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Wheat (Triticum aestivum L.) is a staple food of more than 50% of global population. Rhizoctonia cerealis is the causal agent of sharp eyespot, a devastating disease of cereal crops including wheat. Cutinases produced by fungal pathogens play important roles in host-pathogen compatible interactions, but little is known about cutinases in R. cerealis. In this study, we identified a total of six cutinase encoding genes from R. cerealis genome, designated as RcCUT1–RcCUT6, analyzed their expression patterns during the infection, and determined virulence role for RcCUT1. All the proteins, RcCUT1–RcCUT6, contain a highly conserved GYSKG motif and another conserved C-x(3)-D-x(2)-C-x(2)-[GS]-[GSD]-x(4)-[AP]-H motif in the carbohydrate esterase 5 domain. The RcCUT1, RcCUT2, RcCUT4, and RcCUT5 are predicted to be secreted proteins containing four cysteine residues. These six cutinase genes had different expression patterns during the fungal infection process to wheat, among which RcCUT1 was highly expressed across all the infection time points but RcCUT6 was not expressed at all and the others were expressed only at certain time points. Further, RcCUT1 was heterologously expressed in Escherichia coli to obtain a purified protein. The purified RcCUT1 was shown to possess the cutinase activity and be able to induce necrosis, H2O2 accumulation, and expression of defense-related genes when infiltrated into wheat and Nicotiana benthamiana leaves. In contrast, RcCUT1 protein with serine mutation at the first motif had no cutinase activity, consequently lost the ability to induce necrosis. Noticeably, application of the purified RcCUT1 with R. cerealis led to significantly higher levels of the disease in wheat leaves than application of the fungus alone. These results strongly suggest that RcCUT1 serves as a virulence factor for the fungus. This is the first investigation of the cutinase genes in R. cerealis and the findings provide an important insight into pathogenesis mechanisms of R. cerealis on wheat.
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INTRODUCTION

Plants have evolved two layers of innate immune systems to defend against microbial attacks, including pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI) (Ausubel, 2005; Chisholm et al., 2006; Jones and Dangl, 2006). PTI is the first layer of defense and launches when plant cell recognizes PAMP through its membrane-localized pattern-recognition receptors. PTI is a relatively weak but broad-spectrum immune response against microbial pathogens. Fungal early infection on plant cell surface releases small molecules, such as cutin monomer, known as damage association molecular pattern (DAMP), which can also trigger PTI-like response (Schweizer et al., 1996a,b; Parker and Köller, 1998; Chassot and Metraux, 2005; Park et al., 2008; Gui et al., 2018). Successful pathogens utilize arsenals of secreted effectors to overcome and interfere with PTI rendering plant susceptible. However, some plants carry intracellular immune receptors which can directly or indirectly recognize pathogen effectors to trigger the second layer of defense, known as ETI. ETI is often observed as a hypersensitive response (HR), a programmed plant cell death at the infection site, which is believed to arrest the fungal growth (Jones and Dangl, 2006). Both PTI and ETI involve plant cell wall reinforcement, biosynthesis of antimicrobial compounds, generation of reactive oxygen species (ROS), and expression of defense genes (Dixon et al., 1994; Ebel and Mithofer, 1998; Garcia-Brugger et al., 2006).

The plant cuticle is mainly composed of cutin, a mixture of hydroxy fatty acid polymers with waxes. It constitutes the first physical defensive barrier against environmental stresses and pathogen invasion (Chen S. et al., 2013). However, most plant pathogens produce cutinases that can hydrolyze cutin facilitating the fungal penetration into their hosts (Maddock, 1979; Koller et al., 1991; Kolattukudy et al., 1995). Cutinases are serine esterases belonging to the α/β hydrolase superfamily, and they possess two conserved motifs of GYSQG and C-x(3)-D-x(2)-C-x(2)-[GS]-[GSD]-x(4)-[AP]-H and a classical Ser-His-Asp catalytic triad (Skamnioti et al., 2008; Chen S. et al., 2013). The fungal cutinases may be involved in fungal spore attachment to plant surfaces, appressorium differentiation, and/or carbon acquisition during saprophytic growth (Deising et al., 1992; Stahl and Schafer, 1992; Francis et al., 1996; Gilbert et al., 1996; Morid et al., 2009; Koschorreck et al., 2010; Zhang et al., 2014). In some phytopathogen species, such as Fusarium solani, Colletotrichum gloeosporioides, and Pyrenopeziza brassicae, cutinases have been shown to be important for host–pathogen compatible interaction because mutation of some cutinase genes can reduce virulence or eliminate pathogenicity on host plants (Rogers et al., 1994; Li et al., 2003; Liu et al., 2016; Wang et al., 2017). Most fungi have multiple copies of cutinase genes and the role of each cutinase gene in disease could be different (Sweigard et al., 1992; Skamnioti and Gurr, 2007; Liu et al., 2016). For instance, in Magnaporthe grisea, disruption of the cut1 gene did not affect the fungal pathogenicity (Sweigard et al., 1992), while the disruption of the cut2 gene decreased appressorium differentiation and host penetration, thus affecting fungal virulence (Skamnioti and Gurr, 2007).

Wheat (Triticum aestivum L.) production is essential for global food security since it is a staple food of more than 50% of world’s population (Moore et al., 2015; Kiran et al., 2016). The necrotrophic fungus Rhizoctonia cerealis van der Hoeven (R. cerealis) is the causal agent of sharp eyespot in wheat, a disease mainly on the stem base of wheat plants. Sharp eyespot can affect both the quality and yield (∼10–40%) of wheat (Hamada et al., 2011; Lemańczyk and Kwaśna, 2013). The disease has a global distribution, including Asia, Oceania, Europe, North America, and Africa (Pitt, 1966; Chen L. et al., 2008; Hamada et al., 2011; Chen J. et al., 2013; Lemańczyk and Kwaśna, 2013; Ji et al., 2017). Since the late 1990s, epidemics of wheat sharp eyespot have become very common in China, where more than 6.67 million hectares of wheat plants can be infected by R. cerealis annually (Chen L. et al., 2008; Chen J. et al., 2013; Zhu et al., 2015). Sharp eyespot caused by the same fungus can also occur on other cereal crops such as barley, oats, and rye (Van Der Hoeven and Bollen, 1980; Lemańczyk and Kwaśna, 2013). In addition, the fungus can also infect other important economical crops and bioenergy plants, causing root rot disease of sugar beet, cotton, potato, and several legumes, and yellow patch of turfgrasses (Burpee et al., 1980; Tomaso-Peterson and Trevathan, 2007).

Rhizoctonia cerealis belongs to the binucleate Rhizoctonia subgroup AG-D I (Li et al., 2014). Previous researches on R. cerealis mainly focused on the disease geographical distribution, pathogen identification, life cycle, disease symptoms, fungal classification, and population structure of populations (Sharon et al., 2006; Hamada et al., 2011; Li et al., 2014, 2017; Ji et al., 2017). Although R. cerealis is a devastating fungal pathogen, its pathogenesis remains largely unknown, which might be due to the lacking of the whole genomic sequence and the effective methods for the stable fungal transformation. Recently, we have completed the genome sequencing of the R. cerealis strain Rc207 and finished genome de novo assembling and annotation (Zhang et al., unpublished data). In this study, we characterized the cutinase genes in the assembled R. cerealis genome, examined their expression patterns, and investigated the function of the most important one, designated as RcCUT1, in the fungal pathogenesis. The results reveal that RcCUT1 is an important virulence factor for R. cerealis.

MATERIALS AND METHODS

Fungal Strains, Plant Materials, and Growth Conditions

The fungus R. cerealis strain Rc207, kindly provided by Professor Jinfeng Yu at Shandong Agricultural University, was a highly aggressive strain collected in the Northern-China (Ji et al., 2017). The strain was maintained on potato dextrose agar (PDA) at 4°C. To conduct pathogenicity test, the mycelia plug was made and inoculated on new PDA plates or potato dextrose liquid culture, which were then cultivated at 25°C for 10 days before the inoculation.

Wheat line Wenmai6 was susceptible to R. cerealis infection. Wheat plants were grown in 13 h light (∼22°C)/11 h dark (∼10°C) regime. At their tillering stage, the second base sheath of each wheat plant was inoculated with small toothpick fragments harboring well-developed mycelia of R. cerealis (Chen L. et al., 2008).

Nicotiana benthamiana plants were grown under standard glasshouse conditions at 25°C with a cycle of 12 h light and 12 h dark.

Identification of Cutinase Genes in Rhizoctonia cerealis

The members of candidate cutinase gene family were identified using BlastP with an E < 1e-10 from R. cerealis Rc207 genome sequence (unpublished data). The codes indicating the enzyme classes were those defined by the CAZyme database1. Secreted proteins were identified using three programs that are commonly used to identify protein localization as previously described (James et al., 2014). Subcellular localization, secretion status, and transmembrane domains were predicted with Phobius2, SignalP v4.13, and WolfPSort v0.24. Putative extracellular proteins containing signal peptide and no transmembrane domains were identified as secreted proteins. Multiple alignments were made with the Clustal W2 program5. Amino acid sequences used for conserved residues analysis were as indicated (Supplementary File S1). A neighbor-joining (NJ) tree was constructed using MEGA (version 7.0) program.

DNA and RNA Extraction and cDNA Synthesis

Total DNA of the fungus was extracted from the mycelia of R. cerealis 207 and wheat genomic DNA was extracted with a modified cetyl-trimethyl-ammonium bromide extraction method (Nicholson and Parry, 1996). Total RNAs from the R. cerealis Rc207 and the pathogen-inoculated stems or RcCUT1-treated leaves of wheat plants were extracted using the TRIzol (Invitrogen, United States) according to the manufacturer’s instruction. They were subjected to digestion with RNase-free DNase I (Takara, Japan) and purification (Zhang et al., 2007). Reverse transcription was carried out according to the RNA PCR Kit 3.0 instructions (Takara, Japan). Five micrograms of purified RNA from each sample was used as the template for synthesizing the first-strand cDNA by using the SuperScript II First-Strand Synthesis Kit (Invitrogen, United States).

Real-Time Quantitative PCR (RT-qPCR) Analysis

To investigate the expression patterns of the cutinase genes during the infection process in wheat, R. cerealis Rc207 RNAs were extracted from the pathogen inoculated stems of wheat at five different infection time points (18, 36, 72, 96, and 240 h post-inoculation, hpi) with R. cerealis Rc207 and from R. cerealis Rc207 in vitro. The specific RT-qPCR primers for each cutinase gene were designed based on the specific sequences using homologous sequence alignment to distinguish each other. All the primers in the study are listed in Supplementary Table S1.

The RT-qPCR was performed using an ABI 7500 RT-PCR system (Applied Biosystems, United States) following the procedure described in Dong et al. (2010). The relative expression of the target genes in R. cerealis or wheat was calculated using the 2-ΔΔCT method (Livak and Schmittgen, 2001), where the wheat Actin gene (TaActin) or the R. cerealis Actin gene (RcActin) was used as the internal reference. Three independent biological replications were performed for each RNA sample/primer combination.

Heterologous Expression of RcCUT1

The full coding sequence of the RcCUT1 gene was sub-cloned into the BamHI site of pMAL-c5x vector and fused with the maltose-binding protein (MBP) tag in the vector (New England BioLabs, United Kingdom), which resulted in the expression vector pMBP-RcCUT1. For site-directed mutant of RcCUT1, the Ser-110, critical for the enzymatic activity of RcCUT1, was replaced by alanine. The positive clones with the MBP-RcCUT1 recombinant gene and the mutant were identified by means of the gene-specific PCR and confirmed by sequencing of the gene. The resulting pMBP-RcCUT1 and mutant pMBP-RcCUT1-S110A fusion constructs were transformed into competent cells of Escherichia coli (E. coli) BL21 (DE3), respectively. The recombinant MBP-RcCUT1 and MBP-RcCUT1-S110A proteins were separately expressed after treatment with 0.05 mM isopropyl-β-D-thiogalactopyranose at 16°C for 19 h, and purified using Amylose resin (New England BioLabs, United Kingdom). Protein purity and molecular weight were determined by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE).

Cutinase Enzyme Activity Assays

Cutinases are defined as extracellular serine esterases that break the ester bond of cutin, a heteropolymer of esters of hydroxylated fatty acids, derived from the cuticle of plant (Parker and Köller, 1998). Cutinase activity in MBP-RcCUT1 can be quantified in an indirect way by using the method previously described (Chen S. et al., 2008). One unit of enzyme activity is defined as the production of 1 μM of p-nitrophenol per minute. The standard assay was measured at 20°C in a final volume of 1 mL containing 1 mM p-nitrophenyl butyrate (pNPB), the enzyme, and the assay buffer (20 mM Tris-HCl, 10 mM NaCl, and 50 mM sodium taurodeoxycholate, pH 8.0). The reaction was initiated by the addition of pNPB. The hydrolysis of pNPB was spectrophotometrically monitored for the formation of p-nitrophenol at 405 nM.

Cell Death-Inducing Activity of RcCUT1 Protein

Cell death-inducing activity of the heterologously expressed protein was assayed by infiltrating samples (25 μL) into the detached leaves of 2-months-old wheat plants (Zheng et al., 2013; Ma et al., 2015). To determine the minimum concentration required, 25 μL of a serially diluted protein solution (2.5, 5, or 10 μM) was infiltrated into wheat leaves. MBP-tag protein was used as a negative control.

Diaminobenzidine (DAB) Staining for Detection of H2O2

Hydrogen peroxide (H2O2) in plants was detected by DAB staining as previously described method (Thordal-Christensen et al., 1997). N. benthamiana leaves treated by MBP-RcCUT1 were sampled, then immediately vacuum-infiltrated with solution of 1 mg ml-1 DAB-HCl (pH 3.8) at 25°C. They were placed under dark for 8 h, subsequently were boiled for 5 min in 95% ethanol (Lee et al., 2002).

Application of the Purified RcCUT1 in Disease Assay

In a detached-leaf inoculation assay, fully expanded secondary leaves (at the tillering stage of the 2-months-old wheat) were injected with MBP-RcCUT1 (25 μL). After the protein was completely infiltrated for 6 h, the leaves were inoculated with 50 μL mycelium suspension of Rc207 nearly to the MBP-RcCUT1 infiltrated. The leaves were then placed in Petri dishes containing filter paper saturated with sterile distilled water and kept under a 16 h day/8 h night regime at 25°C. Pictures of the lesions were taken at 3 days post-inoculation (dpi) with Rc207, and lesion areas were measured by length × width. Each experiment was performed with six leaves and repeated three times. RT-qPCR was used to quantify the ratio of host-to-pathogen RNA sequences, employing primers specific for R. cerealis (RcActin) (Supplementary Table S1). Three independent biological replicates were conducted.

RESULTS

Identification of the Cutinase Genes in the R. cerealis Genome

BLASTP searches of the CAZyme database of the R. cerealis Rc207 genome identified a total of six cutinase domain-containing proteins, which were designated as RcCUT1–RcCUT6. The protein sequence analysis indicated that they all contain the carbohydrate esterase 5 (CE5) domain (Table 1). Using gene specific primers (Supplementary Table S1), we cloned and verified the full lengths of coding sequence for all six cutinase genes. The cutinase genes have four to five introns with the length of ORFs ranging from 609 to 738 bp (Figure 1A and Table 1). Among them, RcCUT6 has the smallest size (21.1 kDa) consisting of 203 amino acid (AA) residues and RcCUT3 is the largest composed by 246 AA residues (Table 1). Their isoelectric points (PI) ranged from 5.53 to 8.95 (Table 1). Based on signal peptide predictions, four cutinases, including RcCUT1, RcCUT2, RcCUT4, and RcCUT5, were predicted to be a secreted protein. All cutinase proteins except RcCUT6 contained four cysteines (Table 1).

TABLE 1. Characteristics of six cutinase genes (RcCUTs) in Rhizoctonia cerealis.
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FIGURE 1. Structures of RcCUT genes in Rhizoctonia cerealis and their phylogenetic relationships. (A) Exons and introns are indicated by black boxes and lines, respectively. The 5′–3′ scale indicates the DNA sequence size. The names of the RcCUT genes and intron-exon structures are indicated at the left and right sides, respectively. (B) Phylogenetic relationships between cutinases from R. cerealis and other fungi. The phylogeny was constructed by Mega 7.0 using neighbor-joining method (parameters: 1,000 bootstraps).



Protein sequence alignment was conducted among all the six R. cerealis cutinases, and additional 11 cutinase proteins from other plant pathogens retrieved from GenBank (Supplementary File S1 and Supplementary Figure S1). All the six R. cerealis cutinases have two conserved motifs that are important for the enzyme activity of cutinases, including C-P-x-[QTA]-x-[FIL]-[VAS]-x-[GS]-G-Y-S-K-G motif (enzymatic activity site, S = serine) and C-x(3)-D-x(2)-C-x(2)-[GS]-[GSD]-x(4)-[AP]-H motif (enzymatic activity sites, D = aspartic acid and H = histidine). These motifs are similar to the cutinase proteins from other phytopathogens (Supplementary Figure S1). In addition, we examined all 53 cutinase protein sequences from the Rhizoctonia solanis (R. solani) strains AG1-IB, AG2-IIIB, AG3, AG8, and 123E that all have been sequenced, and found that they all possess the GYSKG motif and less conserved C-x(3)-D-x(2)-C-x(2)-[GS]-[GSD]-x(4)-[AP]-H motif (Supplementary File S2 and Supplementary Figure S2). To understand the evolutionary relationship between RcCUTs and cutinases from other plant fungal pathogens, a phylogenetic tree was constructed using the neighbor-joining phylogeny (Saitou and Nei, 1987). The phylogenetic tree results showed that the six R. cerealis cutinases, R. solani cutinases, and Curvularia lunata ClCUT7 were clustered into the same group (Figure 1B).

Expression Patterns of RcCUT1–RcCUT6 During the Infection

The expression of each cutinase gene was investigated during the infection process to wheat stems, including five different infection time points (18, 36, 72, 96, and 240 hpi) and compared to that in vitro culturing. All the six cutinase genes, RcCUT1–RcCUT6, had very low level of expression in vitro culture; In contrast, except RcCUT6, RcCUT1–RcCUT5 had significant higher expressional levels in planta during the infection at all or some time points when compared to the in vitro samples (Figure 2). In addition, the five cutinase genes had distinct expression patterns during the infection. Most noticeably, RcCUT1 had a very high transcriptional level for all the tested infection time points. The transcriptional level of RcCUT2 was also relatively higher for most of infection time points, but it decreased as time progressed. In comparison, RcCUT3, RcCUT4, and RcCUT5 had relatively high transcriptional levels during late time points (Figure 2). Lastly, RcCUT6 had no detectable expression at all five tested infection time points. Because RcCUT1 is highly expressed among all the tested time points, we suspected that it might be importantly involved in host–pathogen interaction for the disease, and thus we further investigate its function.
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FIGURE 2. Expression patterns of the RcCUT genes in Rhizoctonia cerealis during the infection to wheat stems. The R. cerealis Actin gene was used as an internal control to normalize the data. The expression of each cutinase gene was investigated during the infection process to wheat stems, including five different infection time points (18, 36, 72, 96, and 240 hpi) and compared to that in vitro culturing. Error bars were calculated based on three replicates. Asterisk ∗∗ indicates significant difference between the pathogen-inoculated sample and in vitro sample (t-test; P < 0.01).



Heterologous Expression and Cutinase Activity of the RcCUT1 Protein

The predicted RcCUT1 protein consists of a putative signal peptide at 1–18 AA residues, the 28–207 AA residue region possibly containing the cutinase domain, the conserved GYSKG motif at the 108–112 region, and another motif at amino acids of 175–187 (Figure 3A). The RcCUT1 shared 68.40% protein sequence identity with a cutinase in R. solani (GenBank Accession Number CEL56515.1, function not confirmed yet), 30.49% identity to SsCUT, an elicitor from Sclerotinia sclerotiorum (Zhang et al., 2014), 26.27% identity to ClCUT7 (a function-known cutinase in C. lunata involved in pathogenicity, Liu et al., 2016), and 17.28% identity to VdCUT11 (Gui et al., 2018).
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FIGURE 3. Heterologous expression and cutinase activity of RcCUT1 from Rhizoctonia cerealis. (A) The deduced amino acid sequence of RcCUT1. Yellow part represents signal protein domain, green space indicates the two highly conserved domains of cutinase, the cutinase domain is marked by black lines, and blue cube represents the cysteine. (B) Sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of the purified enzymes of RcCUT1 from R. cerealis. (C) Enzyme activity of RcCUT1 was measured at 20°C using p-NPB as substrate. Standard errors are shown.



To obtain purified RcCUT1 protein, the MBP-RcCUT1 recombinant protein was expressed in E. coli. After purification, the recombinant MBP-RcCUT1 protein was examined using SDS–PAGE. The purified recombinant protein MBP-RcCUT1 migrated as a single band with an estimated molecular mass of 63 kDa on SDS-PAGE (Figure 3B). The cutinase activity assays showed that the purified MBP-RcCUT1 had the enzymatic activity for hydrolyzing pNPB substrate while MBP-tag had no activity (Figure 3C). This suggests that RcCUT1 is a functional cutinase.

RcCUT1 Induces Cell Death in the Treated Leaves of Wheat and N. benthamiana

Many fungal cutinases have been shown to have the ability to induce programmed cell death in plant (Zhang et al., 2014; Gui et al., 2018). The purified MBP-RcCUT1 protein was infiltrated into wheat leaves at the concentrations of 2.5, 5, or 10 μM to test its ability to induce cell death. As shown in Figure 4A, necrosis and/or chlorosis was clearly observed in the MBP-RcCUT1 infiltrated area on the wheat leaves at 3 days after infiltration with all three concentrations, whereas MBP-tag infiltration did not cause any visible necrotic or chlorotic symptoms. We further tested the induced cell death-inducing activity of RcCUT1 in N. benthamiana, and the similar results were observed with the MBP-RcCUT1, being able to induce necrosis/chlorosis, but not with MBP-tag (Figure 4B). The necrotic symptom induced by MBP-RcCUT1 in N. benthamiana leaves was similar to the necrotic symptom induced by VdCUT11 of Verticillium dahliae (Gui et al., 2018). In addition, trypan blue staining showed the occurrence of plant cell death in the necrotic areas induced by MBP-RcCUT1 on wheat leaves (Figure 4C).
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FIGURE 4. The cell death induced by RcCUT1 in wheat and N. benthamiana leaves. (A) Wheat leaves 3 days post-inoculation with the MBP-RcCUT1 (2.5, 5, and 10 μM) and the MBP-tag solution (5 μM) as control. (B) N. benthamiana leaves with MBP-RcCUT1 treatment (5 μM). The red and black circles indicate cell death and no cell death, respectively. (C) Wheat leaves with MBP-RcCUT1 treatment (5 μM) stained by trypan blue. Dead wheat leaf cells were stained by trypan blue.



The Cell Death-Inducing Activity of RcCUT1 Is Dependent on Cutinase Activity

The three conserved AA residues (Ser, Asp, and His) in cutinase enzymatic domain are essential for the function to catalyze the degradation of the plant cuticle (Chen S. et al., 2013). These three catalytic residues were highly conserved in RcCUT1, including Ser-110 in the first conserved motif, Asp-175 and His-187 in the second motif (Figure 3A). To assess the relationship between the cutinase activity and cell death-inducing activity of RcCUT1, the conserved Ser-110 was changed to alanine (Ala, A). Compared to the wild type (WT), the RcCUT1-S110A mutant protein had lost nearly all cutinase activity based on pNPB substrate assay (Figures 5A,B). Furthermore, the purified mutant RcCUT1-S110A did not result in necrosis development in the infiltrated area on wheat leaves (Figure 5C).
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FIGURE 5. The enzymatic activity is required for the cell death-inducing activity of RcCUT1. (A) Sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of the purified enzymes of wild-type MBP-RcCUT1 and its mutants. MBP-RcCUT1 S110A, site-directed mutant; MBP-RcCUT1-SP, signal peptide deletion mutant; MBP-tag, as the check sample. (B) Enzyme activity of MBP-RcCUT1 variants were measured at 20°C using p-NPB as substrate. Standard errors are shown. (C) Detection of the cell death-inducing activities of MBP-RcCUT1 variants in wheat leaves.



We also test if the N-terminal signal peptide is required for necrosis-inducing activity. The predicted signal peptide was deleted from the RcCUT1, which then expressed as the wild type RcCUT1. The results showed that the mutant of signal peptide-deletion (RcCUT1-SP) displayed the same levels of cell death-inducing activity as the wild type RcCUT1 on wheat leaves (Figure 5C).

RcCUT1 Can Induce H2O2 Production in the Treated Plant Leaves

Reactive oxygen species (ROS) accumulation in cells may promote HR and cell death (Temme and Tudzynski, 2009; Ma et al., 2015). H2O2 is a primary type of ROS and is correlated with the early defense response accompanying cell death (Balbi-Pena et al., 2012; Zhang et al., 2014). Therefore, we examined if treatment of MBP-RcCUT1 protein could induce H2O2 production in plant leaves. N. benthamiana leaves were infiltrated with MBP-RcCUT1 and the control MBP-tag, respectively, and collected at different time points for diaminobenzidine (DAB) staining. H2O2 accumulation was detected at some time points in N. benthamiana leaves infiltrated with MBP-RcCUT1, mainly concentrated in the veins and stomata of N. benthamiana leaves (Figure 6). However, no obvious (DAB) precipitation was observed for the infiltration with the MBP-tag control (Figure 6). We noticed stronger H2O2 accumulation occurred at 45 min and 3 h after infiltration (Figure 6). The two phases of oxidative burst were also observed for S. sclerotiorum cutinase treatment in N. benthamiana leaves (Zhang et al., 2014).
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FIGURE 6. Microscopic observation of H2O2 accumulation in N. benthamiana leaves in response to RcCUT1. H2O2 accumulation (as indicated by diaminobenzidine staining) appeared in the veins and stomata of MBP-RcCUT1-treated leaves but not in leaves treated with 5 μM MBP-tag solution.



RcCUT1 Activates the Expression of Defense-Related Genes in the Treated Wheat

We used RT-qPCR to examine the expression of eight defense-related genes in wheat leaves after treatment with MBP-RcCUT1 or MBP-tag alone. These wheat defense-related genes we investigated included the pathogenesis-related genes PR1a, PR1b, PR2, PR3, PR5, defensin, and an ethylene-response factor TaPIE1 (Zhang et al., 2012; Liu et al., 2013; Zhu et al., 2014). As expected, the RT-qPCR results showed that all eight genes exhibited significantly elevated expression patterns in wheat leaves infiltrated with RcCUT1 than those infiltrated with MBP-tag (Figure 7). Among the eight genes, PR2 and PR5 which encode a β-1,3-glucanase and a thaumatin-like protein, respectively, had the much higher transcriptional induction than others after RcCUT1 treatment (Figure 7).
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FIGURE 7. Induction of defense response genes by RcCUT1 from Rhizoctonia cerealis. Expression analysis of defense-related genes in wheat leaves 3 days after inoculation with the MBP-RcCUT1 and the check sample MBP-tag at a concentration of 5 μM. The wheat Actin gene was used as an internal control to normalize the data. Error bars were calculated based on three replicates. Double asterisk ∗∗ indicates significant difference between MBP-RcCUT1 treatment and MBP-tag treatment (t-test; P < 0.01).



RcCUT1 Contributes to Pathogenicity in R. cerealis Infection to Wheat

To shed light on the virulence role of RcCUT1, the liquid mycelia of R. cerealis Rc207 were inoculated on the surface of the wheat leaves pretreated by MBP-RcCUT1 or MBP-tag. Disease developments were then recorded as time progressed by measuring the water-soaking area. At 2 dpi, water-soaking lesion was clearly observed on the R. cerealis Rc207 inoculated leaves pretreated with the MBP-tag control or MBP-RcCUT1 (Figure 8A). However, the disease development was faster and the disease lesions were larger in leaves pretreated with MBP-RcCUT1 than those pretreated with MBP-tag control, and statistical analysis also showed a significant difference between the MBP-RcCUT1 and the control at 3 dpi with R. cerealis Rc207 (Figures 8A,B). We also measured the fungal relative biomass using RT-qPCR with R. cerealis Actin gene in the infected plant tissues at 3 dpi with R. cerealis Rc207. As a result, the R. cerealis relative biomass in the MBP-RcCUT1-pretreated leaves was significantly higher than in the MBP-tag-pretreated control leaves (Figure 8C).


[image: image]

FIGURE 8. RcCUT1 contributes to pathogenicity in Rhizoctonia cerealis infection to wheat. (A) MBP-RcCUT1 enhanced pathogenic phenotypes of R. cerealis in wheat leaves. Pictures of the lesions were taken at 3 days post-inoculation with the fungus and the lesion area was measured. (B) Disease severity measured as area of necrosis induced by R. cerealis mycelia on leaves shown in A. (C) RT-qPCR measurement of the pathogen and wheat RNA ratios was used to determine R. cerealis relative biomass in infected plant tissues shown in A. Three independent biological replicates were conducted. Error bars were calculated based on three replicates. Asterisk ∗ indicates significant difference between MBP-RcCUT1 treatment and MBP-tag treatment (t-test; P < 0.05).



DISCUSSION

Sharp eyespot, caused by R. cerealis, is now considered as one of the most important wheat diseases in China and has also been reported in many other places of the world (Hamada et al., 2011; Chen J. et al., 2013; Lemańczyk and Kwaśna, 2013; Ji et al., 2017). Management of wheat sharp eyespot is nearly impossible because of the lacking of host resistance and poor understanding of host–pathogen interaction in this disease system. The long term goal of our research is to reveal the molecular mechanisms underlying the fungal pathogenicity and infection. To do that, we have sequenced and annotated the whole genome of a highly virulent R. cerealis strain Rc207, which was collected in China (unpublished data). In this work, we identified a total of six cutinases from the sequenced R. cerealis genome, characterized their gene structures and expression patterns, and investigated the possible role of cutinases in fungal virulence. RcCUT1, one of the cutinase genes, was shown to express at a high level during the whole infection process, possess functional cutinase activity, and able to induce necrosis and defense responses in both wheat and N. benthamiana. To our knowledgement, this is the first time to investigate fungal pathogenesis focusing on cutinase genes in R. cerealis.

Previous publications have reported 17 cutinase genes in M. grisea, 13 in C. lunata, 13 in V. dahlia, 12 in Fusarium graminearum, 11 in Botrytis cinerea, four in Aspergillus nidulans, and three in Neurospora crassa (Skamnioti et al., 2008; Liu et al., 2016; Gui et al., 2018). In R. solani, seven cutinase genes in R. solani AG8 and only one cutinase gene in R. solani AG1 IA were identified, whereas their roles have not been studied yet (Zheng et al., 2013; James et al., 2014). Here, six non-redundant cutinase proteins were identified from R. cerealis genome. All the six protein sequences of RcCUT1–RcCUT6 possess the same amino acid sites (GYSKG) in the conserved 1st motif and another conserved C-x(3)-D-x(2)-C-x(2)-[GS]-[GSD]-x(4)-[AP]-H motif. Previous documents reported that in many other pathogenic fungi, cutinase protein sequences contain a highly conserved motif (GYSQG), and a less precise motif (C-x(3)-D-x(2)-C-x(2)-[GS]-[GSD]-x(4)-[AP]-H) that carries aspartate and histidine residues at the active sites (Skamnioti et al., 2008; Chen S. et al., 2013; Liu et al., 2016). Furthermore, we performed the protein sequence alignment among RcCUT1–RcCUT6 and 53 cutinase proteins from five sequenced genomes of R. solanis strains and found that these 59 cutinase proteins in Rhizoctonia all include the same amino acid sites GYSKG. The GYSKG motif may be a characteristic of the Rhizoctonia cutinases (Supplementary Figure S2), which is distinct from the GYSQG motif of most cutinases from other fungi, such as M. grisea, F. graminearum, B. cinerea, C. lunata, and V. dahlia (Skamnioti et al., 2008; Chen S. et al., 2013; Liu et al., 2016; Gui et al., 2018).

Although R. cerealis has six cutinase genes, their expression patterns were quite different. Most remarkably, RcCUT1 was found to express at very high levels even from the beginning and maintain its high expressional levels for all the tested time points. The transcriptional level of RcCUT2 was relatively higher for most of infection time points but decreased as infection time progressed. In comparison, transcriptional levels of RcCUT3, RcCUT4, and RcCUT5 were high during late infection time points, while RcCUT6 had no detectable expression at all five infection time points. Early expression has also been observed for some cutinase genes from other fungal pathogens. ClCUT7, one of C. lunata cutinase genes, was found to express as early as 3 h after inoculation, thus was suggested to be involved in cuticle degradation during the infection (Liu et al., 2016). Similarly, VdCUT11, one of cutinase genes from V. dahlia, was most significantly up-regulated during the early infection stage (Gui et al., 2018). These data strongly suggest RcCUT1 may be involved in all stages of fungal infection and colonization. Using the purified RcCUT1 protein, the RcCUT1 protein was clearly demonstrated to possess an in vitro cutinase activity to digest cutin polymer. We also showed that RcCUT1 is capable of inducing necrosis (programmed cell death) and triggering defense responses. Most importantly, application of the purified RcCUT1 with R. cerealis led to significantly higher level of the disease in wheat leaves than application of the fungus alone. Therefore, it is likely that RcCUT1 functions as a cutinase to degrade wheat cuticle layer helping the fungal penetration in the early stage, and it acts as a fungal effector to induce plant cell death facilitating the late colonization of the necrotrophic fungal pathogen. Additionally, it is interesting to further study roles of RcCUT2, RcCUT4, and RcCUT5 in the compatible interaction between R. cerealis and wheat.

Effectors are proteins and small molecules produced by a pathogen to alter the structure and function of host cells (Hogenhout et al., 2009). They are usually secreted and some contain multiple cysteine residues (Saunders et al., 2012). Necrotrophic fungal pathogens utilize an array of effectors to induce plant cell death which may facilitate the growth of the necrotrophic pathogens (Wang et al., 2014). Most cutinases in R. cerealis, including RcCUT1, RcCUT2, RcCUT4, and RcCUT5, are predicted to be secreted proteins, each with four cysteine residues, which indicates their potential as a necrotrophic effector. Here, RcCUT1 could induce host cell death, H2O2 accumulation, the expression of defense-related genes, and contribute to pathogenicity of R. cerealis. It is deduced that RcCUT1 may be an effector of the necrotrophic fungus R. cerealis. Several cutinases from other fungal pathogens were also shown to have activity as necrotrophic effectors, for example, VdCUT11 in V. dahlia (Gui et al., 2018) and ClCUT7 from C. lunata (Liu et al., 2016). Interestingly, site-directed mutagenesis of serine to alanine in the cutinase domain abolished RcCUT1 cutinase activity, which also eliminated its effector activity. Therefore, the function of RcCUT1 as an effector is dependent on its cutinase activity. This is similar to the report for VdCUT11 (Gui et al., 2018). However, for the S. sclerotiorum cutinase SsCUT acting as an elicitor, site-directed mutagenesis of the serine site reduced 99% of cutinase activity but did not affect its ability to trigger plant defense responses (Zhang et al., 2014).

CONCLUSION

In conclusion, we identified six cutinase genes from R. cerealis genome and revealed their different expression patterns during the infection process. We provided strong evidence that RcCUT1, one of cutinase genes in R. cerealis, can function as a necrotrophic effector to trigger plant cell death and H2O2 and contributes to the fungal virulence. These findings facilitate a better understanding of the compatible interaction of the R. cerealis and wheat. This study provides a candidate gene for improving wheat varieties with resistance to R. cerealis through gene editing technique.
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FOOTNOTES

1 http://www.cazy.org/

2 http://phobius.binf.ku.dk/

3 http://www.cbs.dtu.dk/services/SignalP-4.1/

4 http://www.genscript.com/wolf-psort.html

5 http://www.ebi.ac.uk/Tools/msa/clustalw2/

REFERENCES

Ausubel, F. M. (2005). Are innate immune signaling pathways in plants and animals conserved? Nat. Immunol. 6, 973–979. doi: 10.1038/ni1253

Balbi-Pena, M. I., Schwan-Estrada, K. R. F., and Stangarlin, J. R. (2012). Differential occurrence of the oxidative burst and the activity of defence related enzymes in compatible and incompatible tomato-Oidium neolycopersici interactions. Aust. Plant Pathol. 41, 573–586. doi: 10.1007/s13313-012-0150-6

Burpee, L. L., Sanders, P. L., Cole, H. Jr., and Sherwood, R. T. (1980). Anastomosis groups among isolates of anastomosis groups among isolates of Ceratobasidium cornigerum and related fungi. Mycologia 72, 689–701. doi: 10.2307/3759762

Chassot, C., and Metraux, J. P. (2005). The cuticle as source of signals for plant defense. Plant Biosys. 139, 28–31. doi: 10.1080/11263500500056344

Chen, J., Li, G. H., Du, Z. Y., Quan, W., Zhang, H. Y., Che, M. Z., et al. (2013). Mapping of QTL conferring resistance to sharp eyespot (Rhizoctonia cerealis) in bread wheat at the adult plant growth stage. Theor. Appl. Genet. 126, 2865–2878. doi: 10.1007/s00122-013-2178-6

Chen, L., Zhang, Z. Y., Liang, H. X., Liu, H., Du, L. P., Xu, H. J., et al. (2008). Overexpression of TiERF1 enhances resistance to sharp eyespot in transgenic wheat. J. Exp. Bot. 59, 4195–4204. doi: 10.1093/jxb/ern259

Chen, S., Su, L., Chen, J., and Wu, J. (2013). Cutinase: characteristics, preparation, and application. Biotechnol. Adv. 31, 1754–1767. doi: 10.1016/j.biotechadv.2013.09.005

Chen, S., Tong, X., Woodard, R. W., Du, G., Wu, J., and Chen, J. (2008). Identification and characterization of bacterial cutinase. J. Biol. Chem. 283, 25854–25862. doi: 10.1074/jbc.M800848200

Chisholm, S. T., Coaker, G., Day, B., and Staskawicz, B. J. (2006). Host-microbe interactions: shaping the evolution of the plant immune response. Cell 124, 803–814. doi: 10.1016/j.cell.2006.02.008

Deising, H., Nicholson, R. L., Haug, M., Howard, R. J., and Mendgen, K. (1992). Adhesion pad formation and the involvement of cutinase and esterases in the attachment of uredo spores to the host cuticle. Plant Cell 4, 1101–1111. doi: 10.1105/tpc.4.9.1101

Dixon, R. A., Harrison, M. J., and Lamb, C. J. (1994). Early events in the activation of plant defense responses. Annu. Rev. Phytopathol. 32, 479–501. doi: 10.1146/annurev.phyto.32.1.479

Dong, N., Liu, X., Liu, Y., Du, L. P., Xu, H. J., Xin, Z. Y., et al. (2010). Overexpression of TaPIEP1, a pathogen-induced ERF gene of wheat, confers host-enhanced resistance to fungal pathogen Bipolaris sorokiniana. Funct. Integr. Genomics 10, 215–226. doi: 10.1007/s10142-009-0157-4

Ebel, J., and Mithofer, A. (1998). Early events in the elicitation of plant defence. Planta 206, 335–348. doi: 10.1007/s004250050409

Francis, S. A., Dewey, F. M., and Gurr, S. J. (1996). The role of cutinase in germling development and infection by Erysiphe graminis f. sp. hordei. Physiol. Mol. Plant Pathol. 49, 201–211. doi: 10.1006/pmpp.1996.0049

Garcia-Brugger, A., Lamotte, O., Vandelle, E., Bourque, S., Lecourieux, D., Poinssot, B., et al. (2006). Early signaling events induced by elicitors of plant defenses. Mol. Plant Microbe Interact. 19, 711–724. doi: 10.1094/mpmi-19-0711

Gilbert, R. D., Johnson, A. M., and Dean, R. A. (1996). Chemical signals responsible for appressorium formation in the rice blast fungus Magnaporthe grisea. Physiol. Mol. Plant Pathol. 38, 335–346. doi: 10.1006/pmpp.1996.0027

Gui, Y. J., Zhang, W. Q., Zhang, D. D., Zhou, L., Short, D. P. G., Wang, J., et al. (2018). A Verticillium dahliae extracellular cutinase modulates plant immune responses. Mol. Plant Microbe Interact. 31, 260–273. doi: 10.1094/MPMI-06-17-0136-R

Hamada, M. S., Yin, Y., Chen, H., and Ma, Z. (2011). The escalating threat of Rhizoctonia cerealis, the causal agent of sharp eyespot in wheat. Pest Manag. Sci. 67, 1411–1419. doi: 10.1002/ps.2236

Hogenhout, S. A., Van der Hoorn, R. A., Terauchi, R., and Kamoun, S. (2009). Emerging concepts in effector biology of plant-associated organisms. Mol. Plant Microbe Interact. 22, 115–122. doi: 10.1094/MPMI-22-2-0115

James, K. H., Jonathan, P. A., Angela, H. W., Jana, S., and Karam, B. S. (2014). Genome sequencing and comparative genomics of the broad host-range pathogen Rhizoctonia solani AG8. PLoS Genet. 10:e1004281. doi: 10.1371/journal.pgen.1004281

Ji, L., Liu, C., Zhang, L., Liu, A., and Yu, J. (2017). Variation of rDNA internal transcribed spacer sequences in Rhizoctonia cerealis. Curr. Microbiol. 74, 877–884. doi: 10.1007/s00284-017-1258-2

Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature 444, 323–329. doi: 10.1038/nature05286

Kiran, K., Rawal, H. C., Dubey, H., Jaswal, R., Devanna, B. N., Gupta, D. K., et al. (2016). Draft genome of the wheat rust pathogen (puccinia triticina) unravels genome-wide structural variations during evolution. Genome Biol. Evol. 8, 2702–2721. doi: 10.1093/gbe/evw197

Kolattukudy, P. E., Li, D. X., Hwang, C. S., and Flaishman, M. A. (1995). Host signals in fungal gene-expression involved in penetration into the host. Can. J. Bot. 73, 1160–1168. doi: 10.1139/b95-373

Koller, W., Parker, D. M., and Becker, C. M. (1991). Role of cutinase in the penetration of apple leaves by Venturia inaequalis. Phytopathology 81, 1375–1379. doi: 10.1094/Phyto-81-1375

Koschorreck, K., Liu, D., Kazenwadel, C., Schmid, R. D., and Hauer, B. (2010). Heterologous expression, characterization and site-directed mutagenesis of cutinase CUTAB1 from Alternaria brassicicola. Appl. Microbiol. Biotechnol. 87, 991–997. doi: 10.1007/s00253-010-2533-3

Lee, B. H., Lee, H., Xiong, L., and Zhu, J. K. (2002). A mitochondrial complex I defect impairs cold-regulated nuclear gene expression. Plant Cell 14, 1235–1251. doi: 10.1105/tpc.010433

Lemańczyk, G., and Kwaśna, H. (2013). Effects of sharp eyespot (Rhizoctonia cerealis) on yield and grain quality of winter wheat. Eur. J. Plant Pathol. 135, 187–200. doi: 10.1007/s10658-012-0077-3

Li, D., Ashby, A. M., and Johnstone, K. (2003). Molecular evidence that the extracellular cutinase Pbc1 is required for pathogenicity of Pyrenopeziza brassicae on oilseed rape. Mol. Plant Microbe Interact. 16, 545–552. doi: 10.1094/MPMI.2003.16.6.545

Li, W., Guo, Y., Zhang, A., and Chen, H. (2017). Genetic structure of populations of the wheat sharp eyespot pathogen Rhizoctonia cerealis AG-DI in China. Phytopathology 107, 224–230. doi: 10.1094/PHYTO-05-16-0213-R

Li, W., Sun, H., Deng, Y., Zhang, A., and Chen, H. (2014). The heterogeneity of the rDNA-ITS sequence and its phylogeny in Rhizoctonia cerealis, the cause of sharp eyespot in wheat. Curr. Genet. 60, 1–9. doi: 10.1007/s00294-013-0397-7

Liu, T., Hou, J., Wang, Y., Jin, Y., Borth, W., Zhao, F., et al. (2016). Genome-wide identification, classification and expression analysis in fungal-plant interactions of cutinase gene family and functional analysis of a putative ClCUT7 in Curvularia lunata. Mol. Genet. Genomics 291, 1105–1115. doi: 10.1007/s00438-016-1168-1

Liu, X., Yang, L. H., Zhou, X., Zhou, M., Lu, Y., and Liang, J. (2013). Transgenic wheat expressing Thinopyrum intermedium MYB transcription factor TiMYB2R-1 shows enhanced resistance to the take-all disease. J. Exp. Bot. 64, 2243–2253. doi: 10.1093/jxb/ert084

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

Ma, Y., Han, C., Chen, J., Li, H., He, K., Liu, A., et al. (2015). Fungal cellulase is an elicitor but its enzymatic activity is not required for its elicitor activity. Mol. Plant Pathol. 16, 14–26. doi: 10.1111/mpp.12156

Maddock, S. E. (1979). Studies of the Biology of Light Leaf Spot Disease of Oilseed Rape and Other Brassicas. Ph.D. thesis,University of Cambridge, Cambridge.

Moore, J. W., Herrerafoessel, S., Lan, C., Schnippenkotter, W., Ayliffe, M., Huerta-Espino, J., et al. (2015). A recently evolved hexose transporter variant confers resistance to multiple pathogens in wheat. Nat. Genet. 47, 1494–1498. doi: 10.1038/ng.3439

Morid, B., Zare, R., Rezaee, S., Zamani-Zadeh, H., and Hajmansour, S. (2009). The relationship between cutinases and the pathogenicity/virulence of Fusarium solani in potato tubers. Phytopathol. Mediterr. 48, 403–410.

Nicholson, P., and Parry, D. W. (1996). Development and use of a PCR assay to detect Rhizoctonia cerealis, the cause of sharp eyespot in wheat. Plant Pathol. 45, 872–883. doi: 10.1111/j.1365-3059.1996.tb02898.x

Park, J. H., Suh, M. C., Kim, T. H., Kim, M. C., and Cho, S. H. (2008). Expression of glycine-rich protein genes, AtGRP5 and AtGRP23, induced by the cutin monomer 16-hydroxypalmitic acid in Arabidopsis thaliana. Plant Physiol. Biochem. 46, 1015–1018. doi: 10.1016/j.plaphy.2008.06.008

Parker, D. M., and Köller, W. (1998). Cutinase and other lipolytic esterases protect bean leaves from infection by Rhizoctonia solani. Mol. Plant Microbe Interact. 11, 514–522. doi :10.1094/MPMI.1998.11.6.514

Pitt, D. (1966). Studies on sharp eyespot disease of cereals. III. Effects of the disease on the wheat host and the incidence of disease in the field. Ann. Appl. Biol. 58, 299–308. doi: 10.1111/j.1744-7348.1966.tb04389.x

Rogers, L. M., Flaishman, M. A., and Kolattukudy, P. E. (1994). Cutinase gene disruption in Fusarium solani f. sp. pisi decreases its virulence on pea. Plant Cell 6, 935–945. doi: 10.1105/tpc.6.7.935

Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406–425. doi: 10.1093/oxfordjournals.molbev.a040454

Saunders, D., Win, J., Cano, L. M., Szabo, L. J., and Kamoun, S. (2012). Using hierarchical clustering of secreted protein families to classify and rank candidate effectors of rust fungi. PLoS One 7:e29847. doi: 10.1371/journal.pone.0029847

Schweizer, P., Felix, G., Buchala, A., Müller, C., and Métraux, J. (1996b). Perception of free cutin monomers by plant cells. Plant J. 10, 331–341. doi: 10.1046/j.1365-313X.1996.10020331.x

Schweizer, P., Jeanguenat, A., Whitacre, D., Metraux, J. P., and Mosinger, E. (1996a). Induction of resistance in barley against Erysiphe graminis f.sp. hordei by free cutin monomers. Physiol. Mol. Plant Pathol. 49, 103–120. doi: 10.1006/pmpp.1996.0043

Sharon, M., Sneh, B., Kuninaga, S., and Hyakumachi, M. (2006). The advancing identification and classification of Rhizoctonia, spp. using molecular and biotechnological methods compared with the classical anastomosis grouping. Mycoscience 47, 299–316. doi: 10.1007/S10267-006-0320-X

Skamnioti, P., and Gurr, S. J. (2007). Magnaporthe grisea cutinase2 mediates appressorium differentiation and host penetration and is required for full virulence. Plant Cell 19, 2674–2689. doi: 10.1105/tpc.107.051219

Skamnioti, P., Furlong, R. F., and Gurr, S. J. (2008). Evolutionary history of the ancient cutinase family in five filamentous Ascomycetes reveals differential gene duplications and losses and in Magnaporthe grisea shows evidence of sub- and neo-functionalization. New Phytol. 180, 711–721. doi: 10.1111/j.1469-8137.2008.02598.x

Stahl, D. J., and Schafer, W. (1992). Cutinase is not required for fungal pathogenicity on pea. Plant Cell 4, 621–629. doi: 10.1105/tpc.4.6.621

Sweigard, J. A., Chumley, F. G., and Valent, B. (1992). Disruption of a Magnaporthe grisea cutinase gene. Mol. Gen. Genet. 232, 183–190. doi: 10.1105/tpc.4.6.621

Temme, N., and Tudzynski, P. (2009). Does Botrytis cinerea ignore H2O2-induced oxidative stress during infection? Characterization of Botrytis activator protein 1. Mol. Plant Microbe Interact. 22, 987–998. doi: 10.1094/mpmi-22-8-0987

Thordal-Christensen, H., Zhang, Z., Wei, Y., and Collinge, D. B. (1997). Subcellular localization of H2O2 in plants. H2O2 accumulation in papillae and hypersensitive response during the barley—powdery mildew interaction. Plant J. 11, 1187–1194. doi: 10.1046/j.1365-313X.1997.11061187.x

Tomaso-Peterson, M., and Trevathan, L. E. (2007). Characterization of Rhizoctonia-like fungi isolated from agronomic crops and turfgrasses in Mississippi. Plant Dis. 91, 260–265. doi: 10.1094/PDIS-91-3-0260

Van Der Hoeven, E. P., and Bollen, G. J. (1980). Effect of benomyl on soil fungi associated with rye. 1. Effect on the incidence of sharp eyespot caused by Rhizoctonia cerealis. Neth. J. Plant Pathol. 86, 163–180. doi: 10.1007/BF01989709

Wang, X. L., Jiang, N., Liu J. L., Liu, W. D., and Wang G. L. (2014). The role of effectors and host immunity in plant-necrotrophic fungal interactions. Virulence 5, 722–732. doi: 10.4161/viru.29798

Wang, Y., Chen, J., Li, D. W., Zheng, L., and Huang, J. (2017). CglCUT1 gene required for cutinase activity and pathogenicity of Colletotrichum gloeosporioides causing anthracnose of Camellia oleifera. Eur. J. Plant Pathol. 147, 103–114. doi: 10.1007/s10658-016-0983-x

Zhang, H., Wu, Q., Cao, S., Zhao, T., Chen, L., Zhuang, P., et al. (2014). A novel protein elicitor (SsCut) from Sclerotinia sclerotiorum induces multiple defense responses in plants. Plant Mol. Biol. 86, 495–511. doi: 10.1007/s11103-014-0244-3

Zhang, Z. Y., Liu, X., Wang, X., Zhou, M., Zhou, X., Ye, X. G., et al. (2012). An R2R3 MYB transcription factor in wheat, TaPIMP1, mediates host resistance to Bipolaris sorokiniana and drought stresses through regulation of defense- and stress-related genes. New Phytol. 196, 1155-1170. doi: 10.1111/j.1469-8137.2012.04353.x

Zhang, Z., Yao, W., Dong, N., Laing, H., Liu, H., and Huang, R. (2007). A novel ERF transcription activator in wheat and its induction kinetics after pathogen and hormone treatments. J. Exp. Bot. 58, 2993–3003. doi: 10.1093/jxb/erm151

Zheng, A., Lin, R., Zhang, D., Qin, P., Xu, L., Ai, P., et al. (2013). The evolution and pathogenic mechanisms of the rice sheath blight pathogen. Nat. Commun. 4:1424. doi: 10.1038/ncomms2427

Zhu, X. L., Qi, L., Liu, X., Cai, S. B., Xu, H. J., Huang, R. F., et al. (2014). The wheat ethylene response factor transcription factor pathogen-induced ERF1 mediated host responses to both the necrotrophic pathogen Rhizoctonia cerealis and freezing stresses. Plant Physiol. 164, 1499–1514. doi: 10.1104/pp.113.229575

Zhu, X. L., Yang, K., Wei, X. N., Zhang, Q., Rong, W., Du, L. P., et al. (2015). The wheat AGC kinase TaAGC1 is a positive contributor to host resistance to the necrotrophic pathogen Rhizoctonia cerealis. J. Exp. Bot. 66, 6591–6603. doi: 10.1093/jxb/erv367

Disclaimer: This intellectual property in this paper belongs to Institute of Crop Sciences, Chinese Academy of Agricultural Sciences.

Conflict of Interest Statement: 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 © 2018 Lu, Rong, Massart and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-09-01813-t001.jpg
Genename  ORFlength (bp)  Aminoacid (aa)  Molecular weight (kD) ~ lsoelectric point (pl) ~ No.Cys  Secreted ~ CAZYmes

ReCUT1 636 212 215 8.95 4 Yes CES
ReCUT2 627 209 218 8.43 4 Yes CES
ReCUT3 738 246 259 8.64 4 No CES
RcCUT4 624 208 21.4 8.48 4 Yes CES
ReCUTS 633 211 21.6 7.76 4 Yes CES
ReCUT6 609 203 211 5.53 3 No CES





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Microbiology

Genome-Wide Identification and
Expression Analysis of Cutinase
Gene Family in Rhizoctonia
cerealis and Functional Study of
an Active Cutinase RcCUT1 in
the Fungal-Wheat Interaction





OPS/images/fmicb-09-01813-g002.jpg
Relative expression level

©
»
n

o

o

RecUTI

ives 3% 7 % 0
(Recurz

ey 3% 7 % 0

CTTEa—

Invire 1836 7% 240
RecTs

ety 3 7 % 20
[Recs

el 36 7 % 0
“Time post inoculation (h)





OPS/images/fmicb-09-01813-g001.jpg
A RcCUTI
ReCUTS
ReCUT?2
ReCUT4
ReCUT3

RcCUT6
5

Legend:

@ Exon — Intron

“0bp

100 bp

200 bp 300 bp 400 bp 500 bp 600 bp 700 bp 800 bp

e
100
48
61
100 100
L ||100
100
99
57
97
100

“

0.1

RcCUT1

RcCUTS

Rhizoctonia solani AG-1 1B CEL56515.1
RcCUT2

RcCUT4

Rhizoctonia solani AG-1 1B CCO34480.1
RcCUT3

RcCUT6

Curvularia lunata CICUT7

Fusarium solani AAA33334.1
Colletotrichum gloeosporioides ClgCUT]1
Magnaporthe oryzae MgCUT?2
Pyrenopeziza brassicae Pbcl

Sclerotinia sclerotiorum SsCUT
Monilinia fructicola AAZ95012.1
Botrytis cinerea BC1G 02936
Verticillium dahliae VdCUTI 1





OPS/images/fmicb-09-01813-g008.jpg
Disease (mm?)

MBP-tag+ MBP-RcCUT1+

R.cerealis

R.cerealis

MBP-tag+
R.cerealis

MBP-RcCUT1+
R.cerealis

@]

Relative expression of RcActin

MBP-tag+ MBP-RcCUT1+
R.cerealis R.cerealis





OPS/images/fmicb-09-01813-g007.jpg
Relative expression level

30

1 |

OMBP-tag

| mMBP-RcCUT1

ek

ek

PRIa PRI1b

PR?2 PR3

PR5

Defensin

TaPIE]





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-09-01813-g004.jpg
10 (V)
MBP-ReCUTL

c

MBP-tag MBP-ReC






OPS/images/fmicb-09-01813-g003.jpg
1 M QTKSLIAFFLFAASALARMPTETLEHR
26 R QTGE s PLQLVF FTLAGTNETZKTDSGTLA AG
51 G PLGASTLIEKSAVPGTTNTYTVZPYDTRA
76 E Y G T I TAGATULTVZKYTITDO QAR ARTESTHFE
101 N gV FaLGc GFNNE ~ M VI HSTSLSAR AL
126 K A KVV GIVV F GDUP YRS S SNSWUPTIT S
151 A VVNSNPRNGTITARAQSTIASTFZENS SG GGTH
176 ENVNCHGNGNGIENSIVISIIS L T Y G T D G AT G I A A
201 T F L KNRTFARARG *
&
o
& &
kba M » & C o 7
SncmE—— -—E 6_
250 ~
.E 5.—
150 s B a4l
e
100 5.53.—
.=§2
=
75 - EE-
- = 1
T 0
50— S
— = o
= N
37 ¥ E





OPS/images/fmicb-09-01813-g006.jpg





OPS/images/fmicb-09-01813-g005.jpg
A MBP-RcCUT1 B
kDa M MBP-tag WT S110A -SP 12
250 = 10 |
150 E—. 8
= =
100 22
= (=] 6 I~
TS N ——— o =
- - - - - o S
= o
= £ 4 I
S0 — A
L = 27
37 =
0
25 - MBP-tag WT S110A -S
MBP-RcCUT1
C

MBP-tag WT S110A -SP

MBP-RcCUT1





