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The Deubiquitinating Enzyme MrUbp14 Is Involved in Conidiation, Stress Response, and Pathogenicity in Metarhizium robertsii
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Protein ubiquitination, which is involved in various biological processes in eukaryotic cells, is a reversible modification of proteins. Deubiquitinases can maintain ubiquitin homeostasis by removing ubiquitin or modulating protein degradation via the ubiquitin-proteasome system (UPS). Metarhizium robertsii, an entomopathogenic fungus, has become a model fungus for investigating the interactions between insects and fungal pathogens. To explore the possible effects of the deubiquitination process on the development, stress response, and virulence of M. robertsii, disruption of MrUbp14 (an ortholog of the yeast ubiquitin-specific protease gene, Ubp14) was performed. The results of this study showed that the deletion of MrUbp14 led to accelerated conidial germination, reduced conidial yields, and decreased expression levels of some genes involved in conidiation. Furthermore, the MrUbp14 mutant (ΔMrUbp14) exhibited decreased tolerance to cell wall-damaging stressors (Congo red and SDS) and heat stress. Importantly, the results of the bioassay demonstrated that the fungal virulence of the ΔMrUbp14 strain was largely reduced in cuticle infection, but not in direct injection, which was accompanied by a significant decline in appressorium formation and cuticle penetration. Moreover, our results demonstrated that the disruption of MrUbp14 resulted in significantly increased ubiquitination levels of total protein, suggesting that MrUbp14 acts as a deubiquitinating enzyme in M. robertsii. In summary, our phenotypic changes in the gene disruption mutants suggest that MrUbp14 is important for conidiation, stress response, and fungal virulence in M. robertsii.
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INTRODUCTION

The ubiquitination of target substrates is accomplished through a series of steps catalyzed by three enzymes: E1 (ubiquitin (a highly conserved protein with 76 amino acid residues)-activating enzyme), E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin-protein ligases) (Srikanta and Cermakian, 2021). Protein ubiquitination is an important post-translational modification in eukaryotic cells that targets certain proteins for degradation by the ubiquitin-proteasome system (UPS), and thus has important roles in diverse biological processes involved in DNA repair, stress response, growth, and development (Brinkmann et al., 2015; Collins and Goldberg, 2017).

Ubiquitination isuitination is a reversible process because it is mediated by deubiquitinating enzymes (DUBs) (Suresh et al., 2020; Snyder and Silva, 2021). DUBs can function by removing ubiquitin from targeted proteins or by decreasing the length of polyubiquitin chains (Li and Ye, 2008). The balance between deubiquitination and ubiquitination has different effects on physiological protein abundance and activity; thus, dysregulation of DUBs will result in corresponding functional consequences (Suresh et al., 2020; Snyder and Silva, 2021). Moreover, because of the highly adaptive and reversible nature of ubiquitin signaling, DUBs are often involved in modulating protein function in response to developmental dynamics, environmental changes, or stress (Clague and Urbe, 2017). Therefore, similar to ubiquitination-associated enzymes, DUBs are important modifiers in the UPS and affect various biological processes (Callis, 2014; Cao and Xue, 2021).

It has been previously reported that DUBs are divided into five classes in yeast (according to structural and sequence similarity) (Suresh et al., 2020): the ubiquitin-specific proteases (UBPs/USPs); ubiquitin C-terminal hydrolases (UCHs); ovarian tumor proteases (OTUs); JAB1/MPN/MOV34s (JAMMs); and the recently discovered MINDY. In addition, USPs/UBPs, UCHs, OTUs, and MINDYs are cysteine proteases, whereas the JAMMs are metalloproteases, according to their action of catalysis (Clague et al., 2019). As a large family of DUBs, UBPs are involved in many physiological processes, such as enzymatic activities, ubiquitin homeostasis, and protein–protein interactions, through the regulation of the UPS (Collins and Goldberg, 2017; Suresh et al., 2020; Snyder and Silva, 2021). In Saccharomyces cerevisiae, UBPs modulate various developmental and stress responses (Kahana, 2001). For example, Ubp10 and Ubp15 are required for growth and stress response (Yoshikawa et al., 2011). In particular, disruption of UBP14 results in defects in sporulation, which is accompanied by the accumulation of free ubiquitin (Amerik et al., 1997). These results suggest that Ubp14 maintains ubiquitin homeostasis in yeast (Amerik et al., 1997). Moreover, the deubiquitinating enzyme UBP5 is required for pathogenicity in the pathogenic fungi Cryptococcus neoformans and Cryptococcus gattii (Fang et al., 2012; Meng et al., 2016). Furthermore, it has been reported that 11 putative UBP genes and their biological roles were determined in the plant pathogenic fungi Magnaporthe oryzae (Cai et al., 2020; Wang et al., 2022). For instance, the disruption of MoUBP14 leads to virulence attenuation and phenotypic defects, such as decreased conidiation and stress sensitivity (Wang et al., 2018). Additionally, the disruption of MoUbp3, MoUbp4, and MoUbp8 leads to reduced penetration and invasive growth and thus reduced fungal virulence (Cai et al., 2020, 2022). However, it is not understood whether UBPs, especially Ubp14, are required for the growth, development, and virulence of fungal insect pathogens.

Metarhizium robertsii is an insect pathogenic fungus that is widely used for the biological control of diverse insect pests (Wang and Wang, 2017) and has become a model fungus for studying insect-fungal pathogen interactions in fungal insect pathogens (Guo et al., 2017). Previously, functional analysis of some ubiquitin-related genes has been performed in entomopathogenic fungi (Wang et al., 2019b; Wang D. Y. et al., 2021). In this study, we investigated the biological role of MrUbp14 (MAA_07752) in M. robertsii.



MATERIALS AND METHODS


Fungal Strains

Wild-type (WT) M. robertsii ARSEF 2575 and relative mutants were cultured on potato dextrose agar (PDA) plates at 25°C. To collect the conidia and prepare a conidial suspension (0.05% Tween-80), the fungus was cultured on PDA at 25°C for 10 days.



Sequence Analysis

To identify the relationship between MrUbp14 and its orthologs, the corresponding amino acid sequences from different fungi were obtained from the National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/), and phylogenetic analysis was conducted using MEGA7 (Kumar et al., 2016). In addition, the conserved protein domains were investigated using SMART (http://smart.embl-heidelberg.de/).



Gene Disruption

Primers used for gene deletion were designed according to a previous report (Wang et al., 2019a; Wang Z. X. et al., 2021) and are listed in Supplementary Table 1. The 5-flanking sequences (1,011 bp, with primer set MrUbp14-5F/MrUbp14-5R, enzyme digestion sites, BamHI, are introduced) and 3′-flanking sequences (1,240 bp, with primer set MrUbp14-3F/MrUbp14-3R, enzyme digestion sites, XbaI, were introduced) of MrUbp14 were amplified from genomic DNA using high-fidelity Taq DNA polymerase (KOD Plus Neo, Toyobo, Osaka, Japan) (Supplementary Figure 1A), and the resulting PCR products were cloned into the binary vector pDHt-SK-bar (conferring resistance to glufosinate-ammonium) to generate the MrUbp14 replacement vector, p-bar-MrUbp14, which was used for fungal transformation to generate the deletion mutant ΔMrUbp14 (Fang et al., 2006). Putative ΔMrUbp14 mutants were screened by PCR and real-time PCR (RT-PCR) (Supplementary Figures 1B,C).

For gene complementation, the MrUbp14 gene together with its upstream and downstream regions was amplified with the primer MrUbp14Comp-5F/MrUbp14Comp-3R (as shown in Supplementary Table 1) and then cloned into the vector pDHt-SK-ben to generate the p-ben-MrUbp14 vector for fungal transformation (using ΔMrUbp14 as background). Putative complementary mutants (Comp) were selected using PCR and RT-PCR (Supplementary Figures 1B,C).



Growth, Development, and Stress Response Assays

For mycelial growth, conidial suspensions (1 μl) of relative strains were applied to PDA, SDAY, and 1/4 SDAY plates, and the size of the fungal colonies was measured after culturing for 14 days at 25°C. For conidial germination, conidial suspensions (10 μl) of the relative strains were applied to the center of the PDA plates. This was measured by microscopic counting conducted after every 2 h of incubation for 24 h, and the mean 50% germination time (GT50) was calculated by Kaplan–Meier analysis using SPSS software (SPSS, Inc., USA). In total, 300 conidia were collected per sample. For the conidiation assay, conidial suspensions (40 μl) were spread on PDA plates and incubated for 7 and 14 days at 25°C. The concentration of the conidial suspensions was measured using a hemocytometer according to our previous research (Wang et al., 2019a; Wang Z. X. et al., 2021).

For chemical stress tolerance, conidial suspensions (1 μl) of relative strains were applied to PDA plates alone (control) or PDA plates with the corresponding stressor Congo red (CR), sodium dodecyl sulfate (SDS) to destabilize cell wall integrity, menadione for oxidative stress, and NaCl for hyperosmotic stress. The size of fungal colonies was measured after culturing for 10 days at 25°C. Growth inhibition rates were determined as described in our previous study (Wang Z. X. et al., 2021).

For conidial tolerance to heat stress, conidial suspensions (1 ml) in 1.5 ml Eppendorf tubes were placed in a water bath at 42°C for different amounts of time. After incubation, 10 μl aliquots of the treated suspensions were added to PDA plates and incubated at 25°C. The rates of conidial germination were measured after culturing on PDA for 20 h. The IT50 (time for 50% inhibition of germination rate by heat treatment) for different strains was analyzed using GraphPad Prism software (Li et al., 2020; Wang Z. X. et al., 2021).



Virulence Assays

For fungal virulence assays, immersion infection and direct injection were conducted according to our previous studies (Wang et al., 2019a; Wang Z. X. et al., 2021). For immersion infection, conidia were inoculated by dipping the Galleria mellonella larvae into a conidial suspension (1 × 107 conidia ml−1) for 90 s. For direct injection, conidia were inoculated directly with a conidial suspension (5 μl of 5 × 105 conidia ml−1) into the hemocoel of each larva. Mortality was measured every 24 h, and then the median lethal time (LT50) was calculated by Kaplan–Meier analysis using SPSS software (SPSS, Inc., USA).

For appressorium formation, conidial suspensions were applied to the wings of the cicada to generate appressorium, and the rates of appressorium formation were measured by examining 300 conidia per strain based on our previous research (Wang et al., 2019a). For cuticle penetration, conidial suspensions were applied to the center of an intact cicada wing (on a PDA plate) and then incubated for 48 h at 25°C. Subsequently, the cicada wings were removed, the PDA plate was cultured for 5 days at 25°C, and the size of the fungal colonies was measured and photographed according to our previous research (Wang Z. X. et al., 2021).



Quantitative RT-PCR Analysis

To analyze the expression of conidiation-associated genes, quantitative analysis was performed according to previous reports (Wang et al., 2019a; Wang Z. X. et al., 2021). Total RNA was extracted with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) from fungal samples cultured on PDA plates for 2.5 days (initial conidiation stage) by inoculation of 100 μl conidial suspensions. The quantitative PCR (qPCR) (specific primers in Supplementary Table 2) was conducted using a CFX96TM RT-PCR System (Bio-Rad, Hercules, CA, USA) with SYBR® Premix Ex Taq™ II (TaKaRa, Dalian, China). The relative expression levels of the genes were investigated using the 2−ΔΔCT method (Livak and Schmittgen, 2001).



Western Blot Analysis

For western blotting, the total proteins of each strain were extracted using a protein lysis buffer (Sangon, Shanghai, China) according to a previous report (Que et al., 2020). Total protein samples (15 μl) were separated on a 10% sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to a polyvinylidene fluoride (PVDF) membrane. Total ubiquitination levels were analyzed using an anti-ubiquitin antibody (PTM Biolabs Inc, PTM-1106), and β-tubulin was detected with an anti-beta tubulin antibody (Hangzhou HuaBio, M1305-2), which was used as an internal control.




RESULTS


Sequence Analysis and Deletion of the M. robertsii Gene MrUbp14

The enzyme gene MrUbp14 (MAA_07752) was identified from the M. robertsii genome by BLASTp, using S. cerevisiae Ubp14 protein (NP_009614.2) as the query sequence. The coding sequence (2,343bp) of MrUbp14 in the M. robertsii genome encodes a 780 amino acid protein (NCBI Accession Number: XP_007823941.1) with an isoelectric point of 5.11 and a molecular mass of 86.41 kDa. Domain analysis showed that MrUbp14 contains two ZnF_UBP domains (i.e., a UBP-type zinc finger domain) at the N-terminus and two ubiquitin-associated (UBA) domains at the C-terminus (Figure 1A). The phylogenetic tree of Ubp14 orthologs in fungi demonstrated that MrUbp14 has a closer evolutionary relationship with Metarhizium anisopliae (KFG77697.1), Cordyceps fumosorosea (XP_018702934.1), and Beauveria bassiana (XP_008599645.1), with positive amino acid identities of 99.87, 80.38, and 79.23%, respectively (Figure 1B).
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FIGURE 1. Sequence analysis of MrUbp14. (A) Conserved domain analysis of MrUbp14. ZnF_UBP, UBP-type Zinc finger domain. UBA, ubiquitin-associated domains. (B) Phylogenetic tree of MrUbp14 with their homologs. The phylogenetic analysis was obtained by the maximum likelihood method (using MEGA7 software based on default settings with 1,000 bootstrap replications). The corresponding accession numbers are followed by the names of fungal species. The bar indicates 0.1 distance units.


To investigate the biological role of MrUbp14 in M. robertsii, targeted gene deletion of MrUbp14 was performed by homologous recombination (Supplementary Figure 1A). The ΔMrUbp14 transformants were verified by PCR and RT-PCR analyses for MrUbp14 (Supplementary Figures 1B,C), and the complemented strain with a genomic copy of MrUbp14 was subsequently obtained based on the ΔMrUbp14 background (Supplementary Figures 1B,C).



MrUbp14 Is Important for Conidiation in M. robertsii

To test the effect of MrUbp14 deletion on conidiation-related events in M. robertsii, the effect of MrUbp14 deletion on conidial germination was measured, and the results showed that the conidia of ΔMrUbp14 displayed accelerated germination compared with the control strains (Figure 2A). For example, the mean 50% germination time (GT50) of ΔMrUbp14 (7.03 ± 0.13 h) was markedly lower than that of the control strains (8.83 ± 0.46 h for WT and 9.14 ± 0.07 h for Comp strain) (Figure 2B). Second, conidial production of related strains showed that disruption of MrUbp14 resulted in a substantial decline in conidial yields (Figure 2C). For instance, the conidial yields in 14-day-old cultures of the WT, ΔMrUbp14, and Comp strains were measured as (2.36 ± 0.05) × 107, (0.19 ± 0.04) × 107, and (2.31 ± 0.12) × 107 conidia cm−2, respectively, suggesting a significant 91.95% decrease in the deletion of MrUbp14. In particular, some conidiation-associated genes in ΔMrUbp14 were markedly repressed at the transcriptional level, such as brlA, abaA, wetA, flbB, and fluG, which are important for conidiation in filamentous fungi (Figure 2D).
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FIGURE 2. Impact of MrUbp14 deletion on conidial germination and conidiation. (A) Conidial germination rate. The rates of conidial germination for relative strains were measured after inoculation at different times. (B) Half-time of germination (GT50) for relative strains incubated on potato dextrose agar (PDA) at 25°C for 24 h. (C) Conidial yields for relative strains after cultivation on PDA for different time points. (D) Expression levels of relative genes of different strains during initial conidiation stage. Error bars indicate standard deviation (SD) of three biological replicates. The asterisk (*) indicates p < 0.05.


In addition, to explore whether MrUbp14 is required for vegetative growth, the colony morphology and size of different strains were observed on PDA, SDAY, and 1/4 SDAY (Supplementary Figure 2A). Our results showed that the phenotypes and growth diameter of the ΔMrUbp14 colony were the same as those of the control strains on PDA, SDAY, and 1/4 SDAY (Supplementary Figure 2B).



Deletion of MrUbp14 Affects Stresses Tolerance

To explore the role of MrUBP14 under chemical stress, a vegetative growth assay was conducted on PDA plates supplemented with diverse chemical stressors, such as CR, SDS, menadione, and NaCl (Figure 3A), and the relative growth inhibition was calculated by measuring colony diameters (Figure 3B). The results showed that the ΔMrUBP14 strain exhibited increased sensitivity to cell wall integrity agents (CR and SDS) and oxidative stressors (menadione), whereas the chemical stressor NaCl did not affect the growth of ΔMrUBP14 (Figures 3A,B).


[image: Figure 3]
FIGURE 3. Effect of MrUbp14 disruption on abiotic stress tolerance. (A) Phenotype of colony from relative strains incubated on PDA with chemical stressors. The images were obtained after cultivation at 25°C for 10 days. Scale: 1 cm. (B) The growth inhibition rates of different strains in the chemical stressor. Growth inhibition rate = (Dcontrol-Dtreated)/Dcontrol) × 100% (of which, D indicates the colony diameter of relative strains cultured on PDA at 25°C for 10 days). (C) The percentage of conidial germination for different strains were presented during heat stress. Conidia of relative strains were exposed to 45°C for different times, and then cultured on PDA at 25°C for 20 h to determine conidial germination. (D) The mean 50% inhibition time (IT50) of different strains under heat treatment. Error bars indicate SD of three biological replicates. The asterisk (*) indicates p < 0.05.


Moreover, the effect of MrUbp14 deletion on conidial survival under environmental stress was analyzed according to the germination rates of conidia over time, and our results demonstrated that conidial germination of ΔMrUbp14 was largely decreased under heat stress (Figure 3C). Further analysis for the mean 50% inhibition time (IT50) of ΔMrUbp14 was 2.22 ± 0.09 h, which is significantly reduced relative to control strains [WT (3.31 ± 0.10 h) or Comp (3.17 ± 0.20 h)] (Figure 3D). These results indicate that MrUbp14 contributes to conidial thermotolerance in M. robertsii.



MrUbp14 Is Essential for Pathogenicity Through Cuticle Penetration

To investigate the function of MrUbp14 in fungal virulence, bioassays were conducted using conidial suspensions for direct injection and immersion infection. In immersion infection bioassays, the application of ΔMrUbp14 led to a higher survival rate of treated larvae than the application of the WT and Comp strains. The LT50 of ΔMrUbp14 was 8.71 ± 0.31 days, which was markedly longer than that of WT (6.07 ± 0.47 days) or Comp (6.65 ± 0.38 days) (Figure 4A). However, in the direct injection bioassays, it was approximately the same LT50 for ΔMrUbp14 (2.51 ± 0.07 days) and WT (2.62 ± 0.07 days) or Comp (2.63 ± 0.09 days) (Figure 4A).


[image: Figure 4]
FIGURE 4. Effect of MrUbp14 disruption on fungal virulence. (A) The median lethal time (LT50) (days) of different strains after topical inoculation and direct injection. (B) The images of appressorium formation generated on cicada wings. Scale: 10 μm. CO, conidium, AP, appressorium. (C) The percentage of appressorium formation generated on cicada wings. (D) The colony growth was measured after the removal of the cicada wings and incubation at 25°C for 5 days. Scale: 1 cm. (E) The colony diameters of relative strains cultured in the (D) section. Error bars indicate SD of three biological replicates. The asterisk (*) indicates p < 0.05.


To explore the function of MrUbp14 in appressorium formation, conidial suspensions were used on the surfaces of cicada wings to generate appressorium. Our results demonstrated that the induced rate of appressorium formation of ΔMrUbp14 was significantly lower than that of the control strains (Figures 4B,C). Additionally, according to the cuticle penetration assay, the cuticle penetration ability of ΔMrUbp14 was dramatically reduced (Figures 4D,E).



Disruption of MrUbp14 Results in Increased Total Ubiquitination Levels

To analyze the role of MrUbp14 as a deubiquitinase, the ubiquitination levels of total protein in the different strains were investigated. Total proteins were obtained from mycelia incubated on PDA plates for 2 days, and ubiquitination levels were measured by western blotting. Our results showed that the ubiquitination levels of total protein from ΔMrUbp14 were largely upregulated, and mono-ubiquitin was also dramatically increased compared with WT and Comp strains (Figure 5). These results indicate that disruption of MrUbp14 led to a significant increase in protein ubiquitination levels.
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FIGURE 5. Effect of MrUbp14 disruption on protein ubiquitination levels. Total proteins were obtained from the mycelia (cultured for 2 days on PDA) of each strain. Protein extracts were separated by 10% sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then probed with anti-ubiquitin antibodies (PTM bio) to determine total ubiquitin levels. The ubiquitination levels of total proteins from different strains were compared using western blot analysis. An anti-tubulin antibody was used as an internal control. Disruption of MrUbp14 leads to a large increase in the ubiquitination levels of total protein.





DISCUSSION

Protein ubiquitination is important for modulating protein abundance in diverse eukaryotic cellular processes through a series of steps that are catalyzed by ubiquitin-related enzymes (Finley et al., 2012). DUBs can maintain ubiquitin homeostasis, which modulates the removal and processing of ubiquitin (Kim et al., 2003; Suresh et al., 2020; Snyder and Silva, 2021). Recent studies have demonstrated that the ubiquitin system and ubiquitin-related genes play important roles in the development and virulence of fungal pathogens (McCafferty and Talbot, 1998; Oh et al., 2012; Wang et al., 2019b, 2020; Wang D. Y. et al., 2021). However, little is known about the deubiquitination process. In this study, we identified a yeast Ubp14 ortholog, MrUbp14, in M. robertsii. Similar to yeast Ubp14 (NP_009614.2), MrUbp14 contains a conserved ZnF_UBP domain at the N-terminus and a UBA domain at the C-terminus (Figure 1A). More importantly, the significance of the deubiquitinase gene MrUbp14 was investigated in M. robertsii, and the results demonstrated that MrUbp14 contributes to deubiquitination, conidiation, stress response, and fungal virulence in M. robertsii.

As the largest group of DUBs, UBPs are involved in growth and development. Recent reports have revealed that several UBPs are critical for many developmental processes in yeast (Nanyan et al., 2020; Suresh et al., 2020) and M. oryzae (Cai et al., 2020; Wang et al., 2022). For instance, Ubp15 was found to be required for growth and development in yeast (Yoshikawa et al., 2011), and the loss of yeast UBP14 resulted in defects in sporulation (Amerik et al., 1997). In M. oryzae, most UBP gene deletion strains (such as Ubp3, Ubp4, and Ubp14) displayed decreased colony growth or conidial production (Cai et al., 2020). In this study, our data showed that the loss of MrUbp14 resulted in reduced conidial yields, which was also accompanied by decreased expression levels of some conidiation-requiring genes, such as wetA, brlA, abaA, flbB, and fluG. In addition, the ΔMrUbp14 mutant exhibited accelerated conidial germination. These results suggest that MrUbp14 affects conidiation in M. robertsii.

Ubiquitin-specific proteases are also involved in virulence in several pathogenic fungi (Fang et al., 2012; Meng et al., 2016; Cai et al., 2020; Wang et al., 2022). For example, in the pathogenic fungi C. neoformans and C. gattii, disruption of the deubiquitinating enzyme UBP5 results in a severe decrease in virulence (Fang et al., 2012; Meng et al., 2016). In addition, it has recently been demonstrated that most members of the UBP genes (such as Ubp3, Ubp4, and Ubp14) play critical roles in the pathogenicity of M. oryzae (Cai et al., 2020; Wang et al., 2022). In this study, we found that the fungal virulence of the ΔMrUbp14 strain was largely reduced by cuticle infection but not by direct injection, which is also consistent with our recent report on the deletion of MrPEX33 (Wang Z. X. et al., 2021). According to a previous report on fungal insect pathogens (Gao et al., 2011; Wang and Wang, 2017), cuticle infection is involved in many processes, such as enzymatic hydrolysis and mechanical pressure, whereas direct injection is usually involved in the host immune response. Therefore, because of the difference in virulence between the immersion and injection assays, we speculate that the deletion of MrUbp14 has an influence on cuticle penetration or appressorium formation, but there is no effect on the immune response of the host. It has been previously demonstrated that a significant decline in the appressorium formation was displayed, reducing the ability of cuticle penetration (Gao et al., 2016; Du et al., 2018; Wen et al., 2020). In this study, our data showed that MrUbp14 gene disruption strains exhibited reduced appressorium formation and cuticle penetration ability, which is consistent with previous studies (Gao et al., 2016; Du et al., 2018; Wen et al., 2020). In addition, previous reports have shown that the gene deletion of Ubp leads to a defect in cell wall integrity, which contributes to a loss of appressorial turgor pressure and cuticle penetration ability (Wang et al., 2018; Que et al., 2020). Indeed, the ΔMrUbp14 mutant showed increased sensitivity to cell wall integrity agents (CR and SDS), suggesting an impairment in cell wall integrity. Based on these results, we reasoned that the loss of MrUbp14 affects the deubiquitination process, which leads to a decrease in fungal virulence via cuticle penetration and impairment in cell wall integrity.

In conclusion, MrUbp14 serves as a deubiquitinase and plays an important role in conidiation, the stress response, and fungal virulence in M. robertsii. These findings will promote an understanding of the role of the deubiquitination process in entomopathogenic fungi.
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