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Abstract

:

Sclerotinia sclerotiorum is a fungal pathogen with a broad range of hosts, which can cause diseases and pose a great threat to many crops. Fungal-specific Zn2Cys6 transcription factors (TFs) constitute a large family prevalent among plant pathogens. However, the function of Zn2Cys6 TFs remains largely unknown. In this study, we identified and characterized SsZNC1, a Zn2Cys6 TF in S. sclerotiorum, which is involved in virulence, sclerotial development, and osmotic stress response. The expression of SsZNC1 was significantly up-regulated in the early stages of S. sclerotiorum infection on Arabidopsis leaves. The target deletion of SsZNC1 resulted in reduced virulence on Arabidopsis and oilseed rape. In addition, sclerotial development ability and growth ability under hyperosmotic conditions of SsZNC1 knockout transformants were reduced. A transcriptomic analysis unveiled its regulatory role in key cellular functions, including cellulose catabolic process, methyltransferase activity, and virulence, etc. Together, our results indicated that SsZNC1, a core regulatory gene involved in virulence, sclerotial development and stress response, provides new insight into the transcription regulation and pathogenesis of S. sclerotiorum.
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1. Introduction


Sclerotinia sclerotiorum is a fungal pathogen that is widely infective in crops such as oilseed rape, soybean, and sunflower, causing yield and quality losses, thereby seriously affecting agricultural productivity [1,2]. The annual cost of S. sclerotiorum in the United States exceeds USD 200 million [3,4]. S. sclerotiorum infects sunflowers, causing USD 100 million in yield losses and diminished quality [5]. S. sclerotiorum has a distinctive infection strategy characterized by the production of sclerotia. Sclerotia serve as enduring reservoirs for the pathogen, enabling its persistence in the soil and facilitating subsequent infection cycles [6]. Under suitable temperature and humidity conditions, sclerotia can germinate, produce ascospores that are released to initiate host infection, or directly germinate into hyphae to infect plants [6]. The pathogenesis of S. sclerotiorum is relatively complex. Research mainly focuses on its secreted hydrolases, oxalic acid, early secretory pathways, and secreted proteins [7,8,9,10]. However, the biological function and mechanism of transcription factors (TFs) in the pathogenic process of S. sclerotiorum remain relatively understudied.



TFs are a class of proteins that regulate gene expression by recognizing a specific DNA sequence within regulatory regions, thus modulating the initiation of transcription by RNA polymerase [11]. TFs play crucial regulatory roles in various biological processes in fungi, including growth, development, abiotic stress response, pathogenicity, and environmental adaptation [12,13]. Typically, fungal TFs contain specific domains such as DNA-binding domains and activation regulatory domains, enabling them to interact with specific DNA sequences [12]. Through these interactions, fungal TFs modulate the expression levels of downstream genes. According to different DNA-binding domains, TFs are divided into different families, including zinc finger, homeodomain or homeobox (HD/Hox), basic leucine-zipper (bZIP), and basic helix–loop–helix (bHLH), etc. [14]. The zinc finger family is one of the largest classes of TFs in fungi and mainly includes Cys2His2 (C2H2), Cys4 (GATA), and Zn2Cys6 proteins [14,15]. Zn2Cys6 TFs have been studied in some plant pathogens [16,17,18,19], but there are relatively few studies in S. sclerotiorum. Gaining insight into the functions of Zn2Cys6 TFs contributes to a better comprehension of the pathogenesis of S. sclerotiorum.



Over the years, several studies have shed light on the pivotal role of TFs in the regulatory network of S. sclerotiorum. SsNsd1 is a GATA-type zinc-finger TF in S. sclerotiorum, crucial for regulating asexual–sexual development, appressoria formation, and virulence [20,21]. SsNsd1 interacts with a formaldehyde dehydrogenase, SsFdh1, influencing formaldehyde detoxification, nitrogen metabolism, and virulence [22]. A forkhead-box (FOX) TF, SsFoxE3, plays a crucial role in sclerotia, compound appressoria formation, and pathogenicity, positively regulating detoxification- and autophagy-related genes [23]. SsFKH1, an atypical FOX TF, is involved in sclerotial development and virulence [24]. SsFKH1 interacts with MAP kinase SsMkk1, potentially serving as its downstream substrate [25]. SsSte12, a key TF in the MAPK pathway of S. sclerotiorum, plays a crucial role in mycelium growth, sclerotial development, appressoria formation, and virulence [26,27]. SsZFH1, a C2H2 TF in S. sclerotiorum, is essential for sclerotial and apothecia development, influencing mycelium growth and oxidative stress response, with implications for lesion expansion on diverse host plants [28]. While some studies have been conducted to understand the functions of S. sclerotiorum TFs, there are still many TFs, especially Zn2Cys6 TFs, with undetermined functions that require further exploration and investigation.



In this study, we focused on the function of Zn2Cys6 TFs in S. sclerotiorum. Based on public transcriptome data [29], we found that SsZNC1 exhibited a relatively high expression among Zn2Cys6 TFs during S. sclerotiorum infection, so this gene became our research target. SsZNC1 had a GAL-4-like Zn2Cys6 DNA-binding domain, and its homologous were widely distributed in ascomycetes. The expression of SsZNC1 was up-regulated during infection, peaking in the early stages. The targeted deletion and complementation of S. sclerotiorum SsZNC1 revealed its role in virulence, sclerotial development, and osmotic stress response. An RNA-seq analysis highlighted its regulatory impact on key biological processes. This study on the TF SsZNC1 not only enhances our understanding of its multifunctional roles in S. sclerotiorum, but also provides insights into potential targets for disease management.




2. Materials and Methods


2.1. Identification and Sequence Analysis of SsZNC1


Sequences of SsZNC1 (sscle_12g087860) and its homologous were retrieved from the NCBI GenBank database. The conserved domains of SsZNC1 were predicted by NCBI Conserved Domain Search Tools [30]. The SsZNC1 promoter was predicted by using the Promoter 2.0 Prediction Server [31]. The alignment of SsZNC1 and its homologous protein sequences was conducted using ClustalW (version 2.0.10). The phylogenetic tree was constructed with MEGA 11 [32] using the maximum-likelihood method with 1000 replicates for a bootstrap analysis. The evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-based model. The percentage of trees in which the associated taxa were clustered together was analyzed and shown next to the branches. The Verticillium dahliae sequence (RXG48842.1) was used as the outgroup.




2.2. Fungal Strains and Plant Materials


The Sclerotinia sclerotiorum wild-type strain 1980 (ATCC 18683), SsZNC1 knockout mutant (ΔSsZNC1), and complemented strain (ΔSsZNC1-C) were cultivated on potato-dextrose agar (PDA) plates at 20 °C in the dark. The Arabidopsis thaliana Col-0 wild-type seeds were surface sterilized with alcohol for 2 min, then with 5% sodium hypochlorite for 5 min, and washed three times with sterile water. The seeds were grown on a half-strength Murashige & Skoog plate at 4 °C for 3 days [33]. The plates were cultivated in a growth room at 20 °C with a 12 h light/12 h dark photoperiod for 10 days. Seedlings were transplanted into the soil in a growth room. Oilseed rape (Brassica napus) was grown in a growth chamber under a 16 h light/18 h dark photoperiod at 25 °C. Four-week-old Arabidopsis leaves and six-week-old oilseed rape leaves were used for pathogenicity assays.




2.3. SsZNC1 Gene Deletion and Complementation


The deletion of the SsZNC1 gene was accomplished through the implementation of the split marker system [34]. The deletion strategy for SsZNC1 is elucidated in Figure S1A. The 5′ and 3′ flanking fragments of the SsZNC1 ORF were amplified from the genomic DNA of the S. sclerotiorum strain 1980. Two truncated sequences of the hygromycin-resistant gene were amplified from the pUCH18 plasmid. Subsequently, the 5′ and 3′ flanking fragments of the SsZNC1 ORF were individually ligated with the respective truncated resistance gene sequences. These two connected fragments were separately constructed on the pMD19-T plasmid. The two connected fragments were then amplified and utilized for protoplast transformation. Protoplast transformation was performed as described by Rollins [35]. S. sclerotiorum hyphae were subjected to cell wall lysis using 0.015 g/mL of lysing enzymes (L1412, Sigma, St. Louis, MO, USA) for 1 h at 30 °C, and then the protoplasts were harvested by filtration and centrifugation (3000× g, 10 min). The two fragments were introduced into the protoplasts via PEG-mediated protoplast transformation. The knockout mutants of the SsZNC1 gene were selected on plates containing hygromycin and confirmed through PCR. Homozygous transformants were obtained through single ascospore isolation.



For SsZNC1 complementation, the SsZNC1-3 × FLAG with its native promoter region was amplified and constructed into a pCETNS plasmid. Sequences from promoter to terminator and the G418-resistance sequence were amplified from this vector. Fragments were purified and used for protoplast transformation. Transformants were selected on plates containing G418 and confirmed through PCR, RT-PCR, and Western blot analysis.




2.4. Phenotypic Analysis


To evaluate the growth rates of both the WT and transformants, activated strains were cultivated on PDA for 2 days. Then, the mycelium diameter was measured and the hyphae were observed under a microscope. For sclerotia production ability, WT and SsZNC1 transformants were grown on PDA for 15 days and then the sclerotia morphology, sclerotia quantity, and quality were recorded. For an infection cushion assay, inoculated mycelium plugs of the WT and transformants on the Parafilm were grown for 2 days. The formation of the infection cushion was observed under a microscope and the number of infection cushions was counted. For determination of the acid production capacity, WT and SsZNC1 transformants were grown on PDA medium containing 0.005% (w/v) bromophenol blue dye and photographs were taken at 48 h post inoculation (hpi).



To detect the growth of strains under stress, mycelium plugs (4 mm diameter) were cultured on PDA containing several separate stress factors, including 1.2 M sorbitol, 0.5 M NaCl, 0.02% SDS, and 2.5 mg/mL Congo red. To obtain suitable photos of the hyphae, photos of different factors were taken at 60 hpi, 60 hpi, 72 hpi, and 48 hpi, respectively. The inhibition rate of hyphal growth was calculated by measuring the hyphal diameter every 12 h. All the above experiments were repeated three times, with three biological replicates for each repeat.




2.5. Pathogenicity Assay


The S. sclerotiorum WT, SsZNC1 gene knockout, and complementation strains were grown on PDA at 20 °C for 2 days. Hyphal plugs (2 mm or 5 mm diameter) from colony margins were placed on four-week-old Arabidopsis leaves or six-week-old oilseed rape leaves and the pathogenicity was assessed at 36 hpi or 48 hpi. Lesion sizes were quantified using ImageJ software (version 1.52a). The relative biomass was quantified by qPCR through DNA extraction from equal areas of individual infected leaves. The qPCR was performed using TransStart® Green qPCR SuperMix (AQ101, TransGen Biotech, Beijing, China). The qPCR program was initiated at 94 °C for 30 s, followed by a cycling stage at 94 °C for 5 s and at 60 °C for 15 s, with a total of 42 cycles. The primers used are listed in Table S1.




2.6. Transcriptomic Analysis


The total RNA was extracted from the mycelial samples collected at 3 hpi and 9 hpi for both the S. sclerotiorum WT and the knockout mutant ΔSsZNC1. Each treatment group included three independent replicates to ensure the reliability of the experimental results. The RNA samples were subjected to high-throughput sequencing using the Illumina HiSeq instrument (AZENTA, Beijing, China). Raw sequencing data were processed to obtain clean reads by filtering out low-quality reads and adapter sequences. Clean reads were then aligned to the reference genome of S. sclerotiorum using the bioinformatics tool HISAT2 (version 2.2.1). The expression levels of the genes were quantified, and a differential expression analysis was performed to identify genes with significant changes in expression between the WT and SsZNC1 knockout mutant at 3 hpi and 9 hpi. A fold change cutoff of ≥two-fold and a p-value of ≤0.05 were used to determine differentially expressed genes (DEGs) using the edgeR package (version 3.12.1) with TMM normalization. The DEGs were input into the Blast2GO (version 2.2.31) program for a Gene Ontology (GO) terms classification. The enrichment analysis of the DEGs in the GO terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were conducted using the phyper, clusterProfiler, and pathview bioinformatics functions in the R software (version 4.3.2) [36,37].




2.7. RNA Extraction and Quantitative Real-Time PCR Analysis


The S. sclerotiorum WT and SsZNC1 knockout mutant were inoculated onto four-week-old A. thaliana leaves. Mycelial samples were collected at 3 hpi and 9 hpi for RNA extraction. The total RNA from the samples was reverse transcribed into cDNA using a cDNA synthesis supermix kit (AT311-02, TransGen Biotech, Beijing, China) according to the manufacturer’s instructions. For the RT-qPCR analysis, gene-specific primers are listed in Table S1. The transcript levels were calculated by the 2−ΔΔCt method. Each experiment was repeated three times.




2.8. Statistical Analysis


Statistical analyses were performed using the one-way ANOVA method with IBM SPSS Statistics 26 to evaluate the significance of differences. Differences at p < 0.01 or p < 0.05 were both considered as statistically significant. All experiments were repeated with at least three replicates.





3. Results


3.1. Identification and Analysis of SsZnNC1


To investigate the biological function of the Zn2Cys6 transcription factor (TF) in S. sclerotiorum, we selected SsZNC1 for study based on the published transcriptome data [29]. SsZNC1 had a full-length sequence of 2008 bp with two exons, encoding a protein of 648 amino acids, and the predicted protein size was 73.0 kDa. The SsZNC1 protein contained a GAL4-like Zn2Cys6 binuclear cluster DNA-binding domain, suggesting that SsZNC1 may function as a TF. SsZNC1 orthologues were widely distributed among ascomycetes (Figure 1A). A sequence alignment analysis showed that the SsZNC1 protein sequence had a high sequence similarity with the homologous of Sclerotinia trifoliorum, Stromatinia cepivora, Botrytis cinerea, Botryotinia calthae, Monilinia fructicola and Ciborinia camlliae (Figure 1B). Their identity percentages were 95%, 92%, 77%, 76%, 73%, and 70%, respectively. SsZNC1 contained three conserved motifs, and the peptide TCKXRRIKCDE in motif 1 was highly conserved in 250 homologous of SsZNC1 (Figure 1C). To understand the function of SsZNC1 during S. sclerotiorum infection, the expression pattern of SsZNC1 was detected by RT-qPCR. The results showed that the expression level of SsZNC1 increased after inoculation, peaked at 3 h post-inoculation (hpi), and gradually decreased after 9 hpi (Figure 1D).




3.2. Targeted Deletion and Complementation of SsZNC1 in S. sclerotiorum


To explore the biological function of the TF SsZNC1, we used homologous recombination technology and the split-marker method to knock out the gene (Figure S1A). Homozygous knockout mutants of SsZNC1 were obtained by ascospore isolation. To obtain the complemented strain, homozygous knockout transformants were complemented by inserting the complete gene fragment with its own promoter and 3 × FLAG tag into the genome. Two SsZNC1 knockout mutants (ΔSsZNC1-1 and ΔSsZNC1-2) and two complemented strains (ΔSsZNC1-1C-1 and ΔSsZNC1-1C-2) were obtained. The PCR analysis results showed that the SsZNC1 gene sequence could not be amplified in the two knockout transformants, but it was amplified in both the WT and complemented strains (Figure S1B). Both knockout mutants and complemented strains could amplify the flanking sequences of SsZNC1 (Figure S1B). To verify the changes in the transcription level of the transformants, we used RT-PCR analysis, and the results showed that the sequence of SsZNC1 could not be detected in the knockout mutants, while the target band could be verified in both the WT and complemented strains (Figure S1C). To validate the reinstatement of the SsZNC1 protein expression in the complemented strain, a Western blot analysis was conducted. The results showed that the protein band was twice as large as expected (Figure S1D). The above results demonstrate the complete deletion of the gene sequence in the knockout transformants and comprehensive complementation of the complemented strain.




3.3. SsZNC1 Is Important for Sclerotial Development and Coping with Hyperosmotic Stress


To determine the function of SsZNC1, we examined the biological phenotypes of the knockout and complemented strains. Compared with the WT, two SsZNC1 knockout mutants (ΔSsZNC1-1 and ΔSsZNC1-2) showed no significant differences in their colony and hyphal tip morphology on the PDA plate (Figure 2A). There were also no significant differences in growth rate (Figure 2B). However, knockout mutants produced smaller and more sclerotia than the WT and complemented strains after 15 d on PDA (Figure 2C). The number of sclerotia generated by the knockout mutants increased by approximately 15%, but the weight decreased by about 30% (Figure 2D,E).



Tolerance to environmental stresses is very important for pathogens to infect hosts. To explore whether SsZNC1 is involved in the response of S. sclerotiorum to environmental stresses, we inoculated the WT, SsZNC1 knockout mutants, and complemented strain on PDA plates supplemented with different stress. Two knockout mutants grew significantly slower than the WT and complemented strains on PDA containing high concentrations of sorbitol (Figure 2F). The average inhibition rate of the two knockout mutants was 23%, compared with 14% for the WT and complemented strains (Figure 2G). However, the knockout mutants showed no significant differences in hyphal morphology and growth inhibition rates regarding their tolerance to NaCl, SDS, and Congo red compared to the WT and complemented strains (Figure S2). The above results indicate that SsZNC1 is involved in sclerotial development and hyperosmotic stress response.




3.4. SsZNC1 Plays an Important Role in Virulence


To investigate the biological function of SsZNC1 in the pathogenesis of S. sclerotiorum, we evaluated the virulence of the ΔSsZNC1 mutants on the leaves of Arabidopsis thaliana and Brassica napus. Compared with the WT strain, the SsZNC1 knockout mutants caused smaller lesions on the Arabidopsis leaves and oilseed rape (Figure 3A,B). The complemented strain restored virulence to the level of the WT strain (Figure 3A,B). The lesion areas produced by two knockout mutants in the Arabidopsis leaves were approximately 0.18 cm2 and 0.19 cm2, while the lesion area produced by the WT strain was about 0.36 cm2 (Figure 3C). The relative S. sclerotiorum biomass of the knockout mutants was reduced by 61.4% on average (Figure 3D). When inoculated on oilseed rape leaves at 48 hpi, the lesion areas and relative S. sclerotiorum biomass of the knockout mutants decreased by approximately 37.5% and 21.4%, respectively (Figure 3E,F). To explore the role of SsZNC1 in regulating S. sclerotiorum virulence, we tested whether SsZNC1 affected acid production and infection cushion formation. The knockout mutants showed no significant differences from the WT and complemented strains in acid production on PDA containing bromophenol blue and infection cushion formation (Figure 3G–I). These results indicate that SsZNC1 is involved in the pathogenesis of S. sclerotiorum, and its involvement is not attributed to influencing acid production and infection cushion formation.




3.5. RNA-Seq Analysis of the ΔSsZNC1 Mutant


To explore the potential genes regulated by SsZNC1 in S. sclerotiorum, an RNA-seq analysis was performed using three biological replicates of WT and SsZNC1 knockout mutant (ΔSsZNC1-1) inoculated on Arabidopsis leaves at 3 hpi and 9 hpi, respectively. A total of 1187 differentially expressed genes (DEGs) were detected between the WT and ΔSsZNC1-1 mutant at 3 hpi and 9 hpi, of which 173 genes overlapped (Figure 4A). There were 387 DEGs between the WT and ΔSsZNC1-1 mutant at 3 hpi, including 158 up-regulated and 229 down-regulated genes (Figure 4B,C). The number of DEGs increased to 973 at 9 hpi, of which 427 were up-regulated and 546 were down-regulated (Figure 4B,D). These DEGs were used to classify the genes into a specific gene ontology (GO). The enriched GO terms at 3 hpi were predominantly associated with the glutathione metabolic process, extracellular region, monooxygenase activity, cellulose binding, and heme binding (Figure 5A). The enriched GO terms of DEGs at 9 hpi were mainly related to nucleolus, heme binding, RNA binding, cellular detoxification, and phosphopantetheine binding (Figure 5B). Five major identical GO terms were identified at both 3 hpi and 9 hpi, including the glutathione metabolic process, heme binding, cellular detoxification, phosphopantetheine binding, and methyltransferase activity (Figure 5A,B). Functional enrichment based on the KEGG pathways for the DEGs showed that they were related to multiple metabolic pathways, which included ribosome biogenesis in eukaryotes, valine, leucine, and isoleucine biosynthesis, tryptophan metabolism, starch and sucrose metabolism, glutathione metabolism, and so on (Figure 5C,D). These findings suggest dynamic molecular responses during the early stages of infection, implicating processes such as protein synthesis, energy metabolism, and cellular detoxification in the observed temporal changes. These results indicate that SsZNC1 plays important roles in multiple aspects of life activities during S. sclerotiorum infection.




3.6. SsZNC1 Positively Regulates the Expression of Virulence-Related Genes


The transcriptomic analysis results revealed a significant down-regulation of the secreted proteins that may be involved in pathogenesis, including glycoside hydrolase family proteins, cutinase, pectinase, laccase, and hypothetical proteins, etc. The top nine DEGs with signal peptides were selected for an RT-qPCR analysis to validate the expression patterns identified in the transcriptome results. SS1G_01229, SS1G_12937, SS1G_10071, SS1G_02760, SS1G_09143, SS1G_13736, SS1G_13036, and SS1G_11895 were predicted to be homologous to glycoside hydrolase, glycosyl hydrolase, pectin lyase, carbohydrate esterase, amidohydrolase, stress response protein, Cu-oxidase, and hydrophobin, respectively (Table S2). The expression pattern of each gene was significantly down-regulated at 3 hpi and 9 hpi (Figure 6A–I). Furthermore, we detected that SS1G_00891, SS1G_02334, and SS1G_14362, which are related to the cellulose catabolic process and methyltransferase activity, were significantly enriched in the transcriptome results, and their expression levels were also significantly down-regulated at 3 hpi and 9 hpi (Figure 6J–L). In addition, the expressions of some effectors known to be involved in pathogenesis and autophagy-related marker genes were also significantly decreased (Figure S3A–J). However, consistent with the transcriptome results, the expression patterns of genes in the early secretory pathway did not change significantly (Figure S3K,L). These results indicate that SsZNC1 affected the virulence of S. sclerotiorum by regulating the expressions of some virulence-related genes.





4. Discussion


Zn2Cys6 TFs are a large family characterized by the Zn2Cys6 binuclear cluster domain among pathogenic fungi, especially prevalent among ascomycetes [18,38]. Zn2Cys6 TFs have been characterized in diverse filamentous fungi [18,39,40,41]. However, there are relatively few studies on S. sclerotiorum, and there are still many genes in this family that have not been studied. Here, we identified an S. sclerotiorum Zn2Cys6 TF SsZNC1, which was significantly up-regulated during the infection period, based on public transcriptome data [29]. Consistently, we examined the expression pattern of SsZNC1, which was significantly elevated at 3 h post-inoculation (hpi) and gradually decreased after 9 hpi (Figure 1D), indicating that SsZNC1 is involved in regulating the early stages of infection. Sequence alignment showed homologous of SsZNC1 in ascomycete fungi, suggesting its conservation and functional importance among various fungi (Figure 1A,B). By conducting a conserved motifs analysis of 250 homologous sequences, we found that there were three conserved motifs in SsZNC1 (Figure 1C), suggesting that they may play important roles in the function of SsZNC1, especially the peptide TCKXRRIKCDE in motif 1. The protein size in the complemented strain was twice that expected (Figure S1D), and we hypothesized that homodimers were formed. This aligned with the result that Zn2Cys6 TFs generally bind in the form of a homodimer or heterodimer [42,43,44].



Unraveling the Zn2Cys6 TFs related to fungal virulence is crucial to understanding the pathogenesis of plant pathogens. However, there are relatively few studies on the Zn2Cys6 TF regulating S. sclerotiorum virulence. In our study, SsZNC1 knockout mutants showed a reduced lesion area and relative biomass on Arabidopsis leaves and oilseed rape leaves (Figure 3), highlighting that SsZNC1 was important in regulating the virulence of S. sclerotiorum. To reveal important insights into the regulatory roles of SsZNC1, an RNA-seq analysis of the WT vs. ΔSsZNC1 mutant was performed during an S. sclerotiorum infection of Arabidopsis. A total of 1187 DEGs were identified at 3 hpi and 9 hpi, of which 173 genes overlapped (Figure 4A), indicating consistent regulation by SsZNC1 across different time points. The DEGs within GO-encompassed processes included the glutathione metabolic process, heme binding, cellular detoxification, phosphopantetheine binding, and methyltransferase activity (Figure 5A,B). Methyltransferase activity and cellular detoxification were relevant to the virulence of plant pathogens [45,46,47,48]. The glutathione metabolic process, heme binding, and phosphopantetheine binding are involved in the biosynthesis and metabolism of fungi [49]. Significant KEGG pathway enrichments, encompassing ribosome biogenesis, valine, leucine, and isoleucine biosynthesis, pentose and glucuronate interconversions, tryptophan metabolism, starch and sucrose metabolism, glutathione metabolism, and amino sugar and nucleotide sugar metabolism, underscore the multifaceted impact of SsZNC1 on critical cellular functions (Figure 5C,D). In addition, the down-regulation of virulence-related secreted proteins, effectors, and autophagy-related genes from the transcriptome data was verified through RT-qPCR analysis (Figure 6 and Figure S3). The secreted proteins analyzed by RT-qPCR included glycoside hydrolase family proteins, cutinase, pectinase, and laccase, and are thought to be related to the virulence of the pathogens [50,51,52,53]. The autophagy-related genes SsATG1, SsATG8, and SsATG13 were also required for virulence in S. sclerotiorum [54,55,56]. These results indicate that SsZNC1 regulated the virulence of S. sclerotiorum through affecting the expressions of genes related to metabolic pathways, biosynthetic pathways, secreted proteins, and autophagy. Consistently, previous studies have shown that Zn2Cys6 TFs were involved in the virulence by regulating diverse pathways. Pf2, an extensively researched Zn2Cys6 TF, was a key regulator for controlling the necrotrophic lifestyle and virulence in many pathogenic fungi [57,58]. Pf2 played a regulatory role similar to SsZNC1, influencing pathogen virulence by modulating the expression of putative-effector-like proteins and plant-cell wall-degrading enzymes during early infection [59]. Colletotrichum orbiculare Zn2Cys6 TF Mtf4 regulated appressorium development and reduced virulence through the MOR kinase signaling pathway in response to host-derived cutin monomers [60]. These studies demonstrated that Zn2Cys6 TFs affected the virulence of pathogens by regulating diverse pathways.



Increasing evidence has indicated that TFs play important roles in the growth, development, and response to abiotic stress of necrotrophic phytopathogens [16,24,25,61]. In our study, the targeted deletion of SsZNC1 resulted in mutants with altered sclerotial development (Figure 2C–E) and weak growth on PDA containing high concentrations of sorbitol (Figure 2F,G), demonstrating the importance of SsZNC1 in regulating sclerotial development and hyperosmotic stress response. These findings provide insights into the regulatory network orchestrated by SsZNC1, shedding light on its pivotal roles in the life activities of S. sclerotiorum. While a significant number of DEGs were discovered in our analysis, the specific genes directly regulated by SsZNC1 remain unknown. Further investigation is required to unravel the direct targets of SsZNC1 and elucidate the molecular mechanisms underlying its regulatory functions.



In summary, SsZNC1, as a Zn2Cys6 TF of S. sclerotiorum, played an important role in regulating the virulence, sclerotial development, and tolerance of hyperosmotic stress in S. sclerotiorum. We preliminarily explained the pathways regulated by SsZNC1 through a transcriptomic analysis. Our results are helpful for understanding the role of SsZNC1 in the virulence, development, and response to environmental stresses of S. sclerotiorum, and helping to find its potential direct regulatory pathways.




5. Conclusions


In this study, we identified and characterized a Zn2Cys6 TF, SsZNC1, in S. sclerotiorum, and found that SsZNC1 is a positive regulator of virulence, sclerotial development, and osmotic stress response. Based on the transcriptomic analysis results, it is evident that SsZNC1 plays a crucial role in shaping multiple key cellular functions, including the cellulose catabolic process, methyltransferase activity, and pathogenicity, etc. Our results revealed a potential mechanism by which SsZNC1 regulated virulence, development, and response to abiotic stresses in S. sclerotiorum.
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Figure 1. Phylogenetic analysis, sequence conserved alignment, and expression pattern of SsZNC1. (A) Phylogenetic analysis of SsZNC1. The phylogenetic tree was constructed using MEGA11 using the maximum likelihood method. Sclerotinia sclerotiorum sequence (APA14016.1) was marked with red circle and Verticillium dahliae sequence (RXG48842.1) was used as the outgroup. (B) Amino acid sequence alignment of SsZNC1 and its homologous from six different species using Jalview software (version 2.11.3.2). S. sclerotiorum sequence was shown in red dotted line box. Black solid line box of tag (*) indicated the three conserved motifs in the alignment. (C) Conserved motifs of SsZNC1 predicted by MEME suite (version 5.5.5). In total, 250 SsZNC1 and its homologous amino acid sequences were used for analysis. (D) Relative levels of transcript accumulation of SsZNC1 were assessed through RT-qPCR in inoculated Arabidopsis thaliana leaves for 0–48 h. Values are the means of three independent trials. 
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Figure 2. The deletion of SsZNC1 has significant effects on sclerotial development and hyperosmotic stress tolerance but no effects on hyphae morphology. (A) Colony morphology and hyphal tips of the wild-type (WT) and the SsZNC1 transformants grown on PDA at 20 °C. Photos were taken at 48 hpi. Upper graph bar, 1 cm. Lower graph bar, 500 μm. (B) The growth rate of the WT and the SsZNC1 transformants on PDA for 48 h at 20 °C. (C) The sclerotial morphology of the WT and the SsZNC1 transformants on PDA for 15 d at 20 °C. Sclerotia were collected from four plates (9 cm diameter). Bar, 1 cm. (D) The sclerotial number of the WT and the SsZNC1 transformants. (E) The sclerotial dry weight of the WT and the SsZNC1 transformants. (F) Growth observation of the WT and the SsZNC1 transformants on PDA medium containing 1.2 M sorbitol. Bar, 1 cm. (G) The inhibition of hyphal growth of the WT and the SsZNC1 transformants on PDA medium containing sorbitol. The values represent means derived from three independent replicates, and the error bars indicate ±SD of the mean. Different lowercase letter (a,b) represented significant differences between groups (p < 0.01). 
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Figure 3. SsZNC1 is important for full virulence of S. sclerotiorum but not for oxalate production and infection cushion formation. (A) Pathogenicity phenotype of the WT and SsZNC1 transformants on A. thaliana leaves. Pictures were taken by 36 hpi. Bar, 1 cm. (B) Pathogenicity phenotype of the WT and the SsZNC1 transformants on oilseed rape leaves. Pictures were taken by 48 hpi. Bar, 2 cm. (C) Necrosis area on A. thaliana leaves. (D) Relative S. sclerotiorum biomass on A. thaliana leaves. (E) Necrosis area on oilseed rape leaves. (F) Relative S. sclerotiorum biomass on oilseed rape leaves. (G) Qualitative determination of acid produced by the WT and the SsZNC1 transformants on PDA containing 0.005% (w/v) bromophenol blue dye at 20 °C. Photographs were taken at 48 hpi. Bar, 1 cm. (H) The infection cushion phenotypes of the WT and the SsZNC1 transformants on Parafilm at 48 hpi. Bar, 500 μm. (I) The infection cushion numbers of the WT and the SsZNC1 transformants. The values represent means derived from three independent replicates, and the error bars indicate ± SD of the mean. Different lowercase letter (a,b) represented significant differences between groups (p < 0.01). 
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Figure 4. The number of differential expression genes (DEGs) in different comparable groups. (A) The Venn diagram of S. sclerotiorum DEGs when WT vs. ΔSsZNC1 infected Arabidopsis leaves at 3 hpi and 9 hpi. (B) The number of up- and down-regulated DEGs in WT vs. ΔSsZNC1 at 3 hpi and 9 hpi. (C) Volcano maps show the distribution of DEGs for WT vs. ΔSsZNC1 at 3 hpi. (D) Volcano maps show the distribution of DEGs at 9 hpi. 
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Figure 5. Analysis of the DEGs of WT vs. ΔSsZNC1 at 3 hpi and 9 hpi. (A) Gene ontology (GO) enrichment analysis of DEGs at 3 hpi. (B) GO enrichment analysis of DEGs at 9 hpi. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis for DEGs at 3 hpi. (D) KEGG enrichment analysis for DEGs at 9 hpi. 






Figure 5. Analysis of the DEGs of WT vs. ΔSsZNC1 at 3 hpi and 9 hpi. (A) Gene ontology (GO) enrichment analysis of DEGs at 3 hpi. (B) GO enrichment analysis of DEGs at 9 hpi. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis for DEGs at 3 hpi. (D) KEGG enrichment analysis for DEGs at 9 hpi.



[image: Jof 10 00135 g005]







[image: Jof 10 00135 g006] 





Figure 6. SsZNC1 influences the expression of secreted proteins and metabolism-related genes (A–I) RT-qPCR analysis of secreted proteins in WT and ΔSsZNC1 at 3 hpi and 9 hpi. (J,K) RT-qPCR analysis of cellulose-catabolic-process-related genes. (L) RT-qPCR analysis of methyltransferase-activity-related genes. The constitutively expressed β-tubulin gene was used as the reference gene (**, p < 0.01; ns, no significance). 
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