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Abstract

:

The appressorium is a specialized structure that is differentiated from Magnaporthe oryzae spores that can infect host cells. In the process of cellular transformation from spore to appressorium, the contents inside the spores are transferred into appressoria, accompanied by major differences in the gene expression model. In this study, we reported a transcription factor (TF), Pcf1, which was depressed at the transcription level and degraded at the protein level in nuclei of incipient appressoria at four hpi (hours post inoculation). To investigate its degradation mechanism, the interacting proteins of Pcf1 were identified using an immunoprecipitation-mass spectrometry (IP-MS) assay. Yeast two-hybrid (Y2H) and co-IP (co-immunoprecipitation) assays confirmed that Pcf1 interacted with the casein kinase 2 (CK2) holoenzyme through direct combination with the CKb2 subunit. Moreover, Pcf1 was ubiquitinated in the hyphae. These changes in Pcf1 protein levels in nuclei provide a new clue of how TFs are degraded during appressorium formation: temporarily unnecessary TFs in spores are phosphorylated through interacting with CK2 enzyme and are then ubiquitinated and digested by the ubiquitin proteasome system (UPS).
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1. Introduction


The filamentous fungus Magnaporthe oryzae (synonym Pyricularia oryzae) causes rice blast disease, which severely threatens global rice production [1]. M. oryzae has recently become a model fungus for understanding fungi–plant interactions due to its economic significance and genetic operability [2]. Similar to many plant pathogenic fungi, M. oryzae infects its host plant using a highly specialized infection structure that is called an appressorium. To initiate infection, three-celled conidia germinate under the appropriate external environmental conditions, and the tips of germ tubes differentiate to form dome-shaped and melanized appressoria [3]. In this process, the cellular gene expression models of different cell types (conidia and appressoria) are distinct. The unnecessary conidial proteins may be degraded in any of four major pathways: autophagy, ubiquitin proteasome system (UPS), cytosolic proteases, and organelle-mediated degradation systems [4].



Physiological processes, including metabolism, growth, and appressorium formation, in M. oryzae are supervised by signaling pathways after receiving environmental signals [5]. Transcriptome analysis shows that genes that are related to protein degradation, such as genes for ubiquitin modification, are dramatically elevated at the beginning of appressorium formation [6]. Recently, the roles and processes of autophagy and UPS during the appressorium formation have been widely reported in M. oryzae [7,8,9,10,11,12,13]. UPS is vital for protein degradation and its general process is that after ubiquitin modification, the proteins are degraded through 26S proteasome. The process of ubiquitination is catalyzed by three enzymes: the ubiquitin activating enzyme (E1), the ubiquitin conjugating enzyme (E2), and the ubiquitin ligase (E3) [7]. The impairment of UPS function, through the addition of proteasome inhibitor and the deletion of key genes, inhibits conidial germination and appressorium formation [7,8,9,10]. In addition to the ubiquitination system, autophagy is pivotal in the turnover, trafficking, and transformation of organelles, membranes, and certain proteins, and are eventually vital to cell growth, development, and pathogenicity [11,12,13]. The Δatg5 mutant displayed delayed conidial cytoplasm transfer and defects in the transformation of lipid droplets and glycogen into glycerol [14]. The deletion of ATG14 in M. oryzae resulted in impaired conidial autophagic process, delayed breakdown of glycogen, and fewer lipid bodies [15].



Casein kinase 2 (CK2) is a constitutive, conserved, pleiotropic Serine/Threonine kinase in eukaryotic organisms. CK2, which phosphorylates hundreds of substrates, has been documented to be involved in several signaling pathways and is implicated in diverse cellular processes [16,17]. In mammals, CK2 consists of two catalytic subunits (CK2α/α or CK2α/α′) and two regulatory CK2β subunits, and is essential for diverse cellular processes, such as transcription, signaling, proliferation, and cell survival [18,19,20]. In Saccharomyces cerevisiae, CK2 holoenzyme, encoded by CKA1, CKA2, CKB1, and CKB2, is also heterotrimeric, including two catalytic and two regulatory subunits [21]. CK2 mediates the phosphorylation of Tel2/Tti1, making them the target of degradation by SCFFbxo9 ubiquitin ligase to adjust mTOR signaling to sustain survival in mammals [22]. As a hydrophobic transmembrane protein, hepatitis C virus (HCV) nonstructural 2 (NS2) is phosphorylated by CK2 and then degraded by the proteasome [23]. Phosphorylation that is mediated by CK2 leads to the degradation of the inhibitor of the prosurvival transcription factor (TF) NF-kB (IκBα) through UPS, which is vital for cell survival [24]. Scaglioni et al., reported that the degradation of PML tumor suppressor by UPS shows a CK2-mediated phosphorylation dependency [25]. In M. oryzae, CK2 has one catalytic subunit ortholog (CKa1) and two regulatory subunit orthologs (CKb1 and CKb2) [26]. CK2, localized at the nucleus and at the septal and appressorial pores, is responsible for the phosphorylation of intrinsically disordered proteins (IDPs) of septa and nucleoli and is essential for the growth and pathogenicity of M. oryzae [26,27]. CK2 is involved in the phosphorylation of Rgs1 (regulator of G-protein signaling) which is localized at the plasma membrane and late endosome, and phosphorylation of Rgs1 is essential for activation of G-protein signaling in M. oryzae. Moreover, this interaction between CK2 and Rgs1 was modulated by the endoplasmic reticulum membrane protein complex (EMC) subunit, Emc2 [28]. Transcription factors (TFs) are important links between fungal development and the kinase signaling pathways. Each stage of development, such as growth, conidiogenesis, and appressorium formation, requires spatiotemporally- and elaborately-modulated gene expression, which is vital to the development and pathogenicity of rice blast fungus. Many TFs are involved in the growth of M. oryzae, including Tpc1 [29] and Gta1 [30]. Mutants of four zinc TFs (Cos1 [31], Gcc1, Conx1, and Cod1 [30]), homeobox TF Hox2 [32], and three bZIP TFs (Hac1, Bzip10, and MetR) [33] displayed a large reduction or failure of sporulation. By contrast, deleting zinc TF CNF1 or CNF2 results in tremendously increased conidiogenesis [30]. Some TFs participate in the regulation of conidial morphology, such as Con7 [34] and Ap1 [35]. Some TFs influence the germination of conidia, such as Tra1 [36] and Mcg1 [37]. Vrf1 selectively regulates appressorium maturation [38]. A MADS-box TF Mcm1 [39] and zinc finger TFs Vrf2, Grf2, and Grf3 [38] are required for the infection process of M. oryzae.



All the TFs that are mentioned above regulate one or more processes of development in M. oryzae, and their deficiency eventually leads to impaired pathogenicity of M. oryzae. Different developmental stages are regulated by different specific TFs. The strict regulation of transcription factor expression and degradation is vital to the appressorium formation process of M. oryzae. However, reports on how TFs are degraded between different developmental stages are rare. Here, taking Pcf1 as an example, we studied the degradation of TFs during appressorium differentiation in M. oryzae. Our previous study showed that Pcf1 is involved in sporulation, conidial germination, appressorium formation, and virulence in M. oryzae [30]. In this study, we further investigated how Pcf1 was degraded in incipient appressoria and tried to learn the degradation process of TFs when conidia germinate to form appressoria. Our study showed that Pcf1 was degraded in the initial stage of appressorium formation and recovered in the late stage. Pcf1 was labeled by ubiquitin and degraded through the UPS, the process of which was mediated by CK2.




2. Materials and Methods


2.1. Strains and Culture Conditions


All strains that were used in this study were generated from the M. oryzae strain 70-15 [40]. Wild-type and other strains were cultured on complete medium (CM) at 25 °C under a 16 h light and 8 h dark phase. Conidia were collected from 9-cm plates regularly and cultured for 12 days followed by centrifugation at 7500 rpm, 5 min after washing with 4 mL distilled water, and filtered using three filter layers. For aerial hyphae collection, 200 μL spore suspension (5 × 104 spores/mL) were inoculated on 9-cm CM plates and cultured for 4 d. For liquid hyphae harvest, about 1 cm2 of the hyphae block was first put in a 2 mL tube containing 1 mL CM medium and homogenized using Tissuelyser-24 (Shanghai Jingxin Industrial Development Co., Ltd., Shanghai, China) at 65 Hz for 1 min. The hyphae homogenate was then suspended in 50-100 mL liquid CM medium and shaken at 150 rpm, 25 °C, for 2 d. The hyphae were collected using three layers of filter and washed with water three times. Appressoria were induced on an artificial hydrophobic membrane at 5 × 104–1 × 105 spores/mL concentration at 25 °C. The infected hyphae were collected from 7-day-old barley seedlings that were sprayed with 2 mL 5 × 104 spores/mL conidial suspension of M. oryzae.




2.2. RNA Isolation and Gene Expression Level Identification


Total RNA at various developmental stages, including aerial hyphae, liquid hyphae, conidia, appressoria, and infectious hyphae was isolated using an RNAiso Plus kit (Takara Biomedical Technology, Beijing, China) [41]. cDNA was synthesized with 500 ng RNA using PrimeScriptTM RT reagent Kit (Takara Biomedical Technology, Beijing, China) and then diluted into 50 ng/μL. A 20 μL qRT-PCR mixture was prepared: 10 μL SYBR Premix Ex Taq (Takara Biomedical Technology, Beijing, China), 50 ng cDNA, 1 μL forward primer, 1 μL reverse primer, and 7 μL ddH2O. A two-step PCR was performed using an Eppendorf Mastercycler EP Gradient S (Eppendorf, Hamburg, Germany) as follows: 95 °C for 30 s, with 40 cycles at 95 °C for 5 s, and 60 °C for 30 s, followed by a melting curve analysis. The relative abundance of PCF1 (MGG_17623) in each transcript was calculated using the 2−∆Ct method with β-TUBULIN as the reference [42]. The primers for qRT-PCR are listed in supplemental Table S1. The experiment had four biological replicates for each sample.




2.3. Subcellular Localization and Fluorescence Intensity Determination


A GFP fusion protein vector, pKD8B-GFP-PCF1, was constructed using a high-throughput gene knockout system as described previously [30]. Briefly, the fragment of PCF1 coding sequence was amplified from the M. oryzae genome was co-transformed into Saccharomyces cerevisiae strain FY834 with a linearized pKD8B-GFP that was digested by XbaI and SalI [30]. The plasmids of yeast transformants were extracted using TIANprep yeast plasmid DNA kit (Tiangen Biotech, Beijing, China) and transformed into Escherichia coli strain DH5α. After confirming the correctness of the vector, pKD8B-GFP-PCF1 and pKD9-H2B-mCherry [41] was co-transformed into the wild-type strain through Agrobacterium tumefaciens-mediated transformation (ATMT) [30]. Transformants that were expressing both GFP-Pcf1 and H2B-mCherry were screened on CM plates that were supplemented with 200 μg/mL hygromycin and 50 mg/mL G418 sulfate. The colocalization of GFP-Pcf1 and H2B-mCherry and the fluorescence intensity of GFP-Pcf1 in M. oryzae transformants were observed using fluorescence microscopy (Nikon Eclipse Ni) (Nikon, Tokyo, Japan) under the same exposure conditions. The primers for PCF1 amplification are listed in Supplemental Table S1.




2.4. Affinity Purification and Mass Spectrometry Analysis


To identify the proteins that interacted with Pcf1, GFP-Pcf1 with its interacted proteins was immunoprecipitated followed by mass spectrometry. Briefly, 2-day-old hyphae of the transformant expressing GFP-PCF1 were collected and homogenized in protein extraction buffer (50 µM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, pH 7.5, supplemented with 1 mM PMSF and 1× protease inhibitor cocktail (Sigma, Shanghai, China) with a steel ball at 4 °C using Tissuelyser-24 (Shanghai Jingxin industrial development Co., Ltd., Shanghai, China). The hyphae homogenate was centrifuged at 12,000 rpm for 20 min at 4 °C. Then the supernatant was transferred to another tube, mixed with anti-GFP beads (Smart Lifesciences, SA070001, Changzhou, China), and shaken gently for 4 h at 4 °C. The beads were collected by centrifugation at 700× g for 2 min and washed once with a low salt washing buffer and once with a high salt washing buffer. The beads were resuspended in 100 µL 0.3 M glycine elution buffer (pH 3.0) and incubated for 15 min with frequent agitation. Finally, the supernatant was pooled into another tube and 10 µL 1 M Tris was added to neutralize the elution buffer. The eluent (10 µL) was used to check whether GFP-Pcf1 was pulled down through IP using anti-GFP antibody (HuaBio, ET1607-31, Hangzhou, China) in a Western blot experiment. Then mass spectrometry of the protein eluent and subsequent comparative analyses were performed as previously described [43].




2.5. Yeast Two-Hybrid Assay


The coding region of PCF1 was amplified from a cDNA library and ligated into EcoRI-digested pGBKT7 to construct the bait vector Pcf1-BD; CKA1, CKB1, and CKB2 were ligated into EcoRI-digested pGADT7 to construct the prey vectors; CKa1-AD, CKb1-AD, and CKb2-AD using ClonExpress® MultiS one step cloning kit (Vazyme, Nanjing, China) following the manufacturer’s instructions. Pairs of bait and prey constructs were transformed into Y2H Golden strain following a small-scale yeast transformation protocol in the pYES2 user manual (Invitrogen, Carlsbad, CA, USA). Separate Pcf1-BD, each with CKa1-AD, CKb1-AD, or CKb2-AD, were used to confirm the interaction between Pcf1 and CK2. pGADT7 with Pcf1-BD and pGBKT7 each with CKa1-AD, CKb1-AD, and CKb2-AD were used to check the self-activation of proteins. pGBKT7-53 with pGADT7-T was used as the positive control, and pGBKT7 with pGADT7 was the negative control. Transformants with different pairs of prey and bait vectors were resuspended in ddH2O, diluted into 106, 105, 104, and 103 yeast/mL. The yeast diluent (5 µL) was inoculated on SD-Leu/Trp and SD-Leu/Trp/Ade/His plates and incubated for 4 d at 30 °C. The primers are listed in Table S1. The experiment was repeated three times.




2.6. Co-Immunoprecipitation


The full length CKA1, CKB1, and CKB2 fragments were amplified using primers that are listed in Table S1, and ligated into the XbaI-digested pKD1-3 × FLAG vector using ClonExpress® MultiS one step cloning kit (Vazyme, Nanjing, China). The fusion constructs pKD1-3 × FLAG-CKA1, pKD1-3 × FLAG-CKB1, and pKD1-3 × FLAG-CKB2 were separately transformed into the wild-type strain expressing GFP-PCF1 through ATMT. Transformants were screened on CM plates that were supplemented with 150 mg/mL glufosinate ammonium. The expression of 3 × FLAG-CKa1, CKb1, and CKb2 in transformants was confirmed using anti-FLAG antibody (HuaBio, M1403-2, Hangzhou, China) in a Western blot assay. The hyphae of the transformants expressing 3 × FLAG-CKA1 and GFP-PCF1, 3 × FLAG-CKB1, and GFP-PCF1, or 3 × FLAG-CKB2 and GFP-PCF1 were homogenized in protein extraction buffer with a steel ball at 4 °C using Tissuelyser-24 (Shanghai Jingxin Industrial Development Co., Ltd., Shanghai, China). The total protein of each transformant was then separated through centrifugation. Part of the protein extract was set aside as input, and the rest was mixed with anti-FLAG agarose beads (Smart Lifesciences, SA042001, Changzhou, China). After 4 h of gentle agitation, the beads were washed once with a low salt wash buffer and once with a high salt wash buffer. The beads were collected through centrifugation at 700× g for 2 min. The proteins that precipitated by anti-FLAG beads were eluted by 100 µL 0.3 M glycine elution buffer (pH 3.0), followed by adding 10 µL 1 M Tris as the neutralizer. Finally, the eluents and input proteins were detected in a Western blot assay with anti-GFP, anti-GAPDH (HuaBio, R1208-3, Hangzhou, China), and anti-FLAG antibodies.




2.7. Ubiquitin Detection


The coding sequence of PCF1 was amplified from the M. oryzae genome with primers that are listed in Table S1 and inserted into the XbaI-digested pKD1-3 × FLAG vector using ClonExpress® MultiS one step cloning kit (Vazyme, Nanjing, China). pKD1-3 × FLAG-PCF1 vector was transformed into M. oryzae through ATMT. After it was screened on the CM medium containing 200 μg/mL hygromycin, the expression of 3 × FLAG-Pcf1 in transformants was detected by a Western blot assay. To immunoprecipitate 3 × FLAG-Pcf1 protein, the 2-day-old hyphae were homogenized in protein extraction buffer with a steel ball at 4 °C. The homogenate was centrifuged at 12,000 rpm for 20 min at 4 °C. The supernatant was then mixed with anti-FLAG Affinity beads (Smart Lifesciences, SA042001, Changzhou, China). After washing with a low salt and a high salt wash buffer, to maximize protein recovery rate, the beads that were combined with 3 × FLAG-Pcf1 were directly boiled in protein loading buffer for 5 min. Then, after centrifuging at 12,000 rpm for 5 min, the 3 × FLAG-Pcf1 protein in the supernatant was detected using anti-ubiquitin antibody (P4D1, sc-8017, Santa Cruz, Shanghai, China) in a Western blot assay.




2.8. Statistical Analysis


Data processing in this study was conducted using Tukey’s HSD test in Data Processing System (DPS) [44]. The histograms were displayed as the means ±standard deviation. The different letters represent statistically significant differences (p ≤ 0.05).





3. Results


3.1. Expression of PCF1 Is Repressed in Conidia and Incipient Appressoria


The transcription level is an important parameter to estimate whether a gene is required or not in a specific spatiotemporal context. In this study, to evaluate at which stage of development Pcf1 functions, the expression level of PCF1 was quantified in different development stages. The results showed that the expression of PCF1 was significantly repressed in conidia and appressorium, compared with aerial, liquid, and invasive hyphae (Figure 1). In particular, PCF1 was barely expressed in conidia and 4 hpi appressoria. But in 18 hpi appressoria, the expression level of PCF1 was elevated, even though it was still lower than that in hyphae.




3.2. Pcf1 Is Degraded in the Nuclei of Incipient Appressoria


For subcellular localization and the number of fluorescence points, GFP-Pcf1 and H2B-mCherry co-localization showed that Pcf1 was distributed in several points and localized in the cytoplasm and partially in the nucleus (Figure 2A). The hyphae contained 5–10 points in each cell, while conidia and appressoria usually only possessed one to three points per cell. In the nuclei, Pcf1 was specifically localized at the margin (Figure 2A). In the nuclei of 4 hpi appressoria, there were no Pcf1-GFP spots, while in the nuclei of hyphae, spores, and 24 hpi appressoria there were one to two Pcf1-GFP spots (Figure 2C).



For the fluorescence intensity of Pcf1-GFP, the hyphae and conidia showed bright fluorescence spots. The Pcf1-GFP fluorescence intensity in appressoria showed an increasing trend from 4 hpi to 24 hpi: 4-hpi appressoria began to show a small Pcf1 point, and 24-hpi appressoria had points with fluorescence intensity that was similar to that in the hyphae and conidia (Figure 2B,D). Combined with the expression level of PCF1, the results demonstrated that, in hyphae, Pcf1 existed at a high concentration with high expression; in conidia, Pcf1 maintained a high concentration though without new expression; in appressoria, Pcf1 was degraded in the beginning, then gradually was expressed, and recovered in mature appressoria.




3.3. Identification of Proteins Interacting with Pcf1


Pcf1 was degraded when conidia began to form appressoria and then reconstructed in the late period of appressorium formation (Figure 2). To study the degradation mechanism of Pcf1, Pcf1-interacting proteins were identified using immunoprecipitation (IP) that was coupled with mass spectrometry (MS). Pcf1 and its interacting proteins were purified from total protein that was isolated from a wild-type expressing GFP-PCF1 transformant using anti-GFP beads. Then, the proteins that were interacting with Pcf1 were analyzed by MS. The MS result showed that Pcf1 interacted with nucleus proteins, chaperone proteins, TFs, and kinases (Table 1). Interestingly, three subunits of CK2 holoenzyme (CKa1, CKb1, and CKb2) were all in the reservoir of the interacting protein (Table 1). This result offered a clue that the degradation of Pcf1 was related to CK2.




3.4. Pcf1 Interacts with CK2 through CKb2 Subunit


CK2 is a conserved kinase that has various functions in eukaryote cells. In M. oryzae, CK2 was involved in appressorium formation and the pathogenic process [26,28]. The direct/indirect and in vitro/in vivo interactions between CK2 and Pcf1 were identified using yeast two-hybrid (Y2H) and co-immunoprecipitation (co-IP) assays. The Y2H results showed that Pcf1 had an intense interaction with the CKb2 subunit in vitro (Figure 3A), because the transformants with CKb2-AD and Pcf1-BD could grow on both SD-Leu/Trp and SD-leu/Trp/His/Ade plates as with the positive control (CKb2-AD/BD and AD/Pcf1-BD were negative controls). Yet Pcf1 did not directly interact with the other two subunits CKa1 and CKb1 (Figure 3A).



In addition to Y2H, co-IP was used to further confirm the interaction between CK2 and Pcf1. The proteins were extracted from the hyphae of strains that were expressing 3 × FLAG-CKA1 and GFP-PCF1, 3 × FLAG-CKB1 and GFP-PCF1, or 3 × FLAG-CKB2 and GFP-PCF1 as described above. The proteins were immunoprecipitated using ani-FLAG beads. The eluted proteins from ani-FLAG beads (output sample), total protein (input sample), and proteins that were extracted from wild-type were separated by polyacrylamide gel electrophoresis (Western blot) and detected with anti-FLAG, anti-GFP, and anti-GAPDH antibodies. The results showed that 3 × FLAG-CKa1, CKb1, andCKb2 all precipitated with GFP-Pcf1, as GFP-Pcf1 was detected in the elution of the respective co-IPs (Figure 3B). This result indicated that Pcf1 interacted with CK2 holoenzyme in vivo. Therefore, Pcf1 interacts with CK2 holoenzyme directly through interacting with CKb2 subunit.




3.5. Pcf1 Is Ubiquitinated in the Hyphae


The UPS is responsible for the degradation of more than 80% of intracellular proteins to maintain metabolic homeostasis [49]. Ubiquitination is catalyzed to link target protein by E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme, and E3 ubiquitin-ligase. The most ubiquitinated substrate is recognized and degraded by 26S proteasome [50]. To learn the underlying mechanism of Pcf1 degradation, 3 × FLAG-Pcf1 was immunoprecipitated from wild-type expressing 3 × FLAG-PCF1 transformant by anti-FLAG beads and used to detect ubiquitination of Pcf1, with the detection of 3 × FLAG-Pcf1 as the control. The results showed that a small part of Pcf1 was labeled by ubiquitin, with a relatively weak band that was larger than 3 × FLAG-Pcf1, because the molecular weight of Pcf1 protein was increased after ubiquitination (Figure 4). The ubiquitination of 3 × FLAG-Pcf1 demonstrated that Pcf1 may be digested through the UPS.





4. Discussion


As highly specialized infection structures, appressoria experience complex cellular changes during their development process from conidia. Unnecessarily old proteins that are specific to spores are degraded, while new proteins that are specific to appressoria are synthesized again. In this study, we demonstrated that, in the early stage of appressorium formation, the TF Pcf1, which is required for fungal development and virulence in M. oryzae, is degraded through the UPS that is mediated by the CK2 holoenzyme in appressorial nuclei.



In response to environmental signals, such as temperature, humidity, hydrophobicity, or nutrients, the appressorium development process in M. oryzae is strictly and spatiotemporally regulated by signaling pathways (such as cAMP/PKA and MST11-MST7-PMK1 MAPK) and is eventually executed through the expression of related specific genes [51,52,53]. Transcription factors are important links in the appressorium formation process from sensing induction signals to the expression of specific genes through the kinase signaling pathway. Some TFs have been shown to specifically regulate the expression of genes that are essential to different stages of development in M. oryzae. For example, Cos1 specifically regulates sporulation of M. oryzae without influencing growth [54]. Hox7 and Vrf1 specifically participate in the development of appressoria, without influencing vegetative growth [32,38]. Park et al., studied the expression patterns of 206 TF genes in M. oryzae under 32 conditions, and found that 31 TFs, such as HOX7 and CRF1, were upregulated in all infection-related stages, including conidiation, germination, and appressorium formation. Other homeobox TFs (HOX1, HOX2, HOX3, HOX4, HOX6, and HOX8), COS1, CON7, NIT4, and ACR1 were all upregulated during conidiation [55]. In contrast, other TFs function as repressors to inhibit the expression of appressorium-specific genes in the developmental stages other than appressorium, which need to be degraded in the appressorium formation process. By chance, we found that Pcf1 was inhibited at the transcriptional level in conidia and appressoria (Figure 1). Based on the low transcription level, conidia and the early stages of appressoria do not synthesize more Pcf1 proteins. In addition, Pcf1 was degraded in incipient appressoria at the protein level, yet elevated in the mature appressoria at both the transcription and protein levels (Figure 2). This result indicated that Pcf1 was not necessary for the initial stage of appressorium formation, but functioned in hyphae, conidia, and mature appressoria.



Casein kinase 2 (CK2), a heterotrimeric holoenzyme, is a ubiquitous and conserved kinase in eukaryotic organisms. In mammals, CK2 is required for the phosphorylation and degradation of substrate proteins [22,23,24]. In M. oryzae, one catalytic subunit ortholog (CKa1) and two regulatory subunit orthologs (CKb1 and CKb2) have been identified through homology comparison [26]. CK2 is located at the nucleus and at septal and appressorial pores and has been demonstrated to be involved in phosphorylating intrinsically disordered proteins [26,27]. Coincidently, Pcf1 has a similar distribution pattern to CK2. Additionally, in M. oryzae, modulated by the EMC subunit (Emc2), CK2 is responsible for the phosphorylation of Rgs1 [28]. Our results demonstrated that Pcf1 interacts with CK2 both in vitro and in vivo. The co-IP result in Figure 3B confirmed that Pcf1 is interacted with Ck2 holoenzyme in vivo due to co-precipitation with all three subunits. The in vitro Y2H result indicated that Pcf1 is directly interacting with the CKb2 subunit (Figure 3A). Here, from the interaction relationship with Pcf1 and Ck2, we reasoned that Pcf1 is phosphorylated by CK2.



The ubiquitin proteasome system is responsible for, but not limited to, protein degradation to maintain protein homeostasis [49]. Ubiquitination of substrate proteins is implemented by a sequential cascade of three enzymes: E1, E2, and E3. In M. oryzae, the impairment of UPS function, including the addition of a proteasome inhibitor [7], and the deletion of ubiquitin ligase genes FWD1 (a gene of F-box protein) [8] and UBR1 (a gene encoding ubiquitin ligases) [9] all resulted in defects in conidial germination and appressorium formation, indicating that the UPS is essential for initiating appressorium development. Moreover, ubiquitination is also critical in rice immunity during plant–pathogen interaction [56,57]. Our results showed that Pcf1 is modified by ubiquitin, suggesting that Pcf1 is degraded through UPS. However, more research is needed to provide more evidence in the further.



In summary, the process of appressorium formation is accompanied by tremendous changes of substance in conidia. Pcf1 is a transcription factor that is depressed/degraded and recovered during the initial stage and the late stage of appressorium formation, respectively. As such, taking the transcription factor Pcf1 as the representative protein, we demonstrated that unnecessarily old proteins in conidia are degraded through the ubiquitin proteasome system after phosphorylation by CK2 in the initial stage of appressorium development in M. oryzae.
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Figure 1. The expression level of PCF1 at different development stages. VH-L, aerial hyphae in light conditions; VH-D, aerial hyphae in dark conditions; VH, vegetative hyphae; VH-H, vegetative hyphae in starved conditions; CO, conidia; AP-4h, 4 hpi appressoria; AP-18h, 18 hpi appressoria; IH, invasive hyphae. β-TUBULIN was used as reference gene. The error bars represent ± SD. Different lowercase letters represent significant differences between the treatments as estimated by Tukey’s HSD test (p ≤ 0.05). 
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Figure 2. The subcellular localization of Pcf1 and protein intensity of Pcf1 in appressoria. (A). Subcellular colocalization of GFP-Pcf1 and H2B-mCherry. Bar = 10 μm. (B). Fluorescence intensity of GFP-Pcf1 in conidia, hyphae, and at different time points of appressoria. Bar = 5 μm. Arrows point to the margin of a nucleus in which Pcf1 is localized. (C). The numbers of GFP-Pcf1 fluorescence points in each nucleus of hyphae, conidia, and 4 and 24 hpi appressoria. The error bars represent ± SD. Different lowercase letters represent significant differences between the cell types as estimated by Tukey’s HSD test (p ≤ 0.05). (D). Fluorescence intensity of GFP-Pcf1 in a single cell of conidia, hyphae, and appressoria. Different lowercase letters represent significant differences between the cell types as estimated by Tukey’s HSD test (p ≤ 0.05). A.U., any unit. 
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Figure 3. Yeast two-hybrid (Y2H) and co-IP results of CK2 and Pcf1. (A). Y2H result between CKa1, Ckb1 and CKb2 subunit and Pcf1. (B). Co-IP results between CKa1, CKb1, and CKb2 subunits and Pcf1. 
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Figure 4. The ubiquitin detection of Pcf1. Pcf1 was extracted by anti-FLAG beads and then detected using anti-ubiquitin antibody. 
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Table 1. Putative Pcf1-interacting proteins that were identified by IP-MS in M. oryzae.
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	Protein
	Locus
	Description
	% PSMs *
	Reference





	CKa1/CK2a
	MGG_03696
	Casein kinase II subunit alpha
	23
	[26]



	CKb1/CK2b1
	MGG_00446
	Casein kinase II subunit beta-1
	19
	[26]



	CKb2/CK2b2
	MGG_05651
	Casein kinase II subunit beta-2
	1
	[26]



	Yck1
	MGG_02829
	Casein kinase I
	6
	[2]



	Rad3
	MGG_12633
	The ortholog of protein kinase Rad3 in S. pombe
	3
	



	Kin1
	MGG_01279
	Camkl Kin1 protein kinase
	1
	[45]



	Hik3
	MGG_12530
	Histidine kinase
	1
	[46]



	Hik1
	MGG_11174
	Histidine kinase
	1
	[46]



	Sik1
	MGG_07915
	Pre-rRNA processing nucleolar protein Sik1
	7
	



	Nop58
	MGG_07008
	Nucleolar protein Nop-58
	5
	



	Ssr4
	MGG_00174
	SWI/SNF and RSC complexes subunit Ssr4
	2
	



	Swi3
	MGG_01720
	The SWI/SNF chromatin remodeling complex
	4
	



	Nop2
	MGG_01292
	Nucleolar protein Nop2
	2
	[47]



	Arp8
	MGG_05229
	INO80 chromatin remodeling complex subunit (Arp8)
	1
	



	Ies1
	MGG_08312
	INO80 chromatin remodeling complex
	1
	



	RuvB-like helicase 1
	MGG_03958
	INO80 chromatin remodeling complex
	2
	



	Fzc53
	MGG_09829
	Zn(2)-Cys(6) zinc finger domain protein
	1
	[30]



	Tup1
	(MGG_08829)
	Transcriptional repressor Rco-1
	1
	[48]







* PSMs: peptide spectrum matches.
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