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SUN-Family Protein UvSUN1 Regulates the Development and Virulence of Ustilaginoidea virens
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Ustilaginoidea virens, the causal agent of rice false smut disease, is an important plant pathogen that causes severe quantitative and qualitative losses in rice worldwide. UvSUN1 is the only member of Group-I SUN family proteins in U. virens. In this work, the role of UvSUN1 in different aspects of the U. virens biology was studied by phenotypic analysis of Uvsun1 knockout strains. We identified that UvSUN1 was expressed during both conidial germination and the infection of rice. Disruption of the Uvsun1 gene affected the hyphal growth, conidiation, morphology of hyphae and conidia, adhesion and virulence. We also found that UvSUN1 is involved in the production of toxic compounds, which are able to inhibit elongation of the germinated seeds. Moreover, RNA-seq data showed that knockout of Uvsun1 resulted in misregulation of a subset of genes involved in signal recognition and transduction system, glycometabolism, cell wall integrity, and secondary metabolism. Collectively, this study reveals that Uvsun1 is required for growth, cell wall integrity and pathogenicity of U. virens, thereby providing new insights into the function of SUN family proteins in the growth and pathogenesis of this pathogen.
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INTRODUCTION

Ustilaginoidea virens (teleomorph: Villosiclava virens) is the causal agent of rice false smut (RFS) disease. which is responsible for significant quantitative and qualitative losses in the majority of rice planting areas worldwide (Sun et al., 2020). The most visible symptom of infected rice panicles is the small whitish smut balls that appear first between the glumes, and then continue to grow and enclose the floral parts (Fu et al., 2013; Tang et al., 2013). At the late phase of infection, balls develop a mass of powdery dark green chlamydospore. Moreover, U. virens, especially its false smut balls, can produce a variety of cyclopeptide mycotoxins, which are deleterious to human and animal health and pose a serious threat to food security and sustainable rice production (Zhang et al., 2014; Li et al., 2019).

In recent years, with the release of the U. virens genome and the improvement of targeted gene deletion method (Zhang et al., 2014; Liang et al., 2018), the functions of several proteins in U. virens have been deeply studied (Fang et al., 2019; Xie et al., 2019; Zhang et al., 2020; Chen et al., 2021). The transcription factors UvPRO1 and UvCom1 play critical roles in both hyphal growth and conidiation, as well as in stress response and pathogenesis (Lv et al., 2016; Chen et al., 2020a). A homeobox transcription factor UvHOX2 governs chlamydospore formation and pathogenicity in U. virens (Yu J. et al., 2019). The conserved mitogen-activated protein kinases (MAPKs) partially regulate pathogenicity in multiple phytopathogenic fungi (Sun et al., 2020). In U. virens, MAPK proteins UvHog1, UvCDC2, UvSLT2 and UvPmk1 have conserved roles in regulating stress responses, hyphal growth, and secondary metabolism, and the last three proteins were further confirmed to be associated with pathogenicity experimentally (Zheng et al., 2016; Liang et al., 2018; Tang et al., 2019). cAMP signaling pathway-related proteins, cyclase-associated proteins UvCAP1, adenylate cyclase UvAc1 and phosphodiesterase UvPdeH also involved in regulating the intracellular Cyclic adenosine monophosphate (cAMP) level, development, and pathogenicity of U. virens (Guo et al., 2019; Cao et al., 2021). The “pears and lemons” protein UvPal1 physically interacted with UvCdc11 to mediate the septin complex to maintain the cellular morphology and virulence of U. virens (Chen et al., 2020b). Putative phosphatase UvPsr1 and UvAtg8-mediated autophagy were also required for mycelial growth, conidiation, stress response and pathogenicity (Meng et al., 2020; Xiong et al., 2020). These results provide an important theoretical basis for understanding the molecular mechanisms of U. virens. However, despite these significant advances, due to its slow growth rate and the difficulty of pathogenicity detection, understanding of the unique pathogenic mechanism of U. virens in rice is still very limited and needs to be further experimentally verified.

The SUN protein family is derived from four homologous genes SIM1, UTH1, NCA3 and SUN4 of Saccharomyces cerevisiae (Firon et al., 2007). It is a unique protein family in ascomycetes. The C-terminal of SUN protein has a highly conserved sequence of 258 amino acids (SUN domain, pfam03856), which contains a Cys-X5-Cys-X3-Cys-X24-Cys motif. According to the number of amino acids between the third and fourth cysteines of the conserved motif, SUN protein can be divided into two groups, namely Group-I with 24 amino acids between the two cysteines and Group-II with multiple insertions between these two cysteines (Firon et al., 2007). Up to now, the SUN proteins that have been found and studied are mainly in yeast, involving in nDNA replication, cell septation, cell wall morphogenesis, mitochondrial biogenesis, stress response, aging processes and other physiological activities (Hiller et al., 2007; Ritch et al., 2010; Sorgo et al., 2013). Candida albicans sun41p has also been confirmed to be associated with pathogenicity (Hiller et al., 2007; Firon et al., 2007; Sorgo et al., 2013).

In filamentous fungi, to our knowledge, two Group-I SUN family proteins have been experimentally studied. AfSUN1 from Aspergillus fumigatus, the causal agent of aspergillosis in humans, was reported to be involved in fungal morphogenesis (Gastebois et al., 2013). Furthermore, Gastebois et al. (2013) studied the biochemical characteristics of A. fumigatus Afsun1p and Candida albicans Sun41p, showing that they can specifically hydrolyze straight chain β-(1, 3)-glucan, and represents a new glucan hydrolase family (GH132). BcSUN1, which contains a signal peptide for secretion and potentially hyper-O-glycosylated regions, is involved in maintaining the structure of the cell wall, the extracellular matrix and the pathogenesis in Botrytis cinerea, a necrotrophic plant fungal pathogen (González et al., 2012; Pérez-Hernández et al., 2017). Moreover, functions of the Group-II SUN family proteins in filamentous fungi are different. Deletion of AfSUN2 in A. fumigatus did not result in any phenotypic difference relative to the parental strain (Gastebois et al., 2013). However, in U. virens, the Group-II SUN family protein UvSUN2 has been proposed to be involved in growth and response to stress (Yu et al., 2015). Therefore, SUN proteins may play various roles in different fungi.

Here, we identified a Group-I SUN family protein UvSUN1 in U. virens, a nonobligate biotrophic fungus. The phenotypic characterization of the Uvsun1 gene disruption mutant confirmed that UvSUN1 was involved in the regulation of mycelial growth, conidiation, cell wall integrity and pathogenicity in U. virens.



MATERIALS AND METHODS


Strains and Growth Conditions

The wild type U. virens strain used in this work was P1 (Yu et al., 2015). It was kept as conidial suspensions in 20% glycerol at −80°C for long-term storage, and routinely cultured on YTA (0.1% yeast extract, 0.1% tryptone, and 1% sucrose, supplemented with 1.5% agar). Fungal cultures were routinely incubated at 28°C in the dark. U. virens conidia was prepared from cultures in YT (0.1% yeast extract, 0.1% tryptone, and 1% sucrose) in a 28°C shaker (150 rpm) for 7 days. Oryza sativa L. spp. Indica cultivar LYP9 (highly susceptible) was grown at the experiment station in Nanjing, Jiangsu, China.



Uvsun1 Gene Deletion and Complementation

To obtain the Uvsun1 gene deletion mutants, the gene replacement vector (pMD19-T-Uvsun1KO) and the corresponding pCas9-tRp-gRNA vector (pCas9-tRp-gRNA-Uvsun1) were co-transformed into protoplasts of wild type strain P1. For generation of the pCas9-tRp-gRNA vectors for deletion of Uvsun1, the gRNA spacers were designed with the gRNA designer program for best on-target scores. Uvsun1 gRNA spacer CR1 was selected by weighing both1 on-target scores and potential off-targets. The sense and antisense oligonucleotides synthesis and the pCas9-tRp-gRNA-Uvsun1 construction were followed as described before (Liang et al., 2018). The Uvsun1 gene replacement constructs (pMD19-T-Uvsun1KO) were generated according to the homologous recombination principle. The 1010 bp upstream and 996 bp downstream flanking sequences of Uvsun1 were amplified with primer pairs of S1F/S1R and S2F/S2R, respectively, and fused with the 1396 bp hygromycin-resistance cassette (Hph) (amplified with primers: HF and HR) from pSK1044 (Yu et al., 2015) by ClonExpressTM MultiS One Step Cloning Kit (Vazyme) to the pMD19-T vector (Takara). Protoplast preparation and recovery of hygromycin-resistant transformants were performed as described previously (Guo et al., 2019; Meng et al., 2020). For complementation, a fragment containing the entire Uvsun1 gene and its native promoter region (upstream 1.5 kb sequence) were amplified with primer pairs of pKO1-SC1F/pKO1-SC1R. The gene complement vector construction and Agrobacterium-mediated transformation protocol were performed as described previously (Yu et al., 2015; Yong et al., 2020). All constructs were confirmed by sequencing. The resulting transformants were confirmed by PCR with primer pairs (SyF/HR and SyR/HF) and sequencing. Mycelia were harvested from 7-day-old cultures grown in YT and used for genomic DNA extractions.



Sequence Analysis

Hidden Markov models (HMM) profile and Basic Local Alignment Search Tools (BLAST) searches were performed on the U. virens protein database as described previously (Yu M. et al., 2019). The information of domain architecture, introns and exons of the Uvsun1 were obtained from NCBI. Multiple sequence alignments were aligned using DNAMAN. Potential glycosylation sites were predicted by NetOGlyc 4.0 (González et al., 2014). Phylogenetic analysis was based on the neighbor-joining algorithm with MEGA7.



RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) Analysis

The abundance of Uvsun1 transcript was estimated using qRT-PCR assays. For the transformants confirmation assay, mycelia were harvested from 5-day-old cultures grown in YT. For the germinated conidia expression assays, to initiate the cultures, conidia were collected from 7-day-old YT cultures, filtered with one-layer Miracloth (EMD Millipore Crop, United States), then collected by centrifugation and diluted with sterile water to a concentration of 2 × 106 conidia/mL. The same amount of conidia were coated onto a sterilized cellophane membrane on a YTA plate. At 28°C, the germ tube produced by conidial germination could be seen at 12–14 h post incubation (hpi) in the dark. Then the hyphae produced branches at about 24 hpi and continued to grow until 72 hpi, when conidia were produced at the tips of the hyphae. These germinated conidia were sampled together with the cellophane at 0, 12, 18, 24, 48, and 72 hpi. For the in planta expression studies, the WT strain was sampled in planta at 0, 1, 2, 3, 5, 7, and 14 dpi (days post inoculation) as described before (Han et al., 2015).

RNA was extracted from the samples using an RNA isolation kit (BioTeke). One microgram of total RNA was used as template for cDNA synthesis using a PrimescriptTM RT reagent kit with gDNA Eraser (TaKaRa), according to the manufacturer’s instructions. qRT-PCR reactions were performed in a QuantStudio3 (Thermo Fisher) with the SYBR Premix Ex TaqTM II kit (Takara) and the primers listed in Supplementary Table 1. The β-tubulin sequence was chosen as the endogenous reference. The relative mRNA amounts were calculated by the −2△△Ct method as described before (Pérez-Hernández et al., 2017). Data from three biological replicates were used to calculate the mean and standard deviation.



Phenotypic Analysis

We used CM medium to test mycelial growth rate and YT to test conidiation ability of U. virens (Yu et al., 2015). The sensitivity of strains to a range of abiotic stress agents were tested by culturing them at 28°C for 12 d on YTA medium supplemented with one of the following chemicals: 0.4 M NaCl, 0.8 M sorbitol, 3 mM H2O2, 0.03% sodium dodecyl sulfate (SDS) or 400 μg/mL calcofluor white (CFW). The inhibition rates were calculated as described previously (Xie et al., 2019).

The dry weight was calculated after the mycelium was completely dried. The same amount of conidia were inoculated on the sterilized cellophane on YTA medium for 5 days incubation at 28°C in the dark. Then, the mycelia were collected from the cellophane and dried at 80°C to a constant weight.

Toxicity assays were carried out by challenging the ability of seeds (LYP9) to germinate in the presence of YT culture filtrate (Zheng et al., 2016). The uninoculated YT was used as the control. Each germination assay (shoot and root growth) comprised 50 seeds was replicated three times.

To compare the amount of ECM around the hyphae, the fungus was grown for 7 days in 50 mL of YT (inoculated with 1 × 106 conidia/mL). The mycelium was then collected and completely overlaid with several drops of black India ink, covered with a coverslip, and observed under the microscope (Pérez-Hernández et al., 2017).

Film studies were based on the method described by Gravelat et al. (2010). 12-well plates were inoculated with 1 mL per well of YT containing 1 × 106 conidia/mL. After 24 h incubation at 28°C with shaking at 120 rpm, 500 μL fresh YT was added to each well. After a further 24 h incubation, the spent culture medium was removed from each well and the adherent cells were washed three times with PBS. Film density was estimated by staining with 500 μL 0.5% (w/v) crystal violet solution for 5 min. The films were then gently washed with running water and destained by adding 1 mL of 95% ethanol to each well. Absorbance measurements of the destaining solution were made at 520 nm to estimate the density of the film.

For SEM assay, hyphae were grown for 7 days in YT. Then hyphae were collected and fixed with 2.5% glutaraldehyde in 0.1 M PBS at 4°C overnight, sequentially dehydrated in ethanol, and critical-point dried (Gravelat et al., 2010). Samples were then Au-Pd sputter-coated and imaged with a scanning electron microscope (EVO-LS10, Zeiss).

Pathogenicity tests were performed as described by Yu et al. (2015). The strains were propagated on YTA plates for 10 days at 28°C in the dark. Then six 5 mm-diameter mycelia discs were cut from the edge of the colony and inoculated in 50 mL YT with shanking at 28°C for 7 days. Mixtures of mycelia and conidia were harvested and mixed with a blender. Then the conidia concentration of the mixtures was adjusted to 1 × 106/mL with YT. One mL of this inoculum was injected into the swollen sheaths of flag leaves on the main stems one week before rice heading using sterilized syringes. Twenty-one days after inoculation, the number of rice false smut balls per panicle was evaluated. At least 10 panicles were inoculated with each transformant at each time.

All the experiments were performed with three replicates.



Comparative Transcriptional Analysis

Total RNA of U. virens was isolated from the mycelia of the P1 or △Uvsun1 strains at 5 day post-inoculation in YT using TRIzol Reagent according to the manufacturer’s instructions (Invitrogen). The concentration and purity of RNA were detected by Nanodrop2000. The integrity of RNA was detected by agarose gel electrophoresis, and the RIN value measuring by Agilent2100. RNA-seq libraries were prepared using an Illumina TruSeq RNA Sample Preparation Kit (San Diego, Ca). Double-stranded cDNA was synthesized using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, CA) with random hexamer primers (Illumina). After quantified by TBS380, cDNA library was sequenced using Illumina Novaseq 6000 (2 × 150 bp read length). All the experiments were carried out at the Majorbio company (Shanghai, China).

The raw paired-end reads were trimmed and quality controlled by SeqPrep2 and Sickle3 with default parameters. The generated clean data were then separately aligned to U. virens Uv8b genome (NCBI) with orientation mode using HISAT24 software (Kim et al., 2015). The mapped reads of each sample were assembled by StringTie5 in a reference-based approach (Pertea et al., 2015). Differential gene expression between two samples was identified according to the transcripts per million reads (TPM) method. RSEM6 was used to quantify gene abundances (Li and Dewey, 2011). Differential expression analysis was performed using the DESeq2 with the criteria of | Log2FC| ≥ 1 and Padjust < 0.05 (Love et al., 2014). In addition, functional-enrichment analysis including GO and KEGG were performed to identify which DEGs were significantly enriched in GO terms and metabolic pathways at Bonferroni-corrected P-value ≤ 0.05 compared with the whole-transcriptome background. GO functional enrichment and KEGG pathway analysis were carried out by Goatools7 and KOBAS8 (Xie et al., 2011). Three biological replicates were performed for each strain. The raw data of the RNA-seq was deposited in NCBI (accession number: PRJNA746442).



Statistical Analysis

Statistical analysis for a one-way Analysis of Variance (ANOVA) was carried out with SAS system. Data are shown as mean ± SD of three independent replicates. Asterisks indicate a statistically significant difference with the wild type strain (p < 0.05).



RESULTS


Identification of the Uvsun1 Gene in U. virens

The HMM profile and a BLAST search against the U. virens genome identified two SUN domain-containing proteins UvSUN1 (KDB16044) and UvSUN2 (Yu et al., 2015) (Supplementary Figure 1). Aligning these two sequences with the SUN proteins from S. cerevisiae, UvSUN1 showed an overall identity ranging from 41% for NCA3 and SIM1 to 42% for UTH1 and SUN4, that belong to Group-I of the SUN family (Table 1 and Supplementary Figure 2). While UvSUN2 showed 50% amino acid identity with the hypothetical protein YMR244W from S. cerevisiae, which classified it as a member of the Group-II of the SUN family, as described pervious (Yu et al., 2015). The full length of the Uvsun1 gene was 1925 bp, consisting of 197 bp 5′-UTR, 354 bp 3′-UTR, a 68 bp intron and a 1374 bp open reading frame, coding for a protein of 457 amino acids. The SUN domain of UvSUN1 contains the canonical Cys-X5-Cys-X3-Cys-X24-Cys motif, spanned residues 111–414 (Supplementary Figure 2). Furthermore, UvSUN1 was predicted to be highly glycosylated by NetOGlyc 4.0. Similar to as for A. fumigatus, and B. cinerea, U. virens contained only one Group-I SUN protein UvSUN1, showing similarities in SUN domain sequences and gene structure to other Group-I SUN proteins (Supplementary Figure 2).


TABLE 1. Amino acid sequence identity and expect value of UvSUN1 and UvSUN2 to S. cerevisiae proteins in the SUN family.

[image: Table 1]


The Expression of the Uvsun1 Gene

Uvsun1 expression was detected by qRT-PCR 12 h after the initiation of incubation and after that during mycelial growth. The results showed that the expression of Uvsun1 increased gradually during germination and mycelial growth, but its mRNA expression level was lower than that measured in conidia. Furthermore, during infection, qRT-PCR experiments showed that Uvsun1 transcripts were abundant, increased linearly within 3 days after inoculation and decreased slowly until 14 dpi (Figure 1). These results suggested that Uvsun1 might have important roles in vegetative growth and pathogenicity of U. virens.
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FIGURE 1. The mRNA level of Uvsun1 in the wild type strain P1 during conidia germination and rice infection. (A) Levels of Uvsun1 mRNA in the wild type strain P1 during conidia germination. Conidia were incubated on cellophane on YTA medium. Samples were taken at 12, 18, 24, 48, and 72 hpi. Data are relative to the mRNA levels in ungerminated conidia. (B) Levels of Uvsun1 mRNA following the inoculation of rice panicles with P1 at various days after inoculation (dpi). Data are relative to the mRNA levels in mycelium before inoculation. Results are expressed as mean ± SD of three technical replicates. Asterisks indicate significant differences (one-way ANOVA, ∗p < 0.05).




Uvsun1 Is Involved in Vegetative Growth and Conidiogenesis

To analyze the function of Uvsun1, deletion mutants were generated by replacing the gene with a hygromycin B resistance cassette in the WT strain P1. PCR amplification from genomic DNA and sequencing analysis confirmed that Uvsun1 was deleted in three mutants (#33, #44, and #48) (Supplementary Figure 3). Since these Uvsun1 mutants had similar phenotypes, mutant #44 was selected for additional studies. A complementation assay was carried out with △Uvsun1-44 to generate the complemented strain C△Uvsun1.

The growth rate of deletion mutants △Uvsun1 was significantly reduced compared to that of P1 and the complemented strain C△Uvsun1 (Figure 2A). Furthermore, the colony of the mutant strains was more compact, smooth and hyphae branched than P1. The dry weight of hyphae was also measured to evaluate the growth. Expectantly, the mutants showed lower dry weights than that of P1 (Figure 2B). An alteration of the mycelial morphology in the mycelium of the △Uvsun1 was in agreement with its growth defects. The hyphae of the △UvSun1 mutants showed short intercalary cells with closely arranged septa and swollen appearance (Figure 2A).


[image: image]

FIGURE 2. Uvsun1 affects mycelial growth, conidial morphology and production. (A) Colony morphology of wild-type (P1), △Uvsun1 deletion mutant and the complemented strain C△Uvsun1 on CM medium after 12 days of incubation at 28°C (i and ii). The mutant strains showed more branched hyphae (iii) and the surface of hyphae expanded irregularly. Scale bars, 20 μm. (iv). (v) Hyphae of wild-type, mutant and complemented strains were stained with Calcofluor white, which detects chitin and cellulose in the cell wall, and fluorescence is shown in blue color. The hyphal septum of the △Uvsun1 mutant was shorter than that of wild type and complemented strains. Asterisk indicate the hyphal septa. Scale bars, 10 μm. (B) Quantified dry weight of wild type, mutant and the complemented strain. (C) The conidial morphology and germination of wild-type, mutant and the complemented strain were photographed after culturing on YT for 0 h (i) and 24 h (ii). Scale bars, 10 μm. (D) Statistical analysis of conidia production on YT medium after 7 days culture. Data are shown as mean ± SD from three independent replicates. Asterisks indicate significant differences (one-way ANOVA, ∗p < 0.05). (E) and (F) The width and length of conidia was statistically analyzed, and error bars represent SD. The asterisks indicate significant differences (one-way ANOVA, ∗p < 0.05).


The conidial production of △Uvsun1 was reduced. Specifically, the P1 produced 21.6 ± 6.3 × 106 conidia/mL, while the mutant produced 4.9 ± 3.2 × 106 conidia/mL (Figure 2D). Furthermore, the conidia produced by △Uvsun1 mutants showed a more globose structure (Figures 2C,E,F). The germination rate of the △Uvsun1 mutants showed no difference with P1, but its germinated conidia appeared irregular. That is, only 25.3 ± 5.4% of germinated conidia produced normal filamentous hyphae, while 70.6 ± 3.6% of them showed budding-yeast structures (Figure 2C). These results indicated that Uvsun1 plays important roles in fungal growth and conidiogenesis in U. virens.



Uvsun1 Is Involved in Response to Different Abiotic Stresses

The △Uvsun1 mutants showed no difference with the wild type in the growth rate in YTA media containing 0.4 M NaCl or 0.8 M Sorbitol. Nevertheless, the addition of SDS or Calcofluor white (CFW), which are known to affect the integrity of the cell wall, did cause a significant reduction in the growth rate of the △Uvsun1 mutants compared to that of P1 and C△Uvsun1 (Figure 3). This result suggested that UvSUN1 might have a role in the biogenesis or stability of the cell wall. When the strains were cultured on YTA medium containing 3 mM H2O2, the growth of the △Uvsun1 mutants was moderately slowed, while those of both the WT and the C△Uvsun1 strains showed significant reduction (Figure 3). Taken together, these results indicated that Uvsun1 is required for regulating the U. virens responses to cell wall integrity, as well as oxidation stress.
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FIGURE 3. Uvsun1 is involved in regulating pathogen stress responses. (A) Mycelial radial growth of the indicated wild-type P1, △Uvsun1 and the complemented C△Uvsun1 strain on YT medium supplemented with salt stress agent (0.4 M NaCl), osmotic stress agent (0.8 M Sorbitol), oxidative-stress agent (3 mM H2O2), and cell wall disturbing agents Calcofluor white (CFW, 400 mg/mL) and sodium dodecyl sulfate (0.03% SDS). Photographs were taken after 12 days of incubation at 28°C. (B) Statistical analysis of the indicated strains growth inhibition rate under different stress conditions. Colony diameters of the indicated strains were measured. Data are shown as mean ± SD of three independent replicates. Asterisks indicate significant differences (one-way ANOVA, ∗p < 0.05).




Uvsun1 Is Involved in Cell Surface Alterations

When the wide-type P1 and the △Uvsun1 mutants were grown in YT for 7 days, the culture medium of △Uvsun1 was less viscous, raising the possibility of its involvement in the alteration of extracellular matrix (ECM). To examine this hypothesis, the strains were grown for 7 days in YT and the ECM was negatively stained with India ink. ECM was observed as a clear halo surrounding the mycelium in the wild type P1, while the halo was difficult to find in the △Uvsun1 mutants (Figure 4C). One of the functions proposed for the ECM is in cell attachment (Pérez-Hernández et al., 2017). The influence of the deletion of Uvsun1 on the attachment was assessed by determining the density of adherent films, produced by the △Uvsun1 mutants on plastic, as compared to the wild type. We found that the △Uvsun1 mutants were markedly impaired in the formation of adherent films (Figures 4A,B). Scanning electron microscopy of △Uvsun1 mutants showed a complete loss of surface coat and intercellular matrix of hyphae (Figure 4D). Collectively, these results suggested that UvSUN1 was responsible for the ECM and the adherence of U. virens to plastic.
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FIGURE 4. Lack of Uvsun1 induces cell surface alterations. (A) The density of films was estimated by the absorbance measurements of the destaining crystal violet solution at 520 nm. (B) Formation of films by hyphae of the indicated strains after 24 h growth on polystyrene plates. After washing, hyphae were stained with crystal violet for visualization. (C) ECM displayed by the ΔUvsun1 mutant, as compared with the wild type P1 and complemented strain C△Uvsun1, detected by India ink staining of conidia germinated in YT medium for 7 days (Scale bars, 200 μm). (D) Scanning electron micrographs of hyphae of the indicated strains for 7 days. Magnification was 20,000× (up, Scale bars, 2 μm) and 10,000× (down, Scale bars, 10 μm). All assays were performed on at least three independent occasions.




Uvsun1 Is Involved in Pathogenicity on Host Plants

To study the effect of Uvsun1 on fungal virulence, the P1, △Uvsun1 and C△Uvsun1 strains were inoculated into panicles of the susceptible rice cultivar LYP9. At 21 days post-inoculation (dpi), the false smut balls produced on rice spikelets inoculated with △Uvsun1 strains was significantly fewer than those infected by P1 and C△Uvsun1 strains (Figure 5). These results suggested that Uvsun1 was required for the pathogenicity of U. virens.
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FIGURE 5. Uvsun1 is required for Ustilaginoidea virens full pathogenicity in rice. (A) Rice spikelets were infected with an inoculum of P1, △Uvsun1 and C△Uvsun1 strains. Pictures were taken 21 days post-inoculation. (B) Quantification of false smut balls per infected panicle. The data were collected from three independent experiments, with a total of at least 25 panicles per line. Asterisks indicate significant differences (one-way ANOVA, ∗p < 0.05).




Culture Filtrate of ΔUvsun1 Has Increased Phytotoxicity

To investigate whether Uvsun1 affect the production of phytotoxic compounds, we collected YT culture filtrates from P1, △Uvsun1, and C△Uvsun1 after 5 days of culturing, as well as uninoculated YT to use for rice seed germination assays. Compared with the uninoculated YT, the growth of rice roots and shoots were inhibited by P1 and C△Uvsun1 culture filtrates after 5 days. However, the lengths of the roots and shoots treated with culture filtrates of ΔUvsun1 were significantly shorter than the P1 and the complemented strains (Figure 6). These results showed that more toxicity compounds to rice seed were produced by the ΔUvsun1 mutants, suggesting that Uvsun1 is involved in producing toxic compounds.
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FIGURE 6. Culture filtrates of ΔUvsun1 mutants showed increased inhibition of rice seed germination. (A) Grains were germinated in the presence of the filtrate of P1, ΔUvsun1, C△Uvsun1 or uninoculated YT after 5 days of culture. (B) Quantification of root and shoot lengths of the seedling. Data represent means ± SD from three independent experiments. Asterisks indicate significant differences (one-way ANOVA, ∗p < 0.05).




Uvsun1 Deletion Affects the Transcription of a Subset of Genes

To understand a comprehensive perspective on the function of UvSUN1, we used Illumina sequencing to analyze transcriptome dynamics and differentially expressed genes (DGEs) of P1 and △Uvsun1 strains. Samples for RNA-seq were extracted from mycelia of the ΔUvsun1 mutants and P1 cultured in YT for 7 days. There was high Pearson correlation among duplicates. Analysis of the DGEs, revealed that the deletion of Uvsun1 affected the transcription of a subset of genes (Table 2).


TABLE 2. A list of genes that may be affected by UvSUN1.

[image: Table 2]In a total of 8426 genes identified in U. virens previously (Zhang et al., 2014), compared with P1, 83 genes showed increased expression and 195 genes showed decreased expression in the ΔUvsun1 mutant (Table 2). Gene Ontology (GO) analysis categories indicated that all significantly DEGs were involved in three major functional groups: molecular function, biological process and cellular component (Figure 7A). In the molecular function group, the top three subgroups of DGEs were “metabolic process,” “cellular process,” and “localization.” In the biological process group, the top three subgroups of DGEs were “catalytic activity,” “binding,” and “transporter activity.” In the cellular component group, the top three subgroups of DGEs were “cell part,” “membrane part,” and “organelle.” Enrichment analysis of GO categories indicated that significantly DEGs were enriched mainly in oxidation-reduction process, iron transports and microtubule cytoskeleton (Supplementary Figure 4). Enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) categories indicated that significant DEGs were enriched mainly in biosynthesis of unsaturated fatty acids, some amino acid metabolism and glycometabolism pathways (Supplementary Figure 4).
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FIGURE 7. Uvsun1 regulates the expression of a subset of genes. (A) Gene ontology (GO) analysis of significantly differentially expressed genes in △Uvsun1 mutant compared with WT. The X-axis indicates the number of transcripts for each GO item on the Y-axis. (B) qRT-PCR analysis of Uvsun1 affected genes. Relative expression levels were normalized with β-tubulin as the internal standard. The presented as means ± SD from three biological replicates. Asterisks indicate significant differences (one-way ANOVA, ∗p < 0.05). (C) Differentially expressed genes in the △Uvsun1 mutants might indicate involvement in pathogenesis and development. Regulated genes include genes involved in signal transduction, secondary metabolism, glycometabolism, oxidation-reduction process and cell membrane and cell wall integrity. The biological functions of the genes are shown in Table 2.


We further analyzed the 278 DEGs and found a subset of genes involved in different processes (Table 2 and Figure 7C). Fifteen DEGs were regarded as components in signal recognition and transduction system, which plays an important role in cell growth, metabolism and response to external environment. qRT-PCR results confirmed the decreased expression of genes encoding putative protein kinase activator Mob2 (Uv8b_6270), putative vacuolar calcium ion transporter (Uv8b_6245) and Zn2Cys6 transcription factor (Uv8b_532) in ΔUvsun1 mutants (Figure 7B). Several genes involved in the osmotic response and integrity of the plasma membrane or cell wall were found, including seven upregulated and 29 downregulated genes. Many of them are involved in the integral component of the membrane and cytoplasmic microtubule organization. qRT-PCR results confirmed decreased expression of gamma-tubulin components spc97/spc98 family protein (Uv8b_2134) and cell wall glycoprotein (Uv8b_6673). Consistent with the tolerance to oxygen stress, a series of redox related genes were affected in the ΔUvsun1, including one cytochrome P450 (Uv8b_2282) gene which was increased in expression and 17 genes reduced in expression such as putative fatty acid oxygenase (Uv8b_1132) (Figure 7B). Taken together, these results suggested that Uvsun1 altered the expression of a subset of genes to affect the growth of U. virens.

Previously, a study showed that the fungal SUN proteins represent a new family of glucan hydrolases GH132 (Gastebois et al., 2013). Expectedly, RNA-seq data showed that eleven glycometabolism-related genes were misregulated in △Uvsun1 mutants (Table 2 and Supplementary Figure 5). Several glycosyl hydrolases like 1,2-α-D-mannosidase (Uv8b_1061, belong to GH47) and endopolygalacturonase (Uv8b_2474) were downregulated in the mutants, while the expression was increased for putative polysaccharide synthase Cps1 (Uv8b_5043) (Figure 7B). The results suggest that Uvsun1 is related to the glycometabolism in U. virens.



DISCUSSION

SUN family proteins are evolutionarily conserved protein, which have been studied in a small number of ascomycetes. In yeast, they were involved in many physiological activities such as cell partition, cell wall morphogenesis, mitochondrial biogenesis and autophagy, stress response and aging processes (Hiller et al., 2007; Kuzentsov et al., 2013; Pérez-Hernández et al., 2017). In filamentous fungi, AfSUN1 in A. fumigatus was involved in hyphal growth, conidiation and cell wall biogenesis (Gastebois et al., 2013). Deletion of Bcsun1 in B. cinerea affected the growth and development, cell wall integrity and pathogenicity of B. cinerea (Pérez-Hernández et al., 2017). In this study, we cloned Uvsun1, the only member of Group-I of the SUN family in U. virens. UvSUN1 was also predicted to have a signal peptide and as hyper-O-glycosylated, similar to BcSUN1 in structure (González et al., 2012, 2014; Pérez-Hernández et al., 2017). Deletion of Uvsun1 decrease the hyphal growth, conidiation and cell wall integrity, but increase the oxidative stress tolerance, and almost completely abolished the fungal pathogenicity. Our results demonstrate that UvSUN1 plays an important role in U. virens and shares the conserved function of SUN proteins among different fungal species.

Deletion of Uvsun1 affected the morphology of hyphae and conidia. Microscopic observation of hyphae showed that the ramifications of the hyphae increased, and the surface of hyphae expanded irregularly with shorter interval of hyphae in the △Uvsun1 mutants. In addition, the conidia were round and bulky, and the morphology of most conidia was abnormal after germination in △Uvsun1. These colony and conidia morphology were similar to that of the △Afsun1 mutants in A. fumigatus. AfSUN1 was confirmed as a glucoside hydrolase GH132 protein with exo-(1,3)-glucanase and minor transferase activities, which act to provide building blocks to other enzymes that are necessary for cell wall biogenesis and/or counteracting the activity of cell wall-degrading enzymes (Gastebois et al., 2013). The cell wall of fungi is predominantly composed of fibrillar and branched β-(1,3)-glucan linked to chitin. β-(1,3)-glucanases are essential for proper conidial cell wall morphogenesis and assembly, and segregation of conidia during conidiation and cell wall in A. fumigatus (Mouyna et al., 2016; Millet et al., 2019). Thus, the alterations in the ΔUvsun1 mutants regarding morphology of hyphae and conidia, may be consequences of an altered cell wall. Moreover, using cell wall and membrane perturbing agents caused a reduction in the growth rates of △Uvsun1. These confirmed that Uvsun1 affected the cell wall and membrane integrity of U. virens. It is consistent with results from other fungi. In yeast, four S. cerevisiae SUN proteins were associated with remodeling of the cell wall (Ritch et al., 2010; Kuzentsov et al., 2013). PSU1 from S. pombe was also involved in regulating the cell separation. BcSUN1 from B. cinerea was reported to be involved in fungal morphogenesis and cell wall remodeling as well (Pérez-Hernández et al., 2017).

Conidia of U.virens can be produced by ascospores and chlamydospores, and colonize epiphytically on the leaves and leaf sheaths of rice under suitable temperature and humidity (Tang et al., 2013; Sun et al., 2020). Adhesion to epithelial cells is important for this long period of epiphytic growth and infection. In this study, we found that the deletion of Uvsun1 affect the production of ECM and the adhesion of U. virens to abiotic surfaces. ECM plays an important role in maintaining the morphology and structure of cells, and has an important influence on cell to cell aggregation and adhesion to the surface of objects in many plant pathogens, such as Magnaporthe oryzae, Colletotrichum spp., B. cinerea, and Ustilago violace (Geoghegan et al., 2017). These results are consistent with earlier studies in yeast (Norice et al., 2007). In filamentous fungi, BcSUN1 was also involved in the altered cell wall and ECM, which may cause the alterations of colony morphology (Pérez-Hernández et al., 2017).

The expression pattern of Uvsun1 in the infection stage showed that Uvsun1 play a role in the early stage of infection. This result was not consistent with the role of BcSUN1 in the fungus-plant interaction, as the expression levels of BcSUN1 increased up to the late stages of infection when the lesions become necrotic (Pérez-Hernández et al., 2017). These suggested different roles of SUN1 protein in two pathogens with different infection modes. Furthermore, the △Uvsun1 mutants showed a decrease in the number of false smut balls produced on rice spikelets than P1 and C△Uvsun1 strains. Altogether, these results suggested that Uvsun1 is involved in the pathogenic process of U. virens, and its main role occurs in the early stage of infection. The △Uvsun1 mutants were affected in the vegetative growth and the production of conidia and adhesion, which may in turn affect the dispersal of the pathogen.

Glycoside hydrolases hydrolyze the glycosidic bonds between two or more carbohydrates or between carbohydrates and non-carbohydrates (such as protein, lipid) to form monosaccharides, oligosaccharides or glycoconjugates (Breeanna et al., 2007). Pathogens produce numerous glycoside hydrolases, to continuously reshape the cell wall structure of fungal pathogens and to overcome the plant cell wall, during pathogen infection processes (Kubicek et al., 2014; Martins et al., 2019). In △Uvsun1 mutants, we found a set of misregulated glycoside hydrolases genes. For example, the expression of Uv8b_2474, annotated as a cell wall glycoprotein endopolygalacturonase, was significantly lower in △Uvsun1. Endopolygalacturonase activity is vital to fungi and is associated with conidial separation, increased chitin in conidial cell walls, germination, appressorium formation, as well as osmotic and cell wall stress and virulence (Plaza et al., 2020). Endopolygalacturonase-encoding genes Bcpg1 and Bcpg2 are required for full virulence of B. cinerea. The inactivation of these two genes by gene knockout produced mutants with a significant decrease in virulence (Cettul et al., 2008). Endopolygalacturonase MfPG1 affecting fungal virulence of Monilinia fructicola (Chou et al., 2015). In Lasiodiplodia theobromae, LtEPG1 functions as an endopolygalacturonase and also serves as an elicitor to manipulate the host immune system and promote its own successful infection and symptom development during infection (Kandawatte et al., 2020). Moreover, the expression of six genes encoding Major Facilitator Superfamily (MFS) transporters in △Uvsun1 mutants was affected. The MFS is a characterized superfamily of transmembrane secondary transport proteins, essential for uptaking of nutrients and substances necessary for biofilm formation, as well as communication between cells and environment (Li et al., 2017; Wang et al., 2020). Alternaria alternata lacking AaMFS54 produced fewer conidia and increased sensitivity to many potent oxidants (Lin et al., 2018). In Penicillium digitatum, Pdmfs2 is required for prochloraz resistance, conidiation and full virulence (Wu et al., 2016).Thus, Uvsun1 affect the expression of several pathogenicity-related genes, which may also contribute to their altered virulence. Further analysis of the DGEs will contribute to better understanding of the U. virens cell wall remodeling and pathogenicity phenotypes found in the Uvsun1 mutants.
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UVSUN2 42.E-18 3.E-27 3.E-36 1.E-15 1.E-89 8.E-22

Identity and expect value were computed in NCBI from alignments of the entire
sequences. NCBI accession numbers for the SUN proteins in S. cerevisiae are as
follows: P40472 (SIM1), P36135 (UTH1), P32493 (NCA3), and P53616 (SUN4).
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