors had degenerate amino acids at the catalytic triad positions H57, D102, and S195 (Supplementary Table S3).
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FIGURE 2. Effectors in Pseudoperonospora humuli. (A) Classes of apoplastic effectors. Effectors were identified from the secretome by ApoplastP (Sperschneider et al., 2017) and annotated using Blast2Go and BlastP searches. Carbohydrate active enzymes (CAZymes) were identified using the dbCAN2 metaserver (Zhang et al., 2018). [SCP, sperm coat protein; NLPs, necrosis and ethylene-inducing peptide 1 (Nep1)-like proteins]. (B) Classes of cytoplasmic effectors. RXLRs were identified using the method described by Win et al. (2007) and WY motifs were predicted by a hidden markov model (HMM) search in HMMER 3.1 (hmmer.org) using a published HMM model (Boutemy et al., 2011).


The P. humuli apoplastic effector suite had 24 necrosis and ethylene-inducing peptide 1 (Nep1)-like proteins (NLPs). However, the NLPs in P. humuli had highly degenerate heptapeptide “GHRHDWE” motifs (Supplementary Figure S2). Other predicted P. humuli apoplastic effector classes were elicitin proteins, sperm coat protein (SCP)-like extracellular proteins, and a myriad of proteins of unknown function (Figure 2A and Supplementary Table S3).

Since P. cubensis and P. humuli are sister species, the secretome of P. cubensis was also analyzed. The published proteome of P. cubensis (Savory et al., 2012b) was revised using a BLASTN search to remove genes of contaminating microorganisms. Bacterial genes with similarity to common prokaryotes found in the phyllosphere such as Xanthomonadales, Burkholderiales, and Pseudomonadales were found in the P. cubensis secretome and were removed. Other eukaryotic metazoan contaminants (Laurence et al., 2014) were also removed. Overall, we removed 5,849 gene contaminants out of 23,522 (Supplementary Table S4) coding genes predicted for P. cubensis, leaving the final P. cubensis protein count as 17,673. Of these, 941 genes were predicted to be secreted proteins using the same pipeline that was employed for P. humuli secretome prediction (Supplementary Table S5). ApoplastP predicted 216 proteins as putative apoplastic effectors (Supplementary Table S6). The numbers of the apoplastic effector classes were reduced in P. cubensis as compared to P. humuli (Table 1). Cluster analysis of apoplastic effectors of the two species showed that there were 122 clusters common to P. humuli and P. cubensis. P. humuli had more singletons than P. cubensis (Supplementary Figure S3A).


TABLE 1. Comparison of secretome and effector families in Pseudoperonospora humuli and Pseudoperonospora cubensis.
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Cytoplasmic Effectors in Pseudoperonospora humuli

Rahman et al. (2019) predicted a total of 189 putative RXLR-like effector candidates and 49 CRinkling and Necrosis (CRN)-like candidates (with or without signal peptides) from P. humuli. We re-examined the genome of P. humuli using a comprehensive in silico string search and similarity analysis to expand the P. humuli cytoplasmic effector repertoire. Our analysis revealed a total of 296 RXLR-EER and RXLR-EER-like cytoplasmic effector candidates in the P. humuli secretome, including those proteins that contained non-canonical RXLR and/or EER motifs (Figure 2B and Supplementary Table S7). Among the predicted RXLR-like effector candidates, a large number of these effectors contained RXLR and EER motifs (Figure 2B). Several of these effectors contained non-canonical EER motifs (Supplementary Table S7). There were 35 QXLR motif-containing effectors in P. humuli including some that contained only a QXLR motif and lacked an EER (Figure 2B). Degeneracy in the RXLR motif was observed in some effectors, with changes in the first and the second arginine residues. Proline (P) and lysine (K) were common substitutes for R in the first position while glutamine (G) and K were common in the second position (Supplementary Table S7).

We used the previously published HMM model (Boutemy et al., 2011) to search for WY domains in the identified RXLRs in P. humuli. 154 out of the identified 296 RXLRs had one or more WY domains. An interesting observation was the high number of WY-EERs in P. humuli (Figure 2B). Of the 154 WY domain-containing effectors, 74 were WY-EERs (Figure 2B and Supplementary Table S7). It has been proposed previously (Wood et al., 2019) that an HMM search for WY domains in the whole secretome is an important step in oomycete effector prediction to identify additional effectors that are not revealed in RXLR-EER string searches. However, an HMM search of the P. humuli secretome failed to reveal additional WY effector candidates.

The sub-cellular localization of the 296 RXLR candidates was predicted using Deeploc v1 (Almagro Armenteros et al., 2017). There were 140 proteins that were predicted to be localized to the cytoplasm and 98 that were predicted to localize to the nucleus. There were a few proteins that had predicted localization to mitochondria, plastid, and peroxisome (Supplementary Table S8). In contrast to P. humuli, the secretome of the sister species P. cubensis had only 72 RXLR and RXLR-like proteins (Supplementary Table S9). There was a considerable reduction in number of RXLR effectors in P. cubensis as compared to P. humuli (Table 1). Gene orthology analysis of identified effector candidates in P. humuli and P. cubensis revealed 20 clusters that were common to both species (Supplementary Figure S3B).

A permutation test was performed to estimate the false discovery rate (FDR) of scripts used for analysis. The first 150 residues of the P. humuli and P. cubensis secretomes were permuted 150 times and the average number of motifs predicted was calculated. The FDRs for N-terminal single-motif scripts were higher than those for double-motif scripts as expected. FDRs were higher in P. cubensis than P. humuli with the scripts for QXLR motifs showing a higher FDR (Supplementary Table S10).

To identify members of the CRN (CRinkling and Necrosis) family of effectors in P. humuli, an HMM search was performed using a previously published HMM model (Haas et al., 2009). The P. humuli secretome had a single candidate that possessed an LFLAK-like (LYLARK) and an HVLVXXP-like motif. On the other hand, an HMM search on the 941 P. cubensis secreted proteins produced no hits. Since the low number of CRN effectors was surprising, an HMM search was performed on all 18,656 predicted P. humuli proteins, which resulted in 62 hits of which nine had no LFLAK or HVLVXXP motifs. Among the remaining 53 CRNs, 20 had both LFLAK-like and HVLVXXP-like motifs (Table 1 and Supplementary Table S11). Apart from these, there were 24 proteins with only an LFLAK-like domain and nine with only an HVLVXXP-like motif. However, only one of them had a SignalP HMM probability >0.9. P. cubensis, on the other hand had only 15 CRNs with an LFLAK-like and/or or an HVLVXXP-like motif but none had a predicted signal peptide (Table 1 and Supplementary Table S12).



Sporangial Expression of Effectors in Different Pseudoperonospora humuli Isolates

Core effectors that are expressed across different isolates may be good candidates for effector-assisted breeding. For this reason, we looked for RXLRs that have conserved transcript evidence in different P. humuli isolates. RNA-Seq performed on sporangia of the P. humuli isolate OR502AA and eight others used by Withers et al. (2016) were used to study the presence of transcripts of the predicted effector-encoding genes. In addition, we also used the three isolates NY507570BC, NC18668CAS, and NC18668GAL used by Rahman et al. (2019). Of the total 18,656 predicted genes in P. humuli, we found transcript evidence with an RPKM value > 0 for 10,536 genes in all the sequenced isolates (Supplementary Figure S4A and Supplementary Table S13). Of the 1,250 predicted secreted proteins, 754 showed transcript evidence (Supplementary Figure S4B), out of which, 171 were apoplastic effectors (Supplementary Figure S5). Two hundred one out of the predicted 296 RXLR genes exhibited transcript evidence in all the tested isolates (Figure 3). The expression level of the 201 common effectors was analyzed across the isolates (Supplementary Figure S6). Drastic differences in sporangial expression were not observed across the isolates tested. We investigated differences in transcript presence/absence based on the geographical location from which sporangia were collected. There were 85 genes that did not show transcript evidence in the two isolates collected from North Carolina (Supplementary Figure S4A). Out of these, two were genes coding for secreted apoplastic effectors (Supplementary Figures S4A, S5). Apart from this, we did not observe any notable similarities or differences in isolates collected from different cultivars or geographical locations.
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FIGURE 3. Upset plot showing the trend of effector transcripts in the sporangia of Pseudoperonospora humuli isolates. RNAseq reads from sequenced sporangia of different isolates were mapped to P. humuli gene calls (Rahman et al., 2019) using TopHat version 2.0.6 (Trapnell et al., 2009). Reads were counted using the HTSeq python module (Anders et al., 2014) and reads per kilobase million (RPKM) values were calculated. An RPKM > 0 was used to indicate the presence of a transcript. The plot was generated using the R package UpsetR (Conway et al., 2017).




Pseudoperonospora humuli Effectors That Are Expressed During Infection

The susceptible hop variety Pacific Gem was infected with the P. humuli isolate OR502AA and tissue was harvested at 2, 3, and 4 DPI and sequenced for expression profiling. Out of the 18,656 predicted genes, 1,381 were upregulated (log2 fold value ≥ 2) at all time-points post inoculation (Supplementary Table S14). There were 197 genes that were upregulated only at 2 DPI out of which 23 were uniquely expressed (log2 value 0 at 3 DPI and 4 DPI). Likewise, out of the 168 genes upregulated at 3 DPI, 57 were uniquely expressed and of the 190 genes upregulated at 4 DPI, 82 were uniquely expressed. Among the 321 predicted apoplastic effectors, 64 showed upregulation at all time-points (Supplementary Figure S7 and Supplementary Table S14). Glucanase inhibitors as a class were notable among the upregulated apoplastic effectors. It was also interesting to note that seven among the 11 upregulated glucanase inhibitors showed transcript presence in all the P. humuli isolates tested, suggesting the importance of this class of apoplastic effectors in infection (Supplementary Figure S7 and Supplementary Table S14).

The expression pattern of cytoplasmic effectors at different time-points was also analyzed. The single CRN gene with a predicted signal peptide (Phum_OR502AA_v1_g_03069) did not show upregulation at any time-point. Out of the 296 predicted RXLR effectors, 62 were upregulated (log2 values ≥ 2) at all time-points. It was interesting to observe that most of the expressed effectors showed consistent levels of expression across the time-points tested (Supplementary Figure S8). There were 6, 4 and 6 upregulated effectors each at 2 DPI, 3 DPI, and 4 DPI, respectively (Supplementary Figure S8 and Supplementary Table S14). The gene Phum_OR502AA_v1_g_16070 was uniquely expressed at 4 DPI (Supplementary Figure S8 and Supplementary Table S14). Since P. humuli showed an expansion of WY-motif containing effectors with EER or EER-like domains, we were specifically interested in the expression profile of that class. Of the 74 EER-like effectors with one or more WY motifs, 10 were upregulated at all time-points (Supplementary Table S14).

There were 75 core effectors in P. humuli that were upregulated during infection and were present in all the isolates tested (Supplementary Table S15). This list included both apoplastic and cytoplasmic effectors. RXLR-EERs with no WY domains and glucanase inhibitors were the largest class in this list.

The expression patterns of selected genes were validated by quantitative RT-PCR. Randomly selected RXLR genes and apoplastic effector-encoding genes were analyzed for their expression patterns. CRN genes were not selected for qPCR since the only CRN with a predicted signal peptide did not show elevated expression in RNA-seq data. All genes showed significant upregulation at all time-points with patterns comparable to those seen in the RNA-seq data (Figure 4).


[image: image]

FIGURE 4. Comparison of RNAseq and RT-qPCR expression values of selected effector genes in different time-points of Pseudoperonospora humuli infection of hop. RNA-seq expression levels are depicted in log2 values of reads per kilobase million (RPKM) values. RT-qPCR expression levels are represented as mean ΔΔCT values from three independent biological replicates. *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001, ****P-value < 0.0001. P-values were calculated using a paired t-test in the GraphPad Prism 8.00.




DISCUSSION


Effector Content in Pseudoperonospora humuli and Pseudoperonospora cubensis

Our analysis predicted that 1,250 out of 18,656 (6.69%) proteins in P. humuli were secreted as compared to 941 out of 17,673 (5.32%) in P. cubensis. Despite similar secretome sizes between P. humuli and P. cubensis, there was an increased number of predicted effector proteins in P. humuli. The apoplastic effector content in P. humuli was much higher than in P. cubensis with a notable increase in glucanase inhibitors and CAZymes. The most astonishing increase in the number of effectors between P. humuli and P. cubensis, however, was observed in the RXLR class of effectors, especially in the number of WY-EERS. Also, despite the close phylogenetic relationship between P. humuli and P. cubensis, the number of orthologous RXLRs were few. This lack of orthology between species of the same genus is not surprising considering the high divergence in the RXLR family that has previously been reported in Phytophthora spp., with P. sojae and P. ramorum having a low number of shared orthologs (Jiang et al., 2008). Moreover, P. cubensis has most likely arisen due to a host jump from P. humuli and it has been suggested that loss of effectors required for hop colonization has possibly occurred in P. cubensis following the pathogen’s adaptation to a new host (Runge and Thines, 2012). It is also interesting to note that gene loss associated with host jumps may be due to the loss of genes that do not have targets in the new host (Sharma et al., 2014; Thines, 2019). There was a large reduction in the number of RXLRs in P. cubensis in our analysis from the earlier predicted 271 RXLRs (Savory et al., 2012a). However, differences in the pipelines used for genome annotation and effector prediction in the two taxa cannot be ruled out. Moreover, oomycete effectors are known to reside in repeat-rich regions (Raffaele and Kamoun, 2012). Due to the inherent difficulties associated with assembling repeat-rich regions with short-read sequencing technologies like Illumina, some effector genes may be missing from the prediction performed in this analysis. Nevertheless, the number of effectors predicted in P. humuli is comparable to the numbers found in other sequenced DM pathogens (Derevnina et al., 2015; Sharma et al., 2015; Dussert et al., 2019).

The variation in numbers between P. humuli and P. cubensis could also be attributed to our initial filtering for contaminants in the P. cubensis proteome. The presence of contaminants is not surprising in next generation sequencing data from biotrophic pathogens like P. cubensis and P. humuli (Laurence et al., 2014; Rahman et al., 2019). The finding of bacterial sequences in the P. cubensis proteome affirms the need for specialized laboratory protocols that account for the phyllosphere microbiome and stringent bioinformatics filtering in initial steps when dealing with the genomic data of biotrophic pathogens (Klein et al., 2019). With the range of sequencing technologies now available, resequencing the P. cubensis genome with clean material and the use of in silico methods to remove contaminants might result in more accurate RXLR predictions.

The permutation test revealed a higher FDR for proteins with positional constrained N-terminal single-motif scripts, especially for proteins with the prediction of QXLRs motifs. It is therefore important to validate the veracity of effector proteins containing degenerate RXLR motifs such as QXLR that lack a downstream EER motif with experiments such as quantitative RT-PCR before they are used for further functional studies.



Apoplastic Effectors of Pseudoperonospora humuli

In this study, we predicted the putative apoplastic effectors in the P. humuli secretome using the tool ApoplastP (Sperschneider et al., 2017). Unlike oomycete cytoplasmic effectors such as RXLRs and CRNs, apoplastic effectors do not have conserved motifs that can be used for in silico prediction. Hence, apoplastic effectors have been traditionally discovered through experimental methods like proteomics (Delaunois et al., 2014) and microscopic analysis (Doehlemann and Hemetsberger, 2013), which are time consuming. ApoplastP has limitations as an in silico prediction tool, hence, predicted apoplastic effectors need to be experimentally verified before downstream applications.

Pseudoperonospora humuli proteins predicted to be secreted to the host apoplast included known enhancers of necrotrophy and elicitors of microbe associated molecular pattern (MAMP) responses. For example, NLPs belong to a gene family that induces cell death and their role has been indicated in the switch from the biotrophic to necrotrophic phase in P. infestans (Qutob et al., 2002). The presence of NLPs in a biotrophic pathogen was surprising, however, they have been previously predicted in other DM pathogens like H. arabidopsidis (Baxter et al., 2010; Cabral et al., 2012), P. tabacina (Derevnina et al., 2015), and P. halstedii (Sharma et al., 2015). Similar to NLPs in H. arabidopsidis, the P. humuli NLPs also had highly degenerate catalytic domains suggesting that they are non-cytotoxic proteins (Cabral et al., 2012). Unlike NLPs in H. arabidopsidis, which are expressed during infection (Cabral et al., 2012), only three of the 24 P. humuli genes (Phum_OR502AA_v1_g_00914, Phum_OR502AA_v1_g_18234, and Phum_OR502AA_v1_g_19197) showed elevated expression in planta. However, variation in the time-points tested could have contributed to this discrepancy since the highest expression in H. arabidopsidis was observed during the early stages of infection (Cabral et al., 2012). Even though the importance of NLPs in DM pathogens is yet to be defined, their conservation among the different species suggests a possible role in pathogenicity. In H. arabidopsidis, NLPs also act as MAMPs and trigger immune response (Oome et al., 2014), which could be a possible reason for their predicted secretion and localization to the apoplast. Elicitins are another class of pathogen-secreted proteins that act as MAMPs (Derevnina et al., 2015; Raaymakers and den Ackerveken, 2016). Despite their negative role in pathogenicity, MAMPs like elicitins are important in disease resistance as evidenced by the successful transfer of elicitin-induced resistance against late blight to cultivated potato (Du et al., 2015). For this reason, we deemed it necessary to include proteins like NLPs and elicitins in the P. humuli effectorome, keeping with the definition of effectors as any pathogen-secreted molecules that induce or suppress plant responses (Vleeshouwers and Oliver, 2014).

CAZymes have been observed in several species of Phytophthora (Ospina-Giraldo et al., 2010; Brouwer et al., 2014) and Pythium (Zerillo et al., 2013) and their role in pathogenicity by the degradation of the cell-wall has been discussed in oomycete (Ospina-Giraldo et al., 2010; Zerillo et al., 2013) and fungal (Lyu et al., 2015) pathogens. The presence of CAZymes in the genome of pathogens alone does not implicate their role in pathogenesis since they could also be involved in the degradation and/or modification of the pathogen cell wall. However, the inclusion of CAZymes in the predicted apoplastic effector repertoire of P. humuli and the elevated expression of some members of the class indicates their possible role in pathogenesis. It is interesting to note that in previous studies CAZymes had shown elevated expression in P. cubensis during different stages of infection (Savory et al., 2012a).

The plant apoplast is a barrier that the pathogen has to overcome in order to establish infection. Host-secreted endo-β-1,4-glucanases induce the release of glucan elicitors that are recognized by host cell-surface receptors to activate immunity (Rose et al., 2002). Glucanase inhibitors, which are serine protease homologs that inhibit secretion of the plant endo-β-1,4-glucanases, are abundant in P. infestans (Damasceno et al., 2008) but have not been well-described in other sequenced DMs. However, the high number of glucanase inhibitors in P. humuli and their elevated expression during infection implicates their role in pathogenesis. Protease inhibitors were also identified in P. humuli. Three of the predicted protease inhibitors in P. humuli had a single Kazal-like domain that shared similarity to the EPI1b domain of the P. infestans EPI1 protein (Tian et al., 2004). However, none of these three proteins showed elevated expression during infection. The protease inhibitor with five Kazal-like domains, on the other hand, showed transcript evidence in all the isolates and elevated expressions during infection. The other two protease inhibitors showed elevated expression during infection and the expression pattern of Phum_OR502AA_v1_g_09230 was confirmed using quantitative RT-PCR as well.



Cytoplasmic Effectors in Pseudoperonospora humuli

The oomycete cytoplasmic RXLR and CRN effector classes are well-documented mainly due to their modular nature. CRNs are an ancient class of effectors that have been identified across phylogenetically diverse oomycete species (Schornack et al., 2010). The CRNs are a large family of effectors in P. infestans (Haas et al., 2009). In P. humuli, however, only a single CRN was identified in the secretome. A search for CRNs in the total proteome yielded more CRN candidates that contained LFLAK-like and/or HVLVXXP motifs, however these did not contain signal peptides. This trend has been observed in other DM CRNs (Derevnina et al., 2015; Sharma et al., 2015; Fletcher et al., 2018). The fewer CRN content in DM pathogens could indicate an adaptation to biotrophy since CRNs are known to induce necrosis, a trait that is not conducive for biotrophy. Intriguingly, oomycetes are known to use unconventional secretion pathways to secrete CRNs lacking a classical signal peptide (Meijer et al., 2014), suggesting that the identified CRNs in P. humuli might be secreted even though they lack a classical secretion signal. Unfortunately, there are no existing reliable algorithms for the prediction of unconventionally secreted proteins in fungi and oomycetes (Sperschneider et al., 2015a).

Effectors containing the N-terminal RXLR-EER motif are the best-understood pathogenicity factors of Phytophthora spp. and DM pathogens. P. humuli had a total of 296 RXLR and/or EER-domain containing proteins. This number includes proteins containing degenerate RXLR or EER domains. A non-canonical QXLR motif has been observed among cytoplasmic effectors in P. cubensis (Tian et al., 2011; Savory et al., 2012a) and B. lactucae (Wood et al., 2019). The high number of QXLRs in P. humuli reiterates their significance in DM pathogens. Some RXLRs are distinguished by the presence of a C-terminal α-helical fold known as the WY domain (Jiang et al., 2008; Boutemy et al., 2011). Traditionally, prediction of RXLR effectors had been based on the presence of the RXLR and the EER motif. However, recently, the presence of WY domain containing EER effectors have been identified in DM pathogens (Derevnina et al., 2015; Combier et al., 2019; Wood et al., 2019). The expansion of WY-EER effectors in P. humuli further affirms the importance of this class in DM pathogens. Intriguingly, WY-EERs form the largest class of effectors in P. humuli outnumbering even the classical RXLR-EERs. In the light of the overrepresentation of WY-EERs in P. humuli, we reiterate previous recommendations to include HMM searches for WY domains as a key criterion to identify effectors in oomycetes and especially DM pathogens (Derevnina et al., 2015; Wood et al., 2019).

The P. humuli RXLR-EER gene Phum_OR502AA_v1_g_06904 showed transcript evidence in all the 12 isolates and elevated expression in RNA-seq and RT-qPCR. A BLASTp search did not show obvious homology to any known protein except for a weak similarity (25.8 percentage identity) to a bacterial shikimate kinase. The lack of homology to known RXLRs is not surprising since RXLRs are a class of diverse proteins that show a high level of sequence divergence outside of the conserved N-terminal RXLR and EER motifs (Win et al., 2012). Despite the lack of an apparent function, the core nature of Phum_OR502AA_v1_g_06904 across the P. humuli isolates and its high expression during infection may indicate a role during the host-pathogen interaction making it a good candidate for downstream functional analysis.



Core Effectors of Pseudoperonospora humuli

Natural sources of DM resistance in hop are rare and for this reason, identifying new sources of resistance is a priority (Woods and Gent, 2016). However, breeding for resistance to DM is a laborious and time-consuming process, especially in a perennial crop sensitive to inbreeding depression (Henning et al., 2004). Pathogen effectors can be used to accelerate disease resistance through effector-assisted breeding (Vleeshouwers and Oliver, 2014) and loss of susceptibility breeding (Pavan et al., 2010). However, core effectors that are conserved across different isolates need to be validated in order to make an informed choice on the candidate effector that is selected. Effectors that are present in various pathogen isolates and also expressed during infection are considered core effectors, which are key to identifying broad spectrum and durable plant resistance genes (Jones et al., 2014; Vleeshouwers and Oliver, 2014). The P. humuli effectorome contained effectors that exhibited transcript evidence in all P. humuli isolates and showed enhanced expression during infection. We propose that these core effectors are ideal candidates for downstream functional analysis aiming toward the identification of robust sources of resistance to DM in hop.
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The product of the avirulence (Avr) gene of Magnaporthe oryzae can be detected by the product of the corresponding resistance (R) gene of rice and activates immunity to rice mediated by the R gene. The high degree of variability of M. oryzae isolates in pathogenicity makes the control of rice blast difficult. That resistance of the R gene in rice has been lost has been ascribed to the instability of the Avr gene in M. oryzae. Further study on the variation of the Avr genes in M. oryze field isolates may yield valuable information on the durable and effective deployment of R genes in rice production areas. AvrPiz-t and Piz-t are a pair of valuable genes in the Rice-Magnaporthe pathosystem. AvrPiz-t is detectable by Piz-t and determines the effectiveness of Piz-t. To effectively deploy the R gene Piz-t, the distribution, variation, and evolution of the corresponding Avr gene AvrPiz-t were found among 312 M. oryzae isolates collected from Yunnan rice production areas of China. PCR amplification and pathogenicity assays of AvrPiz-t showed that 202 isolates (64.7%) held AvrPiz-t alleles and were avirulent to IRBLzt-T (holding Piz-t). There were 42.3–83.3% avirulent isolates containing AvrPiz-t among seven regions in Yunnan Province. Meanwhile, 11 haplotypes of AvrPiz-t encoding three novel AvrPiz-t variants were identified among 100 isolates. A 198 bps insertion homologous to solo-LTR of the retrotransposon inago2 in the promoter region of AvrPiz-t in one isolate and a frameshift mutation of CDS in another isolate were identified among 100 isolates, and those two isolates had evolved to virulent from avirulent. Synonymous mutation and non-AUG-initiated N-terminal extensions keeps the AvrPiz-t gene avirulence function in M. oryzae field isolates in Yunnan. A haplotype network showed that H3 was an ancestral haplotype. Structure variance for absence (28.2%) or partial fragment loss (71.8%) of AvrPiz-t was found among 39 virulent isolates and may cause the AvrPiz-t avirulence function to be lost. Overall, AvrPiz-t evolved to virulent from avirulent forms via point mutation, retrotransposon, shift mutation, and structure variance under field conditions.

Keywords: Magnaporthe oryzae, pathogenicity, AvrPiz-t, haplotype diversity, Rice-Magnaporthe interaction


INTRODUCTION

During the long history of coevolution between plants and pathogens, two layers of host immunity have developed in plants (Jones and Dangl, 2006). One is PAMP-triggered immunity (PTI), the other is effector-triggered immunity (ETI). PTI usually recognizes the conserved pathogen PAMPs by plant cell surface pattern recognition receptors (PRRs), and then activates the relatively weak basic defense response in plants. PAMPs are common features of microbial pathogens, such as bacterial flagellin or fungal chitin, and lipopolysaccharides. ETI is triggered when plant resistance proteins (R proteins) directly or indirectly recognize the effector proteins secreted by pathogens, and then stimulate a stronger resistance response to inhibit the infection of pathogens (Chisholm et al., 2006; Dodds and Rathjen, 2010). Effectors are divided into virulent and avirulent effectors depending on its pathogenicity to the host. Avirulence (Avr) proteins can interact directly or indirectly with the corresponding resistance (R) protein or combine to the promoter of the corresponding R genes, then trigger the ETI. Race-specific plant R genes have the ability to detect the corresponding Avr protein and induce effective resistance to plant pathogens (Dai et al., 2010). Specific recognition and interaction between Avr and R genes is the key to induce plant resistance. Through mutation or complete loss of effector genes, the pathogens are able to evade recognition of R proteins, infect plants, and counter efforts to control pivotal plant diseases (McDonald and Linde, 2002; Singh et al., 2011). Further analysis of Avr genes of the field isolate in a plant pathogen may provide precious information for the utilization of R genes in field crops (Stukenbrock and McDonald, 2009).

Rice blast is one of the most destructive diseases in rice worldwide (Dean et al., 2012; Nalley et al., 2016; Deng et al., 2017). It is caused by the fungus Magnaporthe oryzae. The amount of rice lost annually to this fungal disease is enough to feed more than 60 million people (Choi et al., 2013). The deployment of rice resistant cultivars containing major resistance gene (R) is the most economical, effective, and environmentally friendly measure to control rice blast disease. The high degree of variability of M. oryzae isolates in pathogenicity makes the control of rice blast difficult (Sharma et al., 2002). That resistance of the R gene in rice has been lost has been ascribed to the instability of Avr in M. oryzae (Khang et al., 2008). To date, there are more than thirty rice blast R genes and twelve Avr genes to be cloned (Wang B. H. et al., 2017). Mostly, R genes in rice encode NLR proteins, and most cloned Avr genes in M. oryzae encode small secreted proteins. These cloned Avr genes include PWL1 (Kang et al., 1995), PWL2 (Sweigard et al., 1995), AVR1-CO39 (Farman and Leong, 1998), AVR-Pita (Orbach et al., 2000), ACE1 (Fudal et al., 2005), AvrPiz-t (Li et al., 2009), Avr-Pia (Yoshida et al., 2009), Avr-Pii (Yoshida et al., 2009), Avr-Pik/km/kp (Yoshida et al., 2009), AvrPib (Zhang et al., 2015), AvrPi9 (Wu et al., 2015), and AvrPi54 (Ray et al., 2016), which play a critical role in clarifying the genes’ variance and the interaction with correspondent R genes in the Rice-Magnaporthe pathosystem (Wang B. H. et al., 2017).

Among the cloned Avr genes of M. oryzae, AvrPiz-t activates immunity to rice mediated by the R gene Piz-t in a gene-for-gene theory (Luo et al., 2005; Li et al., 2009). AvrPiz-t was cloned from the isolate 81278ZB15. It is comprised of an intronless gene in chr7 and encodes a small predicted secreted protein consisting of 108 amino acids with no homology to known proteins (Li et al., 2009; Park et al., 2012). The 18-aa N-terminal secretion signal at the amino-terminus is critical for the avirulent function of AvrPiz-t. A transposon Pot3 insertion and a base substitution have resulted in the avirulence function of AvrPiz-t gene being lost (Li et al., 2009). The corresponding resistant gene Piz-t is a broad spectrum NLR protein gene (Hayashi et al., 2004). The broad spectrum resistant gene has been cloned from the rice cultivar Toride1 (Zhou et al., 2006). The successful cloning of the pair Avr/R genes facilitates their interaction study. The Avr effector AvrPiz-t preferentially gathers in the biotrophic interfacial complex (BIC), and then is transferred into rice cells (Park et al., 2012). It can suppress PTI because ectopic expression of AvrPiz-t inhibits the generation of reactive oxygen species (ROS) induced by the flg22 and chitin in transgenic rice and invigorates susceptibility to M. oryzae. Recent studies have shown that Piz-t interacts indirectly with AvrPiz-t (Park et al., 2012, 2016; Wang R. et al., 2016; Tang et al., 2017). Effector AvrPiz-t participates in both PTI and ETI of rice to M. oryzae. 12 APIPs (AvrPiz-t interacting proteins) have been identified as targets of AvrPiz-t. AvrPiz-t interacting with four APIPs has been discovered. APIP6 is a functional ring E3 ubiquitin ligase. AvrPiz-t both interacts with APIP6 and reduces their E3 ligase activity by promoting their degradation. In response, APIP6 can ubiquitinate and degrade AvrPiz-t (Park et al., 2012). The interaction of APIP6 and AvrPiz-t plays a role in suppressing the PAMP-triggered immunity (PTI) of rice. APIP10 is another E3 ligase. Except for ubiquitinating and degrading AvrPiz-t, it is also a negative regulator that accumulates and activates the NLR receptor Piz-t (Park et al., 2016). APIP10 functionally connects AvrPiz-t to its receptor Piz-t in rice. Transcription factors (TFs) play an important role in regulating and activating NLR proteins in plants (Chang et al., 2013; Inoue et al., 2013; Xu et al., 2014). As a bZip TF, APIP5 both interacts with effector AvrPiz-t from M. oryzae and the NLR protein Piz-t from rice (Wang R. et al., 2016). ETN triggered by AvrPiz-t is suppressed by NLR receptor Piz-t. And rice utilizes APIP5 as a decoy substrate of AvrPiz-t for preventing ETN at the necrotrophic stage against M. oryzae. APIP5 negatively regulates the cell death binding to AvrPiz-t and its transactivation activity and protein accumulation are suppressed at the necrotrophic stage. Piz-t suppresses AvrPiz-t-mediated APIP5 turnover by interacting with and stabilizing the protein to prevent host necrosis. At the same time, APIP5 plays a key role in Piz-t stability during infection. As a nucleoporin2 domain containing protein, APIP12 is a virulence target of AvrPiz-t and is involved in the basal resistance against M. oryzae in rice (Tang et al., 2017). It finishes interactions with both AvrPiz-t and APIP6 through different regions of the proteins.

Significant progress has been made in the indirect interaction of AvrPiz-t and its cognate resistance gene Piz-t has. According to gene-for-gene theory, the host is resistant to the pathogen if corresponding R and Avr genes exist in both host and pathogen. The host is susceptible if either is absent or inactive (Flor, 1971). So, variance or the presence/absence of AvrPiz-t gene of M. oryzae field isolates determines the stability and effectiveness of corresponding R gene Piz-t. The integral identification of resistance in the national rice blast garden of China in the 1970s showed that the Piz-t gene contained higher resistance to M. oryzae (Ling et al., 1986). Piz-t has kept its higher resistance to rice blast in some provinces of China, such as Yunnan, Jilin, Jiangsu, Zhejiang Province (Zhou et al., 2003), and Guangdong Province (Zhu et al., 2004; Yang et al., 2008). Lower virulent frequency (8.46%) of M. oryzae to Piz-t was found in the Northern G/J rice region of China (Lei et al., 2000). 80% M. oryzae isolates in the Yunnan Province of China were avirulent to Piz-t (Li et al., 2011). Lower virulent frequency of AvrPiz-t and higher resistant frequency of Piz-t suggests that AvrPiz-t and Piz-t are a pair of valuable genes in the Rice-Magnaporthe pathosystem in some provinces of China. Sequence variance on open reading frames (ORFs) and size variance on promoter regions of AvrPiz-t have been detected from 38 countries and regions (Chen et al., 2014). Yunnan Province of China holds abundant resources of both rice and blast fungus (Jiang, 1995). Variance and evolution of the AvrPiz-t gene in M. oryzae isolates have not been reported. In this paper, we report the molecular mechanisms of variance and evolution of AvrPiz-t in M. oryzae field isolates in Yunnan Province of China. This will be helpful to evaluate the resistant efficiency and durability of Piz-t.



MATERIALS AND METHODS


Fungal Isolates, Rice Cultivars, Culture, and Pathogenicity Assays

A total of 312 single-spore purified isolates were obtained from 14 prefectures of seven regions in Yunnan Province (Supplementary Table S1). These isolates are from four prefectures (KM, YX, CX, and QJ) of central Yunnan, three prefectures (DL, BS, and DH) of Western Yunnan, one prefecture (LJ) of Northwestern Yunnan, one prefecture (ZT) of Northeastern Yunnan, two prefectures (HH and BN) of Southern Yunnan, two prefectures (LC and PE) of Southwestern and one prefecture (WS) of Southeastern Yunnan. According to the production area, these isolates were divided into GJ from Geng/Japonica rice area or XI from Xian/Indica rice area (Supplementary Table S1). Rice monogenic line IRBLzt-T containing the Piz-t and the susceptible control variety, Lijiangxintuanheigu (LTH) without Piz-t, were used for pathogenicity assays. In a previous study (Li et al., 2014), methods of isolate storage, spore cultivation, rice seedlings culture, and the pathogenicity assay were described. Disease reactions were judged by a modified pathogenicity assay (Jia et al., 2003). Seven days after inoculation, the disease reactions were evaluated according to lesions’ visual number and amount at the second youngest leaf. The pathogenicity assay was repeated three times.



DNA Preparation, PCR Amplification, and DNA Sequencing

Fungal isolates were cultured at 25°C under dark conditions in complete liquid media to produce mycelium over 6 to 8 days. Using the CTAB method (Tai and Tanksley, 1990), DNA was extracted from mycelia. Forward Primer AvztF and reverse primer AvztR, published in a previous study (Li et al., 2009), were specifically applied to amplify complete genes, including non-CDS and CDS. Each PCR reaction were comprised of the following components: 25 μl of 2 × Pfu PCR MasterMix (Tiangen Biotech Co., LTD, Beijing, China), 1 μl of each 10 μM primer, 2 μl of fungal genomic DNA, and 21 μl distilled water (provided by Tiangen Kit). PCR amplification was implemented in a BIO-RAD Thermal Cycler (C1000, Bio-Rad Laboratories, Life Science Research, Hercules, CA, United States). The PCR program is as follows: 1 cycle at 95°C for 3 min, followed by 35 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a final extension of 72°C for 7 min. The size of the PCR product was estimated by DL2000 DNA Ladder (Tiangen Biotech Co., LTD., Beijing, China). Using the PCR amplifying primers and five AvrPiz-t internal sequencing primers, such as AvrPizt-R1, AvrPizt-R2, C8-W1F-F01, F3-W1F-F09, and C8-CW1F-B08 (Supplementary Table S2 and Supplementary Figure S1), PCR products were sequenced by Shanghai Life Technologies Biotechnology Co., Ltd (Shanghai, China). All reactions of PCR amplification and sequencing were repeated three times. The selection criteria for isolates sequencing are as follows: (1) Randomly selected isolates may cover the sampled region as far as possible in order to know the gene’s genetic variation as a whole; (2) It is ensured that no less than 3 isolates were sequenced in every sampled prefecture; (3) If isolates with AvrPiz-t gene (+) are very few in a prefecture, all will be sequenced; and (4) All of V + isolates are sequenced.

In order to understand whether virulent isolates display the structure variance of AvrPiz-t gene’s partial deletion or absence, three pairs of primers (AvrPizt-F1/R1, AvrPizt-F2/R2, and AvrPizt-F3/R3) were designed (Supplementary Table S2 and Supplementary Figure S1) to respectively amplify three fragments (5′, middle, and 3′ fragment) of AvrPiz-t gene based on the DNA sequences of AvrPiz-t (GenBank accession no. EU837058). Amplification products were detected by 1% agarose electrophoresis, the desired band was marked with “+,” no band with “−”. According to the electrophoresis results, every virulent isolate was given a genotype code of either “−−−” (no amplifications with three fragments), “+ + −” (no amplification with 3′ fragment), “+ − +” (no amplification with middle fragment), “− + +” (no amplification with 5′ fragment), “+ −−”(only amplification with 5′ fragment), “− + −” (only amplification with middle fragment), “−− +” (only amplification with 3′ fragment), or “+ + +” (amplifications with three fragments). Amplicons were sequenced according to the above methods. Disorder sequences were cloned according to the pClone007 vector Kit (Beijing TsingKe Biotech Co., Ltd.) and sequenced.



Data Analysis

Sequences were assembled with Seqman software in lasergen7.0 (Burland, 2000). Assembled sequences were aligned with ClustalW 1.81 (Thompson et al., 1997). The number of DNA haplotypes, polymorphic sites, nucleotide diversity (π), and haplotype diversity (Hd) (Nei, 1987; Nei and Miller, 1990) were calculated with the program DNA Sequence Polymorphism (Rozas et al., 2003). Neutrality tests of Tajima’s D (Tajima, 1989), Fu, and Li’s D∗ (Fu and Li, 1993) were also conducted using this program. A haplotype distribution map was constructed using ArcGIS 10.2 (Redlands, CA, United States), in which prefecture coordinates were represented by the capital coordinates of the prefecture. A haplotype network analysis was run using TCS1.211 (Clement et al., 2000). In order to clarify the possible history of populations, based on the resulting network, a nested clade analysis (NCA) was performed using Geodis 2.5 (Posada et al., 2000).



RESULTS


The Frequency and Distribution of Avirulence Gene AvrPiz-t in Yunnan Province

From the pathogenicity assay, 271(86.9%) of the 312 tested isolates were avirulent to the IRBLzt-T (containing Piz-t), while the remaining 41 isolates were virulent (Table 1). The frequency of avirulence to Piz-t was 100, 91.8, 90.5, 90.2, 85.7, 78.3, and 53.8% in northwestern, central, western, northeastern, southeastern, southern, and southwestern prefectures, respectively. By AvrPiz-t specific amplification, 204 (65.4%) out of 312 isolates were detected to hold the AvrPiz-t alleles, including 202 avirulent and two virulent isolates (Table 1). The detection frequency of AvrPiz-t was 83.3, 81.6, 78.4, 59.1, 57.1, 56.5, and 46.1% in northwestern, central, northeastern, western, southeastern, southern, and southwestern prefectures, respectively.


TABLE 1. Geographical information, pathogenicity and AvrPiz-t gene amplification among Magnaporthe oryzae isolates in Yunnan Province of China.

[image: Table 1]Combining the results of pathogenicity and amplification, 202 avirulent isolates and 39 virulent isolates complied with the gene-for gene-fashion. According to prefecture level, the percentage of avirulent isolates with AvrPiz-t was 64.7%, ranging from 38.9% of LC to 100% of CX, QJ, and DL (Table 1). Five prefectures (CX, QJ, DL, YX, and LJ) were more than 80%, two prefectures (DH and LC, respectively, 47.9 and 38.9%) were lower than 50%. The percentage of avirulent isolates with the AvrPiz-t gene changed from 42.3% in the southwestern prefecture to 83.3% of northwestern among seven regions with a rising tendency. These results suggest that these field M. oryzae isolates can still be beneficial to its correspondent resistant gene Piz-t in managing rice blast disease in Yunnan’s rice growing regions, except for limited use in LC of Southwestern Yunnan. Interestingly, the percentages of avirulent isolates with the AvrPiz-t gene in GJ was higher than XI in Yunnan, respectively, 74 and 48.2%. It suggests that the Piz-t gene is more suitable for the GJ rice-growing region in Yunnan.



AvrPiz-t Haplotypes Variance and Distribution

AvrPiz-t gene was successfully amplified from 202 avirulent and two virulent isolates out of 312 isolates when applying specified primers. The remaining 108 isolates (69 avirulent and 39 virulent isolates) had no amplification bands seen by PCR detection. Amplification products of 100 isolates, including 98 avirulent and two virulent isolates, were sequenced. Published AvrPiz-t gene sequence EU837058, which is 2507 bp in length, acted as a reference sequence. After assembled and aligned analysis, 10 variable sites were detected (Table 2 and Supplementary Figure S2), in which seven sites (V1 toV5, V9 and V10) were located in non-coding regions (non-CDS) and three sites (V6 to V8) in the coding region (CDS). These variable sites include three indels and seven transitions. In total, 11 haplotypes based on 100 AvrPiz-t sequences were identified, including the original haplotype H3 (EU837058, isolate 81278ZB15 AvrPiz-t gene) and at least nine novel haplotypes, comprised of 30 Yunnan M. oryzae isolates (Table 2). Amino acid sequences of AvrPiz-t coding region from eleven haplotypes in Yunnan Province as compared with EU837058 were translated (Figure 1).


TABLE 2. Haplotypes of AvrPiz-t gene of M. oryzae isolates in the field of Yunnan, China.
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FIGURE 1. Amino acid alignment of AvrPiz-t coding region from eleven haplotypes in Yunnan Province as compared with EU837058 (single letter code is used for amino acids, red remarks representative variant amino acids locus, - means absent, ∗ means stop codon).


Among the 11 haplotypes of the AvrPiz-t gene, H1 and H7 are virulent haplotypes. Nine haplotypes (H2 to H6 and H8 to H11) are avirulent to IRBLzt-T. A 198-bp insertion at a position 173 bp upstream from the start codon of AvrPiz-t was found in H1 represented by a single virulent isolate 07-231-2a in LC (Table 2). The reverse-complement sequence of the 198-bp insertion was homologous (97%) to solo-LTR of retrotransposons Inago2. Inago2, belonging to the Ty3/gypsy family of retrotransposons, was identified from M. oryzae Japanese field isolate 9439009 (Sanchez et al., 2011), whose copies were distributed within the genome of Magnaporthe spp. (Sanchez et al., 2011). According to pathogenicity results, 07-231-2a is virulent to IRBLzt-T containing Piz-t gene (Supplementary Figure S3). The insertion of solo-LTR of retrotransposons Inago2 in promoter regions is predicted to change the avirulent function of the isolate 07-231-2a. Inago2 was founded at 41 bp upstream ORF in Chinese isolates without pathogenicity results (Chen et al., 2014). So, the inserting location and element of inago2 in this study are different from the previous study. An adenine insertion at a position 192 bp from the start codon of AvrPiz-t in H7 represented by a single isolate 08-39-2d in BN was observed and shaped a frameshift mutation from the 64th to the 88th codon that introduced twenty-five aberrant amino acids culminating in the stop codon in the 89th codon (Table 2 and Figure 1). According to pathogenicity results, 08-39-2d is virulent to IRBLzt-T containing Piz-t gene (Supplementary Figure S3). As a result, the frameshift mutation is predicted to produce truncated proteins and lead the isolate 08-39-2d to be virulent to Piz-t. The insertion in H7 is the same as the VII haplotype based on AvrPiz-t ORF sequence (Chen et al., 2014). The VII haplotype is determined only by variable sites of ORF sequence; however, haplotypes were determined by variable sites of coding and non-coding region sequences of AvrPiz-t gene in this study. Whether H7 is identical to VII would need to be further tested.

Among nine avirulent haplotypes, variable sites of three haplotypes (H6, H10, and H11) occurred in CDS and still kept the avirulent function. According to amino acid sequences of AvrPiz-t coding region, the 42nd amino acid of H6 was translated from GGU to GGC and encoded glycine (Gly), belonging to a synonymous mutation which doesn’t shift the avirulence function. The 2nd amino acid codon of H10 and H11 was mutated from glutamine (Gln) to stop codon and formed a nonsense mutation that led to the premature termination of peptide chain synthesis. But the 3rd codon of H10 and H11 is just right: a non-AUG start codon, UUG (Tikole and Sankararamakrishnan, 2006; Ivanov et al., 2011). So, we inferred that the translation of amino acid continued from the 3rd codon in H10 and H11, leading them to keep the avirulence function. Variable sites of other five novel AvrPiz-t avirulent haplotypes (H2, H4, H5, H8, and H9) occurred in non-CDS that didn’t affect the avirulent gene’s function.

In total, three novel variants (solo-LTR of retrotransposon Inago2 in promoter region, non-AUG-initiated N-terminal extension in CDS, and synonymous mutation) were found in M. oryzae field isolates of Yunnan in this study (Figure 2).
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FIGURE 2. Schematic diagram of AvrPiz-t variants. (A) solo-LTR of Inago2 insertion in this study, orange color; (B): Frameshift mutation by an A insertion at 192 bp site of ORF in this study (light purple color), identical to Haplotype VII (Chen et al., 2014); (C): Non-AUG-initiated N-terminal extension in this study (red color); (D) Synonymous mutation in this study (red color); (E): Pot3 insertion (Li et al., 2009) (orange color); (F) C/T substitution at 122 bp site of ORF(A41V Substitution) (Li et al., 2009) (red color); (G) C/T substitution at 325 bp site of ORF in haplotype I (Chen et al., 2014) (red color); (H) G/T substitution at 68 bp site of ORF in haplotype II (Chen et al., 2014) (red color); (I) Frameshift mutation by a T del at 80 bp site of ORF in Haplotype VIII (Chen et al., 2014) (light purple color); (J) an 1870-bp insertion at 462 bp upstream of ORF (Chen et al., 2014) (orange color); (K) Inago2 insertion (5631 bp) at 41 bp upstream of ORF (Chen et al., 2014) (orange color), the length wasn’t drawn by scale for the frame limition; (L) EU837058 (Li et al., 2009) (purple color). Right column is the pathogenicity. V: Virulent; A: Avirulent. ?: Unknown.


Of the 11 haplotypes, H3, H5, and H6 were composed of multiple isolates whereas residual haplotypes were only identified in a single isolate (Table 2). Haplotype distribution were mapped in the Yunnan Province of China (Figure 3). H3, identical with the original AvrPiz-t gene (EU837058), was comprised of 69% isolates and widely distributed in 13 prefectures, except for PE. H5 was comprised of 20% isolates in seven prefectures (KM, YX, CX, QJ, DL, LJ, and ZT), located in the north of Ailao Mountain. H6 with 3% isolates were only distributed in PE. Among the residential haplotypes, except for H7 and H9 in BN, H10 and H11 in KM, H1, H2, H4, H8 separately distributed in LC, HH, ZT, and WS.
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FIGURE 3. Distribution of AvrPiz-t haplotypes in Magnaporthe oryzae of Yunnan Province, China.




AvrPiz-t Haplotypes Diversity and Network

Genetic diversity at different regions/areas was calculated by using program DnaSP 5.10.01. Nucleotide diversity (π) among 14 prefectures ranged from 0 to 4.7 × 10–4, with an average of 2.0 × 10–4, and haplotype diversity (H d) ranged from 0 and 0.833, with an average of 0.487 (Table 3). WS holds the highest nucleotide diversity and haplotype diversity (π = 4.7 × 10–4, H d = 0.833) (Table 3). Among seven regions, the highest nucleotide diversity and haplotype diversity were in Southeastern Yunnan (π = 4.7 × 10–4, H d = 0.833), Southwestern followed. The nucleotide and haplotype diversity of isolates from GJ and XI rice growing area were similar. Haplotype numbers of the XI area was more than the GJ area. Genetic diversity is the basis of evolution and adaptation. Abundant genetic diversity makes populations more adaptable to the environment and more resistant to environmental changes and microbial invasion. Abundant diversity levels in the Southeastern and Southwestern Yunnan, XI area, indicated that resistant pressure in these areas might be higher. To adapt the resistant pressure, the AvrPiz-t gene of M. oryzae evolves diverse haplotypes to avoid Piz-t recognition and enable rice to survive.


TABLE 3. Frequency and diversity analysis of haplotype of Yunnan field Magnaporthe oryzae isolates in China.

[image: Table 3]Overall, the neutrality test showed negative and insignificant values (D = −1.45377, P > 0.10; D∗ = −2.30204, P > 0.10) using Tajima’s D, Fu, and Li’s D∗(Table 4). Similar results were found in GJ and XI rice production areas; neutrality tests were all insignificant. These tests suggested that AvrPiz-t in Yunnan province conforms to the theory of neutral evolution.


TABLE 4. The neutrality test of Tajima’s D and Fu and Li’s D*tests based on AvrPiz-t of Magnaporthe oryzae.

[image: Table 4]In order to understand the evolutionary relationship of haplotypes of M. oryzae, the network of 11 haplotypes were analyzed. This was divided into the two main haplotype clades (Figure 4, black part). H1 separately formed a clade. The second clade was comprised of ten residential haplotypes. H3 was the central haplotype with high distributing frequency in the second clade, and the other nine haplotypes were originated directly or indirectly from H3. The network indicated that H1 and H3 were ancestral in the two clades. According to their sequences, however, H1 was originated from H3 through a retrotransposon insertion event at V5. H3 was inferred to be an ancestral haplotype.
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FIGURE 4. Network and nested cladogram of 11 AvrPiz-t haplotypes of Magnaporthe oryzae (black part: network; color part: nested cladogram).


Nested clade analysis was run to illuminate the possible history of M. oryzae populations based on the AvrPiz-t haplotype network. In the NCA, the network of 11 haplotypes of AvrPiz-t were nested by five clade 1-steps, two clade 2-steps, and total clade (Figure 4, color part). Clade 2–1 was separately comprised of clade1–1 only with H1. Clade 2–2 was comprised of clade 1–2, clade 1–3, clade 1–4, and clade 1–5. Nested clade analysis provided only limited information (Supplementary Tables S3, S4), but suggested a possible scenario of restricted dispersal by distance in the clade1–3 comprising haplotype H3, H6, H8, and H9 (H3 versus H6) and the clade 2–2 was comprised of haplotypes H2 to H11(H3 versus clade 1–3).



Structure Variance of Virulent Isolates

In order to understand whether virulent isolates without AvrPiz-t PCR products (V-) are involved in structure variance, three pair primers were designed to amplify and sequence the three fragments (5′ fragment, middle fragment, and 3′ fragment including CDS region) of the AvrPiz-t gene of virulent isolates in this study. Among the total 39 V- isolates, 5′ fragment among 25 V- isolates and middle fragment among 23V- isolates were successfully amplified, but 3′ fragment among 39 V- isolates weren’t amplified. 18 5′ fragments and 16 middle fragments were sequenced and further assembled to EU837058. All 5′ fragments and five middle fragments were identical with the corresponding fragments of EU837058, and the other 11 fragments were sequenced disorderly. Then, the 11 fragments were cloned and sequenced. Blast comparison analysis was carried out in GenBank. It was found that nine sequences were homologous to a part sequence of cellobiose dehydrogenase of M. oryzae and two were homologous to a part sequence of Enterobacter cloacae, Therefore, the 11 fragments were inferred not to be target fragments. Checking the electrophoresis paragraphics, the nine fragments were slightly lower than the target fragments, and the two fragments were slightly bigger than the target fragments. Based on this, it can be judged whether the unsequenced fragment is the target fragment. Combining the amplification and sequence result, the 39 virulent isolates without AvrPiz-t products were defined to four genotypes (Table 5 and Supplementary Figure S4). There were 11 isolates with genotype “−−−” (28.2%), 16 with “+ −−” (41%), three with “− + −” (7.7%), and nine with “+ + −” (23.1%) out of the 39 virulent isolates. These results suggested that structure variance for absence (28.2%) or partial segment loss (71.8%) of AvrPiz-t gene in the field M. oryzae isolates may cause the avirulence function to be lost. In conclusion, 39 (95.1%) of the 41 virulent isolates in Yunnan were characterized by AvrPiz-t CDS deficiency. It indicated that the lack of AvrPiz-t gene CDS is the key factor leading to the loss of avirulent function.


TABLE 5. Genotypes and distribution of virulent isolates without AvrPiz-t gene in Yunnan Province.
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DISCUSSION

Piz-t is a valuable resistant gene to rice blast disease in China. It has been introduced to rice varieties to control blast. Piz-t gene was provided by donor parents Toride 1 and Toride 2 in rice blast resistant breeding. The two donor parents were developed from crosses of Indian varieties TKM1 and CO25, respectively, with Norin 8 (Yokoo, 2005). Utilizing Triode 1 as a cross parent, three excellent varieties for Yunnan Province of China were developed by the Japan and China joint breeding project in the 1990s (Yokoo, 2005). Piz-t held by Jinghua 9, which was one of major japonica rice varieties in Northeastern China, was formed from the hybrid combination of Toride 2 and Jingxi 17 by anther culture method (Ling et al., 1986). Eight japonica varieties (Jiang, 1995) and eight indigenous cultivars in the Yunnan Province of China (Zhu, 1988) also hold the R gene. 3.35% of varieties hold Piz-t gene among 328 indica hybrid rice varieties in the South of China (Wang W. J. et al., 2017). The corresponding Avr gene AvrPiz-t determines its stability and effectiveness under natural conditions. By pathogenicity assay, the knowledge of whether the isolate is pathogenic to Piz-t (avirulent or virulent) can be gained. 81.5% of 195 M. oryzae isolates were avirulent to Piz-t in Jiangxi Province (Lan et al., 2010), 85.2% of 467 isolates in Yunnan Province (Li et al., 2011), 34.4% of 87 isolate in Fujian Province (Yang et al., 2007), and 27.5% of 120 isolates in Hunan Province (Liu et al., 2016). By specific amplification of avirulent gene AvrPiz-t, the knowledge of whether the isolate holds the AvrPiz-t gene (+) or not (−) can be collected. The frequency of AvrPiz-t gene among 177 isolates was 55.9% in Heilongjiang Province (Li et al., 2012) and 84.6% among 26 isolates in Liaoning Province (Wang et al., 2014). Except for the limited value in Fujian and Hunan Province, Piz-t and AvrPiz-t are still a pair of valuable genes in Rice-Magnaporthe pathosystem in China. In our study, by Avr gene pathogenicity and amplification, the percentage of avirulent isolates with AvrPiz-t gene was shown to vary from 42.3% in the southwest to 83.3% in the northwest. The result suggests that these M. oryzae field isolates can be still beneficial to its correspondent resistant gene Piz-t in managing rice blast disease in Yunnan rice growing regions, except for the limited use in LC of Southwestern Yunnan.

According to Flor’s gene-for-gene theory, avirulent isolates with AvrPiz-t gene (A +) or virulent isolates without AvrPiz-t gene (V-) matches with the theory. 77.2% of isolates, including 64.7% A + isolates and 12.5% V- isolates, matched with gene-for-gene theory in a total of 312 isolates from 14 prefectures of seven regions in Yunnan Province (Table 1). These A + isolates triggered an immunity response (PTI and ETI) to induce IRBLzt-T (containing Piz-t) resistance to rice blast disease. And V- isolates did not trigger an immunity response in Rice-Magnaporthe pathosystem for the absence of AvrPiz-t gene. Additionally, 69 avirulent isolates without AvrPiz-t gene (A-) and two virulent isolates with AvrPiz-t gene (V +) were also screened by combining a pathogenicity assay and avirulent gene amplification. Because avirulent frequency was evaluated by either pathogenicity assay or Avr gene amplification methods, there was some deviation, so the combining method better improved the precision of frequency of avirulent isolates with the AvrPiz-t gene. Similar methods had been applied for the analysis of AvrPita1 (Dai et al., 2010), AvrPib (Zhang et al., 2015), and AvrPii (Lu et al., 2019). 69 isolates were not pathogenic to IRBLzt-T and didn’t hold the AvrPiz-t gene. It indicated these isolates did not match the AvrPiz-t gene for Piz-t gene fashion. Maybe other Avr/R gene pairs played a role in the resistance to these 69 isolates. Another explanation was that the primer binding sites among these 69 A- isolates were possibly significantly altered and resulted in the failure of the gene amplification. 2 V + isolates in this study suggested that the function of their AvrPiz-t gene alleles had been lost. Sequences of V + isolates were further analyzed to clarify the relationship of their variation and virulence.

During its long coevolutionary history, the Piz-t gene from rice and AvrPiz-t gene from M. oryzae have experienced a mutual arm race to avoid recognition, resulting in diverse Piz-t and AvrPiz-t genes. A total number of 565 polymorphic sites and 46 haplotypes were identified in the 2.9 kb sequence of all the Piz-t alleles in forty-five rice land races in Indian (Thakur et al., 2013). Seventeen Piz-t allelic types were identified among 24 cultivars in China (Wang Y. et al., 2016). Higher variance levels of Piz-t gene suggested that AvrPiz-t gene experienced some degree of selection pressure. Four haplotypes (I, II, VII, and VIII) in rice isolates, three haplotypes (III, IV, and V) in non-rice isolates, and one haplotype (VI) shared by distant isolates in the phylogeny were identified in ORFs (327 bp) among 711 isolates of M. oryzae collected from 38 countries and regions (Chen et al., 2014). Four TE insertions on promoter regions were identified in these isolates. A strong positive selection is detected at the locus. M. oryzae evades recognition of Piz-t gene in rice through diversification of its coding sequence and TEs in the promoter region of AvrPiz-t (Chen et al., 2014). In this study, at least nine haplotypes were identified based on AvrPiz-t gene (non-CDS and CDS, 2507 bp) from 312 M. oryzae isolates in Yunnan. However, the neutrality tests suggested that AvrPiz-t in Yunnan province conforms to the theory of neutral evolution. The result indicated the evolutionary history of AvrPiz-t and Piz-t in Yunnan was different from the previous study (Chen et al., 2014). The genetic diversity and variance of Piz-t gene in Yunnan has not yet been reported. And whether AvrPiz-t faced smaller resistance pressure from Piz-t in Yunnan would need to be tested through further study.

In driving pathogenicity variation and genomic plasticity, point mutation, deletion, frameshift, and transposable elements (TEs) of Avr genes play a key role among a lot of plant pathogenic fungi (Joosten et al., 1994; Schurch et al., 2004; Dodds et al., 2006; Ridout et al., 2006; Raffaele and Kamoun, 2012; Faino et al., 2016). Analysis of Avr gene DNA sequences can help to understand its variable pattern, pathogenicity mechanism, and evolution. It was reported that a Pot3 insertion or single nucleotide substitution resulting in virulence shift of AvrPiz-t (Li et al., 2009). Four haplotypes (I, II, VII, and VIII) in rice isolates were identified in AvrPiz-t ORF (Chen et al., 2014). At least two kinds of insertion exists in Chinese isolates, such as Inago2 insertion at 41 bp upstream ORF and a 1870 bp insertion at 462 bp of upstream ORF (Chen et al., 2014). Except for the VII haplotype, just as with ORF of H7 in the study, the other variants were not found in this study (Figure 2). Here, we found one novel virulent variant in the AvrPiz-t gene and two novel avirulent variants in M. oryzae field isolates of Yunnan (Figure 2). The insertion of solo-LTR of Inago2 in the promoter region of AvrPiz-t was founded in virulent isolate 07-231-2a in this study (Figure 2A). Genetic changes led by transposons in M. oryzae have been predicted to be responsible for pathogenic variation (Valent and Chumley, 1991; Kang et al., 2001; Zhou et al., 2007). The insertion of a 1.9 kb MINE retrotransposon in the last exon of ACE1 was hypothesized to be responsible for the shift from avirulence to virulence (Fudal et al., 2005). Transposon in the genomic regions near AVR-Pia and AVR-Pii increased the probability of gene loss and horizontal transfer (Silva et al., 2004; Rehmeyer et al., 2006). An insertion of Mg-SINE in AvrPi9 resulting in the loss of avirulence function was identified in the derivative virulent strain (Wu et al., 2015). A Pot3 transposon in the encoding region of Avr-Pita was identified from a field virulent isolate (Zhou et al., 2007). TE insertion in 108 M. oryzae isolates were identified to lead to loss of the avirulence function of AvrPib (Zhang et al., 2015). These studies showed that transposons are responsible for the instability of Avr genes in M. oryzae and is one pathogenic mechanism to defeat rice corresponding R genes. Solo-LTR of retrotransposon Inago2 provides another example for the association of retrotransposon elements with Avr genes in this study. Frameshift mutations are caused by indels of a base (or bases) in the CDS region, that result in a distinguished different translation of the message beside the site of the mutation (Streisinger et al., 1966). It is predicted to import an aberrant produce and a truncated protein, and alter gene function. In a virulent isolate of M. oryzae, a frameshift mutation caused by two-base-pair insertions of AvrPi-ta1 has been identified (Dai et al., 2010). In this study, an adenine insertion in AvrPiz-t CDS region caused a frameshift mutation in the virulent isolate 08-39-2d (Figure 2B). The frameshift mutation is similar to VII (Chen et al., 2014) and leads the isolate 08-39-2d to be virulent to Piz-t. 07-231-2a holding the insertion of solo-LTR of Inago2 in the promoter region of AvrPiz-t and 08-39-2d holding the frameshift mutation in AvrPiz-t CDS region were virulent to Piz-t by pathogenicity assay, however, whether the two mutations would affect gene expression needs to be further validated by reconstruction of mutants and transcript level.

Structure variances of the Avr gene, such as absent or partial deletion, may lead the gene’s function to be shifted. Analysis of the structure variance of all 39 virulent isolates without AvrPiz-t by fragment amplification in this study showed that absence or partial segment loss may result in the function of AvrPiz-t gene being lost. Similar results were found in other Avr genes of M. oryzae. Absence of AVR1-CO39 in isolate Guy11 caused the avirulent function for Pi-CO39 to be lost (Farman and Leong, 1998). At the AVR1-CO39 locus in M. oryzae, three types (G1, G2, and J) of diversification were reported (Farman et al., 2002). An approximate deletion of 20 kb was found in the G types, as well as a deletion of the 5′ half of AVR1-CO39 to point mutations in J type. AVR-Pia and AVR-Pii showed gain/loss mutations (Yoshida et al., 2009). Avr-Pik/km/kp showed presence/absence polymorphisms (Yoshida et al., 2009). Segmental deletion and complete absence were identified to lead to loss of the avirulence function of AvrPib (Zhang et al., 2015). So, absence or partial deletion of the Avr gene is also a major pathogenesis of M. oryzae.

In eukaryotes, translation initiation generally starts at the AUG codon nearest to the mRNA 5′ cap. However, in some cases, initiation can start at codons distinguished from AUG by a single nucleotide, especially the near-cognate codons AUA, AUU, ACG, CUG, UUG, and GUG (Ivanov et al., 2011). In mammals, 38 mRNAs from 23 genes have non-AUG initiation codons in GenBank (Tikole and Sankararamakrishnan, 2006). N-terminal extensions initiated by novel conserved potential non-AUG start codon were identified in 42 human genes (Ivanov et al., 2011). At least 47 non-canonical start codons existed in Escherichia coli, each of which could initiate the protein synthesis (Hecht et al., 2017). In this study, although the 2nd amino acid of H10 and H11 is mutated into the stop codon, the 3rd codon UUG, a near-cognate codon, were inferred to act as a start codon and initiated N-terminal extensions. The case of non-AUG-initiated N-terminal extension is first reported in M. oryzae field isolates. Maybe it is a new mechanism for Avr gene to keep avirulence function. Signal peptide missing 2 amino acids in H10 and H11 would be further investigated to see whether they affect AvrPiz-t secretion.

According to the network of AvrPiz-t haplotypes in this study, H3 was an ancestral haplotype found in Yunnan Province of China. Combining the distribution of haplotypes, it was found that H5, which was originated from H3, was only distributed in the north of the Ailao Mountain. Ailao Mountain is located on a low-latitude plateau in southwestern China. It runs through central Yunnan from Northwest to Southeast and is located at the junction of the three natural geographical regions of the Yunnan-Guizhou Plateau, the Hengduan Mountain, and the Qinghai-Tibetan Plateau in China. It is the geographical boundary between the Western Yunnan Rift Valley and the central Yunnan Plateau. It is also the winter climate boundary line between warm western and cold eastern Yunnan (Wu and Wang, 1983; Comprehensive Survey Group of the Ailao Mountains Natural Reserve, 1988; Wang, 2002; Zhu and Yan, 2009). Its particular geographical location makes the Ailao Mountain an important traffic thoroughfare for animals and plants. The Ailao Mountain plays an important role in species distribution pattern. Although NCA didn’t provide useful information on population history, based on the fact that H5 was only distributed in the north of the Ailao Mountain, it was assumed that the Ailao Mountain may have an effect on the distribution pattern of M. oryzae AvrPiz-t haplotypes in Yunnan Province.



CONCLUSION

Sophisticated strategies have been developed for plant pathogens and their hosts to escape each other’s defense systems in their coevolution. In summary, the high frequency of M. oryzae avirulent isolates with AvrPiz-t gene and abundant avirulent haplotypes both suggest that Piz-t and AvrPiz-t are a useful pair of R-Avr genes in Rice-Magnaporthe pathosystem of Yunnan Province of China. Avoiding rice R gene recognition to result in rice disease, some new virulent isolates of M. oryzae have emerged to defeat the corresponding Piz-t gene by the solo-LTR insertion of retrotransposon inago2 in promoter region, the frameshift mutation, and structure variance of AvrPiz-t in the field of Yunnan, China. These novel virulent variants and structure variance of AvrPiz-t act as a major evolutionary force. And abundant AvrPiz-t haplotypes a play powerful stabilizing role for Piz-t as a broad spectrum resistance gene. These results provide valuable information for rice blast control in the Rice-Magnaporthe pathosystem and knowledge on Avr gene evolution mechanism.
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Lysine lactylation (Kla) is a newly discovered histone post-translational modification (PTM), playing important roles in regulating transcription in macrophages. However, the extent of this PTM in non-histone proteins remains unknown. Here, we report the first proteomic survey of this modification in Botrytis cinerea, a destructive necrotrophic fungal pathogen distributed worldwide. After a global lysine lactylome analysis using LC-MS/MS, we identified 273 Kla sites in 166 proteins, of which contained in 4 types of modification motifs. Our results show that the majority of lactylated proteins were distributed in nucleus (36%), mitochondria (27%), and cytoplasm (25%). The identified proteins were found to be involved in diverse cellular processes. Most strikingly, Kla was found in 43 structural constituent proteins of ribosome, indicating an impact of Kla in protein synthesis. Moreover, 12 lactylated proteins participated in fungal pathogenicity, suggesting a potential role for Kla in this process. Protein interaction network analysis suggested that a mass of protein interactions are regulated by lactylation. The combined data sets represent the first report of the lactylome of B. cinerea and provide a good foundation for further explorations of Kla in plant fungal pathogens.
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INTRODUCTION

Post-translational modifications (PTMs) represent a crucial means of regulating diverse biological processes and cellular physiology by influencing protein structure and function. More than 300 types of PTMs have been described in recent reports, such as ubiquitination, glycosylation, methylation, phosphorylation, and acylation (Walsh et al., 2005; Witze et al., 2007). The application of liquid chromatography-mass spectrometry (LC-MS/MS)-based proteomics has been responsible for the discovery of many diverse protein modifications. The majority of novel histone PTMs are classified as short-chain Lys acylations. These modifications are similar to Lys acetylation (Kac), a well-studied modification of Lys on the ε-amine group, yet they are distinct in hydrocarbon chain length, hydrophobicity or charge (Sabari et al., 2017). Lysine acetylation was first reported on histones in the 1960s (Vidali et al., 1968). For a long time after, acetylation was considered as a major modification on histones regulating chromatin structure and gene transcription in cells. However, in recent years, there is a growing body of evidence demonstrating that acetylation also occurred in a diverse range of non-histone proteins (Glozak et al., 2005; Spange et al., 2009). Large numbers of researches of functions of acetylation proved that this modification was biologically significant, involved in regulation of diverse protein properties including subcellular localization, protein stability, transcription activity, and DNA-protein interactions (Narita et al., 2019). Other types of lysine acylation have been described in recent decades, such as crotonylation, succinylation, butyrylation, malonylation, propionylation, 2-hydroxyisobutyrylation, and glutarylation in histones and other types of proteins (Chen et al., 2007; Tan et al., 2011; Dai et al., 2014; Hirschey and Zhao, 2015). Thus, global proteomic analyses have broadened our understanding of lysine acylation and suggested that it affects a wide range of biological functions.

Histone lysine lactylation (Kla) is a newly discovered histone modification, which regulates gene expression in macrophages. In M1 macrophages, lactate is derived from incompletely oxidized glucose and then generate lactyl-CoA, which is transferred to lysine tails of histone proteins via the acetyl transferase p300. This modification was high in gene promoter regions that lack acetylation and associated with activation of genes expression (Zhang et al., 2019). As a large number of studies have demonstrated that lysine acylation possessed a diverse range of substrate proteins, however, no systematic analysis has been reported for lysine lactylation.

Botrytis cinerea is an worldwide economically important fungal pathogen with a wide variety of hosts (Williamson et al., 2007). Although the transcriptional regulation of many virulence genes in B. cinerea have been elucidated, the rare studies in protein level limited a deeper understanding of the molecular basis of B. cinerea pathogenesis. In this study, we conducted the first proteome-wide Kla analysis in B. cinerea. The screening identified 273 Kla sites from 166 proteins. The lactylated proteins were distributed in multiple compartments and associated with diversified biological processes, which do not have obvious roles in DNA-templated process. Besides, we identified 82 lactylation sites in 43 ribosomal proteins, indicating that Kla is an abundant PTM in the ribosome. Moreover, 12 lactylated proteins were found to be involved in diverse fungal pathogenetic pathways. Integration of these datasets offers a rich source for further characterizing the involvement of Kla in diverse cellular processes and pathogenesis of B. cinerea.



MATERIALS AND METHODS


Protein Extraction From B. cinerea

The B. cinerea strain B05.10 conidia was collected and transferred into YEPD medium (2% peptone, 2% glucose, and 1% yeast extract) with shaking at 150 rpm for 12 h. The protein extraction was performed as previously described (Zhou et al., 2016). Protein extracted from four independent biological replicates was mixed together. Briefly, the harvested mycelia were ground into powder in liquid nitrogen. Then the powder sample was suspended by lysis buffer (0.1% protease inhibitor cocktail, 8 M urea, 3 μM Trichostatin A, 50 mM nicotinamide, 1% Triton-100, 2 mM EDTA, and 65 mM dithiothreitol) and then sonicated. After centrifugation at 15,000 × g in 4°C for 15 min, proteins were precipitated using15% cold TCA at −20°C for 2 h. Finally, after washed three times with cold acetone, the protein pellets from four independent biological experiments were combined and re-dissolved in urea buffer (8 M urea, 100 mM triethylammonium bicarbonate, pH 8.0). Then 2-D Quant kit (GE Healthcare) was used to determine protein concentration according to the manufacturer’s instructions.



Western Blot Assay

The mycelia of the tested strains were grown in YEPD at 25°C for 12 h in a shaker treated with 0, 2, and 10 mM sodium lactate, respectively. The proteins were extracted as mentioned above. Western blot was performed as previously described (Xu et al., 2019). Briefly, proteins were separated by 12% SDS-PAGE and then transferred to PVDF membranes. After blocking with 5% milk, immunoblotting was conducted using pan anti-Kla multiclonal antibody (WM101, Micrometer Biotech Company, Hangzhou, China).



Affinity Enrichment of Lysine Lactylated Peptides

For affinity enrichment, the B. cinerea proteins were firstly digested into peptides by trypsin (Zhou et al., 2016). Briefly, the trypsin was added at 1:50 trypsin-to-protein mass ratio at the first time overnight and added again at 1:100 trypsin-to-protein mass ratio for a further 4 h. The sample was separated into fractions by high PH reverse-phase HPLC using Agilent 300 Extend C18 column (5 μM particles, 4.6 mm ID, and 250 mm length) (Liu et al., 2016). The peptides were separated firstly into 80 fractions with a gradient of 2–60% acetonitrile in 10 mM (NH4)2CO3 (pH 10.0). Then, the peptides were combined into 8 fractions and dried by vacuum centrifuging. For Kla peptides enrichment, the tryptic peptides were dissolved in NETN buffer (1 mM EDTA, 0.5% NP-40,100 mM NaCl, and 50 mM Tris-HCl pH 8.0) and then separated into several fractions. Each fraction was incubated with pan anti-Kla antibody conjugated agarose beads overnight at 4°C with gentle shaking. After washing with NETN buffer and ddH2O, the bound peptides were eluted with 0.1% trifluoroacetic acid and then cleaned with C18 Zip Tips (Millipore).



LC-MS/MS Analysis

The Kla peptides was dissolved and separated using a reversed-phase analytical column (Acclaim PepMap RSLC C18 column, Thermo Scientific). The gradient was composed of an increase from 2 to 10% solvent (0.1% formic acid in 98% acetonitrile) for 6 min, 10–20% for 45 min, 20% climbing to 80% in 7 min and then holding at 80% at least for 4 min, all at a flow rate of 250 nl/min on UPLC system. The peptides were subjected to ESI/NSI sources followed by MS/MS in Q ExactiveTM Plus (Thermo Scientific) coupled online to UPLC. The Orbitrap was used to detect whole peptides and ion fragments at a resolution of 70,000 and 17,500, respectively, with NCE set at 30. The electrospray voltage was set at 2.0 kV to analyze. Automatic gain control (AGC) was used to prevent overfilling of the ion trap. The m/z range was from 350 to 1,800 for MS scans. The MS fixed first mass was set at 100 m/z. The affinity enrichment and LC-MS/MS analysis were conducted in Micrometer Biotech Company (Hangzhou, China).



Database Search

MaxQuant and Andromeda search engine (v.1.5.1.8) were used to analyze the raw data of MS/MS (Cox and Mann, 2008; Cox et al., 2009). The tandem mass spectra collected were searched against B. cinerea B05.10 database from UniProt. Mass errors of fragment ions and precursor were set as 0.02 Da and 10 ppm, respectively. Trypsin/P was specified as cleavage enzyme allowing up to 4 missing cleavage, 5 charges and 5 modifications per peptide. Carbamidomethylation on Cysteine was specified as fixed modification and lactylation on lysine was fixed as variable modification. The minimal peptide was set to seven, and the false discovery rate (FDR) threshold for modification sites and peptides were set as 1%. The Kla site localization probability of <0.75 was exclude.



Bioinformatics Analysis

Gene ontology (GO) of lactylation proteome was performed from the UniProt-GOA database based on three categories: cellular component, molecular function, and biological process. The soft WoLF PSORT was used to predicate the subcellular localization of the lactylated protein (Horton et al., 2007). Protein secondary structures (β-strand, α-helix, coil) were analyzed by the online tool NetSurfP (Chou and Schwartz, 2011). Soft MoMo (motif-x algorithm) was used to analyze the sequences model of lactylated proteins composed of amino acids in distinct positions of modify-21-mers (10 amino acids up- and downstream of the Kla site) in all protein sequences. Kyoto Encyclopedia of Genes and Genomes (KEGG) database was employed to annotate protein pathway description (Kanehisa et al., 2004). Cytoscape software was used to analyze the protein–protein interactions which was obtained from the STRING database (Shannon et al., 2003; Szklarczyk et al., 2015). A two-tailed Fisher’s exact test was used to verify the enrichment of lysine lactylated proteins against all database proteins. All projects with a corrected p-valve < 0.05 is considered significant.



RESULTS


Identification and Analysis of Lysine-Lactylated Sites and Proteins in B. cinerea

Kla is a previously unknown histone modification which was newly discovered in 2019 (Zhang et al., 2019). Kla dynamics in M1 macrophages are associated with gene expression and homeostatic response; however, nothing is known about the effects of Kla on non-histone proteins. To confirm the modification further, we carried out immunoblotting of lactylated proteins in B. cinerea using pan anti-Kla antibody (Figure 1A). The results showed that multiple protein bands spanning a wide mass range were detected, indicating the presence of non-histone Kla. Furthermore, as lactyl-CoA is the substrate for the Kla reaction, to investigate whether the lactylation level is affected by lactyl-CoA concentration in vivo, B. cinerea was cultured in YEPD liquid medium and treated with different concentrations of sodium lactate, which could be converted to lactyl-CoA. As shown in Figure 1A, the whole protein Kla levels were increased in a concentration-dependent manner in response to exogenous sodium lactate, which is in consistent with the dose-dependent increasing fashion of histone Kla in human (Zhang et al., 2019).
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FIGURE 1. Overview of the experimental procedures of the Kla peptides in Botrytis cinerea. (A) Immunoblot analysis of lactylated proteins with pan anti-Kla antibody in B. cinerea treated with indicated doses of sodium lactate. The loading control by Coomassie blue staining was used to ensure that equal amounts of protein were loaded in each lane. (B) Systematic analysis of Kla in B. cinerea. (C) MS/MS spectra of two lactylated proteins, A0A384JBQ4 (60S ribosomal protein L11) and A0A384J798 (60S ribosomal protein L2/L8).


To extensively elucidate protein lactylation, a proteome-wide analysis of Kla was carried out in B. cinerea. Proteins extracted from mycelium were digested by trypsin and anti-lactyl lysine antibody was used to enrich the lactylated peptides, which were determined by following LC-MS/MS analysis. An overview of the experimental procedures was illustrated in Figure 1B. To confirm the dependability of the MS data, mass errors of the identified peptides were checked first. As shown in Supplementary Figure 1A, the distribution of mass errors was near zero, indicating the mass accuracy met the requirement for further analysis. Afterward, the length of most lactylated peptides were between 7 and 20, as expected of tryptic peptides (Supplementary Figure 1B). The above results suggested that the sample preparation met the standard.

A total of 273 Kla sites from 166 lactylated proteins were identified (Supplementary Table 1). The distribution of molecular weight of the identified proteins was first analyzed and the result demonstrated that 50% of them (80/168) were higher than 40 kd (Supplementary Figure 1C). Besides, MS/MS spectra of two lactylated peptides were shown in Figure 1C, representing ribosomal proteins, A0A384JBQ4 (60S ribosomal protein L11) and A0A384J798 (60S ribosomal protein L2/L8). The distribution of lactylated sites per protein was then calculated. As shown in Supplementary Figure 2, 103 (62%) proteins contained only one lactylation site, whereas 63 (38%) proteins had multiple lactylation sites, among which the percentage of proteins with two, three, four modification sites were 36 (21%), 17 (10%), and 7 (4%), respectively.



Pattern Analysis of Lactylated Sites

The context of amino acids flanking the Kla sites from −10 to +10 was assessed. A total of four conserved amino acid sequences were extracted, namely Kla_xxxxxxR (33 peptides), Kla_xxxA (33 peptides), GKla (29 peptides), and Kla_xxxxxxxxK (24 peptides) (Figure 2A). Afterward, we compared these conserved motifs of Kla with crotonylation and 2-hydroxyisobutyrylation in B. cinerea. Among them, GKla and Kla_xxxxxxxxK have been identified as crotonylation motifs, while Kla_xxxxxxR and Kla_xxxA was firstly found in B. cinerea, which may represent a characteristic of Kla in B. cinerea. To further analyze these motifs, heatmaps of the amino acid sequences around the lactylation sites were generated. The results showed that certain amino acid residues surrounding the Kla was markedly enriched. K residues was observed to be enriched in the −9 to −6 and +5 to +9 positions, while residues A, G, R was significantly enriched in +3 to +5, −1 to +1, and +6 to +7 positions, respectively (Figure 2B).
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FIGURE 2. Properties of the Kla peptides in B. cinerea. (A) Lactylation sequence motifs for ±10 amino acids surrounding the Kla sites. Lactylation motifs were constructed with Motif-X software. The central K (at position 0) indicates the lactylation lysine. All the surrounding amino acid residues are indicated with the letters in different heights which is consistent with their frequencies in respective positions. Numbers of each conserved motifs were shown below. (B) Heatmap of the amino acid compositions of the Kla sites demonstrating the frequency of certain amino acids around the modified lysine. Red indicates high frequency and green means low frequency. (C) Probabilities of Kla in the structures of beta-strand, alpha-helix, and coil. (D) Predicted surface accessibility of Kla sites.


To investigate the relationship between lactylation and the presence of protein structures in B. cinerea, a structure analysis of the lactylated proteins was performed. As shown in Figure 2C, 40% of the lactylated sites were located in regions with ordered secondary structures. Among them, 35.3% were located in alpha-helix, and 4.6% were in a beta-strands. The residual 60% of the lactylated sites were distributed in disordered protein regions. Considering the distribution patterns of all lysine residues, we concluded that Kla may prefer alpha-helix structure than beta-strand or disordered regions in B. cinerea. In addition, the surface accessibility of Kla sites was further evaluated. The results showed that the exposure of lactylation sites on the protein surface is close to that of all lysine residues (Figure 2D). Therefore, Kla may not affect the surface properties of proteins in B. cinerea.



Cellular Localization and Functional Enrichment Analysis of Lactylated Proteins

To better characterize the lactylated proteins in B. cinerea, subcellular localization analysis of the lactylated proteins was conducted (Figure 3A and Supplementary Table 2). Most of the lactylated proteins were distributed in the nucleus (36%), mitochondria (27%), and cytoplasm (25%), demonstrating that the lactylated proteins were with diversified cellular distribution. Furthermore, we preformed functional enrichment analyses of GO (Gene Ontology). The biological process enrichment analysis demonstrated that the majority of lactylated proteins were involved in cytoplasmic translation (Figure 3B and Supplementary Table 3). Based on enrichment analysis of cellular component, proteins located to cytosolic ribosome were more likely to have lactylation (Figure 3C). In support of these observations, a large number of the lactylated proteins were related to structural constituent of ribosome in enrichment analysis of molecular function (Figure 3D). Further enrichment analyses of KEGG pathway obtained similar results, showing that the proteins associated with ribosome were more likely to be lactylated (Supplementary Table 4).


[image: image]

FIGURE 3. Classification of lactylated proteins based on subcellular localization analysis (A) and GO-based enrichment analysis of lactylated proteins according to biological process (B), molecular function (C), cellular component (D).


According to the above results, Kla in B. cinerea is abundant in ribosomal proteins. A summary of lactylated ribosomal proteins was presented in Table 1. We identified 82 Kla sites from 43 proteins, accounting for 26% of the total lactylated proteins in this study, suggesting important roles of lactylation in ribosomal functions. Taking together, our data indicate that lysine lactylated proteins are widely distributed and associated with various biological processes.


TABLE 1. List of lactylated ribosomal proteins in B. cinerea.
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Analysis of Lactylated Proteins Related to Fungal Pathogenicity

Of the lactylated proteins identified in this study, some were reported to be involved in fungal virulence (Table 2). These proteins affected multiple aspects during the fungal infectious and pathogenetic process, including host adherence, signal transduction, primary nutrients transduction, molecular chaperons function, and ribosomal translation. For example, Bmp3, a mitogen-activated protein kinase involved in B. cinerea pathogenicity, was lactylated at K60 site. Importantly, the lactylated site was located in the functional domain, MAP kinase domain (Figure 4A). Further three-dimensional structure analysis demonstrated K60lac is in the center of the surrounding second structures (Figure 4B), which may have effect on the adjacent protein domains, and thus affect its function involved in pathogenicity.


TABLE 2. List of lactylated proteins associated with fungal pathogenicity.
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FIGURE 4. Illustration of functional domain (A) and three-dimensional structure (B) of Bmp3 with identified lactylation site. The structure was derived from PDB database. The lactylated lysine residues were indicated by red color.




PPI Network of Lactylated Proteins in B. cinerea

To gain a better understanding of the cellular processes regulated by lactylation in B. cinerea, a PPI network of the identified lactylated proteins was assembled using Cytoscape software. A total of 76 lactylated proteins were mapped to the PPI network. These proteins were classified into three greatly interconnected clusters, including ribosome, protein processing in endoplasmic reticulum, and nucleus (Figure 5 and Supplementary Table 5). The most significantly enriched cluster was the ribosome, suggesting that ribosomal proteins are heavily modified by Kla. Overall, these findings indicate that physiological protein interactions among these complexes may contribute to their functional harmonization and cooperation in B. cinerea.
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FIGURE 5. Protein interaction networks of the lactylation proteins in B. cinerea. Size of the node represent different number of modification sites. Different colors represent differential subcellular localizations: ribosomal protein (red); protein processing in ER (pink); nuclear protein (green).




Overlap of Lysine Lactylation, Crotonylation and 2-Hydroxyisobutyrylation in B. cinerea

In our previous research, 3967 lysine crotonylation (Kcr) sites on 1524 proteins and 5398 lysine 2-hydroxyisobutyrylation (Khib) sites on 1879 proteins were identified in B. cinerea (Supplementary Table 6). To determine whether Kla, Kcr, and Khib can occur on the same lysine residue, we compared the lysine lactylome with the crotonylome and 2-hydroxyisobutyrylome obtained previously in our laboratory. As shown in Figures 6A,B and Supplementary Table 6, 86 proteins were modified at the same 146 lysine site by lactylation and crotonylation. In addition, we found that 169 lactylation sites on 107 proteins were also 2-hydroxyisobutyrylated at the same position. Moreover, a total of 143 sites on 83 proteins were commonly modified by all three PTMs. A representative sample of overlapping among three PTMs was shown in Figure 6C. In the enzyme known as Ribosomal_L2_C domain-containing protein, 5 lactylation sites at K34, K145, K181, K221, and K234 were identified. Among these sites, K145 and K234 were also determined to be 2-hydroxyisobutyrylated; K221 was also crotonylated; K34 and K181 were modified by all three PTMs. These findings suggest that multiple PTMs can occur on the same lysine residue and may coordinately regulate the function of many proteins in B. cinerea.
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FIGURE 6. Overlap among Kla, Kcr, and Khib in B. cinerea. (A) Overlapped sites of Kla, Kcr, and Khib. (B) Overlapped proteins of Kla, Kcr, and Khib. (C) A representative protein showing the overlap of Kla, Kcr, and Khib sites.




DISCUSSION

Lysine lactylation was reported as a new type of PTM in 2019, involved in active gene expression in macrophages through regulating histone modification (Zhang et al., 2019). Non-histone Kla substrates have not been identified. Here we evaluated Kla modification of non-histone proteins in fungal pathogen B. cinerea. We identified 273 Kla sites in 166 proteins by immunoprecipitation with MS-based proteomics. This is the first large-scale dataset for lacylation of non-histone proteins and our study significantly expands the inventory of proteins containing this modification. The identification of previously unknown lysine-lactylated proteins from multiple cellular compartments, with diverse cellular functions including cyclic compound binding, structural constituent of ribosome, and hydrolase activity, implies that lysine lactylation is involved in the regulation of cellular pathways far beyond DNA-templated processes. Functional enrichment demonstrated that Kla is abundant in ribosomal proteins, indicating a potentially important link between lactylation and ribosomal functions. In addition, we identified 12 lactylated proteins associated with virulence of fungal pathogens, which may provide a new way to design drugs with high specificity and low toxicity to prevent and control gray mold disease.

Immunoblotting of lactylated proteins in B. cinerea showed that multiple protein bands were detected, most distributed higher than 40 kd (Figure 1A). However, the molecular weight distribution of lactylated proteins demonstrated that only around 50% of them (80/166) were higher than 40 kd (Supplementary Figure 1C). We thought there were two main reasons: (1) the efficiency of affinity enrichment is limited; (2) due to their short length, the majority of tryptic peptides are too small and thus generally not identified by MS, meaning that only a restricted segment of the proteome is covered (Tran et al., 2011; Tsiatsiani and Heck, 2015). Thus further researches are needed to focus on the use of a whole range of enzymatic and chemical cleavage methods, together with extensive fractionation, to maximize proteome sequence coverage.

In the pattern analysis of lactylated sites, we found that Kla may prefer alpha-helix structure than beta-strand or disordered regions in B. cinerea. Alpha-helix structure is the most abundant secondary structure in proteins and often located at surface of core, with hydrophobic residues on inner-facing side, hydrophilic on other side. It is reported that alpha-helix structure is involved in a variety of functions including DNA binding, protein interaction, and stability of membrane proteins (Mckay et al., 2018; Manav et al., 2019; Sang et al., 2019). Thus, the preference of Kla on alpha-helix suggested a potential role of Kla in the above mentioned biological pathways.

Histone PTMs have been shown to be important for many biological processes, including gene regulation, DNA repair, accurate genome organization, and DNA replication (Leach and Brown, 2012). Through mass spectrometry analyses, 26 and 16 histone Kla sites were identified from human and mouse, respectively (Zhang et al., 2019). In our study, the 273 Kla sites include 6 sites on histones, four of them conserved in human and two of them have not been reported thus far (Supplementary Figure 3). The total number of histones Kla sites were much less than human because (1) there are wide variations for the primary sequence of histone proteins between human and B. cinerea. (2) The Kla-antibodies used for enrichment may have been different, which could lead to varied recognition site. (3) The Kla may function distinctly on histones among different species.

Afterward, we identified 43 lactylated ribosomal proteins, accounting for 26% of the total lactylated proteins in this study. The Ribosome is a multi-component assembly responsible for translational control and are among the major sources for protein synthesis. Recent studies have suggested that PTMs of ribosomal proteins are important for biological functions. For example, ribosomal subunit L28 is modified by ubiquitination during S phase in yeast and is metabolically stable during translation with active ribosomal function (Spence et al., 2000). In addition, N-acetylation of ribosomal proteins is necessary to maintain protein synthesis function of ribosome in yeast (Kamita et al., 2011). A more recent study demonstrated that phosphorylation of ribosomal protein Rps15/Us19 is critical for the differential translation of specific mRNA in human (Simsek and Barna, 2017). Therefore, our data also indicate that Kla of ribosomal proteins is important for protein translational control and ribosome assembly.

Furthermore, 12 lactylated proteins were reported to be associated with fungal pathogenicity in our study. According to the cellular process these proteins were involved and their impact upon fungal virulence, we classified these proteins into five groups. First, during the infection process, the fungal cell wall plays an important role in the adherence to host tissues for colonization and host recognition. Chitin synthase (A0A384K0E4) which is essential for cell-wall chitin biosynthesis was found to be lactylated at site K1352. Disruption of the chitin synthase in filamentous fungi including Colletotrichum graminicola, Wangiella dermatitidis, and Fusarium oxysporum substantially impaired the fungal vegetable growth and pathogenicity (Amnuaykanjanasin and Epstein, 2003; Liu et al., 2004; Werner et al., 2007; Martín-Urdíroz et al., 2008). Second, Mitogen-activated protein kinases (MAPKs) play crucial roles in signal transduction during infection process and regulation of various aspects of pathogenic growth. MAPK (A0A384JS06) was identified lactylated at site K60. Knocking out this gene in B. cinerea caused severe defects in germination, vegetative growth, and pathogenicity (Rui and Hahn, 2007). Third, after establishment of colonization on the host, the fungi oxidized the primary nutrients from host cells through the tricarboxylic acid (TCA) cycle which is an essential metabolic network for ATP production. Citrate synthase is one of the rate-limiting enzyme of the TCA cycle. In our study, citrate synthase (A0A384J8S2) was found to be lactylated at site K401. A recent research demonstrated that citrate synthase contributes to infection and stress resistance of the stripe rust fungus (Li D. et al., 2018). A similar effect was detected with the F0F1-type ATP synthase (A0A384K3Z3, K232), which is required for carbon flexibility in Candida albicans to improve cell viability during the initial phase, thus contributes to fungal pathogenicity (Li S.X. et al., 2018). Fourth, molecular chaperones play important roles in protein folding, recognition, transport and degradation. Heat shock proteins (HSPs) and 14-3-3 proteins were relatively well-documented molecular chaperones thus far. Five HSP70/HSP90 proteins (A0A384JCX1, A0A384JG51, A0A384K0D3, A0A384JTW8, and A0A384K1B0) were lactylated at multiple lysine sites in this study. It is reported that HSP70s are essential for growth and pathogenicity of Magnaporthe oryzae (Yang et al., 2018), while HSP90 functions as a transcriptional regulator of conidiation and is required for virulence-associated stress responses in Fusarium graminearum (Bui et al., 2016). Recent study showed that the 14-3-3 proteins are involved in nitrogen response which affect virulence-associated behaviors in F. graminearum (Brauer et al., 2020). Finally, two translation initiation factor 5A (eIF-5A) proteins (A0A384JLW5 and A0A384JP30) were identified to be lactylated at multiple sites. Previous researches have found that hypusination of translation initiation factor-5A regulates F. graminearum virulence (Leach and Brown, 2012), indicating that Kla may affect the fungal virulence by regulating protein synthesis. Further efforts are required to define the mechanisms of lactylation on these virulence related proteins and the contribution to disease establishment and progression.



CONCLUSION

We have conducted the first lactyl-proteome of B. cinerea, an important plant fungal pathogen. Our study reveals novel roles for Kla in the regulation of diverse cellular processes outside of the nucleus and provides a good resource for in-depth exploration of the functions of Kla in the fungal development and pathogenicity. Investigating the functions of the lactylation of the target proteins may help to design drugs with high specificity and low toxicity to prevent and control gray mold disease.
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Crop protection strategies that are effective but that reduce our reliance on chemical pesticides are urgently needed to meet the UN sustainable development goals for global food security. Mycoparasitic oomycetes such as Pythium oligandrum and Pythium periplocum, have potential for the biological control of plant diseases that threaten crops and have attracted much attention due to their abilities to antagonize plant pathogens and modulate plant immunity. Studies of the molecular and genetic determinants of mycoparasitism in these species have been less well developed than those of their fungal counterparts. Carbohydrate-active enzymes (CAZymes) from P. oligandrum and P. periplocum are predicted to be important components of mycoparasitism, being involved in the degradation of the cell wall of their oomycete and fungal prey species. To explore the evolution of CAZymes of these species we performed an in silico identification and comparison of the full CAZyme complement (CAZyome) of the two mycoparasitic Pythium species (P. oligandrum and P. periplocum), with seven other Pythium species, and four Phytophthora species. Twenty CAZy gene families involved in the degradation of cellulose, hemicellulose, glucan, and chitin were expanded in, or unique to, mycoparasitic Pythium species and several of these genes were expressed during mycoparasitic interactions with either oomycete or fungal prey, as revealed by RNA sequencing and quantitative qRT-PCR. Genes from three of the cellulose and chitin degrading CAZy families (namely AA9, GH5_14, and GH19) were expanded via tandem duplication and predominantly located in gene sparse regions of the genome, suggesting these enzymes are putative pathogenicity factors able to undergo rapid evolution. In addition, five of the CAZy gene families were likely to have been obtained from other microbes by horizontal gene transfer events. The mycoparasitic species are able to utilize complex carbohydrates present in fungal cell walls, namely chitin and N-acetylglucosamine for growth, in contrast to their phytopathogenic counterparts. Nonetheless, a preference for the utilization of simple sugars for growth appears to be a common trait within the oomycete lineage.
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INTRODUCTION

The oomycetes are notorious as plant pathogens that cause devastating diseases in crop plants and our natural landscapes. Efficient control of many oomycete diseases relies on the usage of synthetic pesticides, which may have detrimental effects on the environment. The Genus Pythium contains predominantly saprotrophs and necrotrophic pathogens that occupy diverse ecological niches and infect various plant, arthropod, and even, human hosts (Plaats-Niterink, 1981). Some members of this fungal-like eukaryotic lineage are mycoparasites, obtaining nutrients from living fungal or oomycete hosts and are thus of great interest as potential biological control agents as part of an Integrated Pest Management (IPM) system for the control of crop diseases.

Mycoparasitic oomycetes have been less-well studied than their plant pathogenic counterparts, nevertheless, two species, Pythium oligandrum and Pythium periplocum have been investigated in this context. P. oligandrum has been documented as an antagonist and/or mycoparasite of a wide range of hosts including plant pathogenic Pythium spp. (Benhamou and Chet, 1997), Phytophthora spp. (Picard et al., 2000a; Horner et al., 2012), ascomycetes and basidiomycetes (Bradshaw-Smith et al., 1991; Benhamou et al., 1997). As well as an ability to antagonize fungi and oomycetes, these species display several other key features important for biological control of plant diseases. They typically grow faster than their plant pathogenic counterparts, meaning that they can outcompete other species for rhizosphere space and nutrition and they are able to promote both plant growth (Le Floch et al., 2003), and induced resistance in host plants (Takenaka et al., 2011; Ouyang et al., 2015). Whilst these experiments demonstrate their potential as biological control agents and detailed microscopic analysis has revealed the nature of their mycoparasitic interactions with various prey species (Benhamou et al., 1999; Picard et al., 2000b), there have been fewer mechanistic studies investigating the molecular or genetic determinants of their mycoparasitic lifestyle. Several cell wall-degrading enzymes and putative effectors were previously revealed to be expressed by P. oligandrum in the presence of oomycete tissue (Horner et al., 2012) and microarray analysis was recently used to investigate P. oligandrum-plant interactions (Yacoub et al., 2018), which showed significant reprogramming of the Vitus virifera root transcriptome in the presence of P. oligandrum. However, these studies were limited either in their methodology (a small sequencing study of 3,000 cDNA clones) or scope (focus on changes in plant roots), respectively, and thus we still lack a detailed mechanistic understanding of mycoparasitism in the oomycete lineage.

To provide a more complete basis for detailed molecular and genetic analysis of mycoparasitic Pythium species, we have sequenced and assembled the genomes of both P. oligandrum (Kushwaha et al., 2017a) and P. periplocum (Kushwaha et al., 2017b). Two other isolates of P. oligandrum have also been sequenced (Berger et al., 2016; Faure et al., 2020). We have also performed RNA sequencing of selected Pythium oligandrum-prey and Pythium periplocum-prey interactions, a detailed analysis of which will be published elsewhere.

The Carbohydrate-active enzyme complement (CAZyome) is the repertoire of predicted genes coding for enzymes involved in carbohydrate metabolism in an organism (CAZymes), including the synthesis, degradation, and modification of structural components of the cell wall. The CAZymes can be divided into five superfamilies, glycoside hydrolases (GH), glycosyl transferases (GT), polysaccharide lyases (PL), and carbohydrate esterases (CE) based on their activity and sequence similarity (Lombard et al., 2013). Comparative analysis of the mycoparasitic fungi Trichoderma atrovidirde and Trichoderma virens with other closely related fungal species, reveals the expansion of the CAZyome, particularly of genes from the family GH18, which comprises proteins with putative functions as chitinases in the mycoparasitic Trichoderma species. Other CAZy families expanded were those encoding endo-β-N acetylglucosimindases and β-1,3-glucanases from the families GH17, GH55, GH64, and GH81 (Kubicek et al., 2011). Chitin is a major component of the fungal cell wall, and therefore an obvious target for mycoparasitic lytic attack. Carbohydrate binding domains (CBMs) are also more abundant in the chitinase sequences from mycoparasitic Trichoderma species, compared to other fungi. As well as an expansion in the number of genes encoding chitinases, these Trichoderma genomes also contain an expanded number of GH75 chitosanases. It has long been known that the binding and degradation of chitin is important for successful mycoparasitism in these Trichoderma species. T. virens strains with chitinase knock-out mutants show reduced mycoparasitic ability, whilst strains that constitutively overexpress the same gene show enhanced biocontrol capabilities (Baek et al., 1999). The addition of CBMs to chitinases from Trichoderma harzianum has been shown to increase the antifungal activity of this species (Limón et al., 2004). Interestingly, Druzhinina et al. (2018) found nearly half of CAZy families in the mycoparasitic Trichoderma species were obtained by lateral gene transfer from plant-associated filamentous Ascomycete fungi, which has allowed Trichoderma species to expand their nutritional base (Druzhinina et al., 2018).

In the present study, we report the detailed mining of the P. oligandrum and P. periplocum genomes to investigate the presence and role of genes encoding CAZymes. Expression was investigated through analysis of RNA sequencing data from Pythium oligandrum-Phytopthora infestans and Pythium periplocum-Ph. infestans as well as P. periplocum-Botryis cinerea interactions. Transcript abundance of selected genes was confirmed through qRT-PCR analysis of the same parasite-prey interactions. The genomes of our mycoparasitic Pythium species were compared to those of nine other oomycete pathogens with different host and lifestyle ranges, to test the hypothesis that like their fungal counterparts, mycoparasitic oomycetes have expanded CAZyomes and that deployment of these cell wall degrading enzymes is also important for mycoparasitic oomycete-oomycete or oomycete-fungal interactions.

Our findings suggest that an expanded CAZyome may be one hallmark of mycoparasitism in eukaryotic microbes. Several of the CAZy encoding gene families appear to have been acquired by in mycoparasitic oomycetes through horizontal gene transfer. Our data also suggests that some CAZy-encoding genes act as pathogenicity factors, residing in similar genomic locations and with the potential to undergo rapid evolution in a similar manner to effector genes from phytopathogenic oomycetes.



RESULTS AND DISCUSSION


The CAZyme of Mycoparasitic Pythium Species Contains Unique Features

Whilst it is well known that mycoparasitic fungi such as species within the Trichoderma Genus secrete an array of cell wall degrading enzymes during mycoparasitism of their prey, there is more limited information on the molecular mechanisms of mycoparasitism in the oomycete lineage. Previously several CAZyme-encoding genes were found to be expressed by P. oligandrum when interacting with tissue from the oomycete prey species, Ph. infestans (Horner et al., 2012). However, no comprehensive analysis of the CAZyome of P. oligandrum or P. periplocum has so far been carried out. In order to identify the key features and evolution of the mycoparasitic Pythium CAZyome, putative CAZyme encoding genes from P. oligandrum, P. periplocum and 11 other oomycete species were predicted using the dbCAN CAZy annotation pipeline (Yin et al., 2012). We first evaluated genome completeness in terms of the expected gene content of the thirteen species used for the comparison by carrying out a Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis (Seppey et al., 2019). Complete and single copy BUSCO groups account for at least 80% of each genome (Supplementary Figure S1), and thus we concluded that the genome completeness of each organism was comparable. The CAZyme complement of the genomes of the mycoparasitic species Pythium oligandrum (Kushwaha et al., 2017a) and Pythium periplocum (Kushwaha et al., 2017b), was compared to those from the plant pathogens: Pythium ultimum (Lévesque et al., 2010), Pythium aphanodermatum, Pythium arrhenomanes, Pythium iwayamai, Pythium irregulare, Phytopythium vexans (Adhikari et al., 2013), Phytophthora ramorum (Tyler et al., 2006), Phytophthora infestans (Haas et al., 2009), and Phytophthora capsica (Lamour et al., 2012), and the human pathogen Pythium insidiosum (Rujirawat et al., 2015).

We predicted 516 proteins in the CAZyome of P. oligandrum, 431 proteins in that of P. periplocum, and 321–719 proteins in the other oomycete species (Figure 1A). The total number of CAZy families predicted in P. oligandrum was 106, with 102 predicted in P. periplocum. The total number of CAZy families in the other oomycetes ranged from 93 to 110 (Figure 1A). These numbers are in line with previously reported predictions of the oomycete CAZyome (Ospina-Giraldo et al., 2010; Adhikari et al., 2013), indicating that our predictions are reliable. Within the Pythium genus, the total number of CAZy encoding genes was higher on average in the mycoparasitic Pythium species compared to the plant pathogenic Pythium species. However, since phytopathogenic Phytophthora species exhibit higher numbers of total CAZy genes, there is no significant difference within the oomycete lineage in the total numbers of CAZy encoding genes or in the total number of CAZy families per species.
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FIGURE 1. The CAZyme of two mycoparasitic Pythium species. (A) Species tree of oomycetes in this study and distribution of CAZy proteins. The species tree was constructed using the maximum likelihood method with 1,000 bootstraps based on a concatenated alignment of housekeeping genes identified by CEGMA analysis. Green bars indicate the total number of CAZyme encoding genes. Blue bars indicate the number of CAZy families present. (B) Average gene number of CAZy families unique or expanding in mycoparasitic Pythium. CAZy families were identified as unique or expanding in mycoparasitic Pythium species compare to other oomycetes by a T-test analysis.


To identify redundancy within the dataset and to compare CAZymes between the species, a comparison of the average gene member count per CAZy family was performed. Twenty CAZy families were identified as either expanded or unique within the mycoparasitic Pythium genomes when compared to the other species used in the analysis (p < 0.05, T-test; Figure 1B). These families include: three Auxiliary Activity families (AA1, AA11, AA9), three Carbohydrate-Binding Module families (CBM13, CBM24, CBM25), nine Glycoside Hydrolase families (GH114, GH13_32, GH19, GH43_26, GH46, GH5_14, GH55, GH71, GH76), four Glycosyl Transferase families (GT33, GT39, GT62, GT64), and one Polysaccharide Lyase family (PL9).

Alongside these analyses, we also mined RNA sequencing (RNA-Seq) data from the interactions between P. oligandrum with Ph. infestans. P. periplocum with Ph. infestans and from P. periplocum with Botrytis cinerea, to check the expression of these and other CAZy families. As well as the detailed analysis of the CAZy families described below, this also allowed us to identify differentially expressed genes during mycoparasitism of oomycete prey that were not encoded by families expanded in the mycoparasites, but that nonetheless may play a role in parasite-prey interactions (Supplementary Figure S2).

Since CAZy families with a putative role in the degradation of fungal or oomycete cell walls were predominantly expanded in the mycoparasitic oomycetes, we therefore focused the rest of our studies on carbohydrate binding and the metabolism of, cellulose, glucan, chitin and hemicelluloses, the major constituents of the cell walls of these prey species. Thus, eight CAZy families namely, AA9, GH5_14, GH55, GH71, GH19, GH46, GH76, and GH43_26 were chosen for detailed analysis. Among them, representatives of the CAZy families GH55, GH71, GH46, GH76, and GH43_26 were only detected in mycoparasitic Pythium species and were absent in the other oomycete genomes tested (Figure 1B and Supplementary Table S2) and thus appear to be unique components of the mycoparasitic oomycete CAZyme. Moreover, we also performed ortholog clustering using OrthoFinder (Emms and Kelly, 2019), which provides ortholog relationship analysis within each of the CAZy families mentioned above (Supplementary Table S3).



Cellulose Metabolism

The major structural component of the oomycete cell wall is cellulose (Sietsma et al., 1969) and cellulose has been implicated in the maintenance of correct cell morphology and the production of appressoria (Grenville-Briggs et al., 2008). Penetration of plant tissue also requires active cellulose synthesis in the phytopathogenic oomycete, Ph. infestans (Grenville-Briggs et al., 2008). Homologs of the predicted cellulose synthase encoding genes [the CesA genes from the glycoside hydrolase family 2 (GT2)], previously identified in Ph. infestans (Grenville-Briggs et al., 2008) were identified in both P. oligandrum and P. periplocum, and this family was not expanded in the mycoparasites compared to the phytopathogens, although P. oligandrum contains one extra copy of the gene encoding CesA3 compared to P. periplocum, and the gene encoding CesA1 appears to be absent from P. periplocum (Supplementary Figure S7A). Although the CesA family is not expanded in the mycoparasites, genes encoding all eight CesA proteins identified in the mycoparasitic Pythium species, and a further GT2 protein from P. periplocum, were differentially expressed during interactions of the mycoparasite with Ph. infestans (Supplementary Figures S2A, S7B). Thus, although, it is not known whether appressorium production is also a significant component of oomycete mycoparasitism, the synthesis of cellulose may of general importance for growth during mycoparasitic interactions.

We hypothesize that cellulose degradation enzymes may be important pathogenicity determinants in the mycoparasitic Pythium species, since they are part of the cell wall of oomycete prey. Two families of genes encoding enzymes predicted to be involved in the degradation of cellulose were expanded in the mycoparasitic species, namely AA9 and GH5_14.

The auxiliary activity family 9 (AA9), proteins are lytic polysaccharide monooxygenases that are predominantly found in fungi. The AA9 family was significantly expanded in the mycoparasitic Pythium genomes compared to the other oomycete species studied. 16 AA9 proteins were predicted in P. oligandrum and 17 in P. periplocum. A range of one to five AA9 proteins were identified in plant pathogenic Pythium species, one AA9 protein was identified in the human infecting Pythium, and six AA9 proteins in Phytophthora species. Q86K62, an Auxiliary Activities 10 (AA10) protein in Dictyostelium discoideum, was used as outgroup to produce an AA9 phylogenetic tree, which consists of four clades (Figure 2B). Among clades, 17 mycoparasitic Pythium AA9 proteins are present in clade 1 (eight P. oligandrum and nine P. periplocum). Eight AA9 proteins are present in clade 3 (four from P. oligandrum and four from P. periplocum). Therefore, expansion of AA9 family in mycoparasitic Pythium appears to occur primarily in clade 1 and clade 3.
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FIGURE 2. Analysis of auxiliary activity family 9 (AA9). (A) Phylogenetic tree of AA9 proteins identified in oomycete species. Maximum likelihood tree, with 1,000 bootstraps (values displayed per branch). DDAA9_Q86K62 (an AA10 protein verified in Dictyostelium discoideum) was used as an outgroup. AA9 proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype)are marked in red. (B) RNAseq Expression profiles of AA9 genes from P. oligandrum and P. periplocum during interactions with Ph. infestans during in vitro growth (control) or at 12 or 24 h post interaction (hpi). The phylogeny of each protein is marked using colored bars to represent each clade. The genes with the highest expression level during the interactions with Ph. infestans are marked with red circles. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene.


Previous studies have identified a “two-speed” architecture in the genomes of plant pathogenic oomycetes, in which the gene sparse regions exhibit higher plasticity, and hence drive adaptive evolution, that the gene dense regions (Raffaele and Kamoun, 2012). Pathogenicity determinants such as the RxLR effectors from phytopathogenic oomycetes tend to occupy regions that are gene poor, but repeat rich, facilitating rapid evolution of those regions (Dong et al., 2015). Detailed analysis of the Ph. infestans genome (Haas et al., 2009) postulated that accelerated effector evolution is driven by tandem gene duplication and homologous recombination. Based on gene density analysis, the majority of the P. oligandrum AA9 genes, encoding AA9 proteins assigned to clade 1, are located within the gene sparse regions (Supplementary Figure S3A). AA9 genes encoding clade 3 AA9 proteins, however, are present in the gene dense regions. Genome location analysis of the AA9 genes within the P. oligandrum genome shows that they cluster in two tandem arrays, consisting of AA9 genes encoding AA9 proteins of clade 1 and clade 3, respectively (Supplementary Figure S4A), suggesting that members of the AA9 family may be under rapid evolution in mycoparasitic oomycetes and further, may be important pathogenicity determinants for this group of organisms.

Using normalized TPM read counts from RNA-Seq data of the interaction between either P. oligandrum or P. periplocum and the prey Ph. infestans, we found seven AA9 genes were highly expressed specifically in the interactions between host and prey (Figure 2B). Among them, PyolAA9-2, PyolAA9-3, and PyolAA9-4 were significantly up-regulated at 12 and 24 hpi of the interaction and may be of general importance during parasite-prey interactions. PypeAA9-6 was only significantly up-regulated at 12 hpi, so may act predominantly in the early stages of mycoparasitism and thus could be described as a putative pathogenicity factor. PypeAA9-5 and PyolAA9-1were significantly up-regulated at 24 hpi and therefore play an important role in the later stage of mycoparasitism. PyolAA9-13 was comparatively highly expressed during both in vitro growth of both Pythium species as well as during interactions with oomycete prey and thus may be important for remodeling of the parasite cell wall during both vegetative growth and feeding.

We were able to design specific primers for qRT-PCR amplification of three of the AA9 genes, namely PyolAA9-3, PyolAA9-13, and PyolAA9-16 (Figure 10A). Both genes showed an induction during mycoparasitism of Ph. infestans, with PyolAA9-3 displaying the highest relative expression at 6 h, during the early colonization of Ph. infestans tissue. PyolAA9-13 was induced at 6 h and continued to show an elevated expression relative to in vitro growth levels from 6 to 48 h, with a peak at 36 h. PyolAA9-16 displayed constitutive levels of expression during both vegetative growth and the first 6 hpi which then reduced during the later stages of the interaction. These results suggest that AA9 family proteins have a role in mycoparasitism of Ph. infestans by mycoparasitic Pythium species.

An AA9 gene from the saprotrophic fungus Chaetomium globosum has previously been shown to promote cellulose hydrolysis by GH5_14 family cellulases and also exhibits the same synergistic effect in xylan hydrolysis (Kim et al., 2015, 2016). Since we also found the GH5_14 (predicted enzyme activity as endo-1,4-β-D-glucanases/cellulases (EC3.2.1.4), to be significantly expanded in the mycoparasitic Pythium genomes, compared to their phytopathogenic counterparts, we also checked for the presence of the genes encoding the GH5_14 family in gene sparse regions of the genome and for duplication events. The GH5_14 family comprises 18 proteins in P. oligandrum and 15 in P. periplocum. The phylogenic tree of GH5_14 proteins from all oomycetes in this study can be divided into seven clades (Figure 3A). Two plant GH5_14 proteins, ZmGH5_B6TTA1 and OjGH5_Q8RU06, were used as outgroups. GH5_14 proteins from the mycoparasitic Pythium species are present in clade 1, clade 2, clade 4, and clade 6. Notably, most of the GH5_14 proteins from the mycoparasitic Pythiums are present in clade 1 (10 from P. oligandrum and seven from P. periplocum). Thus, the expansion of the GH5_14 family occurred primarily in clade 1. Furthermore, genes encoding those proteins in clade 1 reside in the gene sparse regions of the genome and are located in tandem arrays, suggesting that these two families of associated genes are undergoing rapid evolution (Supplementary Figures S3B, S4B) and thus may also be important as pathogenicity determinants.


[image: image]

FIGURE 3. Analysis of glycoside hydrolase family 5_14 (GH5_14). (A) Phylogenetic tree of GH5_14 proteins identified in oomycete species. Maximum likelihood tree, with 1,000 bootstraps (values displayed per branch). ZmGH5_B6TTA1 and OjGH5_Q8RU06 (GH5_14 proteins verified in plant species) were used as outgroups. GH5_14 proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype) are marked in red. (B) RNAseq Expression profiles of GH5_14 genes from P. oligandrum and P. periplocum during in vitro growth or interactions with Ph. infestans and 12 or 24 h post interaction. The phylogeny of each protein is marked using colored bars to represent each clade. The genes with the highest expression level during the interactions with Ph. infestans are marked with red circles. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene.


Using normalized TPM read counts from RNA-Seq data of the interaction between either P. oligandrum or P. periplocum and the prey, Ph. infestans, we could determine that eight putative cellulase, GH5_14 genes encoding proteins assigned to clade 1, were highly expressed during mycoparasite-prey interactions, or during in vitro growth (Figure 3B), among them, two genes, PyolGH5_14-11 and PypeGH5_14-5, showed near constitutive expression levels in all conditions tested, suggesting a role in the remodeling of the mycoparasitc cell wall during all phases of growth. Four genes, PypeGH5_14-11, PyolGH5_14-12, PypeGH5_14-14, PypeGH5_14-16, were highly expressed during in vitro growth and slightly down-regulated during interactions with the prey species. PyolGH5_14-1 and PypeGH5_14-13, were highly expressed mainly during in vitro growth. This suggests the latter two genes have a role in the modification of the cell wall of the mycoparasite during vegetative growth, and little to no role in mycoparasitism. The genes encoding GH5_14 proteins in clade 2, clade 4, and clade 6 were all expressed at relatively low levels during in vitro growth, and/or during the interaction with Ph. infestans. However, transcripts from PyolGH5_14-10, assigned to clade 6, were highly abundant in the Ph. infestans interaction at 24 hpi.

Detailed expression analysis of a time course of Ph. infestans infection by P. oligandrum revealed that, of the genes tested, PyolGH5_14-16 was highly expressed during mycoparasitism, peaking at 36 h with a relative expression level greater than 300 times that of the in vitro expression (Figure 10A). Furthermore, data from three independent biological replicates shows that the expression of this gene oscillates between higher and lower expression over the interaction time course. A temporal switching of gene expression may be a response to the availability of new host hyphae, reflecting enzyme production only as and when needed, e.g., through digestion of a single hypha at a time. Alternatively, this could be part of a mechanism to avoid accidental self-damage. The fungus Trichoderma reesei, is a prolific producer of cellulases, and as such is a model organism for industrial production of several CAZy enzymes involved in cell wall degradation. Major cellulase transcription factor genes have been identified that show differential regulation under light or dark conditions and photoreceptors play an important role in regulation of nutritional uptake in this organism (Schmoll, 2018). PyolGH5_14-16 transcript abundance peaks occurred during the night sampling (12 and 36 h) of the interaction time course and this pattern is reminiscent of a circadian rhythm. However, this may also reflect gene induction under the somewhat artificial in vitro conditions under which the experiments were performed and thus investigation of the expression of CWDEs under natural or field conditions would be interesting for the future. PyolGH5_14-1 and PyolGH5_14-12 show a decreased expression during mycoparasitism, relative to in vitro levels, indicating a potential role predominantly during vegetative growth. Neither the GH6 family of putative cellobiohydrolases (EC 3.2.1.91) or the GH5_20 family of endo-β-1,4-glucanases/cellulases (EC 3.2.1.4) were expanded in the mycoparasitic oomycetes, however, five GH6 family genes from P. oligandrum were differentially expressed (significantly upregulated) during the early stages of interactions with Ph. infestans. whilst five GH5_20 genes were down-regulated (Supplementary Figure S2A). Four GH5_20 genes from P. periplocum were also down-regulated at the same time point, as were three GH3 β-glucosidases (EC 3.2.1.21) (Supplementary Figure S2B), indicating these may be used to cleave celluloses from other substrates, or involved in other phases of the mycoparasitic lifecycle. Genes encoding 10 putative GH17 family endo-1,3-β-glucosidases (EC 3.2.1.39) from P. oligandrum were upregulated during the early stages of interactions with Ph. infestans five from P. periplocum were upregulated in the later stages of mycoparasitism (Supplementary Figure S2), indicating that the different mycoparasites may use a progression of different cellulose degrading enzymes at different time points in the mycoparasitic life cycle.

Thus, the metabolism of cellulose is likely to be important for both vegetative oomycete growth and for mycoparasitism of oomycete prey and several of the genes involved in this process display the genomic hallmarks of pathogenicity factors undergoing rapid evolution.



Glucan Metabolism

Glucans are structurally related to cellulose and are another important component of the oomycete cell wall. In contrast to cellulose, glucans are largely absent from plant cell walls and thus dissecting the occurrence and evolution of enzymes involved in the degradation of glucans may provide unique insights into the evolution of the mycoparasitic oomycete species. GH55 CAZy family members are predicted to function as exo-β-1,3-glucanases (EC 3.2.1.58 degrading glucans containing β-1,3-linkages as well as participating in the hydrolysis of laminarin, a component of fungal cell walls (Bara et al., 2003). Thus, genes in this class may potentially target both oomycete and fungal prey. Genes assigned to the CAZy family GH55 were found only in the mycoparasitic Pythium and were absent in the other oomycete genomes tested, indicating that they might be important for mycoparasitism. We found genes encoding five GH55 proteins each in P. oligandrum and P. periplocum. Phylogenetic analysis shows that oomycete GH55 proteins are most closely related to those from a variety of fungal species (Figure 4A). It has recently been shown that almost half of the cell wall degrading carbohydrate active enzymes found in mycoparasitic Trichoderma species were obtained via horizontal gene transfer, a process by which genetic material may be transferred between distinct evolutionary lineages, either cross-Kingdom or within Kingdom (Doolittle, 1999; Andersson, 2009), from plant associated filamentous fungi (Druzhinina et al., 2018). Our data supports the hypothesis that P. oligandrum and P. periplocum have developed the ability to be mycoparasitic, in part, through the acquisition of CWDEs from the GH55 family, via horizontal gene transfer from filamentous fungi. The flanking regions of mycoparasitic Pythium GH55 genes show conserved collinearity with regions of the P. ultimum genome (Supplementary Figure S5A), although GH55 genes are absent in P. ultimum. Therefore, mycoparasitic Pythium GH55 genes appear to reside within conserved regions of their genomes and may potentially have been inserted there via horizontal gene transfer from fungi.
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FIGURE 4. Analysis of glycoside hydrolase family 55 (GH55). (A) Phylogenic tree of GH55 proteins identified in P. oligandrum and P. periplocum. Maximum likelihood tree, with 1,000 bootstraps (values displayed per branch). GH55 proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype) are shown in red. (B) RNAseq Expression profiles of GH55 genes detected in P. oligandrum and P. periplocum during in vitro growth or interactions with Ph. infestans at 12 or 24 h post interaction. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene.


Analysis of normalized TPM read counts from the RNA-Seq interaction libraries, revealed two different expression patterns. Six GH55 genes, (PyolGH55_4, PypeGH55_5, PypeGH55_1, PypeGH55_3, PyolGH55_2, PyolGH55_5), were highly expressed during in vitro growth of and significantly down-regulated in the interaction stages (Figure 4B). Notably, PyolGH55_4 was highly expressed both during in vitro growth and at the later stage of the interaction between P. oligandrum Ph. infestans. Four GH55 genes (PyolGH55_3, PypeGH55_4, PyolGH55_1, PypeGH55_2), show a low level of expression in all stages tested, suggesting that they do not have a major role during in vitro growth or in the interaction with Ph. infestans as a prey species. They may, however, be expressed more highly in other growth stages or in the interaction with other prey species.

Like the GH55 family, members of GH71 family were only identified in mycoparasitic Pythium among oomycete species in this study. GH71 proteins have a predicted enzymatic activity as α-1,3-glucanases (EC 3.2.1.59). We found three GH71 proteins in each of the mycoparasitic species P. oligandrum and P. periplocum, respectively. Phylogenetic analysis groups these genes within a branch of fungal GH71 proteins (Figure 5A). Thus, this suggests that the GH71 genes from the mycoparasitic Pythium species may also have been obtained via horizontal transfer from fungi. Two of the genes, PyolGH71-1 and PypeGH71-1, are highly expressed during in vitro growth and are significantly down-regulated during the interaction with Ph. infestans (Figure 5B). The remaining members of this family show low levels of expression in the stages tested in this study, which is a similar expression profile to the GH55 glucanase family. PyolGH71-1 showed high relative expression levels at 36 and 48 h of the interaction with Ph. infestans, suggesting either a role in degradation of prey glucans that are exposed later during mycoparasitism or a role in P. oligandrum cell wall rearrangement and/or growth, after nutrient uptake from the prey.
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FIGURE 5. Analysis of glycoside hydrolase family 71 (GH71). (A) Phylogenic tree of GH71proteins identified in P. oligandrum and P. periplocum. Maximum likelihood tree, with 1,000 bootstraps (values displayed per branch). GH71 proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype) are shown in red. (B) RNAseq Expression profiles of GH71 genes detected in P. oligandrum and P. periplocum during in vitro growth or interactions with Ph. infestans at 12 or 24 h post interaction. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene.


We next used the GH55 and GH71 protein sequences detected in P. oligandrum and P. periplocum in blastp searches against the NR database, excluding sequences from P. oligandrum and P. periplocum themselves. Compiling the resultant data as a phylogenetic tree, further confirms that GH55 and GH71 proteins appear to have been transferred horizontally from Ascomycete fungi to the oomycetes (Supplementary Figure S8). Moreover, we also made Hidden Markov Model (HMM) searches against the genomes of other available oomycetes, namely, Hyaloperonospora arabidopsidis, Albugo laibachii, Saprolegnia parasitica, Saprolegnia diclina, Phytophthora parasitica, and Pythium brassicum. However, we could not find any GH55 and GH71-like genes in these species, and thus conclude that they are absent in other oomycetes, for which we have genome data. Therefore, it appears that horizontal gene transfer of GH55 and GH71 genes occurred within the latest common ancestor of P. oligandrum.



Chitin Metabolism

Members of the GH19 family, with predicted activity as chitinases (EC 3.2.1.14), are abundant in mycoparasitic Pythium species (Figure 6A). Here we found 13 GH19 proteins in P. oligandrum and six in P. periplocum. A range of one to four GH19 proteins were found in other oomycetes in this study. As shown in Figure 6A, GH19 proteins can be divided into only two clades. GH19 proteins from the mycoparasitic Pythium species were only present in clade 2, which also includes one GH19 proteins from each of the plant pathogens P. aphanidermatum, and Ph. capsici and three genes from the human and animal pathogen P. insidiosum. Based on gene density analysis, most of the GH19 genes identified, are predicted to be present in the gene sparse regions of the genomes of both P. oligandrum and P. periplocum (Supplementary Figures S3C,D). Moreover, one tandem array, consisting of genes PyolGH19-3 to PyolGH19-10, is present in the genome of P. oligandrum (Supplementary Figure S4C), suggesting that these genes are able to undergo rapid evolutionary change, and may be important pathogenicity factors in fungal mycoparasitism.
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FIGURE 6. Analysis of glycoside hydrolase family 19 (GH19). (A) Phylogenetic tree of GH19 proteins identified in oomycete species. Maximum-likelihood method with 1,000 bootstraps (values displayed per branch) was used to construct tree based on alignment of GH19 proteins. GH19 proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype) are shown in red. (B) RNAseq Expression profile of GH19 genes detected in P. oligandrum and P. periplocum during in vitro growth or interactions with Ph. infestans at 12 or 24 h post interaction. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene. (C) RNAseq Expression profile of GH19 genes detected in P. periplocum during in vitro growth or interactions with B. cinerea at 12 or 24 h post interaction. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene.


Analysis of normalized TPM read counts from our RNA-Seq interaction libraries reveals that GH19 genes (PypeGH19-2, PyolGH19-2, PypeGH19-5, PyolGH19-8, PyolGH19-13), were highly expressed during in vitro growth and significantly down-regulated during the interaction with the prey oomycete Ph. infestans (Figure 6B). Thus, GH19 genes seem to be dispensable for interactions between mycoparasitic Pythium species and Ph. infestans, which has a cellulosic cell wall and no detectable chitin (Sietsma et al., 1969; Mélida et al., 2013). To test the hypothesis that GH19 proteins are used for parasitism of fungal prey, we mined our sequenced transcriptomes of interactions between P. periplocum and the gray mold fungus, Botrytis cinerea. Three P. periplocum GH19 genes (PypeGH19-2, PypeGH19-3, and PypeGH19-5), were highly expressed during both in vitro growth and during the interactions between P. periplocum and B. cinerea. Two P. periplocum GH19 genes (PypeGH19-4, and PypeGH19-6), were highly expressed solely during interactions between P. periplocum and B. cinerea and PypeGH19-1 induction was not detected in any of the conditions we tested (Figure 6C).

To confirm the role of GH19 family members in mycoparasitism of B. cinerea, we performed qRT-PCR analysis of selected GH19 genes during the early stages of parasitism by either P. periplocum or P. oligandrum. Four P. periplocum GH19 genes, (PypeGH19-1, PypeGH19-4, PypeGH19-5, PypeGH19-6), were significantly upregulated (between two and fifteen -fold change) at 12 and 24 h of interactions with B. cinerea. Six P. oligandrum GH19 genes (PyolGH19-1, PyolGH19-2, PyolGH19-3, PyolGH19-8, PyolGH19-9, PyolGH19-11), were significantly induced (7–1,300-fold change) during the interaction with B. cinerea. Thus, chitinase gene expression is likely to be important for mycoparasitism of fungal prey and the mycoparasitic Pythium species are able to sense the cell wall components of their prey and adjust the expression of their CWDEs accordingly, since these genes are not expressed in the presence of a non-chitinous prey species.

The GH46 family (EC.3.2.1.132) is predicted to have chitosanase activity and was detected only in the mycoparasitic Pythium and not in the other oomycete species screened in this study. Chitosan is a cationic polysaccharide composed of β-1,4-linked D-glucosamine (GlcN) that is derived from chitin, with chitosanase being the major substrate-specific enzyme that acts on the β-1,4-glycosidic linkages of chitosan (Sun et al., 2018). We detected three GH46 genes in both P. oligandrum and P. periplocum respectively. To explore the phylogenic relationship of the mycoparasitic Pythium GH46 genes, we retrieved GH46 proteins from a diverse range of species (Viens et al., 2015). As Figure 7A shows, the phylogenic tree of the GH46 family is divided into five clades, as previously reported (Viens et al., 2015). Mycoparasitic Pythium GH46 proteins are present in clade C, which includes GH46 proteins from Chlorella virus. Thus, we inferred that mycoparasitic Pythium may have been obtained GH46 genes by horizontal transferred from a viral donor. Genes neighboring the GH46 gene family in the mycoparasitic Pythium show collinearity with regions of the P. ultimum genome (Supplementary Figure S5B). Therefore, it would appear that the mycoparasitic Pythium GH46 genes were transferred into conserved regions of their genomes.
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FIGURE 7. Analysis of glycoside hydrolase family 46 (GH46). (A) Phylogenetic tree of GH46 proteins identified in oomycete species. Maximum likelihood tree, with 1,000 bootstraps (values displayed per branch). GH46 proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype) are marked in red. (B) RNAseq expression profile of GH46 genes detected in P. oligandrum and P. periplocum during in vitro growth or during interactions with Ph. infestans at 12 or 24 h post interaction. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene. (C) RNAseq Expression profile of GH46 genes detected in P. periplocum during in vitro growth or interacting with B. cinerea at 12 or 24 h post interaction. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene.


Interestingly, transcripts of one GH46 gene (PypeGH46-1) were highly abundant, relative to in vitro levels, during the parasitism of both Ph. infestans and B. cinerea by P. periplocum. One gene from P. oligandrumm (PyolGH46-1) was also expressed during parasitism of Ph. infestans (Figures 7B,C). Quantitative RT-PCR assays of GH46 genes during the early stages of interactions of either P. periplocum or P. oligandrum with B. cinerea reveal five genes (PyolGH46-1, PyolGH46-2, PyolGH46-3, PypeGH46-1, and PypeGH46-3), that are induced between 2 and 50-fold during parasitism of this fungus (Figure 10).

It has long been thought that the oomycetes are predominantly cellulosic in contrast to the chitinous fungi with whom they share many ecological niches. However detailed analysis of the structural carbohydrates in the cell wall of several plant and fish pathogenic oomycetes has identified three types of cell wall-based differences in structural carbohydrates within different oomycete Genera (Mélida et al., 2013). Type I contains glucuronic acid and mannose and no N-acetylglucosamine (GlcNAc), type II is characterized by cross linking between cellulose and 1,3,β glucans and up to 5% GlcNAc and the third type contains the highest GlcNAc content along with unusual carbohydrates (Mélida et al., 2013). This analysis did not include any of the mycoparasitic oomycetes or members of the Pythium genus though, so it is not clear which cell wall type P. oligandrum or P. periplocum contain, although based on our data showing that chitin metabolism-linked genes are expressed under in vitro conditions, we hypothesize that the mycoparasitic oomycetes may be modulating related carbohydrates or chito-oligosaccharides within their own cell walls. Alternatively, these genes may be expressed in vitro in preparation for degradation of prey cell walls, or in response to a depletion of nutrients.



Hemicellulose Metabolism

Four GH76 family members were found each in both P. oligandrum and P. periplocum although GH76 genes were absent in the other oomycete species screened. GH76 proteins are annotated as α-1,6-mannanases (EC 3.2.1.101), targeting α-1,6-mannosidic linkages and thus participating in the deconstruction of fungal cell walls (Cuskin et al., 2015). The phylogenic analysis, with an exo-β-1,3-glucanase of GH55 proteins (BAB83607.1) as the outgroup, shows that mycoparasitic Pythium GH76 proteins group most closely in the GH76 proteins from bacterial species (Figure 8A). Thus, these genes may have been horizontally transferred to a common mycoparasitic Pythium ancestor from bacteria.
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FIGURE 8. Analysis of glycoside hydrolase family 76 (GH76). (A) Phylogenetic tree of GH76 proteins identified in P. oligandrum and P. periplocum with GH76 proteins of bacteria and fungi. Maximum likelihood tree, with 1,000 bootstraps (values displayed per branch). GH76 proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype) are marked in red. BAB83607.1 and Cf_188501 (GH55 proteins verified in fungal species) were used as an outgroup. (B) RNAseq Expression profile of GH76 genes detected in P. oligandrum and P. periplocum during in vitro growth or interactions with Ph. infestans at 12 or 24 h post interaction. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene.


Analysis of normalized TPM read counts from our RNA-Seq libraries revealed that one of the P. oligandrum genes (PyolGH76-2) and one of the P. periplocum genes (PypeGH76-3) were highly expressed during in vitro growth (Figure 8B). However, there was little to no detectable differential expression during interactions with the prey species tested, meaning that these genes are dispensable for antagonism of the fungal and oomycete prey used in this study.

GH43_26 genes were only identified in mycoparasitic Pythium among oomycetes in our study. Here we found one GH43_26 protein in P. oligandrum and eight GH43_26 proteins in P. periplocum. These genes have predicted activity as α-L-arabinofuranosidases (EC 3.2.1.55), which hydrolyze terminal non-reducing alpha-L-arabinofuranoside residues in alpha-L-arabinosides. Figure 9A shows that GH43_26 proteins from mycoparasitic Pythiums (red branch) group within a fungal GH43_26 clade (green branch). An endo-β-1,4-xylanase from the GH11 family (AHE13930.1) was used as an outgroup. This suggests that this gene family may have been horizontally transferred from fungi to mycoparasitic Pythium. Three of the GH43_26 genes (PypeGH43_26-7, PypeGH43_26-5, PyolGH43_26-1) were highly expressed both during in vitro growth and 24 hpi of the interaction with Ph. infestans indicating that they may be of some importance for growth of the mycoparasitic species themselves and of a lesser importance during mycoparasitism of oomycete prey (Figure 9B).
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FIGURE 9. Analysis of glycoside hydrolase family 43_26 (GH43_26). (A) Phylogenetic tree of GH43_26 proteins identified in P. oligandrum and P. periplocum with GH43_26 proteins of bacteria and fungi retrieved from CAZy database. Maximum likelihood tree, with 1,000 bootstraps (values displayed per branch). GH43_26 proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype) are marked in red. AHE13930.1 and BAK095352.1 (GH11 proteins verified in fungi species) were used as an outgroup. (B) RNAseq Expression profile of GH43_26 genes detected in P. oligandrum and P. periplocum during in vitro growth or at 12 or 24 h post interaction with Ph. infestans. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene.


The GT71 family encodes genes with activity as α-mannosyltransferases (EC 2.4.1.-), and whilst this family was not expanded, nine GT71 genes were significantly upregulated in P. oligandrum during interactions with Ph. infestans. GH16 family members with predicted xyloglucanase activity (EC 3.2.1.151) were not expanded in the mycoparasitic oomycetes, however, three putative GH16 genes from P. oligandrum were upregulated during interactions with the prey oomycete Ph. infestans (Supplementary Figure S2). The family with the highest number of differentially expressed genes when interacting with the oomycete prey in both P. oligandrum and P. periplocum was CE1. Thirteen genes from P. oligandrum and fifteen genes from P. periplocum were upregulated during the early interactions with Ph. infestans (Supplementary Figure S2) and thus these family members may play a role in the degradation of hemicelluloses of oomycete origin. This Carbohydrate esterase family has diverse esterase functions including as acetyl xylan esterases (EC 3.1.1.72). GH30_1 family endo-β-1,4-xylanases from both mycoparasites were downregulated in the same interactions, indicating that they are not important in the interaction with oomycetes.



Carbohydrate Binding Genes

Since destruction of cellulose appears to be important to oomycete-oomycete mycoparasitic interactions, and these Pythium species appear able to sense the major carbohydrate component of the prey cell wall and adapt their CWDE gene expression, we next investigated the presence and expression of cellulose binding module containing proteins, with the hypothesis that these may play a role in the sensing or binding of oomycete prey cells.

The cellulose-binding elicitor lectin (CBEL) family was found to contain two cellulose-binding domains (CBDs), belonging to the family 1 carbohydrate binding modules (CBM1). The CBM1 family is almost exclusively found only in fungi and oomycetes. In the phytopathogenic oomycetes, CBEL family members have been shown to have necrosis-inducing activity in host plants, and to bind host cellulose (Mateos et al., 1997; Gaulin et al., 2006). In a previous study of a small cDNA library of P. oligandrum interacting with dead tissue from Ph. infestans, a CBEL gene from P. oligandrum was shown to be upregulated during the interaction (Horner et al., 2012).

In the current study we found six CBEL proteins each in P. oligandrum and P. periplocum. A range of 2–10 CBEL proteins were detected in the other oomycete genomes screened. Supplementary Figure S6A shows that CBEL proteins were divided into four phylogenetic clades with a Trichoderma reesei exoglucanase used as an outgroup. Mycoparasitic Pythium CBEL proteins were only present in clade 4 (Supplementary Figure S6A). Based on domain architecture analysis, CBD (CBM1) domains are present in all putative CBEL proteins and PAN domains are only present in CBEL proteins grouped within clade 4. PAN domains are found in a diverse array of proteins and have been implicated in protein-protein or protein-carbohydrate interactions. Some of the mycoparasitic Pythium CBEL proteins are also predicted to contain other domains, including transglutaminase elicitors (TGase_elicitor), Leucine Rich Repeats (LRR_4 or LRR_8) and elicitin domains.

Analysis of normalized TPM read counts from our RNA-Seq libraries revealed that putative CBEL genes from P. oligandrum (PyolCBEL_2, PyolCBEL_4, PyolCBEL_5), and P. periplocum (PypeCBEL_3, PypeCBEL_6) were highly expressed during in vitro growth. These CBEL proteins are predicted to contain only a PAN domain and carbohydrate binding domain along with a signal peptide. Of these, PyolCBEL_5 and PypeCBEL_3 were also somewhat expressed during interactions with Ph. infestans (Supplementary Figure S6B). The Transcripts from mycoparasitic Pythium CBEL proteins, predicted to contain either a TGase_elicitor or an Elicitin domain, were not highly expressed during the interaction with Ph. infestans under the conditions tested (Figure 6B).

Based on qRT-PCR (Figure 10A), transcripts of PyolCBEL-1, PyolCBEL-2, and PyolCBEL-3 were all more abundant in the interaction with Ph. infestans than during in vitro growth of P. oligandrum, with PyolCBEL-1 and PyolCBEL-3 showing the highest expression levels. PyolCBEL-1 peaked at almost 150-fold the in vitro expression level at 6 hpi compared and PyolCBEL-3 shows a 12-fold expression increase at the same time point. PyolCBEL-2 was expressed at near in vitro levels throughout the infection time course, and PyolCBEL-4 was expressed at extremely low levels throughout the interaction. Three genes containing CMB63 domains from P. periplocum were highly upregulated during the early stages of the interactions with Ph. infestans (Supplementary Figure S2B), but interestingly CBM63 genes were not differentially expressed in the P. oligandrum-Ph. infestans interaction. The CBM63 module from Bacillus subtilis expansin protein EXLX1 has been experimentally shown to bind cellulose (Nikolaos et al., 2011).
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FIGURE 10. Quantitative Real-Time PCR verification of expression of selected CAZy genes in P. oligandrum and P. periplocum during in vitro growth or during interactions with Ph. infestans or B- cinnerea. In vitro growth at 0 h was used as the reference and normalized to 1.0. The α-tubulin genes of P. oligandrum and P. periplocum (Pyoltua and Pypetua) were used as internal reference genes. Data displayed as the average of three biological replicates and error bars indicate standard deviations. 6, 12, 24, 36, 48, 72 h represent hours post interaction with Ph. infestans or B. cinerea. (A) Quantitative Real-Time PCR verification for CAZy genes of P. oligandrum and P. periplocum during interactions with Ph. infestans. (B) Quantitative Real-Time PCR verification for CAZy genes of P. oligandrum and P. periplocum during interactions with B. cinerea.


Overall, we compared our RNA-seq data and qRT-PCR assay results (Figures 2B, 3B, 5B, 6B,C, 7B,C, 10 and Supplementary Figure S6). From the RNA-seq analysis we concluded that, PyolAA9-3, PyolAA9-13, PyolGH5_14-16, PypeGH46-1, and PyolCBEL-1 were upregulated during interactions with Ph. infestans or B. cinema. PyolAA9-16, PyolGH5_14-1, PyolCBEL-2, and PyolCBEL-4 were downregulated during interaction with Ph. infestans. All the above genes mentioned also show similar expression profiles using qRT-PCR assays. PyolGH5_14-12, PypeGH19-1, PypeGH19-2, PypeGH19-3, PypeGH46-2, PypeGH46-3, PyolCBEL-3 were constitutively expressed. There was generally a good agreement between the RNA-seq and qRT-PCR expression data, showing the reliability of our data. However, PyolGH5_14-12, PypeGH19-1, and PyolCBEL-3 expression using RNA-seq is not so consistent with that shown by qRT-PCR.



Utilization of Complex Carbohydrate Sources

To investigate the extent to which the mycoparasitic oomycetes could directly utilize the major complex carbohydrate components of oomycete and fungal cell walls as the sole sources of carbon we performed in vitro growth assays in minimal media amended with either cellulose, chitin or the monomeric unit of chitin, N-acetylglucosamine with glucose or yeast extract amendments used as control conditions. We compared the growth of P. oligandrum and P. periplocum to that of Ph. infestans (Figure 11).
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FIGURE 11. Growth of P. oligandrum, P. periplocum, and Ph. infestants on varying carbon sources representing the major structural carbohydrates in fungal or oomycete cell walls. P. oligandrum, P. periplocum, and Ph. infestans growth on the carbon sources, cellulose, glucose, chitin, and N-Acetyl-glucosamine in modified Plich media plus or minus yeast, denoted by different colored lines. X-axis shows hours post inoculation (hpi). Y-axis displays colony diameter in mm. (A,B) Growth rate of P. oligandrum. (C,D) Growth rate of P. periplocum. (E,F) Growth rate of Ph. infestans. * denotes statistically significant difference from the control (-glucose, -yeast) data at p < 0.05 (t-test).


In either the presence or absence of yeast, P. oligandrum grew largest with glucose as a carbon source and was also able to utilize cellulose, chitin and N-acetylglucosamine as carbon sources. In the presence of yeast, P. periplocum grew equally well in most treatments, but in the absence of yeast, grew best with glucose as the sole carbon source. In the absence of yeast P. periplocum showed a strong preference for growth in glucose media and very reduced growth in the other substrates. In either the presence or absence of yeast, P. infestans grew largest with cellulose as the primary carbon source, and was not able to utilize chitin or N-acetylglucosamine reflecting the adaptation of this species to cellulosic plant hosts. Several CAZy encoded genes that function in the release of the simple sugar glucose from cellulose (e.g., GH6 and GH17 family members) were upregulated during mycoparasitism of the cellulosic host Ph. infestans, and genes for the degradation of the cell wall carbohydrates from fungal and oomycete prey were abundant and expanded in the mycoparasite genomes.

Taken together, these data suggest that degradation of more complex carbohydrate constituents of fungal and oomycete cell walls is only of limited importance to mycoparasitic oomycetes. Instead, destruction of the major components of prey cell walls in order to gain access to simple sugars within the cells appears to be the predominant strategy of these mycoparasites. This is in line with similar strategies used by phytopathogenic Pythium species, where CWDE secretion to allow maceration of the plant cell wall and subsequent uptake of simple sugars from within plant cells appears to be the major mechanism by which these species obtain nutrition (Zerillo et al., 2013). However, due to the expansion of CWDEs within mycoparasitic oomycete genomes they show a clear ability to utilize more complex carbohydrates not found within the plant cell wall when necessary. The mycoparasites also exhibit overall faster growth in vitro than the plant pathogen indicating a more efficient usage of these carbon sources for growth, and potentially allowing these species to outcompete their plant pathogenic or saprotrophic counterparts within the agroecosystem.



CONCLUSION

P. oligandrum and P. periplocum have long been recognized for their ability to inhibit plant pathogens (Paul, 1999; Rey et al., 2008), although the molecular basis of their interactions remains largely unknown. A small cDNA library sequencing study previously identified the potential role of CWDEs in P. oligandrum mycoparasitism (Horner et al., 2012). Through a detailed in silico and transcriptomic analysis, we have investigated the CAZyome of both P. oligandrum and P. periplocum in relation to plant pathogenic oomycetes. In conclusion, we found that tandem duplication and horizontal gene transfer events have been the major drivers for the formation of the distinctive and expanded CAZyome of mycoparasitic Pythium species.

We identified three major CAZy families from which the member genes are predominantly located in the gene sparse regions of their respective genomes and that have expanded through tandem duplication. These are hallmarks of genes undergoing rapid evolution such as the RxLR effectors of plant pathogenic oomycetes (Haas et al., 2009; Dong et al., 2015). Based on our data, we postulate, for the first time, that mycoparasitic oomycete genomes also display a “two-speed genome” phenomenon in a similar manner to plant pathogenic oomycetes, but that the key pathogenicity determinants, at least those responsible for the onset of infection are CAZyme CWDEs that afford the mycoparasitic oomycetes the opportunity to macerate microbial tissue from which they can extract the sugars and other nutrients they require for growth and reproduction.

We have identified that carbohydrate active enzymes such as cellulose degrading enzymes are potentially important pathogenicity determinates in the mycoparasitic oomycetes. Since both mycoparasite and prey oomycetes all contain such enzymes, we hypothesize that these enzymes must be tightly regulated or compartmentalized to limit or prevent self-degradation and thus the regulation of CAZy gene function in mycoparasitic oomycetes is an important topic for further investigation in the future. Such studies will help to answer one of the most important questions in mycoparasitism; how self, and non-self, recognition occurs.

Furthermore, we have provided evidence for the horizontal gene transfer of five CAZy families from bacteria, fungi or viruses to the mycoparasites. In contrast, mycoparasitic fungi of the Trichoderma species are reported to have obtained almost 50% of their CWDE complement by horizontal, or lateral, gene transfer (Druzhinina et al., 2018). However, Richards et al. (2011) investigated the occurrence of horizontal gene transfer events from fungi to oomycetes and concluded that only a small number of such events could be found, thus our results are in line with these previous findings (Richards et al., 2011).

Taken together our data suggest a possible phytopathogenic ancestral state for the Pythium Genus, with the ability to mycoparasitise other eukaryotic microbes an adaptation derived from expansion of several key CAZyme gene families, and horizontal gene transfer events that occurred in the last common ancestor of P. oligandrum and P. periplocum.



MATERIALS AND METHODS


Isolates and Sequence Retrieval for Comparative CAZyme Analysis

The published genomes of the following oomycetes were used for the comparative analysis of their CAZyme encoding gene complement: P. oligandrum (CBS 530.74) (Kushwaha et al., 2017a), P. periplocum (CBS 532.74) (Kushwaha et al., 2017b), P. ultimum (DAOM BR144) (Lévesque et al., 2010), P. irregulare (DAOM BR486) (Adhikari et al., 2013), P. iwayamai (DAOM BR242034) (Adhikari et al., 2013), P. arrhenomanes (ATCC 12531) (Adhikari et al., 2013), P. aphanidermatum (DAOM BR444) (Adhikari et al., 2013), P. insidiosum (Strain Pi-S) (Rujirawat et al., 2015), Phytopythium. vexans (DAOM BR484) (Adhikari et al., 2013), Ph. infestans (T30-4) (Haas et al., 2009), Ph. sojae (P6497) (Tyler et al., 2006), Ph. ramorum (Pr102) (Tyler et al., 2006), Ph. capsici (LT1534) (Lamour et al., 2012).

To explore overall distribution of CAZymes among the above 11 oomycetes, the genome assemblies, transcript sequences, and protein sequences were downloaded from the NCBI Genome portal1 and the Joint Genome Portal2, along with the gene model annotation files in GFF3 format, which were used for CAZy annotation and synteny analysis.



BUSCO Comparisons

Benchmarking Universal Single-Copy Orthologs BUSCO v4 (Seppey et al., 2019)3 was used to evaluate the completeness of the genome assemblies of the oomycetes used in this study. Default parameters were used with lineage-specific datasets set to stramenopiles_odb10.



Growth and Maintenance of Oomycete and Fungal Species

P. oligandrum (CBS 530.74) and P. periplocum (CBS 532.74) were maintained on V8 media amended with CaCO3 as previously described (Horner et al., 2012; Kushwaha et al., 2017a, b) at 18°C in the dark. Ph. infestans (88,069) was maintained on rye sucrose agar at 18°C in the dark as described (Grenville-Briggs et al., 2008). B. cinerea (B05) was maintained on either V8 media or corn meal agar (CMA) at 20°C in the dark. Prior to confrontation, P. oligandrum, P. periplocum and B. cinnerea were grown in liquid V8 broth amended with calcium carbonate and Ph. infestans were grown in liquid pea broth, at 20°C in the dark.



Annotation of the CAZyome

CAZyme-encoding genes were predicted using the dbCAN pipeline (Yin et al., 2012). Briefly, hidden Markov models of all CAZy families were download from CAZy database (Lombard et al., 2013)4. Hidden Markov searches using the predicted proteomes of the oomycete species listed above were performed, with a cut-off value of 1E-03. To predict members of the CBEL family, only candidates containing two CBM_1 domain and a signal peptide were retained.

Transmembrane domain searches were conducted using the TMHMM Server v2.0 (Käll et al., 2005)5. SignalP 3.0 was used to predict the presence of a signal peptide for secretion (Bendtsen et al., 2004)6. Domain architecture predictions were conducted with by searching the Pfam database (El-Gebali et al., 2018)7. For CAZy families with diverse enzyme activity, the exact enzyme activity annotation of members in these families were conducted by using BLASTP search of verified proteins in the ExPASy database (Artimo et al., 2012)8.



Identification of CAZy Families Specific to, or Expanding in, the Mycoparasitic Pythiums

Fisher’s exact test, conducted in the R program suite v3.5.3, was used to compare the gene counts of CAZy family members in the mycoparasitic Pythium species with those of the plant pathogenic Pythium, human Pythium, and Phytophthora species, respectively. The CAZy families with p-values higher than 1E-05 were removed. The CAZy families with higher gene counts in mycoparasitic Pythium were thus retained for further analysis.



Phylogenetic Analysis

Protein sequences were aligned by MUSCLE (Edgar, 2004). Phylogenetic analysis of full-length proteins alignments was performed by IQ-TREE (Nguyen et al., 2014), using the Maximum Likelihood approach and 1,000 bootstrap values. The models for phylogenetic analysis were automatically selected by IQ-TREE program. The visualization and modification of phylogenetic trees were performed using the iTOL server (Letunic and Bork, 2006). Branches with the bootstrap values higher than 50 were displayed.



Synteny Analysis

The predicted proteomes of P. oligandrum and P. periplocum were used to search against the predicted proteome of P. ultimum using BLASTP, using the default maximum hits setting with an E-value cut-off of 1E-10. Identification of gene collinearity between mycoparasitic Pythium and P. ultimum was performed using MCScanX (Wang et al., 2012). TBtools (Chen et al., 2018) was employed for visualization of the synteny analysis.



Evaluation of Average Fold Change of CAZy Families

We screened significantly differentially expressed CAZy genes and the CAZy families they belong to. By calculating the average fold change of these CAZy families, with treatment by log2, we could distinguish overall expression profiles of differentially expressed CAZy genes that were assigned to the same CAZy family. We used a log2-treated average fold change approach, to analyze the changes in expression of genes from each family where values equal to, or less than, −1 (to the left of the dashed black line in Supplementary Figure S2) correspond to down regulation of most of the genes within a family and values equal to, or greater than, 1 (to the right of the dashed red line in Supplementary Figure S2) correspond to up-regulation of the majority of the genes in that family. Numbers of genes from each gene family, on which this analysis is based are shown in the left of each panel of Supplementary Figure S2.



Mycoparasite-Prey Confrontation Assays

For confrontation assays, approximately 5 cm3 of mycelium, washed with sterile dH20, from mycoparasite (P. oligandrum or P. periplocum) and prey (either Ph. infestans or B. cinnerea) were placed at opposite sides of a polycarbonate membrane on V8 agar. The interaction zone (1 cm) was sampled at the point of contact (0 h post interaction, hpi) and then subsequently at 12 and 24 hpi. Control samples of the mycoparasites were prepared using two mycelial plugs from the same organism interacting with each other for 3 days, and mycoparasitism samples were prepared using either the oomycete Ph. infestans or the fungus B. cinnerea as the prey, which was prepared from liquid media samples as described above. Collected samples were snap frozen in liquid nitrogen and used for RNA extraction. Five replicates of each interaction were prepared and three of these replicates were randomly chosen for RNA extraction and sequencing. For detailed quantitative RT-PCR of a time course of mycoparasitism, the interacting mycelium from the confrontations between the mycoparasite and the prey in sterile tap water, was excised at 0, 6, 12, 24, 36, 48, and 72 hpi and immediately snap frozen and ground in liquid nitrogen, prior to RNA extraction.



RNA Extraction

Approximately 100 mg RNA from each sample was extracted using the RNeasy Plant Mini Kit (#74904 QIAGEN) according to the manufacturers protocol, and treated with RNase-free DNase for 20 min at 37°C (Ambion, TURBO DNA-free Kit). The extracted RNA was qualitatively visualized by agarose gel electrophoresis and a NanoDrop 1,000 spectrophotometer (Thermo Fisher Scientific) was used to quantify the total amount of RNA. Prior to RNA sequencing, the integrity of the samples was corroborated using the ExperionTM Automated Electrophoresis System (Bio-Rad Laboratories, Hercules, United States).



Expression Analysis From RNA Sequencing

Polyadenylated messenger RNA was captured from 200 ng total RNA per sample using magnetic beads and Illumina adaptors with sample specific barcode sequences were ligated before subsequent library amplification using PCR using the Illumina TruSeq RNA poly-A selection kit. Sequencing of 150 bp paired-end libraries was carried out using the Illumina NovaSeq6000 S4 platform (SciLifeLab, Stockholm). All raw sequencing data in this study have been deposited in National Center for Biotechnology Information (NCBI) under BioProject accession number PRJNA637834 and a full analysis of these data will be presented elsewhere. The resulting bcl2fastq demultiplexed FastQ files were de novo mapped to our previously published reference genomes (Kushwaha et al., 2017a, b) and Adaptor cleaning was conducted by Trimmomatic (Bolger et al., 2014). Normalization and quantification of expression levels was performed by Salmon (Patro et al., 2015). The full analysis of differential gene expression during mycoparasitic interactions will be published elsewhere, however, in the current study we have mined these data to investigate the expression levels of selected CAZyme-encoding genes as presented in the results. pheatmap package of R project (Kolde, 2012) was used to produce heatmaps showing the log fold change in gene expression values (TPM counts) for selected CAZyme-encoding genes between the transcriptome samples.



Validation of Gene Expression Using Quantitative RT-PCR

cDNA synthesis was carried out using the Superscript IV Reverse transcriptase cDNA synthesis kit (Thermo Fisher Scientific) using 2 μg template RNA. All cDNA samples were diluted to 20 ng–1 prior to qRT-PCR. The gene expression levels were evaluated using quantitative RT-PCR (Biorad real-time PCR cycler using SYBG as the fluorescent dye). P. oligandrum and P. periplocum α-tubulin genes (Pyoltua; Genbank accessions MT623563 and MT811915; Supplementary Table S1). Primers (listed in Supplementary Table S1) were designed in Primer39 and the NCBI BLASTN web platform was used to check the specificity of the sequences for the genes in question, with the low complexity filter turned off. The internal reference genes list above were used to normalize expression levels of CAZyme candidates from the corresponding species.



Growth Assays to Investigate Utilization of Complex Carbohydrate Carbon Sources

To study growth of mycoparasitic Pythium on different carbon substrates, representing the major structural components of oomycete and fungal cell walls, we compared the growth of P. oligandrum, P. periplocum, and Ph. infestans in modified Plich media (van West et al., 1999) amended with, cellulose, glucose, chitin and N-Acetylglucosamine individually at 25 mM∗mL–1 both with and without yeast extract. Modified plich media without glucose or yeast extract served as controls. 7.5 mm plugs from 7-day old liquid cultures of P. oligandrum CBS 530.74 and P. periplocum CBS 532.74 cultivated in V8 media and Ph. infestans 88,069 cultivated in pea-broth were used to investigate the growth rate of the oomycetes on different the carbon sources. Ph. infestans was used as a comparative control. Growth of each organism was quantified as diagonal growth in mm and measured every 24 hpi for three constitutive days. In total 10 treatments were performed. The experiment was repeated three times with three independent biological replicates. Statistical analysis of the growth assays was calculated as the area under the growth curve using the trapezoidal method. The differences among treatments was assessed using student’s T-test, on the means of the area under the curve, assuming two-tailed distribution and two-sample with unequal variance. Significant difference was accepted if (p < 0.05).
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Supplementary Figure 1 | BUSCO analysis for evaluation of genome assembly completeness. X-axis represent genome assemblies of organisms mentioned in this article. Y-axis represent number of each category of BUSCO groups.

Supplementary Figure 2 | Comparison of significantly expressed genes assigned to CAZy families that are not unique or expanded in the mycoparasitic Pythium species. Numbers within the heatmaps represent the count of significantly expressed genes assigned to each corresponding CAZy family. Green histograms represent log2-treated average fold change of Pythium CAZy genes significantly expressed from in vitro growth to 12 hpi in the presence of Ph. infestans. Light blue histograms represent log2-treated average fold change of Pythium CAZy genes significantly expressed from 12 hpi in the presence of Ph. infestans to 24 hpi in the same interaction. Black and red dashed lines represent log2-treated average fold change equal to -1 and 1 respectively. (A) overview of significantly expressed CAZy genes of P. oligandrum. (B) overview of significantly expressed CAZy genes of P. periplocum.

Supplementary Figure 3 | Analysis of gene density for selected CAZy gene families. (A) Gene density heatmap of AA9 genes in P. oligandrum. (B) Gene density heatmap of GH5_14 genes in P. oligandrum. Dots with different color represent intergenic distance of encoding genes in different clades according to respective phylogenic tree. (C) Gene density heatmap of GH19 genes in P. oligandrum. (D) Gene density heatmap of GH19 genes in P. periplocum. Dots with black color represent intergenic distance of GH19 encoding genes detected in P. oligandrum and P. periplocum.

Supplementary Figure 4 | Analysis of genome location of selected CAZy genes. (A) Genome location of P. oligandrum AA9 encoding genes from clades 1 and 3. Blue arrows represent the orientation of P. oligandrum AA9 encoding genes from clades 1 and 3. (B) Genome location of P. oligandrum GH5_14 encoding genes encoding from clade 1. Blue arrows represent the orientation of P. oligandrum GH5_14 genes from clade 1. (C) Genome location of P. oligandrum GH19 genes. Blue arrows represent orientation of P. oligandrum GH19 genes.

Supplementary Figure 5 | Synteny analysis. (A) Synteny analysis of GH55 genes between mycoparasitic Pythium species and P. ultimum. The red arrows represent GH55 genes identified in P. oligandrum and P. periplocum. The blue arrows represent genes near to GH55 genes. The gray lines represent syntenic relationships. (B) Synteny analysis of GH46 genes between mycoparasitic Pythium and P. ultimum. The red arrows represent the orientation of GH46 genes identified in P. oligandrum and P. periplocum. The blue arrows represent the orientation of genes neighboring the GH46 genes. The gray lines represent syntenic relationships.

Supplementary Figure 6 | Analysis of the cellulose-binding elicitor lectin (CBEL) family. (A) Phylogenetic tree of CBEL proteins identified in oomycete species. Maximum likelihood tree, with 1,000 bootstraps (values displayed per branch). CBEL proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype) are marked in red. TrCBHI_P62694 (an exoglucanase verified in Trichoderma reesei) was used as an outgroup. Domain architecture of CBEL proteins is shown on to the left of the phylogenetic tree. (B) RNAseq Expression profile of CBEL genes detected in P. oligandrum and P. periplocum during in vitro growth or during interactions with Ph. infestans at 12 or 24 h post interaction. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene.

Supplementary Figure 7 | Analysis of the cellulose synthase (CesA) family. (A) Phylogenetic tree of CesA proteins identified in oomycete species. Maximum likelihood tree, with 1,000 bootstraps (values displayed per branch). CesA3 proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype) are marked in red. CesA proteins identified in Arabidopsis thaliana (At) were used as outgroup genes. The domain architecture of each of the CesA proteins is shown to the left of the Phylogenic tree. (B) RNAseq Expression profile of CesA genes detected in P. oligandrum and P. periplocum during in vitro growth or during interactions with Ph. infestans at 12 or 24 h post interaction. Expression levels are expressed as the log2 fold change of transcripts per million (TPM), per gene.

Supplementary Figure 8 | Phylogenic analysis of GH55 and GH71 proteins detected in mycoparasite Pythium and their homologous proteins detected by BLAST search. Maximum likelihood tree, with 1,000 bootstraps (values displayed per branch). Proteins identified in P. oligandrum (Pyol) and P. periplocum (Pype) are shown in red.

Supplementary Table 1 | Primers for CAZyme-coding genes verified by qRT-PCR in this study.

Supplementary Table 2 | ID and gene model sequences of CAZyme-coding genes in this study.

Supplementary Table 3 | Ortholog clustering for each CAZy families mentioned in this study.
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Posttranslational modifications (PTMs) of the whole proteome have become a hot topic in the research field of epigenetics, and an increasing number of PTM types have been identified and shown to play significant roles in different cellular processes. Protein lysine 2-hydroxyisobutyrylation (Khib) is a newly detected PTM, and the 2-hydroxyisobutyrylome has been identified in several species. Botrytis cinerea is recognized as one of the most destructive pathogens due to its broad host distribution and very large economic losses; thus the many aspects of its pathogenesis have been continuously studied. However, distribution and function of Khib in this phytopathogenic fungus are not clear. In this study, a proteome-wide analysis of Khib in B. cinerea was performed, and 5,398 Khib sites on 1,181 proteins were identified. Bioinformatics analysis showed that the 2-hydroxyisobutyrylome in B. cinerea contains both conserved proteins and novel proteins when compared with Khib proteins in other species. Functional classification, functional enrichment and protein interaction network analyses showed that Khib proteins are widely distributed in cellular compartments and involved in diverse cellular processes. Significantly, 37 proteins involved in different aspects of regulating the pathogenicity of B. cinerea were detected as Khib proteins. Our results provide a comprehensive view of the 2-hydroxyisobutyrylome and lay a foundation for further studying the regulatory mechanism of Khib in both B. cinerea and other plant pathogens.
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INTRODUCTION

Protein posttranslational modifications (PTMs) are important regulatory mechanisms in all living cells and involved in almost all aspects of cellular processes. To date, more than 400 PTMs have been identified from eukaryotes and prokaryotes, and newly discovered PTMs are regularly being reported; PTMs greatly enrich the functions of proteins by affecting protein activity, stability, localization, and interactions (Hart and Ball, 2013; Vu et al., 2018). Major types of PTMs, such as phosphorylation, ubiquitination, glycosylation, acylation, lipidation, thiolation, and oxidation, have been well studied, and these PTMs can finely regulate cellular responses to the slightest changes in the environment through single PTM regulatory or PTMs crosstalk (Walsh et al., 2005; Vu et al., 2018; Macek et al., 2019).

In the peptide chain, multiple amino acid residues can be covalently modified by different groups (Macek et al., 2019). Protein acylation mainly occurs on lysine residues, which are modified by short-chain fatty acids donated by their corresponding acyl-coenzyme A (CoA) groups (Huang et al., 2018). The most studied protein acylation type is histone acetylation, which was discovered more than 50 years ago (Allfrey et al., 1964). Acetylation was identified in non-histone proteins and has been shown to also play significant roles in protein function (Dancy and Cole, 2015). Apart from acetyl groups, a variety of short-chain fatty acid groups have been discovered on lysine residues of mature proteins, including propionylation (Kpr), butyrylation (Kbu), crotonylation (Kcr), 2-hydroxyisobutyrylation (Khib), malonylation (Kmal), and succinylation (Ksu) (Walsh et al., 2005; Chen et al., 2007; Zhang et al., 2011; Huang et al., 2014; Zhao and Garcia, 2015).

Khib is a newly identified protein posttranslational lysine acylation modification that is derived from 2-hydroxyisobutyryl-CoA (Dai et al., 2014). In humans and mice, compared to histone lysine acetylation (Kac) and Kcr, histone Khib showed a unique chemical structure and distinct genomic distribution. Moreover, in male germ cells, the 2-hydroxyisobutyrylation of the 8th site lysine residue in histone 4 (H4K8hib) is associated with active gene transcription in both meiotic and postmeiotic cells. Thus, Khib is considered to be a new histone marker and plays a unique function (Dai et al., 2014; Huang et al., 2018). The yeast histone acetyltransferase complex NuA4 and human acetyltransferase Tip60 have been shown to function as enzymes to catalyze Khib, while histone deacetylase 2 (HDAC2) and histone deacetylase 3 (HDAC3) function as the major enzymes to remove 2-hydroxyisobutyryl from Khib in mammalian cells (Huang et al., 2018), suggesting that there may be an internal relation between Kac and Khib. In recent years, Khib has been detected and characterized in both histone and non-histone proteins in several species using newly developed modern techniques in molecular biology and mass spectrometry (Huang et al., 2017; Meng et al., 2017; Yu et al., 2017; Dong et al., 2018; Yin et al., 2019). For example, a total of 6,548 unique Khib sites on 1,725 proteins were identified in human cells (Huang et al., 2018). In yeast, a total of 1,458 Khib sites on 369 proteins were identified, among which 206 proteins were also modified by both acetylation and succinylation (Huang et al., 2017). A total of 9,916 Khib sites on 2,512 proteins and 11,976 Khib sites on 3,001 proteins were identified in developing rice seeds and Physcomitrella patens, respectively, showing a large 2-hydroxyisobutyrylome in plants (Meng et al., 2017; Yu et al., 2017). Bioinformatics analyses showed that the identified Khib proteins were closely associated with a wide variety of cellular processes, such as protein synthesis and processing, protein degradation, translation, and energy metabolism (Huang et al., 2017, 2018; Yin et al., 2019), indicating that Khib plays a broad and significant role in cellular processes.

Botrytis cinerea, the pathogen of gray mold, is considered to be a broad generalist pathogen due to its broad host distribution from bryophytes to eudicots, and can cause severe pre- and post-harvest losses in crops (Dean et al., 2012; Soltis et al., 2019). In addition, B. cinerea is considered a typical necrotroph, and its growth and pathogenic mechanisms have been well studied. However, until now, only a few modification-specific B. cinerea proteomics studies have been reported, including studies on the phosphoproteome and acetylome of B. cinerea (Liñeiro et al., 2016; Lv et al., 2016). To understand Khib modification and its function in B. cinerea, the 2-hydroxyisobutyrylome of the mycelium was investigated using proteome-wide analysis, and a total of 5,398 Khib sites on 1,181 proteins were identified. Subsequently, characteristics of Khib site motifs, the conservation of the Khib proteins compared to other species, the functional classification and enrichment, and the protein–protein interaction (PPI) network were analyzed. Finally, the reported pathogenicity-related proteins in the identified Khib proteins were summarized. Our results show that Khib is an important PTM and is involved in the regulation of various cellular processes in the phytopathogenic fungus B. cinerea.



MATERIALS AND METHODS


Fungal Strain and Culture

The Botrytis cinerea model strain B05.10 was used in this study. Spores or mycelium of B. cinerea were inoculated on potato dextrose agar medium (PDA) and cultured in incubator under the condition of dark and 25°C for 5 days. Conidia were collected from the plate using sterile distilled water and then counted using blood counting chamber. Conidia with a final concentration of 5 × 104 cfu were incubated in yeast extract peptone dextrose medium (YEPD) and cultured in shaker under the condition of 25°C and 150 rpm for 16 h. Mycelium, the vegetative body and the main infection structure of B. cinerea, was harvested by filtering with sterile gauze, immediately frozen in liquid nitrogen and then stored at −80°C.



Total Protein Extraction

Total protein extraction from the mycelium according to previous methods (Baker and Panisko, 2011) with some modifications. Briefly, accurately weigh 300 mg mycelium and grind it to powder in liquid nitrogen. The cell powder was transferred into a 2 ml centrifuge tube containing 1 ml lysis buffer (1 M sucrose, 0.5 M Tris-HCl (pH8.0), 0.1 M KCl, 50 mM ascorbic acid, 1% NP40, 1% sodium deoxycholate (NaDOC), 10 mM ethylenediamine tetraacetic acid (EDTA), 10 mM dithiothreitol (DTT), 3 μM trichostatin A (TSA), 50 mM nicotinamide and 1% protease inhibitor cocktail), in which the TSA and nicotinamide were used as de-2-hydroxyisobutyrylase inhibitors to maintained the modification level of proteins extracted from cells. The powder was dissolved by sonication on ice followed by keeping on ice for 10 min. Add 1 ml of Tris-saturated phenol into a centrifuge tube, well mixed and leave on ice for another 10 min. The upper phenol phase (about 800 μl) was transferred to a new 10 ml centrifuge tube after centrifuged under 16,000 g at 4°C for 10 min, followed by adding 4 ml −20°C precooled 0.1 M ammonium acetate dissolved in pure methanol and stayed at −20°C overnight to precipitate protein. After centrifugation under 16,000 g at 4°C for 10 min and discarding the supernatant, precipitate was successively washed once with −20°C precooled methanol and twice with −20°C precooled acetone. Then, the remaining precipitate was moderately air-dried and resolved in 0.8 ml protein lysis buffer (8 M urea, 50 mM Tris-HCl (pH8.0), 1% NP40, 1% NaDOC, 10 mM EDTA, 5 mM DTT, 3 μM TSA, 50 mM nicotinamide and 1% protease inhibitor cocktail) by sonication on ice. Finally, the supernatant was transferred into a new 1.5 ml tube after centrifugation under 20,000 g at 4°C for 10 min and the protein concentration was determined with 2-D Quant kit (GE Healthcare) according to manufacturer’s instructions.



Protein Reduction, Alkylation, and Trypsin Digestion

DTT was added to 3 μg protein in solution to a final concentration of 10 mM and incubated for 1 h at 37°C for reduction reaction, followed by alkylated with 30 mM iodoacetamide (IAM) for 45 min at room temperature in darkness. The solution was stayed at −20°C overnight to precipitate protein by adding four times volume −20°C precooled acetone. After centrifugation under 20,000 g at 4°C for 10 min and discarding the supernatant, precipitate was washed twice with −20°C precooled acetone. The remaining precipitate was moderately air-dried and resolved in 0.1 M TEAB by sonication on ice. For digestion, 60 μg trypsin was added to the protein solution, kept at 37°C overnight, and then reaction was stopped by adding 1% trifluoroacetic acid (TFA), followed by desalination using C18 SPE column (5 μm particles, 4.6 mm ID, 250 mm length). Finally, peptides were dried by vacuum centrifuging.



Khib Peptides Affinity Enrichment

Dried peptides were redissolved in NETN buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, pH 8.0) and mixed with 2-hydroxyisobutyryllysine antibody agarose beads (PTM-801 Biolabs) which had been pre-washed three times by NETN buffer, followed by incubation at 4°C overnight with gentle shaking. Beads were washed three times by NETN buffer and twice by ice–cold ddH2O to remove unbounded peptides. The bound peptides were eluted from beads by adding 0.1% trifluoroacetic acid (TFA), followed by desalination using C18 ZipTips (Millipore) and vacuum concentration to dry.



LC-MS/MS Analysis

Enrichment of Khib peptides were analyzed using liquid chromatography tandem mass spectrometry (LC-MS/MS) according to the previous method (Baker and Panisko, 2011; Xue et al., 2018) with some modifications. Briefly, peptides were dissolved in solvent A (0.1% formic acid in ddH2O) and loaded onto a reversed-phase precolumn (Acclaim PepMap 100 C18 column, 2 μm, 75 μm × 20 mm, Thermo Fisher Scientific) after centrifugation at top speed for 5 min. Peptides separation was performed using a reversed-phase analytical column (Acclaim PepMap RSLC C18 column, 2 μm, 75 μm × 500 mm, Thermo Fisher Scientific) at 40°C and gradient elution on an Ultimate RSLCnano 3000 system (Thermo Fisher Scientific). Flow rate was 250 μl and the gradient was as follows: 2–10% solvent B (0.1% formic acid in 80% acetonitrile) for 6 min, 10–20% for 45 min, 20–80% for 7 min and then held at 80% for 4 min. Peptides were detected by MS/MS using Q Exactive HFX (Thermo Fisher Scientific) coupled online to LC at a resolution of 60,000. Peptides were selected for MS/MS using a normalized collision energy (NCE) setting of 26%. Ion fragments were detected in orbitrap at a resolution of 30,000. Electrospray voltage was setting to 2.0 kV and m/z scans range was 350–1,800 for MS scans.



Database Search

Quantitative proteomics software package MaxQuant (v.1.5.2.8) was used for MS/MS raw data analysis (Cox and Mann, 2008; Tyanova et al., 2016). The tandem mass spectra collected were searched against EnzemblFungi B. cinerea B05.10 database (ASM83294v1; 11707 coding genes) concatenated with reverse decoy database. Various parameters were set as follows: Trypsin/P was specifically designated as cleavage enzyme and up to four missing cleavage, five modifications per peptide and five charges were allowed. The maximum permissible mass errors of precursor and fragment ions are set at 10 ppm and 0.02 Da, respectively. Carbamido methylation on Cysteine residue was specified as fixed modification while oxidation of methionine residue and 2-hydroxyisobutyrylation both on lysine residue and protein N-terminus were designated as variable modifications. False discovery rate (FDR) thresholds for protein, peptide and modification sites were designated at 0.01 (Elias and Gygi, 2007) and minimal peptide length was designated as 7. Khib site localization probability was set to greater than 0.75.



Bioinformatics Analysis

For motif enrichment, Motif-x platform1 (Chou and Schwartz, 2011) was used for analysis of model sequences which were constituted with amino acids in specific positions of modifier-21-mers with 10 amino acid residues upstream and downstream of t Khib sites in all protein sequences. Database protein sequences were used as background database parameter and other parameters were set as default (Zhu et al., 2016).

In order to characterize Khib proteins identified in the data, function, and characteristics of these proteins were annotated in detail from the perspective of gene theory (GO), protein domain, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and subcellular localization. UniProt-GOA database2 and platform IterPro3 (McDowall and Hunter, 2011) were selected for protein domain and GO term annotation analysis. Based on GO term annotation, proteins were classified into three categories, including biological process, cellular compartment, and molecular function (Reference Genome Group of the Gene Ontology Consortium, 2009). Platform Automatic Annotation Server (KAAS)4 and KEGG Mapper5 were selected for KEGG annotation analysis. Software Wolfpsort (v.0.2) was selected for subcellular localization analysis. The analysis was performed according to previous studies (Horton et al., 2007; Moriya et al., 2007) and the default setting was used for other parameters. In addition, functional enrichment analyses were performed by the tool of DAVID bioinformatics resources. A two-tailed Fisher’s exact test was employed to test the enrichment of identified 2-hydroxyisobutyrylated proteins against background all proteins of B. cinerea. Correction for multiple hypothesis testing was performed using standard FDR control methods. A corrected p-value below 0.05 was considered significant for all the enrichment analysis (Huang et al., 2007).

For further hierarchical clustering based on different protein functional classification, enriched substrate categories were filtered for those categories which were at least enriched in one of the clusters with p-value below 0.05. Filtered p-value matrix was transformed to z-scores which were then clustered by one-way hierarchical clustering (Euclidean distance, average linkage clustering) in Genesis. Finally, Cluster membership were visualized by a heat map using the “heatmap.2” function from the “gplots” R-package.6

For protein-protein interaction networks (PPI) analysis, search tool for Retrieval of Interacting Genes/Proteins (STRING) database7 was employed for functional interaction annotations of all identified 2-hydroxyisobutyrylated proteins by calculating their confidence score. Threshold scores of high-confidence interactions (score > 7) between 2-hydroxyisobutyrylated proteins and high confidence interactions (with score > 0.7) in STRING database were setting at fetched for the analysis. Software Cytoscape was employed for interaction network visualization processing.



RESULTS


Identification of Lysine 2-Hydroxyisobutyrylated Proteins in B. cinerea

To identify Khib sites in B. cinerea hyphae, affinity enrichment and high-resolution liquid chromatography–tandem mass spectrometry (LC-MS/MS) methods were used for proteome-wide analysis following the standard workflow (Supplementary Figure 1A). Briefly, total proteins were extracted from the hyphae and digested by trypsin, followed by peptide affinity enrichment using the 2-hydroxyisobutyryl lysine-specific antibody. Then, the peptides containing Khib modification were fractionated and loaded on a LC-MS/MS device for identification. Finally, the raw data were analyzed by related software and platforms. Three biological repeats were performed under the same conditions, resulting in 6,551 Khib sites on 1,383 proteins, 6,805 Khib sites on 1,421 proteins and 6,687 Khib sites on 1,398 proteins (Supplementary Tables 1–3). In total, 8,020 Khib sites were obtained, in which 5,398 Khib sites on 1,181 proteins were found in all three repeats, indicating good repeatability (Supplementary Figure 2 and Supplementary Table 4). Up to now, 14,262 gene transcripts have been annotated in B. cinerea B05.10 genome8, indicating that the identified 2-hydroxyisobutyrylome contained about 8.3% proteins of the proteome (1,181/14,262). Two representative MS/MS spectra of Khib peptides were presented in Supplementary Figures 1B,C. In recent years, Khib modification has been reported and shown to play significant roles in several species. A large number of Khib sites were identified in our study, indicating that Khib modification of proteins is a widespread PTM and may play important roles in the B. cinerea cellular process.



Analysis of Khib Site Motifs

To investigate the distribution of Khib sites in B. cinerea, the number of modified sites in each identified protein was counted. The Khib sites in a protein were distributed from 1 site to more than 30 sites, of which over 60% of the identified 1,181 proteins carried 1–3 Khib sites, while approximately 10.2% of the proteins carried more than 10 Khib sites (Figure 1A).
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FIGURE 1. Properties of identified Khib sites in B. cinerea. (A) Distribution of Khib sites in identified 2-hydroxyisobutyrylated proteins. The left ordinate indicates the number of proteins with the indicating number of Khib sites (x-axis), the right ordinate blue dots and number (above the histogram) represents percentages of total identified proteins. (B) Probabilities of Khib sites in different protein secondary structures. (C) Predicted surface accessibility of all lysine residues and in B. cinerea. p-value < 0.05 is regarded to be significant.


The secondary structure analysis was performed using NetSurfP to determine the preferred structure of the Khib site in proteins. In B. cinerea, both lysine and Khib were mostly located at the coil region, with a percentage of 65.9% (Figure 1B), while Khib tended to occur more frequently at the beta-strand region than at the alpha-helix region compared to unmodified lysine residues (p-value = 4.21E-09 and 1.10E-02 for beta-strand and alpha-helix, respectively). In addition, 2-hydroxyisobutyrylated sites were less surface assembled than unmodified lysine residues, but the difference might not be significant because of a high p-value of 0.7 (> 0.05) (Figure 1C). There were no obvious differences in the preference of secondary structure by Khib modification, which might be because this modification occurs in all kinds of proteins in B. cinerea.

Motif-x software was used to detect the specific amino acid sequence motifs around Khib sites. A total of 14 conserved motifs were identified for 10 amino acids upstream and downstream of Khib sites (-10 Khib +10) in 3,950 peptides, accounting for 73.2% of the total identified peptides (Figure 2A). The amino acids around these Khib sites showed a diverse distribution in B. cinerea, while another lysine residue downstream of a Khib site (+5 to +9) seemed to have an extreme preference for the 2-hydroxyisobutyryl modification, and this occurred in a total of 50% of the Khib sites (Figure 2B). In addition, five conserved motifs, [EKhib], [DxxKhib], [DKhib], [DxKhib], and [DGKhib] (Khib indicates the 2-hydroxyisobutyrylated lysine, and x indicates a random amino acid residue), were identified in the 2-hydroxyisobutyrylsome of B. cinerea with a total percentage of 27.4% (Figures 2A,B). These five conserved motifs have been identified in other species (Meng et al., 2017; Yu et al., 2017; Huang et al., 2018), indicating that an amino acid with a negative charge (D or E) seemed more suitable for the 2-hydroxyisobutyryl modification of a downstream lysine. Furthermore, the frequency of amino acids flanking the Khib site is shown in a heatmap (Figure 2C). In addition to a downstream unmodified lysine residue, an unmodified lysine residue also occurred most frequently -10 to -5 residues upstream from the modification sites. Several small amino acids with short side chains, alanine (A), glycine (G), and valine (V), were more present around the modified K sites, while some polar amino acids, serine (S), cysteine (C) and arginine (R), and proline (P), were less present around the Khib sites (Figures 2B,C).
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FIGURE 2. Properties of identified Khib peptides in B. cinerea. (A) Peptide motifs with conserved residues around Khib sites. (B) Frequency of identified Khib peptides in each conserved motif. The left ordinate indicates number of the indicating conserved motif in x-axis, the right ordinate with blue dots and number (above the histogram) represents percentages of total conserved motifs. Khib in red represents 2-hydroxyisobutyrylated lysine residue and each dot represents an amino acid residue. (C) Heat map of the indicating amino acid residues (right letter) around Khib sites in identified peptides. The middle represents Khib sites, left (croci), and right (green) grids represent upstream and downstream residues of Khib sites, respectively. The darker the red, the higher the frequency and the deeper the green, the lower the frequency.




Conserved Analysis of Khib Proteins

To understand the evolutionary conservation of Khib proteins in different species, identified Khib protein sequences of B. cinerea were compared against Khib protein sequences from five other species, including Homo sapiens, Oryza sativa subsp. Japonica, Physcomitrella patens, Saccharomyces cerevisiae, and Toxoplasma gondii (Dai et al., 2014; Huang et al., 2017; Meng et al., 2017; Yu et al., 2017; Yin et al., 2019), using BLASTP. Among the 1,181 identified proteins of B. cinerea, the number of orthologous proteins of H. sapiens, O. sativa subsp. Japonica, P. patens, S. cerevisiae and T. gondii were 550, 595, 617, 558, and 491, respectively (Figure 3A and Supplementary Table 5). The proportions of orthologous proteins in the two plant species (O. sativa subsp. Japonica and P. patens) were more than 50% (595/1,181 and 617/1,181, respectively). The proportions of orthologous proteins in H. sapiens and S. cerevisiae were 46.6% (550/1,181) and 47.3% (558/1,181), respectively, while in T. gondii, the proportion was relatively less (Figure 3A). Among the 1,181 identified proteins, 275 (accounting for 23.3%) proteins were found in all five species and classified as completely conserved proteins; 155 (accounting for 13.1%) proteins were found in four of the five species and classified as well conserved proteins; 135 (accounting for 11.4%) proteins were found in three of the five species and classified as conserved proteins, 288 (accounting for 24.4%) proteins were found in one or two of the five species and classified as poorly conserved proteins, and 327 (accounting for 27.7%) proteins did not have an ortholog in any of the five species and were classified as novel proteins (Figure 3B and Supplementary Table 5).
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FIGURE 3. Conservation analysis of identified Khib proteins in B. cinerea compared with several species. (A) Orthologs analysis of identified Khib proteins in Homo sapiens, Oryza sativa, Physcomitrella patens, Saccharomyces cerevisiae and Toxoplasma gondii with their reported 2-hydroxyisobutyrylomes. The under horizontal axis (blue) indicates number of orthologs in the indicating species while the top horizontal axis (green) represents the proportion in total identified Khib proteins. (B) A pie chart of conserved Khib proteins in five species. Completely conserved group means that the identified Khib protein has five orthologs in the above five species, while Well conserved group means four orthologs, Conserved group means three orthologs, Poorly conserved group means one or two orthologs and Novel group means zero orthologs.




Functional Annotation and Subcellular Localization of Khib Proteins

Based on a Gene Ontology (GO) term classification analysis, the identified Khib proteins in B. cinerea were classified into three categories, biological process, cell composition, and molecular function, which contained several GO terms (Figure 4 and Supplementary Table 6). In the category of biological process, the top four GO terms with the largest number of proteins were “cellular metabolic process,” “organic substance metabolic process,” “primary metabolic process” and “nitrogen compound metabolic process,” containing 724, 708, 677, and 635 identified proteins, respectively (Figure 4A). Each of the four terms contained more than half of the total identified proteins (1,181), indicating that most identified Khib proteins were associated with metabolism. In the category of cell composition, the top two GO terms with the largest number of proteins were “intracellular” and “intracellular organelle,” containing 906 and 798 identified proteins, respectively (Figure 4B), indicating that most identified Khib proteins were distributed in the matrix of cells or in organelles. In the category of molecular function, the top three GO terms with the largest number of proteins were “organic cyclic compound binding,” “heterocyclic compound binding,” and “protein binding,” containing 313, 312, and 183 identified proteins, respectively (Figure 4C). To further study the functional classification, Clusters of Orthologous Groups/euKaryotic Orthologous Groups (COG/KOG) database alignment was performed for the identified Khib proteins. This analysis identified 1,094 proteins (accounting for 92.7% of the total identified Khib proteins) and divided them into 23 COG/KOG categories, with “translation, ribosomal structure and biogenesis” (176), “PTM, protein turnover, chaperones” (141) and “energy production and conversion” (99) being the three most highly represented categories (Supplementary Figure 3 and Supplementary Table 7).
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FIGURE 4. Functional classification of identified Khib proteins in B. cinerea. (A) Classification of Khib proteins based on biological process. (B) Classification of Khib proteins based on cellular component. (C) Classification of Khib proteins based on molecular function. (D) Subcellular localization of identified Khib proteins in B. cinerea. Values on the pie chart represent protein number classified in the indicating terms.


Subcellular localization of the identified Khib proteins in B. cinerea was analyzed by WoLF PSORT software. The Khib proteins were mainly localized in the cytoplasm, mitochondria, and nucleus, containing 35.8, 25.1 and 22.0% of the total identified proteins, respectively (Figure 4D and Supplementary Table 8). In addition, 5.1% of the total identified proteins showed both cytoplasmic and nuclear localization. Other small amounts of proteins were localized in the plasma membrane (4.2%), extracellular space (4.0%), and cytoskeleton (2.6%), indicating that Khib proteins in B. cinerea are preferred to be of intracellular localization.



Functional Enrichment Analysis of Khib Proteins

To further understand the preferred protein types, metabolic pathways and protein domains of Khib proteins in B. cinerea, GO, Kyoto Encyclopedia of Genes and Genomes (KEGG) and domain enrichment analyses were performed for the identified proteins. Enriched GO terms with a Fisher’s exact test p-value < 0.05 were listed in Supplementary Table 9, and enriched GO terms with fold enrichment value > 2 were shown in Figure 5. The results revealed that Khib proteins in B. cinerea were involved in multiple pivotal metabolic processes or pathways. Enrichment analysis of GO biological processes demonstrated that the identified Khib proteins were associated with cytoplasmic translation and substance metabolism and biosynthesis, especially with purine ribonucleotide and purine nucleoside metabolic and biosynthetic processes, which are widely involved in energy supply, metabolic regulation and coenzyme composition. Enrichment analysis of GO cellular components demonstrated that the identified Khib proteins were mainly involved in ribosome composition and seemed to be closely related to protein synthesis. Enrichment analysis of GO molecular functions revealed that the identified Khib proteins played key functions in many aspects of protein expression, including structural constituents of ribosomes, translation, initiation, mRNA and rRNA binding, protein folding, etc.


[image: image]

FIGURE 5. Partial significantly enriched GO terms of identified Khib proteins based on biological process (red), cellular component (green) and molecular function (blue) with a Fisher’s exact test p < 0.05 and fold enrichment value > 2.0. The left ordinate indicates the value of -log10 (Fisher’s test p-value) (black) of the indicating terms in x-axis. The right ordinate and the purple dots represent fold enrichment of the indicating terms in x-axis.


Metabolic pathway enrichment analysis using the KEGG pathway annotation database revealed that the identified Khib proteins were enriched in 25 pathways with a Fisher’s exact test p-value < 0.05 and fold enrichment value > 1.5 (Figure 6A). In these enriched pathways, the two highest enriched pathways were the ribosome pathway (map03010) (Supplementary Figure 4A) and the proteasome pathway (map03050), which were associated with protein synthesis and degradation. In addition, several other enriched pathways were also related to protein synthesis and processing in cells, including protein processing in the endoplasmic reticulum (map04141), aminoacyl-tRNA biosynthesis (map00970), protein export (map03060), RNA transport (map03013), and amino acid metabolism (map00250, map00290, map00220, and map00400). In addition, several enriched pathways were related to energy metabolism with adenosine triphosphate (ATP) production, including the citrate cycle (TCA cycle) (map00020) (Supplementary Figure 4B), oxidative phosphorylation pathway (map00190), and glycolysis/gluconeogenesis pathway (map00010) (Figure 6A). Protein domain enrichment analysis showed that the identified Khib proteins were enriched in 25 domain families with a Fisher’s exact test p-value < 0.05 and fold enrichment value > 2 (Figure 6B). Two top enriched protein families were related to the proteasome subunit, in which all proteins had a Khib modification. In addition, proteins containing those domains, such as ribosomal protein L7Ae/L30e/S12e/Gadd45 family, ATP synthase alpha/beta family, beta-barrel domain, biotin-requiring enzyme, etc., showed a higher tendency to be Khib-modified (Figure 6B).
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FIGURE 6. KEGG and domain enrichment analysis of identified Khib proteins. (A) Enrichment analysis based on KEGG pathways. (B) Enrichment analysis based on functional domains. The left ordinate indicates value of -log10 (Fisher’s test p-value) (black) of the indicating terms in x-axis. The right ordinate and the green dots represent the fold enrichment of the indicating terms in x-axis.




Protein–Protein Interaction (PPI) Network Analysis of Khib Proteins

PPI network analysis is helpful to clarify the relationship between different protein and important for investigating the function of proteins in molecular processes (Szklarczyk et al., 2019). To investigate the function of Khib proteins in B. cinerea, a PPI network was established using the STRING database. In total, 895 Khib proteins were mapped to the PPI database, and 506 of them were retrieved to 47 clusters that were highly interconnected (Figure 7 and Supplementary Table 10). The top five clusters (clusters 1–5) were associated with ribosomes, proteosomes, oxidative phosphorylation, ribosome biogenesis in eukaryotes and aminoacyl-tRNA biosynthesis, and included 81, 42, 20, 22, and 12 proteins, respectively (Figure 7 and Supplementary Table 10). The results revealed that the Khib proteins formed complicated interaction networks through direct or indirect physiological cooperation and coordination, which may be significant to exert their function in B. cinerea.
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FIGURE 7. Protein–protein interaction network analysis of identified Khib proteins in B. cinerea. The top five cluster with highly interconnected were associated with ribosome, proteosome, oxidative phosphorylation, ribosome biogenesis in eukaryotes and aminoacyl-tRNA biosynthesis and indicated by blue dotted circle. Size of the circle indicates number of Khib sites in each proteins.




Functional Analysis of Khib Proteins Involved in the Pathogenicity of B. cinerea

B. cinerea is one of the most destructive plant pathogens, can infect more than 200 plants and is thus a model generalist pathogen for studying the interactions between plant hosts and fungal pathogens (Soltis et al., 2019; Xiong et al., 2019). To infect hosts successfully, pathogens, such as B. cinerea, employs multiple strategies based on quantitative genetic architectures, including numerous extracellular enzymes, proteins, metabolite and battling with hosts in metabolic levels (Kliebenstein et al., 2005; Nakajima and Akutsu, 2014; Corwin and Kliebenstein, 2017; Zhang et al., 2019). In recent years, epigenetic regulation was also reported to be involved in the regulation of pathogenicity of pathogens (Dubey and Jeon, 2017; Izbiańska et al., 2019). In this study, we found that several identified Khib proteins had been reported to function in the pathogenicity of B. cinerea (Table 1 and Supplementary Table 11), indicating that as a recently identified protein PTM, Khib of proteins may also be involved in the regulation of pathogenicity. The Khib proteins involved in the pathogenicity of B. cinerea were divided into five categories according to their biological functions, including substance synthesis and metabolism, redox and autophagy, kinase, protease, and other functions (Table 1). Moreover, several Khib sites were located in or close to the functional domains in these proteins. For example, K120 was identified to be 2-hydroxyisobutyrylated in argininosuccinate synthase (Bcass1) (Supplementary Table 11), and this site is located in the predicted conserved loop of Thr118-X-Lys120-Gly121-Asn122-Asp123-X-X-Arg126-Phe127 (Figure 8A) which interacts with the substrates in human and Thermus thermophilus (Goto et al., 2002; Karlberg et al., 2008). Five Khib sites (K157, K173, K177, K194, K262) were identified in B. cinerea L-galactonate dehydratase (Bclgd1), among which the K194 is the second K locating in the predicted K × K motif (Figure 8B) which had been reported to function for base-catalyzed proton abstraction in human (Wichelecki et al., 2014). Interestingly, the lysine 2-hydroxyisobutyrylation was conservative in the conserved loop of Thr-X-Lys-Gly-Asn-Asp-X-X-Arg-Phe in human, rice and Physcomitrella patens (Meng et al., 2017; Yu et al., 2017; Huang et al., 2018; Figure 8C). These results indicate that Khib may play a regulatory role by affecting protein key functional domains.


TABLE 1. List of identified Khib proteins involved in pathogenicity of B. cinerea.
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FIGURE 8. Protein structure homolog modeling and sequence alignment. Three-dimensional structure models of Bcass1 (A) and Bclgd1 (B). Two protein structure models were modeled by SWISS-MODEL platform (Waterhouse et al., 2018) based on human argininosuccinate synthetase structure (PDB 2nz2) and human reverse thymidylate synthase structure (PDB 4a35), respectively. Structures were shown in green cartoon. Functional domains were shown in blue sticks and the Khib sites identified in our study were shown in red sticks. (C) Sequence alignment of the conserved loop of Thr-X-Lys-Gly-Asn-Asp-X-X-Arg-Phe in B. cinerea, human, rice, and Physcomitrella patens. The red box indicated the 2-hydroxyisobutyrylated lysine sites.




DISCUSSION

Khib is a protein PTM recently found in histones and non-histone proteins in several species. In this study, Khib proteins in B. cinerea were investigated by proteome-wide analysis. A total of 5,398 Khib sites on 1,181 proteins were identified from all three biological repeats, accounting for approximately 10% of the B. cinerea proteome, which is much more than the acetylome in B. cinerea (Lv et al., 2016), indicating that Khib is a slightly more abundant PTM in B. cinerea. Most proteins contain a few Khib sites (no more than three sites, accounting for over 60% of proteins), and the modified sites are distributed in different protein secondary structures (Figure 1), indicating that Khib modification occurs in different types of proteins. Analysis of amino acid sequence motifs around the Khib sites showed that the modification preferred to occur near negatively charged or small amino acids (Figure 2). Similar preferences were found in the recently identified Khib modification proteome. For examples, in the 2-hydroxyisobutyrylome of developing rice seeds, the motifs, [EKhib], [DxxKhib], [DKhib], and [DxKhib], have been identified as enriched motifs, and the negatively charged side chain amino acids, D and E, also showed a strong bias around the modified lysine residues (Meng et al., 2017). In the 2-hydroxyisobutyrylome of HeLa cells, the negatively charged amino acids (D and E) were enriched at both -1 and +1 positions of Khib (Huang et al., 2018). In the 2-hydroxyisobutyrylome of Physcomitrella patens, A heatmap analysis showed that the amino acid D and E were overrepresented in the near upstream position of Khib site (Yu et al., 2017). All the results appear to reveal that the position of lysine in the amino acid sequence plays a decisive role in its Khib modification.

Protein conservation analysis showed that the Khib modification proteome of B. cinerea contains both conserved and newly identified proteins when compared with the Khib proteins in the above eukaryotes (Figure 3), suggesting that Khib modification may be involved in different cellular processes and regulation pathways in different species. Functional classification analysis showed that the identified Khib proteins are distributed in almost all parts of the cell and play functions in various aspects, including the composition of cell structures, metabolism of substances, generation of energy, expression and function of proteins, transduction and regulation of signals (Figure 4). From the results of GO and KEGG enrichment analyses (Figures 5, 6), we can see that the identified Khib proteins in B. cinerea were highly enriched in the ribosome, cellular machinery of protein synthesis (Emmott et al., 2019), translation initiation, mRNA and rRNA binding, protein folding, and the proteasome pathway, which are closely related to protein synthesis or degradation. In addition, PPI network analysis of the identified Khib proteins showed that the cluster ribosome and proteasome were the most interconnected (Figure 7). These results suggest that Khib modification may play important roles in protein expression and degradation in cells.

From the above results, Khib proteins play an indispensable role in maintaining the normal growth, development, and metabolism of B. cinerea. Significantly, beyond that, many identified Khib proteins have been declared to be associated with regulating the pathogenicity in B. cinerea (Table 1, Figure 8, and Supplementary Table 11). For example, the D-galacturonic acid catabolic pathway consists of three catalytic steps: non-homologous galacturonate reductase, galactonate dehydratase and 2-keto-3-deoxy-L-galactonate aldolase catalyzed by Bcgar1, Bcgar2, Bclgd1, and Bclga1, and defects in each step of the pathway showed reduced virulence (Zhang and van Kan, 2013). Dihydroxynaphthalene (DHN) melanin is the major component of the extracellular matrix of B. cinerea and has been reported to function in different life processes, including the invading process of the penetration structures and the longevity of the reproduction structures (Zhang et al., 2015; Schumacher, 2016). In our study, three key enzymes of melanogenesis pathway, tetrahydroxy naphthalene reductases (Bcbrn1 and Bcbrn2) and scytalone dehydratase (Bcscd1), were found to be 2-hydroxyisobutyrylated at multiple sites (Supplementary Table 11). Reactive oxygen species (ROS) play important functions in the cellular redox system and cell autophagy. Bcsod1, Bcglr1, Bctrr1, Bcatg3, and Bcatg8 function as superoxide dismutase, glutathione reductase, thioredoxin reductase, and autophagy-related proteins, and the absence of each of these proteins reduced B. cinerea virulence (Viefhues et al., 2014; López-Cruz et al., 2017; Ren et al., 2018a,b). In B. cinerea, kinases play an important role in signal transduction pathways and participate in the regulation of pathogenicity (Zheng et al., 2000; Rui and Hahn, 2007; Segmüller et al., 2007; Yan et al., 2010; Minz-Dub and Sharon, 2017; Yin et al., 2018). In our study, several protein kinases, such as Bccla4, Bcmkk1, Bos5, Bcsak1, Bmp1, and Bmp3, were identified as Khib proteins (Supplementary Table 11). Some enzymes, such as the protease Bcacp1, subtilisin-like proteases Bcser1 and Bcser2, protein phosphatase Bcptc3, and endopolygalacturonase Bcpg1, are also involved in the pathogenicity of B. cinerea and were identified in this study (ten Have et al., 1998; Rolland et al., 2009; Yang et al., 2013; Liu et al., 2020; Table 1 and Supplementary Table 11). In addition, the cerato-platanin family protein Bcspl1 not only is related to the pathogenicity of B. cinerea but also can induce host immunity and systemic acquired resistance (Frías et al., 2011, 2013), indicating that the Khib modification of B. cinerea protein may be associated with the induction of host immunity, which has been reported in other kinds of PTMs (de Vega et al., 2018). Bcptc3 is a type 2C Ser/Thr phosphatase (PP2C) that negatively regulates the phosphorylation of Bcsak1, and both proteins are involved in the regulation of pathogenicity (Segmüller et al., 2007; Yang et al., 2013) and were identified as Khib proteins (Table 1), which implies that Khib modification may regulate pathogenicity by affecting protein phosphorylation and dephosphorylation.



CONCLUSION

In conclusion, as mentioned above, Khib proteins are widely involved in the growth, development and pathogenicity of B. cinerea, and to the best of our knowledge, this is the first proteome-wide analysis of Khib in the phytopathogenic fungus B. cinerea. Our study provides a foundation and protein candidates for further investigations of the roles and mechanisms of Khib in regulating the growth and pathogenicity of B. cinerea, which will be helpful for facilitating the development of improved pesticides to control this destructive plant pathogen.
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Fusarium crown rot (FCR) and Fusarium head blight (FHB) are caused by Fusarium pseudograminearum and are newly emerging diseases of wheat in China. In this study, we characterized FpPPR1, a gene that encodes a protein with 12 pentatricopeptide repeat (PPR) motifs. The radial growth rate of the ΔFpppr1 deletion mutant was significantly slower than the wild type strain WZ-8A on potato dextrose agar plates and exhibited significantly smaller colonies with sector mutations. The aerial mycelium of the mutant was almost absent in culture tubes. The ΔFpppr1 mutant was able to produce spores, but spores of abnormal size and altered conidium septum shape were produced with a significant reduction in sporulation compared to wild type. ΔFpppr1 failed to cause disease on wheat coleoptiles and barley leaves using mycelia plugs or spore suspensions. The mutant phenotypes were successfully restored to the wild type levels in complemented strains. FpPpr1-GFP signals in spores and mycelia predominantly overlapped with Mito-tracker signals, which substantiated the mitochondria targeting signal prediction of FpPpr1. RNAseq revealed significant transcriptional changes in the ΔFpppr1 mutant with 1,367 genes down-regulated and 1,333 genes up-regulated. NAD-binding proteins, thioredoxin, 2Fe-2S iron-sulfur cluster binding domain proteins, and cytochrome P450 genes were significantly down-regulated in ΔFpppr1, implying the dysfunction of mitochondria-mediated reductase redox stress in the mutant. The mating type idiomorphic alleles MAT1-1-1, MAT1-1-2, and MAT1-1-3 in F. pseudograminearum were also down-regulated after deletion of FpPPR1 and validated by real-time quantitative PCR. Additionally, 21 genes encoding putative heterokaryon incompatibility proteins were down-regulated. The yellow pigmentation of the mutant was correlated with reduced expression of PKS12 cluster genes. Taken together, our findings on FpPpr1 indicate that this PPR protein has multiple functions in fungal asexual development, regulation of heterokaryon formation, mating-type, and pathogenesis in F. pseudograminearum.

Keywords: Fusarium pseudograminearum, pentatricopeptide repeat, FpPPR1, mitochondrial, pathogenesis, wheat, aerial hyphae


INTRODUCTION

The winter wheat region in Huang Huai plain is the main wheat production area in China. Within this region, the Henan Province has the highest planting area and yield. A winter wheat-summer corn double cropping system has been the main manner of tillage in this region for many years. Wheat stubble on the soil surface or buried stubble are retained in this region to promote soil structure and nutrition (Zhang et al., 2007), however, this practice also allows for the accumulation of soil-borne fungal pathogens (Burgess et al., 1996). In recent years, Fusarium crown rot (FCR), mostly caused by soil-borne fungal pathogens F. pseudograminearum, F. graminearum, and F. culmorum, became an emerging disease in the Huang Huai winter region, leading to losses in yield (Zhou et al., 2014; Li et al., 2016). In the pathogen complex, F. pseudograminearum was predominant and had been detected in seven provinces (Zhou et al., 2019; Deng et al., 2020). FCR is a common disease of wheat and barley worldwide with typical symptoms of brown discoloration on the crown, leaf sheathes, lower stem tissues, and white heads (Smiley et al., 2005). Infected wheat by F. pseudograminearum might reduce kernel weight, numbers of kernels per head, grain weight, tiller height, and straw weight (Smiley et al., 2005). In Henan, the FCR caused 38.0 to 61.3% in yield losses from 2013 to 2016 (Xu et al., 2016). In Australia, nearly AU $80 million was lost annually due to FCR (Murray and Brennan, 2009). In the United States, FCR reduced winter wheat yields 9.5 to 35% in the commercial fields from 1993 to 2001 (Smiley et al., 2005).

Fusarium head blight (FHB), predominantly caused by F. graminearum in Huang Huai winter wheat region, was also detected by F. pseudograminearum in three provinces Henan, Hebei, and Shandong (Ji et al., 2015; Xu et al., 2015), which had led to epidemics in Australia (Burgess et al., 1987; Miedaner et al., 2010; Obanor et al., 2013; Kazan and Gardiner, 2017). In Henan, Li et al. (2017) isolated pathogens from 250 of the diseased wheat head samples in the fields and the detection rates for F. gramraminum and F. pseudograminearum were 83.3 and 55.6%, respectively. F. pseudograminearum can survive in stubble residues for up to three years, thereby increasing the amount of inoculum (Summerell and Burgess, 1988; Dodman and Wildermuth, 1989; Backhouse, 2014).

The screening of 88 local wheat cultivars-caused by F. pseudograminearum under artificial inoculation assay was conducted and showed that 88.64% (78/88) of the current varieties of wheat were susceptible or highly susceptible to FCR, while the remaining 10 cultivars exhibited moderate resistance at the adult stage (Yang et al., 2015). The mechanism of resistance to FCR remains obscure. Even some QTLs were identified for adult plant with partial resistance to crown rot by F. pseudograminearum in the bread wheat (Bovill et al., 2010), the low resolution of genetic mapping of major QTLs for the resistance of FCR is a major hurdle in wheat plant breeding (Liu et al., 2015).

Fusarium pseudograminearum is a hemibiotrophic fungus but the molecular mechanism involved in its pathogenesis has not been revealed. The entire genomes of F. pseudograminearum for the initial MAT1-1 strain CS3096, the MAT1-1 strain CS3270, along with the MAT1-2 strain RGB5226 have been subsequently sequenced (Gardiner et al., 2012, 2016). In a comparative genomic analysis, Gardiner et al. (2012) identified the horizontal movement of the FaAH1 gene from a bacterium and the DLH1-AMD1 two-gene cluster. FpAH1 and FpDLH1 encode a putative amidohydrolase and a putative dienelactone hydrolase, respectively, contributing to the virulence of barley or wheat, while FpAH1 appears to have a host-specific selection between barley and wheat. Wheat produces defense compounds such as the benzoxazolin class of phytoalexins 6-netgixt-benzoxazolin-2-one (MBOA) and benzoxazolin-2-one (BOA) (Villagrasa et al., 2006; Powell et al., 2017). The Fusarium Detoxification of Benzoxazolinone (FDB) gene cluster including FDB1, FDB2, and FDB3 encoding a γ-lactamase, N-malonyltransferase, and GAL4-like Zn (II)2Cys6 transcription factor, respectively, are involved in BOA and MBOA detoxification in wheat (Gardiner et al., 2012; Kettle et al., 2015a,b, 2016).

The whole genome sequencing promotes virulence genes characterization in the pathogenesis. Wang L. M. et al. (2017) found that FpPDE1 encodes a putative P-type ATPase that is required for full virulence on wheat and barley. Chen et al. (2018) reported that 26 genes out of 29 autophagy-related (ATGs) genes were induced with differential expression levels during early or late stages of wheat infection. FpLhs1, one of 14 Hsp70 proteins, regulated fungal development, asexual reproduction, and pathogenicity through the protein secretion pathway (Chen et al., 2019a). The basic leucine zipper (bZIP) FpAda1, was essential for vegetative growth, conidiation, and full virulence of wheat seedling hypocotyls and root growth. The expressions of FpCdc42 and FpCdc2 during cell cycle regulation were regulated by FpAda1 (Chen et al., 2019b). The eleven genes encoding putative basic helix-loop-helix (bHLH) transcriptional regulators were differentially expressed during infection of wheat and three bHLH genes were induced during infection and contributed to virulence in wheat (Chen et al., 2019c).

To investigate secondary metabolism in this fungus, Kang et al. (2020) characterized a nonribosomal peptide gene, FpNPS9, where the deletion mutant showed normal colony morphology, growth rate, and conidiation, but infection was strongly restricted in wheat coleoptiles and heads, indicating an interaction with the endogenous defense systems of wheat. DON production was also down-regulated in the FpNPS9 mutant. Zhang et al. (2020) investigated FpDEP1, a yeast DEP1 ortholog, which was found to be involved in Rpd3L complex regulation of pleiotropic functions, including vegetative growth, conidiation, pathogenicity, inhibition of host defense, reactive oxygen species (ROS) accumulation, and vacuole membrane biogenesis.

Pentatricopeptide repeat (PPR) proteins usually consist of arrays of a degenerate 35 amino-acid structural motif and are usually present in organelles of eukaryotic cells (Small and Peeters, 2000). There are 450 plus PPR members in higher land plants and fewer numbers in fungi and mammals (Lurin et al., 2004; Schmitz-Linneweber and Small, 2008). PPR proteins play important roles in growth and development in plants (Wang et al., 2018). Physiological effects on oxidative phosphorylation in defective PPR proteins can cause human diseases (Lightowlers and Chrzanowska-Lightowlers, 2008). The budding yeasts, Saccharomyces cerevisiae and S. pombe, and humans have only 15, 10, and 7 PPR proteins, respectively (Herbert et al., 2013). A PPR protein ppr10 in S. pombe functions as a general translational activator, which is stabilized by Mpa1. The deletion of ppr10 affects the accumulation of specific mitochondrial mRNAs (Wang Y. et al., 2017). Loss of ppr3, ppr4, ppr6, or ppr10 leads to non-sexual flocculation and filamentous growth of cells (Su et al., 2017, 2018). In filamentous fungi, nine PPR genes were found in Neurospora crassa and four of them were functionally characterized, including one that encodes Cya-5 (Cytochrome c oxidase) which is involved in post-transcriptional processing. Both Cya-5 in N. crassa and PET309 in Saccharomyces cerevisiae, partial ortholog of PPR proteins, regulate COXI (Cytochrome c oxidase, aa3 type, subunit I) translation and stability. COXI expression is required for the synthesis of respiratory complex I and targeted RNA processes in mitochondria, but it is not clear whether the assembly factor CIA84 (complex I intermediate associated proteins is involved) is involved in RNA editing (Coffin et al., 1997; Moseler et al., 2012). The objective of this study was to identify the pentatricopeptide repeat (PPR) gene in F. pseudograminearum and to reveal the function of PPR gene in the filamentous phytopathogen.



MATERIALS AND METHODS


Sequence Analysis

Sequences were analyzed using DNAstar software (Bioinformatics Software for Life Science-DNASTAR)1, BLASTn, or BLASTp (Nucleotide BLAST on National Center for Biotechnology Information)2, and local BLAST against the genome of Fusarium oxysporum f. sp. lycopersici 4287 and F. pseudograminearum CS30963. The predicted protein PPR domains were analyzed by TPRpred in the MPI Bioinformatics Toolkit4. SMART analysis from the Pfam database with amino acid residues predicted the domains5. Alignment of amino acid sequences and phylogenetic analysis were performed using DNAMAN and MEGA6 software, respectively.



Fungal Strains and Culture Conditions

The F. pseudograminearum strain used in this study was the local isolate WZ-8A reserved at Henan Agricultural University. Solid potato dextrose agar (PDA; 200 g peeled potato, 20 g dextrose, 15 g agar, and 1 L water), liquid Yeast Peptone Glucose media (YPG; 1% yeast extract, 2% peptone, and 2% dextrose), and sporulation media consisting of carboxymethyl cellulose liquid media (CMC; 2% solution of CMC) preparations as well as the culture conditions were adopted from a previous report (Wang L. M. et al., 2017).



Gene Deletion and Complementation in F. pseudograminearum

The split-marker strategy was applied to delete the candidate gene following Catlett et al. (2003). The detailed approach for gene deletion in F. pseudograminearum was further described by Wang L. M. et al. (2017). Briefly, the amplification of upstream, downstream, and hygromycin fragment were amplified (The primers used in this study are listed in Supplementary Table 1). A mixture of upstream and downstream with hygromycin fusion fragments, D1H1 and D2H2, generated from recombinant fusion fragment D1-H-D2 (Figures 2A,B), were used for the transformation of protoplasts of F. pesudograminearum wild type WZ-8A. PCR screening of putative knockouts and further Southern blot analysis were prformed (Figure 2C).

To recover the defects deletion mutant, a fusion construct pFpPPR1-GFP with 1.6-kb native promoter was generated and transformed into protoplasts of the ΔFpppr1 deletion mutant. The GFP signal of the complemented transformants from conidia, germ tubes, and mycelia of candidates was checked with a Nikon fluorescent Eclipse inverted Ti-S microscope. The colony morphology, radial growth, conidiation, and pathogenicity were then evaluated.



Biological Assays

A 5 mm plug was placed on a 9-cm Petri dish containing 15 mL of PDA medium. Colony diameter was measured after a 3 d incubation at 25°C for the FpPPR1 deletion mutant, complemented strain, and the wild type WZ-8A. The measurement for each colony was recorded on a perpendicular plane, giving an average value. Each strain was subjected to three independent experiments with at least three plates each. The statistical analysis of our results was performed via Student’s t-test in Excel worksheet.

To test sporulation, 7 mm fungal mycelia blocks were put in a 250 mL flask containing 100 mL CMC media with shaking at 150 rpm for 5 d at 25°C. All tests had three replicates. Spore morphology and their germination were observed under a microscope. The spores at 1 × 105/mL were dropped onto sterile glass slides. The slides were placed in a moist plastic container kept at 25°C. The spore germination rate was counted using at least 200 conidia with three repeats.

To determinate the defects of the mutants on reactive oxidative stress in vivo, the toleration to H2O2 was assayed on the solid medium plate containing 10 mM H2O2. For analysis of the response to different wall or membrane stresses, Congo red and sodium dodecyl sulfate (SDS) was supplemented in the culture medium containing 0.2 g/L Congo red or 0.05% (w/v) SDS. All the text of sensitivities to several stresses were carried out on 70-mm PDA plates at 25°C for 3 d. The perpendicular cross measurements method was applied to measure the colony diameter. The inhibition rate was calculated by formula inhibition rate = [(C−N)/(C−5)] × 100, where C is the colony diameter of the control and N is the colony diameter of the treatment (Chen et al., 2019).



Pathogenicity Test

To determine pathogenicity, the seeds of the susceptible wheat cultivar Aikang58 were treated with 3% sodium hypochlorite solution for 3 min for sterilization, followed by three times washes with sterile water. After incubation in 10 cm diameter plates to accelerate germination, seedlings with shoots were placed on wet filter paper in a tray. The coleoptiles around 3 cm high were inoculated with 5-mm fungal block taken from 3 d old PDA cultures. The test had three replicates with 4-5 coleoptiles each. After 24 h of dark incubation at 25°C, fungal blocks were removed, and wheat plants were place in a greenhouse at 25°C (47% humidity) with a 16 h light/8 h dark photoperiod. After 3 d incubation, the plants were photographed.

Spore suspensions at 106/mL or 5-mm fungal plugs from PDA plates after 3 d incubation at 25°C were inoculated on barley leaves for evaluation of the pathogenicity of F. pseudograminearum as described by Zhang et al. (2020). After treatment of 3% sodium hypochloride (NaOCl) solution for 3 min, seeds of barley cultivar Kenpimai 13 (generously provided by Baocang Ren, Research Associate, from Gansu Academy of Agricultural Sciences) was washed twice with sterile water and submerged in distilled water for 24 h in a beaker at 25°C. The imbibed seeds were placed into a plastic tray filled with a turfy soil mix (pH 5.5–7.0, humic acid ≥5.0%, organic substrate ≥25.0%, Shouguang Wode Agricultura Technology Co. LTD, Shandong, China). After planting, the tray was covered with plastic foil and put into a humid chamber (25°C, 16 h photoperiod, 47% humidity) for 5–7 d. The plastic foil was removed when the shoot reached 1 cm in height. Five to six barley seedlings (one formed leaf stage) were taken out of soil mix, laid horizontally in a new tray with the roots wrapped in a moist paper towel and leaves fixed on the surface of the tray by tape. Each treatment contained 5–6 leaves in a tray.



Mitochondria Staining

Five to eight 7-mm fungal plugs from the leading edge of a 3-d-old colony of the complemented strain (cFpppr1) on PDA were transferred into a 250 mL flask containing 100 mL of CMC liquid media with shaking at 150 rpm at 25°C for 4–5 d. The conidia were harvested into a 50 mL microcentrifuge tube after filtering through one-layer sterile Miracloth. The conidia suspension was centrifuged at 2,500 g and supernatant was removed then resuspended in 1 mL of Phosphate buffered saline (PBS) and centrifuged again. After the second wash, 1 × 105 conidia in a fresh tube were resuspended in prewarmed Mito-Tracker Red CMXRos M7512 at 37°C (MitoTracker mitochondrion-selective probes, Invitrogen) working solution (200 nM in PBS from the stock solution at −20°C, protected from light) for 10 min of staining following the kit instruction. The conidia were pelleted at 5,000 g for 3 min and resuspended in 50 μL of PBS for imaging with fluorescent GFPHQ green and TRITC red filters with a Nikon fluorescence Eclipse inverted Ti-S microscope.



DNA Extraction and Southern Blot

Mycelia preparation for genomic DNA extraction and Southern blotting followed the previous method reported by Wang L. M. et al. (2017). The genomic DNA was extracted with the CTAB (2% CTAB (cetyl trimethyl ammonium bromide), 20 mM EDTA, 0.1 M Tris-HCl, and 1.4 M NaCl, plus 2% (v/v) 2-Mercaptoethanol added just before use) method (Lee et al., 1988). About 10 μg DNA of each strain was digested by Xho I, respectively, separated within a 0.8% agarose gel, blotted to Hybond N + membrane (GE Healthcare Life Sciences, United States), and detected following manufacturer’s instruction (Roche Diagnostics, United States) with FpPPR1 fragment as probe 1 and the hygromycin resistance gene fragment as probe 2 labeled with Roche’s DIG High Prime DNA Labeling and Detection Kit II according to the manufacturer’s instructions.



RNA-Seq Analysis

The wild type WZ-8A and mutant strains transferred to PDA plates from −80°C stock were incubated at 25°C for 3 d. A 1 cm square of the PDA culture block was cut and put into a blender (Weike ZW800D, Wenzhou Weike Biology Experiment Equipment Co., LTD) containing 100 mL of YPG liquid medium for 5 s of homogenization at 4,000 rpm/min. The homogenates were transferred into 250 mL flasks for mycelia growth rotating at 150 rpm/min at 25°C. After 3 d of growth, the mycelia were harvested by filtering through sterile Miracloth into a funnel (475855-R, EMD Millipore Corp)6 and rinsing mycelia twice with sterile distilled water.

For RNA-seq, three biological mycelia samples derived from wild type WZ-8A and the ΔFpppr1 deletion mutant were sent to Seqhealth Technology Co., LTD (Wuhan, China) for RNA extraction using TRIzol Reagent (Invitrogen, cat. NO 15596026)following the provided instructions. cDNA libraries were constructed using the KC-DigitalTM Stranded mRNA Library Prep Kit for Illumina® (Catalog NO. DR08502, Wuhan Seqhealth Co., Ltd. China) following the manufacturer’s instruction. The library products around 200–500 bp in length were sequenced on a Novaseq 6000 sequencer (Illumina; PE150 model). The clean reads were mapped to the reference genome of F. pseudograminearum CS3096 (Gardiner et al., 2012)7 using the STAR software (version 2.5.3a) with default parameters. The mapped read counts were converted to RPKM (Reads per Kilobase per Million Reads). Genes differentially expressed between samples were identified using the edgeR package (version 3.12.1) (Robinson et al., 2010; McCarthy et al., 2012). The differentially expressed genes (DEGs) were defined via fold change (FC) in log2(FC) greater than 1.0 as calculated by the RPKM value of the same gene between mutant and wild type with the thresholds of both the p-value and the corrected p-value <0.05 to avoid false positives. Gene ontology (GO) analysis and Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis for differentially expressed genes were both implemented by KOBAS software (version: 2.1.1) with a p-value cutoff of 0.05 to assess statistically significant enrichment.



Real-Time Quantitative PCR

For quantitative assays, the total RNA of wild type WZ-8A and ΔFpppr1 deletion mutant was extracted using the Trizol reagent (Ambion by Life Technologies 15596026) following the manufacturer’s instructions. The integrity of RNA quality was assessed by agarose gel electrophoresis and measured using an ultramicro spectrophotometer (Thermo). cDNA was synthesized according to the manual instructions of the PrimeScript® RT reagent Kit (Perfect Real Time, TaKaRa Code: DRR047A). Briefly, the first strand cDNAs derived from 1 μg total RNA after removing the genomic DNA were synthesized in a 20 μL mix using an RT-PCR kit (PrimeScript RT reagent kit with gDNA eraser, code No. RR047A, TaKaRa) following the instructions. The 100 ng cDNA was used as the template in a 20 μL mix for qPCR using TB Green Premi Ex Taq II (Tli RNaseH Plus, Code No. RR820Q; TaKaRa). The cycling conditions were as follows: pre-denaturation at 95°C for 2 min followed by 40 cycles of denaturation at 95°C for 15s, annealing at 58°C for 15 s, extension at 68°C for 20 s, and a final stage at 95°C for 15 s to generate a melting curve. The RT-PCR was performed on Eppendorf realplex4 with software realplex Nr:6302 900 220-14. The quantitative results were calculated and analyzed using the 2–ΔΔCt method with normalization to the CT value of an actin gene (Livak and Schmittgen, 2001). The gene candidates were selected to validate the RNA-seq results. The primers used in the test were listed in Table 1.


TABLE 1. Primers used in the quantitative real-time PCR.
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RESULTS


Identification of FpPPR1 in F. pseudograminearum

From a screen of a T-DNA insertion library of F. oxysporum f. sp. niveum (FON) strain FON-11-06, we identified the FOXG_08514 gene in Fusarium oxysporum f. sp. lycopersici 4287 as a pentatricopetptide (PPR)-containing protein. The disrupted mutant exhibited a significantly reduced radial growth, less purple pigment on colony, and lost pathogenicity on watermelon seedlings. We continued to investigate its orthologue in F. pseudograminearum with significance in wheat production of Huanghuai winter regions.

Local BLASTp against the F. pseudograminearum genome database using the FOXG_08514 amino acid sequence revealed the ortholog gene FPSE_02553 (Supplementary Document). We analyzed FPSE_02553 using the F. pseudograminearum genome database8 and transcriptome data for the local strain WZ-8A. The FPSE_02553 locus was on the third chromosome with a predicted cDNA of 3,624 bp and a predicted protein of 1,207 amino acid residues without introns. SMART analysis (Pfam) of the FPSE_02553 amino acid residues predicted PPR domains in 3 particular positions (Figure 1A)9. BLASTp analysis against UniProtKB determined the identities of the translated protein cya5 in Fusarium langsethiae and F. oxysporum from orthologs to cya5 at a range of 58.1 to 87.1% identities in F. langsethiae, F. oxysporum, F. proliferatum, F. mangiferae, and Gibberella fujikuroi, as well as the PPR proteins at 41.2 to 42.1% identities in Tolypocladium ophioglossoide, T. paradoxum, Hypocrea jecorina, T. capitatum, and Escovopsis weberi. The translated protein cya5 is also a PPR-containing protein. A phylogenetic tree was constructed based on the alignment of amino acids (Figure 1B). The 7 PPR-repeat conserved domains from BLAST results were listed. Further prediction through TPRpred in the MPI Bioinformatics Toolkit identified 12 putative PPR motifs consisting of 35 degenerate amino acids (Figures 1C,D)10. Therefore, we designated FPSE_02553 as an F. pseudograminearum PPR gene, FpPPR1.
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FIGURE 1. Identification of the PPR-like gene FPSE_02553. (A) SMART functional domain prediction. (B) Phylogenetic tree showing the evolutionary relationships of fungal FpPPR1 proteins. Phylogenies were inferred using a PHYLIP-based program (MEGA 6) to create an unrooted phylogenetic tree. (C) The predicted protein was analyzed by TPRpred in the MPI Bioinformatics Toolkit (https://toolkit.tuebingen.mpg.de/#/tools/psiblast) and 12 PPR motifs were listed with their positions and P-value. (D) Sequence analysis was performed by DNAMAN software (partial alignment). The results show the conserved domains in proteins. F. pseudograminearum (FPSE_02553), F. graminearum PH-1 (FGSG_06196), F. oxysporum Fo47 (EWZ41422), F. fujikuroi coxI translation protein CYA5 (Y057_5474), F. proliferatum ET1 related to coxI translation protein CYA5 (FPRO_02549), T. ophioglossoides CBS 100239 Pentatricopeptide repeat-containing protein (TOPH_06524), P. lilacinum translation regulator (Cya5) (VFPFJ_06355), C. chlorophyti Pentatricopeptide repeat-containing protein, chloroplastic (OLN97628.1), N. crassa coxI translation protein CYA5 (cya-5) (NCU08692), M. oryzae (MGG_04189T0), A. chrysogenum ATCC 11550 Pentatricopeptide repeat-containing protein-like protein (KFH40788.1), and S. cerevisiae (YLR067C).




Knockout of FpPPR1

To determine the function of FpPPR1 in F. pseudograminearum, we used a split-marker strategy to obtain hygromycin-resistant knockout transformants. After PCR screening with negative and positive primer pairs, three candidates were used for further Southern blot analysis. When hybridized with the hygromycin gene as a probe, ΔFpppr1-3 and ΔFpppr1-4 had a 2.9-kb band, but ΔFpppr1-4 with one extra insertion event. ΔFpppr1-3 strain was no band detected (wild type had a band of 5.2 kb) when hybridized with the FpPPR1 fragment as a probe, which suggested that ΔFpppr1-3 was the clean knockout mutant (Figure 2C). The ΔFpppr1-3 strain would be used as the ΔFpppr1 mutant in the following assays.
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FIGURE 2. Knockout of FpPPR1. (A) Schematic diagram of the split marker PCR strategy. (B) Agarose gel electrophoresis of PCR products from transformants. M, DL = 2,000 bp. ΔFpppr1-3, ΔFpppr1-4, ΔFpppr1-5, and ΔFpppr1-15 represent the transformants with hygromycin resistance. Each line was detected in order by the negative primer pair FpPPR1-NF/FpPPR1-NR, and the positive primer pairs FpPPR1-PF/H855R and H856F/FpPPR1-PR, and HYG-F/HYG-R, respectively, on a 1% agarose gel. (C) Southern blot hybridization analysis of the candidates. The schematic diagram on upper panel showed the cutting site of Xho I restriction enzyme in wild type (FPSE_02553) and mutant (HYG) genomes. The 1 kb drawing scale, probe 1 for detecting HPH, and probe 2 for detecting target gene were also listed. All genomic DNA from wild type WZ-8A, ΔFpppr1-3, ΔFpppr1-4, and ΔFpppr1-5 were digested with Xho I. The lower panels showed the Southern blot results with probe 1 (right membrane) and probe 2 (left membrane), respectively. A 2.9-kb fragment was observed in ΔFpppr1-3 and ΔFpppr1-4, but ΔFpppr1-4 is multiple copies. A 5.2-kb hybridized band was only detected in wild type WZ-8A, but not in ΔFpppr1-3 using probe 1 on downstream fragment of FpPPR1.


The band of 2.9-kb Xho I indicates the target gene replacement, while one extra band suggests that the single copy insertion event occurred after the homologue replacement from two fragments of hygromycin gene. At the meantime, the random insertion of the fused hygromycin gene with function in the genome, might potentially display a side effects besides the target gene deletion. The ΔFpppr1-5 line was just an ectopic insertion strain without the target gene replacement events (Figure 2C), where the fused fragment including hygromycin gene was inserted in the genome randomly.



ΔFpppr1 Exhibits Deficient Vegetative Growth, Weaken Conidiation, and Altered Conidia Morphology

Colonies of the ΔFpppr1 mutant on PDA plates were significantly smaller (p < 0.01) than those of WZ-8A and the complemented strain with almost no aerial hyphae that were common in the wild type strain (Figures 3A–C). ΔFpppr1 hyphae exhibited yellow color with several round sector branching points when grown to almost reach the edge of Petri dish for 10 d compared to the wild type WZ-8A and the complemented strain (Figure 3D). ΔFpppr1 spore morphology was abnormal with constriction in the septum and large portions of spores only had one septum and the germination rate was significantly reduced (p < 0.05) compared to WZ-8A and the complemented strain after 8 h in a drop of sterile water at 25°C (Figures 3E,G). Spore production in CMC media was reduced by 28-fold after a 4-d incubation compared with wild type (Figure 3F).
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FIGURE 3. Characteristics of wild type (WZ-8A), ΔFpppr1, and cFpppr1. (A) Colony phenotype with and mycelial branching patterns on PDA 3 d after inoculation; (B) Colony diameter measurement on PDA 3dpi (day post inoculation). (C) Comparison of aerial hyphal formation in culture tube. (D) Sectoring of colonies on a PDA plate. (E) Spore morphology. (F) Conidia produced in CMC media with inoculation of fungal plugs for 4–5 d with shaking at 25°C. (G) Germination of spore suspensions on glass slides at room temperature with quantification of spore germination after 8 h. The asterisk indicates significance (∗p < 0.05, ∗∗p < 0.01).




The ΔFpppr1 Functional Complementation and the FpPpr1 Protein Localized to the Mitochondria

To functionally rescue the mutant, an FpPpr1-GFP fusion construct driven by a native promoter was generated and sequenced. When this GFP complementation construct was introduced to the protoplast of ΔFpppr1-3, the FpPpr1-GFP transformants grew on PDA plates containing G418 antibiotics for selection of transformants resistant to neomycin. The phenotypic defects of the ΔFpppr1-3 mutant were successfully restored in verified complementation lines.

In order to determine the localization of the FpPpr1 protein, the GFP complementation strain with a C-terminal GFP fusion to FpPpr1 was examined under a Nikon microscope. GFP fluorescence was observed in an intracellular granule-like structure within spores and hyphae. As the FpPPR1 proteins were predicted to be localized in the mitochondria by Wolf PSORT analysis11 and a mitochondria localization signal was found in amino acids 1 to 30 of FpPpr112, further Mito-tracker Red CMXRos M7512 staining was performed. Some of the GFP signal overlapped with the Mito-tracker red signal, implying that FpPPR1 was localized in the mitochondria, some signals appearing to localize in the cytosol (Figures 4A,B).
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FIGURE 4. The localization of FpPpr1-GFP in F. pseudograminearum. Mito-tracker Red CMXRos M7512 staining on spores (A) and hyphae (B). The spores were harvested from CMC medium into 50 mL microcentrifuge tubes and filtered through single-layer sterile Miracloth, centrifuged at 2,500 g, and resuspended with 1 mL of PBS and centrifuged again. The fresh spores were resuspended in prewarmed Mito-Tracker Red CMXRos M7512 (200 nM in PBS from the stock solution at –20°C protected from light) at 1 × 105 spores/mL after two washes and incubated at 37°C (MitoTracker mitochondrion-selective probes, Invitrogen) for 10 min following the kit instructions. The conidia were pelleted at 5,000 g for 3 min and resuspended in 50 μL of PBS for imaging via fluorescent GFPHQ green and TRITC red filters with a Nikon fluorescence Eclipse inverted Ti-S microscopy. Red signal indicates mitochondrial localization. Green signal indicates the expression of the C-terminal GFP fusion protein FpPpr1-GFP. Yellow signal indicates co-localization of the green and red fluorescence signals. Scale bars indicate 20 μm. White arrows showed the obvious co-location site and direction of fluorescence intensity. Scale bars indicate 5 μm.




FpPPR1 Is Involved in Response to Cell Membrane and Cell Wall Stresses

On PDA containing 10 mM H2O2, ΔFpppr1 mutant growth had no obvious defect compared to WZ-8A and the complemented strain cFpppr1 (Figure 5A). In presence of 0.2 g/L Congo red and 0.05% SDS to stress the cell wall and cell membrane, respectively, colony growth was more stunted in ΔFpppr1 mutant compared to the other lines (Figure 5A). The calculated values showed a significantly increased inhibition rate (p < 0.01) in the ΔFpppr1 mutant under 0.2 g/L Congo red and 0.05% SDS, but the inhibition rate under 10 mM H2O2 was significantly lower (p < 0.01) than that of WZ-8A and the complemented strain cFpppr1 (Figure 5B).


[image: image]

FIGURE 5. Evaluation of responses to various stresses H2O2, Congo red, and SDS. (A) Colonies of wild type WZ-8A, ΔFpppr1 mutant, and complemented strain cFpppr1 on media with 10 mM H2O2, 0.2 g/L Congo red, or 0.05% (w/v) SDS. (B) Mycelial growth inhibition compared with non-treated controls following incubation for 3 days on PDA containing 10 mM H2O2, 0.2 g/L Congo red, or 0.05% (w/v) SDS (∗∗p < 0.01).




FpPPR1 Is Essential for Infecting Barley Leaves and Wheat Coleoptiles

To characterize the potential defects of host infection, fungal plugs of 3-day-old F. pseudograminearum were placed onto intact barley leaves attached to the bottom of the growth chamber facing up. WZ-8A and cFpppr1 caused large necrotic lesions in size on intact barley leaves by 3 d post-inoculation (dpi) after the fungal plugs were removed. In contrast, no lesions were found on the ΔFpppr1 mutant inoculated on intact barley leaves (Figure 6A). The fungal plugs were also put on intact wheat coleoptiles fixed horizontally on the bottom of a growth chamber. Brown or dark brown lesions were observed 3 d in coleoptiles inoculated with WZ-8A and complemented strains, while no discoloration of coleoptiles was observed from the ΔFpppr1 mutant (Figure 6B). The transparent inner epidermis was stripped off and observed under a microscope. The infection mycelia from the mutant could be observed and showed no obvious morphological difference compared to wild type and cFpppr1 strains (Figure 6C). However, elongated mutant spore inoculation on coleoptiles did not cause lesions after 8 d (Figure 6D) or even 16 d (Figure 6E). Observing the inner epidermis of wheat coleoptile inoculated with 14 d, it was found that there were a lot of mycelium in it, but the wheat coleoptile did not show obviously dark brown or necroses symptom (Figure 6F and Supplementary Figure 3).
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FIGURE 6. Pathogenicity test assay using WZ-8A, ΔFpppr1, and cFpppr1. (A) Barley leaves were inoculated with fungal mycelia plugs (5 mm diameter) or PDA plugs without mycelia as a mock. (B) Wheat coleoptiles with inoculation of fungal or PDA plugs for 3 d. The plugs were removed after 24 h. (C) Histopathological images of infectious hyphae in the abaxial epidermis of wheat coleoptiles 3 dpi. Scale bars indicate 10 μm. (D) Wheat coleoptiles were inoculated with spore suspension and sterile water as mock and photographed at 8 dpi and (E) at 16 dpi. (F) Histopathological images of infectious hyphae in the abaxial epidermis of wheat coleoptiles 14 dpi. The images were taken under Nikon Eclipse Ti-S microscopy in DIC (differential interference contrast) model. Scale bars indicate 20 μm.




Genes Regulated by FpPPR1 Are Involved in Oxidoreductive Reactions, Mating, and Secondary Metabolism

To explore the regulatory role of FpPPR1 at a genome-wide scale, transcriptomic profiles were generated by the RNA-seq from wild type and the ΔFpppr1 mutant (RNA-seq data, submission No. SUB7037132)13. A total of 1,367 genes were differentially down-regulated, while 1,333 genes were differentially up-regulated (all the expression analysis at p < 0.05 and FDR < 0.05). Since FpPpr1-GFP largely localized to mitochondria, we noticed that down-regulated genes were enriched for molecular functions relevant to oxidoreductase activity during GO clustering analysis (Figure 7A). Twenty-six cytochrome P450 genes were significantly down-regulated (9 in E-class group I, 7 in E-class group IV, and 10 in drug metabolism) (Figure 7B). We verified 10 genes encoding FAD or NAD-binding domain-containing oxidoreductases (Supplementary Table 2 with description) and FPSE_07921, encoding a putative E-class group I cytochrome P450, had significantly reduced expression levels after deletion of FpPPR1 using qRT-PCR (Table 1 with primers; Figure 7C). Three genes, FPSE_11993, FPSE_12025, and FPSE_00773, encoding the 2Fe-2S iron-sulfur cluster binding domain proteins were also significantly down-regulated. Expression of FPSE_01622, encoding a thioredoxin TRX group I ortholog of TRX1 in Magnaporthe oryzae, was significantly reduced as well.
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FIGURE 7. Expression profiles of specific genes in the ΔFpppr1 mutant compared to wild type. (A) Expression profiles of specific genes for ΔFpppr1 and wild type strain WZ-8A in three biological replicates. The deferentially expressed genes (DEGs) were in log2 (fold change, FC) greater than 1.0 with a threshold at p-value and corrected p-value <0.05 (False positive). (B) Heatmap for cytochrome P450 cluster. (C) Real time qRT-PCR for differentially down-regulated genes encoding oxidoreductases. First-strand cDNAs were synthesized using an RT-PCR kit as templates for qRT-PCR. The quantitative results are calculated and analyzed using the 2–ΔΔCt method (∗p < 0.05). FppprL1_1, FppprL1_2 and FppprL1_3 represent the sample names of the ΔFpppr1 mutant strain for RNA-seq. FpWT_1_1, FpWT_1_2, and FpWT_1_3 represent the samples names of wild type strain WZ-8A for RNA-seq.


The three MAT1-1 mating-type alleles, FpMAT1-1-1, FpMAT1-1-2, and FpMAT1-1-3, showed significantly down-regulated expression levels in mutant ΔFpppr1 (Figure 8A), which was also confirmed by qRT-PCR (Figure 8B). There were 21 gene-encoded putative heterokaryon incompatibility proteins (HET) with significantly down-regulated expression levels in ΔFpppr1 (Figure 8C).
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FIGURE 8. The gene expression profiles on the mating type locus MAT1 and heterokaryon incompatibility. (A) Heatmap of the MAT1-1 idiomorphs MAT1-1-1, MAT1-1-2, and MAT1-1-3 with reduced expression levels in ΔFpppr1 mutant, data derived from RNA-seq and qRT-PCR confirmed (B). (C) Heatmap for genes encoding heterokaryon incompatibility proteins (HET) (∗∗p < 0.01).


The PKS12 (polyketide synthase 12) gene cluster, including PKS12, aurF, aurJ, aurO, aurR1, aurR2, aurT, and gip1 in Figure 9A showed significantly down-regulated expression levels (Figure 9B), which was responsible for aurofusarin pigmentation the ΔFpppr1 mutant exhibited yellow coloration on PDA plates and in liquid CMC media (still sticky after several days incubation) (Figure 9C). Besides PKS12, PKS2, PKS6, PKS10, and PKS14 also exhibited significantly lower expression levels in the ΔFpppr1 mutant.
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FIGURE 9. The PKS12 cluster is responsible for aurofusarin biosynthesis. (A) Retrieved genomic sequences and mapping of the PKS12 cluster. The arrows indicate ORFs and transcriptional directions, AUR genes are gray, PKS12 is black, and other genes are white. (B) Heatmap of the PKS12 cluster with reduced expression levels in ΔFpppr1 mutant from RNA-seq data. (C) The comparison of pigmentation from wild type WZ-8A and the ΔFpppr1 mutant on PDA plates and CMC liquid media.




DISCUSSION

In this study, we first characterized a putative F. pseudograminearum PPR gene FpPPR1 in a filamentous phytopathogen, which encodes a protein containing 12 repeats of a degenerate 35-amino-acid motif. FpPpr1 is involved in multiple biological processes including aerial hyphae development, vegetative growth, asexual sporulation, mating type gene expression, secondary metabolism and pathogenicity. Although more efforts are needed to validate these regulation pathways indicated by transcriptome data, we demonstrated that the FpPpr1 are necessary for oxidoreductive system in mitochondria. We identified a disrupted gene with PPR motifs in F. oxysporum f. sp. niveum by ATMT (Agrobacterium tumefaciens-mediated transformation) displayed multiple defects including a reduced growth rate with white colony coloration, short and highly dense aerial hyphae, and reduced virulence on watermelon seedlings (Supplemental Document). The FpPPR1 ortholog gene in F. pseudograminearum showed similar functions. Through DNAMAN aliment FpPpr1 shares 83.7% identity with putative cya-5 orthologs in Fusarium spp. The cya-5 pentatricopeptide repeat (PPR) protein in Neurospora crassa (Coffin et al., 1997), ortholog of yeast Pet309 PPR protein, which shared about 20% amino acid identity with FpPpr1, was required for post-transcriptional modification of COXI (cytochrome c oxidase subunit I), and the mutant was deficient in accumulation of mitochondria COX1 pre-RNA and translation of COX1 RNAs in yeast (Manthey et al., 2010). The spore germination of N. crassa was dependent upon the function of the cytochrome-mediated electron transport pathway within mitochondria. Transcriptomic analysis by RNA-seq from the ΔFpppr1 mutant and wild type revealed that large numbers of genes displayed differential expression after FpPPR1 deletion. Among the genes with differentially down-regulated expression levels, clustering analysis mapped the highest proportion of such genes into the gene products with oxidoreductive activity.

FpPpr1 contains a mitochondria localization signal and was found to be predominantly localized to said organelle. Previous studies have characterized the role of nuclear-encoded PPRs and similarly found mitochondria and plastid localization, with potential functions in targeting RNAs for RNA metabolism (Shikanai, 2006; Zehrmann et al., 2011; Giegã, 2013; Li and Jiang, 2018; Wang et al., 2018; Yan et al., 2018). However, FpPpr1 has not yet been shown to target RNAs, but assessing FpPpr1 binding of RNA in F. pseudograminearum is worth exploration. The PPR gene family in plants is involved in the response to environmental stimuli including biotic and abiotic stresses such as fungal infection, salicylic acid (SA), methyl jasmonate (MeJA), mechanical wounding, and cold and salinity stress (Kobayashi et al., 2007; Tang et al., 2010; Xing et al., 2018).

The ΔFpppr1 mutant exhibited reduced radial growth and colony sectoring. Li et al. (2008) reported that high oxidative stress, decreased membrane integrity, and DNA glycosylation in the mitochondria of mycelia contribute to the sectorization of colonies on PDA plate in the entomopathogenic soil fungus Metarhizium anisopliae. Mutation of the Mgv1 ortholog lt2 from Cryphonectria parasitica led to abnormal cell wall integrity and sectorization (So et al., 2017). Overexpression of the GIP2 transcription factor (also called aurR1) in aurofusarin biosynthesis caused sector formation and high pigmentation inhibited normal early vegetative growth in Gibberella zeae (Kim et al., 2006). The impaired aurofusarin biosynthesis likely led to the accumulation of the intermediate rubrofusarin, causing the yellow coloration on PDA plates. Our transcriptome data revealed similar defects in oxidative stress management and transmembrane components, and down-regulated aurofusarin biosynthesis in the mitochondria of mycelia, while the effects on membrane potential need to be measured to support links to previous findings.

The major pathogens of Fusarium crown rot, F. pseudograminearum, F. graminearum, and F culmorum, all produce the red pigment aurofusarin, a dimeric polyketide naphthoquinone (Medentsev and Akimenko, 1998; Malz et al., 2005; Cambaza, 2018). A type I PKS (polyketide synthase) gene cluster, PKS12, is responsible for aurofusarin synthesis (Frandsen et al., 2006). There are 14 putative PKSs in F. pseudograminearum and 5 of them (PKS2, PKS6, PKS10, PKS12, and PKS14) were down-regulated in the ΔFpppr1 mutant. Malz et al. (2005) identified the PKS12 gene cluster including 10 genes required for the biosynthesis of aurofusarin in F. pseudograminearum through Agrobacterium turmefaciens-mediated mutagenesis via T-DNA insertion. Our results suggest that FpPpr1 is at least involved in the regulation of the PKS12 gene cluster in F. pseudograminearum. In F. graminearum, histone H3 lysine 4 methylation regulates the biosynthesis of aurofusarin (Liu et al., 2015; Cambaza, 2018). The PKS12 gene seems not to affect pathogenicity in F. pseudograminearum (Malz et al., 2005), while more zearalenone (ZEA) was produced in the Δpks12 mutant. Aurofusarin negatively regulates zearalenone biosynthesis (Malz et al., 2005). F. pseudograminearum produces DON and ZEA as well (Blaney and Dodman, 2002), where DON plays an important role in virulence during Fusarium crown rot (Powell et al., 2017). Whether the attenuated virulence of the mutant has potential association with the mycotoxin reduction, DON and ZEA production in the ΔFpppr1 mutant needs to be measured.

F. pseudograminearum, also known as Gibberella coronicola (teleomorph), is a heterothallic fungus and the sexual process is controlled by opposite and distinct MAT idiomorphs, which include MAT1-1 (MAT1-1-1, MAT1-1-2, and MAT1-1-3 isoforms) and MAT1-2 (MAT1-2-1 and MAT1-2-3 isoforms) loci in different strain, respectively (Gardiner et al., 2016). In the ΔFpppr1 mutant background, the expression levels of three mating type alleles in MAT1-1 locus were significantly dropped off suggesting as a regulator in the sexual reproduction of F. pseudograminearum. Although there were still vary effects among the alleles. The smaller effect of FpPpr1 to MAT1-1-1 was showed indicating that another factor exists through affecting this PPR gene. Whether the MAT1-2 idiomorphs are regulated by FpPPR1 still needs to be characterized. PPRs in plants have functions in restoring cytosolic male sterile (CMS) through regulating the genes related to CMS (Schmitz-Linneweber and Small, 2008; Lydiane et al., 2016). In Ustilago maydis, a dimorphic switch between yeast-like and filamentous growth is controlled by the mating-type loci (Wösten et al., 1996). Whether FpPPR1 on regulation of the mating type loci in F. pseudograminearum goes through aerial hyphae development still needs to be characterized. Sexual recognition is controlled by the mating-type locus and the vegetative recognition is controlled by heterokaryon incompatibility systems in filamentous ascomycetes (Saupe, 2000). In transcriptome data of ΔFpppr1 background, a group of genes encoding heterokaryon incompatibility proteins (HET) in mutant background were significantly reduced in expression level. The FpPpr1 upregulated the HET expression level might contribute the inhibition of heterokaryon formation in opposite MAT strains. In contrast, mutation of FpPPPR1 might result the heterokaryon formation, which might trigger parasexual process to be the potential genetic variation sources. The MAP kinase MGV1 is essential for female fertility, heterokaryon formation, and plant infection in F. graminearum (Hou et al., 2002). The mgv1 mutant was female sterile and its ortholog (FPSE_12362) was significantly down-regulated in the ΔFpppr1 mutant. The MAP kinase function is usually conserved in filamentous fungi. Therefore, FpPpr1 might potentially determine self/nonself recognition in vegetative, thereby contributing to genetic variation in F. pseudograminearum. Although the perithecia was not difficult to find in the field, it is still not such population like F. graminearum.

Aerial hyphae (or mycelia on substrate surface) are essential for asexual and sexual development to produce propagules and initiate opposite sexual recognition. The ΔFpppr1 mutant was defective in aerial hyphae formation. Sporulation was significantly reduced in the ΔFpppr1 mutant, which indicates the aerial hyphae were still available in CMC liquid media. Whether or not sexual crossing is lost needs to be confirmed. Hydrophobins are thought to reduce surface tension for hyphae growing into the air in filamentous bacteria and fungi (Wessels et al., 1991; Wösten and Willey, 2000; Bayry et al., 2012; Riquelme et al., 2018). In filamentous fungi, most autophagy genes, such as TrATG5, ATG15, BcATG8, AoATG1, AoATG26, MoATG14, and MoATG24, regulate aerial hyphae development and sporulation or conidia germination (Liu et al., 2011, 2017; He et al., 2013; Yanagisawa et al., 2013; Kikuma et al., 2017; Ren et al., 2018). Deletion of the related gene blocks significantly reduces aerial hyphae formation and sporulation (Kikuma et al., 2007; Lv et al., 2017; Ren et al., 2018; Liu et al., 2019). Most of the ATG genes are critical to selective mitochondrial autophagy for mitochondrial stasis (Marinkovic and Novak, 2015). The RNA-seq results from the ΔFpppr1 mutant did not reveal differentially expressed genes encoding hydrophobic proteins and ATG orthologs, which might indicate a novel mechanism through which FpPPR1 regulates mating-type genes in F. pseudograminearum (Lugones et al., 2004; Elliot and Talbot, 2005). It is interesting that the key component, MGV1, in F. graminearum in the cell wall integrity (CWI) pathway Bck1-Mkk1-Slt2-Rlm1 was detected with a down-regulated expression level in ΔFpppr1 (Hou et al., 2002; Levin, 2005, 2011). The MAP kinase mgv1 mutant produced fewer and shorter aerial hyphae with less pigmentation. Sensitivity to Congo red and SDS also suggested defects in the cell membrane and cell wall. The orthologs of AtSlt2 in Alternaria alternata (Yago et al., 2011), Mpka in Aspergillus nidulans (Bussink and Osmani, 1999), Mgslt2 in Mycosphaerella graminicola (Mehrabi et al., 2006), Bmp3 in Botrytis cinerea (Rui and Hahn, 2007), FoSlt in Fusarium oxysporum f. sp. cubense (Ding et al., 2015), and CpSlt2 in Cryphonectria parasitica (So et al., 2017), and Mps1 in M. oryzae (Xu et al., 1998) shared similar phenotypes in mutants with fewer and shorter aerial hyphae of the colonies. Likewise, the deletion mutant of the ortholog MgSlt2 in Mycosphaerella graminicola also did not produce aerial mycelia even after prolonged growth on PDA (Mehrabi et al., 2006). The FpPPR1 gene in different filamentous phytopathogens might have a conserved function in regulating aerial hyphae development through the CMI MAPK pathway. The ΔFpppr1 mutant exhibited no pathogenicity when inoculated as a fungal mycelial plug and spore suspension onto plant tissue. Interestingly, if the fungal agar was not removed from coleoptiles, the ΔFpppr1 mutant could still cause lesions indicating the importance of aerial hyphae for infectious structure formation. F. pseudograminearum can form a foot-like appressorium and invade the neighboring cell for extension into host tissue. We speculate that the fewer, shortened aerial hyphae on the agar are capable of forming appressoria to penetrate the host epidermis. Along these lines, our histopathological images showed normal growth of infectious hyphae in the wheat coleoptile cells. This is similar to what was observed for MgSlt2 mutants in M. graminicola which showed reduced virulence with no branching infectious hyphae (Mehrabi et al., 2006).

In summary, our findings uncovered new insight into pentatricopeptide repeat proteins in the filamentous phytopathogens F. pseudograminearum and F. oxysporum f. sp. niveum. We discovered multiple PPR functions related to growth, aerial hyphae development, sporulation, and regulation of mating type gene MAT1-1. To fully understand the roles of PPR proteins and to determine whether RNA processing also occurs in mitochondria in F. pseudograminearum, the seven remaining PPR proteins in F. pseudograminearum need to be characterized.
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BeNEP1, BeNEP2 NP
cP cpp
Popt cpp
CIPDIPY ND
EPLY cpp
CoCP1 cPp
chNist CoNIS1 homolog
CNLPY NP
cLpet GH2g
NSt CoNist
DserNEP1, NP
DserNEP2
FgOPP2 cPp
FGSG_03624 GH11
FGSG_10999, FGSG_10999:
FGSG_11487 GHIT;
FGSG_11487:
GH10
FocCP1 cPp
Nept NP
PeFOCH ND
17-kDa phytotoxin ND
FNIST CoNIs1 homolog
GoNEP NP
HaCPL2 cpp
MoCDIt ReCDI1 homolog
MoCDIP1 to MoCDIP1: PbH1;
MoCDIP13 MoCDIP2: GFEM;
MoCDIP4: GH1,
cBD;
MoCDIPS:
EEP-1;
MoCDIP
Fertin-i
MoCDIP11:
GFEM
Motrip1 AAT family
MoHrip2 ND
MONLP1/Nepiyo, NP
MONLP2, MONLP4
MoSM1/MSP1 cpp
MpCP1 cpp
MpNEP1, MpNEP2 NP
NeCDIt ReGDI1 homolog
PSISCR1 (Y/FAX(C)
PSTG_00149 VmEQ2 homolog
ReCDIt ReCDI
AG1IA 05310, AGHIA_05310:
AGIIA 07795, ClaGrcox1 1
AGIA 09161 AGIA 07795:
inhibitor 19;
AG1IA 09161: GT
famiy 2
RsAGB_06778 Inhibitor 19
RSAG8_07159 GHI0
sscle_06g048920 VmEQ2 homolog
SscP1 cpp
Ssoutt Cutinase
UV_44, UV_1423, Uv_ad:
WV_1633, peptidase_S8;
UV_1338, UV_1423:
V_4040, fungus-specific
UV_4753, RNase
UV_5436,
V5517,
UV_5851,
UV_6205,
w7115,
UV_7823, UV_784
PavD1 AAT family
Vo185 ND
VdCPt cpP
vacuT Cutinase, CMB1
VAEG1, VIEG3 GH12
VANLPI/VANEP, NP
VANLP2
VAPEL1 Pectate lyase
VmEo2 ND
MgNLP NP
201,202,214, 265, ND
2710215
zcoi ReCDI1 homolog
ZINIP1, ZINIP2 NP

Function in
virulence/pathogenicity

ND

ND
Contributes to
vindence

ND

Not required for
vinulence; protects
the fungus against
PRS osmotin

Not required for
vinulence

B0PG1 and BcPG2
were required for
vinlence
Contributes to
vinence

Contrbutes to the
estabishment of
infection in early
stages
Contributes to
vinilence

Required for full
virdence

Not required for
virulence
ND

ND
ND
ND
Required for vinience

ND

ND

ND

Deletion of NIS1 does
not alter virulence.

ND

Not essential for
vinence

Not essential for
vinulence

ND.

Essential for virulence
Not essential for
virulence

ND

ND

Not essential for
pathogenicity
ND

ND

ND
Not essential for
virulence

Required for vinlence

Required for ful
vinvence

Dispensable for the.
infection

Contradictory

ND
ND
ND
ND

ND
ND

ND

O
[}

)

Pays animportant
olen vinvlence
ND

ND

Required for full
virulence

ND
Contributes to
virulence
Contributes to
pathogenicity
Acts as vindence
factors

Dispensable for
V. dahiae infection
in cotton; required
for vindence of

V. dahlise on
tomato
Contributes to
pathogenicity
Dispensable for
virulence

Dispensable for
virulence
ND

ND
ND

Inducing plant response

Induces celldeath, PR gene expression and
SAR resistance in tobacco

Induces cell death

Induces cell death

Induces cell death, resistance to muliple types.
of pathogens

Induces cell death and increased systemic
resistance to B cinorea in tobacco

Induce ethylene production, H202

accumulation and cell death

Induce cell death; recognized by RBPG1;
RBPG1-mediated response to BoPGs
dependent on SOBIRT

Induces celldeath, PR gene expression and
‘SAR; requires BAK1 for full cell death inducing
activity

Induces celldeath and immune responses
dependent on BAK1 and SOBIRT

Triggers PTI responses and resistance to
B. cinerea and TMV in tobacco and tomato,
dependent on BAK1 and SOBIRT

Induces cell death and PR gene expression

Induce cell death

Induces celldeath; triggers SA- and
ET-signaiing pathways but not JA-signaling
pathway; induces MAPK phosphorylation
Induces celldeath, activates defense
responses and MAPK phosphoryation
Elicits cell death, defense in sugarcane and
riggers HR in tobacco
Induces defense and HR in sugarcane and
tobacco
Induces celldeath and accumulation of reactive
‘oxygen species

Induces cell death

Induces cell death

Induces cell death

Induces cell death dependent on SGT1 and

HSP90, but not RART

Induce cel death

Induces celldeath, elcts defense responses,
and resistance to B, cinerea in Arabidopsis
Induces cell death and hydrogen peroxide
acoumlation

Induce cel death

Triggers HR and SAR in tobacco
Bicis cel death and defense responses

Induces cell death, and triggers defense
response, SAR n tobacco

Induces cell death

Induces cell death

Induces cell death, production of hydrogen
peroxide and superoxide in tobacco dependent
on Ca2* activity

Induces cell death, phytoalexin production and
PR gene expression

Induces cell death

Induce cell death; MoCDIPG and MoCDIP7
elicit defense responses

Induces cell death, defense responses by
regulating the contents of SA and GA
Induces cell death and defense responses

Induce cell death and defense responses in
N. benthamiana; MAPK cascade is involved in
Nep1ye-triggered plant responses.

Induces celldeath and defense responses;
ectopic expression of MoSM1 in rce and
Arabidopsis confers enhanced disease
resistance

Induces celldeath
Induce cell death

Induces cell death

Induces cell death, PTI marker gene expression
and enhanced immunty against comycete
pathogens in N. benthamiana

Induces celldeath

Induces celldeath in N. benthamiana
dependent on NbBAK1, NbSOBIRY and
NbSGT1

Induces cell death

Induces cell death
Induces cell death

nduces cell death

Induces celldeath, SA pathway activation and
enhanced resistance

Induces cell death and muliple defense
responses in both dicot and monocot species.
Induce cell death

Induces cell death and triggers innate immunity,
induces defense response in cotton mediated
by an AW9/CL-9-INDUCED F-BOX1 (ACIF1)
Induces cell death

Induces cell death and triggers defense
responses.

Induces celldeath and triggers defense
responses dependent on BAK1 and SOBIRT
VIEG1 induces cell death and defense
responses dependent on BAK1 and SOBIR1;
VGEGS induces cell death and defense
responses dependent only on BAK1

Induces cell death and triggers defense
responses.

Induces cell death and triggers defense
responses and systemic resistance

Induces cell death, enhances plant resistance
10'S. sclerotiorum and P. capsici dependent on
BAK1, SOBIR1, HSP90 and SGT1

Induces cell death and immune responses.
dependent on BAK1 and SOBIR1

Induce cel death in N. benthariana dependent
on NoBAK1 and NoSOBIR1

Induces cell death

Induce cel death
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Protein family Predicted Taxon Representative Plant cell surface Co-receptor and Representative
functional CDIPs receptor downstream component references
category Oomycete  Fungi in plant cell

CE Cutinase + + SsCut1, VdCUT11 Unknown BAK1, SOBIR1 Zhang H. et al.,

2014; Gui et al.,
2018
CFEM ND — + BcCFEM1, Unknown Unknown Kulkarni et al.,
MoCDIP2, 2008; Chen S.
MoCDIP11 etal., 2013; Zhu
etal.,, 2017b
CPP ND — + BcSpli1, CP, Unknown BAK1 Pazzagli et al.,
MoSM1/MSP1 1999; Jeong et al.,
2007; Frias et al.,
2011
Elicitin ND + - Cryptogein, INF1 ELR BAK1, HSP70, HSP9O, Ricci et al., 1989;
NbLRK1, SGT1, SRC2-1 Huet et al., 1994;
Kamoun et al.,
1997; Kanzaki
et al., 2008; Du
et al., 2015; Liu
etal, 2015
GH10 Xylanase ND + RSAG8_07159; Unknown Unknown Anderson et al.,
FGSG_11487 2017
GH11 Xylanase ND + BceXyn11A, EIX*, LeEix1, LeEix2 BAK1 Fuchs et al., 1989;
FGSG_03624, Ron and Avni,
FGSG_10999 2004; Brito et al.,
2006; Bar et al.,
2010; Sella et al.,
2013
GH12 Xylanase + -+ XEG1, BcXYGH, RXEG1 BAK1, SOBIR1 Ma et al., 2015; Gui
VJEG1, VAEG3 etal., 2017; Zhu
et al., 2017a; Wang
Y. etal., 2018

GH15 Glucan 1,4-alpha- ND + BeGs1 Unknown Unknown Zhang Y. et al.,
glucosidase 2015; Yang et al.,

2018a

GH16 ND + — OPEL Unknown Unknown Chang et al., 2015

GH28 Polygalacturonase ND + BcPG1 to 4, RBPG1 SOBIR1 ten Have et al.,

BcPG6, CLPGH 1998; Boudart
et al., 2003; Kars
et al., 2005; Zhang
L.etal, 2014
GH61 ND ND + MoCDIP4 Unknown Unknown Chen Q. et al.,
2013
NLP ND -+ + PPNLP/NLPpp, RLP23 BAK1, COI1, HSP9O, Bailey, 1995;
PaNies13/NLPpy, MEK2, NPR1, SGT1, Fellbrich et al.,
SOBIR1 and TGA2.2 2002; Qutob et al.,
2006; Ottmann
et al., 2009; Béhm
et al., 2014; Albert
etal., 2015
PL Pectate lyase + + PcPL1, PcPL15, Unknown Unknown Fuetal., 2015;

PcPL16, PcPL20,
VdPELA1

Yang et al., 2018d

ND, not determined; +, present; —, absent; CE, carbohydrate esterase; CFEM, common in fungal extracellular membrane;, CPP, cerato-platanin protein; GH,
glycoside hydrolase; NLF, Nep1-like protein; PL, polysaccharide lyase. * EIX (ethylene-inducing xylanase) is an apoplastic CDIP identified from a non-pathogenic fungi

Trichoderma viride.
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Category Sampling time points

Oh 3h 6h 12h 24h
Total? 8,796,359 6,948,394 7,160,647 6,537,296 7,753,693
Known_miRNAP 419,422 303,754 445,221 210,813 89,988
rRNAC 3,238,869 2,424,033 2,289,062 2,383,856 3,669,538
tRNAd 689,876 533,666 436,080 762,740 883,362
snRNA®e 16,018 12,326 153,40 10,647 14,738
snoRNA' 128,975 130,327 138,232 82,613 20,811
Repeat 409,605 372,075 430,047 234,959 74,160
NATY 107,707 92,122 114,190 64,837 55,908
Novel_miRNAR 4928 3653 5311 2718 1180
TAS! 12 20 18 6 3
Exon: 4 451,155 396,566 393,982 339,293 250,506
Exon:-K 96,492 81,245 97,423 54,713 26,104
Intron: + ! 29,626 24,295 23,301 17,251 4557
Intron:-m 6963 6697 7576 3684 1113
Other" 3,196,710 2,567,615 2,764,864 2,369,264 2,661,724

aNumber of sRNAs aligned to the reference sequence in each sample; this value was used as a reference for calculating the proportion of various types of SRNAs.
bNumber and proportion of SRNAs in each sample compared with known miRNAs. ¢%-¢Number and proportion of SRNAs compared with rRNA, tRNA, snRNA, snoRNA,
respectively, in each sample. 9Number and proportion of SRNAs compared with natural antisense transcripts in each sample. hNumber and proportion of SRNAs compared
with the potential novel miRNA in each sample. 'Number and proportion of SRNAs compared with the trans-acting siRNAs in each sample. /%™ Refer to the number and
proportion of positive and negative strands of a sample compared with an exon or intron. "Number and proportion of SRNAs in each sample aligned to the reference
sequence but not to the known miRNAS, non-coding RNAs (ncRNAs), NAT, novel potential miRNAs, TAS, exons, or introns.
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miRNA Mature sequence LM Arm LP G + C (%) MFE

Novel_24 ACCAGUCAACCAUAGAGUCUC 21 5p 284 30.3 —-116
Novel_24* AGACUCUAUGUAGACUGGACU 21 3p 284 30.3 —-116
Novel_40 AAAGGACAGAUUACAAGAUACGUG 24 5p 295 41.7 —70.92
Novel_40* AUAUCAAAUUGGAUCUGUUGUUUC 24 3p 295 41.7 —70.92
Novel_47 AUUUGAUGAACUCGCAAUUAGACG 24 5p 145 34.5 —36.4
Novel_47* GUUAAUUGCGAGUCGAGAGAAUGA 24 3p 145 34.5 —36.4
Novel_50 UUGUCAUAUCUUGUACCUUCA 21 3p 259 28.6 —88.53
Novel_50* AAGGCACAAUAUAUGGCAAUG 21 5p 259 28.6 —88.53
Novel_69 UAUGGUUUGAAACUUUGCUUC 21 3p 78 29.5 —35.2
Novel_69* AGCAAAGUUUCAAACCAUAUU 21 5p 78 29.5 —35.2
Novel_74 AUUAUGAUCAGUUUUUAGACAAGC 24 5p 76 31.6 —27.3
Novel_74* CCAAAAACUGACCAUAACUA 20 3p 76 31.6 —27.3

LM, length of mature miRNA; LR length of precursor; MFE, minimal folding free energy. *Represents an RNA sequence of approximately 22 nucleotides that is
complementary to miRNA during processing and maturation.
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Pt104 genome

Gene prediction

Total number of genes 29,043
Mean gene length (bp) 1,378
genome % covered by genes 28.5
Total number of proteins 28,008
Secretome prediction

Secreted proteins 2,178
Functional annotation

CAZy enzymes total number 420
CAZy enzymes GH® number 216
CAZy SP 87
CAZy GH? SP 51
Proteases total number 290
AP 21
cP 69
MP 68
g 98
T° 26
| 8
Protease SP 45
AO1A 9

S 23
SO8A° 9
S10° 6
C 5
M 6
151 2

aGH, glycoside hydrolase. P5 classes of peptidases including S, serine; C, cysteine;
M, metallo; T, threonine; A, aspartic proteases as well as one protease inhibitors
class (). ©°SO8A contains the serine endopeptidase subtilisin and its homologs and
S10 contains only carboxypeptidases.
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Isolate Total reads (quality Reads mapped to Percentage mapped Average coverage Percentage coverage

trimmed) reference reads fold of reference
S423 81,880,910 76,525,128 93.5 72.8 99.4
S459 64,885,508 60,248,508 92.9 56.9 99.3
S467 71,203,482 66,285,859 93.1 62 99.4
S472 74,627,128 69,765,844 93.5 65.1 99.2
S474 66,019,622 57,035,893 86.4 53.6 89.3
S477 65,750,836 59,783,590 90.9 56 893

8521 75,056,408 62,273,511 83.0 58.2 99.3
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Isolate Total variants SNP InDel Insertion Deletion Heterozygous SNP Heterozygous InDel

5423 537,561 457,689 79,872 47,613 32,259 453,574 43,838
5459 532,992 454,024 78,968 47,078 31,890 449,609 43,289
S467 534,485 455,196 79,289 47,377 31,912 450,945 43,311
S§472 532,048 453,037 79,011 47,189 31,822 447,107 42,999
S474 531,481 452,743 78,738 46,955 31,783 448,199 42,970
S477 532,609 453,671 78,938 47,165 31,773 449,333 43177

S521 535,415 456,135 79,280 47,246 32,034 451,665 43,406
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Isolate Coding variants Synonymous variants Non-synonymous variants Frameshift variants Nonsense (premature
stop codon) variants

5423 80,039 25,738 45,433 7,648 1,220
5459 79,720 25,690 45,246 7,578 1,206
S467 79,872 25,661 45,388 7,630 1,193
S472 79,211 25,550 44,916 7,562 1,183
S474 79,332 25,604 44,992 7,530 1,206
S477 79,277 25,494 45,021 7,578 1,184

5521 79,966 25,798 45,326 7,652 1,190
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aPublished annotation of P. humuli (Rahman et al., 2019) was used to predict
the secretome and effectors. PPublished annotation of P. cubensis (Savory
et al., 2012b) was filtered to remove contaminants and was used to predict the
secretome and effectors (this study). NLPs, necrosis and ethylene-inducing peptide

1 (Nep1)-like proteins.
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AOA384K0D3
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Protein description

Chitin synthase
Mitogen-activated
protein kinase, Bmp3
Citrate synthase
FOF1-type ATP
synthase, alpha subunit
Molecular chaperones
HSP70 superfamily
Molecular chaperones
HSP70 superfamily
Molecular chaperones
HSP70 superfamily
Molecular chaperone
HSPOO family

HSP90 co-chaperone
p23

Multifunctional
chaperone (14-3-3
family)

Translation initiation
factor 5A (elF-5A)
Translation initiation
factor 5A (elF-5A)

Kla position
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60
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232

75, 86, 185, 244,
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246
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178, 196, 328,
485, 548, 616
81

141

43,76, 77

17,132

The protein accession numbers are from Uniprot database.
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Protein accession Protein description Kla position
AOA384JCX3 408 ribosomal protein S3A 109
AOA384J453 40S ribosomal protein 49,128, 194
S$2/308 ribosomal protein
S5
AOA384J4J0 Ribosomal protein S4 8, 49, 60, 118, 129
AOA384J759 608 ribosomal protein L36 17
AOA384J798 60S ribosomal protein L11 52
AOA384J9H1 Ribosomal protein 56, 220, 351
RPL1/RPL2/RL4L4
AOA384J9L6 Ubiquitin/40S ribosomal 6, 48, 63, 99
protein S27a fusion
AOA384J9U0 60s ribosomal protein 55
L15/L27
AOA384JBD4 Ribosomal protein S7 200
AOA384JBE3 608 ribosomal protein L10A 130, 133
AOA384JBQ4 60s ribosomal protein 24,145,181, 221, 234
L2/L8
AOA384JD22 40S ribosomal protein S16 12
AOA384JD57 40S ribosomal protein S14 85
AOA384JD74 60s ribosomal protein L23 23
AOA384JD98 608 ribosomal protein L7A 18, 100, 252
AOA384JEF1 60s ribosomal protein L19 8,19, 117
AOA384JFZ5 40S ribosomal protein S23 50, 56
AOA384JGS5 60S ribosomal protein L18A 158, 168
AOA384J126 60S ribosomal protein L31 31
AOA384JJ19 40S ribosomal protein S11 41,110
AOA384JJN2 40s ribosomal protein S27 22
AOA384JNZ0 40S ribosomal protein S29 27, 54
AOA384JSB5 60S ribosomal protein L44 32, 80
AOA384JSFO 608 ribosomal protein L14 106
AOA384JTUS 60s ribosomal protein L10 101
AOA384JU32 60s ribosomal protein L24 137
AOA384JU36 60S ribosomal protein L13a 54, 150
AOA384JUY8 608 ribosomal protein L22 46, 85, 74
AOA384JV25 40S ribosomal protein S7 119
AOA384JVB5 40S ribosomal protein S3 12, 80
AOA384JVY6 Ribosomal protein S18 25
AOA384JXLO 60s ribosomal protein L6 126
AOA384JY93 40S ribosomal protein S17 32, 59
AOA384JY93 40S ribosomal protein S17 32
AOA384JY19 60S ribosomal protein L9 49
AOA384K0TH 60S ribosomal protein L37 13
AOA384K179 60S ribosomal protein L26 77,89
AOA384K2W2 60S ribosomal protein L3 358, 365, 377, 385
and related proteins
AOA384K3A6 60S ribosomal protein L5 8,165
AOA384K3C6 60s ribosomal protein L15 56
AOA384K3N7 60S ribosomal protein L22 22,101
AOA384K438 40s ribosomal protein s10 9
AOA384K801 60S ribosomal protein L28 23, 46, 100, 129

The protein accession numbers are from Uniprot database.
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Category

Substance synthesis and metabolism

Redox and autophagy

Kinase

Protease

Others

Name

Bcass1
Bclgd1
Bclgal
Bcgari
BcCHSVI
Bepeki
Bcbm1
Bcbrn2
Bescd1
BcBOAT
BOA6
Beepri
Bcsod1
Beglrt
Betrr
Bcatg8
Bcatg3
Bcclad
Bemkki
Bos5
Bcsaki
Bmp1
Bmp3
Bcacp1
Bcser2
Bcser1
Besplt
Bepte3
Bepdit
Bcedc42
Bepg1
Bcsec31
BcactA
BcP1
CND6
CND16
CND9

Functions

Argininosuccinate synthase

Galactonate dehydratase, D-galacturonic acid catabolic pathway
Galactonate aldolase, D-galacturonic acid catabolic pathway
Galacturonate reductase, D-galacturonic acid catabolic pathway

Chitin synthase

Phosphoenolpyruvate carboxykinase, gluconeogenesis
Tetrahydroxynaphthalene reductases
Tetrahydroxynaphthalene reductases

Scytalone dehydratase

Key enzyme for botcinic acid biosynthesis

Key enzyme for botcinic acid biosynthesis
Cytochrome P450 oxidoreductase
Cu-Zn-superoxide dismutase

Gilutathione reductase, cellular redox system
Thioredoxin reductase, cellular redox system
Autophagy pathway

Autophagy pathway, ubiquitin-like activating enzyme E2
PAK kinase, effector of Rac

MAPK kinase, suppresses oxalic acid biosynthesis
Mitogen-activated protein kinase

Mitogen-activated protein kinase

Mitogen-activated protein kinase

Mitogen-activated protein kinase

Proteases, G1 family

Subtilisin-like protease

Subtilisin-like protease

Cerato-platanin family protein; SAR inducer for host
Type 2C protein phosphatases

ER protein, interaction partner of the NoxA complex
Small GTPase

Endopolygalacturonase

Vesicle transport

Actin

Cyclophilin A

ATP citrate lyase

ATP citrate lyase

Mannitol-1-phosphate dehydrogenase
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Assembly statistics Pt104 genome Pt BBBD

assembly racel
Total no. of contigs 162 14,818
No. of contigs with >50,000 bp 158 215
Total length (Mb) 140.5 135.3
Total length when >50,000 bp 140.3 103.0
Largest contig (Mb) 4.9 3.1
GC (%) 46.7 46.7
Nso (kb) 2,073.2 544.3
Complete BUSCOs (%) 92.2 92.6
Complete and single-copy BUSCOs (%) 80.2 89.6
Complete and duplicated BUSCOs (%) 12.0 3.0
Fragmented BUSCOs (%) 3.7 4.3
Missing BUSCOs (%) 4.1/2.6* 3.1

*When the associated haplotigs of Pt104 were combined, the percentage of the
missing BUSCO genes of Pt104 assembly was 2.6%.
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PNPi

PNPi-like
proteins

Gene accession

PstPNPi_PSTG_16231*#
PgtPNPi_PGTG_17077
PtPNPi_PTTG_03809**
PTTG_00399"*
PTTG_00398"
PTTG_06392
PTTG_07237*
PTTG_25271*
PTTG_04128*
PTTG_01597**
PTTG_07174*
PTTG_08504*
PTTG_02452**
PTTG_00895*
PTTG_08503"
PTTG_04067
PTTG_00105
PTTG_00032
PTTG_06113
PTTG_02455
PTTG_09546
PTTG_03028

RXLR-like region

RSLL-DEEP
RSLF
RSLF

RMKR
RMKR
A

zzzzzzz2z?2Zz
A B A

RSKA
RRLT
N. A
N. A
N. A
KGKL
N. A
N. A

Conserved domain

DPBB_1, FtsN/SPOR/DUF4770
DPBB_1/PLN03024
DPBB_1
DPBB_1
N. A.

DPBB_1
DPBB_1
DPBB_1/PLN03024/RIpA
DPBB_1/PLN03024/YoaJ
DPBB_1/PLN03024/YoaJ
DPBB_1/PLN03024/RIpA
N. A.
DPBB_1/PLN03024
YoaJ
YoaJ
DPBB_1/PLN03024
DPBB_1/PLN03024/RIpA
DPBB_1/PLN03024/YoaJ/
PLNO3024
DPBB_1
YoaJ
YoaJ

EffectorP
prediction

Non-effector
Non-effector
Non-effector
Non-effector
Non-effector
Non-effector
Non-effector
Effector
Effector
Effector
Effector
Effector
Non-effector
Effector
Non-effector
Non-effector
Non-effector
Non-effector
Non-effector
Effector
Effector
Effector

Effector
probability

0.975
0.951
0.956
0.509
0.611
0.931
0.945
0.592
0.645
0.945
0.626
0.691
0.769
0.599
0.913
0.957
0.695
0.598
0.918
0.738
0.829
0.65

GT
FPKM

N. A.

N. A.
5.20
2392.40
326.90
0.80
0.00
5.90
0.10
3.00
10.20
0.10
4.60
0.00
1.50
1409.90
0.90
0.40
328.30
10.30
0.40
33.40

4 dpi
FPKM

N. A.

N. A.
51.00
12.10
1568.20
0.00
0.80
8.10
0.10
0.10
0.20
19.10
2.80
0.00
480.40
7.40
0.10
0.70
146.90
1.00
2.60
1.10

6 dpi
FPKM

N. A.

N. A.
212.80
100.10
16.10
0.10
0.50
43.10
2.80
14.60
100.00
56.30
93.30
0.30
1389.00
5.10
0.40
0.50
36.60
1.90
0.70
0.40

8 dpi
FPKM

N. A.

N. A.
76.60
368.90
27.20
0.10
1.20
65.60
31.10
32.50
276.90
16.70
168.90
0.90
156.20
50.10
0.20
0.60
46.60
1.50
0.70
5.20

*Effector candidates selected for gene cloning and functional characterization. * PNPI-like effector candidates that showed interaction with wheat NPR1 protein in the Y2H

assay.
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Hmmsearch EffectorP Effector GT 4 dpi 6 dpi 8 dpi

Gene accession E-value prediction probability Conserved motif (pfam) FPKM FPKM FPKM FPKM
PTTG_04062* 3.3e—13 Effector 0.846 CFEM domain (PFO5730) 0.00 0.00 0.00 0.00
PTTG_06086* 1.3e—08 Effector 0.642 CFEM domain (PFO5730) 0.50 0.14 13.12 23.18
PTTG_01125* 4.8e—08 Non-effector 0.989 CFEM domain (PFO5730) 375.99 88.83 7.41 12.57
PTTG_08198*+ 2.2e—06 Non-effector 0.919 CFEM domain (PFO5730) 122.06 902.42 671.28 564.84
PTTG_29032* 1.1e—11 Non-effector 0.911 CFEM domain (PFO5730) 4352.47 31.40 11.24 301.30
PTTG_08490* 3.4e—08 Non-effector 0.88 CFEM domain (PFO5730) 72.95 212 32.48 50.17
PTTG_04059* 6.8e—14 Non-effector 0.795 CFEM domain (PFO5730) 1168.27 539.55 275.46 205.49
PTTG_28949 8e—05 Non-effector 0.668 Glycosyl hydrolase family 61 (PF03443) 0.06 0.75 0.76 0.86
CFEM domain (PFO5730)
PTTG_03715 0.52 Non-effector 0.968 Fasciclin domain (PF02469) 98.67 19.20 141.82 281.87

CFEM domain (PF05730, insignificant)

*Effector candidates selected for gene cloning and initial functional characterization. TEffector candidates that promoted cell death triggered by BAX protein and
accumulation of ROS in tobacco leaves.
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Sample
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NID_2
NID_3
ID_1
ID_2
ID_3
NIS_1
NIS_2
NIS_3
IS_1
IS_2
IS_3

Total reads

29,896,281
23,092,787
24,086,823
17,888,875
30,359,661
35,108,162
22,008,499
21,027,618
23,621,845
26,547,109
25,500,306
23,297,499

Clean reads

24,643,689
18,855,201
20,411,802
13,462,090
19,939,452
27,678,646
18,213,173
16,702,521
19,466,300
21,369,809
18,085,569
17,451,893

Q30

98.68
98.94
98.9
98.74
98.89
98.63
98.84
98.68
98.89
99.09
99.18
99.08

Mapped sRNA

4,642,524
2,903,203
5,381,892
2,837,324
3,743,139
4,662,024
3,191,520
2,829,001
3,919,314
2,610,609
3,608,728
2,494,420

NID, non-inoculated D8 control; ID, powdery mildew (PM)-inoculated D8; NIS, non-

inoculated SSSL508-28 control; IS, PM-inoculated SSSL508-28.
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Csa-miR171g
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Csa-miR164f-5p
Csa-miR408e
Csa_novel-19
Csa-miR160a-5p
Csa-miR160b
Csa-miR160h
Csa-miR156e
Csa-miR156g

IDmean

99.710
57.096
2,603.735
2,603.735
366.395
463.470
6,146.003
6,099.0471
111.573
50.628
198.174
232.832
4.782
2,757.065
335.735
27.188
799.649
362.567
3562.567
4,808.275
2,914.175
1,188.020
3,017.994
161.008
1562.143
5,689.822
2,589.925
324.906
322.066
324.077
1,615.159
75.300

NID mean

32.883
25.061
1,5632.232
1,632.232
206.636
234.666
3,918.313
3,904.161
59.084
23.553
98.795
153.288
2.220
1,345.456
206.353
14.028
441.886
218.658
218.658
1,970.359
1,714.185
671.633
1,830.974
72.697
83.242
2,759.366
1,096.975
200.441
200.681
202.452
528.463
16.707

Fold change

3.032
2.278
1.699
1.699
1.773
1.975
1.569
1.562
1.889
2.149
2.006
1.519
2.154
2.049
1.627
1.938
1.810
1.612
1.612
2.438
1.700
1.769
1.648
2.215
1.828
2.062
2.361
1.621
1.605
1.601
3.056
4.794

P-value

9.7E-05
0.005
0.007
0.007
0.012
0.014
0.016
0.016
0.016
0.017
0.017
0.018
0.019
0.019
0.022
0.023
0.025
0.026
0.026
0.027
0.028
0.029
0.030
0.030
0.030
0.031
0.032
0.036
0.038
0.039
0.039
0.041

Up/down

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
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Up
Up
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ID mean, mean TPM value of three replications of powdery mildew (PM)-inoculated D8 leaves;, NID mean, mean TPM value of three replications of non-inoculated

D8 control leaves.
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Stem sequence

[5}

Primer sequence (5'-3')

F:GCGCGGACAGAAGAGAGG
F:CGCGCGGAGAGCCGCG
F:GCGCGCGGCCGGCCCC
F:GCGCGCGCGAAAACCC
F:GCGCGCGCAAAAAGCG
F:GCGCGCGCGAAGGGGG
F:GGCGGTTCGGTTTGGTTTA

GTCGTATCCAGTGCAGGGTCCGAGGTAT
TCGCACTGGATACGAC

F:GGGGACATCCGATAAAATT
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FPSE_056576-RTF
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MAT1-1-1-RTF

MAT1-1-1-RTR

MAT1-1-2-RTF

MAT1-1-2-RTR

MAT1-1-3-RTF

MAT1-1-3-RTR

Sequence (5'-3')

AGGACAGAACATGGGGTCA
GAGTACGAAACCAGATAGCATG
CTATGAATTTGGAGGAACG
TGCCAGTAGTCACGGATTTC
TTCTTGAGGACCGTATTGG
TATGACGAACTGGAGGAGC
AAGCCAGTTATTATTGTCGG
TCTTTGATTCCCATTCTGC
CTTGGCGTAGACGTCATC
GTGTCCAGGAGTGGGTTGC
AGGCGACGGTCTAGGAGTC
TTGGGAATGAGAACAAACAGC
TCAGTGCCAGGAACTCTAC
TGGACTTCATCTGTTACGC
CCTTTCAACCCGCCTCATA
CTGGCTTCAACAATAGTGTCC
GTCATGTCCTGCTCTTTCACC
GGTCAAGCCGAGGTACTC
TGAGCTTCTACGAAACATC
GCTTCACATTTGACCCAGT
GCGTTGTTGATGCTTTGAG
GACCTCCTTGGACACCTGA
CGAACCTACTACTTGAAGC
GTTACCAAAGTTGTCGTGA
CACGCTTGAGGTCTTACGC
AGCAGATGGCAGATTTGGC
TCACTCGTGATCAATCTACT
TTGTATCCAGGGTAAAGTC

Description

Quantitative real-time PCR primers for analysis of
FPSE_08050 expression levels

Quantitative real-time PCR primers for analysis of
FPSE_08176 expression levels

Quantitative real-time PCR primers for analysis of
FPSE_02237 expression levels

Quantitative real-time PCR primers for analysis of
FPSE_00389 expression levels

Quantitative real-time PCR primers for analysis of
FPSE_05514 expression levels

Quantitative real-time PCR primers for analysis of
FPSE_05576 expression levels

Quantitative real-time PCR primers for analysis of
FPSE_08474 expression levels

Quantitative real-time PCR primers for analysis of
FPSE_05266 expression levels

Quantitative real-time PCR primers for analysis of
FPSE_06206 expression levels

Quantitative real-time PCR primers for analysis of
FPSE_07921 expression levels

Quantitative real-time PCR primers for analysis of
FPSE_04661 expression levels

Quantitative real-time PCR primers for analysis of
MAT1-1-1 expression levels

Quantitative real-time PCR primers for analysis of
MAT1-1-2 expression levels

Quantitative real-time PCR primers for analysis of
MAT1-1-3 expression levels
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IS mean, mean TPM value of three replications of powdery mildew (PM)-inoculated SSSL508-28 leaves; NIS mean, mean TPM value of three replications of non-inoculated

SSSL508-28 control leaves.





